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dimensional transition systems
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ABSTRACT. Cattani—Sassone’s notion of higher dimensional transition
system is interpreted as a small-orthogonality class of a locally finitely
presentable topological category of weak higher dimensional transition
systems. In particular, the higher dimensional transition system associ-
ated with the labelled n-cube turns out to be the free higher dimensional
transition system generated by one n-dimensional transition. As a first
application of this construction, it is proved that a localization of the
category of higher dimensional transition systems is equivalent to a lo-
cally finitely presentable reflective full subcategory of the category of
labelled symmetric precubical sets. A second application is to Milner’s
calculus of communicating systems (CCS): the mapping taking process
names in CCS to flows is factorized through the category of higher di-
mensional transition systems. The method also applies to other process
algebras and to topological models of concurrency other than flows.
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1. Introduction

Presentation of the results. In directed algebraic topology, the concur-
rent execution of n actions is modelled by a full n-cube, each coordinate
corresponding to one of the n actions. In this setting, a general concurrent
process is modelled by a gluing of n-cubes modelling the execution paths
and the higher dimensional homotopies between them. Various topologi-
cal models are being studied: in alphabetic and non-chronological order,
d-space [Gra03|, d-space generated by cubes [FRO08]|, flow [Gau03], globular
complex [GGO3], local po-space [FGR98], locally preordered space [Kri09],
multipointed d-space [Gau09], and more [Gou03] (this list is probably not
complete, indeed). The combinatorial model of labelled (symmetric) precu-
bical set is also of interest because, with such a model, it is exactly known
where the cubes are located in the geometry of the object. It was introduced
for the first time in [Gou02] [Wor04], following ideas from [Dij68] [Pra9l]
[Gun94] [Gun01] [VGO06] (the last paper is a recent survey containing refer-
ences to older papers), and improved in [Gau08] [Gaul0] in relation with the
study of process algebras. The paper [Gau08] treated the case of labelled
precubical sets, and the paper [Gaul0O] the more general cases of labelled
symmetric precubical sets and labelled symmetric transverse precubical sets.

An apparently different philosophy is the one of higher dimensional tran-
sition system. This notion, introduced in [CS96], models the concurrent ex-
ecution of n actions by a transition between two states labelled by a multiset
of n actions. A multiset is a set with possible repetition of some elements
(e.g., {0,0,2,3,3,3}). It is usually modelled by an object of Set|N*, i.e.,
by a set map N : X — N* where X is the underlying set of the multiset
N in which z € X appears N(z) > 0 times. A higher dimensional transi-
tion system must satisfy several natural axioms CSA1, CSA2 and CSA3 (cf.
Definition 4). This notion is a generalization of the 1-dimensional notion
of transition system in which transitions between states are labelled by one
action (e.g., [WNO5, Section 2.1]). The latter 1-dimensional notion cannot
of course model concurrency.

One of the purposes of this paper is to make precise the link between pro-
cess algebras modelled as labelled symmetric precubical sets, as higher di-
mensional transition systems, and as flows, by introducing the notion of weak
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higher dimensional transition system. The only process algebras treated
are the ones in Milner’s calculus of communicating systems (CCS) [WNO95]
[Mil89]. And only the topological model of flows introduced in [Gau03] is
used. Similar results can easily be obtained for other process algebras and
for topological models of concurrency other than flows. For other synchro-
nization algebras, one needs only to change the set of synchronizations in
Definition 13.1. For other topological models of concurrency one needs only
to change the realization of the full n-cube [n]°°f in Definition 12.5. These
modifications do not affect the mathematical results of the paper. The first
main result can then be stated as follows:

Theorem (Theorem 9.2, Theorem 9.5, Theorem 12.7 and Corollary 13.7).
The mapping defined in [Gau08| and [GaulO] taking each CCS process name
to the geometric realization as flow |Og[P]laow of the labelled symmetric
precubical set Og[P] factors through Cattani—Sassone’s category of higher
dimensional transition systems.

In fact, the functorial factorization |T(K)| = |K|gow exists as soon as K
satisfies the HDA paradigm and T(K) the Unique intermediate state axiom
(Every K satisfying the latter condition is called a strong labelled symmetric
precubical set).

Let us recall for the reader that the semantics of process algebras used in
this paper in Section 13 is the one of [Gaul0]. This semantics is nothing else
but the labelled free symmetric precubical set generated by the labelled pre-
cubical set given in [Gau08]. The reason for working with labelled symmetric
precubical sets in this paper is that this category is closely related to the
category of (weak) higher dimensional transition systems by Theorem 8.5:
the full subcategories in the two categories generated by the labelled n-cubes
for all n > 0 are isomorphic.

The interest of the combinatorial model of (weak) higher dimensional
transition systems is that the HDA paradigm (cf. Section 7) is automati-
cally satisfied. That is to say, the concurrent execution of n actions (with
n > 2) always assembles to exactly one n-cube in a (weak) higher dimen-
sional transition system. Indeed, the realization functor T from labelled
symmetric precubical sets to weak higher dimensional transition systems
factors through the category of labelled symmetric precubical sets satis-
fying the HDA paradigm by Theorem 9.5. On the contrary, as already
explained in [Gau08] and in [Gaul0], there exist labelled (symmetric) pre-
cubical sets containing n-tuples of actions running concurrently which as-
semble to several different n-cubes. Let us explain this phenomenon for
the case of the square. Consider the concurrent execution of two actions a
and b as depicted in Figure 2. Let S = {0,1} x {0,1} be the set of states.
Let L = {a,b} be the set of actions with a # b. The boundary of the
square is modelled by adding to the set of states S the four 1-transitions
((0,0),a,(1,0)), ((0,1),a,(1,1)), ((0,0),b,(0,1)) and ((1,0),b,(1,1)). The
concurrent execution of a and b is modelled by adding the 2-transitions
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((0,0),a,b,(1,1)) and ((0,0),b,a,(1,1)). Adding one more time the two
2-transitions ((0,0),a,b,(1,1)) and ((0,0),b,a,(1,1)) does not change any-
thing to the object since the set of transitions remains equal to

{((0,0),a,(1,0)), ((0,1), 4, (1,1)), ((0,0),, (0, 1)), ((1,0), b, (1, 1)),
((0,0),a,b,(1,1)),((0,0),b,a,(1,1))}.

On the contrary, the labelled symmetric precubical set Ug[a, b] Usmg(q )
Os|a, b] contains two different labelled squares Ogla, b] modelling the concur-
rent execution of a and b, obtaining this way a geometric object homotopy
equivalent to a 2-dimensional sphere (see Proposition 9.3). This is meaning-
less from a computer scientific point of view. Indeed, either the two actions
a and b run sequentially, and the square must remain empty, or the two ac-
tions @ and b run concurrently and the square must be filled by exactly one
square modelling concurrency. The topological hole created by the presence
of two squares as in Og[a, b] Upg[a,s Csla, b] does not have any computer
scientific interpretation. The concurrent execution of two actions (and more
generally of n actions) must be modelled by a contractible object.

The factorization of T even yields a faithful functor T from labelled sym-
metric precubical sets satisfying the HDA paradigm to weak higher dimen-
sional transition systems by Corollary 10.2. However, the functor T is not
full by Proposition 10.3. It only induces an equivalence of categories by
restricting to a full subcategory:

Theorem (Theorem 11.6). The localization of the category of higher dimen-
sional transition systems by the cubification functor is equivalent to a locally
finitely presentable reflective full subcategory of the category of labelled sym-
metric precubical sets. In this localization, two higher dimensional transition
systems are isomorphic if they have the same cubes and they only differ by
their set of actions.

We must introduce the technical notion of weak higher dimensional tran-
sition system since there exist labelled symmetric precubical sets K such
that T(K) is not a higher dimensional transition system by Proposition 9.7.
It is of course not difficult to find a labelled symmetric precubical set con-
tradicting CSA1 of Definition 4.1 (e.g., Figure 1). It is also possible to find
counterexamples for the other axioms CSA2 and CSA3 of higher dimen-
sional transition system. This matters: if a labelled symmetric precubical
set K is such that T(K) is not a higher dimensional transition system, then
it cannot be constructed from a process algebra.

Organization of the paper. Section 3 expounds the notion of weak higher
dimensional transition system. The notion of multiset recalled in the intro-
duction is replaced by the Multiset axiom on tuples to make the categori-
cal treatment easier. Logical tools are used to prove that the category of
weak higher dimensional transition systems is locally finitely presentable and
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topological. Section 4 recalls Cattani—Sassone’s notion of higher dimensional
transition system. It is proved that every higher dimensional transition sys-
tem is a weak one. The notion of higher dimensional transition system is also
reformulated to make it easier to use. The Unique intermediate state axiom
is introduced for that purpose. It is also proved in the same section that the
set of transitions of any reasonable colimit is the union of the transitions
of the components (Theorem 4.7). It is proved in Section 5 that higher di-
mensional transition systems assemble to a small-orthogonality class of the
category of weak higher dimensional transition systems (Corollary 5.7). This
implies that the category of higher dimensional transition systems is a full
reflective locally finitely presentable category of the category of weak higher
dimensional transition systems. Section 6 recalls the notion of labelled sym-
metric precubical set. This section collects information scattered between
[Gau08] and [Gaul0]. Section 7 defines the paradigm of higher dimensional
automata (HDA paradigm). It is the adaptation to the setting of labelled
symmetric precubical sets of the analogous definition presented in [Gau08]
for labelled precubical sets. A labelled symmetric precubical set satisfies the
HDA paradigm if every labelled p-shell with p > 1 can be filled by at most
one labelled (p + 1)-cube. This notion is a technical tool for various proofs
of this paper. It is proved in the same section that the full subcategory
of labelled symmetric precubical sets satisfying the HDA paradigm is a full
reflective subcategory of the category of labelled symmetric precubical sets
by proving that it is a small-orthogonality class as well. It is also checked in
the same section that the full labelled n-cube satisfies the HDA paradigm
(this trivial point is fundamental!). Section 8 establishes that the full sub-
category of labelled n-cubes of the category of labelled symmetric precubical
sets is isomorphic to the full subcategory of labelled n-cubes of the category
of (weak) higher dimensional transition systems (Theorem 8.5). The proof
is of combinatorial nature. Section 9 constructs the realization functor from
labelled symmetric precubical sets to weak higher dimensional transition
systems. And it is proved that this functor factors through the full subcat-
egory of labelled symmetric precubical sets satisfying the HDA paradigm.
The two functors, the realization functor and its factorization are left ad-
joints (Theorem 9.2 and Theorem 9.5). Section 10 studies when these latter
functors are faithful and full. It is proved that the HDA paradigm is related
to faithfulness and that the combination of the HDA paradigm together
and the Unique intermediate state axiom is related to fullness. Section 11
uses all previous results to compare the two settings of higher dimensional
transition systems and labelled symmetric precubical sets. Section 12 is a
straightforward but crucial application of the previous results. It is proved
in Theorem 12.7 that the geometric realization as flow of a labelled sym-
metric precubical set K is the geometric realization as flow of its realization
as weak higher dimensional transition system provided that K is strong and
satisfies the HDA paradigm. The purpose of Section 13 is to prove that
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these conditions are satisfied by the labelled symmetric precubical sets com-
ing from process algebras. Hence we obtain the second application stated
in Corollary 13.7.

2. Prerequisites

The notations used in this paper are standard. A small class is called a
set. All categories are locally small. The set of morphisms from X to Y in
a category C is denoted by C(X,Y’). The identity of X is denoted by Idx.
Colimits are denoted by lim and limits by lim.

The reading of this paper requires general knowledge in category theory
[ML9g], in particular in presheaf theory [MLM94], but also a good under-
standing of the theory of locally presentable categories [AR94] and of the
theory of topological categories [AHS06]. A few model category techniques
are also used [DS95] [Hov99] [Hir03] in the proof of Theorem 9.4 and in
Section 12.

A short introduction to process algebra can be found in [WN95]. An in-
troduction to CCS (Milner’s calculus of communicating systems [Mil89]) for
mathematician is available in [Gau08] and in [GaulO]. Hardly any knowl-
edge of process algebra is needed to read Section 13 of the paper. In fact,
the paper [Gau08| can be taken as a starting point.

Some salient mathematical facts are collected in this section. Of course,
this section does not intend to be an introduction to these notions. It will
only help the reader to understand what kinds of mathematical tools are
used in this work.

Let X be a regular cardinal (see for example [HJ99, p 160]). When A = R,
the word “\—" is replaced by the word “finitely”. An object C of a category
C is A-presentable when the functor C(C,—) preserves A\-directed colimits.
Practically, that means that every map C' — lil)nC’i factors as a composite
C—-C;— @Ci when the colimit is A-directed. A A-accessible category is
a category having A-directed colimits such that each object is generated (in
some strong sense) by a set of A\-presentable objects. For example, each ob-
ject is a A-directed colimit of a subset of a given set of A-presentable objects.
If moreover the category is cocomplete, it is called a locally A-presentable
category. We use at several places of the paper a logical characterization
of accessible and locally presentable categories which are axiomatized by
theories with set of sorts {s} U X, s being the sort of states and ¥ a non-
empty fixed set of labels. Another kind of locally presentable category is
a category of presheaves, and any comma category constructed from it.
Every locally presentable category has a set of generators, is complete, co-
complete, wellpowered and co-wellpowered. The Special Adjoint Functor
Theorem SAFT is then usable to prove the existence of right adjoints. A
functor between locally A-presentable category is A-accessible if it preserves
A-directed colimits (or equivalently A-filtered colimits). Another important
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fact is that a functor between locally presentable categories is a right adjoint
if and only if it is accessible and limit-preserving.

An object C is orthogonal to a map X — Y if every map X — C factors
uniquely as a composite X — Y — C. A full subcategory of a given category
is reflective if the inclusion functor is a right adjoint. The left adjoint to the
inclusion is called the reflection. In a locally presentable category, the full
subcategory of objects orthogonal to a given set of morphisms is an example
of a reflective subcategory. Such a category, called a small-orthogonality
class, is locally presentable. And the inclusion functor is of course accessible
and limit-preserving.

The paradigm of topological category over the category of Set is the one
of general topological spaces with the notions of initial topology and final
topology. More precisely, a functor w : C — D is topological if each cone
(fi : X — wA;)icr where I is a class has a unique w-initial lift (the initial
structure) (f; : A — A;)ier, i.e.:

(1) wA = X and wf,; = f; for each i€l
(2) Given h: wB — X with fih = wh;, h; : B — A; for each i € I, then
h = wh for a unique h : B — A.

