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ABSTRACT. The discrete dynamics generated by a continuous map can be represented combina-
torially by an appropriate multivalued map on a discretization of the phase space such as a cubical
grid or triangulation. In this paper we provide explicit algorithms and computational complexity
bounds for computing dynamical structures for the resulting combinatorial multivalued maps.
Specifically we focus on the computation attractor-repeller pairs and Lyapunov functions for
Morse decompositions. These discrete Lyapunov functions are weak Lyapunov functions and
well-approximate a continuous Lyapunov function for the underlying map.
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1. Introduction

Identifying recurrent behavior is of fundamental importance in dynamical systems theory,
and several characterizations of recurrence have proved useful, e.g. periodicity, nonwandering
points, and chain recurrence. In graph theory, the notion of recurrence corresponds to period-
icity, the existence of a nontrivial path from a vertex back to itself, and the vertices of a finite
directed graph can be separated into recurrent and nonrecurrent components by a linear-time
computation. These observations lead naturally to the question of whether dynamical systems
can be faithfully represented combinatorially by a finite directed graph, which can then be used
for efficient computation.

Conley’s Decomposition Theorem asserts that every dynamical system can be separated into
a minimal (chain) recurrent set and its complement on which the dynamics is gradient-like,
i.e. there exists a Lyapunov function which is strictly decreasing along orbits. The chain re-
current set can then be divided into components which are partially-ordered by the existence of
connecting orbits between them. In general, this does not lead to a finite directed graph because
the number of recurrent components can be infinite. However, by grouping together recurrent
components and connections, one can produce finite partially-ordered collections of invariant
sets called Morse decompositions, which do provide representations of the dynamics by finite
directed graphs.

The standard theoretical framework for Conley’s Decomposition Theorem does not lead nat-
urally to a computational method for approximating the chain recurrent set, constructing Morse
decompositions, or approximating Lyapunov functions. In [1], an alternative approach based on
finite spatial discretizations and combinatorial multivalued maps is developed. As we outline
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briefly below, the main features of this approach are (1) the basic notions of recurrent set, at-
tractor, Morse decomposition, Lyapunov function, etc. are meaningful in combinatorial systems,
(2) there is convergence of these dynamical structures on the combinatorial level to correspond-
ing structures in the underlying dynamical system, and (3) the tools of the Conley index theory
can be applied to a combinatorial approximation to provide rigorous computer-assisted proofs of
qualitative dynamics, see [2, 3, 4, 5].

1.1. Combinatorial multivalued maps and dynamics. The development of a computa-
tional framework for the construction of a combinatorial representation of a dynamical system
requires a finite description of both the metric space X and the dynamical system . To intro-
duce these ideas of combinatorialization and dynamics, we consider a discrete dynamical system
generated by a surjective map f : X — X. The more general cases of continuous time and
noninvariant domains require a few more technicalities and are considered via examples in later
sections. We begin with a general form of discretization of the phase space.

DEFINITION 1.1 ([6]). A grid on X is a finite collection G of nonempty compact subsets of
X with the following properties:
(1) X - UG€QG7
(i) G = cl(int(G)) forall G € G,
(i) GNint(H) =@ forall G # H € G.

The diameter of a grid is defined by diam(G) := sup{diam(G) | G € G}. The realization
map | - | is a mapping from subsets of G to subsets of X, and is defined for S C G by |S| :=
UgesS C X. The existence of grids of arbitrarily small size easily follows from compactness.
In practice, X C R™ and G is a cubical grid, triangulation, or polygonal tiling, but the theory
requires no extra work for arbitrary grids.

We now construct a multivalued map F : G = G which maps grid elements to sets of grid
elements and is a combinatorial representation of the action of f on X. Of primary importance
is the ability to go backward from the combinatorial information contained in F to information
about the topological dynamics of f. As described in [1], the essential requirement is that images
of the multivalued map F well-cover images of f, as first recognized by Szymczak [3].

DEFINITION 1.2 ([3]). A multivalued map F : G =G is an outer approximation of f :
X — X if f(G) C int(|F(G)|) for every G € G.

The smallest such outer approximation is given as follows.

DEFINITION 1.3. The minimal multivalued map F : G = G associated to f on the grid G
isdefined by F(G) :={H € G | HN f(G) # @}.

The minimal multivalued map is a natural setting in which to design algorithms to approxi-
mate the discrete dynamics of a continuous map. However, determining the minimal multivalued
map F requires complete knowledge of the image of f on grid elements, which is computation-
ally impractical. Often one needs to enlarge the images of J, for example to take into account
truncation error and numerical error.

PROPOSITION 1.4 ([1]). If F : G = G encloses the minimal multivalued map associated to
f, then F is an outer approximation of f.

