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Abstract

The construction of the Conley index for dynamical systems with discrete time requires
an equivalence relation between morphisms induced on index pairs. It follows from the
features of the Szymczak functor that shift equivalence, whose equivalence classes are the
isomorphism classes in the Szymczak category, is the most general equivalence available. In
the case of dynamics modeled from data, the morphisms induced on index pairs are relations.
We present an algorithmizable classification of shift equivalence classes for the category of
finite sets with arbitrary relations as morphisms. The research is the first step towards the
construction of a Conley theory for relations.
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1 Introduction

In the 1970s Charles Conley [3] proposed a homotopical invariant of an isolated invariant
set, called after him the Conley index, which proved to be a very useful tool in the qualitative
study of flows. The construction of the Conley index is based on a technical concept of index
pair. For a given isolated invariant set there are many different index pairs, but they share
some common information. To extract the information some equivalence between index

B Mateusz Przybylski
Mateusz.Przybylski @uj.edu.pl

Marian Mrozek
Marian.Mrozek @uj.edu.pl

Jim Wiseman
jwiseman @agnesscott.edu
Division of Computational Mathematics, Faculty of Mathematics and Computer Science,

Jagiellonian University, St. Lojasiewicza 6, 30-348 Krakéw, Poland
2 Department of Mathematics, Agnes Scott College, Decatur, GA 30030, USA

Published online: 09 December 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10884-023-10332-9&domain=pdf

Journal of Dynamics and Differential Equations

pairs is needed. In Conley’s original construction the equivalence is a homotopy equivalence
constructed along the trajectories of the flow. In fact, the original Conley index, as pointed
out by Conley [3, Sect. 5.3], is a connected simple system, that is, a small category with
exactly one morphism between any two objects. This feature of the index leads to the study
of functoriality in the Conley theory [13, 16].

In the case of dynamical systems with discrete time, homotopies along trajectories do not
make sense. Therefore, a different equivalence is needed to define the Conley index. In 1988
Robin and Salamon [23] noticed that the index map associated with every index pair contains
information helpful in overcoming the lack of homotopies and used shape theory to extract
information independent of the choice of index pair. In [20], in an algebraic setting of graded
modules, the Leray reduction of the index map was used to construct the Conley index and
in [21] a functorial framework for such a construction was proposed. But, it was Andrzej
Szymczak [26] who indicated in 1995 that all these functorial constructions factorize through
a functor from End (&), the category of endomorphism over an arbitrary category &, to its
Szymczak category SZYM(E).

In 2000 Franks and Richeson [6] observed that the isomorphism classes in the Szymczak
category are equivalence classes of shift equivalence, a concept introduced in the study of
dynamical systems by Williams [29] in 1970.

Proposition ( [6, Proposition 8.1]) Suppose that (X, f), (X', f') € End(€). Then (X, f)
and (X', f') are isomorphic in the Szymczak category if and only if they are shift equivalent.

This observation provides a conceptually simpler definition of the Conley index. The
advantage of the definition based on the Szymczak functor, formally equivalent to Franks
and Richeson definition, is its functoriality. Functoriality, in particular, is needed to prove that
the Conley index is a connected simple system also in the case of dynamical systems with
discrete time [10]. Also, the definition based on the Szymczak functor better explains the
generality of the approach. This is because the Szymczak functor is an instance of a general
construction in category theory known as localization or calculus of fractions [7]. Roughly
speaking, localization is a universal functor which sends a certain family of morphisms
to isomorphisms. The Szymczak functor localizes endomorphisms in End(€) by sending
them into isomorphisms in SZYM(E). The universality implies that any other functor used to
construct the Conley index factorizes through the Szymczak functor.

The universality ensures generality but it does not guarantee computability. In particular,
although the Szymczak functor provides the most general form of the Conley index, index
constructions based on some other functors like the shape functor, the inverse/direct limit
functor or the Leray functor are often more convenient in practice. As one may expect, the
same problem is visible in the shift equivalence formulation. Although the definition of shift
equivalence is elementary, it does not tell us how to decide in practice whether the shift
equivalence classes of two endomorphisms are the same or different. The challenges related
to shift equivalence in the context of the computation of the homological Conley index of
a discrete dynamical system generated by a continuous map are discussed in a recent paper
by Mischaikow and Weibel [17]. In particular, they point out that the problem is decidable
for the category of finitely generated abelian groups and efficiently algorithmizable for the
category of finite-dimensional vector spaces.

In the rigorous algorithmic computations of the Conley index [2, 22, 27] there is an addi-
tional challenge. Such computations, based on interval arithmetic [19], lead to multivalued
dynamical systems and, in consequence, to categories whose morphisms are not maps but
relations. The same happens in the study of sampled dynamical systems constructed directly
from data and acting on finite topological spaces [4, 5]. So far, the only method to deal with
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multivalued maps in the context of the Szymczak functor and shift equivalence is to assume
that they have acyclic values, because such maps induce single-valued maps in homology.
Acyclicity may be achieved by enlarging the values. Unfortunately, this is often at the expense
of possible overestimation resulting in no interesting outcome. Although the acyclity condi-
tion may be slightly relaxed [8], it is natural to ask what may be achieved in terms of shift
equivalence and the Szymczak category when the class of morphisms is enhanced by allow-
ing for multivalued maps or relations. Such an enhancement is still a category, therefore,
shift equivalence and the Szymczak functor are well defined. But, are they nontrivial? If so,
is it possible to algorithmically differentiate between shift equivalence classes? In the study
of the homological Conley index for multivalued dynamics the category of linear or additive
binary relations [15, Chapter II, Sect. 6] is of particular interest.

In this paper we take a look at the category SET; of finite sets and maps, RELf of finite
sets and relations, and LRELy of finite-dimensional vector spaces over a fixed finite field and
linear relations. We show that the Szymczak functor and shift equivalence for these categories
are nontrivial. We do so by providing a computable invariant for shift equivalence classes
in SETf and REL;. We consider this paper as a stimulating first step toward a Conley index
theory for multivalued dynamics without the restrictive acyclicity condition.

The organization of the paper is as follows. In Sect.2 we review the main ideas and
results of the paper. In Sect.3 we recall the Szymczak construction. In Sect.4 we present a
description of shift equivalence classes in the SETy category. Preliminary results on REL; are
presented in Sect.5. In Sect.6 we analyze some relations induced by an arbitrary relation.
We introduce the canonical form and present the main results in Sect.7. Finally, in Sect. 8
we propose an invariant of shift equivalence class for REL¢, classifying graphs, and make a
comment about its applications to LREL; in Sect. 9.

2 Main Results

As we pointed out in the introduction, rigorous numerical computations in dynamics are
based on interval arithmetic. This means, in particular, that a map f : X — X may only be
estimated in the form of a multivalued map F : X — X such that f(x) € F(x) forx € X.
Formally speaking, a multivalued map F is a binary relation F € X x X. Under suitable
assumptions one can use F' to compute f, the map induced by f in homology. For this end
one takes the projections

p:F—> X, (x,y)~ x, qg: F—> X, (x,y) — y.

If the preimages of p are acyclic, thatisif F'(x) is acyclic for x € X, then p, is anisomorphism
by the Vietoris—Begle Theorem [28] and one can prove [18] that fi = g4« p; '. In the context
of computational Conley theory this is the way one obtains the homological index map whose
shift equivalence class is the Conley index. If p is not acyclic, then p, cannot be inverted as a
homomorphism. However, since every map is a special case of a relation, the homomorphism
P+« may be inverted and composed with ¢, as a relation. Hence, under the assumption that
the homology of X is finitely generated and taken with coefficients in a finite field, the pair
(H«(X), g+ Dy 1) becomes an object in the category RELs consisting of finite sets as objects
and binary relations as morphisms (arrows) (see Sect.5). Therefore, we may consider the
shift equivalence class of (Hy(X), g«p; ') in REL¢. To make such an approach useful, we
need to know that shift equivalence in RELy is not trivial.
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Table 1 Number of different

Card X No. of object No. of Szy™m cl
objects in SZYM(REL¢) and ar O- 0 opjeets o0 casses
different shift equivalence classes - | 2
in RELy¢ for sets of cardinality not ~ —
exceedingn =1,2,3,4,5 <2 16

<3 512 14

<4 65,536 48

<5 33,554,432 192

Fig.1 Canonical objects in
SZYM(REL¢) of cardinality one i ol 20
and two. Relations which are

maps are canonical objects in
SZYM(SET¢)

e OO

We first take a look at a simpler case of category, SET¢, consisting of finite sets as objects
and maps as morphisms. It turns out that for the characterization of shift equivalences classes
it is enough to consider the ordered sequence of periods of disjoint orbits of a map, that is a
non-decreasing, finite sequence p; < py < --- < px in Ny, where p; is a period of one orbit
of a map (see Sect.4).

Theorem 1 (see Theorem 7) Two objects of End(SET¢) are in the same shift equivalence
class if and only if their sequences of periods are the same.

In order to characterize shift equivalence classes in REL; we need a definition in which
it is convenient to interpret an object (X, R) in End(RELf) as a directed graph with X as
the set of vertices and R as the set of edges. We say that such an object is canonical (see
Definition 5 for the details) if each vertex in X belongs to a closed path, for each strongly
connected component U C X (that is, a maximal subset of X such that whenever x, y € U
then y € R"(x) and x € R™(y) for some n, m € Ny) the restriction Ry := RNU x U is
a bijection Ry : U — U, and R has periodic powers, that is, there exists a p > 1 such that
RPTL = R.

The following two theorems constitute the main theoretical results of the paper. We prove
them in Sect.7.

Theorem 2 (see Theorem 12) Every object in End(RELy) is isomorphic in SZYM(RELf) to a
canonical object.

Theorem 3 (see Theorem 13) Two canonical objects are isomorphic in SZYM(RELy) if and
only if they are isomorphic in End(REL¢).

Theorem 2 shows that each shift equivalence class in REL¢ admits a canonical represen-
tative. Since the proof is constructive, the representative may be computed algorithmically.
Thus, the classification problem in SZYM(RELy) is reduced to the classical classification of
graphs. This lets us compute all canonical representatives of shift equivalence classes in REL¢
for sets of cardinality not exceeding five. The number of different shift equivalence classes
is presented in Table 1. The four canonical objects of cardinality one and two are presented
in Fig. 1. The canonical objects of cardinality three are presented in Figs.2 and 3. Note that
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Fig. 2 Canonical objects in SZYM(RELf) of cardinality three with three strongly connected components.
Relations which are maps are canonical objects in SZYM(SETy)
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Fig.3 Canonical objects in SZYM(REL¢) of cardinality three with less than three strongly connected compo-
nents. Relations which are maps are canonical objects in SZYM(SETf)

there is also a class of the empty relation. Moreover, the relations from Figs. 1,2 and 3 which
are also maps are canonical objects in SZYM(SETy).

One can interpret relations on finite sets as Boolean matrices. Then (X, R) and (Y, S)
are isomorphic in SZYM(RELy) if and only if R and § are shift equivalent as Boolean matri-
ces. With some work, one can show that the linear algebraic result Proposition 3.5 from
[12] (proven in [11]) is equivalent to part of Theorem 2 on canonical objects (the fact that
any relation is isomorphic to a canonical form, though not the interpretation of that form).
The application in [11, 12] is to the classification of shifts of finite type, so there may be
applications of Theorem 2 in that setting as well.

Notice that the lack of acyclicity of fibers of p means that p; ! is a linear relation, and
the composition g p; 1'is also a linear relation (see Sect.9 for the details). Therefore, we are
interested in understanding shift equivalence classes in LREL¢. Note that there is a forgetful
functor from LREL¢ to RELf category. Thus, we may use the classification of SZYM(REL¢) to
distinguish in some cases between different shift equivalence classes of LRELg. Example 3
shows how to use the classifying graph, an invariant proposed in Sect. 8, to recognize linear
relations from different shift equivalence classes of LRELf. The example implies that the
Szymczak functor and shift equivalence for this category are also nontrivial.

3 The Szymczak Functor

Let £ be a category. Recall that a morphism ¢ : E — E’ is an isomorphism in & if there
exists a morphism ¢ : £’ — E such that ¥ o ¢ = idg and ¢ o ¥ = idgs. Then v is also
an isomorphism. It is uniquely determined by ¢ and called the inverse morphism of ¢. We
denote it 9~ !. We recall that an endomorphism in £ is a morphism of the form ¢ : £ — E,
that is, a morphism whose source object is the same as the target object. An automorphism
is an endomorphism which is also an isomorphism.

Let E and F be two objects of £ and lete : E — E, f : F — F be morphisms in
E. We say that e and f are conjugate if there exists an isomorphism ¢ : E — F such that
poe= fog.

@ Springer



Journal of Dynamics and Differential Equations

Proposition 1 Assume the diagram

E—~E

|
¢ @
S
F—F
of morphisms in E is commutative. If e and f are isomorphisms, then so are ¢ and . In
particular, the isomorphisms e and f are conjugate.

