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Abstract

This thesis gives approximation algorithms for a series of NP-hard supply chain problems,
that range from the packing, the distribution, and the inventory management of items,
to the design of the supply network. Several novel techniques are employed in these
approximations, and many of them may be extended to different problems.

In the Metric Facility Location Problem (FLP), given sets of clients and facilities in
a metric space, the objective is to open a subset of facilities, such that the cost to open
facilities, and the cost to connect each client to an open facility is minimum. This work
considers the case when the distance function is the square of a metric, which is suitable for
many applications that do not satisfy the metric assumption. A lower bound of 2.04 on the
approximation factor is given, and it is shown that an LP-rounding algorithm matches
this factor. More interestingly, a new technique to obtain factor-revealing programs is
presented, and it is used to analyze primal-dual algorithms, giving tight factors under a
squared metric, or improving known factors under a metric. Also, it is shown that the
Continuous FLP (ConFL), when a facility location is any point of the Euclidean space,
may be reduced to the FLP by using the so called center sets. Center sets for the L§-norm
are given, and thus approximations for ConFL with this norm are derived, for a > 1. As
a by-product, a PTAS for k-medians with the L§-norm is obtained.

The Production and Distribution Problem (PDP) is the problem of minimizing order-
ing, transportation and inventory costs of a supply chain formed by a set of warehouses
and retailers over a finite time horizon. This is a common generalization of the FLP,
and the Joint Replenishment Problem (JRP), and allows the coordination of network
design and inventory management decisions, thus leading to significant economy. A 2.77-
approximation for the PDP is given under the assumption that holding and distribution
cost functions satisfy a natural extension of the triangle inequality. Other generalizations
of the JRP are also considered, such as the One-Warehouse Multiple-Retailer Problem
(OWMR), for which a 5-approximation is given in the case that warehouse and retailer
inventory costs are independent. Under this assumption, no approximation algorithm was
known previously.

Finally, there are given APTAS’s for the circle bin packing, and the circle strip packing.
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Resumo

Esta tese apresenta algoritmos de aproximacao para uma série de problemas NP-dificeis
que surgem nas varias etapas de uma cadeia de fornecimento e vao desde o empacotamento,
a distribuicao e a geréncia de estoque até o projeto da rede de abastecimento. Varias novas
técnicas sao apresentadas, das quais muitas podem ser estendidas a problemas diferentes.

No Problema de Alocagio de Instalagoes Métrico (FLP), sdo dados conjuntos de clien-
tes e instalagdes em um espago métrico e o objetivo é alocar um subconjunto de instalagoes
de modo que o custo de alocacao e o custo de conexao de cada cliente a uma instalacao
seja minimo. Este trabalho considera o caso em que a func¢ao de distancia é o quadrado
de uma métrica, que é adequado para varias aplicagdoes que nao pressupoe uma métrica.
Obtém-se um limite inferior para aproximacao de 2,04 e demonstra-se que um algoritmo
baseado em arredondamento alcanca esse valor. Um resultado mais significativo é uma
nova técnica para obter programas reveladores de fator, que é utilizada para analisar
algoritmos primais-duais, provendo fatores justos no caso da métrica ao quadrado, ou me-
lhorando fatores conhecidos no caso métrico. Além disso, mostra-se que o FLP Continuo
(ConFL), variante em que um local de instalagdo é qualquer ponto do espago euclidiano,
pode ser reduzido ao FLP usando os chamados conjuntos de centros. Obtém-se conjuntos
de centros para a norma L§ e, dai, aproximacoes para o ConFL para a > 1. Como um
subproduto, obtém-se um PTAS para o problema das k-medianas nessa norma.

O Problema de Produgdo e Distribuigdo (PDP) tem como objetivo minimizar os cus-
tos de pedido, transporte e inventario de uma cadeia de fornecimento formada por ar-
mazéns e lojas durante um periodo determinado. KEsse problema generaliza o FLP e o
Problema de Reposigao Conjunta (JRP) e permite a coordenacao das decisoes de projeto
de rede e gerenciamento de estoque, conduzindo a uma economia significativa. Prové-se
uma 2,77-aproximacao quando os custos de armazenamento e distribuicao satisfizerem a
uma extensao natural da desigualdade triangular. Outras variantes do JRP também sao
consideradas, como o Problema Um-Armazém Multiplas-Lojas, para o qual é dada uma
b-aproximacao quando os custos de estoque dos armazéns e das lojas forem independentes.
Sob essa hipdtese, ndo se conhecia nenhuma aproximacao anteriormente.

Finalmente, sao apresentados APTASs para problemas de empacotamento de circulos.
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Chapter 1

Introduction

Approximation algorithms have fascinated an ever-greater community of researchers work-
ing on optimization and theory of computing. Whereas the so called NP-hard problems
cannot be efficiently solved under the largely believed assumption that P £ NP, the ap-
proximation algorithms provide a compromise between the accuracy of a solution, and the
time used to compute it. The challenge of both practitioners and theorists is to obtain a
solution as close as possible to the optimum, while maintaining the running time small.
The study of approximation algorithms helps not only unveiling which problems can be
solved efficiently, but also how well they can be solved.

In optimization problems, the objective is to minimize or maximize the value of a given
function. In these situations, one has to distinguish between a feasible solution, that is
any element of the function domain, from an optimal solution, that is a feasible solution
with maximum or minimum value. For example, one might be interested in finding a path
between two locations with minimum length, or selling items to several clients according
to the distribution that maximizes the profit. While the best solution may be difficult to
find, an acceptable solution can be easily obtained in many cases. The trade-off between
the solution quality and the algorithm’s running time is normally reflected on the ratio
between the values of generated and optimal solutions. For an approximation algorithm,
this ratio has a proven bound, and the running time is always polynomial.

Many optimization problems appear in the decision-making process of industries of
several areas. In location problems, one looks for placing facilities in certain locations so as
to minimize some defined client allocation cost function. For instance, a telecommunica-
tion company may wish to place concentrator nodes in a given network, or a supermarket
network may need to locate a set of warehouses to serve its retailers. In the inventory
management, the problems aim at minimizing the ordering and stock holding costs. In
packing problems, one needs to arrange several items in available recipients minimizing
the consumed resources. Although in different applications one deals with several kinds
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of objects, it is common to define similar problems using simpler abstract models. For
example, both the communication and retailer networks are modeled as graphs. Algo-
rithms for these models can be analyzed formally, and then applied to practical scenarios
without or with minor modifications.

This thesis investigates several optimization problems that appear in the management
of an organization’s supply chain and related activities. It comprises numerous tasks that
extend from the configuration of a supply chain network, up to the packing, transporta-
tion, and inventory control of goods. This work is oriented from a theoretical point of
view, and the objective is invariably obtaining approximation algorithms for the studied
problems in their abstract forms. Several novel techniques are developed for these, as well
as for many of their variants.

1.1 Approximation algorithms and thesis overview

An optimization problem is the task to find the best solution among a well-defined set
of feasible solutions. This set of solutions is the domain of an associated real-valued
function, that is called the objective function. Here, the best solution may refer either
to one with minimum value among all solutions, or to one with maximum value. In the
continuous optimization theory, the domain is a subset of the Euclidean space, and is
normally defined by a set of inequalities and equalities. In combinatorial optimization,
the domain is a discrete set. Typically, the domain is not defined explicitly, but defined as
the set of elements in a finite enumerable set that satisfies some easily testable properties.
However, the naive idea of evaluating the objective function for each element of the domain
to find the optimal value is impractical, even for relatively moderated instances.

Several important optimization problems are NP-hard. This means that, under the
hypothesis that P # NP, there are no efficient algorithms that compute the optimal
value. The idea of an efficient algorithm is subjective, so, in this work, it is defined as
an algorithm that runs in polynomial time. Although having a polynomial running time
is not a guarantee of being practical, running in superpolynomial time is certainly an
indication of a slow algorithm. This is reasonable, since in most cases one is interested
in the asymptotic analysis, that defines the behavior of the algorithm when it is fed
with large instances. Such notion of efficiency is standard, and has been used since the
1960’s [49].

The difficulty of solving large instances of a hard problem leads one to look for alter-
natives to inefficient exact algorithms. There are several options, such as using heuristics,
or restricting the problem. In these cases, it is common to give up an optimal solution
for a non-optimal acceptable solution. The concept of solution quality may vary with
the problem, yet, in most cases, a good solution is one whose value is close to the op-
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timum. An algorithm that runs in polynomial time, and that produces a solution with
value guaranteed to be close to the optimal value is called an approximation algorithm.

The values of generated and optimal solutions can be compared either by their differ-
ence, or by their ratio. The measure used for most problems is the so called approximation
factor, that is a bound on the value of the generated solution divided by the value of an op-
timal solution for any given instance. Therefore, an algorithm with approximation factor
one is an exact algorithm, and the closer to one is the factor, the better is the algorithm.
For some optimization problems, even the task to obtain an approximation algorithm
whose factor is within a given bound is NP-hard. In this case, such a bound is said to be
an approximation lower bound for a minimization problem, or an approximation upper
bound for a maximization problem. On the other hand, an approximation algorithm gives
an approximation upper bound for a minimization problem, or an approximation lower
bound for a maximization problem.

Various problems have a rich history of approximation algorithms, such as the classical
Metric Facility Location Problem, the k-means clustering, the packing of rectangular
items, and many others. Several other important problems have just few or no works
that give guarantees on the approximation factor, as is the case of some production and
distribution problems in the inventory management, and the packing of non-rectangular
items. Even for widely studied problems, there is a lengthy list of relevant variants
that are underexplored from the perspective of approximation algorithms. Examples of
variants are the Facility Location Problem with relaxed metric distance functions, and
the clustering problem with penalty per cluster. This thesis aims at addressing this gap,
by providing approximation algorithms for many of these problems

There is a variety of techniques used to obtain approximation algorithms, that are
based on local search, linear programming, semidefinite programming, etc. Similar prob-
lems, or problems with similar combinatorial structures, can usually be tackled by the
same or by comparable techniques. Most of this work is devoted to the study of approxi-
mation algorithms based on linear programming techniques, such as rounding of fractional
solutions, and the primal-dual method. This approach is used, for example, on the Fa-
cility Location Problem, and on the inventory management problems. In the case of the
considered clustering and packing problems, the used techniques are essentially specific
to their geometrical nature.

This work spans over several topics of the supply chain management and related litera-
ture. For the class of location problems, the Facility Location Problem with squared metric
distance functions, and a clustering problem called Continuous Facility Location Prob-
lem are studied. For the class of inventory management problems, the One-Warehouse
Multiple-Retailer Problem with independent warehouse holding costs, and the integrated
problem of production and distribution, that is a generalization of the Facility Location
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Problem and the Joint Replenishment Problem, are studied. Additionally, the problems
of packing circles into unit square bins, or into an unbounded unit width strip are consid-
ered. Approximation algorithms are given for problems in each of the investigated areas,
by reviewing and applying known methods, while giving new insights, and developing new
techniques.

Although this work views problems purely as abstract models, they have a wide range
of applications. The Facility Location Problem appears in network projects, such as the
installation of cache and routers [63, 92], or in data clustering and server replication [4, 63,
77, 117]. Other clustering problems, such as k-means, have diverse applications in image
compression, distribution of resources, cellular biology, etc. [48]. Non-metric versions of
classical problems are often considered, such as the variant of the Traveling Salesman
Problem whose distance function is the Euclidean distance raised to some exponent, that
finds application in the power attribution of wireless networks [56], or the version whose
distance satisfies some relaxed triangle inequality [20]. The Joint Replenishment Problem
appears in the inventory management of many multi-product environments [81].

1.2 Definitions and main techniques

In this section, approximation algorithms and related concepts are defined formally. Also,
the techniques used in this thesis, and the main considered problems are described.

1.2.1 Approximation algorithms

Consider a minimization problem, and a corresponding algorithm 4. For a given problem
instance I, the value of the solution obtained by the algorithm when it is applied to [ is
denoted by A(7). Also, the value of an optimal solution for I is denoted by OPT(I). The
approzimation ratio or approximation factor of A is defined as

R :=sup; {A(I)/OPT(I)},

where I ranges over the complete set of instances. If A runs in polynomial time on the size
of every instance, then it is called an approximation algorithm with factor R 4. In many
cases, obtaining a bound on the approximation ratio is easier than computing the ratio
itself. For a given number «, an approximation algorithm A is called an a-approximation
if o is not smaller than R 4. Similarly, the asymptotic approximation ratio of A is defined

as
R} = limsup,,_,, sup; {A(l)/OPT(I): OPT(I) = h},

and A is called an asymptotic approximation algorithm with factor R if it runs in
polynomial time on the size of I.
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A family of algorithms {A.} with parameter ¢ for a given minimization problem is
called a polynomial-time approximation scheme (PTAS) if, for every ¢ > 0, A, is a
(1 4 €)-approximation. Analogously, a family of algorithms {A.} is called an asymptotic
polynomial-time approximation scheme (APTAS) if, for every € > 0, A. is an asymptotic
(1+¢)-approximation. Also, an efficient polynomial-time approximation scheme (EPTAS)
is a PTAS whose running time is bounded by a polynomial on the size of the input, and
the exponent of such polynomial does not depend on e.

A randomized algorithm is an algorithm A that, in addition to the instance I, receives
as input a random sequence of bits. In such algorithms, the decisions are taken according
to probability distributions, and therefore the value of the generated solution is itself a
random variable. In this setting, one is not interested in bounding the value of the worse
case solution, but in the expected value of the generated solution. For a given number «,
a polynomial-time algorithm A is a randomized a-approximation if E[A(I)] < a«a OPT(I)
for every instance I, where F[A([)] is the expected value of the generated solution.

1.2.2 Linear programming techniques

An integer linear program (ILP) is the task to minimize or maximize a linear function of
integer variables that are constrained by a set of linear inequalities. In a mixed integer
linear program (MILP), some of the variables are allowed to assume non-integer values.
A common technique to solve combinatorial optimization problems is encoding them as
ILP’s or MILP’s, and then using standard techniques, such as the branch-and-bound and
branch-and-cut algorithms. Classical NP-hard problems, as the knapsack problem, can
be easily formulated as ILP’s, and thus solving ILP’s in general is also NP-hard. Indeed,
for many problems, solving the ILP directly is only possible for very small instances. For
example, it has been shown that branch-and-bound algorithms must almost surely explore
a superpolynomial number of nodes to obtain optimal solutions for k-medians [2].

Although it is impractical to solve ILP formulations directly, they are useful to obtain
and analyze approximation algorithms. Often, one considers a linear programming (LP)
relaxation of an ILP or of an MILP, which is obtained by relaxing the corresponding
integrality constraints. The optimal value of this relaxation provides a bound on the
value of the original problem, so that the value of a solution generated by the algorithm
can be compared to the optimal value. There are standard techniques that take advantage
of the relaxations. Among such methods are the primal-dual method, that considers the
dual problem of the relaxation, and the LP-rounding technique, that solves the relaxation,
and rounds the fractional solution to obtain an integer feasible solution.

The primal-dual method uses the dual problem of the relaxed linear program to obtain
a bound on the optimal value, while generating a solution to the original problem. In such
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algorithms, the costs of the obtained solution are associated with variables of a feasible
dual solution. By the weak duality theorem, the value of such solution is a bound on the
optimal value of the relaxation. A classical example is given by Jain and Vazirani [76],
who use the primal-dual technique to obtain an approximation algorithm for the Metric
Facility Location Problem. The technique has also been used in a long sequence of works
for several problems [17, 58, 59, 74, 90, 118, 119, 132].

A particular class of primal-dual algorithms uses the dual-fitting technique. In such
algorithms, one constructs an infeasible dual solution with value that matches the cost
of the generated integral solution. To obtain a feasible dual solution, each dual variable
is scaled by a certain number, so that obtaining an approximation factor reduces to
calculating such a number. Dual fitting has been used to obtain approximation algorithms
for the Facility Location Problem, whose analysis employs the so called families of factor-
revealing linear programs [72].

The set of techniques that transform the solution of a linear programming relaxation
into a feasible integer solution is commonly referred to as LP-rounding. Many of these
techniques are applied to formulations whose integer variables are binary, that is, the
goal is to round a fraction either to zero, or to one. Different approaches are used to
achieve this goal, such as rounding up variables depending whether they are larger than
a specified value. LP-rounding is also used in combination with randomized algorithms,
in which fractional values are interpreted as probabilities. This technique has been used
to obtain approximation algorithms for several problems, such as the Facility Location
Problem [37], and the Joint Replenishment Problem [91].

1.2.3 Description of the main problems

The major problems investigated in this thesis have varied objectives, and may be grouped
in three main sets: location and clustering problems, that include the Facility Location
Problem, and the Continuous k-medians; inventory management problems, that include
the Joint Replenishment Problem; and packing problems, that include the Circle Bin
Packing. These problems are described in the following.

In the Facility Location Problem (FLP), one is given a set of facility locations, and a
set of clients. Installing a facility at some location ¢ incurs a fixed opening cost f;, and
assigning a client j to a facility at location 4 incurs a connection cost ¢;;. The objective is to
install a subset of facilities so that the total opening and connection costs are minimized.
In the Continuous k-medians, one is given a set of points in the d-dimensional Euclidean
space, and an integer £ > 1. The objective is to find a set of k£ points in the space,
that are called centers, while minimizing the sum of the distance from each point to
its closest center. Traditionally, the considered distance is the Euclidean distance, but
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other symmetric real-valued binary functions over the space may also be used. A widely
considered particular case is the so called k-means, that uses the square of the Euclidean
distance.

In the Joint Replenishment Problem (JRP), there are N kinds of items, that may be
demanded in each of T" periods. For each period ¢, the number d;; represents the quantity
of items of kind 7 that are requested. This demand must be served by the currently held
stock of this item, that is initially empty. Replenishing the stock of item i is done by
ordering items to the warehouse, and each such order incurs a constant nonnegative cost
K;, independent of the quantity requested. Also, for every period a retailer places an
order, a fixed setup joint ordering cost Ky is charged, that is independent of the number
of ordered items. For each unit of item ¢ ordered at time s and delivered at a later
period ¢, there is a nonnegative cost h;g for holding the unit in the stock. The objective
is to minimize the total ordering and holding costs, while satisfying all demands.

In the Circle Bin Packing, one is given a list of circles, and an unlimited number of
unit squares, that are called bins. A circle is said to be packed if it is fully contained in
one bin, and does not intersect any other circle. The objective of the problem is to pack
all circles using the minimum number of bins. In the Circle Strip Packing, there is only
one recipient of unit width and unbounded height, and the objective is to pack all circles
using the strip of minimum height.

1.2.4 Variants and common assumptions

Many problems receive, as input, functions that represent some associated service cost.
For example, in the FLP, the distance function corresponds to the cost to connect a
client to a given facility. In the JRP, the holding cost function defines how much it will
cost holding one unit of an item in the stock during a given period. Depending on the
assumptions made on these functions, the corresponding problems become more or less
general. As a consequence, their approximability is also affected by the hypotheses over
the service cost. In the following, premises on the distance and holding cost functions
commonly assumed in the literature are described.

Distance functions. Given a set of elements, the distance function is the measure that
represents the dissimilarity between any two given elements, and may represent a physical
distance, a time interval, etc. The FLP cannot be approximated by a constant factor with
general distance functions, unless P = NP. Therefore, this problem is commonly studied
under the assumption that the underling distance function is metric. A distance function ¢
for the FLP is a metric if it satisfies the triangle inequality, that is, for every clients j
and j’, and facilities ¢ and ¢, it holds ¢;; < ¢;jr + cyvjr + civj.
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Although assuming the triangle inequality is reasonable in many cases, such as when
costs correspond to physical distances, there are cases for which such restrictions cannot
be made. Since the general case does not have good approximations, a natural alternative
is to relax the triangle inequality in a controlled way. One possibility is using the so called
7-relaxed triangle inequality, which means that, for any clients j and j’, and facilities 4
and ', it holds ¢;; < 7(¢; + ¢irjo + ¢irj). Another way of relaxing the triangle inequality is
considering the distance function that is the square of a metric, that is specially useful in
problems whose set of elements are points of the Euclidean space, such as in the k-means.
A squared metric distance function satisfies the 3-relaxed triangle inequality.

Holding cost functions. In the JRP, the holding cost function may have one of several
structures. The classical literature considers the additive holding cost, when for each
time step t and item i, there is a fixed cost for holding one unit of item, h;;, and the total
holding cost to keep one unit from time step r to time step s is given by the sum of partial
holding costs, h;.s = > ;_, hit. More general models consider holding cost functions under
the assumption that h;s is monotonically non-increasing in s for some fixed ¢. Another
studied variant is the so called JRP with deadlines, that is the particular case in which
the holding cost function is either zero or infinity, or, equivalently, in which each demand
must be satisfied in a given time interval.

In the generalization of the JRP called the One-Warehouse Multiple-Retailer Problem
(OWMR), the items may be held in the warehouse before being transported to a retailer.
In this problem, the holding cost is given by a function h¥, that corresponds to the value
of holding one unit of item ¢ in the warehouse from time r to time s, and then holding the
item in the retailer from time s to time ¢. This problem has been studied with additive
holding cost functions, or with a more general monotonic holding structure. Specifically,
there is an approximation algorithm for the case in which, for each item ¢, and fixed
times r and ¢, the function A%, is either non-increasing or non-decreasing in 7.

