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ABSTRACT

A PARAMETRIC CLASSIFICATION OF DIRECTED ACYCLIC GRAPHS

We consider four NP-hard optimization problems on directed acyclic graphs (DAGs),
namely, max clique, min coloring, max independent set and min clique cover. It is well-
known that these four problems can be solved in polynomial time on transitive DAGs. It
is also known that there can be no polynomial O(n!~¢)-approximation algorithms for these
problems on the general class of DAGs unless P = NP. We propose a new parameter, [3, as
a measure of departure from transitivity for DAGs. We define 5 to be the number of vertices
in a longest path in a DAG such that there is no edge from the first to the last vertex of the
path, and 2 if the graph is transitive. Different values of 5 define a hierarchy of classes of
DAGs, starting with the class of transitive DAGs. We give a polynomial time algorithm for
finding a max clique when f is bounded by a fixed constant. The algorithm is exponential
in 8, but we also give a polynomial S-approximation algorithm. We prove that the other
three decision problems are N P-hard even for § > 4 and give polynomial algorithms with
approximation bounds of 3 or better in each case. Furthermore, generalizing the definition
of quasi-transitivity introduced by Ghouila-Houri, we define S-quasi-transitivity and prove
a more generalized version their theorem relating quasi-transitive orientation and transitive

orientation.



ACKNOWLEDGEMENTS

I would like to thank my advisor, Ross, for being so generous with his time, for his
patience while listening to my incorrect claims and for sharing insights on a wide variety of
topics, ranging from algorithms to The Onion. His enthusiasm for life is contagious and I
hope some of it rubbed off on me. I would like express my gratitude to Dr. Michael Kirby
and Dr. Sanjay Rajopadhye for their help, advice and support through my graduate studies.
I would like to thank Dr. Iuliana Oprea for being a part of my committee. Thanks to
Ms. Sharon van Gorder and Ms. Kim Judith for their help and patience in setting up the
defense.

A token of thanks to my friends Rohit, Akshat, Louis, Tomojit and Xiaofeng Ma for
their wonderful company. Thanks to Kumar Vijay Mishra for all his help during my stay
here. I'll be in debt for the rest of my life to my college senior Mohan K.V for his invaluable
advice on graduate school in particular and life in general. Lastly, it’s superfluous to thank
my parents and sister for their unwavering support in whatever I decide to do with my life,
there would be little worth speaking about without it.

This thesis is typset in KTEX using a document class designed by Leif Anderson.

iii



TABLE OF CONTENTS

ABSTRACT .« . v o e oo e e e e il
ACKNOWLEDGEMENTS .« « oottt et e e e e e e e e e e s iii
LIST OF FIGURES .« oottt e e e e vi
CHAPTER 1. INTRODUCGTION . . .ttt e e e e e e e e e e e e e e e e, 1
CHAPTER 2. RELATED GRAPH CLASSES . . ¢ttt ettt e e e e e e e e e 5
2.1. COMPARABILITY GRAPHS . . o oottt e e e e e e e e e s 5
2.2, PERFECT GRAPHS . . ottt et e e e s s 12
2.3.  K-EXTENDIBLE GRAPHS . . o ottt e e e e e e e e e s 13
CHAPTER 3. PROPERTIES OF 3 .. ittt e e e 15
CHAPTER 4. COMPUTING (3 AND APPROXIMATION ALGORITHMS................ 18
4. 1. COMPUTING B ettt ettt e e e e e e e e e e e e e 18
4.2.  APPROXIMATION TO MAX CLIQUE. . .ttt ittt et e et e e 19
4.3. APPROXIMATION TO MAX INDEPENDENT SET . ..t tttettee et 20
4.4. APPROXIMATION TO MIN COLORING . . vt ttttet et 21
4.5. APPROXIMATION TO MIN CLIQUE COVER . ...ttt 21

CHAPTER 5. THE FOUR OPTIMIZATION PROBLEMS ON DAGS wWITH A FIXED . 22

5.1. MAX CLIQUE . ..ot 23
5.2. MAX INDEPENDENT SET ......ooouimiiiiiea i 23
5.3. MIN COLORING ... ..ottt 24
5.4. MIN CLIQUE COVER .......oiiiit e 25



CHAPTER 6. (QUASI-TRANSITIVITY AND ORIENTING FOR MINIMUM [ ........... 28

6.1. ORIENTING FOR MINIMUM [+ttt ettt e e e e e e e 30
CHAPTER 7. ADDITIONAL WORK . . e e e e e e e e e e s 33
7.1. FINDING A CYCLE OF MINIMUM MEAN . . ¢ vttt e et e et e e e e 34
REFERENCES . . .ottt e e 37



2.1

5.1

5.2

6.1

6.2

7.1

LisT OF FIGURES

REDUCTION OF MAX-MATCHING IN BIPARTITE GRAPH TO NETWORK FLOW.

THE RED - BLUE VERTICES DENOTE THE CUT. ...\ttt eeeeeeae e 8
GADGET FOR MONOTONE NAE-3SAT CLAUSE, ¢; = {Zj,¥i, Zi} - oo, 24
GADGET CORRESPONDING TO THE MATCHING CLAUSE, ¢; = (T4, Ui, Zi) v oo n e .. 26
GADGETS FOR PROVING -ORIENT 1S NP-COMPLETE . .. ...vvuirinnann... 30
GRAPH FOR THE EXPRESSION (z1 V xa V 23) A (22 Vx4 Vas) A (21 Va3 Vas)... 31

COUNTEREXAMPLE TO KARP’S ALGORITHM FOR CONSTRUCTING A MINIMUM

MEAN WEIGHT CY CLE. .« ottt ittt et e e e e e e e e e e e e e e 35

vi



CHAPTER 1

INTRODUCTION

A directed graph (digraph) D = (V, E) consists of a finite set V' (D), which is the set of
vertices and E(D), a finite set of ordered pairs of distinct vertices called edges. Similarly,
an undirected graph G(V, E), or simply a graph is defined as a special case of symmetric
directed graph where each edge (u,v) € E(G) denotes two directed edges (u,v) and (v, u).
In this work, we refer to an undirected graph by G and its variations. To a directed graph
we refer to by the letter D and its variations. A connected digraph D = (V, E) is a digraph,
the vertices of which cannot be partitioned into two subsets, A, B C V, such that there are
no edges from any vertex in A to any vertex in B and vice versa. Similarly, the vertices of
a connected undirected graph G = (V, E), can’t be partitioned into two sets A, B C V such
that there are no edges between any vertex in A to any vertex in B. Unless otherwise stated
all the digraphs and undirected graphs in this work are connected. For a directed graph,
D = (V, E), we represent the cardinality of V' by n(D) and that of E by m(D), similarly
for an undirected graph, n(G) = |V| and m(G) = |E|. When the graph being referred to is
clear from the context, we simply use n and m instead of n(G) and m(G). An orientation
of an undirected graph is giving directions to each of its edges so that the resultant graph is
directed. An acyclic orientation is an orientation of a undirected graph such that there are
no directed cycles in the resulting directed graph.