Proof Set¢' := poe!. Theny o¢’ =idg. From fop =goewegetgpoe ! = f~logp.
Therefore, o' oy = poe loy = flopoy = f~'o f = idp. This proves that
Y is an isomorphism. It follows that ¢ = ¥ ! o e is an isomorphism as a composition of
isomorphisms. O

We define the category of endomorphisms of £, denoted by End(E), as follows: the objects
of End(€) are pairs (E, e), where E € £ande € £(E, E) is anendomorphism of E. The set of
morphisms from (E, e) € End(€) to (F, f) € End(E) is the subset of £(E, F) consisting of
exactly those morphisms ¢ € E(E, F) for which f¢o = pe. We write ¢ : (E,e) — (F, f)
to denote that ¢ is a morphism from (E, e) to (F, f) in End(E). Note that, in particular,
e: (E,e) — (E,e)is an endomorphism in End(€).

Let C be another category and let L : End(£) — C be a functor. We say that L is normal
if L(e): L(E,e) — L(E,e) (thatis, L applied to e: (E,e) — (E, e)) is an isomorphism
in C for any endomorphism e : E — E in £. We have the following theorem.

Theorem4 Assume L : End(E) — C is a normal functor and ¢ : (E,e) — (F, f),
v o (F, f) > (E,e) are such that e = @y, f = Y. Then we have the commutative
diagram

L(e)
L(E,e) — L(E,e)

L)
L(w)l V lL(w)

LF. ) 2 L, g

in C, in which all morphisms are isomorphisms.
Proof The theorem is an immediate consequence of Proposition 1. O

We denote by Ng = N U {0} the set of whole numbers and N or, alternatively, N the set
of natural numbers.

With every category £ one can associate its Szymczak category SZYM(E) defined as
follows. The objects of SZYM(E) are the objects of End(£). Given objects (E, e) and (F, f)
in SZYM(&) we consider the equivalence relation in End(€) ((E, e), (F, f)) x Ng defined by

(p.m) = (¢, m"
for (¢, m), (¢’, m") € End(E)((E, e), (F, f)) x Ny if and only if there exists a k € Ny such
that
¢oem’+k :go’oe"”k, (€))
or equivalently

fm/+k o= fm+k Ogﬂ/.
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We define the set of morphisms SZYM(E)((E, e), (F, f)) as the collection of equivalence
classes of the relation =. Given morphisms [¢, m] : (E, e) — (F, f)and[p, m'] : (F, f) —
(G, g) we define their composition by

o', m' o, m):=[¢ o, m+m']

One easily verifies that the composition is well defined and [id g, 0] is the identity morphism
on (E, e). Thus, SZyM(€) is indeed a category.

There is a functor SZYM: End(€) — SzyM(E) which fixes objects and sends a morphism
¢: (E,e) — (F, f) to the equivalence class [¢, 0]. We call it the Szymczak functor. In gen-
eral, it may happen that SZYM(p) = SZYM(¢') even if ¢ # ¢’'. Nevertheless it is convenient
to write just ¢ to denote SZYM(¢p) whenever it is clear from the context in which category
we work. One easily verifies that every morphism e: (E,e) — (E, e) in SZYM(E) has an
inverse given by

e = [idg, 1].
Indeed, we have
coe=le,0]o[idg, 1] =[e, 1] = [idg. 0] = id(z.¢)

which shows that e is an inverse of e. We can also write the abstract morphism [¢, n] in terms
of e as

lp.nl=l¢,0]clidg, 1]" =g oe". (@)

Thus, SzyM(e) is invertible in SZyYM(E). Therefore, SZYM is a normal functor. Actually,
this is the most general normal functor in the following sense.

Theorem 5 [26, Theorem 6.1] For every normal functor L : End(E) — C there exists a
unique functor L' : SZYM(E) — C such that the diagram

End(€) —L» ¢

SzYM l /

SzyM(€)
commutes.

The construction of the Szymczak category and the Szymczak functor is due to Szymczak
[26].

We say that two objects (E, ) and (E’, ¢’) of End(£) are conjugate if e and ¢’ are conjugate
iné&.

Proposition 2 Assume (E, e) and (E', €') are conjugate objects of End(E). Then (E, e) and
(E', €') are isomorphic in SZYM(E).

Proof Let ¢ : E — E’ be an isomorphism in £ such that ¢ o ¢ = ¢’ o ¢ and let ¢ := ¢~

Then [, 0] o [¢, 0] = [idg, 0] and [¢, O] o [y, 0] = [idgr, O], which proves that (E, e) and
(E', ') are isomorphic in SZYM(E). O

It is not difficult to give examples showing that the converse of Proposition 2 is not true.
However, it is true in the category Aut(&) defined as the full subcategory of End(£) whose
objects are objects (E, e) of End(€) such that e is an isomorphism in £. Indeed, we have the
following proposition.

@ Springer



Journal of Dynamics and Differential Equations

Proposition 3 Assume (E,e) and (F, f) are objects in Aut(E). If SZYM(E,e) =
SzZYM(F, f), then (E, e) and (F, f) are conjugate.

Proof Since SZYM(E, ¢) = SzYM(F, f), we may find morphisms ¢ : (E, e) — (F, f) and
¥ (F, f) = (E, e)as well as constants nn, n’ € Ny such that [¢, n]o[¥, n'] = [idr, 0] and
[, n'Jol@, n] = [idg, O]. This means that there existk, k' € Ny such that ¥ ogoek = ektn+n’
and po o fK = fK+1+1" Since e and f are isomorphisms, the equalities may be reduced
toyop =" and oy = f7 Since both ¢" ™ and f""" are isomorphisms, the
conclusion follows now immediately from Proposition 1. O

The Szymczak category can be seen as a localization of the End(€) category with respect
to the class of morphisms e € End(E)((E, e), (E, e)) (see [7]).

As we mentioned in the introduction and following [6, Proposition 8.1], objects are iso-
morphic in the Szymczak category for some category £ if and only if they are shift equivalent
in £. We implicitly use that fact.

The Szymczak category and the Szymczak functor are very general concepts, defined for
any category. However, in practical terms it is not obvious how to compute the Szymczak cat-
egory and Szymczak functor for concrete categories and how to determine shift equivalence
classes of the categories. In the next section we do it for the category of finite sets.

4 The Szymczak Functor and Shift Equivalence in SET¢

Let SET; denote the category of finite sets with maps as morphisms. Given an object (X, f)
in End(SETf) and x € X we say that the set {f"(x) | n € Ny} is the orbit of x with
(x, f(x), fz(x), f3 (x), ...), the associated orbit sequence.

We say that an x € X is a periodic point of f if there exists a k € Nj such that
f¥(x) = x. We then say that k is a period of x and x is k-periodic. In that case, the orbit is
{x, f(x), ..., f5(x)} and it is called a periodic orbit. We denote the set of periodic points
of f by Per f.

The following proposition is straightforward.

Proposition4 Given f: X — X an endomorphism on a finite set X, the following are
equivalent:
(i) f is injective,
(1) f is surjective,
(iii) f is bijective and so is an automorphism of X,
(iv) f is a permutation of X and so X is a union of disjoint periodic orbits of f,
(v) every point of X is a periodic point of f.

O
A subset A of X is invariant for f: X — X when f(A) C A. In that case, the restriction
fla: A — A is an endomorphism of A. Notice that each periodic orbit is an invariant set
and, in particular f(Per f) = Per f.
Let (X, f) be a fixed object of End(SETy).

Proposition5 Let x € X. Then there exist unique k € Ny, p € Np such that
X, f(x), ..., kar”’l (x) are distinct points of X and fkﬂ’(x) = fk(x). Moreover, k+ p <
card X and for every n > k the element f"(x) is in the orbit of the periodic point f*(x) and
so is a periodic point with minimal period p.

@ Springer



Journal of Dynamics and Differential Equations

Proof Since X is finite, the orbit sequence must contain repeats. The first and the second
occurrence of the first repeat in the orbit sequence are f k(x) and f k+P(x). These determine
k and p. Since k + p elements of the orbit sequence are distinct, k + p < card X.

The second part of the proposition is an easy consequence of the fact f¥7(x) = f*¥(x).0

Corollary 1 Let p be the least common multiple of the minimal periods of the periodic points
of f, and let p' be the smallest multiple of p such that p’ > card X. Then

/ U
Fr = £P foralln € Ny, (3)
and, in particular
fp/ ° fp/ — fp/.
oreover, the endomorphism ¥ on X restricts to define a retraction f: X — Per f.
M the end h P

Proof By definition, p is a period for every periodic point of f. Because p’ > card X, it
follows from Proposition 5 that f” (x) € Per f for all x € X. Hence,

PP () = f7P(FP () = £P ().

Since p’ is a multiple of p, we have, in particular, f P f P = f " and it follows that if
x € Per f, then f7 (x) = x. Thus, f? defines a retraction from X onto Per f. O

Proposition 6 Assume (X, f) is an object of End(SETy). Let t: Per f — X denote the
inclusion map and let p" and f: X — Per f be defined as in Corollary 1. Then,

[e, 01: (Per f, fiper ) = (X, )
and
LF, P'1: (X, f) = Per [, fiper )
are mutually inverse isomorphisms in SZYM(SETs).
Proof The equality f=fr =idyof? implies that
[t.01o [f. p'l =/, p'] = [idx, O].
By Corollary 1, the map f is a retraction. Thus, f| Per f = idper £, Which implies
[fiper 7+ P = lidper 7, 0],
This proves that [¢, O] and [ f , p'] are mutually inverse isomorphisms in SZYM(SETy). ]
Proposition 4 lets us define a functor
PER : End(SETf) — Aut(SETy)

as follows. For an object (X, f) in End(SETf) we set PER(X, f) := (Per f, fjper r). Given
amorphism ¢ : (X, f) — (X', f') we define PER(¢) as the map PER(¢): Per f — Per f/,
x — @(x). Note that this map is well defined, because x € Per f implies that there exists
k € Nj such that f’k (p(x)) = <p(fk (x)) = @(x). One easily verifies that PER is indeed a
functor. Moreover, it is a normal functor, because PER( f), as a bijection, is an isomorphism
in Aut(SETy).

Let PER": SZYM(SET;) — Aut(SETy) be the functor associated to PER by Theorem 5. In
particular, we have

PER’ 0 SZYM = PER. 4)
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Theorem 6 The functor PER' is an equivalence.

Proof We need to show that PER’ is an injective and a surjective functor. To this end assume
[p,n] : SzyM(X, f) — Szym(X’, /) and [, m] : SzymM(X, ) — Szym(X', f/) are
morphisms in SZYM(SETy) such that

PER([¢, n]) = PER'([y, m]).

Rewriting this formula using the functoriality of PER’, (2), (4) and multiplying on the right
by PER'(f)™ " we obtain

PER'(¢ o f") = PER'(Y o f™),
PER'(¢) o PER'(f)" = PER'(¥) o PER'(f)™,
PER'(¢) o PER'(f)" = PER' (/) o PER'(f)",
PER(¢) o PER(f)™ = PER(Y/) o PER(f)",
PER(p o f™) = PER(Y o f"),
(@o f™)perf =W o f")per s Q)

By Proposition 5, we may find a k € Ny such that f¥(X) C Per f. Then, we get from (5)
that

<p0fm+k — WofrH_k

which proves that [p, n] = [, m]. This proves injectivity. To prove surjectivity take a
morphism ¢ : (X, f) — (X', f) in Aut(SETy). Then f, f’ are bijections. We have

PER'([¢, 0]) = PER'(SZYM(¢)) = PER(¢) = ¢|per f = ¢,

which proves that PER is a surjective functor. O

Corollary 2 Every object (X, f) in End(SETy) admits an object in Aut(SETs) which is iso-
morphic to (X, f) in SZYM(SETt). Moreover, any such object is conjugate to PER(X, f).

Proof 1t follows from Proposition 4 that PER(X, f) = (Per f, fiper r) is an object in
Aut(SETy). By Proposition 6 this object is isomorphic in SZYM(SETy) to (X, f). If another
object in Aut(SETy) is isomorphic to (X, f) in SZYM(SET¢) then it is also isomorphic to
PER(X, f). Therefore, it is conjugate to PER(X, f) by Proposition 3. O

The above considerations lead to the following conclusion on the shift equivalence classes
of End(SET¢). Observe that any (X, f) € End(SETf) determines a non-decreasing, finite
sequence p; < py < --- < p¢ in Ny. Indeed, since PER(X, f) = (X, f) € Aut(SETy), by
Proposition 4, X is a union of disjoint periodic orbits of f. Each p; in the sequence is the
period of one orbit of f. We call

p1 =< =< pi (6)

a sequence of periods for (X, f).

Theorem 7 (Theorem 1) Two objects of End(SETy) are in the same shift equivalence class if
and only if their sequences of periods are the same.
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Proof Let (X, f),(Y,g) € End(SET¢) be isomorphic in SZYM(SETf). By Corollary 2,
(X, f) := PER(X, f) and (Y, g) := PER(Y, g) are objects of Aut(SET¢) from the same
shift equivalence class. By (4), (X, f ) and (Y, g) are isomorphic in Aut(SETy). Therefore,
there exists a bijection #: X — ¥ such that 4 o f = g o h. Note that 41 maps an orbit of
f into an orbit of g of the same period, because otherwise it violates 4 o f = g o h. Thus,
sequences of periods for (X, f) and (Y, g) are the same.

