-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by HAL-Univ-Nantes

HAL

archives-ouvertes

Upper and lower bounds for finding connected motifs in
vertex-colored graphs
Michael R. Fellows, Guillaume Fertin, Danny Hermelin, Stéphane Vialette

» To cite this version:

Michael R. Fellows, Guillaume Fertin, Danny Hermelin, Stéphane Vialette. Upper and lower
bounds for finding connected motifs in vertex-colored graphs. Journal of Computer and System
Sciences, Elsevier, 2011, 77 (4), pp.799-811. <10.1016/j.jcss.2010.07.003>. <hal-00606148>

HAL 1Id: hal-00606148
https://hal.archives-ouvertes.fr/hal-00606148
Submitted on 5 Jul 2011

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francgais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://core.ac.uk/display/53011185?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00606148

Upper and Lower Bounds for Finding
Connected Motifs in Vertex-Colored Graphs *

Michael R. Fellows®! Guillaume Fertin® Danny Hermelin ¢
and Stéphane Vialette 4

20ffice of DVC(Research), The University of Newcastle,
Callaghan NSW 2308 - Australia

b Laboratoire d’Informatique de Nantes-Atlantique (LINA), UMR CNRS 6241
Université de Nantes, 2 rue de la Houssiniere, 44322 Nantes Cedex 3 - France

¢Algorithms and Complexity Group, Mazx Plank Institute for Informatics,
Campus E1 4 66123, Saarbricken - Germany

dIGM-LabInfo, CNRS UMR 8049, Université Paris-Est,
5 Bd Descartes 77454 Marne-la-Vallée - France

Abstract

We study the problem of finding occurrences of motifs in vertex-colored graphs,
where a motif is a multiset of colors, and an occurrence of a motif is a subset
of connected vertices whose multiset of colors equals the motif. This problem is a
natural graph-theoretic pattern matching variant where we are not interested in the
actual structure of the occurrence of the pattern, we only require it to preserve the
very basic topological requirement of connectedness. We give two positive results
and three negative results that together give an extensive picture of tractable and
intractable instances of the problem.
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1 Introduction

Vertex-colored graph problems have numerous applications in bioinformat-
ics. Sandwich problems have applications in DNA physical mapping [12,24,27]
and in perfect phylogeny [14,33], while vertex-recoloring problems arise in
protein-protein interaction networks and phylogenetic analysis [13,16,34]. In
this paper, we consider another vertex-colored graph problem with an impor-
tant application in metabolic network analysis [32]:

GRAPH MOTIF:
Input: A vertex-colored graph GG and a multiset of colors M.

Question: Does G have a connected subset of vertices whose multiset of
colors equals M?

The GRAPH MOTIF problem can be viewed as a natural variant of a graph-
theoretic pattern matching problem. In more classical variants one is interested
in subgraphs or induced subgraphs that appear, along with their colors, in the
corresponding text graph. However, in GRAPH MOTIF we are not interested
in the actual structure of the occurrence of the pattern, we only require it
to preserve the very basic topological requirement of connectedness. We be-
lieve that due to the generic nature of this problem, it will find applications
in many domains. Indeed, although the problem was introduced by Lacroix,
Fernandes, and Sagot (in a slightly more general formulation) in the context
of detecting patterns that occur in e.g. interaction networks between chemical
compounds and\or reactions [32], it is conceivable to think that algorithms
for this problem can also be used in analyzing other types of networks, such
as social or technical networks.

In [32], GRAPH MOTIF is proved to be NP-complete even if the given vertex-
colored graph is a tree, but fixed-parameter tractable in this case when param-
eterized by the size of the given motif (i.e., |M]). However, as observed by [32],
their fixed-parameter algorithm does not apply when the vertex-colored graph
is a general graph. For this case they only provided a heuristic algorithm
which works well in practice. This paper focuses on extending these results. In
particular, we are interested in investigating GRAPH MOTIF under different
parameters governing the structure of the input.

author at the University of Haifa. At the time, the author was supported by the
Adams Fellowship of the Israel Academy of Sciences and Humanities.



1.1  Our results

We give an extensive, yet still initial, analysis for GRAPH MOTIF which pro-
vides both upper and lower bounds for the problem. Our analysis applies tools
from both the classical and the parameterized complexity viewpoints, and is
aimed at understanding the nature of tractable and intractable instances of the
problem and the parameters controlling them. We show that GRAPH MOTIF
is:

(1) NP-complete already for trees of maximum degree 3 and for motifs which
are sets rather than multisets.

(2) NP-complete for motifs with 2 colors, even if G is bipartite with maxi-
mum degree 4.

(3) FPT when parameterized by the size of the motif k£ via an algorithm
running in time 2°®)n21gn.

(4) XP when parameterized by both the number of colors in the motif and
the treewidth of the input graph. In other words, it is polynomial-time
solvable when both these parameters are bounded by some constant.

(5) W[1]-hard when parameterized by the number of colors in the motif,
even when the input graph is a tree.

Our first upper bound (3) should be compared with our first lower bound
(1). These two together give a rather sharp distinction between the com-
plexity of the problem when the motif is unbounded. When the motif has a
bounded number of colors, our second lower bound (2) suggests that the prob-
lem remains hard for quite a few graph classes, yet not for bounded-treewidth
graphs according to (4). Our last lower bound (5) complements the algorithm
for bounded treewidth graphs by showing that when we take the number of
colors in the motif as a parameter, the problem becomes intractable already
for trees.

