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Preface

Routing is a process of selecting paths in a network along which traffics between two groups
of sources and destinations are sent. This process is a fundamental task in several net-
work designs such as the internet, telecommunication, and transportation networks. The
implementation of routing process in networks may induce several difficult combinatorial op-
timization problems. In this thesis, we study several routing protocols which are translated

into combinatorial optimization problems.

An optimization problem consists in finding the best solution among a large set of fea-
sible solutions to the underlying problem, where the evaluation of a solution is determined
by the objective function of the problem. A solution that optimizes the objective function is
called an optimal (exact) solution. It is well known that the most combinatorial optimization
problems involved in real applications are difficult to be solved exactly, i.e., they are NP-hard
problems. This implies that constructing exact solutions to these problems would be pro-
hibitively time consuming since it is believed that an NP-hard problem cannot be efficiently
solved in polynomial time of the input size. However, most practical applications ask for a
solution sufficiently close to the optimal. In this sense, the design of efficient approximation
algorithms has a major attention in the last years. An approximation algorithm usually
computes in polynomial time of the input size a solution for which the value of the objective

function is close to the optimal value.

In this thesis, we study several models of the capacitated routing problem in edge-weighted
networks. For each of them, we are given a set of vertices each of which has a nonnegative
demand, a set of vertices each of which has a nonnegative opening cost as a sink (or a
source), and some capacity constraints, and we are asked to construct a specific routing
structure of minimum cost. All problems studied in this thesis are NP-hard and hence our
aim is to propose a polynomial time approximation algorithm for each of them under capacity

constraints.

First, we study the capacitated multicast routing problem under multi-tree model, in

which we are interested in constructing a minimum cost set of trees on all vertices with



nonzero demands each of which is rooted at a prescribed vertex (called source) and has a
limited amount of demand by a demand capacity constraint. We also extend this model to
the case where more than one vertex are nominated to be sources with an extra cost.

Next, we consider a special case of the well-known single-sink buy-at-bulk problem, in
which we are given one cable type, and we wish to construct a set of paths of minimum cost
along which demands of all vertices are sent to a single sink such that the demand of each
vertex is sent through a single path, that is, it is not allowed to split the demand of any
vertex.

Finally, we present a more general formulation of the capacitated routing problem which
includes several well-known routing problems as its special cases. It also includes some
fundamental problems such as Steiner tree problem and bin packing problem. In particular,
the problem consists of finding a minimum cost set of tree-routings under specific demand
and edge capacity constraints.

Our approximation algorithms designed for the above capacitated routing problems are
based on a variety of new results on tree covers and tree partitions.

We believe that our algorithms for the above problems are useful as the theoretical founda-
tion to practical algorithms and developed techniques give a new insight into the theoretical
structure of capacitated routing problems. We hope that the works in this thesis will be

helpful to advance the study in these topics.

September, 2009
Ehab Morsy
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Chapter 1

Introduction

In this chapter, we first describe notations and definitions which will be used in the rest of
the thesis. Next we discuss some fundamental combinatorial optimization problems such as
Steiner tree problem, balancing minimum Steiner and shortest paths trees, and the uncapac-
itated facility location problem. These problems will be used in designing our algorithms in

the subsequent chapters. Finally, we give an overview of the organization of the thesis.

1.1 Notations

This section introduces some notations and definitions.

Let ZT and R™ denote the sets of nonnegative integers and nonnegative reals, respectively.

For a set Z, a set {Z1, Za, ..., Zy} of pairwise disjoint non-empty subsets of Z is called a
partition of Z if UleZi =Z.

Let G be a simple undirected graph. We denote by V(G) and E(G) the sets of vertices
and edges in G, respectively. For a subgraph G’ of a graph G, let G — G’ denote the subgraph
induced from G by E(G) — E(G’). Similarly, for two subgraphs G’ and G” of graph G,
let G’ + G” denote the subgraph induced from G by E(G') U E(G"). For an edge-weighted
graph (G, w) with a nonnegative weight function w : E(G) — R™, the length of a shortest
path between two vertices u and v is denoted by d(q ., (u,v). We may use w(u,v) to denote
the weight of an edge (u,v) € E(G). An edge-weighted graph (G,w) is called metric if the
triangle inequality holds, i.e., w(x,z) < w(z,y) + w(y, z) for every z,y,z € V(G). For a
subgraph H of G, let w(H) denote the sum of weights of all edges in H. Given a demand
function ¢ : V(G) — R' and a subgraph H of G, we use ¢(H) and ¢(V(H)) interchangeably
to denote the sum 3 v, (s (v) of demands of all vertices in V(H).

Let T be a tree. A subtree of T' is a connected subgraph of the tree. A set of subtrees in
T is called a tree cover if each vertex in T is contained in at least one of the subtrees. For
a subset X C V(T) of vertices, let T(X) denote the minimal subtree of T that contains X.
Note that T'(X) is uniquely determined.
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Now we regard T" as a rooted tree. Let L(T') denote the set of leaves in T'. For a vertex v
in T, let Ch(v) and D(v) denote the sets of children and descendants of v, respectively, where
D(v) includes v. A subtree T, rooted at v is the subtree induced by D(v), i.e., T, = T(D(v)).
For an edge e = (u, v) in a rooted tree T', where u € Ch(v), the subtree induced by D(u)U{v}
is denoted by T, and is called a branch of T,,. For a rooted tree T, the depth of a vertex u
in T;, is the length (the number of edges) of the path from v to w.

Let G be a connected graph. A spanning tree of G is a tree that connects all the vertices
in V(G) together. Given a nonnegative weight w(e) for each edge e € E(G), a minimum
spanning tree of G is a tree of the minimum total weight among all spanning trees of G. A
shortest path tree T of (G, w) is a spanning tree of G constructed so that the distance between a
selected root vertex s € V(G) and all other vertices is minimal, i.e., d(1,,)(s,v) = d(gw) (8, V)
for all v € V(G).

Throughout the thesis we study different routing models in networks with nonnegative
demand function on its vertices, and we wish to route the demands of all vertices to a
specified set of vertices in the network (called sinks or sources). The “flow” on each edge of
the network refers to the total demand that goes along the edge when the demands of all

vertices are routed to the specified sinks or sources simultaneously.

1.2 Approximation algorithms

Many combinatorial optimization problems have been recognized as NP-hard problems. First,
Cook [14] proved that SAT is NP-complete problem. In the subsequent years, the foundations
of the theory of NP-completeness were established [22]. Since then many combinatorial
optimization problems are proved to be NP-hard, see for example [3, 18, 22, 34]. Most people
believe that NP-hard problems cannot be solved exactly in polynomial time. An algorithm
for a given problem is said to be a polynomial-time algorithm if its running time is O(n¢),
where n denotes the input size of a problem instance and c is a constant.

One option of dealing with NP-hard problems is to investigate approximation algorithms;
an algorithm that runs in polynomial time of the input size and returns a solution of cost
close to the optimal value. Namely, for a minimization problem, approximation algorithms

compute a feasible solution to the problem such that:

(i) The algorithm terminates after performing its steps which number is bounded from

above by a polynomial in the input size of a given instance, and

(ii) The cost of the obtained solution of a given instance is bounded from above by « times

the value of an optimal solution of the instance.

Approximation algorithms for the maximization problems are defined similarly except for
the obtained solution is bounded from below by 1/« times the value of any optimal solution.

« is called the approzimation ratio, the performance ratio, or the approximation guarantee of
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the algorithm. Obviously, « is greater than or equal 1 for the minimization and maximization
problems. See [2] for a survey of definitions and developments of approximation algorithms.

Note that the theory of NP-completeness can provide an evidence not only that it is hard
to solve a problem precisely but also that it is hard to obtain an approximate solution to a

problem within a certain accuracy.

1.3 Steiner tree problem

The purpose of this section is to provide some known results about the Steiner tree problem
which will be a basic tool in approximation algorithms given in the subsequent chapters.
Given a connected graph G = (V, E) with edge weights w(e) > 0, e € F, and a prescribed
subset Z C V of terminals, the Steiner tree problem asks to find a minimum weighted tree T
of G with Z C V(T'). The vertices in V(T') — Z are called Steiner vertices of T". The Steiner
tree problem is a classical NP-hard optimization problem even with Euclidean or rectilinear
costs [21]. The problem remains NP-hard even for unweighted graphs, i.e., all edges of the
graph have unit weights [42]. So it is unlikely to find a polynomial-time algorithm that returns
exact solution to the problem unless P=NP. This motivates designing efficient approximation
algorithms (polynomial-time algorithms) to the problem that return an approximate solution

whose cost is not far from the optimal value (the cost of a minimum Steiner tree).

(%) 5 V3

@ : terminal

D : Steiner vertex

Figure 1.1: Illustration for the Steiner tree problem.

Figure 1.1 illustrates the Steiner tree problem, where V' = {vy, va,...,v8}, Z = {v1,v2,v3}
is the set of terminals, and the number beside each edge represents its weight. For this
example, the minimum Steiner tree is induced by the thick edges and {v4, vs, v} is the set
of Steiner vertices of this tree.

Based on the minimum spanning tree, the first approximation algorithm for the Steiner
tree problem is mentioned by Moore [23]. This algorithm achieves an approximation ratio of 2.
Note that the minimum spanning tree problem is equivalent to the Steiner tree problem in the

case where all vertices in the graph are terminals. It is well known that the minimum spanning
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Table 1.1: Approximation algorithms for the Steiner tree problem.

Reference Approx. Ratio
Moore, see [23] 2
Zelikovsky [71] 1.834
Berman and Ramaiyer [§] 1.734
Zelikovsky [72] 1.694
Prommel and Steger [59] 1.667
Karpinsky and Zelikovsky [43] 1.644
Hougardy and Prommel [35] 1.598
Robins and Zelikovsky [62] 1.55

tree of a graph can be computed in polynomial time, see for example algorithms in [46, 58].
This ratio remains the best known for more than 20 years until Zelikovsky [71] proposed
the idea of k-Steiner tree for the analysis of approximation algorithms. Based on the new
analysis, Zelikovsky [71] gave a 11/6-approximation algorithm to the Steiner tree problem.
All the current known approximation algorithms for the Steiner tree problem use the idea of
k-Steiner tree in their analysis. Berman and Ramaiyer [8] proposed a family of algorithms
which achieves a performance ratio of 1.734 for sufficiently large k in k-Steiner trees. By
using a new kind of analysis, Zelikovsky [72] gave a relative greedy 1.694-approximation
algorithm. The main idea of such a relative greedy algorithm is to start with a Steiner tree
that is obtained via the minimum spanning tree in a complete graph with vertex set Z and the
weight of each edge in the graph equals the length of a shortest path between end terminals of
the edge in G. This solution is repeatedly improved by adding certain minimum Steiner trees
on at most k terminals and deleting the resulting cycles. Note that for a constant number of
terminals a minimum Steiner tree can be computed in polynomial time [19]. Karpinsky and
Zelikovsky [43] used an idea based on the concept of loss of a Steiner tree to derive a 1.644
approximation ratio. Afterwards Hougardy and Prommel [35] generalized their idea to prove
an approximation ratio of 1.598. Recently, Robins and Zelikovsky [62] incorporated the idea
of the loss of Steiner tree into a relative greedy algorithm to obtain a Steiner tree of cost
within 14 11173 < 1.55 of the cost of the minimum Steiner tree. Up to this moment, this is the
best known approximation factor for the Steiner tree problem. Robins and Zelikovsky [62]
also showed that this factor is reduced to about 1.28 for quasi-bipartite graphs.

Table 1.1 summarizes proposed approximation ratios to the Steiner tree problem.

1.4 Balancing minimum Steiner and shortest path trees

Let G = (V, E) be a connected graph with edge weights w(e) > 0, e € E, and a set Z C V of

terminals. Most network design problems arising in practical applications ask for computing
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a minimum Steiner tree that spans the set Z of all terminals. If all vertices in G are terminals,
then the problem becomes the minimum spanning tree problem. On the other hand, we may
wish to send messages from a designated vertex s € V (the root) to all terminals in the
same network. In this case, messages may be required to be sent to the terminals along
short paths so that the messages reach their destinations quickly. For example, in the VLSI
design, interconnect delay has become an important factor, and minimum interconnect delay
is achieved when the spanning tree is a shortest path tree rooted at s.

It is possible for some instances that the cost of a shortest path tree is more significant
than that of a minimum spanning tree [44]. Similarly, the ratio of the distance between
the root and the furthest terminal in all minimum spanning trees over the shortest distance
between them may also be unboundedly large. Namely, it can be as large as O(n) [9, 44],
where n denotes the number of vertices in the graph.

As both of the cost of a spanning tree and the distance from the root to each terminal
are important factors in practical applications, the attention is turned to find a spanning tree
whose total cost is not much more the cost of the minimum Steiner tree and the distance
from the root to each terminal is not much more than the distance in the shortest path
tree. Namely, given a minimum Steiner tree and a shortest path tree on (G,w,Z U {s}), a
“balanced” Steiner tree T is a Steiner tree of G that spans Z U {s} and approximates both
the shortest path tree and the minimum Steiner tree. That is, there are constants o, 3 > 1
such that

(i) the distance between s and any vertex v € Z in T is at most « times the shortest

distance between s and v in G, and
(ii) the cost of T' is at most [ times the cost of a minimum Steiner tree.

We say that an algorithm that computes such a balanced tree T" has an approximation factor

of (a, 3).

(a) (b) (©) (d)

Figure 1.2: Tllustration for balanced trees; (a) a given graph G; (b) a minimum spanning tree
of G; (c) a shortest path tree in G rooted at s; (d) a (2,11/9)-balanced tree in G.
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Consider the graph G described in Fig. 1.2(a), where V(G) = {s,v1,v,...,vs} and the
number beside each edge represents its weight. Any minimum spanning tree of G has a
total weight of 9 and consists of exactly one edge incident to s and 7 unit weight edges (see
Fig. 1.2(b)). On the other hand, there is a unique shortest path tree of G rooted at s that
consists of only all edges incident to s (see Fig. 1.2(c)). The cost of the shortest path between
s and any vertex in V(G) — {s} is 2. In Fig. 1.2(d), a (2,11/9)-balanced tree T in G are
described since the weight of T"is 11 and the weight of the path between s and the furthest
vertex in V(G) — {s} is 4.

See [16, 17] for applications of a balanced tree to VLSI.

For a balanced tree approximating the minimum spanning tree and the shortest path
tree, Awerbuch et al. [5] gave a (o, 1+4/(a —1))-approximation algorithm in O(m + nlogn)
time, where m denotes the number of edges in the underlying graph and a > 1 is a pre-
scribed constant. Afterwards, Khuller et al. [44] proposed a (a, 1+ 2/(a — 1))-approximation
algorithm. Given the minimum spanning tree and the shortest path tree, the algorithm of
Khuller et al. [44] runs in linear time in the number of vertices. It is not difficult to deduce
an algorithm with performance factor («, psr(142/(av—1))) that approximate the minimum
Steiner tree and the shortest path tree [50], where pgr is any approximation factor achievable

for the Steiner tree problem.

Table 1.2: Approximation algorithms for UFL.

Reference Approx. Ratio Technique
Shmoys et al. [66] 3.16 LP rounding
Guha and Khuller [27] 2.47 LP rounding+
greedy augmentation
Chudak [13] 1.736 LP rounding
Korupolu et al. [45] 5+€ Local search
Jain and Vazirani [38] 3 Primal-dual
Charikar and Guha [12] 1.853 Primal-dual+
greedy augmentation
LP rounding+
Charikar and Guha [12] 1.728 Primal-dual+
greedy augmentation
Mahdian et al. [51] 1.861 Greedy algorithm
Jain et al. [37] 1.61 Greedy algorithm
Sviridenko [67] 1.582 LP rounding
Mahdian et al. [52] 1.52 Greedy algorlthm‘—k
greedy augmentation
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1.5 Uncapacitated facility location problem

The facility location problem is the problem of locating facilities to effectively serve a set
of clients. Several variants of this problem have been studied extensively in the operation
research literatures and have received considerable attention in the area of approximation
algorithms. In this section we discuss the basic facility location problem, the uncapacitated
facility location problem (UFL). In addition to the wide area of practical applications in which
UFL is involved, its importance may also includes dealing with more complicated location
models. UFL will be used in approximating a multicast tree routing problem discussed in
Chapter 3.

UFL is formulated as follows. An instance (G,¢, F, f,C,b) of UFL consists of an undi-
rected graph G, an edge weight function ¢ : F(G) — R™, a set F of facilities, an opening cost
function f: F — RT, aset C = V(G) — F of clients, and a demand function b : C — R,
where f(i) means the cost of opening facility ¢, and c¢(i,j) means the cost for connecting
facility ¢« € F and client 7 € C. The goal is to identify a subset F’' C F of facilities to open

that minimizes the opening cost and the connecting cost, i.e.,

O(F'):=>_ f@i)+ > _b(j) minc(i, ).

i€F’
ek’ jeC

f1 fo  fa fa fs fe  f1
[ | [ ] IT—" [ ]

@ :client
3 : opened facility

B : closed facility

e dobde o

€1 €2 €3 €4 C5 Cg C7 Cg C9 €10 C11 €12

Figure 1.3: Illustration for UFL.

Figure 1.3 provides an example of UFL, where F' = {f1,..., f7} and C = {¢1,...,c12}
are the sets of facilities and clients, respectively. A subset F' = {fi, fs, f5, f¢} of facilities are
opened such that {c1,co,cs}, {cq,c5,c6,c7}, {cs}, {co,c10,c11,c12} are served by fi, f3, f5,
and fg, respectively.

This problem has many applications in operation research [15, 47|, network design prob-
lems such as placements of routers and caches [28, 45], agglomeration of traffic or data [1, 29],
and web server replications in a content distribution network [39, 60]

UFL is NP-hard even if (G, ¢) is metric. various approaches have been proposed for UFL
such as LP rounding, primal-dual method, local search, and a combination of these methods.

The first constant factor approximation algorithm is given by Shymoys et al. [66]. Since then
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a large number of approximation algorithms have been proposed for UFL [12, 13, 27, 37, 38,
45, 51, 67].

Recently, Mahdian et al. [52] combined the greedy algorithm of [37] and the greedy aug-
mentation of [12, 27] to propose the current best approximation ratio 1.52 for UFL. Guha
and Khuller [27] proved that it is impossible to get an approximation factor of 1.463 for the
UFL unless NPCDTIME[n©(loglogn)],

Table 1.2 summarizes a series of approximation algorithms proposed to UFL.

1.6 Single-sink buy-at-bulk problem

Consider a connected graph G = (V| E) with edge weights w(e) > 0, e € E. We are given a
set M C V of vertices specified as sources and a vertex s € V specified as a sink. Each source
v € M has a nonnegative demand ¢(v), all of which must be sent to s through a single path.
We are also given a finite set of different cable types, where each cable type i has capacity
u; and cost ¢; (per unit weight). That is, installing a copy of cable type i on an edge e costs
ciw(e). The value ¢;/u; refers to the cost per unit capacity per unit weight of cable type i.
Note that if u; < u; and ¢; > ¢;, then we can eliminate cable type ¢ from consideration. Thus
we can assume without loss of generality that the cables are ordered such that u; < u; and
¢; < ¢ forall i < j. Moreover, it holds ¢;/u; < ¢;/u; for each i < j since otherwise cable type
j can be replaced by w;/u; copies of cable type i without increase the cost. In other words,
the costs of cables obey economies of scale, i.e., the cost per unit capacity per unit weight of
a high capacity cable is significantly less than that of a low capacity cable. The single-sink
buy-at-bulk problem (SSBB) (also known as the single-sink edge installation problem [30])
asks to construct a network of cables in the graph by installing an integer number of each
cable type between adjacent vertices in GG so that the given demands at the sources can be
routed simultaneously to sink s. The goal is to minimize the costs of installed cables. When a
demand of each source v is allowed to be routed to the sink along multiple paths (i.e., ¢(v) is
splittable), the problem is called the divisible single-sink buy-at-bulk problem (DSSBB) [40].

SSBB has applications in design of telecommunication networks. Also, DSSBB are in-
volved in practical applications such as routing oil from several oil wells to a major refinery.

The problem of buy-at-bulk network design was first introduced by Salman et al. [65].
They proved that the problem is NP-hard by showing a reduction from the Steiner tree
problem. Moreover, they showed that the problem remains NP-hard even when only one
cable type is available. They also gave an O(log n)-approximation algorithm for SSBB in the
Euclidean space, where n denotes the number of vertices in the graph. Awerbuch and Azar [4]
gave an O(log? n)-approximation algorithm for SSBB in the general metric space. Based on
LP rounding, Garg et al. [20] presented an O(K)-approximation algorithm, where K denotes
the number of cable types. Afterwards Tawlar [68] proved that the algorithm given by Guha

et al. [30] has an approximation ratio of about 2000. He also proved a 216 approximation
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Table 1.3: Approximation algorithms for SSBB and DSSBB.

Reference Approx. Ratio | SSBB/DSSBB
Awerburch and Azar [4] O(log®n) SSBB
Salman et al. [65] O(logn) SSBB in R?
Garg et al. [20] O(K) SSBB
Gubha et al. [30, 68] 2000 SSBB
Talwar [68] 216 SSBB
Jothi and Raghavachari [41] 145.6 SSBB
Gupta et al. [31] 72.8 DSSBB
Jothi and Raghavachari [41] 65.49 DSSBB
Grandoni and Italiano [24] 24.92 DSSBB

ratio to the problem. Recently, Jothi and Raghavachari [41] proposed a 145.6-approximation
algorithm for SSBB.

Obviously, algorithms designed for SSBB have the same ratio when applied to DSSBB
instances. In addition, DSSBB itself has received attentions in the recent study. Meyerson et
al. [54] proved a O(logn)-approximation ratio. Gupta et al. [31] gave a 72.8-approximation
algorithm. This ratio is reduced by Jothi and Raghavachari [41] to 65.49. Recently, Grandoni
and Italiano [24] presented a 24.92-approximation algorithm to DSSBB.

Table 1.3 summarizes approximation ratios known for SSBB and DSSBB.

1.7 Organization of the thesis

In addition to the last chapter which concludes the thesis, the rest of this thesis is structured

as follows.
Chapter 2: The Capacitated Multicast Routing Problem in Networks

Let G = (V,E) be a connected graph such that each edge e € E is weighted by non-
negative real w(e). Let k be a positive real, s € V be a vertex designated as a source, and
M C V —{s} be a set of terminals with nonnegative demands ¢(v), v € M. The capaci-
tated multicast tree routing problem (CMTR) asks to find a partition {Z1, Za,...,Zs} of M
and a set {T1,T5,...,T;} of trees of G such that, for each i, the total demand in Z; is at
most k and each T; spans Z; U {s}. The objective is to minimize Zle w(T;). We propose a
(2 + psr)-approximation algorithm to CMTR with general demand and a (3/2 + (4/3)psr)-
approximation algorithm to CMTR with unit demand, where pg; is any achievable approxi-
mation ratio for the Steiner tree problem. Our algorithms are based on elaborate tree covers

of a given tree.
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Chapter 3: Multicast Routing Problem in a Network with Multi-sources

We consider the capacitated multi-source multicast tree routing problem (CMMTR) in an
undirected graph G = (V, E) with an edge weight w(e) > 0, e € E. We are given a real
number £ > 0, a source set S C V with a weight g(e) > 0, e € S, and a terminal set
M CV — S with a demand function q : M — R™, where g(s) means the cost for opening a
vertex s € S as a source in a multicast tree. Then CMMTR asks to find a subset S” C S, a
partition {Z1, Zs,...,Zs} of M, and a set {T1,T5,..., Ty} of trees of G such that, for each
i, the total demand in ¢(Z;) is at most x and 7T; spans Z; U {s} for some s € S’. The ob-
jective is to minimize the sum of the opening cost of S" and the constructing cost of {7;},
ie., > cq 9(s) + Zle w(T;). We propose a (2pyp, + psr)-approximation algorithm to the
CMMTR, where pyr is any approximation ratio achievable for UFL. When all terminals have
unit demands, we give a ((3/2)pue. + (4/3)psr)-approximation algorithm.

Chapter 4: The Minimum Cost Edge Installation Problem for Routings

We consider the minimum cost edge installation problem (MCEI) in a graph G = (V, E)
with edge weight w(e) > 0, e € E. We are given an edge capacity A > 0, a vertex s € V des-
ignated as a sink, and a source set M C V — {s} with demand ¢(v) € [0, ], v € M. For any
edge e € E, we are allowed to install an integer number h(e) of copies of e. MCEI asks to send
demand ¢(v) from each source v € M along a single path P, to the sink s, but not allowed to
split the demand of any v € M. For each edge e € E, a set of such paths can pass through a
single copy of e in G as long as the total demand along the paths does not exceed the edge
capacity A\. The objective is to find a set P = {P, | v € M} of paths of G that minimizes the
installing cost ) . h(e)w(e). We propose a (15/8+ pgr)-approximation algorithm to MCEL

Chapter 5: The Capacitated Tree-Routing Problem in Networks

Let G = (V, E) be a connected graph such that each edge e € F is weighted by a non-
negative real w(e). Let k > 0 be a routing capacity, A > 1 be an integer edge capacity, s
be a vertex designated as a sink, and M C V — {s} be a set of terminals with a demand
function ¢ : M — R*. The capacitated tree-routing problem (CTR) asks to find a partition
M={Zy,Zy,...,Z;} of M and a set T = {T,T5,...,Ty} of trees of G such that, for each
i, the total demand in Z; is at most x and T; spans Z; U {s}. A single copy of an edge ¢ €
can be shared by at most A trees in 7; any integer number of copies of e are allowed to be
installed, where the cost of installing a copy of e is w(e). The objective is to find a solution
(M, T) that minimizes the total installing cost. This new routing problem formulation uni-

fies several important routing problems such as the capacitated network design (CND) and
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CMTR problems. We propose a (2 + psy)-approximation algorithm to CTR.
Chapter 6: The Generalized Capacitated Tree-routing Problem

In this chapter, we study the generalized capacitated tree-routing problem (GCTR), which
was introduced to unify several known multicast problems in networks with edge/demand
capacities. Let G = (V, E) be a connected graph with an edge weight w(e) > 0, e € E, and a
bulk edge capacity A > 0; we are allowed to construct a network on G by installing any edge
capacity h(e)A with an integer h(e) > 0 for each edge e € F, where the resulting network
costs Y. h(e)w(e). Given a demand capacity x > 0, prescribed constants «, 3 > 0, a sink
s €V, and a set M C V of terminals with a demand ¢(v) > 0, v € M, we wish to construct
the minimum cost network so that all the demands can be sent to s along a suitable collection
T ={T1,Ts,..., Ty} of trees rooted at s, where the total demand collected by each tree T;
is bounded from above by &, and the flow amount f(e) of 7 that goes through each edge
e is bounded from above by the edge capacity h(e)A. In this chapter, f(e) is defined as
> TeT-ceT; |0+ Bar;(e)], where gr, (e) denotes the total demand that passes through the edge
e along T;. Term « means a fixed amount used to establish the routing T; by separating the
inside of T; from the outside, while term B¢z, (e) means the net capacity proportional to the
demand ¢, (e). The objective of GCTR is to construct the minimum cost network that admits
a collection 7 of trees to send all demand to sink. This problem unifies CND, CMTR, and
CTR. We prove that GCTR is (2[A\/(a+Bk)]/|\/(a+ k)] + psr)-approximable if A > a+ (k
holds. For GCTR instances with A < a+ 3k, we construct a 13.037-approximation algorithm.