Topological functors can be characterized as functors such that each cocone
(fi + wA; - X )icr where I is a class has a unique w-final lift (the final
structure) f; : A; — A, i.e.

(1) wA = X and wf; = f; for each i€l
(2) Given h: X — wB with hf; = wh;, h; : A; — B for each i € I, then
h = wh for a unique h: A — B.

Let us suppose D complete and cocomplete. A limit (resp. colimit) in C is
calculated by taking the limit (resp. colimit) in D, and by endowing it with
the initial (resp. final) structure. In this work, a topological category is a

IV where {s} U Y is as above

topological category over the category Sett
the set of sorts.

Let i : A — B and p: X — Y be maps in a category C. Then ¢ has
the left lifting property (LLP) with respect to p (or p has the right lifting

property (RLP) with respect to i) if for every commutative square

A X
7
/
g/
% // p
v
7/
4 B
B Y

there exists a lift ¢ making both triangles commutative.

Let C be a cocomplete category. If K is a set of morphisms of C, then
the class of morphisms of C that satisfy the RLP with respect to every
morphism of K is denoted by inj(K) and the class of morphisms of C that
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are transfinite compositions of pushouts of elements of K is denoted by
cell(K). Denote by cof(K) the class of morphisms of C that satisfy the
LLP with respect to the morphisms of inj(K). It is a purely categorical fact
that cell(K) C cof(K). Moreover, every morphism of cof(K) is a retract
of a morphism of cell(K) as soon as the domains of K are small relative to
cell(K) [Hov99, Corollary 2.1.15]. An element of cell(K) is called a relative
K-cell complex. If X is an object of C, and if the canonical morphism
@ — X is a relative K-cell complex, then the object X is called a K-cell
complex.

Let C be a category. A weak factorization system is a pair (£,R) of
classes of morphisms of C such that the class £ is the class of morphisms
having the LLP with respect to R, such that the class R is the class of
morphisms having the RLP with respect to £ and such that every morphism
of C factors as a composite rof with £ € £ and r € R. The weak factorization
system is functorial if the factorization r o £ is a functorial factorization. It
is cofibrantly generated if it is of the form (cof(K),inj(K)) for some set of
maps K.

A model category is a complete cocomplete category equipped with a
model structure consisting of three classes of morphisms Cof, Fib, W respec-
tively called cofibration, fibration and weak equivalence such that the pairs
of classes of morphisms (Cof, FibnW) and (Cof "W, Fib) are weak factoriza-
tion systems and such that if two of the three morphisms f, g, go f are weak
equivalences, then so is the third one. This model structure is cofibrantly
generated provided that the two weak factorization systems (Cof, Fib N W)
and (Cof "W, Fib) are cofibrantly generated. The only model category used
in this paper is the one of flows. We need only in fact the notion of cofi-
brant replacement. For an object X of a model category, the canonical map
@ — X factors as a composite @ — X' — X where the left-hand map is
a cofibration and the right-hand map a trivial fibration, i.e., an element of
Fib N W. The object X< is called a cofibrant replacement of X.

The proof of Theorem 9.4 uses the fact that for every set of morphisms
K in a locally presentable category, a map X — Y always factors as a
composite X — Z — Y where the left-hand map is an object of cell(K)
and the right-hand map an object of inj(K).

Beware of the fact that the word “model” has three different meanings in
this paper, a logical one, a homotopical one, and also a non-mathematical
one like in the sentence “the n-cube models the concurrent execution of n
actions”.

3. Weak higher dimensional transition systems

The formalism of multiset as used in [CS96] is not easy to handle. In
this paper, an n-transition between two states a and (§ (or from « to f3)
modelling the concurrent execution of n actions uq,...,u, with n > 1 is
modelled by an (n + 2)-tuple («, us,...,uy, 3) satisfying the new Multiset
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axiom: for every permutation o of {1,...,n}, (o, Usq1),- - Us(n), B) is an
n-transition.

Notation 3.1. We fix a nonempty set of labels . We suppose that X
always contains a distinguished element denoted by 7.

Definition 3.2. A weak higher dimensional transition system consists of a

triple
<S,M:L—>E,T: UTn)

n>1

where S is a set of states, where L is a set of actions, where p : L — X is
a set map called the labelling map, and finally where T,, C S x L™ x S for
n > 1 1is a set of n-transitions or n-dimensional transitions such that one
has:

e (Multiset axiom) For every permutation o of {1,...,n} with n > 2,
if (o, u1,...,u,,[B) is a transition, then (o, ug(1),. .., Ugsn),B) is a
transition as well.

e (Coherence axiom) For every (n + 2)-tuple (o, u,...,uy,3) with

n = 3, for every p,q > 1 with p 4+ ¢ < n, if the five tuples

(a7u17"'7un7/8>7 (a7u17"'7up71/1)7 (Vlaup-i-l?"'aunvﬁ)v
(Oé,Ul,...,’U/p_A,_q,VQ), <V27up+q+17"'7uTZ7/8)7
are transitions, then the (¢ + 2)-tuple (v1,upi1,...,Uptq,V2) IS a

transition as well.

A map of weak higher dimensional transition systems
f : (S,M L — 27 (Tn)n>1) - (Slvul L — 27 (TT{L)TL>1)

consists of a set map fo: S — S’, a commutative square

L—ts¥

y

I'—=%
o

such that if (e, uq,...,up, ) is a transition, then

(fo(e), flua), -, flun), fo(B))

is a transition. The corresponding category is denoted by WHDTS. The
n-transition («,u1, ..., u,, ) is also called a transition from « to [.

Notation 3.3. A transition (a,uq,...,uy,3) will be also denoted by
o Mt g,
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Theorem 3.4. The category WHDT'S s locally finitely presentable. The
functor

w: WHDTS — Set{*JU=
taking the weak higher dimensional transition system (S, : L — 2, (Tp)n>1)
to the ({s} U X)-tuple of sets (S, (n"(z))sex) € SetIY= is topological.

Proof. Let (f; : wX; — (S,(Lz)zex))ier be a cocone where I is a class
with X; = (Si,pi + Li = 5, T" = U,>, T5). The closure by the Multiset
axiom and the Coherence axiom of the union of the images of the T% in
Ups1 (8 x L™ x S) with L = | |,y Ly gives the final structure. Hence, the
functor w is topological.

We use the terminology of [AR94, Chapter 5. Let us consider the theory
7 in finitary first-order logic defined by the set of sorts {s}UX, by a relational

symbol T}, . .. of arity s x x1 x ... X x, X s for every n > 1 and every
(z1,...,2y) € X", and by the axioms:
e For all z1,...,z, € X, for all n > 2 and for all permutations o of

{1,...,n}:
(VO[,Ul v ,Un,ﬂ),Txh_”’xn(O[,UL cevy uan)
= Tgﬁa(l)w--@a(n) (a7 Ug (1))« Ua(n)> /6)
e For all zq,...,2, € X, for all n > 3, for all p,q > 1 with p+q <mn,

(Va,uy ... up, By v1,02) (T, oz (un, o Up, )

ANy, ur, o Up, 1) ATz (V1 Uptts - oo U, B)

ANy, zprg QUL o Upgy V2) AT, (V2 Upgits - - Uny B))
= Topiroostprg (V1 Uptls ooy Upyqs V2).

Since the axioms are of the form (Vz),¢(x) = (3ly ¢¥(x,y)) (with no y)
where ¢ and v are conjunctions of atomic formulas with a finite number
of arguments, the category Mod(7") of models of 7 in Sets1Y% g locally
finitely presentable by [AR94, Theorem 5.30]. It remains to observe that
there is an isomorphism of categories Mod(7) 2 WHDTS to complete the
proof. O

Note that the category WHD'T'S is axiomatized by a universal strict Horn
theory without equality, i.e., by statements of the form (Vz),¢(z) = (x)
where ¢ and 1 are conjunctions of atomic formulas without equalities. So
[Ros81, Theorem 5.3] provides another argument to prove that the functor
w above is topological.

Let us conclude this section by some additional comments about colimits
in WHDTS. We will come back to this question in Theorem 4.7.

Proposition 3.5. Let X = lim X; be a colimit of weak higher dimensional
transition systems with X; = (Sj,pi : Ly — B, T = Un>1 T) and X =
(Syp: L —%,T =, Tn). Then:
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(1) S=1lmS;, L =1lmL;, p = lim p;.
— e — .
(2) The union |J; T* of the image of the T* in |J,~, (S x L™ x S) satisfies
the Multiset azxiom. ‘
(3) T is the closure of |J, T* under the Coherence aziom.
(4) When the union |J, T* is already closed under the Coherence aziom,
this union is the final structure.

Proof. By [AHS06, Proposition 21.15], (1) is a consequence of the fact that
the category WHDTS is topological over Set{*}“> (2) comes from the fact
that each 7T; satisfies the Multiset axiom. (4) is a consequence of (2) . It
remains to prove (3) . Let Go(lJ; T%) = U, T". Let us define G (|, T?) by
induction on the transfinite ordinal o > 0 by Go(U; T*) = Uz Gs(U; TY)
for every limit ordinal o and Ge41(UJ; T?) is obtained from G, (|J; T%) by
adding to Go(|J; T7) all (¢+2)-tuples (v1,Upt1, .. ., Uptq, v2) such that there
exist five tuples (o, u1,...,upn,B), (o, ur,...,up, 1), (V1,Upt1,...,Un, 3),
(Ui, ..., Upiq, o) and (V2, Upigit, - - -, Un, 3) of the set Go(UJ; T?). Hence
we have the inclusions Go(lU; T?) C Goy1(U; T?) C Ups1 (S x L™ x ) for
all @« > 0. For cardinality reason, there exists an ordinal ag such that for
every a > ap, one has Go(UJ; T") = Ga,(U; T*). By transfinite induction on
o > 0, one sees that G, (|J; T") satisfies the Multiset axiom. So the closure
Gao(U; TY) of J; T* under the Coherence axiom is the final structure and
Goo(U; T") =T. O

4. Higher dimensional transition systems

Let us now propose our (slightly revised) version of higher dimensional
transition system.

Definition 4.1. A higher dimensional transition system is a triple

<S,M:L—>E,T: UTn)

n=>1

where S is a set of states, where L is a set of actions, where p : L — X is
a set map called the labelling map, and finally where T,, C S x L™ x S'is a
set of n-transitions or n-dimensional transitions such that one has:

(1) (Multiset axiom) For every permutation o of {1,...,n} with n > 2,
if (o, u1,...,u,,[B) is a transition, then (o, ug(1),. .., Ugs(n),B) is a
transition as well.

(2) (First Cattani-Sassone axiom CSA1) If («,u,3) and («,u/,3) are
two transitions such that p(u) = p(u'), then u = v’

(3) (Second Cattani-Sassone axiom CSA2) For every n > 2, every p

with 1 < p < n, and every transition (o, uy,...,uy,3), there exists
a unique state v; and a unique state vy such that (o, u1,...,up, 1),
(1, Upgty - ooy Un, ), (O Upt1s - o U, v2) and (vo,ul, ..., up, B) are

transitions.
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(4) (Third Cattani-Sassone axiom CSA3) For every state

/ /
aaﬁayl7y27ljlay2

and every action uq, ..., Uy, with p,q > 1 and p + g < n, if the nine
tuples
(auulu"'7“%75)7(a7u17"‘7“’]07”1)7(”17“])-&-17"’7“’7175)7
(Vlaup-i-l;"'7up+Q7V2)7(V27up+q+17"'7un7ﬁ)7(a7u17"‘7up+Q7Vé)7
(Vé7up+q+1a---aumﬁ)7(avulv""upvyi%(Vivup-i-lv"wup-l-qué)a

are transitions, then v; = v and vy = V4.

Note that our notion of morphism of higher dimensional transition sys-
tems differs from Cattani—-Sassone’s one: we take only the morphisms be-
tween the underlying sets of states and actions preserving the structure.
This is necessary to develop the theory presented in this paper. So it be-
comes false that two general higher dimensional transition systems differing
only by the set of actions are isomorphic. However, this latter fact is true in
some appropriate categorical localization (see the very end of Section 11).
We also have something similar for (weak) higher dimensional transition
systems coming from strong labelled symmetric precubical sets by Corol-
lary 10.6, that is to say from any labelled symmetric precubical set coming
from process algebras by Theorem 13.6.

Let us cite [CS96]: “CSA1 in the above definition simply guarantees that
there are no two transitions between the same states carrying the same
multiset of labels. CSA2 guarantees that all the interleaving of a transition
o M [ are present as paths from « to 3, whilst CSA3 ensures that such
paths glue together properly: it corresponds to the cubical laws of higher
dimensional automata”.

Proposition 4.2. Every higher dimensional transition system is a weak
higher dimensional transition system.

Proof. Let X = (S, : L — X,T = Un>1 T,) be a higher dimensional
transition system. Let («,u1,...,u,,3) be a transition with n > 3. Let
p,q > 1 with p+ ¢ < n. Suppose that the five tuples

(a7u17 ey una/@)v (a>u1> <oy Up, 1/1)7 (Vla Up4+1,s-- -, unvﬂ)a
(Oé, ULy ety Uptq, 1/2)7 (V2a Up4q+15-- -, Un, /8)7
are transitions. Let v] be the (unique) state of X such that (o, w1, ..., up, ])
and (], Upy1, ..., Uptq, V2) are transitions of X. Let v4 be the (unique)
state of X such that (v1,upt1, ..., Upiq, V) and (Vhy, Uptrgiis- - -, Un, 3) are
transitions of X. Then v; = v] and v» = v4, by CSA3. Therefore the
Coherence axiom is satisfied. ([l

Notation 4.3. The full subcategory of higher dimensional transition sys-
tems is denoted by HDTS. So one has the inclusion HDTS ¢ WHDTS.
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Definition 4.4. A weak higher dimensional transition system satisfies the
Unique Intermediate state axiom if for every n > 2, every p with 1 <p <n
and every transition («, u1, ..., un,, 3), there exists a unique state v such that
both the tuples (o, w1, ..., up,v) and (¥, upt1, ..., upn, B) are transitions.

Proposition 4.5. A weak higher dimensional transition system satisfies
the second and third Cattani-Sassone axioms if and only if it satisfies the
Unique intermediate state axiom.