1.2 Related and extended work

Since the appearance of the earlier version of this work [23], other variants
of GRAPH MOTIF have been introduced and studied. In [20], a minimization
variant of the problem was considered, where the goal is to minimize the
number of connected components that induce all the colors in the motif. An
asymmetric maximization variant of GRAPH MOTIF was considered in [21],
where the goal is to find the largest subset of the given motif that occurs in the
graph. Both problems turn out to be APX-hard, even for restrictive special
cases, and are in FPT when parameterized by the size of the solution by
extensions of the algorithm presented here. Finally, Betzler et al. [8] considered



the variant where the occurrence of the motif is required to be 2-connected,
and showed that this variant is W/[1]-complete when parameterized by the
size of the motif M. This result shows how fragile the tractability results are
with respect to the topological requirements of the motifs. They also presented
an improvement upon our FPT algorithm for parameter | M|, and this has
recently been improved once more in [28].

The GRAPH MOTIF problem was introduced by by Lacroix, Fernandes, and
Sagot (in a slightly more general formulation) in the context of detecting pat-
terns that occur in various metabolic networks, e.g. interaction networks be-
tween chemical compounds and\or reactions [32]. There has been an enormous
amount of study in this area in the biological community. We refer interested
readers to [18] for a short overview. The model of Lacroix et al. was also used
and extended in [15,29,30].

Finally, we wish to mention the related problem of INTERVAL CONSTRAINT
COLORING, where the input is a set of intervals on the integer line, and a set
of motifs, one for each interval. The goal is to color the integers on the line
so that each interval has exactly the colors of his motif. This problem was
introduced in the context of automated mass spectrometry [2,3], and has been
analyzed according to the parameters governing its input in [31].

1.3 Basic notation and terminology

Our graph-theoretic notation is standard and all notions we use can be found
in any classical text on the subject, e.g. [19]. Throughout the paper, we use
G = (V(G), E(G)) to denote our given vertex-colored graph, and n = |V(G)|
to denote its order. For a vertex v € V(G), we use x(v) to denote the color
of v, and for a vertex subset V' C V(G), we let x(V') denote the multiset of
colors Uyey X(v). For any vertex subset V' C V(G), we let G[V] denote the
subgraph of GG induced by V, i.e., the subgraph on V along with all edges of
G that connect vertices in V. We assume w.l.o.g. that G is connected.

A motif M is a multiset of colors. If M is in fact a set rather than a multiset,
we say that M is colorful. Given a subset of vertices V' C V(G), |V| = |M],
we say that V' is colored by the colors of M, if x(V) = M. For V to be an
occurrence of M, we require not only for V' to be colored by the colors of M,
but also for G[V] to be connected. If this is in fact the case, we say that M
occurs at v for any vertex v € V, or simply that M occurs in G. In these
terms, the GRAPH MOTIF problem is the problem of determining whether a
given motif M occurs in a given vertex-colored graph G. We assume w.l.o.g.
that x(v) € M for any v € V(G).

Our analysis is based both on the classical and parameterized complexity



frameworks. Readers unfamiliar with these subjects are referred to [22,26].

1.4 Organization

The rest of the paper is organized as follows. In the reminder of this section
we discuss notations that will be used throughout the paper. In Section 2,
we give two NP-hardness results that will motivate the rest of our discus-
sion. Following this, in Section 3 we present our algorithm for logarithmic size
motifs. In Section 4 we discuss the case when G has bounded treewidth. Fi-
nally, in Section 5, we show that GRAPH MOTIF is W[1]-hard on trees when
parameterized by the number of colors in M.

2 Two Classical Hardness Results

GRAPH MOTIF is known to be NP-complete for trees [32]. Our aim in this
section is to tighten this result by showing that GRAPH MOTIF remains hard
for highly restrictive graph classes, even if we restrict ourselves to motifs which
are sets rather than multisets, or on the other extreme, to motifs which consist
of a small number of colors. We begin with colorful motifs (i.e. set motifs).

Theorem 1 GRAPH MOTIF is NP-complete, even if M is colorful and G is
a tree of maximum degree three.

PROOF. GRAPH MOTIF is clearly in NP. To prove NP-hardness, we present
a reduction from the well known NP-complete problem 3-SAT [26]. Recall
that 3-SAT asks to determine whether a given 3-CNF formula is satisfiable,
that is, whether there is a truth assignment to the boolean variables of the
formula, such that the value of the formula under this assignment is 1. The
problem remains hard even if each variable appears in at most three clauses
and each literal (i.e., variable with or without negation) appears in at most
two clauses [26]. Hence, we restrict ourselves in our proof to formulas of this

type.

Let an instance of 3-SAT be given in the form of a 3-CNF formula & =
c1 A -+ A ¢y over variables zq,...,x, such that [{¢; | z; € ¢;}| < 2 and
{e; | @i € ¢;} < 2 forall 1 < ¢ < n. We construct an instance for GRAPH
MoriF as follows. The colored graph G initially consists of a path of n ver-
tices, each colored by a distinct color in 1,...,n. To a vertex colored ¢ in
this path, 1 < ¢ < n, we connect a new vertex colored . To a vertex col-
ored 7, 1 < ¢ < n, we connect a pair of new non-adjacent vertices, both



colored x;. Conceptually, each vertex in this pair corresponds to a different
truth assignment for z;. If a truth assignment to variable x; satisfies clause
c¢;, we connect a new vertex colored ¢; to the vertex colored z; which corre-
sponds to this assignment. This is done for every x; € {x1,...,x,} and every
cj € {c1,...,cm}. We conclude our construction by specifying M to be the set
of colors {1,...,n,1',...;n ;x1,...,xp,¢1,...,¢n}. A simple example of this
construction is given in Fig. 1. Note that G and M are as required by the

theorem.
7 i ?
) @) 3)
/ N\ L/ \ | | / \
@ © @ @ @ e @ @ ©

Figure 1. An example of the construction of G out of a 3-CNF formula which consists
of three clauses: ¢; = (x1 Va2 V x3), co = (T1 V22 V T3), and c3 = (1 V T2 V T3).

