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Abstract

In this thesis, we present some approximation algorithms for the following clustering problems:
Minimum Sum of Radii (MSR), Minimum Sum of Diameters (MSD), and Unsplittable Capacitated
Facility Location (UCFL).

Given a metric (V,d) and an integer k, we consider the problem of partitioning the points of V'
into k clusters so as to minimize the sum of radii (MSR) or the sum of diameters (MSD) of these
clusters. We call a cluster containing a single point, a singleton cluster. For the MSR problem when
singleton clusters are not allowed, we give an exact algorithm for metrics induced by unweighted
graphs. For the MSD problem on the plane with Euclidean distances, we present a polynomial time
approximation scheme. In addition, we settle the open problem of complexity of the MSD problem
with constant k by giving a polynomial time exact algorithm in this case.

In the (uniform) UCFL problem, we are given a set of clients and a set of facilities where client
j has demand d;, each facility ¢ has capacity u and opening cost f;, and a metric cost c;; which
denotes the cost of serving one unit of demand of client j at facility 7. The goal is to open a subset
of facilities and assign each client to exactly one open facility so that the total amount of demand
assigned to each open facility is no more than u, while minimizing the total cost of opening facilities
and serving clients. As it is NP-hard to give a solution without violating the capacities, we consider
bicriteria (v, 3)-approximation algorithms, where these algorithms return a solution whose cost is
within factor « of the optimum and violates the capacity constraints within factor 5. We present
the first constant approximations with violation factor less than 2. In addition, we present a quasi-
polynomial time (1 + €, 1 4 ¢€)-approximation for the (uniform) UCFLP in Euclidean metrics, for

any constant € > 0.
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Chapter 1

Introduction

Clustering, one of the fundamental techniques in information technology, has been used in a wide
variety of application areas [ELLS11]. The main goal of this technique is to partition a set of objects
into homogeneous subsets, called clusters. In other words, the objects in the same cluster are similar
in some sense. For example, a web search engine partitions the web documents into clusters of
relevant documents. Then, instead of matching a search query with all the documents on the web,
it finds the relevant cluster and matches the query only with the documents in that cluster and as a
result, it saves a huge amount of time [MRSO08].

In any clustering method, we define a distance measure between each pair of objects to indicate
how similar those objects are. Then, we use this distance measure to guide our clustering algorithm
to form meaningful clusters. In most clustering algorithms, we try to find a clustering that optimizes
an objective function based on the distance measure. This objective function is chosen in a way that
its value for a clustering shows how desirable this clustering is and optimizing it yields a meaningful
clustering for the application of our interest. Unfortunately, most of these optimization problems
(clustering problems) are NP-hard, which means it is unlikely to find an algorithm that finds an
optimal solution in polynomial time. Therefore, our goal in these optimization problems is to find a
solution with objective value as close as possible to the optimum value. This goal can be captured by
the notion of approximation algorithms (see the next section for a formal definition). In this thesis,

we present some approximation algorithms for some clustering problems.

1.1 Preliminaries

In this section, we discuss some preliminaries required for the presentation and understanding of the

rest of this thesis.

1.1.1 Our Modelling

To model and discuss our problems, we extensively use graphs and graph-theoretic concepts. The

reader may refer to [Wes00] for an introduction to this subject. We only want to emphasize two



graph-theoretic concepts: the radius and the diameter of a graph. These concepts are defined on
a weighted graph. Assume w : £ — Ry is a weight function defined on the edges of a graph
G, where R is the set of non-negative real numbers. For two vertices u and v, the shortest path
distance from u to v with respect to w is denoted by d(u,v). The eccentricity of a vertex w is the
maximum distance of u from any other vertex in G, i.e., max,cy () d(u,v). The vertices with
the minimum eccentricity are called the centers of G and their eccentricity value is the radius of
the graph, denoted by rad(G), i.e., rad(G) = min,cy (@) maxyev () d(u,v). The diameter of
a graph G, denoted by diam(G), is the largest distance between any pair of vertices in G, i.e.,
diam(G) = max, ,ev (q) d(u, v).

In the clustering problems that we consider, we model the space of objects and their relations
with a weighted graph. We represent the objects with the vertices and show the direct connection
between two objects with an edge. Here, the weight of an edge shows the distance between the
objects corresponding to its endpoints. This distance is a measure of similarity between these objects
and as one expects, a smaller distance shows more similarity. Most of the time, the edge weights
(distances) satisfy the triangle inequality and indeed, form a metric on the vertices (see next section
for the definition). It should be noted that we can view the distance between two objects as the cost
of putting them in the same cluster. Thus, we may use the terms distance and cost interchangeably

in the following discussions.

1.1.2 Metrics

A metric (V,d) is an ordered pair where d : V' x V' — Rs(. For all u,v,w in V, the distance

function d must satisfy the following properties:
1. d(u,v) = 0if and only if u = v,
2. d(u,v) = d(v,u),
3. d(u,v) < d(u,w) + d(w,v)

In our discussions, we relax the first property and may have two different v and v with d(u,v) = 0,
but we always have the property that d(u,u) = 0. The second property is called the symmetry
property. In addition, the third property is called the triangle inequality, which has very important
algorithmic implications.

A well-known example of metrics is the Euclidean metric where the elements of V' are from a
Euclidean space and the distance function is simply the Euclidean distance function. A less famous
example is the doubling-dimension metric, which in a sense generalizes the Euclidean metric. Let u
be a point in V. The set of points from V having distance at most r from w is called the ball of radius
r centered at v and is denoted by B(u, ). In other words, B(u,r) = {v : v € V,d(u,v) < r}. The
doubling dimension of a finite metric space V' is the smallest &£ > 0 such that every ball in the metric

can be covered by 2 balls of half the radius. This definition is based on volume growth, and simple



volume estimates imply that a d-dimensional Euclidean metric has doubling dimension (d). Also,
it can be shown that its doubling dimension is in O(d) [Ass83].

Notice that to represent a metric, we need to have |V|(|V| — 1)/2 entries. Sometimes, we can
represent a metric in a more compact way by a non-complete edge-weighted graph G. Here, the
members of V' are the vertices of the graph. In this metric, the distance between any pair of vertices
is the shortest path distance of these vertices in GG. This is called the metric induced by graph G.
This way we can have fewer entries to represent the metric. In particular, the tree metrics are the

metrics induced by a tree, which can be represented by |V'| — 1 entries.

Quasi-metrics

Sometimes, we even relax the symmetry property. The distance functions that satisfy the properties
of a metric except the symmetry property are called quasi-metrics. In theoretical computer science
community, these metrics are also called asymmetric metrics and when we discuss a problem defined

on these metrics, we call it the asymmetric version.

1.1.3 Approximation Algorithms

An optimization problem 11 is either a minimization or maximization problem. Each valid instance
I of TI comes with a set of feasible solutions. A feasible solution is a solution that satisfies all the
problem constraints. There is an objective function, which assigns a real valued number called the
objective value to each feasible solution. A feasible solution having the optimal objective value (i.e.,
the minimum or maximum value) is called an optimal solution. The goal of an optimization problem
is to find an optimal solution.

Generally, we like to design polynomial time algorithms for optimization problems, but many
optimization problems are NP-hard. In less technical words, it is very unlikely to find an exact
algorithm for these problems that runs in polynomial time. Thus, we try to approximately solve
these problems. An a-approximation algorithm is a polynomial time algorithm, which for all valid
instances of the optimization problem produces a solution whose value is within factor a of the
optimum value. In the literature, « is called the approximation ratio, approximation factor, or
performance guarantee.

For example, consider the minimum vertex cover problem. Given a graph G = (V, E), we
want to choose a minimum size subset of vertices S such that each edge has an endpoint in S. This
problem is a well-known NP-hard problem [GJ79]. Here is a simple 2-approximation algorithm:
find a maximal matching! M in the graph and return the endpoints of the edges in the matching.
First, notice that the endpoints of M cover all the edges in the graph, because if there is an uncovered
edge, we can add this edge to M, which is a contradiction to the maximality of M. Therefore, the

algorithm indeed returns a vertex cover. Second, we prove that the size of this vertex cover, 2| M

[l

! A matching is a subset of edges that do not share any vertex. A maximal matching is a matching that we cannot add any
more edges to.



is at most twice the size of a minimum vertex cover. To do this, we simply point out that the size of
a minimum vertex cover is at least | M|, because we need at least | M| vertices to cover the edges of
the matching (i.e., each vertex can cover at most one edge of M).

As one can expect, we want to find an approximation algorithm with ratio as close to 1 as
possible. The best ratio that we can hope for is 1 4+ € where ¢ > 0 is an arbitrary parameter
that controls the trade-off between the running time and accuracy. We can increase accuracy by
choosing smaller €, but the running time increases with this choice. In particular, a polynomial time
approximation scheme (PTAS) is a (1 + €)-approximation algorithm that runs in time polynomial in
the size of input (but it can be exponential in 1/¢). For example, the running time can be in O(n'/€),
where n is the size of input. Notice that for a fixed ¢, this running time is polynomial time.

One can define different complexity classes with respect to the approximability of the NP-hard
optimization problems. In particular, the class of problems that have a polynomial time constant
factor approximation algorithm is called APX. A PTAS reduction from an optimization problem
II to a problem II" has the property that given a PTAS for problem II’, we can obtain a PTAS for
problem II. A problem is said to be APX-hard if there is a PTAS reduction from every problem in
APX to that problem. Therefore, given a PTAS for an APX-hard problem, we can obtain a PTAS
for every problem in APX. It is shown that unless P= NP, some problems in APX cannot have a

PTAS. As a consequence, unless P= NP, an APX-hard problem cannot have a PTAS.

Generalizations

Sometimes, we may allow an approximation algorithm to violate some problem constraints (e.g., the
number of clusters). A bicriteria (o, 8)-approximation algorithm is a polynomial time algorithm
that guarantees its solution value is within factor « of the optimum value and it violates a group of
constraints within factor 3. Here, we are comparing our solution value with the optimum value of a
solution that does not violate the constraints.

An algorithm has a quasi-polynomial running time if there is a constant c such that the algorithm
runs in time O(n!°8" ™). It is widely believed that it is not possible to solve an NP-hard problem
in quasi-polynomial time. The definition of approximation algorithms may be extended to include
algorithms whose running time is quasi-polynomial. In these cases, we explicitly state that the run-
ning time is quasi-polynomial time. Similar to the definition of a PTAS, we can define a quasi PTAS:
a quasi-polynomial time approximation scheme (QPTAS) is a (1 + ¢)-approximation algorithm that

runs in time quasi-polynomial in the size of input.

Techniques based on Linear Programming

One of the main steps in the analysis of an approximation algorithm is to find a suitable lower bound
or upper bound for the optimum value. Consider a minimization problem and suppose that we want

to prove an algorithm returns a solution within factor o of the optimum. One natural way to do



this is to find a suitable lower bound for the optimum and prove that the algorithm always returns a
solution within factor « of this lower bound.

Linear programming (LP)? provides us with a powerful tool to find a lower bound of the opti-
mum. The reason is that we can model most combinatorial optimization problems with an integer
program. We relax the integer requirement on the variables of an integer program to get its linear
programming relaxation. Since any feasible solution for the integer program is a feasible solution
for the LP relaxation, the optimum value of this relaxation is a lower bound for the optimum value
of the integer program. Therefore, to prove an approximation ratio of «, it is sufficient to find a
solution with objective value within factor « of the optimum value of the LP relaxation.

One way to utilize the above idea is to solve the LP and find an optimal fractional solution.
Then, we round this fractional solution to an integer solution in a way that we do not lose much in
the process and we can prove the value of this solution is within factor « of the optimal fractional
value. This technique is called the LP rounding technique. Let us see this in an example for the min-
imum vertex cover problem. Recall that we have already shown a combinatorial 2-approximation
algorithm for this problem.

A natural integer program for the minimum vertex cover problem is as follows:

minimize g Ty,

ueV
subject to Ty + 2, >1 V{u,v} € E
xq, € {0,1} Yu eV,

where x,, = 1 indicates that « is in the vertex cover. To get the LP relaxation, we relax the variables
to take fractional values between zero and one, i.e., 0 < x, < 1forall w € V. We can find an

optimal solution z* to this LP by a polynomial time LP solver. One can show that this optimal

1
DR

solution is half integral, i.e., z; is 0, 5, or 1. To round this solution to an integral one, we round up
all variables with value % to 1. First, notice that for any edge {u, v}, one of 2% or x is non-zero and
hence, in the integral solution at least one of these variables is 1, which means we choose one of the
endpoints of this edge. Therefore, this is a valid vertex cover. Second, it is clear that we only double
the value of the variables with value % Thus, the objective value of the integral solution (i.e., the
number of vertices in the vertex cover) is at most twice the optimal fractional value, which is a lower
bound for the optimum value. As a result, this solution is within factor 2 of the optimum value and
our algorithm is a 2-approximation algorithm for the minimum vertex cover problem.

Finally, we introduce the notion of the integrality gap for an LP relaxation. Consider an LP
relaxation of a minimization problem. Let Z be the set of instances for the problem, OPT(I) be the

optimal value for an instance I € Z, and OPT(I) be the optimal fractional value (LP value) for

2We also refer to Linear Programs by the acronym LP.



this instance. Then, the integrality gap of the LP is defined as
OPT(I)
1% OPT;(I)

The integrality gap of an LP shows the best achievable approximation ratio using the optimum
value of this LP as our lower bound. For example, the integrality gap of the above LP for the
minimum vertex cover problem is at least 2 — 2/n for graphs with n vertices. Consider a complete
graph with n vertices as our instance I’. For this graph, we have OPT(I’) = n — 1, because if we
leave two vertices out of a cover, it does not cover the edge between those two vertices. Now, we
have OPT(I") < n/2, because the solution that sets z,, = 1/2 for all u € V is a feasible solution

with value n/2. Therefore, we have sup; 7 glfTT<(II>) > 8}1)’121"(5/)) > 2 — 2/n. This means that the
s s

simple factor 2 rounding algorithm is very close to the best ratio possible using this LP as our lower

bound.

Local Search Technique

The local search technique is one of the fundamental techniques in optimization. In this technique,
we move from one solution to another solution in the space of feasible solutions by means of some
local operations. These operations just modify a local part of a solution to change it to a new solution.
As aresult, the new solution is similar to the previous one. If one defines a suitable distance function
on the space of feasible solutions, these two solutions will be close and in the neighbourhood of each
other.

More formally, assume that our current solution is S. We have k local operations fi,..., f
where the result of applying the ith operation on S is f;(.5). Assume our problem is a minimization
problem. In a local search algorithm, we apply each of these k operations on S. If the value of f;(.5)
for some i* is less than value of S, we update the current solution to be f;«(.S) and do the same in
the next iteration. Here, a local optimal solution is the solution that we cannot improve with any
of the operations and a global optimal solution is an optimal solution for the problem. To prove an
approximation ratio « for a local search algorithm, we need to prove that the ratio of the value of any
local optimal solution is within factor « of the global optimum value. The maximum ratio between
the value of a local optimal solution and the value of a global optimum is called locality gap value
and clearly, we cannot have a better approximation ratio than the locality gap value using these local
search operations. While the description of a local search algorithm is typically simple, the analysis
is more involved. We conclude this section with a simple example of a local search algorithm and
its analysis.

Consider the unweighted maximum cut problem. In this problem, given an unweighted graph
G = (V, E), we want to partition V' into two sets V; and V5 such that we maximize the number of
edges between the two partitions. Our local search algorithm starts with an arbitrary partition V;
and V5. Then, it performs one of the following two local operations as long as it improves the size

of cut (V1, Va):



e Move some vertex v € V; to Vs, or
e Move some vertex v € V5 to V;.

The local search algorithm having these operations finishes in polynomial time. The reason is
that in each iteration, we increase the number of edges between two partition by at least one. Since
there are O(n?) edges where n = |V|, we have O(n?) iterations. Each iteration takes O(n) time for
each vertex and O(n?) in total. Therefore, the total running time is in O(n*). Now, we analyze the
approximation ratio of this simple algorithm. Let d(v) be the number of edges incident to a vertex
v in the graph, i.e., be the degree of v. We claim that in a local optimal solution, each vertex has at
least d(v)/2 incident edges between V; and V5, because otherwise we can move it from one partition
to the other and increase the objective value. This is a contradiction with the local optimality of the
solution. Therefore, the number of edges between the partitions is at least |E(G)|/2. Since the

optimum value is at most |E(G)|, the value of our solution is within factor 2 of the optimum.

1.2 Clustering Problems

To have meaningful clustering, the objective function must restrict the number of clusters; otherwise,
the clustering that puts every single object in a cluster (i.e., the number of clusters is equal to the
number of objects) gives the optimum solution for any reasonable objective function. There are
two main groups of clustering problems based on how the objective function restricts the number of

clusters: k-clustering problems and facility location problems.

1.2.1 k-clustering problems

In k-clustering problems, given an integer k in input, we want to cluster some objects into at most
k clusters and optimize an objective function, which shows the desirability of a clustering. Here we
directly restrict the number of clusters to a given number. We present some well-known k-clustering
problems in the following.

k-median: In this problem, we are given a complete bipartite graph G = (V, E)) with bipartition
(F,C) and a metric cost function ¢ : E — Qx¢. Here, F and C can be considered as the sets of
facilities and clients, respectively. We want to partition C' into & sets (clusters) Cy, Cs, ..., C} and

assign a facility to each set (cluster) such that we minimize Zle > ¢y, Where y; is the facility

i€C;
assigned to cluster C;. In a series of works, the best approximation ratio for this problem improved to
its current best factor of 3 + % for any fixed integer p > 1 with running time n°(®) due to Arya et al.
[AGK™T01]. Jain et al. [JMS02] proved that the k-median problem cannot be approximated within a
factor strictly less than 14 2/e ~ 1.735, unless NP C DTIME[nC (o818 )] where DTIME(t(n))
is the collection of languages that are decidable by an O(t(n)) time deterministic Turing machine.
k-center and k-cluster: In these problems, we are given a complete graph G = (V, E) with

metric cost function ¢ : ¥ — Q> and we want to partition V into k sets Cy, C5, ..., Cy. In the k-



center problem, we want to minimize max¥_, rad(C;). The k-center problem has a 2-approximation
algorithm and this is the best possible unless P= NP [HS85]. In the k-cluster problem, we want to
minimize max?_; diam(C;). For this problem, there is a 2-approximation algorithm as well and

this is the best possible unless P= NP [Gon85].

1.2.2 Facility Location Problems

Sometimes, fixing the maximum number of clusters is not appropriate, because we do not know
how to set this parameter. Setting £ too low or too high may result in an ineffective clustering.
Thus, we are interested in restricting the number of clusters without directly specifying an upper
bound k. In the second group of clustering problems, there is a cost associated with each possible
cluster and for each clustering, the objective value depends on the cost of clusters in it. To restrict
the number of clusters, we define these costs in a way that the optimal solution cannot have many
clusters unless it is unavoidable (i.e., most of the objects are different and it is not optimal to put
them in the same cluster). The clustering problems of this type are called facility location problems.
In these problems, there are some clients that must be served by some facilities. In other words,
we want to cluster clients and assign a facility to each cluster. To use each facility, we must pay an
opening cost.

Now, we present some well-known facility location problems. In the following problems, we
are given a complete bipartite graph G = (V, E') with metric cost function ¢ : E — Qxq where
V = FUC, and F and C are the bipartition of vertices. The sets F' and C' are sets of facilities
and clients, respectively. Each client j has a demand d; and each facility ¢ has an opening cost f;.
We denote the cost of serving one unit of demand of client j at facility ¢ by c;;. Let x;; be the
amount of demand of client j that will be served by facility ¢ in our solution. Note that we must
have ), » 2 = d; and x;; > 0 only if facility i is open in our solution.

Uncapacitated Facility Location: In this problem, there is no limit on the capacity of a facility.
We want to choose a subset I of facilities to open and assign the demands of clients to these facilities
in a way that minimizes » iec TijCij + > el fi- Shmoys, Tardos and Aardal [STA97] gave the first
constant approximation for this problem with ratio 3.16. In a long series of works, the approximation
ratio for this problem was improved to 1.488 [Lill]. Furthermore, a result of Guha and Khuller
[GK98], combined with an observation of Sviridenko (personal communication cited in [CW99]),
implies that no polynomial time algorithm for this problem can have an approximation factor better
than 1.463 unless P= NP.

Capacitated Facility Location: In this problem, facility ¢ can serve at most u; units of demands.
Again, we want to choose a subset I of facilities to open and assign the demand of clients to these
facilities in a way that minimizes ) ;. @i;cij + ), fi- The current best approximation algorithm
for this problem has factor 5 [BGG12] and the best hardness result is the same as the uncapacitated

version.



Lower-bounded Facility Location: In this problem, if we open facility ¢, it must serve at least
l; units of demands and the objective function is the same as the previous two problems. Svitkina
gave the first constant approximation algorithm with ratio 448 for this problem [Svil0]. Later, an
improved approximation algorithm with ratio 82.6 was given by [AS11]. The best hardness result is

the same as the uncapacitated version.

1.3 Problems Considered

Now, we introduce the problems that we consider in this thesis. The first group of problems are from

the k-clustering problems and the second group of problems are from the facility location problems.

1.3.1 The Minimum Sum of Radii and Diameters Problems

The k-center clustering is an important and traditional clustering method. Unfortunately, in some ap-
plications, using k-center objective function produces a dissection effect [HI87]. This effect causes
objects that should be placed in the same cluster to be assigned to different clusters. To avoid this
effect, it is proposed to minimize the sum of cluster radii or diameters. This leads to the Minimum
Sum of Radii (MSR) and the Minimum Sum of Diameters (MSD) problems, respectively. In each
of these problems, one is given a set of points V' in a metric space d and the goal is to partition V'
into k clusters so as to minimize the sum of radii of clusters (in MSR) or the sum of diameters of the
clusters (in MSD). We can consider these points as the vertices of a graph with a metric cost func-
tion on the edges. More formally, we are given a graph G = (V, E) with edge costs (or distances)
d: E — Q>¢. The goal is to partition V into k sets V7, Va, ..., V4. In the MSR problem, we want

to minimize Zle rad(V;). In the MSD problem, we want to minimize Zle diam(V;).

1.3.2 The Unsplittable Capacitated Facility Location Problem

We also consider the Unsplittable Capacitated Facility Location Problem (UCFLP) with uniform
capacities. In this problem, we are given a set of clients C' and facilities F' where each client j has
demand d; and each facility ¢ has capacity v and opening cost f;. We have a metric cost function
ci; which denotes the cost of serving one unit of demand of client j at facility . The goal is to
open a subset of facilities I C F' and assign each client j to exactly one open facility ¢(j) to serve
its entire demand d; so that the total amount of demand assigned to each open facility is no more
than u, while minimizing the total cost of opening facilities and serving clients, i.e. minimizing
Yierfi 20 jec djcg(;);- This problem generalizes some important combinatorial optimization
problems.

Facility location problems have been studied extensively in operations research and management
sciences and even a few books are devoted to these problems (e.g., see [DH04, LMW88]). They are
also well studied in theoretical computer science and various approximation algorithms are designed

for them. While these problems arise in a wide range of practical applications, the most common



context of their employment has been supply chain. In a supply chain that consists of suppliers, dis-
tribution centers, or warehouses and customers, these problems emerge in making location decisions
[Ver11]. When we deal with indivisible goods, the unsplittable demand assumption is a necessity. In
particular, the UCFLP has been studied in Operations Research literature from the eighties, where
it is called the capacitated facility location problem with single sourcing or the capacitated con-
centrator location problem [DHO04]. The latter name comes from the problem of assigning a set of
terminals or workstations to some concentrator devices in telecommunications networks. Here, each
terminal has a demand that must be served by exactly one concentrator and each concentrator has a

capacity that shows the amount of traffic that it can manage.

1.4 Previous Works

In this section, we present the previous works on the problems that we consider. We discuss these

works in more details in the following chapters.

1.4.1 The MSR and MSD Problems

Both the MSR and MSD problems are well studied in general and Euclidean metrics. When the
cost function is a metric distance function, a simple observation is that for any graph (or cluster)
G: rad(G) < diam(G) < 2rad(G). Thus, an a-approximation algorithm for MSD yields a
2a-approximation algorithm for MSR and vice versa. Doddi et al. [DMRT00a] considered the
MSD problem and showed that unless P= NP, for any ¢ > 0, there is no (2 — ¢)-approximation
algorithm for the MSD problem even when the graph is unweighed (i.e. the metric is the shortest-
path metric of an unweighted graph). Note that this result does not imply NP-hardness of MSR. They
also presented a bicriteria algorithm that returns a solution with O(k) clusters whose cost is within
O(log(n/k)) factor of the optimum. Charikar and Panigrahy [CP04] significantly improved this
result by giving a (3.504 + €)-approximation algorithm for MSR, and consequently a (7.008 + €)-
0(%)

approximation algorithm for MSD, that runs in time n . These are the current best ratios for

the MSR and MSD problems on general metrics. Recently, in an interesting result, Gibson et al.
[GKK™10] designed an exact algorithm for the MSR problem which runs in time n@(lcgnlog2)
where A is the ratio of the largest distance over the smallest non-zero distance. They translate this
result to a quasi-polynomial time approximation scheme for general metrics.

There are also several results for the special cases of these problems. When &k = 2, the MSD
problem is solvable in polynomial time by a reduction to the 2-SAT problem [HJ87]. When k is
fixed and the metric is Euclidean, Capoyleas et al. [CRW91] present an exact algorithm for MSD.
When k is fixed, for general metrics, there is a 2-approximation for MSD [DMR*00a]. This result
can be obtained from a simple exact algorithm for MSR [DMR00a], which uses the observation

that the number of distinct clusters are polynomially bounded. For Euclidean MSR, there is an exact

polynomial time algorithm [GKK*12]. This result also extends to L; and L, norms. This also
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implies a 2-approximation for MSD on Euclidean plane, which is the current best ratio. In contrast,
the MSR problem is NP-hard even in metrics induced by weighted planar graphs and in metrics of

constant doubling dimension [GKK™10].

1.4.2 The UCFLP

As Bateni and Hajiaghayi [BH09] pointed out, solving the UCFLP without relaxation of capacities
is NP-hard even in very special cases. Thus, research has focused on the design of bicriteria approx-
imation algorithms. An («, 8)-approximation for the UCFLP returns a solution whose cost is within
factor « of the optimum and violates the capacity constraints within factor 5. Here, we compare our
solution with an optimal solution that does not violate any constraints. It should be noted that if we
violate capacity of a facility within factor 3, we must pay S times its opening cost.

In the context of approximation algorithms, Shmoys, Tardos, and Aardal [STA97] were the first
to consider this problem and presented a (9, 4)-approximation algorithm. They used a filtering and
rounding technique to get an approximation algorithm for the splittable version and used a rounding
for a generalized version of the matching problem, called generalized assignment problem (GAP)
[ST93] to obtain their algorithm for the unsplittable version (see Section 3.1.4 for a formal definition
of GAP). This technique of reducing the unsplittable version using the rounding for the GAP to the
splittable version was a cornerstone of the subsequent approximation algorithms. In addition, in the
same place, by a randomized version of the filtering technique, they got a new algorithm with the
ratio (7.62,4.29).

Korupolu, Plaxton, and Rajaraman [KPR98] gave the first constant factor approximation al-
gorithm for the splittable hard capacitated version, and applied the GAP rounding technique of
[STA97] to get a (O(1), 2)-approximation algorithm for the UCFLP. All subsequent constant factor
approximation algorithms for the splittable capacitated version combined with the GAP rounding
technique give a (O(1), 2)-approximation algorithm for the UCFLP, even though this may not be
explicitly stated by their authors. Applying the current best approximation algorithms for the split-
table capacitated version with non-uniform capacities [BGG12] and uniform capacities [AABT10],
one can get factor (9, 2) and (5, 2) approximation algorithms for the UCFLP with non-uniform and
uniform capacities, respectively.