1.3 Results and thesis organization

This thesis gives approximation algorithms for a broad list of problems, and is organized
so that closely related problems are considered in the same chapter. The techniques used
for a set of problems may vary significantly from those of others, and thus each chapter
is made as self-contained as possible. While general notions have been given in this
introduction, definitions and motivations that are specific to each problem are deferred
to the corresponding chapters. In particular, in each chapter, a special section gives a
literature synopses of the main problems being studied, and shows how the corresponding
approximation algorithms have improved upon the previous works.
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In Chapter 2, we address a variant of the FLP in which the considered distance
function is the square of a metric. Although the Metric FLP is part of the combinatorial
optimization folklore, and is widely studied from the approximation algorithms point of
view, few works consider the case with more relaxed restrictions on the distance function.
The square of a metric is an intermediate class of distance functions, that is not as
restrictive as requiring the triangle inequality, but does not allow too general functions,
for which there would be no constant approximations. As expected, this variant is harder
to approximate, since, as we show in Chapter 2, it cannot be approximated by a factor
smaller that 2.04, unless P = NP. This lower bound is a counterpart of the lower bound
of 1.463 for the metric case [62].

To obtain approximation algorithms, we have taken the natural way, that is analyzing
the existing algorithms for the Metric FLP, when they are applied to more relaxed distance
functions. Algorithms based on LP-rounding and primal-dual techniques are analyzed.
We verify that, for the squared metric variant, the algorithm of Chudak and Shmoys [38]
has the best possible approximation factor, as it matches the lower bound of 2.04. This is
a surprising result, since it extends in spirit the analysis made by Byrka and Aardal [28]
for the metric case, for which this algorithm is only a 1.575-approximation, and thus does
not match the corresponding lower bound of 1.463.

Perhaps more important is the study of the primal-dual algorithms of Jain et al. [72],
that, although achieve slightly worse approximation factors, are very efficient when com-
pared to the LP-rounding approach. These algorithms use the dual fitting technique, and
are analyzed by the so called factor-revealing LP’s. Solving one of such LP’s with the aid
of a computer gives a bound on the approximation factor for instances of a given size.
The approximation factor, on the other hand, must be hand calculated by tedious proofs,
that depend on guessing general dual solutions for the factor-revealing linear programs.
Using the same approach for the squared metric case proved to be a very tough task,
since the corresponding factor-revealing programs are not linear. Instead, we introduce
a different approach. The main result of this chapter is a novel technique to derive a
family of upper bound factor-revealing programs (UPFRP), which can be solved by a
computer to give a bound on the approximation factor directly. Obtaining an UPFRP is
mostly straightforward, and does not require guessing a dual solution. By using UPFRP’s,
tight approximation factors for the primal-dual algorithms under the squared metric are
obtained, and the factors for the metric case are improved in some cases.

Also, other generalizations of the FLP are studied, such as the variant in which the
distance function satisfies the 7-relaxed triangle inequality. This chapter contains joint
work with Cristina G. Fernandes, Luis A. A. Meira, and Flavio K. Miyazawa. An extended
abstract was presented at APPROX 2012 [53], and a full version article has been submitted
for publication.
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In Chapter 3, we address the Continuous FLP. The objective is to partition a set of
points of the Euclidean space, while minimizing the cost to connect each point to its cluster
center given by some known distance function. Differently from the Continuous k-medians
problem, for which the number of clusters is limited by £, in the Continuous FLP, the
number of clusters is controlled by a fixed opening cost. We show that this problem
can be reduced to the corresponding discrete version of the FLP. Indeed, we obtain
an (a + e)-approximation for the Continuous FLP from an a-approximation for the FLP
whose clients and facilities are finite sets of points of the space. This reduction depends on
the existence of the so called center sets for a given distance function. Informally, a center
set is a small set of candidate centers including one point that is a (1 + ¢)-approximated
solution for the corresponding 1-median problem.

Combining center sets previously used for the Continuous k-medians with known ap-
proximation algorithms for the FLP, it is possible to obtain approximations for the Contin-
uous FLP with several distance functions. For the Euclidean distance, an approximation
scheme is given by combining the center sets used by Kumar et al. [86] for k-medians,
and the approximation scheme by Arora et al. [7] for the Euclidean FLP. For the squared
Euclidean distance, the center sets given by Inaba et al. [71] are used in combination with
the 2.04-approximation presented in Chapter 2, thus obtaining a (2.04+ ¢)-approximation
for ConFL with this distance.

Also, we show how to obtain center sets when the considered distance function is the
Euclidean norm raised to some power «, for a > 1. By noticing that this function satisfies
the 3% l-relaxed triangle inequality, and using results from Chapter 2, we also derive
approximations for the Continuous FLP in this case. As a by-product, by combining the
obtained center sets with the framework of Kumar et al. [86], we obtain an approximation
scheme for the Continuous k-medians problem with L§-norm. This chapter contains joint
work with Luis A. A. Meira, and Flavio K. Miyazawa, and a paper containing these results
has been submitted for publication.

In Chapter 4, a series of supply chain problems is examined. First, we study a common
generalization of the FLP and the JRP, here called the Production and Distribution
Problem (PDP). This problem is considered, for example, by Pochet and Wolsey [116].
Unlike the JRP, for which the distribution network is fixed, or the FLP, that ignores the
decisions of inventory management, in the PDP, transportation and holding costs must
be minimized in an integrated manner. We present the first approximation algorithms for
this problem under a natural assumption that combines metric distances, and monotonic
holding costs. A 2.77-approximation based on LP-rounding is given. This algorithm
is extended to the case with retailer ordering costs and additive holding cost functions,
for which a 5-approximation is given. This chapter contains joint work with Maxim
Sviridenko, and an extended abstract was presented at LATIN 2014 [115].



1.3. Results and thesis organization 11

Also, we consider the OWMR with a more general holding cost structure than that con-
sidered in the previous known approximation, which is the LP-rounding 1.8-approximation
by Levi et al. [91]. In their algorithm, they assume that the holding cost function satis-
fies certain monotonicity properties. Namely, they assume that the cost of holding one
unit of item either decreases, or increases as the fraction of time that the item is held on
the warehouse increases. For many applications, this is an unnatural assumption, since
it implies that the warehouse holding cost is dependent on the retailer holding cost. In
this chapter, we present a 5-approximation for OWMR with independent warehouse and
retailers holding costs under natural monotonicity and subadditivity assumptions. This
algorithm is based on a novel primal-dual technique that extends the wave mechanism
used for the JRP [90], and answers positively an open question left by Levi et al. [91],
that asks whether the primal-dual approach could be extended to work with OWMR.

Further, we study the Multilevel JRP, for which the supply chain can be any tree,
opposed to the standard version, whose supply chain comprises of one warehouse and
several retailers. We observe that the Multilevel JRP is equivalent to the Assembly
Problem, that admits a 2-approximation via the primal-dual method [90].

In Chapter 5, circle packing problems are studied. We consider the Circle Bin Packing
Problem, whose objective is to pack a set of circles into the minimum number of unit
square bins, and the Circle Strip Packing, whose objective is to pack a set of circles into a
unit width strip of minimum length. Previously, such problems have been tackled mostly
by means of heuristics, and other models. This chapter presents the first approximation
algorithms. Indeed, we give an APTAS for the bin packing problem with resource aug-
mentation in one dimension, when one side of the bin has length 1+, for some arbitrarily
small v > 0. As a corollary, we also obtain an APTAS for the Circle Strip Packing Prob-
lem. This chapter contains joint work with Flavio K. Miyazawa, Rafael C. S. Schouery,
Maxim Sviridenko, and Yoshiko Wakabayashi, and an extended abstract will be presented
at ESA 2014 [111].

Chapter 6 summarizes the obtained results, discusses extensions, and lists problems
that remain open.






Chapter 2

Upper Bound Factor-Revealing
Programs Applied to Facility
Location Problems

We consider a generalization of the Metric Facility Location Problem (MFLP), when the
distance function is the square of a metric, that is named the Squared Metric Facility
Location Problem (SMFLP). A deep investigation on this problem is undertaken, and we
give approximations, as well as hardness results. The main result of this chapter, however,
is new technique to systematically bound factor-revealing programs [72], that are used in
the analysis of primal-dual algorithms. Previously, such programs were bounded through
very long proofs, that depended on non-straightforward guessing steps. Applying the
same strategy to the SMFLP proved impractical, and thus we developed a new and
simpler alternative, which is presented in this chapter.

Problem’s definition. Consider finite sets C' and F representing clients and facilities,
respectively. For each facility 7 and client j, let ¢;; be a nonnegative number representing
the cost to connect ¢ to 7. Additionally, let f; be a nonnegative number representing
the cost to open facility i. The objective of the Facility Location Problem (FLP) is
finding a subset of facilities " such that >,cp fi + X jcc miniep ¢;; is minimum. We
consider instances whose connection cost function c is the square of a metric. Specifically,
a function c is a squared metric, if for all facilities 7 and i’ and clients j and j’ it holds

The Squared Metric Facility Location Problem is the particular case of the FLP that only
considers instances that satisfy this inequality.

13
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Notice that any metric is also a squared metric, thus any approximation for the SMFLP
is also an approximation for the MFLP, and the inapproximability results for the MFLP
are also valid for the SMFLP. In general, the FLP is naturally formulated as a mixed
integer linear programming. In the next program, a binary variable y; indicates whether a
given facility 7 is open, and variable z;; indicates whether client j is connected to facility i.

minimize 3=, yifi + Xicr 2jec CijTij

subject to Y ep ;=1 jeC,
zij <y ieF, jedl, (2.1)
xy; >0 e F, jedC,
Yi € {0, 1} 1€ F.

By replacing each constraint y; € {0,1} by constraint y; > 0, for each facility i,
one may obtain the so called linear programming relaxation. The dual program of this
relaxation is given below.

maximize 3 jcco

subject to o; <¢;;+8;; 1€ F, jel,
YijecBiy < fi 1E€F,
ozj,ﬁijZO 1€ F, jeC.

(2.2)

Motivations. Although there are several algorithms for the MFLP in the literature,
few works consider the SMFLP. Nevertheless, one may try to solve an instance of the
SMFLP using algorithms designed for the metric case. Since these algorithms and their
analyses are based on the assumption of the triangle inequality, it is reasonable to expect
that they generate good solutions also for squared metric instances. However, there is
no trivial way to derive an approximation factor from the MFLP to the SMFLP, so each
algorithm must be reanalyzed individually. Several techniques have been used to obtain
approximations for the FLP, such as local search [84], LP-rounding [38], and primal-dual
approach [72, 76, 104].

The original analysis of some primal-dual algorithms is based on the so called factor-
revealing linear programs [72, 104]. The value of a computer calculated optimal solution
for any such program is a lower bound on the approximation factor. An upper bound,
however, is obtained analytically by bounding the value of every factor-revealing pro-
gram. Here, a technique to obtain a family of upper bound factor-revealing programs is
introduced, so that the upper bound on the approximation factor is also given by solv-
ing a single factor-revealing program. For the SMFLP, these programs have nonlinear
constraints with square roots. Since such inequalities are convex, obtaining upper bound
factor-revealing programs can also be done in this case.
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Summary of results. There are two main contributions in this chapter. First, an
important generalization of the MFLP is deeply studied. Approximation factors for the
SMFLP are derived by reanalyzing known algorithms for FLP when applied to squared
metric instances. We show that the primal-dual algorithms of Jain et al. [72], and of Mah-
dian et al. [104], and the LP-rounding algorithm of Chudak and Shmoys [38], that have
approximation factor 1.861, 1.61, 1.52, and 1.575 for the MFLP, achieve ratios of 2.87,
2.43, 2.17, and 2.04 for the SMFLP, respectively. The last approximation factor is the
best possible, as we show an inapproximability limit of 2.04 for the SMFLP, that extends
the hardness result of 1.463 for the metric case by Guha and Khuller [62]. Second, and
more importantly, we present a new technique to systematically bound factor-revealing
programs. This technique is used in the dual-fitting analysis of the primal-dual algorithms
for both the SMFLP and the MFLP.

In Section 2.1, the literature on the FLP and related problems is reviewed. In Sec-
tion 2.2, we give a lower bound on the approximation of the SMFLP. The upper bound
factor-revealing programs are introduced in Section 2.3, that analyzes the first algorithm
of Jain et al. [72], and are further used in Section 2.4, that analyzes the second algo-
rithm of Jain et al. [72], and the algorithm of Mahdian [104]. Experimental results of
the obtained UPFRP’s are given in Section 2.5. Finally, in Section 2.6, we show that the
algorithm of Chudak and Shmoys [38] has the best possible approximation factor for the
SMFLP, unless P = NP.

2.1 Literature review

Facility location problems have been studied since the 1960’s [12, 85, 105, 125, 126].
Several heuristics and exact algorithms have been proposed, such as Erlenkotter’s algo-
rithm [50], that combines a dual heuristic in a branch and bound strategy. Approxima-
tions have appeared in the 1980’s, and became object of extensive study over the years.
Hochbaum [70] presented an O(log(n))-approximation. This factor is best possible for
general distance functions, since in this case the set cover can be reduced to the FLP, so
it is unlikely to exist a better factor [51, 112]. The research has focused on the metric
variant of the FLP, when the distance function satisfies the triangle inequality. For this
version, Guha and Khuller [62] proved that no approximation has factor better than 1.463,
unless NP C DTIME[n©(eleg™)]  Sviridenko strengthened this result, by showing that
this lower bound holds unless P # NP (see [131]).

One of the first constant approximations for the Metric FLP is a 3.16-approximation,
given by Shmoys et al. [122] in 1997. In 1998, Guha and Khuller [61] obtained a factor of
2.408, and showed that the problem is MaxSNP-hard. Also, Chudak and Shmoys [36] gave
a 1.736-approximation for the Metric FLP, and Byrka et al. [29] reviewed this analysis
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to obtain 1.575-approximation. Koropolu et al. [84] showed that a simple local search is
a (5 + e)-approximation. In 1999, Charikar and Guha [33] gave a simple greedy method
obtaining a 1.853-approximation, and showed an approximation with 1.728 factor using
a rounding procedure.

In 2001, Jain and Vazirani [76] obtained a 3-approximation for the Metric FLP based
on a primal-dual technique. Yet in 2001, Mahdian et al. [101] gave a 1.861-approximation.
In 2002, Sviridenko [127] obtained factor 1.582, and Jain et al. [73] showed a greedy
primal-dual algorithm with 1.61 approximation factor. Mahdian et al. [103] gave a 1.52,
combining the 1.61-approximation with a greedy augmentation technique. Although near
to the approximability limit, this algorithm did not close the gap, as showed by Byrka and
Aardal [27], who presented instances for which the algorithm of Mahdian et al. obtained
an approximation factor of at least 1.494.

Charikar and Guha [33] investigated approximation algorithms using a bi-criteria ap-
proximation. In this way, an algorithm for the FLP is a (Af, A\;)-approximation if the
obtained solution has total cost of at most A F™* +\.C*, where F* and C* denote, respec-
tively, the opening cost and the connection cost of an optimal solution. Jain et al. [73]
observed that A\, < 14 2™/, unless NP C DTIME[n(oele™)] what can be represented
by an inapproximability curve. The result may be strengthened by the same arguments of
Sviridenko (see [131]). In 2007, Byrka [26] presented the first algorithm that touches the
inapproximability curve defined by Jain et al., by combining the LP-rounding algorithm
of Chudak and Shmoys [38], that is a (1.6774, 1.3738)-approximation, with a primal-dual
algorithm of Jain et al. [73], that is a (1.11,1.7764)-approximation, thus obtaining a 1.5-
approximation for the Metric FLP.

Actually, Byrka et al. [28] showed that the algorithm of Chudak and Shmoys [38] is

e V4e !
1—1

Byrka et al. [29] suggested that a random distribution 7on the choice of v could be used

an approximation with bi-factor (v, max{1l + 2e77, }), for some parameter v > 1.

to improve the 1.5-approximation, in opposition to the use of a fixed value v = 1.6774.
In 2011, Li [93] used a zero-sum game, and answered this conjecture positively, by pre-
senting an explicit distribution for v, and obtaining a 1.488-approximation for the Metric
FLP, that is the best approximation currently known. In Table 2.1, a summary of the
approximations for the FLP is presented.

Non-metric distance functions and related works. Many problems are studied under
the assumption of an underling metric. Non-metric instances have also been considered
in the literature. For example, in k-means, the distance function is defined as the squared
Euclidean distance between two given points in the space. This kind of distance func-
tion is considered by Jain and Vazirani [76, pp. 292-293], and their approach implies
a 9-approximation the SMFLP. To our knowledge, this is the best previously known
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Factor | Reference year | Technique
O(logn) | Hochbaum [70] 1982 | greedy augmentation
5+¢ Koropulo et al. [84] 1998 | local search
3.16 Shmoys et al. [122] 1997 | LP-rounding
3 Jain and Vazirani [76] ~ 2001 | primal-dual

2.47 Guha and Khuller [62] 1998 | LP-rounding + greedy augmentation
1.853 Charikar and Guha [33] 1999 | primal-dual + greedy augmentation

1.736 Chudak [36] 1998 | LP-rounding
1.728 Charikar and Guha [33] 1999 | LP-rounding + primal-dual + greedy
augmentation
1.861 Mahdian et al. [101] 2001 | primal-dual
1.61 Jain et al. [73] 2002 | primal-dual
1.582 Sviridenko [127] 2002 | LP-rounding
1.575 Byrka et al. [29] 2010 | primal-dual + greedy augmentation
1.52 Mahdian et al. [103] 2002 | primal-dual + greedy augmentation
1.5 Byrka [26] 2007 | LP-rounding + primal-dual
1.488 Li [93] 2011 | LP-rounding + primal-dual

Table 2.1: Approximation factors for the MFLP

approximation factor for this problem. The choice of squared metrics discourages exces-
sive distances in the solution. This effect is important in several applications, such as in
k-means and in classification problems. Other kinds of distances are also considered. For
instance, Charikar et al. [34] discussed that their algorithms for k-medians could also be
analyzed under distance functions that obey the relaxed triangle inequality. Motivated
by the power attribution in wireless networks, de Berg et al. [46] considered the TSP for
the case that the distance between two given points is the Euclidean distance raised to
some power «, and showed a 5-approximation for a = 2.

Mahdian and Yan [102] introduced the strongly factor-revealing linear programs. A
factor-revealing program is similar to a strongly factor-revealing program, however the
techniques involved in obtaining such programs are different. To obtain a strongly factor-
revealing linear program, one projects a solution of an arbitrarily large linear program
into a linear program with a constant number of variables, and guesses how to adjust
the restrictions to obtain a feasible solution. In our approach, we define a candidate
dual solution for a program with a fixed number of variables, and obtain an UPFRP
directly in the form of a minimization program using only straightforward calculations.
For the case of the SMFLP, calculating the dual upper bound program is easier and more
straightforward than projecting the solutions on the primal. Also, we have considered
the case of the MFLP, for which the obtained lower and upper bound factor-revealing
programs converge.
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2.2 Inapproximability threshold for the SMFLP

As discussed above, there is no (¢, y.)-approximation for the MFLP, with . < 142e~77,
unless P = NP. By adapting the results of Guha and Khuller [62], one can obtain
analogous lower bounds for the SMFLP, as in the following theorem.

Theorem 2.1. Let v4 and vy, be positive constants with v, < 1+ 8. If there is a
(vf, Ve)-approximation for the SMFLP, then P = NP. In particular, let o ~ 2.04011 be
the solution of the equation v = 1+ 8e™7, then there is no o/ -approximation with o/ < «
for the SMFLP unless P = NP.

Proof. For simplicity, here we adapt the proof of Guha and Khuller [62] to show that
the lower bound holds unless NP C DTIME[pCUoslem)]  If we follow the lines of Sviri-
denko, the condition is changed to unless P = NP (see the lecture notes of Vygen [131,
Section 4.4]).

Assume A is a (7y,7.)-approximation for the SMFLP with 7, < 1 4 8¢77. Let
J = (U, S) be an instance of the Set Cover, with U being a set of elements, S a collection
of subsets of U and n = |U|. We will derive a (d'logn)-approximation algorithm for the
Set Cover problem, for some d < 1. Also, let k be the optimal value of J for the Set
Cover. If k is not known, then one can run the algorithm for £ = 1,...,n, and output
the best solution found.

The algorithm will find a solution for J by iteratively solving a sequence of instances of
the SMFLP of the form ZU) = (CU), F, ¢, f)), where F' = S and the initial set C") = /.
For each element z; € S;, set ¢;; = 1, and for each z; € S;, set ¢;; = 9. Note that such c is
a squared metric. Let n; = |CU)|. In the jth instance, every facility cost is f¥) = %2, for
some positive v to be fixed later. For each j, let S denote the solution for ZU) produced
by Algorithm A and let CU*Y be the elements of C'Y) not covered by any set in S@). This
process stops when CU*+Y = () and yields the solution SV U --- U SY for 7.

Observe that an optimal solution for J is a solution for each ZU) with total facility
cost k ) and connection cost one for each of the n; clients. Therefore, S () has cost
at most vk f9 + von; = (v47 + 7.)n;, because fU) = 5. Let §; = 1SW|/k and d;
be such that d;n; is the number of elements covered in iteration j, that is, the number
of elements of C'Y) in the union of the sets in SY. Then the total facility cost of S
is Bk fU) = Bjynj. Moreover, d;n; clients are connected with cost one and the other
n; —d;n; = (1 —d;)n; clients are connected with cost nine. Hence the total cost of S\ is
Biyni+dn;+9(1—d;)n; = (B;7y+9—8d;)n;. We conclude that ypy+7. > B;v+9—8d;.
So we have that v, > (8; — )y +9 — 84;.