Let p1 < p» < --- < pi be the sequence of periods for (X, f) and (Y, g). Consider
Z = Ule{i} X Z/piZand h: Z — Z, (i,t) — (i,t + 1). Clearly, (Z, h) € Aut(SETy).
There are bijections s;: X — Z and hy: ¥ — Z which map orbits into the orbits of the
same period such that /1 o f =hohjandhyog=hohy.Sincehyog oh;l = h, we get

hy'ohiof =hy'ohohi =hy' ohyogohy' ohy=gohy' ohi.

Tl_lus,_hz_ Lon 1 is an isomorphism in End(SET¢) and, in consequence, in SZYM(SET¢) between
(X, f)and (Y, g). By Corollary 2, (X, f) and (Y, g) are in the same shift equivalence class.
O

5 The Szymczak Functor and Shift Equivalence in REL¢

We recall that a binary relation in X x Y, or briefly a relation, is a subset R € X x Y. If
X' € XandY' C Y, we call the relation Rjx'wy' := R N X' x Y’ the restriction of R to
X’ x Y .Forarelation R C X x Y andx € X, A C X we define

R(x):={yeY|(x,y) € R}
R(A) == JIR() | x € A}
R :={(y.x) €Y x X | (x,y) € R}
The relation R~! is called the inverse relation of R.
The domain of R is dom R := R~!(Y) and the image of R isim R := R(X).
If X = Y we say that R is arelation in X. If A € X, by the restriction of R to A we mean

the restriction of R to A x A. We denote this restriction by Rj4 := R N A x A.
Given another relation S € Y x Z we define the composition of S with R as the relation

SoR:={(x,2) € XxZ|(x,y) € Rand (y,z) € Sforsomey € Y }.

The category REL; is the category whose objects are finite sets and whose morphisms
from set X to set X’ consist of all relations in X x X’. The composition of morphisms
R C X x X"and R’ C X’ x X" is defined as the composition of relations. Then idy is the
identity morphism on X for each object X in REL¢ and one easily verifies that so defined
REL; is indeed a category.

The following propositions follow immediately from the definition of composition of
relations.

Proposition7 If SCRC X x X andS' TR C X' x X", then S’ oS C R o R.

Proposition8 Let R C X x Y and S C Y X Z be relations. Then

domSoR CdomRand imSoR CimS.
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The identity relation on X is idxy = {(x,x) | x € X }. For n € Z the nth power of a
relation R in X is given recursively by

idy forn =0,
R":={RoR"! forn > 0,
R~1o R forn <0.

We think of a relation as a generalization of a mapping. The relation R € X x Y is a
function from X to Y when for every x € X the set R(x) is a singleton. Thus, we consider
R as a partial multivalued map or a multivalued map if dom R = X.

We say that a relation R € X X Y is injective if R(x1) N R(xp) # ¢ implies x| = x, for
any x1, xo € dom R. We say that a relation R € X x Y is surjective if im R = Y. We say
that g € X x Y is a bijection or a bijective map if it is an injective and surjective map. Note
that a relation which is both injective and surjective need not be a bijection or even a map.
But, we have the following proposition.

Proposition9 Let R € X x Y be a relation and let S C Y x Z be a multivalued map, that
isdomS =Y. IfSo R C X x Z is a bijective map then S is a surjective multivalued map
and R is an injective multivalued map.

Proof Let g := S o R. Since g is a bijection, we have im g = Z and dom g = X. It follows
from Proposition 8 that Z = img = im S o R € im S. Hence, im S = Z which means that
S is a surjection. Similarly, X = dom g = dom $ o R C dom R. Hence, dom R = X which
means that R is a multivalued map. To see that R is injective assume that R(x1) N R(x3) # 0.
Let y € R(x1) N R(xy). Since dom S = Y, we can find a z € Z such that (y,z) € S. It
follows that (x1,z) € So R and (x2,z) € S o R. Since g = S o R is a bijection we obtain
X1 = X2. m}

Although the morphisms in REL; are arbitrary relations, the following proposition shows
that isomorphisms have to be bijective maps.

Proposition 10 A relation R C X x Y is an isomorphism in REL; if and only if it is a bijective
map.

Proof Clearly, if R € X x Y is a bijective map, then sois R~! and R~! o R = idy as well
as R o R~ = idy. Therefore, R is an isomorphism in REL¢. To see the converse statement
assume a relation R is an isomorphism. Then, there exists a relation S € Y x X such that
SoR =1idy and R o § = idy. To see that R is a partial map assume that y € R(x) and
y' € R(x). It follows from Proposition 9 that S is a surjective multivalued map. Therefore,
we can find a y € Y such that x € S(y). Hence, y € (R o S)(¥) = idy(y) = {y}. Similarly
we get y' € {y}. In consequence, y = ¥ = y’ proving that R is a partial map. It is a map,
because X = domidy = dom S o R C dom R by Proposition 8. By Proposition 9 it is a
surjective map and since X is finite, it is a bijective map. O

Given a relation R in X, we set
gdom R := ﬂ dom R",
neN;
gim R := ﬂ im R",
nelN;
InvR := gdom R N gim R.
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The set Inv R can be seen as a invariant part for R, that is the maximal subset N € X
satisfying the following property: for every x € N there exists amap o : Z — N such that
o(n+1) € R(o(n)) forevery n € Z and o (0) = x (cf. [1, 6]).

We say that a relation R is wide if Inv R = X. Notice that the restriction R |,y g is a wide
relation on Inv R. We have the following proposition whose straightforward proof is left to
the reader.

Proposition 11 A relation R in a finite set X is wide if and only if dom R" = X = im R" for
all n € Ny. O

Proposition 12 For every relation R in a finite set X there exists a g € Ny such that for all
p > q we have gdom R = dom R? and gim R = im R?.

Proof Since dom R" is a decreasing sequence of sets and X is finite, there exists a ¢ € N
such that dom RY = dom R9+!. It follows that gdom R = dom R” for p > ¢. The argument
for gim R is analogous. O

The following proposition shows that each relation is equivalent in the Szymczak category
to a wide relation.

Proposition 13 For a relation R in X we have

SzyM(X, R) = SzyM(Inv R, R|1nv R).-

Proof By Proposition 12 we may fix an n € N such that dom R" = gdom R and im R" =
gimR.Let A:=1InvR andlet R := Rj4. Set § := (R")|xxa and T := (R")|axx. We will
prove that the following diagrams

R
—_—

x 2 x

s if ;

A2 A R

e

> — X

commute. To see that Ro S € So R take (x,y) € RoS.Thenx € X, y € A and there exists
ana € A such that (x,a) € R" and (a, y) € R C R.

Choose an x’ € X such that (x, x') € R, (x’,a) € R"". It follows that (x’, y) € S and
(x,y) € SoR.Toprove the opposite inclusion take (x, y) € SoR. Then, thereexistx’, x” € X
such that (x, x) € R, (x',x”) € R" " and (x”, y) € Rixx . In particular, (x,x”) € R".
We will show that x” € A. Indeed, x” € im R” = gim R and since y € A € gdom R and
(x”,y) € R, itfollows that x” € gdom R. Hence, (x, x”) € Sand (x”, y) € R which implies
(x,y) € R o S. The proof of the commutativity of the other diagram is similar.

Next, we prove that

SoT = R™ o)
ToS =R (®)

The inclusions So 7 € R* and T o § O R*" follow immediately from Proposition 7. To
see that S o T D R?" take (x, y) € R?". Then, there exists a z € X such that (x, z) € R"
and (z,y) € R". It follows that z € im R” = gim R and z € dom R” = gdom R. Hence,
z € InvR = A and we get (x,z) € T, (z,y) € S and (x,y) € SoT. In order to
prove that T o S C R take (x,y) € T o S. Then, x, y € A and there exists a sequence
X = X9, X1,...XxX, = y of points in X such that (x;_1,x;) € R fori = 1,2,...2n. Since

@ Springer



Journal of Dynamics and Differential Equations

x,y € A, itis straightforward to observe that each x; € A. Therefore, (x;_1, x;) € R, which
proves that (x, y) € R,
Finally, we have

[S,n]o[T,n] =[SoT,2n] =[R*,2n] = [idyx, 0] )
[T.nlo[S,n] =I[ToS,2n]=[R¥,2n] = [idy4, O], (10)

which proves that [S,n] : SZyM(X, R) — SzZYM(A, R) and [T, n] : SzYM(A, R) —
SzyM(X, R) are mutually inverse isomorphisms. O

We will consider relations between objects from End(SET¢) that are isomorphic in
SzYM(RELy). In order to do that, recall that a partition of a set X is a family A of mutu-
ally disjoint, nonempty subsets of X such that X = | J.A. Given a partition A of X and an
element x € X, we denote by A[x] the unique element of .4 to which x belongs.

We say that a relation R in X is a block bijection if there exist a partition .4 of X and a
bijection o : A — A such that

R=U{A><a(A)|A6A}. an

Note that for any x € X we have R(x) = a(A[x]), which comes easily from the definition
of a block bijection. Moreover, a bijection is always a block bijection.

Proposition 14 Assume a relation R C X x X is a block bijection satisfying (11) for some
partition A of X and bijection o« : A — A. Then, the partition A and bijection o in (11) are
uniquely determined by R.

Proof Let A and « be the partition and bijection such that (11) is satisfied. If (11) is satisfied
with A replaced by another partition B and « replaced by another bijection 8, then « (A[x]) =
R(x) = B(B[x]). Since « : A — A and B : B — B are bijections, this means that each set
in A equals a set in 3. This is possible only if A = 3. And so o« = B as well. O

The following facts show the structure of isomorphisms and relations between isomorphic
objects in different categories.

Theorem 8 Let (Y, R) be anobject inEnd(RELy) and (X, f) an object in Aut(REL¢). Assume
that (Y, R) and (X, f) are isomorphic in SZYM(RELy), that is, there exist mutually inverse
isomorphisms

[S, m] : Szym(X, f) — Szym(Y, R),
[T, n]:Szym(Y, R) — SzyM(X, f).

If R is wide, then S o f* o T is a block bijection for sufficiently large k € Ny with
{S(x) | x € X} as the associated partition of Y. Moreover, R? is a block bijection for p
sufficiently large.

Proof Since [S, m] and [T, n] are mutually inverse isomorphisms, we can find a kg € Ny
suchthat T o So f¥ = f™+"+k and So T o RK = R™"+k for all k > ko. We will prove that

dom7 =Y =im S. (12)

Indeed, the inclusions dom 7 € Y and im S C Y are obvious. Since R is wide, by Proposi-
tion 11 we get Y = dom R™1"*¥_Hence, by Proposition 8, we get

Y = dom R" "tk —domSoT o R =dom R* 0 SoT < domT.
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Similarly,
Y =gimR=imR""** =imSoT oRFCims§.

This proves (12).
By Proposition 10 f is a bijective map. Hence, it is a wide relation and an analogous
argument proves that

domS=X=imT. (13)

Since f is a bijective map, we see that f = fM"" =T oS8 : X — X is also a bijective
map. We claim that

Sx) =T'(f(x)) forany x € X. (14)

To see this take a y € S(x). By (12) we may find an x” € X such that (y, x”) € T. It follows
that (x,x’) € T o S which means x’ = f(x). Thus, y € T~'(x") = T-!(f(x)), which
proves that S(x) < T_l(f(x)). To prove the opposite inclusion take a y € T_l(f(x)).
Then (v, x’) € T, where x' := f(x). Since f = T o S, there exists a y/ € Y such that
(x,y) € Sand (y',x) € T.But, by (12) y € im S. Therefore, we can find an x” € X
such that (x” y) € S. Hence, (x”",x') € To S Wthh means x’ = f(x”). It follows that
f(x”) = f(x) and bijectivity of f implies x = x”. This together with y € S(x") gives
y € S(x) and completes the proof of the opposite inclusion.
We will also prove that

S(x1) N S(xp) =@ forxy, x0 € X, x1 # x2. (15)

To see (15) assume to the contrary that there exists a y € S(x1) N S(x2). By (12) we may
find an x € X such that x € T(y). It follows that X € T(S(x1)) and x € T(S(xz)) Since
ToS = f is a bijection, we get x = f(xl) andx = f(xz) It follows that x; = f L(x) = x2,
a contradiction proving (15).