General computer software has been developed to compute such multivalued maps, cf. GAIO
[7, 8]. If errors are incorporated into the construction of an outer approximation, then rigorous
information about the dynamics of f can be obtained using the Conley index, see [2, 3, 4, 5].

Note that the combinatorial system (G, F) is simply a different way of describing a directed
graph whose vertices are elements of G with an edge from G to H if H € F(G). For example,
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consider the logistic map f(z) = 2.5z(1 — x). Figure 1 shows the directed graph corresponding
to the minimal multivalued map for the grid obtained by dividing the domain X = [0, 5/8] into
five equal-length subintervals.
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FIGURE 1. Directed graph representation of the minimal multivalued map for
the logistic map f(z) = 2.52(1 — x). The pair ({G5},{G1}) is an attractor-
repeller pair for F.

We now adapt some dynamical notions to this combinatorial setting, taking into account the
fact that F is multivalued. We present here only the material necessary for the results of this
paper; for a more complete, detailed description the reader is referred to [1]. Note that since f
is surjective on X and F is an outer approximation, the multivalued map has the property that
F(G) and F~1(G) are nonempty for all G € G. We call such a multivalued map closed.

DEFINITION 1.5. S C G is an invariant set for F if S C F(S) and S € F~1(S).

If S and S’ are invariant sets under F, then S U &’ is also an invariant set under F. The
maximal invariant set inl{ C G is denoted by Inv(U). For k < llet T*\ () := ., «; F*(U).
We write T'% (1) = T'%°°(1{) as the k-forward image of I, and similarly T'* (i) = T=°%F as the
k-backward image of U.

DEFINITION 1.6. Let F : =G be closed. A subset A C G is an attractor for F if
F(A) = A. The dual repeller A* of an attractor A is the maximal attractor for F~! in the
subgraph G\ A.

Figure 1 shows an example of a combinatorial attractor-repeller pair. Refining the notion of
an attractor-repeller pair leads to the following definition.

DEFINITION 1.7. Let F : G = G be closed. A Morse decomposition of G is a finite collec-
tion of invariant sets Sy, - - - , S, for which there exists a strict partial ordering > on the index set
{1,---,n} that satisfies the following property. Given a complete orbit { G\, }, ., for which there
exist unique 1 < 4,5 < n and there exist k* € Z such that G}, € S; forall k < k~ and G}, €
Sj forall k > k™ and if ¢ # j, then i > j. The sets S; are called Morse sets.

DEFINITION 1.8. Let F : G — G be closed. The recurrent set of F is defined by R(F) =
{G € G| G € F*(QG) for some n > 0}. The recurrent components are the equivalence classes
of R(F) defined by the relation G ~ H if there exist n,m > 0 such that H € F™(G) and
GeF'(H).

Observe that components of R(F) are the Morse sets of the finest Morse decomposition. In
graph-theoretic terms, the recurrent components correspond precisely to the nontrivial strongly-
connected components or cycles of F which contain at least one edge.
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PROPOSITION 1.9 ([1]). Let F : G =G be closed. Let the set of all attractor-repeller pairs
in F be given by {(A;, A%) | j =1,...,J}. Then, R(F) = ﬂjzl (Aj U Aj)

For any Morse decomposition, including the finest Morse decomposition given by the recur-
rent components, the multivalued map F has a gradient-like structure off of the Morse sets S;.
To make this precise we introduce the notion of a Lyapunov function on a directed graph.

DEFINITION 1.10. A Lyapunov function for a Morse decomposition {S; |i=1,...,1} of
F :G=Gisafunction L : G — [0, 1] satisfying:
(@) if G, H € S;, then L(G) = L(H),
(b) if H € F(G), then L(G) > L(H),
(c) if H € F(G) and G and H do not belong to the same Morse set, then L(G) > L(H).

Since G is a finite set and we are considering Lyapunov functions with images in R, we can
choose L : G — [0, 1] with the following properties.

PROPOSITION 1.11 ([1]). There exists a Lyapunov function L : G — [0, 1] such that for any
c € R, L Y(c) is either a Morse set S;, an element of G \ U;S;, or empty.

Discrete Lyapunov functions for Morse decompositions of F can easily be constructed using
linear-time graph algorithms, see [9]. One can also think of a discrete Lyapunov function as a
piecewise-constant function defined on X which is constant on grid elements. However, these
functions need not be weak Lyapunov functions or approximate continuous Lyapunov functions
for the underlying map f since they do not take into account any topological information. A
weak Lyapunov function for f on X satisfies L(z) > L(f(x)) forall x € X.