Proof. A weak higher dimensional transition system satisfying CSA2 and
CSAZ3 clearly satisfies the Unique intermediate state axiom. Conversely, if a
weak higher dimensional transition system satisfies the Unique intermediate
state axiom, it clearly satisfies CSA2. Let «, 3, v1, 19, V), V4 be states and
let uy,...,u, be actions with n > 3. Let p,q > 1 with p + ¢ < n. Suppose
that

(aa ULy ... aunv/B)v (avulv cee 7up7 Vl)v (Vlvup+1a cee 7un7ﬂ)7
/
(Vla Up+1y -5 Uptqy 1/2)7 (V27up+q+1a ceey unaﬂ)v (Oé,’LLl, c ooy Uptg VQ)’
/ ! / !
(Vs Uptgt1s - - Un, ), (w1, ooy Up, 1), (V] Upids - - s Upgs Vo)
are transitions. By the Coherence axiom, the tuple (v, upy1, ..., Uptq, V5) 1S
a transition. By the Unique intermediate state axiom, one obtains v = v}
and vp = 5. So CSA3 is satisfied too. O

One obtains a new formulation of the notion of higher dimensional tran-
sition system:

Proposition 4.6. A higher dimensional transition system is a weak higher
dimensional transition system satisfying CSA1 and the Unique intermediate
state axiom.

Let us conclude this section by an important remark about colimits of
weak higher dimensional transition systems satisfying the Unique interme-
diate state axiom, so in particular about colimits of higher dimensional
transition systems.

Theorem 4.7. Let X = lim X; be a colimit of weak higher dimensional
transition systems such that every weak higher dimensional transition system
X, satisfies the Unique intermediate state axiom. Let

X, = <Si,ui L —» 5,7 = T,i) and
n>1
X = <S,H:L—>E,T: UTn)
n>1

Denote by |J, T the union of the images by the map X; — X of the sets of
transitions of the X; for i running over the set of objects of the base category
of the diagram i — X;. Then the following conditions are equivalent:
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(1) X satisfies the Unique intermediate state aziom.

(2) The set of transitions | J; T" satisfies the Unique intermediate state
aziom.

(3) The set of transitions | J, T" satisfies the Multiset aziom, the Coher-
ence axiom and the Unique intermediate state axiom.

Whenever one of the preceding three conditions is satisfied, the set of tran-
sitions | J; T is the final structure.

Proof. The set of transitions |J; T' always satisfies the Multiset axiom by
Proposition 3.5.

(1) = (2). The set of transitions of X is the closure under the Coherence
axiom of | J, T* by Proposition 3.5. So |J; T C T.

(2) = (3). Let n > 3. Let (a,u1,...,un, ) be a transition of |J; T
Let p,g > 1 with p+ ¢ < n. Let (o, u1,...,up,v1), (V1,Upt1,- .- Un, 5),
(o, U1,y ..., Upyg, v2) and (V2, Upyqgiis - - - ,un,ﬂ) be four transitions of U, T".
Let ¢ such that there exists a transition (a’,ui,...,u},3") of X; taken by
the canonical map X; — X to (a,u1,...,u,,3). Since X; satisfies the
Unique intermediate state axiom, there exists a (unique) state v{ and a
(unique) state v4 of X; such that (af,ut,.. .,u;,yf), (u{,u;H, co b BY),
(a,ul, ... ,u;_i_q, v) and (v3, u;+q+1, ...,ul . B) are four transitions of X;.
Since |, T? satisfies the Unique intermediate state axiom as well, the map
X; — X takes V{ to v1 and Vé to 5. By the Coherence axiom applied to X,
the tuple (14, u;H, - ufDJrq, v4) is a transition of X;. So the union [ J, 7" is
closed under the Coherence axiom.

(3) = (1). If (3) holds, then the inclusion |J; 7% C T is an equality by
Proposition 3.5. Therefore the weak higher dimensional transition system
X satisfies the Unique intermediate state axiom.

The last assertion is then clear. O

5. Higher dimensional transition systems as a
small-orthogonality class

Notation 5.1. Let [0] = {()} and [n] = {0,1}" for n > 1. By convention,
one has {0,1}° = [0] = {()}. The set [n] is equipped with the product
ordering {0 < 1}".

Let us now describe the higher dimensional transition system associated
with the n-cube for n > 0.

Proposition 5.2. Letn >0 and ay,...,a, € 3. Let
Ty € {0,1}" x {(a1,1),..., (an,n)}¢ x {0,1}"
(with d > 1) be the subset of (d + 2)-tuples

((617 e '7671)7 (ah?il)’ SERE) (aid7id)7 (€I1> o -7621))

such that:
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® i, = ip implies m = n, i.e., there are no repetitions in the list

(a”iuil)a ceey (aiwid)'

e Foralli, ¢ < €.

o ¢; £ € if and only if i € {i1,...,iq}.
Let p : {(a1,1),...,(an,n)} — X be the set map defined by p(a;,i) = a;.
Then

Cn[ah ce 7an] = ({07 1}n7lu’ : {(ah 1)7 ) (an, n)} — 3, (Td)d21)
is a well-defined higher dimensional transition system.

Note that for n = 0, Cy[], also denoted by Cp, is nothing else but the
higher dimensional transition system ({()},p: @ — X, @).

Proof. There is nothing to prove for n = 0,1. So one can suppose that
n > 2. We use the characterization of Proposition 4.6. CSA1l and the
Multiset axiom are obviously satisfied. Let

((517 ceey En)a (a”il’il)7 ) (aimvim)v (6,17 ) eiz))
be a transition of Cylai,...,a,]. By construction of Cylay,...,a,], the
unique state
(e1,---,€n) € [n]

such that the (p + 2)-tuple

((613 R 7€'I’L)7 (ai17i1)7' ] (aipaip)? (6/1,7 R 76;;))

and the (m — p + 2)-tuple

((e],....em, (@ippr s Bpg1)s - oo (G Bm)s (€,...,€))

are transitions of Cplay,...,ay] is the one satisfying ¢; < €/ < €, for all

i€ {l,...,n} and ¢ # €/ if and only if i € {i1,...,ip}. So the Unique
intermediate state axiom is satisfied. The Coherence axiom can be checked
in a similar way. O

Note that for every permutation o of {1,...,n}, one has the isomorphism
of weak higher dimensional transition systems
C’n[al, oo ,an] = Cn[ag(l), ceey aa(n)].

We must introduce n distinct actions (ai, 1),. .., (ap,n) as in [CS96] other-
wise an object like Cs]a, a] would not satisfy the Unique intermediate state
axiom.

Notation 5.3. For n > 1, let 0, = (0,...,0) (n-times) and 1,, = (1,...,1)
(n-times). By convention, let 0p = 19 = ().
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Notation 5.4. For n > 0, let Cylay,...,a,]"" be the weak higher di-
mensional transition system with set of states {0y, 1,}, with set of actions
{(a1,1),...,(an,n)} and with transitions the (n + 2)-tuples

(O’I’H (a0(1)7 0-(1))7 MR (ao'(n)7 O-(n))7 1n)
for o running over the set of permutations of the set {1,...,n}.

Proposition 5.5. Let n > 0 and aq,...,a, € X. Let

X = <S,M:L—>E,T: UTn)
n>1
be a weak higher dimensional transition system. Let fy : {0,1}" — S and

f: {(a1,1),...,(an,n)} — L be two set maps. Then the following conditions
are equivalent:

(1) The pair (fo, f) induces a map of weak higher dimensional transition

systems from Cplai, ..., a,] to X.
(2) For every transition
((617 ceey 5n)7 (a’h?il)? ) (airviT‘)’ (6,17 cees 6;1))
of Cplar, ..., an) with (e1,...,€,) =0y or (€],...,€,) = 1,, the tuple

I
(f0(617 .- ~7€n)af(ai17i1>v s 7f(aiwi7’)7f0(€/17 .- '76;1))

s a transition of X.
Note that the Coherence axiom plays a crucial role in the proof.
Proof. The implication (1) = (2) is obvious. Suppose that (2) holds. Let

((e1,---,¢€n), (air+l7ir+1)7 ) (a‘ir+s?ir+3)7 (6/17 e >€;1))
be a transition of Cylay,. .., a,| with
(€1,.-.,€n) € [n]\{0n},
(€1,...,€,) € n]\{1,}.
There exists a transition

(Ona (aipil)’ ) (airaiT)7 (617 ) en))

in Cylay,...,ay] from 0, to (e1,...,€,). And there exists a transition
((6/17 B 641)7 (air+s+17i7"+8+1)7 ce (ai'rﬂ in)? 1n)

from (€},...,€,) to 1, in Cylas,...,a,]. By construction of Cylai,...,an],
the two tuples

(0n7 (aipil)a ceey (air+sair+8)a (Ella R e'ln,))
and

((617 .. 7671)7 (air+17i7‘+1)7 ey (ain77;n)7 1n)
are two transitions of Cyla1, ..., a,| as well. Thus, the transition

((617 ey 67’&)7 (air+17ir+1)7 RN (air+57ir+$)7 (69_7 e 76'In))
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is in the closure in (J;5,{0,1}" x {(a1,1),..., (an,n)}? x {0,1}™ under the

Coherence axiom of the subset of transitions of Cy[a1, ..., ay] of the form
(Ona (a'ipil): SRR (airvi'f)7 (6/17 T 6;1))

or ((e1,...y€n),(aiy,21),...,(a;,., i), 1,) with (e1,...,€,),(€],...,€,) € [n].

Hence, one obtains (2) = (1). O

Theorem 5.6. A weak higher dimensional transition system satisfies the
Unique intermediate state axiom if and only if it is orthogonal to the set of
inclusions

{Culat,. .., an)™" C Cplay,...,as],n >0 and ay,...,a, € X}.

Proof. Only if part. Let X = (S,u: L — 5,7 = {5, Tn) be a weak
higher dimensional transition system satisfying the Unique intermediate

state axiom. Let n > 0 and ay,...,a, € X. We have to prove that the
inclusion of weak higher dimensional transition systems Cy[ay, ..., a,]** C
Cypla, ..., ay] induces a bijection

WHDTS(Cplar,. . ., an], X) — WHDTS(Cylay, . . ., an]™", X).

This fact is trivial for n = 0 and n = 1 since the inclusion Cy[ay, . .., a,|** C
Chplay,...,ay] is an equality. Suppose now that n > 2. Let

f,g € WHDTS(Cylaq,. .., a,], X)
having the same restriction to Cylai,...,a,]®*. So there is the equality

f=9:{(a1,1),...,(an,n)} — L as set map. Moreover, one has fy(0,) =
90(0,,) and fo(1,) = go(1,). Let (e1,...,€,) € [n] be a state of Cy[a1, ..., ay]
different from 0,, and 1,,. Then there exist (at least) two transitions

(Ona (aipil)’ ) (airaiT)7 (617 ) en))

and
((617 U Gn)a (a”ir+17ir+1)7 RIS (aiT+S7i7”+5)7 1TL)
of Cplai,...,ay] with r;s > 1. So the four tuples
(fO(OTL)7 f(aipil)v sy ~(air>i7')7 fO(Elv s 76n))a
(f0(617 SER) 6”)7 .]?(a‘iurlvi?"-‘rl)’ SERE) f(air+57iT+s)7 fO(l'fl))7
(go(on)7§(ai1ai1)7 see 7§(aiq~7i7‘)7g[)(617 cee 767'1))
and

(90(617 ceey en)a a(air_g.l?i’l’-l—l)u o 7§(air+sa 7:7“+S)7 gO(ln))
are four transitions of X. Since X satisfies the Unique intermediate state

axiom, one obtains fy(€1,...,€,) = go(€1,...,€,). Thus f = g and the set
map

WHDTS(Cy a1, . ., a,], X) — WHDTS(Cylay, .. ., a,]™", X)
is one-to-one. Let f : Cylay,...,a,])*" — X be a map of weak higher dimen-

sional transition systems. The map f induces a set map fo : {Op, 1.} — S
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and a set map f : {(a1,1),..., (an,n)} — L. Let (e1, ..., €,) € [n] be a state
of Cyplay,...,ay,| different from 0, and 1,. Then there exist (at least) two
transitions
(On, (a,;l,z'l), ey (air,’i,«), (61, ceey 6n))

and

((617 SR Gn), (air+l7ir+1)7 SR (aiT+s7iT+5)7 1TL)
of Cplai,...,a,] with r;s > 1. Let us denote by fy(er,...,€,) the unique
state of X such that

(fo(0n), f(ai,i1),- .., flai,, ir), fo(€1, ..., €n))

and
(f0(€17 ceey 671)7 f(air+17ir+1)a R 7f(a’L"r+s’ ir+s)7 fO(ln))
are two transitions of X. Since every transition from 0, to (e1,...,€,) is of
the form
(On, (aia(l) > ia(l)): ceey (aia(r),ig(,n)), (61, v ,en))
where o is a permutation of {1,...,r} and since every transition from
(€1,...,€n) to 1, is of the form
((61, ey En), (aia’(rJrl) s ia’(?"+1))> ceny (aia/ms) s igl(r+8)), 1n)
where ¢’ is a permutation of {r+1,...,r+ s}, one obtains a well-defined set

map fo: [n] — S. The pair of set maps (fo, f) induces a well-defined map of
weak higher dimensional transition systems by Proposition 5.5. Therefore
the set map

WHDTS(Cylay,...,a,], X) — WHDTS(C),[a1, ... ,an}eXt,X)
is onto.

If part. Conversely, let X = (S,u: L — X, T = Un>1 T,) be a weak
higher dimensional transition system orthogonal to the set of inclusions

{Cylai,...,a,)™" C Cylai,...,an),n >0 and ai,...,a, € L}

Let (e, ui,...,up,3) be a transition of X with n > 2. Then there exists a
(unique) map Cp[p(ur), ..., p(uy)]™" — X taking the transition

(Om (M(ul)v 1)7 R (M(Un)7 n)’ 171)

to the transition (o, u, ..., un,3). By hypothesis, this map factors uniquely
as a composite

Culpu(ur), .., p(un)]™ C Culu(ur),. .., plun)] = X.