Let d < 1 be such that 1 4+ 8e~7/% > ~,. Suppose, for the sake of contradiction, that
dj <1— e Bild for some 7. Then

Ye > (B — )y +9—8(1— e‘ﬂj/d).
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Considering 7y, v and d fixed, the minimum value of the right hand side is achieved when
Bj = dlog %. Substituting [, above, we get

8
> (dlog — — 1+dn.
Ye > ( ¢ 15 Yy +14+dy

Considering d and v fixed, we choose the value of v that maximizes the right hand side,
Y Y
that is, v = %e_Tf. Replacing in the inequality, we obtain . > 148 e d > Ve, &
contradiction. So d; > 1 — e %i/4 for every j, for this d < 1.
Now, we may simply follow the lines of Guha and Khuller [62], one can prove that the

algorithm described above for the Set Cover is a (d’logn)-approximation for some d’ < 1.
This implies that NP C DTIME[p©Uosloen)], O

2.3 Upper bound factor-revealing programs

We analyze the algorithms of Jain et al. [72] using a new systematic factor-revealing
technique. For each algorithm, Jain et al. [72] analysis uses a family of factor-revealing
LP’s parameterized by some k. The optimal value z; of the corresponding LP in the
family is such that sup,s; 2 is the approximation factor of the algorithm. Thus each
value z; is a lower bound on the approximation factor and one has to analytically upper
bound supj; zx to obtain an approximation factor. This is a nontrivial analysis, since
it is done by guessing a general suboptimal dual solution for the LP, usually inspired by
numerically obtained dual LP solutions for small values of k.

In this section, we show how to derive a family of upper bound factor-revealing programs
(UPFRP) parameterized by some ¢, so that, for any given ¢, the optimal value x; of one
such program is an upper bound on supjs; 2. Obtaining an UPFRP and solving it using
a computer is much simpler and more straightforward than using an analytical proof to
obtain the approximation factor, since this does not include a guessing step and a manual
verification of the feasibility of the solution. Additionally, as a property of the UPFRP’s,
we may tighten the obtained factor by solving the LP for larger values of t. In fact, in
some cases (see Theorem 2.2 below), the lower and upper bound factor-revealing programs
converge, that is, sup;~; zx = infy>1 4.

We use an UPFRP to show that, when applied to the SMFLP instances, the first
algorithm of Jain et al. [72], denoted by Al, is a 2.87-approximation. For the sake of
completeness, the algorithm is described in the following.
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Algorithm A1 (C, F,c, f) [72]

1. Set U := (', meaning that every facility starts unopened, and every client un-
connected. Each client j has some budget «;, initially 0, and, at every moment,
the budget that an unconnected client j offers to some unopened facility 7 equals
to max(a; — ¢;5,0).

2. While U # (), the budget of each unconnected client is increased continuously
until one of the following events occur:

(a) For some unconnected client j and some open facility i, o; = ¢;;. In this
case, connect client j to facility ¢ an remove j from U.

(b) For some unopened facility 7, >,y max(a; —¢;;,0) = f;. In this case, open
facility ¢ and, for every unconnected client j with o; > ¢;;, connect j to i

and remove j from U.

The analysis presented by Jain et al. [72] uses the dual fitting method. That is, their
algorithms produce not only a solution for the MFLP, but also a vector a = (a,. .., )
such that the value of the solution produced is equal to }°; ;. Moreover, for the first
algorithm, following the dual fitting method, Jain et al. [72] proved that the vector o/1.861
is a feasible solution for the dual linear program presented as (3) in [72], concluding that
the algorithm is a 1.861-approximation for the MFLP. To present a similar analysis for
the SMFLP, we use the same definitions and follow the steps of Jain et al. analysis. We
start by adapting Lemma 3.2 from [72] for a squared metric.

Lemma 2.1. For every facility i, clients j and j', and vector o obtained by the first
algorithm of Jain et al. [72] given an instance of the SMFLP, | /o; < \/ay + \/Ciji + /Cij-

Proof. If oj < aj, the inequality obviously holds. So assume a; > aj. Let i’ be the
facility to which the algorithm connects client j. Thus aj; > ¢;;» and facility ¢’ is open at
time aj < «j. If a; > ¢yr;, then client j would have connected to facility " at some time
t <max(aj,ci;) < oy, and o would have stopped growing then, a contradiction. Hence
a; < ¢yj. Furthermore, by the squared metric constraint, \/ci; < \/¢rj + \/Cijr + |/Cij.

Therefore /o < /& + \/Cij' + \/Cij. -

A facility ¢ is said to be y-overtight for some positive 7 if, at the end of the algorithm,

3" max (O;J —en0) < fi (2.3)
J
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Observe that, if every facility is vy-overtight, then the vector a// is a feasible solution for
the dual linear program presented as (3) in [72]. Jain et al. proved that, for the MFLP,
every facility is 1.861-overtight. We want to find a v for the SMFLP, as close to one as
possible, for which every facility is vy-overtight.

Fix a facility i. Let us assume without loss of generality that a; > ~v¢;; only for
the first & clients. Following the lines of Jain et al. [72], we want to obtain the so
called (lower bound) factor-revealing program. We define a set of variables f, d;, and
«;, corresponding to facility cost f;, distance ¢;;, and client contribution a;. Then, we
capture the intrinsic properties of the algorithm using constraints over these variables.
We assume without loss of generality that a; < -+ < ap. Also, we use Lemma 3.3
from [72], that states that the total contribution offered to a facility at any time is at
most its cost, that is, Zf:j max(a;—d;,0) < f. Additionally, we have the inequalities from
Lemma 2.1. Subject to all of these constraints, we want to find the minimum ~ such that
the facility is v-overtight. In terms of the defined variables, we want the maximum ratio
Zle a;/(f + Z?Zl d;). We obtain the following lower bound factor-revealing program:

k
' = max 7Ej:,€1 &
k f0 L d;
s.t. Q; < Ot 1 S] < ]i],

V& SVai 4+ Va 1< 1<F, (24)

Yy max(a; —d;,0) < f 1<j <k,
aj, dj, f >0 1<j<k

The next lemma has an analogous statement to that of Lemma 3.4 in [72], but it refers
to program (2.4). Since the proof is the same, we omit it.

Lemma 2.2. Let v = sup,; 2" Every facility is vy-overtight.

Therefore sup,; 2" is an upper bound on the approximation factor of the algorithm
for the SMFLP. A slight modification of the example presented in Theorem 3.5 of [72]
shows that this upper bound is tight (take ¢;; = (v/d; + \/dj + )2 it k>0 # j).

Although the constraints coming from Lemma 2.1 are defined by square roots, they
are convex. This is shown in the following.

Lemma 2.3. Let A, B, C, and D be nonnegative numbers. Then VA < vB++vVC++vVD

if and only if A< (1+ 3+ 2)B+(1+~+3)C+ (1+06+5)D for every positive numbers
Y B

B, v, and §. In particular, if VA <vVB+VC+ VD, then A< 3B+ 3C + 3D.

Proof. First, suppose vVA < B ++/C ++/D. Since (/BB — /D/B)? > 0, we have that
2V BD < B+ D/3. Similarly, we obtain 2v/CB < ~vC + B/~ and 2/ DC < 6D + C/.
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Therefore, if VA< VB++VC + \/5, then

A< (VB+VC+ VD)
—B+C+D+2VBD +2VCB +2VDC

<B+C+D+BB+D/B+~C+B/y+éD+C/o
1 1 1
:(1+6+;)B+(1+7+5)C+(1+6+E)D.

Choosing f =y =6 = 1, we obtain A < 3B + 3C + 3D.

Now suppose VA > VB 4+ +vC ++vD. Let d > 0 be such that A = B+ C + D +
2VBD +2VCB+2VDC +d. Then, A> (1+ 5+ 2B+ (14+9+3)C+ (1+6+4)D is
equivalent to (3 + 2)B + (y+ 5)C + (6 + 5)D < 2V BD + 2V OB + 2/ DC + d. We will
analyze the cases in which none, one, two or all numbers B, C' and D are zero. Let £ and
¢’ be positive numbers such that £ + & < 1.

Case 1: B,C,D > 0. Let g = \/g, v = \/gand )= \/g. Then (54—%)3—1— (v +
§)C+ 0+ 5)D =2VBD +2V/CB +2VDC < 2VBD +2VCB +2v/DC + d.

Case 2: B=0and C,D > 0. Letﬁzg%,fy:%dandéz\/g. Then(ﬁ—l—%)B%—

(v+3)C+ (6 + %)D =2VDC + (£ +¢)d < 2vVBD +2v/CB + 2v/DC +d.

Case 3: B,C =0 and D > 0. Letﬁzs%,”yzlandéz%d. Then (ﬁ+%)B—|—(fy—|—
)0+ 0+ 5D = (§+¢)d<2VBD +2VCB+2VDC +d.

Case 4: B,C,D=0. Let 3=1,y=1and § = 1. Then (ﬁ+%)B+(7+§)C+(5+
5)D =0<2VBD +2VCB +2vVDC +d. O

From Lemmas 2.3 and 2.1, we can derive the following.

Lemma 2.4. Given an instance of the SMFLP, for every facility i, clients j and j', the
vector o produced by the first algorithm of Jain et al. [72] is such that, for every positive
B, v, and 9,
1 1 1
a; <(1+5+ a)aj, +(1+v+ g)Cij’ +(140+ E)cz-j.
Observe that the proof of the Lemma 2.3 is constructive in the sense that, if the given
inequality with square roots is not satisfied, then it shows how to determine a linear

inequality that is not satisfied. Therefore, the convexity of the constraints of Lemma 2.1
means that program (2.4) can be solved by linear programming packages.
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2.3.1 An example: a first analysis

Our first step is to relax (2.4) into a linear program. For that, we adjust the objective
function as in [72], and we approximate the inequalities with square roots using inequalities
given by Lemma 2.4. For simplicity, here we will use only the inequalities corresponding to
B =~ =6 =1. With this, we will prove that sup;-, ;" is not greater than 3.236. Later,
we will improve the obtained result by using a whole set of inequalities from Lemma 2.4,
and using a more standard factor-revealing analysis for the SMFLP. The relaxed lower
factor-revealing linear program is:

W, = max Z?Zlozj
st fHYidi<1
a; < g 1<i<k
Q; < 3oy + 3dj +3d; 1<5,1<k (25)
i > ay —dp 1<;<I<k
i < f 1<j<k
aj,d;, f,z; >0 1< <I<Ek.

As (2.5) is a relaxation of (2.4), we have that z;' < w, and thus an upper bound
on supys; Wy is also an upper bound on sup,; z;'. Solving linear program (2.5) using
CPLEX for k£ = 540, we obtain the next lemma.

Lemma 2.5. sup;.; w, > 3.220.

To obtain an upper bound on their factor-revealing linear program, Jain et al. [72]
presented a general dual solution of a relaxed version of the lower bound factor-revealing
linear program. This solution is deduced from computational experiments and empirical
results for small values of k. In their analysis, they guessed step functions over the
indices of a set of dual variables, and used a long verification to show that the value of
such solution was not greater than 1.861. For the squared metric case, if we use step
functions for the dual variables, the bound on the factor would be as bad as 3.625. One
can improve the obtained factor to 3.512 by guessing a piecewise function whose pieces
are either constants or hyperboles.

Instead of looking for a good general dual solution, we use an alternative analysis
and derive a linear minimization program from (2.5) whose feasible solutions are upper
bounds on sup;, w;. Afterwards, we give an upper bound on the approximation factor
by presenting a feasible solution for this program of value less than 3.236.

The idea is to determine a conical combination of the inequalities of (2.5) that imply
inequality (2.3) for a - as small as possible. The linear minimization program will help
us to choose the coefficients of such conical combination.
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First, rewrite the third inequality of program (2.5), so that the right-hand side is zero.
For each j and [, we multiply the corresponding inequality by ¢,;. Denote by A the sum
of all these inequalities, that is,

k
> Z it — 3oy — 3d; — 3d;) < 0.
j=11=1

The fourth and fifth inequalities of program (2.5) can be relaxed to the set of inequal-
ities Zizj(aj —d;) < f, one for each [ such that j <[ < k. For each j and [, we multiply
the corresponding inequality by 6;; and denote by B the inequality resulting of summing
them up, that is,

j=11=j

; ; O Zi:j(%' —di) < (Z > 9ﬂ> f

The coefficients of «; in A and B are, respectively,

k k
coeffala;] = (¢ — 3¢y) and coeffgaj] => (1 — 7 +1)8;,
1=1 I=j
and the coefficients of —d; in A and B are, respectively,
k 7 k
coeff4[— Z 3(pj + »ij) and coeffg[— Z Z 0.
I=1 i=1l=j
Now, we sum inequalities A and B and obtain a new inequality C:
k
> coeffe[oy] Z coeffc[—d;] d; < coefc|[f] f. (2.6)
j=1

We want to find values for v, 6, and ¢j; so that the corresponding coefficients of C'
are such that inequality (2.6) implies that

k k
o= di <Af. (2.7)
j=1 j=1

Moreover, we want v as small as possible. To obtain inequality (2.7) from inequality (2.6),
it is enough that, for each j, coeflicient coeffc|o;| > 1, coeffo[—d;| < 7, and coeftc[f] < 7.
Hence, this can be expressed by the following linear program.

Yp = min -y
s.t.  coeffofa;] > 1<j<k
coeffo[—d;] § 1< <k
2.8
coeffe[f] < v (28)
w1 >0 1<, 1<k

0, >0 1<j<I<k
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The interested reader may observe that program (2.8) is the dual of a relaxed version
of the lower bound factor-revealing linear program (2.5). Therefore, its optimal value is
an upper bound on the optimal value of (2.5), that is, w, < y for every k.

Lemma 2.6. sup,.; w, < 3.236.

Proof. We start by observing that supj- w; does not decrease if we restrict attention to
values of k£ that are multiples of a fixed positive integer ¢. Indeed, for an arbitrary positive
integer p, by making ¢ replicas of a solution of (2.5) for k& = p, and scaling the variables
by 1/t, we obtain a solution of (2.5) for k& = pt, that is, we deduce that 1, < w,,. So we
may assume that k has the form k£ = pt with p and ¢ positive integers, and our goal is to
prove that w, < 3.236.

We will use program (2.8) to obtain a tight upper bound on w,. The size of this
program however depends on k, which can be arbitrarily large. So we will use a scaling
argument to create another linear minimization program with a fixed number (depending
only on t) of variables, and obtain a feasible solution for program (2.8) from a solution
for this smaller program. Then, we will show that the value of the generated solution
for (2.8) is bounded by the value of the small solution.

Consider variables v € Ry, ¢, € Ry for 1 <j, 1 <t,and 0 e Ry for 1 <j <1<t
For simplicity of notation, we introduce the hat operator as follows: for an integer n,

define n := [%1 We will obtain a candidate solution for program (2.8) by taking
oha L
_ Tyl _ _Jl _ A
Vi = p 0 = el and v =" (2.9)

Let us calculate each coefficient of C' (inequality (2.6)) for this solution.

coeffe[a;] = Z(gojz — 3p15) + Z(Z —j+1)0;

l=j

=1
k ! i k o
¥ Pis
=3 (L =3+ Y-+ 1)L
=1 P p 1=j
pt gp’v (p’M, pt R A
>3 (L -3+ Y (-pi)3
=1 P I=pj+1
t ! / t / p—1
2 P ” N
=Y P =37+ Y (el —i—p))
I'=1 p p l/7§+1 =0
! / / ! Q;I’ 2 7/ p(p 1) 2%
= (Spjl/ 3905/J) + Z B} ( 9 —p ])
I'=1 l'=3'+1
t t . 1
/ / / /
2 (90]1/ 3901/]) + Z (l —J 2)031/'
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k Jj k
coeffe|—d;] = 23 i + ¢i5) +Zzezl
=1 i=1l=j

t /A ] /
_ P S(SOA‘I Sol] + i zl
=1 p i=1[=j p2
i P iy e O
e B D ESD DV A DY R
=1 p p /=1 l’;; p2
¢ j ot
=33+ @)+ DD O
I'=1 i=1p=j
b N A
coeffe[f1 =D 6, =>> 5 <> p-Yp - ZZZ%/
j=11=j j=11=j P =1 r=j 7=lr=j

Now, we want to find the minimum value of 4" and values for ¢’ and ¢, such that
the candidate solution for program (2.8) is feasible. We may define the following linear
program, that is the upper bound factor-revealing program.

T, = min ~
st i (@ — 3¢1y) + i (U= 1)9 >1 1<j<t
Zl 13(90jl+90ly)+2‘7 121 —=j <~ 1<5<¢t (2.10)
Zzzlzlza gl —7 .
@y >0 1<j 1<t
it =0 1<j<i<t

Consider an optimal solution for program (2.10) given by variable €', and vectors ¢/,
7', and the corresponding generated solution for program (2.8), given by variable ~, and
vectors 6, ¢. Replacing v, 0, ¢ in (2.6), we obtain Zle a; — 72?11 d; < ~f, and thus
iy, = 3N oy <y (i d; + f) < 7. Since v = 4/ = i, we conclude that ), < i, and
that holds for every positive integer k.

Using CPLEX to solve program (2.10), we obtained gy, ~ 3.23586 < 3.236, and this
concludes the proof of Lemma 2.6. O

2.3.2 General technique: an improved analysis

In Lemma 2.6, we obtained the minimization program (2.10) from a conical combination
of constraints from program (2.5) that bounds the approximation factor. This process is
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similar to obtaining the dual and using a scaling argument. Indeed, we propose a general
systematic way to obtain an UPFRP.

Consider the dual program of a traditional maximization factor-revealing linear pro-
gram for some k. Take k in the form k = pt, for a fixed . We want to create a minimization
program that mimics the dual, but depends only on ¢ and bounds the dual optimal value
for every k. The idea is to constrain the variables of the small program to obtain a feasible
solution for the dual program. To obtain a linear program independent of k£, we scale the
variables by p. For the sake of notation, the variables of the UPFRP will be called block
variables, and they will be decorated with the prime symbol. The strategy to obtain an
UPFRP may be summarized as follows:

1. obtain the dual P(k) of the lower bound factor-revealing linear program;

2. consider a block variable z} for variables x(;_1)pt1, - .-, T(—1)pt+p Of P(k);

3. identify each variable x; with the block variable x’ﬁ /p] Scaled by p;

4. replace variables of P(k) by corresponding block variables, canceling factors p.

Denote the resulting program by P’(t). If P’(t) depends only on ¢, both in number of
variables and constraints, then any feasible solution of P’(¢) is an upper bound on the
solution of P(pt) for every p. Also, if it is the case that the value of P(k) is not greater
than the value of P(kt), for every t, then a solution of P'(t) for any t is also a bound
on the approximation factor. Therefore, we call P'(t) an upper bound factor-revealing
program.

Although program (2.4) is nonlinear, we can still use the presented strategy. If the
nonlinear constraint is convex, we can approximate it by using a set of linear inequalities,
and calculate the dual normally. In order to derive a better upper bound factor-revealing
linear program, this time we will use a whole set of linear inequalities. Consider m tuples
(B, i, 6;) of positive real numbers and B; = 1+ 3; + %, Ci=1++ 5%_, D; =146+ ,Bi
for 1 <7 < m. Using Lemma 2.4, we insert inequalities corresponding to the given tuples,

replacing the nonlinear constraint, and obtain that z;* < w;!', where w;'' is given by

wp' = max Z?Zlaj
st f+Xhd<1
aj < Qg 1<j<k
a; < Bioy+Cidj+Didp 1<7 1<k 1<i<m, (2.11)
Ty > o — d 1<;j<I<k
S < f 1<j<k

ozj,dj,f,acleO 1§j§l§/€
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The following lemma gives a lower bound on the approximation factor of the algorithm
for the SMFLP using a cutting plane insertion strategy.

Lemma 2.7. sup;-; z;" > 2.86.

Proof. Although program (2.4) contains nonlinear constraints, we may use linear program
packages to solve it. We start by solving program (2.11) with a fixed number of inequali-
ties. Then, we employ a cutting plane insertion strategy: if the obtained solution violates
some inequality with square roots of (2.4), we derive a cutting plane using Lemma 2.4,
and resolve the linear program with this additional constraint. Using CPLEX with the
cutting plane strategy, we obtained 2z, ~ 2.86099 > 2.86. ]

Now, we can bound the approximation factor of the algorithm using an UPFRP.
Lemma 2.8. sup,; z;' < 2.87.

Proof. 1t is easy to see that, for program (2.11), as in the proof of Lemma 2.6, we can
restrict attention to values of k that are multiples of a fixed positive integer ¢, that is,
zit < wjy, for every positive integer t. So we assume that k& has the form k = pt, with p
and t positive integers. The dual of the linear program (2.11) is

Al __ 3
wp' = min 7y

m k m k k
st. aj—a;1+ X Yceu— Y BiYaitXe>1 1<j5<k,
=1i=1 =1 = =

m k m k 7
O Y ciit+ X D Y+ ey <y 1< <k,
i=1 =1 =1 =1 =1
: (2.12)
> hy <~y
j=1
1<, 1<k,
ap = ax = 0,a;, hj, ej, cji,y = 0 l<i<m.