Consider the family A := { S(x) | x € X }. By (13) the elements of A are non-empty, by
(15) they are disjoint and from (12) we get | J.A = Y. Hence, A is a partition of Y. Fix a
k > ko and define a bijection @ : 4 — A by a(S(x)) := S(fk (f(x))). We will prove that

SoffoT = S() xa(s)). (16)

xeX

Consider first a pair (v, y') € S o f o T. Then there exist X, x’ € X such that (y, %) € T,
(%, x') € fFand (x', y') € S. Letx := f~1(%). It follows that y € T=1(x) = T~ (f(x))
and, by (14), y € S(x). We also have y' € S(x') = S(f¥(x)) = S(FACF () = a(S)).
Hence (v, y') € S(x) x a(S(x)), which proves that the left hand side of (16) is contained in
the right hand side. To prove the opposne inclusion take a pair (y, Y "y € S(x) x a(S(x)) for
somex € X.Theny € S(x) =T~ 1(f(x)) which means that (y, f(x)) € T. We also have
Y € a(S()) = S(FF(f(x))) or, equivalently, (f(x), ") € (So f5). Since (v, f(x)) € T,
we obtain (y, y') € So fKo T, which completes the proof of (16). Therefore, S o fkoTisa
block bijection. Moreover, since R” "% = So T o R¥ = So f¥ o T holds for all sufficiently
large k, equation (16) implies that R” is a block bijection for p sufficiently large. O

Corollary 3 Let (X, f) and (Y, g) be objects in End(SET¢). Then (X, f) and (Y, g) are also
objects in End(RELy). If objects (X, f) and (Y, g) are isomorphic in SZYM(RELy), then they
are also isomorphic in SZYM(SETy).
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Proof Tt follows from Corollary 2 that both (X, f) and (Y, g) are isomorphic in SZYM(SET¢)
to objects in Aut(SETy). Therefore, without loss of generality we may assume that (X, f)
and (Y, g) are objects in Aut(SET¢). Let [S, m] : SzYM(X, f) — Szym(Y, R) and [T, n] :
Szym(Y, R) — SzyM(X, f) be mutually inverse isomorphisms in SZYM(REL¢). Note that
every bijection is obviously a wide relation. Therefore, it follows from Theorem 8 that
R:=So fk oT is ablock bijection with { S(x) | x € X } as the associated partition of Y. We
also know that So T o g* = g"+"** forak € Nj. Hence, So f¥oT = SoT ogh = gmtntk
is a bijection. It follows that also S o T is a bijection. Since R is a bijection, we get from
Proposition 14 that the partition { S(x) | x € X } consists of singletons. This means that S
is a map. It is surjective, because { S(x) | x € X } is a partition of Y. By Proposition 9
it is also injective. Hence, S is a bijection. Since S o T is a bijection, it follows that also
T =S'o(SoT)isa bijection. This shows that (X, f) and (Y, g) are conjugate. In
particular, they are isomorphic in SZYM(SETy). O

The following observation is crucial for the rest of this work.

Proposition 15 Let (X, R) be an object of End(RELy¢). Then there exists a p € Ny such that
R*P =R fori > p a17)
and, in particular,
R = RP for k € Nj. (18)
Moreover,

dom R? = gdom R and im R? = gim R.

Proof Since X is finite, the set of all relations in X is finite. In particular, the set of values of the
sequence R, R2%, R3, ...is finite. It follows that there exist m|, mo € N; such that m| < m>
and R™ = R™2.Set g := my — m and choose an m € Ny such that p := mq > mj. Then
R™+4 = R™ Multiplying both sides by R? we obtain R"1+2¢ = R™1+4 = R™ Thus, an
induction argument proves that R™*ka — Rmi for k € Ny. Fixi > p-Theni > m and

RitTP — RU—m)+mitmg _ pli—m)+m; _ Ri7

which proves (17), and (18) follows easily from (17) by induction.
The last part of the statement comes easily from Proposition 12. O

For R € X x X there is a subset of particular interest. By the recurrent set of R we mean
aset

Xg:={x € X|x e R"(x) for some m € Ny}. (19)

We call its elements the recurrent vertices of R.
We have the following corollary from the previous proposition.

Corollary4 Let R € X x X. Then x € X ifand only if x € R (x) for any eventual period
p-

Proof Letx € R™(x).Byinduction,x € R¥m(x) foreachk € N;.In particular, x € RP™(x).
We have RP™ = RP, hence x € R?(x). O
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Definition 1 For an object (X, R) € End(RELy), any p € Ny satisfying
R*P =R fori > p
is called an eventual period of R.

The key feature of an eventual period is (17). Therefore, we do not require that the eventual
period be the smallest number with this property. Note that a similar concept, called the index,
is introduced in [12].

Theorem 9 Let (X, R) be an object of End(RELf) and let p be an eventual period of R. Then
foreach s € Ny

SzYM(X, R®) = SzyM(X, RStP).

Proof Let S := T := RP. We claim that [S, p] : SzyM(X, R®) — SzZYM(X, R**P)
and [T, p] : Szym(X, R**P) — SzyM(X, R®) are mutually inverse isomorphisms in
SzZYM(RELy¢). Since p + s > p, we get from (17) that

RPTS o T = R2PHS — RPHS — T o RS,
RY 0§ = RPTS = R2PHs — § o RPTS,

This shows that R and S are morphisms in End(REL¢). Moreover, by (18)

T oS =R =RP = R>P = (R")?P,
SoT = R* = RP = RX6HPP — (R¥7)2P,

which proves that [T, p] o [S, p] = [idx, 0] and [S, p] o [T, p] = [idy, O], that is [T, p]
and [S, p] are mutually inverse isomorphisms. O

6 Induced Relations in REL¢

We will recall some basic notions of directed graph theory. By a directed graph (or just a
digraph) we mean a pair G := (V, E) consisting of the finite set of vertices V and the set of
edges E C V x V. We allow a digraph to contain loops, that is edges in the form of (v, v),
where v € V. A walk in G is a sequence x = xox| ...x; with k > 0 such that x; € V for
i=0,1,...,kand (x;, x;4+1) € Efori =0, 1, ..., k— 1. We then say that x is a walk from
X0 to Xxj or just an (xo, xx)-walk. The length of walk x is the number of edges (x;, x;+1),
that is, k. We denote it by #x. We say that a vertex x; lies on a walk x if it is contained in the
sequence that constitutes the walk x. If the vertices of the walk x are different, then we call x
a path (or a path from xg to xx). A walk x = x¢ ... xg is a cycle if xo = xi. A concatenation
ofawalk x = xq...xx withawalky = yo...ypisawalkxy :=xq...xXxy1 ...y, provided
Xk = Y0-

A digraph G = (V, E) is strongly connected if for each u # v in V there exist both a
(v, u)-walk and a (u, v)-walk. For any digraph G = (V, E) aset U C V is called a strongly
connected component of G if the digraph G(U) := (U, {(v,u) € E | v, u € U}) is strongly
connected and there is no other W such that U € W C V and G (W) is strongly connected.
In this paper we do not use any other connectivity of digraphs.

Each relation R € X x X may be considered as the directed graph (X, R). Similarly,
any directed graph G = (V, E) may be considered as the binary relation £ € V x V. This
observation lets us use the notions of digraph and relation interchangeably throughout the
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paper, choosing the one that better fits the presented content and applying digraph terminology
to relations and vice versa. For example, we use the following notion extensively.

Definition 2 A set A C X is a strongly connected component of relation R C X x X if A is
a strongly connected component of the digraph (X, R).

Notice that the existence of a (xg, x)-walk of length p in the digraph (X, R) is equivalent
to the fact x, € RP(xp). In particular, if a (xo, xp)-walk is a cycle, then the existence of a
cycle is equivalent to x; € R? (x;) foreachi =0, ..., p.

The following proposition is straightforward.

Proposition 16 Let R € X x X be a strongly connected relation. Then R is wide. Moreover,
ifx e R¥(x), then x € Rkl(x)for eachl € Nj. O

Consider the greatest common divisor of the length of all cycles in a strongly connected
relation R. Following [14, Definition 4.5.2.], we call this number the period of R. Note that
the meaning of a period of relation differs from that of a period of an element within an
endomorphism domain, as discussed in Sect. 4. In order to compute the period of R one can
consider the set of cycles with different vertices (cf. [25, Definition 7.1]). The following
proposition relates the period of a strongly connected relation with its eventual period.

Proposition 17 Let p € Ny be an eventual period of a strongly connected relation R € X x X
and let g € Ny be the period of R. Then g < p. Moreover, q|p.

Proof Assume to the contrary that ¢ > p. Then there exists at least one x € X such that
x ¢ RP(x) because otherwise ¢ would divide p. Since R is strongly connected, there exists
an! € Nj such that x € R/(x) and q|l. By Proposition 15 we get R'P(x) = RP(x) Fx. It
follows from Proposition 16 that x € R'P(x), a contradiction.

In order to prove that ¢g|p note that for any x € X there existsani € {0,..., p — 1}
such that x € R (x). Indeed, by Proposition 15 for any m > p we have R™ = RP*! for
some i € {0,1,..., p— 1}. From the same proposition we conclude that for any &k € N;

the equation RP+ = R¥P*i holds. Therefore, x € R*’*/(x) and this means ¢|p + i and
qlkp+i.Itfollows thatgla(p+i)+b(kp+i) foranya, b € Z and k € Nj. Settinga = —1,
b=1and k =2 we get ¢g|p. O

There are some relationships between eventual periods of an arbitrary relation and eventual
periods of the relation restricted to its strongly connected components.

Proposition 18 Let U C X be a strongly connected component of an arbitrary R € X x X.
Then

(Rlv)" = (R)y

for each n € Ny.

Proof The left-hand-side is clearly contained in the right-hand-side.

To prove the opposite inclusion consider a pair (u, v) € (R")|y. Then (u, v) € U x U and
there is a (u, v)-walk in R of length n. Since u and v belong to the same strongly connected
component of R, there is a (v, u)-walk in R|y. Concatenation of both walks gives a cycle
in R|y, because U is a strongly connected component of R. Therefore, vertices lying on the
(u, v)-walk belong to U. In consequence, (1, v) € (R|y)". O
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Corollary 5 Let U C X be a strongly connected component of R € X x X and let p and py
be eventual periods of R and R|y, respectively. Then py|p.

Proof We have R’ = R fori > p. By Proposition 18

(RI)PT = (RPT)|y = (RHIy = (Rlv)'.

Hence, p is a multiple of py . O

Proposition 19 Let g € Ny be the period of a strongly connected relation R € X x X and
let x,y € X. Then the following conditions are equivalent:

(i) there exists an (x, y)-walk in R with length divisible by q,
(ii) each (x, y)-walk in R has length divisible by q.

Proof Letc = x...ybean (x, y)-walk in R such that g|#c. Consider awalkd = x ...y in
R such that #c¢ # #d. Since R is strongly connected, there exists a (y, x)-walk e in R. Then
ce is a cycle passing through the vertex y. Since ¢ is the period of R, g divides the length of
the cycle. Also g|#c, hence g|#e. Since de is also a cycle in R passing through y, the period
q divides its length. Therefore, g|#d, because g |#e.

To prove the opposite implication it suffices to note that the existence of an (x, y)-walk
follows from the strong connectivity of R. O

Let R € X x X be an arbitrary relation. We write x — g y to denote that there is a walk
in R from x to y of positive length. We say that x, y € X are strongly connected and write
x <g yifx —-g yand y — x. Note that the recurrent set of R given by (19) can be
rewritten in terms of relation <>. Indeed,

Xp={xeX|x<px}

The relation <> is clearly symmetric and transitive. Hence, it is an equivalence relation
in Xg. It is easy to check that the equivalence classes of <> g in X are exactly the strongly
connected components of R. For a recurrent vertex x € Xz we denote by [x]r the strongly
connected component to which x belongs.

We refine the relation <> in X to a relation ~¢ in Xg.

Definition 3 Let R € X x X. Therelation ~ in X g is defined as follows. Foreach x, y € Xg
there is x ~g y if x <>g y and each walk from x to y has length equal to zero modulo the
period of R|[x,-

Notice that if R € X x X is a strongly connected relation, then Xg = X and <> has
exactly one equivalence class.

Proposition 20 Let R € X x X be an arbitrary relation. Then ~g given by Definition 3 is
an equivalence relation in Xg.

Proof Consider A C X, a strongly connected component of R. Then, R|4 is a strongly
connected relation. Denote by Ag the recurrent set of R|4. By [9, Lemma 6, Corollary 1],
~p is an equivalence relation on Agp = A. Moreover, ~g has exactly ¢ distinct equivalence
classes, where ¢ is a period of R|4.

Since X g is a union of disjoint strongly connected components of R, ~ is an equivalence
relation on Xg. O
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Fig.4 The eventual period p and
the period ¢ of the relation R on

/ ‘—\\
the left are both p = ¢ = 3. The —
equivalence classes of the \\

relation ~ g are marked with

colors. Both relations are in the
same shift equivalence class (cf. \/
Theorem 11)

The example in Fig. 4 shows the partition of the set of vertices into the equivalence classes
of the relation ~g.

Let gcd(a, b) denote the greatest common divisor of a, b € Z. In order to proceed we
need the following classical result.

Lemma 1 Assume a and b are coprime in N. Then the set {ax + by | x, y € No} has finite
complement inNy. Moreover, ifa, b € Nwithq = gcd(a, D), then the set{ax+by|x,y € Np}
contains nq for all sufficiently large n.