Let 1 < p < n. There exists a (unique) state v of Cy,[u(uy), ..., p(un)] such
that the tuples

(Om (u(ul)v 1)7 ) (M(Up),p)7 V)a
(V7 (,U(Up_H),p + 1); ) (N(un)a n)7 1n)7

are two transitions of Cy[u(u1),...,u(u,)] by Proposition 5.2. Hence the
existence of a state 11 = go(v) of X such that the tuples (o, u1,...,up,v1)
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FIGURE 1. The higher dimensional transition system D]a]

and (v1,upt1,...,Uny, 3) are two transitions of X. Suppose that vy is an-
other state of X such that («, u1, ..., up, v2) and (v, upt1, ..., uy, 3) are two
transitions of X. Let h = § : {((u1),1),..., ((un),m)} — L be defined
by h(u(u;),i) = w;. Let ho : [n] — S be defined by ho(v)) = go(+/) for
V' # v and ho(v) = v (instead of v1). By Proposition 5.5, the pair of set
maps (ho, E) yields a well-defined map of weak higher dimensional transition
systems h : Cpp(u1), ..., 1w(un)] — X. So by orthogonality, one obtains
h = g, and therefore 11 = 5. Thus, the weak higher dimensional transition
system X satisfies the Unique intermediate state axiom. ([

Corollary 5.7. The full subcategory HDTS of higher dimensional tran-
sition systems is a small-orthogonality class of the category WHDTS of
weak higher dimensional transition systems. More precisely, it is the full
subcategory of objects orthogonal to the (unique) morphisms Dla] — C1[a]
for a € 3 and to the inclusions Cplaq, ..., a,|™" C Cylay, ..., a,) forn =2
and ay,...,an, € ¥ where Dla] is the higher dimensional transition system
with set of states {0, 1}, with set of labels {(a, 1), (a,2)}, with labelling maps
w(a,i) = a, and containing the two 1-transitions (0, (a,1),1) and (0, (a,2),1)
(see Figure 1).

Proof. This is a consequence of Theorem 5.6 and Proposition 4.6. (]

Corollary 5.8. The full subcategory of higher dimensional transition sys-
tems is a full reflective locally finitely presentable subcategory of the category
of weak higher dimensional transition systems. In particular, the inclusion
functor HDTS C WHDTS is limit-preserving and accessible.

Proof. That HDTS is a full reflective locally presentable subcategory of
WHDTS is a consequence of [AR94, Theorem 1.39]. Unfortunately, [AR94,
Theorem 1.39] may be false for A = Xy. It only enables us to conclude that
the category HDTS is locally Ni-presentable. To prove that HDTS is
locally finitely presentable, we observe, thanks to Proposition 4.6, that the
notion of higher dimensional transition system is axiomatized by the axioms
of weak higher dimensional transition system and by the two additional
families of axioms: (Va,u, 3), Tp(c, u, 8) = (3 )T, (a, v, B) for z € ¥ and

Va,ut, ..o tun, 8), Ty oz (001, ..o up, B) =

(H!V)(Tzl,...,zp (Oé, Uy ..., Up, V) A Twp+1,...,:pn (V7 Up41y---,Un, ﬂ))
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forn>2,1<p<nandxy,...,x, €X. Sothe notion of higher dimensional
transition system is axiomatized by a limit theory, i.e., by axioms of the
form (Vz),¢(x) = (3ly ¢¥(x,y)) where ¢ and 1) are conjunctions of atomic
formulas. Moreover, each symbol contains a finite number of arguments.
Hence the result as in Theorem 3.4. O

In fact, one can easily prove that the inclusion functor

HDTS c WHDTS

is finitely accessible. Let X : I — HDTS be a directed diagram of higher
dimensional transition systems. Let X; = (S;,p; : Ly — %, T = Un>1 Th)
and X = (S, : L — X, T = J,,51 Tn). The weak higher dimensional transi-
tion system X remains orthogonal to the maps D]a] — C|[a] for every a € £
since this property is axiomatized by the sentences (Va, u, ), T (o, u, 3) =
(3T (e, o/, B) for € ¥. Since WHDTS is topological over Set{*}V>
by Theorem 3.4, the colimit lii)nX in WHDTS is the weak higher dimen-
sional transition system having as set of states the colimit 5 = lim 5;, as set
of actions the colimit L = lim L;, as labelling map the colimit p = lim /i
and equipped with the final structure of weak higher dimensional transition
system. The final structure is the set of transitions obtained by taking the
closure under the Coherence axiom of the union | J, 7% of the image of the
T in Un>1(5 x L™ x S). Let (a,u1, ..., un, 3) be a transition of | J; T with
n > 2. Let 1 < p < n. There exists ¢ € I such that the map X; — li_n>1X
takes (af,ul,...,ul, 3% to (a,uy,...,un, 3). By hypothesis, there exists a

state 1! of X; such that (o, ul, ... ,u]ig, v') and (%, u;_ﬂ, o, ub 3Y) are tran-
sitions of X;. So the map X; — lim X takes v to a state v of lim X' such that
(o, u1, ... up,v) and (V, Upt1, . . ., Up, B) are transitions of | J; T*. Let vy and
v2 be two states of lim X such that (o, ut,... up, 1), (V1,Uptt,. .., Un, B),
(o, ut, ..., up,v2) and (v, Upti, ..., U, B) are transitions of | J, 7. Since

the diagram X is directed, these four transitions come from four transitions
of some X;. So 1 = 1» since X satisfies the Unique intermediate state
axiom. Thus, the set of transitions J; T satisfies the Unique intermediate
state axiom. So by Theorem 4.7, the set of transitions (J, T" is the final
structure and X satisfies the Unique intermediate state axiom. Therefore
the inclusion functor HDTS € WHDTS is finitely accessible.

6. Labelled symmetric precubical sets

The category of partially ordered sets or posets together with the strictly
increasing maps (z < y implies f(x) < f(y)) is denoted by PoSet.

Let 6 : [n — 1] — [n] be the set map defined for 1 <i < n and o € {0,1}
by 0&(e1,...,€n—1) = (€1,-.-,€i—1,0,€,...,€n—1). These maps are called
the face maps. The reduced box category, denoted by [, is the subcategory of
PoSet with the set of objects {[n],n > 0} and generated by the morphisms

0. They satisfy the cocubical relations 6?5? = 52-0‘5?_1 for i < j and for



DIRECTED ALGEBRAIC TOPOLOGY 429

all (o, B) € {0,1}2. In fact, these algebraic relations give a presentation by
generators and relations of [J.

Proposition 6.1 ([Gaul0, Proposition 3.1)). Letn > 1. Let (e1,...,€,) and

(€,...,€,) be two elements of the poset [n] with (e1,...,€,) < (€],...,¢€,).
Then there exist iy > -+ > ip—yp and ai,...,an—p € {0,1} such that
(€1, €n) = O3t .. 6" 7(0...0) and (€},...,€,) = 05t ..., "(1...1)
where v > 0 is the number of 0 and 1 in the arguments 0...0 and 1...1.
In other terms, (€1,...,€,) is the bottom element and (€},...,€,) the top
element of a r-dimensional subcube of [n].

Definition 6.2. Let n > 1. Let (e1,...,€,) and (€], ..., €,) be two elements
of the poset [n]. The integer r of Proposition 6.1 is called the distance
between (e1,...,€,) and (€},...,€,). Let us denote this situation by r =

d((e1,y...,€n), (€1,...,€,)). By definition, one has

ren
=n
/
r= Z le; — €.
i=1

Definition 6.3. A set map f : [m|] — [n] is adjacency-preserving if it is

strictly increasing and if d((e1,...,€m), (€],...,€,,)) = 1 implies

d(fet, ... em), f(éy, .. €)= 1.

The subcategory of PoSet with set of objects {[n],n > 0} generated by the
adjacency-preserving maps is denoted by (1.

Let o; : [n] — [n] be the set map defined for 1 < ¢ < n—1and n > 2
by oi(€1,...,€n) = (€1, .., €1, €it1, €y g2, ..., €n). These maps are called
the symmetry maps. The face maps and the symmetry maps are examples
of adjacency-preserving maps.

Proposition 6.4 ([GaulO, Proposition A.3]). Let f : [m] — [n] be an adja-
cency-preserving map. The following conditions are equivalent:

(1) The map f is a composite of face maps and symmetry maps.

(2) The map f is one-to-one.

Notation 6.5. The subcategory of 0 generated by the one-to-one adjacen-
cy-preserving maps is denoted by [lg. In particular, one has the inclusions
of categories

Oc Og c .

By [GMO03, Theorem 8.1], the category Og is the quotient of the free
category generated by the face maps ¢ and symmetry maps o;, by the
following algebraic relations:

e the cocubical relations: 5?5;1 = 5,?‘5?71 for i < j and for all (o, 3) €
{0,1}%

e the Moore relations for symmetry operators: o;0; = Id, 0;0;0; =
000 fori=j—1and 0,0 = 005 fori < j—1;
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e the relations aiéjc»“ = 5;“01-_1 for j < i, 016]0-‘ = 054, for j =1, 016]0-‘ =

off for j =i+ 1 and 065 = 6j'0; for j >0+ 1.
Definition 6.6. A symmetric precubical set is a presheaf over [lg. The
corresponding category is denoted by D%pSet. If K is a symmetric precubical
set, then let K, :== K ([n]) and for every set map f : [m] — [n] of Og, denote
by f*: K, — K, the corresponding set map.

Let Og[n] := Og(—, [n]). It is called the n-dimensional (symmetric) cube.
By the Yoneda lemma, one has the natural bijection of sets

0% Set(Og[n), K) = K,

for every precubical set K. The boundary of Og[n] is the symmetric pre-
cubical set denoted by d0g[n]| defined by removing the interior of Hg[n]:
(00g[n))x := (Dg[n])k for k < n and (00g[n])x = @ for k > n. In particu-
lar, one has 00g[0] = @. An n-dimensional symmetric precubical set K is
a symmetric precubical set such that K, = & for p > n and K,, # &. The
labelled at most n-dimensional symmetric precubical set K, denotes the
labelled symmetric precubical set defined by (K<), = K, for p < n and
(K<n)p =@ for p>n.

Notation 6.7. Let f : K — L be a morphism of symmetric precubical sets.
Let n > 0. The set map from K, to L, induced by f will be sometimes
denoted by f,.

Notation 6.8. Let 05 = (6")*. And let s; = (03)".

Proposition 6.9 ([Gaul0, Proposition A.4]). The following data define a
symmetric precubical set denoted by 5%

e (15%)o = {0} (the empty word).

e Forn>1, (1°%), = X"

0 _ 9l _ -~
e 0/(ar,...,ay) = 0;(a1,...,an) = (a1,...,Q;,...,an) where the no-
tation a; means that a; is removed.
i Si(alu s 7an) = (ala sy Bi—1, Qg 1, Ay Q42,5 - - - ’an) fOT I<i<n.

Moreover, the symmetric precubical set |53 is orthogonal to the set of mor-
phisms
{Os(n] Usggn Osn] — Os[n],n > 2}.

Definition 6.10. A labelled symmetric precubical set (over ¥) is an ob-
ject of the comma category DgpSetl!SE. That is, an object is a map of
symmetric precubical sets ¢ : K —!°Y and a morphism is a commutative

diagram
K / L
153,
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Y

0
0 (a,b) 0
a)
)

(a)

o

(

F1GURE 2. Concurrent execution of ¢ and b

The map £ is called the labelling map. The symmetric precubical set K
is sometimes called the underlying symmetric precubical set of the labelled
symmetric precubical set. A labelled symmetric precubical set K —!°% is
sometimes denoted by K without explicitly mentioning the labelling map.

Notation 6.11. Let n > 1. Let aq,...,a, be labels of . Let us denote by
Osla1, ..., a,] : Og[n] —!°% the labelled symmetric precubical set defined
by

Oslat, ... an](f) = ff (a1, ..., an).

And let us denote by 00g]a1, . . ., a,] : 900g[n] —!9% the labelled symmetric
precubical set defined as the composite

8D5[a1, e ,an] : 8D5[n] C Ds[n]

Figure 2 gives the example of the labelled 2-cube Ogla, b]. It represents
the concurrent execution of @ and b. It is important to notice that two
opposite faces of Figure 2 have the same label.

Since colimits are calculated objectwise for presheaves, the n-cubes are
finitely accessible. Since the set of cubes is a dense (and hence strong) gen-
erator, the category of labelled symmetric precubical sets is locally finitely
presentable by [AR94, Theorem 1.20 and Proposition 1.57]. When the set
of labels ¥ is the singleton {7}, the category Oo’Set|!9{r} is isomorphic
to the category of (unlabelled) symmetric precubical sets since !*{7} is the
terminal symmetric precubical set.

7. The higher dimensional automata paradigm

Definition 7.1. A labelled symmetric precubical set K satisfies the para-
digm of higher dimensional automata (HDA paradigm) if for every p > 2,
every commutative square of solid arrows (called a labelled p-shell or labelled
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p-dimensional shell)
dUsp]

Oslp] ————15%

admits at most one lift k£ (i.e., a map k making the two triangles commuta-
tive).

By Definition 6.10, a commutative square consisting of solid arrows as in

00s([p]

Oslp] ————15%

is equivalent to a diagram of labelled symmetric precubical sets consisting
of the solid arrows in

o0slai, ..., ap) (K —!19%)
_ 7
k/ o7
Oslai,...,ap),
where (a1, ...,a,) is the image of Id, under Cg|p] —15%. For the same

reason, the existence of the lift k£ in the former diagram is equivalent to the
existence of the lift k£ in the latter diagram.

Proposition 7.2. Let n > 0 and ay,...,a, € X. The labelled n-cube
Oslai, ..., ay] satisfies the HDA paradigm.

Proof. Consider a commutative diagram of solid arrows of the form

o0s(p] Osn]
P 7
k-
P Ve Id[n]»—»(al ~~~~~ an)
. s
Os[p] 1%
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with p > 2. Then fy = ko as set map from [p] to [n]. By the Yoneda
lemma, there is a bijection 00 Set(Cg[p], Og[n]) = Og([p], [n]) induced by
the mapping g — go. So there exists at most one such lift k. ([

Proposition 7.3. For a labelled symmetric precubical set K —!°%, the
following conditions are equivalent:

(1) The labelled symmetric precubical set K —!S% satisfies the HDA
paradigm.

(2) The map K —!5% satisfies the right lifting property with respect to
the set of maps

{Oslp] Yooy Dslpl — Dslpl,p > 2}

(3) The map K —!5% satisfies the right lifting property with respect to
the set of maps

{Oslp] Usoigp) Oslp] — Oslpl,p > 2}

and the lift is unique.
(4) The labelled symmetric precubical set K —!5% is orthogonal to the
set of maps of labelled symmetric precubical sets

{Ds[al, e ,ap] UoOs[ay,...,ap] Dg[al, e ,ap] — Dg[al, . ,ap]}

forp=2andai,... a, € X.