We also study a variant of GCTR in which it is allowed to purchase edge capacity in any
required quantity. In this model, for each edge e of the underlying network, we assign capac-
ity of Ae = | T'| + B3 e ZveszTi (ve) q(v) on e, where 7" is the set of trees containing
e. That is, the total cost of the constructed trees equals ) .5 Acw(e). We call this variant of
GCTR, the fractional generalized capacitated tree-routing problem (FGCTR). We prove that
the fractional generalized capacitated tree-routing problem (FGCTR) is 8.529-approximable.

Figure 1.4 summarizes problems studied in this thesis and suggests possible future work,
where S denotes the set of sinks (or sources). For each edge in the figure, the problem given at
its tail is a special case of that given at its head; the solid edges connect problems studied in
the thesis, while the dashed edges refer to possible future work. Namely, it is left as a future
work to define a multisink version of GCTR that unifies CCFL (to be defined in Chapter 3)
and CMMTR. We may call such a problem the generalized multisink capacitated tree-routing
problem (GMCTR for short). Note that MCEI is closely related to CND (to be defined in
Chapter 3), where the difference is that CND allows the demand from a source to be split
among different copies of the same edge. Therefore, it is also interesting to define a multisink
version of MCEI which corresponds to CCFL (the multisink version of CND).
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GMCTR
a,B,k, A€ RT
S| =21

CCFL GCTR CMMTR
a=0,0= a,B,k, A€ RT a=1,=0
k=\ERT S| =1 A=1keRT

|S[>1 |S| > 1

MCEI CND
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Figure 1.4: Illustration for the problems studied in this thesis and possible future work.



Chapter 2

The Capacitated Multicast Routing

Problem in Networks

In this chapter, we present frameworks of approximation algorithms for the capacitated mul-
ticast tree routing problem and analyze its approximation ratio. Our algorithms are based

on an elaborate tree cover of a tree.

2.1 Introduction

Multicast consists in sending a stream of data from a single source to multiple receivers or
terminals, and is becoming increasingly popular in computer and communication networks
supporting multimedia applications [36, 48, 70]. Multicast design is a more efficient method
for supporting group communication than unicasting or broadcasting, because it allows trans-
mission and routing of data packets to multiple destinations using fewer network resources.

In local area networks (LANSs), terminals are connected through a broadcast network,
and multicast in LANs is rather easily implemented. However, implementing multicast
in wide area networks (WANSs) is more complicated since the terminals are connected via
switched /routed network [26]. In order to apply multicasting in WANS, the source node and
all the terminals should be connected through a tree in the network [64]. Thus, the problem
of finding a multicast routing in WANS is treated as a problem of constructing a multicast
tree that spans the source and all terminals in the underlying network, where the goal is to
minimize the cost of the multicast tree.

In this chapter, we study multicast under the multi-tree model, which has its origin in
WDM optical networks with limited light-splitting capabilities [32]. Under this model, we are
interested in constructing a set of trees of minimum total weight such that each tree spans
the source node and a set of terminals of limited demand that are selected to receive data
in the tree. In addition, every terminal in the underlying network is designated to receive

data in exactly one of such trees. We call this problem the capacitated multicast tree routing
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problem (CMTR for short), which is formally stated as follows.

Capacitated Multicast Tree Routing Problem (CMTR):

Input: A connected graph G = (V, E), an edge weight function w : E — R™, a routing
capacity K > 0, a source s € V, aset M C V — {s} of terminals, and a demand function
q: M — R™.

Feasible solution: A partition M = {Z1,Zs,...,Zy} of M and a set 7 = {T1,T5,..., Ty}
of trees of G such that Z; U{s} C V(T;) and ¢(Z;) < k hold for each i. The number of copies
of an edge e € F installed in the solution is given by hr(e) =|{T € T | e € E(T)}|.

Goal: Minimize
Z hr(e)w(e) = Z w(T5).

eck T;eT
S
U6/ 7 v23
v /vlg . jg v23g§§AO\U21
St T
vg v20 3-07 o v21 . u
v1/3/ : & A‘é 5\ 2 éh
g v 5 vy~ 5@ J é El D20 !vu s
AV My
3 gz)g g UQS% ”13§v22/l
vp 10 iZ e V22 V16 V18 1% i15 {%%8
® (b)

Figure 2.1: Illustration for CMTR; (a) an instance of CMTR; (b) a feasible solution to the

instance in (a); (c) an optimal solution to the instance in (a).

Fig. 2.1(a) illustrates an instance of CMTR with M = {v1,va,...,v24}, q(vi) = 1 for
all v; € M, k = 9, and the weight of edge (vg,v14) equals 2 and all other edges have
unit weights. Fig. 2.1(b) describes a feasible solution (M, 7) to this instance, where M =
{Z1 = {vi,v2,... 06}, Zo = {vr,vs,v9,v10}, Z3 = {vi9,v23}, Zs = {v11,v12..., V15, v20},
Zs = {vig, v17, V18, V21, V22, V24 } } and the set of branches of the tree in Fig. 2.1(b) forms
7. Fig. 2.1(c) describes an optimal solution (M*,7*) to the instance in Fig. 2.1(a), where

*={Z] ={vi,ve,... 06}, Z3 = {vr,v8,..., 015}, Z5 = {vi6,V17,...,v24}} and the set of
branches of the tree in Fig. 2.1(c) forms 7.

The unit demand case of CMTR is the set of CMTR instances such that g(v) = 1 for all
v € M and & is a positive integer in an instance of CMTR. An instance of the unit demand
case of CMTR may be written as (G,w, k,s, M). Unit demand instances of CMTR with
k = 1,2 can be solved optimally [25]. We assume that £ > 3 in unit demand instances of
CMTR.
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CMTR plays an important role in the design of telecommunication and optical networks
as follows. To implement multicasting in a wavelength-routed optical network, the concept of
a light-tree was proposed in [63]. Interconnecting the source and all terminals by a light-tree
uses a dedicated wavelength on all of its branches. FEach intermediate vertex in a light-
tree must have a splitter so that copies of data can be made and delivered to each of its
children. An n-way splitter is an optical device which splits an input signal into n outputs,
thus reducing the power of each output to (1/n)th of that of the original signal. As a result,
while the power budget may allow data on a given wavelength to be delivered to more than
one terminal, it may not possible to deliver data to an arbitrary number of terminals using a
single light-tree [32]. Hence, establishing a multicast connection in an optical network under
the multi-tree model makes multicast easier and more efficient to implement at the expense
of increasing the network cost. Under this model only a limited number of light splitting are
allowed per transmission, and then a multicast routing is given as a set of light-trees such
that each of them includes at most k terminals, where parameter £ may be dependent on
the size of routing vertices and the power budget of light transmission [26]. Therefore, each
light-tree has at most |x/2] intermediate vertices and each of them needs a k-way splitter,

implying that the signal from the source can be split at most |x/2] times.

CMTR is closely related to the capacitated minimum Steiner tree problem (CMStT)
studied recently in [40]. Given a connected graph G = (V,E), an edge weight function
w: E — RY, apositive real k, a vertex s € V, aset M C V — {s} of terminals, and a vertex
weight function ¢ : M — RT, CMStT consists in finding a minimum Steiner tree T spanning
s and all terminals such that the total vertex weight in the descendant of each child of s in T’
is at most k. In particular, any feasible solution to CMStT is a feasible solution to CMTR.
When M = V|, this problem is known as the capacitated minimum spanning tree problem

(CMST).

CMTR is proven to be NP-hard [26]. CMTR has received a number of attentions in the
recent study. A (2 + pgr)-approximation algorithm to CMTR with a general demand can
be obtained by modifying the algorithm due to Jothi and Raghavachari [40] designed for
CMStT, where pgr is any achievable approximation ratio for finding a minimum cost Steiner
tree on M U {s}. In the next section, we present details of the algorithm and its analysis.
Note that, Lin [49] showed that the unit demand case of CMTR remains NP-hard even if
k = 3. For the unit demand case of CMTR, there have been developed several constant-
factor approximation algorithms. Based on Hamilton circuit, Gu et al. [26] proposed a 4-
approximation algorithm. Lin [49] gave a (2.4 + psr)-approximation algorithm. Afterwards
Cai et al. [10] gave a (2 + pgr)-approximation algorithm. If the vertex set V' consists of
points in the L, metric plane, then a (3/2 + (7/5)psr)-approximation algorithm to CMTR is
proposed by Jothi and Raghavachari [40] which is designed for CMStT instances with unit
vertex weights. Recently, Cai et al. [11] proved a (8/5 + (5/4)psr)-approximation algorithm

which improves the previous best approximation ratio of (2 + psr) for the best known ratio
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of psr =1+ 13 < 1.55.

In this chapter, we propose a (2 + psr)-approximation algorithm and a (3/2 4 (4/3)psr)-
approximation algorithm to the general and unit demand cases of CMTR, respectively. Our
algorithm for the unit demand case outperforms the (3/2+(7/5)psr)-approximation algorithm
which is designed for the L, metric in the plane. Note that the (8/5+4(5/4)psr)-approximation
algorithm due to Cai et al. [11] improves over (3/2 4 (4/3)psr) as long as psr > 1.2. In
particular, it is known that psy = 1 when M = V since the Steiner tree problem with terminal
set M =V in G becomes the minimum spanning tree problem. Hence our approximation
ratio improves that obtained by Cai et al. [11] in the case where M = V.

Note that, if the vertex set V consists of points in the L, metric in the plane, then
our algorithm for the unit demand case of CMTR can be slightly modified to provide a
(3/2 + (4/3)psr)-approximation algorithm to the unit vertex weight case of CMStT which
gives the best known approximation ratio for the unit demand case of CMST (i.e., in the case
of psr = 1).

Given an instance I = (G, w, K, s, M, q) of CMTR, our algorithm first produces a tree T
of minimum cost including all vertices in M U {s}, then breaks T" into a set of subtrees each
of which contains a set of terminals with at most ¥ demands, and finally connects each of
such subtrees to s.

Note that the high-level description of our algorithm for the unit demand case is analogous
to that in [10], [11], [40], and [49] but with different tree cover techniques. From the analysis
in [10], [40], and [49], we can see that one ingredient for improving the approximation ratio
for CMTR is to design a tree cover for 7" such that (i) the number of terminals specified for
each of the obtained trees is as close as possible to x, and (ii) the total cost of these trees
is minimized. In this chapter, we design a tree cover for T that achieves almost the same
average on the cardinality (the number of terminals) of each tree as that in [40], but with
less cost. On the other hand, the average on the cardinality of each tree in our tree cover is
greater than that in [10] and [49] at the expense of increasing the total cost to at most (4/3)
of that in [10] and [49]. The algorithm due to Cai et al. [11] constructs a set of trees with
less total tree weights and each of which has more terminals than ours. The running times of
our algorithm and algorithms in [10], [11], [40], and [49] are dominated by the approximation
algorithm for the Steiner tree problem.

The following lower bound on the optimal value of CMTR, has been proved and used to
derive approximation algorithms to the unit demand case of CMTR [10, 11, 25, 26, 40, 49].

Lemma 2.1. For an instance I = (G,w,k,s, M,q) of CMTR, let opt(I) be the weight of an
optimal solution (M*,T*) to I, T* be the minimum weight of a tree that spans M U {s} in
G, and d(t), t € M, be the distance from s to t. Then
1
T, — d < opt(I).
wax{w(T), £ 3 a(w)do) b < opt(n)

veM
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Proof. We first prove that w(T™) < opt(I).
The set of all edges used in the optimal solution (M* ={Zy,...,Z;},T* ={Th,...,T¢})
is given by
E(T") = Uner- E(Th).

Clearly, the edge set E(7*) contains a tree T' that spans M U {s} in G, and the weight w(T")
of T is at most that of CMTR solution. Then the weight w(7™) of T is at most the optimal
value to CMTR instance I.

We next prove that

> q(v)d(v) < k- opt(I).

veM
Note that ¢(Z;) < k holds for all Z; € M*, and hence

peoptl) = & Y w@ 2 Y a(ZwT) = Y ),

T,€T* T;eT* veM

since d(v) < w(T;) for all vertices v in T;. O

2.2 General Demands

This section introduces a “balanced” partition of a set of terminals, which provides an ap-
proximation solution to CMTR.
For a tree T rooted at a vertex r, an ordered partition Z = {Z1, Zs,...,Z,} of a subset

of the terminal set M is called k-balanced if the following holds:
(i) ¢(Z;) <k fori=1,2,...,p;
(i) ¢(Z;) > k/2fori=1,2,...,p—1, and if p > 2 then ¢(Z,—1 U Z},) > k; and
(iii) Each T(Z;) (j =1,2,...,p — 1) has no common edge with T'(Uj<;<,Z; U {r}).
Lemma 2.2. There always exists a k-balanced partition if max,enr q(v) < k.

Proof. First of all, we assume for simplicity and without loss of generality that in a given
tree T', (i) all terminals are leaves, i.e., M = L(T), by introducing a new edge of weight zero
for each non-leaf terminal, and (ii) |Chz(v)| = 2 holds for every non-leaf v € V/(T'), i.e., T is
a binary tree rooted at r, by replicating internal vertices of degree more than 3, so that the
copies of the same vertex are connected with zero-weight edges. It suffices to show that the
lemma holds for such a binary tree T.

Then a k-balanced partition of M can be obtained by repeating the following procedure
as long as the total demand of the current tree is more than x: choose a vertex v with the
maximum depth in the current tree such that ¢(V(T,) N M) > /2 and delete T, from the
current tree after letting the terminal set of T}, be the next new subset Z;. Note that ¢(Z;) < k
since q(V(Ty) N M) < /2 holds for each child u € Ch(v) by the choice of v. Moreover, it
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is easy to observe that 7'(Z;) has no common edges with the current tree. Finally, let Z, be
the terminal set of the remaining tree after the last iteration. Then it hold ¢(Z,) < k and
q(Zp—1 U Zp) > k by the choice of v if there was at least one iteration of the procedure, i.e.,

p > 2. This proves the lemma. O

Based on k-balanced partition, we obtain an approximation algorithm for CMTR with
general demand. The basic idea of the algorithm is to compute an approximate Steiner tree
T in (G,w, M U{s}), regard T as a tree rooted at s, and then find a x-balanced partition Z
of M in T. For each Z € Z, we choose a vertex tz € Z and connect the tree T(Z) to s by
adding a shortest path between s and tyz in (G, w), where we call such a vertex t the hub ver-

tex of Z. We describe the algorithm in the following form which will be also used in Chapter 5.

Algorithm GENERALCMTR
Input: A CMTR instance I = (G, w, k, s, M, q).
Output: A solution (M, 7) to I.

Step 1. Compute a psr-approximate solution 7' to the Steiner tree problem in (G, w) that
spans M U {s} and then regard T" as a tree rooted at s.
Define a vertex weight function d : M — R by setting

d(v) == digw)(s,v), veEM.

Step 2. Find a partition M of M.
For each subset Z € M, assign a vertex tz € V(T') as its hub vertex.
Let S be the set of all hub vertices.

Step 3. For each hub vertex ¢ € S, we choose a shortest path SP(s,t) between s and ¢ in
(G, w). For each subset Z € M, let Tz be the tree obtained from T(ZU{tz}) by adding
the edge set in SP(s,tz). Let T :={Ty | Z € M}. O

For a CMTR instance with general demand, we realize Step 2 as follows. We compute
a k-balanced partition M = {Zy,Zs,...,Z,} of M. For j = 1,2,...,p — 1, we choose a

terminal ¢ z; € Z; with the minimum distance d(t Zj) as its hub vertex, and let ¢z, := s.

Theorem 2.1. Given a CMTR instance I = (G,w, k,s, M,q), algorithm GENERALCMTR
with the above Step 2 delivers a (2 + psr)-approximate solution to I.

Proof. By Property (iii) of k-balanced partition, each edge in T' is used at most once in
the union of subtrees in 7/ = {T(Z;) | j = 1,2,...,p — 1} U{T(Z, U {s})}. Note that
T' ={T(ZU{tz}) | Z € M} holds by the choice of hub vertices. Therefore, the total weight
of the edges to be installed for constructing 7 is bounded by the weight of T plus the sum
of the shortest paths used; i.e., it holds

> hr(e)w(e) < w(T)+ Y d(t). (2.1)

ecE tesS
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For a minimum Steiner tree 7 that spans M U {s}, we have w(T™*) < opt(I) by Lemma 2.1.
Hence w(T') < psp - w(T™) < pgr - opt(I) holds. To prove the theorem, it suffices to show that

Zd < 20pt(I). (2.2)
tes
The choice of hub vertices and Property (ii) of k-balanced partition imply that, for each
ZieM,i=1,2,...,p—1, we have

Y a(v)d(v) = d(tz,) Y alv) > d(tz,)x/2. (2.3)

vEZ; vEZ,;

By summing inequality (2.3) overall Z; € M, i=1,2,...,p — 1, we have

(1/2)Y dt)< >, > a(wdv)/s< ) gl

tes 1<i<p—1 weZz; veEM

By Lemma 2.1, this proves (2.6). O

In the rest of this chapter we study the unit demand case of CMTR. We start by some

results on tree covers in a tree, based on which our approximation algorithm is built.

2.3 Tree Cover

This section describes how to construct a “tree cover” in an edge-weighted tree. A tree cover
is a collection of subtrees that covers all vertices, in which two objectives must be taken into
consideration, (i) the number of terminals in each of the obtained trees is as close as possible
to a specified integer , and (ii) the total cost of these trees is minimized. Such a tree cover
will be the basis of our approximation algorithm given in Section 2.4. We first present some

results for special cases of tree covers.

2.3.1 Tree covers in special cases

In this subsection, we prepare several lemmas on tree covers for a tree with a special structure.

We first introduce a subgraph which plays a key role in our algorithm.

Definition 2.1. For a vertex v in a rooted tree T', a terminal set Z, C V(T,) —{v}, and a
positive integer k, a binary rooted tree T, is said to be a 2/3-balance-tree if |Z,| > K holds

and the total number of terminals in each of the branches of T, is less than (2/3)k.

For a tree T, with a terminal set Z,, the following lemma partitions Z, into two subsets
such that either, (i) the cardinality of each subset lies between (2/3)x and r, or (ii) each
of which has at most x terminals and a nonempty intersection with a subset Zy C Z, with
|Zo| > (2/3)k. Such a partition can be obtained at the expense of increasing the total cost
by at most (1/3)w(T%).
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Lemma 2.3. Let k be a positive integer and T, be a rooted tree with a terminal set Z, C
V(Ty) — {z} such that (4/3)k < |Zy| < 2k. Suppose that T, consists of three branches B,
By and Bs such that T, — By is a 2/3-balance-tree rooted at x. Then there is a partition
m = A{X,Y} of Z; such that w(T(X)) + w(T(Y)) < (4/3)w(Ty) and one of the following
holds:

(i) (2/3)r < | X[, Y] < &.

(ii) For any specified subset Zy C Z with |Zo| > (2/3)k, it hold max{|X|,|Y|} < k and
XNZy#0D#Y NZ.

Proof. Let Z; = V(B;) N Zy, i = 1,2,3. Note that (1/3)x < |Z2],|Z3| < (2/3)k and
Kk < |Za| + |Z3] < (4/3)k by the definition of a 2/3-balance-tree. We have |Z| = |Z;| —
(|Z2] + |Z3]) < 26 — Kk = k. The main idea of the proof is to partition the elements of
the lightest branch into two appropriate sets and to combine them with the remaining two
branches. Note that the smallest weight of w(Bi), w(Bz2), and w(Bs3) is at most (1/3)w (7).
Assume without loss of generality that w(Bsg) attains the smallest weight. We distinguish

the following two cases.

Case 1. |Zi] > (2/3)k: To show that (i) holds in this case, we partition the elements of
B> into two sets of appropriate cardinalities and combine them with By and Bs. We have
(5/3)k = (2/3)k + Kk < |Zs| = |Z1| + (| Z2] + |Z3]) < 2k. Choose a subset F' C Zy with car-
dinality |F| = [|Zz|/2] — |Z1|. Note that [|Z|/2] —|Z1]| < (2k/2) — (2/3)k = (1/3)k < | Z2|
and [|Z;]/2] — 21| = (|Z2| + |Z3] — |Z1])/2 > (k — k)/2 = 0 hold, since (2/3)k < |Zi| < &,
|Zs| < 2k, and |Z2| + |Z3| > k. Thus F is well defined. Let X := Z; UF and Y :=
Z3U(Zy—F) =Z,— X. Hence |X| = |Z1| + |F| = [|Z:]/2] and |Y| = | Z,| — | X| = || Z:|/2].
We have (2/3)k < |X| <k and (2/3)k < |Z,|/2—1/2 < |Y| < k (since (5/3)k < |Z;| < 2k
and k > 3).

=

Case 2. |Z1] < (2/3)k: We show that (ii) holds in this case. Choose an arbitrary subset
Zy C Z, with cardinality |Zp| > (2/3)k. Note that |Z1],|Z2|,|Z3| < (2/3)k and |Zy| > (2/3)k
imply that Zy contains terminals from at least two subsets of Z1, Z5, and Z3. We partition
the terminals of Bs into two appropriate subsets and combine them to B and Bs such that
each subset of the resulting partition contains elements from Zy. In particular, we choose
a subset F' of Z3 such that X = Z; U F and Y = Z, — X satisfy max{|X|,|Y|} < k and
XNZy#D#Y N Z. O

Consider the tree T, shown in Fig. 2.2(a), with a terminal set Z,, where [V(B;) N
Z:|, |V(B2) N Zy| < (2/3)k and |V(B')N Z,|,|V(B4) N Z;| < (1/3)k. Given a subset Zy C Z,
with [Zp| > (2/3)k, the next lemma partitions T3 into two subtrees each of which has at most

k terminals and a nonempty intersection with Z.
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(@) (b)

Figure 2.2: Tllustration for Lemma 2.4; (a) a tree T, defined in Lemma 2.4; (b) a tree T,
obtained from T, by duplicating P.

Lemma 2.4. Let k be a positive integer and T, be a binary rooted tree with a terminal set
Zy CV(Ty) —{x}. Let C1 and Cy be the two branches of T, such that Cy contains a 2/3-
balance-tree T,, with v # x and satisfies k < |Z;NV (C1)| < (4/3)k, and |Z;NV (Ca)| < (1/3)k.
Then for any subset Zy C Zy with |Zo| > (2/3)k, there is a partition {B,C} of Zy such that
max{|B|,|C|} <k, BNZy# 0 # CN Zy, and w(T(B)) + w(T(C)) < w(Ty) + w(B') for the
tree B' obtained from C deleting vertices in D(v) — {v} (see Fig. 2.2(a)).

Proof. There is a unique edge (z,y) with y € V(Cy) in Ty. Let P denote the path from z to
v in T,. Note that w(P) < w(B’). To find a desired partition {B,C} of Z,, we transform T}
into another tree T, by removing edge (z,y) and adding a new edge (z,v) of weight w(P).
We regard T, as a tree rooted at v (Fig. 2.2(b) illustrates how a tree T, is constructed from
T, described in Fig. 2.2(a)). Note that |Z, NV (B’)| < (1/3)k since |Z,NV (C1)| < (4/3)k and
|Z, NV (T,)| > k. Hence T, has exactly two branches each of which has less than (2/3)x and
more than (1/3)x terminals and two branches each of which has at most (1/3)s terminals.
Moreover, w(T)) < w(Ty) + w(B’) holds.

Let By and Bs be the large branches of T,, and Bs and By be the small branches of
T!. Let Z; = V(B;)) N Zz, i = 1,2,3,4. Since |Z;| < (2/3)k for all i and |Zy| > (2/3)k, at
least two branches of T}, contain terminals from Zy. Let B = Z; U Z; and C = Zy U Zj,
where {i,7'} = {1,2} and {7, '} = {3,4} such that BN Zy # () and C' N Zy # () hold. Hence
max{|B|, |C|} < k holds since max{|Z1|,|Z2|} < (2/3)k and max{|Zs|,|Z4|} < (1/3)k. By
construction of T}, from T, we have w(T(B)) + w(T(C)) < w(T)) < w(Ty) + w(B’). O

The following lemma partitions a tree 7} into three subtrees such that either, (i) the
cardinality of each subtree lies between (2/3)x and & (see Fig. 2.3(b)), or (ii) the cardinality of
one subtree lies between (2/3)x and k and the other two are obtained by applying Lemma 2.4

to the subtree on the remaining terminals (see Fig. 2.3(c)).
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Cq Co Cq Ca Cy C>

B/ B/I B/ B// B/ B//

Bi By Bs Ba By By, B Ba Bi By Bs Ba

(@) (b) (©)

Figure 2.3: Illustration for Lemma 2.5; (a) the construction of the tree T, defined in

Lemma 2.5; (b) illustration for Case 1 in Lemma 2.5; (c) illustration for Case 2 in Lemma 2.5.

Lemma 2.5. Let k be a positive integer and T, be a binary rooted tree with a terminal set
Zy CV(T,) — {x}. Let C1 and Cy be the two branches of T, such that k < |Z, NV (C;)| <
(4/3)k, i = 1,2. Suppose that C1 and Co contain 2/3-balance-trees T, and T,, respectively.
Then there is one of the following partitions ™ of Z,:

(i) m ={A, B,C} such that (2/3)x < |A|, |B|,|C| < k and w(T{A))+w(T(B))+w(T(C)) <
(4/3)w(Tx).