The construction above is clearly polynomial. Hence, to complete the proof,
we are left to show that M occurs in G if and only if ® is satisfiable. For the
first direction, assume that there exists a truth assignment ¢ which satisfies ®.
Let N C V(G) be the subset of vertices in G which are colored by the colors
in {1,...,n,1',...,n'}, and let X C V(@) be the subset of vertices which
correspond to assignment ¢. Hence, X consists of n vertices which are colored
by the colors in {z1,...,z,}, and N U X induces a connected subgraph. Since
¢ satisfies every clause in ®, by construction of G there is a vertex colored
¢; in the neighborhood of X for every 1 < j < m. In other words, there
exists C' C N(X) which is colored by the colors in {cy,...,¢,}. It follows
that V. = N U X U C is connected and is colored by the colors of M, and
therefore is an occurrence of M in G.

For the converse direction, assume there exists an occurrence V of M in G.
Let X C V be the vertices colored by the colors in {x1,...,2,}, C CV be
the vertices colored by the colors in {cy,..., ¢y}, and ¢ the truth assignment
corresponding to X. By construction, a vertex colored c; is connected in G to
a vertex colored z; if and only if the truth assignment corresponding to this
vertex satisfies clause ¢;. Since C' contains all colors in {cy, ..., ¢y}, and since
vertices in C' are connected only to vertices in X, it follows that ¢ satisfies
every clause in @, and so it satisfies ® itself. O

Theorem 1 (and our proof) shows that a polynomial-time algorithm for GRAPH
MOTIF restricted to trees of maximum degree three is unlikely, even when the



motif is colorful, and when each color occurs at most three times in the input
tree. The next lemma shows that this implication is tight in two ways:

Lemma 2 GRAPH MOTIF is polynomial-time solvable if either

e (G has maximum degree two, or
e (G is a tree where each color is shared by at most two vertices, and M is
colorful.

PROOF. First observe that if G has maximum degree two, then G is actually
a collection of paths and cycles. Given a motif M, one can search through all
subpaths of length |M| in the cycles and paths of G in polynomial-time.

To prove the second part of the lemma, assume without loss of generality
that G is rooted at r € V(G) (as otherwise we can try all possible roots),
and let M = {1,...,k}. We associate with each vertex v a unique literal
z(v) € {x1,%1,..., 2k, Tg}, with x(v) € {x;,7;} if x(v) = i. This can be
done since each color in M appears at most twice in GG. Next, we construct
a 2-CNF formula ® which consists of all clauses z(u) = z(v) for every child-
parent pair (u,v) in G. We also add to ® a single-literal clause containing z(r).
Interpreting the assignment of the variable x; as the selection of which of the
two vertices colored ¢ in G will be taken for the occurrence of M, it is easy to
see that M occurs in G (with respect to the root r) iff ® is satisfiable. Thus, the
second part of the lemma follows from the fact that 2-SAT is polynomial-time
solvable [7]. O

The motif used in the construction of Theorem 1 above is not only of un-
bounded size, it also consists of an unbounded number of colors. One might
hope that for motifs which consist of only a small number of colors, GRAPH
MoTirF would become polynomial-time solvable. Indeed, if the motif consists
of a single color then GRAPH MOTIF reduces to the polynomial problem of
computing the largest connected component in GG. Unfortunately, the follow-
ing theorem shows that already for motifs which consist of two colors GRAPH
MorTir is NP-complete, even when restricted to bipartite graphs of maximum
degree four.

Theorem 3 GRAPH MOTIF is NP-complete, even if M consists of two col-
ors, and G is bipartite with maximum degree four.

PROOF. We reduce from the Exact COVER BY 3-SETS (X3C) prob-
lem, which is known to be NP-complete [26]. Recall that, given a set X =
{z1,29,...,23,} and a collection S = {s1,s9,...,5,} of 3-element subsets of
X, the X3C problem asks to determine whether there exists an exact cover of



X in S, i.e., a sub-collection C' C S such that every element of X is included
in exactly one subset s; € C. The problem is hard even if each element of X
appears in at most three sets of S [26], so we restrict ourselves in the proof to
instances of this type.

Let (X,S) be an arbitrary instance of the X3C problem with |[{s; € S|z; €
sj} < 3 for all z; € X. We show how to construct a motif M and a colored
graph G in such a way that there exists an exact cover of X in S if and
only if M occurs in G. First, we define M so as it contains 2n + 3q white
elements and g black elements. Then, we define G by V(G) = X U S U
S" U S"and E(G) = E, U Ey U E3 U Ey, where 8" = {s),55,...,5,}
and S” = {s7,s5,...,s} are copies of S, and Ei, Ey, E5, E, are defined by:
Ey = {{wi, sj} @i € s}, By = {{si,si} |1 <0 <nj, By = {{s},s{}[1 < i <
n}, and Ey = {{s},s;,1}|1 < i < n —1}. The vertices of X U S U 5"
are colored white and the vertices of S are colored black. It is easily seen that
G and M are as required by the theorem, and that our construction can be

carried out in polynomial time.
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Figure 2. The construction of G out of an instance for X3C: X = {z1,..., x4}
and S = {s1,...,s4}. The 3-sets are s; = {x1,z9,24}, s2 = {z1,23,24},
s3 = {x9, 25,26}, and s4 = {x3, x4, T6}.