Proof If a, b are coprime then {0, a, ..., (b — 1)a} represents all the congruence classes
mod b, that is multiplication by a is an isomorphism mod b. Considern > a(b — 1) — b
Then n is congruent to some ax with 0 < x < b — 1. Therefore, n = ax + by for some
y € Z. Since

ab—1)+by>=ax+by=n>alb—-1)—>b

it follows that by > —b andso y > —1.
In order to prove the second part assume ¢ = gcd(a, b). Then apply the above result to %

and g, which are coprime in N. O

For A, B € Nowewritte A+ B:={a+b|ae€ A,b e B}. Ingeneral, forany A C N
closed under addition (i.e. A + A € A) there is a finite subset F* € A with gcd A = ged F
(see [24] for more details).

Assume R is a strongly connected relation on a finite set X. Define for x, y € X the set

e(x,y):={meN|yeR"(x)},

that is, the set of lengths of paths from x to y. Clearly, e(x, y) 4+ e(y, 2) € e(x, z), from
which we get

(i) e(x,y) +e(y,x) € elx,x),
(i) e(x,y)+e(y,y) +e(y, x) S elx, x),
(iii) e(x,x) + e(x,x) Ce(x, x).

Properties (i) and (ii) imply that the ged e(x, x) divides every element of e(y, y) and so the
period ¢ defined to be the gcd e(x, x) is the same for all x € X. Then (iii) together with
Lemma 1 imply that ng € e(x, x) for all sufficiently large n € N. Finally, from (i) we get
that m + n is congruent to 0 mod ¢ forall m € e(x, y) and n € e(y, x) and so the elements
of e(x, y) are contained in a single congruence class.

Proposition 21 Let R € X x X be a strongly connected relation with its period equal to q.
For every eventual period p of R we have idy € RP™4.
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Proof By Proposition 17 we have ¢|p. Hence, by Lemma 1, for large enough n we have
np +q € e(x, x). Thatis, x € R"’ T4 (x). But R4 = RPT4 which implies idy € RP™4.
O

As a corollary to the above proposition we get a variant of Proposition 15 for strongly
connected relations.

Corollary 6 Let R be a strongly connected relation with its period equal to q and an eventual
period equal to p. Then

RV = RP for k € No. (20)

Proof We prove inductively on k € Ny that
Rp+kq C Rp+(k+1)q. Q@1
By Proposition 21 we have idy  RP*9, hence R? C R?P*4. By Proposition 15 we have

R2P+4 = RP+4_This proves (21) for k = 0.
Proceeding by induction we get

RPH&+Da — prtka o e < Rptktle o pa — grtkt)g
which completes the proof of (21).

We will now prove (20). By Proposition 17, p = mg holds for some m € Nj. Fix an
s € N such that sm > k. By (21), we have

RP C RPYka — pptsmq _ pptsp _ pp.
O

We are now ready to present a theorem expressing the equivalence classes of ~g in Xg
in terms of a power of the relation R C X x X.

Theorem 10 Let R € X x X be an arbitrary relation and let p be an eventual period of R.
Then for each x € X g we have

[x]~p = RP(x) N [x]g. (22)
In particular, if R is a strongly connected relation, then [x]~, = R?(x).

Proof Let y € [x]~,. This means that there exists an (x, y)-walk of length kg, where
q € Ny is the period of R|[y}; and k € Ny. In other words, y € (Rl[x]R)k‘f (x). Notice that
X € (Rlxg)? (x). Indeed, we have

x € idp)p () S (Rlpege) MR T (x) = (Rlpe1e) "WIR (x) € (Rlx1)? (%),

where p(y|, is an eventual period of R|(|,. By Proposition 21, Corollary 6 and Proposition
18 we get

Y € Rl (x) = (Rlpgp)? (x) = (RP) |11 (x) S RP (x).

It is clear that y € [x]g.

In order to prove the opposite inclusion take a y € R? (x) N [x]g. There exists an (x, y)-
walk of length p in R|[y},. Since R|[y], is strongly connected, there exists also a (y, x)-walk
of length / in R|[y), for some ! € N;. Concatenation of these walks is a cycle of length p +1/.
Hence, the period g of R|[x), divides p +I. By Proposition 17, we have q|p[x],, Where p[],
is an eventual period of R|[x},. By Corollary 5, g|p. Therefore, g|! and this proves y ~¢ x,
thatis y € [x]~,. m]
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Definition 4 Let (X, R) € End(RELf) andlet p € Nj be an eventual period of R. The relation
R induces a relation R in Xr/~, given by

(¥l [yl~p) € R if (x,y) € RPH (23)
forx,y € Xg.
The relation R is well-defined. This is a consequence of the following implication:
x~rx, (x,y) € RPT! y~py = (x',y) e RPFL.

The implication holds. Indeed, there are an (x’, x)-walk and a (y, y’)-walk of length equal
to zero modulo the period of the strongly connected component containing x, x" and y, y/,
respectively. By Corollaries 6 and 5 there are also an (x’, x)-walk and a (y, y’)-walk of length
p. Concatenating these walks of length p with an (x, y)-walk of length p + 1 in the right
order we get the (x', y")-walk of length 3p + 1. By Proposition 15, there is an (x, y’)-walk
of length p 4+ 1 which proves the implication.

Lemma2 Let (X, R) € End(REL¢) and let p be an eventual period of R. Then for R given
by Definition 4

R([x]~p) = R({[yl~ | y € RP(x), y € Xg})

forall x € Xg. Moreover, p is an eventual period of R.

Proof The left-hand-side is clearly contained in the right-hand-side.

To prove the opposite inclusion consider a [z]~, which belongs to the right-hand-side.
This means that there isa y € R”(x), y € Xg such that ([y]~,, [z]~;) € R. Thus, (y,2) €
RP*TVand z € RPH(y) € RPFI(RP(x)) = RPT!(x). It follows that (x,z) € RP*! and
([x]~g- [2]~p) € R.

Leti > p. We have

Ri(x1) = {[Y)wg | (1 3) € (RPFY) = ([y]p | (x,y) € RPIFIHPHP)
= {[y]p | () € (RPEHIHFPY = RIFP([x] ),

which proves that p is an eventual period of R. O

Lemma3 Let R C X x X be an arbitrary relation and let p be an eventual period of R. For
eachx € X andn € Ny

RP™(x) = RP(RP™"(x) N XR). (24)

Proof Note thatif X g = (4, then the relation R” is empty. Therefore, in this case the theorem
is trivial. Hence, assume that X g # @. We prove formula (24) inductively on n € Ny.

Assume that n = 0. We need to prove that R” (x) = R (R? (x)N Xr) foreach x € X. For
the proof of the right-to-left inclusion, note that foreachx € X wehave R” (x)NXr € RP(x)
and, in consequence, R” (R”(x) N Xg) € RPTP(x) = RP(x).

In order to prove the opposite inclusion take a y € R” (x). We claim that there is an (x, y)-
walk in R such that there exists a z € X g which belongs to the walk. Indeed, if this were not
true, then we would get a contradiction to the equality (18) in Proposition 15, because from
the finiteness of X there would be a number k € Ny such that R’ (x) = ¢ for each i > k, in
particular y € R (x) = RFP (x) = 9.

Let us take a z € U lying on the (x, y)-walk in some strongly connected component U.
Assume that z € R!(x) for some! € {0, ..., p}. Clearly, y € RP~!(z). Note that there exists
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az € U C X lying on a cycle starting at z of length p such that z € R?~!(z). Note that it
may happen that z = z’. By Theorem 10, the set R”(z") contains some equivalence class of
~g defined in Xg. In particular, z” € R?(z’). Therefore,

7 € R”(Z) € R*’7(z) € R*(x) = RP(x).

In consequence, 7 € RP(x) N Xg. We will show that there is a (z/, z)-walk in R of length
p+I1. Indeed, from the definition of 7’ we know that z € R'(z/). Together withz' € R”(7), we
get z € RPH (7). We have y € RP~!(z) € R?*P(z/) = RP(z') which proves y € RP(Z') C
RP(RP(x) N XR).

Hence, formula (24) for n = 0 is proved. Now assume that (24) holds. We prove that (24)
also holds with n replaced by n + 1. Using the inductive assumption and the formula that the
image of a union under a multivalued map is equal to the union of the images, we get

RP(RPTH(x) N Xg) = RP(RPF"(R(x)) N Xg)
= Rp((UteR(x) Rp+n(t)) N XR)
= R?(U;ereey RPT" (1) N XR)
= Urcr) RP(RPT"(1) N XR)
= UteR(xf RPH (1)
— Rp+n+ (x),

which ends the proof. O

Lemma4 Let R € X x X be an arbitrary relation and let p be an eventual period of R.
Then

x ~gx = RP(x) =RP(x').

Proof Let x ~g x'. By Theorem 10, we have x” € R”(x) and, in consequence, R? (x') C
RP? (x). The right-to-left inclusion follows by symmetry of ~g. O

Theorem 11 Let (X, R) € End(RELy). Then
SZYM(X, R) = SZYM(XR/~p, R),

where R is induced on equivalence classes of ~g given by Definition 4.

Proof Let p be an eventual period of R and set Y := X/~ . Consider relations S € X x Y
and T C Y x X defined by S(x) := {[yl~zx | ¥y € RP(x), y € Xg} forx € X and
T([x]~,) := RP(x) for [x]~, € Y. By Lemma 4, T is well-defined. We claim that S and T
are morphisms in End(REL¢). Note that by Lemma 2, for x € X we have

(S0 R)(x) = S(R()) = ([y]~s | y € RPT (), y € Xg)
= (]og | (eg. V<) € R) = R([x],)

= R({[yl~4 | y € RP(x), y € Xg}) = (R0 5)(x),
and, by Lemma 3, for [x]~, € ¥

(RoT)([x]~g) = R(RP(x)) = R*"*1(x)
:Rp({)’|y€Rp+l(x),yeXR_}) i
= T({[Y]~g | ([X]og. [¥1g) € RY = (T 0 R)([x]~p).

which proves that S and 7" are morphisms in End(REL¢).
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Now we prove that
[S, pl: SZYM(X, R) — SzYM(Y, R)
and
[T, pl: Szym(Y, R) — SzyM(X, R)
are mutually inverse isomorphisms in SZYM(RELf). Again by Lemma 3, for x € X we get
(To8)(x) =T{y]I~¢ |y € RP(x) N Xg}) =R’ ({y | y € R"(x) N Xg}) = R"(x)
and for [x]~, € Y

(SoT)([x]~g) = S(RP(x)) = {[y]~; | y € RP(RP(x)),y € XR}
={[yl~z |y € R?(x) N XRg}
= {[ylvg |y € RPTHP(x) N XR}
= {[yl~g | Ix]~gs [VI~g) € RP} = RP([x]~p).

Note that, in particular, the following holds:
idy oR*P*P = RPHP = RP o RP.
Hence, [T, plo [S, pl =I[T o S, 2p] = [R?, 2p] = [idx, 0]. By Lemma 2, we get
idy oR?PTP = RP o RP.
Therefore, [S, plo [T, pl=[SoT,2p] = [RP, 2p] = [idy, 0], which ends the proof. 0O

Note that for a strongly connected relation R, the relation R from Theorem 11 is, in fact,
a cyclic bijection (see the example in Fig.4).

7 Objects in Canonical Form

Now we will consider a particular class of objects in End(RELy).

Definition 5 We say that (X, R) € End(RELy¢) is in canonical form if the following conditions
apply:
(i) X = Xpg;inother words, each element of X belongs to a strongly connected component
of R,

(i1) R is a bijection on each strongly connected component,
(iii) the equation R”T! = R holds, where p is an eventual period of R.

Note that the condition (iii) is equivalent to the condition R"*” = R”" for each n € Nj.
Moreover, (iii) implies that the bijection from (ii) is cyclic.

Theorem 12 (Theorem 2) For each (X, R) € End(REL¢) there exists an object (X, R) €
End(REL¢) in canonical form such that

SzYM(X, R) = SzyM(X, R).

Proof Let p be an eventual period of R. Consider (X, R), where X = Xg/~g and R is
induced by R on equivalence classes of ~p as in (23). We claim that (X, R) is in canonical
form.
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To prove that X = )_(R letow € X and let x, x” € . By Corollaries 5, 6 and Proposition 17
there exists an (x, x")-walk in R of length equal to (p + 1) p. This means x’ € (RPHHYP(x).
Hence, ([x']~,. [x]~;) € RP and o < o, which proves that o € XR The right-to-left
inclusion comes from the definition of recurrent set of R.

Recall that by [y]; for y € Xz % We mean an equivalence class of <, that is, the
strongly connected component of R to which y belongs. Notice that R restricted to a strongly
connected component of Risa map. Indeed, suppose that there are a, B € X, a # B,
such that o € R|[VJR (y) and B € R|lle(V) for some y € X. This means that for any
x €y,y€a,zefwehave (x,y) € (R| JR)erl and (x, 7) € (Rlulyjk)”“. Therefore,
there is an (x, y)-walk and an (x, z)-walk of R|U[V]R’ both of length equal to p + 1. Hence,
v, z belong to the same class of ~r, « = B, a contradiction.