We can derive the UPFRP. We would like to define variables as in equation (2.9). Just
using a scale factor is not sufficient to preserve the variables a; in program (2.12). The vari-
ables a; correspond to the ordering restrictions of primal variables «; in program (2.11),
and computational experiments have indicated that removing such restrictions does not
change the optimal value significantly, for large values of k. So, we could just set a; = 0
for all j. However, we want to preserve such restrictions, as they will shortly be needed to
prove Lemma 2.10. To do this, we can simply interpolate the variables of the UPFRP to
obtain the variables of the lower bound program. Again, we group sets of variables based
on their indices. For that, we denote the group of a variable of index n as n. We define
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[ | and consider block variables ,a jlz, e;lz, 5 We obtain a candidate solution
for program (2.12) by defining
. ehs I
=7, a; =pa; — (pj —j)(a; —d5_)), cju = ;z’ el = ;l, and h; = ?J (2.13)

In the following, we will use definition (2.13) to obtain a candidate solution for
program (2.12) from a small set of block variables. Then, for each constraint of pro-
gram (2.12), we obtain the expression formed by the non-constant terms, and calculate
it as a function of the considered variables. Notice that there is an expression for each
primal variable of program (2.11). These expressions are analogous to the primal variables
coefficients used in Lemma 2.6, thus, for each primal variable x, we say that this is the
coefficient expression for x, and we will denote it by coeff[z].

Now we create the minimization UPFRP. The objective value is obtained by apply-
ing definition (2.13) to the objective value of program (2.12). Then, for each group of
coefficient expressions that has the same value, we include a constraint in the upper
bound program that bounds the expression by the independent term. Notice that each
UPFRP constraint may correspond to an arbitrarily large number of constraints of the
factor-revealing linear program. In the following, we calculate and bound each coefficient
expression.

First notice that a; —a;_1 = aé. - aé_l. To see this, it is enough to use definition (2.13)

and consider the cases j = (j/—\l), and ] = (j/—\l) + 1. Now we have:

m k m k k
coefflag] = a; —aj 1 +3 ¥ i — D Bi Z Ciji + Z €j1
i=1 =1 =1 =1
m pt . m pt ol Pt e.
SURCEED 3 3k B oo S ol
- i=1[=1 i=1 -1 D p
m to . e,
Za;e—w —i—zz ‘7“ ZBZ'ZPZ‘”*F Zpi
i=11=1 =1 =1 vejy1 P
m m t t
:alj _a§—1+ZZC§M_ZBiZC;'ﬁ+ Z 6§l/ > 1.
i=11=1 =1 =1 V=it
pt h{ t h// t
coeff[fl =y = hj=~" =Y L =+"=> pL=+=> 1, >0
=1 =P j=1 P =1
h. €.
coefflxj] = h; —ej = - — Til >0
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m k

coeff[d;] = v — ZOZZCM ZDZZCW Zejl
=1 =1
>

m ! /
_W_ZCZ ]lz ZDZZCZZ
=1 =1 =1

=1

] /
)

_Jt
llp

m t c

SR WD ” I

=1 I'=1 i=1 =1 =1

m m t ]
:7/_2@203'1'1’_21)%‘20;'5&_ Z‘%z' > 0.

i=1 I'=1 =1 '=1 '=1

We notice that, for each primal variable, the constraint for its coefficient expression is
equivalent to the constraint of any other primal variable in the same group. For example,
for any pair «; and oy such that J= [, we need to add only one constraint to the UPFRP;
therefore, we need only ¢ constraints for this kind of primal variable. We remark that the

constraint obtained for coeff[z;;] does not depend on p. Conjoining different constraints,
and fixing variables @} and a} to zero, we obtain:

Al __ 3
Tyt = min 7

m 1
max aj —aj_1+ > > Cjli — ZBEHm+ Z@ﬂ>11<]<t
i=11=1 = l=j+1

m t m

;CilchwrZIDz-lzlcljﬂrlZlezjSv 1<y <4,

t - = - -

Y hj <~

7=1

elehj 1§jSlSt,
1<j7l<t’

-, = A = =
Qg Qy 0, a’j7h’]7€]l7 lez_o 1<i<m.

Now, we want to use Lemma 2.4 and choose a set of tuples (3,7, d) so that the squared
metric is minimally relaxed. To accommodate the premises of Lemma 2.4, we solve the
dual of the UPFRP, and use the same strategy of Lemma 2.7. The dual is:

ot = max Y q;
st f+Y5d; <1

Qaj < 0y I<j<t

a; < Biog+ Cody + Dydy 1<j,1<t, 1<i<m, (2.14)
zi > a;—dp 1<j<l<t

Simjra < f 1<y <t

aj,d;, f,xy >0 1<5<Ii<Lt.

Using the cutting plane strategy with CPLEX, we obtain x4, ~ 2.8697 < 2.87. [
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If we apply this analysis for the metric case, we obtain an UPFRP similar to pro-
gram (2.14). The only difference is that, for the metric case, there are no coefficients B,
C;, and D;. We use this modified linear program to tighten the approximation factor for
the metric case.

Lemma 2.9. For the MFLP, the approximation factor of Al [72] is between 1.814 and
1.816.

Proof. Let 2 be the optimal value of the lower bound factor-revealing program (5) in [72].
The corresponding UPFRP is:

M = max Y q;
st f+Yjod; <1

a; < g 1<j<t

aj <o+di+d 1<5, 1<t (2.15)
lezaj—dl 1§j<l§t

St < f 1<j<t

ozj,dj,f,leZO 1§j§l§t

Numerical computations using CPLEX show that £{jj,, =~ 1.81412 > 1.814, and that
{00 ~ 1.81584 < 1.816. O

We notice that the only difference between the upper and lower bound factor-revealing
programs is that the UPFRP does not contain the restrictions a; — d; < x;; for all 5. We
explore the similarity between these programs to bound the gap between their optimal
values. The following lemma is valid for both the metric and squared metric cases.

Lemma 2.10. Let zj* be the optimal value of the lower bound factor-revealing pro-
gram (2.11) (program (5) in [72]) and let (o, d,x,f) be an optimal solution for pro-
gram (2.14) (respectively program (2.15)) with cost value x3'. If ¢ = max;{ca; —d;}, then

Al 1 Al
Zi; 2 Trelk -

Proof. First, notice that we may assume z;; = 0, for every j without loss of generality.
Let f' = f+¢e and 2 be such that o) =z if j # [, and 2; = max{0,a; —d;} > 0 = z;;.
Observe that (e, d,x’, f’) has objective value z}' and is a feasible solution for the lower
bound factor-revealing program (2.11), except that it might violate the first restriction
of program (2.11) (program (5) in [72], respectively). Indeed, it might be the case that
1< ff'+ Z?Zl d; < 1+e¢. Now, it is enough to multiply each variable by 1, and obtain

1+e’
a feasible solution. O

From the last lemma, one can see that the upper and lower bound factor-revealing
programs yield very close values, as long as the error term ¢ = max;{a; — d;} is small.
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Experimentally, we know that the error term decreases as the number of variables k
increases, and thus it is reasonable to expect that the value of both factor-revealing
programs become very close as k tends to infinity. Indeed, for the metric case, it is easy
to show that this error vanishes as k goes to infinity and, therefore, the upper bound
and the lower bound factor-revealing programs converge to the same value, as k goes to
infinity.

Theorem 2.2. Let 2 be as in program (5) in [72] and let &' be as in program (2.15).
Then supys, 2" = infg>1 27"

Proof. First notice that, for any dual solution of program (2.15) with parameter k, we
may obtain a feasible solution for the same dual program with parameter 2k with same
value, by simply duplicating the variables of the original solution, in a way similar to def-
inition (2.13). Therefore, since the dual is a minimization program, we may assume
that k is arbitrarily large. Consider an optimal solution of program (2.15). We have that
a;—d;j < a;+dp, for every j and [. Let j be such that ¢ = a; —d; is maximum and add up
these inequalities for all . We get ke = k(a;—d;) = S (a;—d;) < SF  (au+d) < 28+

AL

1 <1.81641. From Lemmas 2.9 and 2.10, we get that 2" > 2/' > l%rg:%,;“ > mxk .
Taking the limit as k goes to infinity, we get that sup,; ;' = infp>; 23" m

It would be nice to bound the values of the variables of program (2.14), as this would
suffice to show that the factor-revealing programs also converge for the squared metric
case. Since the coefficients of the squared triangle inequality involved in program (2.14)
are all greater than one, we cannot use the same approach as in Theorem 2.2. Although
experiments suggest that the value of variable o in an optimal solution decreases as
k increases, it does not seem trivial to determine whether «j vanishes when k goes to
infinity.

2.4 Further applications of UPFRP’s

2.4.1 Analysis of improved greedy

We analyze the second algorithm of Jain et al. [72] for the squared metric case. The
algorithm is essentially the same as Algorithm A1, but each connected client keeps con-
tributing to unopened facilities. The contribution of a connected client j to an unopened
facility ¢ is the budget that the client would save if facility ¢ were opened. The algorithm,
that is denoted by A2, is described in the following.
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Algorithm A2 (C, F,c, f) [72]

1. Set U := (', meaning that every facility starts unopened, and every client un-
connected. Each client j has some budget ¢, initially 0. At every moment, for
each unopened facility 4, if client j is unconnected, then j offers max(a; — ¢;5,0)
to 4, and, if client j is connected to facility ¢, then j offers max(c;; — ¢;5,0) to .

2. While U # 0, the budget of each unconnected client is increased continuously
until one of the following events occur:

(a) For some unconnected client j and some open facility i, a; = ¢;;. In this
case, connect client j to facility ¢ and remove j from U.

(b) For some unopened facility ¢, the total offer i receives from the clients equals
the cost f; of opening 7. In this case, open facility i, connect to i each client

J with a positive offer to i, and remove each connected client from U.

For the metric case, the approximation factor is 1.61. With a completely analogous
reasoning, we obtain the corresponding factor-revealing program (2.16). The variables
are the same as in program (2.4). The new variable rj corresponds to the budget «; if
client j is connected at the same time as client [, or corresponds to the distance from j
to the facility to which j is connected just before [ is connected.

k
2? = max 723':,@1 =
erZj:l dj
s.t. Qi < AN 1< j <k
T2 T 1<i<i<k

2.1
\/EIS\/le+\/El+\/d>j 1<j<i<k (2.16)
-1 k

max(rj —d;,0) + > max(aq; —d;,0) < f 1<I1<k
1 =
ajadj>f7rj,120 1§]§l§k

We repeat the previous analysis to give lower and upper bounds on the approximation
factor of the second algorithm for the SMFLP.

Lemma 2.11. 2.415 < supys, 2;° < 2.425.

Proof. Consider tuples (53;,7;,6;) € R:* and B; = 1—1—@-—1—&, Ci=14v+5,D; = 1—1—51-—1—%
for 1 < i < m. Using Lemma 2.3, we insert inequalities corresponding to these tuples,
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replacing the nonlinear constraint, and obtain z;* < wj!

k
max ijl a
s.t.

wp? =

aj < Qi
Tl 2 T4l
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f+Yh,di <1

(07] S Bﬂ"jl + Cldl + Dldj

rjl — dj S ZEjl
ap—d; <xj

k
Zj:l vy < f

Oéj7dj7f7rjl Z 0

.Z‘leO

1<5<k
1<i<i<k

1<i<I<E,

1<i<l<k
1<i<j<k
1<i<k
1<j<i<k
1<7,1<E.

?, where wj}

1<i<m

* is given by

(2.17)

Now, we calculate the dual of program (2.17) to derive the UPFRP. After that, we
calculate its dual program (2.21), in order to use Lemma 2.3, and solve the UPFRP
inserting cutting planes. We proceed the same way as done in Lemma 2.8. With similar

arguments, we may see that z;? < z;?, for any ¢, and we assume that k£ has the form

k = pt, for some integer t. The dual of linear program (2.17) is given in the following.

A2 3
wp? = min 7y

m -

s.t.
i=1j5=1

v - Z Ci Z Citi —
=1 J=1

k
y—=>h >0
=1

Z D Z Ciji —

Jj=i+1

a; — a;— 1+Z chzz+Ze]z>1

m
bji—1 — bj +ej — 21 Bicji; 2 0
1=

hl—eﬂZO

ap=ar =by =by =0

ay, hy, e >0

bj, ¢jii,y > 0

k
> e >0
=1

1<y<I<k

1<5,1<k
1<I<k
1<, <k
1<7<I<Ek
1< <m.

(2.18)

Now, we may derive the UPFRP. Let #2 = [2] and consider block variables 7', a;, b},

/
c]lz) ]l?

v=9, a=pd—(pl—1)(a-

cl‘[z
o= J
Cji = p )

and hj. We obtain a candidate Solutlon for program (2.18) by defining:

(2.19)
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In the following, we apply definition (2.19) and calculate each coefficient expression

for program (2.18). Again, notice that a; — a;—1 = al — al > and that bj; 1 — by =

(b;l L b;i)/p. Also, fix variables ¢, at zero.
m [—1
coeffloy| = aj — ay_1 + Z Z Cjii + Z €,
i=1j5=1
m [—1 C/[ Al
/ ¥
=ai—ai +Y ) Z -
i=1j=1 p j=l p
m -1 C/, i
P~y + > > p
i=1j/'=1 §'=l+1 p
m -1 t
/ / / /
=ap— a3 >yt X €=l
i=1j'=1 §'=i+1
m -1 m k k
coeff[d]] =~ =Y "> Ciciu =Y Y Dicyi — Z €ij
i=1j=1 i=1 j=1+1 =1
m -1 C/AZA m l k ;M
=7 =Gy = ZD Z S D
i—1 j=1 p = Jj=l+1 p Jj=1 p
m i

>7—ZCzZpJp“ ZD Zp p Zp i

j
m -1
:M—ZQZC}M ZD Z c Ze

jl=I+1

/ k h’% ! hl’ ! ! !
coeff[fl =y = h=+=> L=9=->p- —v—Zh/EO.

=1 =1 P =1 r=1
m bii L I“Z eii m ci[.
_ _Jl= J J gl
Coeff[m] = 0j1-1 — bjl + €1 — Z Bz‘ Cjly = ———————— + == — Z Bi > 0.
i=1 p p =P

rooels
COGH[JZjI] = hl — €51 = 4 _ 4 2 0.
p
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Conjoining all constraints, the obtained UPFRP is:

A2 __ 3
xry? = min v

m [—1 t
st q—aqa+ X Xt X oep=>1 1<1I<t
i=15=1 j=l+1
m -1 m t t
Y=2Ci Y ciui— 2Dy 3 cji—ye; >0 1<1<t
=1 j=1 i=1  j=i+1 j=1
t
Y—=>XMh=>0
= m , (2.20)
bji—1 — bj+ e — > Bicj 2 0 1<j<i<t
i=1
b — ey > 0 1< i<t
aozat:bll:bltzo 1§l§t
al,hl,eﬂZO 1§l,j§t
1<i<li<Ek
e > > =
bats e 2 0 1<i<m.
Finally, calculating the dual of program (2.20), we obtain program (2.21).
r? = max Y q;
;< Qg l<yj<t
rﬂzmﬂ 1§]<l<t
OélSBﬂ’]l—i‘Czdl—i—Dzdj 1§]<l§t,1§l§m (221)
T’jl—djgl‘jl 1§]<l§t '
al—djngl 1§l<]§t
Siiap < f 1<I<t
aj,dj, f,r >0 1<j<i<t
>0 1<jl<t.

Notice that we can replace the forth set of constraints in program (2.21) by constraints
with square roots, if we consider an infinite set of tuples (/3;,7;,d;), obtaining an equiva-
lent nonlinear program. This program is exactly program (2.16), except that the fourth
constraint is replaced with

-1 k
> max(ry —d;,0) + > max(qy —d;,0) < f.
j=1

j=l+1

Let z;* be the optimal value of such a program. With CPLEX we get that 243, =~
2.41565 > 2.415, and that x5, ~ 2.42473 < 2.425. O

Solving the UPFRP obtained for the MFLP for £ = 500, we may show that the
approximation factor of A2 [72] is 1.602. The lower bound factor-revealing program and
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the maximization UPFRP are essentially the same, except that, in the lower bound factor-
revealing program, the second summation of the fourth constraint contain terms of the
kind max(a;—d;, 0), that are not present in the UPFRP. Therefore, Lemma 2.10 also holds
for such programs. For the metric case, using a similar analysis to that of Theorem 2.2,
one can show that the lower and the upper bound factor-revealing programs converge.

Theorem 2.3. Let 2% be as in program (25) in [72] and let &> be the optimal value
of the corresponding UPFRP obtained by removing the terms of the kind max(a; — dj, 0)
from the fourth restriction. Then supys 2;° = infg>1 23°.

Proof. Recall that program (25) in [72] is similar to (2.16), but does not contain the
square roots. Consider a solution of the UPFRP, for a sufficiently large k. Without loss of
generality, we assume f —1—2521 d; = 1. For a fixed [, the constraint Zé;ll max(r;; —d;, 0)+
Z;‘?:Hl max(a; — d;,0) < f implies that Eé;ll ra < f+ Zé;l d; < 1. We consider two
cases. First, suppose | < k/2, then, (k/2)-max(a;—d;,0) < k/20q < ¥F_; a; < 1.62. Now,
suppose [ > k/2, then, summing the constraint oy —d; < rj +d; for j =1,...,1—1, then
(k/2—1)-max(oq—d;,0) < ¥\Z\ (rj+d;) < 141. In either case, ¢ = max;{a;—d,} vanishes
as k tends to infinity. The theorem follows by arguments similar to Theorem 2.2. O

2.4.2 Combining with scaling and greedy augmentation

Algorithm A2 can be analyzed as a bi-factor approximation algorithm. The analysis
uses a factor-revealing linear program, and is similar to the previous analysis. Mah-
dian et al. [104] observed that, due to the asymmetry between the approximation guar-
antee for the opened facilities cost and the connections cost, Algorithm A2 may be used
to open facilities that are very economical. This gives rise to a two-phase algorithm,
denoted here by A3(9), based on scaling the cost of facilities by a constant 6 > 1, and on
the greedy augmentation technique introduced by Guha and Khuller [61]. The first phase
opens the most economical facilities, and the second phase greedily

Algorithm A3(0) (C, F,c, f) [104]

1. Scaling:
(a) Scale the facility costs by a factor .
(b) Run Algorithm A2 on the scaled instance.

2. Greedy augmentation:
While there are facilities that, if open, reduce the total cost:
(a) Compute the gain g; of opening each unopened facility 7.

(b) Open a facility ¢ that maximizes the ratio .
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In [104], a factor-revealing linear program is used to analyze Algorithm A3(d) with
a somewhat different, but equivalent, greedy augmentation procedure. This was used
to balance a bi-factor from Algorithm A2 for the MFLP. As noticed by Byrka and
Aardal [28], this analysis is not restricted to Algorithm A2, and applies to any bi-factor
approximation for the FLP. Therefore, since it does not depend on the cost function
being a metric, we can use it to balance a bi-factor approximation for the squared metric
case. This result is precisely stated as follows.

Lemma 2.12 ([104]). Consider a (v¢,7.)-approzimation for the FLP. Then, for every
§ > 1, Algorithm A3(6) is a (ys +logd +¢,1 + %T_l)—approximation for the FLP, for
e>0.

For the metric case, it has been shown that Algorithm A2 is a (1.11,1.78)-approxi-
mation. This and Lemma 2.12 give a 1.52-approximation for the MFLP. For the SMFLP,
we present an analysis based on an UPFRP. Using straightforward calculations, we may
obtain the following:

A2¢

Lemma 2.13. Let v > 1 be a fized value and let v, = x;,°°, where

k
T’ = max 7Zj:1kaj_wf
Zj:l d;
st <o 1<Ii<k
Tjl 2 Tjit1 L<j<i<k

VI < VA Jd; 1<j<i<k 2%
-1

k
> max(r; —d;,0)+ > max(a;—d;,0) < f 1<I<k

Jj=1 j=l+1
aj,dj, fyru >0 1<j<I<E.

Then, if 7. < oo, Algorithm A2 is a (v, .)-approzimation for the SMFLP.

The only difference between program (2.22) and the corresponding lower bound factor-
revealing program is the extra term max(a; — d;, 0) in the lower bound program, which is
not in the fourth constraint of program (2.22). Again, having a bound for this term that
vanishes as k goes to infinity would be sufficient to show convergence of the upper and
lower bound factor-revealing programs.

We observe that program (2.22) is unbounded for values of v, close to one. This
happens also for the corresponding lower bound factor-revealing program. This is in
contrast to the factor-revealing programs obtained for the metric case, for which we know
that Algorithm A2 is a (1,2)-approximation. In this case, the lower bound program is
always bounded, but the upper bound program is unbounded for v = 1, or for values
close to one. It would be interesting to strengthen this UPFRP, so that it could also be
used in the analysis also for vy = 1.
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Theorem 2.4. Algorithm A3 is a 2.17-approximation for the SMFLP.

Proof. Consider program (2.22) for vy = 1.45. Numerical computations using CPLEX
show that z35 &~ 3.40339 < 3.4034. From Lemma 2.13, we know that Algorithm A2 is
a (1.45,3.4034)-approximation for the SMFLP. Now, by letting 6 = 2.0543, and using
Lemma 2.12, we obtain that Algorithm A3 is a (2.169...,2.169...)-approximation for
the SMFLP. O

2.5 Experimental results

In this section, we summarize the results obtained with CPLEX for the analysis of algo-
rithms A1, A2, and A3. In Table 2.2, we present the computational results using CPLEX
for the lower bound in the column labeled z;* and the upper bound in the column labeled
xp' on the approximation factor of Algorithm Al. In Table 2.3, we present lower and
upper bounds on the approximation factor of Algorithm A2, that correspond to columns
labeled zj* and x}}, respectively. In Table 2.4, we present computational results for pro-
gram (2.16) when vy = 1.45, and the approximation factor obtained from Lemma 2.12.