Recently, Bateni and Hajiaghayi [BH09] modeled an assignment problem in content distribu-
tion networks by the UCFLP. This assignment problem has been first considered by Alzoubi et al.
[ALR™08] and is basically the assignment of downloadable objects, such as media files or softwares,
to some servers. We cannot split a downloadable object and we need to store it in a single server. As
Alzoubi et al. mention, the server capacities is very crucial in practice and a high overload amount on
a server can disrupt a large number of connections. Motivated by this strict requirement on capaci-
ties, the authors of [BH09] designed a (1+¢, 14 ¢)-approximation algorithm for tree metrics (for any

constant ¢ > 0) using a dynamic programming approach. They also presented a quasi-polynomial
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time (1 + ¢, 1 + ¢)-approximation algorithm (again for trees) for the non-uniform capacity case, i.e.
when each facility ¢ has a given capacity u;. Using Fakcharoenphol et al.’s [FRT03] improvement
of Bartal’s machinery [Bar98], this implies a polynomial time (O(logn), 1 + €)-approximation al-
gorithm for almost uniform capacities and a quasi-polynomial time (O(log n), 1+ €)-approximation
algorithm for non-uniform case for an arbitrary constant € > 0.

All the known constant-factor algorithms for the UCFLP violate the capacity constraints by a
factor of at least 2 which is mainly due to using the rounding algorithm for GAP [ST93]; and the

algorithm of [BH09] (although has 1 + € violation) is not a constant factor approximation.

1.5 Our Contributions and Thesis Structure

Here, we present the new results of this thesis. The details of results for the MSR and MSD problems
come in Chapter 2. Then, the details of results for the UCFLP come in Chapter 3. Finally, we

conclude this thesis in Chapter 4.

1.5.1 The MSR and MSD Problems

For graphs with polynomially bounded A (for instance for unweighted graphs), the exact algorithm
of Gibson et al. [GKKT08b] for the MSR problem runs in time n°(°8* ™). This gives us strong
evidence that the MSR problem for these metrics is not NP-hard and perhaps, solvable in polynomial
time. We make some progress in this direction and give a polynomial time exact algorithm for
metrics induced by unweighted graphs in the case that no singleton clusters (i.e., clusters having a
single point) are allowed. This result reduces the unweighted MSR problem to the problem of finding
the singleton clusters. In other words, it shows the difficult core of the problem is to determine which
points should be a cluster by themselves. We also show that finding the best single cluster of each
connected component is a %-approximation algorithm for the unweighted MSR problem without
singletons. This algorithm has a better running time than the above exact algorithm. We contrast
this simple algorithm with an integrality gap of at least essentially 3/2 for a natural LP relaxation of
the problem.

For Euclidean MSD (i.e., points in Q? and Euclidean metric), the exact algorithm of Capoyleas
et al. [CRWI1] for fixed k raises a question about the complexity of this problem for variable k.
This is first asked by Doddi et al. as an open problem (see Section 6 in [DMR*00a]). By giving a
PTAS for the Euclidean MSD, we show that this problem is not APX-hard unless P= NP.

Recall that Hansen and Jaumard [HJ87] gave an exact algorithm for the MSD problem when
k = 2. The best known approximation algorithm for the MSD problem with constant k£ > 2 is the
2-approximation algorithm that comes from the exact algorithm of the MSR problem in this case.
Doddi et al. raised an open question (see Section 1.3 in [DMR™00a]) about the complexity of this
problem in this case. We answer this question by giving a polynomial time exact algorithm for the

MSD problem with constant k.
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1.5.2 The UCFLP

We present the first constant factor approximation algorithms with capacity violation factor less than
2. Particularly, we present two approximation algorithms with factors (9, 3/2) and (29.315,4/3) for
the UCFLP. In this process, we reduce the UCFLP to a more restricted version that we believe can be
an important step in finding a constant approximation algorithm with (1 + ¢) violation of capacities
for any ¢ > 0. Note that an (O(1),1 + ¢)-approximation algorithm for the UCFLP is the best
possible (up to the constant factor hidden in O(.)) as the UCFLP does not admit any (1.463 — €, §)-
approximation for any constant ¢ > 0 and any 5 > 1 unless P= NP. This is because the standard
facility location problem is 1.463-hard [GK98]. We also consider the UCFLP restricted to Euclidean

metrics and give a (1 + €, 1 + €)-approximation that runs in quasi-polynomial time.
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Chapter 2

The Minimum Sum of Radii and
Diameters Problem

In this chapter, we consider the Minimum Sum of Radii (MSR) and the Minimum Sum of Diameters
(MSD) problems. These two problems are closely related to each other. The input and output for
both problems are the same. The only difference is in the objective function. The formal definitions
of these problems are as follows. We are given a set of points V and a metric d defined on these
points and an integer k. The goal is to partition V' into k clusters (subsets of V') so as to minimize
the sum of radii of clusters in the MSR problem or the sum of diameters of the clusters in the
MSD problem. We can consider these points as the vertices of a complete graph with a metric cost
function on the edges. More formally, we are given a complete graph G = (V, E') with metric edge
cost (or distance) function d : E — Q% and an integer k. The goal is to partition V into k sets
Vi, Va,..., Vi In the MSR problem, we want to minimize Zle rad(V;), where rad(V;) is the
radius of V;. In the MSD problem, we want to minimize Zle diam(V;), where diam(V;) is the
diameter of V;. We call a cluster containing a single vertex a singleton or zero ball.

Notice that when we have k sets covering V/, i.e., each vertex of V' is in at least one of these sets,
we can easily obtain a partition of V' from these sets without increasing their total radii or diameters.
As a consequence, we also consider any cover of V' as a feasible solution.

Recall that, sometimes, we can represent a metric in a more compact way by a non-complete
edge-weighted graph GG, where the distance between any pair of vertices is the shortest path distance

of these vertices in G.

2.1 Overview of Related Works

In this section, we briefly review the works related to the MSR and MSD problems and discuss their

connection to our results.
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2.1.1 Connection between the MSR and MSD Problems

There is a strong connection between the MSR and MSD problems. This connection comes from the
similarity of their objective functions and the relationship between radius and diameter of a graph.

This well known relationship is as follows:

Observation 2.1.1 In an edge-weighted graph G with metric weights, we have rad(G) < diam(G) <
2rad(G).

Doddi et al. [DMRT00b] noticed that the above observation has an important implication for
the MSR and MSD problems. As it is shown in the following proposition, any c-approximation
algorithm for the MSR (MSD) problem is a 2c-approximation algorithm for the MSD (MSR, re-
spectively) problem. Thus, by designing a good approximation algorithm for one problem, we get a

reasonably good approximation algorithm for the other problem.

Proposition 2.1.1 [DMRT00b] An a-approximate solution for the MSR (MSD) problem is a 2c-
approximate solution for the MSD (MSR, respectively) problem.

Proof. Let GG be the input graph, and OPTr and OPTp be the optimal values for the MSR and
MSD problems, respectively. Assume that clusters Vi, ..., V,” give the optimum value for the
MSD problem. Also, let Vi, ..., V;E be a clustering that gives the optimum value for the MSR
problem. We have

k k
OPTx < Y rad(V;”) <> diam(V;”) = OPTp, (2.1)
i=1 i=1

where the first inequality holds, because OPTr, is the optimum value for the MSR problem and the

second holds because of Observation 2.1.1. Similarly, we have

k k
OPTp < ) diam(V;") < > 2rad(V;") = 20PTx. (2.2)
i=1 i=1
Now, let V1, . .., V} be an a-approximate solution for the MSR problem. The cost of this solution

for the MSD problem is
k k
> diam(V;) < ) 2rad(V;) < 200PTg < 200PTp,
i=1 i=1

where we used Observation 2.1.1 and Equation (2.1) in the first and last inequality, respectively. In
an analogous manner, by using Observation 2.1.1 and Equation (2.2), we can prove an ci-approximate

solution for the MSD problem is a 2a-approximate solution for the MSR problem. |

While we have the above interesting connection, these problems have a very important differ-
ence. We call a cluster maximal for the MSR (MSD) problem if one cannot add any vertex to it

without increasing its radius (diameter, respectively). Any solution can be turned into one having

15



only maximal clusters without increasing the cost. Therefore, we can ignore non-maximal clusters
and only consider maximal clusters in the solutions for the MSR and MSD problems.

Consider a maximal cluster of radius r for the MSR problem and let v be an arbitrary center of
this cluster. By definition, this cluster must contain all the vertices in the graph having distance at
most 7 from v. Recall that we call the set of such vertices the ball of radius r around v and denote
it by B(v,r). As is shown in the following proposition, the number of distinct maximal clusters
for the MSR problem is at most n2, while the number of distinct maximal clusters for the MSD
problem can be exponential. This yields a very important advantage when we deal with the MSR
problem. We can enumerate all subsets of the maximal clusters having size at most [ in time O(n?').
When [ is a constant, this is polynomial time and when [ is O(log®(n)) for some constant ¢, this is
quasi-polynomial time. This enumeration is an important part of many related results. The following

proposition was first observed by Doddi et al. [DMR100b].

Proposition 2.1.2 [DMRT00b] In the MSR problem, the number of distinct maximal clusters is at

most TL2.

Proof. We claim that each vertex can be the center of at most n distinct maximal clusters and hence,
there are at most n? distinct maximal clusters overall. Consider an arbitrary vertex v and sort the
vertices in the graph in the ascending order of their distances from v. Let 0 = rg < r; < --- <1y
be the distinct distances. It is not hard to see that forany 1 < ¢ < [, if r; < r < 7,41, we have
B(v,r;) = B(v,r). Therefore, the only distinct maximal clusters centered at v are B(v, ;) for
1 < <land v is center of [ < n distinct balls. [ |
From now on, when we discuss the clusters in the MSR problem, we mean the clusters from the

above set of distinct maximal clusters, which has size at most n2.

2.1.2 General Metrics

There are only three separate works for the general case of the MSR and MSD problems. Beating
the current best approximation ratios for the MSR and MSD problems has been an open problem
for the last eleven years. It seems that achieving this needs the introduction of new techniques or

perhaps some important new structural observations.

The First Approximation Result

Doddi et al. [DMR*00b] gave the first approximation result for the MSD problem (and conse-
quently, for the MSR problem by Proposition 2.1.1). They designed an algorithm that yields a
solution with no more than 10k clusters having cost within factor O(log(n/k)) of cost of an optimal
solution, which has £ clusters. Clearly, this is a bicriteria approximation algorithm. Here, we briefly
explain the high-level idea of their algorithm.

They start with the trivial clustering that contains n singletons and iteratively decrease the num-

ber of clusters to at most 10k. First, they observe the simple fact that if two clusters with diameters
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D, and D, intersect, the maximum distance between any pair of their combined vertices is at most
D1 + Dy and we can cover all their vertices with a single cluster of diameter Dy + D». In other
words, we can merge them without increasing the total diameter'. Second, they show that given a
graph with [ vertices, one can find in polynomial time a clustering with at most 3k(1 + In(l/k))
clusters having cost at most O(In(l/k))OPT. Now, assume at the start of ith iteration the clusters
are C'1, . . ., C;. Choose a random representative from each cluster and consider the graph and metric
induced on this representative vertices. They give this graph to the algorithm mentioned above and
get at most 3k(1 + In(l/k)) clusters with cost at most O(In(I/k))OPT. Now, add these clusters to
Ci,...,C;. It results in some intersecting clusters that after merging them, we must have at most
3k(1 + In(1/k)) clusters, while we increased the cost only by O(In(l/k))OPT.

Let n; be the number of clusters after the :th iteration and let nyp = n. It is easy to see that
ni+1 < 3k(1 + In(n;/k)) and the number of clusters decreases very fast. They show that after
5 4 log log(n/k) iterations the number of clusters decreases from n to at most 10k and hence, the

running time is polynomial time. Also, the cost of this solution is at most

5+loglog(n/k)

>~ O(n(ni_1/k))OPT.

i=1
They show that the first term of summation dominates the other terms and the cost is actually within
factor O(In(n/k)) of the optimum value.

Later, in the journal version of their paper [DMRT00a], Doddi et al. slightly improved their

result. For a fixed ¢, they gave a polynomial time algorithm that returns a solution with at most

((1+ 2)—4; + 6)k clusters whose total diameter is within a factor of (1 + €)(z + 2) In(Z%) of the
optimum, where the parameters x, d, and ¢, act to control a tradeoff between the cost of the solution,
the number of clusters returned, and the running time. The reader can verify that even with this

improvement, we cannot have a clustering with number of clusters arbitrarily close to k.

The Current Best Ratio

Soon after the first result, Charikar and Panigrahy significantly improved it [CPO1]. They gave a

O(/¢) Note that in contrast

(3.504 + €)-approximation for the MSR problem that runs in time n
to the previous result, this is a true approximation algorithm, not a bicriteria one. In addition,
the logarithmic approximation ratio is improved to a constant factor. By Proposition 2.1.1, this
also yields a (7.008 + €)-approximation algorithm for the MSD problem. These are currently the
best ratios known for these problems for general metrics. We give a high-level description of this

algorithm here.

IThe same fact is true for the sum of radii in the case of unweighted graphs (see Lemma 2.3.1), but not weighted graphs
as in the case of sum of diameters
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The natural LP relaxation of the MSR problem is as follows:

minimize Z Z ryln)

ueV r
subject to Z Z Y > 1 YveV

u€V rid(u,v)<r

SNy =k 2.3)

ucV r
Yo 20 Yu € V,Vr,
where yff) = 1 indicates a cluster of radius r is centered on vertex u. They first use the Lagrangian

relaxation technique to simplify the problem by removing Constraint (2.3). The Lagrangian relax-

ation LP is as follows:

minimize Z Z(r +2).y" — kX

ueV r

subject to Z Z yff) >1 YveV
u€V rid(u,v)<r
y, >0 Yu € V,Vr.

This LP can be considered as a relaxation for the problem in which we do not have a hard limit on
the number of clusters, but instead, we must pay a creation cost of A in addition to its radius for
each cluster (in other words, they transformed the problem to a facility location clustering). They
designed a 3-approximation algorithm for this problem with an extra property that is necessary for
the later steps.

Notice that when A is small, the optimal solution has many clusters. For instance, when A = 0,
the optimal solution has n singleton clusters. Also, when A is large, the optimal solution has just a
few clusters. For example, when A = rad(G), the single cluster containing the whole graph is an
optimal solution. In other words, the number of clusters in an optimal solution does not increase
when ) increases. Thus, one can use \ as a control parameter for the number of clusters.

One can use binary search on the value of A to get clusterings that their number of clusters are
closer and closer to k. If we indeed find a clustering with exactly k clusters, it can be shown that it
is a 3-approximate solution for the MSR problem. Otherwise, we must be able to find two solutions
S1 and S with &y and ko clusters (k7 < k < ko), respectively, such that their corresponding A
values, A\; and )., are very close to each other. Let a and b be the coefficients such that ak; +
bke = k and a + b = 1. Because A\; and A5 are very close to each other, it can be shown that
a. cost(S1) + b. cost(S2) is a close lower bound for the optimum. Finally, they give a randomized
algorithm that chooses at most k clusters from S; U S2 with expected cost within factor at most
O(1/¢)

ﬁ + € ~ 3.504 + € of the optimum in time n
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The Exact Algorithm in Quasi-polynomial time

The last result for the general case belongs to Gibson et al. [GKKT08b]. They presented a very
interesting exact algorithm for the MSR problem that runs in time n©C(°gm1°88)  Here, A is the
aspect ratio of graph, which is the ratio of the cost of heaviest edge over the lightest edge. Later,
they showed how this result can be transformed to a QPTAS for the MSR problem [GKKT10]. A
brief description of this algorithm is as follows.

First, they run a randomized algorithm to partition any set ) of vertices into two or more non-
empty sets of half diameter such that the expected number of clusters cut in an optimal solution for )
is at most 321og(|@|). This randomized algorithm is exactly the same as the partitioning algorithm
of [FRT03] for embedding general metrics into tree metrics. By Markov’s inequality, the probability
that this partition cuts more than 64 log(|@Q|) clusters of an optimum is not more than 1/2. We can
guess these at most 64 log(|@Q|) clusters by enumerating all subsets of at most 64 log(|Q)|) clusters.
By Proposition 2.1.2, this can be done in time n®(1°&IQD  For any of these subsets, we remove
the at most 64 log(|@|) chosen clusters from the partitions and recursively solve the problem on the
remaining vertices of each partition. One can show that using a standard dynamic programming
technique, we can combine the answers of the recursive calls to find the best cover with respect
to the subset of chosen clusters that we removed. As a result, we can simply check each of these
subsets of size at most 64 log(|@Q|) and return the best solution among the solutions that we obtain
corresponding to each subset. Then, the proof of correctness of this algorithm can be done with
an inductive argument. Note that the branching factor of the recursion tree is n®1°21QD and the
depth of recursion is at most log A, because we cut the diameter in half when we partition any set

of vertices Q. Therefore, the running time is in nC(°g 7108 &)

The Gap between Hardness and Algorithmic Results

Doddi et al. [DMR00b] showed that unless P= NP, for any € > 0, there is no (2—e)-approximation
algorithm for the MSD problem even when the metric is induced by an unweighed graph. Note that
this result does not imply NP-hardness of the MSR problem, because an exact algorithm of the
MSR problem yields a 2-approximation algorithm for the MSD problem and does not violate the
above hardness. Later, Gibson et al. [GKKT08b] showed that the MSR problem is NP-hard even in
metrics induced by weighted planar graphs and in metrics of constant doubling dimension. As one
can expect, the aspect ratios of the graphs used for the reductions are exponential in n.

The above NP-hardness result shows that in terms of approximation ratio a PTAS is the best
that we can hope for. Interestingly enough, the QPTAS found by Gibson et al. shows that the MSR
problem is very unlikely to be APX-hard. The reason is that if someone can show that it is NP-hard
to beat some approximation ratio ¢ where c is a small constant, we can use the QPTAS algorithm
to get an approximation ratio less than ¢ for the MSR problem. This means that we can solve all

problems in NP in quasi-polynomial time, which is widely believed to be false. The fact that the
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MSR problem is unlikely to be APX-hard, gives us a strong evidence that it should be possible to
design a PTAS for it. Unfortunately, there is a large gap between what should be possible, i.e., a
PTAS, and the current best approximation ratio of 3.504 + €. Note that the above argument also
gives a strong evidence for existence of a (2 + €)-approximation algorithm for the MSD problem,

while the current best ratio is 7.008 + ¢ and we also have a large gap here.

2.1.3 Special Cases

There are also several results for special cases of the MSR and MSD problems. When k& = 2, the
MSD problem in general metrics is solvable in polynomial time by a reduction to the 2-SAT problem.
This is shown by Hansen and Jaumard [HJ87]. Moreover, they showed that for two clusters, the task
of minimizing any function of their diameters can be done in polynomial time. Since we give a
polynomial time exact algorithm for the MSD problem with constant k (see Section 2.5), we briefly
explain their reduction to 2-SAT.

They do the following steps for any pairs of possible diameters for the two clusters. Note that
these diameters are from one of the at most O(n?) different distances that we have in the metric.
Fix two diameters d; and ds where d; < ds. For any vertex u, they associate a boolean variable x,,.
This variable takes value O if u is in the first cluster and takes value 1 if u is in the second cluster.
Now, for any pair of vertices u and v, we add between zero to two clauses to the SAT formula.
If d(u,v) < dy, we do not add any clause. If d; < d(u,v) < da, we add the clause (z, V z,),
which forbids both w and v being in the first cluster. Finally, if do < d(u,v), we add the clauses
(T4 V 2y) A (52 V —2y,), which forbids v and v being in the same cluster. After determining the
2-SAT formula, we check to see whether it is satisfiable or not. If it is not, this pair of diameters is
impossible in a feasible solution. If it is, it gives an assignment of vertices to the first and the second
clusters with diameters at most d; and ds, respectively. They returned a feasible clustering obtained
from a pair of diameters with minimum d; + ds.

When £ is fixed and the metric is Euclidean, Capoyleas et al. [CRW91] presented an exact
algorithm for the MSD and MSR problems. In fact, their algorithm is more general and works for
the minimization of any monotone function of the diameters and radii. The main part of this result
is to show that any two clusters in some optimal solution can be separated by a line. Then, the rest
is straight forward. It can be shown that we have at most 3k — 6 distinct separating lines. We can
move any of these lines to hit two vertices of the input. Therefore, we can enumerate all subsets of

3k — 6 lines that contain two vertices of the input in time O (n®*~12)

, partition the points with these
lines and find the best solution with at most k partitions among all the partitions.

When £ is fixed, for general metrics, there is a 2-approximation for MSD [DMR*00b]. Although
it is explained in a different way, one can verify that the algorithm of [DMRT00b] is the following
simple exact algorithm for the MSR problem (which is a 2-approximation algorithm for the MSD

problem by Proposition 2.1.2): By proposition 2.1.2, we can enumerate any subsets of size at most k
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of maximal clusters in time O(n?*). For a constant k, this is polynomial time and we simply return
the best feasible solution out of these O(n2*) solutions that we get. For Euclidean MSR, there is an
exact polynomial time algorithm [GKK™08a]. This result also extends to L; and L, metrics. This
also implies a 2-approximation for the MSD problem on Euclidean plane, which is the current best
ratio. As we use Gibson et al.’s framework to give a PTAS for the MSD problem (see Section 2.4),
we give a detailed explanation of this algorithm here with reference to the journal version of this

result [GKK™12]. We call this algorithm the GKKPV algorithm.

The GKKPYV Algorithm for Euclidean MSR

Consider an instance of the Euclidean MSR problem which consists of a set of points V' on the plane
along with an integer k. Here, the distance between any pair of points is the Euclidean distance of
these points in the plane. Let D be the set of distinct maximal clusters which, in our special case, is
the set of discs with a center p € V and radius ||pq|| for some ¢ € V. Note that by Proposition 2.1.2,
we have |D| < n?.

The high level description of the algorithm is as follows. An axis parallel rectangle is called
balanced if the ratio of its width to length is at least 1/3. The GKKPV algorithm is a dynamic
programming algorithm which uses balanced rectangles to define the subproblems (i.e. the set of
points enclosed in a balanced rectangle to be covered with a given number of discs). A separator for
a (balanced) rectangle is any line which is perpendicular to its longer side and cuts it in the middle
third of its longer side. The algorithm starts with a rectangle containing all the points, denoted by
Ry, and cuts it into two smaller rectangles by selecting a separator line and solves the subproblems
corresponding to smaller rectangles recursively.

A vertical or horizontal line is called critical if it either goes through a point p € V or if it
is tangent to some disk in D. It is not hard to see that all vertical lines between two consecutive
critical vertical lines intersect the same set of discs. Thus, it is enough to fix an arbitrary vertical
line between any two consecutive critical vertical lines, one to the left of the leftmost critical vertical
line and one to the right of the rightmost critical vertical line and only consider these lines as po-
tential vertical separators. We can also do the same for the horizontal lines to reduce the number of
important horizontal separators. Thus, there are only ©(n?) vertical or horizontal lines to consider
as separators. Let L(R) denote the separators of a rectangle R from these fixed set of lines and the
leftmost and rightmost separators of it.

The algorithm has a recursive procedure DC(R, k,T') shown below, which takes as input a
rectangle R, an integer x > 0 and a subset 7' C D and computes an optimum MSR solution using
at most « discs for the set of points in @ = {q : ¢ € V N R, ¢isnotcovered by T}. The idea
is that T is the set of discs in the optimal solution that intersect R and are chosen in the higher
levels of recursion. The algorithm calls DC(Rq, k, @) to find the best cover for V. The value of

the sub-problem for a recursive call is stored in a dynamic programming table TABLE[V N R, k, T).
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They prove that we only need to consider |T'| < /3 = 424 to get an optimal solution (we explain this
below); this combined with the fact that the number of distinct VN R is O(n*) and € O(n), implies
that the size of the dynamic programming table (and hence sub-problems to compute) is O(n?5+9),
which is polynomially bounded. In the following algorithm, we assume that I is a dummy disc of

radius oo.

Algorithm 2.1.1 Recursive Clustering: DC(R, k,T)

1: If TABLE[V N R, k, T is created then return its value; otherwise create it.

2. Let@Q ={q:q € VNR, qis not covered by T'}. If Q@ = @) then TABLE[V N R, x,T| + 0 and
return .

3: If k = 0, let TABLE[V N R, k, T] <— {I} (infeasible) and return {I}.

4: If |@Q| = 1, let TABLE[V N R, k, T'] be the solution with a singleton cluster and return its value.

Let R’ be a minimal balanced rectangle containing V' N R (this rectangle always can be found

in polynomial time).

6: Initialize D" < {I}.

7: for all choices ¢ € L(R’) do

8

9

W

for all choices of a set Dy C D of size at most 12 that intersect £ do
for all choices of k1, k2 > 0 with k1 + ko + |Dg| < k do

10: Let Ry and Rs be the two rectangles obtained from cutting R’ by £. Let T} = {D €
TUDy: Dintersects Ry} and To = {D € TU Dy : D intersects Ra}.

11: if ‘T1| < ﬁ and |T2| < B then

12: Recursively call DC(Rq, k1,T1) and DC(Rg, k2, T5).

13: if cost(Dy U TABLE[V N Ry, k1, T1] U TABLE[V N Ra, k2, T3]) < cost(D’) then

14: Update D’ + Dy U TABLE[V N Ry, k1, T1] U TABLE[V N Ry, ka2, T3]

15: Assign TABLE[V N R, k,T] < D’ and return its value.

For the proof of correctness of GKKPYV, the authors of [GKK ™ 12] prove the following lemmas.

The first one is used to show that in Step 8, it is sufficient to only consider subsets of size at most 12.

Lemma 2.1.1 (Lemma 2.1 in [GKK'12]) If R is a rectangle containing a set of points P C V
and O is an optimum solution for P, then there is a separator for R that intersects at most 12 discs
in O.

The next lemma essentially bounds the number of large discs of optimum intersecting a rectangle
and is used to show that it is sufficient to only consider the choices of 77 and 75 as in Step 11. The
proof of this lemma is based on the fact that the centers of discs of an optimum solution cannot

contain the centers of other discs; so you cannot pack too many of them close to each other.

Lemma 2.1.2 (Lemma 2.2 in [GKK112]) If O is an optimum solution for a set of points P C Q?
and R is an arbitrary rectangle of length a > 0, then the number of discs in O of radius at least a

that intersect R is at most 40.

The following lemma puts a lower bound on the distance of separator lines of nested rectangles.

Its proof follows from the definition of separator lines.

Lemma 2.1.3 (Lemma 3.1 in [GKK"12]) Let DC(R;,-,-) be an ancestor of DC(R;,-,-) in the

recursion tree. Let a be the length of R;. Let {; be the separator that resulted in the recursion
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subtree that contains DC(R;,-,-) and let {; be an arbitrary separator for R;. If both of these

separators are vertical or horizontal, then the distance between them is at least a /3.

The main part of the proof of correctness is Lemma 3.2 in [GKK™ 12] which inductively proves
the correctness of procedure DC(R, x,T'). Let OPT be an optimal solution. The heart of this proof
is the induction step. For that, suppose that T C OPT contains every cluster of OPT that contains a
pointin V' N R as well as a point in V' \ R, OPT is the set of clusters of optimum that have a point in
Q= {q:q€VNR, qisnot covered by T'}, and k > |OPT’|. Note that the sole purpose of OPT’
is to cover Q and hence, OPT’ is an optimum cover for Q. From Lemma 2.1.1, R’ has a separator
¢’ that intersects a set Dy C D of at most 12 clusters of OPT’. Without loss of generality, assume ¢/
is vertical. We can move £’ (to left or right) to become a line £ € L(R’) that intersects the same set
750. Consider the choice of Dy = 750. Let OPT; and OPT, be the clusters of OPT’ to the left and
right of ¢ and consider choices of k1 = |OPT;| and ko = |OPT3|. Let Ry, R2, T3, T5 be exactly as
in the algorithm.

Then, the proof of correctness follows inductively. One can show that, by the induction hy-
pothesis, DC(R;, k1,T1) and DC(Ra, k2, T2) return an optimal solution. To complete the proof of
correctness, we only need to prove that |71 | < 8 and |T»| < . The proof for |T| < S is as follows.
The proof for 75 is analogous.