Let us now argue that there exists an exact cover C' C S of X if and only if M
occurs in G. For the first direction, suppose that there exists an exact cover
C C S of X. Consider the subset of vertices V=X U C U S U S”. First
note that V' consists of ¢ = |C] black vertices and 2n +3¢ = |X U S U 5"
white vertices. Second, since C'is a cover of X, every vertex of X is connected
to some vertex in C', and C' is connected to S” U S”, so V itself is connected.
It follows that V is an occurrence of M, and M occurs in G.



Conversely, suppose that there exists an occurrence V' C V(G) of M in G.
Observe that M contains 2n + 3¢ white elements, and since exactly 2n + 3¢
vertices of G are colored white, we must have X U S U §” C V. The
remaining ¢ vertices in V' are ¢ black vertices from S. By construction, we do
not have an edge between two vertices of X, nor between a vertex of X and
a vertex of S’ U S”. Therefore, since V' is connected, each vertex of X has to
be adjacent to at least one vertex in V' N S. But |X| = 3¢ and each vertex in
S is connected to exactly 3 vertices in X. Then it follows that no two vertices
of V"N S share a common neighbor in X, and C' =V NS is an exact cover of
XinS 0O

3 Parameterizing by the Motif Size

We next prove that GRAPH MOTIF is fixed-parameter tractable for parameter
|M| on any general graph. This generalizes the result of Lacroix, Fernandes,
and Sagot [32] mentioned in Section 1, and should be compared to the hardness
results presented in the previous section. In particular, our algorithm implies
that GRAPH MOTIF is polynomial-time solvable when the given motif M is
of logarithmic size (i.e. |M| = O(lgn)).

Set k := |M|. Our algorithm for parameter k uses the color-coding technique
introduced by Alon et al. [1], whose derandomized version crucially relies on
the notion of perfect hash families: A family F of functions from V(G) to
{1,...,k} with the property that for any subset V' C V(G) of k vertices
there is a function f € F which is bijective when restricted to V. Alon et
al. [1] showed any graph has a perfect hash family of size 2°®*) . Ign, for any
given positive integer k, and furthermore, this family can be constructed in
20(k) . nlgn time.

The main idea of the color-coding technique is as follows: Suppose M has an
occurrence V' in G, and suppose we are provided with a perfect family F of
hash functions from V(G) to {1, ..., k}. Since F is perfect, we are guaranteed
that at least one function in F assigns V' with k& distinct labels. Thus, by
iterating through all functions in F, we can concentrate on finding occurrences
of V' which are distinctly labeled by our hashing. This allows us to compute
occurrences of M by applying dynamic programming.

Let us next describe the tables used in this dynamic programming algorithm,
for a given a hash function f : V(G) — {1,...,k}. We use L to denote
the set of labels {1,...,k}. For each vertex v € V(G), we will have a table
denoted DP,,. Each such table will have an entry for every pair of label-subset
L' C {1,...,k}, and motif-subset M’ C M, M’ # (). At the end of the



algorithm, the following invariant will be held:
DP,[L',M'] =1 <= M’ has an occurrence V withv € V, f(V) =L". (1)

All entries DP,[(), M'] are set to 0 at the beginning of the algorithm. Note that
unlike M’ which can be a multi-set, L' will always be a set of labels. Clearly,
M has an occurrence V' which is distinctly labeled by f iff DP,[L, M] = v for
some v € V(G).

Now let v be some vertex of G. Our goal is to compute DP,[L’, M'] assuming
DP,[L", M"] has previously been computed for every vertex u € V(G), any
L" C I'\{f(v)}, and any M" C M'"\{f(v)}. The straightforward approach is
to consider small motifs occurring at neighbors of v. However, a motif occur-
ring at v might be the union of motifs occurring at any number of neighbors
of v, and so this approach might require exponential running time in n. We
therefore present an alternative method for computing DP,[L’, M’], which we
call the batch procedure, that uses an even more naive approach, but one that
requires exponential-time only with respect to k:

Batch Procedure(v,L’, M'):

(1) Define S to be the set of all pairs (L”, M") such that L” C L'\ {f(v)},
M" C M'"\ {x(v)}, and DP,[L", M"] = 1 for some neighbor u of v.

(2) Run through all pairs of (L1, M), (Lo, M3) € S and determine whether
LiN Ly =0, and whether M; UMy C M\ {x(v)}. If there is such a pair,
add (L U Ly, M7 U Ms) to S and repeat this step. Otherwise, continue to
the next step.

(3) Set DP,[L', M'] to be 1if (L' \ {x(v)}, M'\{f(v)}) € S.

The reader should note that the correctness of the batch procedure relies
on the fact that we are only required to compute motif occurrences which
occur at specified vertices. In this way we are ensured that the connectedness
requirement holds. This is stated more precisely in the proof of Lemma 4
below. Lemma 5 then shows that using the batch procedure, we can determine
wether our given motif M occurs in G in relatively efficient (i.e. FPT-) time.

Lemma 4 For any vertex v € V(G), label-subset L' C L, and M' C M,
the batch procedure correctly computes DP,[L’, M'], assuming DP,[L", M"] is
given for every neighbor u of v, L" C L'\ {f(v)}, and M" C M’ \ {x(v)}.

PROOF. Let § be the family of pairs computed by the batch procedure.
Consider any pair (L”",M") € § with L” = L'\ {f(v)}. By construction,
M" = M'\ {x(v)} and can be written as M" = M U---U M/, where each
M/, 1 <1i </, is a motif that has an occurrence V;” which includes a neighbor
of v. Furthermore, each V;” is labeled by a unique set of labels L7 such that

10



LiNnLi=0forall<j<{ j#i. It follows that all the Vs are pairwise
disjoint, and that V' = {v} UV U---U V] is connected. Hence, V' is an
occurrence of M’ = M" U{x(v)} in G which is labeled by L' = L" U {f(v)},
and so invariant (1) is held when the batch procedure sets DP,[L’, M'] to 1.

