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Abstract

Given a transition system with an independence relation on the alphabet of labels, one
can associate with it a usually very large symmetric higher-dimensional automaton.
The purpose of this paper is to show that by choosing an acyclic relation whose
symmetric closure is the given independence relation, it is possible to construct a
much smaller nonsymmetric HDA with the same homology language.
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1 Introduction

Higher-dimensional automata are a powerful combinatorial-topological model for con-
current systems. A higher-dimensional automaton (HDA) is a precubical set (i.e., a
cubical set without degeneracies) with an initial state, a set of final states, and a label-
ing on 1-cubes such that opposite edges of 2-cubes have the same label (van Glabbeek
2006; Pratt 1991). An HDA is thus a (Iabeled) transition system (or an ordinary automa-
ton) with a supplementary structure consisting of two- and higher-dimensional cubes.
The transition system represents the states and transitions of a concurrent system. An
n-cube in an HDA indicates that the n transitions starting at its origin are indepen-
dent in the sense that they may occur in any order, or even simultaneously, without
any observable difference. It has been shown in van Glabbeek (2006) that higher-
dimensional automata are more expressive than the principal traditional models of
concurrency.
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The fact that the two- and higher-dimensional cubes in an HDA represent inde-
pendence of transitions suggests that the higher-dimensional topology of an HDA
contains global information on independence of processes and components of the
modeled concurrent system. In Kahl (2021), the homology language has been devised
as a homological tool to describe this global independence structure of an HDA. The
homology language of an HDA is defined to be the image of the homomorphism
induced in homology by a certain labeling chain map that leads from the cubical chain
complex of the HDA to the exterior algebra on the alphabet of labels (see Sect. 3). The
homology language can be computed and analyzed using software (Kahl 2018).

Transition systems are arguably the most fundamental model for concurrent sys-
tems. A natural way to turn a transition system into an HDA is to fill in empty squares
and higher-dimensional cubes (van Glabbeek 2006; Gaucher 2010; Goubault and
Mimram 2012; Kahl 2019). This approach requires some concept of independence in
order to decide which cubes to fill in. Such a concept of independence may be given by
an independence relation—i.e., an irreflexive and symmetric relation—on the alpha-
bet of action labels. Independence relations play a fundamental role in trace theory
in the sense of Mazurkiewicz (1987). Asynchronous transition systems (Winskel and
Nielsen 1995) are an important example of transition systems that come equipped with
an independence relation on the set of labels.

HDAs constructed from transition systems using a cube filling procedure based on
a symmetric concept of independence, such as an independence relation on the set
of labels, are usually very large because an empty n-cube representing the execution
of n independent actions is filled in n! times. From a computational point of view,
it is therefore desirable to have a way to produce smaller HDA models of transition
systems. It has been shown in Kahl (2019) that using a cube filling rule based on an
asymmetric rather than an independence relation on the alphabet, one can construct
an HDA model of a transition system where the independence of n actions in a state
is represented by a single n-cube (at least if the transition system under consideration
is deterministic). It is, of course, not to be expected that two HDAs constructed using
different filling rules from the same transition system will be equivalent in a meaningful
sense.

Every independence relation on an alphabet is the symmetric closure of an acyclic
relation, i.e., a relation that is acyclic when seen as a graph (see Sect.4). The purpose
of this paper is to establish that the HDAs constructed from a transition system using
cube filling rules based, respectively, on an independence relation on the alphabet
and a generating acyclic relation have the same homology language. The two HDAs
may therefore be regarded as equivalent from the point of view of their independence
structures. As we will show in Sect.5, the HDA constructed using the independence
relation is the free symmetric HDA generated by the one constructed using the acyclic
relation. The latter is thus a significantly smaller HDA model of the given transition
system than the former.
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On the homology language of HDA models of transition systems

2 Precubical sets and HDAs

This section presents fundamental material on precubical sets, higher-dimensional
automata, and their symmetric variants.

2.1 Precubical sets
A precubical set is a graded set P = (P,),>0 with face maps
d*: P, — Py n>0,k=0,1,i=1,...,n)
satisfying the cubical identities
dfd; =d'_df (k,1=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. The ith starting edge of a cube x of
degree n > 0 is the edge

eix =dY...d)dd,, .. .d>x.

A precubical subset of a precubical set is a graded subset that is stable under the
face maps. The n-skeleton of a precubical set P is the precubical subset P, defined
by (P<p)m = Py form < n and P, = @ else.