Every disc in 77 come from a guessed Dy for a separator in a higher level of the nested recursive
calls. We partition the separators of higher level recursive calls, into two groups and bound the
number of discs from each set. Assume R; is a rectangle of length a. Let R be a square of side 5a
centered at the center of R;. Consider the separators of higher level calls that do not intersect R. A
disc that intersects these separators and R; has radius at least ¢ and by Lemma 2.1.1, there can be
only 40 of them in 7%, because 77 C OPT. Now, consider the rest of separators. These separators
intersect R. By Lemma 2.1.3, it can be seen that there are at most 5a/(a/3) + 1 = 16 vertical
(horizontal) such separators. Therefore, there are at most 32 x 12 = 384 discs coming from these

separators in T} that can intersect R;. Thus, we must have |T7| < 384 + 40 = 424 = §.

2.1.4 Generalizations

One can generalize the MSR and MSD clustering problems to the case that the distance between ver-
tices is asymmetric metric or even not metric. Recall that in asymmetric metrics, we have the triangle
inequality, but not the symmetry. In the case of the non-metric distances, the graph must be complete
and we do not have even the triangle inequality. The diameter and radius have the same definition in
presence of these kind of distances, but the the property that rad(G) < diam(G) < 2rad(G) does
not exist anymore. As a result, Proposition 2.1.1 does not hold and the strong connection between
the two problems does not exist. In contrast, Proposition 2.1.2 still holds even for these distances.
Doddi et al. [DMR'00a] showed that unless P= NP, for any polynomial time computable

function «(n), the non-metric MSD problem cannot be approximated within a factor «(n). This
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statement holds even when £ = 3. In contrast, the polynomial time exact algorithm of Hansen and
Jaumard [HJ87] for MSD with £ = 2 works even if the cost function is not a metric.

For the non-metric MSR problem, when k is constant, the simple algorithm that enumerates all
subsets of size at most k of clusters still works, because as mentioned above, Proposition 2.1.2 still
holds. This shows a great difference with the non-metric MSD problem. When £ is not constant, the
hardness of the non-metric MSR problem is unknown. We just know that it is trivially as hard as the
asymmetric MSR problem in this case.

For the asymmetric MSR problem, there is an (H,,_)-approximation algorithm by Charikar
and Panigrahy [CP04], where H; is the ¢th Harmonic number. This is the only known result for

asymmetric metrics.

2.2 New Results

For graphs with polynomially bounded A (for instance for unweighted graphs), the exact algorithm
of Gibson et al. for the MSR problem [GKK™08b] runs in time nOUos®n)  This gives us strong
evidence that the MSR problem for these metrics is not NP-hard and one should be able to design an
exact algorithm for the MSR problem when restricted to these metrics. In contrast, the best known
polynomial time algorithm even for this case is the (3.504 + €)-approximation algorithm of Charikar
and Panigrahy [CPO1]. We make some progress in this direction and give a polynomial time exact

algorithm for metrics of unweighted graphs in the case that no singleton clusters are allowed.

Theorem 2.2.1 There is a polynomial time exact algorithm for the unweighted MSR problem when

no singletons are allowed.

It should be noted that having no singleton clusters may be a reasonable assumption for some
applications. In addition, our result reduces the unweighted MSR problem to the problem of finding
the singleton clusters. In other words, it shows the difficult core of the problem is to determine
which points should be a cluster by themselves.

Moreover, we show that there is a simple %-approximation algorithm for unweighted graphs
in the case that no singleton clusters are allowed. This algorithm has a better running time than
the above exact algorithm. We contrast this simple algorithm with an integrality gap of at least

essentially % for a natural LP relaxation of the problem.

Theorem 2.2.2 Finding the best single cluster of each connected component is a %-approximation

algorithm for the unweighted MSR problem without singletons.

For Euclidean MSD (i.e., points in Q? and Euclidean metric), the exact algorithm of Capoyleas
et al. for fixed k raises a question about the complexity of this problem for variable k. This is first
asked by Doddi ef al. as an open problem (see Section 6 in [DMR00a]). Recall that the exact

algorithm of [GKK ™ 12] gives a 2-approximation for Euclidean MSD. In contrast, there is a ratio 2
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hardness for the general case [DMR™00a]. Thus, it is not trivial if we can beat this factor of 2. By

giving a PTAS for the Euclidean MSD, we show that this problem is not APX-hard unless P= NP.

Theorem 2.2.3 There is an algorithm such that when given a set of n. points V in Q?, an integer k,
and an error bound € > 0, finds in time n®/¢) q (14 €)-approximate solution to the MSD problem

on the given input.

Recall that Hansen and Jaumard [HJ87] gave an exact algorithm for the MSD problem when
k = 2. The best known approximation algorithm for the MSD problem with constant & > 2 is the
2-approximation algorithm that comes from the exact algorithm of the MSR problem in this case.
Doddi et al. raised an open question (see Section 1.3 in [DMR™00a]) about the complexity of this
problem in this case. We answer this question by giving an exact algorithm for the MSD problem

with constant k.
Theorem 2.2.4 There is a polynomial time exact algorithm for the MSD problem when k is constant.

Finally, we have two simple observations (see Section 2.6) for the generalization to asymmetric

metrics.

2.3 MSR Restricted to Unweighted Graphs

In this section, we focus on the MSR problem when the metric is the shortest path metric of an
unweighted graph. First, note that if one can optimally solve the MSR problem for some arbitrary
metric in polynomial time for connected graphs, then using a standard dynamic programming ap-

proach, one can optimally solve the problem for that metric for all graphs:

Proposition 2.3.1 The MSR problem reduces in polynomial time to the MSR problem for connected
graphs.

Proof. Assume we know how to solve the problem for connected graphs. First, for each x < k,
we find an optimal solution of « clusters for each connected component. Let Hy, H, ..., H; be the
connected components. We present how we can find the solution by adding one connected compo-
nent at a time. For 1 < ¢ < [, we show how we can find an optimal solution of & clusters for the
graph U;le H; given the optimal solutions for the graph Ué-:lH j forall kg < k. Forall k1, k2 >0
such that k; + k2 = K, we combine the optimal solution of U;ZlH ; with k1 clusters with the op-
timal solution of H;; with ko clusters and store the best of these x — 1 combined solutions as the

optimal solution. ]

As a consequence, we are going to assume that the input graph is connected in the rest of this
section. Also, recall that when we discuss the clusters in the MSR problem, we mean the clusters
from the set of distinct maximal clusters and a maximal cluster for the MSR problem is a ball

centered at some vertex of V. We start with some definitions that we use.
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Definition 2.3.1 We call a ball of positive radius a non-zero ball. We say two balls intersect if
they share at least one common vertex. We say two balls are adjacent if they do not intersect and
there is an edge that connects two vertices of these balls. Among the optimal solutions for covering
graph with at most k clusters, a canonical optimal solution is a solution with the minimum possible

number of balls.

We have the following lemmas about the structure of a canonical optimal solution in an un-

weighted graph.
Lemma 2.3.1 A canonical optimal solution does not have any intersecting balls.

Proof. We show that two intersecting balls can be merged into one ball without increasing the
total cost. Assume the intersecting balls are B(v1,71) and B(va, r2), where 71 > 72, and vertex u
belongs to both of them (see Figure 2.1). Consider the shortest path between v, and u. Let v be the

vertex on this path that has distance min(d(vy,u), r2) from v;.

B(Uh 7'1)

Figure 2.1: The intersecting balls B(v1,r1) and B(ve,r2). The ball B(v,r; 4 r3) covers all the
vertices in these two balls.

The distance of v to all the vertices in B(vy,71) is at most r; + 79, because the distance of v to
v1 is at most 75 and the distance v; to the vertices in B(vy,71) is at most r1. Also, the distance of v
to all the vertices in B(v,72) is at most 71 + 72, because the distance of v to w is at most 7y — 72,
the distance of u to vs is at most r5, and the distance of v, to the vertices in B(vg, r2) is at most 5.
Therefore, B(v, 71 + 72) contains all the vertices in B(v1,r1) and B(va,r2) and in a solution, we

can replace these two balls with B(v, r; 4 r9) without increasing the cost. ]

Remark 2.3.1 With a similar proof, one can show that we can cover two adjacent balls with radii
r1 and 7o with a ball of radius 71 + r5 + 1. This shows that for the case of unweighted graphs, if we

increase the number clusters by one, the optimum value decreases by at most one.

Lemma 2.3.2 In a canonical optimal solution, each ball is adjacent to at most two non-zero balls.
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Proof. Let B(v, ) be a ball in a canonical optimal solution and let B(vy,71), B(va,72), ... B(v;, 1)
be its adjacent balls such that vy > ro > --- > r; and assume that [ > 3. We show that we can find
a ball with radius 7 4+ 71 + 72 + 1 that covers B(v, r) and all its adjacent balls. As a result, if 5 > 0,
we can decrease the number of balls in the canonical optimal solution without increasing the cost,
which is a contradiction. Consider the shortest path between v and v;. Let u be the vertex on this
path that has distance min(d(v,v1),m1 — ro) from v (see Figure 2.2). Since the shortest path has
length at most » + 1 4 r1, the distance of u to vy isatmostr +r; +1 — (11 —r2) =r +ro+ 1.

Clearly, the distance of u to v is at most r; — 5.

Figure 2.2: The ball B(v,r) and its adjacent balls. The ball B(u,r + 1 + r2 + 1) covers B(v, r)
and all its adjacent balls.

We claim that the ball B(u, r+r1+7r2+1) covers B(v, r) and all its adjacent balls. The distance
of w to all the vertices in B(vy,71) is at most  + 71 + ro + 1, because the distance of u to v is at
most r + 75 + 1 and the distance of v; to the vertices in the ball B(vy, 1) is at most ;. The distance
of w to all the vertices in B(v;,r;) for i > 2 is at most r + 1 + r2 + 1, because the distance of u to
v is at most r; — 7o, the distance v to v; isat most r + 1 + r; < r + 1o + 1, and the distance of v; to
the vertices in the ball B(v;, ;) is at most r; < 7. Similarly, the distance of u to all the vertices in

B(v,r)isatmostTy —ro +7 <r+7r +ro+ 1. [ |

Remark 2.3.2 It is easy to see that the above two lemmas hold even when we allow singleton

clusters.

Suppose (G, k) is an instance of the (unweighted) MSR problem where no zero balls are allowed.
Consider a canonical optimal solution S* and suppose that we have k* balls in S*. Since we can
run the algorithm for all values ¢ < k and take the best solution of all, for simplicity of exposition
we assume k* = k. By Lemmas 2.3.1 and 2.3.2 and because no zero balls is allowed, the balls in
S* are disjoint and each has at most two adjacent balls. Therefore, the balls in S* form a path or

cycle. Assume that these balls form a path, say BY, B3, ..., B}, where each B is adjacent to B}, ;,
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1 <% < K (the case of a cycle reduces to the case of a path as we show shortly). We give an exact
algorithm for this case. Let 3 be the set of all possible distinct balls. By Proposition 2.1.2, we have
|B] < n?.

The general idea of our algorithm is as follows. For every V/ C V, let G[V’] denote the induced
subgraph of Gon V. Let G; = G[Ui_, B}] (i.e. the subgraph of G induced by the vertices in the first
7 balls of the path). It is easy to see that for all 1 < 7 < k, the solution BY, B3, ..., B is an optimal
solution for covering G; with i balls. We present a recursive algorithm, called BESTCOVER, that
given a graph H and the number of clusters 7, returns a feasible solution, and this feasible solution
is optimal when H = G, and j = 4, for any 1 < ¢ < k. For the moment suppose that the algorithm
works as described for values of j < [ (for some [ < k). When j = [, we guess the ball B} (by
enumerating over all possible balls in 1) and remove this ball to get a new graph H’. Then, run
BESTCOVER with parameters H' and [ — 1 and return the union of the guessed ball and the solution
of the recursive call. Note that regardless of whether H = G or not, assuming that the recursive
call returns a feasible solution for H’, we have a feasible solution for H. Furthermore, if H = G|
then for the guessed ball (namely B;), H' = G;_; and the solution returned by the recursive call
is optimal and has the same cost as the solution {B7, B, ..., B;'_; }. Adding the guessed ball B} to
the returned solution, we get an optimal solution for Gj.

The difficulty with the above general idea is that even if we use a dynamic programming ap-
proach and save the solution of each distinct input of BESTCOVER that we encounter, there may
still be exponentially many different inputs corresponding to exponentially many subsets of V' (G).
We fix this problem with the crucial observation that we are interested to solve only the subproblems
corresponding to graphs G;. Of course, we do not know S* and the subsets U!_, B; in advance, but
we show that we can find a polynomial size family of subsets of V' (G), called candidate family F,
that contains subsets U!_, By for 1 < i < k. Then we only solve the problem for graphs induced by

subsets in F, which gives the solution for graph G as well, because V(G) = UleBl* isin F.

Definition 2.3.2 A candidate family F, is a set of subsets of V(G) which consists of the following
sets: a subset S C V(@) isin F if S = V(G) or if there exists a ball B such that G \ B has at most

two connected components and the set of vertices in one of those components is S.

Lemma 2.3.3 A candidate family can be computed in polynomial time, has at most 2n*+1 members

and contains subsets szle foralll < < k.

Proof. Recall that |B| < n?. We remove each of these |B| balls from G. If the number of connected
components is at most two, we add the set of vertices in each component to F. We add V(G) to F
as well. This can be done in polynomial time and we must have considered all members of F after
checking all the balls. The number of subsets obtained this way can be at most 2|B| + 1 < 2n? + 1.
When in this process, we remove B for some 1 < ¢ < k, we get at most two connected com-

ponents. Therefore, we add the set of vertices U’f;%Bl* to F forall 1 < ¢ < k. Also, we added
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V(G) = U}_ Bj to F as well. Thus, F contains subsets U{_, B forall 1 < i < k. u

The procedure BESTCOVER is presented below.

Algorithm 2.3.1 BESTCOVER(H, 1)

Require: A graph H and an integer [ > 0
Ensure: A subset of at most [ balls covering H, which is optimal when H = G, and [ = ¢ for some
1<i<k
If TABLE[V (H),!] # 0, return TABLE[V (H), ].
If V(H) = 0, return (.
If [ = 0O then return “infeasible”.
Find v the center of H and r = rad(H).
If | = 1, return B(v,r).
for all choices of a ball B € B do
if V(H)\ B € F then
Store the union of B and the result of BESTCOVER(H \ B, [ — 1) in the set of solutions C.
If C is empty, store B(v, ) in TABLE[V (H), (] and return it.
Choose a solution in C having the minimum cost, store it in TABLE[V (H), [] and return it.

R A A R ol S

._
4

Algorithm 2.3.2

Require: A graph G and an integer k£ > 0
Ensure: A subset S* of at most k balls covering G having optimal cost
1: for all choices of a ball B € 5 do
if H = G\ B is connected then
3 Compute a candidate family F for H as in Lemma 2.3.3.
4 Define an array TABLE. For all S € F and for all 1 <[ < k, set TABLE[S, ] = ().
5: forall 1<g<k—1do
6
7

: Store the union of B and the result of BESTCOVER(H, ¢) in the set of solutions C.
: Let u be a center of G. Add the ball B(u, rad(G)) as a soltuion to C. Return the minimum cost
solution in C.

We prove the following which is a re-statement of Theorem 2.2.1. In this theorem, a canonical

optimal solution can form a path or cycle of balls.

Theorem 2.3.1 Algorithm 2.3.2 is a polynomial time exact algorithm for the unweighted MSR prob-

lem when no singletons are allowed.

Proof. First, we show that Algorithm 2.3.2 runs in polynomial time. By Lemma 2.3.3, we can
compute F in polynomial time and the number of table entries is polynomial. Thus, we just need
to prove that the call BESTCOVER(H, ¢) runs in polynomial time. We only call BESTCOVER(., .)
(including in recursive calls) for graphs H with V (H) € F. Since by Lemma 2.3.3, | F| < 2n? + 1
and I < k < n, the number of distinct instances that are given as parameter to BESTCOVER(., .) is
polynomial. Also, for a fixed H and I, BESTCOVER(H, ) makes a total of at most |B| < n? calls
to other instances of BESTCOVER(., .). As a result, the overall number of calls of BESTCOVER(., .)

is polynomial.
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Now, we prove the correctness of Algorithm 2.3.2. By Lemmas 2.3.1 and 2.3.2 and because no
zero balls are allowed, the balls in a canonical optimal solution form a path or a cycle. Suppose that
the set of balls in a canonical optimal solution are By, ..., Bf. (for some £* < k) where each B
is adjacent to By’ 1 <i < k* and when the balls form a cycle, B}. and BT are also adjacent. If
k* = 1, since we consider the best single cluster in Step 7 of the algorithm, we find the optimum
solution. Assume £* > 1. Consider the iteration in the main loop that B = Bj}.. Then, there is
a canonical optimal solution in H = G \ B, which forms the path Bj,..., B;. ;. Consider the
iteration in Step 5 where ¢ = k* — 1. We need to prove that BESTCOVER(H, ¢) returns an optimal
solution in this case.

We prove that BESTCOVER(H, ) returns a subset of at most [ balls covering H, and the cost
of this solution is optimal when H = G, and [ = i forall 1 < i < g = k* — 1. It is easy to see
that BESTCOVER(., .) always returns a feasible solution. We prove the rest by induction on {. When
[ = 1, the function returns the ball with minimum radius that covers all the vertices in V' (H ), which
is trivially optimal. In particular, when H = G this is a ball with the same radius as B, and is
the optimum solution for H. Assume that when H = G;j_; and | = j — 1, the function returns an
optimal solution and consider the case H = G and [ = j. In Step 6 of Algorithm 2.3.1, when B
is equal to BY, V(H) \ B will be equal to U{;llBl* = V(G;-1). By Lemma 2.3.3, the set U{;llBl*
is in F. Thus, in Step 8 of Algorithm 2.3.1, BESTCOVER(G_1,j — 1) will be called and by the
induction hypothesis, an optimal solution will be returned having cost the same as cost of Uf;l By
Therefore, the union of this solution and B} has the same cost as cost of nglBl* and is optimal.

Hence, an optimal cover will be returned in Step 10 of Algorithm 2.3.1. |

Corollary 2.3.1 Given the location of singleton balls, there exists an exact algorithm for the un-

weighted MSR problem.

The above corollary shows that we essentially reduced the unweighted MSR problem to the problem
of finding the singleton clusters in an optimal solution.

Here, we show that the simple algorithm that returns the best single cluster is a %-approximation
for the unweighted MSR without singletons; this is Theorem 2.2.2.
Proof of Theorem 2.2.2. By Lemmas 2.3.1 and 2.3.2 and because no zero balls are allowed, the
balls in a canonical optimal solution form a path or a cycle. Suppose that the set of balls in a canon-
ical optimal solution are B, ..., Bj. (for some k* < k) where each B is adjacent to B}, ,, for all
1 <'¢ < k* and when the balls form a cycle, B;,. and By are also adjacent. Color all balls with odd
indices with red and all balls with even indices with blue. Let OPT = OPT,. + OPT;, where OPT,.
and OPT,, are the total radii of red and blue balls, respectively. Let n,. and n; be the number of red
and blue balls, respectively. Consider the following two modifications: first increase the radius of
red balls by one to get a solution with value at most OPT,. + n,. + OPT;, < 20PT,. + OPT;. Now,

every two adjacent balls intersect and we can merge all the balls into a single ball without increasing
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the cost (similar to what we did in Lemma 2.3.1). By doing the same thing for the blue balls, we can
get a single ball with cost at most OPT,. + 20PT,,. Therefore, the solution of our algorithm is less

than or equal to min(20PT,. + OPT, OPT,. + 20PT,) < %OPT. [ ]

Remark 2.3.3 It is interesting that we cannot beat this simple algorithm by using the natural LP

relaxation for this problem as we can show it has an integrality gap of at least essentially % See

Section 2.7.2.

We conclude this section with a simple observation. If we are given the center of balls in a
canonical optimal solution, but we do not know the radius corresponding to each center then there
is a simple 2-approximation algorithm. Note that this may be useful for a local search heuristic that

given a set of centers swaps each center with another vertex in hope of getting a better solution.

Proposition 2.3.2 There exists a 2-approximation algorithm for the unweighted MSR problem when

the center of balls in a canonical optimal solution is given.

Proof. Let S be the set of centers which are adjacent to another center. Find the best single ball
in each component of G \ S and return these balls and zero balls centered around the vertices in
S as our solution. This algorithm is a 2-approximation. Notice that if two centers are adjacent in
a canonical solution, both of them must be centers of zero balls. Consider an optimal solution and
increase the size of all its non-zero balls by one. This at most doubles the cost of solution and makes
all non-zero balls intersect their adjacent balls. This also covers all zeros ball not in .S, because they
must be adjacent to some non-zero ball. After merging all the intersecting balls, we obtain a solution
with cost at most twice of the optimum and a single ball in each component of G \ S. Clearly, the

cost of our solution is not more than the cost of this solution, which completes the proof. ]

2.4 PTAS for Euclidean MSD

In this section, we present a PTAS for the MSD problem in Q2. Throughout this section, we assume
that € > 0 is a given fixed constant. We build upon the framework of Gibson er al. [GKK™12] and
introduce some new ideas to make it work for the MSD problem. Recall that Gibson et al. present
an exact algorithm (that we called GKKPV) for the MSR problem restricted to Euclidean plane.
Since our algorithm follows the same steps as the GKKPV algorithm for MSR, recall the overview
of that algorithm along with the necessary lemmas for its proof of correctness that we presented in
Section 2.1.3.

Let CH(C) be the convex hull of the points in a cluster C. Consider two clusters C; and Cs
of an optimum solution. If CH(C;) and CH(C) intersect, we can replace the two clusters with

one containing all the points in C; U Cy without increasing the total diameter. Thus, without loss
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of generality, we can focus on the solutions in which the convex-hulls of their clusters are disjoint.
Therefore, each cluster can be unambiguously defined by its convex-hull. This convex-hull belongs
to the set of convex polygons having all corners from V. Let P be the set of these convex polygons.
For this reason, from now on, when we say a cluster, we consider a convex polygon in P.

There are three main difficulties in extending the arguments of GKKPV for MSR to MSD. First,
as we have seen before in the MSR problem, one can bound the number of distinct maximal clusters
that can appear in a solution by n2. This allows one to enumerate over all possible clusters (and
more generally over all constant size subsets of clusters) that appear in an optimal solution. This
fact is critically used in the GKKPV algorithm. For the MSD problem, we do not have such a nice
(i.e. polynomially bounded) characterization of clusters that can appear in an optimum solution. To
overcome this obstacle, we show that for every cluster C, there is a cluster C’ enclosing it whose
diameter is at most a factor (1 + €) of the diameter of C, and C’ belongs to a polynomial size set
of polygons. The critical property of C” is that it is simpler to describe: it is determined by O(1/¢)
points of input.

The second difficulty in adapting the GKKPV algorithm is that they show one cannot have too
many large clusters close to a rectangle of comparable length in any optimum solution (Lemma 2.1.2).
To prove this, they use the simple fact that no disc (cluster) in an optimum solution can contain the
center of another disc (cluster) as otherwise one can merge the two clusters into one with smaller
total radius. In the MSD problem, clusters are not necessarily defined by a disc and there is no no-
tion of center here. We can potentially have many thin (e.g. non-fat triangles) and non-overlapping
polygons of an optimum solution inside a region. We can still argue that in an optimum solution,
we cannot have too many large clusters in a bounded region but the packing argument is different
from that of [GKK™"12] (see Lemma 2.4.4). Third, when we fix the first two issues, some parts of
the correctness proof fails and we need to prove some extra properties to handle this new difficulty.

We start by stating a special case of Jung’s theorem about the minimum enclosing ball of a set

of points in R™ (when n = 2) and a definition that will be used later.

Lemma 2.4.1 [Jun01] A convex polygon in R? with diameter D has an enclosing circle with radius

at most \/§D/3.

Definition 2.4.1 A o-restricted polygon is a convex polygon with at most o sides such that each

side contains (not necessarily at the corners) at least two points of V.

We emphasize that each corner of a o-restricted polygon is not necessarily a point of V; it is

obtained from the intersection of two lines each of which contains at least two points of V.

Lemma 2.4.2 For any convex polygon P and fixed ¢ > 0, there is a o(¢)-restricted polygon Q with
_ 4311 7.26 . : P
o(e) = 13+ 257 - = 13 + ==, satisfying the following properties.

1. @ contains P,
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2. diam(Q) < (1 + €) diam(P),
3. For any vertical or horizontal line ¢, { intersects P if and only if { intersects Q.

Proof. The sides of () are extensions of a subset of sides of P that we choose. In other words,
we choose a subset of sides of P, consider the straight lines extending these sides and the convex
polygon defined by these lines is the polygon . The number of sides of @ is exactly equal to the
size of the chosen subset of sides of P. Clearly, if we choose () this way, it encloses P and therefore
contains P. We show there is a subset of size o(e) of sides of P, call it S, such that the resulting
polygon () satisfies Properties 2 and 3 as well.

Let us order the vertices of P in clock-wise order ui, ug, . . . (starting from the left-most corner
of P). We traverse the sides of P in clockwise order and choose some of them along the way,
starting with selecting ujus, and select only a small number of sides in total. In order to satisfy
Property 3, we also make sure that the left-most, top-most, right-most, and bottom-most corners of
P are selected to be in ) (along with the two sides defining those corners of P). So first, we choose
the (at most) 8 sides defining each of these (at most) 4 corners of P and let S consists of these sides.
The remaining sides added to () are obtained by traversing on the sides of P (in clock-wise order)
starting from uq us and we add them (if not already among those 8 sides) according to the following
rules.

Let D be diam(P). Suppose the last side chosen was w;u; 1. We call ujuj41 (J > i+ 1)

dismissible with respect to u;u,; if it satisfies both of the following conditions (see Figure 2.3):
e its angle, say 6, with w;u; 1 is less than 7/2,
o dist(uiy1,u;) < eD/2.

Let j be the largest index such that v ;u ;4 is dismissible with respect to the last chosen side. Then,
we add this side to S, and continue until we arrive at ujuo. We let @ be the convex polygon defined
by the set of straight lines obtained from the sides in S. Note that () satisfies Property 3.

*

v *

Uj+1

Figure 2.3: The solid sides u;u;11 and uju;4q belong to P. The extension of sides w;u;41 and
u;u;41 in polygon () are shown with dashed lines. Line £ is shown with a solid line. The part of ¢
outside P has length = which is less than the length of side w;4qu;.

Let R be the perimeter of P. By Lemma 2.4.1, P can be enclosed by a circle of perimeter

2\/§7TD/ 3 and hence, we have R < 2\/§7TD/ 3. It is not hard to see that we choose at most
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27 /(m/2) sides, because of the first condition in definition of a dismissible side and we choose at
most R/(eD/2) sides, because of the second condition. Therefore, we choose a total of at most
1+4+ #% sides in our traversal. Given that we add at most 8 sides for the left-most, top-most,
right-most, and bottom-most vertices of P, we have |S| < 13 + # %

It only remains to show that diam(Q) < (14 ¢)D. Itis enough to show that for any two corners
of @ their distance is at most (1 + ¢)D. Consider two arbitrary corners of (), say v and w, and the
line segment ¢ connecting these points. At most two segments of £ may be outside of P and this
happens when both v and w are not corners of P. The section of ¢ that lies inside P has clearly
length at most D. We prove that each of the (at most) two segments of ¢ which lies in between P
and @ has length at most eD /2. Let us assume that v is the corner obtained from the two lines that
contain sides u;u;+1 and uju; 41 of P and consider the segment of £ that has v as an end-point (see
Figure 2.3). Let X be the other end-point of it, which is a cross point of P and /. We also name
the cross-point of vw and w;4qu; point Y. Let = be the length of v.X and let y be the length of vY'.
Because of the convexity of P, we must have y > x. Consider the triangle u;11vu;. Since the angle
of lines w;u;+1 and wjuji1, 6, is less than /2, the angle u,jvu; > 7/2, which implies w;41u;
is the longest side of triangle w;y1vu;. We know that the length of u,;11u; is at most eD/2. We
also know that a segment enclosed in a triangle has length at most equal to the longest side of the

triangle. Thus, we must have y < eD/2 which implies < eD/2, as wanted. [ |

Let OPT denote an optimal solution. The above lemma implies that for every cluster P of
OPT, there is a o(e)-restricted polygon () containing all the points of P such that diam(Q) <
(1 + €)diam(P). Thus, if we replace each cluster P with the set of points in the corresponding
o (e€)-restricted polygon (breaking the ties for the points that belong to different o (¢€)-restricted poly-
gons arbitrarily), we find a (1 4 €)-approximate solution. This enables us to use essentially the
same Algorithm 2.1.1 (i.e., GKKPV algorithm), where we enumerate over o (¢)-restricted polygons
(instead of all clusters), which is a polynomially bounded set of polygons.