(i) 7 = {A, A} such that (2/3)k < |A| < K and (4/3)k < |A]| < (5/3)k. Moreover, for any
specified subset Zy C A with |Zg| > (2/3)k, A can be partitioned into B and C such
that max{|B|,|C|} < k, BN Zy # 0 # C N Zy, and w(T(A)) + w(T(B)) + w(T({C)) <
(4/3)w(Tz).

Proof. Let Z¢, = Z, NV (Cy), i = 1,2. Let B’ (resp., B”) denote the tree obtained from
C1 (resp., C2) deleting vertices in D(v) — {v} (resp., D(u) — {u}). Let Z, = Z, NV (T,),
Zy=Z:NV(Ty), Z' = Z,NV(B'), and Z" = Z, N V(B"). Note that |Z'| < (1/3)x since
|Zc,| < (4/3)k and |Z,| > k. Similarly |Z”] < (1/3)k. Denote the two branches of T,
(resp., T,,) by By and By (resp., Bs and By). See Fig. 2.3(a) for the construction of T,. Let
Zi = Z,NV(B;),i=1,2,3,4, where |Z;| > (1/3)x holds. Note that the smallest weight of
w(B1) + w(Bs), w(By) + w(B'), and w(Bz) + w(B") is at most (1/3)w(T;). We distinguish

two different cases.

Case 1. w(Bj) + w(Bs3) attains the smallest weight: To show that (i) holds in this case, we
partition the elements of B; (resp., Bs) into two sets of appropriate cardinalities and combine
them with B’+B" and Bs (resp., By) (see Fig. 2.3(b)). Namely, we choose two subsets F' C Z;
and F' C Z3 of cardinalities |F| = [(1/3)x] — |Z'| and |F'| = [(1/3)k] — |Z"|, respectively.
Note that F' and F’ are well defined since min{|Z1],|Z3|} > (1/3)x and max{|Z’|,|Z"|} <
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(1/3)k imply that 0 < [(1/3)x] — |Z'| < |Z1| and 0 < [(1/3)x] — |Z"| < |Z3]. The desired
partition can be obtained by setting A := Z¢, — (FUZ'), B := Z¢g, — (F' U Z"), and C to
be the remaining elements of Z,. By the choice of F and F’, we have (2/3)k < |A|,|B| < k
and |C| = |F|+|F'|+|Z'|+12"| > (2/3)k. If kK = 3, then |C| = 2 < k. Otherwise (k > 4),
|IC| = 2[(1/3)k] <2((1/3)k 4+ 2/3) < k. Moreover, w(B1) + w(Bs) < (1/3)w(Ty) gives the
desired upper bound on w(T(A)) + w(T(B)) + w(T(C)).

Case 2. w(By) + w(B') or w(By) + w(B") attains the smallest weight; w(By) + w(B') <
w(Bg) + w(B") is assumed without loss of generality: The main idea of the proof of this
case is to partition the elements of By into two sets of appropriate cardinalities and combine
them with T, — T3, and Bs (see Fig. 2.3(c)). Choose a subset F' C Z,; with cardinality |F| =
|(1/3)k] —|Z"|. Note that F is well defined since |Z4| > (1/3)x and |Z”| < (1/3)k imply that
0 < |(1/3)k|—|2"]| < |Z4|. Let A= Zc,—(FUZ") and A = Z, — A. The choice of F implies
that (2/3)rx < |A| = |Zc,| — |(1/3)k] < k and (4/3)k < |A] = |Zc,| + [(1/3)k] < (5/3)k.
Moreover, it holds

w(T(A)) +w(T(A)) < w(T,) + w(By). (2.4)

By regarding T'(A) as a tree rooted at z, we see that T'(A) satisfies the conditions in
Lemma 2.4. Choose an arbitrary subset Zg C A with |Zy| > (2/3)k. Apply Lemma 2.4
to T(A) to get a partition {B,C} of A such that max{|B|,|C|} < k, BN Zy # 0 # C N Zy,
and

w(T(B)) +w(T(C)) < w(T(A)) +w(B). (2.5)

From (2.4) and (2.5), we get w(T(A)) + w(T(B)) + w(T(C)) < w(By) + w(B'") + w(T,) <
(4/3)w(Ty). O

B1 B>
(a) (b) (©)

Figure 2.4: Illustration of Lemma 2.6; (a) a branch B of T, such that T, is a 2/3-balance-
tree and Kk < |Z, N V(B)| < (4/3)k; (b) w(B’') < min{w(By),w(B2)}; (¢) w(By) <
min{w(Bs), w(B)}.
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In the following lemma, we partition a special tree T} into a set of subtrees such that,
(i) each subtree has at most x terminals, and (ii) each subtree not containing z has at least
(2/3)k terminals.

Lemma 2.6. Let k be a positive integer and T, be a binary rooted tree with a terminal set
Zy CV(Ty) — {x} such that for each u € Ch(x), if |D(u) N Z;| > (2/3)k, then T{(D(u)N Zy)
contains a 2/3-balance-tree and satisfies k < |D(u) N Z;| < (4/3)k. Then there is a partition
Z1U 29 of Z, such that

(1) (2/3)k < |Z| < K for each subset Z € Z;
(ii) |Z| < Kk for each subset Z € Z5; and

(iii)
> w(T(Z)+ Y w(T(ZU{z})) < (4/3)w(Ty).

ASSA Z€Z

Proof. For each branch B of T, with less than (2/3)x terminals, we add the set of terminals
of B to Z3. Now we consider a branch B of T, with k < |Z, NV (B)| < (4/3)~, which contain
a 2/3-balance-tree. Denote the 2/3-balance-tree of B by T, and its branches by By and Bs.
Let B’ denote the tree obtained from B deleting vertices in D(u) — {u} (Fig. 2.4(a) illustrates
the construction of B). Let Z = Z, NV(B), Z; = Z, NV (By), i = 1,2, Z, = Z, N V(Ty,),
and Z' = Z, NV(B'). Note that |Z'| = |Z| — |Z.] < (4/3)k — k = (1/3)k.

Now we partition the elements of B into two subsets with appropriate cardinalities de-
pending on the smallest weight among w(B1), w(Bs), and w(B’), and add them to one of Z;
and Z;. Note that the smallest weight of w(By),w(Bs), and w(B’) is at most (1/3)w(B).
If w(B') < min{w(B1),w(B2)}, then let X = Z;UZ and Y = Z3. Add X and Y to
Zy. Note that |X| = |Z1| + |Z'] < (2/3)k + (1/3)k = k. Moreover, w(T(X U {z})) +
w(T(Y U{z})) < w(B)+w(B') < (4/3)w(B) holds (see Fig. 2.4(b)). Otherwise, assume
without loss of generality that w(B;) < w(Bz). Choose a subset F' C Z; of cardinality
|F| = [(1/3)k], and let X = Z, — F and ¥ = Z — X. Such a subset F' is well defined
since |Z1| > (1/3)k. Note that (2/3)x < k — [(1/3)r] < |X| < (4/3)k — [(1/3)k] < k and
Y| =1Z] — |X| < (2/3)k. Add X and Y to Z; and Zs, respectively. w(B;1) < (1/3)w(B)
implies that w(T(X)) + w(T(Y U{v})) < (4/3)w(B) (see Fig. 2.4(c)). O

2.3.2 Algorithm for tree cover

In this subsection, we show that, for an arbitrary tree, there exists a tree cover given in
the next theorem. For this, we present an algorithm that exploits the results in the previous

subsection to compute such a tree cover.
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Lemma 2.7. Given a tree T rooted at a vertex s, an edge weight function w: E(T) — R™, a
positive integer ki, a terminal set M C V(T), and a vertez weight function d : M — R™, there
is a partition M = My U Mo U Ms of M, where M3 ={X1,Y1,...,X,,Y,}, that satisfies:

(i) |Z| < &k for each terminal subset Z € M.
(ii)) (2/3)k < |Z| < Kk for each terminal subset Z € Ma.

(i) Fori = 1,2,...,r, max{|X;|,|Yi|} < &, |Xi| +|Yi| > (4/3)k and each of X; and Y;
contains at least one of the lightest (2/3)k terminals among X; UY; in terms of vertex

wetght d.

(iv)
S w@Zu{sh)+ > w(T(2) < (4/3)w(T).

ZeMy ZeEMaUMs3

Furthermore, such a partition M can be computed in polynomial time. O

To prove Lemma 2.7, we can assume without loss of generality that in a given tree T, (i)
all terminals are leaves, i.e., M = L(T'), by introducing a new edge of weight zero for each
non-leaf terminal, and (ii) |Ch(v)| = 2 holds for every non-leaf v € V(T'), i.e., T is a binary
tree rooted at s, by splitting vertices of degree more than 3 with new edges of weight zero.

We prove Lemma 2.7 by showing that the next algorithm actually delivers a desired par-
tition M = M; U Ms U Mj3. The algorithm can be outlined as follows. Choose a vertex
v ¢ QU {s} with the maximum depth in the current tree such that Z, = D(v) N M contains
at least (2/3)k terminals, where @) is initialized to be empty and is used throughout the
algorithm to keep track of all vertices v chosen by the algorithm. Depending on the number
of terminals in Z,, we add Z, to My, add v to @), or compute a partition of Z, by using
Lemma 2.3 or 2.5. In the latter case, we add the subsets in the obtained partition to one of
Mo and M3. Figure 2.5 summarizes all possible cases of Z, considered by the algorithm and
the property and the action associated with each case. Remove any terminal in Mo U M3
from M. Repeat these steps on the minimal subtree of T' that contains the current set M
of the remaining terminals and s until V(7') — (Q U {s}) contains no more such vertex v in
T. Finally, we partition the set of the remaining terminals by using Lemma 2.6, and add

the obtained subsets to one of M; or Ms. A formal description of the algorithm is as follows.

Algorithm TREECOVER

Input: A binary tree T rooted at s, a set M = L(f) of terminals, a positive integer x,

an edge weight function w : E(T) — R, and a vertex weight function d : M — R™.
Output: A partition M = My U Mo U M3 of M that satisfies the conditions in Lemma 2.7.
1. LetT:= T\; Q = Mg := M3 :=0;

2. while there exists a vertex v € V(T') — {s} — @Q such that |[M N Dr(v)| > (2/3)k do
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Let v € V(T) — {s} — Q be the vertex with the maximum depth and |Dp(v) N M| >
(2/3)k, where for each u € Chp(v), |Dp(u) N M| < (2/3)k or T(Dp(u) N M) contains
a 2/3-balance-tree and satisfies |Dp(u) N M| < (4/3)k

property action
ase-1:
\CZ|</<; Ma = Mo U {Zo};
vl =
Case-2: Q = QU {v}(Z, does not always have a partition

k <|Zy| < (4/3)k

Ty contains a
2/3-balance-tree

satisfying conditions in Lemma 2.7. T will be a
subtree of a tree handled either in a subsequent
iteration or in Line 27 of the algorithm)

Case-3:
(4/3)k < |Zy| < 2k

one branch (By)
of T}, contains a

2/3-balance-tree

Reroot T, at the root of the balance-tree;
Apply Lemma 2.3 to the resulting tree to obtain
(i) Zp={X,Y}; Mp:=MoU{X,Y}, or

(i) Zy ={X,Y}; M3z:=M3U{X,Y}

Case-4:
2k < |Zy| < (8/3)k

each branch of
Ty contains a

2/3-balance-tree

Apply Lemma 2.5 to T, to obtain
(i) Zv ={A,B,C}; Mo := MyU{A,B,C}, or
(i) Zv ={A,B,C}; My = MpU{A};

M3 = M3U{B,C}

M =M — (MaUM3); T:=T(MU{s})

12.

13.

14.

15.

Figure 2.5: Illustration of one iteration of the while-loop in algorithm TREECOVER.

Choose such v with the maximum depth from s;

Let Z, := M N Dr(v); T, :=T(Z,);

Let B; and B> be the two branches of T};

Let Z; = M NV (B;), i = 1,2, where |Z1| > |Za];

begin /* Distinguish the next four cases. */
Case-1 |Z,| < k: Let My := My U{Z,};
Case-2 k < |Z,| < (4/3)k: Let Q := QU {v};
Case-3 (4/3)k < |Z,| < 2k:

Let y be the root of the 2/3-balance-tree in By, and regard T, as a tree T, é

rooted at y;

Apply Lemma 2.3 to T; to get a partition {X,Y} of Z, that satisfies one of
conditions(i)-(ii) in Lemma 2.3;
if (i) holds then /* we get a partition {X,Y} of Z,*/
My = My U{X,Y}
else /* (ii) holds, i.e., we get a partition {X,Y} of Z,, where Z; consists of
the lightest (2/3)x terminals in Z, with respect to d */
Mz = M3U{X, Y}

endif
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16. Case-4 2k < |Z,| < (8/3)k:
17. Apply Lemma 2.5 to T, to get a partition of Z, that satisfies one of
conditions(i)-(ii) in Lemma 2.5;
18. if (i) holds then /* we get a partition {A, B,C} of Z,*/
My = Mo U{A,B,C}
19. else /* (ii) holds, i.e., we get a partition {A, B,C} of Z,, where Z consists of

the lightest (2/3)x terminals in A = B U C with respect to d */
My = My U {A}; Ms = M3 U {B,C}

20. endif

21.  end; /* Cases-1,2,3,4 */

22, Let M:=M— (MaUMs); T:=T(MU{s})

23. endwhile;

24. if M = () then

25. Mp:=0

26. else /* M £0*/

27. Regard T as a tree T rooted at s and apply Lemma 2.6 to T to get a partition

Z1 U Zy of M that satisfies the conditions in Lemma 2.6;
28. Mi = 29 Mo := MU Zy
29. endif.

L
vl v4\ vg
(¥
B ]
U5 10
(a)

Figure 2.6: Illustration of algorithm TREECOVER; (a) a minimum tree of the graph given in
Fig. 2.1(a); (b) and (c) illustrate intermediate iterations of algorithm TREECOVER applying

to the tree in (a).

Figure 2.6 illustrates a computation process of this algorithm applied to a minimum tree
of the graph given in Fig. 2.1(a) that spans source and all terminals. In Fig. 2.6(a), the
algorithm adds vertex u to @ in the first iteration since T, is a 2/3-balance-tree. In the

second iteration (Case-3 holds), the algorithm regards the subtree of T rooted at vertex va;
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as a tree T” rooted at u and applies Lemma 2.3 to 7" (see Fig. 2.1(b)). Finally, the algorithm
adds vertex vg to @ (Ty, is a 2/3-balance-tree) and then applies Lemma 2.6 to the tree on

the source and the remaining terminals (see Fig. 2.1(c)).

Proof of Lemma 2.7. We will prove the correctness of algorithm TREECOVER and then
show that the partition obtained from this algorithm satisfies the conditions in Lemma 2.7.
We first prove by induction the correctness of algorithm TREECOVER. Let By and Bs (resp.,
Z1 and Z3) be as defined in the algorithm. We first consider the first iteration of the while-
loop. By the choice of vertex v in line 3, max{|Z1|,|Z2|} < (2/3)k. Hence (2/3)rk < |Z,| <
(4/3)k holds in line 4, which implies that only Case-1 or Case-2 can occur in the first iteration.
If |Z,| < k holds, then Z, is removed from M and added to Mo in Case-1. Otherwise
(k < |Zy| < (4/3)k) Case-2 holds, where the two branches B; and Bz of the vertex v satisfy
(1/3)k < |Z1|,1Z2] < (2/3)k and |Z,| = |Z1| + |Z2| > K, and hence T, is a 2/3-balance-tree.
In the latter case, v is added to a set Q).

Assume that the algorithm works correctly after the execution of the jth iteration of the
while-loop. We show the correctness of the algorithm during the execution of the (j + 1)st
iteration. Note that, for any vertex v chosen in line 3, set Z, will be removed from the current
set M except for Case-2. Now let v be a vertex selected in line 3 in the (j+1)st iteration. Then
we see that, for each child u € Chy(v), either (i) |M N Dr(u)| < (2/3)k holds (if u has not
been chosen in line 3) or (ii) u € @ holds and T;, contains a 2/3-balance-tree and satisfies k <
|M N Dr(u)| < (4/3)k (otherwise). Therefore, one of (2/3)x < |Z,| < K, k < |Zy] < (4/3)k,
(4/3)k < |Zy| < 2k, and 2k < |Zy| < (8/3)x holds. Now if (2/3)k < |Z,| < k holds, then Z,
is removed from the current set M in Case-1 after it is added to My. If kK < |Z,| < (4/3)k
(i.e., Case-2) holds, then T, is a 2/3-balance-tree (if (1/3)k < |Z1],|Z2] < (2/3)k) or By
(consequently T,) contains a 2/3-balance-tree (by |Z1| > |Z2|). In this case, the vertex v is
added to set Q. Analogously with Case-2, we see that, if (4/3)x < |Z,| < 2k (i.e., Case-3)
holds then B contains a 2/3-balance-tree, where |Z1| > x and |Z2| < (2/3)x. Hence tree T},
defined in line 11 satisfies the conditions of Lemma 2.3 and a desired partition of Z, can be
constructed in line 12. In the last case, where 2k < |Z,| < (8/3)x (i.e., Case-4) holds, we
can also observe that, for each i = 1,2, B; contains a 2/3-balance-tree and k < |Z;| < (4/3)k
holds. This implies that tree T, in line 17 satisfies the conditions of Lemma 2.5 and a desired
partition of Z, can be constructed in line 17. In Cases-3 and 4, Z,, is removed from the current
set M after elements of its partition are added to appropriate subsets of M. Therefore, the

algorithm works correctly during the execution of all iterations of the while-loop.

After the final iteration of the while-loop, there is no vertex v € V(T') — {s} — @ such
that |M N Dp(v)| > (2/3)k. Hence, if the current set M is not empty, then for each child
u € Chy(s), either (i) |[M N Dr(u)| < (2/3)k holds (if u has not been chosen in line 3) or
(ii) u € @ holds and T, contains a 2/3-balance-tree and satisfies Kk < |[M N Dp(u)| < (4/3)k

(otherwise). That is, tree T defined in line 27 satisfies the conditions in Lemma 2.6 and
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a desired partition of the current M can be constructed in line 27. This completes the
correctness of algorithm TREECOVER.

Now we prove that the partition obtained from algorithm TREECOVER satisfies conditions
(i)-(iv) in Lemma 2.7. We observe that conditions (i), (ii), and (iii) in Lemma 2.7 follow imme-
diately from construction of Mj, My, and M3. Finally we show (iv). By Lemma 2.3, a par-
tition {X, Y} of Z, in line 12 satisfies w(T(X)) + w(T(Y)) < (4/3)w(T}). From Lemma 2.5,
a partition {A, B,C} of Z, obtained in line 17 satisfies w(T(A)) + w(T(B)) + w(T(C)) <
(4/3)w(Ty). Moreover, 3 ,c = w(T(Z)) + > zcz, w(T(Z U{s})) < (4/3)w(Ts) holds for the
partition obtained in line 27. Hence by summing the latter inequality and the resultant in-
equalities over all iterations of the while-loop, we get (iv) in Lemma 2.7. This completes the

proof of Lemma 2.7. O

2.4 Approximation algorithm

This section describes a framework of our approximation algorithm for the unit demand case
of CMTR and then analyzes its approximation ratio. The algorithm relies on the results on
tree covers in a tree provided in Section 2.3.

Consider CMTR instance given in Fig. 2.1(a). The algorithm first produces a tree of
the minimum cost including all vertices in M U {s} given in Fig. 2.6(a), partitions this tree
into a set of subtrees given in Fig. 2.6(c), by applying algorithm TREECOVER to this tree,
and finally connects the closest terminal in each subtree to s to construct the approximate

solution presented in Fig. 2.1(b). The entire algorithm is described as follows.

Algorithm UNiTCMTR
Input: An instance I = (G, w, k,s, M) of CMTR.
Output: A solution (M, 7) to I.

Step 1. Compute a minimum tree T that spans M U {s} in G.

Step 2. Regard T as a tree rooted at s, and define d : M — R™ by setting d(t) to be the
distance from s to t € M, i.e., the sum of weights (in term of w) of edges in a shortest
path SP(s,t) from s to ¢ in G.
Apply Lemma 2.7 to (T, M, w, s, k,d) to obtain a partition

M=M;UMyUMs;
of M, where M3 = {X1,Y1,...,X,,Y,}, that satisfies conditions (i)-(iv) of the lemma.

Step 3. For each terminal subset Z € My, let Ty :=T(Z U {s}).
For each terminal subset Z € My U Ms3, choose a terminal ¢z € Z with the minimum
distance d(tz), and let Tz be the tree obtained from T(Z) by adding the edge set of a
shortest path SP(s,tz) from s to tz in G.
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Step 4. Let T = {Ty | Z € M}, and output (M, 7). O
We show that algorithm UNITCMTR has the following performance.

Theorem 2.2. For an instance I = (G,w, k,s, M) of CMTR, algorithm UNITCMTR de-
livers a (3/2 4 (4/3)psr)-approzimate solution (M, T), where psy is the ratio of w(T) to the

minimum cost of a Steiner tree that spans M U {s}.

Proof. We first show that algorithm UNITCMTR . produces a feasible solution. By conditions
()-(iii) of Lemma 2.7, every subset Z € M consists of at most ~ terminals, and thereby a
solution (M, T) obtained by algorithm UNITCMTR is feasible to I.

We next show that (M, 7T) is a (3/2+ (4/3)psr)-approximate solution. Let opt(I) denote

the weight of an optimal solution. By construction, the cost of 7 is bounded by

YowT)< Y w@Zu{sh)+ Y w@@)+ Y, dtz),

TeT ZeM;y ZeMaUMs3 ZeMaUMs3

which is at most

@3+ Y dltz)

ZeMaUM3
by condition (iv) of Lemma 2.7.
For a minimum Steiner tree 7 that spans M U {s}, we have w(T) < psrw(T™) and
w(T*) < opt(I) by Lemma 2.1. Hence (4/3)w(T) < (4/3)psr - opt(I) holds. To prove the

theorem, it suffices to show that

> d(tz) < (3/2)opt(D). (2.6)
ZeMaUMs3
Consider a subset Z € Ms. By the choice of terminal ¢tz € Z and condition (ii) of
Lemma 2.7, we have

> d(t) > |Z|d(tz) > (2/3)kd(tz). (2.7)

teZ
Now consider a pair of subsets X;,Y; € M3, and their terminals t7; = tx, € X; and t7 =
ty, € Y; chosen in Step 3. Assume without loss of generality that d(tx,) < d(ty,). Then tx,
has the smallest distance among all terminals in X; U Y;. Hence for the set Zy C X; UY; of

terminals with the first (2/3)x smallest distance, we have

> d(t) > (2/3)k - d(tx,)-

teZy

For the set (X; UY;) — Zy of the remaining terminals, we have

Yo dt) = (IXa| + Vil = (2/3)k)d(ty;) = (2/3)r - d(ty,),

tG(XZ'U)/i)7Z0
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where the last inequality follows from |X;| + |Yi| > (4/3)k in condition (iii) of Lemma 2.7.
Therefore, it holds

D dt) > (2/3)k - d(tx,) + (2/3)r - d(ty,). (2.8)
te(X;UY;)
By summing inequalities (2.7) and (2.8) overall subsets in My U M3, we have
@2/3)s > dtz)< > dt) < > d(t). (2.9)
ZeMaUM3 teZeMaUMs3 teM
By Lemma 2.1, this implies
D dltz) < (3/2)(1/k) Y d(t) < (3/2)opt(1),
ZeMaUMs3 teM

from which (2.6) follows. O






Chapter 3

Multicast Routing Problem in a

Network with Multi-sources

In this chapter we extend CMTR, problem described in the previous chapter to the case of
multisources. That is, instead of designating a single source in the network, we are given
a source set S C V with a weight g(s) > 0, s € S, and the problem asks to find a subset
S’ C S, a partition {Z;} of a terminal set M, and a set of trees T; of a given graph G such
that, for each 4, ¢(Z;) < k and T; spans Z; U {s} for some s € S'.

3.1 Introduction

In an interesting generalization of the multicast routing problem, a group of vertices of the
underlying network is designated as sources such that each source is associated with an open-
ing cost. In this case, the problem of finding a multicast routing is to open a set of sources
and construct a set of multicast trees such that each of these trees spans an opened source
and the terminals selected to receive information from this source. The objective of this
problem is to minimize the cost of constructing the multicast trees plus the cost for opening
the sources. In this chapter, we study such a multi-source version of CMTR. The problem,
called the capacitated multi-source multicast tree routing problem (CMMTR for short), can

be formally stated as follows.

Capacitated Multi-source Multicast Tree Routing Problem (CMMTR):

Input: A graph G = (V, E), an edge weight function w : E — R™, an upper limit x > 0
on the total demand in a multicast tree, a set S C V of sources, an opening cost function
g: S — RT,aset M CV — S of terminals, and a demand function ¢ : M — R™.

Feasible solution: A subset S’ C S, a partition M = {Z1,Z5,...,Z,} of M, and a set
T ={T1,Ts,...,T;} of trees of G such that, for each i =1,2,... ¢,

q(Z;) < k holds, and
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Table 3.1: Approximation algorithms for CCFL and CMMTR problems

Problem CCFL
unit demands ¢ =1 general demands ¢ > 0
Single 1+ psr 2+ psr
sink [33] (33]
Multi- pPurr, + Pst 2pUFL + pPst
sink [61] [61]
Problem CMMTR
unit demands ¢ = 1 general demands ¢ > 0
. 8/5+ (5/4)psr [11], 2+ psr
Single
3/24 (4/3)psr [56] [40]
source
(Chapter 2) (Chapter 2)
Multi- (3/2)purr + (4/3)psr [55] 2purL + pst [55]
source [this chapter] [this chapter]

T; contains Z; U {s} for some s € 5,

where two or more subtrees of 7 can contain a common source s € S’.

Z w(T;) + Z g(s).

TL'ET seS’

Goal: Minimize

CMTR is CMMTR with |S| = 1, and is known to be NP-hard. If ¢(v) = 1 for all
v € M and k is a positive integer in an instance of CMMTR, then we call the problem
of such instances the unit demand case of CMMTR, and its instance may be written as
(G,w,k,S,g,M).