Proof. The equivalence (1) <= (2) is due to the “at most” in the defi-
nition of the HDA paradigm. The equivalence (3) <= (4) is due to the
definition of a map of labelled symmetric precubical sets. The implication
(3) = (2) is obvious. The implication (2) = (3) comes from the fact that
for every symmetric precubical set K, the set map

0Og’Set(Os[p], K) — O¢’Set(Os[p] Usrgp Oslp], K)
is one-to-one. ([
Corollary 7.4. The full subcategory, denoted by HDA®, of D%pSetl!SE
containing the objects satisfying the HDA paradigm is a full reflective locally
presentable category of the category DgpSetl!SE of labelled symmetric precu-

bical sets. In other terms, the inclusion functor is, : HDA® C D%pSetl!SE
has a left adjoint Shy, : 0% Set|!1°Y — HDA>.

When ¥ is the singleton {7}, the category HDAZ* will be simply denoted
by HDA.

Proof. This is a corollary of Proposition 7.3 and [AR94, Theorem 1.39]. O

In fact the category HDAY is locally finitely presentable; indeed, the
labelled n-cubes for n > 0 are in HDA> by Proposition 7.2, and one can
prove that they form a dense set of generators.

Notation 7.5. When ¥ is the singleton {7}, let ¢ := ix; and Sh := Shy,.
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One has
in(K —!1°%) 2 (i(K) — i(1°%)) = (K =!1%Y%),
Shy (K —!°%) 2 (Sh(K) — Sh(1¥%) =!1°%),

since the symmetric precubical set 1°Y already belongs to HDA by Propo-
sition 6.9.

8. Cubes as labelled symmetric precubical sets and as higher
dimensional transition systems

Let us denote by CUBE(O%Set|!®Y) the full subcategory of that of la-

belled symmetric precubical sets containing the labelled cubes Ogla, . . ., ay]
with n > 0 and ay,...,a, € ¥. Let us denote by CUBE(WHDTS) the full
subcategory of that of weak higher dimensional transition systems contain-
ing the labelled cubes Cylay,...,a,] with n > 0 and with aq,...,a, € X.
This section is devoted to proving that these two small categories are iso-
morphic (cf. Theorem 8.5). Note that CUBE(WHDTS) C HDTS by
Proposition 5.2.
Lemma 8.1. Let f : Og[m] — Og[n] be a map of symmetric precubical sets.
Then there exists a unique set map f : {1,...,n} = {1,...,m}U{—o0, +o0}
such that f(e1,...,em) = (eﬂl), . ,Eﬂn)) for every (e1,...,€m) € [M] wjth
the conventions €e_oo = 0 and €1 = 1. Moreover, the restriction f :
ffl({l, ...,m}) —{1l,...,m} is a bijection.

By convention, and for the sequel, the set map f will be defined from
{1,...,n}U{—o00, +00} to {1,...,m}U{—o0, +oo} by setting f(—o0) = —oo0
and f(—l—oo) = +o00.

Proof. If J/”\l and f/; are two solutions, then one has

(R €am) = (R €hm)

for every (e1,...,em) € [m]. Let i € {1,...,n}. If fi(i) = —oo, then
€f) = 0= €5, for every (€1,...,€m) € [m]. So in this case, fi(i) = fa(7).
For the same reason, if f1 (i) = +oo, then f1 (i) = fo(d). If f1(d) € {1,...,m},
then ez . = €, for every (e1,...,em) € [m]. So fi(i) = f2(i) again.
Thus, one obtains fl = fg Hence there is at most one such f Because
of the algebraic relations permuting the symmetry and face maps recalled
in Section 6, the set map fy : (Og[m])o = [m] — (Os[n])o = [n] factors as
a composite [m| — [m] — [n] where the left-hand map is a composite of

symmetry maps and where the right-hand map is a composite of face maps
(see also [GMO3]). So there exists a permutation o of {1,...,m} such that

f(€1, ceey 6m> = (Sgl R (557:7:] (60.(1), ey 60’(m))
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for every (e1,...,€n) € [m]. Because of the cocubical relations satisfied by
the face maps, one can suppose that i1 > ia > -+ > iy Let j1 < -+ < jm
such that
{1,y dmt Ui, o yin—m )t = {1,...,n}.

So f(et, . yem) = (€],...,€,) with €] = ay for all k € {1,...,n —m} and
€ = €a(k)- ATherefore, the set map ]: {1, coonp—= {1 m}UA{—oo, +oo}
defined by f(ig) = —o0 if ag, = 0, f(ix) = 400 if o = 1 and f(jr) = o(k)
is a solution. 0
Lemma 8.2. Let

f:0Oglar,...,am] — Oglbi, ..., by,
g :0glb1,...,by] — Oglet, ..., cp),

o~

be two maps of labelled symmetric precubical sets. Then one has g o f fog
with the notations of Lemma 8.1.

Proof. The set map f : {1,...,n}U{—00, +oo} — {1,...,m}U{—00, +00}
is the unique set map such that fo(e1,...,€y) = (ef(l), ... 76f(n)) for every
(€1, .., €m) € [m] with the same notations as above and with f(—o0) = —oo
and f(—l—oo) = 4o00. Therefore, one obtains the equality go(fo(€1,...,€m)) =
go(ef(l), co € (n)) for every (e1,...,€y) € [m]. The set map g: {1,...,p} U
{—00,4+00} — {1,...,n} U{—00,+00} is the unique set map such that

go(€l,...,€e,) = (6;7(1), . ,e’g(p)) for every (¢},...,€),) € [n] with the same
notations as above and with g(—oo) = —oo and g(+00) = +o00. Let €, = 0
for 1 <i<m. If g(i) € {—o0,+00}, then ei(.) = €75 Since f(=o0) = —oc0

and f(+00) = 4o0. If g(i) ¢ {—o00, +o0}, then EA() = €7 a0)) by definition
of the family ¢’. So one obtains

golfolers-em)) = go(€ga) - €5m) = (€fgay) -+ fiaw))

for every (e1,...,€n) € [m]. Thus by Lemma 8.1, one obtains ;)\f =

foy. 0
Let m,n > 0and ay,...,am,b1,...,b, € 2. A map of labelled symmetric

precubical sets f : Oglay,...,an] — Og[b1,. .., by] gives rise to a set map

fo:[m] ={0,1}" = Oslax,...,amlo — [n] = {0,1}" = Os[by, ..., bulo |

from the set of states of Cp,[a1, ..., an] to the set of states of C,[b1, ..., by]
which belongs to Og([m], [n]) = O Set(Og[m],0g[n]). By Lemma 8.1,
there exists a unique set map f : {1,...,n} — {1,...,m}U{—o00, +o0} such
that

foler, ... em) = (e €F(1y ...,ef(n))
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for every (ei1,...,€n) € [m] with the conventions e€_o, = 0 and €45 = 1.
Moreover, the restriction f : f_l({l, ...,m}) — {1,...,m} is a bijection.
Since f : Ogla1,...,an] — Og[b1,...,by] is compatible with the labelling,
one necessarily has a; = b?—l(i) for every ¢ € {1,...,m}. One deduces a set
map
f:A{(a1,1),...,(am,m)} — {(b1,1),...,(bp,n)}

from the set of actions of Cy,[a1, . . ., an] to the set of actions of C, [by, . . ., by,]
by setting

Flaisi) = (bps s T (@) = (@ T (@) |

Lemma 8.3. The two set maps fo and f above defined by starting from a
map of labelled symmetric precubical sets f : Oglai, ..., am] — Ogb1,...,by]
yield a map of weak higher dimensional transition systems

(T(f) : Clar, - am] = Culbr, ... bu] |

Proof. Let
(1, €m)s (Qiys01)y .oy (i, ir), (€], -0y €n))
be a transition of Cp,[a1, ..., an]. One has for every i € {1,...,n}:
* 7, < 6;?(1‘) for every i € {1,...,n}, by definition of a transition of
Cm[ah LR am]‘
— ifie Tl
* fi) = T ifief (A{ 00, +-00}). . B
€5 # e’f(i) for i € f~1({1,...,m}) if and only if f(i) = f(i) €
{i1,...,ir}, by definition of a transition of Cp,[a1,...,an] again.

So one has €Fi) # E/f(i) if and only if i = f_l(ik) for some k € {1,...,7}.
Thus, the (d + 2)-tuple

—-—1,. —-—1,.
((Ef(l)a---aef(n))7(ai17f (@1))s- -+ (ai,, f (Zr)),(ﬁs?(l),---,ﬁlf(n)))
is a transition of the higher dimensional transition system C,,[b1,...,b,]. O

Proposition 8.4. Let T(Oglay,...,ay,]) := Cylai,...,a,]. Together with
the mapping f — T(f) defined in Lemma 8.3, one obtains a well-defined
functor from CUBE(OZ Set|!°Y) to CUBE(WHDTS).

Proof. The set map IE[;] is the inclusion
{1,...,m} C{1,...,m} U{—o0, +o0}.

So T(Ist[a1,-.-7an]) = IdC’n[al,...,an]' Let f: Ds[al, e ,am] — Ds[bl, ceey bn]
and g : Og[b1,...,by] — Ogler, ..., ¢p] be two maps of labelled symmetric
precubical sets. The functoriality of the mapping K +— K yields the equal-

ity (90 f)o = g0 fo- One has §(f(ai, i) = glai, T (1)) = (a;,5 (T (0))).
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The integer N =g~ 1(F ' (i) € {1, .., p} satisfies i = f(§(N)) = g o F(N) by

Lemma 8.2. So by Lemma 8.1, one has go f (i) = N. Thus, one obtains
= —1

9(f(ai,i)) = (ai,go f (i) = g o flai,i).
Hence the functoriality. O

Theorem 8.5. The functor T : CUBE(OSet|!°Y) — CUBE(WHDTS)

constructed in Proposition 8.4 is an isomorphism of categories.

Proof. Let us construct a functor
T~ : CUBE(WHDTS) — CUBE(O%Set|!°Y))

such that T o T_l = IdCUBE(WHDTS) and T_l oT = IdCUBE(D%pSetL!SE)'

Let T-Y(Cyla1,...,as)) = Oglai,...,a,] for every n > 0 and every
ai,...,an, € X. Let f : Cplai,...,am] — Cylby,...,by] be a map of
weak higher dimensional transition systems. By definition, it gives rise
to a set map fy : [m] — [n] between the set of states and to a set map
]?: {(a1,1),...,(am,m)} — {(b1,1),...,(bn,n)} between the set of actions.
Since the map f : Cy,[a1,. .., am] — Cylbi,. .., by] is compatible with the la-
belling maps of the source and target higher dimensional transition systems,
one necessarily has f(a;,i) = (a;, f(i)) where f : {1,...,m} — {1,...,n}
denotes a set map. Since the (m + 2)-tuple

(fo(0;.-,0), (a1, £(1)), - s (am, f(m)), fo(1, ..., 1))

is a transition of Cy[b1,...,by], the map f : {1,...,m} — {1,...,n} is
one-to-one. Let f : f({1,...,n}) — {1,...,m} be the inverse map. Let
(€1,...,€em) < (€),...,€,) be two adjacent elements of [m], more precisely,
e =¢ forallie {1,... m}\{j} and 0 =¢; < ¢€; = 1. Then the triple

((617 e 76771)7 (aj7j)7 (6/17 trtt 6;71))
is a l-transition of Cy,[ay,...,an]. So the triple

]
(f0(€1> .- -7€m)7 (ajai(j))af()(ella ce 76;n))
]
[

is a 1-transition of Cy[b1,...,b,]. Thus, the n-tuples fy(ei,...,€ey) and
fo(€}, ..., €,) are adjacent in [n], and the only difference is the f(j)-th

r m

coordinate. Thus, the mapping f — fo yields a set map
(=)o : WHDTS(Cynlas, - . ., am], Culbr, ..., b)) — O([m], [n]).
The map fo : [m| — [n] factors uniquely as a composite
¥ ?
[m] — [m] — [n]
with ¢ € O since the image fo([m]) is an m-subcube of [n] (see [GaulO,
Proposition 3.1 and Proposition 3.11]). Let ¢ = §;" ... 5%:”’" with i1 > iy >

T
o> ipom. Let f:{1,...,n} U {00,400} — {1,...,m} U{—o00, 400} be
the set map defined by the four mutually exclusive cases:
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o ji(—oo)f —o00 and f(400) = 400,
o Ji(k:) = f(k)ifke f({1,...,n}),
o f(ix) = —o0if o =0,
o fliy) = +oo if ay = 1.
Since f(i(z)) = 7 one has for every m-tuple (€1, ..., €,) of [m] the equality

fO(Elv"‘ 76m) = (6}‘\(1)7'”76}\(”))‘

So Y € O is one-to-one, and therefore equal to a composite of o; maps by
Proposition 6.4. Thus, one obtains fy € Og([m], [n]). The Yoneda bijection

Os([m], [n]) = Oy’ Set(Os[m], Os[n])

takes fo to a map of symmetric precubical sets T~1(f) : Og[m] — Og[n]
preserving the labelling. So T~!(f) yields a map of labelled symmetric pre-
cubical sets, still denoted by T=1(f), from Oglay,...,an] to Os(by,. .., by]
and it is clear that T(T~!(f)) = f by construction of T. The equality
T—Y(T(f)) = f is due to the uniqueness of f in Lemma 8.1. O

9. Labelled symmetric precubical sets as weak higher
dimensional transition systems

For the sequel, the category of small categories is denoted by Cat. Let H :
I — Cat be a functor from a small category I to Cat. The Grothendieck
construction I [ H is the category defined as follows [Tho79]: the objects
are the pairs (i,a) where ¢ is an object of I and a is an object of H(i);
a morphism (i,a) — (j,b) consists in a map ¢ : ¢ — j and in a map
h: H(¢)(a) — b.

Lemma 9.1 (cf. [Gaul0, Lemma 9.3] and [Gau08, Lemma A.1]). Let I be
a small category, and i — K* be a functor from I to the category of labelled
symmetric precubical sets. Let K = h_n>11 K. Let H : I — Cat be the functor

defined by H(i) = Og|K*. Then the functor «: 1 [ H — Og|K defined by
(i, 0g[m] — K') = (Og[m] — K) is final in the sense of [MLIS8]; that is to
say the comma category ki is nonempty and connected for all objects k of
Ogl K.

Theorem 9.2. There exists a unique colimit-preserving functor
T : Og°PSet|!°Y — WHDTS

extending the functor T previously constructed on the full subcategory of
labelled cubes. Moreover, this functor is a left adjoint.

