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This paper introduces a notion of equivalence for higher-dimensional automata, called weak equivalence. Weak
equivalence focuses mainly on a traditional trace language and a new homology language, which captures the overall
independence structure of an HDA. It is shown that weak equivalence is compatible with both the tensor product and
the coproduct of HDAs and that, under certain conditions, HDAs may be reduced to weakly equivalent smaller ones
by merging and collapsing cubes.
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1 Introduction
1.1 Higher-dimensional automata

A higher-dimensional automaton (HDA) is an automaton with a supplementary structure consisting of
two- and higher-dimensional cubes linking its states and transitions. The underlying automaton of an
HDA represents a concurrent system. An n-cube in an HDA indicates that the n actions starting at its
origin are independent in the sense that they may be executed in any order, or even simultaneously, without
any observable difference. The notion of higher-dimensional automaton goes back to Pratt [Pra91]. The
concept used in this paper is essentially a generalization of the one defined by van Glabbeek [[Gla06]. Our
definition differs from the one of van Glabbeek in that we consider HDAs over concurrent alphabets and
allow labels to be words (see Section [2.10).

1.2 Weak equivalence

The purpose of this paper is to introduce a concept of equivalence for higher-dimensional automata, called
weak equivalence. The adjective weak is meant to emphasize that the structure two HDAs must have in
common to be considered equivalent is reduced to a few essential features. More precisely, two HDAs
must satisfy three conditions to be weakly equivalent. The first condition guarantees that two HDAs are
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not weakly equivalent if one of them has unreachable states but the other does not or if one has bad
features such as deadlocks but the other does not.

The second requirement is that weakly equivalent HDAs must have the same trace language and the
same fundamental monoid. These are defined along traditional lines as subsets of the trace monoid as-
sociated with the concurrent alphabet of the HDAs (see Section [4). Higher-dimensional automata with
the same trace language behave the same with respect to safety properties that are compatible with the
congruence relation induced by the independence relation of the concurrent alphabet.

The third and last condition for weak equivalence concerns primarily the higher-dimensional structure
of HDAs. In [Kah18al, it has been shown that the cubical homology of an HDA can be equipped with a
labeling. In Section [3] this labeling is used to define the homology language of an HDA, which reflects
its global independence structure. Weakly equivalent HDAs are required to have the same homology
language.

1.3 Weak implementation

Weak equivalence is the symmetric closure of a preorder, which we call weak implementation. The defi-
nition of this preorder is obtained from the one of weak equivalence essentially by replacing equalities by
inclusions (see Section[6). Weak implementation is related to morphisms of HDAs in the following way:
if A and B are two HDAs over the same concurrent alphabet and there exists a morphism from A to B
that respects the concurrent alphabet and preserves unreachable and uncoreachable states, then A weakly
implements B. This still holds for the more flexible cubical dimaps of HDAs, which have been introduced
in [Kah18a]. Cubical dimaps permit one to compare HDAs of different atomicity levels, which is not
possible with morphisms: if an HDA is constructed from another one by merging cubes and edge labels,
then there will exist a cubical dimap but no morphism between the two HDAs. Cubical dimaps will be
discussed in Section Bl

1.4 Parallel composition and nondeterministic sum

Higher-dimensional automata may be used in different ways to model concurrent systems. For HDAs
modeling shared-variable systems, two categorical constructions are particularly important: the tensor
product of HDAs, which models the parallel composition of independent concurrent systems, and the
coproduct of HDAs, which corresponds to the nondeterministic sum of concurrent systems. We show that
the relations of weak equivalence and weak implementation are compatible with the tensor product and,
for coaccessible HDAs, with the coproduct (see Section @)

1.5 Reduction of HDAs

In view of the state explosion problem, it is desirable to be able to reduce HDAs to weakly equivalent
smaller ones. In [Kah16], conditions have been established under which a so-called fopological abstrac-
tion of an HDA can be constructed by collapsing and merging cubes. Since the relation of topological
abstraction is normally stronger than weak equivalence, it is possible to adapt the results of [Kah16] to
obtain reduction operations that yield weakly equivalent HDAs. This is done in Sections[6.5]and [6.6]

1.6 Background and related work

Higher-dimensional automata have been devised by Pratt and van Glabbeek (see [Pra91l (Gla06]). A bib-
liography on HDAs can be found in [[Gla06]]. Descriptions of how HDAs can be used to model concurrent
systems are contained in [FGH™ 16, [Gau08|, [(GIa06, [GM12, [Kah19].
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This paper adopts Winskel and Nielsen’s categorical perspective on models for concurrency, according
to which the morphisms in a category of objects modeling concurrent systems represent simulations and
categorical constructions correspond to composition operators [WNO95]. From this point of view, weak
equivalence is coarser than a kind of simulation equivalence. As we note in Remark[6.3.4] this does not re-
main true for history-preserving bisimilarity in the sense of [Gla06]. A categorical theory of bisimulation,
which may be used to define a notion of bisimilarity that is stronger than weak equivalence, is developed
in [JNWOG]. A comparison of different approaches to simulation is provided in [LV9S5]].

Weak implementation may be considered a coarse precongruence in the spirit of [GlalO]. The main
properties preserved by weak implementation and weak equivalence are the trace language and the ho-
mology language. The trace language fits within the framework of Mazurkiewicz trace theory. The
fundamental material on this subject is contained in [AR88| [Die90, DM97, [DM11} Maz87|Maz935]|. The
definition of the homology language is based on concepts from algebraic topology. Two of the many
textbooks in this area are [Dol80, [HatO1].

The existence of connections between concurrency theory and algebraic topology is at the origin of the
field of directed algebraic topology [FGH™ 16, [GraQ9]. Since the homology language is invariant under
cubical dimaps that are homotopy equivalences (see Proposition [5.7.2), it may be considered a directed
homotopy invariant of HDAs. However, since it depends on the labeling structure of HDAs rather than on
their directed topology, it is not a concept of directed homology as those considered in the literature (see,
e.g., [Gra09] [KahT4al]). A brief account of work on directed homology is given in [FGHT 16, p. 153].

Our results on the reduction of HDAs are inspired by but not directly related to work on partial order
reduction [God96, [Pel93]] and discrete Morse theory [For9§].

2 Higher-dimensional automata

This section presents basic material on precubical sets, concurrent alphabets, and higher-dimensional
automata. The definition of higher-dimensional automata is essentially the one of van Glabbeek [Gla06],
with the difference that we consider HDAs over concurrent alphabets and allow labels to be words. It is
not our intention to provide a comprehensive introduction to the material of this section. For more details,
explanations, and examples, the reader is referred to, e.g., [Die90, Maz87, IFGH™ 16! [GIa06].

2.1 Precubical sets

A precubical set is a graded set P = (P,),>0 with boundary or face operators df P, — P,_1
(n >0,k € {0,1}, i € {1,...,n}) satisfying the relations df o d} = d._, odf (k,l € {0,1}, i < j).
If x € P, we say that x is of degree or dimension n. The elements of degree n are called the n-cubes of
P. The elements of degree 0 are also called the vertices of P, and the 1-cubes are also called the edges
of P. A face d¥z is called a front face of = if k = 0 and a back face of x if k = 1. A precubical subset
of a precubical set P is a graded subset of P that is stable under the boundary operators. A morphism of
precubical sets is a morphism of graded sets that is compatible with the boundary operators.

The category of precubical sets can be seen as the presheaf category Set™" where O is the small
subcategory of the category of topological spaces whose objects are the standard n-cubes [0, 1]™ (n > 0)
and whose nonidentity morphisms are composites of the maps §% : [0,1]" — [0,1]"*! (k € {0,1},n > 0,
i€{l,...,n+1}) givenby 6 (w1, ..., un) = (u1, ..., w1, k,u; ... up).
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2.2 Tensor product of precubical sets
The tensor product of two graded sets P and () is the graded set P ® () given by

(PRQ)m= [ P xQq

pt+qg=n

If P and @ are precubical sets, then P®() is a precubical set. For an n-cube (z,y) € P, x Qg4 (p+q = n),
the boundary operators are defined by

k _ (df‘ray)v 1§Z§p7
di(@y) = { (z,df_y), p<i<n.

With respect to this tensor product, the category Set™" is a monoidal category.

2.3 Precubical intervals

Let k and [ be two integers such that k < [. The precubical interval (k,l) is the precubical set defined
by (kvl)O = {kw"vl}’ (kal)l = {[kvk+ 1])7[1 - ]-vl]}’ d(lJ[] - 17]] :j_ 19dHJ - 173] :j’ and
(k, ), =0 forn > 1.

2.4 Precubical cubes

The precubical n-cube is the n-fold tensor product (0, 1) ©™. Here, we use the convention that (0, 1) ®? is
the precubical set (0,0) = {0}. The only element of degree n in (0, 1) ®™ will be denoted by ¢,,. We thus
have (o = 0 and ¢,, = ([0,1],...,[0,1]) for n > 0. Given an element x of degree n of a precubical set P,
e —|
n tumes
there exists a unique morphism of precubical sets (0,1)®" — P that sends ¢, to . This morphism will
be denoted by xy. We say that x is regular if xy is injective and that x is weakly regular if the restrictions
of 4 to the graded subsets ((0,1) \ {1})®™ and ((0,1) \ {0})®™ of (0, 1) ®™ are injective. If all elements
of P are (weakly) regular, we say that P is (weakly) regular.

2.5 Paths

A path of length | (I > 0) from a vertex v of a precubical set P to a vertex w is a morphism of precubical
sets w: (0,1) — P such that w(0) = v and w(l) = w. If w is a path of length I, we write L,, = [. The set
of paths in P is denoted by P'. The concatenation w - v of two paths w: (0,k) — Pand v: (0,]) — P
with w(k) = v(0) is defined in the obvious way. Note that every path in P of positive length can be
uniquely written as a finite concatenation of paths of the form zy where x € P;.