CMMTR is closely related to the capacitated-cable facility location problem (CCFL for
short). An instance (G, w, A, S, g, M, q) of CCFL consists of an undirected graph G = (V, E),
an edge weight function w : E — R™, a capacity A > 0 of each edge, a set S of sinks, an
opening cost function g : S — RT™, a set M C V — S of clients, and a demand function
q: M — RT. Then for each client v € M, we want to send its demand ¢(v) along a single
path P, from v to an opened sink in S in G (demand ¢(v) cannot be split). A set of such
paths can pass through an edge in G as long as the total demand of the paths does not exceed
the capacity A. For any edge e € E, we are allowed to install any integer number h(e) of
copies of e, if necessary. A pair of a subset S’ C S and a set {h(e) | e € E} of integers is a
feasible solution to CCFL if there is a set { P, C E’ | v € M} of paths, each of which connects
v and a sink s € S’, such that, for each edge e € F, it holds ZmeE(Pv) q(v) < h(e)A, i.e., the
total demand of the paths P, passing through e is no more than h(e)A. Then CCFL asks to
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find a feasible pair (S’, E’) that minimizes the sum of the cost for opening S’ and the cost
for installing edges in E, i.e., > .o g(s) + > .cphle)w(e).

Ravi and Sinha [61] gave a (pupr, + psr)-approximation algorithm for CCFL problem with
the unit demands and a (2pyr. + psr)-approximation algorithm for that with the general
demands, where pyp;, is any approximation ratio achievable for UFL in a metric (G, w) (see
Section 1.5 for the definition and known algorithms of UFL).

In this chapter, we propose a (2pyr. + psr)-approximation algorithm to CMMTR and a
((3/2)puer + (4/3)psr)-approximation algorithm to the unit demand case of CMMTR. As in
the approximation algorithms to CCFL due to Ravi and Sinha [61], we also use an approxi-
mation result on the metric UFL to derive our approximation algorithms to CMMTR.

Table 6.1 shows a summary of the approximation algorithms for CCFL and CMMTR.

3.2 Preliminaries

We now introduce two lower bounds on the optimal value of CMMTR. The first lower bound

is based on the Steiner tree problem.

Lemma 3.1. Given a CMMTR instance I = (G,w,k,S,g,M,q), let G’ = (VU{r}, EUE") be
the graph obtained by introducing a new vertexr ¢ V and a set of new edges E' = {(r,s) | s €
S} with weight w(r,s) = g(s). Then the minimum cost of a Steiner tree to (G',w, M U {r})

18 a lower bound on the optimal value to CMMTR instance I.

Proof. Consider an optimal solution (S’, M, T ) to CMMTR instance I. Let E(7) = Up,e7r E(T5)
(C E), i.e., the set of all edges used in the optimal solution. Then the edge set E(7)U{(r, s) |
s € S’} contains a tree T that spans M U{r} in G’. We see that the cost w(T') of T in G’ is at
most that of CMMTR solution. Hence the minimum cost of a Steiner tree to (G', w, M U{r})
is no more than the optimal value to CMMTR instance I. ]

To introduce the second lower bound, we recall that an instance (H,c, F, f,C,b) of UFL
consists of an undirected graph H, an edge weight function ¢ : E(H) — R", a set F of
facilities, an opening cost function f : F — RT, aset C = V(H)— F of clients, and a demand
function b : C — R™, where f(i) means the cost of opening facility i, and c(i, j) means the
cost for connecting facility ¢ € F' and client j € C. The goal is to identify a subset F/ C F

of facilities that minimizes

B(F) = 3 F(0)+ 3 b0 mine(i. ).
iEF jec !
Lemma 3.2. Given a CMMTR instance I = (G,w, k,S,g9,M,q), let I' = (H,c, F, f,C,b) be
a UFL instance obtained by setting F := S, C:= M, f:=g, b:=¢q, H := (FUC, (FLQJC)),
and

c(u,v) = diguw)(u,v)/6, u,v€FUC.
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Then, (H,c) is metric, and the cost ®(F') of an optimal solution F' C F to UFL instance I'

s a lower bound on the optimal value to CMMTR instance I.

Proof. It is easy to see that (H,c) is metric. Consider an optimal solution (S', M,T)
to CMMTR instance I, where we denote by s; € S’ the source in V(T;) N S’. Regard
F’' := 5" as a solution to UFL instance I’, and consider its cost ®(F’). For each v €
C = M, let s, be the source s; € V(T;) of the tree T; € 7 with v € Z; € M. Then
O(F') < > ocp f(8) + X e b(v)e(sy,v) holds. On the other hand, for each tree T; €
T, we see that ), b(v)w(s;,v) < Y2 cp b(V)dirw)(si,v)/k since 3, b(v) < K, and
hence »7 7 b(v)d(quw)(si;v)/k < w(T;) holds. Therefore, we have ®(F') < > o g(s) +
> 1.er w(T;), which implies that the cost of an optimal solution to UFL instance I’ is no

more than that of an optimal solution to CMMTR instance I, as required. 0

The above two lower bounds are used in the algorithm for CCFL [61]. In this chapter,
we give two approximation algorithms to CMMTR, instances by using Lemmas 3.1 and 3.2

and our new results on tree covers introduced in Chapter 2.

3.3 General demands

This section presents our approximation algorithm for CMMTR with the general demands.
The algorithm relies on a x-balanced partition of a set of terminals in a tree (see Section 2.2).

For convenience, we recall the definition of x-balanced partition. For a tree T rooted at
a vertex r, an ordered partition Z = {Z1,Zs,...,Z,} of a subset of the terminal set M is

called k-balanced if the following holds:
(i) ¢(Z;) <k fori=1,2,...,p;
(ii) ¢(Zi) > k/2fori=1,2,...,p—1, and if p > 2 then ¢(Z,—1 U Z},) > k; and
(iii) Each T(Z;) (j =1,2,...,p— 1) has no common edge with T(U;j<i<pZ; + 7).

Based on k-balanced partition, we obtain the following approximation algorithm for
CMMTR with general demands, where we first choose a subset S; of sources by solving
an UFL instance, compute a Steiner tree T in an augmented graph G’ and finally construct

a partition M of a given terminal set M and a set 7 of trees based on S7 and T'.

Algorithm GENERALCMMTR
Input: An instance I = (G, w, &, S, g, M,q) of CMMTR.
Output: A solution (S, M, T) to I.

Step 1. Construct UFL instance I' = (H,c = d(gu)/k, F = S, f = 9,C = M,b = q) defined
in Lemma 3.2. Find a pyp-approximate solution S; C F = S to UFL instance I’ (see
Fig. 3.1(a)).
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Figure 3.1: Illustration for algorithm GENERALCMMTR applying to an instance of CMMTR
with source set S = {s1,...,5¢} and terminal set M = {uq,...,u13}; (a) a pyp -approximate
solution to UFL instance I’ defined in Steps 1; (b) a psr-approximate solution to the Steiner
tree problem to (G',w, M U {r}) defined in Step 2.

Step 2. Let r be a new vertex (i.e., 7 ¢ V), and construct the edge-weighted graph G’ =
(Vu{r},EUE), where E' = {(r,s) | s € S} and w(r,s) = g(s), s € S. Let
(G';w,M U {r}) be an instance of the Steiner tree problem. Let tree T" be a pgr-
approximate solution to (G',w, M U {r}). Let Sy := SNV(T) (see Fig. 3.1(b)).

Step 3. Regard T as a tree rooted at r. Define a function d : M — R™ by setting

d(t) := mindg ) (s,t), t€ M, (3.1)
s€ST ’

and let o(t) denote a source s € Sy with d(t) = d(gw)(s, 1)
For each s € Sy,

let T be the subtree of T rooted at s, and find a k-balanced partition
M) = {2, 20, 2}

of M NV (Ts) in Ts that satisfies conditions (i)-(iii).
Let TZI(?,Z) = T(ZIS‘:) U {s}).

Step 4. Let M, := USGSQZIS‘;) and My 1= Ugeg, M) — M.
For each Z € Mg, choose a terminal tz € Z with the minimum weight d(tz), and let
Tz be the tree obtained from T(Z) by adding a shortest path SP(o(tz),tz) between

o(tz) and tz in (G, w).

Step 5. Let M := My UMy, T :={Ty | Z € M} and output (5" = S1 U Sy, M, T) (see
Fig. 3.2).
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Figure 3.2: Output of algorithm GENERALCMMTR applied to example given in Fig. 3.1.

Figs. 3.1 and 3.2 illustrate a computation process of algorithm GENERALCMMTR, to an
instance I = (G,w,k = 5,5,9, M = {uy,ug,...,u1a},{q(w;) = 11]i <9} U{q(uw;) = 2 |
10 < i < 14}), where not all sources in S and edges in E(G) are depicted. In Fig. 3.1(a),
a pypL-approximate solution S7 = {ss, s4, s5} to UFL instance I’ is computed in Step 1. In
Fig. 3.1(b), a psr-approximate solution 7' to the Steiner tree instance (G’,w,M U {r}) is
computed in Step 2, where Sy = {s1,s2}. Fig. 3.2 describes a final solution to CMMTR
instance I, where S’ = Sy U So, M = {Z1 = {uy,ua,us,us,u9}, Zo = {us,ug,ur,us},
Zs = {uya,u13}, Z4 = {u1o}, Zs = {u11,u14}}, and the set of the corresponding trees shown
in the figure forms 7.

Theorem 3.1. For an instance I = (G,w,k,S, g, M,q) of CMMTR, algorithm GENERAL-
CMMTR delivers a (2pypL+ psr)-approzimate solution (S', M, T), where pyr, and psy are the

approximation ratios of solutions S1 and T to UFL and Steiner tree problems, respectively.

Proof. Let (8" = 51U S2, M, T) be a solution output by algorithm GENERALCMMTR. By
condition (i) of k-balanced partition, ¢(Z) < k for every subset Z € M. Moreover, the
corresponding subtree 17 € 7 contains at least one source in S U Ss. Hence the solution is

feasible to I. We then show that it is a (2pye. + psr)-approximate solution. Note that the

Yo als)+ Y w(T).

s€S51US T'eT

total cost of the solution is

Let opt(I) denote the weight of an optimal solution to I. Note that the solution S; to
UFL instance I’ has cost

®(S1) = D gls)+ Y alb) min d(G,u)(s,1)/%

s€S1 teM
= S g+ S a0/
s€eST teM

where d is the vertex weight function defined in (3.1). Then S is a pyr-approximate solution

to I', and we have by Lemma 3.2

Z g9(s) + Z q(t)d(t)/k < pure - opt(I). (3.2)

SES] teM
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Since tree T computed in Step 2 is a pgr-approximate solution to (G',w, M U {r}), we have
by Lemma 3.1
w(T) < psr - opt(I). (3.3)

By construction, the cost of 7" is bounded by

YowT) < Y w(T(ZP u{sh) + Y w(T(Z)+ Y dltz),

TeT s€Sy ZeMas ZeMa

dw(T)+ > dltz)

SES? ZeMa

which is at most

by condition (iii) of k-balanced partition. Note that

Z w(Ts) < w(T) — Z w(r,s) =w(T) — Z g(s).

S$ESs SES sESs

Hence it holds

Yoo+ Y w@) < Y gl tw@) =Y gls)+ Y dltz)

s€51USy TeT sES1US2 SES2 ZeEMao
< wl)+ Y gls)+ Y ditz)
s€eS ZeMa
< pse-opt)+ Y gls)+ D dltz),
SEST ZeMa

where the last inequality follows from (3.3).

Therefore, to prove the theorem, it suffices to show that
Z 9(3) + Z d(tZ) < 2puypL - Opt([). (3'4)
sEST ZeMa

For this, consider an arbitrary set Z € My. By the choice of terminal tz; € Z and condition

(ii) of k-balanced partition, we have
Y a(t)d(t) > d(tz) Y qlt) > (k/2)d(t2). (3.5)
teZ teZ
By summing inequality (3.5) overall subsets in Z € Ms, we have
(5/2) Y dltz) < > qt)dt) <> q(t)d(t).
ZeMas teZeMas teM
By (3.2), this implies

Yogls)+ Y dltz) < Y gls)+2 at)d(t)/x

SEST ZeMa SEST teM
< 2purr - Opt(I),

proving (3.4), as required.
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3.4 Unit demands

In this section, we handle the unit demand case of CMMTR, where « is a positive integer
representing an upper bound on the number of terminals in each multicast tree. We improve
the approximation ratio (2pyr, + psr) on the CMMTR with the general demands by relying

on the result on tree covers proved in Lemma 2.7. For simplicity, we first recall Lemma 2.7.

Lemma 3.3. Given a tree T rooted at a vertex r, an edge weight function w : E(T) — RT,
a positive integer Kk, a terminal set M C V(T), and a vertex weight function d : M — R,
there is a partition M = M; UM U{X,Y1,...,X,,Y,} of M that satisfies:

(i) |Z] < (2/3)k for all Z € M;.
(i) (2/3)k < |Z| < K for all Z € M.

(iii) For each i =1,2,...,p, max{|X;|, |Yi|} < &, | Xi| + |Yi| > (4/3)k and each of X; and
Y; contains the (2/3)k-th lightest terminal or a lighter terminal in X; UY; in terms of

verter weight d.
(iv)
Yoo w@Zu{r)+ Y w(T(Z)+ D (w(T(X:) + w(T(Yi) < (4/3)w(T).

ZeMy ZeMay 1<i<p

O

Based on Lemma 3.3, we obtain the following approximation algorithm for CMMTR,
where, analogously with algorithm GENERALCMMTR, we first choose a subset S; of sources
by solving a UFL instance, compute an approximate Steiner tree T" in an augmented graph
G’ and finally construct a partition M of a given terminal set M and a set 7 of trees based
on S; and T.

Algorithm UNiTCMMTR
Input: An instance I = (G, w, &, S, g, M) of CMMTR.
Output: A solution (S, M, T) to I.

Step 1. Construct UFL instance I' = (H,c = d(gw)/k, F = S, f = g,C = M,b) defined in
Lemma 3.2, where b(v) = 1, v € C. Find a pyp.-approximate solution S; C F' = S to
the UFL instance I'.

Step 2. Construct the edge-weighted graph G’ = (V U {r}, E U E’), where E' = {(r,s) |
s € S} and w(r,s) = g(s), s € S, and let (G',w,{r} U M) be an instance of the
Steiner tree problem. Let tree T be a pgr-approximate solution to (G, w, {r} UM). Let
Sy =8N V(T).
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Step 3. Regard T as a tree rooted at r. Let d and o be defined as in algorithm GENERAL-
CMMTR.
For each s € S,

let Ts be the subtree of T rooted at s, and apply Lemma 3.3 to (Ts, w, k, M N
V(Ts),d) to obtain a partition

MO = MI UM u{xD v i=1,2,...,p)

of M NV (Ts) that satisfies conditions (i)-(iv) of the lemma.
For each Z € MY, let Ty := T(Z U {s}).

Step 4. Let My = Uyeu MY, My = Ugeg, ME), and {X3,Y; | @ = 1,2,...,p} =
Uses (XY i = 1,2, p.}.
For each Z € Mo U{X,;,Y;|i=1,2,...,p}, choose a terminal t; € Z with the mini-
mum weight d(tz), and let T (rvesp., T} and T"), where Z € My (resp., Z € {X;,Yi}),
be the tree obtained from T(Z) by adding a shortest path SP(o(tz),tz) between o(tz)

and tz in (G, w).

Step 5. Let 7 :={Tz | Z e MiUM}U{T,, T |i=1,2,...,p}.
Let M := Uyes, M) and output (S’ = Sy U Sy, M, T). O

Theorem 3.2. For an instance I = (G, w, k,S,g, M) of CMMTR, algorithm UNITCMMTR
delivers a ((3/2)puer + (4/3) psr)-approzimate solution (S', M, T), where pup, and psy are the

approximation ratios of solutions S1 and T to UFL and Steiner tree problems, respectively.

Proof. Let (8" = S1 U Sy, M,T) be a solution output by algorithm UNITCMMTR. By
conditions (i)-(iii) of Lemma 3.3, every subset Z € M consists of at most x terminals, and is
contained the corresponding subtree Tz € 7 that contains at least one source in S1USs. Hence
the solution is feasible to I. We then show that it is a ((3/2)pur. + (4/3)psr)-approximate

solution. Note that the total cost of the solution is

Y gls)+ Y w(T).

s€S1USy TeT

Let opt(I) denote the weight of an optimal solution to I. Note that the solution S; to
UFL instance I’ has cost

O(S1) = Y g(s)+ D mindigu(st)/x
sSES] tGMS !

= > gls)+ ) dt)/x,

SES] teM
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where d is the vertex weight function defined in (3.1). Hence S is a pypi-approximate solution

to I', and we have by Lemma 3.2
D gls)+ > d(t)/k < pus. - opt(D). (3.6)
sES] teM

Since tree T' computed in Step 2 is a pgr-approximate solution to (G', {r} U M), we have by

Lemma 3.1
w(T) < psr - opt(I). (3.7)

Let Z2=MoU{X;,Y; |i=1,2,...,p}. By construction, the cost of 7 is bounded by

Yo < 3N w@zulsh)+ Y (w(T(Xi) + w(T(Yi))
T'eT 5€S52 Z6M§S> 1<i<p
+ Y w(T(Z)+ ) dltz),
ZeMao ZeZ

which is at most

(4/3) > w(Ty) + > d(tz)

SES2 ZeZ

by condition (iv) of Lemma 3.3. Note that

(4/3) Y w(Ty) < (4/3)(w(T) = Y w(rs))

S€Sy s€Ss

= (@/3)(w(T) =) 9(s))-

S€ESy

Hence it holds

Yo g+ Y w@) < D () + @3 (w@) = g(s) + > dltz)

SES1US2 T T s€S51USy SESH ZeZ
< @RI+ Y gls)+ Y dtz)
s€eST ZeZ
< (4/3)psr-opt(I) + Y g(s)+ Y d(tz),
SEST ZeZ

where the last inequality follows from (3.6).

Therefore, to prove the theorem, it suffices to show that

> 9(s)+ Y dltz) < (3/2)pues - opt(D). (3.8)

s5€S51 ZeZ
For this, consider an arbitrary set Z € My. By the choice of terminal t; € Z and condition

(ii) of Lemma 3.3, we have

> d(t) = |Z|d(tz) > (2/3)kd(tz). (3.9)
teZ
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Now consider a pair of subsets X;,Y; € Z, and their terminalsty =tx, € X;andtz =ty, € Y;
chosen in Step 3. Assume without loss of generality d(tx,) < d(ty;). Then tx, has the smallest
distance among all terminals in X; UY;. Hence for the set Zy C X; UY; of terminals with the
first (2/3)k smallest vertex weight d, we have

> d(t) > (2/3)kdl(tx,).

tEZy

For the set (X; UY;) — Zy of the remaining terminals, we have
Yoo dlt) = (Xl + Vil - (2/3)R)d(ty,)
> (2/3)rd(ty;),

where the last inequality follows from |X;| + |Y;| > (4/3)x in condition (iii) of Lemma 3.3.
Therefore, it holds

D d(t) = (2/3)kd(tx,) + (2/3)rd(ty;). (3.10)

te X;UY;

By summing inequalities (3.9) and (3.10) overall subsets in Z € Z, we have
(2/3)5 > d(tz) < Y d(t) <) d(t)
ZeZ teZeZ teM

By (3.6), this implies

Sg) + S dtz) < 3 gl9)+(3/2) S (d(t)/m)

SEST ZeZ s€Sy teM
< (3/2):0UFL : OPt(I)7

proving (3.8), as required. ]






Chapter 4

The Minimum Cost Edge

Installation Problem for Routings

In this chapter we study the problem of routing demands from a set of sources in an edge-
weighted network to a single vertex designated as a sink such that the demand from each
source is routed to the sink through a single path. Capacity can be installed on each edge by
any amount which is multiples of a fixed quantity. The weight of the edge stands for the cost
of installing one unit of the fixed quantity. The problem asks to install capacities on edges

of the network to support the flow along paths at minimum cost.

4.1 Introduction

We study a problem of finding routings from a set of sources to a single sink in a network with
an edge installing cost. This problem is a fundamental and economically significant one that
arises in a hierarchical design of telecommunication networks [24] and transportation networks
[65, 74]. In telecommunication networks this corresponds to installing transmission facilities
such as fiber-optic cables, which represent the edges of the network. In other applications,
optical cables may be replaced by pipes, trucks, and so on.

In this chapter, we study a special case of SSBB (defined in Section 1.6) that arises from
transportation networks [74]. A multinational corporation wishes to enter a new geographic
area, characterized by demand at each city. It has identified the location of its manufactur-
ing facility. Suppose that the shipping of the goods will be carried out by some transport
company. This transport company has only one truck type, with a fixed capacity. For each
truck, the transport company charges at a fixed rate per mile, and offers no discount in the
case where the truck is not utilized to full capacity. The problem facing the corporation is
to decide a shipping plan of the finished goods to each city, so that the total demand at each
city is met and the total cost is minimized.

In such a transportation network, we have a single cable type with a fixed capacity A > 0
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for all edges, and we are interested in constructing a set P of paths each of which connects
one of given sources to a single sink s. The cost of installing a copy of an edge e is represented
by the weight of e. A subset of paths in P can pass through a single copy of an edge e as long
as the total demand of these paths does not exceed the edge capacity A; any integer number
of separated copies of e are allowed to be installed. However, the demand of each source is
required to be sent to the sink s without being split at any vertex and without going through
more than one copy of the same edge. The cost of a set P of paths is defined by the minimum
cost of installing copies of edges such that the demand of each source can be routed to the

sink under the edge capacity constraint; i.e., it is given by

cost(P) = Z hp(e)w(e).
e€E(G)
where hp(e) is the minimum number of copies of e required for routing the set of all demands
along e, simultaneously. The goal is to find a set P of paths that minimizes cost(P). We call
this problem, the minimum cost edge installation problem (MCEI). Notice that, in order to
get a feasible solution to MCEI, such edge capacity A should be as much as the maximum

demand in the network. MCEI can be formally defined as follows.

Minimum Cost Edge Installation Problem (MCEI):

Input: A connected graph G = (V, E), an edge weight function w : E — R™, an edge capac-
ity A\ >0, asink s € V, aset M CV — {s} of sources, and a demand function q : M — R
such that ¢(v) < A\, v e M.

Feasible solution: A set P ={P, |v e M,{s,v} CV(P,)} of paths in G.

Goal: Find a feasible solution P that minimizes cost(P).

MCEI is closely related to the capacitated network design problem (CND), which can
be stated as follows. We are given a connected graph G such that each edge e € E(G) is
weighted by a nonnegative real w(e), a vertex s € V(G) designated as a sink, and a subset
M C V(G) —{s} of sources. Each source v € M has a nonnegative demand ¢(v), all of which
must be routed to s through a single path. A cable with fixed capacity A is available for
installing on the edges of the graph, where installing ¢ copies of the cable on edge e costs
iw(e) and provides i\ capacity, which may be shared by demands of different sources. The
capacity installed on an edge has to be at least as much as the total demand routed through
this edge. CND asks to find a minimum cost installation of cables that provides a sufficient
capacity to route all of the demand simultaneously to s.

For CND, Mansour and Peleg [53] gave an O(log n)-approximation algorithm for a graph
with n vertices. Salman et al. [65] designed a 7-approximation algorithm for CND based on
a light approximate shortest path tree defined by Khuller et al. [44]. Afterwards Hassin et
al. [33] gave a (2 + psr)-approximation algorithm. By using of a slight intricate version of

this algorithm, they improved the approximation ratio to (1 + psr) when every source has
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unit demand. When all non-sink vertices are sources, the approximation ratio of Hassin et al.
[33] becomes 3 for general demands and 2 for unit demands, since the Steiner tree problem
in this case is a minimum spanning tree problem.

Note that, a solution to each of MCEI and CND can be characterized by specifying the
path P, for each source v along which the demand ¢(v) of v will be sent to the sink. The
cables installed on each edge of the network are induced by these paths. In particular, for
each edge e, a feasible solution to MCEI assigns an integer number of separated cable copies
required for routing all demands in {¢(v) | e € E(P,)}, simultaneously. On the other hand,
a feasible solution to CND assigns on e at least [} ,..cp(p,) ¢(v)/A] copies of the cable.
That is, on contrary to MCEI, CND allows the demand from a source to be split among
different copies of the same edge. Note that, the algorithm of Hassin et al. [33] to CND
takes the advantage (over MCEI) of this assumption only for routing demands larger than A
to the sink. Hence, their algorithms can be used to obtain approximate solutions to MCEI
with approximation ratios 1 + psr and 2 + pgp for the unit and general demand networks,
respectively. In this chapter, we proved that there is a (15/8 + pgr)-approximation algorithm
to MCEI with general demands. Our result is based on a new and elaborated method for
partitioning the source set of a given tree. When M = V, the approximation ratio of our

algorithm becomes 2.875.

4.2 Preliminaries

This section introduces some definitions and lower bounds to MCEI. We first introduce a

subgraph which plays a key role in our algorithm.

Definition 4.1. For a vertex v in a rooted tree T', a source set Z, C V(T,) — {v}, a demand
function q : Z, — RT, and a positive number X, a binary rooted tree T, is said to be a
4/7-balance-tree if q(Z,) > X holds and the total demand in each of the branches of T, is less
than (4/7)\.

The rest of this section presents two lower bounds on the optimal value to instances of
MCEI. The first lower bound has been proved and used to derive approximation algorithms
to CND [33].

Lemma 4.1. For an instance I = (G,w,\,s, M, q) of MCEI, let opt(I) be the weight of an
optimal solution to I, and T* be the minimum weight of a tree that spans M U {s} in G.

Then
1

max{w(T*)’ N Z Q(t)d(G,w)(s7t)} < opt(I).
teM
The second lower bound is derived from an observation on the distance from sources

t € M with q(t) > \/2 to sink s.
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Lemma 4.2. For an instance I = (G,w, \, s, M, q) of MCEIL, let opt(I) be the weight of an
optimal solution to I, and define M' = {t € M | q(t) > X\/2}. Then

> digw)(s,t) < opt(I).
teM’

Proof. The inequality is immediate since for any two sources u,v € M’, the paths P, and P,

of an optimal solution cannot share the capacity of a single copy of any edge e € E. ]

Given an instance I = (G, w, A, s, M, q) of MCEI, our algorithm first produces a tree T" of
G that spans all vertices in M U {s}, finds a partition M of M, and assigns a vertex t; € Z
for each subset Z € M such that when all demands in each subset Z € M are routed to tz
simultaneously, the total flow on each edge of T' is at most A. We call such a vertex tz the
hub vertex of Z. Afterward, for each Z € M, we install a copy for each edge in a shortest
path SP(s,tz) between s and tz in G, and extend the path between ¢t € Z and tz in T to a
path P, from ¢ to s by adding SP(s,tz). The running time of this algorithm is dominated

by the approximation algorithm for the Steiner tree problem to compute tree T

4.3 Tree partition

The purpose of this section is to describe how to construct a “tree partition” in a tree that
spans a source set. For a tree T" with a source set M C V/(T'), tree partition consists of
finding a specific partition of M. Such a tree partition will be the basis of our approximation
algorithm to MCEI in the next section. We first present some results for special cases of tree
partitioning. In this section, we introduce a general nonnegative vertex weight function d on
vertices v, where d(v) will be defined in the main algorithm to be the distance between s and

.