Let R, be arectangle containing all the points of V. First, we define a ©(n) size set of separators.
The notion of a balanced rectangle and a separator line is the same. A vertical (horizontal) line is
called critical if it passes through a point in the input. It is not hard to see that all vertical (horizontal)
lines between two consecutive critical vertical (horizontal) lines are equivalent in the sense that they
intersect the same set of clusters (recall that the clusters are convex polygons). Choose an arbitrary
vertical (horizontal) line between each consecutive vertical (horizontal) critical lines. As before, let
L(R) show the separators of a rectangle R from these chosen lines and the leftmost and rightmost
separators of it.

We apply the following modifications to Algorithm 2.1.1 to obtain our PTAS (Algorithm 2.4.1).
We substitute D with Q, which is the set of all o (¢)-restricted polygons, i.e., for each o (¢)-restricted

polygon @, the set of points in ) forms a cluster in Q. By definition of a o (¢)-restricted polygon,
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|Q| € O(n?7(9)) which is a polynomial in the size of input for a fixed € > 0.

Algorithm 2.4.1 Recursive Clustering for Euclidean MSD: DC(R, s, T')

1: If TABLE[V N R, k, T is created then return its value; otherwise create it.

2 Let X = {z: 2 € VNR, zisnotcovered by T}. If X = () then TABLE[V N R, x,T] < 0
and return (.

3: If k = 0, let TABLE[V N R, k, T] < {I} (infeasible) and return {I}.

4: If | X| = 1, let TABLE[V N R, k, T be the solution with a singleton cluster and return its value.

5: Let R’ be a minimal balanced rectangle containing V' N R.

6: Initialize Q" «+ {I}.

7

8

9

: for all choices ¢ € L(R') do
for all choices of a set Qy C O of size at most 4 that intersect £ do
for all choices of k1, ko > 0 with kK1 + k2 + | Q| < k do

10: Let Ry and Rs be the two rectangles obtained from cutting R’ by £. Let T} = {Q €
TUQp: Qintersects R1} and To = {Q € TU Qp : (Q intersects Ry }.

11: if |T1| < B and |T»| < 5 then

12: Recursively call DC(Ry, x1,T1) and DC(Rg, k2, T5).

13: if cost(Qp U TABLE[V N Ry, k1, T1] U TABLE[V N Rg, k2, T3]) < cost(Q’) then

14: Update Q' «+ Qg U TABLE[V N Ry, k1, T1] U TABLE[V N Ry, ko, T5].

15: Assign TABLE[V N R, k,T] < Q' and return its value.

Note that for each cluster P € P, there is a cluster @ € Q with diam(Q) < (1 + ¢) - diam(P),
by Lemma 2.4.2. We fix an arbitrary such cluster () and call it the representative of P and denote it

by Rep(P). Note that (again by Lemma 2.4.2):

Corollary 2.4.1 A vertical (or horizontal) line intersects a cluster P if and only if it intersects
Rep(P). In particular for every axis-parallel rectangle R, P intersects R if and only if Rep(P)

intersects R.

Note that although we have an exponential number of clusters in P, we have a polynomially bounded
size set of representatives. For a set of clusters P, we use Rep(75) to denote the set of clusters in Q
that are representative of clusters in P. In particular, Rep(OPT) are the representative clusters of
OPT.

We keep the same dynamic programming table, TABLE[V N R, &, T, which stores a cover with
at most x clusters of Q having cost within (1 4 €) factor of the optimum cover for the set of points
{q : ¢ € VN R,qisnot covered by T'}. We only consider sets T" C Q with size at most 8 < 83.
Similar to GKKPYV algorithm, we later show that considering sets of at most this size is enough to get
a solution within factor 1 + € of the optimum value. As a result, the size of the table is polynomially
bounded. Also, we substitute Dy with a set Qy C Q in line 8 and change the bound of 12 for |Dy| to
a bound of 4 for |Qp|. This comes from the Lemma 2.4.3 which is the equivalent version of Lemma
2.1.1 for the Euclidean MSR problem. In addition, we use 3 = 83 for the bounds of |73 | and |T%| in
line 11. Also, Lemma 2.4.4 is the equivalent version of Lemma 2.1.2. As we stated before, Gibson
et al.’ proof strategy does not work here and we use a new packing argument to prove this lemma.

The new lemmas are as follows:
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Lemma 2.4.3 Suppose R is a rectangle containing a set of points V' C V and O is an optimum
solution of MSD on V'. Let Q' be the set of representatives of clusters of O. Then there is a

separator £ for R such that it intersects at most 4 clusters of O (and their representatives in Q').

Proof. Let a be the length of the longer side of R. If one chooses a separator ¢ uniformly at random,
then the probability that ¢ intersects a cluster P € O is at most diam(P)/(a/3) (recall that the
separators are in the middle one third of a rectangle). So the expected number of clusters of O that
intersect £ is 3 5., 3diam(P)/a < 3 - cost(0)/a < 3v2 < 4.25, because cost(O) < v/2a as
they all are inside R. So there is a separator ¢ that intersects at most 4 clusters of O, and by Corollary

2.4.1, it intersects at most 4 representative clusters of them in Q. ]

Lemma 2.4.4 A rectangle R of length a intersects at most 3 clusters of OPT with diameter at least a.

Proof. Let OPT’ be the set of clusters of OPT with diameter at least @ that are intersecting R.
By way of contradiction, assume that C, C, C3, and Cy are four clusters of OPT’ with diameters
di,ds,ds, and dy each intersecting R. Without loss of generality, assume that d; > dy > ds >
ds > a. This implies that the distance of any two points u,v € C; U Co U C3 U Cy is at most
dy + da + V/2a since the total distance from u and v to R is at most d; + do and the diameter of
R is at most v/2a. But dy + ds + V2a < dq + do + ds + da, so if one replaces these 4 clusters of
OPT with one single cluster (containing all those points), the total diameter decreases, which is a

contradiction. [ |

Corollary 2.4.2 A rectangle R of length a intersects at most 3 clusters, which are representatives

of clusters of diameter at least a in OPT.

Note that Lemma 2.1.3 still holds here as it is based on the properties of balanced rectangles and
separator lines, which we did not change. We prove the following Lemma which is the equivalent

version of Lemma 3.2 in [GKK112].

Lemma 2.4.5 Suppose that DC(R, k,T) is called at some level of recursion by top-level invocation
to DC(Rg, k,0) in Algorithm 2.4.1. Let T' C OPT be those clusters of OPT that have a point
in both V.0 R as well as a point in V' \ R and suppose T = Rep(T"). Also, let X' = {x :
x € VN R, zisnotcoveredbyT'} and X = {x : x € V N R, x is not covered by T}, and
OPT' be the set of clusters of OPT that contain a point in X'. Suppose that k > |OPT'|. Then
after calling DC(R, k,T), TABLE(V N R, k,T) contains a k-cover for X whose cost is at most
(1+ ¢) - cost(OPT').

Proof. The proof is similar to that of Lemma 3.2 in [GKK'12] and is by induction on [V N R).
The proof of base cases is straightforward. When |X| < 2, the reader can verify that the algorithm

returns an optimal solution in the lines 2 to 4.
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Consider the case that | X'| > 2, and recall that R’ is a balanced rectangle over points of V' N R.
Without loss of generality, assume the separators of R’ are vertical. First note that OPT’ is an
optimum solution for X’ with |OPT’| clusters since each point in (V N R) \ X" is covered by 7".
Therefore, using Lemma 2.4.3, R’ has a separator ¢’ that intersects at most 4 clusters of OPT'; let S
be that set of clusters of OPT’ and let O = Rep(.S). We can move ¢’ to be one of the separators in
L(R'); so we consider the choice of £ € L(R') in the algorithm that intersects only set S of those in
OPT’ and consequently, only Q.

Consider the iterations of the loops in lines 7 and 8 where ¢ is chosen as above and Qj is
chosen to be QO, and k1 and k9 are the numbers of clusters of OPT’ to the left and right of ¢,
respectively. Similarly, we denote the subsets of OPT’ to the left and right of £ by OPT} and
OPT, respectively. We define 7] = {C' € T U S : Cintersects R1} and Ty = {C € T" U S :
C intersects Ro}. Note that from the definitions of T, 7", S, Qg, and Corollary 2.4.1, it follows
that 77 = Rep(7Y) and T = Rep(T3). Observe that T{ C OPT and T} contains every cluster
of OPT that contains a point in both V' N Ry as well as a point in V' \ R;. Also, OPT is the set
of clusters of OPT’ that contain points in X| = {z : € V N Ry, x is not covered by T} } and
|OPT)| = k1. Letus define X; = {z : € V N Ry, zisnot covered by 71 }. Thus, we can
use induction hypothesis on the call to DC(Ry, k1,71) so that the entry TABLE[V N Ry, k1, T1]
contains a r;1-cover of X; of cost at most (1 + €)cost(OPTY}). Similarly, after call DC(Ra, k2, T»),
the entry TABLE[V N Ry, K2, T3] contains a xa-cover of X5 of cost at most (1 + €)cost(OPT,),
where Xo = {z : # € V N Ry, zis not covered by T»}. Thus, the clusters in Qp U TABLE[V N
Ry, k1, T1] UTABLE[V N Ry, k2, T»] form a k-cover of X with cost at most (1 4 €)cost(S) + (1 +
€)(cost(OPT}) + cost(OPTS)) < (1 + ¢€) - cost(OPT’).

It only remains to show that |77 |, |T2| < 83 and as a result, we actually call DC(R;, k1, T} ) and
DC(Rg, k2, T»). The argument for this is similar to that in Lemma 3.2 of [GKK™*12] whose outline
was given at the end of Section 2.1.3. We prove this for |T7| and the case of |T5| is analogous.
Suppose we have called DC(Ry, -, ), ..., DC(Ry, -, -) before arriving at instance (R, «, T'), where
R, = R. Then it follows that T} C UE.:O Qo(R;). Assuming that R, in the algorithm has length
a, we take R to be the square of side 3a with the same center as R;. By Lemma 2.1.3, the number
of vertical (horizontal) separators £(Ry), . .., £(R;) that intersect R is at most (3a)/(a/3) +1 = 10
(as they are at least a/3 apart). Therefore, using Lemma 2.4.3, the number of clusters of 7} that
belong to Qg (RJ) (for those j’s) is at most 4 x 20 = 80, i.e., 4 for each of 20 vertical and horizontal
separators that intersect R. Now we bound the number of clusters of 7} that belong to a Qo(}%j)
where ¢ (1%]) does not intersect 2. These clusters must have diameter at least a as they intersect both
R, as well as 6(]-?]-). From Corollary 2.4.2, the number of such clusters is bounded by 3. Thus, we
have |T3| < 83. [

It follows from Lemma 2.4.5 that after the call to DC(Ry, k, ) the entry TABLE[V, k, §)] contains
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a (1 4 ¢)-approximate solution for V. This completes the proof of Theorem 2.2.3.

Remark 2.4.1 We believe that this algorithm can be extended to three-dimensional Euclidean space
or perhaps, any fixed dimension Euclidean space. The extension of all lemmas except Lemma 2.4.2
is similar to the extension of [GKK' 12] for the MSR problem. If one can prove a statement similar
to Lemma 2.4.2 in higher dimensions (which we believe should be possible for three dimensions),

our algorithm generalizes to higher dimensions.

2.5 MSD with constant £

Recall that Hansen and Jaumard [HJ87] presented an exact algorithm for the MSD problem when
k = 2, but the case of constant £ > 2 has been open. The reader may ask why their algorithm fails
to generalize to this case. Let us consider the case of £k = 3. Recall the details of their algorithm
from Section 2.1.3. The first step is to guess the diameter of the clusters, which we can do for the
case of £ = 3 in polynomial time, too. In case of k = 2, they use a boolean variable to represent
the cluster of each vertex, but here the variable that shows the cluster of each vertex should have 3
values. Therefore, if we try to model the problem this way, we need to solve a constraint satisfaction
problem which is hard in general case. Also, one may try to model the problem with boolean
variables in the following way. We associate three variables x,; to each vertex v for 1 < ¢ < 3.
Here, only one of these variables must be true that shows the cluster of this vertex. Unfortunately,
this modelling results in a 3-SAT instance, which is again NP-hard in general form.

Our approach is as follows. Define a canonical optimal solution as before, i.e., among the
optimal solutions, a canonical optimal solution is a solution with the minimum possible number of
clusters. We denote the set of all the distinct distances between vertices in the input graph by D. We

have the following trivial observations:

Observation 2.5.1 Let C and C5 be two clusters in a canonical optimal solution. There is a vertex

v in Cf and a vertex u in C§ such that dist(u,v) > diam(C7) + diam(C%).

Observation 2.5.2 The size of D is at most n>. In addition, the diameter of any cluster in an optimal

solution is in D.

The general idea of the algorithm (Algorithm 2.5.1) is as follows. Since the size of D is poly-
nomially bounded, we can guess the diameters of clusters in an optimal solution (done in Line 3
of Algorithm 2.5.1). Consider a canonical optimal solution and two clusters C} and C3 in it with
diameters D; and D, that we have already guessed. By Observation 2.5.1, there is a vertex v in
Cy and a vertex u in C such that dist(u, v) > diam(CY) + diam(C3). Denote by V; and V5 the
set of vertices with distance at most D; from v and distance at most Dy from u, respectively. The
crucial observations are that C} and C3 are subsets of V; and V3, respectively and V; and V5 are

disjoint. As a result, if we guess the vertices u and v (done in Line 4) and compute V; and Vs, we
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have separated the set of vertices that can be in C} and C5. If we do the same process for all pairs
of clusters, we can separate the vertices that can be in a specific optimal cluster from the vertices in

other optimal clusters, which is equivalent to finding the clusters in an optimal solution.

Algorithm 2.5.1 BESTCOVER(G, k)

Require: A graph G and an integer £ > 0
Ensure: An optimal clustering C
1: Initialize C with the cluster containing all the vertices.
2: forall2 < ¢ < kdo
3:  for all choices of ¢ values Dy, ..., D4 from D do
4 for all choices of ¢ groups S1, . ...S; of at most ¢ — 1 vertices each do
5 forall1 <i<qdo
6: Compute V; the set of vertices with distance at most D; from all the vertices in S;.
7
8
9

if there are two vertices in V; with distance more than D; then
Discard this choice of Sy, ..., 5, and go to Step 4.
if U_,V; # V then

10: Discard this choice of Sy, ..., S, and go to Step 4.
11: if >°7 | D; is less than cost of C then
12: Update C with the solution V1, ..., V,.

13: return C.

The correctness of this algorithm is stated in the following theorem, which implies Theorem 2.2.4.

Theorem 2.5.1 Algorithm 2.5.1 returns an optimal solution for the MSD problem in polynomial

time when k is a constant.

Proof. We first show that the algorithm runs in polynomial time. Assume we know the distances
between all the pairs of vertices and the numbers in set D by running an all-pairs-shortest-path
algorithm in a preprocessing step. There are O(k) choices in Step 2. In Step 3, we choose at most
k values from the set D. By Observation 2.5.2, there are O(n2*) choices for this step. In Step 4,
we choose at most k(k — 1) vertices from V. There are O(n*(*~1)) choices for this step. It is not
hard to see that the body of for-loop in Step 4 takes O(kn?). As a result, the final running time is in
O(k*n¥’+k+2) which is a polynomial for constant k.
One can verify that when the algorithm is in Step 11, Vi, ..., V} is a feasible solution with cost
¢, D;. Therefore, we just need to prove that for some choices in the for-loops, we encounter an
optimal solution in Step 11. Consider a canonical optimal solution C* = {C7, ..., C}.}. Consider
the iteration in Step 2 that ¢ = k*. By Observation 2.5.2, we have diam(Ci*) € Dforalll <i<gq.
Consider the iteration in Step 3 that D; = diam(C}) for all 1 < ¢ < ¢. By observation 2.5.1,
forall 1 <14 # j < g, there are vertices in C; and C’; , say véi) and U,Ej ), respectively, such that
dist(v](-i),vl(j)) > D; + D;. Consider the iteration in Step 4 that S; = {vy) 1< j<gq,5#i}
We shortly prove that for each 1 < ¢ < ¢, the V; computed from this choice of .S; is equal to C
and as a result, for the above mentioned choices in the for-loops, we encounter an optimal solution

in Step 11.

Clearly, we have S; C Cf and hence, each vertex in C; has distance at most D; from all the
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vertices in S;. Thus, we must have C; C V;. In addition, for any ¢ # j, we must have V; N V; = 0.
The reason is that if there is at least a vertex, say u, in the intersection of these sets, by defini-
tion of V; and V;, we have dist(vj(i), u) < D; and dist(vl(j ), u) < D;. Therefore, we must have
dist(v](-i), vl(j )) < D, + Dj, which is a contradiction. We claim that V; \ C;' = () and in other words,
Vi = C;. Assume there is at least one vertex in V; \ C}, say u. Let C; be a cluster covering u where

trivially j # 4. Clearly, we have u € V; that means u € V; NV}, which is a contradiction. ]

2.6 Asymmetric metrics

We have two simple results for asymmetric metrics. First, in Proposition 2.6.1, we show that all the
results for the MSD problem extend to the asymmetric version. Second, in Proposition 2.6.2, we
show that the asymmetric MSR problem is not approximable within a factor better than In(n—k). As
a result, it is highly unlikely to improve upon the ratio H,,_j, of Charikar and Panigrahy’ algorithm
by more than an additive constant, because lim,, ., (H(n) — In(n)) = v &~ 0.577. These two
simple results almost answer all remaining open questions related to the asymmetric MSD and MSR

problems.
Proposition 2.6.1 The asymmetric MSD (AMSD) problem reduces to the MSD problem.

Proof. We modify an instance of AMSD to an instance of MSD. Let u and v be two arbitrary
vertices such that d(u,v) > d(v,u). We set d(v,u) equal to d(u,v). We do this for all such
pairs of vertices. We claim that this modification keeps the triangle inequality intact. Let u,v
and w be three arbitrary vertices and the distance function before the modification be d and af-
ter modification be d’. Also, assume that d(u,v) > d(v,u). Now, in the new instance, we have
d' (u,v) = d(u,v) < du,w) + d(w,v) < d'(u,w) + d'(w,v), where we use the fact that
d(u,w) < d'(u,w) and d(w,v) < d'(w,v). Since d’' is symmetric and u,v and w are arbitrary
vertices, we conclude that d’ satisfies triangle inequality. In addition, it is easy to check that this
modification does not change the diameter of a cluster. In other words, any clustering has the

same cost on the AMSD and MSD instance. Therefore, any a-approximation for MSD gives an

a-approximation for ASMD and vice versa. ]

Proposition 2.6.2 The asymmetric MSR problem is NP-hard to approximate within factor (1 —
8)In(n — k) for any constant § > 0, unless NP C DTIME(n'°8108(n)),

Proof. We get this hardness by a simple reduction from the set cover problem. In the set cover
problem, given a set of elements U = {e1,...,e,} and a family F = {51, ..., S} of subsets of
U, we want to choose the minimum number of subsets from JF that cover U, i.e., their union is equal

to U.
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Given an instance of the set cover problem, we create an instance of the asymmetric MSR prob-
lem as follows. There is a vertex vg, for each set .S; of F and a vertex ve, for each element e; of U
in the graph. Thus, we have n = m + p vertices in the graph. There is a unit cost edge from each
vg, to all vertices v, such that e; € S;. The cost of all other edges is co. To complete the instance
we let k to be equal to m.

A solution for this instance of MSR having bounded cost must choose all vg, vertices as centers
of clusters. The reason is that each vg, can be covered only by itself with bounded cost. Thus, in a
solution having bounded cost, we have some clusters around the vg, vertices where some of them
have radius 0 and some have radius 1. As a consequence, any solution having bounded cost corre-
sponds to a solution for the set cover problem. Thus, if there is a (1 —§) In(n — k)-approximation for
the asymmetric MSR problem for any constant § > 0, it gives a (1 — ¢) In(p)-approximation for the
set cover problem. By Feige’s hardness result for the set cover problem [Fei98], this is impossible

unless NP C DTIME(n'°glog(™) .

2.7 Further Attempts

As we stated before, the QPTAS of Gibson et al. [GKK™ 10] gives strong evidence for the existence
of a PTAS for the MSR problem, while the current best approximation algorithm for this problem
is the decade old (3.504 + ¢)-approximation algorithm of Charikar and Panigrahy [CPO1]. It is an
important open question to improve this approximation ratio. Below, we describe some possible
natural approaches that one might try to tackle this question, and the difficulties in each approach.

These difficulties suggest that substantially new ideas may be required to answer this open question.

2.7.1 Local Search Attempts

The natural local search algorithm to consider for the MSR problem is the p-swap local search
algorithm that is proved to be successful for the k-median problem [AGK*01]. Recall the definition
of this problem from Section 1.2. The p-swap algorithm for the k-median problem is as follows. We
start with k arbitrary medians. We assign each vertex to its closest median to find the best solution
with respect to this set of medians. At each iteration, we consider swapping each subset of size
p of the medians with another subset of p vertices and find the value of new solution. If the swap
results in an improvement, we update the set of medians and proceed to the next iteration. If no swap
operation improves the solution, we stop and return the current set of medians as our answer. The
running time of this algorithm is in n°(?) which is a polynomial in the size of input for a constant
p. Arya et al. [AGKT01] showed that the approximation ratio of this algorithm is 3 + %.
Unfortunately, a similar strategy does not work for the MSR problem. One problem is that given
a set of k centers, we do not know how to assign a radius to these centers to cover all the vertices

and minimize the total radii. One option is to use the 2-approximation algorithm that we presented
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in Proposition 2.3.2, but there is a more serious problem. Assume that we know how to optimally
assign the radii to the guessed set of centers, so we could adapt a similar p-swap algorithm for the
MSR problem. We show that the p-swap algorithm has an unbounded locality gap.

We choose k = ¢(p+ 1) + 1 for some integer q. Consider the unweighted graph in Figure 2.4.
This graph is formed by a spider graph (on the left side of the figure) connected with an edge to a
vertex, say u, of a complete graph having k£ — 1 vertices (on the right side of the figure). The spider

graph is formed by p + 1 paths x;y; for 1 < 7 < p + 1, which are each connected to the vertex v

with an edge. The number of edges in each pathis ¢ — 1 = % — 1. Therefore, this graph has

(p+ 1)(%) + 1+ k—1= 2k — 1 vertices in total.

Figure 2.4: The graph of an instance with unbounded locality gap. This graph is formed by paths
z;y; for 1 <14 < p+ 1 where each path has length ¢ — 1. All these paths are connected to the vertex
v with an edge and x,, 1 is connected to a complete graph of size £ — 1 at the vertex u.

Consider a solution for this instance in which all the vertices in the complete graph and the vertex
v are the centers. The cost of the best solution with these centers is ¢g. This is a local solution. The
reason is that no matter how one swaps p vertices, we will not have a center on one of the x;y; paths
and hence, we must pay at least ¢, which does not improve the solution. Now, the cost of the global
solution is 1. To see this, we give the following solution. Place a center on all vertices of each path
except z,+1 and a center on v (k — 1 centers in total). Assign radius O to all these £ — 1 centers.
Place a center on u and assign radius 1 to it so that it covers the whole complete graph of £ — 1
vertices and v, 1. The cost of this solution is 1. Therefore, the locality gap is ¢ = ];% = O(k).

Finally, we should mention that one may try to get around this problem by using Algorithm 2.1.1.
In other words, we guess the number of zero balls and then, we only have a set of vertices for the
location of zero balls. We determine the location of non-zero balls optimally by utilizing Algo-
rithm 2.1.1. Thus, we can have a similar p-swap local search algorithm with the difference that now
we only determine the location of zero balls by the local search operation. Unfortunately, one can
verify that the same example as above has a bad locality gap. First, notice that there is only one
optimal solution for this instance, which is the one we described above. This solution has exactly
k — 1 zero balls and this is the size of the set of vertices that we must use in the new local search

algorithm that swaps the location of zero balls. It is not hard to see that the solution in which the

zero balls are all on the K1 subgraph is a local solution and gives the same locality gap as above.
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2.7.2 LP-based Attempts

Recall the natural LP relaxation of the problem that used by Charikar and Panigrahy [CPO1]:

minimize Z Z ry()

ueV r

subject to Z Z y =1 YveV
uw€V rid(u,v)<r

> Y~k

ueV r
y{" >0, Vu € V,Vr
where yi(f) = 1 indicates a cluster of radius r is centered on vertex w. It is interesting that the

LP has an unbounded integrality gap even for unweighted graphs. Consider a complete graph and
k = n — 1 as input. Clearly, the integral optimum value is 1. Now, we show a fractional solution of
cost ﬁ, which gives an integrality gap of n — 1. Consider this fractional solution. Forallv € V,
set yf,o) = Z—ﬁ and for an arbitrary vertex u, set yf}) = ﬁ It is easy to verify the feasibility of
this fractional solution.

Notice that in above bad example, the integral optimal value is 1. If in all the bad integrality
gap instances, the integral optimal value is small, then there are a small number of non-zero balls
in any optimal solution for these instances and we can guess the non-zero balls by enumeration.
Hence, one might try to solve these bad instances by enumeration and solve the rest of instances
with some LP rounding algorithm. Unfortunately, this strategy is not useful, because for any c, there
is an instance having optimal value ¢, which yields an integrality gap of at least Q(nl/ ¢) even for
unweighted graphs (we give this instance shortly). Notice that even if we go up to quasi-polynomial
time and instances with ¢ = O(log(n)), the gap is still greater than 1, and hence, we cannot even
get something similar to the exact quasi-polynomial time algorithm of Gibson et al. [GKKT08b].
Therefore, the above LP does not seem promising even for unweighted graphs.

Let 7} be a star with [ leaves. For ¢ > 1, we recursively define tree 7;. Let uy,...,u;41 be the
roots of [ 4+ 1 copies of T;_1, denoted by T, ... ,Tl+1. Build unweighted tree T; by connecting its

root u to these [ + 1 copies of 7;_1 from uq, ..., u;41 (see Figure 2.5). One can verify that 7; has

height 4, (1 + 1)i~! leaves and

: : 1+1) -1 : ,
1+(l+1)+~~+(l+1)“1+l(l+1)’*1:%+l(l+l)“l<2(l+1)2

vertices in total.

Our family of instances are T; and k = [(I + 1)*~! fori > 1. We claim that the cost of optimum
for T; with k = [(I + 1)*~! is i. We prove this by induction. For the base case of i = 1, the value of
optimum is 1 as we cannot cover every vertex with a zero ball. Assume that the statement is true for
i = p— 1. Now, consider 7, and k = [(l + 1)P~! as input where p > 1. Let u be the root of T}, and

Tl, . ,Tl+1 be the [ + 1 subtrees of u. If we place a ball of radius p on w, it covers all the vertices

43



Figure 2.5: Recursive construction of tree 7T;.

and as a result, the cost of optimum is at most p. Now, we prove the cost of optimum is not less than
p by utilizing the induction hypothesis.

We call a solution non-intersecting if it does not contain intersecting balls. By Lemma 2.3.1,
there is a non-intersecting optimal solution. Fix one such solution. Let S be the set of centers of
balls in this solution. Without loss of generality, assume that T) is a subtree with the minimum
number of centers from S. Let .S be the set of centers from .S in Tl and let u; be the root of Tl. Let
B7 be the balls of the optimal solution, which have a center in S;. The ball that covers u; is either
inside or outside 37. By a case by case analysis, we prove that the cost of optimal solution is at least
D.