1.2. Outline. In the previous section, we build and identify structures in a multivalued
map or directed graph which parallel the dynamical notions surrounding the idea of recurrence,
namely attractor-repeller pairs, Morse decompositions, Lyapunov functions, and the recurrent
set. In [1], it is shown that information from these combinatorial structures can often be pulled
back to provide rigorous information about the dynamics of the underlying system using the Con-
ley index theory, see also [2, 3, 4, 5]. Moreover, it is shown that these structures in a sequence
of grids G,, with diam(G,) — 0 converge to the corresponding structures in the underlying
dynamical system.

In this work, we focus on issues of computation. In particular we provide algorithms for
finding all attractor-repeller pairs in a multivalued map or directed graph and for constructing
Lyapunov functions which approximate continuous Lyapunov functions for the underlying dy-
namics. In Section 2 we develop an algorithm for finding all combinatorial attractor-repeller
pairs and a bound on its complexity. In Section 3 we explain how to compute discrete Lyapunov
functions which are related to the underlying dynamics and give an overall complexity bound
in Theorem 3.10. To provide an efficient method for computing such Lyapunov functions, we
design an algorithm different from that given in [1]. Some examples from both maps and flows
can be found in Section 4.

There are open problems for future work. For example, to compute a nice Lyapunov function
for the recurrent set, it is not necessary to use all attractor-repeller pairs in general; one can iden-
tify certain irreducible attractors on which to compute Lyapunov functions, which may reduce
the overall cost, cf. [10]. Also, in certain situations it may be possible to approximate smooth
Lyapunov functions, which may be useful in some applications.

Finally, in certain places the algorithms require a search of a given list. The complexity of
this search depends on the data structures used to implement the algorithm. When presenting the
computational complexity of an algorithm, we will use the notation [(n) to denote the complexity
to search a list of n elements.
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2. Computation of attractor-repeller pairs

In this section, we introduce an algorithm for finding all attractor-repeller pairs in a directed
graph and provide an estimate of the computational complexity.

2.1. Preliminaries. First we establish some important properties for attractor-repeller pairs
in a closed direct graph.

LEMMA 2.1. Let B C G satisfy F(B) D B. Then I' . (B) is an attractor containing B.

Proof: F (T4.(B)) = U1 F*(B) = Upso F"(B) = T4 (B) since F°(B) = B and F'(B) =
F(B) D B. So by definition I (B) is an attractor and contains 5. n

LEMMA 2.2. Every attractor contains at least one recurrent component, and if R N A # ()
for some recurrent component R and attractor A, then R C A.

Proof: Let A be an attractor. Then F(A) = A so that A is invariant set, and hence for all G € A
there exists a complete orbit v = {Gj }kez in A. Since F is closed and finite, there exists H
such that G, = H for some subsequence. Then H is recurrent and R(H) C A where R(H) is
the recurrent component containing H. Indeed it follows that for every complete orbit G, there
exists k. > 0 and a recurrent component R such that G, € R for all k& > k,, and a similar
result holds for backward orbits. To prove the second statement, if H € RN Aand G € R, then
G € F"(H) for some n > 0. Thus G € A since F(A) = A. m

THEOREM 2.3. Let Pp be the set of all possible unions of recurrent components. If S € Pr,

then I (S) is an attractor containing S. Moreover, for every attractor A we have A =T, (Sa)
where Sy = R(F) N A € Pg, and its dual repeller A* =T (R(F) N A*).

PROOF. Let R be a recurrent component, then R is invariant so that R C F(R). Clearly
this property holds for a union S € Ppg as well, and thus ' (S) is an attractor containing S by
Lemma 2.1.

Now let A be an attractor. Then S4 # () by Lemma 2.2. Let A" = T'; (S4). We now show
that A = A’. Since F(A) = A, the images F"(S4) C Aforall n > 0 so that A" C \A. Suppose
G € A"\ A. Since F(A) = Aand F(A') = F(A'), there is a backward orbit {G,}0_ _ C
A\ A’. Using the same argument as in the proof of Lemma 2.2, there exists k, < 0 and a
recurrent component R such that G, € R for all £ < k,. Hence R C A\ A’ by Lemma 2.2,
which is a contradiction. The analogous result for the dual repeller follows from the fact that .4*
is an attractor for F 1. n

COROLLARY 2.4. Let Ry, --Rs be recurrent components. Let A; = I'1(R;) be their
corresponding attractors with S = U;R;. Then T (S) = A = U, A;.

To summarize, all attractor-repeller pairs can be found by first computing the recurrent com-
ponents and then taking the forward images of all possible unions of recurrent components. In
the next section, we will provide an algorithm and an estimate of computational complexity
based on graph-theoretic techniques.