4.3.1 Tree partition in special trees

In this subsection, we prepare several lemmas on tree partition problem for a tree with special
structure.

For a technical reason, we consider the following instance (T, A, Z,, ¢, d) in the next three
lemmas. We are given a binary rooted tree T, with an edge capacity A > 0, a source set
Z, = L(T,), a demand function ¢q : Z, — R™ such that ¢(t) < \/2 for all t € Z,, and a

vertex weight function d : Z, — RT. Moreover, for each u € Ch(zx), we assume that
either ¢(V(T,) N Zz) < (4/7)A, or
T, contains a 4/7-balance-tree and satisfies ¢(V (Ty,) N Zz) < (8/7)A. (4.1)

We will show how to partition Z, into subsets, and choose a hub vertex for each subset such
that, when demands in each subset are routed to its hub vertex simultaneously, the total flow

on each edge of T, is bounded from above by A.
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T
v
v
B Bo By B> Bz
() (b) (©)

Figure 4.1: (a) illustration of Case 2 in Lemma 4.3, where L and N are represented by
white and gray regions, respectively; (b) illustration of a tree T, in Lemma 4.4; (¢) a tree T”

obtained by rerooting T}, at vertex v.

We start by the following basic lemma which will be used in proving the three lemmas in

this section.

Lemma 4.3. Given a tree (T, A\, Zz,q,d) such that each branch of Ty has more than (3/7)\
and less than (4/7)\ demand, there is a partition {L, N} of Z; such that q(N) > (5/7)],
and when the demands in L and N are routed to t;, = x and ty = argmin{d(t) | t € N},

respectively, the total amount of these flow on each edge of T, is at most A.

Proof. Roughly speaking, we choose a set of sources of at least (5/7)\ demand, route its
demand to a source of the minimum weight d in the set, and then route the remaining
demand to the root x. In particular, such a partition is constructed based on the structure
of the tree in order to guarantee that the edge capacity A remains satisfied.

Let B! and B2 denote the two branches of T}, and let Z! = V(B.)N Z,, i = 1,2. Let
t1 and t3 denote the sources of the largest demands in Z! and Z?2, respectively. We have the

following two cases.

Case 1. q(t1) + q(t2) > (5/7)\: Let N = {t1,to} and L = Z, — N. We have ¢(N) =
a(t) + a(t2) < A2+ A2 = X and g(L) = a(Zy) — g(N) < (8/T)A — (5/T)A = (3/T)A. Now,
let the demands in L and N be routed to t; and ty, respectively. The flow on each edge
in E(T;) corresponding to the sources assigned to L is at most ¢(L) < (3/7)A, and the flow
on each edge in E(T,) corresponding to the sources assigned to N is at most \/2 (since
q(t1),q(t2) < A/2). Hence, the total flow on each edge of T, is bounded from above by A.

Case 2. q(t1) + q(t2) < (5/7)\: Then q(t1) < (5/14)X or q(t2) < (5/14)A, where q(t1) <
(5/14)\ is assumed without loss of generality. Find a vertex r € V(B}) with the maximum
depth in B} such that ¢(V(T,) N Z;) > (2/7)\ (possibly r € L(T,)). Such a vertex r is



50 The Minimum Cost Edge Installation Problem for Routings

well defined since ¢(Z1) > (3/7)\. Let B! and B? denote the two branches of T, and let
Zi =V(Bi)N Z,,i=1,2, such that Z! contains the source of the smallest weight d in 7.
Choose a minimal set N such that Z2U Z! C N C Z2U Z} U Z? and ¢(N) > (5/7)\ (see
Fig. 4.1(a)). Such a set N is well defined since q(Z2) + q(V(T,) N Z;) > (3/T)A + (2/T)\ =
(5/7)A. Note that ¢(N) < X since q(Z2) < (4/7)\ and ¢(Z}),q(Z?) < (2/7)A (by the choice
of r). Let L =2, — N. We have q(L) = q(Z3) —q(N) < (8/7)A— (5/7)A = (3/7)\. Now, let
the demands in L and N be routed to t;, and ty, respectively. By the choice of Z!, it holds
tn € Z} U Zg.

First, assume that ¢y € Z}. The flow on each edge in F(B?) is at most q(Z2) < (2/7)A,
and the flow on each edge in E(B}) (all corresponding to the sources assigned to N) is at
most ¢(N) < A. Also, the flow on each edge in F(Bl) — E(T,) corresponding to the sources
assigned to N (resp., L) is at most ¢(Z2) < (4/7)\ (resp., ¢(L) < (3/7)A). Finally, we see
that the flow on each edge in E(B2) (all corresponding to the sources assigned to N) is at
most ¢(Z2) < (4/T)\.

Next, assume that ty € Z2. We observe that the total flow on each edge in F(B.

) is at
most ¢(Z}) < (4/7)\, and the flow on each edge in E(B2) (all corresponding to the sources
assigned to NV) is at most q(N) < A. Hence, the total flow on each edge of T, is bounded

from above by . O

For a tree T, with (8/7)\ < ¢(Z;) < (12/7)A, the following lemma partitions Z, into two
subsets such that either (i) the demand of each of the two subsets is at least (4/7)\, or (ii)
the demand of one subset is at least (4/7)\ and the other subset contains a source of the

minimum weight d in T,.

Lemma 4.4. Given a tree (Ty, \, Zy, q,d) with (8/T)\ < q(Z,) < (12/7)\, there is a partition
{X,Y} of Z, such that one of the following holds:

(i) There is a subset Y CY such that min{q(Y"),q(X)} > (4/7)\, and when the demands
in X and Y are routed to tx = argmin{d(¢t) | t € X} and ty = argmin{d(t) | t € Y'}

along T, respectively, the total amount of these flow on each edge of T, is at most A.

(i1) q(Y) > (4/7)A, and when the demands in X and Y are routed to tx = argmin{d(t) |
t € Z,} and ty = argmin{d(t) | t € Y} along T, respectively, the total amount of these
flow on each edge of T, is at most .

Proof. By the assumptions on Ty, the inequality (8/7)\ < q(Z;) < (12/7)\ implies that one
branch of T contains a 4/7-balance-tree, say T, and has less than (8/7)\ demand, and the
other branch has less than (4/7)\ demand. Regard T}, as a tree T” rooted at v, and let By, Ba,
and Bs denote the three branches of 7', where T,, = By + Bs. Let Z; = V(B;)NZ;, i =1,2,3
(see Fig. 4.1(b)-(c)). Note that ¢(Z3) = q(Z,) — q(Z1 U Z3) < (12/7)\ — X = (5/7)\ and
min{q(Z1),q(Z2)} > (3/7)A, by the definition of the 4/7-balance-tree. Now we distinguish
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the following cases.

Case 1. ¢(Z3) > (4/7)A: We show that (i) holds in this case. We apply Lemma 4.3 to
B; + Bj to obtain a partition {L, N} of Z; U Z, that satisfies the lemma. Let X = N and
Y = Z,— X, and choose Y/ = Z3. Now, let the demands in X and Y be routed to tx and ty,
respectively. By Lemma 4.3, the flow on each edge in F(B;)U E(Bz) is at most A. Moreover,
the flow on each edge in E(Bs3) is at most ¢(Y) = q(Z,) — q¢(X) < (12/7)A — (5/7T)\ = A.

Case 2. ¢(Z3) < (4/7)A: We show that (ii) holds in this case. Assume without loss of
generality that tx € Z;. If ¢(Zo U Z3) < A, then X = Z; and Y = Z, — X satisfy that
A(X) = a(Z1) < (4/T)IA, aY) = a(Zs) — a(X) > (3/T)A — (4/TIA = (4/T)A, and E(T(X)) N
E(T{Y)) = 0, implying that when the demands in X and Y are routed to tx and ty,
respectively, the flow on each edge of T” is at most A. Assume that ¢(Zy U Z3) > A. This
implies that ¢(Z3) > A — q(Z2) > A — (4/7)A = (3/7)A\. We apply Lemma 4.3 to By + B3 to
obtain a partition {L, N} of Zs U Z3 that satisfies the lemma. Then Y = N and X = Z, - Y
satisfy (5/7)\ < q(Y) < X and ¢(X) = q(Z;) — q(Y) < (12/7)A — (5/7)\ = A. Now, let
the demands in X and Y be routed to tx and ty, respectively. By Lemma 4.3, the flow on
each edge in F(By) U E(Bs3) is at most A. Moreover, the flow on each edge in E(B;) (all
corresponding to the sources assigned to X) is at most ¢(X) < A. O

(a) (b)

Figure 4.2: Illustration of Case 2 in Lemma 4.5, where A, B, and C are represented by white,
gray, and black regions, respectively; (a) tc € Z2; (b) tc € Z..

For a tree T, with q(Z;) > (12/7)A, the following lemma partitions the vertex set Z, of
a tree T, into three subsets so that, the first subset contains a source of the minimum weight
d in Z,, the second subset contains a source of the minimum weight d among the remaining
sources and has more than (3/7)\ demand, and the last subset has at least (5/7)A demand.
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Lemma 4.5. Given a tree (Ty, N\, Zy,q,d) with q(Zy) > (12/7)\, there is a partition {A, B, C'}
of Zy such that q¢(B) > (3/7)A, ¢(C) > (5/7)\, and when the demands in A, B, and
C are routed to tg4 = argmin{d(t) | t € Z,}, tp = argmin{d(t) | t € Z; — A}, and
tc = argmin{d(t) | t € C}, respectively, the total amount of these flow on each edge of

T, is at most \.

Proof. We first describe the structure of T,. Let Bl and B2 denote the two branches of T},
and let Z! = V(BL)N Z,, i =1,2. Then by q(Z,) > (12/7)\ and the assumptions on T}, B
contains a 4/7-balance-tree and ¢(Z%) < (8/7)A holds for each i = 1,2. Let T, and T}, denote
the 4/7-balance-trees of BL and B2, respectively. Let Z, = V(T,)NZ, and Z,, = V(Ty,) N Zy,
and denote the two branches of T, (resp., T,) by Bl and B? (resp., B. and B2). Let Z! =
V(BIYNZy and Z! = V(B.)N Z,, i =1,2. Let By (resp., By) denote the tree obtained from
B} (vesp., B2) by deleting vertices in D(v)—{v} (resp., D(u)—{u}), and let Z; = V(B;)N Z,,
i = 1,2. See Fig. 4.2. Note that ¢(Z1) = ¢(Z}.) — q¢(Z,) < (8/T)A\ — X = (1/7)\. Similarly
q(Z3) < (1/T)A\. Also, min{q(Z%),q(Z%)} > (3/7)\, i = 1,2, by the definition of the 4/7-

balance-tree. We distinguish the following cases.

Case 1. t4 € Z1 U Zy: We apply Lemma 4.3 to T, (resp., T},) to obtain a partition {L,, N,}
(resp., {Ly,Ny}) of Z, (resp., Z,) that satisfies the lemma. Let B = N,, C = N,, and
A=272,UZyUL,UL,, where tg € N, is assumed without loss of generality. Note that
q(Zy U Ly) = q(Z)) — q(Ny) < (8/T)A — (5/7)A = (3/7)\. Similarly, ¢(Z2 U L,) < (3/7)\.
Therefore, g(A) < (6/7)\. Now, let the demands in A, B, and C be routed to ta, tp, and
tc, respectively. By Lemma 4.3, the flow on each edge in E(T,) U E(T,) is at most \. Also,
the flow on each edge in E(B;) U E(B2) (all corresponding to the sources assigned to A) is
at most g(A) < (6/7)A\.

Case 2. t4 € Z}, and Z? contains the source of the minimum weight d in Z, — (Z} U Z;):
We apply Lemma 4.3 to the minimal subtree of T}, spanning Z? U Z! to obtain a partition
{L,N} of Z2 U Z! that satisfies the lemma. Let C' = N. If tc € Z., then A = Z} U Z;
and B = Z2 U Zy U L satisfy ¢(A) = q¢(Z}) + q¢(Z1) < 4/T)X + (1/T)A = (5/7)\ and
q(B) = q(Z2) + q(Z?) — q(N) < (8/T)A + (4/T)\ — (5/7)A = A. Otherwise (tc € Z2),
A= ZUZ UL and B = Z2 U Zy satisfy q(A) = q(Z}) + q(ZL) — q¢(N) < X and
q(B) = q(Z2) +q(Z3) < (5/7)\. In both cases, ¢(B) > q(Z2) > (3/7) (since Z2 C B). Now,
let the demands in A, B, and C be routed to t4, tp, and t¢, respectively. By Lemma 4.3,
the flow on each edge in F(B2)U E(B]) is at most A. Also, the flow on each edge in E(B})
(all corresponding to the sources assigned to A) is at most ¢(A4) < A, and the flow on each
edge in F(B2) (all corresponding to the sources assigned to B) is at most ¢(B) < A. The
flow on each edge in E(B;) U E(Bz) is less than (6/7)A since max{q(Z1),q(Z2)} < (1/7)A
and max{q(Z2),q(Z})} < (4/7)\. Hence, the total flow on each edge of T} is bounded from
above by .
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Case 3. t4 € Z}, and Z, contains the source of the minimum weight d in Z, — (Z} U Z1):
Apply Lemma 4.3 to T, to obtain a partition {L, N} of Z,, that satisfies the lemma. Then let
C=N,A=Z!UZ,and B = Z2UZyUL (see Fig. 4.3). Note that ¢(LUZ,) = q(Z2)—q(N) <
(8/T)\ — (5/T)\ = (3/7)\. Therefore, q(A) = q(Z}) + q(Z1) < (4/T)X + (1/T)X = (5/T)\
and (3/T)A < q¢(B) = q(Z%) + q(Z2 U L) < (4/T)A + (3/7)A = X. Now, let g(A), ¢(B),
and ¢(C') be routed to t4, tp, and tc, respectively. By Lemma 4.3, the flow on each edge
in E(T,) is at most A\. Also, the flow on each edge in E(B!) (all corresponding to the
sources assigned to A) is at most ¢(A4) < (5/7))\, and the flow on each edge in E(B2) is at
most ¢(B?) < (4/7)\. Finally, we observe that the total flow on each edge in F(B) is at
most q(Z2) + q(Z1) < (4/T)A + (1/7)A = (5/7)\, and the flow on each edge in E(Bs) (all
corresponding to the sources assigned to B) is at most ¢(B) < A. Hence, the total flow on

each edge of T, is bounded from above by . O

B} B2 Bl B2

Figure 4.3: Illustration of Case 3 in Lemma 4.5, where A, B, and C are represented by white,

gray, and black regions, respectively.

Lemma 4.6. Given a tree (T, \, Zy,q,d) with Z, # 0, there is a family Z of at most two
disjoint subsets of Zy such that ¢(Z) > (5/7)\ for each Z € Z and when the demands in each
subset Z € Z is routed to tz = argmin{d(t) | t € Z} and all demands in Zy — UzeczZ are

routed to x, the total amount of these flow on each edge of T is at most \.

Proof. For each branch B of T, with less than (4/7)\ demand, let the demands in B be
routed to z. Obviously, the flow on each edge in E(B) is less than (4/7)A. For each branch
B of T, that contains a 4/7-balance-tree and has less than (8/7)\ demand, we proceed as
follows. Let Z = V(B) N Z;. Denote the 4/7-balance-tree of B by T, and its source set by
Z,. We apply Lemma 4.3 to T, to obtain a partition {L, N} of Z, that satisfies the lemma.
Note that ¢(Z — N) = q(Z) — q(N) < (8/T)A — (5/7)A = (3/7)\. Add N to Z. Now, let
the demands in N and Z — N be routed to ty and z, respectively. By Lemma 4.3, the flow
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on each edge in F(T),) is at most A. Also, the the flow on each edge in E(B) — E(T},) (all
corresponding to the sources assigned to Z — N) is at most ¢(Z — N) < (3/7)A. O

4.3.2 Algorithm for tree partition

In this subsection, we present an algorithm that exploits the results in Lemmas 4.4-4.6

to compute a partition of the source set of a general tree given in the next theorem.

Lemma 4.7. Given a tree T rooted at s, an edge capacity A > 0, a source set M CV(T), a
demand function q : M — Rt such that q(t) < X\/2, t € M, and a vertex weight function d :
M — R*, there is a partition M = {Zy}UM1UMaUMs of M, where My = Uy<;<i{X;,Y;}
and M3 = Ui<i<¢{4i, Bi,Ci}, and a set H={tz € Z | Z € M1 UMaUM3s}U{tz, = s} of
hub vertices, that satisfy:

(i) For each subset Z € My, there is a subset Z' C Z with q(Z') > (4/7T)A, and tz =
argmin{d(t) |t € Z'}.

(ii) Fori=1,2,...,k, q(Y:) > (4/7)\, ¢(X;UY;) > (8/7)\, tx, = argmin{d(t) | t € X;UY;},
and ty, = argmin{d(t) | t € Y;}.

(i) Fori = 1,2,...,¢, q¢(B;) > (3/T)A, q(C;) > (5/T)A, q(A; U B; UC;) > (12/7)A, and
ta, = argmin{d(t) | t € Z,}, tp, = argmin{d(t) | t € Z, — A;}, and tc, = argmin{d(t) |
te Cl}

(iv) When the total demand of each subset Z € M is routed to tz simultaneously, the total

amount of these flow on each edge of T is bounded from above by \.
Furthermore, such a partition M can be computed in polynomial time. O

To prove Lemma 4.7, we can assume without loss of generality that in a given tree T,
(1) all sources are leaves, i.e., M = L(T), by introducing a new edge of weight zero for each
non-leaf source, and (ii) |Ch(v)| = 2 holds for every non-leaf v € V(T), i.e., T is a binary
tree rooted at s, by splitting vertices of degree more than 3 with new edges of zero weights.

We prove Lemma 4.7 by showing that the next algorithm actually delivers a desired par-
tition M = {Zp} UM; UMaUMs. We first choose a vertex v ¢ QU {s} with the maximum
depth in the current tree such that the total demand of a source set Z, of the tree rooted at
v is at least (4/7)\, where @ is initialized to be empty and is used to keep track of vertices
v in the current tree such that T, contains a 4/7-balance-tree and satisfies ¢(Z,) < (8/7)A.
Depending on the total demand of Z,, we add Z, to M1, add the vertex v to (), or compute
a partition of Z, by using Lemma 4.4 or 4.5. In the latter case, we add the subsets of the
obtained partition to one of My and Mj3. We then remove all sources in M U My U M3y

from M and repeat these steps on the minimal subtree of T' that spans s and the current
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source set until there is no such vertex v. Finally, by using Lemma 4.6 to the current tree,
we construct at most two disjoint subsets of the current M, add them to M, and let the

remaining sources form Zj. A formal description of the algorithm is given as follows.

Algorithm TREEPARTITION
Input: A binary tree T rooted at s, a capacity A of each edge, a set M = L(T\)
of sources, a demand function q : M — R™ such that ¢(t) < \/2,t € M, and a
vertex weight function d : M — R™.
Output: A pair (M, H) that satisfies the conditions in Lemma 4.7.
Initialize T := T; Q := H := M; := My := M3 := 0.
1. while there exists a vertex v € V(T') — {s} — @ such that
qV(I,)N M) > (4/7)X do
Choose such v with the maximum depth from s;
Let Z, := Dr(v)NM; T, :=T(Z,);
begin /* Distinguish the next four cases. */
Case-1 ¢(Z,) < A: Let M1 := M1 U{Z,};
tz, = argmin{d(t) |t € Z,}; H:=HU{tz }:
Case-2 \ < ¢(Z,) < (8/7)A: Let Q := QU {v};
Case-3 (8/7)\ < q(Zy) < (12/7)A:
Apply Lemma 4.4 to (Ty, \, Z,,q,d) to get a partition {X,Y} of Z,
and vertices tx and ty that satisfy the conditions in the lemma;
10. If Lemma 4.4(i) holds, then My := My U{X,Y}; H:=HU {tx,ty};
11. If Lemma 4.4(ii) holds, then My := My U{X,Y}; H:=HU {tx,ty};
12. Case-4 (12/7)A < q(Z,) < (16/7)A:
13. Apply Lemma 4.5 to (Ty, A, Zy,q, d) to get a partition {A, B,C} of Z,
and vertices t 4, tg, and ¢ that satisfy the conditions in the lemma;
14. Mz = M3sU{A,B,C}; H:=HU{ta,tp, tc}
15.  end; /* Cases-1,2,34 */
16. Let M :=M — (MiUMyUM3); T :=T(MU({s})
17. endwhile;
18. if M = () then
19. {Zp}:=10
20. else /* M #£0*/
21. Regard T as a tree Ts rooted at s and apply Lemma 4.6 to (Ts, A, M, q,d)

to get a family Z of at most two disjoint subsets of M and a vertex ¢z

© 0N oA WN

for each Z € Z that satisfy the conditions in the lemma,;
22. Zo =M —UgezZ; tz, :=s; Mi:=MiUZ, H:=HU {tz ’ Z e ZU {Zg}}
23.  endif.
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Proof of Lemma 4.7. We first prove by induction the correctness of algorithm TREEPAR-
TITION. We first consider the vertex v chosen in the first iteration of the while-loop. By the
choice of v, ¢(V(T,,) "N M) < (4/7) for all u € Ch(v). Hence (4/7)\ < q(Z,) < (8/7)\ holds,
which implies that ¢(Z,) < X or A < ¢(Z,) < (8/7)A can occur in the first iteration. That
is, T, satisfies the condition in (4.1) for a vertex v chosen in the first iteration. If ¢(Z,) < A
holds, then Z, is removed from M and added to M;. Otherwise A\ < ¢(Z,) < (8/7)A holds

and hence T), is a 4/7-balance-tree. In the latter case, v is added to a set Q.

Assume that the algorithm works correctly after the execution of the jth iteration, and
let T be the current tree. We show the correctness of the algorithm during the execution
of the (j 4 1)st iteration. Note that, for any vertex v chosen by the algorithm, Z, will be
removed from the current M except for the case where A < q(Z,) < (8/7)\. Now let v be a
vertex selected in the (j+1)st iteration. Then we see that, for each child u € Ch(v), either (i)
q(V(Ty)NM) < (4/7)X holds (if u has not been chosen before by the algorithm) or (i) u € Q
holds and T, contains a 4/7-balance-tree and satisfies q(V(T,,) N M) < (8/7)\ (otherwise).
That is, T, satisfies the condition in (4.1) for a vertex v chosen in the (j + 1)st iteration.
Therefore, one of (4/7T)\ < q(Zy) < A\, A < q(Zy) < (8/T)A, (8/T)A < q(Z,) < (12/7)A, and
(12/7)A < q¢(Z,) < (16/7)X holds. Let B and B2 denote the two branches of T}, and let Z!
denote the set of sources in B!, i = 1,2, where q(Z}) > q(Z2). Now if ¢(Z,) < X holds, then
Z, is removed from the current M after it is added to M;. If A < ¢(Z,) < (8/7)A holds,
then T, is a 4/7-balance-tree (if ¢(Z}),q(Z2) < (4/7))\) or Bl (consequently T,) contains a
4/7-balance-tree (by q(Z}) > q(Z2)). In this case, the vertex v is added to a set Q. Finally,
if (8/7)\ < q(Zy) < (12/7)X (resp., (12/7T)\ < ¢(Z,) < (16/7)A) holds then T, satisfies
conditions of Lemma 4.4 (resp., Lemma 4.5) in this case. In the latter two cases, Z, is
removed from the current M after elements of its partition are added to appropriate subsets
of M. Therefore, the algorithm works correctly during the execution of all iterations of the
while-loop.

After the final iteration, there is no vertex v € V(T') — {s} — @ such that ¢(V (T;,) " M) >
(4/7)X for the current tree T. If the current M # (), then for each child u € Ch(s), either (i)
q(V(Ty)NM) < (4/7)X holds (if u has not been chosen before by the algorithm) or (i) u € @
holds and T, contains a 4/7-balance-tree and satisfies ¢(V (T3,) N M) < (8/7)\ (otherwise).
That is, the current tree T satisfies the condition in (4.1) and a desired partition of the

current M can be constructed by using Lemma 4.6.

Now we prove that the partition obtained from algorithm TREEPARTITION satisfies con-
ditions (i)-(iv) in Lemma 4.7. Conditions (i)-(iii) follow immediately from construction of
M1, Ma, and M3. Now we show (iv). Let v be the vertex chosen in line 2 of an arbitrary
iteration of the algorithm, where the subtree T, of the current tree 7" is being processed in
this iteration. Now, if Case-2 holds, then the algorithm just adds v to @ and then moves
to the next iteration (the current M and T remain unchanged in this iteration). Otherwise

(Case-1, 3, or 4 holds), the algorithm partitions the set Z, of all sources of T}, into subsets and
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chooses a hub vertex from each of these subsets. We then remove Z, from the current source
set M, that is, none of the vertices of T;, will become a hub vertex in the subsequent iterations
of the algorithm. Thus it is sufficient to show that, overall iterations of the algorithm, when
the demand of each source in Z, is routed to its hub vertex simultaneously, the total flow
on each edge of T, is bounded from above by A. Hence (iv) follows from the conditions of
Lemmas 4.4, 4.5, and 4.6. This completes the correctness of TREEPARTITION and the proof
of Lemma 4.7. O

4.4 Approximation algorithm to MCEI

This section describes a framework of our approximation algorithm for MCEI and then ana-
lyzes its approximation ratio. The algorithm relies on the results on tree partition provided

in Section 4.3.

Algorithm ArPROXMCEI
Input: An instance I = (G, w, A\, s, M, q) of MCEL
Output: A solution P to I.