Proof. Let K be a labelled symmetric precubical set. One necessarily has

T(K) = lim Chlal, ..., an]
Oslai,...,an]— K
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hence the uniqueness. Let K = lim K  be a colimit of labelled symmetric
precubical sets, and denote by I the base category. By definition, one has
the isomorphism

h_n}l']I‘(KZ)%hiQ lim Chlai,...,ap).
i DS[alw-aan]"Kl‘

Consider the functor H : I — Cat defined by H(i) = Og|K". Consider

the functor F; : H(i) — WHDTS defined by F;(Oglaq,...,a,] — K') =

Cplai,...,ay]. Consider the functor F': I [ H — WHDTS defined by
F(i,0glay,...,a,] — K") = Cylay, ..., an].

Then the composite H (i) C I [ H — WHDTS is exactly F;. Therefore one
has the isomorphism

lm  lm Cuan..a]®  lm o Cular....a)
© Oglat,...,an] =Kt (i,0sa1,...,an] > K?%)

by [CS02, Proposition 40.2]. The functor ¢ : I [ H — Og|K defined by
((i,0g[m] — K% = (Og[m] — K) is final in the sense of [ML98] by
Lemma 9.1. Therefore by [ML98, p. 213, Theorem 1] or [Hir03, Theorem
14.2.5], one has the isomorphism

lim Chlat,...,an) = lim Cplar, ..., an] = T(K).
(3,0s[a1,...,an] —K?) Oslat,....an]—K

Hence the functor T is colimit-preserving, hence the existence.
Since the category DgpSetl!S Y. is locally presentable, it is co-wellpowered
by [AR94, Theorem 1.58], and also cocomplete. The set of labelled n-cubes

{Osla,...,an],a1,...,a, € £}

is a set of generators. So by SAFTP [ML98, Corollary pl26], it is a left
adjoint. ([

Proposition 9.3. Let n > 2 and a1,...,a, € X. The map of labelled
symmetric precubical sets

Oslai, ..., an] UoOs[a1,...,an] Oslai, .. .,an] — Oglai, ..., ay]
induces an isomorphism of weak higher dimensional transition systems
T(Ds[al, . ,an] UsOs[a1,....an] Ds[al, . ,an]) = T(Ds[al, A ,an]).

Proof. Since T is colimit-preserving, one has the pushout diagram of weak
higher dimensional transition systems

']I‘(@DS[al,...,an]) T(Ds[al,...,an])

T(Ds[al, e ,an]) ’ T(Ds[ala cee 7an] UaDS[al
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Since WHDTS is topological over Setis}U= by Theorem 3.4, the weak
higher dimensional transition system

T(Dg[al, e, an] UoOs(ay,...,an] Ds[al, R ,an])

is obtained by taking the colimits of the three sets of states, of the three
sets of actions and of the three labelling maps, and by endowing the result
with the final structure of weak higher dimensional transition system. By
Proposition 3.5, this final structure is the closure under the Coherence axiom

of the union of the transitions of T(0Og|ai,...,ay]) and of the two copies
of T(Oglai,...,ay]). Since the set of transitions of T(00glai,...,a,]) is
included in the set of transitions of T(Oglay, . . ., ay]), the right-hand vertical

and bottom horizontal maps are isomorphisms. Since the composite

T(Oslai, ..., an)) — T(Oslai, - - ., an] UaOsar,....an] Oslai, ..., an))
— T(Osglai, ..., an))

is the identity of T(Ogla, ..., a,]), the proof is complete. O

Theorem 9.4. Let K be a labelled symmetric precubical set. The canonical
map K — Shy(K) induces an isomorphism of weak higher dimensional
transition systems T(K) = T(Shx(K)).

Proof. By Proposition 7.3, a labelled symmetric precubical set K belongs
to HDA?Y if and only if the map K —!5Y satisfies the right lifting property
with respect to the set of maps

{Us[n] Usngpm Usln] — Os[n],n > 2}.

So the labelled symmetric precubical set Shy(K) can be obtained by a
small object argument by factoring the map K —!°% as a composite K —
Sh(K) —!°% where K — Sh(K) is a relative {{g[n] Uaogfn Os[n] —
Os[n],n > 2}-cell complex and where the map Sh(K) —!9% satisfies the
right lifting property with respect to the same set of morphisms. The small
object argument is possible by [Bek00, Proposition 1.3] since the category of
symmetric precubical sets is locally finitely presentable. Thanks to Propo-
sition 9.3, the proof is complete. O

Theorem 9.5. The functor T : D%pSetl!SE — WHDTS factors uniquely
(up to isomorphism of functors) as a composite

O%Set 15y % HDA® & WHDTS.
Moreover, the functor T is a left adjoint.

Proof. Let T; and Ts be two solutions. Then there is the isomorphism of
functors T; o Shy, =2 Ty o Shy,. So there are the isomorphisms of functors
Tl = Tl o Shz O’iz = TQ o Shz Oiz = TQ. Let T =To ig. Then there is the
isomorphism of functors T o Shy, = T o ix; o Shy, = T thanks to Theorem 9.4.
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Hence the existence. Let K = li_n}Ki be a colimit in HDA*. Then one has
the sequence of natural isomorphisms

T(lim K;) & T(h_r)n Shy(in(K5))) since K; = Shy(ix(Kj;))
= T(Shz(h_r)n in(K;))) since Shy is a left adjoint
= T(ix(Shy(limis(K;)))) by definition of T
= T(lim ix (K5)) by Theorem 9.4
= lim T(ix (K5)) since T is colimit-preserving
=~ lim T(K;) by definition of T.
-

So the functor T is colimit-preserving. Since the category 0% Set|!®Y is

locally presentable, the functor T is a left adjoint for the same reason as in
the proof of Theorem 9.2. ([l

Definition 9.6. A labelled symmetric precubical set K is strong if the weak
higher dimensional transition system T(K) satisfies the Unique intermediate
state axiom.

Note that a labelled symmetric precubical set K is strong if and only if
Shy (K) is strong, by Theorem 9.4.

Proposition 9.7. There exists a labelled symmetric precubical set satisfying
the HDA paradigm K which is not strong.

Sketch of proof. Consider the following 1-dimensional (symmetric) precu-
bical set:

V2

wca\m/ﬁaw
0]

And let us add three squares corresponding to the concurrent execution of u
and w (square (o, «, v1, 1)), of v and w (square (3, 3, v1,12)), and finally of u
and v (square (a, v, 3,v1)). One obtains a 2-dimensional labelled symmetric
precubical set K. The weak higher dimensional transition system T(K)
contains the 2-transition (a,u,v,3). And there exist two distinct states v
and vo such that (o, u, 1), (o, u,2), (v1,v, 3) and (v2, v, 3) are 1-transitions
of the weak higher dimensional transition system T(K). O
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Note that every weak higher dimensional transition system of the form
T(K) where K is a labelled symmetric precubical set satisfies a weak ver-

sion of the Unique intermediate state axiom (called the Intermediate state
axiom):

Proposition 9.8. Let K be a labelled symmetric precubical set. For every
n > 2, every p with 1 < p < n and every transition (a,uy,...,un,3) of
T(K), there exists a (not necessarily unique) state v such that both

(o, ur,...,up,v) and (V,upy1,...,Upn,[)
are transitions.

Proof. It suffices to prove that for every pushout diagram of labelled sym-
metric precubical sets of the form

d0g[a1, ..., an] K
DS[a17"'7an] TL

with n > 2, if T(K) satisfies the Intermediate state axiom, then T(L) does
too. Since T is colimit-preserving by Theorem 9.2, one obtains the pushout
diagram of weak higher dimensional transition systems

f

T(0Os[aq, ..., an]) T(K)
T(Oslai, ..., an)) —Li’JI‘(L)

It then suffices to observe that for every 1 < p < n, there exists a state v,
of T(K') such that the tuples

(fO(On)7 f(ala 1)7 ) f(alhp)a Vp)7

(va f(ap—i-l,p + 1)7 SRR f(anvn)u f0<1'fl))

are transitions of T(L): take v, = fo(v,) where v, is the unique state of
T(Osglai, ..., ay]) such that the tuples

(On7 ((11, 1)7 sy (ap7p)) V]/))7
(V;/n (ap—i-lap + 1)5 sy (an) TL), ]—n)
are transitions of T(Oglaz,. .., ay]) (cf. Proposition 5.2). O
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One will see that for every concurrent process P of every process algebra
of any synchronization algebra, the interpretation Og[P] of P as labelled
symmetric precubical set is always strong. In fact, it is even always a higher
dimensional transition system since CSA1 is also satisfied.

10. Categorical property of the realization

Theorem 10.1. Let K and L be two labelled symmetric precubical sets with
L € HDA*. Then the set map

(O Set|1S8) (K, L) — )

WHDTS(T(K), T(L))
1S one-to-one.

Proof. Let K and L be two labelled symmetric precubical sets with L €
HDA?>. Let us consider the commutative diagram of sets

(O%PSet | 1S%)(K, L) T

WHDTS(T(K), T(L))

(=<1

Set(K@, Lgl) _— Set(T(K>§1, T(L)gl)

where the left-hand vertical map is the restriction to dimension 1 and where
the right-hand vertical map is the restriction of a map of weak higher dimen-
sional transition systems to the underlying map between the 1-dimensional
parts, i.e., by keeping only the 1-dimensional transitions. The right-hand
vertical map is one-to-one by definition of a map of weak higher dimensional
transition systems. Let f,g : K == L be two maps of labelled symmetric
precubical sets with f<; = g<i1. let us prove by induction on n > 1 that
f<n = 9<n. The assertion is true for n = 1 by hypothesis. Let us suppose
that it is true for some n > 1. Let  : Og[n + 1] — K be a (n + 1)-cube of
K. Let 0z : 00g[n+1] C Og[n+ 1] — K. Consider the diagram of labelled
symmetric precubical sets

F(@)Ug(82)9(z)

Os[n + 1] Usgsnr1) Osn + 1]

K<n+1

Og[n + 1] 1Sy,

Since L € HDA?, there exists exactly one lift k. Thus, f(z) = g(z) and
the induction is complete. [l
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Corollary 10.2. The functor T : HDA* — WHDTS is faithful.
Proposition 10.3. The functor T : HDA* — WHDTS is not full.

Sketch of proof. Let us consider the higher dimensional transition system
Cslu, v] with set of states {«, 3,10,2}. And the inclusion of this higher
dimensional transition system to the weak higher dimensional transition
system X = T(K) given in the proof of Proposition 9.7:

V2

wca\yl/@w
20

Then this inclusion cannot come from a map of labelled symmetric precu-
bical sets since there are no squares in K with the vertices «a, 3, v9,10. [

Theorem 10.4. Let K and L be two labelled symmetric precubical sets such
that L satisfies the HDA paradigm and such that T(L) satisfies the Unique
intermediate state axiom. Then the set map

f=T()

(OFSet|19%) (K, L) WHDTS(T(K), T(L))
is bijective.
Proof. First of all, let us consider the local case, i.e., when

K =0glay,. .., an]

is a labelled m-cube. It suffices to prove that the map

(O Set|1S5) (K, L) — )

WHDTS(T(K), T(L))

is onto since we already know by Theorem 10.1 that it is one-to-one because
L satisfies the HDA paradigm. Since T is colimit-preserving, one has the
isomorphism
T(L) = lim Cnlbi,y ..., by).
Oslb1,....bn]—L

Let f € WHDTS(Cpla1, ..., am], T(L)). The (m + 2)-tuple
(f()(()? . -,0),.?(&1’ 1)7 te .]?(armm)v f0<17 ] 1))
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is an m-transition of T(L). By Theorem 4.7, since each cube C),[by, ..., by]
as well as T(L) satisfy the Unique intermediate state axiom, there exists a
labelled cube ¢ : Og[b1,...,by] — L of L such that the (m + 2)-tuple

(f0(0,...,0), f(a1,1),..., flam,m), fo(1,...,1))

comes from an m-transition of Cy[b1,...,b,]. In other terms the composite
f
C’m[al, R ’am]ext C Cm[al, ce ,am] — T(L)

factors as a composite

Conlai, - am] — Culby, .., ba] 2 T(L).
Since Cy[b1,...,by] is a higher dimensional transition system by Proposi-
tion 5.2, the latter map factors as a composite
T
Conlat, -+ am]™ C Chalat, ... ]~ Calbr, - bo] ~Z T(L)

by Theorem 5.6. Since T(L) satisfies the Unique intermediate state axiom,
one obtains that the map f € WHDTS(C),[a1,...,an], T(L)) is equal to
the composite

Cunlars - -, am] 25 Culbr, ... ba] ~2 (L)

thanks to Theorem 5.6. By Theorem 8.5, the left-hand morphism H is of
the form T(h) where h : Oglay, ..., amn| — Og[b1, ..., by] is a map of labelled
symmetric precubical sets. Hence f = T(gh).

Let us treat now the passage from the local to the global case. Since the
functor T is colimit-preserving by Theorem 9.5, one has the isomorphism of
weak higher dimensional transition systems

T(K) = lim Clar, ..., am).

Osla1,....,am]—K

The set map
lim  (OPSet|!S)(Dslar, .., anl, L)

Oslat,....,am]—K
—  lim  WHDTS(Cylar,...,an), T(L))

Osla1,....,am]—=K

is bijective since it is an inverse limit of bijections. This completes the
proof. O

Note that it is also possible to prove that the set map of Theorem 10.4
is onto without using Theorem 10.1. Indeed, the category of cubes of a
labelled symmetric precubical set is a dualizable generalized Reedy category
in the sense of [BM08]. So one obtains the same result by applying [BMO0S,
Corollary 1.7] to the category of diagrams from the category of cubes to
the opposite Set®? of the category of sets and by endowing Set with the
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unique fibrantly generated model structure such that the fibrations are the
onto maps [Gau05, Theorem 4.6].

Corollary 10.5. Let K and L be two strong labelled symmetric precubical
sets. Let us suppose that the two weak higher dimensional transition systems
T(K) and T(L) are isomorphic. Then there is an isomorphism of labelled
symmetric precubical sets Shy,(K) = Shy(L).

Proof. By Theorem 10.4 and Theorem 9.4, the isomorphism T(Shy(K)) =
T(K) = T(L) = T(Shx(L)) is of the form T(f) for some map f : Shy(K) —
Shy (L) of labelled symmetric precubical sets. And symmetrically, there
exists a map g : Shy(L) — Shy(K) such that T(g) = T(f)~!. By Corol-
lary 10.2, one has fog = Idgyy(z) and go f = Idgy (k). Hence the result. [

Corollary 10.6. Let K and L be two strong labelled symmetric precubical
sets such that the weak higher dimensional transition systems T(K) and T(L)
are isomorphic. Then the two weak higher dimensional transition systems
T(K) and T(L) have the same set of actions.