A morphism of precubical sets is a morphism of graded sets that is compatible with
the face maps. The category of precubical sets can be seen as the presheaf category of
functors [(1°P — Set where [ 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 coface maps Sf‘: [0, 11" — [0, 11! (k € {0, 1},
n>0,ie{l,....,n+ 1})givenby8{-‘(u1,...,un) =Wy, ..., uji—1, k, uj ..., uy).

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

Pl=|]]Px101"|/~
n>0

where the sets P, are given the discrete topology and the equivalence relation is
generated by

(dfx,u) ~ (x,8f@)), x € Py, uel0,11", i e{l,....n+1}, ke {0,1}.

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

The family of symmetric groups S = (S,),>0 (with So = {idp}) is a precubical set
with respect to the face maps given by

0()), j <07, 0()) <i,
o) —1,  j<07'0), 0(j) >,
oG+, j=07'0), 0+ <i,
0G+D—1,j>60710), 0+ 1) >i

d*o(j) =

(see Kahl (2022) and compare Krasauskas (1987), and Fiedorowicz and Loday (1991)).
Since, by definition, dl.09 = d}@, we may simplify the notation by setting

di6 =d’0 = d'e.

Since S; = {id}, the two elements of S, have the same faces. In degrees > 3,
permutations are determined by their faces:

Proposition 2.1 Letn > 3,andleto, 0 € S, suchthatdioc = d;0 foralli € {1, ..., n}.
Theno = 6.

Proof 1t follows from Kahl (2022, Lemma 3.3) that it is enough to show that there
exists an r such that o (r) = 6(r). Suppose that this is not the case. Set i = ol (n)
and j = O_I(n). Then i, j < n.Indeed, suppose thati = n. Thenfor 1 <r <n —1,
d,o(r) = o(r) because r < n = o' (n), o(r) < n,and o(r) # o(n) = n. Since
0(r) # o(r)and O(r),0(r +1) < n,wehaver > 60~ (n),0(r + 1) < n, and

o(r)=d,o(r)=d,0(0r) =0 +1).

In particular, j = #~'(n) < 1. Hence j = 1 and 6(1) = n. Set s = o~!(1). Since
o(s) #o(n),s <n.Since O(s +1) = o(s) = 1,071 (1) = s + 1. Since the values
of o are > 1, we have

o —-1,1<07'(1) =35,
dio(l) = {0(2) —1,1=s.
Since n > 2, we have o (1), 6(2) # o(n) = n and therefore djo (1) < n — 2. On the
otherhand, 1 <s+1=6""(1) and 6(1) = n > 1 and therefore

n—2>do(l)=di6(1)=06(1)—1=n—-1,

which is impossible. It follows that i < n. An analogous argument shows that j < n.

Hencel <i,j <n—1.Weshowthati < j.Sincei >i = a‘l(n),a(i+l) <n,
ando(i+ 1) #0() =n,wehaved,o(i) =o( + 1). Hence d,0(i) = o (@ + 1) #
0@ + 1). Since 0(i + 1) < n, it follows that i < j. Analogously, j < i. Since this is
impossible, there must exist an r such that o (r) = 6(r). O
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On the homology language of HDA models of transition systems

For later use, we state the following fact from Kahl (2022):

Proposition 2.2 (Kahl 2022, Prop. 3.6(1)) Let P be a precubical set, and let n > 2,
1<i<j<nkle{01},xe P, andb € S,. Then

k / _ gl k
day 5,0 % (iy® = Daypy0i-n%00) %
2.3 Symmetric precubical sets

A symmetric precubical set is a precubical set P equipped with a crossed action of S
on P, i.e., a morphism of graded sets S x P — P, (6, x) +> 6 - x such that

e foralln >0andx € P,, id - x = x;
e foralln >0,0,0 € S,,andx € P, (0 -0)-x =0 - (0 -x);
o foralln>1,0 € Sy, x € Py,i €{l,...,n},and k € {0, 1},
k k
d; (0 -x)=d;6 ~d9_1(l.)x.
Symmetric precubical sets form a category, in which the morphisms are morphisms
of precubical sets that are compatible with the crossed actions. We remark that the
category of symmetric precubical sets is isomorphic to the presheaf category SetDSp
where [ is the subcategory of the category of topological spaces whose objects are

the standard n-cubes [0, 1]" (n > 0) and whose morphisms are composites of the
coface maps (Sl’.‘ defined above and the permutation maps

t9: [0, 11" — [0, 11", (u1, ..., un) = (uoq1y ..., uom)) @M >0,60¢€S,)

(cf. Grandis and Mauri (2003); Fahrenberg (2005); Gaucher (2010); Goubault and
Mimram (2012)).