Step 1. Compute a Steiner tree T" that spans M U {s} in (G, w).
Regard T as a tree rooted at s, and define d : M — R™ by setting

d(t) = d(G,w)(sat)7 te M.

Step 2. Let M’ :={t e M | q(t) > \/2}.
For each t € M’, choose a shortest path SP(s,t) between s and ¢ in (G, w), join t to s
by installing a copy of each edge in SP(s,t), and let P, := SP(s,t).

Step 3. Apply Lemma 4.7 to (T, A\, s, M — M’, q,d) to obtain a partition
M ={Zp} UM;UMsU Ms;

of M — M', where My = Ulgigk{XhY;} and M3 = Ulgigg{Ai,Bi,Ci}, and a set
H={tze€Z|Ze M UMaUMs}U{tz, = s} of hub vertices, that satisfy conditions
(i)-(iv) of the theorem.

Step 4. For each t € Zy, let P; be the path between ¢t and s in 7.
For each Z € M — {Zy},

Choose a shortest path SP(s,tz) between s and tz in (G,w) and join tz to
s by installing a copy of each edge in SP(s,tyz).

For each t € Z, let P; be the path obtained from the path between ¢ and ¢z
in T by adding SP(s,tz).
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Step 5. Output P :={P, |t € M}. O

Before analyzing the worst case performance of this algorithm, we show the following
lemma. We use the conditions of a partition M = {Zp} U M1 U My U M3 and the set
H={tz e Z|Z e MjUMaUMs}U{tz, = s} of associated hub vertices defined in
Lemma 4.7 to find an upper bound on »_ 7 vq, sat,um; @(tz). This defines an upper bound
on the total weight of edges installed in Step 4 of the algorithm.

Lemma 4.8. Let M = {Zy} UMUMoUMs be a partition obtained by applying Lemma 4.7
to (T, \,s,M,q,d), andlet H={tz € Z | Z € MiUMaUM3z}U{tz, = s} be the associated
set of hub vertices. Then it holds

> gt)d(t) = (/DA D d(ts).

teZe M1UMoUM3 ZeMiUMaUMs3

Proof. First, consider a subset Z € M;. Condition (i) of Lemma 4.7 implies that there is a
subset Z' C Z such that

D q®)d(t) = q(t)d(t) > q(Z)d(tz) = (4/T)Md(tz). (4.2)
teZ tez!
Now, consider a pair of subsets X;,Y; € My defined in Lemma 4.7(ii). We have

Do ad(t) + Y a®)dt) = q(Xi)d(tx,) +q(Yi)d(ty,)

teX; tey;
> (4/7)Ad(tx,) + d(ty;)), (4.3)
since q(Y;) > (4/7)A, q(X; UY;) > (8/7)A, and d(tx,) < d(ty,) hold.
Finally, consider a triple of subsets A4;, B;, C; € M3 defined in Lemma 4.7(iii). We have

D q)dt) + > q(t)dt) + > q(t)d(t)

teA; teB; teC;
> q(Ai)d(ta,) +q(Bi)d(ts,) + q(Ci)d(tc,)
> (4/1)A(d(ta;) +d(ts,) +d(tc;)), (4.4)

since q(B;) > (3/T)A, q¢(C;) > (5/T)A, q(A;UB;UC;) > (12/7)A, and d(t4,) < d(tp,) < d(tc,)
hold.

Hence the proof completes by summing inequalities (4.2), (4.3), and (4.4) overall subsets
in Mj U My U Ms. O

We now turn to proving that a solution output from algorithm APPROXMCEI is within
a factor of (15/8 + psr) of the optimal solution.

Theorem 4.1. For an instance I = (G,w,\, s, M,q) of MCEI, algorithm ApPROXMCEI
delivers a (15/8 + psr)-approzimate solution P.
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Proof. The algorithm first produces a tree 1" of minimum cost including all vertices in M U{s}.
For each source t € M’ = {t € M | q(t) > \/2}, we install a copy of each edge in a shortest
path between s and t in (G,w). We then find a partition M = {Zy} U M; U Mo U M3 of
the set M — M’ of the remaining sources, and assign a hub vertex ¢z for each subset Z € M,
such that when the total demand in each subset is routed to its hub vertex simultaneously,
the amount of these flow on each edge of T is at most A. Finally, for each set Z € M, we
install a copy of each edge in a shortest path between s and ¢z in (G,w) (tz, = s). Hence,
the cost of the constructed set P of paths is bounded by
cost(P) < w(T) + Z d(t) + Z d(tz).
teM’ ZeEM1UMaUM3
For a minimum Steiner tree 7™ that spans M U {s} and a weight opt(I) of an optimal
solution, we have w(T') < psrw(T™*) and w(T*) < opt(I) by Lemma 4.1. Hence w(T) <
pst - opt(I) holds. To prove the theorem, it suffices to show that
> dt)+ > d(tz) < (15/8)opt(I). (4.5)
teM’ ZeMiUMaUM;3

To prove this inequality, we distinguish two different cases (i) and (ii).
(1) D operr a()d(t) = > car_nr a(t)d(t): Then Lemma 4.1 implies that

opt(I) = (1/3) Y q(t)d(t) = (/N () a)dt)+ Y a(t)d(t))

teM teM’ teM—M’'

> (2/A) Y qb)d(t) > (2/)) > q(t)d(t)
teM—M’ teZeMiUMaUM3

> /7)) dltz), (4.6)
ZeMiUMaUM3

where the last inequality follows from Lemma 4.8. Inequality (4.6) and Lemma 4.2 prove
(4.5) in this case.

(1) D e a®)d(t) < > icar—npr a()d(t): Then it is easy to see that there exist two
nonnegative real numbers o and 3 such that a + 8 = 1, a < B, (1/X) X cap q(t)d(t) <
aopt(I), and (1/A) > ,crrap q(t)d(t) < Bopt(I). Since q(t) > A/2 for all t € M’, we have

(1/2) > d(t) < (1/3) > q(t)d(t) < aopt(I). (4.7)
teM’ teM’

On the other hand, Lemma 4.8 implies that

(4/7) > d(tz) < (1/X) > q(t)d(t) < Bopt(I). (4.8)

ZeM1UMoUM3 teZeMiUMaUMs3

By multiplying (4.7) and (4.8) by 2 and 7/4, respectively, and adding the obtained inequali-
ties, we have

STdt+ Y dit) < (a+ (T/9B)opt(T) < (15/8)opt(1),

teM’ ZeMiUMaUM;3

by the assumptions on « and (. O






Chapter 5

The Capacitated Tree-Routing

Problem in Networks

In this chapter, we study the capacitated tree-routing problem, in which we are asked to
construct a minimum cost set of trees of the network each of which rooted at a fixed vertex
and has a limited demand. Each edge has a capacity which stands for the maximum number
of the constructed trees allowed to contain this edge. Note that CMTR studied in Chapter 2
is equivalent to instances of this problem with unit edge capacities. Moreover, CND defined

in Chapter 4 is equivalent to this problem when each terminal has a unit demand.

5.1 Introduction

We propose an extension model of routing problems in networks which includes a set of
important routing problems as special cases. This extension generalizes two different routing
protocols in networks, where we model the underlying network using an undirected edge-
weighted graph, a set of terminals with positive demands, and a designated vertex s. In the
first protocol defined in CMTR, we are given a network with routing capacity x > 0, and we
are interested in finding a set 7 of trees rooted at s each of which contains terminals whose
total demand does not exceed k. The objective is to minimize the total weight of all trees in
T, where the weight of a tree is the sum of edge weights among all edges in the tree. In the
other protocol defined in CND, we are given a network with an edge capacity A, and we are
interested in finding a set P of paths P, between each terminal v and s, where the demand of
v should be routed via P, to s. A subset of paths of P can contain an edge in the underlying
network as long as the total demand of the paths in this subset does not exceed the capacity
A. For any edge e, any integer number of copies of e can be installed. The goal is to minimize
the total weight of all edges installed in the network.

These routing protocols play an important role in many applications such as communica-

tion networks supporting multimedia and the design of telecommunication and transportation
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networks. Our new problem formulation can be applied to possible extensions of these ap-
plications.

One possible application can be found in a video delivery system in a computer network.
We are given a graph G = (V, E) with a set V of nodes, a set E of links, a cost function
w: E — R', and a link bandwidth A\ > 0. We have a service center s € V and a set M CV
of clients (terminals) with demands ¢ : M — R*. The service center s actually consists of
a large number of servers, each of which can serve at most x demands from clients that are
assigned to it. Notice that, if we use IP multicast, then for each server and its clients, the
routing subgraph connecting them must be a tree (see [73] for the detail). Suppose that we
can install as many links as possible. Then the problem is to find an assignment of clients to
servers that minimizes the total link installation cost without violating the capacity of every
server and the bandwidth of every link, where the latter is considered as the traffic due to
the routing, i.e., the number of servers using the link. For such a problem, no approximation
algorithm has been obtained.

In this chapter, we consider a capacitated routing problem under a multi-tree model.
Under this model, we are interested in constructing a set 7 of tree-routings that connects
given terminals to a sink s in a network with a routing capacity « > 0 and an edge capacity
A > 0. A network is modeled with an edge-weighted undirected graph. Each terminal has
a demand > 0, and a tree in the graph can connect s and a subset of terminals whose total
demand does not exceed the routing capacity k. The weight of an edge in a network stands
for the cost of installing a copy of the edge. A subset of trees can pass through a single copy
of an edge e as long as the number of these trees does not exceed the edge capacity A; any
integer number of copies of e are allowed to be installed. The goal is to find a feasible set of
tree-routings that minimizes the total weight of edges installed in the network. We call this
problem the capacitated tree-routing problem (CTR for short), which can be formally stated

as follows.

Capacitated Tree-Routing Problem (CTR):

Input: A connected graph G = (V, E), an edge weight function w : £ — R, a routing
capacity k > 0, an integer edge capacity A > 1, asink s € V, aset M C V —{s} of terminals,
and a demand function ¢ : M — R*.

Feasible solution: A partition M = {Z1,Z,...,Zy} of M and a set T = {11,T>,...,T}}
of trees of G such that Z; U{s} C V(T;) and ¢(Z;) < « hold for each i. The number of copies
of an edge e € E installed in the solution is given by hr(e) = [{T € T | e € E(T)}|/\].
Goal: Minimize the sum of weights of edges to be installed under the edge capacity constraint,
that is,

> " hr(e)w(e).

ecE

CTR is our new problem formulation which includes several important routing problems
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as its special cases. First of all, CTR with A = 1 and x >} _,,q(v) is equivalent to the
Steiner tree problem. Secondly CTR is closely related to CND and CMTR. In particular,
CTR and CND are equivalent in the case where x = 1 and ¢(v) = 1 for every v € M, and
CMTR is equivalent to CTR with A = 1. Therefore, CTR is a considerably general model
for routing problems. In this chapter, we prove that CTR admits a (2 + psr)-approximation
algorithm. For this, we derive a new result on tree covers in graphs.

The rest of this section introduces two lower bounds on opt([).

Lemma 5.1. Let I = (G,w,k,\,s,M,q) be a CTR instance. Then it hold

w(T™*) < opt(I) for a minimum cost Steiner tree T* to (G,w, M U {s}), (5.1)
1/(KA) D dig ) (5,v)q(v) < opt(T). (5.2)
veM

Proof. Let (M* ={Z1,...,Z¢},T* = {T1,...,Ty}) be an optimal solution to CTR instance
I. Hence opt(I) = cphr-(e)w(e).

We first show (5.1). Let E(7*) = Ur,er-E(T;) (C E(G)), i.e., the set of all edges used in
the optimal solution. Then the edge set E(7*) contains a tree T' that spans M U {s} in G.
We see that the cost w(T') of T in G is at most that of the CTR solution, proving (5.1).

We next show (5.2). Since |{T; € T* | e € E(T;)}| < Ahr+(e) holds for all e € E, we see
that

> w(T) £ Ahr-(e)w(e) = Mopt(I). (5.3)
T;eT* e€E
On the other hand, for each tree T; € 7*, we have
S 4(0)d(g (5, 0) < 0(T)a(Z:) < mu(T), (5.4)
vEZ;

since w(T;) > d(qw)(s,v) for all v € V(T;). Hence by summing (5.4) overall trees in 7" and
using (5.3), we obtain (5.2). O

As mentioned above, CMTR is equivalent to CTR with A = 1. Thus CTR instances with
A =1 are (2+ pgr)-approximable by the results on CMTR described in Chapter 2. It remains
to approximate CTR instances with A > 2. In the subsequent sections we use the algorithm
described for CMTR in Section 2.2, and show how it can be modified to approximate CTR.

5.2 Simple approximation algorithm

In this section we show that CTR is (4 + psr)-approximable by using simple results on tree

covers in a tree. We first recall the algorithm designed for the general demand case of CMTR.

Algorithm ApPROXCTR
Input: A CTR instance I = (G,w,k,\ > 2,5, M, q).
Output: A solution (M, 7) to I.
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Step 1. Compute a pgr-approximate solution 7' to the Steiner tree problem in (G, w) that
spans M U {s} and then regard T" as a tree rooted at s.
Define a vertex weight function d : M — R™ by setting

d(v) = d(gw)(s,v), veE M.

Step 2. Find a partition M of M.
For each subset Z € M, assign a vertex tz € V(T') as its hub vertex.
Let S be the set of all hub vertices.

Step 3. For each hub vertex ¢ € S, we choose a shortest path SP(s,t) between s and ¢ in
(G,w). For each subset Z € M, let Tz be the tree obtained from T(ZU{tz}) by adding
the edge set in SP(s,tz). Let T :={Ty | Z € M}. O

For A > 2, a straightforward generalization can be obtained by realizing Step 2 of AP-
PROXCTR so that more than one subtree can share a hub vertex in the following way. After
Step 1 is performed, we construct a partition M = Uj<;<4C; of M such that each C; consists
of a r-balanced partition of a subtree of 7" in Step 2, where a common hub vertex ¢; will be
assigned to all subsets in C;.

More formally, we apply a procedure that

- first chooses a vertex v with the maximum depth in the current tree such that ¢(V (T,)N
M) > kA/4,

- selects all subsets in a k-balanced partition of the terminal set in T}, to form the next

collection C;, and

- chooses a hub vertex ¢; with the minimum distance d(t;) among the terminals C; before

removing all terminals in C; from M.

We repeat the procedure on the minimal subtree of T' that contains the current M and s as
long as ¢(M) > k\/4 holds. Finally, find a k-balanced partition of the remaining tree, and
let the subsets in the partition form C,4, setting t; = s. Let S = {¢t; | j = 1,2,...,g}, and
tz :=t; for each Z € M and j with Z € C;.

Note that, for each j = 1,2,...,g, it holds ZZGCJ_ q(Z) < kA/2 by the choice of v, and
hence Property (ii) of x-balanced partition implies that |C;| < A. It is easy to verify that the

obtained partition M = Uj<;<,C; satisfies the following lemma.

Lemma 5.2. For a rooted tree T rooted at s, a terminal set M C V(T) — {s}, a demand
function ¢ : M — RY, a real k with k > max{q(v) | v € M}, and an integer X > 2, a
partition M = U1<j<4C; of M computed above satisfies:

(i) q(Z) < k for all Z € M, and T{Z) and T{(Z') have no common edge for all distinct
Z,7" e M;
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(ii) |Cj] < A forallj=1,2,...,9, and ZZecj q(Z) > kN4 forallj=1,2,...,9—1; and
(iii) Each T(Uzec;Z) and T(Uzec;Z) have no common edge for i # j. O

Then we perform Step 3 of APPROXCTR. For the resulting tree-routings 7 = {1 | Z €
M}, the installing cost satisfies

S hr(ehule) < w(T) + Y d(t), (55)
eclF tes
by the edge-disjointness in Lemma 5.2(i) and (iii). Hence it suffices to show that Zte gd(t) <
4opt(I). By the choice of hub vertices ¢; and since ZZECJ, q(Z) > kA/dforall j =1,2,...,9—

1, we conclude that

(/4 dt)y< > > a(w)dv)/(xN) < Y a(v)d(v)/ (k).

tes 1<j<g—1 veZeC; veEM

Hence, (5.2) in Lemma 5.1 implies that the above algorithm delivers a (4 + psr)-approximate
solution (M, 7) for CTR with A > 2.
In the next section, we improve the ratio to (2 4+ psr) by using new tree covers and a

swapping method for CND problem due to [33].

5.3 Improved approximation algorithm

This section shows that APPROXCTR with an additional step, Step 4, can deliver a (24 psr)-
approximate solution for a CTR instance with A > 2. For this, we use the following result on
tree covers in a tree to realize Step 2, where a proof of the lemma will be given in Section 5.4.

For a partition M of a terminal set M in a rooted tree T" and hub vertices tz, Z € M, we
denote the set of subsets Z € M such that T(ZU{tz}) contains a specified edge e = (z,y) €
E(T) with y € Chr(x) by three disjoint sets:

M(e) = {Z € M| e € B(T(Z))},

Mawn(e) ={Z e M| ZV(T)-V(Ty),tz € V(Ty)}, and

Muple) = {Z € M| Z C V(T,),tz € V(T) - V(Ty)}.

Consider a tree T' described in Fig. 5.1(a). Note that Z5, Z}, Z{ C V(T,) and Z1, Z3, Z3, Zu,
Z1,2y,Zy C V(T) — V(T,). Moreover, all subsets in {Z1,...,Zs} and {Z],...,Z.} are as-
signed to t; € V(Ty) and t; € V(T) — V(T,), respectively. This implies that M(e) = 0,
Mawn(€) = {Z1,Z2, Z3, Zs}, and My,(e) = {Z}, ZL}.

Lemma 5.3. Let T be a tree rooted at s with a terminal set M C V(T) — {s}, a demand
function q : M — R, a real k with k > max{q(v) | v € M}, and an integer X > 2. Given a
vertex weight function d : M — R, there exist a partition M = Ui<j<¢C; of M, and a set
S ={t; € {argminyc g, d(t)} | J < f =1} U{ty = s} of hub vertices such that:
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(i) ¢(Z) < k for all Z € M, and T(Z) and T(Z') have no common edge for all distinct
Z,7"' e M;

(ii) ICj| < Aforallj=1,2,...,f, and ZZEC]- q(Z) > kA2 forall j =1,2,...,f —1; and

(iii) Fortz =t; with Z €Cj, j=1,2,...,f, each edge e € E(T) satisfies
(a) IM(e)] <1,
(b) [Mawn(e)] <A =1, and
(c) [Muyp(e)] <X —1.

Furthermore, a pair (M, S) can be computed in polynomial time. L]

(b)

Figure 5.1: Illustration of swapping process, where Z; and Z} are swapped between M gy, (€)
and Myp(e); (a) Mawn(e) = {Z1, 2,23, Z4} and My,(e) = {Z4,ZL}; (b) Maun(e) =
{Zl, Zg, Z3} and ./\/lup(e) = {Zfl}

To construct a (2 + psr) approximate solution to a given CTR instance I = (G, w, k, A >
2,8, M,q), we first perform Step 1 of APPROXCTR.

In Step 2, we apply Lemma 5.3 to the Steiner tree 1" and the function d obtained in Step 1
to get a partition M = Uj<j<fC; of M and a set S = {t1,t2,...,ty} of hub vertices that
satisfy conditions of the lemma, and we set tz =t; for each Z € C;, j =1,2,..., f.

Then we perform Step 3 for the set 7' = {T(Z U {tz}) | Z € M} of induced subtrees of
T. Note that each collection C;, 7 = 1,2,..., f, contains at most A subsets from M, all of
which can use ¢; as a common hub vertex by installing one copy of each edge in SP(s,t;). We
here analyze the installing cost of the resulting tree-routing. Analogously with the previous
section, we have ), ¢ d(t) < 20pt(I), since it holds by Lemma 5.3(i)-(ii) that

(1/2)Y dy< > > a@dw)/(xX) < Y q(v)d(v)/ (k).

tesS 1<j<f-1 veZeC; veEM
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It should be noted that an edge e € E(T) may be used more than \ times in the subtrees in
7', and (5.5) may not hold for the current tree-routing.

Finally we perform Step 4, an additional step, in order to modify the assignment of hub
vertices so that (5.5) holds, which implies the (2 + psr)-approximability of CTR. Consider
an edge e = (z,y) in the Steiner tree T, where by definition the number of trees in 7’
containing e equals Mgy (€)] + [Muyp(e)| + [M(e)]. Assume that the total number of trees

in 7’ containing e exceeds \; i.e.,
[(Mawn(€)] + [Mup(e)| + [M(e)| > A,

which implies
My (e) # 0 and Myy(e) # 0

by Lemma 5.3(iii)(a)-(c). In this case, we choose two subsets Z € Mygy,n(e) and Z' €
Myp(€), where Z and Z’ belong to distinct collections C; and Cj/, respectively, and swap
them; i.e., we reassign the hub vertices of Z and Z’ such that t; :=t; and tz :=t;. As a
result, Mgyn(e), Muyp(e), Cj, and C;» are updated such that Mg,y (€e) := Magun(e) — {Z},
Muyp(e) := Myp(e) = {Z'}, Cj = (C; — {Z}) U{Z'}, and Cjy := (Cjy — {Z'}) U {Z}. Also, T’
is updated accordingly such that

T =T —{T(ZU{t;}),T(Z' U{t; N} U{T(Z U {tz}) + T(Z U {tz})}.

The swapping operation decreases the number of trees in 7’ containing each edge in E(T(ZU
{t; D) NE(T(Z U{tj})) (which includes e), where ¢; and ¢;; were the previous hub vertices
of Z and Z’, respectively, and hence | Mgy (€)], |[Mup(e)] < A — 1 still holds. Note that the
number of trees in 7’ containing each of the remaining edges of T' never increases. We repeat
the swapping process as long as the number of trees in the current 7’ containing the edge e
exceeds .

Step 4 repeats the process for any edge of T' shared by more than A trees of the current 7.
Step 4 never changes the set S of hub vertices computed in Lemma 5.3. Therefore, the set
T ={Tz | Z € M} of tree-routings Tz obtained from each tree T(Z U {tz}) of the final set
7' by adding the edge set of SP(s,tz) satisfies (5.5) and is a (2 + psr)-approximate solution
to the given CTR instance I.

Fig. 5.1 illustrates of swapping process in a CTR instance with A = 5. In Fig. 5.1(a)
Ci={Z1,....Zs}, Cjp ={Z1,..., ZL}, Mawn(e) = {21, 22, Z3, Z4}, Mup(e) = {Z}, ZL}, and
t; and t; are the hub vertices of C; and Cj, respectively. The number of trees of 7/ = {T(ZU
{tz}) | Z € M} containing e equals 6 which exceeds A. In Fig. 5.1(b) Z; and Zf are swapped
between C; and Cjr so that Cj := (C; —{Z4})U{ZL} and Cjr := (Cyy —{ZL}) U{Z4}. Moreover,
T is updated so that 7" := (7" —{T(ZsU{t;}), T(ZLU{t; })}) U{T(ZLU{t;}), T(ZsU{t; })}.
The number of trees of the updated 7" containing e is reduced to 4 which is less than .

Hence we have the following theorem.

Theorem 5.1. CTR with X\ > 2 is (2 + psr)-approzimable.
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5.4 Proof of Lemma 5.3

The purpose of this section is to provide a proof of Lemma 5.3. We first assume for simplicity
and without loss of generality that the given tree T is binary and M = L(T).

We prove Lemma 5.3 by showing that algorithm TREECOVER actually delivers a de-
sired pair (M,S). The algorithm constructs collections Ci,Ca, ..., by applying a proce-
dure that first chooses a vertex v with the maximum depth in the current tree such that
q(V(Ty) " M) > kA/2, finds k-balanced partitions of terminal sets of T3, and Ty of the two
children u and @ of v, and then selects several subsets in the obtained partitions to form the
next new collection C; (see Fig. 5.2(a)). We then remove all terminals in C; from M and
repeat this procedure on the minimal subtree of T that contains the current set M and s as
long as q(M) > kA/2 holds. Finally, let a k-balanced partition of the current set M form the

last collection Cy.

Algorithm TREECOVER

Input: A binary tree T rooted at s, a terminal set M = L(f), a demand

function g : M — R, a real x with x > max{q(v) | v € M}, an integer

A > 2, and a vertex weight function d : M — R™*.

Output: A pair (M, S) that satisfies Conditions (i)-(iii) in Lemma 5.3.

Initialize: T :=T and j := 0.

1. 'While The current 7" has a vertex v with ¢(V(T,) N M) > k\/2 do

2. j :=j + 1; Choose such v with the maximum depth in T

3. Denote Chp(v) := {u,u}; Zy ==V (Iy) N M for t € {u,u};

4 Find k-balanced partitions Z = {Z1, Z, ..., Z,} and Z= {21, 29 Zﬁ
of Z, and Zj, respectively (see Fig. 5.2(a));

5. Let t; be the terminal of the smallest vertex weight d in V(T},), where
we assume that t; € V(1) w.o.lg;

6. Let C; consist of all subsets of Z and a minimal family {Zl, Zoyo ., Zb},
b < 7, of subsets of Z so that ZZeCj q(Z) > kA\/2;

7. M =M —Ugec; Z; T :=T(M U {s})
/5 ¢ V(T) ¥/

8. endwhile;

/*a(M) < kA/27%/
9. f=j+1t;:=s;
10. if M = () then
11. Cr:=10
12. else
Let Cy be a k-balanced partition of M
13. endif;
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14. Foreach j=1,2,...,f and Z € Cj, let t7 :=1;;
15. Let M := UlSijCj and S := {t]‘ ’ 1 S] < f}

(b) ()

Figure 5.2: (a) the construction of a collection C; (gray triangles) computed in line 6 of algo-
rithm TREECOVER, where ¢; is the terminal of the minimum distance d in Ty,; (b) illustration
for Lemma 5.3(iii)(b); (c) illustration for Lemma 5.3(iii)(c).

Consider the first moment a subset in Mgy, (e) is assigned to a vertex in V(7},). Then
y € V(Ty,) and t; € V(T,). Moreover, no vertices in V(7T},) will be a hub vertex again since
T,, will be removed from T'. Also, Fig. 5.2(c) illustrates Lemma 5.3(iii)(c). Consider the first
moment a subset in M, (e) is assigned to a vertex in V(T') — V(T). The number of subsets
in My, (e) is bounded by the number of subsets with terminals in T5.

Now we prove that the output (M, S) of algorithm TREECOVER satisfies conditions (i)-
(iii) in Lemma 5.3.