On the other hand, suppose M’ has an occurrence V', v € V', which is labeled
by L'. Write M" := M'\ {x(v)}, L" := L'\ {f(v)}, and V" := V' \ {v}. Let
Vi, ..., V/ be the connected components of the induced subgraph G[V"]. Since
V' is connected, every V) 1 < i < £, includes a neighbor of v. Furthermore,
letting L7 denote the set of labels that f assigns V" for every 1 <i < (¢, we
have L' C L'\ {f(v)} and Ly N L] = () for all 1 <4, j < £. It is now easy to
see that the batch procedure will eventually compute the pair (M”, L") in its
second step, and hence DP,[L’, M'] will be set to 1 in its final step. O

Lemma 5 Given a labeling function f : V(G) — {1,...,k}, one can use the
batch procedure iteratively in order to determine in O(2%kn?) time whether
there is an occurrence of M in G which is distinctly labeled by f.

PROOF. To prove the lemma, let us first analyze the complexity of a sin-
gle invocation of the batch procedure. In its first step, the batch procedure
searches through at most 2Fn motif families, each consisting of at most 2*
motifs. Hence, this step requires O(22*kn) time. For the second step, notice
that number of distinct motif and label-subset pairs is bounded by 2%¢, and
so the number of times the second step is repeated is also bounded by this
term. Since each iteration of this step can be computed in O(2%k) time, it
follows that the second step requires O(2%k) time. Accounting also for the

third step, the total time of one invocation of the batch procedure is therefore
O(2%k + 2%kn) = O(2*kn).

It now can easily be seen that due to Lemma 4, one needs to invoke the batch
procedure at most 22*n times in order to compute every entry in each dynamic
programming table DP,. It follows that in O(2%%kn?) time one can obtain all
necessary information to determine whether M has an occurrence which is
distinctly labeled by f, and so the lemma follows. O

Note that in case M is colorful, the vertex-coloring of G distinctly colors
any occurrence of M, and therefore, in this case we can determine whether
M occurs in GG within the time complexity given in Lemma 5. For general
motifs our algorithm is as follows: It first constructs in 2°%) . nlgn time a
perfect family F of 20 . lgn functions from V(G) to {1,...,k}, using [1].
Next for each f € F, it uses the batch procedure to determine whether there
is any occurrence of M which is distinctly labeled by f in 2°9®) . n? time
(Lemma 5). Since F is perfect, any occurrence of M in G is guaranteed to

11



be distinctly labeled by at least one labeling function f € F, and so by
exhaustively searching through all functions in F, our algorithm can determine
whether M occurs in G in total 2°®) . n2lgn time.

Theorem 6 GRAPH MOTIF can be solved in 2°%) . n%1gn time for k := |M].

4 Bounded Treewidth Graphs

The treewidth parameter of graphs [35] plays a central role in designing exact
algorithms for many NP-hard graph problems (see e.g. [4,6,9,17]). In this
section we show that GRAPH MOTIF is polynomial-time solvable when G
has constant treewidth and M consists of a constant number of colors (but
with arbitrary numbers of repeated elements in the multiset of colors). This
should be compared with Theorem 3 which implies that GRAPH MOTIF is
intractable even when M consists of only two colors and G is bipartite with
constant degree.

4.1 Basic ingredients

We begin by describing the necessary terminology and definitions for our al-
gorithm. We first define tree decompositions and nice tree decompositions of
arbitrary graphs in a somewhat nonstandard way tailor-fit for our purposes.
Later we introduce the central ingredient of our algorithm which is a data
structure essential for its computation.

Definition 7 (Tree Decomposition [35]) A tree decomposition of a graph
G is a pair (T, X)), where X is a set of subgraphs of G (we also refer to elements
of X as bags), and T is a tree over X, satisfying the following conditions:

(1) UXEXX:GJ and
(2) X, ={X € X|veV(X)} is connected in T for allv € V(G).

The width of 7 is maxyex |V(X)| — 1. The treewidth of G is the minimum
width over all tree decompositions of G.

Definition 8 (Nice Tree Decomposition [11]) A tree decomposition (T, X)
of a graph G is nice if T is rooted, binary, and each bag in X is of one of the
following four types:

o Leaf nodes X € X are leaves in T, and are singleton graphs which consist
of a single isolated vertex v € V(QG).
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e [ntroduce nodes X € X have one child X' in T, with V(X) =V (X') U {v}
for some vertex v ¢ V(X'), and E(X) = E(X).

e Connect nodes X € X have one child X' in T, with V(X) = V(X') and
EX)=EX")U {{u,v}} for some pair of vertices u,v € V(X).

e Forget nodes X € X have one child X' in T, with V(X ) = V(X') \ {v} for
some vertexv € X', and E(X) = E(X')\ {{u,v} € E(X’)}.

e Join bags X € X have two children X' and X" in T with X = X' = X".

Although computing an optimal tree-decomposition of a graph is an NP-complete
problem [5], for graph of constant treewidth there exists a linear-time algo-
rithm due to Bodlaender [10] for computing an optimal tree-decomposition.
Furthermore, given a tree decomposition for a given graph, one can obtain a
nice tree decomposition with the same width (and with an at most constant-
factor increase of nodes) in linear time (see for instance [11]). Therefore, we
assume throughout the remainder of this section that we have a nice tree
decomposition (7, X) of our input graph G.

Definition 9 (X7) For any subgraph X € X, we let X1 denote the subgraph
of G defined by
Xr= | X,
X'€Des(X)
where Des(X) is the collection of all descendants of X (including X itself)
inT.