2.2. Algorithms. As seen in Theorem 2.3 and Corollary 2.4, the recurrent components
play an important role in computing attractor-repeller pairs. In fact, by taking all forward
and backward images from all possible unions of recurrent components we can construct all
possible attractor-repeller pairs, but we would like a more efficient algorithm. Also, attractors
generated by different unions of recurrent components might be the same, and we would like to
avoid redundant calculation. In order to control this problem, we introduce the inclusion graph
between recurrent components describing which recurrent components are reachable by which
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other components. Thus the inclusion graph Z has one vertex for each recurrent component
and there is an edge from the vertex corresponding to R to the vertex corresponding to Ry if
R2 C 'y (R1). We now present a complete algorithm for finding all attractor-repeller pairs. Let
R1,- - Rs be the set of all recurrent components.

STEP 1. Compute inclusion graph and attractors from single recurrent components.

ComputeInclusionGraphAt(G)
1. color(GG) +— BLACK
2. for each H € F(Q)
3. if H =R, then add j to I(G)
4. if color(H)=WHITE then ComputelnclusionGraphAt(H)
5. if color(H)=BLACK then add I(H) to I(G)
6 if G € R; then add I(G) to Z(7)

ComputeAttractorFrom(G, 7)
1. color(G) +— BLACK
2.add Gto ATR
3. for each H € F(G)
4. if H =R, thenadd ATT(j) to ATR
5. else if color(H)=WHITE then ComputeAttractorFrom(H, )

main()

. for each G € G, color(G) «— WHITE

.foreach G € G

if color(G)=WHITE then ComputelnclusionGraphAt(G)
. L =TopologicalSort(Z)

. foreach G € G color(G) <+ WHITE

. for each 1 < ¢ < s in ascending values of L(i)

make AT R empty

ComputeAttractorFrom(G € L~1(3), i)

add ATR to ATT (i)

O 0L A W=

The above algorithm assumes that the recurrent components have been computed, which re-
quires linear time, and that the recurrent components have each been compressed into a single
vertex which requires O(r[(r)) time, where r is the number of grid elements in the forward
image of the recurrent set, F(R). Also, the function TopologicalSort() operates on the acyclic
graph Z, the inclusion graph for the recurrent components, and produces a Lyapunov function L
for 7 in linear time, see Sections 23.4 and 23.5 in [9]. We note that during the Computelnclu-
sionGraphAt() function, I(G) is stored for each grid element G because components might not
be connected directly in the original graph.

The algorithm produces a list AT'T(i) for 1 < i < s of all attractors generated by a single
recurrent component. Also we note we can apply the same procedure for the reverse graph to
get all repellers generated by a single component, say RE P(i) for 1 < i < s. Then the vectors
of lists A and R of all attractor-repeller pairs is generated as follows.

STEP 2. Compute all attractor-repeller pairs.

IsMaximal(list L)
1. foreach € L, if Z(1) ¢ L then return FALSE
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2. return TRUE

FindMaximallnclusions(int n, list L)
1. add n to list L
2. if IsMaximal(L), save L in PL
3. foreachn 4+ 1 < j < s, FindMaximallnclusions(j, L)

ComputeAttractorRepellerPairs()
1. foreachl1 <:¢<s
2. FindMaximalInclusions(i, L = empty list )
3. foreach list L in PL and foreach1 <3 <s
4. ifie L, A(L)=A(L)UATT(i)
5. ifi¢ L, R(L) = R(L)UREP(i)

2.3. Computational complexity. In the above algorithms, we employ a linear-time, depth-
first search style algorithm a constant number of times to compute the recurrent components, the
inclusion graph, and all attractor-repeller pairs. In addition, the algorithm to test for the max-
imality of unions of recurrent components requires at most s(s) comparisons in IsMaximal()
which are performed at most p times, where p is the number of attractor-repeller pairs. Therefore
we have the following theorem. Recall that [(-) is the complexity of searching a list in whatever
data structures are used to implement the algorithm.

THEOREM 2.5. Given a multivalued map F : G =G, the complexity to find all distinct
attractor-repeller pairs is at most O(|F| + |G|+ sp+11(r)), where | F| and |G| are the numbers
of edges and vertices in the graph respectively, s is the number of recurrent components, p is the
number of attractor-repeller pairs, and r is the number of elements in the forward image of R.
In the worst case p < 2°.

3. Computation of Lyapunov functions

We will follow the general scheme in [1] with some modifications to implement an algorithm
to approximate Lyapunov functions. We assume that an outer approximation F : G =3 G of f
is given which is closed. We will approximate a continuous Lyapunov function by a function
which is constant on the interiors of the grid elements.

Let P = (A, A*) be a given attractor repeller pair. The first step is to define such a piecewise
constant function which measures the relative distances from a grid element to the attractor and
the repeller.