We set 4 as the value given by the solution of equation v; +logd = 1 + %5_1, that is,
§ = eMol(re=DED=(=1)  where W, stands for the Lambert W-function. Figure 2.1a
shows the trade-off between connection and facility costs approximation guarantees for
the Algorithm A2 and the inapproximability curve given by Jain et al. [73], and Fig-
ure 2.1b shows the trend of obtained factor for Algorithm A3 as we vary the value of 7y,
when k£ = 50.

Trade-off between facility and connection factors Balancing using scaling and greedy-augmentation

Connection féclqr Balanced factor |

Inapproximability limit ———

Best factor at 1.45

. . . . . . . . . . . . . .
1 1.2 1.4 1.6 1.8 2 22 2.4 1 11 1.2 1.3 1.4 15 1.6 1.7 1.8
Facility factor Facility factor

(a) Trade-off between connection and fa- (b) Trend of the obtained balanced
cility approximation factors approximation factors

Figure 2.1: Experimental results
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Table 2.2: Solutions of the factor-revealing programs for Algorithm Al
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k

zp!

!

10

2.57261

3.18162

20

2.71704

3.01717

50

2.80540

2.92579

100

2.83534

2.89553

200

2.85034

2.88046

300

2.85532

2.87543

400

2.85782

2.87292

200

2.85930

2.87142

600

2.86029

2.87041

700

2.86099

2.86970

k

2i?

xp?

10

2.20702

2.65131

20

2.30987

2.53301

50

2.37551

2.46544

100

2.39773

2.44278

200

2.40894

2.43150

300

2.41267

2.42775

400

2.41453

2.42586

200

2.41565

2.42473

Table 2.3: Solutions of the factor-revealing programs for Algorithm A2

Table 2.4: Solutions of connection factor-revealing programs for Algorithm A2, and factors

for Algorithm A3

k

xpe

best &

factor

10

4.02931

2.33433

2.29772

20

3.64790

2.16561

2.22270

20

3.48465

2.09159

2.18792

100

3.43524

2.06895

2.17704

200

3.41127

2.05793

2.17170

300

3.40339

2.05430

2.16993
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2.6 An optimal approximation algorithm

Byrka and Aardal [28] gave a 1.5-approximation for the MFLP, by combining the approx-
imation of Jain et al. [73], and a new analysis of the algorithm of Chudak and Shmoys [38],
that is based on the rounding of a fraction solution of program (2.1). The algorithm of
Chudak and Shmoys, denoted by C'S(7), receives parameter v > 1, and applies the filter-
ing technique [97] to balance between opening and connection costs. Byrka showed that it
achieves the optimal bi-factor approximation (v, 1+ 2e~7) for v > 1.6774. We show that
C'S(7), when applied to the SMFLP, touches its optimal bi-factor approximation curve
(7,148e77) for v > vy & 2.00492. Since the solution of v = 1+8e77 is a = 2.04011 > ~y,
we obtain an (o, a)-approximation for the SMFLP, and thus C'S(«a), solely used, is an
optimal approximation for the SMFLP.

Algorithm CS(v) may be summarized as follows. First, a solution (z*,y*) of pro-
gram (2.1) is obtained. Then, the fractional opening variables y; are scaled by a factor
v > 1,7, = vy, and variables T;; are defined so that client j is served entirely by its
closest facilities, obtaining a new solution (Z,7). We may assume that this solution is
complete, i.e. for every client j and facility ¢, if Z;; > 0, then ;; = 7;, and that for every
1, ¥; < 1, since, in either case, we can split facility ¢, and obtain an equivalent instance
with these properties. Finally, a clustering of some of the facilities is obtained according
to a given criterion, and a probabilistic rounding procedure is used to obtain the final
solution. For a detailed description of the algorithm, see [28] (also [29]).

A facility ¢ with 7;; > 0 is called a close facility of client j, and the set of such facilities
is denoted by C;. Similarly, a facility ¢ with Z;; = 0 but xj; > 0 is called a distant facility
of j, and the set of such facilities is denoted by D;. Let F; = C; U D;. The analysis of
C'S(7y) uses the notion of average distance between a client j € C' and a subset of facilities

F' C F such that Y.y, > 0, defined as d(j, F') = ZZGF# For a client j, we also
use some definitions from [29]: the average connection C(;;ltw, d; = d(j, F;); the average
distance from close facilities, dgc) = d(j, C}); the average distance from distant facilities,
dg-d) = d(j, D;); the maximum distance from close facilities, d§max) = maX;ec, ¢;;; and the
irregularity parameter p;, defined as p; = (d; — d§6)) /d; if d; > 0, and p; = 0 otherwise.
With these definitions, we can describe the clustering of the facilities. In each iter-
ation, greedily select a client j, called the cluster center, such that the sum d;-c)—l-dg-max)
is minimum, and build a cluster formed by j and its close facilities C;. Remove j and
every other client j’ such that C; N C} is not empty, and repeat this process until every
client is removed. The set of facilities opened by C'S(7) is given by the following rounding
procedure: for each cluster center j, open one facility ¢ from C; with probability z;; = 7;,
and, for each unclustered facility ¢, open it independently with probability ;. Each client

is connected to its closest opened facility.
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The following lemma of Byrka and Aardal [28] is used to bound the expected connec-
tion cost between a client and the closest facility from a set of facilities.

Lemma 2.14 ([28]). Consider a random vector y € {0, 1} produced by Algorithm
CS(7), a subset A C F of facilities such that Y ;cay; > 0, and a client j € C. Then, the
following holds:

E| min c¢; | Y v >1] <d(j,A).

€A yi=1 icA

For a given client j, if one facility in C; or D; is opened, then Lemma 2.14 states
that the expected connection cost is bounded by dg-c) and dgd), respectively. If no facility
in C; U D; = Fj is opened, then client j can always be connected to one of the close
facilities C;s of the associated cluster center j', with expected connection cost d(j, Cj/\ Fj).
Byrka and Aardal [28] showed that, for the MFLP, when v < 2, this cost is at most
dg-d) + dgfnax) + dgf). Since for the SMFLP we need v > 2, we will use an improved version
of this lemma by Li [94]. The adapted lemma for the squared metric is given in the
following. The proof is the same, except that we use the squared metric property, instead
of the triangle inequality.

Lemma 2.15. Let j be a client and j' be the associated cluster center. If C; N Cy # 0,
and Cj \ F; # 0, then we get

d(j, Cy \ Fy) <3+ (2= 0d™ + (v = 1)dy” +di"™ + i) .

J

Proof. Let d;j = minep(c; + ¢j7), that is, the minimum connection cost of a path of
length two from j to j'.! Fix a facility [ such that ¢;; + ¢;;; = d;;. For each facility i in
Cj\ Fj, we say that a path (7,1, 7, 7) is the center-path to i. The cost of such center-path to
i is defined as d; ;s +¢;j,. Notice that, using the squared metric property, ¢;; < 3(d;js+c¢;jr),
and therefore

ZiGCj/\F]' c’ij ’ yl

d(j, Cy \ Fj) = Sconr T,

- Yiec,\ry 3dy + ciyr) - 7,

2iec,\F; Ui
=3 (djy +d(j",Cy \ F})).

That is, d(j,Cj \ Fj) is at most three times the average center-path cost. Following the

lines of Li [94, Lemma 12] we know that d;; +d(j',C; \ Fj) < (2— 'y)dgmax) + (v — 1)d§-d) +

d;nax) + dﬁf). Therefore, the lemma holds. n

n [94], the connection cost c is extended to a distance between j and j’, and the triangle inequality
is then used to bound this distance with the connection cost of any path of length two. Here, we make
a more explicit definition to avoid confusion, since the squared metric property is not sufficient for this
purpose.



2.6. An optimal approximation algorithm 43

The next lemma follows from Lemma 2.15, and is straightforward.

Lemma 2.16. d(j,C; \ Fj) <3 (Vdj +(3— ,Y)dynax)) .

Now, we can bound the expected facility and connection cost of a solution generated
by C'S(y). The next theorem is an adapted version of Theorem 2.5 from [29].

Theorem 2.5. For 3 >~ > 1, Algorithm CS() produces a solution (x,y) for the integer
program corresponding to (2.1) with expected facility and connection costs

5¢ 7 + et
f] =~ . FF ' | < e el GRS
R I e e

* ook * *
where Fy' = y; f; and C7 = 3 ,cp xj;¢45.

Proof. The expected cost of facility i is Ey; fi| =v,fi =~v-yifi=~v- F.

If 7 is a cluster center, one of its close facilities is open, then the expected connection
cost is dg»c) < d; = C;. We may assume that j is not a cluster center. Let p. be the
probability that the closest facility to j is in C}, and pq the probability that it is in D;.
If neither case occurs, then, with probability ps = 1 — p. — pg, the closest facility is in
Cj \ F;, where j" is the cluster center associated with j. From the definitions, we have
that di = (1= p;)d;, di = (1+ £;)d;, and p; < 1. Also, from [28], we know that
ps < e 7 and p. > 1 —e 1. Combining these facts with Lemmas 2.14 and 2.16, and using
dg-max) < d§-d), we obtain

E

min %} < pe-d +pa-d? +p, -3 (vd; + (3 —7)d?)
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Let ~y be the solution of equation

(51_+> ~(148).
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For ~, with 3 > v > 79 ~ 2.00492, the maximum connection cost factor is 1 + 8e™7,
so C'S(7) touches the inapproximability curve (,1 + 8e~7) of Theorems 2.1. Therefore,
the approximation factor is the best possible for the SMFLP, unless P = NP. The next
theorem follows immediately.

Theorem 2.6. Let o = 2.04011 be the solution of the equation v = 14+8e~7. Then C'S(a)
is an a-approximation for the SMFLP and the approximation factor is the best possible
unless P = NP.

2.6.1 The Facility Location Problem with relaxed metrics

We notice that the analysis of Subsection 2.3.1, and that of Lemma 2.15 apply to a more
general case of the FLP when the connection cost function satisfies ¢;; < 3(c¢;j +civjr +cirj)
for all facilities i and ¢’, and clients j and j'. We say that a connection cost function ¢ for
the FLP satisfies a 7-relaxed triangle inequality if ¢;; < 7-(c¢;j+cijo+civj), for all i,4" € F,
and j,j" € C. Also, we say that the subset of the FLP that contains only instances that
satisfy the 7-relaxed triangle inequality is the 7-relaxed FLP.

The following generalizes Theorems 2.1 to obtain a lower bound on the approximation
factor for the r-relaxed FLP.

Theorem 2.7. Let v; and 7. be positive constants with . < 1+ (37 — 1)e™ . If there is
a (£, 7e)-approzimation for the T-relaxed FLP, then P = NP.

Proof sketch. We use the same reduction to set cover as in Theorem 2.1, but associate
elements and sets not connected directly with cost 37 (note that this connection cost
function satisfies the 7-relaxed triangle inequality). The proof remains the same, except
that terms 9 become 37, and coefficients 8 become 37 — 1. O

To obtain approximations for this variant, we extend Theorem 2.5. First, we need the
following result, that is completely analogous to Lemma 2.16.

Lemma 2.17. d(]7 Cj’ \ F}) <T- (fyd] + (3 . ,y)d(max)) ‘

J

Now, we can obtain approximation for the 7-relaxed FLP.

Theorem 2.8. For every v > 1, the algorithm CS(vy) obtain a bi-factor approzimation

of (7, max {1 + (31 —1)e 7, (27711)_:_;%_1, ((771)2:17),61_”6_1 }) for the T-relaxed FLP.

Proof. The proof adapts the proof of Theorem 2.5, but we use Lemma 2.17, instead of
Lemma 2.16. First, we consider v < 3, and use dgmax) < dgd), so we obtain
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E

(© (d) _ 4 EPRWIC)
i ] S 0

(pc + Dd + 37’ps) (pc + Tps) ) d:
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<(P + pa +37ps) + Y1

— (4 7 = gy 4 AHETZRI ST )
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Now, we consider v > 3, and use d; > dg-c). Analogously, we obtain

B[ i e] <p-d? 4 pa-d® +poor (v + (3 - )

ieFy;=1
D) —1)e 7 tet
< max {1 + (37— 1)e 7, (y=Yr )16 te } O O
1_1 j
v

Let a(7) be the solution of equation v = 1 4 (37 — 1)e™7. We will verify that for
7 in the interval (2.62,31.02), Theorem 2.8 implies a («(7), a(7))-approximation for the
r-relaxed FLP, and thus, for this interval, the algorithm C'S(a(7)) has the best possible

approximation, unless P = NP. Let 3(7) be the solution of equation v = &r=¢ e

1——1
(considering v < 3), and d(7) be the solution of equation v = ((7_1)2:17)_617%671 (considering

v > 3). First notice that for a fixed 7 we obtain a balance in the bi-factor of the

Theorem 2.8 at the at the  value that is maximum among «(7), 5(7), d(7). It is not hard
to show that all a(71), 5(7) are §(7) are increasing continuous functions, and that each
pair intersects at a single point (see Figure 2.2).

From Theorem 2.8, we know that max{«(7),3(7),0(7)} is an approximation for
the 7-relaxed FLP. Also, Theorem 2.7 states that there is no approximation better
than «(7) for the T-relaxed FLP, unless P = NP. Solving numerically the equations
a(t) = (1) and a(7) = 6(7), we obtain that «(7) is maximum over the three functions
for 7 € (2.62,31.02), and so for this interval, the LP-rounding algorithm has the best
approximation factor.
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Figure 2.2: Intersections of approximation and inapproximability curves

We say that the FLP with a metric raised to a (M®FLP), is the variant of the FLP

that considers instances such that the connection cost function is the ath

power of a given
metric. We may use the following known fact to derive approximations for the M*FLP

using approximations for 7-relaxed FLP’s.

Lemma 2.18. Let A, B, C, and D be nonnegative numbers such that A < B+ C + D,
and let o > 1, then A* < 3°7Y(B* + C* + D®).

This implies that the connection cost function that is the ath power of a metric satisfies
the 3% !-relaxed triangle inequality, and therefore the M®FLP is a particular case of the
3% Lrelaxed FLP.

Chapter remarks

The majority of the literature on the FLP considers the metric case. While the assumption
of the triangle inequality is natural for many applications, for other applications, more
relaxed distance functions are necessary, and so the difficulty of approximating the FLP
in these cases remained open. This work addressed this gap, by studying several relaxed
distance functions for the FLP. As expected, it was shown that, for the particular case
that the distance is the square of a metric, it is NP-hard to obtain an approximation
factor better than 2.04, while the corresponding known hardness result for the metric
case gives a lower bound of 1.463 [62]. It might be surprising, therefore, that the LP-
rounding algorithm of Chudak and Shmoys [38] has the best possible factor under the
squared metric, while for the metric case the gap between the best known approximation,
with factor of 1.488 [94], and the known approximation lower bound of 1.463 is still open.

For the analyzed primal-dual algorithms [72], the obtained results for the squared met-
ric were more consistent with the results known for the metric case, since the algorithms
with best factors for the squared metric case are also the algorithms with best factors
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for the metric case. These factors were originally obtained by using the so called factor-
revealing programs. Since the non-linear behavior of the non-metric restriction turned
such factor-revealing programs much more complex, repeating the analysis employed in
the metric case became impractical. Thus, the upper bound factor-revealing programs
were introduced, as an alternative to obtain the approximation factor. It is worth notic-
ing that, although the independently obtained strongly factor-reveling programs [102] are
similar, in the sense that the approximation factor is given by solving an LP directly, we
presented a more systematic approach, that avoids guessing steps, and it indeed proved
easier in the analysis of the algorithms for the FLP.






Chapter 3

The Continuous Facility Location
Problem

Meira and Miyazawa [108] introduced a variant of the Facility Location Problem (FLP),
that is called the Continuous Facility Location Problem (ConFL). In this problem, a
facility can be opened at any point of the Euclidean space, while, in the traditional
Euclidean FLP, one can only open facilities at points of a given finite set of locations.
This is a problem with clustering applications, and is closely related to k-medians and
k-means problems. We consider continuous versions of both the Euclidean FLP, and the
Squared Fuclidean FLP, when the cost to connect a client to a facility is given by the
Euclidean distance, and the squared Euclidean distance, respectively.

The ConFL may be interpreted as a penalty clustering problem. In this way, the
problem is to find a partition of the clients in any number of clusters with a fixed cost
per cluster, whereas the k-medians and k-means problems aim to find a partition of the
set of clients in at most k parts. Therefore, ConFL may be used as an alternative to
k-clustering problems when the number of clusters is not known, but there is an estimate
for the cost of a cluster. Notice that solving k-medians and k-means to the optimality for
each value of k is sufficient to solve ConFL under the L, and L3 norms, respectively.

Problem’s definition. In the ConFL problem, one is given a set of points C' of the
d-dimensional space, and a positive number f. A facility may be opened in any point of
the space at cost f, and a client j is connected to a facility i at cost c(i,j). The goal is
to open a set of facilities F’ that minimizes

[F'|f + > jec MiNepr c(i, 7).

The ConFL with distance y is denoted by u-ConFLP, so that Ly-ConFLP and L3-ConFLP
are the variants of ConFL with Euclidean and squared Euclidean distances, respectively.

49
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Summary of results. We reduce the ConFL to the corresponding discrete version of
the FLP, by using the so called center sets, which are discrete sets points that approximate
the centers in a continuous optimal solution. This leads to approximations for ConFL
problems, provided that there exists an efficient procedure to obtain these center sets, and
approximation algorithms for the corresponding discrete facility location problems. Using
this reduction, we obtain approximations with factors 1.488+¢ and 2.04+¢ for the Ly and
L3 norms, for the case in which the dimension is part of input, and a PTAS for the case of
Ly-norm and fixed dimension. Solving the Ly-ConFLP and the L2-ConFLP by using the
corresponding discrete k-clustering problems cannot improve these factors, since there is
a lower bound on the approximation factor of 1.735 for the Metric k-medians [73], and
we show that there is no approximation with factor better than 3.943 for the k-medians
problem with squared metric. Moreover, we obtain center sets for the more general
L§-norm, that are used to give approximation algorithms for the corresponding ConFL
problems, for any a > 1. Using such center sets, we also obtain a PTAS for the k-clustering
problems with L§ norms, for fixed k.

In Section 3.1, related works are reviewed. In Section 3.2, a generalized version of the
FLP is described, and additional definitions are given. In Section 3.3, we show how to
reduce ConFL to its corresponding discrete version, and give approximations for the case
of Ly and L3 dissimilarity measures. In Section 3.4, a procedure to obtain center sets for
the distance L§ is described, and approximations for the L§-ConFLP are obtained.

3.1 Literature review

A few works give approximations for the ConFL. Meira and Miyazawa [108] presented a
(1.861+¢)-approximation for the Ly-ConFLP, and a (9+¢)-approximation for L3-ConFLP,
and Czumaj et al. [43] presented an approximation scheme for the special case of the
ConFL problem for the Ly distance function in the plane. For the discrete Euclidean
FLP, when the set of facility locations is finite, and the connection cost is the Fuclidean
distance, there is an approximation scheme by Arora et al. [7], who extended previous
approximation schemes for the TSP and other problems [5, 6]. For the variant whose
connection cost is the square of the Euclidean distance, the work of Jain and Vazirani [76]
implies a 9-approximation, and the best known factor is a 2.04-approximation for the
more general Squared Metric FLP, presented in Chapter 2,

Other clustering problems have been largely investigated. Several algorithms and tech-
niques have been proposed for k-means and k-medians (for both discrete and continuous
versions). In particular, some algorithms make use of center sets to obtain approximation
schemes. These works are summarized in the following.
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The k-means problem. One of the first algorithms for the k-means problem is a local
search heuristic proposed by Lloyd for Pulse Code Modulation (PCM) in 1957, although
this technique was only published in 1982 [98]. The term k-means is commonly used
to refer to both the problem and Lloyd’s method, and was used for the first time by
MacQueens [99] in 1967. In 2008, Dasgupta [44] showed that k-means is NP-hard for the
particular case where £ = 2, and d is part of the input. The same result was obtained
independently by Aloise et al. [3]. In 2009, Mahajan et al. [100] showed that the planar
k-means is NP-hard, that is, k-means is also NP-hard for the particular case where d = 2,
and k is part of the input.

Despite the popularity of Lloyd’s algorithm, due to its relative simplicity, and good
performance in practice, it does not give any guarantee on the approximation factor,
nor on its running time. Indeed, there are examples for which Lloyd’s algorithm can
return arbitrarily bad solutions. Some works have analyzed this method, and some of its
variations, considering both the algorithm running time [8, 67], and the quality of the
returned solution [9, 114].

In 2005, Har-Peled and Sadri [67] analyzed the running time of k-means method, and
gave instances for the unidimensional case with & = 2 for which this algorithm runs for
at least 2(n) iterations. They also considered the running time of Lloyd’s algorithms as a
function of the point spread A, which is defined as the ratio between the largest and the
smallest distance between two given points. Later, Artur and Vassilvitskii [8] showed that,
even for randomly selected initial centers, the running time is superpolynomial with high
probability. Also, they showed that, if the dimension of the points is not much smaller
than the total number of points, that is, if d = Q(n/logn), then the k-means method
runs in polynomial time with high probability.