The free symmetric precubical set generated by a precubical set P is the symmetric
precubical set S P defined by

e SP,=S,x P, (n>0);
o df(0.x) = (dif.dy ;) (1 =1,0 €Sy x € Po 1 <i<nke{0 1))
oo -0, x)=(0-0,x)y(n>0,0,0€S5,,x¢cPy).

The free symmetric precubical set is functorial, and the functor P — SP from the
category of precubical sets to the category of symmetric precubical sets is left adjoint
to the forgetful functor.

2.4 Higher-dimensional automata

Throughout this paper, we consider a fixed alphabet X. A higher-dimensional
automaton (HDA) over X is a tuple

Q= (P,1,F, N
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where P is a precubical set, 1 € Py is a vertex, called the initial state, F C Py is a
(possibly empty) set of final states, and A: P; — X is a map, called the labeling
function, such that A(d?x) = A(d}x) for all x € P, andi € {1,2} (van Glabbeek
2006). We say thatan HDA Q' = (P’, i/, F', /) is asub-HDA of Q and write Q' C Q
if P’ is a precubical subset of P,1" =1, F' = FN Q(,and A" = )»|Q/l . The n-skeleton
of Q is the sub-HDA O, = (P<p,1, F, A|(p.,),). Higher-dimensional automata
form a category, in which a morphism from an HDA Q = (P, 1, F, A) to an HDA
Q' = (P',1/, F’, )) is amorphism of precubical sets f: P — P’suchthat f(1) =1/,
f(F) C F',and A'(f(x)) = A(x) forall x € Py.

A symmetric HDA is an HDA Q = (P, 1, F, A) equipped with a crossed action
of § on P. Symmetric HDAs form a category, in which the morphisms are mor-
phisms of HDAs that also are morphisms of symmetric precubical sets. The free
symmetric HDA generated by an HDA Q = (P,1, F, 1) is the symmetric HDA
SQ = (SP, (id,1), So x F, u) where u(id, x) = A(x) (x € Pp) and the crossed
action is the one of S P. The assignment Q +— SQ defines a functor from the category
of HDAs to the category of symmetric HDAs, which is left adjoint to the forgetful
functor.

3 The homology language and free symmetric HDAs

In this section, we recall the definition of the homology language of an HDA from
Kahl (2021) and show, as a first contribution of this paper, that an HDA and the free
symmetric HDA generated by it have the same homology language. We work over a
fixed principal ideal domain, which we suppress from the notation.

3.1 Cubical chains and cubical homology

The cubical chain complex of a precubical set P is the nonnegative 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

n
dx =Y (~D'dx —d!x), xeP, (n>0).
i=1

The cubical homology of P, denoted by H,(P), is the homology of C,(P).

3.2 The homology language of an HDA

Let @ = (P,t, F, 1) be an HDA over X. Consider the exterior algebra on the free
module generated by X, A(XZ). Recall that this is the quotient of the tensor algebra
on the free module on X by the two-sided ideal generated by all elements of the form
x ® x where x runs through the free module on ¥ (see Bourbaki (1974) for more
details). The exterior algebra A(X) is canonically graded by the exterior powers of
the free module generated by X. We view the graded module A (X)) as a chain complex

@ Springer



On the homology language of HDA models of transition systems

with d = 0 and define the labeling chain map
[: Cx(P) —> A(X)
on basis elements x € P, by

| 1acm, n=0,
() = {A(elx) A AA(epx), n > 0.

By Kahl (2018, Prop. 4.4.5), the labeling chain map is indeed a chain map, and therefore
it induces a labeling homomorphism in homology:

Lt Hi(P) — Hi(A(X)) = A(X)
The homology language of Q is then defined to be the graded module
HL(Q) = iml, = {li(e) | € Hi(P)}.

The term reflects an analogy with the ordinary language of an automaton, which is a
set of labels of paths. Some fundamental properties of the homology language have
been established in Kahl (2021).