2.6 Dihomotopy

Two paths w and v in a precubical set P are said to be elementarily dihomotopic if there exist paths
@, 3 € Pl and an element z € P, such that d{d{z = a(L,), did}z = 3(0) and

{w, v} ={a- (dY2); - (d32)s - B, (d32); - (d}2)s - B}

The dihomotopy relation, denoted by ~, is the equivalence relation generated by elementary dihomotopy
[FGH™ 16| (see Figure |1|for a picture).
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Fig. 1: Dihomotopic paths

2.7 Free monoids

Let X be an alphabet, i.e., a set. The free monoid over X will be denoted by X*. The unit element of 2%,
which is the empty word, will be denoted by 1. Given a string m € X*, we will write |m| to denote its
length, i.e., the unique integer n such that m € X". We say that a string m € X* contains an element
aeXifmé¢ (2\{a})*.

2.8 Concurrent alphabets

A concurrent alphabet is a pair (X, D) where ¥ is an alphabet and D is a reflexive and symmetric relation
on X (see, e.g., [Di1e90, Maz93]]). The relation D is called the dependence relation of the concurrent alpha-
bet, and the complement of D is called the associated independence relation. A morphism of concurrent
alphabets (X, D) — (X/, D) isamap o: ¥ — ¥’ such that (¢ x o)~1(D’) C D.

The category of concurrent alphabets is a symmetric monoidal category with respect to the tensor
product defined by (X1, D1) ® (32, D2) = (X1 II X5, Dg) where Dy, is the union of the images of the
canonical maps

D,’ — Ez X Ez — (21 HEQ) X (21 HEQ)

The tensor product is different from the coproduct (X1, D1) 11 (X2, D2), which is the concurrent alphabet
(111X, Dy1) where Dy is the union of Dg, and the subsets 31 X 39 and Yo X X1 of (X11139) x (3111%5).
While an element of ¥; and an element of 5 are independent in the tensor product, they are dependent
in the coproduct.

2.9 Trace monoids

Let (X, D) be a concurrent alphabet, and let = denote the congruence relation induced by the asso-
ciated independence relation, i.e., the smallest congruence relation in X* such that ab = ba for all
(a,b) € (¥ x X)\ D. The quotient monoid ¥*/ = is called the trace monoid of (%, D) and is denoted
by M (%, D) (see, e.g., [Die90, Maz95])). Congruent elements of >* have the same length. The length of
an element m € M (X, D) may thus be defined by |m| = |z| where € m. A morphism of concurrent
alphabets o: (3, D) — (¥’, D’) induces a monoid homomorphism M (o): M (X, D) — M(X', D’).
Given two concurrent alphabets (X1, D) and (X9, D2), the homomorphisms induced by the canon-
ical inclusions (X;, D;) — (X1,D1) ® (X2, D) embed M (31, D) and M (X, D2) as submonoids
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in M((21, D1) ® (32, D2)). The multiplication (my, mg) — mymgy defines a natural isomorphism of
monoids

M(Zl,Dl) X M(ZQ,DQ) — M((El,Dl) X (227D2)).

The homomorphisms induced by the inclusions (X;, D;) — (21, D1) II (X2, D7) induce an isomorphism
from the free product M (X4, D1) * M (X2, Dy) (which is the coproduct in the category of monoids) to
M((31, D1) I (32, D2)).

2.10 Higher-dimensional automata

A higher-dimensional automaton (over a concurrent alphabet) is a tuple
A= (Pa,1a, Fa, 24, Das Aa)

where P4 is a precubical set, 14 € (P4)o is an initial state, F4 C (P4)o is a (possibly empty) set of
final states, (3 4, D 4) is a concurrent alphabet, and A 4: (P4)1 — X% is a labeling function. These data
are subject to the following two conditions:

(1) Forallz € (P4)2 and i € {1,2}, Ag(d?2) = A a(d}).
(2) Forall z € (P4)2 and (a,b) € D4, A a(d9) does not contain a or A 4(d3x) does not contain b.

We say that an HDA B is a sub-HDA of an HDA A and write B C A if Pg is a precubical subset of
Pp,Ip = 14, Fg = FAN(Pglo, 28 € X4, Dg = Dy N (X X Xp), and \g = )\_A|(p8)1. An
HDA A is said to be (weakly) regular if the precubical set P4 is (weakly) regular. A morphism from an
HDA A to an HDA B is a pair (f, o) consisting of a morphism of precubical sets f: P4 — P and a
morphism of concurrent alphabets o: (X4, D4) — (X5, Dg) such that f(I4) = I, f(F4) C Fg, and
A(f(x)) = oc*(Aa(x)) forall z € (Py);.

Our definition of higher-dimensional automata differs in two points from the one of van Glabbeek
[Gla06]: first, we consider HDAs over concurrent alphabets, and second, we allow labels to be words.
Condition (2) above is introduced in the definition of HDAS to guarantee that the independence relation
represented by the cubes of an HDA is compatible with the one associated with the concurrent alphabet.
An HDA in the sense of [Gla06]] can be seen as an HDA in our sense, at least if it does not admit squares
where all edges have the same label. Indeed, given such an HDA, one can define a canonical dependence
relation on the alphabet by declaring two actions dependent if there is no square having both of them on
its boundary. Condition (2) is then automatically satisfied. We allow labels to be words in order to be
able to declare sequences of actions atomic. Another possibility opened up by this modification of van
Glabbeek’s definition of HDAs is to use the unit of the free monoid on the alphabet to label invisible
actions.

2.11 Labels of paths

Let A be an HDA. The extended labeling function of A is the map A 4: P} — X% defined as fol-
lows: If w = @4 - - - - - Ty for a sequence (z1,. .., x) of elements of (P4)1 such that dz;+1 = dix;
(1 <j<k)thenweset \g(w) = Aa(x1)-- - Aa(zr); if wis a path of length 0, then we set A 4 (w) = 1.
By conditions (1) and (2) in the definition of HDAs, dihomotopic paths have congruent labels.
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2.12 Tensor product of HDAs

The tensor product of two HDAs A and B is the HDA A ® B defined by Pogp = Pao ® Pi, liagp =
(Ia,18), Fags = Fa x Fp, (S a08, Dags) = (24, Da) ® (X5, Dp), and

A, (@) € (P x (Pa)o,
Mgs(.y) = { Aa(®). (e.9) € (Pado x (Pas.

With respect to this tensor product, the category of HDAs is a (nonsymmetric) monoidal category. The
tensor product of HDAs models the parallel composition of independent concurrent systems (for a detailed
discussion, see [Kah19]).

2.13 Coproduct of HDAs

The coproduct of two HDAs A and B is the HDA A + B where P4, is the precubical subset
Py {Ip} U{la}® Pg of Pa ® Pp, lars = (Ia,I8), Fars = Fa x {Ig} U {la} x Fp,
(Xa+8, Datp) = (X4, Da) I (X, Dp), and

[ M), (o) € (Pa)r x {Ts),
Ars(@,y) = { Aa(®). (e.9) € {4} x (Po)s.

The coproduct of HDAs models the nondeterministic sum of concurrent systems, i.e., the combined sys-
tem where initially one of the constituent systems is chosen nondeterministically (for more details, see
[Kah19]).

3 Cubical dimaps

In their categorical approach to models of concurrency, Winskel and Nielsen [WN95|] emphasize the
importance of the morphisms in a category of objects modeling concurrent systems as a means to express
relationships between systems. Unfortunately, the morphisms of HDAs defined in the previous section
are too rigid for this purpose in at least two respects. First, they do not permit one to relate HDAs of

different atomicity levels. For example, although the HDAs o % o 5 oand o %o clearly model the
same system, there does not exist any morphism between them. Second, there is normally no morphism
and, in particular, no isomorphism between the tensor products A ® B and 5 ® .A. This is inconsistent
with the fact that the tensor product of HDAs models the parallel composition of independent systems,
which is a symmetric operation. In order to address these problems, cubical dimaps (directed maps) have
been introduced in [Kah18a]. Roughly speaking, a cubical dimap between two HDAs is a continuous map
between their geometric realizations that sends cubes in an order-preserving way to subdivided cubes and

that preserves labels of paths. There exists a cubical dimap from o D otoo Lol o, and the category
of HDAs and cubical dimaps is a symmetric monoidal category. In this section, we collect the main facts
about cubical dimaps. More details can be found in [Kahl8al]. All topological spaces considered are
compactly generated Hausdorff spaces, and constructions such as products are performed in the category
of these spaces (see [Ste67]]).
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3.1 Geometric realization

The geometric realization of a precubical set P is the quotient space

Pl={ I Px01]" )/~
n>0

where the sets P, are given the discrete topology and the equivalence relation is generated by
(d¥z,u) ~ (z,68(u)), =€ Poy1, uec|0,1) ic{l,....,n+1}, ke {0,1}.

The geometric realization of a morphism of precubical sets f: P — () is the continuous map
|£1: [P| = Q) given by |f|(fz, u]) = [f(x), ul.

The geometric realization of a precubical set P is a CW complex. The n-skeleton of | P| is the geometric
realization of the precubical subset P<,, of P defined by (P<,,); = P; fori < n and (P<,); = () for
i > n. The geometric realization of the precubical interval (k,!) may be identified with the closed interval
[k, ]] by means of the homeomorphism | (k,[)| — [k, ] given by [j, ()] — jand [[j — 1, j],¢] — j—1+¢.
The natural homeomorphism |P ® Q| — | P| X |Q] given by

[(m,y), u] — ([x’ (ulv e 7“17)]’ [y, (up+1a ) up-‘rq)])’ (xvy) € Py x qu u€ [Ov 1}p+q
permits us to identify the spaces |[P ® Q| and | P| x |Q).