(i) Note that C; C Z U Z holds for any collection C;j computed in line 6, where Z and Z
are the k-balanced partitions computed in line 4. Therefore, by Property (i) of x-balanced
partition in Section 3.3, each subset of C; has at most x demand. Similarly, we see that each
subset of Cy computed in line 11 has at most x demand.

Now we prove the second part of (i). Consider the execution of the jth iteration of
the algorithm. By the construction of C; and Property (iii) of x-balanced partition, we have
E(T{(Z))NE(T(Z')) = 0 for any distinct Z, Z’ € C;, where T is the current tree during the jth
iteration. Moreover, the same property implies that E(T(Z))NE(T((M —Uzec; Z)U{s})) = 0
for all Z € C;. Hence for any distinct subsets Z, Z' € M, we have E(T(Z)) N E(T{Z") =0
since a partition M of M output by TREECOVER is a union of collections C;, j = 1,2,..., f.
This completes the proof of (i).
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(ii) Consider a collection C; computed in line 6. From Property (ii) of x-balanced partition,
we have ¢(Z,-1UZ,) > k and q(Z]j_]_ UZs) > k in the partitions Z and Z computed in line 4.
Moreover, ¢(Z;) > k/2 (resp., q(Z) > rk/2) foralli=1,2,...,p—1 (resp.,i =1,2,...,p—1).
Hence the minimality of subsets of C; chosen from Z implies that IC;] < A. For a collection
C; computed in line 11, Property (ii) of the x-balanced partition of the current set M implies
that |C¢| < A since (M) < kA/2. This proves (ii)

Finally we prove condition (iii)(a)-(c).

~

(a) From condition (i), we have E(T(Z)) N E(T(Z')) = 0 for all distinct subsets Z, Z' €
M. This means that there exists at most one subset Z € M such that e € E(T(Z)) and
consequently |[M(e)| < 1, which proves (a).

Note that throughout processing of any subtree T;, (for a vertex v chosen in line 2), the
algorithm does not assign any subset in {Z € M | Z C V(T) — V(T,)} (vesp., {Z € M |
Z C V(T,)} ) to a hub vertex in V(T,) (resp., V(T) — V(T,)). This implies that when
y & Ds(v) — v, none of the subsets in {Z € M | Z C V(T) — V(fy)} (resp., {Z e M| Z C
V(fy)}) is assigned to a hub vertex in V(fy) (resp., V(T) — V(fy)) Then it is sufficient to
prove properties (b) and (c) for the subtree T = f((M — Uicj(Uzee, Z)) U {s}), where the
vertex v chosen in line 2 of the jth iteration must satisfy y € Dr(v) — {v}.

(b) Consider the first moment when a subset in M g, (e) is assigned to a hub vertex in
V(Ty) during the execution of TREECOVER. Let v be the vertex such that the tree T, with
y € Dp(v) —{v} is being processed in the jth iteration of the algorithm. The algorithm first
chooses a vertex t; € V(T,) in line 5, where t; € V(T,,) is assumed without loss of generality,
and then constructs a collection C; such that all terminals in V' (7},) are contained in C; (since
Z C Cj) and all subsets of C; are assigned to a hub vertex ¢; (see Fig. 5.2(a)). This implies
that y € V(T,,) and t; € V(T,). Moreover, once a set of subsets in Mg, (e) is assigned to
a hub vertex in T}, in an iteration of the algorithm, none of the vertices of T}, will become
a hub vertex in the subsequent iterations since all terminals in C; (and hence in V(T3,)) will
be removed from the terminal set in the next iterations (see line 7). Therefore, all subsets in
M gy (€) assigned to a hub vertex in V(T}) are assigned to t; in this iteration. On the other
hand, the number of subsets assigned to ¢; (which equals |C;|) is the sum of the number of
subsets in Mgy (e) and subsets in {Z € M | ZNV(T,) # 0}. There exists at least one
subset in the latter set since t; € V(T},). Hence the number of subsets in Mg, (€) is at most
A — 1 since |C;| < A. This proves (b).

(c) Consider the first moment when a subset in My, (e) is assigned to a hub vertex in
V(T) — V(T,) during the execution of TREECOVER. Let v be the vertex such that the tree
T, with y € Dp(v) — {v} is being processed in the jth iteration of the algorithm. Note
that |Z| < A holds in a k-balanced partition Z of Z, computed in line 4 since otherwise
q(V(T,) N M) > kA\/2 would violate the choice of v (by A > 2). Similarly, |Z| < A holds in
a partition Z of Zz computed in the same line. Hence, |[{Z € M | ZNV(T,) # 0} < A
and {Z € M | ZNV(Ty) # 0} < X hold (since M = Uj<;<¢C;). This implies that
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{Z e M| ZNV(Ty) # 0} < Asince y € Dr(u) or y € Dp(@) holds. That is, the number of
subsets in M,,;,(e) is at most A — 1. This proves (c). O






Chapter 6

The Generalized Capacitated

Tree-routing Problem

In this chapter, we introduce the generalized capacitated tree-routing problem which is de-
scribed as follows. Given a connected graph G = (V,E) with a sink s € V and a set
M CV —{s} of terminals with a nonnegative demand ¢(v), v € M, we wish to find a col-
lection of trees rooted at s to send all the demands to s, where the total demand collected
by each tree is bounded from above by a demand capacity x > 0. Let A > 0 denote a bulk
capacity of an edge, and each edge e € E has an installation cost w(e) > 0 per bulk capacity;
each edge e is allowed to have capacity jA for any integer j, which installation incurs cost
jw(e). To establish a desired tree routing T;, each edge e contained in T; requires a + (¢
amount of capacity for the total demand ¢’ that passes through edge e along T;, where @ > 0
and 3 > 0 are prescribed constants. Term a means a fixed amount used to separate the inside
of the routing 7; from the outside while term (3¢’ means the net capacity proportional to ¢’.
The objective of GCTR is to find a collection of trees that minimizes the total installation
cost of edges. GCTR is a new generalization which unifies several known routing problems

in networks with edge/demand capacities.

6.1 Introduction

In this chapter, we introduce the generalized capacitated tree-routing problem (GCTR), which
is described as follows. Given a connected graph G = (V, FE) with a demand capacity x > 0, a
bulk edge capacity A > 0, asink s € V', and aset M C V —{s} of terminals with a nonnegative
demand ¢(v), v € M, we wish to find a collection 7 = {T1,T5,...,Ty} of trees rooted at s
to send all the demands to s, where the total demand in the set Z; of terminals assigned to
tree T; does not exceed the demand capacity x. Each edge e € E has an installation cost
w(e) > 0 per bulk capacity; each edge e is allowed to have capacity j\ for any integer j,

which requires installation cost jw(e). To establish a tree routing 7; through an edge e, we
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assume that e needs to have capacity at least
o+ ﬁq(Zi N DTi (Uf))

for prescribed coefficients «, 8 > 0, where v{ is the tail of e in 7;; o means a fixed amount
used to separate the inside and outside of the routing T; while term Bq(Z; N Dz, (v§)) means
the net capacity proportional to the amount ¢(Z; N Dy, (v§)) of demands that passes through
edge e along T;. Hence, given a set 7 = {11, Ts,...,T;} of trees, each edge e needs to have
capacity hr(e)A for the least integer hy(e) such that

> (a+ Bq(Z; N Dr,(v§))) < hr(e)A,
T;€T:T; contains e
and the total installation cost of edges incurred by 7 is given as ) . hr(e)w(e), where
hr(e) = 0if no T; € T contains e. The objective of GCTR is to find a set 7 of trees that

minimizes the total installation cost of edges. We formally state GCTR as follows.

Generalized Capacitated Tree-Routing Problem (GCTR):

Input: A connected graph G = (V, F), an edge weight function w : F — R*, a demand
capacity k > 0, an edge capacity A > 0, prescribed constants o, 6 > 0, a sink s € V, a set
M CV —{s} of terminals, and a demand function ¢ : M — R™*.

Feasible solution: A partition M = {Z1, Zs,...,Z;} of M and aset T = {11, T5,..., Ty} of
trees of G such that Z;U{s} C V(T;) and ¢(Z;) < k hold for each i. The number of copies of an
edge e € E installed in the solution is given by hz(e) = [X 1, .ce pry) (@ +Ba(ZiNDr, (v5))) /A,
where v{ is the tail of e in T;.

Goal: Minimize the total installation cost of 7, that is,

> hr(e)w(e).

eck

We have a variant of GCTR if it is allowed to purchase edge capacity in any required
quantity. In this model, for each edge e of the underlying network, we assign capacity of
Ae = a|T'|+ B 7 e a(ZiN Dr,(vf)) on e, where 7" is the set of trees containing e. That is,
the total cost of the constructed trees equals ) . Acw(e). We call this variant of GCTR,
the fractional generalized capacitated tree-routing problem (FGCTR).

We easily see that GCTR and FGCTR contain two classical NP-hard problems, the
Steiner tree problem and the bin packing problem [22]. We see that GCTR with an edge
weighted graph G, « = A = 1, and 8 = 0 is equivalent to the Steiner tree problem in G when
K > Y uem 4(v), whereas it is equivalent to the bin packing problem with bin size £ when
G is a complete graph, w(e) = 1 for all edges e incident to s and w(e) = 0 otherwise. We
see that FGCTR also has a similar relationship with the Steiner tree problem and the bin
packing problem.
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The characteristic of GCTR and FGCTR is their routing capacity which is a linear com-
bination of the number of trees and the total amount of demands that pass through an edge.

Such a general form of capacity constraint can be found in some applications.

Suppose that we wish to find a minimum number of trucks to carry given n items
v1,02,...,0,, where each item v; has size ¢(v;) and weight Sq(v;), where [ is a specific
gravity. We also have bins; the weight of a bin is a and the capacity of a bin is k. Items are
first put into several bins, and then the bins are assigned to trucks under capacity constraints.
That is, we can put items in a bin B so that the total size ), . q(v;) of the items does not
exceed the bin capacity k, where the weight of the bin B is given by a linear combination
a+ B3 ,.cpq(vi). We can load packed bins into a truck as long as the total weight of these
packed bins does not exceed the truck capacity A. The objective is to find assignments of
items to bins and packed bins to trucks such that the number of required trucks is minimized.
This problem can be described as GCTR.

Suppose that a petroleum corporation wishes to construct a network of pipelines to collect
raw oil from several locations to a set of storage stations (to be specified among all locations),
each of which has a specified demand capacity, and then send the oil from these storage
stations to a specified major refinery. Moreover, for the sake of efficiency, the corporation
staff wants to construct a set of trees that spans all locations, each of which contains a storage
station. A single pipe type with a specified bulk capacity is available. For each edge of the
underlying pipe network, it is allowed to install either zero or an integer number of pipes,
where each pipe has a nonnegative construction cost. A part of pipe capacity is used to protect
the internal surface of the pipe, while the rest of the pipe capacity needs to be proportional
to the amount of oil that goes through the pipe. Therefore, the required amount of capacity
of edge is given as a linear combination of the number of trees that and the total demand
pass through the edge. The goal of the corporation is to construct the cheapest possible set
of feasible tree-routings so that the demands of all locations can be routed simultaneously to

the refinery without violating the capacity constraint.

Another application can be found in a generalized model of the video delivery system in
computer science discussed in Section 5.1 such that the objective is to find an assignment of
clients to servers that minimizes the total link installation cost without violating the capacity
of every server and the bandwidth of every link, where the latter is considered as a linear
combination of the traffic due to the routing (the number of servers using the link) and the

data communication (the total data going through the link).

Similar routing problems in which the objective function is a linear combination of two
or more optimization requirements have been studied before [6, 7, 69]. For example, given
a lattice graph with an edge capacity and a vertex cost function, the global routing problem
in VLSI design asks to construct a set of trees that spans a given set of nets (subsets of the
vertex set) under an edge capacity constraint. Terlaky et al. [69] have studied a problem of

minimizing an objective function which is defined as a linear combination of the total edge
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cost and the total number of bends of all trees, where a bend at a vertex corresponds a via
in VLSI design, which leads to extra cost in manufacturing.

We here observe that our new problem formulation, GCTR, includes several important
routing problems as its special cases. Note that GCTR with o = 1 and § = 0 is equivalent
to CTR proposed in Chapter 5. This implies that GCTR with a =0, § =1, and kK = A is
equivalent to CND. Also, GCTR with a =1, =0, and A = 1 is equivalent to CMTR.

As observed above, GCTR is a considerably general model for routing problems. In this
chapter, we first prove that GCTR admits a (2[A\/(a+0k)]/| N/ (a+Bk) ]|+ psr)-approximation
algorithm if A\ > a4+ (B« holds. The high-level description of the proposed algorithm resembles
our algorithm for CTR discussed in the previous chapter, but we need to derive a new lower
bound to the problem. Namely, given an instance I = (G, w, k, A\, «, 3, s, M, q) of GCTR, the
main idea of our algorithm is to compute an integer capacity A\’ depending on k, A, o, and
B and then find a feasible tree-routings solution to the instance I' = (G, w, k, X', s, M, q) of
CTR. Here such a capacity A is chosen so that this set of tree-routings is a feasible solution
to the original GCTR instance I.

We observe that it is not straightforward to modify the above algorithm so that it also
delivers a constant-factor approximate solution in the case of A < a + Gx. This motivates
proposing a different approach for approximating GCTR instances with A < a4+ k. For this,
we introduce a new lower bound on GCTR by introducing a generalization of CND, and use
a balanced Steiner tree as a base tree from which we construct a collection of trees to send
demands to sink. We show that our new algorithm delivers a 13.037-approximate solution
to GCTR with A < a + fk. Based on the same approach, we also prove that FGCTR is
8.529-approximable.

Table 6.1 shows a summary of the recent approximation algorithms for CND, CMTR,
CTR, and GCTR. Note that 8 = [A\/(a + BrK)]/| /(e + Br)] is less than 2.

6.2 Preliminaries

This section introduces two lower bounds on the optimal value to GCTR. The first lower

bound is based on the Steiner tree problem.

Lemma 6.1. Given a GCTR instance I = (G,w,k,\,«, 3,8, M, q), the minimum cost of a
Steiner tree to (G, w, M U{s}) is a lower bound on the optimal value to GCTR instance I.

Proof. Consider an optimal solution (M* = {Z1,...,Z,},7* = {Th,...,Ty}) to GCTR in-
stance I. Let E(T*) = Uner-E(T;) (C E(GQ)), i.e., the set of all edges used in the optimal
solution. Then the edge set E(7*) contains a tree T" that spans M U {s} in G. We see that
the cost w(T) of T in G is at most that of GCTR solution. Hence the minimum cost of a
Steiner tree to (G,w, M U {s}) is no more than the optimal value to GCTR instance I. [
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Table 6.1: Approximation algorithms for CND, CMTR, CTR, and GCTR problems, where
0 = [M/(a+ Br)]/|N(a+ Br)].

Problem unit demands ¢ = 1 general demands ¢ > 0
a=0,0=1,
CND e 1+ per [33] 2+ per [33]
8/54 (5/4)psr [11],
a=1,3=0, /B4 (5/4)pen (L] 2+ pyr [40]
CMTR 3/2 4 (4/3)psr [56]
A=1,keRT (Chapter 2)
(Chapter 2)
CTR a=1,=0 2+ psr [55] 2+ psr [55)]
ANeZT, keRT (Chapter 5) (Chapter 5)
a, B, 5k, A € RT with
GCTR 20 + psr [57 20 + psr |57
i) A > o+ Bx . pst [57] . pst [57]
(this chapter) (this chapter)
(i) A < a+ Bk 13.037 (this chapter) 13.037 (this chapter)

The second lower bound is derived from an observation on the distance from vertices to

sink s.

Lemma 6.2. Let I = (G,w,k,\, o, 3,8, M,q) be an instance of GCTR. Then

(@ + Br) /(K1) D a(v)d(G ) (5,v)

veM

18 a lower bound on the optimal value to GCTR instance I.

Proof. Consider an optimal solution (
stance I. For each edge e € E(T;), i = 1,2,...
U S ChT(

M= {7,

DH+8 Y

23, T+ = {11, ...

, 0, we assume that e = (uf,v§), where

,T;}) to GCTR in-

)

¢). Let opt(I) denote the optimal value of GCTR instance I. Then we have

i) = X [leliti e € B (20 D )]/l

e€EF T;:e€E(T;)
> S w(e)al{Ti e B@)}+5 Y. q(ZinDr,(vf))]/A
eck T;:e€ E(Ty)
= (/X)) KTi|e € E(T)}w(e)
eclE
+(B/N)D _wle) > a(Zin Dr,(vf))
c€E Tize€ E(T;)
= (/N > w@)+B/N D>, D alZin Dr(vf))w(e). (6.1)
T;€T* T;€T* ecE(T;)
Note that, for each tree T; € 7*, we have
rw(T) 2 w(Ty) Y q(v) > Y q(v)digu(s,v), (6.2)

UGZi ’UGZZ'
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since w(T;) > d(gw)(s,v) for all v € V(T;). On the other hand, for each tree T; € T, we

have

Y dZinDr())wle) = Y a(v)d w)(s,v)

e€E(T;) vEZ;

> Y a()digu)(s:0)- (6.3)
vEZ;
Hence by summing (6.2) and (6.3) overall trees in 7* and substituting in (6.1), we conclude
that

(@ +Br)/(AR) D a(v)dGu)(s,) < opt(1),

veM

which completes the proof. O

6.3 Approximation algorithm for A\ > o + Bk

In this section we present an approximation algorithm to GCTR instances with A > o + Gk.

Given an instance I = (G,w, K, A\, a, 3,5, M, q) of GCTR, the main idea of our algorithm
is to find a feasible solution (M = {Z,...,Z;},T7 = {Th,...,Ty}) to a CTR instance I' =
(G,w,k,N,s,M,q), where X = |\/(a + Bk)]. That is, for each edge e in G, the number of
trees of 7 containing e is at most hy(e)\, where hr(e) denotes the number of copies of e
installed in the solution (M, T) of I'. Note that ¢(Z;) < k for all i = 1,2,...,¢. Therefore,

for each edge e in G with tail v¢, we have

Y. (a+Be(Dr(v)NM)) < (a+pBr){T €T | e € E(T)}]
T,eT:ecE(T)

< hr(e)(a+ Br)|M(a + Br)] < hr(e)A.

This implies that (M, 7T) is a feasible solution to GCTR instance 1.
For seeking a simple presentation, we first discuss GCTR instances with |A\/(a+ (k)| =1

in the next section.

6.3.1 Approximation algorithm for [\/(a+ (k)| =1

This section provides an approximate solution to GCTR when [A/(a + (k)] = 1. The
algorithm is based on k-balanced partition. For convenience, we first recall the definition of
k-balanced partition.

For a tree T rooted at a vertex r, an ordered partition Z = {Z1, Zs,...,Z,} of a subset

of the terminal set M is called k-balanced if the following holds:
(i) ¢(Z) <k fori=1,2,...,p;

(i) ¢(Z;) > k/2fori=1,2,...,p—1, and if p > 2 then ¢(Z,-1 U Z,) > k; and
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(iii) Each T(Z;) (j =1,2,...,p — 1) has no common edge with T(Uj<i<pZ; + ).

We proved in Chapter 2 that such a k-balanced partition always exists if max,cy q(v) < K
(see Lemma 2.2).

The basic idea of the algorithm is analogous to that for CTR given in the previous chap-
ter. We first compute an approximate Steiner tree 7" in (G, w, M U {s}), regard T as a tree
rooted at s, and then find a x-balanced partition M = {Z;, Z3,...,Z,} of M in T. For each
Z; € M, we choose a vertex tz, € Z; and connect the tree T(Z;) to s by adding a shortest
path between s and tz, in (G, w). We describe the algorithm in the following form which will
be used for the case of |\/(a+ fk)| > 2.

Algorithm ArPROXGCTR
Input: A GCTR instance I = (G, w, Kk, \,«, 3,8, M, q).
Output: A solution (M, 7) to I.

Step 1. Compute a psr-approximate solution 7' to the Steiner tree problem in (G, w) that
spans M U {s} and then regard T" as a tree rooted at s.
Define a vertex weight function d : M — R™ by setting

d(v) == digw)(s,v), veEM.

Step 2. Find a partition M of M.
For each subset Z € M, assign a vertex tz € V(T') as its hub vertex.
Let S be the set of all hub vertices.

Step 3. For each hub vertex t € S, we choose a shortest path SP(s,t) between s and ¢ in
(G,w). For each subset Z € M, let Tz be the tree obtained from T(ZU{tz}) by adding
the edge set in SP(s,tz). Let T :={Ty | Z € M}. O

For a GCTR instance with [A\/(a + (k)] = 1, we realize Step 2 as follows. We compute
a k-balanced partition M = {Z1,Z5,...,Z,} of M. For j = 1,2,...,p — 1, we choose a
terminal ¢z, € Z; with the minimum distance d(tz,) as its hub vertex, and let ¢z, := s for

J=0p

Theorem 6.1. Given a GCTR instance with |\/(a + k)| = 1, algorithm APPROXGCTR
with the above Step 2 delivers a (2\/(a + BK) + psr)-approzimate solution.

Proof. By Property (iii) of k-balanced partition, each edge in T is used at most once in the
union of subtrees in 7/ = {T(Z;) | j = 1,2,...,p — 1} U{T(Z, U {s})}. Furthermore, the
flow on each edge in T is at most o + Sx < A. On the other hand, the flow on each edge in
SP(s,tz,),i=1,2,...,p—1,is at most a+Bkr < . Note that 7" = {T(Z;U{tz.}) | Z; € M}
by the choice of hub vertices. Therefore, (M, 7T) is feasible and the total weight of the edges



80 The Generalized Capacitated Tree-routing Problem

to be installed for 7 is bounded by the weight of T' plus the sum of the shortest paths used;
i.e., it holds

> hr(ew(e) <w(T)+ D dltz). (6.4)

eclk 1<i<p—1

For a minimum Steiner tree 7™ that spans M U {s}, we have w(T™*) < opt(I) by Lemma 6.1.
Hence w(T') < psr - w(T™) < pgr - opt(I) holds. To prove the theorem, it suffices to show that

D d(tz) <2\ /(a+ Br)opt(D). (6.5)

1<i<p—1

The choice of hub vertices and Property (ii) of k-balanced partition imply that, for each

1=1,2,...,p— 1, we have

Y a)d(w) = dltz) Y a(v) > dltz)s/2. (6.6)

’UGZ'L ’UGZ,L'

By summing inequality (6.6) overall i =1,2,...,p — 1, we have

(@+8r)/(2N) Y ditz) < (a+Br)/(RA) > D q)d()

1<i<p—1 1<i<p—1 veZ;
< (a+Br)/(8A) Y a(t)d(t).
teM
By Lemma 6.2, this proves (6.5). O

6.3.2 Approximation algorithm for |\/(a + (k)] > 2

This section shows that APPROXGCTR with an additional step, Step 4, can deliver a
(2A/(a+ Bk)]/| A/ (a+ BK) | + psr)-approximate solution for a GCTR instance with | /(o +
Br)| > 2. For this, we use the following result on tree covers in a tree to realize Step 2. The
result is the same as Lemma 5.3 by replacing A with |\/(a + k)|. We state the lemma here
for completeness.

Lemma 6.3. Let T be a tree rooted at s with a terminal set M C V(T) — {s}, a demand
function q: M — R™, a real k with k > max{q(v) | v € M}, a real A > 0, and real constants
a, > 0. Given a vertex weight function d : M — RY, there exist a partition M = U< ;< C;
of M, and a set S = {t; € {argminyczec, d(t)} | j < f—1}U{ty = s} of hub vertices such
that:

(i) ¢(Z) < K for all Z € M, and T(Z) and T(Z') have no common edge for all distinct
Z, 7' e M;

(i) [C] < [N (o + BK)] forall j =1,2,....f, and 3-,cc a(Z) > [N (a+ BK)|(k/2) for
all j=1,2,...,f—1; and
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(iii) Fortz =t; with Z €Cj, j=1,2,...,f, each edge e € E(T) satisfies
(a) IM(e)| <1,
(b) [Mawn(e)| < [A(a+ BrK)| =1, and
(c) [Mup(e)] < [M(a+ Br)] — 1.

Here M(e), Mayn(e), and Myy(e) are defined as in Section 5.5. O

We first perform Step 1 of APPROXGCTR. In Step 2, we apply Lemma 6.3 to the Steiner
tree T' and the function d obtained in Step 1 to get a partition M = Ui<;<sC; of M and
a set S = {t1,t2,...,ts} of hub vertices that satisfy the conditions of Lemma 6.3, and
we set ty = tj for each Z € C;, j = 1,2,...,f. Then we perform Step 3 for the set
T = {T{(ZU{tz}) | Z € M} of induced subtrees of T. Note that each collection Cj,
Jj=1,2,..., f, contains at most |A/(a + Bk)] subsets from M, all of which can use t; as a
common hub vertex by installing one copy of each edge in SP(s,t;). We here analyze the
installing cost of the resulting tree-routing. Analogously with the previous section, we have

Y d(ty) < [2)/(a+ Br)l/ [N (o + Br) |opt(1),
1<5<f-1
since it holds by Lemma 6.3(i)-(ii) that

(a+BR)N(a+Br)]/(2N) D dt;) < (a+Br)/(N) D > alt)d()

1<j<f—1 1<j<f-1 teZeC;
< (a+80)/0eN) S alt)d(r).
teM
It should be noted that the flow on an edge e € E(T") may be more than A and (6.4) may not
hold for the current tree-routing.

Finally we perform Step 4 in order to modify the assignment of hub vertices so that (6.4)
holds, which implies the ([2A\/(a + Bk)]/| A/ (o + BK) | + psr)-approximability of GCTR with
[N/ (a+ Bk)| > 2. Consider an edge e = (z,y) in the Steiner tree T', where by definition the
number of trees in 7" containing e equals [Mgyn(€)] + |[Muyp(€e)| + | M(e)|. Assume that the

total number of trees in 7' containing e exceeds |\/(a + k) ]; i.e.,
[Maun(e)| + [Mup(e)| + [M(e)] > [N (e + r)],

which implies
HT' e T'|e € E(T)}| > |\ (a+ Br)].

Step 4 repeats a swapping process for any edge of T' shared by more than |\/(« + Sk)]
trees of the current 7’. See Chapter 5 (Section 5.3) for the details of such a swapping process.
Step 4 never changes the set S of hub vertices computed in Lemma 6.3.