3.3 Simple cubical dimaps

A simple cubical dimap from a precubical set P to a precubical set P’ is a continuous
map f: |P| — |P’| such that for all » > 0 and x € P,, there exist elements y € P,
and 6 € S, such that for all u € [0, 1]7,

fx,ul) =1y, ta(u)].

By Kahl (2018, Prop. 6.2.4), y and 6 are uniquely determined by f and x. We may
therefore slightly abuse notation and write f (x) to denote y. Obviously, the geometric
realization of a morphism of precubical sets is a simple cubical dimap. In Kahl (2018),
a more general concept of cubical dimap has been defined, hence the adjective simple.

A simple cubical dimap from an HDA Q = (P,:, F, ) to an HDA Q' =
(P’,1/, F', })) is a simple cubical dimap of precubical sets f: P — P’ that pre-
serves the initial and the final states and that satisfies A'( f (x)) = A(x) forall x € Pj.
Our interest in simple cubical dimaps is motivated by the following fact:

Proposition 3.1 (Kahl 2021, Prop. 5.7.2) Let Q and Q' be HDAs such that there exists
a simple cubical dimap Q — Q'. Then HL(Q) € HL(Q)).

@ Springer



T.Kahl

3.4 The homology language of a free symmetric HDA

Let Q = (P, 1, F, A) be an HDA. Since there exists the morphism of HDAs Q — SQ,
x + (id, x), by Proposition 3.1, HL(Q) € HL(SQ). We show in Theorem 3.3 below
that actually equality holds.

Lemma3.2 LetO € S, (n>1),andleti € {1,...,n}andk € {0, 1}. Then

851 oty =19 08K [0, 11" — [0, 1]".

k
6-13)
Proof Let (ui, ..., un—1) € [0, 17"~!. We have
8;"{(“17"'51'{}’!71):(ula-"7ul’715k7ul‘""unfl)'
For j € {1,...,n}, set
uj, 1=<j<i,
v =3k, j=1i,

uj—1,i < j=n.

Then we have

tg o 8K(ur, ... uym1) = to(v1, ..., Vy)
= (Vo(1)» - - - » Vo(n))
= (Wa(1)s -+ Voot i)— 1) Ks Vo(o-1(1y+1)> - - » Vo))
k
= 89,1(1.)(129(1), ey v9(9_](i)71)7 Ug(g—](i)+1), P U@(n))-
We have
55710) otggUi, ... up—1) = 5571(1-)(%9(1), o UdiB(n—1))-
Since for j € {1,...,n — 1},
Ug(j)s j <67\, 00) <i,
waoy = { 10O j<67'0), 03)) > i, _ {vg(j), ji<67'0),
0y ug(j+n.  J =071, 0+ 1) <, V(i1 J = 0710,

Ug(j+1)—1, J =071, 0+ 1) > i

the result follows. O
Theorem3.3 HL(Q) = HL(SQ).
Proof We only have to show the inclusion HL(SQ) € HL(Q). By Proposition 3.1, it
suffices to construct a simple cubical dimap SQ — Q. Consider the continuous map
f:|SP| — |P| defined by

FA®, x),ul) =[x, t9()] (0, x) € (SP)n, u € [0, 1]").
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This is well defined because, by Lemma 3.2, for (6,x) € (SP),, u € [0, 1],
ie{l,...,n},and k € {0, 1},

[x, 79 0 8 )] = [x, 851 ;) © tar0 ()] = [dy_ %, 116 ()]

By construction, f is a simple cubical dimap of precubical sets. We have f (6, x) = x
for all (6, x) € SP. Hence f preserves the initial and the final states. Moreover, for
every edge x € P, A(f(id, x)) = A(x). It follows that f is a simple cubical dimap
of HDAs. m|

4 HDA models of transition systems

The purpose of this section is to define HDA models of transition systems. An HDA
model can be constructed with respect to an arbitrary relation on the alphabet of labels.
In this paper, we are interested in the case where this relation is an independence or
an acyclic relation. Except for the subsection on acyclic relations, the material of this
section is taken from Kahl (2019).

4.1 Transition systems and independence relations

A transition system is a 1-truncated extensional HDA, i.e., an HDA with no cubes
of dimension > 2 and no two edges with the same label and the same start and end
vertices. An independence relation is an irreflexive and symmetric relation on the
alphabet of action labels ¥. An independence relation equips the alphabet with a
notion of concurrency: two actions are independent if they may be executed sequen-
tially or simultaneously without any relevant difference. Independence relations play
a fundamental role in trace theory (Mazurkiewicz 1987, 1995). The results of this
paper apply, in particular, to asynchronous transition systems, which are transition
systems over an alphabet with an independence relation satisfying certain conditions
(see Winskel and Nielsen (1995)).