DEFINITION 3.1. Let A and B be compact subsets of X where the intersection A N B need
not be empty. A function v 4 ) : X\(AN B) — [0, 1] a called a distance potential for the pair
(4, B) if

() v(a,B) is locally Lipschitz continuous on X\(A N B),
(ii) v(*A{ 1)(0) = A\(ANB),
(i) Vi, p)(1) = B\(AN B).
While any distance potential can be used, we consider the function

B d(z, A)
Vi) (r) = d(z, A) +d(z, B)’

where the distance function d(-,-) is derived from the metric on X. In [1] it was shown that
V(A,B) (x) is a distance potential. For each grid element GG, choose a representative z¢ € int(G).
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Define vp : G — R by vp(G) = V(| 4,14+ (7). Since | Al and | A*| intersect possibly only on
the boundary of grid elements, vp is well-defined and vp(G) = 0 forall G € A and vp(G) =1
forall G € A*.
Following the construction in [1], for the attractor-repeller pair P a discrete Lyapunov func-
tion on G, which is a piecewise constant weak Lyapunov function on X, can be obtained by
01 27 lvn (G k) where vi(GL k) = MaX prerk () vp(H). To compute v}, (G, k) for fixed
G and k, one can use a depth-first search, but this method is highly inefficient if a search is
performed for each grid element and each relevant £ > (. To obtain a reasonably efficient al-
gorithm we use the fact that the graph on G \ (A U A*) is acyclic and every complete orbit ¢
with G € G\ (AU .A*) is a path between the attractor and repeller, cf. [1] (Proposition 3.8), and
define a new Lyapunov function by

0 ifG e A,
(3.1 Wp(G) = % . X if G e A,
5vp(G,0) + 5 Hrélg(XG){Wp(H)} otherwise.

Note that W is recursively defined with Wp(G) € [0,1] forall G € G.

LEMMA 3.2. The function Wp defined in equation (3.1) is a Lyapunov function in the sense
of Definition 1.10 with W, L0) = Aand Wp 1(1) = A*. Moreover, Wp is a piecewise-constant,
weak Lyapunov function for f on X provided F is an outer approximation of f.

Proof: First recall some properties of v, which can be found in Lemma 6.5 of [1]: v} (G, k) = 0
if and only if G € A, v(G,k) = 1ifand only if G € A*, and v (G, k) > vp(H, k) for all
H e F(G).

By definition Wp(G) =0forall G € Aand Wp(G) = 1forall G € A*. For G ¢ A, we
have Wp(G) > v (G,0) > 0.1 G ¢ A*, then Wp(G) < v (G,0) + 1 < 1, which implies
(a).

To prove (b) and (a) we will show Wp(G) > Wp(H) for G ¢ (AU A*). Define

C; = {G ¢ AU A* | i > 0 is the minimum integer such that 7*(G) C A}.

Note that Cy = A and A* N C; = () for all ¢ > 0. Now we proceed by induction on 7 > 0. For
G € Cy we have Wp(G) > 0= Wp(H) forall H € F(G) since H € Aand G ¢ A.
Let G € Cj41. Then for any H € F(G) and for all I € F(H) we have H € C; and

Wh(G) > v5(G,0) + IWp(H) > vp(G,0) + SWp(1) = Wb (H,0) + 5Wp(D)
where the strict inequality follows by induction, and thus
Wp(G) > 2vip(H,0) + %In}% ){WP(I)} = Whp(H) forall H € F(G).
€
[

Now we need to prove that the discrete function YWp converges to a continuous Lyapunov
function for f on X. Here we assume that F is the minimal multivalued map for f on G, though
one can define a notion of convergent outer approximations, see [1]. We use several results from
[1] which we briefly review here.

Let P = (A, A*) be a attractor-repeller pair for f. Define the function

ZQ‘k vy, where  vp(z,k) = maxvp(y) fork > 0.
YEYE

Then Vp is a Lyapunov function for the attractor-repeller pair P = (A, A*), as was proved by
several authors in the case of homeomorphisms [11, 12, 13] and in general in [1].
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Let G, be a sequence of grids with diam(G,,) — 0 as n — oo. By Theorem 5.5 in [1]
there exist attractor-repeller pairs P = (A", A*") such that (|A"|,|A*"|) — (A, A*) in the
Hausdorff metric. Define V"‘Pn'(as7 k) = Max,crk (G)| Vipn|(y) for & > 0. We now show that
W4 converges to Vp uniformly on X.

THEOREM 3.3. For every € > 0 there exists a constant M > 0 and N (€) > 0 such that
|Vp(z) — Wpn(x)| < €[l + Lipy + M (Lipy + 1)]  foralln > N(e).
First we need the following lemma from [1].