11. Higher dimensional transition systems are labelled
symmetric precubical sets

We want to compare now the two settings of higher dimensional transition
systems and labelled symmetric precubical sets. Let us start with some
definitions and notations.

. HDAEdts denotes the full subcategory of HDA> of labelled symmet-
ric precubical sets K such that T(K) is a higher dimensional tran-
sition system, i.e., such that the weak higher dimensional transition
system T(K) satisfies CSA1 and the Unique Intermediate axiom.

. T(HDAEdtS) is the full subcategory of HDT'S of higher dimensional
transition systems of the form T(K) with K € HDAZL,, ; this sub-
category is isomorphism-closed.

e An action u of a weak higher dimensional transition system is used
if there exists a transition (o, u, 3).

e The cubification of X € WHDTS is the weak higher dimensional
transition system

Cub(X) := lim Crlar, ..., an],
Cn[alvnaan]_’X
the colimit being calculated in WHDTS. Note that the natural
map
px : Cub(X) — X
induces a bijection between the set of states for any weak higher
dimensional transition system X.

Proposition 11.1. The cubification functor satisfies the following proper-
ties:
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(1) It induces a functor
Cub : HDTS — T(HDA},,.).

(2) The natural map px : Cub(X) — X is an isomorphism for every
X € THDAL,,,).

(3) For every higher dimensional transition system Y, one has a natural
isomorphism Cub(Cub(Y")) = Cub(Y).

Proof. One has, the colimit being taken in WHDTS,

Cub(X) :'JT( lim Dg[al,...,an]>
Crlai,....an]—X

by Theorem 8.5 and Theorem 9.5. By Proposition 9.8, the weak higher
dimensional transition system satisfies the Intermediate State axiom. The
canonical map px : Cub(X) — X is a bijection on states. Therefore if X
satisfies the Unique Intermediate State axiom, then so does Cub(X). By
Theorem 4.7, the set of transitions of Cub(X) is the union of the transitions
of the cubes Cy[ay, ..., ay]. So there is a bijection between the 1-transitions
of Cub(X) and the map of the form C1[z] — X. Let (o, u, ) and (o, v, )
be two transitions of Cub(X) with p(u) = pu(v) € X, p being the labelling
map of Cub(X). Since X satisfies CSA1, one has px (u) = px(v). We obtain
u = v and Cub(X) satisfies CSA1. Hence the first assertion.
Let K € HDA{,,.. Then one has

7CUb(T(K)) = hl>n Cn {ala s ,an]
Cn[al,...,an]ﬂT(K)

%T< lim Ds[al,...,an]> =~ T(K)
Osla1,..,an]—K

by Theorem 8.5, Theorem 10.4 and Theorem 9.5. Hence the second asser-
tion.
For every higher dimensional transition system Y, there exists

K ¢ HDA,,.
such that Cub(Y) = T(K). Hence the third assertion. O

Proposition 11.2. The restriction functor T : HDA* — WHDTS in-
duces an equivalence of categories

HDAZ,,. ~ T(HDA},,.) ~ HDTS[Cub ]

where HDTS[Cub™!] is the categorical localization of HDTS by the maps
f such that Cub(f) is an isomorphism.
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Proof. The restriction functorj : HDA* — WHDTS induces an equiva-
lence of categories HDA,, . ~ T(HDAZ,. ): indeed, it is faithful by Corol-
lary 10.2, full by Theorem 10.4 and Proposition 4.6 and essentially surjective
by construction. It remains to prove that the pair of functors

i : THDA},,) S HDTS : Cub
where i : T(HDAZ,,.) C HDTS is the inclusion functor induces an equiva-
lence of categories

T(HDAZ,,.) ~ HDTS[Cub 1]
That Cub : HDTS — T(HDA{,,.) factors uniquely as a composite

HDTS — HDTS[Cub '] — T(HDA} )

comes from the universal property of the localization. For every X €
T(HDA?,,,), there is a natural isomorphism py : Cub(X) = X by Propo-
sition 11.1 (2). For every Y € HDTS, the map py : Cub(Y) — Y is an
isomorphism of HDTS[Cub~!] since Cub(py) is an isomorphism by Propo-
sition 11.1 (3). Hence the desired categorical equivalence. O

Proposition 11.3. The category T(HDAEdtS) is a coreflective locally fi-
nitely presentable subcategory of HDTS.

Proof. By Proposition 11.1 (2), one has the commutative diagram of higher
dimensional transition systems

Cub(x) 22

Cub(Y)

X ! Y
for every map f : X — Y where X is an object of T(HDA},,,) and Y
a higher dimensional transition system. So the set map h +— py o h from
HDTS(X,Cub(Y)) to HDTS(X,Y) is onto. Let f,g : X = Cub(Y) be
two maps such that py o f = py o g. Since the set map (py)g from the set
of states of Cub(Y') to the one of Y is bijective, one has fo = go, ie., f
and ¢ coincide on the set of states. Let u be an action of X. Let (o, u,f3)
be a transition of X: all actions of X are used since X = T(K) for some

K. Then (fo(a), f(u), fo(8)) and (go(),g(u), go(B)) are two transitions
of Cub(Y). Since fo = go and since Cub(Y') satisfies CSA1 by Proposi-

tion 11.1 (1), one obtains f(u) = g(u). So f = ¢g and the map f — py o f
from HDTS(X, Cub(Y)) to HDTS(X,Y) is one-to-one. !

IThe set map py from the set of actions of Cub(Y) to that of Y is not necessarily
one-to-one. See Equation (1).
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Therefore, the cubification functor Cub : HDTS — T(HDAP,) is
right adjoint to the inclusion i : T(HDA{,,,) € HDTS. So the category
T(HDAEdtS) is cocomplete, as a coreflective isomorphism-closed subcate-
gory of the cocomplete category HDTS. Since Cub(T(K)) = T(K), the
cubes Cplai,...,a,] withn > 0 and ay,...,a, € ¥ form a dense (and hence
strong) generator of T(HDA,.). So the category T(HDAZ,,.) is locally
finitely presentable by [AR94, Theorem 1.20]. O

Proposition 11.4. A labelled symmetric precubical set K is in HDAEdtS
if and only if K is orthogonal to the set of maps

{DS[a17 s )ap] UBDS[al,...,aP] DS[(I]_, . 'aap] - DS[a17 .. ‘7ap]ap P 1
and ay,...,a, € X}

and the weak higher dimensional transition system T(K) satisfies the Unique
intermediate state axiom.

Proof. This is a consequence of Proposition 4.6. O

Proposition 11.5. The inclusion functor HDA,, C OFSet|!15% is limit-
preserving and finitely accessible.

Proof. Limit-preserving. Let I be a small category. Let K : I — HDAZ, |

be a diagram of objects of HDAZ,. . Then the labelled symmetric precubical
set lim K (limit taken in the category of labelled symmetric precubical sets)
is orthogonal to the set of maps

{Dg[al, . ,ap] UBDS[al,...,aP] Ds[al, . ,ap] — Ds[al, .. .,ap],p >1
and ay,...,a, € X}

by [AR94, Theorem 1.39]. It remains to prove that the weak higher dimen-
sional transition system T(@ K) satisfies the Unique intermediate state
axiom by Proposition 11.4. Consider the canonical map of weak higher
dimensional transition systems T(lim K) — lim(T o K). The right-hand
limit is taken in HDTS or WHDTS since the inclusion functor HDTS C
WHDTS is a right adjoint by Corollary 5.8. Since the category WHDTS
is topological, the set of states of @(T o K) is equal to the inverse limit
of the sets of states of the T(K(i)), i.e., the inverse limit of the sets of
O-cubes of K(i) by definition of the functor T. So the canonical map
T(lim K) — lim(T o K) induces a bijection between the set of states. Con-
sequently, TQLH K) satisfies the Unique Intermediate State axiom since two
intermediate states for the same transition would be mapped to the same
state in lim(T o K). Hence, the inclusion functor HDAR, C O Set|!9%
is limit-preserving.
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Finitely accessible. Let us now suppose that K is directed. Then the

colimit lim K taken in 0% Set|!°Y is orthogonal to the set of maps
—

{Dg[al, . UoOsar,....ap] Oslai,...,ap] — Oglar,...,ap],p>1
and ap,...,a, € X}.

since the inclusion functor is accessible by [AR94, Theorem 1.39] and since
every labelled cube Oglay,...,ap] and its boundary d0g[ay,...,ap] are
finitely presentable. Moreover, one has T(lim K) = lim(T o K)) by Theo-
rem 9.2. So the weak higher dimensional transition system T(lim K) is a
higher dimensional transition system since the inclusion functor HD'TS C
WHDTS is finitely accessible as explained at the very end of Section 5. So
the inclusion functor HDA}Zldts C D%pSetl!S Y is finitely accessible. (]

Theorem 11.6. The categorical localization HDTS[Cub~!] of HDTS by
the maps f such that Cub(f) is an isomorphism is equivalent to a full reflec-
tive locally finitely presentable subcategory of the category of labelled sym-
metric precubical sets.

Proof. The theorem is a consequence of Proposition 11.2, Proposition 11.3,
Proposition 11.5 and [AR94, Theorem 1.66]. O

Let us explain what the localization HDTS[Cub '] consists of. The first
effect of the cubification functor is to removed all unused actions. Let x € X.
Let x = (@,{z} C ¥, ) be a higher dimensional transition system with no
states and no transitions, and a unique action z; then Cub(z) = @. The
second effect of the cubification functor is to use different actions for two 1-
transitions which are not related by higher dimensional cubes. For example,
one has the isomorphism

(1) Cule] U Cy[e] = Cub (lim (C1fa] — 2 — Cifa])) -

So, in HDTS[Cub '], two higher dimensional transition systems are iso-
morphic if they have the same cubes modulo their unused actions. Given a
higher dimensional transition system X all of whose actions are used, one
can show that the canonical map Cub(X) — X is bijective on states, sur-
jective on actions, and surjective on transitions. Using Theorem 4.7, this
proves that the set of transitions of a higher dimensional transition system
is always the union of the set of transitions of its cubes.

12. Geometric realization of a weak higher dimensional
transition system

The category Top of compactly generated topological spaces (i.e., of weak
Hausdorff k-spaces) is complete, cocomplete and cartesian closed (more de-
tails for these kinds of topological spaces are in [Bro06], [May99], the appen-
dix of [Lew78] and also in the preliminaries of [Gau03]). For the sequel, all
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topological spaces will be supposed to be compactly generated. A compact
space is always Hausdorff.

Definition 12.1 ([Gau03]). A (time) flow X is a small topological category
without identity maps. The set of objects is denoted by X°. The topological
space of morphisms from o to 3 is denoted by P, g X. The elements of X 0
are also called the states of X. The elements of P, 3 X are called the (non-
constant) execution paths from a to 3. A flow X is loopless if for every
a € X0, the space P, o X is empty.

Notation 12.2. Let

PX= || PagX
(0, 8)EXOx XO

The topological space PX is called the path space of X. The source map
(resp. the target map) PX — X0 is denoted by s (resp. t).

Definition 12.3. Let X be a flow, and let & € X° be a state of X. The
state « is initial if o ¢ t(PX), and the state a is final if a ¢ s(PX).

Definition 12.4. A morphism of flows f : X — Y consists of a set map
f0: X% - Y0 and a continuous map Pf : PX — PY compatible with the
structure. The corresponding category is denoted by Flow.

The strictly associative composition law

PosX X P X — Py X
(z,y) —x*y

models the composition of non-constant execution paths. The composition
law * is extended in the usual way to states, that is to constant execution
paths, by x * t(z) = = and s(x) * x = x for every non-constant execution
path x.

Here are two fundamental examples of flows:

(1) Let S be a set. The flow associated with S, also denoted by S, has
S as its set of states and the empty space as its path space. This
construction induces a functor Set — Flow from the category of
sets to that of flows. The flow associated with a set is loopless.

(2) Let (P, <) be a poset. The flow associated with (P, <), also denoted
by P, is defined as follows: the set of states of P is the underlying
set of P; the space of morphisms from « to § is empty if a >
and is equal to {(«, )} if @ < 3, and the composition law is de-
fined by (a, B) * (8,7) = (,7). This construction induces a func-
tor PoSet — Flow from the category of posets together with the
strictly increasing maps to the category of flows. The flow associated
with a poset is loopless.

The model structure of Flow is characterized as follows [Gau03]:
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e The weak equivalences are the weak S-homotopy equivalences, i.e.,
the morphisms of flows f : X — Y such that f: X° — Y% is a
bijection of sets and such that Pf : PX — PY is a weak homotopy
equivalence.

e The fibrations are the morphisms of flows f : X — Y such that
Pf:PX — PY is a Serre fibration?.

This model structure is cofibrantly generated. The cofibrant replacement
functor is denoted by (—)<f.

A state of the flow associated with the poset {0 < 1} (i.e., the product
of n copies of {O < 1}) is denoted by an n-tuple of elements of {0,1}. By
convention, {0 < 1}° = {()}. The unique morphism/execution path from
(z1,...,%,) to (y1,...,yn) is denoted by an n-tuple (z1,...,z,) of {0,1, %}
with z; = z; if x; = y; and 2z; = * if ; < y;. For example in the flow
{0 < 1}2 (cf. Figure 3), one has the algebraic relation (%, %) = (0, %)% (x,1) =
(%,0) % (1, %).

Let 0 — PoSet C Flow be the functor defined on objects by the mapping
[n] — {6 < /1\}" and on morphisms by the mapping

0 = ((e1y. v yen—1) = (€1, vy 61, €y ooy En—1)),

where the ;s are elements of {0,1, %}.

Let g — PoSet C Flow be the functor defined on objects by the
mapping [n] — {0 < 1}" and on morphisms as follows. Let f : [m] —
[n] be a map of Og with m,n > 0. Let (e1,...,en) € {0,1,%}™ be a r-

cube. Since f is adjacency-preserving, the two elements f(s(eq,...,€n))
and f(t(e1,...,€y)) are respectively the initial and final states of a unique
r-dimensional subcube denoted by f(e1,...,€y,) of [n] with f(e1,...,en) €

{0,1, %}™. Note that the composite functor O C [g — PoSet C Flow is
the functor defined above.