Case 1: Assume the ball that covers u; is inside B} . Thus, the balls in B} cover all the vertices
in T} . The reason is that the optimal solution is non-intersecting and no ball with a center outside of
S can cover a vertex in T} without covering u; and intersecting some other ball. Since the number
of balls in B is at most I(I + 1)?~2 by the choice of 7} and the induction hypothesis, the cost of
these balls is at least p — 1. If their cost is more than p — 1, the proof of this case is complete. If the
cost of these balls is exactly p — 1, the radius of the largest ball in B’ is at most p — 1. Therefore,
these balls can cover the vertices with distance at most p — 1 from u; and consequently, distance at
most p — 2 from u. Therefore, they do not cover at least [(I + 1)1’_1 vertices, which are located at
the last two levels of Ty, ..., Tj41. As the size of B is at least one, all these I(I + 1)P~! vertices
are not covered by zero balls and there is at least one non-zero ball covering them, which shows the
cost of optimal solution is at least p.

Case 2: Assume the ball covering w1, say B(x, ), is outside . Thus, z has distance at least 1
from wu;. Let d be this distance. One can easily verify that the balls in B} and the ball B(uy,r — d)

cover the vertices in 7. We consider two subcases.

(a) Assume that x = u. In this case, the size of B* is at most /(I + 1)”_2 — 1. Therefore, the cost
of the balls B(uy,r — d) U By is at least p — 1 by induction hypothesis. Since B(z,r) U Bj
are the balls of the optimal solution with total radii at least d + p — 1, the cost of optimum is

at least p.
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(b) Assume that x # u. Then, we must have d > 2 and |Bj| is at most [(I + 1)?~2. Therefore,
the cost of the balls B(uy,r — d) U B} is at least p — 2. The reason is that the optimal cover
for T, with at most [(I + 1)P~2 balls has cost at least p — 1 and increasing the number of balls
by one improves the optimal cost for T by at most one by Remark 2.3.1. Since B(x,r) U Bj
are the balls of an optimum with total radii at least d + p — 2, the cost of optimum is at least

p. This completes the proof.

In the fractional solution, we put a ball of radius 0 to the fraction % on each vertex where n;

n;,—k

—2 on the root
n;—1

is the number of vertices in 7;. In addition, we put a ball of radius ¢ to the fraction

vertex. It is easy to check that this is a feasible fractional solution. Therefore, the cost of optimal

ni—k:
nifl

fractional solution is at most ¢ and the integrality gap is at least

ni—1  CUSL g4yt o 1 (1) - 1 21—

= - = T > l,
n; —k (l+1l)1—1 (l+1)i-1
for any ¢ > 2. Thus, the integrality gap is at least [ = Q(nzl / l)
We can strengthen the LP relaxation by adding this constraint:
Sy = ko, 2.4)

icV
where kg is the minimum number of zero balls used in an optimum solution. We can determine kg
by guessing (i.e., having k + 1 LPs for 0 < kg < k). This constraint has the following intuition:
in all the bad examples, the fractional solution exploits the zero balls to pay less on non-zero balls.
For example, consider the first bad example, which was a complete graph with k£ = n — 1. In this
instance, the minimum number of zero balls used in an optimum solution is 0 and as a result, the
fractional solution cannot use the zero balls to cheat any more and the integrality gap decreases to
1 for this instance. Our experimental results show that for the unweighted graphs with at most 20
vertices the integrality gap is less than 2. We believe that the integrality gap for all instances should

not be more than 2, but we could not find a rounding algorithm for this LP.

The unweighted MSR without singletons

As the main difficulty in the above examples was the existence of zero balls, one may wonder
what an LP-based approach can achieve in absence of zero balls. It is interesting that the LP based
approach cannot beat even ratio 3/2 that we achieved with the simple algorithm of Theorem 2.2.2.

Consider a special case of the natural LP relaxation for the MSR problem used by Charikar and
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Panigrahy [CP04] that no variable is allocated to zero balls:

—1
minimize Z "z: .y

ueV r=1

subject to Z Z yy) =1 YveV

uw€V rid(u,v)<r

n—1
DRI

ueV r=1
yq(f)ZO, YueV,Vre{l,...,n—1}
where yq(f) = 1 indicates a cluster of radius r is centered on vertex u. The graph of an instance that

has a integrality gap of % is shown in Figure 2.6. This graph has 2! + 4 vertices. The part in the
oval is a complete graph with 2! vertices missing a perfect matching. In this instance, the parameter
k is 2. It is not hard to argue that optimal value is 3. The fractional optimal value is at most 2 + %,
because we have the following fractional solution: 2 balls of radius 1, one on each vertex in the
oval with fraction %, a ball of radius 3 on 2 with fraction 1/2l, a ball of radius 1 on y with fraction
(21 — 1)/21. The summation of y-values is clearly equal to 2. Each vertex in the oval is covered by
21 — 1 vertices in the oval to the fraction % and by the ball of radius 3 to the fraction % Thus, its
total coverage is 1. The vertices x, y, 21, and z, are covered to the fraction % by the ball of radius 3
20—1

on z and to the fraction =5~ by the ball of radius 1 on y, which makes their total coverage equal to

1. Therefore, this is a feasible fractional solution.

Ky\{u1vz, ugva, . .., wu}

Figure 2.6: The graph of instance with integrality gap essentially 3/2. In this figure, solid circles
show vertices, solid lines show the edges and dashed lines show that there is not an edge between a
pair of vertices.

One may hope to get around this integrality gap with a Lagrangian relaxation technique similar
to Charikar and Panigrahy [CPO4]. The following LP is the Lagrangian relaxation of above LP
where the Lagrange multiplier A can be considered as the cost of creating a cluster. Notice that the

number of clusters is not fixed here.

n—1
minimize Z Z(r + ).y

u€eV r=1
subject to Z Z y =1 eV
u€V rid(u,v)<r
ngr)zo’ VUEV,VTG{17~7H_1}
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The first step in this technique is to find an a-approximation algorithm for the new LP. Then, by
using this algorithm, we may be able to get a S-approximation algorithm for the original problem
where 8 > «. Unfortunately, the gap of the Lagrangian relaxation LP is at least essentially 3/2 as we
show shortly, and hence, we cannot get a better approximation ratio by a straightforward application
of this technique. Consider the instance consisting of a complete graph with 2[ vertices missing a
perfect matching and A = 1. It is easy to see that one cluster of radius 2 is an optimal solution for
this instance. In the fractional solution, we can pick one clusters of radius 1 around each vertex to
the fraction of 1/(21 — 1). It is easy to see this is a feasible solution having cost le—_ll (14 1), which
gives an integrality gap of at least essentially 3/2.
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Chapter 3

The Unsplittable Capacitated Facility
Location Problem

In this chapter, we consider the Unsplittable Capacitated Facility Location Problem (UCFLP). The
formal definition of the problem is as follows. Let G be a bipartite graph with bipartition (F, C),
where F' is a set of facilities and C'is a set clients. Let f; be the cost of opening facility 7, u be the
maximum demand that can be served by a facility (i.e., capacity of each facility), d; be the demand
of client j, and c;; be the cost of serving one unit of demand of client j by (opened) facility ¢. All
these input parameters are non-negative rational numbers. We assume that c;; satisfies the triangle
inequality. The UCFLP is to find a subset [ of facilities to open and a function ¢ : C' — [ assigning
each client to one open facility (to serve the entire demand of that client) in such a way that the
sum of demands assigned to each facility is no more than u while the total cost of opening facilities
(facility cost or opening cost), and serving demands (service or connection cost) is minimized, i.e.
minimizing 3 . fi + > icc dicg(j);-

There are some variants of the UCFLP that we discuss in this chapter. When we do not have
any capacity constraints , i.e. u = 0o, and we can split the demand of a client the problem is called
the Uncapacitated Facility Location Problem (UFLP). When we can split the demand of a client
among multiple facilities, the problem is called the splittable Capacitated Facility Location Problem
(splittable CFLP). In the splittable CFLP, when each facility can be opened multiple times (i.e., we
must pay the opening cost for each time that we open them), we have the so-called soft Capacitated
Facility Location Problem (soft CFLP). Sometimes, to contrast the version with soft capacities with
the version that we cannot open a facility multiple times, the term hard capacities are used in the
literature for the latter case. We adopt the same terminology and whenever we say hard capacities
we mean the version that one cannot open a facility multiple times. Each of these relaxations (e.g.
allowing splitting the demands of clients and/or having multiple copies of each facility) makes the
problem significantly easier as discussed below.

All of the above capacitated problems can be defined in the more general setting in which each

facility < has a given capacity u;. When we are discussing a problem in this more general version,
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we call it the non-uniform version. The non-uniform version turns out to be more difficult than the
uniform case, particularly in the UCFLP. For this reason, most previous works have focused on the
uniform capacity case of the UCFLP and our work does the same.

In the following discussions, for a solution (I, ¢), where I is the set of open facilities and ¢ :
C — I is the assignment of clients to open facilities, we use cy(¢) to denote the facility opening
cost and ¢5(¢) to denote the service cost, and ¢(¢) to denote the total cost of the solution. Thus, we
have c(¢) = cf(¢)+cs(¢). In the splittable versions, the assignment functionis ¢ : C'x F' = Qx,

where ¢(i, j) shows the amount of demand of client j served by facility i.

3.1 Overview of Related Works

In this section, we briefly review the related works to see how the new results fit in.

3.1.1 The Uncapacitated Facility Location Problem

Perhaps, the UFLP is the most well studied facility location type problem. In this problem, we only
need to decide which facilities to open. Then, the assignment of clients to facilities becomes trivial:
we should assign each client to its nearest open facility, because there is no capacity constraint. This
fact makes the problem much easier.

The first constant factor approximation for the UFLP was a 3.16-approximation algorithm by
Shmoys, Tardos, and Aardal [STA97]. This algorithm was based on rounding an LP relaxation of

the problem. They used the following natural LP relaxation of this problem:

minimize Z fivi + Z Z djciji

ieF ieF jeC
subject to inj >1 Vjedl
i
xijgyi ViEF,jEC

where z;; = 1 in the integral program indicates client j is assigned to facility 4 and y; = 1 indicates
facility ¢ is open. It should be noted that most of the succeeding improvements for this problem were
using the value of this natural relaxation as their lower bound of the optimum.

To round a fractional solution for this LP, they use a filtering method due to Lin and Vitter
[LV92]. Using this filtering, they show that with a small increase in cost, one can change this
solution to a new feasible fractional solution such that each client is fractionally assigned only to
facilities that are relatively close to it. Then, utilizing the metric property, they show how one
can open some of the fractionally open facilities and assign each client to its closest facility with
an additional small increase in cost. Finally, by randomly choosing the parameter for the filtering

stage, they get the 3.16 approximation ratio.
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There is a long series of works that improve this constant approximation ratio for the UFLP.
Guha and Khuller [GK98] improved the ratio to 2.41 by combining a simple greedy heuristic with
the algorithm of [STA97]. This greedy heuristic adds unused facilities one by one greedily based on
some measure of effectiveness for each facility. Later, the factor improved to 1 + 2/e &~ 1.74 by
Chudak [Chu98] using some generalized techniques of [STA97] for the LP rounding. A key element
to this improvement is the use of randomized rounding of y;-values in conjunction with the approach
of Shmoys, Tardos, and Aardal. Meanwhile, Jain and Vazirani [JV99] gave a 3-approximation
primal-dual algorithm with a better running time and Korupolu et al. [KPR98] gave a surprisingly
simple local search algorithm with factor 5 + € for any € > 0.

Charikar and Guha [CG99] slightly improved the ratio to 1.73 by combining primal dual al-
gorithm of [JV99] with cost scaling and greedy augmentation. The scaling technique exploits the
difference between approximation guarantees for the facility cost and the service cost. This can
be used by producing a new instance where the facility costs are multiplied by J, then apply the
algorithm to the scaled instance, and then scale back to get a solution for the original instance.
Mahdian et al. [JMS02] used a variant of the primal-dual method, called dual fitting, and a new
analysis technique, called factor revealing LP, to bring down the factor to 1.61. Later, the authors
of [MYZ02] combined this algorithm with greedy augmentation of [CG99] to decrease the factor to
1.52. Afterwards, Byrka [Byr07] combined this new algorithm of [MYZ02] with the algorithm of
Chudak [Chu98] to get a 1.5-approximation. Finally, Li [Lil 1] showed that by choosing a parame-
ter of Byrka’s algorithm from some specific distribution, one can get a 1.488 factor approximation
algorithm, which is the current best known factor.

On the negative side, a result of Guha and Khuller [GK98], combined with an observation of
Sviridenko (personal communication cited in [CW99]), implies 1.463-hardness for the UFLP. As a
result, unless P= NP, there is very little room to improve the best known approximation algorithm
for the UFLP.

Unsplittable Version of the UFLP: If we add the constraint that the demand of a client cannot
be split, it does not make the problem more difficult. First, observe that the optimum value for
the splittable version is a lower bound for unsplittable version, because any feasible solution for
the unsplittable version is a feasible solution for the splittable version. Second, we can change any
solution for the splittable version to a solution for the unsplittable version without increasing cost:
assign each client to its closest open facility. As a result, the optimum value of these two versions is
the same. Thus, any a-approximation for the standard splittable version gives an c-approximation

for the unsplittable version and vice versa.

3.1.2 The Soft Capacitated Facility Location Problem

In the soft CFLP, despite having capacities, the fact that we can open a facility multiple times makes

the problem easier in comparison to the case of hard capacities. Intuitively, if you violate the capacity
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of a facility, we have the option to open enough copies of it to serve the demands assigned to it. This
option just increases the facility cost and this increase in cost is not much more than the cost we paid
to open the facility in the first place.

Shmoys, Tardos, and Aardal [STA97] designed the first constant factor, a 5.69 factor, approxi-
mation algorithm for this problem by a similar LP rounding technique they used for the first constant
factor approximation for the UFLP. Then, Chudak and Shmoys [CS99] used the same LP and the
randomized LP-rounding technique to get a 3-approximation algorithm for this problem. For non-
uniform capacities, Jain and Vazirani [JV99] reduced this problem to the UFLP, and by solving the
UFLP, they obtained a 4-approximation algorithm. Arya et al. [AGK™01] proposed a simple local
search algorithm with an approximation ratio of 3.72 for the non-uniform version. Following the
reduction of Jain and Vazirani [JV99] to the UFLP, Jain et al. [JMS02] showed that the soft CFLP
with non-uniform capacities can be solved within a factor 3 of optimum. This result was improved
to a 2.89-approximation algorithm for the non-uniform soft CFLP in [MYZ02]. Finally, Mahdian et
al. [IMYZ03] improved this factor to 2, achieving the integrality gap of the natural LP relaxation of
the problem. To the best of our knowledge, this is the current best ratio for this problem.

The main idea of Mahdian et al.’s [MYZ03] algorithm is to consider the approximation factor
for the facility and connection costs separately. This idea helped them to analyse the performance
of the algorithm more carefully and get the current best ratio. At first, they map any instance, I, of
the non-uniform soft CFLP to an instance, R(I), of a problem called the linear cost facility location
problem, which is equivalent to the UFLP. In this process, they at most double the facility cost of
any solution for I and they can translate any solution for R(/) to a solution of at most the same
value for I. Then, they solve the new instance R(I) by a UFLP algorithm described in [JMS02].
This algorithm returns a solution that only pays at most double of the connection cost in an optimum
and pays at most the same as the optimum for the facility cost. Thus, overall, they get a solution for
R(I) that pays at most double of facility cost and double of connection cost. They translate back this
solution to a solution for /. As a result, they have a solution with cost within factor 2 of optimum.

We should point out that all of the above algorithms except Arya et al.’s local search algorithm
[AGK™01] use the optimal value of a natural LP relaxation of the soft CFLP as a lower bound in
their analysis. Therefore, they cannot obtain a better ratio than the integrality gap of this relaxation.
Mahdian et al. [MYZ03] also showed that the integrability gap of this LP is 2 and hence, their
analysis is tight. To beat this ratio, one needs to use the optimum value of a stronger LP as the lower
bound or need to utilize a technique which is not LP-based.

Unsplittable Version: If we add the constraint that the demand of a client cannot be split, it
does not make the problem much more difficult than its splittable counterpart in the soft setting.
One can show that any a-approximation algorithm for the unsplittable version of the soft CFLP
yields a 2a-approximation algorithm for the splittable version and vice versa (see Proposition 3.6.1

in Section 3.6). As a result, Mahdian er al.’s 2-approximation algorithm yields a 4-approximation
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for unsplittable version of the soft CFLP. In fact, it is not difficult to observe that this algorithm is a
2-approximation for this version. Recall that their algorithm assigns each client by utilizing a UFLP
algorithm and hence, to a single facility, and its cost is within factor 2 of the optimum value of soft
CFLP. Clearly, the optimum value of the unsplittable version is not less than the optimum value of
the splittable version, because all feasible solutions for the unsplittable version are feasible solutions
with the same cost for the splittable version, too. Thus, their algorithm gives a feasible solution
for the unsplittable version of the soft CFLP which is within factor 2 of the optimum value for the

unsplittable version.

3.1.3 The Splittable Capacitated Facility Location Problem

The splittable CFLP has also received a lot of attention. In contrast to the UFLP and soft CFLP,
there is an important distinction between the splittable and unsplittable case in the presence of hard
capacities, because in the unsplittable case, even checking whether there exists a feasible solution
becomes NP-hard and we can only hope for a bicriteria algorithm (see discussions in Section 3.1.4).
In contrast, in the splittale case, if we decide on the set of open facilities, the best way of serving the
clients can be determined by building a flow network and using a minimum cost flow algorithm.

For the splittable case, Korupolu, Plaxton, and Rajaraman [KPR98] gave a simple factor 8 4 ¢
local search algorithm. This was the first constant factor approximation algorithm for the hard capac-
itated facility location problem. In this algorithm, they start with an arbitrary set of open facilities
which have enough capacity to serve all the demands. Then, they assign the clients optimally to
these open facilities. They have three local operations to change the set of open facilities and po-
tentially improve the solution cost: opening a close facility, closing an open facility, and swapping
a facility in the set with a facility outside of the set of open facilities. If any of these operations
improves the solution more than some small value dependent on the value of e, they change the set
of open facilities and proceed to the next iteration. Otherwise, they stop and return the optimal as-
signment corresponding to current open facilities. Although, the algorithm itself is easy to describe,
the analysis was involved.

Later, Chudak and Williamson [CW99] simplified their analysis and showed the actual ratio of
Korupolu et al.’s algorithm is at most 6 + €. Pal, Tardos, and Wexler [PTWO1] gave a more powerful
local search with factor 8.54 + € for the case of non-unifrom capacities. Later, with a series of
more powerful local search algorithms, the ratio for the case of non-uniform capacities decreased to
7.46 + ¢ [MP03], and 5.83 + ¢ [ZCYO04]. Later, Aggarwal et al. [AAB*10] showed that Korupolu
et al.’s algorithm is actually a 3-approximation for the uniform splittable CFLP and this ratio is
tight. Recently, Bansal et al. [BGG12] showed that slightly more powerful versions of Zhang et
al’s [ZCY04] local search operations give a 5-approximation for the non-uniform splittable CFLP
and this ratio is tight.

It should be noted that in contrast to the UFLP and soft CFLP, all the known LP relaxations for
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this problem have super-constant integrality gap in the general case. The only LP-based result is a
5-approximation algorithm by Levi et al. [LSS04] for the non-uniform version in the special case

that all facility opening costs are equal.

3.1.4 The Unsplittable Capacitated Facility Location Problem

The UCFLP has a major difference from the problems we have already mentioned. In this problem,
it is NP-hard to even determine whether a feasible solution exits. In other words, even if we open all
the facilities and ignore the cost of the solutions, it is NP-hard to find an assignment of demands to
the facilities without violation of capacities, which comes from a reduction to the partition problem.
In fact, we can show that it is NP-hard to even find a solution that does not violate the capacity of
less than | | facilities (see Proposition 3.6.2 of Section 3.6).

Recall that an («, 3)-approximation algorithm for the UCFLP returns a solution whose cost is
within factor « of the optimum and violates the capacity constraints within factor 5. Here, we
compare the value of an approximate solution with the value of an optimal solution that does not
violate any capacities. In addition, it should be noted that if we violate the capacity of a facility
within factor 3, we must pay [ times its opening cost. In the context of approximation algorithms,
Shmoys, Tardos, and Aardal [STA97] were the first to consider this problem and presented a (9, 4)-
approximation algorithm. First, they designed a (9, 3)-approximation algorithm for the splittable
CFLP through the same ideas they used for the first constant approximation algorithm for UFLP,
i.e., by filtering and rounding technique. Then, they used a rounding for the generalized assign-
ment problem (GAP) [ST93], which is a generalized version of the matching problem (we define it
shortly), to obtain a (9, 4)-approximation algorithm for the UCFLP. In addition, by a randomized
version of the filtering technique, they got a new algorithm with the ratio (7.62, 4.29).

One can show that by the same technique as the one used by Shmoys, Tardos, and Aardal,
any (a, 3)-approximation algorithm for the splittable CFLP can be converted to a (2«, 5 + 1)-
approximation algorithm for the UCFLP. This technique of reducing the unsplittable version using
the rounding for the GAP to the splittable version was a cornerstone of the subsequent approximation
algorithms. This reduction works as follows.

The GAP is a generalization of the matching problem that can be described as a scheduling
problem which has some similarities to the UCFLP. In the GAP, we have a collection of jobs J
and a set M of machines. Each job must be assigned to exactly one machine in M. If job 5 € J
is assigned to machine 7 € M, then it requires p;; units of processing time and incurs a cost 7;;.
Each machine ¢« € M can be assigned jobs of total processing time at most P;. We want to find an
assignment of jobs to machines to minimize the total assignment cost. We should point out that 7;;
values do not necessarily satisfy the triangle inequality. Shmoys and Tardos [ST93] considered an
LP relaxation and showed that a feasible solution of this LP can be rounded, in polynomial time, to

an integral solution with the same cost that violates processing time limit P; within additive factor
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We can model (view) the UCFLP as an instance of the GAP in the following way: jobs are
clients, machines are facilities, p;; = d; for all 4, r;; = d;c;; for all ¢ and j, and P; = w, and all
facilities are already open (machines are available). Therefore, if we have a fractional assignment
of clients to facilities (i.e. a splittable assignment) which pays « times optimum and violates the
capacities within factor /3, then using the rounding algorithm of [ST93], we can round this fractional
assignment to an integral assignment (i.e., one that assigns each client to one facility) without in-
creasing the connection cost such that the capacity constraints are violated by at most an additive
factor of maxd; < u. Here, we have assumed that the demand values are at most u, because oth-
erwise; the instance is infeasible and we can rule out these instances in a preprocessing step. As a
result, in the unsplittable solution, the capacity of each facility is violated within 5 + 1 factor, which
at most doubles the facility cost. Consequently, we have a (2«, 8 + 1)-approximation algorithm
for the UCFLP. Note that when we have separate bounds on the connection cost and facility cost,
we may get a better factor than 2ce. The reader may verify that if the algorithm for the splittable
CFLP fractionally assigns a client only to a facility with capacity not less than its demand, the above
approach works for the non-unifrom version as well.

Korupolu, Plaxton, and Rajaraman [KPR98] gave the first constant factor approximation al-
gorithm for the splittable hard capacitated version, and applied the GAP rounding technique of
[STA97] to get a (O(1), 2)-approximation algorithm for the UCFLP. All subsequent constant factor
approximation algorithms for the uniform splittable CFLP combined with the above GAP reduction
technique give a (O(1), 2)-approximation algorithm for the UCFLP, even though this may not be
explicitly stated by their authors. Applying the current best approximation algorithms for the split-
table CFLP [AAB™10], one can get a (5, 2)-approximation algorithm for the UCFLP. In addition,
since the current best approximation algorithm for the non-uniform splittable CFLP does not assign
a client to a facility with capacity less than its demand, one can get a (9, 2)-approximation algorithm
for the UCFLP with non-uniform capacities (see Proposition 3.6.3 of Section 3.6).

Recently, Bateni and Hajiaghayi [BH09] modeled an assignment problem in content distribu-
tion networks by the UCFLP. This assignment problem has been first considered by Alzoubi et al.
[ALR™08] and is basically the assignment of downloadable objects, such as media files or softwares,
to some servers. We cannot split a downloadable object and we need to store it in a single server. As
Alzoubi et al. mention, the server capacities is very crucial in practice and a high overload amount on
a server can disrupt a large number of connections. Motivated by this strict requirement on capaci-
ties, the authors of [BH09] designed a (1+¢, 14¢)-approximation algorithm for tree metrics (for any
constant € > 0) using a dynamic programming approach. They also presented a quasi-polynomial
time (1 4 ¢,1 + €)-approximation algorithm (again for trees) for the non-uniform version. As we
explain shortly, these results can be used to get a polynomial time (O(logn), 1 + ¢)-approximation

algorithm for the uniform capacities and a quasi-polynomial time (O(logn), 1 + €)-approximation
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algorithm for the non-uniform version for any constant € > 0.

Fakcharoenphol et al. [FRTO03] improved the well known machinery of Bartal [Bar98] and
showed that any n point metric space can be embedded into a distribution over tree metrics such that
the expected stretch of any edge is O(logn) and we can sample from this distribution efficiently.
Therefore, to solve the UCFLP in general metrics, Bateni and Hajiaghayi first embed the general
metric into the above distribution of tree metrics and sample a tree metric from it. By Fakcharoen-
phol et al.’s result, the cost of an optimal solution for the general metric increases by an expected
factor of O(logn) on this tree metric. Then, they run their approximation algorithms for trees on
this tree metric and obtain a solution within factor (1 + €) of the optimum of this tree, which is
within expected factor O(logn) of the optimum of the general metric.

Non-metric version: It should be noted that here we assumed the cost function, ¢, satisfies
triangle inequality. For non-metric cost functions, unless P= NP, the UCFLP does not admit any
(f(x), % — €)-approximation algorithm for any polynomial time computable function f(z) and any
constant € > 0, where z is the size of input [BH09]. This result comes from a simple reduction from
a special case of the makespan problem that p;; € {p;, oo}, where p;; is the processing time of job
7 on machine ¢ . This special case is %—hard [LST90]. In addition, this problem does not admit any
(clog n, B)-approximation algorithm for some constant ¢ > 0 and any 8 > 1 unless P= NP (see

Proposition 3.6.4 in Section 3.6).

3.2 New Results

Recall that given an instance (F, C') of the UCFLP with opening costs f;, demands d;, and connec-
tion costs ¢;;, a solution is a subset I of facilities to open along with assignment function ¢ : C' — 1.
Since all capacities are uniform, by a simple scaling, we can assume that all of them are 1 and all
the client demands are at most 1.

All the known constant factor algorithms for the UCFLP violate the capacity constraints by a
factor of at least 2 which is mainly due to using the rounding algorithm for GAP [ST93]; and the
algorithm of [BHO9] (although has 1 + € violation) is not a constant factor approximation. We are
interested in (O(1), /3)-approximation algorithms for some 3 < 2. We define a restricted version of
the problem and show that finding a good approximation algorithm for this restricted version would
imply a good approximation for the general version. The definition of similar restricted versions has

been a common practice in solving bin packing type problems (e.g., see [dIVL81, KK82]).

Definition 3.2.1 An e-restricted UCFLP instance, denoted by RUCFLP(¢), is an instance of the
UCFLP in which each demand has size more than ¢, i.e., ¢ < d; <1 forall j € C.

The following theorem establishes the reduction from the general instances of the UCFLP to

the restricted version. Here, the general idea is that if we assign the large clients oblivious to small
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clients, we can fractionally assign the small clients without paying too much. We use the maximum-
flow minimum-cut theorem to show this. Then we can round this fractional assignment of small

clients with the GAP rounding technique [ST93].

Theorem 3.2.1 If A is an («(¢), B(€))-approximation algorithm for the RUCFLP(e) with running
time T(A) then there is an algorithm Ac which is a (g(e, a(€)), max{S(¢€), 1 + €})-approximation
algorithm for the UCFLP whose running time is polynomial in 7(A) and the instance size, where

g(e, a(e)) < (1 4 €)a(e) for some constant c.

Corollary 3.2.1 For any constant € > 0, an («(¢€), 1+¢)-approximation algorithm for the RUCFLP(¢)
yields an (O(«(e)), 1 + €)-approximation for the UCFLP. Particularly, when «/(€) is a constant, we
have a constant approximation for the UCFLP with a (1 + €) violation of capacities in polynomial

time.