3.2 Cubical dimaps of precubical sets

An elementary cubical dimap from a precubical set P to a precubical set () is a continuous map
f:|P] = |@] such that the following two conditions hold:

(1) For every vertex x € Py, there exists a (necessarily unique) vertex y € Qg such that f([z, ()]) =

[y, -

(2) Forevery elementz € P, (n > 0), there exist integers [, . .., [, > 1, amorphism of precubical sets
x: ®:,(0,1;) — Q, a permutation 6 € S,,, and increasing homeomorphisms ¢; : [0, 1] — [0, ;]
(¢ € {1,...,n}) such that the following diagram, in which ¢y is given by tg(z1,...,z,) =
(To(1), - - -, To(n)), is commutative:

|@nmviﬂmuwﬁamu%iiﬁﬁ»Hmm41w§m¢n

WJ [

1P| Q)

By [Kahl18a, Prop. 6.2.4], the objects in condition (2) are uniquely determined by f and z. A cubical
dimap of precubical sets is a finite composite of elementary cubical dimaps. It can be shown that not all
cubical dimaps are elementary. For example, there exists a nonelementary cubical dimap from (0, 1) ®?
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to the precubical set composed of two squares a and b such that dia = d9b. By construction, a cubical
dimap is a cellular map. It is clear that condition (1) above holds for arbitrary cubical dimaps and not only
for elementary ones. Therefore a cubical dimap f: |P| — |Q| induces a vertex map fo: Py — Qo, which
sends a vertex « € Py to the unique vertex y € (g such that f([z, ()]) = [y, ()]

The geometric realization of a morphism of precubical sets is an elementary cubical dimap. Hence
the presheaf category of precubical sets can be seen as a wide subcategory of the category of precubical
sets and cubical dimaps. Another important class of cubical dimaps is given by subdivisions in the sense
of [Kah14b]: A subdivision of a precubical set P consists of a precubical set () and a homeomorphism
|P| — |Q] that is an elementary cubical dimap such that the permutation in condition (2) of the definition
is always the identity. In this situation we may, of course, also view P as obtained from () by merging
cubes.

The category of precubical sets and cubical dimaps is a symmetric monoidal category with respect to
the usual tensor product of precubical sets. The tensor product of two cubical dimaps f: |P| — |P’| and
g: |@| — |Q’| is the composite

= f =
F®g:1PRQI = [P x[Q = P/ x|Q| = [P Q|
which is indeed a cubical dimap. The braiding of the symmetric monoidal structure is the homeomorphism
IP®QI = [P x|Q = |Q| x [P| = [Q& P,
which is an elementary cubical dimap.

3.3 Cubical dimaps and paths

Let f: |P| — |Q)| be a cubical dimap of precubical sets, and let w: (0,k) — P be a path. By [KahI8al
Prop. 6.5.1], there exist a unique integer /, a unique path f'(w): (0,1) — @, and a unique increasing
homeomorphism ¢: [0, k] — [0, {] such that the following diagram commutes:

10, k)| == [0, k] —2— [0,]] == | (0, )]
lel llfﬂ(w)l
P - Q)

We remark that Lyi(,y = 0if L, = 0 and that f*(w) is a path from fo(w(0)) to fo(w(Ly,)). Note also
that if f is the geometric realization of a morphism of precubical sets h: P — @, then f'(w) = h o w.
By adapting the arguments given in [Kahl4b] in the context of weak morphisms, it is easily seen that
the construction of f!(w) is compatible with composition of cubical dimaps, concatenation of paths, and
dihomotopy.

3.4 Cubical dimaps of HDAs

An elementary cubical dimap from an HDA A to an HDA B is a pair (f, o) consisting of an elementary
cubical dimap f: [P4| — |Ps| and a morphism of concurrent alphabets o: (X 4, D.4) — (X5, D) such
that fo(14) = I, fo(F4) C Fp,and Ago f! = 0* o A4. If (g,0): A — B is a morphism of HDAs, then
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its geometric realization (|g|, o) is an elementary cubical dimap from A to B. A cubical dimap of HDAs
is a finite componentwise composite of elementary cubical dimaps. Note that if (f, o) is a cubical dimap
of HDAs, then f is a cubical dimap of precubical sets and the above conditions for elementary cubical
dimaps hold.

The coproduct of HDAs is the coproduct in the category of HDAs and cubical dimaps. The tensor
product of HDAs turns this category into a symmetric monoidal category. The tensor product of cubical
dimaps and the natural isomorphisms of the symmetric monoidal structure are defined componentwise.

4 The trace language of an HDA

The trace language of an HDA, which is defined in this section, describes its possible finite behavior. It
contains the information necessary to decide whether an HDA satisfies a given saturated safety property,
i.e., a safety property that is compatible with the congruence relation of the concurrent alphabet of the
HDA. In addition to the trace language of an HDA, we define its fundamental monoid. We show that
the trace language and the fundamental monoid behave well with respect to cubical dimaps and establish
formulas to compute them for tensor products and coproducts. The trace language of an HDA is a trace
language in the sense of Mazurkiewicz trace theory. References on this subject are [AR88| [Die90, DM97,
DM11,, Maz87, | Maz93].

4.1 Saturated safety properties

Let ¥ be an alphabet. Following van Glabbeek [Glal0], we say that a safety property is given by a set
B C ¥*. An HDA A with ¥4 = ¥ sarisfies this safety property, A |= safety(B), when for every
path w € Pl with w(0) = I4, Aa(w) ¢ BE*. Note that since we allow labels to be words, it is not
enough to require A 4(w) ¢ B. Note also that B and BX* define the same safety property: for any HDA
Awith ¥4 = X, A |= safety(B) & A |= safety(BE*). If (X, D) is a concurrent alphabet, a safety
property given by a subset B C X* is called saturated if for any two congruent elements m, m’ € X*,
m € BY* & m' € BY*,

4.2 Prefixes

Let M be a monoid. We say that an element v € M is a prefix of an element u € M and write v < u if
there exists an element w € M such that w = vw. The relation < is a preorder on M. If M is free or a
trace monoid, then < is a partial order.

4.3 Trace language
The trace language of an HDA A is the set

TL(A) = {v € M(Z4,D4)|3w € P} :w(0) = Lg, v = Aa(w)]}-

Note that although we use the same notation, T'L(.A) is different from the trace language defined in
[Kah14bl]. By the next two propositions, the trace language contains exactly the information needed to
determine which saturated safety properties are satisfied by an HDA.

Proposition 4.3.1. Let (X, D) be a concurrent alphabet, and let B C ¥* define a saturated safety
property. Then for any HDA A such that (X 4, D 4) = (X, D), A |= safety(B) if and only if TL(A) C
{[sl | s € &7\ (BX")}.
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Proof: Suppose first that A = safety(B). Consider v = [z] € TL(A). Let w be a path in A such
that w(0) = I4 and v < [Ag(w)], and let w = [y] € M(X, D) such that [Aq(w)] = vw = [zy].
Since A = safety(B), Aa(w) ¢ BX*. Since 1y = Ag(w), also zy ¢ BY*. Thus z ¢ BY*. Hence
v=lo] € {ls] | s € 5*\ (BE")}.

Suppose now that TL(A) C {[s] | s € ¥* \ (BX*)}. Let w be a path in A such that w(0) = I4.
Consider a prefix # < A 4(w). Then [z] < [A4(w)] and therefore [z] € TL(A) C {[s] | s € ¥*\ (BX*)}.
Hence x = y for some y € £* \ (BX*). This implies z € ¥* \ (BX*). Since B C BX*, z ¢ B. It
follows that A 4 (w) ¢ BY*. O

Proposition 4.3.2. Two HDAs A and B over the same concurrent alphabet (X, D) satisfy the same satu-
rated safety properties if and only if TL(A) = T L(B).

Proof: By Proposition 4.3.1] A and B satisfy the same saturated safety properties if they have the same
trace language. Suppose that TL(A) # TL(B). Then we may suppose that there exists an element
v € TL(A) such that v ¢ T'L(B). Consider the safety property given by the set

B={zeX"|v=[z]}.

This is a saturated safety property. Indeed, let m € BX* and m’ = m. Then there exists an element
x € B such that z < m. Hence v < [z] = [m] = [m/] and therefore m' € B C BX*. Note that
the same argument shows that B = BY*. Since v € T'L(A), there exists a path w € P} such that
w(0) = I4 and v < [Ag(w)]. Hence A4(w) € B = BY*. Thus A [~ safety(B). On the other hand,
B = safety(B). Indeed, if this was not the case, there would exist a path v € Pj such that v(0) = I
and A\g(v) € BY* = B. But then we would have v < [A\g(v)] and therefore v € TL(B), which is not
the case. O

Proposition 4.3.3. Let (f,0): A — B be a cubical dimap of HDAs. Then M (c)(TL(A)) C TL(B). In
particular, if (X4, D 4) = (X, Dp) and o = id, then TL(A) C TL(B).

Proof: Consider an element v € TL(A). Let w € P be a path such that w(0) = I4 and v <

Aa(w)]. Letw € M(X4,D.4) such that [A4(w)] = vw. Then M(c)(v)M(o)(w) = M(o)(vw)
M(o)([Aaw)]) = [o*(Aa(w))] = [As(f'(w))]. Hence M(0)(v) = [As(f'(w))]. Since fH(w)(0) =
fo(w(0)) = fo(Ia) = Ip, it follows that M (o) (v) € TL(B). O

4.4 The trace language of a tensor product

Let A and B be two HDAs. We view M (X 4, D 4) and M (X3, Dg) as submonoids and T'L(.A) and
TL(B) as subsets of M (X 498, D)

Proposition 4.4.1. TL(A® B) = TL(A) - TL(B).