Using a similar argument as in the paragraph above one can prove that R restricted to a
strongly connected component is injective. In order to show that R restricted to a strongly con-
nected component is surjective let o € X and take B € [«] - Consider y = (Rl[a] k)”’l(ﬂ),
where p is an eventual period of R (see Lemma 2). We have Rhajk (y) = (RllaJR)P(,B). By
Proposition 21 and Corollary 6 we get id[a]k - (Rl[a]k)p. Therefore, (I§|[O,]R)P(/3) = B and
Rlja1;(y) = B. Thus, R|(4], is a bijection.

Careful inspection of the proof of Lemma 2 indicates that the variable i may be replaced
by any positive integer, which verifies (iii) of Definition 5.

Isomorphisms between objects (X, R) and (X, R) in the Szymczak category are given by
Theorem 11. O

Proposmon 22 Let (X, R) € End(RELf) be in canonical form. Put X := = Xp/~g. Then
(X, R) is also in canonical form, where R is given as in (23). Moreover, (X, R) and (X, R)
are conjugate objects of End(RELy).

Because of Proposition 22, an object (X, R) in canonical form is also said to be canonical.

Proof By Theorem 12, the object ()_( s R) is in canonical form.

Consider the map f: X — X such that f(x) := [x]~. Since X = Xp, the map f is
well-defined. Notice that for each x € X we have card[x]~, = 1. Indeed, suppose to the
contrary that there are x, x” € [x]~, such that x # x'. Then there are an (x, x)-walk and an
(x, x")-walk. This means that for some y lying on both walks card R|[y], (¥) > 1, but R|(y],
is a bijection, a contradiction.

Using the above fact one can easily prove that f is a bijection. By Proposition 10, the map
£ is an isomorphism between X and X in RELs.

We will show that f o R = Ro f.Let p € N| be an eventual period of R and let x € X.
We have

R(f(x)) = R([x]~g) = {[yl~p | (x,y) € RPT} = f({y | (x,y) € RPT1})
= f(y |y € R0} = F(RPT(x) = fF(R(x)),

which proves that (X, R) and (X, R) are conjugate in End(RELy). O

Example 1 We will show that the relation R; in Fig.5 is isomorphic to the relation R3 in the
Szymczak category. For the matrix representation A of a relation R we use the convention
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1.[\.[\.3 1.[\.2 1.[\.2
NN . N
.A/_\. .f\. .[\.

Fig. 5 Relations Ry, Ry and R3 (from left to right) from the same shift equivalence class of RELf. Only
relation R3 is in canonical form

A;j = 1if (x;, x;) € R and 0 otherwise. We have

01010 0110
10100 1001
Ri=]01000 and Rz =
0001
00001 0010
00010

An eventual period of Ry is p = 4. Relation R has two strongly connected components
[11g, = {1,2,3} and [4]g, := {4,5}, where the vertex number is also the row-column
number of the matrix representation of the relation R;. Moreover, we have [1]~ R = {1, 3},
[2]~g, = {2}, [4]~f, = {4} and [5]~, = {5}. Using the formulas from the proof of Theorem
11 we get

10101 1001

01010 0110

T := and S:=11001
00010

00001 0010

0001

It is easy to check that Rio T = T o R3, R30S = SoR|,SoT =R, and T o § =
Rf . Therefore, [S, p] and [T, p] are mutually inverse isomorphisms and, in consequence,
({1, 2,3,4,5}, Ry) and ({1, 2,4, 5}, R3) are isomorphic in SZYM(RELy). m]

Definition 6 Let (X, R) € End(REL¢) be an object in canonical form. The relation R induces
a partial order <p in X/, defined by

[xIr <R [y]r : <= there exists a (y, x)-walk in R. (25)

Indeed, reflexivity and transitivity of <g are obvious. If [x]g <g [y]g and [y]lr <r [xIg,
then there are a (y, x)-walk and an (x, y)-walk. Hence, x and y are strongly connected,
[x]r = [¥]r.

If [x]r <r [y]Rr, then we say that the component [y] is higher than the component [x]g.

Now we present a few technical lemmas which give us information on isomorphisms in
SZYM(RELy).

Lemma5 Let (X, R), (Y, P) € End(REL¢) be objects in canonical form isomorphic in
SzYM(REL¢) with [S, k]: (X, R) — (Y, P) and [T,1]: (Y, P) — (X, R) mutually inverse
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isomorphisms. For every (x,x’) € T o S such that [x1g = [x']Rr, there exists a unique y € Y
such that (x,y) € Sand (y,x') € T.

Proof The existence of y € Y comes from the composition T o S.

Suppose that y € S(x), y’ € S(x) and x’ € T(y), x’ € T(y'). Hence, S(x") C S(T(y))
and S(x’) € S(T(y')). There exists n € Ny such that x € R"(x") and [x]g = [x']g. Using
y € S(x), we get

y € S(x) € S(R"(x")) = P"(S(x")) € P"(S(T(y))). (26)
Notice that since [S o T', k + ] = [idy, 0], for some m € Ny we have
P™(z) € P™(S(T () = PFHHm () 7)

and we can always find z” € [z]p such that 7 € P™(z) for any m. Moreover, by taking m
large enough, the sum k +/ + m is a multiple of eventual periods of relations R and P. Thus,
7" = 7/, because P is in canonical form. Applying it to (26) with a large enough exponent
r we get y/ € PKHH7(y"), where [y”]p = [y]p, which means [y]lp <p [y]p. Similarly,
using y' € S(x) and S(x') € S(T(y)) in (26), we get y"” € P¥++7(y) for large enough
r, where [y”']p = [y']p, which means [y']p <p [y]p. By antisymmetry of <p, we have
[ylp = ['1p. Since y' € S(x’) C S(T(y)), by (27) we get y/ € P"T(y") € PkFHHr+i(y).
Thus, y' = y. O

Lemmaé6 Let (X, R), (Y, P) € End(REL¢) be objects in canonical form isomorphic in
SzZYM(RELy). If [S, a]: (X, R) — (Y, P) is an isomorphism and U is a component of R,
then S(U) contains a uniquely determined component V of P with the same period as U
such that no other component of P with non-empty intersection with S(U) is higher than V.

Proof Let [T, B]: (Y, P) — (X, R) be an isomorphism inverse to [S, «], let x € X and
U := [x]g. We claim that there exists exactly one component V intersecting S(x) such that
no other component W intersecting S(x) is higher than V.

We have S(x) # #, because for some ¢t € Ny we get R' (T (S(x))) = R'T*TF(x) and
R'T+B(x) N [x]g # @. Take x, x' € [x]g such that (x,x’) € T o S. By Lemma 5, there
exists a unique y € Y such that (x, y) € Sand (y,x") € T.

The component [y]p is uniquely determined. Indeed, for (x,x’) € T o S, ¥ # x and
[X1g = [X'1r = [x]g we have (x,X) € R¥ for some k € Nj. By Lemma 5, there exists
unique y € Y such that (X, y) € S and (y,x’) € T. Since X’ € [x'], for some [ € N| we
have (¥', x’) € R!. Therefore, (x,x') € RloToSoR¥ =R 0T oS=ToP oPkos
and (x,y) € So R, (7,x") € R' o T. Since R and P are in canonical form, (x, y) € S,
(v.¥) € PXand (3, y) € P!, (y,x') € T, which implies [}]p <p [y]p and [ylp <p [}]p.
Thus, [y]lp = [y]p.

Suppose that there exists y; € Y such that (x, y;) € S and [y]p <p [y1]p. Thatis, y €
R¥(y1) for some k € Nj. We have x’ € T'(y) C T(Pk(yl)) = Rk(T(yl)) and so there exists
x1 € T(y;) suchthatx’ € R¥(x1). Because y1 € S(x),itfollows thatx; € T(S(x)). By (27),
[x1]1r = [x]r and, moreover, we can take the exponent n € Ny large enough to be a multiple
of eventual periods of R and P such that x; € R"(x;) € R"(T(S(x))) = R"*F(x),
where x| € [x{]g. Thus, x; = x and x € R"(xy). Therefore, (x,x) € R" o T o § and
(x,x’) € T o S implies (x’, x) € R". Since R is in canonical form we get x’ = x;. Hence,
x" € T(y1). We have (x,y;) € S, (y1,x') € T and (x,y) € S, (y,x’) € T. By Lemma
5, [vilp = [y]p. Thus, we proved that there is only one component such that no other
component of P intersecting S(x) is higher than this component. Let V be this component
of P. Assume that the period of R|[y], is equal to q.
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Now, we prove the statement about the period of V. Take e € V N S(x). We will prove
that the component V' has the same period as U (equal to ¢). Note that x € R?(x), and then
e € S(x) € S(RY(x)) = P1(S(x)). Hence,

e e S(x) C PI(S(x)) C PX(S(x) C....

Therefore, the period of V is equal to either k& := rqg for some r € N; or some k € N; such
that k|q.

As we proved above, U is the component of R with non-empty intersection with 7 (e)
such that no other component of R with non-empty intersection with 7 (e) is higher than U.
Take y € T'(e) N U. Since we have the sequence of inclusions

yeT(e) CRNT(e)) CR*(T(e)) C...,

the period of U is equal to either ¢ = sk for some s € Ny or some g € Nj such that ¢g|k.
Combining the cases for the period of V and U, we have to consider four cases.

In the first case g = srq it follows that sr = 1 and k = ¢. In the second case ¢ |k and k|q,
we also get immediately k = ¢. Consider the next case ¢ = sk and k|g. Since e € P¥(e),
we get T (e) C R¥(T (e)) and y € T(e) N U. Therefore, either y € Rk(y) and then k = g or
thereisz € T(e) NU suchthat y # zand y € R¥(z). We have y, z € T(e) € R*(T(S(x))).
Also T o So Rl = R'***P for some I € Np. Hence, assuming without loss of generality that
I —k > 0we get R'=K(y) € R+ (x) and R'=*(z) € RIFoHB(x).

We have x, y,z € U, y # z and R|y is a bijection on U. There exist y', 7’ € U such that
y € RI7k(y), 7 € RI=%(2) and y’ # 7'. Therefore, y’ € R/IT*+F(x) and 7/ € RIT*TA(x).
That means y’ = z’. This contradicts the choice of y" and 7/, so the alternative in the third
case cannot hold.

Analogously, it can be proved that in the fourth case k = ¢. Hence, the period of component
V is equal to q.

Now we will prove that V C S(U). Lete € S(x) NV, where x € U andd € P(e)NV,
y € R(x) N U. Suppose to the contrary that d ¢ S(y), that is, there exist w € R(x),
w € [w]g # U such that d € S(w). Obviously, U is higher than [w]g. Since the period of
Visequalto g, e € P77!(d) holds and e € P9~ (d) € P7~!(S(w)). We have

T(e) € RN (T(S(w))),

and by repeating the reasoning of this proof we show that there exists z € T'(e) N U such
thatz € R9~! (T (S(w))). Hence, [w]r is higher than U. By the assumption U is higher than
[w]r. Therefore, U = [w]r, a contradiction. Repeating the reasoning for each element of V
we get V C S(U). Since V is uniquely determined by elements of U and no other component
with non-empty intersection with S(U) is higher than V, the proof is completed. O

Lemma7 An isomorphism in SZYM(RELf) between objects (X, R), (X', R") € End(REL¢)
in canonical form induces a bijection between X/, and X'/ w+ Moreover; the bijection
maps <g to <g.

Proof First we prove that an isomorphism preserves the partial order given by (25) between
the corresponding components.

Let [S,a]: (X,R) - (X, R), [T, B]: (X', R’) — (X, R) be mutually inverse iso-
morphisms in SZYM(REL¢). Let U and V be components of R with periods gy and gy,
respectively. Let W € S(U) and Q € S(V) be the uniquely determined components of R’
with periods gy and gy such that no other components of R’ with non-empty intersection
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with S(U) and S(V) are higher than W and Q, respectively (see Lemma 6). Assume that
V <g U. We will prove that Q <gp/ W.

Takee € W.Thereisanx € T (e) suchthatx € U.Since V <p U, thereexists y € Rk(x)
for some k € Nj, where y € V. We have S(x) € S(T(e)) and S(R¥(x)) € S(T(R*(e))).
Hence, for some [ € Ng we get

R"(S(y) € R"(S(R*(x))) € R*TTHE (e).

Since S(y) contains elements of Q and no other component of R’ intersecting S(y) is higher
than Q, we take an elementd € S(y)N Q and ¢ € R"(d)N Q. Therefore, ¢ € R*H++8 (),
that is W is higher than Q, thatis, Q <z W.

Defineamap f: X/, — X//<_>R, such that f(U) := W, where W € S(U) and no
other component of R’ intersecting S(U) is higher than W. Since such a W is determined
uniquely (see Lemma 6), the map f is well-defined.