This reduction shows that to get a (O(1),1 + €)-approximation, it is sufficient to consider
large clients only, which may open the possibility of designing algorithms using some of the tech-
niques used in the bin packing type problems. If one finds such an algorithm for large clients, the
above corollary shows that we have an (O(1), (1 + ¢))-approximation for the UCFLP. As an ev-
idence for this, we find approximation algorithms for the RUCFLP(%) and the RUCFLP(%). For
the RUCFLP(%), we present an exact algorithm and for the RUCFLP(%), we present a (21,1)-

approximation algorithm. These, together with Theorem 3.2.1 imply:

Theorem 3.2.2 There is a polynomial time (9, %)-approximation algorithm for the UCFLP.
Theorem 3.2.3 There is a polynomial time (29.315, %)—approximation algorithm for the UCFLP.

Finally, we give a QPTAS for Euclidean metrics. Here, we employ a dynamic programming
technique and combine the shifted quad-tree dissection of Arora [Aro96], some ideas from [BH09],

and some new ideas to design a dynamic programming.

Theorem 3.2.4 There exists a (1 + €, 1 + ¢)-approximation algorithm for the Euclidean UCFLP in

Q? with quasi-polynomial running time for any constant € > 0.

Although this theorem is presented for Q2, it can be generalized to Q¢ for any constant d > 2.

3.3 Reduction to the Restricted UCFLP

In this section, we prove Theorem 3.2.1. Let L = {j € C : d; > €} be the set of large clients and
S = C\L be the set of small clients'. We call two assignments ¢1 : C; — Fy and ¢ : Cy — F

consistent if ¢ (j) = ¢=2(j) for all j € C; N Cy. The high level idea of the algorithm is as follows.

'We should point out that the definitions of L and S are with respect to a given parameter . Since throughout the
following sections, this parameter is the same for all statements, in the interest of brevity, we use this notation instead of L(e)
and S/(e).
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We first ignore the small clients and solve the problem restricted to only the large clients by running
algorithm A of Theorem 3.2.1. We can show that given a good assignment of large clients, there
exists a good assignment of all the clients (large and small) which is consistent with this assignment
of large clients, i.e. a solution which assigns the large clients the same way that A does, whose cost
is not far from the optimum cost. More specifically, we show there is a fractional (i.e. splittable)
assignment of small clients that together with the assignment of large clients obtained from .4 gives
an approximately good solution. Having this property, we try to find a fractional assignment of
small clients. To do this, we update the capacities and the opening costs of facilities with respect to
the assignment of large clients (according to the solution of .4). Then, we fractionally assign small
clients and round this fractional assignment at the cost of violating the capacities with additive factor
€. Algorithm 3.3.1 shows the details. Here, ¢~ (i) is the set of clients assigned to facility i by the
assignment ¢ and foraset F/ C F, ¢ (F') = Ujep o1 (i).

Algorithm 3.3.1 Algorithm for the UCFLP by reduction to the RUCFLP(¢)

Require: An instance of the UCFLP, a parameter € > 0, and an algorithm .4 for the RUCFLP(¢)
Ensure: A subset I C F to open and an assignment of clients ¢ : C' — [

I: Let L ={j € C:d; > e} and S = C\L. Assign the clients in L by running A. Let I, be the
opened facilities and ¢y, : L — I, be the assignment found by .A.

2: Fori € Ip, set f; = 0, and set v} = max{0,1— Zje¢21(i) d;} as the new capacity of facility ¢.
Assign the clients in S with respect to updated opening costs and capacities by an approximation
algorithm for the splittable CFLP with non-uniform capacities. Let I's be the new set of opened
facilities and ¢y : S — I be the assignment function, where I C Ig U I),.

3: Round the splittable assignment ¢y using algorithm of [ST93] to find an unsplittable assignment
QSS S = I/S

4: Let] =I5 U Iy anddefine ¢ : C' — I as ¢(j) = ¢s(j) if j € S and ¢(j) = ¢1(j), otherwise.
Return ¢ and I.

First, we formally prove the property that given assignment of large clients, there is a feasible
fractional assignment of small clients with an acceptable cost. Note that we do not open facilities
fractionally and a fractional assignment of demands of (small) clients is essentially equivalent to
splitting their demands between multiple open facilities. We should point out that the proof of this
property is only an existential result and we do not actually find the assignment in the proof. We
only use this lemma to bound the cost of our solution. Let OPT be an optimum solution which
opens set [* of facilities and with assignment of clients ¢* : C' — I*. We use ¢} : L — I* and

@& S — I* to denote the restriction of ¢* to large and small clients, respectively.

Lemma 3.3.1 Suppose I, is a set of open facilities and ¢, : L — Iy, is an arbitrary (not necessarily
capacity respecting) assignment of large clients. Given the assignment ¢, there exists a feasible

fractional assignment of small clients, s — I§ such that cs(¢'5) < cs(¢*) +cs(dr) and cs(Ps) <

cr(o").

Proof. Recall u} is equal to max{0,1 — >_ 1() dj}, i.e., the amount of capacity left for facility

JjEPL

1 after the assignment of large clients based on ¢r. We open all the open facilities in the optimum
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solution, i.e., all facilities in I* (if not already open in I). Let I = I, U I*. To show the existence
of ¢/, first we move the demands of small clients to the facilities in I* based on ¢§ and we pay
cs(@%) for this. So now the demands of small clients are located at facilities in I*. However, a
facility « € I§ has only u} residual capacity left (after commiting parts of its capacity for the large
clients assigned to it by ¢r) and this capacity may not be enough to serve the demands of small
clients moved to that location. In order to rectify this, we will fractionally redistribute the demands
of these small clients between facilities (in I%) in such a way that we do not violate capacities .
In this redistribution, we only use the edges used in ¢y, or ¢7 and if an edge is used to assign large
client j to facility ¢ (in ¢z, or ¢} ), we move at most d; units of demands of small clients along
this edge. Therefore, we pay at most cs(¢1,) + ¢s(¢7%,) in this redistribution. Thus, by the triangle
inequality, the connection cost of the fractional assignment of small clients obtained at the end is
bounded by c,(¢%) + cs(¢}) + cs(dr) = cs(¢*) + cs(¢r). Since we only open facilities in the
optimum solution (on top of what is already open in I7,) the extra facility cost (for assignment ¢)
is bounded by the facility cost of the optimum.

This process of moving the small client demands can be alternatively thought in the following
way. We start from the optimum assignment ¢* and change the assignment of large clients to get
an assignment identical to ¢, for those in L. Specifically, we change the assignment of a large
client j from i’ = ¢*(j) to ¢ = ¢r(j). This switch increases the amount of demands served at 4
by d; and decreases the amount of demand served at ¢’ by d;. After doing all these switches, we
might have more demand at some facilities than their capacities, while the total demands assigned
to some facilities might be less than 1. To resolve this problem, we try to redistribute (fractionally)
the demands of small clients so that there is no capacity violation and we use the max-flow min-cut
theorem to show that this redistribution is possible.

Let s; be the total demand of small clients served by facility ¢ in ¢*. Define a flow network H
as follows. H has set of vertices X UY U {s,t} where X = {z;|i € F}and Y = {y;|i € F},
and s is called the source and ¢ is the sink. We add an edge from s to all the vertices in X and set
the capacity of edge sz; to s; (this represents the total demand of small clients that can be moved
Jfrom facility 7). We connect each y; € Y to ¢ and set the capacity of edge y;t to u} (this represents
the residual capacity of facility ¢ after the assignment of large clients according to ¢1,). We connect
z; and y; bidirectionally with edges of unlimited capacity (because x; and y; represent the same
facility). Finally, for each large client j with ¢, (j) = 7 and ¢*(j) = ¢’ we add an edge from z; to
i with capacity d; (see Figure 3.1). This means that we can transport d; units of (small clients)
demands from facility ¢ to facility i’ since we switch the demand of large client j from being served
at 7’ in the optimum to be served at 1.

A flow of value )", s7 in H represents a fractional redistribution of demands of small clients
between facilities in such a way that we do not violate capacities u;. It follows that if there is a flow

of value ) . s} in H then we can redistribute the demands of small clients among facilities so that
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(b) The edge z;y;+ corresponding to the large client j shown in part (a). Also, an
arbitrary cut of bounded value in H shown with gray ovals. The top oval shows
the partition s U X, U Ye.

Figure 3.1: The flow network used in the proof of Lemma 3.3.1.

large clients are served according to ¢, and no facility capacity is violated because of small clients.
We show that a maximum s-¢ flow in H has value at least ) _, s;.

We show that the capacity of any s-t cut in H is at least ) . s¥. Therefore, the capacity of
minimum cut is at least Zl s7 and by the max-flow min-cut theorem, the value of max flow is at
least ,8;. If for any 7 € F, the vertices x; and y; are in different partitions of a cut, the cut has
unbounded capacity (because of the unlimited capacity of bidirectional edge x;y;) and clearly has
capacity at least ) . s7.

Now, consider an arbitrary cut in which for all 7 € F), the vertices x; and y; are in the same
partition. Consider the partition containing s in this cut and let X, C X and Y, C Y be the rest of
vertices in this partition, i.e., the partition is s U X, U Y. Let F’ be the facilities corresponding to
the vertices in X, (or equivalently, in Y;). Let C; be the large clients assigned to the facilities in F”
by ¢* and C; be the large clients assigned to the facilities in F/ by ¢,. Since ¢* does not violate
capacities, the total demand of clients assigned to facilities in F” is at most their total capacity, i.e.

|F”|. In other words, we have

SNsi+ > d<|F< ) up+ Yy dj,

i€F’ jecr i€F’ ae

where the second inequality follows from the way that we defined u; and C;. Adding the term
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and by the simple fact that 3, dj — >_.c cr dj <3 e onNe; d;, the above inequality implies
LTI SRS SN S
i€l 1€F\F' 1€’ JECI\C5
Notice that the right hand side of the above inequality is exactly the capacity of the cut (see
Figure 3.1). The first term of the right hand side is the capacity of the edges leaving the cut from s
to X \ X.. The second term is the capacity of the edges leaving the cut from the vertices in Y, to
t. The third term is the capacity of the edges leaving the cut from X, to Y\ Y., because a client j
is in C;\C5, if and only if it is assigned to a facility in F’ by ¢, and is assigned to a facility out-
side of I by ¢*, if and only if we have an edge of capacity d; from ¢1,(j) € X.to ¢*(j) € Y\Y.. B

Remark 3.3.1 The above lemma can be generalized in the following way. Assume facility i has
capacity u;, i.e., we are in the non-uniform case. Let ¢pcr : C' — Icr and ¢c : C — I be two
arbitrary assignments, where C' can be any subset of C, and Ic' and I¢ are subsets of F. Let
C" = C\C'. Almost the same proof as above shows that given the assignment ¢c, there exists
a feasible fractional assignment ¢pcr = C" — I such that c¢s(¢cr) < cs(dc) + cs(dcr) and

cr(pcr) < cp(oc), where I, C Ic U Icr. If we set C' = L and ¢c = ¢*, then C"" = S and we

get the above lemma.

We point out that the above lemma is tight. Consider a path P = v;vovs where the edges have
unit cost. Assume 1/2¢ is an integer and denoted this integer by ¢. There are ¢ small clients of
demand € on vy, there is a facility with opening cost 0 on vy, there is a large client with demand 1/2
on vg, there is another facility with opening cost 0 on v3 and there are 2¢g small clients of demand
€ on v3. In the optimal solution, we open both facilities and assign the large client on vy to the
facility on v;. Thus, we have c,(¢*) = 1/2 and c¢(¢*) = 0. An algorithm which decides the
assignment of large clients oblivious to small clients (including Algorithm 3.3.1) may assign the
large client on vy to the facility on vs. After this assignment, any feasible fractional assignment of
small clients, ¢’§, must assign at least 1/2 units of demands of small clients on v3 to the facility
on vy. Thus, we have ¢s(¢%) > 1/2+1/2 = 1 = ¢4(¢*) + ¢s(¢r), because c(¢pr,) = 1/2 and
cr(%) = cs(¢*) = 0. This shows that Lemma 3.3.1 is tight. Note that this example shows that any
algorithm which decides the assignment of large clients oblivious to small clients is at least a factor
3 away from the optimum even for simple metrics such as Euclidean, planar, and tree metrics.

One should note that when all facility costs and at least one of ¢;(¢7} ) or ¢s(¢r) are non-zero,
Lemma 3.3.1 is not tight: remember that I* is the set of facilities opened by ¢*. Assume the facility

cost inequality of Lemma 3.3.1 is tight, i.e., for any feasible fractional assignment of small clients
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Figure 3.2: A tight example for Lemma 3.3.1.

&, we have cy(¢%%) = cy(¢*). This means that none of the large clients are assigned to I* by ¢y,
or equivalently, no small client assigned to a facility opened by ¢,. Therefore, when we switch the
assignment of large clients from the one in the optimal solution to the one assigned by ¢, we do
not need to send back anything and change the assignment of small clients. Since at least one of
cs(@3) or cs(¢r) is non-zero, we have cs (%) < cs(¢%) + cs(9F) + cs(¢pr) for a ¢ that assigns
small clients the same way as ¢¢.

Now, we prove our main theorem using Lemma 3.3.1:

Proof of Theorem 3.2.1. Since the cost of the optimum solution for the instance consisting of only
the large clients is clearly no more than that of the original instance, after Step 1 of Algorithm 1, we
have an assignment ¢, such that c¢(¢r) < a(€)c(¢} ) and it violates the capacities by a factor of at
most 3(e). By Lemma 3.3.1, given ¢, there is a feasible fractional assignment ¢} for small clients
such that ¢;(¢¢) < cs(9*) + cs(or) and cp(¢%) < cp(0*).

In Step 2, consider the instance of the splittable CFLP consisting of the small clients and the
residual facility opening costs and capacities as defined. We use an approximation algorithm for the
splittable CFLP to find an approximate splittable (i.e. fractional) assignment ¢; for small clients.
Suppose that the approximation algorithm used for the splittable CFLP has separate factors A, Asf,
Afs» Agp such that it returns an assignment with service cost at most Ags¢ (¢~>S) +Aspcy (gzgs) and with

opening cost A 45 (ds) + Ajrcs(ps) for any feasible solution ¢g. Therefore, using Lemma 3.3.1:

s(ds) < Asss(95) + Asper(95), (3.1

and
cr(ds) < Apscs(ds) + Aprep(d5)- (3.2

The current best approximation for the non-uniform splittable CFLP is due to Bansal et al.
[BGG12] with parameters A = 1, Agp = 1, Aps = 4, and A\py = 4.

In Step 3, we round the splittable assignment ¢y using the algorithm of Shmoys and Tardos
[ST93] for the Generalized Assignment Problem (GAP) to find an integer assignment ¢g (recall the
discussion in Section 3.1.4). Given the fractional assignment of clients to facilities ¢y, using the
rounding algorithm of [ST93], we can round ¢’y to ¢s without increasing the connection cost, i.e.
cs(¢s) = c¢s(@'s), such that the capacity constraints are violated by at most an additive factor of
max;eg d;. Since all the jobs in S have demand at most e, the capacity constraints are violated by

at most a factor of 1 + ¢.
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After combining ¢g and ¢, in Step 4, the violation of capacities is within a factor of at most
max{f(e), (14 €)}, because the facilities with violated capacities in Step 1 will be removed in Step

2 and will not be used in Step 3. So it only remains to bound the cost of this assignment:

cs(ps) = cs(dy) by rounding of the GAP [ST93]
< AosCs () + Asper(dY) by Equation (3.1)
< Ass(es(0) + es(orn)) + Asper (o), by Lemma 3.3.1
cr(ds) < (1+e)cs(dly) by rounding of the GAP [ST93]
< A+ e)Apses (@) + (X +e)Appep (@) by Equation (3.2)
< A+ e)Aps(es(@*) +es(or)) + (L +€)Afper(9*). by Lemma 3.3.1
Therefore:

c(¢) = clos)+c(or)
= cs(ps) +cp(bs) +cs(dr) +crlor)
Bi(E)es(6%) + ha(er(@) + () + Deylor) +es(61), 33

IN

where h1(€) = Ass + (1 + €)Ass and ha(e) = Agy + (1 4+ €)Asy. Since hq(e) > 0 for any € > 0:
(ha(e) +Des(or) +ep(or) < (h(e) +1)e(or) < a(e)(hale) +1)e(¢r) < afe)(ha(e) +1)c(d7).

Combining this with Inequality (3.3), we obtain that the cost of ¢ is within factor:

g(e,a(e)) = max(hq(€), ha(e)) + ale)(h1(e) + 1) (3.4)

of the optimum, where h1 (¢) = ha(e) = 5 + 4e using the current best ratio of [BGG12]. [ |

34 The RUCFLP() and RUCFLP(})

In this section, we give two approximation algorithms for the RUCFLP(%) and RUCFLP(%). Com-
bined with Theorem 3.2.1 (and using Algorithm 1) these imply two approximation algorithms for

the UCFLP. We start with the simpler of the two, namely the RUCFLP(%).
Theorem 3.4.1 There is a polynomial time exact algorithm for the RUCFLP( % ).

Proof. Consider an optimal solution for a given instance of this problem with value OPT . Because
d; > % forall j € C, each facility can serve at most one client in the optimal solution. Therefore, the
optimal assignment function, ¢7 , induces a matching M = {j¢% (j) : j € C'}. Letw;; = ¢;5.dj+ fi
and let w(H) = ) . ;y we for any subset of edges H C E. It follows that w(M) = OPTy.

Let M* be a minimum weight perfect matching with respect to weights w;;. Clearly, w(M™*) <
w(M) = OPTy. In addition, M* induces a feasible assignment of clients to facilities with cost
w(M*). Thus, M* induces an optimal solution for the RUCFLP(%). Since we can find a minimum

weight perfect matching in polynomial time, there is an exact algorithm for the RUCFLP(%). ]
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Corollary 3.4.1 There is a polynomial time (15, 3/2)-approximation algorithm for the UCFLP.

Proof. We run Algorithm 3.3.1, where we use the algorithm of Theorem 3.4.1 in the first step.
Substituting cv(e) = 1 and € = 1/2, we have hy(1) = 7, ha(1) = 7, and g(€, a(e)) = 15. Since
B(€) = 1, the overall ratio is (15, 3/2). [ |

Remark 3.4.1 We can generalize the above lemma. Let ¢r, be the assignment induced by M™* and

(bN 1 be any feasible assignment for the RUCFLP( % ) instance. The reader may verify that a similar
proof shows that cs(¢1,) + cf(or) < ¢s () + cf (61).

The algorithm for the RUCFLP(%) is more involved. First, we show how finding an approxima-
tion algorithm for the RUCFLP(e) with zero facility opening costs leads to an approximation algo-
rithm for the general RUCFLP(e). Then, we give an approximation algorithm for the RUCFLP(%)

with zero opening costs.

Lemma 3.4.1 Given an (d/(€), 5(€))-approximation algorithm A’ for the RUCFLP(e) with zero
facility opening costs, we can find a (o (€)X, B(€))-approximation A for the general RUCFLP(e).

PR
Proof. Define a new connection cost c;j = ¢;; + f; and opening cost f; = 0foralli € Flandj € C.
Note that the new cost function is still metric. Then, we run A’ on this new modified instance and let
the solution returned by it be assignment ¢p;,. We use ¢, to assign the clients for the original instance
and we claim this a (a/ (€)%, 3(e))-approximation. In the following, the costs of all assignments are

based on c;; and f; values.

Let ¢7 be an optimal assignment for the original instance of the RUCFLP(¢) and OPT, be the

cost of ¢% (including opening costs). Let C; = ¢% ~' (7). The cost of ¢} in the new instance will be
5% iy = 30 (X e+ () < 30 (3 doey + £) < 0P
i jel; i J€C; JEC; i JEC;

where we used the fact that ) jec d; < 1. Thus, there is a solution in the modified instance with
cost at most OPT . Therefore, the value of the assignment found by A’ in the new graph is at most
o/(€) - OPTy. Let « be the portion of this value that comes from the facility costs in ¢’ costs, i.e.,
the cost of solution ¢y, in the new graph is ¢;(¢r) + v < a’(e)OPTy. Since d; > eforall j € C,
each client j pays at least € fraction of the opening cost of ¢,(j) embedded in costs ¢’ and hence,

cf(¢r) < L. Therefore, we have

c(é1) = caln) + cp(61) < caldr) + %7 < %cs<¢L> + 5 < %o/(e)OPTL

fore < 1. [ |

Remark 3.4.2 Let ¢>~ 1, be any feasible assignment for the original instance of the RUCFLP(¢). A
similar proof shows that c5(¢1,) +~ < o (€)(cs(or) + c;(HL)). We use this fact in Section 3.4.1 to
get a better ratio for the RUCFLP(%).
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In the following, we present a (7, 1)-approximation algorithm for the RUCFLP(%) with zero
opening costs (see Algorithm 3.4.1), which coupled with Lemma 3.4.1 yields a (21, 1)-approximation
algorithm for the RUCFLP(3).

Algorithm 3.4.1 Algorithm for solving the RUCFLP(%) with zero opening costs

Require: An instance of the RUCFLP(%) with zero opening costs
Ensure: A subset /] C F and a function ¢ : C — [

1: Let L' = {j € C : d; > 3} and L” = C\L'. Assign the clients in L’ by running a minimum
weight perfect matching algorithm with edge weights w;; = djc;;. Let Ir, be the opened
facilities and ¢ : L' — I be the assignment function.

2: Build the flow network H as described in Theorem 3.4.2.

3: Find a minimum cost maximum flow in H. If the value of the flow is smaller than |L”| then
return “Infeasible”. Else, let I~ be the subset of facilities in '\ I, whose corresponding nodes
in Y (in H) have non-zero flow through them and ¢ be the assignment function defined as: if
there is a unit flow from z; to y; in H then ¢ () = i.

4: Let I = Ip» U Ip,. Combine ¢ and ¢y, to form assignment function ¢y, : C — I where
d(4) = o (j)if j € L”, otherwise ¢(j) = ¢ (j). Return ¢ and 1.

Theorem 3.4.2 There is a (7,1)-approximation algorithm for the RUCFLP( % ) with zero opening

COSIS.

Proof. Note that all the clients in the given instance have size > % We break them into two groups:
L'={jeC:d; >i}and L"” = C\L' are those which have size in (3, 3]. In this proof (and
of Lemma 3.4.2), we call clients in L’, huge clients and those in L”, moderately-large clients. The
algorithm assigns the huge clients by running a minimum weight perfect matching algorithm with
edge weights w;; = djc;;. Let Ir, be the opened facilities and ¢/ : L’ — I/ be the assignment
function. For moderately-large clients (i.e. those in L"), we define a flow-network H and show that
minimum cost maximum flows in H correspond to minimum cost feasible assignment of clients in
L" to facilities (given the assignment ¢ ).

Directed network H has node set X UY U {s, ¢} where there is a node z; € X for every client
j € L" and anode y; € Y for every facility ¢ € F; s is the source and ¢ is the sink. The source
is connected to each node x; € X, and all y; € Y are connected to the sink. Each z; € X is
connected to a node y; € Y if either: the corresponding facility 7 is in F'\ Iy, i.e. unopened yet, or 4
is in Iz, and the remaining capacity of ¢ is enough to serve the demand of client j. Set the capacity
of the edges between the source and the nodes in X to 1, set the capacity of the edges between X
and Y to 1, set the capacity of the edges between the nodes y; € Y whose corresponding facility ¢
is unopened (i.e. not in I7/) and the sink to 2, and set the capacity of the edges between the nodes
y; € Y whose corresponding facility is in I, and the sink to 1. The cost of an edge connecting x ;y;
is d; - ¢;; and all the other costs are 0. Algorithm 3.4.1 summarizes the algorithm for the RUCFLP(%)
with zero opening costs.

Let ¢} be an optimal assignment for the given instance of the RUCFLP(%) with cost OPT. In

Lemma 3.4.2, we will prove that there exists an assignment ¢’ of clients consistent with assignment
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¢, found in Step 1, with cost at most TOPT 1. Below we prove that in Steps 2 and 3 the algorithm
finds the best possible feasible assignment of clients in L” (given ¢.). Therefore, the cost of ¢
formed in Step 4 is at most ¢(¢’) and hence, is at most TOPTy.

Since for any j € L": % < d; < %, each unopened facility after Step 1 can serve any two
clients of L” (and no more than two). This fact is reflected in that we connect all the nodes in X
(corresponding to moderately-large clients) to the nodes in Y corresponding to unopened facilities
F\Iy and we set the capacity of the edges between those nodes in Y and the sink to 2. In addition,
each facility in /7 can serve at most one moderately-large client, because more than % of its capacity
is already used by a huge client; accordingly we set the capacity of the edges from those nodes in
Y to the sink to 1 and we only connect to them the nodes of X whose corresponding client can be

served by them. Considering these two simple facts:

Claim 3.4.1 The maximum flow in H has value |L"| if and only if the given instance is feasible
and there is a one to one correspondence between maximum flows in H and feasible assignment
of moderately-large clients (i.e. in L") given ¢r.. Furthermore, a pair of corresponding maximum

flow in H and assignment of clients of L" to F have the same cost.

Proof. Observe that all the edges of H have integer capacities; so in any maximum flow edges have
only integer flows. If a node x; € X has a flow of one to a node y; € Y we assume client j is
assigned to facility ¢, and vice-versa. First, suppose that the instance is feasible and let ¢ be an
arbitrary feasible assignment. We show that there is a feasible assignment consistent with ¢ . Let

Ig,)) be the set of open facilities in ¢ to which a client of L' is assigned. Clearly, Ié?)| = |L'|. Since

opening costs are zero and all facilities have the same capacity, we can easily swap the facilities in
Ig?) with ones to which a client of L’ is assigned to in ¢z so that we get a feasible assignment
consistent with ¢ .. Then it is easy to see that H has a flow of value |L”| (basically the edges
between X and Y in H with non-zero flow correspond to the assignment of clients of L” in the
feasible solution consistent with ¢.). Conversely, if H has a flow of |L”| then that corresponds to
a feasible assignment of moderately-large clients to facilities (consistent with ¢ ). The correspon-

dence between cost of a maximum flow and an assignment of clients (of L") is immediate from the

definition of costs of edges. ]
Therefore, the assignment ¢ obtained from a minimum cost maximum flow in H has the min-

imum cost among the assignments consistent with ¢r. This together with Lemma 3.4.2 implies that

¢ p as defined has cost at most TOPT .. [ |

Lemma 3.4.2 There exists an assignment ¢’ of clients consistent with ¢, with cost at most TOPT,

where OPT |, is the cost of an optimum assignment @7, for the given instance of the RUCFLP( % ).
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Proof. Let ¢, be the restriction of ¢} to clients in L', and G+ be the graph induced by the edges
used in ¢ or ¢} ,. Since at most one client in L' is assigned to each facility by any feasible solution,
the degree of vertices in Gz is at most 2; so G- is a collection of cycles and paths. For an arbitrary
path, we show how the assignment of huge clients in ¢% (i.e. those in L’) can be changed to the ones
in ¢, without violating any capacity, while the cost increases by at most a factor of 7. Similarly,
it can be shown that each cycle can be fixed with at most a factor of 3 increase in its cost, which
completes the proof.

Let P = i1 j1i2j2 - - . ik jkir+1 be an arbitrary pathin G, where ¢}, (ji) = ¢; and ¢/ (ji) = 141
for 1 <[ < k (see Figure 3.3). Let S be the set of moderately-large clients (i.e. in L'') assigned to
facility 4, by ¢} . In ¢, we assign j; and the clients in S; to 4,41 for 1 <1 < k and we assign the
clients in Sj+1 to j1. Since we used a min-cost maximum matching algorithm to find ¢ 1, changing
the assignment of clients in L’ does not increase the cost. Therefore, we only need to analyze the

increase in cost because of the change in assignment of moderately large clients.

Sl SQ Sk

il 12 7k ik+]
4 4 .
' ) )
, . 4 .
4 4 ,
. 4 ’
. 24 .
. 4 ’
’ . 4
’ 4 4
c , 4 é .
Ju J2 Jk—1 Jk
----- » Our Assignment = Optimal Assignment

Figure 3.3: An arbitrary path in G’;. In ¢/, the clients in S are assigned to the facility pointed to by
the gray arrow adjacent to 5.