For an undirected graph or digraph, a clique is the set of vertices which which are pairwise
adjacent (i.e. have an edge between them), an independent set is a set of vertices which are

pairwise non-adjacent. A clique cover is a partition of the vertices such that each class forms



a clique, and coloring a graph is to partition its vertices into independent sets, and a set of
vertices with the same color is called a color class.

An optimization problem is a problem with an objective function which needs to be either
maximized or minimized subject to a set of constraints, for eg. given an undirected graph,
G = (V,E), find a largest set, S C V, such that the vertices in the set S form a clique.
A decision problem is a problem for which the output is either 0 or 1 for a given set of
constraints, for eg. given a constant k, and an undirected graph, GG, does there exist a clique
of size at least k. Every optimization problem can be converted to a corresponding decision
problem [1].

A problem is said to be polynomial in the input, if the complexity of the algorithm is
O(n*), where n is the number of bits needed to represent the input and k is a fixed real
number, the corresponding algorithm is called a polynomial time algorithm. The class of
all problems for which there are polynomial time algorithms is represented by P. The class
of problems for which there exists a certificate which can be checked in polynomial time is
called NP, thus P C NP. It remains unknown whether P = NP, so a decision problem is
said to be N P-Complete if every problem in NP can be reduced to it in polynomial time.

Directed acyclic graphs (DAGs) are defined as digraphs that have no directed cycles.
The structural properties of DAGs have been studied extensively, and due to properties like
topological sort a number of problems which are N P-Complete to solve on the general case
of digraphs are solvable in polynomial time on DAGs, for example: the decision problems
corresponding to the Hamiltonian path problem, longest path problem, minimum path cover

ete. [1].



Many graph problems of practical importance reduce to finding a max clique, min color-
ing, max independent set and the min clique cover. We refer to these optimization problems
as the four optimization problems henceforth. Furthermore, the corresponding decision prob-
lems are N P-Complete to solve on the class of undirected graphs. Since an acyclic orientation
of an undirected graph can be found in linear time, the four problems can be reduced from
undirected graphs to DAGs, and are as a result N P-Complete even on DAGs.

A transitive digraph D = (V, E) is a DAG in which if (u,v) € F and (v,w) € E then
(u,w) € E. The underlying undirected graph for a transitive digraph is called comparability
graph which belongs to a more general class of graphs called perfect graphs [2]. A great
deal of research has been done on the structural properties of perfect graphs because many
problems which are N P-Complete to solve on the general class of digraphs, like the four
optimization problems mentioned before, are polynomial time solvable on the class of perfect
graphs.

It has been shown by Zuckerman [3] that the four optimization problems cannot have
an O(n'~¢) approximation algorithm on the class of undirected graphs (therefore on DAGs)
unless P = NP. We thus attempt to partition the set of DAGs parametrically and give
approximation algorithms based on this parameter. We define a parameter, 3, as the number
of vertices in the longest path in the DAG such the ends of the path are not adjacent and call
the corresponding DAG [-transitive. This definition is a natural extension of transitivity.
Clearly, # € N. For transitive graphs we define the value of § to be 2. Thus, f > 2 and it
measures how much a DAG departs from transitivity.

Hamburger et.al [4] while using DAGs to model preferences introduced a parameter, A

which gave a parameteric characterization of DAGs. They gave an example of a transitive



DAG for which A could grow unboundedly. Since A could grow unboundedly for ‘simple’
DAGs like transitive DAGs, it begs the question if we're capturing a DAG’s complexity
sufficiently well with A.

In this work we give an algorithm for computing 3 for DAGs, give approximation algo-
rithms for the four optimization problems based on §. Additionally, we close the four opti-
mization problems on S-transitive DAGs with a given 8 by either proving the corresponding
decision problems to be N P-Complete or making note of a polynomial time algorithm to
solve them. We then extend a theorem given by Ghouila-Houri [5] on quasi-transitivity.

This thesis is divided into seven chapters. The first chapter introduces the problem, the
second chapter gives some results on related graph classes, the third chapter states some of
the properties of the parameter 3, the fourth chapter gives the approximation algorithms
based on 3, the fifth chapter gives the NP-Completeness results, sixth chapter gives a result
on quasi-transitivity and orienting an undirected graph for minimum [. The last chapter is

on the additional work done by the author.



CHAPTER 2

RELATED GRAPH CLASSES

Due to the intractability of important optimization problems like the four optimization
problems on the general class of graphs, the problems are studied on the smaller subset of

graphs with structural properties which can be exploited to make those problems tractable.

2.1. COMPARABILITY GRAPHS

Comparability graphs are undirected graphs such that the edges of the graphs can be
oriented in such a way the resulting digraph is acyclic and transitive. Although the four
optimization problems are intractable on the general class of graphs, they are of polynomial
time complexity on comparability graphs.

Various results have been published on the recognition of comparability graphs and tran-
sitively orienting them, Golumbic [6], Hell and Huang [7] gave a O(mA) algorithm (where
A is the maximum degree of any vertex in the graph), Moravan et al. [8] gave a parallel
algorithm. McConnell and Spinrad [9] gave a linear time algorithm for finding a transitive
orientation for a comparability graph.

Once a comparability graph has been oriented so that the resulting digraph is a transitive
DAG, the transitivity can be used to give algorithms for the four optimization problems. We
first enumerate a few properties of transitive DAGs and then give the algorithms for solving

the four optimization problems.

PROPERTY 2.1.1. A path of length L in a transitive DAG, D = (V, F), is a clique of size

L+1.



PROOF. Let any path of length L(>= 2) be (v1,vs,...,vr41). If it not a clique in D,
then let (7, 7) be a two-tuple such that is no edge between v; and v;, and j be the smallest
integer greater than ¢ with this property. Clearly, (v;,v;_1) € E and (vj_1,v;) € E but

(vi,v;) ¢ E which contradicts that D was transitive. O

A source in a DAG is a vertex which doesn’t have any incoming edges. A DAG always
has a source. A sink in a DAG is a vertex without any outgoing edges. A DAG always has

at least one source and at least one sink [1].

PROPERTY 2.1.2. Given a DAG D = (V, E), labeling each vertex of the DAG with the

length of a longest path from any source to that vertex takes O(m + n) time.

PROOF. The sources of any DAG can be found in O(m + n) time by checking each
vertex’s degree, let the set of all the sources be S. Then we can create a DAG, D' =
(VUs, EU{(s,p;)|p; € S}). Now we label each edge of D’ with an edge weight of -1 and run
single-source shortest path (SSSP) algorithm from s. Thus we have the shortest weighted
distance from s to all the vertices of D’. Now, the longest path from any source of the
original DAG, D, to every vertex is one less than the absolute value of the labels returned by
the SSSP algorithm. The longest path can be found by following the back-pointers created
while running the SSSP algorithm. Since SSSP for DAGs takes linear time [1], we have an

O(m + n) algorithm. O

A tournament is a directed graph, D = (V, E), such that for any two vertices, v and v,
either (u,v) € FE or (v,u) € E. A Hamiltonian path in a digraph, D = (V, E), is a path of

length |[V] — 1.