LEMMA 3.4 ([1] Lemma 6.6). Let x € G € G. Then for each k and € > 0 there exists an
N (e, k) such that

Vipn|(z, k) — Vp(2, k)| < € uniformly inx € X,
and

IVipn (2, k) = vpn (G, k)| < eLipy forn = N(e k).

COROLLARY 3.5. Letx € G € G and H € F¥(G) for k > 0. Then for each k > 0 and
€ > 0 there exists an N (e, k) such that

Vipn|(z, k) —vpn (H,0)| < eLipy + 2ke(Lipy + 1) forn > N(e k).
Proof: First we prove that
Ve (G, k) —vpn (H, k — 1) < 2¢(Lipy + 1) for H € F(G) and k > 1.

Since H € F(Q), there is 2’ € G such that f(z') € H, and vi,(f(2'),k — 1) = vp(2/, k). So
by the Lemma 3.4 there exists [V such that

Wi (Ho e — 1) = ¥ (G )|

< W (Hok— 1) = Vipu (F(@') k= 1)
+ [Vipn (f(@), & = 1) = vp(f(a'),k = D+ [Vp(f(2'), k — 1) = Vipa (2, k)|
+ [Vipn| (2", k) = vpn (G, )]
Vo (H, k= 1) = Vipn (f(2), & = 1) + [Vipu (f (&), k — 1) = vp(f(2'), k — 1)
+ |vp(z' k) — len|($ k)| + \Vrpﬂ(x/, k) —vpn (G, k)|
< eLipy + € + € + eLipy = 2¢(Lipy + 1).

IA

Thus we have
\v‘*pn|(m,l<;) —vpn(H,0)|
< |vrpn|(a:, k) —vpn(Go, k)| + [vpn(Go, k) — vpa (G1, k — 1)
+ Won(G1,k — 1) = vpu(Go, k —2)| + -+« + [Ppu(Gm—1,1) — vpa (H, 0)]
eLipy + 2ke(Lipy + 1),
where Gy = G, Gy, = H and G; € F(G;_1) foreach 1 < i < k. n

IN

Proof of Theorem 3.3: Using Lemma 3.4, it is shown in [1] (Theorem 6.7) that there exists N (¢)
such that [Vp(z) — Vipn|(7)| < ¢, and so we have

Ve(@) = Wer(@)] < [Ve(@) = Vipn|(@)] + [Vipn) () ~ Wpn (G)
< et [Vipn (@) - Wpn (G)].
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Now also applying Corollary 3.5 we have

K
> 2 i (2, k) = Wen(G)
k=0

K
Lvtn (,0) +227kflvrpn‘(a;,k)—%v;‘;n(G,O)—% max W(H)‘

K =1 HeF(G)
11 —h—1 % 1 1, 1
< debipy 32 N < ] {ipati10) + 4 ma W<I>}'
1 . —k—1 1 1
< 5elipy —1—1521 2 Vipn| (T, k) — 7Vpn (H',0) — 3 Ier?r%;},) W(I)

where H), is a grid element which attains the maximum of the set {$v., (H,0) + % makx : |H €
IeF(H

F(G)}. Now

K
Z 2_k_1vrpn‘ (x, k) — an (G)
k=0

K
< Jelipy + H¥ipu (2.1) 95 (,0)] | 30275 Vi (8) — || mae W(G)
k=2

< LleLipy + 1[eLipy + 2¢(Lipy + 1)]

+

K
o k=lyx  (z k) — 1 Lyx (1,0)+ 1 W(J
52 i (0.4 o {vpa(10) 4 s W0

Repeating this estimate we obtain

K
> 2 i (2, k) = Wen (G)
k=0

K K
< > 27 ReLipy + > 2 Fke(Lipy + 1) < €[Lipy + M (Lipy + 1)]
k=1 k=1

for all K > 0 a fixed constant M, since the last series converges. Hence

IVp — Wpa| < €[l + Lipy + M(Lipy + 1)].

3.1. Algorithms. In the previous section we proved the existence of a Lyapunov function
Wep for an attractor-repeller pair for F which is a weak Lyapunov function for f and when
applied to a sequence of grids G, with diam(G,) — 0 converge to a continuous Lyapunov
function for an attractor-repeller pair of f. In this section, we provide explicit algorithms for
computing Wp.

First we need to compute the distance potential v». While in principle one could directly
compute vp, particularly on regular grids, it is computationally expensive to compute the dis-
tances between sets of grid elements. Therefore, the following algorithm approximates the func-
tion vp by
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~

where d(G,S) = minges d(zqg, zm). In other words, distances between sets of grid elements
are computed by the minimum distance between the representative points in each set.

The next two lemmas show that the difference between the Lyapunov function WWp computed

using the distance potential v and the function Vp computed using vp decreases linearly with
the diameter of the grid.