Consider an arbitrary [ where 1 < [ < k. Since d; > %, the total demand of clients in 5] is less
than d;. Therefore, if we send the clients in .S; to 4;4 1 over the edges ¢;7; and j;%;41, we increase the
cost by at most d;(c;,j, + ¢j,4,,, ). Thus, changing the assignment of clients in U; <;<4.S; increases
the cost by at most a factor of 2. Finally, the total demand of clients in Sy is at most 1 < 2d; for
any 1 < [ < k. Therefore, sending back these clients to i; over P increases the cost by at most a

factor of 4. Hence, the overall cost of ¢’ is at most TOPT}.. [ |

The above lemma is essentially tight: there are instances of the RUCFLP(%) with zero costs that
after deciding the assignment of huge clients by a minimum weight perfect matching algorithm, any
feasible solution consistent with this assignment has cost at least TOPT, (see Figure 3.4). Consider
a path P = wvjvovs where the edges have unit cost. There are two facilities with zero opening
cost on v and v3. In addition, there is a moderately-large client of demand 1/2 — ¢ on vy, a huge

client of demand 1/2 + § on vy, and two moderately-large clients of demand 1/2 on vs, where
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0 is a small positive number. In the optimal solution, the client on vy is assigned to the facility
on v; and OPTy, = 1/2 + 4. In our solution, the minimum weight perfect matching algorithm
may assign the huge client on v; to the facility on vs. Then, in any feasible solution, we must
move the moderately-large client on v; to v and move the two moderately-large clients on v3 to
v1, so the total cost of any feasible solution given the assignment of the huge client, is at least
(1/2—=6)x24+1x2+(1/245) x 1 =7/2 — 6. This shows any feasible solution is essentially a

factor of 7 away from the optimum.

one facility with f; = 0 1 U2 | one facility with fo =0

V1@ @ ® U3

one client of demand = % -0 one client of demand = % + 6 one client of demand = %

Figure 3.4: A tight example for Lemma 3.4.2.

Combining Lemma 3.4.1 and Theorem 3.4.2:

Corollary 3.4.2 There is a polynomial time (21, 1)-approximation algorithm for the RUCFLP( % ).
Corollary 3.4.3 There is a (160.334,4/3)-approximation algorithm for the UCFLP.

Proof. We run Algorithm 3.3.1, where we use the algorithm of Corollary 3.4.2 for A. That
is, we first run the (7, 1)-approximation algorithm of Theorem 3.4.2 as algorithm A’ in Lemma
3.4.1 to obtain A with a(e) = 21 and e = 1/3. Thus hi(3) = 19/3, ho(3) = 19/3, and
g(e,ae)) = 19/3 + 21(22/3) < 160.334. Since B(e) = 1, the overall ratio is (160.334,4/3).
|

Notice that we solved the RUCFLP(%) and (%) without violation of capacities, but this is not

possible for smaller values of € as shown below.

Theorem 3.4.3 The RUCFLP(¢) does not admit any (o(€), 1)-approximation algorithm for ¢ < %
unless P= NP.

Proof. This can be shown by a simple reduction from the NP-hard problem 3-partition. In the 3-
partition problem, we are given a set of 3m integers a1, . . ., as;,, a positive integer bound B where
% < aj < g foralll < j < 3mand mB = Z1§jg3n aj. The question is if there is a way to
partition these numbers into m sets of size 3 each such that the sum of the numbers in each set is
exactly B. This problem is NP-hard [GJ79].

Starting from a given instance Z,, of the 3-partition problem, we build an instance Zr of the

RUCFLP(e) in the following way. Let c be a constant dependent on €, which we define soon. For

aj+cB

each1 < j < 3m,letd; = g5

and create a client j with demand d;. Also, create m facilities
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with zero opening cost and capacity 1. We set all the connection costs ¢;; = 0. We choose constant

c large enough such that € < % — m Since % <a; < g forall 1 < 5 < 3m, the value of the
demands are between % — m and % 3+ 3 (36 =y and clearly, are greater than e by the choice of

c. This completes the description of instance Zr.
First, note that if we define a;- = d1aj+dg forall1 < j < 3mand B’ = §; B + 302 for two
positive constants d; and d2, then this new instance is a yes instance of the 3-partition problem if

and only if 7, is a yes instance. In the above reduction, we used d; = 7 and 6, =

BETD For1
to define d; values. Thus, Z,, is a yes instance if and only if we can partition d; values to m sets
of size 3 each such that the sum of numbers in each set is exactly B’ = 1. Since any solution
for Zp, that does not violate the capacity constraints, provides such a partition of d; values, an
(a(e), 1)-approximation algorithm for the RUCFLP(¢) can be used to solve the 3-partition problem

in polynomial time. Therefore, unless P= NP, there is no such approximation algorithm. ]

It should be noted that to find an algorithm for the UCFLP that violates capacities within factor
1 4 €, we do not need to find an algorithm that does not violate capacities in the RUCFLP(¢). Even
if we violate the capacities within factor 1 4 ¢ in the RUCFLP(¢), using Theorem 3.2.1 we can get
an algorithm for the UCFLP that violates the capacities within factor 1+ €. We think it is possible to
find an (a(e), 1 + €)-approximation for the RUCFLP(e) for any constant € > 0. This, together with
Theorem 3.2.1 would imply an (f(€), 1 + ¢)-approximation for the UCFLP, for any constant ¢ > 0.

3.4.1 Improving the ratios

With a more careful analysis and a simple scaling to balance the bi-factors of connection and facility
costs, we can bring down the factors of our algorithms. A similar scaling has been used to obtain
better ratios for several variations of facility location problems (for example see [CG99]). For some

parameters J; and J to be defined, we change Algorithm 3.3.1 as follows:

. We multiply the original connection costs by §; to get a new cost function ¢!, i.e., cgjl) =

d1cy; forall i € F and j € C. Then, we perform Step 1 with cost W to find ¢

2. After step 1, we multiply the original connection costs by d to get a new cost function ¢(?i.e.,

cg) = d1¢;5 forall s € F'and j € C. Then, we do Steps 2 and 3 with cost ¢ to find ¢g.

In the following, for an assignment ¢, we use c¢s(¢), cgl) (¢), and 022) (¢) to indicate the service

cost of this assignment with respect to cost functions ¢, ¢!, and ¢(?), respectively. In addition,
assignments ¢* and ¢7 have the same definition as before (i.e. for the optimal solution) and are
defined with respect to the original costs. As a result, they are not necessarily optimal with respect
to cost functions ¢! and ¢(2).

By Remark 3.3.1, although ¢* is not necessarily optimal with respect to ¢(!), there exist an

assignment ¢/ such that cgl)( ) < cgl)(¢*) + cgl)(m). Thus:
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d2(95) = FlV(9%)

%2 0(6%) + 2 (g1)
01 01

= D (¢") +P(or). (3.5)

IN

In addition, the inequalities for cs(¢s) and ¢y (¢g) at the end of proof of Theorem 3.2.1 change

to:

P(ps) = ()

< Xas€P(93) + Asper ()

< Ao (67) + P (0r)) + Asper(¢7), by Eq. (3.5) (3.6)
cr(ds) < (L+e)ep(ds)

< (T4 AP (85) + (1 + ) Appep(65)

< (4 A (P(67) + P (dr)) + (1 + )Aper(¢7).  byEq. (3.5 (3B.7)

Therefore, scaling down Equation (3.6) by d5 and using definition of 2.

o(05) = Nales67) + x(00)) + 2L s (6°)

Also, using definition of ¢(?) and Equation (3.7):

ci(@s) < 0ol + ) Ass(cs(07) + cs(dr)) + (1 + ) Aspe(67).

Adding these inequalities together and then, adding cs(¢1.) + ¢7(¢r) to the result, we obtain:

c(¢) = cs(ps) +cp(ds) +es(orn) +cp(dr)

< ha(e)es(9%) + ha(e)es(¢7) + (ha(e) + D)es(or) + cr (1) (3.8)

where 71 (€) = Ags + 02(1 + €)\ s, and ho(e) = ’\5‘2’” + (1 + €)Asy. Using algorithm of Aggarwal

et al. [AAB™10] for splittable CFLP, we have A\, = A, § = land Ays = Ayy = 4. Therefore,
hi(e) = 1+ 405(1 + €) and hy(e) = é + 4(1 + €). We use these equalities to get the improved

results.

Proof of Theorem 3.2.2. We run the modified Algorithm 3.3.1 with §; = le( ) + 1 and value of

1
2

0o to be defined soon. We have:

(a(5) + Des(r) +er(0r) = e(pn) +eslpr)
(1) +es(61)
= (n(z) + Des(61) + (1)

((5) + Dea(") +es(6"),

IA

IA
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where the first inequality follows from Remark 3.4.1. Combining this with Inequality (3.8):

(9) < (201 (3) + 1es(d") + (ha(3) + 1)es(67) = (1262 + 3)ea(67) + (165 + T)es (6).

Solving the equation 1265 + 3 = 1/d5 + 7 for 02, we find d5 = (4 4 /64)/24 = %, which gives the

claimed ratio. [ |

Proof of Theorem 3.2.3. Recall that we use Lemma 3.4.1 to obtain algorithm .4 used in Algorithm
1 for large clients. We first start with a more careful analysis in Lemma 3.4.1. By Remark 3.4.2, the

proof of this lemma implies:

ef(61) < Ty and V(1) +7 < o (D (87) + s (61).
In our case, we have € = 1/3 and o'(e) = 7. Thus: cf(¢pr) < 3y < 3(7(c (1)(<Z)L) + cr(o7
I

V(1)) which implies 3¢t (¢1) + 5 (o) < 21(cS (¢%) + ¢4 (%)), If we set 6, = (
1)/3, we have

) -

)
(3) +

AN

7(131(%) + 1)es(o7) + 21er(¢7)

S T (3) + Des(d™) +21¢s(67).

(n(3) + Des(92) + 5(61)

Combining this with Inequality (3.8):

c(¢) < (ha(1/3) + T(ha(1/3) +1))es(8%) + (ha(1/3) + 21)cp(67)
= (8(1602/3 + 1) + 7T)cs(@*) + (1/92 + 16/3 + 21)cs(¢™)
= (12802/3 + 15)cs(¢*) + (1/02 + 79/3)c(¢*)

By solving the equation 12802 /3415 = 1/2+79/3 for d2, we find J; = (17++/673)/128, which

gives the claimed ratio. u

3.5 The Euclidean UCFLP

In this section, we present a quasi-polynomial time (1 + €, 1 + €)-approximation algorithm for the
UCFLP in Euclidean metrics. For these instances, we do not reduce our problem to the RUCFLP(e)
as we did in the previous sections. The reason is that one cannot get a ratio better than (3,1 + ¢) by
applying this reduction as shown in the tight example of Lemma 3.3.1 (note that the cost function in
that example is Euclidean).

Our algorithm for Euclidean metrics assigns the large clients integrally using a dynamic pro-
gramming approach, while assigns the small clients fractionally at the same time at low cost. Then
we can round the fractional assignment of the small clients by the algorithm of Shmoys and Tardos

[ST93] for the GAP, as we did in Section 3.3. This rounding will not increase the cost and yields
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a blowup of factor at most 1 + ¢ in facility capacities. We should note that Bateni and Hajiaghayi
[BHO9] used this approach in the design of their (1 + ¢,1 + €)-approximation algorithm for the
UCFLP in the metrics induced by trees. We combine some of their ideas with techniques developed
for designing PTASs for some Euclidean optimization problems; most notably the algorithms of
[Ar096, ARR98]. While our algorithm has some similarities to that of [BHO9] (such as the way
we define client types), there are some technical differences. In particular, our table entries in the
dynamic programming are defined based on shifted quad-tree that is obtained from a dissection of
the plane and the way we combine solutions for the subproblems is more complicated.

We assume that the input points are on a unit grid, the minimum inter-node distance is at least
4 (which implies no two nodes are located on the same grid point), and the maximum inter-node
distance is at most O(n*). We can enforce all these assumptions by a preprocessing step similar
to the one used by Arora [Aro97] to make the instances well-rounded for k-TSP and k-MST. For
completeness of exposition, we describe this perturbation step in Subsection 3.5.4.

We use the randomly shifted quad-tree dissection method due to Arora to partition Euclidean
plane [Aro96]. We briefly explain it here, a reader familiar with this can skip this paragraph. We start
with the bounding square of the input points and recursively partition it into smaller sub-squares.
Suppose the length of this bounding square (box) is L and without loss of generality, assume L is a
power of 2. Each square is partitioned into four equal sub-squares and we recursively proceed for
each sub-square and stop partitioning a sub-square if it has unit length (and therefore has at most one
input point in it). There is an immediate 4-ary tree structure corresponding to this dissection where
each square in the dissection is a node of the tree. For two integers a,b € [0, L), the (a, b)-shift
of dissections is obtained by shifting the z- and y- coordinates of all the dissecting lines by a and
b modulo L, respectively. We obtain an (a, b)-shifted quad-tree from the 4-ary tree representing
the corresponding shifted dissection by simply removing (from the tree) the partitioning of squares
without any input point.

For each square in a shifted dissection, we place a portal at each of its four corners and place m
evenly spaced points on each edge, where m is a power of 2 (to be defined later). In other words,
we put 4(m + 1) portals on each square and the portals of higher level squares are co-located on
some portals of lower level squares. Note however that each portal is owned by a distinct square
(so even if several portals are co-located at the same point each belongs to one unique square). Let
a portal-respecting path between two points be a path that crosses the squares only at portals. Let
S be a collection of pairs of input points in the plane and let ¢(S) be the total Euclidean distance
of pairs. Arora, Raghavan, and Rao [ARR98] show that in presence of our assumptions, if we pick
0 < a,b < L uniformly at random and use m = O(logn/e) portals on each side of each square,
then with probability at least %, there exist some portal-respecting paths between the pairs in S’ with
total length (cost) at most (1 + €)c(S). We present a dynamic programming algorithm to find a

(1 4+ €,1 + €)-approximate portal-respecting solution for the UCFLP instances. Then, we run this
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algorithm for all possible values of a and b and return the best solution of these runs. Based on the
above result regarding portal respecting paths, this solution is (1 + €/, 1 4 ¢’)-approximate solution

for the Euclidean UCFLP for some ¢ depending on e.

3.5.1 Grouping Clients and Rounding Demand Sizes

For the simplicity of description, we assume % is an integer and denote it by p. First, we apply a
grouping and rounding step which is essentially the same as the one in [BH09]. We partition the
clients into three groups of large, small, and tiny clients according to their demand sizes. We round
down the demands of large and small clients and show that the precision error (i.e. violation of
facility capacities) resulted from this rounding does not exceed 2¢. Also, this rounding does not
increase the cost by more than a (1 + €) factor when we restore the original demands. As before, the
clients with demands greater than € are called large but the definition of small clients are different
from before. We round down the demands of large clients to the nearest multiple of €2. This yields

q = 16_26 +1 = p? — p + 1 distinct demand values. Since each facility can serve at most ¢ large

clients, this rounding yields a blowup of at most pe? = ¢ of facility capacities. Therefore, if we
work with these rounded down demand values from now on, we violate the facility capacities by at
most an additive value of e. We define a client type corresponding to each of these ¢ distinct demand
value; so far we have defined ¢ client types.

A client j with demand e¢/n < d; < eis called small. We round down the demands of small
clients to the nearest multiple of €2/n. Similar to large clients, this yields an additive blowup of
at most € of facility capacities (as there can be at most n/e small clients adding a total of ¢ to the
demand of a facility). We intend to assign these clients fractionally. Therefore, we just need to keep
track of their total demand which is a multiple of 2 /n. For this purpose, we divide each small client
with rounded demand d into dn/€? clients each with demand €2 /n. Since d < ¢ and is a multiple of
€2 /n, we break each small client into at most n/e clients. These clients of demand €2 /n form type
qg+1

Finally, we call all the other clients tiny. The demand of these clients are negligible with respect
to capacities, i.e. even if we assign all of them to an already full facility, it yields an additive blowup
of at most e. We leave their demands intact. It should be noted that their assignment cost may still
be significant and we must be careful in their assignment. Now, we are ready to define the dynamic
programming tables with respect to the p + 1 client types and tiny clients. Note that ¢ + 1 is a

constant for a fixed € > 0 and this is crucial in our algorithm.

3.5.2 The Dynamic Programming Tables

We define a set of subproblems for each square in the shifted quad-tree and solve it by combining
the solutions of its children. We treat the clients of type 1 through g 4 1 separately from tiny clients.

First, we explain how we handle the clients of type 1 through ¢ + 1. Consider a shortest portal-
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respecting path from a client to a facility. It passes through some nodes of the quad-tree (i.e. squares
in the dissection): The client moves up to its least common ancestor in the quad-tree and moves
downward to the node (i.e. square) containing the facility. Equivalently, we can think of moving up
the facility to meet the client in their least common ancestor node in the tree and each one pays its
own movement cost. Looking at the problem this way, the portion of a facility capacity serving a
client must move to their least common ancestor. In fact, we are breaking each facility ¢ into some
virtual facilities, one for each client j it must serve, and move that virtual facility (corresponding
to the portion of capacity for serving j) to meet j at the least common ancestor of the two squares
containing ¢ and j.

Assume we have decided (in the dynamic programming) that a facility must serve n, clients of
demand type ¢ for each 1 < ¢ < ¢ 4+ 1 (we make this decision by enumerating all possible ways of
choosing n, values when we solve the base case corresponding to the leaf of quad-tree containing
this facility). We break this facility into n, virtual facilities of type £ forall 1 < ¢ < g+ 1. A virtual
facility of type £ can only serve a client of type ¢. Considering the problem this way, in each square
some clients will be served by facilities inside, some clients will be shipped outside through the
portals of the square, some virtual facilities inside will serve the clients inside and some will be sent
outside through the portals to serve clients from outside. Thus, for each portal of a square, we just
need to keep track of how many of each demand type is sent to this portal to be served outside and
how many of each virtual facility type is sent to this portal to service clients from outside. One nice
feature of breaking the facilities into virtual facilities is that once we have decided how a facility is
going to be broken into virtual facilities (i.e. each ny is guessed for 1 < ¢ < g+ 1), we can consider
the subproblem of each demand type independent of other types since no client or virtual facility of
a type can interfere with other types.

To handle tiny clients, we first need to point out a simple observation. Assume some tiny clients
are sent to a portal of a square they belong to, to be sent to their facility. As we stated before,
tiny clients can be assigned to any open facility without a significant blowup in capacities. Thus,
we can send all the tiny clients sent to a portal to the closest open facility, without increasing the
connection cost. In other words, there is a solution with cost no more than optimal cost in which all
the tiny clients sent to the same portal, head to the same facility (i.e. nearest open one) and we seek
such a solution in our algorithm. To find such a solution, we fix (by enumerating all possibilities)
the facility that should be used by tiny clients sent to each portal (of each square) in our dynamic
programming. Then, instead of assigning each tiny client to a facility, we assign it to one of the
portals around the square containing it and automatically all the tiny clients assigned to that portal
will be served at the ”guessed” nearest open facility for that portal. After choosing a portal for a
tiny client, the client pays the cost of connection to the facility of that portal with a portal-respecting
path fully upfront.

Formally, an instance of a subproblem is defined as a tuple (s, D, F') where s is a square in
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the quad-tree (i.e. the dissection) and D and F' are two matrices containing information about the
demands and (virtual) facilities moved to portals of s: D is a 4(m + 1) x (¢ + 2) matrix (for
demands) where the ith row keeps track of the information regarding the ith portal of S. The first
q + 1 elements of this row show the number of clients of each client type (from 1 to ¢ + 1) moved
to this portal. The (¢ + 2)th element shows the index of the facility that the tiny clients (inside
of s) that are moved to this portal plan to use. F' is defined similarly for facilities, namely it is a
4(m + 1) x (¢ + 2) matrix where the ith row keeps track of the information regarding the ith portal
for facilities. The first ¢ 4+ 1 elements of this row show the number of virtual facilities of each of
g+ 1 virtual facility types moved to this portal. The (¢ + 2)th element shows the index of the closest
open facility inside s to this portal (to be used for tiny clients moved to this portal). A value of 0
for facility index indicates that there is no open facility available inside. We store in A[s, D, F] the
value of optimal solution of the subproblem (s, D, F'), i.e. the minimum total cost to service the
clients in square s by opening facilities inside and sending clients and virtual facilities inside s to
outside of s through its portals according to matrices D and F'. The tiny clients inside s pay their
connection cost fully upfront i.e. if they are to be served at a facility outside of s they contribute
their connection cost to those facilities to the total cost, while the other clients (large and small) just
pay the cost to move to their portal or to be served inside. The solution that we are seeking to find
is A[s;,0,0] with s, being the bounding box of all the input points. In the last step, we should
round the “fractional” assignment of small clients to an integer one, again using the algorithm of
Shmoys and Tardos [ST93] for the GAP. This rounding does not increase the cost but may violate
the capacity constraints by the maximum demand value. Since each small client has demand at most

€, this will incur another additive of at most € blow up in capacity constraints.

3.5.3 Computing the table

We now show how we can compute A[s, D, F] recursively. The leaves of the quad-tree have either

one client or one facility in them. We have three cases:

1. There is one client of type 7 (1 < 7 < p + 1) inside s: We must ship this client to one of the
portals. For the entries A[s, D, F| where F is the zero matrix and D has one non-zero value
equal to 1 in the jth column of exactly one of its rows, say row ¢, we set A[s, D, F] to the cost
of shipping the client to the ¢th portal. For all other entries, we set A[s, D, F] to undefined (or

infinity).

2. There is one tiny client inside s: For the entries A[s, D, F'] where F' is zero and D has exactly
one non-zero value, say 4 (corresponding to facility 7), in the (p + 2)th column of exactly one
of its rows, say ¢, we set A[s, D, F'] to the cost of moving the client to the /th portal and then
moving it through the shortest portal-respecting path between the portal and facility ¢. For all

other entries, we set A[s, D, F] to undefined (or infinity).
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3. There is a facility, say ¢, in the square. We set A[s,0,0] = 0. For the entries A[s, D, F] in
which D is the zero matrix, and the total capacity (i.e. virtual facilities) sent to the portals of
s according to F' is not more than the capacity of facility ¢, and the (p + 2)th column of F" has
value 7 in its entries, we set A[s, D, F] to the opening cost of 4 plus the cost of moving virtual
facilities according to F' to the portals. For all other entries, we set A[s, D, F|| to undefined

(or infinity).

We update each non-leaf node as follows. Let s be a non-leaf node and s;, s2, s3, and s4 be
its four children. We enumerate all the combinations of matrices D and F' for s and matrices D;
and F; for s; for all 1 < ¢ < 4 where the subproblems are consistent (to be explained below). We
update A[s, D, F| with respect to subproblems (s;, D;, F;). As mentioned before, we can solve the
problem for each demand type and the corresponding virtual facility type separately, because there
is no dependencies between two different types. Let W, be the total cost for demand types ¢ in sub-
problem (s, D, F) assuming the subproblems (s;, D;, F;) (1 < i < 4). We show how to compute
W, below.

Let m® and ml@ (for 1 < i < 4) be the number of virtual facilities of type ¢ in F' and Fj,
respectively. We define n® and nge) (for 1 < 4 < 4) for the number of clients of type ¢ in D and

® + ng) + ng]) + nff)

D;, respectively. Note that n; — n'® is the total number of clients of type ¢

inside s that are to be serviced inside s since only n(¥) many demands of type ¢ are shipped outside

from a total of ny) + ng) + n( ) nfl ) Similarly, of a total of mg )+ mge) + my) + mff) virtual

facility of type £ inside s, only m(®) is sent to portals and therefore mge) + mg) + m(e) +mff) —m®

virtual facilities of type £ must be used inside s. Therefore, we must have

n© £ n® 4 n® 4 n® _n® Z L p® O O o (3.9)

or else the subproblems considered are inconsistent. Denote this quantity by 7(©); so we must assign
exactly () clients of type £ to () facilities of this type inside s; otherwise this combination of
sub-problems is impossible and the solutions to the sub-problems are inconsistent. We can assign
these r(“) clients and facilities of type ¢ optimally in polynomial time by a running a minimum
cost perfect matching algorithm as described below. Note that by Equation (3.9), we must have

n(112) +n(2€)+n§£)+nff) +m(£) = mge) +m(€) +m(€)+m(£) +n(£) Since out of ngz) +n(2€) +n(€) +n(€)

clients of type ¢, n'*) are shipped outside, therefore, we must match each of ngz) + ng )+ n:(f) + nff)

0 4 (5) (0) O]

to one of n*) or one of m, + my’ + my’ virtual facilities of type £. Similarly, out of

(i) + m(i) + m(z) + mff) facilities of type ¢, only m(®) are sent to portals of s, thus each is either

(0) ( )

matched to one of m(“) portals or is used to serve one of n(z) +n( )—i—n clients. This suggests

to form a bipartite graph H with n(é) (2) + ng) =+ ni ) clients of the sub-squares $1, . . ., s4 and

© 4 m(e) + m(e) +my ) facilities of the sub- squares and n(*)

m® facilities of s on one side and my
clients of s on the other side. Put an edge between two vertices of the two partitions of H unless

one of them is from the m® facilities and the other is from the n(¥) clients. In other words, H has
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(n{? + 0 + 08 + 08D + m@)mlD 4 ml £ ml? + ml) + n®) — mOnp® edges. The
cost of an edge of H is the cost of the shortest portal-respecting path between its endpoints times d,
(demand of type ). It is not hard to see that this gives the best possible assignment for the demand
type ¢ given the sub-problems, i.e. W, is the weight of the minimum cost matching of H. We update
Als, D, F] to:

p+1
min(A[s,D,F],A[sl,Dl,Fl] + A[827D27F2] + A[Sg,Dg,Fg,] + A[S4,D4,F4] + Z\I/g)
(=1

If for one of the types 1 < ¢ < p + 1, one of the sub-problems does not have a solution, then the
combinations of matrices that we have guessed are inconsistent (and we do not update A[s, D, F]).

One other consistency condition of the matrices D, F', and D;, F; (for 1 < i < 4) that we need
to check is that for co-located portal points of s, s1, s2, s3, and s4, we must have consistency of
facilities devoted to tiny clients in those portal points. For instance, if ¢; is a portal of s; and ¢ is a
portal point of s and the tiny clients of s; shipped to ¢; are to be served at facility 7; and the tiny
clients of s shipped to ¢ are to be served at ¢ and the shortest portal-respecting path from ¢; to ¢; goes
through ¢ then we must have ¢; = 14, or else the sub-problems are not consistent. Here is how we
check for this type of consistency. Let 7" be the set of all portals in s, s1, s2, S3, S4. Recall that each
portal point is “owned” by a square, so there might be several portal points in 7" that are co-located.
For each portal ¢t € T' (where ¢ is the portal of exactly one of s, s1, sa, 3, or s4) let f(t) be the index
of the facility that the tiny clients sent to ¢ are assigned to; this index can be found in row ¢ and
column (p + 2) of D or Dy, Do, D3, or Dy (whichever sub-problem the portal ¢ belongs to). For
each portal t € T, let f/(t) be the index of the closest facility to this portal inside the square of this
portal, which can be found in column (p + 2) of F' or Fy, Fs, F3, or Fy (again depending on which
square owns portal t). For each portal ¢ € T, we check a shortest portal-respecting path from ¢ to

f(t). We consider two cases.

Case 1: if f(t) is outside s then let t5 € T be the the last portal of 7" on this shortest path from ¢ to
f(t) (note that t, must be a portal of s). Then we must have that f(¢s) = f(t).

Case 2: if f(t) is inside s and belongs to one of the 4 sub-squares of it, say square s;, then let ¢; be
the last portal of T on this shortest path from ¢ to f(¢) (note that ¢; must belong to s;). Then
we must have that f/(¢;) = f(¢t).

If either of these conditions are not satisfied we have a inconsistency of facilities of tiny clients and

we skip the guessed matrices for the sub-problems.