In 2006, Ostrovsky et al. [114] showed that, ensuring that initial centers are selected
properly, a randomized variation of Lloyd’s algorithm has bounded approximation factor.
In 2007, Arthur and Vassilvitskii [9] revisited the importance of the good selection of initial
centers, and showed that a variation of Lloyd’s algorithm, that selects initial centers
probabilistically according to the inverse distance from a point to current centers, has
expected approximation factor of O(log k).

In 1993, Hasegawa et al. [68] presented one of the first algorithms with bounded
approximation factor. They noticed that the set of input points that are closest to the
centers of an optimal clustering gives a Voronoi partition with cost of at most twice the
optimal value. By enumerating all Voronoi partitions of the n points in k parts, they
gave a 2-approximation for k-means with running time O(n**!). In 1994, Inaba et al. [71]
showed that the optimal partition for k-means is obtained from a set of Voronoi diagrams
of size O(n®*d). Therefore, they solved k-means exactly in time O(n***!) enumerating
such partitions. This is polynomial for the particular case in which k£ and d are fixed.
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Several approximation schemes have been proposed, both for the case of low dimen-
sion [66, 71, 106], and for the case of high dimension [35, 52, 54, 86]. In 1994, In-
aba et al. [T1] presented a (1 + ¢)-approximation for the 2-means problem with running
time O(ne~9). In 2000, Matousek [106] obtained (1 + ¢)-approximations for the case of
constant d, or constant k, with running times O(nlogn) and O(nlog®n), respectively.
In 2003, Fernandez de La Vega et al. [54] showed an approximation scheme for constant
k, with time complexity O(n?F), that is independent of the dimension.

In 2004, Har-Peled and Mazumdar [66] showed that small subsets that are denominated
coresets, can be used to obtain good approximations for clustering problems. They used
coresets to obtain approximation schemes for k-means and k-medians problems. In the
same year, Kumar et al. [86] showed an approximation scheme for constant k, with linear
running time O(nd). Their algorithm is relatively simple, and is based on small random
samples of points.

When both d and k are considered part of the instance, Kanungo et al. [78] used a local
search to give a (9+¢)-approximation for the discrete version of k-means, when one is given
a discrete set of candidate centers C. To obtain a solution to the (continuous) k-means,
one may simply use an e-approximate centroid set as the set of candidate centers. The
size of this centroid set may have exponential dependency on d [106], or may be chosen
independently of d [71]. Jain and Vazirani [76] gave a 108-approximation using a primal-
dual algorithm for the (discrete) Squared Euclidean FLP, using a binary search over the
cost of opening a facility, and using a rounding algorithm to obtain exactly k facilities.
Meira and Miyazawa [108] showed how such algorithm could be used to directly solve the
L3-ConFLP when d is fixed, improving the approximation factor to 54 + ¢.

Table 3.1 summarizes the algorithms described for k-means.

The k-medians problem. The continuous k-medians is analogous to k-means, but uses
Euclidean distance as the connection cost function. There are polynomial-time approx-
imation schemes for the case in which k& and d are fixed [7, 66, 83], and for the case in
which d is part of the input, but k is fixed [11, 35, 86]. When £k is part of the input and
d > Q(logn), it is NP-hard to obtain a PTAS to k-medians [64]. In the discrete version
of k-medians, the set of clients and centers are vertices of a graph, and the connection
cost between two clients is given by the edge weight. The special case whose graph is a
tree can be solved in polynomial time [79]. In 1999, Charikar et al. [33] obtained a 6.77-
approximation for the Metric k-medians, when the distance function is a metric. Using
the so called Lagrangian Multiplier Preserver algorithms for the FLP, Jain e Vazirani [76]
obtained a 6-approximation for the Metric k-medians, and Jain et al. [73] obtained a
4-approximation. Arya et al. [10] gave a local search (3 + ¢)-approximation, and the best
approximation factor currently known is 1 + /3 4 ¢ by Li and Svensson [95].
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Factor | Reference year | Notes
- Lloyd [98] 1982 | O(n°®)) amortized time [§]
2 Hasegawa et al. [68] 1993 | Voronoi partitions, O(n¥*!) time
1 Inaba et al. [71] 1994 | Voronoi partitions, O(n¥¥+1) time

1+¢ |Inaba et al. [71] 1994 | O(ne=?) time for k = 2

1+¢ | Matousek [106] 2000 | O(ne=2*410g" n) time

108 | Jain and Vazirani [76] 2001 | primal-dual
9+¢ | Kanungo et al. [78] 2002 | local search

1+e |Fernandez de La Vega et al. [54] 2003 | O(n€*/2*)) time
1+¢ |Har-Peled and Mazumdar [66] 2004 | O(n + kF+2e=dtDk ookt 1 1ogk 1) time

€

1+¢ | Kumar et al. [86] 2004 0(2(§)O(l)dn) time for small k
O(log k) | Arthur and Vassilvitskii [9] 2007 | variant of Lloyd’s algorithm
54 + ¢ | Meira and Miyazawa [108] 2008 | primal-dual

Table 3.1: Algorithms for k-means

Center sets. 'To obtain approximation schemes for k-means, Matousek [106] used the
notion of approximate centroid sets. The idea is to obtain a set of candidate centers con-
taining a subset of k elements that is an approximate solution for k-means, and deviates by
at most an ¢ fraction of the optimum. The term centroid set comes from the fact that, for
k-means, the optimal center of a cluster is given by the centroid of its points. Analogous
sets are used for other k-clustering problems, and thus they are called generically center
sets in this work. For k-means, there are center sets with size O(ne=¢log(1/¢)), given
by Matousek [106], and with size O(ke2?lognlog1/¢), given by Har-Peled and Muzum-
dar [66]. Approximate center sets of size independent of n and with O(k3c~(24+2) 1og 1 /)
elements were given by Har-Peled and Kushal [65]. Also, center sets of size independent of
d with O(n'/?) elements are implicitly given by Inaba et al. [71]. For k-medians, there are
e-approximate center sets with size O(k?c~>*log®n) by Har-Peled and Muzumdar [66].
Kumar et al. [86, 87] gave center sets with size O(2(1/ 5)0(1)) independent of d with constant
probability, which implies center sets for k-medians of size O(n!/ E)O(l)).

Kumar et al. [86, 87] formalized the existence of a random sampling procedure for
certain k-clustering problems, and used a superset sampling algorithm to obtain linear
approximation algorithms for k-means and k-medians. The idea is that, for certain clus-
tering problems, one may obtain, with constant probability, a center set for a given set
of points using only a constant sized subset of these points. Ackermann et al. [1] ex-
tended the algorithm of Kumar et al., using a combinatorial analysis, and avoiding the
need of the triangle inequality, therefore obtaining linear approximation schemes for k-
clustering problems with different distance functions, such as Kullback-Leibler divergence
and Mahalanobis distances.
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3.2 Definitions

The following definition generalizes the continuous and the discrete facility location prob-
lems, using arbitrary distance functions. Also, this generalizes other versions of the FLP,
such as the soft-capacitated, and the concave cost facility location problems.

Definition 3.1. In the Generalized FLP, we are given a finite set C' of clients, and a
(possibly infinite) set F' of facilities. We are given a dissimilarity measure ¢ : FxC — R,
and a facility opening cost function f : FF x N — R,. The cost to serve a given client
j € C using a facility i is given by c(i,j), and the cost to open a facility i € F if it serves
r clients is f(i,r). We require that f(i,0) = 0 for each facility i € F'. We want to obtain
a function ¢ : C — F that associates each client to a certain facility. The objective is
to minimize the sum of opening and connection costs, Y cp f(i,7(1)) + Yjec c(d(4), 1),

where r(i) = [{j : ¢(J) = 1}].

We say that a facility location problem is discrete if F' is finite. In this case, we assume
an oracle distance function c. If F' is not finite, then we assume that the distance function
may be calculated in constant computational time. For example, irrational distances
¢(7,7) can be truncated at some precision.

We consider a generalization of k-means and k-medians, which we denote by (L, k)-
clustering, where o > 1. In this problem, we are given a set P of n points in R?, and want
to find a set K C R? of k cluster centers, such that the sum of the a power of Euclidean
distance from every point to its nearest center is minimized. Using this notation, the
k-means problem corresponds to the (L3, k)-clustering, and the k-medians problem to the
(Lo, k)-clustering.

Usually, the notion of centers is associated to a k-clustering problem. We say that a
center of a point set C' C R, denoted by center(C), is a point i € R? such that 3=;c¢ c(4, 5)
is minimum. An approximate center set for a k-clustering problem, with respect to a
dissimilarity measure ¢, is defined below. In the following, we represent the total cost to
connect a set of clients C' to a center set K C F as ¢(K,C) = ¥ ;cc minex c(4, j).

Definition 3.2. A (k,e)-approzimate center set for a set of clients C' is a set S C F
which contains a subset K C S of size |K| = k such that ¢(K,C) < (1+¢)c(K',C), for
every K' C F, with |K'| = k. In other words, the set S contains a center set whose cost
deviates by an ¢ fraction of the optimal value.

The problem to find a (1,¢)-approximate center set of a set ¢ C R is the most basic
clustering problem, since kK = 1. Kumar et al. [86] showed that it is possible to obtain,
with constant probability, (1,¢)-center sets from a constant sized subset of clients. Their
main idea is that, to solve a k-clustering problem, one could obtain an approximate center
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This example shows an example of an approximate center set for the squared Euclidean
distance: given a set of points (gray points), and a multisample of the points (black
points), the random sample procedure returns as the center set the mean of the sample
points (black square). With constant probability, this center is close to the mean of
all points (white square).

Figure 3.1: Center set example

for one cluster of the optimal k-clustering, remove the corresponding clients, and solve
the remaining (k — 1)-clustering problem recursively. To obtain an approximation for
the optimal center of such cluster, even if such cluster is not known, Kumar et al. [86]
showed the existence of random sampling procedures. Next, we give a slightly adapted
definition of a random sampling procedure. We denote by opt,(Q) the value of an optimal
k-clustering of Q@ C R

Definition 3.3 (adapted from [86]). A random sampling procedure A with a constant
parameter € takes as input a multiset R of size \. with elements of C', and produces as
output a set core(R) C F of size B, where \. and (. are constants for A, that depend
only on . If R is a multisample obtained by drawing elements a set () C C with uniform
probability, then with constant probability there is at least one p € core(R) such that
c({p}, Q) < (1 +¢)opt1(Q). Further, the time taken by A is polynomial on the size of R.

The idea of the random sampling procedure is that we may solve exactly the 1-cluster
problem for a multisample of constant size (or approximate its solution when it is not
possible to give an exact solution), and obtain an approximate center for one of the centers
of the optimal solution. Figure 3.1 illustrates one approximate center set.

3.3 Approximations for ConFL

In this section we show how to deal with a generalized facility location problem such
that the set of facilities is infinite. In the Subsection 3.3.1 we present a discretization
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lemma that reduces the Generalized FLP to the corresponding discrete version. The
idea is to use a random sampling procedure, and transform an instance with an infinite
set of facility locations into an instance with bounded number of location, and with
approximate optimal value. In Subsection 3.3.2, we use this lemma to give approximations
for the Lo-ConFLP and the L32-ConFLP, respectively. In Subsection 3.3.3 we show that
a natural and straightforward way to solve the L3-ConFLP — solving the corresponding
k-clustering problem with squared metric — cannot improve the approximation obtained
in Subsection 3.3.2.

3.3.1 A discretization lemma

Kumar et al. [86] use a random sampling procedure to obtain approximate centers of
one optimal cluster, and use this information to obtain an algorithm for k-medians, by
removing one cluster at a time, and recursively solving the remaining subproblem. The
algorithm is linear in the number of points, but is exponential in k. One way to solve
facility location problems with uniform facility cost would be solving the corresponding
k-clustering problem for each possible number of open facilities, k. Since, in the FLP, the
number of open facilities is not known a priori, it is not possible to obtain an approxima-
tion using the approach of Kumar et al. Instead, we use a random sampling procedure to
obtain approximate centers for all optimal clusters at once, and solve the reduced problem
using known combinatorial algorithms.

Since each multisample has a constant size, we may enumerate all of them in poly-
nomial time. By joining the center sets obtained for each multisample, we ensure that
at least one point that is near to each optimal cluster center is known. The following
lemma shows that if there is a random sampling procedure set for a given infinite FLP,
then we may readily reduce it to the corresponding discrete version. This reduction is
approximation preserving, except for an € error. We assume that in such infinite versions
of the FLP, every facility has the same opening cost.

Lemma 3.1. Consider an instance of the Generalized FLP such that for any pair j,l € F,
we have f(j,r) = f(l,r) for every integer r > 0. Suppose that there exists a random
sampling procedure for the set of clients C, facilities F', and dissimilarity measure c.
Also, suppose that there exists a B-approximation for the corresponding discrete version
of the problem. Then, there exists a (8 + €)-approzimation for every e > 0.

Proof. Define ¢’ = 5> and let Ao and core(+) be as in Definition 3.3. Construct the set
of all multisamples of size at most A\, R = C*<'. That is, one element in R is a tuple

(c1,...,cx,,) of points in C. Then, obtain

F = | core(R),

ReR
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by applying the random sampling procedure to each set R. Notice that there are n’<

distinct multisamples, where n = |C/|, and that the size of each core(R) is polynomial
in the size of R, |R| = A\... Consider the instance of the discrete FLP given by facilities
F, clients C', and facility and connection cost functions f and ¢, respectively. We show
that an approximate solution for instance {F,C, f,c} is also an appropriate solution for
instance {F, C, f, c}.

Let S. = {c1,...,¢} € F be the set of open facilities in an optimal solution of the
original FLP instance, with solution cost OPT.. Let P; be the set of clients served by ¢;,
for 1 <i <t Also, let Sy ={c,...,q} C F be the set of open facilities in an optimal
solution of the discrete problem with solution cost OPT,. Similarly, let P/ be the set of
clients served by ¢, for 1 <i <.

First, we notice that, for any center ¢; in S., there is a point ¢/ in set F that is
close to ¢;. Indeed, consider the set P; of clients assigned to ¢; in solution S.. Also,
let R be a random multisample of P; of size A.,. Using Definition 3.3, by instantiating
() = P;, we obtain that with constant probability there exists at least one ¢ € core(R)
such that c({c}, P;) < (1 + &")opt1(P;) = c({c:i}, P;). Since the algorithm considers all
such multisamples, there must be some R such that, for some ¢! € core(R) C F, we have
c({d'}, B) < (1 +&)c{ci}, B).

Now consider the solution ¢ (not necessarily optimal) for the discrete instance that
opens facilities Sy = {cf, ..., ¢/}, and that assigns center ¢(j) = ¢/ for every j € P;, and
1 <1 <t. From the optimality of solution Sy, we obtain

OPT,; = ¢(Sq,C) + Zf ¢, |P!])

c(Sy, C +Zf . |P)])

t

S¢7 +Zf CZ)|P|
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Finally, using the S-approximation for the discrete FLP, we obtain a solution for the

ConFL with value SOL, such that SOL < OPT,; < B(1 + ¢ )OPT. = (8 +¢)OPT,.. O
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3.3.2 Euclidean and squared Euclidean ConFL

The ConFL is the particular case of the generalized facility location in which the set of
clients C' is a subset of the space R? for an integer dimension d, and a facility is any
point of the continuous space R%. We assume that the dissimilarity measure is a function
c: R?x R — R,, computed in time that depends only on d. The costs to open any
two facilities in R to serve a number r of clients are the same, that is, for any j,1 € R,
f(4,r) = f(l,r) for every integer r > 0. This gives some flexibility on the cost of a cluster.
For example, the cost can be either constant, or proportional to the number of elements.

The ConFL can be used for clustering points. In such applications, the considered
dissimilarity measure is usually either the Euclidean distance, or the squared Euclidean
distance. Meira and Miyazawa [108] considered the case in which the cost to open a
facility is fixed, and may be interpreted as a penalty for each created cluster. More
precisely, they considered the particular cases of ConFL in which f(i,r) = f for every
¢t € F and r > 0, and the dissimilarity measure is either the Ly-norm, or the squared
Lo-norm. These variants are denoted here by L,-ConFLP and L2-ConFLP, respectively.

To obtain approximation algorithms for the ConFL problem, we need random sampling
procedures for the corresponding k-clustering problems as stated in Lemma 3.1. For

k-means, Inaba et al. [71] showed that the centroid of a uniformly (uniformly sampled)
1

» dm
at least 1 — 0 for any 6 > 0. For k-medians, Kumar et al. [86] showed that a random
multisample of size O((1)°V) may be used to obtain an e-approximate center set of size

o2/ E)O(l)) with constant probability. This satisfies the premises of a random sampling

random multiset of P with m points is a (1, = )-approximate centroid with probability

procedure for both the Ly and L3 versions of ConFL.

Now, we may obtain approximations for ConFL using the best known approximations
for the discrete versions of Euclidean FLP and Squared Euclidean FLP. For the Euclidean
FLP, the best algorithm is a PTAS of Arora et al. [7]. We notice, however, that this
algorithm assumes that d is a small constant, since it is exponential in d. For the case
that d is part of the input, we use the best algorithm for the Metric FLP, that is a 1.488-
approximation by Li [93]. For the Squared Euclidean FLP, we use the best algorithm for
Squared Metric FLP, that the 2.04-approximation obtained in Chapter 2.

Theorem 3.1. There is a PTAS for the Lo-ConFLP for fived dimension d, and there is
a (1.488 + ¢)-approximation for arbitrary d. Also, there is a (2.04 + ¢)-approxzimation for
the L3-ConFLP for every e > 0.

One may also consider the PTAS’s for k-medians to derive approximation schemes
for the Lo-ConFLP. For this, it would be necessary to run the k-medians algorithm for
each k € {1,...,n}. In this approach, one must use an algorithm with time that is
polynomial on k. Kolliopoulos and Rao [83], and Har-Peled and Muzumdar [66] present
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approximation schemes for k-medians, all for fixed d. Such results lead to alternative
approximation schemes to Ly-ConFLP for fixed d.

It is also natural to solve L2-ConFLP running k-means for each k € {1,...,n}. The
approximation schemes for k-means whose running time is polynomial in d have exponen-
tial dependency on k, according to a result in [64]. So, the running time of this approach
leads to exponential time algorithms. If a PTAS is not aimed, then it is possible to use
k-means algorithms with worse approximation guarantees. One possibility is to solve the
more general k-clustering problem that satisfies a squared metric, that we call the Squared
Metric k-medians. This problem is discussed in the next subsection, and it is shown that
the 2.04-approximation for the L3-ConFLP cannot be improved using this approach.

3.3.3 Discrete squared metric k-medians

The k-medians problem aims at finding a k-clustering of a set of points C', that minimizes
the overall sum of the Euclidean distance from points to the center of each cluster. That
is, in k-medians, a facility is any point of the continuous space. An often considered
variant is the discrete k-medians, where the sets of clients and facilities are given by a
weighted bipartite graph, and the distance function is given by the edge weights. The
most studied problem is the so called Metric k-medians, for which the distance function
satisfies the triangle inequality. We consider another variant of the discrete k-medians,
when the square root of the distance function satisfies the triangle inequality, that is, the
distance function is a squared metric. Formally the Squared Metric k-medians problem is
a particular case of the discrete k-medians in which, for all facilities 7 and ', and clients j
and j', we have \/c(i,j) < \/c(i,j’) + \/c(i’,j’) + \/c(z",j). This kind of distance function
is a relaxation of a metric, and was considered in [53].

The Squared Metric k-medians can be thought as the discrete version of k-means. In
fact, if we use center sets, we can even solve k-means using algorithms for the Squared
Metric k-medians, as discussed before, and thus also solve the L2-ConFLP. One advantage
of considering this discrete version is that, since the distance function is given by an
oracle, the algorithm running time has no dependency on the dimension d. While there
are approximation schemes for k-means, the algorithms of Jain and Vazirani [76], based on
LP relaxations, and Kanungo et al. [78], based on local search, have large approximation
factors of 108! and 9 + €, respectively. However, these algorithms consider both d and &
as part of the instance. In fact, we can use them to solve the more general Squared Metric
k-medians problem, and obtain 54 and (9 4 ¢)-approximation algorithms, respectively.

1Jain and Vazirani only consider as candidate centers the points of the instance. Using better ap-
proximate center sets, as those of Inaba et al. [71], one can readily improve this factor to obtain a
(54 + €)-approximation.
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The 54-approximation of Jain and Vazirani is based on the Lagrangian relaxation of
k-medians, that corresponds to the FLP with uniform facility cost. The algorithm is
based on the idea of guessing (by a binary search) an appropriate value for this cost
and approximately solving the FLP so that only k facilities are open. If the binary
search is successful, the algorithm yields a 9-approximation for the squared k-medians.
Since, finding (in polynomial time) such a facility cost is not always possible, there is an
additional rounding step, that multiplies the approximation factor by an extra factor. For
the squared metric instances, Jain and Vazirani gave a preliminary analysis with factor
6, using a relaxed triangle inequality, and thus obtained factor 9 x 6.

The Metric k-medians is related to the Metric FLP, and, analogously, the Squared
Metric k-medians is related to the Squared Metric FLP. There is a known lower bound of
1.463 for Metric FLP [61], and 1+2/e ~ 1.73 [73] for the Metric k-medians. Similarly, the
Squared Metric FLP has a lower bound of 2.04 [53]. For the Squared Metric k-medians,
it is straightforward to extend these results, and obtain the following theorem. For the
sake of completeness, we include a proof sketch.