Many of the treewidth-based algorithms for NP-complete graph problems
apply some form of dynamic-programming computation on the nodes of the
tree-decomposition at hand. Our algorithm also follows these lines, by main-
taining for each X € X the following data-structure:

Definition 10 (Descriptor, Inventory) A descriptor of a subgraph X of
G with respect to a motif M consists of:

o A partition 11 = {I1y, ..., 1L} of V(X).
o A motif family M = {My, ..., M,}, where M; C M, M; # 0, for all 1 <
1< r.

We say that a descriptor as above is positive for X if there exist r pairwise
disjoint subsets of vertices in Xz, say Vi,...,V,, such that:

o VNV(X) =1L, forall1 <i<r.
o V; is an occurrence of M; in X, for all 1 <i <r.

We define the inventory inv(X) of X as the set of all positive descriptors
for X.

Lemma 11 If G has constant treeundth and M consists of a constant number
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of colors, then any subgraph X € X has a polynomial number of distinct
positive descriptors.

PROOF. Suppose that any subgraph X € X has at most « vertices, and
that M consists of at most « colors, for some « € N*. The number of different
vertex-partitions of any X € X is bounded by a®, and the number of different
motif families consisting of at most « motifs, each of size at most n, is bounded
by n®. Therefore, the total number of positive descriptors for any X € X is
bounded by a“® - ne. O

4.2 The algorithm

Our algorithm proceeds as follows. It traverses the nice tree-decomposition of
G in bottom-up fashion, and for each node X € X it encounters, it computes
inv(X) from the inventory (or inventories) of the child graph(s). We determine
that M occurs in G iff M € inv(X) for some subgraph X € X. The following
lemma proves the correctness of this strategy.

Lemma 12 M occurs in G iff M € M for some descriptor (II, M) € inv(X),
XeX.

PROOF. Suppose M has an occurrence V in G. For any v € V', let X, =
{X € X|v € X} denote the collection of subgraphs which include v. By
property (2) of Definition 7, every X, induces a connected subtree 7, in 7.
Furthermore, property (1) of this definition implies that for any u,v € V' with
{u,v} € E(G), there is a subgraph in X, that includes u, and a subgraph
in X, that includes v. It follows that {u,v} € E(G) implies 7, N 7, # 0.
Therefore, since V' is connected, 7y = U,cy 7, is a subtree of 7. Hence,
there is a subgraph that lies on all paths in 7 between the root of 7 and
{X,|v € V}. For this particular subgraph X € {X,|v € V}, V is a subset
of vertices in X7 with V N V(X) # 0, and therefore there is some positive
descriptor (II, M) € inv(X) with M € M. Since the converse direction is
trivial, the lemma follows. O

We proceed to describe our algorithm in terms of the computation needed in
order to obtain inventories of nodes in 7 from the inventories of their children.
We use (II, M) to denote the descriptor of an arbitrary node X in 7, and
(IT', M’) to denote a descriptor (II, M) previously computed from the child
X' of X in 7 (using double-prime notation in case X has two children). The
base cases of this computation are the leaf nodes. The inventory of a leaf node
X consists of a single descriptor (IT, M) with IT = {{v}} and M = {{x(v)}},

14



where v is the single vertex of X. The computation done on any single child
node in 7 is almost equally easy, and is given for the sake of completeness in
the following three lemmas.

Lemma 13 Let X be an introduce node with child X' in T such that V (X) =
V(X") UA{v} for some v ¢ V(X'). Then inv(X) is the set of all descriptors
(IT, M) with

1= {{v},1},... .1} and M = {{x(v)}, M;, ..., M/},

where II" = {11}, ..., II'} and M" = {Mj,..., M/} form a positive descriptor
of X'.

PROOF. Clearly, (II, M) in the lemma is a positive descriptor of X, as-
suming (I'; M) is positive for X’. Furthermore, there are no other positive

descriptors of X, since X/ and X7 differ only by vertex v, and v is isolated
in Xy. O

Lemma 14 Let X be a forget node with child X' in T such that V(X) =
V(X')\ {v} for some v € V(X'). Then inv(X) is the set of all descriptors
(I \ I, M\ M) with (II', M) € inv(X') and IT; = {v}, and all descriptors

1)

(II, M) with
M= {10, A o}, 10} and M = { M}, M.},

where 1" = {II}, .. ., II.} and M' = {Mj,..., M|} form a positive descriptor
of X' with {v} C II..

PROOF. The lemma follows from the easy observation that any motif M/
which occurs in X/ occurs also in X7. Moreover, if V/ is an occurrence of M/
in X7 with V/ NV (X') = X;, then V/ is also an occurrence of M/ in X7 with
VinV(X) =1L\ {v}. O

Lemma 15 Let X be a connect node with child X' in T such that E(X) =
E(X")U {{u,v}} for some {u,v} ¢ E(X'). Then inv(X) is the set of all
descriptors in inv(X'), along with all descriptors (II, M) with

Jj—b

M = {Mé, o ML M UML My M M M;,},

= {11, .. I, I UTI,IT o T0 T, T and

where M" = (Mj,...,M]) and 1" = (II},...,II)) form a positive descriptor
of X', {u, v} € T, 1T and {u,v} C II; UTL,.
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PROOF. First note that since any motif that occurs in X’ occurs also in
X7, and since V(X') = V(X), we have inv(X’) C inv(X). Furthermore, any
motif which occurs in X7 and not in X’ can be decomposed into two motifs
that occur at u and v. The lemma then follows. O

We are left to describe the more interesting case of join nodes. Let us first
define the join operator ® on two partitions of the same vertex set. Let IT’
and II” be two partitions of the same vertex set. The partition IT = IT" ® I1”
corresponds to the equivalence relation formed by taking the transitive closure
of [ UII” (when II" and I1” are both viewed as equivalence relations). In other
words, II is the transitive closure of {(u,v)|ull'v or ull”v}, where ull'v and
ull”v respectively denote that u and v are in the same class in II" and in I1”.