Therefore, the set 7 = {Tz | Z € M} of tree-routings Tz obtained from each tree
T(Z U {tz}) of T' by adding the edge set of SP(s,tz) satisfies (6.4) and is a ([2\/(a +
Br)|/|A/(a + BK)| + psr)-approximate solution to the given GCTR instance I. Hence we

have the following theorem.
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Theorem 6.2. GCTR with [N/ (a + Bk)] > 2 is (2\/(a + Bk)]/| N (a + BK)] + psr)-

approzimable.

6.4 Approximation algorithm for \ < o + Ok

As we mentioned before, it is not straightforward to modify the algorithm in the previous
section so that it also delivers a constant-factor approximate solution in the case of A < a+ k.
In this section, we introduce a new lower bound on GCTR by introducing a generalization of
CND in Section 6.4.1, and use a balanced Steiner tree as a base tree from which we construct
a collection of trees to send demands to sink. We prove an approximation algorithm of 13.037
for the problem in this case.

The following lemma introduces another lower bound to GCTR based on the Steiner tree

problem which is equivalent to that given in Lemma 6.1 for a GCTR instance with a < A.

Lemma 6.4. Let I = (G,w,k, A\, a, 3,8, M, q) be an instance of GCTR and T* be a minimum
cost Steiner tree to (G,w, M U{s}). Then [a/X|w(T™*) is a lower bound on the optimal value
to I.

Proof. Consider an optimal solution (M* = {Z1,...,2Z,},7* = {T1,...,Ty}) to I with opti-
mal value opt([). For each edge e € E(T}),i=1,2,...,{, we assume that e = (uf,v), where

vf € Chr,(uf). Let E(T*) = Urer~E(T;) (C E(G)), i.e., the set of all edges used in the

optimal solution. Then

optD) = ST S0 (a+Ba(Z 0 Dr,(v9)/Nwle)

e€E(T*) T;:ecE(Ty)

> [a/X] Y w(e)=[a/A] Y wle),
e€E(T*) e€E(T™)
since the edge set E(7*) contains a tree that spans M U {s} in G. O

6.4.1 Generalized capacitated network design problem

In this section, we propose a generalized version of CND, the generalized capacitated network
design problem (GCND), which defines a new lower bound to the optimal value of GCTR.
We show that such a lower bound can be used to construct a constant factor approximation
algorithm to GCTR instances with A < a+ k. We are given a graph G = (V| E) with a bulk
edge capacity A > 0, a sink s € V, and a set M C V — {s} of terminals with a nonnegative
demand ¢(v), v € M. The problem asks to choose a path P, from each terminal v € M to
the sink along which the demand ¢(v) of v is sent to s. Each edge e € E has an installation
cost w(e) > 0 per bulk capacity; each edge e is allowed to have capacity jA for any integer j,
which requires installation cost jw(e). Hence, given a set P = {P, | v € M} of paths of G,
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each edge e in E(P) = Uyen E(P,) needs to have capacity kp(e)\ for the least integer kp(e)
such that
a+tp > q(v) < kp(e),
vEM:P, contains e
where kp(e) = 0 if no path contains e. The total installation cost of edges incurred by P is
given as } .. p(p) kp(e)w(e). The objective of GCND is to minimizes the total installation

cost of edges. The problem is formally stated as follows.

Generalized Capacitated Network Design Problem (GCND):

Input: A connected graph G = (V, E), an edge weight function w : £ — R™, an edge
capacity A > 0, and prescribed constants a, 3 > 0, a sink s € V, aset M C V — {s} of
terminals, and a demand function ¢ : M — R™T.

Feasible solution: A set P = {P, | v € M} of paths of G such that {s,v} C V(P,) holds
for each v € M. The number of copies of an edge e in E(P) = Uyep E(P,) installed in the
solution is given by kp(e) = [(a+ B3, .cep(p,) 4(v))/A]-

Goal: Minimize the total installed cost, that is,

S kplen

e€E(P)

The following lemma follows directly from the definitions of GCND and GCTR.

Theorem 6.3. Let I' = (G,w,\,a, 8,8, M,q) and I = (G,w, K, \,a, 3,8, M,q) be two in-
stances of GCND and GCTR, respectively. Then the optimal value of I' is a lower bound to
the optimal value of I.

Proof. Let opt(I) and opt(I') denote the optimal values of I and I’ respectively. Consider
an optimal solution (M* = {Z1,...,Z,},7* = {Th,...,Ty}) to GCTR instance I. For each
i=1,2,...,0 and v € Z;, let P, be the path from v to s in T;. We observe that P = {P, |
v € M} is a feasible solution to GCND instance I’. Moreover, for E(P) = Uyem E(P,) and
E(T*) =Urer-E(T;), it hold E(P) = E(T*) and kp(e) < hr+(e). Hence, it holds

opt(I') < Z kp(e Z hr=(e = opt(I).
e€E(P e€E(T*)
O
Before constructing an approximate solution to GCND, we present two lower bounds to

the problem. The first lower bound is based on the Steiner tree problem, where the proof is

similar to that of Lemma 6.1.

Lemma 6.5. Given a GCND instance I' = (G,w, \,a, 3,5, M, q), the minimum cost of a

Steiner tree that spans M U {s} is a lower bound on the optimal value to I'.



84 The Generalized Capacitated Tree-routing Problem

The second lower bound is based on a linear combination of both the Steiner tree problem

and the distances from s to all terminals.

Lemma 6.6. Let I' = (G,w, \,a, 3,8, M, q) be an instance of GCND and T* be a minimum
cost Steiner tree that spans M U {s}. Then

(@/A) Y wle)+(B/N) Y aw)digu)(s.v)

ecE(T*) veM

is a lower bound on the optimal value to I'.

Proof. Consider an optimal solution P = {P, | v € M} to GCND instance I’, and let
E(P) = Uyem E(P,). Let opt(I’) denote the optimal value to I’. Then we have

opt(I'y = > [la+8 D q@)/Aw(e)

ecE(P) vie€E(Py)

(@/A) Y w(e)+(B/A) Y (wle) Y q))

e€E(P) ecE(P) v:ie€E(Py)

= (/A D we)+ B/ Y (aw) Y wle)

e€E(P) veM e€E(Py)

(@/A) > wle)+(B/X) aw)d(guw)(s,v),

e€E(T*) veEM

v

Vv

since E(P) contains a tree that spans M U {s} in G and }_ cp(p,) w(€) = d(Guw)(s,v) holds
for all v € M. O

Now we construct an approximate solution to a GCND instance I' = (G, w, \, o, 3, s, M, q)
based on a tree balanced an approximate Steiner tree and a shortest path tree in GG. Let
T* and T?! denote optimal and pgr-approximate solutions to the Steiner tree problem to
(G, w, M U {s}), respectively. This implies that w(T") < pg; - w(T*). Regard T* and T
as trees rooted at s. Let T°P! be a shortest path tree that spans M U {s} rooted at s. Let T
be a balanced Steiner tree that approximates both 7% and T°P!. Note that T can be found
in polynomial time (refer to Section 1.4 for details). Namely, given 7% T*P! and a real

number v > 0, there is a balanced Steiner tree 71" such that

w(T) < (1 +2/7)w(T*"), and (6.7)
dirw) (5,0) < (1+7)d(Gw)(s,v), forallve M. (6.8)
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Let v denote the tail of edges e in T'. Inequalities (6.7) and (6.8) imply that

D e+ Bg(Twe))/Nw(e) < > ((a+ Bq(Twe))/A+ 1)w(e)

e€E(T) e€E(T)

= (a/A+Dw(T)+ (B/X) D a(v)drw)(s,v)

veM
(/A + 1)psr(1+2/7)w(T™)

+ (BN +7) D a)dgu (s,v)

veM
psr(1+2/7)w(T™) + max{psr(1 +2/7), (1 +7)}

((/Nw(T*) + (B/A) Y q)diw)(s.v)).  (6.9)

veM

IN

IN

Hence Lemmas 6.5 and 6.6 prove that the right hand side of (6.9) is bounded from above by

(psr(1+2/7) + max{ps:(1 +2/7), (1 +7)}) opt(I'),

where opt(I') denotes the optimal value to I’. This proves the following theorem.

Theorem 6.4. Let I' = (G,w, \,«, 3,8, M,q) be an instance of GCND with optimal value
opt(I'). Then, for any v > 0, there is a Steiner tree T that spans M U {s} rooted at s such
that
> [(a+ Bq(Twe))/Nw(e) < - opt(I'),
e€E(T)
where v¢ is the tail of e in T and p = psr(1+2/v)+max{psr(1+2/7),(14+~)}. Furthermore,

such a tree T can be computed in polynomial time. O

6.4.2 Approximation algorithms to GCTR

In this section we present two approximation algorithms for a GCTR instance with A < a+fk.
Our proposed algorithms are based on k-balanced partition and the results described in Sec-
tion 6.4.1.

Algorithm ApPROXGCTR
Input: An instance I = (G,w, k, A\, a, 3, s, M, q) of GCTR.
Output: A solution (M, 7) to I.

Step 1. Compute a tree T that spans M U {s} rooted at s.
Find a s-balanced partition M = {Z1,Zs,...,Z,} of M in T.

Step 2. Foreachi=1,2,...,p—1, assign a vertex tz, in T(Z;) as its hub vertex and let T,
be the tree obtained from 7'(Z;) by adding the edge set of a shortest path SP(s,tz,)
between s and ¢z, in G.

Let tz, := s and Tz, := T(Z, U {s}).
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Step 3. Foreach ¢ =1,2,...,p,
Regard Tz, as a tree rooted at s.
Install [(a + Bq(Z; N Dr, (v)))/A] copies of each edge e € E(T,) with tail vf in T,.

Step 4. Let T ={Ty, |i=1,2,...,p} and output (M, 7).

Note that the demand capacity constraint on each tree in 7 is obviously satisfied by the
definition of k-balanced partition. It is also easy to observe that the edge capacity constraint
remains satisfied on each edge installed on the graph. Thereby (M, T) is feasible to I. It
remains to discuss the approximation ratio of the algorithm. We consider two versions of

algorithm APPROXGCTR by realizing Steps 1 and 2 in two different ways as follows.

(A) We compute a tree T in the first step by any pgr-approximation algorithm to the Steiner
tree problem, and choose tz, € Z;, ¢ =1,2,...,p — 1, in Step 2 to be a terminal of the

minimum distance d¢ .,)(s,tz;) in Z;, and

(B) we compute a tree T in the first step by using Theorem 6.4, and, for eachi = 1,2,...,p—

1, we choose tz, in Step 2 to be a vertex of the minimum depth in 7.

Theorem 6.5. For a GCTR instance I with A\ < a + Ok, algorithm APPROXGCTR with
Steps 1 and 2 as defined in (A) delivers an approximate solution (M, T ) with approzimation

ratio of 2§ + min{[(« + Bk)/A], [Br/A] + 1}pse, where & = N[ (a + BK)/A]/(a + BK).
Proof. By construction and since a+ﬂq(ZzﬂDTzi (v§)) < a+pPq(Z;) < a+pPr,i=1,2,...,p,
the total cost of (M, 7T) is bounded from above by
[+ Br)/Nw(T) + [(a+ Be) /AT Y diu(s,t2,). (6.10)
1<i<p-1
Let opt(I) denote the optimal value of I. We first show that the second term in (6.10) is
bounded by 2&opt(1), i.e.,

> digu(s,tz,) < 2M/ (o + Br)opt(T). (6.11)
1<i<p—1

Since d(qw)(8,t) = diguw)(s,tz;) for all t € Z;, i = 1,2,...,p— 1, and ¢(Z;) > x/2 for all

1=1,2,...,p— 1, we have

opt(I) > (a+ PBkr)/(AK) Z q(t)d(c,w) (5, t) (Lemma 6.2)

teM

> (a+Br)/(Ak) D a(Z)dguw (s tz,)
1<i<p—1

> (a+ﬂ’<’)/(2)‘) Z d(G,w)(SatZi)'
1<i<p—1

This completes the proof of (6.11).
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Next we show that the first term of (6.10) is bounded by psr[(a + Bk)/N]opt(I) and
psr([rs/N] + Dopt(1).

For a minimum Steiner tree 7% that spans M U {s}, we have w(T) < pgr - w(T¥)
and w(T*) < opt(I) by Lemma 6.1. Hence the first term of (6.10) is bounded by [(a +
Br) /X1 (T) < psx (@ + i) /N opt(D).

On the other hand, [a/A|w(T*) < opt(I) by Lemma 6.4, and hence the first term of
(6.10) is bounded by

[(a+Br)/AMw(T) < ([o/A]+ [Br/A)w(T) < ps:([Br/A] + 1)opt ().

This completes the proof of the theorem. O

Note that the ratio in Theorem 6.5 may not be constant due to the factor [Br/A]. We
show in the next theorem that algorithm APPROXGCTR with Steps 1 and 2 as defined in

(B) admits a constant factor approximate solution.

Theorem 6.6. For a GCTR instance I with A < a + Ok, algorithm APPROXGCTR with
Steps 1 and 2 as defined in (B) delivers an approzimate solution (M, T ) with approzimation

ratio of 2§ + 2psy + 4v/28psr, where & = M (a + Br)/N]/(a+ Bk).

Proof. Let e be an edge in T'(Z;) with tail v, i =1,2,...,p. By property (iii) of x-balanced

partition and the choice of tz,, we conclude that

a+ Bq(Z; N Dr, (v7)) < a+ Bq(T).

On the other hand, o + 8¢(Z; N Dr, (vf)) < v+ Bq(Z;) < oo+ Bk holds for i = 1,2,...,p.
Hence the total weight of the installed edges on the network is bounded by

S [+ Ba(Te))/Nw(e) + [+ Br)/NT Y dauw(sitz),  (6.12)

ecE(T) 1<i<p—1

where v¢ is the tail of e in 7.
Let opt(I) denote the optimal value to I. For a Steiner tree T' computed in Step 1,
Theorems 6.3 and 6.4 imply that

Z [(a+ Bq(Toe)) /Alw(e) < [pse(1+2/7) + max{ps:(1 +2/7), (1 +7)}opt(I). (6.13)
e€cE(T

On the other hand, by the choice of tz, i = 1,2,...,p — 1, we have d(7,,)(s,tz,) <
d(7,w)(8,t) for all t € Z;, and hence it holds

d(Gw)(8,t2;) < dirw)(5,tz;,) < dirw(s,t) < (1+7)dgw (s, t), forall t € Z;.
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From this and ¢(Z;) > k/2 for all i =1,2,...,p — 1, we have

opt(I) > (a+ Bkr)/(\k) Z q(t)d () (5, t) (Lemma 6.2)
teM

> (a+8r)/(Os(1+7) D a(Z)dgwl(stz)

1<i<p—1

> (a+Br)/A1+7) > diguw(sitz). (6.14)

1<i<p—1
Now, by using (6.13) and (6.14), we conclude that (6.12) is at most
[26(1 + ) + psr (1 +2/7) + max{ps: (1 + 2/7), (1 + ) Hopt (1),

where & = A[(a + fBrk)/A]/(a + Bk). Note that £ € [1,2). Such a factor is minimized by
choosing v = /2psr/€. This implies that the total weight of the installed edges is bounded

from above by

(2§ + 2pst + 44/ 28 psr )opt(I)

Note that the approximation ratio given in Theorem 6.6 is bounded from above by

(28 + 2psr + 4/ 2upst ) < (4 + 2psr + 8y/psr ) < 17.057

for the best known ratio psr = 1+ 1%3 to the Steiner tree problem (since & < 2).
We show that the bound can be improved by choosing the best one from both solutions
constructed by using (A) and (B) in Steps 1 and 2.

Theorem 6.7. For a GCTR instance I with A < a+ [k, there exists an approrimate solution
(M, T) with approzimation ratio of

min{2¢ + [(a + BK) /] psr, 26 + 2psr + 44/ 2€psr } < 13.037.

Proof. Let j = [(a + Bk)/A]. Note that A < o + Sk implies that j = [(a + Bk)/A] > 2.
Since j — 1 < (a4 Bk)/A < j, £ is bounded from above by

§ = A[(a+Br)/M/(a+ Br) <j/(G—1).

First consider the case where [(a + (k)/A] < 6. In this case, for the best known ratio
pst = 1+ 13 to the Steiner tree problem, the approximation factor 26 + [(a + Bk)/A]psr

proved in Theorem 6.5 is bounded from above by
26 + [(a + Br) /X psr < 11.696,

which is obtained when j = [(a+ k)/A] = 6 (and hence £ < j/(j — 1) = 6/5).
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Next consider the case where [(a+ k)/A] > 7. We have £ < j/(j —1) < 7/6 and hence
the approximation factor 2 + 2pgr + 41/2€psr proved in Theorem 6.6 is bounded from above
by

26 + 2psr + 4/ 26 psr < 13.037

since 2€ 4 2psr + 44/2€psr is an increasing function of € over [1,2). This completes the proof
of the theorem. O

6.5 Approximation algorithm to FGCTR

In this section we present an approximation algorithm for a FGCTR instance by modifying
the algorithm given in Section 6.4.2. We first introduce the following lower bound on the

optimal value to FGCTR. The proof of the lemma is similar to that of Lemma 6.2.

Lemma 6.7. Let I = (G,w,k,«, 3,5, M,q) be an instance of FGCTR. Then

(a+Br)/k Y a(v)duw)(s:v)

veM

1 a lower bound on the optimal value to I. O

The fractional generalized capacitated network design problem (FGCND) is a variant of
GCND in which it is allowed to purchase edge capacity in any required quantity. Namely, we
assign capacity of Ae = a4+ 83, .cp(p,) 4(v) on each edge e in E(P) = Uyen E(P,). That is,
the total cost of installed capacities equals ) . BE(P) Aew(e). Corresponding results to that in
Sections 6.4.1 and 6.4.2 can be obtained similarly.

Theorem 6.8. Let I' = (G,w,«,3,s,M,q) and I = (G,w,k,«a, 3,5, M,q) be two instances
of FGCND and FGCTR, respectively. Then the optimal value to I' is a lower bound on the

optimal value to I. L]

Theorem 6.9. Let I' = (G,w,«, 3,5, M, q) be an instance of FGCND and let opt(I') be the
optimal value to I'. Then, for any v > 0, there is a Steiner tree T that spans M U {s} rooted
at s such that

Y (a+ Ba(Tye))wle) < max{psr(1 +2/7), (1+7)}opt(I),
ecE(T)

where v° is the tail of e in T. O

Now, we are ready to present a formal algorithm to FGCTR based on the above results.

Algorithm AppPROXFGCTR
Input: An instance I = (G,w, k,a, 3,8, M, q) of FGCTR.
Output: A solution (M, 7) to I.
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Step 1. Compute a (max{psr(1 + 2/7), (1 + 7v)})-approximate Steiner tree T that spans
M U {s} rooted at s by Theorem 6.9.
Find a s-balanced partition M = {Z1,Zs,...,Z,} of M in T.

Step 2. For each i =1,2,...,p — 1, choose a vertex tz, in T(Z;) with the minimum depth
in T and let Tz, be the tree obtained from T'(Z;) by adding the edge set of a shortest
path SP(s,tz,) between s and ¢z, in G.
Let tz, := s and Tz, := T(Z, U {s}).

Step 3. Let T ={T%, |i=1,2,...,p} and output (M, 7).

Theorem 6.10. For a FGCTR instance I, algorithm APPROXFGCTR delivers an approx-
imate solution (M, T) with approzimation ratio of 8.529.

Proof. By construction, the total cost of (M, 7) is bounded from above by

Y (a+Ba(Toe)wle) + (a+Br) D digu(stz), (6.15)

e€E(T) 1<i<p—1

where v¢ is the tail of e in 7. Let opt(I) denote the optimal value to I. For a Steiner tree T’
computed in Step 1, Theorems 6.9 and 6.8 imply that

Y (a+Ba(Te))wle) < max{per(1+2/7), (1+7)}opt(1). (6.16)

ecE(T)

On the other hand, for each 7 =1,2,...,p — 1, the choice of ¢z, implies that
d(G,w)(SatZi) < d(T,w)(37tZi) < d(T,w)(Svt) < (1 + V)d(G’,w)(svt)a for all t € Z;.
From this and ¢(Z;) > k/2 for all i = 1,2,...,p — 1, we have

opt(I) > (a+PBr)/k Z q(t)d(G,w)(s,1) (Lemma 6.7)

teM
> (a+0r)/(k(1+7) D a(Z)d@wl(s:tz)
1<i<p—1
> (a4 0r)/(2(1+7)) Z diGw)(8,t2;), (6.17)
1<i<p—1

Now, by using (6.16) and (6.17), we conclude that (6.15) is at most

[2(1 + ) + max{psr(1 +2/7), (1 + ) Hopt(I),

which is minimized by choosing v = /psr. This implies that, for the best known ratio
psr = 1+ 52 ln3 to the Steiner tree problem, the total cost of (M, 7) is bounded from above by
(2 + psr + 4\/pST)0pt(I) < 8.5290pt(I), which proves the theorem. O
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Conclusion

In this thesis, we present approximation algorithms of several capacitated tree-routing prob-

lems in networks. The results obtained in the thesis are summarized as follows.

In Chapter 2, we study the capacitated multicast tree routing problem (CMTR) in net-
works. For CMTR instances with a general demand function, we have designed a (2 + pgr)-
approximation algorithm, where pgr is any approximation ratios achievable for the Steiner tree
problem. The best known approximation ratio of the Steiner tree problem is 1 + % < 1.55
for general graphs [62].

Next, we have designed a (3/2 + (4/3)psr)-approximation algorithm for the unit demand
case of CMTR. Our algorithm outperforms the (3/2 + (7/5)psr)-approximation algorithm
which is designed for the L, metric in the plane [40]. Our approximation ratio also improves
that obtained by Cai et al. [11] in the case of psr < 1.2. In particular, it is known that psr = 1
when M = V since the Steiner tree problem with terminal set M = V in G becomes the
minimum spanning tree problem. Hence our approximation ratio improves that of Cai et al.
[11] in the case where M = V. It is left as a future work to obtain a better approximation
algorithm than (8/5+ (5/4)psr)-approximation algorithm due to Cai et al. [11] in the case of
1.2 < pgr < 1.55.

In Chapter 3, we have presented a (2pyr. + psr)-approximation algorithm for the capac-
itated multi-source multicast tree routing problem (CMMTR) with a general demand func-
tion, where pyp. is any approximation ratio achievable for the metric UFL problem. Since
the current best approximation ratios for UFL and the Steiner tree problems are 1.52 [52]
and 1.55 [62], respectively, our algorithm delivers a 4.59-approximate solution to the prob-
lem. When all terminals of CMMTR have unit demands, we have used the result on the tree
cover problem described in Chapter 2 to design an algorithm with a better approximation
ratio (3/2)purL + (4/3)psr, which is 4.35 in term of the current best approximation ratios for

the metric UFL and the Steiner tree problems. Both of these algorithms are based on lower



92 Conclusion

bounds based on the Steiner tree and the metric UFL problems. Any improvement over
approximation to the Steiner tree or UFL problem will be reflected in the approximation
ratios of our algorithms. On the other hand, the coefficients of pyr, and psr in the approxi-
mation ratios are induced from the tree cover results. Hence it would be interesting to get a

better result on tree covers in order to improve the current approximation ratios to CMMTR.

In Chapter 4, we have studied the minimum cost edge installation problem (MCEI), a
problem of finding a routing from a set of sources to a single sink in a network with an edge
installing cost. MCEI is closely related to the capacitated network design problem (CND).
In particular, a solution to each of MCEI and CND can be characterized by a set of paths,
each of which sends the demand of a source to the sink and the set of these paths induces
the numbers of cables installed on each edge of the network. CND allows the demand from a
source to be split into fractions which pass through different copies of the same edge, while
MCEI does not allow such splitting. The algorithm of Hassin et al. [33] to CND can be
applied to MCEI instances to obtain approximate solutions of approximation ratios of 1+ pgp
and 2 + pgp for the unit and general demand networks, respectively. We have designed a
(15/8 + psr)-approximation algorithm for MCEI with general demand, improving that of
Hassin et al. [33].

As a future work, we discuss a possible generalization of MCEI and CND, in which we
concerned with multiple sinks. In a general problem setting for routing problems, a group
of vertices of the underlying network is designated as sinks such that each sink is associated
with an opening cost. In this case, the problem asks to open a set of sinks and construct a
set of paths, each of which sends the demand of a source to an opened sink, minimizing the
cost of installed edges and opened sinks. As mentioned in Chapter 3, Ravi and Sinha [61]
already studied such a multi-sink version of CND, called it CCFL, and gave a (pyg, + psr)-
approximation algorithm for CCFL with the unit demands and a (2pyg., + psr)-approximation
algorithm for that with the general demands. It would be interesting to investigate approxi-

mation algorithms for such a multi-sink version of MCEL.

In Chapter 5, we have studied the capacitated tree-routing problem (CTR), a new rout-
ing problem formulation under a multi-tree model which unifies several important routing
problems such as CMTR and the unit demand case of CND. We have proved that CTR is
(2 + psr)-approximable based on new results on tree covers. It would be interesting to inves-
tigate a CTR version of MCEI and the general demand case of CND.

In Chapter 6, we have studied a more general routing model, the generalized capac-
itated tree-routing problem (GCTR), a new routing problem formulation under a multi-
tree model with a general routing capacity, which unifies several important routing prob-
lems such as CND, CMTR, and CTR. We have proved that GCTR with A > «a + Ok is
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(2N (a+ BK)]/|A/(a+ BK) | + psr)-approximable based on the algorithm used in Chapter 5.
Note that, in this case, [A\/(a+ Fk)]/|A/(a+ k)] < 2 holds. For A < o+ Bk, we introduced
a new lower bound on GCTR by formulating a generalization of CND, and use a balanced
Steiner tree as a base tree from which we construct a collection of trees to send demands to
sink. We show that our new algorithm delivers a 13.037-approximate solution to GCTR with
A< a+ (k.

We also have studied a natural variant of GCTR, the fractional generalized capacitated
tree-routing problem (FGCTR), in which it is allowed to purchase edge capacity in any
required quantity. We have designed an approximation algorithm to FGCTR with approxi-
mation ratio of at most 8.529.

Future work may include design of approximation algorithms for further extensions of our
tree-routing model. One possible extension is to extend GCTR and FGCTR to multi-sink

versions.
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