3.5.4 Preprocessing Step

In this subsection we describe a perturbation step which enforces the assumptions we made about
the size of the bounding box containing the points. Recall that we want: all the points are on

a unit grid, the minimum inter-node distance is at least 4, and the maximum inter-node distance
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is at most O(n*). Observe that if we scale the connection and opening costs, then the optimum
solution of the problem remains the same. Thus, we scale the costs by 4/¢,n, Where ¢pip, is the
minimum non-zero inter-node distance. In the new instance with scaled costs, ¢,,i, is 4. From now
on, we work with this instance. Let OPT be the value of an optimal solution. We first compute
a crude approximation, A, of OPT. For instance, this can be done by using the O(log(n),1 + €)-
approximation algorithm of [BH09]. Therefore, we have A = OPTO(logn). We pick random a
and b and construct a shifted quad-tree. This time, we stop as soon as the size of squares become
less than nA. We claim that the shifted quad-tree does not cut any edge of an optimal solution
with probability at least 1 — 4/n. Hence, we can treat each leaf of this quad-tree as an independent
instance where the length of the bounding box of each instance is at most nA.

To prove the claim, consider that the optimal solution consisting of a collection of line segments
with length at least 4. By Lemma 4 of [Aro97], each line segment of the optimal solution with length
s crosses at most 2s lines of unit grid. Therefore, at most 20PT < 2A lines of gird are crossed
by any segment in the solution. As a result, the probability that the shifted quad-tree cuts one of
these segments is at most 2A over the length of the leaf squares which is at least nA/2. Hence, the
probability is at most 4/n.

Let L be the size of the bounding box of the points. We lay a grid of granularity eA/(4n? log(n)).
We move the input nodes one by one to its nearest grid point whose neighborhood of gird-distance
4 is empty of any other node. It is not hard to see that each original node can be assigned to a grid
point of grid-distance at most 4n. Therefore, we move each point by at most 4neA/(4n?log(n)),
and by the triangle equality, the cost of any solution increases by at most neA/(nlog(n)) < eOPT.
Since L < nA, the size of the bounding box after scaling is at most 2(4n)+ L/(eA/(4n? log(n))) <
8n +41n3log(n) = O(n?).

3.5.5 Wrap-up

Proof of Theorem 3.2.4. Recall that in the preprocessing step, the cost of the solution increases by a
factor of at most (1+ ¢). When we restrict our solution to be portal-respecting, we lose another 1+ ¢
factor. In the dynamic programming, we find the best solution under these restrictions with respect to
rounded demand values. When we restore the demands to their original values, we increase them by
a factor of at most 1+ €, which increases the cost by at most another 1 -+ € factor. As a result, we find
a solution whose cost is at most (1 + €)? factor away from the optimal value. As we stated before,
the total blow-up in facility capacities incurred due to rounding of large and small clients is at most
2e. In addition, the assignment of tiny clients may result in another e blowup of capacity for each
facility. Finally, when we round the fractional assignment of small clients using the Shmoys-Tardos
algorithm, we may have another blowup of at most €. Therefore, in total, we may have a violation of
capacities by at most 4¢. This shows that the bicriteria factor of our algorithm is ((1 + €)3, 1 + 4e).

By setting € < ¢’ /4, we have the claimed performance, because (1+¢'/4)3 < 1+¢ for0 < ¢ < 1.
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Now, we analyze the time complexity. The preprocessing step and construction of the shifted
quad-tree can be done in time O(nlogn) [Ar097]. Let T be the number of table entries for each
square s. It can be seen that T' = O(ng(m+1)(q+2)). We compute the table entries corresponding to
each square s in time O(7") which is to enumerate all combinations of possible entries for s and its
four children. Therefore, for any fixed € > 0 the overall running time of the dynamic programming

algorithm is in n@(") = pOUogn/e), -

Remark 3.5.1 We presented our algorithm and the proof for R%. One can generalize these to
d dimensions where the performance ratio remains the same and the running time increases to

nOWog /") yopich is still quasi-polynomial time for constant d > 0.

3.6 Simple Observations
Here, we present some simple observations.

Proposition 3.6.1 Any a-approximation algorithm for the soft CFLP yields a 2a-approximation
algorithm for the soft CFLP with unsplittable demands and vice verca (both in non-uniform and

uniform demand case).

Proof. First, we show that given a solution for the soft CFLP, we can change it to a solution with
unsplittable demands while we at most double the cost. Let (x,y) be a solution for the soft CFLP.
Here, x;; shows the units of demand of clients j assigned to facility ¢ in the solution, i.e., x;; =
¢(i,7) and y; shows the number of copies of facility ¢ which is open in the solution. Clearly, we
must have jec Tij < y;u;. Let t; be the total units of demand served by copies of facility i, i.e.,
=Y, jeo Tij-

We describe a charging scheme to determine the share of each client from the total cost. Later,
we use these shares to bound the cost of an unsplittable solution we build from the solution (x,y).
Each client pays for its own connection cost and it pays for the facility cost proportional to its usage.
In other words, client ¢ pays %] fiy; for the opening cost of copies of facility . Thus, the total share
of client j is Y, cijwij + 32, 52 fiyi = Do wij(cij + fty )-

Now, we construct an unsplittable solution from (x,y). Let F’ be the set of all facilities such

that y; > 0. Assign the demand of client j to a facility ¢* such that ¢* = arg min;{c;; + 7’:—7 }. Denote
this assignment function by ¢,, and let ¢/ be the total demand assigned to copies of facility i by ¢,.

Then, the total cost of the unsplittable solution is:

/ !
Y dico, i+ Y Lﬂ fi <Y dicsuni T fjf +
j ' J P

i€ F’ i€ F’

where we used the simple facts that [i—;} < L—i +1landt, =0fori ¢ F'. Clearly, the value of the

third term of the right hand side is at most the cost of (x,y). We only need to prove that the sum of
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the first two terms is at most the cost of (x,y):
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where in the second line, we used the fact that each client assigned to exactly one facility, in the
fourth line, we utilized d; = >, x;;, in the sixth line, we used the facts that ¢,,(j) = arg min;{c;; +
5—} and in the seventh line, we used ¢; /y; < u;. As the final upper-bound is the summation of share
of each client from cost of (z,y), we showed that the cost of our unsplittable solution is at most
twice of cost of the original solution.

Finally, let opt be the optimum value of the soft CFLP and let opt,, be the optimum with addi-
tional constraint of unsplittable demands. Since any unsplittable solution is a feasible solution for
the soft CFLP and because of the above construction, we have opt < opt,, < 2opt.

Given any a-approximation algorithm for the soft CFLP, we run this algorithm and we transform
its solution, which has cost at most «opt, to an unsplittable solution with cost at most 2ccopt <
2a opt,,. Conversely, given any a-approximation algorithm for the unsplittable soft CFLP, we run
this algorithm and return its solution as our answer. The cost of its solution is at most copt,, <

2acopt. |

Proposition 3.6.2 Unless P= NP, any approximation algorithm with bounded approximation ratio

for the UCFLP violates the capacities of at least | 3 | facilities.

Proof. The proof is via a reduction from the partition problem. The partition problem is the problem
of whether a given multiset of positive integers can be partitioned into two subsets having equal sum.
Consider an instance of the partition problem Z,, and let aq, .. ., a) be the integers in this instance,
where k is the size of the multiset.

For an arbitrary n, we construct an instance of the UCFLP, denoted by Zy;, with n facilities.

Construct a UCFLP instance with | | pair of facilities and if n is odd, an additional separate facility.
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The capacity of each facility is % Zle a;. Distance of two facilities is 0 if they are in the same pair
and is 1 otherwise. Place k clients at distance 0 from each pair of facilities (k| 5 | clients in total).
Set the demand of :ith client of each pair to be a;.

If Z, is a yes instance, then there is a solution with cost 0 for Z;;. Thus, any algorithm with
bounded approximation ratio must assign the clients at distance 0 of each pair of facilities to these
facilities. Therefore, if an algorithm with bounded approximation ratio violates the capacities of
less than | 3 | facilities, it does not violate the capacities of at least a pair of facilities in Zy;. The
assignment of clients at distance 0 from this pair to the facilities of this pair gives a valid partition of
the integers. If Z,, is a no instance, in any solution for Zy;, the capacity of at least one facility of each
pair must be violated and we can recognize this case. As a result, we can solve the partition problem

in polynomial time. Thus, Unless P= NP, we cannot have such an approximation algorithm. [ ]

Proposition 3.6.3 There is a (5,2)-approximation algorithm for the uniform UCFLP and a factor

(9, 2) algorithm for the non-uniform version.

Proof. We first run the algorithm of [AAB™10] for the uniform splittable CFLP. This algorithm
returns an assignment ¢ such that cy(¢) < 2¢(¢*) and ¢s(¢) < c(¢*) where ¢* is an optimal as-
signment. Then, we change this splittable assignment to an unsplittable assignment ¢’ using GAP
rounding algorithm (recall GAP reduction technique from Section 3.1.4). This rounded solution vio-
lates the facility capacities within factor 2 and only doubles the facility cost and keeps the connection
cost intact. Therefore, we get c(¢') = cs(¢) + ¢f(¢) < c(¢*) + 4c(9*) < be(d*).

We do the same for the non-uniform version. The only difference is that we run the algorithm
of [BGG12] for the non-uniform splittable CFLP. This algorithm returns an assignment ¢ such that
cr(@) < 4e(¢*) and co(¢) < c(¢*) where ¢* is an optimal assignment. The rest of analysis is

similar to the uniform case. |

Proposition 3.6.4 The non-metric UCFLP does not admit any (clog n, 8)-approximation algorithm

for some constant ¢ > 0 and any 8 > 1 unless P= NP.

Proof. There is a simple factor-preserving reduction from the Set Cover problem to the non-metric
UCFLP (sets are facilities, elements are clients and costs are 0 or oo based on membership relations).
Since we cannot approximate set cover problem within factor clog n for some constant ¢ > 0 unless

P= NP [AMSO06], we have the above hardness result for non-metric UCFL problem. [ |
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3.7 Towards solving RUCFLP(¢)

Recall that an (f(€), 1 + €)-approximation algorithm for the RUCFLP(e) yields an (O(1),1 + ¢)-
approximation for the UCFLP for a fixed € > 0. In this section, we try to simplify RUCFLP(¢) with
the hope of getting such factor (f(e), 1 + €) algorithm.

There are two simplifications that we can make. First, note that by Lemma 3.4.1, we can assume
that the facility costs are zero. The reason is that an (f/(€), 1 + €)-approximation algorithm for the
RUCFLP(¢) with zero facility opening costs yields a (f(e), 1 + €)-approximation algorithm for the
general RUCFLP(e), where f(€) = f'(€)L. Second, as we show below, any instance of RUCFLP(e),
say I, can be changed to a new instance, say I’, in which all demand values are a multiple of €2
between € and 1 (this is the same as what we did in Section 3.5). Any (f(€¢'), 1 + €')-approximate
solution for instance I’ is an (f(¢’)(1+¢€'), 1+ 3€’)-approximate solution for instance I forall e < 1.
Therefore, by choosing the ¢ = ¢/3, we can have a (f(¢), 1 + ¢)-approximation algorithm for the
general RUCFLP(e).

To do the second simplification, we simply round down the demand values to the closest multiple

of €2 to get the new instance I’. We have the following simple observation:

Observation 3.7.1 An (f(e€), 14 ¢€)-approximate solution for instance I' is an (f(€)(1+¢€), 14 3e)-

approximate solution for instance I for all e < 1.

Proof. Note that the cost of optimal solution for instance I’ is at most the cost of optimum solution
for instance I, because any feasible solution for I is also a feasible solution for I’. Therefore, a
solution having cost within factor o of the optimum of I’ is within factor o of the optimum of I as
well.

First, notice that the demand of a client in I’, say j, increases in I by a factor of at most

dj+e?
d;

=1+ % < 1 + ¢, because d; > €. Therefore, the connection cost of the solution in-
creases by a factor of 1 + € in I’. Second, since each demand value increases by a factor of at most
1 + e, the total demand assigned to each facility in I increases by at most a factor (1 + €), which
increases the facility cost by at most a factor of 1 + €. In addition, the total demand assigned to each
facility is at most (1 + €)? < 1 + 3e for € < 1. Therefore, the solution is an (f(€)(1 + €), 1 + 3¢)-

approximate solution for /. ]
In summary, if we find an ( f(€), 1+ ¢)-approximation algorithm for instances with the following
restrictions, we get our desired approximation algorithm for the RUCFLP(¢):
1. All facility costs are zero.
2. All capacities are 1.

3. All demand values are a multiple of €2 between € and 1.
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We call a problem with these restricted instances the simplified RUCFLP(¢€). The third restriction
has an important implication: for any fixed 0 < e < 1, the number of distinct demand values, g,
is a constant, which is at most (1 — €)/e? + 1 < p? — p+ 1 where p = [1]. Having a constant
number of distinct demand values can be helpful in guessing some structures in a good solution. For
instance, we can decide if the instance has a feasible solution in polynomial time. This is shown
in the following discussion and the idea is similar to the idea used in the first asymptotic PTAS
algorithm for the bin packing problem [dIVLS81].

Letd; < dy < --- < dg be the g different demand values. Define g client types corresponding
to the ¢ distinct demand values. In other words, a client with demand d; is of client type I. Let
C] be the set of type [ clients. Similarly, we define different types of facilities based on how many
of each client type they serve. A facility type is a vector with g elements where [th element shows
how many type [ clients can be served by this type of facility. In other words, in a facility type
t = [t1,t2,..., 4], t; shows the number of type [ clients and we have ), d;t; < 1. Since each
facility can serve at most p clients, we must have t; + to + - -+ + ¢; < p. There are at most (p ‘;q)

solutions for this inequality which shows the number of distinct facility types, denoted by r, is at

p+q

most ( ;

). Note that for a fixed ¢, r is a constant. Finally, we can characterize any solution based
on the type of its facilities, i.e., how many of each facility type is present in the solution. A facility
configuration is a vector with  elements where the kth element shows how many type k facilities are
present in a solution. Since we have at most O(m") different configurations (recall that m denotes
the number of facilities), we can enumerate all of them in polynomial time.

By utilizing the observation above, we can decide if an instance has a feasible solution in poly-
nomial time as follows. For each facility configuration, we count the total number of type [ clients
present in it. If for all client types, this number is equal to the number of type [ clients present in
the instance, then there is feasible solution with this facility configuration. Given a feasible config-
uration, the difficult task is to find a feasible solution with minimum cost among all the solutions
having this configuration.

Fix a configuration and let t1, to, . . . , t,, be the m facility types in this configuration (not neces-
sarily distinct), where ty = [tk1, tr2, - - - ,tkq] and tj; shows that number of type [ clients in the kth
facility type. If we can get a constant factor approximation algorithm for finding the minimum cost
solution that has this configuration, we can get a constant factor approximation for the RUCFLP(e).
We only need to run this approximation algorithm on each of the polynomially many different con-
figurations and return the best solution among the solutions we found for each configuration. We
call this problem the configuration realization problem.

In the followings, we consider the viable options to attack the simplified RUCFLP(e) and con-
figuration realization problem: the local search techniques that are extensively used for the splittable

CFLP problem and LP-based techniques that are widely used for the UFLP.
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3.7.1 Local search attempts

Each solution for the configuration realization problem can be decomposed into two parts: assign-
ment of clients to facility types and assignment of facility types to facilities. In the former part, we
want to know, out of all the clients of type [, which ¢j; of them must be assigned to the facility type
tk. In the latter part, we want to know that the facility type tx must be assigned to which facility. It is

interesting to know that knowing the answer to one part, we can determine the other one optimally:

Observation 3.7.2 We can solve the configuration realization problem in polynomial time in the

following cases:
o We know the assignment of facility types to facilities.
o We know the assignment of clients to facility types.

Proof. In the first case, we can solve the problem by running a separate min-cost max-flow algorithm
for each client type. Consider type [ clients. Since we know the assignment of facility types to
facilities, for each facility, we know exactly how many type [ clients must be assigned to this facility.
As a result, we can build a flow network in the following standard way. Create a source vertex s
and a sink vertex ¢. Connect the source vertex to type [ clients with edges of cost 0 and capacity 1.
Connect type [ client j to facility ¢ with an edge of capacity 1 and cost ¢;; for all j € Cj and i € F.
Connect facility 4 to the sink vertex ¢ with an edge of capacity ¢;; and cost O for all 7 € F', where ¢;;
is the number type [ clients that must be served by facility 7. By a min-cost max-flow algorithm on
this flow network, we can find the best assignment of type [ clients to the facilities. We do this for
all client types.

In the second case, we know the assignment of clients to facility types. Therefore, we know
the exact cost of assigning each facility type to each facility. To do this assignment with minimum
total cost, we can solve the problem by running a min-weight perfect matching algorithm, where the
weight of an edge between a facility type and a facility is the cost of assigning this facility type to

the facility. ]

The above observation indicates that knowing the type of each facility is enough to solve the
problem. This shows that the local operations that modify this assignment may improve the solution.
In addition, knowing which clients must be assigned to each facility type is also enough to solve the

problem. This leads to the following natural local operations:

1. Swap the facility type of two facilities and then find the optimal assignment of clients to the

facilities.

2. For the current assignment of facility types to facilities, find the best assignment of clients to

facility types.
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3. For the current assignment of the clients to the facility types, find the best assignment of

facility types to facilities.

Unfortunately, a local search algorithm based on the above operations has a bad locality gap.
This example is shown in Figure 3.5. In this figure, solid squares and circles are the facilities and
clients, respectively. There are 2n facilities and 2n clients. Assume that we only have one client
type. In the configuration that we want to realize, there are n facility types containing two clients

and n facility types containing zero clients.

Figure 3.5: The bad example for the proposed local operations when n = 3. Solid squares show the
facilities and solid circles show the clients. For n > 3, the structure of bad examples are similar to
the above example.

In the local solution, all facilities incident to a unit length edge are chosen to serve two clients
(assigned the facility type containing two clients) and in the optimal solution, all facilities incident to
e length edges are assigned the facility type containing two clients. We set e = 1/n. Now , the value
of local solution is 2n while the value of global optimum is 2ne, which gives a gap of 1/e = n.
This is a local optimum solution for the first operation, because with any single swap the cost of
solution becomes at least 2¢ + (2 4+ 2¢)(n — 1) = 2ne + 2(n — 1) = 2n. This is a local optimum
solution for the second operation, because for the current assignment of facility types to facilities,
the optimal assignment of clients is the same as the local solution. The reason is that in the local
solution, each client is assigned to the closest facility that can serve anything and one cannot pay
less than this for any client. Finally, this is a local optimum solution for the third operation as well.
In the current solution, the two clients which are assigned to facilities incident to a unit length edge,
are grouped together and assigned to a facility type containing two clients. Based on this grouping,
the best assignment of groups to facilities, is the same as the one in the local solution. The reason
is that the distance of each group from a facility is at least two and in the local solution, each group
assigned to a facility at total distance two. Thus, we cannot have a better assignment.

The reader may wonder what happens if we use the p-swap local search operation that used for
the k-median problem. Unfortunately, by setting ¢ = £ in the example of Figure 3.5, we get an

unbounded locality gap of n/p. In the local solution, all facilities incident to a unit length edge
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are chosen to serve two clients (assigned the facility type containing two clients) and in the optimal
solution, all facilities incident to € length edges are assigned the facility type containing two clients.
The value of local solution is 2n while the value of global optimum is 2ne, which gives a gap of
1/e = n/p. This is a local optimum solution, because with any p-swap the cost of solution becomes

at least 2pe + (2 + 2¢)(n — p) = 2ne + 2(n — p) = 2n.

3.7.2 LP-based attempts

We can try to solve the configuration realization problem with an LP-based approach. We have the

following LP relaxation:

minimize E E E CijTijk

iEF jEC 1<k<m

subject to Z Yire = 1 Vi e F
1<k<m
Zyik =1 Vi<k<m
ieF
Z Z Tijr =1 Viel
i€F 1<k<m
Zijk < Yik VieF,jeC,1<k<m
Zwijkztklym Vie F,1<k<m,1<1<gq
JjeC

where 1, = 1 shows that the facility type ty is assigned to facility ¢ and x;;; = 1 shows that client
Jj is assigned to facility ¢, which has type ty.

Unfortunately, this LP has an unbounded integrality gap. Figure 3.6 shows an instance with an
unbounded gap. In this instance, there are 2s facilities and 2s clients where s is an odd number.
All clients have the same type. The solid squares show the facilities and the solid circles show the
clients. The facilities and clients in the ovals are all at distance zero from each other. The distance

between any facility or client from one oval to any facility or client from the other oval is 1.

Figure 3.6: An instance with unbounded integrality gap for the proposed LP relaxation.

The configuration that we want to realize has s facility types that each contains two clients and

s facility types that each contains zero clients. More precisely, let t; =t =--- =t = [2] and
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tst1 = tsy2 = -+ = tas = [0]. Since s is odd, we have opt = 1, but there is a fractional solution
with value 0, which yields an unbounded integrality gap. This fractional solution is as follows. Set
Yiis Yi,s+i> Ys+i.i» aNd Y514 544 equal to 1/2 for all 1 < ¢ < s and set all other y-values to zero. One
can check that these y-values satisfy the first and second set of constraints in the above LP. Also,
set x;;; and ;41,41 to 1/2 for all 1 < ¢ < s where 7 + 1 is module s to stay between 1 and s
(i.e., 1,51 = 1/2). Set all other z-values of the the first s clients to zero. It is easy to check that
these = values for the first s clients satisfy the third, fourth, and fifth set of constraints. Similarly,
Set Tsti sti,i AMd Tsyit1,s4i,i+1 to 1/2Fforall 1 <4 < swhere ¢+ 1 is module s to stay between 1

and s (i.e., 541251 = 1/2).
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Chapter 4

Conclusion

In this chapter, we present the final thoughts on the subjects of last two chapters.

4.1 The MSR and MSD problems

We presented an exact algorithm for the unweighted MSR problem when no singleton cluster is
permitted. To get the exact algorithm, we carefully used the structure of a class of optimal solutions
that we called canonical optimal solutions. These optimal solutions have the minimum number of
possible balls in an optimal solution.

We proved that in a canonical optimal solution, each ball has at most two non-zero adjacent balls
and as a result, in the absence of zero balls, each connected component of the input graph is covered
by a path or cycle of balls in a canonical optimal solution. By using this structural property, we
designed an exact dynamic programming algorithm that runs in polynomial time. In the presence
of zero balls, the balls of a canonical optimal solution do not necessarily form a path or cycle. As
a consequence, we cannot bound the size of dynamic programming table to a polynomial of input
size. It should be noted that we still can infer some interesting structural properties, but we do not
know how useful these properties are in designing an algorithm.

The difficult core of the MSR problem is to find the location of zero balls. If we can find these
locations even approximately, our exact algorithm solves the rest of the problem and at least, we can
hope for a good approximation algorithm for this case. The current best ratio even for unweighted
graphs is 3.504, which is the same for the general metrics. To solve the difficulty with zero balls,
we tried the widely used LP-based and local search techniques. Unfortunately, as we showed, the
natural ways to utilize these techniques were not promising. It seems that to overcome this difficulty,
one needs to introduce substantially new techniques.

We tried to obtain a similar result, i.e., an exact algorithm, for the MSD problem when no
singleton is allowed. Unfortunately, in this problem, the strongest property that we can prove is that
each ball has at most three non-zero balls in a canonical optimal solution. We could not use this

property to bound the size of dynamic programming table as we did for the MSR problem without
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singletons.

We also presented a PTAS for the Euclidean MSD problem that partially answers the open
question asked by Doddi et al. [DMR100a]. They asked about the complexity of the Euclidean
MSD problem. Before our algorithm, the best approximation ratio for this problem was 2 and it
was not clear if one can beat this approximation factor. Our result shows that this problem is not
APX-hard, where it remains open whether this problem is NP-hard.

Finally, we settled another open question of Doddi et al. [DMR*00a] regarding the complexity
of the MSR problem when £ is constant. We presented a polynomial time exact algorithm for this

case, while the best previous result was a 2-approximation algorithm.

4.2 The UCFLP

We presented a reduction from the UCFLP to a restricted version in which all the demand values
1

are large (i.e., are larger than €) and presented two algorithms for the cases of € = % and € = 3.
These implied two constant factor approximation algorithms for the UCFLP with capacity bounds
within factor 3/2 and 4/3. These are the first constant factor approximation algorithms with capacity
violation within a factor smaller than 2.

We believe similar results can be found with capacity violations bounded within factor 1 + €
for any e > 0. Recall that an (f(€), 1 + €)-approximation algorithm for the RUCFLP(e) yields an
(O(1),1 + €)-approximation for the UCFLP for a fixed ¢ > 0. We simplified RUCFLP(¢) with
the hope of getting such factor (f(e),1 + €) algorithm. In particular, we showed that if we find
an (f(€),1 + €)-approximation algorithm for instances having zero facility costs, unit capacities,
and demands values which are a multiple of ¢? between ¢ and 1, we get our desired approxima-
tion algorithm for the RUCFLP(e). The third restriction has an important implication: for any fixed
0 < € < 1, the number of distinct demand values is a constant. As a result, one can guess the
facility configuration in an optimal solution by enumerating all of the configurations in polynomial
time. Given the facility configuration of an optimal solution, we tried LP-based and local search
techniques to find a feasible solution with minimum cost among all the solutions having this config-
uration, but our attempts were not promising.

Perhaps, the idea of fixing a configuration first and then trying to find the best solution among
all the solutions having this fixed configuration is not a good approach to tackle the problem and we
should let the configuration and a solution realizing this configuration be selected simultaneously.
For example, consider the instances in which the demand of all clients is d. In this case, each facility
can serve at most L%J clients and we can solve the problem by building a standard flow network and
using a min-cost max-flow algorithm. In contrast, when we fix a facility type for this case (which
just indicates how many facilities serve zero clients, how may serve one client, etc.), we do not know
how to solve the problem.

For the case of Euclidean metrics, we presented a (1 + €, 1 + €)-approximation algorithm that
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runs in quasi-polynomial time. One might ask if the stronger structural theorem of Kolliopoulos
and Rao [KR99] for the standard facility location problem which only needs O(1/¢) portals instead
of O(logn/e) portals for each square could be used to improve the running time of our algorithm
from quasi-polynomial to a true polynomial. Recall that the running time of our algorithm is n°(®),
where p is the number of portals and hence, by decreasing the number of portals to O(1/¢), we get a
polynomial time algorithm. The difficulty is that Kolliopoulos and Rao proved their theorem for the
uncapacitated facility location problem and in the proof of their structural theorem, they critically
used the fact that we can assign a client to any open facility in the solution of the uncapacitated
facility location problem. Unfortunately, in the UCFLP, because of the capacities, we cannot freely

change the assignment of a client from one facility to another facility.

4.3 Future Directions

There are still several interesting questions left open related to the considered problems:

e Perhaps the most interesting question is to obtain a PTAS for general MSR. The existence of

a QPTAS for this problem [GKK™ 12] is strong evidence that there could be a PTAS.

e Given a fixed set of centers, we gave a 2-approximation algorithm for the problem of assigning
a radius to each center to minimize the total radii. It is an interesting question to find an

algorithm with an improved ratio for this case.

e For MSD on Euclidean metrics, the complexity of the problem is open. To settle this ques-
tions, one needs to either give an NP-hardness proof or find an exact algorithm for this prob-
lem. We suspect that unlike MSR (which has an exact algorithm on Euclidean metrics), the

Euclidean MSD problem is NP-hard.

e We presented an exact algorithm for the MSD problem with constant k, but the running time
is too high even for small k. It will be useful if someone finds a more efficient algorithm for

this case.

e In the UCFLP, the most interesting questions is to either find a factor (O(1),1 + €) or even
a factor (f(€),1 + €) approximation algorithm or show that for some ¢, the problem is not

approximable within factor (O(1),1 + ¢).

e In the Euclidean UCFLP, the main question is to find a PTAS for it. It is an interesting
question whether it is possible to find a similar structural theorem to [KR99] for the UCFLP
with O(1/€) portal points for each square; that would imply a PTAS for the Euclidean UCFLP.
As a first step in this direction, one may try to find a PTAS for the splittable CFLP, because
even for this simpler problem, the best known is a QPTAS by Arora et al. [ARR9S].
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