Now, for a pair of motif families M' = (M, ..., M}) and M" = (MY, ..., M)
associated as in Definition 10 with the partitlons H’ and I1”, we define the motif
family M = M' @ M" = (M, ..., M,), such that M; is defined by adding
and subtracting colors in the natural manner. That is, if II} , ..., II; € II" and
T, ... I € II" are the classes of vertices forming II; € II, then the motif
M; is defined by

M= (U ) U (UM ) U . 2

Lemma 16 Let X be a join node with children X' and X" in T . Then inv(X)
is the set of all descriptors in inv(X') and inv(X"), along with all descriptors
(I @ ", M’ @ M") with (II', M") € inv(X') and (11", M") € inv(X").

PROOF. First observe that inv(X’) C inv(X) and inv(X"”) C inv(X) follow
immediately from the definition. To show that any descriptor (II' ® I1”, M’ ®
M") with (TI', M) € inv(X’) and (II", M") € inv(X") is also in inv(X)
consider an arbitrary class II; € II along with its corresponding motif M; € M,
and let II; ,...,II; < II' and II II; € II” be the classes of vertices

G170

from which II; originated, and M ,..., M and M, ..., MZ’; be the motifs
corresponding to these vertex classes in inv(X') and inv(X") respectively. We

will argue that the motif M; € M has an occurrence V; with V; NV (X) = II,.

To see this, take Vl’l, ..., V] and Vl’l’, ..., Vi to be the occurrences of M , ..., M;,
and M;, ..., M] in X7 and X7 respectlvely, and define V; C V(X7) by
V= VLU UV UV U UV

Then V; is colored by the colors of M; according to (2), and by the requirements
of V! Vi and V/ V" according to Definition 10. Furthermore, V; N

TR TREERE

V(X) = H Now, for any pair of vertices u,v € V(X), if u and v are in
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the same class in II" or I1”, then u and v are connected in X7 [V;], since they
are even connected in a subset of V;. Thus, as II is the transitive closure of
II" U II"”, it follows that all vertex-pairs in II; are connected in X7[V;]. As
all vertex subsets V..., V/, V/l,...,V]” are connected in X7[V;] and have
non-empty intersection with II;, there is a path from any vertex in V; to II;.
Combining the two facts above together we get that V; is connected in X7.

To prove the converse direction of the lemma, we show that for any positive
descriptor (II, M) of X’ which is not in the inventories of X’ and X", there
are two descriptors (II', M’) € inv(X’) and (II", M") € inv(X") with IT =
II'®IM" and M = M’ @ M”". first observe any motif M; € M that does
not occur in X% nor in X7, has an occurrence V; which can be decomposed
into its connected components V7 ,...,V; in X7[Vi], and into the connected
components V;7, ..., V;” in X7[V;]. These vertex-subsets are all occurrences of
sub-motifs of M;, and moreover, the families {V; NV(X),...,V/ NV (X)} and
{ViinV(X),...,V/NV(X)} both partition V; NV (X). Taking the transitive
closure of the union of both these partitions, we must get V; N V(X), as
otherwise V; cannot be connected in X7. Continuing in this way for all motifs
in M, we get that I =II' ® II” and M = M @ M”. O

Theorem 17 If G has constant treewidth and M has a constant number of
colors, then GRAPH MOTIF is polynomial-time solvable.

PROOF. The algorithm is as described below. Given an instance (G, M)
of GRAPH MOTIF, it first computes in linear time a nice tree-decomposition
(7,X) of G, and then it traverses 7 in bottom-up fashion, computing the
inventories of each subgraph X € X it encounters from the inventories of
its child subgraph(s) in 7. The algorithm then determines that M occurs
in G iff M is in a motif family of a positive descriptor of some X € X.
Correctness of this approach follows from Lemma 12, and from the correctness
of lemmas 13 through 16. Furthermore, lemmas 13 through 16 together imply
that computing the inventory of any subgraph requires at most quadratic
time in the total size of the inventory of its children. Hence, as each inventory
consists of a polynomial number of descriptors (according to Lemma 11), this
can be performed in polynomial-time. Therefore, as |X| = O(n) nodes, the
entire algorithm requires polynomial-time. 0O

5 Parameterizing by the Number of Colors

Although Theorem 17 gives a nice complementary result to the sharp hardness
result of Theorem 3, it still leaves a certain gap. In the following section we
aim to close this gap, by proving that GRAPH MOTIF, parameterized by the
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number of colors ¢ in M, is W[1]-hard for trees. We refer readers to [22,25]
for more information on the W[1] class, and the implications of an FPT-time
algorithm for a W[1]-hard problem.

Theorem 18 The GRAPH MOTIF problem, parameterized by the number of
colors ¢ in the motif, is W[1]-hard for trees.

PROOF. We present a parameterized reduction from CLIQUE which is known
to be W[1]-hard [22]. Recall that in CLIQUE we are given a simple graph H
and an integer k, the parameter, and we are asked to determine whether H has
a subset of x vertices which are pairwise adjacent. Given an instance (H, k) of

K

CLIQUE, we describe a rooted tree G = T colored with 1+ x+2k(k—1) + (2)

colors. We let m denote the number of edges of H, i.e., m = |E(H)|.

e The root of T'is colored a.

e The root has x - |V (H)| children organized into x groups S(1)...S(k). The
group of |V (H)| children S(i) consists of the nodes s(i, u), where u € V(H).
The color of each node in S(i) is b(7).

e From each node s(i,u) hang k — 1 groups of paths. The groups are P(i,u, j)
for every j € {1...,k} \ {¢}. There is one path p(i, u, j,v) € P(i,u, ) for
each edge {u,v} € E(H) that is incident to u in H.