4.2 Acyclicrelations
A relation x on a set X is called acyclic if foralln > 1 and x1, ..., x, € X,
X1 X X2, X2 X X3, ..., Xp—1 X X = X, KX].
Note that an acyclic relation is irreflexive (n = 1) and, moreover, asymmetric (n = 2).

Proposition 4.1 Let I be an independence relation on X. Consider a totally ordered
set (Z,<)andamap f: X — Z such that

Ya,beX:alb= f(a) # f(b).
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Define a relation X C ¥ X X by
axb:salb, f(a) < fb).

Then x is acyclic and its symmetric closure is I.

Proof Let x|, ..., x, € X such that x| X x2, xo X X3, ..., X,—1 X Xx,. Then
fGx) < flx) <--- < fxn)

and therefore f(x1) < f(x,). If f(x,) £ f(x1), then x, Kkxi. If f(x,) < f(x1),
then f(x,) = f(x1). Therefore we do not have x, I x;. Hence x,, Axj in this case
too. Thus, x is acyclic.

Leta,b € X. Since < is a total order, we have f(a) < f(b) or f(b) < f(a).
Henceifa I b (<& b1 a),wehavea x borb x a.If, conversely,a x b or b X a, then
a I b by definition of x. Thus, I is the symmetric closure of x. O

Example 4.2 (i) Consider an independence relation / € ¥ x X, and let < be a total
order on X. Then an acyclic relation x whose symmetric closure is [ is given by

axb:&salb, a<b.

(ii) Let I be an independence relation on X, and let pid: ¥ — N be a function
associating with each label a process ID. If no two actions of the same process are
independent, an acyclic relation X whose symmetric closure is / is given by

axb:salb, pida) < pid(b).

4.3 HDA models

Let7 = (X, 1, F, A) be a transition system, and let R be a relation on X. The relation
R does not have to satisfy any condition. We say that an HDA Q = (Q, J, G, u) is an
HDA model of T with respect to R if the following conditions hold:

HM1 Q<1 =7,ie,Q0<1=X,j=1,G=F,and u = A.

HM2 Forall x € Q2, A(d9x) R A(d)x).

HM3 For all m > 2 and x,y € Qp, if d*x = d¥y forall r € {1,...,m} and
k € {0, 1}, thenx = y.

HM4 Q is maximal with respect to the properties HM1-HM3, i.e., Q is not a proper
sub-HDA of any HDA satisfying HM1-HM3.

Condition HM1 says that Q is built on top of 7 by filling in empty cubes. By condition
HM?2, an empty square may only be filled in if the labels of its edges are related.
Condition HM3 ensures that no empty cube is filled in twice in the same way. By
condition HM4, all admissible empty cubes are filled in.

It has been shown in Kahl (2019, Thm. 4.2, Cor. 4.5) that an HDA model of a
transition system with respect to a given relation always exists and that its isomorphism
class only depends on the isomorphism class of the transition system.
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For later use, we state two propositions from Kahl (2019). The first deals with the
filling of shells in the sense of Brown and Higgins (1981):

Proposition 4.3 (Kahl 2019, Prop. 4.3) Let 7 = (X, 1, F, A) be a transition system,
and let Q = (Q,1, F, )) be an HDA model of T with respect to a relation R on .
Consider an integer n > 2 and 2n (not necessarily distinct) elements xlk € Qn-1
k € {0,1},i € {L...,n})suchzhazdfx§ ==aj_1xfjbr¢d11 <i<j<nand
k,l € {0,1}. If n = 2, suppose also that A(x?) = A(xil)fori € {1,2} and that
)»(xg) R )»(x?). Then there exists a unique element x € Q,, such that dl.kx = xik forall
ie{l,....,n}andk € {0, 1}.

Proposition 4.4 (Kahl 2019, Prop. 4.7) Let T = (X, 1, F, A) be a transition system,
and let Q = (Q,1, F, \) be an HDA satisfying HM1 and HM?2 with respect to T and
a relation R on . Then A(e;x) RA(e;x) foralln > 2, x € Qy,and 1 <i < j <n.