Proof: In order to show that TL(A) - TL(B) C TL(A ® B), consider elements ¢ € TL(A) and b €
TL(B). Leta € P and 3 € P} be paths such that a(0) = L4, 8(0) = Iz, a < [Aa(@)], and
b =< \s(B)]. Letv € M(X4,D4) and w € M(Xp, Dg) be elements such that av = [A4()] and
bw = [Xg(ﬂ)]. Write o« = x14 - - - gy and B = yu4 - - - yiy Where the elements x; and y; are of degree < 1.

Let w be the path in A ® B defined by
w = (x1,18)g - (k, I8)g - ((La),y1)g -+ (a(La), Y1)t
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Since all elements of M (X 4, D 4) commute in M (X 405, Dagp) with all elements of M (Xg, D), we
have [Augs(w)] = [Aa(@)As(B)] = [Aa(@)][As(B)] = avbw = abvw. Hence ab < [Aags(w)] and
therefore ab € TL(A ® B).

For the reverse inclusion, consider an element v € TL(A ® B). Letw € PE@B be a path such
that v < [Aags(w)]. Consider an element w € M (X 40p, Dags) such that [A4g5(w)] = vw. Since
M(ZagB,Dags) = M(X4,D4) - M(X5,Dg), we may choose elements a,x € M(X4,D4) and
b,y € M(Xg,Dg) such that v = ab and w = zy. We show that a € TL(A) and b € TL(B). Write
w = (z1,y1)t -+ (Tn, yn)y, and consider the paths a € P} and B € Pg given by o = 1y g
and = yi4 - - Yng. Since all elements of M (3 4, D 4) commute with all elements of M (33, Dg) in
M (X a08, Dagn), we have

MaesW)] = Aags((@1,51)8)] - Aaws((Tn, yn)s)]

= Mal@)Ps )] - - Pa(@ng) A5 (yng)]
= (@)l - Pal@ag) s is)] - - - A5 (Yng)]
()| a5

= [Aa(@)][As(B)]-

Hence azxby = abry = vw = A aes(w)] = [Aa(a)][M5(B)]. Since every element of M (X 455, Dass)
can be uniquely written as a product of an element of M (X 4, D 4) and an element of M (Xg, Dg), it
follows that az = [A4(c)] and by = [As(B)]. Thus a < [Aa(a)] and b =< [A5(B)] and therefore
a € TL(A) and b € TL(B). O

4.5 Fundamental monoid
The fundamental monoid of an HDA A is the submonoid 7(A) of M (X 4, D 4) defined by
m(A) = {Paw)] |w € Py, w(0) = w(Ly) = La}.

The term reflects an analogy with the fundamental group of a topological space. Given a cubical dimap
(f,0): A — B, the homomorphism M (c): M(X4,D4) — M(Xp, Dp) restricts to a homomorphism
w(f,0): 7(A) — 7(B). In particular, we have the following proposition:

Proposition 4.5.1. Let A and B be two HDAs over the same concurrent alphabet. If there exists a cubical
dimap of HDAs (f,0): A — B such that o = id, then 7(A) is a submonoid of 7(B).

Proposition 4.5.2. For any two HDAs A and B, 1(A ® B) = 7(A) - w(B).
Proof: The proof is similar to the one of Proposition The details are left to the reader. O
Proposition 4.5.3. Let A and BB be two HDAs. The isomorphism of monoids
M(XEA,Da)*x M(Eg,Dg) - M(Xa+8,Datn)
restricts to an isomorphism w(A) * w(B) — 7(A + B).

Proof: Let (ja,04): A — A+ B and (jg,05): B — A+ B be the morphisms of HDAs where the
morphisms of precubical sets j4: P4 — Payp and jg: Ps — Paip are given by j4(z) = (x, Ig) and
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J(y) = (La,y) and 0.4 (X¥4,D4) = (Ea48, Dayp) and 05: (X5, Dp) — (S a+8, Datp) are the
inclusions. Consider the following commutative diagram of monoids:

W(A) % 77(8) (r(ljal,oa)m(lislos)) W(A'i‘B)

[ ) [

M(EA,DA) * M(EB,DB) m M(2A+B>D.A+B)

It is clear that (7(|ja|,04),7(|jB|,08)) is injective. We show that it is surjective. A loop w in .4 + B with
w(0) = T4y = (14, Ip) can be decomposed as a concatenation

w=(jaocai)(jsoBi) - (jacan)(jsobn)

where the «; are loops in A with «;(0) = I 4 and the 3; are loops in B with 3;(0) = I5. Therefore

Aass(w)]

= Nars(jaca)lPars(is o B1)] - [Aars(ja o an)l[Aats(is © Bn)]

= Pars(ljal (e)]Pass(lisl (80))] - Pars(lial (@) Xars izl (8a))]

= [oa(ala)llos(s(B1))] - [oa(Nalan))llop(As(Bn))]

= M(oa)([Aala))M(o5)([As(B)]) - - M(o4)([Malen)) M (o5) (A5 (5a)])

= (M(0a), M(o5))([Aale@)]As(B1)] - - [Aalen)][A5(8n)])
(m(l5al, 0.4), 7(|58], 08)) (Aa(@)]As(B1)] - - [Aalem)] A (B)))-

It follows that (7 (|j4|,0.4),7(|jB|,08)) is surjective. O

4.6 The trace language of a coproduct

Let A and B be two HDAs. We view M (X4, D 4) and M (X3, Dg) as submonoids and T'L(.A) and
TL(B) as subsets of M (X 415, D.a4+p5). Similarly, we view paths in A and paths in B as paths in A + 5.

Proposition 4.6.1. TL(A+ B) =n(A+B)-TL(A)Un(A+ B)-TL(B).

Proof: We show first that 7(A + B) - TL(A) Un(A+ B) - TL(B) C TL(A + B). Consider an element
v € TL(A) and a loop w € P} g such that w(0) = T4z = (La,1p). Let a be a path in A such
that a(0) = I4 and vw = [A4(a)] for some element w € M(ZA,DA) We have A ai5(w - a)] =
[Ats(w)]vw. Hence [A 44 5(w)]v € TL(A + B). Thus 7(A + B) - TL(A) C TL(A + B). Similarly,
w(A+ B) -TL(B) CTL(A+ B).

For the reverse inclusion, consider an element v € T'L(A + B). Letw € P . be a path of minimal
length such that w(0) = I 4,5 and [A 4, 5(w)] = vw for some element w € M (X 445, Days). We may
assume that w does not lie entirely in A or B, because in that case we would have either v € T'L(A)
or v € TL(B) and there would be nothing to prove. We may further suppose that the last edge of w is
an edge of A and leave the analogous case where it is an edge of B to the reader. Decompose w as a
concatenation

w:al'ﬁl"'ar'ﬁr"}/
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where the «; are loops in A with «;(0) = I .4, the §5; are loops in B with 3;(0) = Ig, v is a path in A with
~v(0) = 14, and all paths except possibly «; have positive length. Set l; = Ly, .8,...a,..3, and lo = L,.
Then |v| > I;. Indeed, otherwise we would have w = yz for some elements y, 2 € M (X 445, Dat+s)
such that |y| = I — |v| and |z| = 2. Moreover, we would have

vyz = [Aa(an)]As(B0)] - - [Aalen)]As(B)][Aa(y)]-

Since congruence classes of elements of > 4 do not commute with congruence classes of elements of ¥

in M(X 445, D), this would imply z = [A4(7)] and
vy = Ra(a)]Rs(80)] -~ Ralan)| s (8,)] = Parslar - B1---ar - )],
which would contradict the minimality of w. So |v| > ;. Hence there exist elements
u,x € M(Z 448, Darn)

such that |u| = I3,

x| = |v| = l1, and v = ux. Since

uzw = [Aa(an)]As(B1)] - [Aa(en)][As(Br)][Xa ()],

we have _ _ B B B
u = [Aa(e)][A(B1)] -+ [Aalen)][AB(Br)] = [Aats(ar - Br- - ar - Br)]

and zw = [Aa(y)]. Therefore u € (A + B), w € M(3¥4,D4), x € TL(A), and v = uz €
m(A+ B)-TL(A). O

Remark 4.6.2. By Propositions and[4.6.1] we have TL(A + B) = TL(A' + B') if (X4,D4) =
(ZA/, DAI), (EB, DB) = (ZBI,DB/), TL(A) = TL(.A/), TL(B) = TL(B/), 7T(A) = W(AI), and
w(B) = w(B’). The last two assumptions are needed here, as shows the example where A and B have
only one vertex and one edge, the one of A labeled a and the one of B labeled b, A’ = A, and B’ has two
vertices and two edges, both labeled b, one leading from the initial to the other state and the other leading
from the second state to itself.