The path p(i, u, j, v) begins with a vertex colored ¢(i, j) and ends with a vertex
colored d(i,j), and otherwise consists of some number m(i,u, j,v) of internal
vertices colored by e(i,7) = e(j,7). There is an important detail to note here.
If i < j, then c¢(i,7) and ¢(j,7) are different colors, and likewise d(i,j) and
d(j,1), whereas e(7,j) and e(7,4) are the same color. We call the e(i, j)’s the
edge colors.

The number m(i,u, j,v) is calculated as follows. Number the edges in F(H)
from 1 to m, letting {(uv) denote the number assigned to the edge {u,v} €
E(H). We define:

[(uv) ifi<j
3m —l(uwv) ifi> j.

m(i, u, j,v) = {

The motif M consists of one-of-each for every color other than the edge colors,
and 3m elements colored by each edge color. Thus, M consists of c=1+ Kk +
2k(k — 1)+ (g) different colors, and |M| =14k +2k(k — 1) + Bm(g). This
completes the construction of our instance ((G, M),c) for GRAPH MOTIF.
[lustrations of the construction are given in Figures 3 and 4.

We claim that H has a subset of xk pairwise adjacent vertices if and only if
T has a subtree T’ which is an occurrence of M. Suppose that the vertices
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Figure 3. A schematic description of the the first two levels of the tree.

s(i,v)

m(i» u, J, Ul)

N
vr

m(i,u,j,vz) m(l7 uvjvvd(u))

vertices vertices vertices

path path path
p(i,u, j,v1) p(i,u,j,v2) P(E, U, J, Va(u))
P(i,v,5), 7 €{1,2,...,k}\ {i}

Figure 4. A schematic description of the group of paths which hang from the node
s(i,v) € S(i). Is is assumed here that N(u) = {v1,v2,...,vq0u)}-

U1, ..., U, are pairwise adjacent in H. The subtree 7" consists of:

e The root which is colored a.
e The & children of the root s(z,v;) for all 1 < i < k, where s(i, v;) is colored

b(i).
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e The x(k — 1) paths p(i,v;, j,v;). The path p(i, v;, 7, v;) begins with a node
colored ¢(i,7) and ends with a node colored d(i,j) for all 1 < i,j < k,
i # j. Note that the path p(i,v;, j,v;) is pendant from s(i,v;) since v; and
v; are adjacent in H. Together, the two complementary paths p(i,v;, j, v;)
and p(j,v;,4,v;) contain 3m nodes colored e(i, 7).

In the other direction, suppose that the subtree 7" of T' is an occurrence of
M. Then T’ must include the root of T, since it is the only node colored
a. Furthermore, 77 must contain exactly one node in each of the groups S(i),
1 <'i < K, since nodes in each S(i) are all colored b(7). Suppose these nodes are
s(1,v1),...,s(k,v.). We argue that the vertices vy, ..., v, are pairwise adjacent
in H.

In order for T” to be an occurrence of M in T, T' must contain exactly one
pendant path in each of the groups of paths P(i,v;, j) for any 1 <4, j < &,
i # j, and nothing further. To see this, note that 7" must contain at least
one path in each of the groups of paths P(i,v;, ) in order for 7" to contain a
node colored d(i, j). But containing one such path prevents 7" from including
any node of other paths in P(i,v;,7), else T would contain too many nodes
of color ¢(i, j).

It follows that for any pair of indices 4, j with 1 < i < j < k, T” includes exactly
two paths p(i,v;,7,2) and p(j,v;,7,y) that contain nodes of color e(7,j) =
e(j,1). Since M contains exactly 3m elements colored by e(i, j), it follows that
x = v; and y = v;, since p(i, v;, J, v;) and p(j,v;,,v;) are the only two paths in
T with nodes colored e(i, j) that together have exactly 3m nodes of this color.
But then, by the construction of 7', v; and v; must be adjacent in H. O

6 Summary

In this paper we studied the GRAPH MOTIF problem, a natural pattern-
matching problem in graphs which was introduced by Lacroix, Fernandes, and
Sagot to model applications in metabolic network analysis [32]. We presented
an extensive complexity analysis of the problem which entailed two positive
results, and three negative results. Our analysis focused on finding natural
parameters that determine the complexity of the problem. To this extent,
we identified two such natural parameters: The size of the motif, and the
number of different colors in the motif. We believe however that there are more
parameters to be explored, and identifying these is left for further research.

Another direction for possible future research is classes of dense graphs. The
reader should also note that all of our hardness results use graphs that are
quite sparse, which makes the task of assuring connectivity of potential motif
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occurrences difficult. On the other hand, GRAPH MOTIF is trivial on the com-
plete graph. We conjecture that there are many other natural and interesting
dense graph classes for which GRAPH MOTIF becomes tractable.

Finally, we conclude with a list of three concrete questions that were left open
by this paper:

Is GRaAPH MOTIF in FPT when parameterized by the treewidth of the
graph, and the number of different colors in the motif is taken as a constant?
In light of Theorem 1, Theorem 18, and Lemma 2, is GRAPH MOTIF re-
stricted to trees fixed-parameter tractable when parameterized by both the
number of colors of the motif, and the maximum number of occurrences of
a color in the tree?

Does GRAPH MOTIF have a polynomial-size kernel?
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