PROPERTY 2.1.3. Every tournament has a Hamiltonian Path.
6



PROOF. Let D' = (V, E) be a minimal counter-example to the claim, with |[V| = n.
Clearly, n > 3. Let us remove one vertex, v from D’. Now, by minimality, the remaining

graph has a Hamiltonian path, let it be (v, va,...,v,-1). Now let p € [1,n — 1] be the

largest integer such that (v,,v) € E. If no such p exists, then we have, (v,vy,...,v,-1) as a
Hamiltonian path in D’. If such a p exists, then we have (vy,va, ..., Up, U, Upi1, ..., VUp 1) a8
a Hamiltonian path in D’. Thus there exists no such D’. O

2.1.1. MAX CLIQUE.

THEOREM 2.1.1. A mazimum clique can be found in O(n + m) in a transitive DAG.

PROOF. The longest path found in the transitive DAG using property 2.1.2, would cor-
respond to a clique by property 2.1.1. Thus an L length path would correspond to an L + 1
size clique. Since by property 2.1.3 we know that every clique has an Hamiltonian path, we

can say that the longest path is the largest clique in the transitive DAG. U

2.1.2. Max INDEPENDENT SET. To find the max indpendent set in a transitive DAG,
we first need to find a minimum path cover. A path cover for a digraph D = (V, E) partitions
the set of vertices V' into subsets such that each subset is a path. On the class of digraphs,
this problem is N P-Complete [10] but on the class of DAGs it’s solvable in polynomial time.

A matching, M, in an undirected graph, G = (V, E) is defined as a subset of edges F,
such that no two edges in M share a vertex. A max matching is a largest such set possible.
An undirected bipartite graph, G = (V = X UY, E) is an undirected graph, such that the
vertex set, V' can be partitioned into two sets, X and Y, such that all edges, F, are between
the vertices in X and Y. A cut, (S,V —.9), of an undirected graph G = (V| F) is a partition

of V. A cut-set is the set of all the edges which have one end point in .S and the other in
7



V — S. The mazx network flow for an directed graph network, N = (sUt UV, E,C) given
the edge capacities C' : F — N, is the problem of finding the maximum flow which can
go from the source s to sink t, such that the flow from each edge is less than or equal to
its capacity, this problem has been extensively studied [11]. An s — ¢ cut is a partition of
V into two sets such that one set contains s and the other . The weight of an s — t cut
for network flow, is the sum of the capacities of the edges going out of S to V — 5, i.e.
{(u,v)|u € S and v € V — S}. The max-flow min-cut theorem states that the max-flow and
the minimum weight of any s —t cut are equal [1].

Fulkerson [12] proved that the problem of finding a min path cover in a transitive DAG
can be reduced to the problem of finding a max matching in a bipartite graph, it can be as it
is extended to the general class of DAGs. Hopcroft et al. [13] gave an algorithm for finding
max-bipartite matching in O(y/nm) time. Dinic’s algorithm for networks in which the max
flow from any edge can be 1 can be proved to run in O(y/nm) as well [11]. We explain the
reduction of max-bipartite matching to network flow as it will be useful in finding a max

independent set in transitive DAG.

FIGURE 2.1. REDUCTION OF MAX-MATCHING IN BIPARTITE GRAPH TO
NETWORK FLOW. THE RED - BLUE VERTICES DENOTE THE CUT.

LEMMA 2.1.2. It takes O(y/nm) to find a min path cover of a DAG, D = (V| E).
8



PrOOF. Given a DAG, D = (V, E), with V' = {vy,vs,...,v,}, we make an auxiliary
undirected bipartite graph, G’ = (V' = X U Y, E’), such that for each v; we make two
vertices, ; € X and y; € Y, and each edge e € E, we make an undirected edge, (z;,y;) in
G'.

Then to reduce the max bipartite matching in G’ to the max flow problem, we introduce
a source s, such that s is connected to all the vertices in X and ¢ is connected to all the
vertices in Y. We make the capacities of all the edges adjacent to s and ¢ as 1 and the
capacities of all edges between X and Y to be oo, an example is shown in figure 2.1. We call
the network V.

According to the integrality theorem of flows in networks, if the capacities of all the edges
in a network are integers then there always exists a max flow such that flow value in all the
edges are integers, and Dinic’s algorithm finds a max integral flow. Now, it’s easy to see
that the max flow in the bipartite graph gives us max matching as well, because of how we
have connected s and ¢, the integrality constraint and how we have given the weights. Let
a set that gives max matching be M. Clearly, |M] is the value of the maximum flow. Now,

we have the following lemmas due to Fulkerson [12].

LEMMA 2.1.3. A matching of size |M| in auxiliary graph G’ corresponds to a path cover

of sizen — |M| in D, where n is the number of vertices in D.

PROOF. Let {(i,,Yi,), (Tigs Yis)s - - s (Tigp_1» Yioyayy )} P @ max matching in G, such that
i1 < i3 <5 < igp-1- Now, these edges can be joined to create a path whenever z;, = y;, .
This corresponds to paths in the original DAG D, since the D is acyclic. Clearly, after

joining the edges of the matching and creating single vertex paths for each of the remaining

9



vertices, we have a path cover of size n — |M]|, as the number of edges in the paths of the

created path cover is the same as |M]. O
U

A werter cover in an undirected graph or a digraph is a subset, S, of its vertices such

that all the edges have at least one vertex from S.

LEMMA 2.1.4. There is an independent set of size at least equal to the size of a minimum

path cover of D. The independent set can be found using mazimum matching in G'.

ProoF. By the max-flow min-cut theorem, we have an s — ¢ cut which determines the
max-flow in NV, and it can be found while running max-flow algorithm by running a DF'S from
the source on the residual graph, let A C X and B C Y such that A, B are reachable from s
in the residual graph. Let S = {s} UAUB and the s—¢ min-cut be (S, (X —A)U(Y —B)Ut),
where A C X and B C Y. Clearly, |S| < n, where n is the number of vertices in D, and the
equality holds when we have a perfect matching in G’. Now, there can’t be any edge from
AtoY — B in N, because then the cut will be of oo weight. So, we have a vertex cover,
(X —A)U B. The size of (X — A) U B is | M| because of how we constructed the network
flow graph. The set of vertices in the original DAG, D, corresponding to the vertex cover
would be of size at most |M| because each vertex in D corresponds to two vertices in G'.
Now when we have a vertex cover of size at most |M| in D, we can get an independent set
of size at least n — |M| on D because the complement of a vertex cover is an independent

set. O

LEMMA 2.1.5 (Dilworth’s Theorem). If D is transitive, there is an independent set of

size equal to the minimum path cover of D.