5 The homology language of an HDA

A higher-dimensional automaton is an ordinary automaton with information on independence of actions.
We have used the independence relation associated with the concurrent alphabet of an HDA, and the
induced congruence relation, to define its trace language and its fundamental monoid. The higher-
dimensional structure of an HDA contains further information on independence. An overall picture of
the independence structure of an HDA is given by its labeled homology, as introduced in [Kah18a]. Here,
we use the labeling on the homology of an HDA to define its homology language. As in the case of the
trace language and the fundamental monoid, we show that the homology language is compatible with
cubical dimaps and establish formulas to compute it for tensor products and coproducts. We also give
examples of how the homology language of an HDA can be used to reason about the independence of
subsystems or components of a concurrent system. We work over a fixed principal ideal domain, which
we suppress from the notation.
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5.1 Chain complexes and homology

A chain complex is a graded module C' = (C),),,>0 with boundary operators d: C,, — Cp_1 (n > 1)
satisfying d o d = 0. A chain map between two chain complexes is a morphism of graded modules
that commutes with the boundary operators. The homology of a chain complex C' is the graded module
H,(C) = (Hn(C))n>o defined by Hy(C) = Cp/im(d: C; — Cp) and

H,(C)=ker(d: Cp, » Cp—1)/im(d: Cpy1 — C) (n>1).

A chain map f: C — D induces a morphism of graded modules f.: H,(C) — H,.(D), defined by
f«([z]) = [f(#)], and this makes H, a functor from the category of chain complexes to the category of
graded modules.

The direct sum of two chain complexes is the direct sum of the underlying graded modules, with
boundary operators defined componentwise. The homology functor preserves direct sums. The fensor
product of two graded modules A and B is the graded module A ® B defined by

(A®B)y= P Ai®B,_i.

0<i<n

The tensor product of two chain complexes C and D is the tensor product of the underlying graded
modules with the boundary operators given by

dz@y)=dr@y+(-1)z®@dy, x€Ciy€ Dy

Over a field, the homology functor is compatible with tensor products. For the general case and further
results in homological algebra, see, e.g., [Dol80L HatO1]].

5.2 Cubical chains and cubical homology

Let P be a precubical set. The cubical chain complex of P is the chain complex C,(P) where C,,(P) is
the free module generated by P,, and the boundary operator d: C,,(P) — C,,_1(P) is given by

dx = Z(—l)i(d?x —dlz), x€P,.
i=1

The chain map induced by a morphism of precubical sets is defined in the obvious way. The cubical
homology of P, denoted by H,(P), is the homology of C,(P). The cubical chain complex C,(P) is
naturally isomorphic to the cellular chain complex of | P| (cf. [KahI8a, Thm. 3.3.1]). Since a cubical
dimap of precubical sets is a cellular map, it follows that the functors C', and H, extend to the category of
precubical sets and cubical dimaps and, moreover, that a cubical dimap which is a homotopy equivalence
induces an isomorphism in cubical homology. An explicit description of the chain map induced by an
elementary cubical dimap is given in [Kahl18al Prop. 7.4.1].

Example 5.2.1. Throughout this section, we will consider the example HDA A where (P4)o = {I4},
(Pa)1 = {$1,Z‘2,x3}, (PA)Q = {y}’ (PA)TL =0 (n> 3)’ d,fxl =14 (ke {07 1}57: € {1’2’3})’ dlfy =
w2, dsy =z (k € {0,1}), Fa = {La}, Za = {a1, 02,03}, Da = (B4 x Ba) \ {(a1, 02), (a2, a1)},
and Aa(x;) = a; (1 € {1,2,3}). We suppose, of course, that the x; and the a; are pairwise different.
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ez = djx

O O
e
O O

Fig. 2: A 2-cube and its starting edges

Geometrically, .4 is a wedge (one-point union) of a torus and a circle. By definition of the cubical chain
complex, Co(P4) is the free module generated by I 4, C1(Py4) is the free module generated by the x;,
Co(Py) is the free module generated by y, and all other C,,(P4) are 0. Since d{x; = dix; and d¥y =
d}y, all boundary operators of C,(P4) are 0. Hence H,(P,4) has 1 generator in degrees 0 and 2 and 3
generators in degree 1. As this example illustrates, homology may be seen as an algebraic tool to count
holes in geometric objects such as precubical sets or topological spaces.

5.3 The edge e;x

Let = be an element of degree n > 0 of a precubical set P, and let i € {1,...,n}. We define the ith
starting edge of x to be the element e;z € P; given by

er—4 L n=1,
TEL D d0 O, > 1

The edge e;x leads from the initial vertex of z to the initial vertex of the face d}, i.e., we have dJe;z =
d - dz and dle;z = dY - - - d)d}x. An illustration is given in Figure 2]

5.4 Strings

Let X be an alphabet. Given a string m of length n > 1, we will write m1, ..., m,, to denote the uniquely
determined elements of > such that m = mq - - - m,,.

5.5 Labeling chain map

Let A be an HDA. Consider the exterior algebra on the free module generated by X 4, A(X 4). Recall that
this is the quotient of the tensor algebra on the free module on ¥ 4 by the two-sided ideal generated by all
elements of the form z ® x where © € X 4 (see [Bou74] for more details). The exterior algebra A(X 4)
is canonically graded by the exterior powers of the free module generated by X 4. We view the graded
module A(X 4) as a chain complex with d = 0 and define the labeling chain map

[a: Cu(Pa) = A(Za)
on basis elements © € (P4),, by

1A(Z_,4)7 TL:O,

(u(z) =4 Paeo)l  [Aalen)l
Aalerz)j, Ao ANda(enx);,, n>0.
ji=1 Jn=1

By [Kah18al Prop. 4.4.5], the labeling chain map is indeed a chain map, i.e, we have [ 4(dz) = dl4(z) =
Oforall z € C,(Py).
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Example 5.5.1. Consider the HDA A of Example[5.2.1] The exterior algebra A (X 4) is the graded module
freely generated by 15 (s, in degree 0, a1, ag, and a3 in degree 1, a1 A ag, a1 A as, and az A az in deegre
2, and a; A az A az in degree 3. In degrees > 4, A(X 4) is 0. We have e1x; = x4, e1y = dSy = z1,
and eay = dy = . Hence the labeling chain map of A is given by [4(14) = 1x(s,), la(z1) = a1,
l4(z2) = a2, La(z3) = as, and [4(y) = a1 A as.

Proposition 5.5.2. Let (f,0): A — B be a cubical dimap of HDAs, and let f.: C.(P4) — C.(Pg) be
the chain map induced by f. Then I o f, = A(c) o [4.

Proof: We may suppose that (f, o) is an elementary cubical dimap of HDAs. Consider the HDA C given
by Pc = Py, Ic = 14, Fe = Fy, X¢ = X5, D¢ = Dg, and A\¢ = 0* o A 4. Then (f, o) decomposes as
the composite of elementary cubical dimaps of HDAs

(id|p 41,0) (fsidsyz,Dp))

A

C B.

We have [ = A(0) o [ 4 and, by [Kah18a, Thm. 7.5.1], [z o f. = l¢c. Hence [z o f. = A(0) o [4. O

5.6 Labeled homology
Let A be an HDA. The labeling chain map [ 4 induces a morphism of graded modules

5,41 H*(PA) — H*(A(ZA)) = A(ZA)

Explicitly, £ 4([z]) = [4(z). The pair (H.(P4),{4) is called the labeled homology of A.

Example 5.6.1. For the HDA A considered in Examples [5.2.1{and [5.5.1} we have £ 4([14]) = 1a(s,)
Ca([x;]) = a; (i € {1,2,3}), and £4([y]) = a1 A as. Further examples can be found in [Kah18a].

Proposition [5.5.2]immediately implies the following fact:

Proposition 5.6.2. Let (f,0): A — B be a cubical dimap of HDAs. Then the morphism of graded
modules f.: H.(Ps) — H.(Pg) satisfies {g o f. = A(o) ol 4.

5.7 The homology language
We define the homology language of an HDA A to be the graded module

HL(A) = im (C4: H,(Py) — A(S.4)).

Thus, by definition, the homology language of an HDA can be read off its labeled homology.

Example 5.7.1. The homology language of the HDA A of Examples[5.2.1][5.5.1} and[5.6.1]is the graded
submodule of A(X 4) generated by the unit and the elements a1, az, ag, and a1 A as.

Proposition 5.7.2. Let (f,0): A — B be a cubical dimap of HDAs. Then A(o)(HL(A)) C HL(B).
In particular, if (3 4,D4) = (X5, Dp) and o = id, then HL(A) C HL(B). If, furthermore, f is a
homotopy equivalence, then HL(A) = HL(B).

Proof: This follows from Proposition[5.6.2]and the fact that a homotopy equivalence induces an isomor-
phism in homology. ]
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5.8 The homology language of a tensor product

Let A and B be two HDAs. We view H L(.A) and H L(B) as graded submodules of the exterior algebra
AZagB) = AZA L Zp).

Proposition 5.8.1. HL(A® B) = HL(A) A HL(B).
Proof: Consider the homology cross product
x: Hy(Pa) ® Hy(Pg) = Hy(P4q ® Pg) = H.(Pagn),
i.e., the composite (, o x where x is the homomorphism of graded modules
H.(Pa) © H.(Pg) = H.(C(Pa) ® Ci(Pp)), [z] @[yl = [z @]
and ( is the isomorphism of chain complexes C,(P4) ® C.(Pg) — C.(P4 ® Pg) given by
xRy (r,y), «€ Pa,y€ Pg.

By [Kah18a, Thm. 5.3.2], we have the following commutative diagram of graded modules:

H.(Pa) ® H,(Pg) ——— H,(P4® Pg) ———— H.(Pagp)

‘€A®‘€BJ/ l@\@s

ABa) @ A(Ep) —— A(Bags) @ A(Xaes) —— AXaes)
By the Kiinneth theorem, there exists a graded torsion module U C H, (P4 ® Pg) such that
H.(P4®Ps)=U@®im x .
Since A(X agg) is a free module, £ 455(U) = 0. Hence
HL(A®B) = lagp(U ®imXx) = £ 4g5(imx) = im({ 455 0 X).