Theorem 3.2. There is no (1+8/e—e ~ 3.943)-approximation algorithm for the Squared
Metric k-medians for any € > 0, unless P = NP.

Proof sketch. First, notice that the statement of Theorem 2.1 also applies to the particular
version of the Squared Metric FLP, so that all facilities have the same cost (it is enough
to notice that in the proof of Theorem 2.1, all facilities of a given instance have the same
cost).

The key observation is that an a-approximation for the Squared Metric k-medians
implies a (1, «)-approximation for the Squared Metric FLP with uniform facility cost f:
given an instance of the FLP, create an instance of k-medians with the same set of clients
and set of facilities, for each k =1, ..., m, where m is the total number of facilities; solve
each such instance using the a-approximation, and return the solution with smallest
connection cost. This solution is also a solution for the original FLP.

For some k, let OPT} be the value of an optimal solution for the k-medians instance,
and let SOL be the value of the returned solution for the facility location. Also, let
Fopr, and Copr be the facility and connection costs of an optimal solution for the facility
location. Clearly, if such solution opens &’ facilities, then Fopr = k' f, and OPTy = Copr.
We derive that SOL < k'f + « OPTy = Fopr + a Copr. Therefore, the reduction is a
(1, a)-approximation for the FLP with uniform facility cost.

The theorem follows from the modified Theorem 2.1 (for the Squared Metric FLP with
uniform facility cost), using 75 = 1. O

This theorem implies that it is unlike that an algorithm for the Squared Metric



3.4. Continuous FLP with powers of Euclidean distances 61

k-medians can be used to improve the (2.04 + ¢)-approximation for the L3-ConFLP ob-
tained using an algorithm for the discrete Squared Metric FLP.

3.4 Continuous FLP with powers of Euclidean dis-
tances

We also consider a generalization of the Euclidean and squared Euclidean ConFL when
the considered dissimilarity measure is the a-th power of the Euclidean distance for some
a > 1. The considered problem is the L§-ConFLP, which is the particular case of ConFL
such that f(i,r) = f, where f > 0 is a given constant, for every i € F and r > 0, and
the dissimilarity measure L§ is the a-th power of the Euclidean distance. That is, for two
points p;, p; € R,

d
L3 (pi,pj) = llpi — psll* = @ ;(Pit —Pjt)z) :

When a = 1, L§ is the Euclidean distance. For this case, Kumar et al. [87] proposed
a random sampling procedure extending the result of Badoiu et al. [11]. For a = 2,
the function LS is the widely used L3 norm, and Inaba et al. [71] proposed a random
sampling procedure for this distance function. For a general o, we do not know whether
it is possible to obtain a constant sized (1, e)-center set from a random multisample with
high probability, and thus we do not give a random sampling procedure. However, we
may extend the results of Badoiu et al. [11] and Kumar et al. [87] to obtain a (1,¢)-
center set of polynomial size to the L§ dissimilarity measure. This is sufficient to derive
approximations for L§-ConFLP from approximations for the discrete case.

We start with an auxiliary lemma, that gives a rough bound on the generalized bino-
mial. For the sake of completeness, we include a proof.

Lemma 3.2. Let 0 <z < % and o > 1. It holds (1 + x)* < 1+ 2za®.

Proof.
a — [« k «a - k for S 1k «a
(I+z)*=1+> " <1+a*) 2" <14+a%%> - =1+ 2za",
i \k k=1 =0 2
where the first inequality is valid because (:) < a“. O]

The following lemma extends Theorem 3.2 of Badoiu et al. [11]. The proof is the same,
except that for the L§ we may not assume triangle inequality, so we have to be careful
when considering an alternative center candidate.
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Figure 3.2: Definitions of Lemma 3.3 ([11])

In the following, consider a set of points P of size n, let ¢,y be an optimal center of
the corresponding 1-median problem, OPT = Y cp [|p — cop||* be the cost of an optimal
solution, and T be such that T = %OPT . The value %OPT is the average cost of
connecting clients to the optimal center. Also, define M, = [1/£** - log; _.2 1994 €7 /2] for
some ¢ > 0. We say that the flat span of a subset of points X C R¢, denoted by span(X),
is the affine subspace spanned by points of X.

Lemma 3.3. Let 1/2 > ¢ > 0, and let X be a random sample of points (uniformly drawn)
from P of size M.. Then, with constant probability, (i) the projection x of cop, on the flat
span of X is a (14 4e)“-approximate 1-median for P, and (i) X contains a point y such
that ||y — copt|| < 27T

Proof. Let f = £/16. We will randomly sample a set of points sy,...,s,. For each 1,
let F; be the flat span of the first ¢ sampled points sq,...,s;, let ¢; be the projection
of copr on Fj, and let d; = ||cope — ¢i|| be the (Euclidean) distance from the optimal
center ¢, to the flat span F;. Denote by ¢; the line that pass through c,, and ¢;, and
define U; = {x ERY | 7/2 — B < Legeiw < )2+ 6} as the complement of the cone of
angle T — 8 emanating from ¢; and axis ¢;. Let Q; = P\ U; be the set of clients in such
cone. Also, denote by H; the (d — 1)-dimensional hyperplane orthogonal to ¢; and passing
through ¢; (see Figure 3.2).

Now, we partition the sampled points in rounds. The first round is finished when a
point s; such that ||s; — cop|| < 27" is sampled. By Markov inequality, P(||s; — copt|| >
2T) = P(|[si — cop||* = (2T)%) < (2OPT)/(2T)™ < 1/2. Therefore, this event occurs
with probability at least 1/2. Suppose that the sample s; has just finished a round, then
the next round is finished when one of three cases happen:

Case (a): The distance from ¢,y to F; is d; < &*T.

We divide P in two parts, P, = {x € P | ||t —cope|| < €T}, and P, = P\ P,. If p € Py,
then |[p—c¢|| < (e+&?)T, and if p € Py, then |[p—c;|| < ||p—copt||+E*T < (1+4-€)||p—Copt] |-
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We calculate the cost of using ¢; as a center.

Yol —cll*= " llp—all*+ > llp—all®

peEP peP pEP>
€+€ ZTa 1+5)a2||p_copt||a
peP; peEP>
€+€ ZTOZ ]‘+€)QZ||p_copt||a
peP peP
<S(Qtete+e) ) [lp— copll®
peP
(14+32)* D [l — coml*.
peP

The third inequality follows since both sums are lower bounds on the optimal value. In
this case, we are done.

Case (b): The number of points in Q; is at most £2“n

We divide P in three parts, P = PNU;, P, ={p € Qi | ||p—com|| < T}, and Ps =
Qi \ P». Consider a point p € Py, let x,, be the distance of p to the line ¢;, and let y,, be the
distance between p and H;. We have y, < z,tan 3 < x,> Smﬁ <4px, < 2 < E|p — copl|,
since § < 1/16. So we obtain [[p—ci| < g < (1125)][p—copel. Now, consider p € s
and recall ||¢; — cop|| < 2T. If p € Py, then ||p—¢;|| < ||e; — copl| +|[p — cop|| < 2+ )T,
and if p € Py, then |[p—ci|| < |[p—cop|[+2T < [[p—copt|| +2€][p—copt|| = (1+2¢)[|p—Copl|.
We calculate the cost of using ¢; as a center.

Slp—cll*=> llp—all*+ X llp—all*+ D llp—all

pEP pEP; pEP; p€P3
)4 D Ml — coptl]™ + ¥ Y T+ (1+26)" Y |lp— copel|”
peEP; pEP> pEP;3
1
)% Ml = coptll® + (24 2)*E T + (1+22)* Y ||p — coptl]®
peEPL € pePs
Z llp — COptHa 25 +)* Z llp— 00pt||a
pEP peEP
(1+2¢)" Z llp — 00pt||a
peEPs
1+25 ZHp_CoptHa 25 +5 ZHP—CoptH
peEP peEP
<(1+2e+224+) Y |lp— copl”
peEP

peEP
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We are done also in this case.

Case (c): There is at least €**n points in @;, and d; > £2T.

The new round continues until a random sample point s; € @); is picked. Let [ be the
line segment connecting ¢; to s;, then [ must be in Fj. Also, the angle between [ and ¢;
is smaller than 7/2 — 3, so d; = dist(F}, copr) < dist(l, copt) < sin(n/2 — B)||copt — ¢il| =
cos(B)d; < (1—[8%/4)d;, where dist(X, p) = mingex ||z —p|| for some X C R?. This means
that, in this case, the distance from the optimal center ¢,,; and the flat span of successive
rounds shrinks by a factor of (1 — 32/4). Since the probability of sampling a point in Q;
is at least €2, the expected number of samples in this round is at most 1/&.

For the first round we have d; < ||s; — cope|| < 27", and we stop sampling as soon as the
distance from c,,; to the flat span is smaller than e2T. Therefore the maximum number
of rounds finished by Case (c) is bounded by log, g2 ,4(¢*T)/(2T), and the expected total
number of sampled points is at most M. = [1/&** - log;_g2/4€%/2]. The lemma follows
from Markov inequality. [

The next lemma obtains a center set from the flat span obtained from Lemma 3.3,
assuming that bounds on T are known. This uses the construction of Kumar et al. [87]
and Badoiu et al. [11].

Lemma 3.4. Let1/4 > ¢ > 0, and let X be a random sample of points from P of size M.
Suppose that we know numbers a,b such that a <T' < b. Then, we can construct a set'Y
of 021%™ 1og(b/a)) points that, with constant probability, is a (1,16ca)-center set of
P. Further, it takes O(2/9°" log(b/a)d) time to construct Y from X .

Proof. First, notice that

M. =[1/e* l0g) .2 /1024 e?/2]
= 0(1/e**1log(g/2) /log(1 — £2/1024))
= 0(1/e**1og(2/e) /log(1 — €%/1024)~ 1))
= 0(1/e**log(2/e) / €2/1024))
= 0(1/e*"**log 1/¢),

where the penultimate equality is valid since log(1 — x)~! > z, by Taylor expansion.

We construct exponential grids G,(t) for each point p € X, and for each t = 27,
with ¢ in the range [[loga], [logb]]. The grid G,(t) has side length | = £%t/(4|X]) in
span(X), and is centered at p. The candidate set Y is the union of vertices of every G,(?),
that are at distance at most 4¢ from p. The number of considered points in each such
a grid G,(t) is at most (8t/1)X1 = 0(20/9°") 5o the total number of points in Y is
O(1X] - log(b/a) - 20/2°") = O(21/9° log(b/a)).
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The statements of Lemma 3.3 hold with constant probability, so assume they are
true. Let z and y be as in Lemma 3.3. Since z is the projection of ¢,y in span(X) and
y € span(X), we have ||copt — || < ||copt — y|| < 2T By the triangle inequality, we have
|ly—z|| < AT. Let t = 2" be such that t/2 < T < t, then ||y —z|| < 4t. Now, let p € G,(¢)
be a grid vertex closest to = such that |[p — y|| < 4¢t. The distance between p and x is
lp — z|] < | Xl < e2t/2 < 2T

We divide P in two parts, Py ={z € P | ||z —z|| < T}, and P, =P\ P,. If z € P,
then ||z — p|| < 2¢T, and if z € P, then ||z —p|| < ||z — 2|| + T < (1 +¢)||z — z||. We
calculate the cost of using p as a center.

Sllz=pl*= 3 llz=pll"+ > llz—pl

zeP zeP; 2€P
SYCEED SR ARNIRESCD Y/ FREE
z€P z2€P
< (2¢)*OPT + (1 +¢)*(1 + 4e)*OPT
< (14 8¢)*OPT
< (1 + 16ea®)OPT,

where the second inequality follows from Lemma 3.3, and the last inequality from Lemma 3.2.
Since we must have considered G, (t) when constructing Y, we are done. O

The following gives logarithmic sized center sets for k-medians with L§ dissimilarity

measure.

Lemma 3.5. Let 1/4 > ¢ > 0, and let X be a random sample of O(1/e*t**log 1/¢) points
from P. Then, we can construct a set'Y of 0(2(1/5)0(1) logn) points that, with constant
probability, is a (1, 16ca)-center set of P. Further, it takes O(2/9°" lognd + nd) time
to construct' Y from X.

Proof. Denote by D the diameter of P, and let r, s € P be such that D = ||r — s||. Fix a
point p € P. Find the point ¢ € P such that the distance ||p—g|| is maximum, and denote
by d this distance. Then, we have D < ||[p—7||+||p—s|| < 2d. Clearly 2d is an upper bound
for T'. For the lower bound, we know that n7'* = OPT > max{||p — copt||*, ||q — Copt||*} >
(d/2)®. Therefore, we can instantiate Lemma 3.4 with a = d/(2n'/®) and b = 2d. O

The center set constructed using this lemma is not of constant size, and so does not
guarantee the existence of a random sampling procedure for k-medians with L§ distance
function. Therefore, it does not satisfy the requirements for the Kumar et al. [87] algo-
rithm, that is used to obtain a linear-time approximation scheme for k-medians. If we use
this center set with their algorithm, however, we obtain an approximation scheme for the
L§ k-clustering.
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Figure 3.3: Approximation for the L§-ConFLP

Corollary 3.1. For any ¢ > 0 and for a constant k, there is a (1 + €)-approximation for
the LS k-clustering. This algorithm runs in O(Z(k/f)omdn log® n)-time.

For the L§-ConFLP, we may use Lemma 3.5 instead of a random sampling procedure,
in the same way done in Lemma 3.1. Although the obtained center set does not have a
constant size, it is obtained from a constant sized random sample. Therefore, we still may
enumerate all such samples and obtain a discrete set of candidate centers in polynomial
time. We use this to derive an approximation for the L§-ConFLP from an approximation
for the corresponding discrete case. Since the proof is analogous to that of Lemma 3.1,
we omit it.

Theorem 3.3. Suppose that there exists a [(-approximation for the discrete L§ FLP.
Then, there exists a (5 + ¢)-approzimation Lg-ConFLP for every e > 0.

Now we use approximations for the M®FLP, that is a variant of the Metric FLP,
such that the distance function is the a-th power of a metric. The discrete L§ FLP is
therefore a particular case of the M®FLP. The following theorem is derived directly from
Theorem 3.3, and from results of Subsection 2.6.1. Figure 3.3 shows the approximation
factor obtained using this theorem for oo between 1 and 5.

Theorem 3.4. There are constant approzimations for the Lg-ConFLP, for every a > 1.
In particular, for a <5, the approximation factor is not greater than 5.
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Chapter remarks

In the k-clustering problems, one has an estimate k& on the number of clusters of a given set
of points of the Euclidean space. Another possibility is considering an estimate f on the
cost to create each cluster, if an optimal number of clusters is not known. This problem
corresponds to the FLP whose set of locations is the complete Euclidean space, and thus
is called the Continuous FLP (ConFL). Meira and Miyazawa [108] showed how to apply
primal-dual algorithms for the FLP in the continuous set of facilities, leading to constant
approximations for ConFL. This chapter showed that, to obtain an approximation for
ConFL, it is enough to obtain an approximation for the corresponding discrete Euclidean
version of the problem, provided the existence of approximate center sets for the specific
dissimilarity measure used. We provide approximate center sets for the case that the
distance function is the Euclidean distance raised to some power o > 1, that is, the Lg-
norm. Therefore, we improve the results of Meira and Miyazawa, by giving a PTAS for
a = 1, and constant approximations for every o > 1. The approximate center sets were
introduced in the context of k-medians and k-means, that correspond to the k-clustering
problems with L§-norm for &« = 1 and « = 2, respectively. Kumar et al. [87] showed
how to derive PTAS’s for k-clustering problems from approximate center sets for a given
distance function, and thus we also give the first PTAS for the k-clustering problem with
L§-norm, for general oo > 1.






Chapter 4

Supply Chain Problems

This chapter considers several generalizations of the Joint Replenishment Problem (JRP),
either by considering more general settings, or more relaxed assumptions. First, we intro-
duce a generalization of the Facility Location Problem (FLP), called the Production and
Distribution Problem (PDP), which is the problem of minimizing ordering, distribution
and inventory holding costs of a supply chain formed by a set of warehouses and retail-
ers. Each retailer can face a demand in each time of a discretized planning horizon that
must be satisfied by the items currently held in the inventory, and that were previously
ordered and transported from any of the warehouses. The objective is to determine an
inventory replenishment policy for each retailer, minimizing the overall cost of stock and
transportation. These costs are balanced by a fixed ordering setup cost that depends on
the warehouse, but is independent of the time or of the number of items produced.

Next, the One-Warehouse Multiple-Retailer Problem (OWMR) is considered. As in
the JRP, the objective is to determine an inventory replenishment policy of a set of
retailers, that may place orders to a single retailer. In this problem, however, items may
be held in the warehouse before being transported to a retailer. We consider the case
that holding cost functions of retailers and warehouse may be independent. Finally, we
consider the Multilevel JRP, for which the supply chain is given by a tree with a special
root node. For example, a supply chain may be comprised of retailers, warehouses, and a
producer. Each leaf of the tree can face demands over time. In this problem, a non-root
node may place an order at a given time only if each element in the path from this node
to the root also places an order at the same time.

In Section 4.1, related works are reviewed. In Section 4.2, the PDP is described. In
Section 4.3, we present an approximation for the PDP, and in Section 4.4 we extend the
previous algorithm to the variant of the PDP with retailer ordering costs. In Section 4.5,
we present a primal-dual approximation for OWMR. In Section 4.6, we note that the
Multilevel JRP may be reduced to the Multistage Assembly Problem.

69
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4.1 Literature review

The JRP has a 2-approximation based on a primal-dual approach by Levi et al. [90]. In this
algorithm, the dual variables are increased according to the so called “wave mechanism”,
rather than uniformly as in traditional algorithms. For the more general OWMR problem,
when items can be held in the warehouse, there is a 1.8-approximation through LP-
rounding, based on a new random shift procedure introduced by Levi et al. [91]. They
considered the particular case in which the holding cost either decreases, or increases as
the fraction of time that the item is held on the warehouse increases. The best known
approximation algorithm for the JRP has performance guarantee 1.791 [22]. For the
special case that holding costs are either zero or infinity, also known as the JRP with
deadlines, there is a randomized 1.574-approximation [21]. An on-line variant of the JRP
has been considered by Buchbinder et al. [25], who gave a deterministic 3-competitive
algorithm, and showed a lower bound of 2.64 on the competitiveness.

There is an efficient approximation scheme (EPTAS) for the JRP with stationary
demands and linear holding costs, and a PTAS for the JRP with non-stationary demands,
but with soft capacitated single item orders, where each retailer order has a capacity,
but several retailer orders at the same time are permitted [113]. The similar multistage
assembly problem, that considers the problem of assembling items according to a bill of
material, and paying echelon holding costs has a 2-approximation based on the primal-
dual approach by Levi et al. [90]. They also showed how to solve in polynomial time
the particular case of the JRP with only one retailer, called the single-item lot-sizing
problem. A capacitated version of the multi-item lot-sizing problem has been considered
by Levi et al. [89], when there is a hard capacity on the total number of items ordered.
They showed that this problem is strongly NP-hard, and gave a 2-approximation based
on the rounding of an LP relaxation that is similar to that of the FLP.

Integrated supply chain management. The literature on integrated supply chain prob-
lems has considered several design and inventory problems, with different network struc-
tures, objective functions, and constraints. Reviews on integrated supply chain are given
by Shen [120] and Melo et al. [109]. Depending on the considered model, a retailer must
be assigned to a unique supplier [96, 120, 130], or it may be assigned to different sup-
pliers at different times [24, 116]. Several approaches have been used to deal with these
problems, such as Lagrangian relaxation [45], column generation [121, 130], and meta-
heuristics [24, 32]. Pochet and Wosley [116, Section 13.4] have discussed valid inequalities
for a mixed integer linear programming formulation of a generalized version of the PDP.
In their problem, they also considered warehouse stocks, production capacity, and trans-
portation cost depending on time.
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Approximation algorithms have been proposed for few problems with integrated costs,
such as the Warehouse-Retailer Network Design Problem (WRND) [96, 130], and the
Stochastic Transportation-Inventory Network Design Problem (STIND) [96, 123]. In the
WRND, one is given a set of warehouses, and a set of retailers. Each retailer faces a
constant-rate demand for items, and can be served by one of the warehouses. All the
warehouses are served by a single external supplier. The sets of warehouses, retailers, and
supplier form a metric space. The objective is to partition the retailers, and associate
each partition to a warehouse, such that the overall partition cost is minimized over the
infinite time horizon. The cost of each partition includes three components: the yearly
operational cost of the warehouse; the annual transportation cost from the supplier to the
warehouse, and from the warehouse to the retailer; and the two-echelon inventory cost of
the system formed by the warehouse and associated retailers. The STIND is similar to
the WRND, but the demand of each retailer is uncertain, with some known mean and
variance, and the warehouses should keep some safety stock levels. In this problem, the
inventory cost is given by two concave functions: the storage and material handling cost,
and the safety stock inventory cost.