10



PROOF. If not, then at least one path in the path cover contains more than one vertex
of the independent set. Since the paths correspond to cliques (Property 2.1.1), two vertices

from one path can’t be a part of an independent set, contradiction. U

THEOREM 2.1.6. In a transitive DAG, a mazimum independent set can be found in

O(y/nm) time.

PROOF. Lemma 2.1.4 explains the way to find an independent set of size at least equal
to the size of the minimum path cover. Lemma 2.1.5 proves that the maximum independent

set is of size equal to the size of the minimum path cover. So, the maximum set can be found

in O(y/nm) time. O

2.1.3. MiNniMuM CLIQUE COVER. We first find the relation between minimum path

cover and minimum clique cover.

LEMMA 2.1.7. The size of the minimum path cover is at most equal to the size of minimum

clique cover.

PROOF. Since every clique has a Hamiltonian path, every clique cover is a path cover,
therefore the size of minimum path cover is less than or equal to the size of the minimum

clique cover. O

THEOREM 2.1.8. In a transitive DAG, a minimum clique cover can be found in O(y/nm)

time.

PROOF. A path cover is a clique cover due to property 2.1.1. Due to Lemma 2.1.7, the

clique cover found is a minimum one. O

11



2.1.4. MINIMUM COLORING.

THEOREM 2.1.9. A minimum coloring can be found in O(n + m) time.

Proor. We first note that when the vertices are labeled with the longest path ending
at them (property 2.1.2), we can use the labels as a coloring. The number of colors used
will be equal to 1 + L,,q, where L,,,, is the length of a longest path in the transitive DAG.
Since, by property 2.1.1 the paths correspond to cliques and the minimum number of colors
needed to color a graph is at least equal to the size of the maximum clique, this labeling

gives a minimum coloring. 0

2.2. PERFECT GRAPHS

For a digraph, D = (V, E), an induced subgraph, H = (S, E’), where S C V and E' C E,
is such that all edges whose both end points are in S are contained in £’. Induced subgraphs
for undirected graphs are defined similarly. For G = (V| E), let G4 denote the subgraph
induced by A, where A C V.

Let x(G) we denote the minimum number of colors needed to color G, w(G) denote the
size of a maximum clique in G, «(G) denote the size of a maximum independent set in G and
k(G) denote the minimum number of cliques needed to cover G. Complement of a graph,
G = (V, E) is defined as G = (V, E), where E = {(u,v)|(u,v) ¢ E}. An edge (v;,v;) between
the vertices of a cycle is called a chord, and an odd hole is an induced cycle of odd length.

THEOREM 2.2.1. [14] [15] The following are equivalent:

(1) G = (V,E) is perfect.
(2) w(Ga) = x(Ga) for al ACV

(3) a(Ga) = k(Gy) for all ACV
12



(4) G is perfect.
(5) w(Ga)a(G4) > |A| for all ACV
(6) In G and G, every odd length cycle of length greater than 4 has a chord.

(7) In G and G there is no odd hole of size greater than .

The class of perfect graphs is one of the most extensively studied classes in graph theory.
Grotschel and Lovasz [16] gave a polynomial time algorithm to find a minimum coloring
and maximum independent set on perfect graphs. Since the complement of a perfect graph
is perfect, finding minimum clique cover and maximum clique on the original graph, G, is
the same as finding minimum coloring and maximum independent set on G. Thus all four
optimization problems can be solved in polynomial time on the set of perfect graphs.

A class of graphs is called hereditary if whenever G is a member of the class so is every
induced subgraph of G. Clearly, comparability graphs are hereditary. Since a(G4) = w(Ga)

for all A € V for a comparability graph, G = (V, F), comparability graphs are perfect.
2.3. k-EXTENDIBLE GRAPHS

Spinrad [17] introduced the idea of k-extendible orderings and a dynamic programming
algorithm on how to calculate the max clique in O(kn*) time using the property of k-
extendible ordering. The k-extendible graphs are graphs which have a vertex ordering which
is k-extendible.

Two sets A and B owverlap if they intersect and neither of them is contained in the
other. For an undirected graph, G = (V, E), and an ordering, o = (vq,vs,...,v,), and set
of vertices, U, V, W such that U CV C W, we say V ends with U if, no element of V — U
is after any element of U. Similarly, we say W begins with V' if all the elements of V' are

before any element of W — V.
13



Definition k-clique extendible ordering [4]: An ordering o = (vq,vg, ..., v,) of the vertices
of G = (V,E) is called a k-extendible ordering, if for any two overlapping cliques, X and Y
of size k, if | X NY| =k—1and XUY begins with X —Y = {a} and ends with Y — X = {b}

in o, then a and b are adjacent.

14



CHAPTER 3

PROPERTIES OF [

In this chapter we discuss a few properties of [, some of which will be used in later
chapters when we design approximation algorithms.

Since it’s possible to orient an undirected graph in many ways such that the resulting
orientation is acyclic, we define the f of an undirected graph to be the minimum S amongst

all its possible acyclic orientations. More formally:

Definition [ of an undirected graph: The minimum possible 5 amongst all acyclic orienta-

tions of an undirected graph.

For a DAG, D we refer to the corresponding 5 as 5(D), when the DAG, D is clear from
the context, we simply refer to it as 5. Similarly, for 5(G) when the undirected graph is
clear from the context, we simply write 5.

Unless stated otherwise, we assume that for all the properties enumerated below, the

given DAG is f-transitive.
PROPERTY 3.0.1. 2< 8 <n
PROPERTY 3.0.2. < A+1

PROOF. Given a DAG D = (V, E), Hamburger et al. [4] create an auxiliary graph, D,
from D by connecting the unconnected vertices in D with undirected edges. They call the
original directed edges in D, edges and the added undirected edges as hops. For a cycle in
D, we can calculate ratio of edges to hops. A can be defined as the maximum value of this

ratio over all the cycles in D. The max path in G with ends not connected will make a cycle

in D where the edge to hops ratio would be § — 1, thus, g < A+ 1. O
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PrROPERTY 3.0.3. Given a f-transitive DAG, D, any path of length greater than or equal

to B has an edge from the first to the last vertex.

PRrRoOOF. Follows from definition. O

PrROPERTY 3.0.4. For a DAG, D, any induced subgraph with a path of length L — 1 has

a clique of size [L/S].

PROOF. Let the path of length L — 1 be (vy,vs,...,vr). Due to property 3.0.3, we know

that vy, vg41, ..., v71/8) form a clique. O

ProPERTY 3.0.5. For a DAG, D, the subgraph induced by a path can have an indepen-

dent set of size at most [/3/2].