5 The homology language of HDA models

Throughout this section, let 7 = (X, 1, F, 1) be a transition system, and let I be an
independence relation on ¥ that is the symmetric closure of an acyclic relation x.
Let furthermore A = (P,1, F, 1) and Q@ = (Q, 1, F, A) be HDA models of 7 with
respect to I and X, respectively. By the main result of this paper, Q is a much smaller
HDA model of 7 than A with the same homology language:

Theorem 5.1 A= SQ and HL(A) = HL(Q).

By Theorem 3.3, itis enough to prove that A = S Q. Since 7 and S7 are canonically
isomorphic transition systems, this is an immediate consequence of the fact that SQ is
an HDA model of S7 with respect to 7, which will be established in Proposition 5.6
below after a number of preparatory results. The labeling function of S7 and SQ will
be denoted by w. Recall that u is defined by u(id, x) = A(x).

Lemma5.2 Let B = (B, (id, 1), So x F, ) be an HDA satisfying HM 1 and HM2 with
respect to ST and I. Then for each b € B, (n > 2), there exists a unique permutation
Vp € Sy such that forall1 <i < j <n,

p(eg,iyb) X pleg,j)b).

Moreover, setting Uy = id for b € B<j, the map V: B — S is a morphism of
precubical sets.

Proof Let b € B, (n > 2). By Proposition 4.4, we have (e;b) I u(e;b) for all
1 <i < j <n.Since [ is irreflexive, it follows that the set

M = {u(eb)|i € {1,...,n})

has n elements. Moreover, since [ is the symmetric closure of x, we have u(e;b) x
wn(ejb) or u(ejb) x u(e;b) for all i # j. Since X is acyclic, this implies that it is
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transitive on M. Indeed, if w(e;b) x w(e;b) and w(e;jb) x pu(exb), then k # i and
ulerb) Ku(e;ib), which implies w(e;b) x u(exb). Hence x is a strict total order on
M. Since M has n elements, it follows that there exists a unique permutation 9, € S,
such that

m(es,i)b) x pleg,j)b)

foralll <i < j<n.

It remains to check that ¢+ is a morphism of precubical sets. Let b € B, (n > 1),
ief{l,...,n},and k € {0, 1}. If n < 2, then d; ¥y, = id = ¥ y,,. Suppose that n > 3.
We have [

e;d% — {ejb, l=j<i

ejy1b, i < j <n.
Since parallel edges of a cube have the same label (see, e.g., Kahl (2019, Lemma 4.6)),
we have p(e;jd!b) = u(ejd’b) forall j € {1,...,n — 1}. Hence for k € {0, 1},

gkpy M(e]b)v 1 S] <1,
wlejdib) = {M(€j+1b), i <j<n.

We therefore have

niew, (pdlb),  j <0, 9(j) <i,
ey, (j—1dlb),  j <0, @), 9p(j) > i,
e, j+1yd by, j = 0,10, %+ 1) <i,
eg,(j+1—1dD), j = 0,1 @), Op(j+1) > i

e, (yb), < 0,0,
nles,j+nb), j = 1‘/‘1,_1(1')-

wleda,j)di b) =

Letl<j<r<n—-1Ifj<r <19b_1(i),wehave
1(ed;0,(jydi b) = les, (jyb) % (e, ib) = pu(eq,p,(r)dib).
Ifj< z?b_l(i) < r, we have
11(ed;0,(HdiD) = p1len, (H) X plew,r+1)b) = p(ed 0, dL D).
If9, (i) < j < r, we have
11(ed;0,(1ydib) = pnlen,(j+1b) X p(ep,+1)b) = 11(eqv,r)dib).

Thus, ¥ &, = d; V. |
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Lemma5.3 Let B = (B, (id,1), So x F, u) be an HDA satisfying HM 1 and HM?2 with
respect to ST and 1. Then there exists a unique morphism of graded sets ¢: B — Q
such that ¢<1: B<i — Q< is the isomorphism given by (id, x) — x and such that
df¢(b) = ¢(d§b(i)b)forallb €B,(n>1),iefl,...,n},andk € {0, 1}.