~

LEMMA 3.6. IfSC Gand G ¢ S, then 0 < d(G,S) — d(z¢g, |S|) < diam(G).

~

Proof: By definition, d(G,S) = minges d(rg,zn) > d(zc,|S|) = minges d(za, ). Let
y € |S| be a minimizer of d(z¢,|S|). Then there exists H € S such that y € H so that
d(xm,y) < diam(G). Therefore d(G,S) < d(zq,zn) < d(zg, |S|) + diam(G). [

LEMMA 3.7. If P = (A, A*) is an attractor-repeller pair for F with | A| N |A*| = @, then
there exists C(dist(|.A|,|.A*|)) > 0 such that vp(G) — vp(G)| < C diam(G) and [vp(G, k) —
v (G, k)| < Cdiam(G) forall G € G\ (AU A*) and k > 0. Moreover, if W is the function
defined by equation (3.1) with distance potential vp, then ]WP(G) —Wp(G)| < Cdiam(G) for
allG € G.

Proof: Using Lemma 3.7,
. 2 diam(G) diam(X)
G)—vp(GQ) <
PR @S T e

Suppose ¥ (G, k) — v (G, k) > C diam(G). Then there is a maximizer H € I'* (G) such
that v (G, k) = vp(H) so that vp(H) —vp(H) > vp(G, k) — v (G, k) > C diam(G), which
is a contradiction. A similar contradiction is reached if v, (G, k) — vp (G, k) > C diam(G).

Finally,

Wp(G) — <1l - 1 Wp(H) — .
Wp(G) = Wp(G)| < 5[vp(G,0) —vp(G)| + 2|HI€TIJ?}(><G) Wp(H) s Wp(H)|

Proceeding by induction we may assume that [Wp(H) — Wp(H )| < Cdiam(G) for all H €
F(G). Then by the same argument as in the proceeding paragraph | maxperq) Wp(H) —
maxger(q) Wp(H)| < Cdiam(G), and the result follows. [

From the definition of Wp and the acyclicity of the graph on G \ (A U A*), we provide
the following algorithm to compute 17\/\7:. Note that the algorithm assumes that .4 has been
compressed into a single vertex, which requires O(a) time, where a is the number of elements
in A, since the multivalued map need not be adjusted because F(A) = A. Also Calculate-vp()
is straightforward and not presented.

Calculate—Wp .
1. foreach A € A, vp(A,0) — 0, Wp(A) < 0, color(A) «— BLACK
2. for each B € A*, WP(B) — 1, color(B) «+ BLACK
3.foreach G € G\ (AU A*¥), Calculate-vp(G), color(G) « WHITE
4. preimage — A
5. do until preimage = &
6 preimage — F~(preimage)
7. for each G € preimage
8 if for each H € F(G) color(H) = BLACK
0 75(G,0) — max({75(H,0) | H € F(G)} U {3p(G)})
10. Wp(G) = 55(G,0) + : max{Wp(H) |H € F(G)}
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11. color(G) «— BLACK

To summarize, we have given an algorithm for computing an approximation )7\/\7; to a Lya-
punov function Wp for a single attractor-repeller pair P for the multivalued map F. The error
in this approximation decreases linearly with the diameter of the grid. For any grid, Wp is a
weak Lyapunov function for the continuous map f. Moreover, if G, is a sequence of grids with
diam(G,) — 0 and P,, are suitably chosen, then Wp, , and hence also )7\/\7:”, converges to a
continuous Lyapunov function for an attractor-repeller pair for f.

We can extend these results by taking convex combinations of Lyapunov functions for dif-
ferent attractor-repeller pairs to obtain Lyapunov functions for Morse decompositions and for
the recurrent set, as described in [1]. Indeed, if one takes a suitable convex combination of Lya-
punov functions for all attractor-repeller pairs of 7, ie. W = > 5 apWp with } ", ap = 1,
suitably ordered, then as diam(G,,) — 0 these Lyapunov functions for F converge to a Lyapunov
function for the chain recurrent set of f, [1] (Theorem 6.13).

3.2. Computational complexity. First we assume the distance potential function vp has
already been computed for a given attractor-repeller pair, so that Calculate-vp is not done in line
3 of Calculate-Wp.

THEOREM 3.8. Assume a distance potential function vp has been computed for an attractor-
repeller pair P. Then the complexity to compute YWp is

Ola+ Z O¢(Mg —mg+2) |,
GeG\(AUA*)

where a is the number of elements in A, Og is the out-degree, the number of edges with G as
their initial vertex, Mg = min{k : F*(G) C A}, and mg = min{k : F*(G) N A # 0}.