We will prove that f is injective. Let f(U) = W = f(V). Then W € S(U) N S(V) and
T(W)CT(SWU)), T(W)C T(S(V)). Thereisanx € T(W)NU, where U is the component
of R higher than any other component intersecting 7 (W). Similarly, y € T(W) NV, where
no other component intersecting 7 (W) is higher than V. That means U is higher than V and
V is higher than U, hence U = V.

We prove that f is surjective. Assume to the contrary that there is W € X’/<>ps such
that for each U € X/, the inequality f(U) # W holds. We have V. C T (W) for some
V € X/, and no other component of R intersecting 7 (W) is higher than V. Since S(V) C
S(T(W)), we get W € S(V) and no other component intersecting with S(V) is higher than
W. Hence, f(V) = W, a contradiction. Therefore, the map f is surjective.

In particular, card X/, , = card X N o BY the above facts we get that foreach U, V €
X/, ifU <g V,then f(U) <g' f(V). This proves that f maps <g to <pg'. O

Corollary 7 Relations of isomorphic objects in SZYM(REL¢) have the same number of com-
ponents with the same periods.

Proof Since for each object in End(RELf) we can find an object in canonical form (see
Theorem 12) isomorphic to the given one in SZYM(RELy), the composition of isomorphisms
in SZYM(RELy) is an isomorphism between canonical forms. The conclusion comes from
Lemmas 7 and 6. O

Corollary8 Let (X, R), (X', R") € End(REL¢) be in canonical formandlet[S, a]: (X, R) —
(X', R) be an isomorphism in SZYM(REL¢). Assume that f: X/ ., — X'/, is abijection
given by Lemma 1. Then for each x € X the restriction of S to [x]g x f([x]r) is a bijection.

Proof By Lemmao6, f([x]r) € S([x]g) and the components [x]g and f ([x]g) have the same
periods. The relations R and R’ restricted to these components respectively are bijections.
Hence, card[x]r = card f([x]R).

We will prove that S|[y), x f(ix]z) 1S @ map. Let [T, B]: (X', R’) — (X, R) be an inverse
isomorphism to [S, o]. Suppose that there exists x € X such that card S|(x, x f([x]p) (X) > 1
and pick y € S{x) x f(1x]z) (¥). Then foreach x” € [x]g wehave card S|z x r(x1) (X)) > 1.
Let 7 € T(y) such that ¢ € [x]g. Then S(t) € S(T(y)) and ',z € S(t), y # 7' and
v,z € [ylg:. There are y” # z” such that y”, z” € [y]g and

v 7" e RE(S(1) € RM(S(T(y) = RFHH(y)
for some k € Ny. This yields y” = z”, a contradiction.

Since card[x]g = card f([x]gr), the map S|[x1x f((x]r) 1S @ bijection. m]
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Lemma8 Let (X, R), (X', R") € End(RELy) be in canonical form and let [S, a]: (X, R) —
(X', R") be an isomorphism in SZYM(REL¢). Assume that f : X/, — X'/, is a bijection
given by Lemma 7. Then for each x € X

R’ 0 Slixlpx f(ixlp) = Slixlex f(lxlg) © R-

Proof Let p € Nj be an eventual period of R. Let us take x" € R'(S|ixjzx f(ix1g) (X))
By Corollary 8, there exist a ¥ = S|z x f(ix]r) (¥) and x" € R'(y"). Consider [x']. By
Lemma 6, there exists a z € X such that [z]p = f_l([x’]R/). Since S|iz1xx f(z1x) 1S @
bijection, assume that x" = S|[z1, x £((z1z) (2)-

We will show that z € R(x). Notice that S|[Z]Rxf([Z]R)(Z) € R/(S|[x]R><f([x]R)(x)) and

T (Sliz1ex £ 1z (@) S TR (Slixtpx £(1x1e) ) = R(T (Slixigx £(1x1p) ()

It follows that there is a ¢ € T(S|z1gxf(z1z)(2)) such that ¢+ € [z]g and ¢ €
R(T (Slix1px f(1x1e) (X)))- In particular, t € R(T (S(x))), therefore R¥(t) € R(R*TPT*(x))
for some k € Ny. Let us take ¥ € R¥TA+E(x) such that ¥ € [x]g. Since R = RPT!, there
existsaf € [z]g such that7 € R*(r) and 7 € R(%).

Notice that X € T(S|ix)zx f(x1z)(*)) such that X € [x]g is uniquely determined by x,
because the restrictions of S and T to the components are bijections. In consequence, X = x.

Furthermore, t € T (S|[z1zx f([z1z)(2)) such that ¢ € [z]g is also uniquely determined by
z. Take 7 € R*TPHK(2) such that 7 € [z]g. Then? € R¥(r) and 7 = 7.

Since 7 € R¥(t) and 7 € RYTAFK(z), we get 1 € R*P(z). To sum up, we have ¥ €
RYBHk(x) € R(X) and z € R"P~*=B=K(f) formp > a + B + k and m € N;. Combining
these we get

ze Rmp_a_ﬂ_k(R(Ra+ﬁ+k(X))),

which means that z € R"™P*!(x). Hence, z € R(x).
Since x” = S|iz1xx f((z1r) () and z € R(x), we have

R’ o Slixlpx f(ixlp) S Slixlex f(ixlz) © R-

The proof of the opposite inclusion is analogous. O

Lemma9 Let (X, R) € End(RELy) be in canonical form. Then for any n € Ny and for each
xeX
Ro R|?X]R = R|'[1X]R o R.
Proof Since (X, R) is in canonical form, Xg = X. Let y € R(R|[x](x)). There exists a
Z = R|ix]p(x) such that y € R(z) and there exists a z’ € [y]g such that y € R(z') and
¥ = Rl[y1x (). We have y € R*(x) and 7/ € RP~!(y), where p is an eventual period of R.
Thus, 7 € RP~!(y) € RP*!(x) = R(x). Hence, 7/ € R(x) and R o R|[x), € Rlix); © R
The proof of the opposite inclusion is analogous.
Now assume that R o R|{’xJ = R|{‘ o R. We have
R xIr
RoR|" N =RoR[!, oRlu, =Rl o Ro Rl = Rl o Rlxz o R =R|" Lo R.

[x1r [xIr

This completes the proof. O

Theorem 13 (Theorem 3) Let (X, R), (X', R') € End(REL¢) be in canonical form. The
objects (X, R) and (X', R') are isomorphic in SZYM(RELy) if and only if (X, R) and (X', R')
are isomorphic in End(RELy).
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Proof Let [S,a]: (X, R) — (X', R)) and [T, B]: (X', R’) — (X, R) be mutually inverse
isomorphisms in SZYM(REL¢) and let + € Ny be such that T o S o RY = R*F+! Let us
define morphisms U: (X, R) — (X’, R’)and V: (X', R") — (X, R) in End(REL¢) by

U(x) := Slietgx ratp (RIGT (),
V(x') = T|[x/]R,xffl([x/]R,)(R/mI/)J;fS(X/))v
where p € Ny is an eventual period of R, mp > a + B + ¢ for some m € Ny, f~!is the
inverse of bijection from Lemma 7 and x € X, x’ € X’. We claim that U and V are mutually
inverse isomorphisms in End(REL¢).

By Corollary 8, both U and V are bijections. Using Lemma 8 one can prove that
V(U(x)) = R}, (). By Theorem 10, we have R/, (x) = [x]~, and card[x]~, = 1
because (X, R) is in canonical form. Therefore, V (U (x)) = le;]R(x) = idx (x). Similarly,
one proves that U(V (x)) = idy (x).

Equalities R oU = U o Rand V o R’ = R o V easily come from Lemmas 8 and 9.

The proof of the other direction comes from the fact that SZYM is a functor. O

8 Classifying Graphs

Let (X, R) € End(RELf) be in canonical form. Define the map [, : [x]r X [x]g —
Z/(q(x1x Z) on strongly connected components of R such that

e &, x") :=m mod qpu, ifx” € RIf, (X)),

where q%]R is the period of R|[x],. Since the restriction R|[y, is a bijection and (Rl[X]R)k =
(Rlix1z) *4ir holds for k € Ny, the maps l[x)z are well-defined for each component [x]r
of R.

Let [x]g and [y]g be components of R and let g[y, and g[,), be the periods of
R|(x1z and R|[y1,, respectively. Define the relation ~[x1z1,1, S ([x]gr x [y]R)2 such that
for (x’, y"), (x”, y") € [x]g x [y]lg we have

&) ~xrivir @7,y =

28
lIerp 7, X)) = y1, (0, ¥") mod ged(qpxg, Gry1e)- (&8

Proposition 23 The relation ~ (5,151, on [X]r X [VIr is an equivalence relation for all
components [X]gr # [V]Ir of R.

Proof For the proof we denote ~[f.(5], by = Reflexivity of ~ is obvious. Let
(x,y) = (', y). Then Iz, (x', x) = gz — Lz (6, %) and 50, (0, Y) = g0, —
Ii51 (v, ¥)- Since iy = qrz1, = 0 mod ged(qpig, grsng) and Iz, (6, X) = Iz (v, )
mod ged(qgrzig» gr1x)> We get (x',¥') = (x, y). Hence, ~ is symmetric.

In order to prove transitivity of =, let (x,y) =~ (x,y') and (x',y) =~ (”,y").
Since iz, (¥, x') = li51, (v, y") mod ged(pzg. qis1e) and lizy (' x") = 51,0 »")
mod ged(q(z)z» q[51x)> also

Iz O, X)) + 1 6 X)) = 151, 0, ¥) + 151, O, ") mod ged(gpzng» qr512)-

It follows that I[z), (x,x") = I5,(y, ") mod ged(gpiy,. gr51,) and in consequence
06, y) = &7 Y. O
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Note that ~[x].[y]x gives a partition of [x]g x [y]g into gcd(q[x1x, q[y1z) €quivalence
classes. Let (X, R), (X', R") € End(REL¢) be in canonical form and [S, «]: (X, R) —
(X’, R) be an isomorphism between the objects in SZYM(REL¢). If f([x]g) € S([x]r)
and f([ylg) € S([ylg) are components of R’ from Lemma 6, where f is the bijection
from Lemma 7, then ~ r(x1) r(1ylz) On f([x]Ig) x f([y]r) also defines the partition into
gcd(grx1g» gry1z) number of equivalence classes.

For (X, R) in canonical form define the number of connections between components [x]g
and [y]r of R as

I riyr (R) ==

/ 2
card{[(', ¥V gy € 1R X DR/~ g, | 060 Y) € Rlentsle)e )

This number determines how many equivalence classes of ~[y1,[y], are realized by con-
nections given by the relation between the [x]g and [y]gr components of R. The following
proposition holds.

Proposition 24 Ler (X, R), (X', R") € End(RELy) be in canonical form. If the objects are
isomorphic in SZYM(RELy) and [ is the bijection between components of R and R’ from
Lemma 7, then ljx1z1y1z (R) = Ly (1x1p) £ (1510 (R)-

Proof Let [S,a]: (X,R) — (X', R’) and [T, B]: (X', R") — (X, R) be mutually inverse
isomorphisms. Consider components [x]z and [y]g and let g[), and g[y], be the peri-
ods of R|[yj, and R|[y,, respectively. Let ¥ € [x]g and e € S(x) N f([x]g). Take all
el,...,er € f([x]r) such that [(e, el)]”ﬂ[x]:e)f([ylk) = [(e, em)]”ﬂ[x]mﬂ[.v]m for all I # m,
I,m € {1,...,k'}. There exists a sequence s{,...,s,, € Nj such that ¢, € R"I(e) and
s # s, mod ged(gxig, qry1x) for each I # m. In other words, [ £(x1,), r(vz) (R)) = k.

We have also T(e;) € T(R"I(e)). Take x; € T(e;) N [ylg foreachl = 1,... k.
Then there is t € Ny such that for each x; we have x; € RITetA+s] (%). Since 5] # s,
mod ged(gpxg, gyg) for l # m, we get [y [y (R) > k.

Assume to the contrary that there exist x1, xo € [y]g such that the classes [(X, x1)]
#+ [()?,xz)]N[XJR[yJR and for ¢/ € S(x1) and ¢” € S(x2) we have [(e, €)]~

~xlpyIg
} - TR
[(e, e”)]Nf([X]R)f([y]R). Then ¢’ € R (e), ¢” € R® (¢) and s’ = s” mod ged(gixix, g[yiz)-
Note that ¢/ € R (S(X)) and ¢’ € R™ (S(¥)), hence x; € T(¢/) € R'T*+A+s (%) and
xy € T(e") € RTHPHS (%) for some t € No. But s’ = s” mod ged(qxigs qylg)> SO

we get [(X, xl)]N[X]RLVJR = [(x, xz)]NmRmR , a contradiction. Therefore, [jx [y (R) = k' =

Lr(xrp), £yir) (R 0

Definition 7 Let (X, R) € End(REL¢) and let (X, R) € End(REL¢) be in canonical form
such that the two objects are isomorphic in SZYM(REL¢) (see Theorem 12). We define a
classifying graph k(R), that is a directed graph k(R) := (V, E) such that V := )_(/elé and
E = {([x]z. [vIg) € Vx V| l[x]R[)’]R(R) # Oand [x]; # [ylz}. Vertices and edges
of a classifying graph are labelled by positive integers. For an [x]; € V we label it by
lab([x]z) := qx] ;. Where gy]; is the period of lelé and for an edge ([x]3, [y]z) € E we

label it by lab([x]z. [y]z) == lx1 41y (R)-
Classifying graphs are invariants of isomorphic objects in SZYM(RELf).