Proof We construct ¢ inductively. Let n > 2, and suppose we have constructed ¢ up

todegree n — 1. Letb € B,,. Consider the elements y;‘ = ¢(d§b(l.)b) € On—1. Suppose

that 1 <i < j < n. By Lemma 5.2, ﬂdé b = dy,(j)Vp and ﬂd’; b = dy,i)Op.
vplJ Ip
Hence, by the inductive hypothesis and Proposition 2.2,

diy; = di¢(dy, ;\b) = (g, -y, 1)y, (yb)
= (g, oy (i-1di,iyb) = 510y, D)
= dj‘—] )’zk'
If n = 2, we also have
A = M@ ], ;b)) = n(df, ;b) = u(dy, ;)b) = A (dy, ;)b) = A(y})
for all i € {1, 2}. Moreover, by Lemma 5.2,

A(y9) = Mg, 2)b)) = p(dy, 5)b) = (e, 1)b)
% [ies,@b) = (1(dy, 1)b) = M@ (dy, 1)) = 1Y)
By Proposition 4.3, there exists a unique cube y € @, such that d{‘ y = yf‘ for all
ke{0,1}andi € {1,...,n}. We set ¢(b) = y. This defines ¢ in degree n. O
Lemma 5.4 SQ satisfies HM1 and HM?2 with respect to ST and 1.
Proof HM1: We have

(SQ)fl = ((SQ)fls (ldv l)a SO X Fv /'L) = (SQfls (id9l)v SO X F’ /’L)
= (SX, (id,1), So x F, ) = ST.

HM2: Let (8, x) € (SQ)2 = S» x Q5. Fori € (1,2},

n(di (60, ) = p(dif, dy -, ;x) = pid, dy-y ;%) = A(dg-1 ;%)
Thus if 6 = id,
u(d3 (0, x)) = A(d3x) = A(d{x) = pu(d) (@, x)).
If 6 is the transposition (2 1),
u(d (0, x)) = A(d3x) x A(dix) = p(d3 (6, x)).
In both cases, u(d3(6, x)) I j1(d2(8, x)). o
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Lemma5.5 In SQ, ¥ x) = 6 for all elements (0, x).

Proof Let (0, x) € (SQ),. We may suppose that n > 2. By Kahl (2022, Prop. 4.3),
ei(0,x) = (id, 69—1(i)x). Hence

wu(ei(0,x)) = pu(id, eg-1;x) = Aleg-13;)x)-
Thus, (egi) (@, x)) = A(e;x). By Proposition 4.4,
mlegiy(@,x)) = Aeix) X A(ejx) = uleq(;) (0, x))

forall 1 <i < j < n.Consequently, by Lemma 5.2, % ) = 0. O
Proposition 5.6 SQ is an HDA model of ST with respect to 1.

Proof By Lemma 5.4, we only have to show HM3 and HM4.

HM3: Let m > 2, and let (o, x), (8, y) € (SQ)m = Sm X QO such that df(a, X) =
d*@®, y) forallr € {1,...,m}andk € {0, 1}. Then (d, o, dc’j_l(r)x) = (d,0, dg_l(r)y)
for all » and k. If m > 3, this implies (o, x) = (8, y) by Proposition 2.1. In the case

m = 2, it is enough to show that o = 6. Suppose that this is not the case. Then we
may assume that o = id and 8 = (2 1). But then

AMd)y) = MdIx) x A(dx) = A(dYy),

which is impossible because x is asymmetric.

HM4: Suppose that B = (B, (id,1), Sy x F, ) is an HDA satisfying conditions
HM1-HM3 with respect to S7 and [ that contains SQ as a sub-HDA. We have to
show that B = SQ. Since SQ C B, the maps ¥: B — S and ¢: SQ — S coincide
on SQ.Let¢p: B — Q be the map of graded sets of Lemma 5.3. The corresponding
map for §Q is the map ¥ : SQ — Q given by ¥ (0, x) = x. Indeed, by Lemma 5.5,
diy (0. x) = dfx = Y(doiy8. dfx) = V(do). dy 5, %) = V(dg;)(0. %)) =
w(dg(g X)(l.)(e, x)). Since SQ C B, the restriction of ¢ to SQ is V.

By HMl, B<1 = (S§50)<1.Letm > 2, and suppose inductively that B, = (SQ) <.
Let b € B,,. By the inductive hypothesis, d{‘b € (SQ)m—1. Write dikb = (0,x). We
have

df (D, § (1)) = (@D, i BB)) = (B, (D)) = (2,5, (D))
= (P@.x), ¥(@,x)) =(0,x) = dl-kb.
By HM3, it follows that b = (3, ¢ (b)) € (SQ)m- O
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