Proo¥r. Consider a path, P = (vy,vs,...,vy) which is a minimal counterexample to the
claim. By minimality, the first and the last vertices are disconnected. By the definition of
B, L < 3, because the first and last vertices are disconnected. Since the largest independent
set on a path of length L — 1 is of [(L/2)] and § > L, the largest independent set on the

path P is at most [/3/2], contradicting the claim that P is a counterexample. O

PROPERTY 3.0.6. For an undirected graph, g < x

PRrOOF. Given a color scheme which has the smallest chromatic number, say with parti-
tion of the vertices as Ay, Ag, As, ..., A,, if we orient edges from A; to A; when ¢ < j, then

we have the 3 of the resultant DAG at most y. OJ

A topological sort of DAG, D = (V, E) is an ordering of the vertices, o = (v1,vs,...,0y)
such that if (v;,v;) € E, then ¢ < j. We prove that the toplogical sort of a -transitive DAG

is in fact a k-extendible ordering for the underlying undirected graph with k£ = .
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PROPERTY 3.0.7. A topological sort of a S-transitive DAG, D, is a k-extendible ordering

of the underlying undirected graph with k = (.

PrROOF. Given a topological sort of D, let X and Y be two overlapping cliques of size
B —1,and let X —Y = {a} and Y — X = {b}, such that X UY begins with a and ends
with b. In the topological sort clearly there is a path of length § from a to b. Since, by
definition of S-transitivity there cannot be a path with vertices more than  with its ends

not connected, there has to be an edge between a and b. O

PrROPERTY 3.0.8. The subgraph induced by a path of length L — 1, i.e. with L vertices

in a S-transitive DAG can be divided into (3 cliques, each of size less than or equal to [L/f].

PROOF. Let (vq,vs,...,vr) be an induced path of length L — 1, in a S-transitive DAG.
Clearly (v;,vi45) € E, Vi € [1,L — ]. Thus the path can be divided into /5 cliques each of

size at most [L/[3]. O

PrROPERTY 3.0.9. The subgraph induced by a path of length L — 1 vertices in a -

transitive DAG can be colored with at least [L/[3/2]] colors.

PROOF. Since the maximum size of an independent set on a path in a S-transitive DAG,
D = (V,E) is [/2] (Property 3.0.5), the minimum number of partition classes in a parti-
tion of V' into independent sets is [L/[$/2]]. Since all the vertices in an independent set

constituting the partition can be colored with one color, we can have a coloring scheme with

[L/15/2]] colors. O
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CHAPTER 4

COMPUTING 3 AND APPROXIMATION ALGORITHMS

Approximation algorithms for optimization problems compute not necessarily the exact
solution but a solution which is in a certain bound of the exact solution. More formally,
say, we have a maximization problem, the exact solution to which is C*, a p-approximation

algorithm gives a result, C, such that:

¢ <
C_P

Similary, for a minimization problem, the exact solution to which is C*, a p-approximation
algorithm gives, C, such that:
¢ <
o = P
In this section, we first give the algorithm for computing § for a DAG. Then we give

approximation algorithms based on 3, for the four optimization problems, max clique, max

independent set, min coloring and min clique cover.

4.1. COMPUTING 8

Given a DAG, D = (V, E), we give an O((m + n)n) algorithm for computing g for it.
For a DAG with weighted edges, all pair shortest paths, i.e. the shortest paths between all
the vertices can be calculated in O((m + n)n) time, by just topologically sorting the DAG
and running single source shortest path from each vertex. So, first we make each edge of D
a weight of —1 and run all pair shortest path. Then we calculate the longest path between

any two non-adjacent vertices of D and take the maximum of the longest path, which takes
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O(n?) making a total of O(n*+m(n+m)) which is the same as O(nm) since D is a connected

digraph.

Algorithm 1: calcBeta(D)
Data: D = (V, E)
Result: 5
begin
Set all edge weights of G to -1
M = APSP(D) // Calculates all-pair-shortest-paths and stores them in M
g =2
for all (u,v) ¢ E and v is reachable from u do
d = M[u][v] // Shortest Distance from u to v
B = max(p,|d| + 1)
/* absolute value of d because the edges weigh -1. We add 1 to |d| because we
want the number of vertices in the path, not the edges. */

| return 3

4.2. APPROXIMATION TO MAX CLIQUE

For a S-transitive DAG, D = (V, E), we can calculate S-approximation algorithm for the

max clique problem which runs in O(m + n) time.

LEMMA 4.2.1. For a DAG, D = (V, E) the longest path can be calculated in O(m + n)

time.

PrROOF. We first topologically sort the vertices of D, let (vy,vs,...,v,) be a topological
sort. Now, we first label every vertex with zero, i.e. d(v;) = 0 Vi € [1,n]. Then for each i
from 2 to n we calculate d; = max(1 + d;, d;) V{j|(v;,v;) € E} and mark a back-edge from
d;, to d; if d; # 0 and 1 + d; > d;. After this is done for all i € [2,n], the maximum value
of d; for i € [1,n] gives the maximum length path, and this path can be found by following

the back-edges. O
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THEOREM 4.2.2. [-approzimate max clique for a B-transitive DAG can be calculated in

O(m +n) time.

PROOF. Let a maximum clique in the DAG be of size C*. Since every clique in a digraph
has a Hamiltonian path (property 2.1.3), a longest path in the DAG has Ly, (> C*) vertices.
After calculating the longest path in the DAG in using Lemma 4.2.1, we can construct a
clique by using property 3.0.4 of size C' = [Lyaz/5]. Since, Ly, > C*, we have C*/C < 3

O

4.3. APPROXIMATION TO MAX INDEPENDENT SET

For the max independent set approximation algorithm for a S-transitive DAG, we first
need to compute a minimum path cover for the DAG. By Lemma 2.1.2, a minimum path
cover for a DAG can be calculated in O(y/nm) time and by Lemma 2.1.4 we can calculate
an independent set of size at least equal to the size of the minimum path cover. Therefore,
we have the following theorem.

THEOREM 4.3.1. [18] For a [-transitive DAG, D, there is a [(3/2]-approzimation algo-

rithm for calculating the mazimum independent set in O(y/nm) time.

ProOOF. For a DAG, as shown in previous section, an independent set of size at least
equal to the min path cover can be found in O(y/nm) time. Since by property 3.0.5 the max
independent set on a path is of size [3/2], the cardinality of max independent set for D is at
most p[ /2] in size, if p is the path cover number. As we have found a maximum independent

set of cardinality p, we have a [(3/2]-approximation algorithm for max independent set. [J
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4.4. APPROXIMATION TO MIN COLORING

THEOREM 4.4.1. For a -transitive DAG, D, we have a |(3/2]-approximation algorithm

for min coloring which runs in O(n + m) time.

ProOOF. We use the labeling explained in property 2.1.2, and color all the vertices with
the same label with the one color. Thus there will be L,,,, number of color classes, where
Lypae — 1 is the maximum length of a path in the DAG. From property 3.0.9, we know that
a path with L,,,, vertices can be colored with at least [Lq./[F/2]] colors. So the least
number of colors needed to color the DAG, D, is [Lya./[8/2]]. Since our algorithm uses

Lpnae colors we have a [/2]-approximate algorithm for min coloring,. O

4.5. APPROXIMATION TO MIN CLIQUE COVER

THEOREM 4.5.1. For a [-transitive DAG, D, we have a [-approzimate algorithm for

min clique cover which runs in O(y/nm) time.