Proof: To compress the attractor to a single vertex requires operations on the order of the
number of elements of the attractor, O(a). Since the graph G\ (A U A*) is acyclic with each
G € G\(AU A*) possessing a complete orbit from .A* to A in G, the numbers M¢q, mg > 0 are
well-defined. To calculate Wp at G we must compute vy, (G, 0) and maxy, e 7(){Wp(H;)}-
Both are computed when their values at all vertices in the forward image of G have been com-
puted, by finding the maximums over these values on F(G). The number of comparisons in this
step is Og. Moreover, when vertex G is reached in a particular preimage, the forward image
must be checked (line 8) to determine if the function values can be computed at G, which re-
quires O¢ checks. Since each vertex can be found many different times in a backward image of
the attractor and the number of times that each vertex is found is bounded by Mg — mg + 1, the
total number of operations is bounded by

O Z Og(MG —mg + 2)
GeG\(AUA*)
]

To calculate the distance potential function vp(G) for a given G € G \ (A U A*), we must
compute the minimum distances between x and the representatives in the attractor and repeller
which gives the following theorem.

THEOREM 3.9. Given an attractor-repeller pair P, the complexity to calculate the distance
potential vp is O(|G| — | A| — |A*])(JA| + |A*|). which is bounded by O(|G|?).
Proof: The first part is trivial. The maximum of (|G| —|.A|—|.A*|)(|.A| 4 |.A*|) over |A| +|A*| <
G| is (1G] — 3|G|)(31G]) = 1|G|? for sufficiently large |G|. ]



A COMPUTATIONAL APPROACH TO CONLEY’S DECOMPOSITION THEOREM 13

Now we summarize the overall computational complexity for the algorithm. Note that we
assume that the multivalued map F is given on a grid G, and hence the computational cost to
compute F is not included in the following theorem, which is a consequence of Theorems 2.5,
3.8, and 3.9.

THEOREM 3.10. The overall complexity to approximate the Lyapunov function is

p
O |FI+1Gl+spl(s) + i) +pIGP+ D |ait+ Y [Oc(MG—mg+2)]
i=1 GeG\(AUA~)

where s is the number of recurrent components, p is the number of attractor-repeller pairs with
p < 2%, r is the cardinality of F(R), a is the cardinality of A, Og is the cardinality of F(G),
Mg = min{k : F*(G) C A}, and mg = min{k : F*(G) N A # 0}.

Recall that I(n) is the complexity of searching a list of n elements for the data structure used
to implement the algorithm. Using binary-search trees, at worst [(n) = O(log(n)), and using a
good hash table [(n) can be expected to be nearly constant.

4. Examples

In this section we present the results from three simple examples drawn from the one-
dimensional logistic map and the two-dimensional van der Pol ODE. For the logistic map,
f(z) = Az(l — z), we consider two values of the parameter. At A = 3.3, the chain recur-
rent set contains two unstable fixed points and a stable period-2 orbit, and at A = 3.835, there is
a stable period-3 orbit whose dual repeller is a chaotic set.

In the first case, we took a grid of intervals by dividing [0, 1] into 2'7 equal length subinter-
vals. In this graph there were three recurrent components and two nontrivial attractor-repeller
pairs. In the second case, we divided [0, 1] equally into 22° subintervals, and the graph contains
four recurrent components and three nontrivial attractor-repeller pairs. Figure 2 shows the graphs
of Lyapunov functions. The points at the absolute minima correspond to the periodic orbits.

U‘ vp’ TM‘\/ T me/'r'lw‘(w"nww

N T

(a) (b)

FIGURE 2. Lyapunov function for logistic map for (a) A = 3.3 and n = 2!7 =
131,072 and (b) with A = 3.385 and n = 220 = 1,048, 576.

We also consider the van der Pol ODE, & = y and § = —z + (1 — 2?)y. It is well known
that this system has a stable periodic orbit and one unstable equilibrium point at (0, 0). Figure
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3 shows a Lyapunov function on [—4, 4] x [—4, 4] which was subdivided seven times in each
direction to obtain a rectangular grid of 2'* = 16, 384 elements. We used GAIO [8] to produce
a multivalued map for the time-7 map with 7 = 0.2. The multivalued map has two components
and one nontrivial attractor-repeller pair. Note that a continuous Lyapunov function for the time-
T map may not be a strict Lyapunov function for the flow. In [1], a method is given for adjusting
the above approximations to be certain to obtain an approximate Lyapunov function for the flow,
but we do not implement it here.

Also we note that the domains used in these examples, the interval [0, 1] for logistic map and
[—4,4] x [—4,4] for the van der Pol ODE, are not invariant and do not yield a closed directed
graph. In this case, one first restricts the multivalued map to the maximal invariant set in G.

FIGURE 3. Lyapunov function for the van der Pol ODE. In (b) the grayscale
represents the height.
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