Theorem 14 Isomorphic objects in SZYM(REL¢) have the same classifying graphs up to
graph isomorphism preserving labels of vertices and edges.
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Fig.6 From left to right: relation R, classifying graph k(R) of R, relation R’, and its classifying graph k(R’).

The numbers of the vertices marked on relations digraphs denote the position in the matrix representation of
the relations. The numbers marked on the classifying graphs denote the labels of the vertices and the edges

Proof By Theorem 11, each object in End(REL¢) is isomorphic in SZYM(REL¢) to some object
in canonical form. Composing corresponding isomorphisms we get an isomorphism between
canonical forms of the isomorphic objects. By Lemma 7, Corollary 7 and Proposition 24 we
get the proof. O

Example 2 Consider objects (X, R) and (X', R’) in canonical form given by

0111 0110
NEE , (1001
R=10001 and  R= 14001

0010 0010

Both relations R and R’ are pretty similar. They have two components with period both equal
to 2. One component is higher than the other. Assume that the first component in both relations
is the set {1, 2} =: [1]g =: [1]g’ and the second is the set {3, 4} =: [3]g =: [3]x/ (numbers
correspond to row-column positions of ones in matrix representation of these relations). We
have [[11, 131z (R) # 0 and [, 3], (R’) # 0. More precisely,

card([11g X 31/~ ) = Card([Hg x B1g /oy gy, ) = 2ed(2,2) = 2.

R-1BIR rBlgr

By (28), we easily compute that /(11,131 (R) = 2 whereas [[1),,.(3],, (R") = 1. By Theorem
14, we conclude that (X, R) and (X', R") are not isomorphic in SZYM(REL¢) (cf. Fig.6). O

Unfortunately, the classifying graph as an invariant of shift equivalence classes is not
complete, in the sense that objects in End(RELf) having the same classifying graphs up to
graph isomorphism preserving labels of vertices and edges are isomorphic in SZYM(RELy).
To see this, observe the example on Fig. 7. Both relations are in canonical form and have the
same classifying graphs but are neither isomorphic in End(REL¢) nor SZYM(RELy).

9 Final Remarks

The classification that we obtained allows us to distinguish non-isomorphic objects in
SzZYM(REL¢) in an effective way. The main computational aspects involve strongly con-
nected component detection, finding the period of a digraph component (the time complexity
for both tasks is linear with respect to the sum of the number of vertices and edges of the
digraph; see [9]) and composition of relations (Boolean matrix multiplication). But in order
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Fig. 7 Two relations in canonical form with the same classifying graph (on the right) not isomorphic in
SZYM(REL¢)
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to put this result into direct application in dynamics we need to consider relations with some
algebraic structure, namely so-called linear relations. Recall, for vector spaces X, Y over the
field F a relation R C X x Y is called linear (or additive; see [15, Sect. 11.6]) if

(x1,y1) € R, (x2,y2) € R = (x1 +x2,y1 +2) € R,
(x1,y1) € R = (axi,ay;) € R foreacha € F.

Thus a linear relation is just a vector subspace of X x Y. The sets with vector space structures
are objects and linear relations are morphisms of the category of linear relations, denoted by
LREL¢. Composition of morphisms is defined as standard composition of relations.

We focus on linear relations since a multivalued generator of a dynamical system with
non-acyclic values induces a linear relation (see Sect.2). Such generators are common in
sampled dynamics (see [1, 8]). Moreover, there are strong connections between LREL; and
REL¢. Therefore, we may use the SZYM(REL¢) classification to understand SZYM(LRELy).

Notice that in general LRELy is not a subcategory of the category of sets and relations since
a given set may have more than one vector space structure. But there is a forgetful functor
to RELf which forgets the linear structure of the space. Therefore, it is easy to check that if
two objects equipped with relations on finite vector spaces are isomorphic in SZYM(LRELy),
then both objects are also isomorphic in SZYM(RELy). Thus, we may use the invariant from
SzZYM(REL¢) as an invariant in SZYM(LRELf).

Example 3 Consider the following example. Let (Z3, R) and (Z3, R’) be objects of
End(LREL¢), where relations are defined in Z3 over Z3 with the standard operations. The
relations are given by

R :={(0,0),(0,1),(0,2)} and R :={(0,0), (1,2), (2, D}.

One can easily check that both relations are linear. Notice that relation R is multivalued.
After applying a functor induced by the forgetful functor we get two objects non-isomorphic
in SZYM(REL¢), because their classifying graphs are different (they have different numbers
of components). Hence, (Z3, R) and (Z3, R’) are non-isomorphic in SZYM(LRELy). ]

In such a way we may use the classification of SZYM(RELf) in understanding
SZYM(LRELy). On the other hand, the assumption of a linear structure of relations is strong
enough that it may significantly improve the classification of SZYM(LREL¢). For example,
there are reasons to suppose that for linear relations over fields of finite (nonzero) characteris-
tic the gradient structure of a relation between its components is no longer present or is trivial.
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Moreover, the stronger conditions imply that there are fewer morphisms in SZYM(LRELy),
so it is possible that the identification of two objects is not as common as in SZYM(RELf).
Addressing these observations is beyond the scope of this paper and is a part of further
research. We suppose that Szymczak’s ideas may lead to the development of a Conley-index-
type tool, enabling us to obtain dynamical information for systems reconstructed from data.

Acknowledgements The authors are grateful to the anonymous reviewer for their careful reading and many
helpful comments for clarifying and improving the paper. The authors extend their appreciation to Ethan Akin
for his constructive feedback and many illuminating hints during the preparation of this manuscript.

Author Contributions M. Przybylski: conceptualization, methodology, software, formal analysis, writing,
visualization. M. Mrozek: conceptualization, methodology, formal analysis, writing - original draft. J. Wise-
man: formal analysis, validation, writing - review and editing.

Availability of data and materials Not applicable.

Declarations

Ethical approval Not applicable.
Conflict of interest The authors declare that they have no conflicts of interest.

Funding M.Mrozek and M.Przybylski were partially supported by the Polish National Science Center under
Maestro Grant No. 2014/14/A/ST1/00453 and Opus Grant No. 2019/35/B/ST1/00874.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Batko, B., Mischaikow, K., Mrozek, M., Przybylski, M.: Conley index approach to sampled dynamics.
SIAM J. Appl. Dyn. Syst. 19, 665-704 (2020). https://doi.org/10.1137/19M 1254404

2. Bush, J., Gameiro, M., Harker, S., Kokubu, H., Mischaikow, K., Obayashi, L., Pilarczyk, P.: Combinatorial-
topological framework for the analysis of global dynamics. Chaos 22, 047508 (2012). https://doi.org/10.
1063/1.4767672

3. Conley, Ch.. Isolated Invariant Sets and the Morse Index. American Mathematical Society (1978)

4. Dey, T., Mrozek, M., Slechta, R.: Persistence of the Conley index in combinatorial dynamical systems. In:
36th International Symposium on Computational Geometry (SoCG 2020), LIPIL.cs Leibniz International
Proceedings in Informatics, 164(2020), 37:1-37:17. https://doi.org/10.4230/LIPIcs.S0CG.2020.37

5. Dey, T., Juda, M., Kapela, T., Kubica, J., Lipiniski, M., Mrozek, M.: Persistent homology of morse
decompositions in combinatorial dynamics. SIAM J. Appl. Dyn. Syst. 18, 510-530 (2019). https://doi.
org/10.1137/18M 1198946

6. Franks, J., Richeson, D.: Shift equivalence and the Conley index. Trans. Am. Math. Soc. 352(7), 3305—
3322 (2000)

7. Gabriel, P, Zisman, M.: Calculus of Fractions and Homotopy Theory. Springer, Berlin (1967)

8. Harker, S., Kokubu, H., Mischaikow, K., Pilarczyk, P.: Inducing a map on homology from a correspon-
dence. Proc. Am. Math. Soc. 144, 1787-1801 (2016)

9. Jarvis, J.P, Shier, D.R.: Graph-theoretic analysis of finite Markov chains. In: Shier, D.R., Wallenius, K.T.
(eds) Applied Mathematical Modeling: A Multidisciplinary Approach, ed. 1, CRC Press (1999)

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1137/19M1254404
https://doi.org/10.1063/1.4767672
https://doi.org/10.1063/1.4767672
https://doi.org/10.4230/LIPIcs.SoCG.2020.37
https://doi.org/10.1137/18M1198946
https://doi.org/10.1137/18M1198946

Journal of Dynamics and Differential Equations

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Kaczynski, T., Mrozek, M.: Connected simple systems and the Conley functor. Topol. Methods Nonlinear
Anal. 10, 183-193 (1997)

. Kim, K.H., Roush, EW.: Some results on decidability of shift equivalence. J. Comb. Inf. Syst. Sci. 4,

123-146 (1979)

Kim, K.H., Roush, EW.: On strong shift equivalence over a Boolean semiring. Ergodic Theory Dyn. Syst
6, 81-97 (1986)

Kurland, H.L.: The Morse index of an isolated invariant set is a connected simple system. J. Differ. Equ.
42,234-259 (1981)

Lind, D., Marcus, B.: An Introduction to Symbolic Dynamics and Coding. Cambridge University Press
(1995)

Mac Lane, S.: Homology, Springer, Berlin (1995)

McCord, Ch.: Mappings and homological properties in the conley index theory. Ergodic Theory Dyn.
Syst.8%, 175-199 (1988)

Mischaikow, K., Weibel, Ch.: Computing the Conley Index: a cautionary tale, arXiv:2303.06492
[math.DS] (2023)

Mischaikow, K., Mrozek, M., Pilarczyk, P.: Graph approach to the computation of the homology of
continuous maps. Found. Comput. Math. 5, 199-229 (2005)

Moore, R.E.: Interval Analysis. Prentice-Hall Inc, Englewood Clifts (1966)

Mrozek, M.: Leray functor and the cohomological conley index for discrete time dynamical systems.
Trans. Am. Math. Soc. 318, 149-178 (1990). https://doi.org/10.1090/S0002-9947-1990-0968888- 1
Mrozek, M.: Shape index and other indices of Conley type for continuous maps in locally compact metric
spaces. Fund. Math. 145, 15-37 (1994)

Mrozek, M.: Index Pairs algorithms. Found. Comput. Math. 6, 457-493 (2006). https://doi.org/10.1007/
$10208-005-0182-1

Robbin, J.W., Salamon, D. (eds.) Dynamical systems, shape theory and the Conley index. Ergodic Theory
Dyn. Syst. 8%, 375-393 (1988). https://doi.org/10.1017/S0143385700009494

Rosales, J.C., Garcia-Sanchez, P.A.: Numerical Semigroups, ed. 1, Springer, New York (2009)

Stewart, W.J.: Introduction to the Numerical Solution of Markov Chains, ed. 1. Princeton University Press
(1994)

Szymczak, A.: The Conley index for discrete dynamical systems. Topology Appl. 66, 215-240 (1995).
https://doi.org/10.1016/0166-8641(95)0003]J-S

Szymczak, A.: A combinatorial procedure for finding isolating neighbourhoods and index pairs. Proc. R.
Soc. Edinb. Sect. A 127(5), 1075-1088 (1997). https://doi.org/10.1017/S0308210500026901

Vietoris, L.: Uber den hoheren Zusammenhang kompakter Raume und eine Klasse von zuzammen-
hangstreuen Abbildungen. Math. Ann. 97, 454472 (1927)

Williams, R.F.. Classification of one dimensional attractors. Global Analysis (Proceedings of Symposia
in Pure Mathematics, Vol X1V, Berkeley, CA, 1968), 341-361 (1970)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


http://arxiv.org/abs/2303.06492
https://doi.org/10.1090/S0002-9947-1990-0968888-1
https://doi.org/10.1007/s10208-005-0182-1
https://doi.org/10.1007/s10208-005-0182-1
https://doi.org/10.1017/S0143385700009494
https://doi.org/10.1016/0166-8641(95)0003J-S
https://doi.org/10.1017/S0308210500026901

	The Szymczak Functor and Shift Equivalence on the Category of Finite Sets and Finite Relations
	Abstract
	1 Introduction
	2 Main Results
	3 The Szymczak Functor
	4 The Szymczak Functor and Shift Equivalence in Setf
	5 The Szymczak Functor and Shift Equivalence in Relf
	6 Induced Relations in Relf
	7 Objects in Canonical Form
	8 Classifying Graphs
	9 Final Remarks
	Acknowledgements
	References