PROOF. We first find a minimum path cover of D in O(y/nm) time. Using property 3.0.8,
we can divide a path into [ cliques. Thus if we have the size of minimum path cover as p,
we have pf cliques. Since we know that the minimum clique cover is at least equal to the

minimum path cover which is of size p, we have a S-approximate algorithm. U
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CHAPTER 5

THE FOUR OPTIMIZATION PROBLEMS ON DAGS WITH A

FIXED 3

For three of the four optimization problems we consider, namely, max independent set,
min coloring and min clique cover, we prove that the corresponding decision problems are
N P-Complete for a S-transitive DAG with a fixed 3. For the remaining problem of finding
a max-clique in S-transitive DAG we give a polynomial time algorithm by invoking a result
in [4].

Richard Karp in his seminal paper [19] proved that the corresponding decision problems
for the four optimization problems are N P-Complete on the class of undirected graphs. Since
every undirected graph can be made into a DAG, the problems remain N P-Complete even
on the class of DAGs.

By our definition of S-transitive DAGs, we know that the 5 = 2 for transitive DAGs, and
there are polynomial time algorithms for all the four optimization problems for transitive
DAGs as outlined before. We define the decision problems for the four optimization problems

as follows:

(1) MAX CLIQUE: Given a directed graph, G and an integer k, decide if there exists
a clique of at size at least k.

(2) MAX INDEPENDENT SET: Given a directed graph, D, and a an integer k, decide
if there exists an independent set of size at least k.

(3) MIN COLORING: Given a directed graph, D, and an integer k, decide if the graph

can be colored with at most & colors.
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(4) MIN CLIQUE COVER: Given a directed graph, D, and an integer k, decide if the

graph can be partitioned into at most k sets such that each set is a clique.

51. MAX CLIQUE

Using the algorithm outlined using A introduced in the paper by Hamburger et al. [4], a
maximum clique can be found in O(AmP1/2) Since in property 3.0.2 we have proved that

3 at most A + 1, the algorithm runs in O(3m?/?) time.

5.2. MAX INDEPENDENT SET

We prove that the decision problem, MAX INDEPENDENT SET is N P-Complete on
the set of S-transitive DAGs with a constant, 3, such that g > 3.

A tripartite graph, G = (V = AUBUC, FE) is an undirected graph such that the vertices
can be partition into three independent sets, A, B and C. The decision problem MAX

INDEPENDENT SET on tripartite graph is N P-Complete [10].

THEOREM 5.2.1. MAX INDEPENDENT SET is NP-Complete on B-transitive DAGs

with a given B, where § > 3. [20]

PROOF. By theorem 2.1.6, the decision problem, MAX INDEPENDENT SET, is answer-
able in polynomial time on tripartite graphs which are comparability, however, the edges in
tripartite graphs which are not comparability can be oriented such that all edges go from
Ato B, or Ato C or B to C, since the underlying undirected graph is not comparability,
£ = 3 for the resulting DAG. Thus we can reduce the problem MAX INDEPENDENT set

on tripartite graphs to MAX INDEPENDENT SET on S-transitive DAGs with 5 =3. O
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5.3. MIN COLORING

We prove the decision problem, MIN COLORING is N P-Complete on the class of (-
transitive DAGs with a constant 3, such that § > 4. It remains open for the class of DAGs
with # = 3. To prove this, we use the decision problem, Monotone-Not-All-Equal-3SAT
(MONOTONE NAE-3SAT), which is be defined as the following:

MONOTONE NAE-3SAT: Given a set of boolean variables, U = {x1,2s,...,z,} and a
set of clauses, C', over U such that for each clause ¢ € C, |¢| = 3, with all the variables in ¢
occurring without negation, i.e. monotonically, does there exist a satisfying truth assignment
such that not all the variables in any clause are true.

The N P-Completeness of MONOTONE NAE-3SAT follows from Schafer’s paper [21].

We reduce MONOTONE NAE-3SAT to MIN COLORING on [-transitive DAGs with a

given .

i2]

FIGURE 5.1. GADGET FOR MONOTONE NAE-3SAT CLAUSE, ¢; = {z;, i, i}

THEOREM 5.3.1. MONOTONE NAE-3SAT <p MIN COLORING on (-transitive DAGSs

with constant 3, such that B > 4.

PROOF. Given the expression E = ¢y, ¢a, ..., ¢k, a clause ¢; = {x;,y;, z;} can be replaced

a gadget shown in Figure 5.1. All the variables are connected to the vertex B. For each
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variable there is a vertex and for each clause there is a three clique, connected to the cor-
responding vertices in the clause. Clearly, the corresponding graph for F is a [-transitive

DAG with § = 4 and the number of nodes are 1+ 3|C|+ |U|, where U is the set of variables.

LEMMA 5.3.2. The p-transitive DAG with = 4 corresponding to the monotone NAFE-

3SAT is 3 colorable if and only if there exists a truth assignment to the monotone NAE-3SAT.

PROOF. If the S-transitive DAG is three colorable, then let the three colors be 0, 1 and
2. Without loss of generality, let node B be colored with color 2, then all the variables are
either colored with 0 or 1, and due to the three clique no two nodes which represent the
variables in a clause have the same color. Thus, if color 0 represents false and 1 represents
true, we have a truth assignment for the MONOTONE NAE-3SAT.

Conversely, if the MONOTONE NAE-3SAT has a truth assignment, then if we color the
node B with color 2 and color the nodes corresponding to the variables with 0 if the variable
is false and 1 if variable is true, then there is a color scheme for the three clique because not

all variables in a clause can be equal. [l

Thus, MONOTONE NAE-3SAT can be reduced to the problem of finding 3 colorability

of a S-transitive DAG with 5 = 4. 0

5.4. MIN CLIQUE COVER

We first prove that MIN CLIQUE COVER is N P-Complete on tripartite graphs by
reducing 3D-MATCHING to it.

3D-MATCHING [10]: Given aset M C X XY x Z, where, |X|=|Y|=|Z] =¢and X, Y,
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Z are disjoint. Does M contain a matching M’ i.e., M’ C M such that |M’'| = ¢ and no

two elements of M’ have any coordinate same?

FIGURE 5.2. GADGET CORRESPONDING TO THE MATCHING CLAUSE, ¢; =
(xiayhzi)‘

THEOREM 5.4.1. MIN CLIQUE COVER is N P-Complete on tripartite graphs.

PrOOF. Consider an instance of 3D-MATCHING, for a clause ¢; = (x;, y;, 2;), we use the
gadget proposed by Schafer [10] as indicated in Figure 5.2. Now, the graph, G, constructed
using this gadget has a total of 3¢+ 9|C| vertices, if ¢ = |X| = |Y| = |Z] and C is the set of

clauses. It’s easy to see that this graph is tripartite, and then we have the following lemma.

LEMMA 5.4.2. G has a clique cover of size ¢+ 3|C| if and only if 3D-MATCHING returns

true.