By the commutativity of the above diagram, im({ 455 0 X) = HL(A) A HL(B). Thus HL(A® B) =
HL(A) A HL(B). O

Example 5.8.2. Let A; be the sub-HDA of the HDA A of Example defined by (Pa,)o = {la},
(Pa,;)1 = {x;}, and £ 4, = {a;}. Geometrically, .A; is a circle, and one easily computes that H L(A;) =
A({a;}). By Proposition[5.8.1} for i # j, HL(A; ® A;j) = HL(A;) N HL(A;) = A({ai,a;}).

5.9 The homology language of a coproduct

Let A and B be two HDAs. We view H L(.A) and HL(B) as graded submodules of the exterior algebra
AZaB) = A(Za T Xp).

Proposition 5.9.1. HL(A+ B) = HL(A) + HL(B).
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Proof: Let (ju,04): A — A+ B and (jg,o05): B — A+ B be the morphisms of HDAs where the
morphisms of precubical sets j4: P4 — Payp and jg: Pg — P4y are given by ja(z) = (z, Ig) and
Js(y) = (La,y) and 042 (X4, Da) = (Xatp, Dats) and 05: (X5, Dp) — (Xats, Dayp) are the
inclusions. Consider the morphisms of precubical sets I — I4 and I — I; from a precubical set with
one vertex I to P4 and Pg, respectively. Then we have the following push out of precubical sets:

{I} —— Pa

| |

PBTPJHB

Applying cubical chains to this push out, we obtain a push out of chain complexes, which yields a short
exact sequence

0= CL({I}) = C.(Pa) ® Cu(Pg) Y25 0 (Pass) — 0.

The induced long exact sequence in homology shows that the upper map in the following commutative
diagram of graded modules is surjective:

(JAx,dB)

H.(P4) ® Hi(Pg) —————— H.(Pays)

ZA@ZBJ/ l@_/H,B

AZA) & AZB) ETCAYC N AEay5)

Hence HL(A+B) = im(gAJrBo(jA*’jB*)) = im((A(UA),A(O'B))O(@A@KB)) = HL(A)+HL(B) O]

Example 5.9.2. Consider the HDA A of Example and the sub-HDAs A; of A defined in Ex-

ample By Proposition and Examples and [5.8.2] we have HL((A; ® Az) + A3) =
HL(A; ® As) + HL(A3) = A({a1,a2}) + A({as}) = HL(A), which is no surprise since A =
(Al ® AQ) + As.

5.10 Independence

Let A be an HDA, and let Aj,..., A, (n > 2) be HDAs with disjoint alphabets, each contained in
3 4. We say that the A; are independent in A if there exist a sub-HDA B C A and an isomorphism
(f,o): Ay ® -+ ® A, — Bin the category of HDAs and cubical dimaps such that 5 = |J"_; ¥ 4, and
o is induced by the inclusions ¥ 4, < Y. Since ¥ 4, C X5 C ¥ 4, we may view HL(A;) and HL(B)
as graded submodules of both A(Xg) and A(Z 4).

Proposition 5.10.1. If the HDAs A1, . .., A, are independent in A, then

HL(A) A - AHL(A,) € HL(A).

Proof: It follows from Proposition that HL(B) = HL(Ay) A--- AN HL(A,). By Proposition|5.7.2}
HL(B) C HL(A). O
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Fig. 3: Program graph for Example [5.10.2] (ii)

Examples 5.10.2. (i) Consider again the HDA A of Example and the sub-HDAs A; of A de-
fined in Example We have HL(A) = A({a1,a2}) + A({as}) and HL(A;) = A({a;}). Since
HL(A) AN HL(A3) = A({a1,a3}) € HL(A), Proposition [5.10.1] implies that the HDAs A; and A3
are not independent in A. For the same reason, Ay and A3 are not independent in A. The fact that
HL(A;) N HL(A2) = A({a1,a2}) € HL(A) suggests that A; and Ay are independent in .A. And
indeed, A; ® Aj is isomorphic in the required way to the sub-HDA B of A given by (Pg)o = {I4},
(PB)l = {Il,l‘g}, (PB)Q = {y}, and EB = {a1,a2}.

(i1) A small grocery store has three shopping baskets and two checkout counters. All customers behave
the same:

* They wait until a basket is available and then start shopping.

* Once they have selected the products they wish to buy, they move to the checkouts and wait for
their turn to pay. Since they are usually very polite and give others priority, the order in which they
pay is unpredictable—even if there is a queue.

» Having paid, they return the basket and leave the store.
* If they forgot to buy something, they repeat the procedure from the beginning.

Focusing on the behavior of the customers with respect to the shared resources—the baskets and the
checkouts—we may describe the shopping protocol as the program graph (in the sense of [BKOS]||) de-
picted in Figure [3] The actions modify two integer variables x and y counting the available shopping
baskets and the free checkouts, respectively. They are defined as follows:

* basket: Wait until x > 0, and then decrement x.
* checkout: Wait until y > 0, and then decrement y.
* leave: Increment both y and x.

If we view x and y as semaphores and consider Dijkstra’s P and V operations (see, e.g., [[D1j68]), then
basket = P(x), checkout = P(y), and leave = V(y); V(x).

Let us now consider a system of four customers executing the above protocol, and let us suppose
that initially all shopping baskets and both checkout counters are free, i.e., x = 3 and y = 2. Assuming
atomicity of the actions of the program graph, we may use the method of [Kah19], implemented in the
tool pg2hda [Kah18b], to construct an HDA A modeling the state space of the system. We do not need to
know A in detail. Let us just mention that it is a 3-dimensional HDA with 563 cubes altogether and that
its alphabet is the set

Y 4 = {basket;, checkout;, leave; |1 € {0,1,2,3}}.
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The indexes of the labels are introduced to distinguish the four customers.

The homology language of .4 with Zs-coefficients can be computed from .4 with the aid of the software
CHomP [Pil18]. Itis clear that H L(.A) is generated by the unit of A(X 4) in degree 0. In degree 1, HL(.A)
is generated by the elements

basket; + checkout; + leave;, i€ {0,1,2,3}.

Each of these elements represents one of the customer processes executing alone. In degree 2, HL(.A) is
generated by the products

(basket; + checkout; + leave;) A (basket; 4+ checkout; + leave;), i < j.

In view of Proposition [5.10.1} this indicates that any two customers are independent and can proceed
simultaneously without conflict if the other customers do nothing (or just talk). Since there are two
checkouts, this is, of course, to be expected. Since there are no more than two checkouts, one would
certainly also expect that no three customer processes are independent, despite the fact that there are three
shopping baskets. And indeed, although A has cubes of dimension 3, H L(.A) is trivial in degrees > 3. We
conclude that any two but no three customers are independent. Note that our analysis of the independence
structure of A has been carried out at the level of the homology language, without explicit mention of
HDASs representing the customer processes. Note also that the homology language would have been the
same for a store with only two baskets.

As this example shows, the homology language does not necessarily uncover surprising features of
concurrent systems. Arguably, however, it encodes fundamental information on independence in HDAs.

6 Weak equivalence

As pointed out in the introduction, weak equivalence is a coarse notion of equivalence for HDAs that
focuses on a small number of fundamental features. Besides the trace language, the fundamental monoid,
and the homology language, these are accessibility and coaccessibility. Weak equivalence is defined as the
symmetric closure of a preorder called weak implementation. We show that both relations are compatible
with the tensor product and, at least in the coaccessible case, the coproduct of HDAs. We also relate
weak equivalence to the preorder of topological abstraction introduced in [Kah16] and adapt the results
of that paper to provide conditions under which HDAs can be reduced to weakly equivalent smaller ones
by collapsing and merging cubes.

6.1 Accessible HDAs

A state x of an HDA A is called reachable if there exists a path in A from I 4 to x. An HDA is called
accessible if all states are reachable. The proof of the following elementary fact is left to the reader:

Proposition 6.1.1. Let A and B be two HDAs. The following statements are equivalent:
1. Aand B are accessible.
2. A® B is accessible.

3. A+ Bis accessible.
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6.2 Coaccessible HDAs

A state x is called coreachable if there exists a path from x to a final state. An HDA is called coaccessible
if all states are coreachable. Coaccessibility guarantees the absence of very bad phenomena such as
deadlocks. We omit the easy proof of the following proposition:

Proposition 6.2.1. Let A and B be two HDAs. If A and B are coaccessible, then so are AR B and A+ B.
If A® B is coaccessible, then so are A and B.

Remark 6.2.2. Unfortunately, coaccessibility of A + B does not in general imply coaccessibility of .A
and B. Indeed, consider two one-vertex HDAs A and 53, and suppose that F 4 = {I 4} and Fg = (). Then
A and A + B are coaccessible but B is not.

6.3 Weak implementation and weak equivalence

We say that an HDA A weakly implements an HDA B and write A C B if the following three conditions
are satisfied:

1. If B is accessible, then so is A. If B is coaccessible, then so is \A.
2. (X4,D4)=(E5,Dp),7(A) C7n(B),and TL(A) C TL(B).
3. HL(A) C HL(B).

It is clear that weak implementation is a preorder on the class of HDAs. We say that two HDAs A and B
are weakly equivalent and write A ~ Bif A C Band B C A.

Proposition 6.3.1. Let A and B be two HDAs over the same concurrent alphabet. If there exists a cubical
dimap of HDAs (f,id): A — B such that for all © € (Pa)o, x is reachable if fy(x) is reachable and x is
coreachable if fo(z) is coreachable, then A C B.

Proof: This follows from Propositions [#.3.3] [#.3.1} and[5.7.2] O

Theorem 6.3.2. Let A, A, B, and B' be HDAs such that AC A and BC B'. Then AQ BC A ® B'.
If A and B are coaccessible, then also A+ B C A" + B'.