2that is, a continuous map having the RLP with respect to the inclusion D™ x 0 C
D" x [0,1] for any n > 0 where D" is the n-dimensional disk.
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Definition 12.5 ([Gau08] [Gaul0]). Let K be a labelled symmetric precu-
bical set. The geometric realization of K is the flow
Ko = lim [
Os[n]—K

Because cubes in labelled symmetric precubical sets and in weak higher
dimensional transition systems can be identified (Theorem 8.5), there is
a well-defined functor from weak higher dimensional transition systems to
flows as follows.

Definition 12.6. Let X be a weak higher dimensional transition system.
The geometric realization of X is the flow

X|= ol [
Cn[alw--’an]"X

Theorem 12.7. Let K be a strong labelled symmetric precubical set satisfy-
ing the HDA paradigm, i.e., such that T(K) satisfies the Unique intermediate
state axiom. Then there is a natural isomorphism of flows |K |gow = |T(K)|.

Proof. Since K is strong and since it satisfies the HDA paradigm, the set
map

HDA>(Oglay, . . ., an), K) — WHDTS(Cyay, . . ., an), T(K))

is bijective by Theorem 10.4. So the two colimits
lim [n]°f
—
Osla1,...,an] =K
and
lim [n]°f
—
Crlat,...,an]—T(K)
are calculated for the same diagram of flows. O

The isomorphism |K |gow = |T(K)| is false in general. Consider the non-
strong labelled symmetric precubical set K of Proposition 9.7. There exists
a map Cs[u,v] — T(K) which does not come from a square of K. So the
geometric realization |T(K)| contains a homotopy which is not in | K |goy-

13. Process algebras and strong labelled symmetric
precubical sets

First we recall the semantics of process algebra given in [Gau08] and
[Gaul0]. The CCS process names are generated by the following syntax:

P :=nil |a.P | (va)P| P+ P | P||P | rec(z)P(z)
where P(z) means a process name with one free variable x. The variable

x must be guarded, that is it must lie in a prefix term a.x for some a € X.
The set of process names is denoted by Procsy.
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AN

FIGURE 4. Representation of Ogla, b]<1 x5 Og|al

The set ¥\{7}, which may be empty, is supposed to be equipped with
an involution a +— @. In Milner’s calculus of communicating systems (CCS)
[Mil89], which is the only case treated here, one has a # a. We do not use
this hypothesis. The involution on ¥\{7} is used only in Definition 13.1 of
the fibered product of two 1-dimensional labelled symmetric precubical sets
over 2.

Definition 13.1. Let K and L be two 1-dimensional labelled symmetric
precubical sets. The fibered product of K and L over ¥ is the 1-dimensional
labelled symmetric precubical set K Xy L defined as follows:

(K X L)O = Ko X Lo,

(K X5 L)l = (K1 X Lo)U(KO X Ll)U{(.%',y) e Ky x Ll,ﬁ(x) = E(y)}7

[ ]

[ ]

o 02(z,y) = (85 (z),y) for every (z,y) € Ky x Lo,

o (0,y) = (2,0%(y) for every (z.y) € Ko x L.

o 92(x,y) = (9 (x), 00 (y) for every (z,y) € Ky x Ly,

o ((x,y) = L(z) for every (z,y) € K1 X Ly,

o /(x,y) = L(y) for every (z,y) € Ko x L1,

o ((x,y) =T for every (z,y) € K1 x Ly with £(z) = £(y).
The 1-cubes (x,y) of (K xx L); N (K1 x L) are called synchronizations of
x and y.

Definition 13.2. A labelled symmetric precubical set £ : K —!9% decorated
by process names is a labelled precubical set together with a set map d :
Ky — Procy, called the decoration.

Let (Og)n € Og be the full subcategory of Og containing the [p] only for
p < n. By [Gaul0, Proposition 5.4], the truncation functor

O%Set|!¥S — (Og)%PSet 1%

has a right adjoint cosk s> : (Og)oPSet |15% — O Set 193,
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Definition 13.3. Let K be a 1-dimensional labelled symmetric precubical
set with Ky = [p] for some p > 0. The labelled symmetric directed coskele-
by
ton of K is the labelled symmetric precubical set co?és (K) defined as the
subobject of coskIDS *(K) such that:
b
° (R}{S(Kkl = COSklljs’Z(K)gl.

DS7E 31 _——>Z M
e For every n > 2, x € cosky °"7(K), is an n-cube of coskg(K) if and
only if the set map x¢ : [n] — [p] is non-twisted, i.e., z¢ : [n] — [p] is
a composite3

20+ [n] - [q] - [p],

where v is a morphism of the small category O and where ¢ is of
the form

(€1, €n) = (€iyy- - €0,)

such that {1,...,n} C {i1,..., 14}

Let us recall that for every m,n > 0 and a1, ..., am,b1,...,b, € 3, the la-
—
belled symmetric precubical set coskg(Ogla, . .., am|<1 XxsOgb1, ..., bul<1)

satisfies the HDA paradigm. In particular, one has the isomorphism of la-
belled symmetric precubical sets

~ —
Oslai, ..., am) = coskg(Oslar, ..., aml<1) |

Definition 13.4. Let K and L be two labelled symmetric precubical sets.
The tensor product with synchronization (or synchronized tensor product)
of K and L is

K®ELZ:

X . —
hi)n h_H)l COSkS(Ds[al,...,am]<1 X Dg[bl,...,bn]gl).
DS[ala---7am]_’K DS[bl ----- bn]_>L

Let us define by induction on the syntax of the CCS process name P the
decorated labelled symmetric precubical set Og[P] (see [Gau08] for further
explanations). The labelled symmetric precubical set Og[P] has always
a unique initial state canonically decorated by the process name P and
its other states will be decorated as well in an inductive way. Therefore

for every process name P, Og[P] is an object of the double comma cate-

gory {i}|0%Set|!I°Y. One has Og[[nil] := Og[0], Os[u.nil] := p.nil LA

nil, Og[P + Q] = Og[P] ® Us[Q] with the binary coproduct taken in

3The factorization is necessarily unique.
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{i}ngpSetl!S Y., the pushout diagram of symmetric precubical sets
Os[0] = {0} *="% Ds[.nil]
S
Os[P] ’?s[[u-P]],

the pullback diagram of symmetric precubical sets

Us|(va)P| —— Ug||P
s[[(i )P] sl[[ I
15(2\{a, @}) — 1%,

the formula giving the interpretation of the parallel composition with syn-
chronization

Os[P||Q] == Os[P] ®s Os[Q]
and finally Og[rec(z)P(z)] defined as the least fixed point of P(—). The
condition imposed on P(zx) implies that for all process names @1 and Q2 with
Os[Q1] € Os[Q2], one has Og[P(Q1)] € Os[P(Q2)]- So by starting from
the inclusion of labelled symmetric precubical sets Og[nil] C Og[P(nil)]
given by the unique initial state of Og[P(nil)], the labelled symmetric pre-
cubical set

Os[rec(z)P(2)] := lim Og[P™(nil)] = | J Os[P™ (nil)]
n n=0
will be equal to the least fixed point of P(—).

Proposition 13.5. Let m,n > 0 and aq,...,am,b1,...,b, € X. The weak
higher dimensional transition system

—
']I‘(coskS(DS[al,...,amkl x5, Ds[bl,...,bn]<1))
s a higher dimensional transition system.
Proof. The proof is similar to the proof of Proposition 5.2. U

Theorem 13.6. For every CCS process name P, the labelled symmetric
precubical set Og[P] belongs to HDA* and the weak higher dimensional
transition system T(Og[P]) satisfies CSA1 and the Unique intermediate
state axiom, i.e., T(Og[P]) € HDTS.

Sketch of proof. That [g[P] belongs to HDA¥ is proved by induction
on the syntax of P, as in [Gau08, Theorem 5.2]. If Og[P] and Og[Q]
belong to HDA¥, then Og[P + Q] belongs to HDA?® since every map
o0slaq, ..., ap] — Og[P + Q] with p > 2 factors as a composite

00slar, ..., ap] — Og[P] — Os[P + Q]
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or as a composite 00gay, . . ., ap] — Os[Q] — Os[P+Q]. If Og[P] belongs
to HDAZ®, then Og[(vaP)] belongs to HDA® since Og[(va)P] c Og[P].
If for every n > 0, the labelled symmetric precubical set Og[P™(nil)] be-
longs to HDA®, then Og[rec(z)P(x)] belongs to HDA¥ since the inclusion
functor HDA* C O%Set|!SY is accessible by Corollary 7.4. Finally, let P
and @ be two process names such that both Og[P] and Og[Q] belong to
HDA?X. For a given map 00g[a1, . . .,a,] — Og[P||Q] with p > 2, the cate-
gory 00g[a1, . . ., a,] | (Os x Og)|Os[P||Q] has an initial object 4 otherwise
Os[P] or Og[Q] would not satisfy the HDA paradigm. Hence the labelled
symmetric precubical set Og[P||Q] satisfies the HDA paradigm too, since
the labelled symmetric precubical set

—
COSkS(Ds[al, e ,amkl X Ds[bl, .. .,bn]gl)
does for every m,n > 0 and for every aq,...,am,b1,...,b, € X.

It is clear that CSA1 is always satisfied by Og[P]. That Og[P] is a strong
labelled symmetric precubical set, i.e., that T(Og[P]) satisfies the Unique
intermediate state axiom, is proved by induction on the syntax of P as
follows. It is obvious that if Og[P] and Og[Q] are strong, then Og[P + Q]
is strong too. It is also obvious that Og[(ra)P] is strong since the weak
higher dimensional transition system T(Og[(va)P]) is included in the higher
dimensional transition system T(Og[P]). If for every n > 0, the labelled
symmetric precubical set Og[P™(nil)] is strong, then Og[rec(z)P(z)] is
strong too by Theorem 11.6. It remains to prove that if the two weak
higher dimensional transition systems T(Og[P]) and T(Og[Q]) satisfy the
Unique intermediate axiom, then the weak higher dimensional transition
systems T(Og[P] ®@x Og[Q]) does as well. Since T is colimit-preserving by
Theorem 9.2, the weak higher dimensional transition system

T(Os[P] ®@s Os[Q])

is isomorphic to

. . —)
lim lim T coskS(DS[al,...,am]<1><gDS[bl,...,bn]gl)).
Os [alv---vam]_’K Os [blv---vbn]_”L

By Theorem 4.7 and Proposition 13.5, an n-transition of the higher dimen-
sional transition system T(ﬁ{?(Dg[al, o aml<a Xy Oglby, .. bn]<1)> is
of the form

((a’ 6)’ (u17 Ul)’ B (um Un), (77 5))
with three mutually exclusive cases for the (u;,v;): (1) Both u; and v; are
actions of respectively T(Og[P]) and T(Og[Q]); in this case u; = v; and

w(u;,v;) = 7; this case corresponds to a synchronization. (2) u; is an action
of T(Og[[P]) and v; is a state of T(Og[Q]). (3) u; is a state of T(Og[P]) and

4There is an error in [Gau08, Theorem 5.2], which says that this small category is
directed. It should say that this category always has an initial object.
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Us[-1 o

Procy; ——————= HDA},,, HDTS[Cub ]
|7‘ﬂ0w
C -
C%Set |15y r WHDTS - Flow

FIGURE 5. Recapitulation: one has the inclusions of full sub-
categories HDTS[Opt~!] ¢ HDTS ¢ WHDTS

v; is an action of T(Og[Q]). For such an n-transition, the tuples obtained
from (o, uq,...,un,v) and (B,v1,...,vy,0) by removing the u; and v; which
are states are transitions of respectively T(Og[P]) and T(Og[Q]). So the
union of the transitions of the

—
’]T(cosks(Dg[al, o aml<a xs Oglby, ... abnkl))

satisfies the Unique intermediate state axiom since T(Og[P]) and T(Os[Q])
do. So by Theorem 4.7 again, this union is the final structure, that is the
colimit. Hence, the weak higher dimensional transition system

T(Os[P] ®@s Os[Q])

satisfies the Unique intermediate state axiom. O

Corollary 13.7. The mapping taking each CCS process name P to the flow
‘DS[[P]] ’ﬂovv

factors through the category of higher dimensional transition systems.

14. Concluding remarks and perspectives

The commutative diagram of Figure 5 summarizes the two main results
of this paper. In HDTS[Cub '], two higher dimensional transition systems
are isomorphic if they have the same cubes modulo their unused actions.
This category is equivalent to a full coreflective subcategory of the category
HDTS of higher dimensional transition systems, and the latter is a reflec-
tive full subcategory of that of weak higher dimensional transition systems
WHDTS. The category HDTS[Cub™!] is also equivalent to HDA,,,
which is a full reflective subcategory of that of labelled symmetric precubi-
cal sets, and even a full reflective subcategory of those satisfying the HDA
paradigm (HDA?¥). The inclusion HDA} . € HDA¥ is strict since the
non-strong labelled symmetric precubical set K used for proving Proposi-
tion 9.7 satisfies the HDA paradigm.

All these constructions illustrate the expressiveness of the category of
flows and of the other topological models of concurrency. Indeed, using
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the geometric realization functors from HDTS to Flow, one can associate
a flow with any transition system with independence, with any Petri net,
with any domain of configurations of prime event structures [CS96], and of
course with any process algebra as already explained in [Gau08].

It would be interesting to find a geometric sufficient condition for a la-
belled symmetric precubical set K to be strong, for example by proving
that HDA,, is a small-orthogonality class. It would be also interesting
to find the analogue of the notion of weak higher dimensional transition
system for the labelled symmetric transverse precubical sets (the presheaves
over [J) introduced in [Gaul0]. Weak higher dimensional transition systems
are transition systems indexed by finite multisets of actions. The analo-
gous notion for labelled symmetric transverse precubical sets should be a
notion of transition system indexed by partially ordered finite multisets of
actions. By restricting to transitions labelled by finite multisets endowed
with a discrete ordering, one should get back a weak higher dimensional
transition system. Understanding the link between labelled transverse sym-
metric precubical sets and higher dimensional transition systems is necessary
since the space of morphisms of flows from |Jg[m]|gey to itself for m > 0 is
homotopy equivalent to 0J([m], [m]), not to Og([m], [m]), and the inclusion
Og([m], [m]) c O([m], [m]) is strict for m > 2. In particular, it contains the
set map (€1, ..., €n) — (max(er, €2), min(e, €2), €3, ..., €y,). These questions
will be hopefully the subject of future works.
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