PROOF. It’s not difficult to see that a 3D matching of size ¢ divides G into ¢ + 3|C|
triangles, and thus gives a clique cover of size ¢ + 3|C|. Clearly the greatest size clique in G
is of size three, and a clique cover of size g + 3|C| is smallest possible clique cover.

Conversely, if there is a clique cover of size ¢ + 3|C|, then there are ¢ triangles in the

clique cover with the vertices of the form {C;[3], C;[6], C;[9]} for different i’s. These ¢
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disjoint triangles correspond to a subset of X x Y x Z, which gives a matching for 3D-

MATCHING. 0

U

THEOREM 5.4.3. MIN CLIQUE COVER is NP-Complete on [-transitive graphs with a

given 3 > 3.

ProoF. We proved that MIN CLIQUE COVER is N P-Complete on tripartite graphs,
we reduce it to MIN CLIQUE COVER on S-transitive DAGs with a constant 3. So given a
tripartite graph, we can find its min clique cover in polynomial time if it’s a comparability
graph (theorem 2.1.8). If the tripartite graph, G = (V = AUBUC, E) is not comparability
then it can be converted to a S-transitive DAG with g = 3 by orienting the edges such that

all edges go from A to B or B to C, or A to C. 0J
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CHAPTER 6

QUASI-TRANSITIVITY AND ORIENTING FOR MINIMUM [

In this chapter we prove a more general version of a theorem proposed by Ghouila-
Houri [5]. A directed graph is called quasi-transitive digraph, if for any pair of edges (z,y)
and (y, z) there is at least one edge between x and z [22]. A quasi-transitive orientation is
an orientation of an undirected graph such that the resulting digraph is quasi-transitive. A
transitive orientation of an undirected graph is defined similarly. Ghouila-Houri [5] proved

the following:

THEOREM 6.0.1. A graph G has a quasi-transitive orientation iff it has a transitive

orientation.

We propose more general definitions using :

Definition [-transitive orientation: An acyclic orientation of an undirected graph such

that resulting DAG is [S-transitive.

Definition Quasi S-transitive digraph: A digraph (not necessarily DAG) which doesn’t have

a path of length greater than 5 — 1 whose end points are not adjacent.

Definition Quasi 5-transitive orientation: An orientation of an undirected graph such that

resulting digraph is quasi S-transitive.

Now we prove a more general version of theorem 6.0.1, using the above definitions.

THEOREM 6.0.2. An undirected graph has a quasi-f transitive orientation, iff it has a

B-transitive orientation.
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PRroOF. Clearly, every (-transitive orientation is a quasi S-transitive orientation. Now,
consider a quasi S-transitive digraph, GG. To prove that every [-quasi transitive orientation
can be made [ transitive, we use the depth-first tree of G. Depth first search on an undirected
graph partitions the edges of the graph into two sets, back-edges and trees edges. We claim
that if the orientation of every back edge of the depth-first tree is flipped, we will get a
[ transitive orientation. Let the new graph after flipping the back edges be G. We call,
the flipped edges of G in G as flipped back edges and the tree edges in G which were kept
unchanged in G as unflipped edges.

If G is not a S-transitive digraph, it has a contradicting path, a path of length greater

than $ — 1 whose ends are not adjacent.
LEMMA 6.0.3. G cannot have a contradicting path with only unflipped edges.

PRrROOF. If it does, than the path was contradicting in G has well, so G wasn’t quasi

transitive, contradiction. [l
LEMMA 6.0.4. G cannot have a contradicting path with flipped back edges.

PROOF. Let the longest contradicting path, P, be (v1,vs,...,v,), (p > 3). Let (v;,v;),
such that (1 <i < j < p) be a flipped back edge. Then the flipped back edge can be replaced
by a path with only tree edges. Now, we do this for all the back edges in the graph. Say
the new path, P’ is (u1,ug,...,u,) (¢ > p). Now, P’ has all distinct vertices, because there
are no cycles in G. Since the length of the simple path P is greater than P, P wasn’t the

longest path, contradiction. 0

Since a contradicting path in G can have only flipped back edges or unflipped edges,

there can’t be a contradicting path in G. O
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6.1. ORIENTING FOR MINIMUM [3

Given an undirected graph G = (V| E), we study the problem of orienting the edges of
the graph to find the minimum . We prove that the problem is N P-Complete. We first
define the corresponding decision problem.

B-ORIENT: Given an undirected graph and a k, does there exist an acyclic orientation

of the edges such that the DAG has a 8 at most k7

FIGURE 6.1. GADGETS FOR PROVING (-ORIENT 1s N P-COMPLETE

THEOREM 6.1.1. 3-ORIENT is N P-Complete [20].

Proor. We reduce MONOTONE NAE-3SAT to it. First we consider two lemmas.

LEMMA 6.1.2. Gy in figure 6.1 can have 8 = 3 iff all the undirected edges (a,uy), (a,uz), ..., (a, uy)

are oriented in one direction, i.e. either towards a or in the opposite direction.

PROOF. In the graph induced by {a, b, ¢, d} in Gy, it’s not tough to see that in any acyclic

orientation, there is always a path of length 2 starting from or ending at a. Let, without
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FIGURE 6.2. GRAPH FOR THE EXPRESSION (21 V 22 V x3) A (22 V 24V x5) A
(x1V 23V 5)
loss of generality, (a,u;) be oriented towards a and (a,u;) oriented in the opposite direction,
then there is always a path of length 3 either starting from wu; or ending at u;, so they should
be both oriented either towards or away from a.
Conversely, if all the (a,uy), (a,us), ..., (a,uy) are oriented in one direction, it’s easy to

see that we can have a [-transitive orientation of Gy with § = 3. 0J

LEMMA 6.1.3. In graph Gir, B = 3 iff not all of (b,e), (a,d) and (¢, f) can be oriented

towards or away from d, e, and f respectively.

PROOF. For any acyclic orientation of the graph induced by {a,b,c} in Gy, there is
always a path of length 2 (property 2.1.3). Now, without loss of generality, let the path be

from a to c¢. Then if the edge (a,d) is oriented towards a, we have § = 4 for G;; because
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of the path, (d,a,b,c). If (a,d) is oriented towards d, and (c, f) is oriented towards f, then
[ = 4 because of the path a,b,c, f.
Conversely, if not all the (b,e), (a,d) and (¢, f) can be oriented towards or away from

d, e, and f respectively, it’s easy to see that we can have an [-transitive orientation of G

with 8 = 3. 0

Given an instance of MONOTONE NAE-3SAT represented by the expression £ =
c1,Ca,...,cx over the set of variables U = x1, 29, ...,x,, for each variable z; we create a
Gy, and for each clause we create a GG;. For example, for the expression (z1 V xo V z3) A
(xa Vg Vas) A (z1 Va3V axs) we have the graph in figure 6.2. Now since the complement of
a solution to NAE-3SAT is also a solution, we say z; is true iff the edges joining node x;[1]
with G are oriented towards z;[1] and false if oriented in the opposite direction, figure 6.2.