Proof: This follows from Propositions [#.4.1] [4.5.2} #.5.3} [4.6.1} [5.8.1} [5.9.1 [6.1.1] and [6.2.1] O

Corollary 6.3.3. Let A, A', B, and B' be HDAs such that A ~ A’ and B~ B'. Then A B~ A’ @ B'.
If A, A, B, and B’ are coaccessible, then also A+ B ~ A’ + B'.

Remarks 6.3.4. (i) Weak equivalence has been designed to be a coarse congruence for the tensor prod-
uct and (as far as possible) the coproduct such that the trace language and the homology language are
invariants. In certain situations, it might be convenient to modify the definition of weak equivalence. For
instance, if the compatibility with the coproduct is not considered essential, the requirement on the fun-
damental monoid may be dropped. Another possible modification concerns accessibility. According to
our definition, an HDA with unreachable states cannot be weakly equivalent to its accessible part. This
is adequate if unreachable states are interpreted as representing problems such as dead code (see, e.g.,
[EGH™ 16| p. 22]). However, one might as well see unreachable states as just unreachable from the cho-
sen initial state and prefer to define an equivalence where an HDA is always equivalent to its accessible
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part. To do so, one could define two HDAs to be equivalent if their accessible parts are weakly equivalent
in the sense of this paper. For accessible HDAs, this concept of equivalence would coincide with the
concept of weak equivalence proposed here.

(ii) By Proposition [6.3.1] two HDAs over the same concurrent alphabet are weakly equivalent if there
exist well-behaved cubical dimaps between them in both directions. Just as morphisms of HDAs, cubical
dimaps may be seen as simulations, and so, from this point of view, weak equivalence is coarser than a kind
of simulation equivalence. It should be pointed out in this context that HDAs that are history-preserving
bisimilar in the sense of [[Gla06] need not be weakly equivalent. Consider, for example, an HDA A with
only one vertex and one edge, labeled a. Then A is history-preserving bisimilar to its unfolding B, which
consists of an infinite sequence of edges, all labeled a. On the other hand, since in degree 1, HL(A) is
generated by a but HL(B) = 0, A and B are not weakly equivalent. Consequently, these two HDAs are
also not simulation equivalent in the above sense, and indeed, there is no cubical dimap from A to B. If
one wishes to define a concept of bisimilarity that is stronger than this notion of simulation equivalence,
one possibility is to consider P-bisimilarity in the sense of Joyal, Nielsen, and Winskel [JNW96] where P
is the wide subcategory of the category of HDAs and cubical dimaps of the form ( f, id) whose morphisms
are inclusions of sub-HDAs. It should be noted, though, that although it is not isomorphism, this concept
of bisimilarity is very strong.

6.4 Topological abstraction

In [Kah16], a preorder for HDAs has been introduced, called topological abstraction. Roughly speaking,
an HDA A is a topological abstraction of an HDA B if there exists a cubical dimap A — B that is a
homotopy equivalence inducing an isomorphism of trace categories and an isomorphism of homology
graphs. The homology graph of an HDA A is the directed graph where the vertices are the homology
classes of A and there is an edge from a homology class v to a homology class v if there exist precubical
subsets U,V C Py such that v € im H,(U < P4), v € im H,(V < Pjy), and for all vertices u € Uy
and v € Vj, there exists a path from u to v [Kahl14all. The trace category of an HDA A is the category
TC(A) whose objects are the initial state, the final states, the minimal vertices (i.e., vertices without
incoming edges), and the maximal vertices (i.e., vertices without outgoing edges) and whose morphisms
are the dihomotopy classes of paths between these states [Kah14b]. A cubical dimap (f,o0): A — B that
preserves minimal and maximal vertices induces a functor f,.: TC'(A) — T'C(B), which sends an object
x to fo(x) and a dihomotopy class [w] to [f(w)]. By the following proposition, topological abstraction is
often stronger than weak equivalence:

Proposition 6.4.1. Let A and B be two accessible and coaccessible HDAs over the same concurrent
alphabet, and let (f,id): A — B be a cubical dimap that is a homotopy equivalence. Suppose that f
preserves minimal and maximal vertices and that the functor f.: TC(A) — TC(B) is an isomorphism.
Then A ~ B.

Proof: By Propositions [4.3.3] [4.5.1] and[5.7.2] we only have to show that m(B) C 7(A) and TL(B) C
TL(A). Consider first a loop 8 € Pj such that 3(0) = I5. Since fo(I4) = Ip and f. is full, there
exists a loop & € PY such that «(0) = I 4 and f.([a]) = [3]. Hence f!(a) ~ (3 and therefore A 4 () =
Xs((0)) = As(8). Thus [\a(8)] € 7(A).

Consider now an element v € TL(B). Let 8 € Pj be a path such that 3(0) = I and v < [Ag(B)].
Since B is coaccessible, we may suppose that 5 ends in a final state b. Since f, is full and surjective on
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Fig. 4: An elementary collapse followed by a vertex-star collapse

objects, there exists a path a € P such that a(0) = I4 and f.([o]) = [5]. As before, this implies that
(@) = As(f (@) = A\s(B). Hence v < [A4(«x)] and therefore v € TL(A). O

Remark 6.4.2. An important difference between topological abstraction and weak equivalence is that
weakly equivalent HDAs need not be homotopy equivalent and may have certain topological differences.
Indeed, weak equivalence ignores zero-labeled homology classes (at least of dimension > 2). Examples of
such classes include torsion classes, differences of classes with the same label, classes that are noise (e.g.,
classes given by differences of cubes with the same boundary), and classes given by virtual boundaries
(i.e., cycles that become boundaries in larger HDAs). In contexts where zero-labeled homology classes
are essential, weak equivalence is too weak a notion of equivalence.

6.5 Cube collapses

We shall now provide conditions under which collapsing a cube in an HDA yields a weakly equivalent
HDA. We will consider elementary and vertex-star collapses. The definition of these concepts is based on
the following construction: the star of an element x of a precubical set P is the graded set star(x) defined
by

star(z), = {y € P, |z € y4((0,1)®™)}.

Thus star(z) consists of x and all elements having x in their iterated boundary. The graded set P\ star(z)
is a precubical subset of P. We say that a face d¥z of aregular cube z of P is free if star(d¥z) = {z,d¥z}.
In this case, the inclusion | P\star(d¥x)| < | P| is a homotopy equivalence, and we say that P\star(d¥z)
has been obtained from P through an elementary collapse (see Figure [ for a picture). If x € Pis a
regular cube of degree n > 2 and k1, ..., k, € {0,1} are indexes such that at least one k; = 0, at least
one k; = 1, and star(d}" - - - d¥ x) C 24((0,1)®"), then the inclusion |P \ star(d¥ - - - d¥1z)| — |P|
is a homotopy equivalence and we say that P\ star(d]f” e d]fl x) has been obtained from P through a
vertex-star collapse (see Figure ).
In degrees > 3, elementary collapses always yield weakly equivalent HDAs:

Proposition 6.5.1. Let A be an HDA, and let x be a regular cube of degree n > 3 with free face d¥x.
Consider the sub-HDA B C A defined by Pg = P4 \ star(d¥z) and ¥ = ¥ 4. Then A ~ B.

Proof: This follows from Proposition and the fact that A and B agree in degrees < 1. O

Elementary 2-cube collapses are more delicate. We first deal with the case where the free face is a back
face:

Theorem 6.5.2. Let A be an HDA, and let x be a regular 2-cube with free face d}z (i € {1,2}). Consider
the sub-HDA B C A defined by Pg = P, \ star(d}x) and X5 = ¥ 4. Suppose that there exists an edge
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y in B such that &%y = d%d}z, and suppose that for every path w € ng with w(L,) = dYd}z and
w(0) € {I4,did}x,d}y}, there exists a path v € Pj such that v(0) = w(0), v(L,) = did{z, and
v (d)_;x)s ~win A Then A~ B.

Proof: We adapt arguments given in the proofs of [Kah16, Lemma 4.4.3, Thm. 6.3.1]. Since the inclusion
|Pg| < |P4| is a homotopy equivalence, HL(A) = HL(B). By Propositions and [4.5.1] we have
TL(B) C TL(A) and 7(B) C w(A). For the reverse inclusions, it suffices to show that every path
w € P4 with w(0) = I4 is dihomotopic to a path w’ € Pj. So consider w € P} with w(0) = I4. We
may suppose that w ¢ P%. Write w as a concatenation

w=uwp - (dzlx)ﬁ TwWptrWr—1 - (d}x)u " Wr

where each wj is a path in Pg. By our assumptions, there exist paths &; € Pg (0 < j < r) such that
Qj(O) =wj (0), wj (L@j) = d(l)d(l)l‘, and wj - (dg_l.’L‘)u ~ Wj. Set

W' =g (dfr) - (d3_g@)g - @1 @ror - () - (dy_s)g - wr

Since x is regular, W’ € P%. It is clear that w’ ~ w.

Since A and B have the same vertices and the same initial and final states and every path in B is a
path in A, it is clear that A is (co)accessible if B is (co)accessible. Suppose that A is accessible, and
consider a vertex b € (Pg)o. Then there exists a path w € le4 from I 4 to b. As shown above, there
exists a path w’ € P}; such that w’ ~ w. It follows that B is accessible. Suppose that A is coaccessible.
By our hypothesis, there exists an edge y # d}x starting in dJd}z such that for every path w € Pg with
w(Ly) = dfd}z and w(0) = dly, there exists a path v € P} such that v(0) = diy, v(L,) = did{x,
and v - (dJ_,x)y ~ w. We show first that d}y is coreachable in B. Since A is coaccessible, there exists
apath vy € P,El from diy to a vertex ¢ € F4 = Fg. If v € Pj, we have nothing to show. If v ¢ Pj,
it begins with a path from diy to dYd;x. Let w be a shortest such path. Then w € Pj, and so we may
choose a path v € P such that v(0) = diy, v(L,) = ddYz, and v - (dS_,x); ~ w. Since v ¢ Pg, 7
terminates with a path from did}z to c. Let 3 be a shortest such path. Then 3 € P5. The concatenation
v (ddz)y - (di_,x)y - B is a path in B from diy to c. Hence diy is coreachable in B. Consider now an
arbitrary vertex b € (Pg)o. Then there exists a path o« € PY from b to a final state. If @ € Pg, b is
coreachable in B. If a ¢ Pj, it begins with a path in B from b to d{d}z = dJy. Hence there exists a
path in B from b to diy. Since dly is coreachable in B, it follows that b is coreachable in B. Hence B is
coaccessible if A is coaccessible. O

For elementary collapses of 2-cubes with a free front face, we state the following fact, which is proved
by adapting the arguments given in the proof of Theorem
Theorem 6.5.3. Let A be an HDA, and let x be a regular 2-cube with free face d0x (i € {1,2}). Suppose
that didYz ¢ {Ia} U F4 and that there exists an edge y # d)x such that diy = did?x. Suppose also
that there is no edge z # di_,x such that d}z = didx. Consider the sub-HDA B C A defined by
Pg = Py \ star(dx) and X5 = ¥ 4. Then A ~ B.

Regarding vertex-star collapses, we have the following result:
Theorem 6.5.4. Let x be a regular cube of degree n > 2 of an HDA A, and let k1, . . ., k,, € {0, 1} such at
least one k; = 0, at least one k; = 1, v - - - d¥' 2 ¢ {14} U Fy, and star(di™ - - - di x) C 4((0,1)®™).
Consider the sub-HDA B C A defined by Pg = Py \ star(d’f” e d]flm) and ¥ = X 4. Then A ~ B.
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Proof: Since there exists a path in A from d9 - - - d9 to d™ - - - ¥z, A is accessible if B is accessible.
Since there exists a path in A from d’f" -~-dlf1x to d} ---dix, A is coaccessible if B is coaccessible.
By [Kah16, Thm. 4.6.1], [Misl35], every path w € Pﬂt with endpoints in B is dihomotopic to a path
w' e P%. Since A and B have the same initial and final states, this implies that 3 is (co)accessible if A is
(co)accessible. By Propositions[4.3.3|and4.5.1] it also follows that T'L(A) = T'L(B) and 7(A) = m(B).
Since the inclusion | Pg| < | P4| is a homotopy equivalence, HL(A) = HL(B). O

6.6 Cube merging

Let A and B be two HDAs over the same concurrent alphabet. If B is weakly regular and A is obtained
from B by merging cubes by means of a subdivision homeomorphism (see Section[3.2), then A and B are
weakly equivalent. More precisely, we have the following theorem:

Theorem 6.6.1. Let (f,id): A — B be an elementary cubical dimap such that f: |P4| — |Pg|is a
subdivision homeomorphism and fo(F4) = Fp. If B is weakly regular, then A ~ B.

Proof: The fact that A is (co)accessible if and only if B is (co)accessible is shown in [Kahl6, Thm.
6.2.3]. Since f is a homotopy equivalence, HL(A) = HL(B). By Propositions and it
remains to prove that 7(B) C w(A) and TL(B) C TL(B). By [Kahl6, Prop 3.4.1], A is weakly
regular. By [Kahl4bl, Prop. 4.7.4], it follows that for every path 3 € Pj from Iz to a vertex of the
form fo(a) where a € (Py4)o, there exists a path o € P} from I4 to a such that f'(a) ~ 3. This
immediately implies that 7(B) C 7(.A). Consider m € TL(B). Let w € P§ be a path starting in I5
such that m =< [Ag(w)]. Consider the vertex b = w(L,,). Then there exist an integer n > 0 and an
element c(b) € (Py4)n, called the carrier of b, such that f([c(b),u]) = [b, ()] for some u € |0, 1[™. Since
f is a subdivision homeomorphism, there exist integers l1,...,l, > 1, a morphism of precubical sets
x: @;_,(0,1;) — Pg, and increasing homeomorphisms ¢;: [0,1] — [0,;] (¢ € {1,...,n}) such that
the following diagram commutes:

1x X

[100,] —=— | é(o,lm

=1
c<b>ﬁ|J lm

P P
| P4l 7 | Ps|

0, )" == [0,1]"

Let us write ¢ to denote the upper horizontal composite. Letr € N, z € (@ (0,1;)),, and v € |0, 1["
i=1
be the uniquely determined elements such that ¢([t,,, u]) = [z,v]. Since [x(z),v] = f([e(b),u]) =

[b, ()], « is a vertex and x(z) = b. Let v be a path in ) (0,;) from z to (I1,...,I,). Since the
i=1

¢; are increasing homeomorphisms, ¢([(1,...,1),()]) = [(l1,...,1s), ()]. Hence [x(l1,...,1,),()] =

f([d}---die(b),()]) and therefore x(I1,...,1,) = fo(d}---die(b)). Thus B = w - (x o v) is a path

from I to fo(d} - - - dic(b)). It follows that there exists a path o € P} from 14 to di - - - dic(b) such that

(@) ~ B. Since m < [Ag(w)], also m =< [As(B)] = [Aa(a)]. It follows that TL(B) C TL(A). O
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Fig. 5: HDA for Peterson’s algorithm (parallel arrows have the same label)

6.7 Example

An HDA modeling the accessible part of the system given by Peterson’s mutual exclusion algorithm
[Pet81] is depicted in Figure |5} The concurrent alphabet is the pair (X, D) where X is the set of edge
labels and D is the canonical dependence relation (see Section [2.10). Peterson’s algorithm is based on
three shared variables—namely, the boolean variables by and by and the turn variable t, whose possible
values are the process IDs, say 0 and 1. Process i executes the following protocol:

e Set b; to 1 to indicate the intention to enter the critical section.
e Sett to 1 — i to give priority to the other process.

e Wait until b;_; = 0 or t = i, and then enter the critical section.
* Leave the critical section setting b; to O.

* Repeat the procedure from the beginning.

As explained in more detail in [Kah16], the HDA for Peterson’s algorithm may be reduced to the one
depicted in Figure [6] by collapsing and merging cubes in the way discussed in Sections 6.5 and 6.6 and,
more precisely, using Theorems [6.5.2 [6.5.3] [6-5.4] and [6.6.1} Consequently, the two HDAs are weakly
equivalent.

Since weakly equivalent HDAs have the same trace language, they have the same saturated safety
properties (see Proposition[d.3.2)). In the case of Peteron’s algorithm, such properties may thus be verified
for the small HDA in Figure[6]instead of for the bigger one depicted in Figure[5} This applies in particular
to mutual exclusion, which is the saturated safety property given by the set

1

U =" {erits} - (D) {by=10})" - {crits 4}

i=0

Another important feature of Peterson’s algorithm is starvation freedom: a process that requests access
to the critical section will eventually obtain it. This liveness property can be inferred from the saturated
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Fig. 6: Reduced HDA for Peterson’s algorithm

safety properties given by the sets
Y Aa} - (Z\ {crite,criti})* - {a} (a€ X\ {crite,crits})
and
Yo dbi=31} - (B \ {criti})" - {crity i} (X \ {crit;})* - {crit;_;} (i € {0,1}).

Starvation freedom of Peterson’s algorithm can thus be established using any HDA weakly equivalent to
the one of Figure 5] It should be noted, however, that the trace language only contains information on
saturated safety properties (see Proposition and that therefore weak equivalence does not preserve
liveness properties in general.

7 Concluding remarks

This paper introduced weak equivalence, a coarse notion of equivalence for higher-dimensional automata.
Although equivalences for HDAs do not really fit into van Glabbeek’s linear time - branching time spec-
trum [Gla01l], one might want to know how weak equivalence compares with trace equivalence, the coars-
est equivalence in the spectrum. What can be said is that two HDAs over the same concurrent alphabet
will have the same trace language if their underlying automata are trace equivalent. On the other hand, the
underlying automata of weakly equivalent HDAs will normally only be trace equivalent up to congruence.
Thus, ignoring the higher-dimensional structure of HDAs and comparing only what is comparable, weak
equivalence may be considered weaker than trace equivalence.

As we have pointed out, history-preserving bisimilar HDAs (see [Gla06]) need not be weakly equiva-
lent. It would be interesting to know under which conditions history-preserving bisimilarity implies weak
equivalence.

We have shown that weak equivalence is a congruence with respect to the tensor product and, at least
in the coaccessible case, the coproduct of HDAs. This fact and our results on the reduction of HDAs
provide means to establish that two HDAs are weakly equivalent. A fundamental problem in this context
is whether weak equivalence is decidable for finite HDAs. Given the undecidability of the equivalence
problem for regular trace languages [AH89], it seems likely that weak equivalence is undecidable as well.
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The homology language of an HDA A has been defined as a graded submodule of the exterior algebra
A(X 4). Aninteresting question is which submodules of exterior algebras may actually arise as homology
languages of HDAs. It seems possible to show that HL(.A) is necessarily a graded subcoalgebra of
A(2 4). Assuming that this is true, the question becomes: Which subcoalgebras of an exterior algebra are
homology languages?

The term weak equivalence has a particular meaning in homotopy theory. A natural question is thus
whether there exists a homotopy theory of HDAs such that two HDAs are weakly equivalent in the sense
of this paper if and only if they are weakly equivalent in the homotopy theory.
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