Essentially, gadget G; with Lemma 6.1.2 forces the edges representing the variables oc-
curring in all the clauses to be oriented in the same direction. Gadget G;; with Lemma 6.1.3
forces the not-all-equal part, i.e., makes sure not all the variables in a clause are equal.
Thus, for every satisfying assignment of the NAE-3SAT expression, there exists an acyclic
orientation of the edges such that § of the resulting DAG is 3. And for an orientation which

has 8 = 3, there corresponds a satisfying assignment of the NAE-3SAT. O
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CHAPTER 7

ADDITIONAL WORK

Given a digraph, G(V, E) and a weight function, f : E — R, let the weight of any “edge
progression” (walk) o = (eq, es,...,¢€,) be defined by w(o) = >-F | f(e;). Let n = |V| and
m = |E|. Let the length of the edge progression be p. Karp [23] gave a characterization of
the minimum cycle mean, \*, over all the directed cycles in G.

A strongly-connected component in a digraph is a subgraph such that any two vertices u, v
in the subgraph have a path from u to v and from v to u. Strongly connected components
of a digraph can be found in linear time [1].

Since any directed cycle is confined to a single strongly-connected component, Karp’s
algorithm can be applied separately to the subgraph induced by each component and re-
turning the minimum cycle mean over all the components. Henceforth, we assume that the
graph is strongly connected.

Let s be an arbitrary start vertex of G. For each vertex v € V', let Fi(v) be the minimum

weight of any edge progression of length exactly &k from s to v, of oo if no such edge progression

exists. Karp proves the following:

THEOREM 7.0.1.

A = min max
veV 0<k<n—1

Fo(v) — Fi(v)
n—k

Fi(v) can be found in O(nm) time for all v € G and all £ € {0,1,...,n} using a

dynamic programming algorithm that assigns Fi(v) to an entry of the table indexed by

(k,v). This gives an O(nm) algorithm for finding the value of the minimum cycle mean, by

Theorem 7.0.1.
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For each v € V and {k|0 < k < n}, the dynamic programming algorithm can assign a
backpointer from (k,v) to an entry (k—1,w), giving the predecessor w on an edge progression
of length k and weight Fy(v) from s to v. This allows a minimum weight edge progression

of length k£ from s to v to be reconstructed, by following backpointers.

7.1. FINDING A CYCLE OF MINIMUM MEAN

Let a minimizer be a vertex v such that mazo<r<n—1(Fn(v) — F(v))/(n—k) = A*, and let
a minimizing pair be a minimizer v and integer k£ such that 0 < k <n — 1 and k£ maximizes
(Fn(v) — Fr(v))/(n — k). Karp suggests the following for finding a cycle of minimum mean

weight.

If the actual cycle yielding the minimum cycle mean is desired, it can be
computed by selecting the minimizing [pair] v and k, finding a minimum-
weight edge progression of length n from s to v, and extracting a cycle of

length n — k occurring within that edge progression.

He does not supply a proof that this procedure is correct, and Figure 7.1 gives a coun-
terexample. In the figure, the minimum cycle mean is 1, which is the mean weight of the
cycles (s,a,b) and (a,c,d, e, f). The value of F,(g) = Fs(g) is 9, given by the edge progres-
sion (walk) (s,a,c,d, e, f,a,c,g), and the value of Fy(g) is 7, given by (s,a,b, s, a,c, g). Since
[Fs(g) — Fs(g)]/(8 — 6) = 1, which is the minimum cycle mean, g and 6 are a minimizing
pair. There is supposed to be a cycle of length 8 — 6 = 2 on the walk (s,a,¢,d, e, f,a,c,g),
but there is no cycle of length 2 in the graph.

Karp’s proof of Theorem 7.0.1 shows that for some minimizing pair v and k, and some

walk W of weight F,,(v) from s to v, the last k edges of W are a cycle of minimum mean
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FIGURE 7.1. COUNTEREXAMPLE TO KARP’S ALGORITHM FOR CONSTRUCT-
ING A MINIMUM MEAN WEIGHT CYCLE.

weight. In Figure 7.1, d and 3 are such a pair; the last n—3 = 5 edges of (s, a, ¢, d, e, f,a,c,d)
are a cycle of minimum mean weight. For v, the proof uses a vertex that lies on a cycle of
minimum mean weight, and shows that there exists a walk from s to v of length n and weight
F,(v) such that the last k edges of the walk are a cycle of minimum mean weight. However,
these conditions do not apply for all minimizing pairs. The example of g in the example of
Figure 7.1 shows that a minimizer need not lie on a cycle of minimum cycle mean. Even for
a vertex v such that the assumption applies, it is not true for every minimizing pair that v
is a part of: in the figure, (d,3) is a minimizing pair for which the assumption applies, but
(d,2), given by (s,a,c,d,e, f,a,c,d) and (s,a,b, s,a,c,d), is one where it is not.

One fix would be to apply his suggested algorithm to each minimizing pair, since the
assumptions apply to at least one of them. However, even when the assumptions apply to a
given minimizing pair (v, k), the existence of more than one cycle of minimum mean weight
can mean that there is more than one minimum-weight edge progression of length n from s
to v, it may be the case that not all of them satisfy the required conditions, and the dynamic
programming algorithm might find one that does not. There is a way around this, but there
are ©(n?) minimizing pairs in the worst case, and some care is needed to keep the time
bound of this approach to O(nm). The insights developed in the proof of Theorem 7.0.1

suggest better alternatives, and the following is particularly simple.
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LEMMA 7.1.1. Let v be a vertex such that there exists k, where v and k are a minimizing
pair. Every cycle on the length n edge progression from s to v of weight F,,(v) is a cycle of

manimum mean weight.

PROOF. Let W be a length n edge progression from s to v of weight F,(v). Subtracting
A* from the weight of every edge of G reduces the mean weight of every cycle and edge
progression by A* in the resulting graph G’. The cycles of minimum mean weight in G are
those that have weight 0 in G, if v and k are a minimizing pair, they remain one in G’, and
W remains a minimum-weight edge progression of length n from s to v in G'. It suffices to
show that every cycle on W has weight 0 in G’.

Suppose there’s a cycle of positive weight on W. Omission of the cycles on W results in
a path P from s to v of weight w < F,(v) in G'. If ¥’ = |P|, then in G', Fi,(v) < F,(v), and
[F.(v) — F(v)]/(n — k") > 0, which is the minimum cycle mean of G’, contradicting that v

must be a minimizer in G’ by Theorem 7.0.1. O

If v is a minimizer, then following backpointers from (n,v) of the table gives a walk of
weight F),(v) from s to v. Since it is longer than n — 1, it has a cycle, and by the lemma,
every cycle on it is a cycle of minimum mean weight. By traversing backpointers marking
vertices visited by the walk until a previously marked vertex w is encountered, a cycle of

minimum mean weight can be identified in O(n) time.
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