Both WRND and STIND admit set covering formulations, and therefore approxima-
tions with logarithmic factors, based on the primal-dual greedy algorithm, can be readily
obtained. Li et al. [96] gave a 1.861-approximation for the WRND, based on the greedy
primal-dual algorithm by Jain et al. [72], for the case that warehouse holding costs are
greater than retailer holding costs, and a 3-approximation based on primal-dual tech-
niques for the case in which all the warehouse holding costs are identical. For the STIND,
a primal-dual 3-approximation algorithm was also designed by Li et al. [96]. Compared
to the WRND and the STIND, the time horizon of the PDP is discretized and finite, and
for each time step, each retailer has a known demand. This contrasts to the STIND, for
which the demand is uncertain, and to the WRND), for which the demand rate is constant.
Also, in the setting of PDP, a retailer is not bonded to a single warehouse, but can choose
to order from different warehouses, depending on which is more economical at each time.

The particular case of the PDP with only one time step corresponds to the FLP, that
is extensively discussed at Chapter 2. Also, the variant of the PDP with a setup cost
for each retailer order is a generalization of the JRP. In general, one can obtain a log(n)-
approximation for the PDP, where n is the number of demands, by encoding the problem
as an exponential minimum set cover problem, and modifying the log(n)-approximation
for the FLP by Hochbaum [70]. This factor can also be obtained by a primal-dual greedy
algorithm, and using a factor-revealing based analysis [101]. When the transportation
cost function is arbitrary, set cover can be reduced to FLP, so it is unlikely to exist a
better factor [51, 112]. Also, set cover would still be encoded by the PDP if the holding
cost is dependent on the warehouses, even if transportation costs were zero.
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4.2 The Production and Distribution Problem

Traditionally, network design, distribution and inventory replenishment decisions are
made separately. In the location theory, the literature focuses on the strategic deci-
sions of network design, such as where to place facilities and how to assign one facility to
each client. On the other hand, in the inventory theory, a static network design is usually
assumed. Such a static network design has defined assignments between facilities and
clients, and the decisions are concentrated on determining replenishment policies for the
inventory. However, the lack of coordination between inventory and shipment costs when
determining the network design leads to sub-optimality [120]. In this section, rather than
assuming a previously defined distribution network design, we consider a pre-established
set of locations, and allow a dynamic distribution design that integrates the decisions
of shipment, ordering and inventory replenishment policies. For instance, one retailer’s
stock can be replenished by different warehouses at different times.

Problem’s definition. In the PDP, one is given a set of warehouses P, and a set of
retailers (). Each retailer ¢ may face a demand for d,; € Z, units of item in each time ¢ of
a discretized planning horizon with steps {1,...,T}. Each demand can only be satisfied
with items that are currently in the stock of the corresponding retailer, i.e., we have a
make-to-stock scenario. The stock is initially empty, and may be replenished by placing
orders to any warehouse. There is no stock at warehouse facilities, so every time s that a
warehouse p receives an order, the demanded items are produced at a setup cost k,, that is
independent of the number of items produced, or the number of retailers participating in
the order. Once the items have been produced, each unit is transported to the requesting
retailer ¢ at a cost ¢,,. We assume that the transportation time is negligible, so each
unit of item is held in the stock of retailer ¢ from the time s it was produced until the
time ¢ it was delivered. The holding cost incurred for this item is hys. The objective is
to minimize the overall sum of ordering, distribution, and holding costs.

Summary of results. We study the PDP under a natural assumption that the trans-
portation and holding cost functions satisfy a generalization of the triangle inequality.
The intuition for this assumption is that in many applications it is cheaper to transport
one item from the warehouse to the retailer of destination directly, rather than using
other retailers as storage midpoints. The main contribution of this chapter is a 2.77-
approximation for the PDP. Our algorithm is based on the randomized rounding of the
natural LP relaxation, and uses clustering of demand points, in the spirit of the FLP
algorithms of Sviridenko [127] and Chudak and Shmoys [38], but has to carefully select
the order to be placed for each cluster, due to the additional temporal restriction. This
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extra step leads to a worse approximation factor for the service cost, when compared
to the standard FLP. To balance the ratios for ordering and service costs, we use two
different approaches. In the first approach, we place two orders for each cluster. This
results in high ordering cost, but reduces significantly the expected service cost. In the
second approach, we use the filtering technique parameterized by some « to obtain the
opposite imbalance on the approximation guarantee. Combining the two approaches is
done by the use of a probability distribution over the choice of parameter «, or the use
of the first approach.

4.2.1 Holding and transportation costs model

For the PDP, the cost incurred to serve a demand point is the combination of two different
contributions: the cost to transport one item from a warehouse facility to a given retailer,
and the cost to keep one item in the inventory of a retailer until it is delivered. We refer
to the sum of distribution and holding costs as the service cost of this demand point. In
the following, we describe assumptions on these cost functions.

For most inventory problems considered in the literature, the holding cost is modeled
on a per unit and per time step basis, that is, in traditional inventory models a nonnegative
cost hy is incurred to hold one unit of item from time step ¢ to time step ¢+ 1 in the stock
of retailer q. For the PDP, the holding cost is modeled by the more general function hyg;.
We assume that this holding cost function is monotone, that is, the holding cost can only
decrease if the period that an item is kept in the stock is shortened. This is formalized in
the next assumption.

Assumption 4.1. [Monotonicity] Fix a retailer q. Let s,s' t,t" be time steps such that
s<tands <t'. If[s t] C[s ], then hyy < hgs.

For location problems, such as the FLP and k-medians, it is common to make the
assumption that facilities and clients are in a metric space, that is, the distance between
facilities and clients is a symmetric function that satisfies the triangle inequality. Indeed, if
no restrictions on the distance function are made, then the FLP is hard to approximate by
a factor better than O(logn). For many distribution problems, however, the assumption
of triangle inequality can be made without loss of generality. The reason is that one can
create a modified instance where the new distance function is defined by the lengths of the
shortest paths in the original graph. This new instance satisfies the triangle inequality,
and a solution of non-greater cost for the original problem can be obtained from a solution
to this new instance by rerouting direct routes through shortest paths in the graph. We
define an analogous notion for the PDP.
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Figure 4.1: Mixed holding and transportation costs metric

Assumption 4.2. [Generalized Triangle Inequality] For all retailers q and ¢, ware-
houses p and p', and time steps s, s and t such that s < s <, it holds:

Cpq + hgst < Cpg + hyss + Cpg + g + hgsn.

This assumption states that the cost to transport one item from the warehouse p
directly to the retailer ¢, and holding it in ¢ until the delivery time ¢ is cheaper than the
following alternative route: transporting the item from the warehouse p to the retailer ¢,
holding it from time s to time s, then transporting it again from retailer ¢’ to retailer ¢
through warehouse p/, and holding it until time ¢. This alternative route is depicted in
Figure 4.1a. This inequality can also be interpreted in the following way: the cost to serve
demand point (g, t) directly by order (p,s) is not greater than the overall cost to serve
demand (q,t) by order (p',s") and some demand (¢’,t’) by orders (p, s) and (p/, s"). Since
this inequality resembles the triangle inequality, as illustrated in Figure 4.1b, we say that
a pair of holding and transportation costs that satisfies Assumption 4.2 forms a metric
service cost for the PDP.

4.2.2 A linear programming relaxation

The PDP has a natural formulation as a mixed integer linear program (MILP). This is
analogous to that of facility location problems, where a client is a demand point, and a
facility is a warehouse order. The difference between the FLP and the PDP formulations
is that, in the PDP, a demand point can only be served by orders placed before its arrival
time, whilst, in the FLP, a client point can be served by any facility. In the following, let
D C @ x [T] be the set of all positive demand points. Also, let P = P x [T] be the set of
all potential warehouse orders, and for each t € [T, let P, = P x [t] be the set of potential
warehouse orders that can serve a demand point at time ¢. Variable g indicates that
demand (g, t) is served by warchouse order (p, s), and variable y,s indicates whether the
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order (p, s) is placed. The MILP is given in the following.

minimize Y, gep Yps kp T X(g)ep Lips)er, s dat(hgst + Cpg)

subject to Y, 5ep, 20 > 1 (q,t) €D
28 < Yps (¢.t) € D, (p,s) € P, (4.1)
zd >0 (q,t) €D, (p,s) €P,
Yps € {0, 1} (pa 3) epP

A linear relaxation can be obtained by replacing the integrality constraints y,s € {0,1}
by constraints y,s > 0, for each (p,s) € P. The dual program corresponding to the
relaxation is given in the following.

maximize 3, yep Oyt

subject to gt < dgr(hgst + Cpg) + 25 (q,t) € D, (p,s) € P
(g t)epitzs 2 < Ky (p,s) €P
22 byt >0 (q,t) € D, (p,s) € P

ps’

(4.2)

Consider any feasible solution (z,y) of program (4.1). We define the service set of a
demand j = (¢,t), denoted by S;, as the set of all orders (p,s) € P, such that xf, > 0.
Also, the service window of demand j is the time interval [min, scs, s, t]. The fractional
service cost of demand j is S; = C; + H;, where

— qt — qt
Cj = Z(p,s)esj Lps dgtcpg and Hj; = Z(p,s)esj Tps dgthgst

are the fractional distribution cost, and the fractional holding cost of 7, respectively. Also,
the total cost of the solution is divided between the ordering cost K = >, ocp Ups kp, and
the service cost S = C'+ H, where

are the total distribution cost, and the total holding cost, respectively. We represent an
optimal solution of the LP by (z*,y*), and define K*, S*, C*, H*, S}, C}, H} accordingly.

4.2.3 Complete solutions and filtering

In the following, we describe the notion of complete solutions for the PDP, which are
commonly used in the FLP literature [38]. Then, we describe how to apply filtering [97]
to modify a fractional solution of the LP. This technique has been used in many algorithms
for the FLP [28, 127], and for the Multilevel FLP [30].



76 Chapter 4. Supply Chain Problems

Complete solutions. In a complete solution, each demand point is fully served by
the most economical orders. This is formalized as following: for a fixed demand point
j = (g, t), consider a permutation 7; of warehouse orders in P; such that the elements are
listed in non-decreasing order of service cost, that is, if 7; = ((p1, s1), ..., (Pk, Sk)), where
k = |P:, then cpq + hgsit < -+ < Cprg + Rygspe- Assume that for each demand point j,
permutation 7; is unique, by breaking ties arbitrarily, but in a fixed way (two elements
appear in the same order in all permutations in which they tie). A solution (x,y) of the
LP is said to be complete if for every demand point (g, t) there is an index [, such that
a8t =yp ifi <1 and 22 =0if i > 1.

Any feasible solution can be transformed into a complete solution of no greater cost.
Indeed, let (x,y) be a feasible solution of the LP. We create a new solution (z,%), such
that ¥ = y, and Z is given by serving each demand point j = (g, t) greedily by the orders
in the permutation ;. More precisely, for each (q,t) € D, let | be minimum such that

b Ups, > 1. Since (,y) is feasible, we know that there is such an [. Now, we define
Z8., = Yps, for each i < [, and 28!, = 0 for each i > I. We assume without loss of
generality that (Z,7) is complete, that is, >!_, y,.s, = 1. In the case that the solution is
not complete, we can always replace p; by two warehouses p; and p;’ at the same location,
and split its fractional ordering y,,s, between p; and py’, such that y,, =1 — S Yps
and Yprs; = Ypsy — Yps,- Repeating this for each demand point, we obtain an equivalent
instance with a corresponding complete solution (the arguments are completely analogous

to Lemma 1 of Sviridenko [127]).

Filtering. The idea of filtering is that, if (z,y) is a complete solution, then for each
demand j = (g¢,t) we can consider only the subset of orders in S; that is the most
economical. This subset is formed by the orders in the minimal prefix of permutation 7;
that serves an « fraction of the demand. Formally, given a parameter a € (0, 1], let [ be
the minimal index such that 3!_, Ypis; = «. The a-neighborhood of a demand point j is
the set Nj(a) = {(pi, ;) : @ <1}. The radius R;(«) of this neighborhood is the maximum
cost paid to serve j by an order in N;(«), that is,

Rj(a> = MaX(p,s)eN;(a) dqt(cpq + hqst)-

Intuitively, if we increase the value of some fractional order variables y in the LP
solution, then the average service cost of a demand should decrease. Indeed, given a
solution (z,y), the filtering technique consists of scaling up the y variables by 1/a for
some «a € (0, 1], then defining = such that each demand is fully satisfied by orders in its
a-neighborhood. We obtain a complete solution (Z,y) (by splitting warehouse fractional
ordering if necessary). For a demand j = (q,t), we denote the average service cost by

Wi(@) = X 5.90en; (o) T dat(Coq + Trgst).
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4.3 Approximation for the Metric PDP

4.3.1 Clustering

Many algorithms for the Metric FLP are based on a clustering technique. In such algo-
rithms, we are given an optimal solution for the LP relaxation, and construct the support
graph corresponding to this solution, that is, the bipartite graph that contains an edge for
each pair of client and facility such that the client is fractionally served by the facility in
the LP solution. In the support graph, two clients are called neighbors if they are adjacent
to a common facility. A partition of the clients is then obtained, such that any client in a
given cluster is neighbor to a leading client, that is called the cluster center. It is required
that no two cluster centers are neighbors. The algorithms for the FLP use the following
greedy procedure: while not all clients are clustered, choose a cluster center with a certain
greedy criterion, and create a new cluster with this center and all its neighbors. Different
greedy criteria lead to different algorithms and analyses.

We use a clustering algorithm for the PDP. However, in the PDP, we are not aiming to
locate facilities to be opened, rather, the warehouses are already established, and we want
to select the set of time steps at which we place orders for each warehouse. Therefore,
we can think of an order formed by a pair of warehouse and time step as a single facility.
Analogously, each demand can be thought of as a single client, that is willing to be
connected to this “facility”. We can then construct the corresponding support graph, and
proceed to the clustering algorithm, in a way similar to facility location algorithms.

Formally, the support graph G is the bipartite graph such that the vertices are formed
by the disjoint union P U D, and there is an edge between order (p,s) € P and demand
(¢,t) € Dif (p,s) € S;. Notice that, contrary to the case of the FLP, where a non-center
client could always be indirectly connected to any facility that served the cluster center,
for the PDP, it can happen that a non-center demand (g, t) cannot be served by an order
adjacent to its cluster center (¢',t'). This happens when demand (gq,t) arrives before
(¢',t'), that is t < t', and cluster center (¢/,t") is adjacent to some order (p, s) with s > t.
To guarantee that every demand in a cluster is served, we place orders at the beginning
of the cluster center’s service window.

We will use the following clustering algorithm for the PDP.

Algorithm 4.1 (Clustering algorithm)

We are given a complete solution (z,y) for the LP relaxation, and an ordered list

of demand points L. The algorithm returns a set F’ of placed orders, and a clustering
Cof L.
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1. Construct the support graph G.
2. While there are unclustered demands points:

(a) Create cluster D with the next unclustered element j’ in L as center.
(b) Add all unclustered demand points that are neighbors of j’ to D.
(c) Add D to clustering C.

3. For each cluster D with center j':

(a) Choose one order (p,s) € S;; with probability yzs.
(b) Let s'=ming s)es, $, and p'= p.
(c) Add (p',s') to set F".

Different choices of the list L lead to algorithms with different approximation guar-
antees. In Subsection 4.3.2, list L will be the set of demands in increasing order of
(C% + 2b%)/dy, where b3 corresponds to an optimal solution of (4.2) and in Subsec-
tion 4.3.3 the demands will be chosen (using filtering) by order of (W; (a) + 2R (v))/d;r,
for some parameter «.

Suppose that we run Algorithm 4.1 for an optimal LP solution (z*,y*), and some
arbitrary list L. Let Kp = >, e kp be the total cost of the orders in the set F”. The
next lemmas calculates the expected value of Kz, and the expected cost to serve one unit
of a demand point.

Lemma 4.1. Let Kg be the ordering cost Algorithm 4.1, then E[Kp/| < K*.

Proof. For a cluster D € C, let j, be its cluster center, and (py, sp) be the order included
in F’ at step 3(c) of the algorithm. We obtain

E[KF’] = E[ Z kp] = E[Z ka]

(p,s)EF’ DeC

= Z Z y;skp

peC (p,s) E‘SjD

S Z y;S kp = K*7
(p,s)eP

where the inequality follows from the fact that the sets §;,, are disjoint. n

In the following, we bound the expected cost to serve one demand point by the order
placed for its corresponding cluster.
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Figure 4.2: Possible configuration for Lemma 4.2

Lemma 4.2. Let j = (q,t) be a demand point, and j' = (¢',t') be the corresponding
cluster center. Then, E {min(pﬁs)epl(cpq + hqst)} < (C5 +205)/dy + b3 /d;.

Proof. Let (p,s') be the order placed by Algorithm 4.1 at step 3(c) corresponding to
cluster center j', and (p, s) be the order drawn in step 3(a). It is enough to bound the
expected cost to serve one unit of j by order (p/, ).

Since j’ is the cluster center corresponding to j, we know that there is an order
(p,s) € S§;NS;.. Thus s’ < s, since s is in the service window of j’ and s is the minimum
time step in this service window. Also, we get s < ¢, because demand j is fractionally
served by (p,s). Similarly, demand j’ is fractionally served by (p,s), so s < t' (see
Figure 4.2). Using Assumption 4.2, we obtain

Cprq + gt < Cpg + hgsis + oy + Cpg + Ngst
< &g+ hgov + Cpg + Cpg + hgat,

where the last inequality follows from Assumption 4.1 and the fact that s < t'. Since
(p,s) € Sj, we obtain zf, > 0. By complementary slackness, it follows that b5 = d;(hgs +
Cpg) + zgé, and thus hge + ¢y < 0j/d;. Similarly, we also get hygy < 0% /dj, and cpy <
b%,/dj. Finally, the expected value of ¢y is

— — — q't _
Eleyg] = Elczg] = Xipa)es, Yps Cor = Lipi)es, Tps Goar = Cji/dyr,

where the third equality holds because the solution is complete. Adding up all terms, we
obtain the desired statement. O]

4.3.2 Balancing using extra orders

Lemmas 4.1 and 4.2 give bounds to the ordering and service costs of the solution yielded
by Algorithm 4.1. One can observe the imbalance between the low value of ordering cost
and the high value of the service cost. Indeed, Lemma 4.2 bounds the demand service
cost in the worst case, when a demand point is served through its cluster center. For the
FLP, the algorithms of Sviridenko [127] and Chudak and Shmoys [38] would first try to
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connect a client to its close facilities. In fact, they would open the unclustered facilities
after the clustering phase, so that facilities in service sets are opened independently, or
with negative correlation, with probability equal to the fractional opening. This implies
that there is, with constant probability, an open close facility.

For the PDP, however, this approach cannot be applied directly. The reason is that
the orders placed for each cluster are moved to earlier times, and thus serving demand
points by the corresponding orders would incur an extra holding cost, that is potentially
unbounded. Instead, for the PDP, we place an extra set of orders, in their original time
positions. This increases the total ordering cost, but such increase is compensated by the
decrease of the service cost.

Next algorithm uses the clustering algorithm and places an extra set of warehouse
orders in their original time steps.

Algorithm 4.2 (Balancing algorithm)

We are given an instance of the PDP. The algorithm returns a solution for this
instance, formed by a set of orders F’ U F".

1. Solve the LP relaxation, and obtain solution (z*,y*) and b*.
2. Make the solution complete, splitting fractional ordering if necessary.

3. Run Algorithm 4.1 using (z*,y*), and L as the set of demand points j’ in in-
creasing order of (C7} + 2b7,)/d;. Obtain a set of orders F”.

4. For each (p,s) € P, add order (p, s) to set I with probability y..
5. Place an order for each element of F' U F”.

6. Serve each demand point (¢, t) by the order (p, s) that minimizes cpq + hyst-

The following lemma bounds the expected service cost of the cheapest placed order
in a subset A of P, conditioned to the event that there is one placed order in A. Since
versions of this lemma have appeared in several LP rounding algorithms for the FLP (for
instance, see Lemma 4.2 of Byrka and Aardal [28]), we omit the proof.

Lemma 4.3. If A be a set of orders such that 32, gcaYps > 0, then

< Z(p,S)GA y;s (Cpq + hqst)

Z(p,s)GA y;s

E| min  (cpg+ hgst)|ANF" £ 0

(p,s)€EANF"

Now, we may bound the cost of the solution produced by Algorithm 4.2.
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Theorem 4.1. The balancing algorithm produces a solution for the PDP with expected
cost at most (2+ 2) K* + (1 + 2)C* + (1 + 2) H*.

Proof. Let Kp» be the cost of orders in F”. We obtain
E[KF”} - E[Z(p,s)EF” kp] - Z(p,s)ep y;skp = K"

Consider a demand point j = (¢,t). We calculate the service cost ¢; to serve j by
a placed order in F' U F" if we used the following, suboptimal, algorithm: if S; N F”
is not empty, then we serve j by the closest order in S; N F”, otherwise we serve it

indirectly through its cluster center j'. Let p. be the probability that S; N F” # 0. We

=D psres; Yo

have p. = 1 — [Tpes, (1 —4ps) = 1 —¢ = 1 — e~!. Now, combining with

Lemmas 4.2 and 4.3, we obtain
Elej] < pe Xpsyes; Yps 4i(Cpg + hgst) + (1 — pe) di((Cr + 2b3,) /dyr + b7 /d;)

< pe (CF + H}) + (1 = pe) di((CF + 207)/d; + b3 /d;)

<A —e')C+Hp)+e ' (C +3b)),
where the second inequality follows since j* was chosen as cluster center, thus (C} +
2b%)/dj < (C7 4+ 2b7)/d;, and the last inequality follows since, by complementary slack-
ness, 7 + Hy < C5+3b}, and p, > 1 — e~ '. Finally, we get

E[KF/] + E[KF//] + ZjGD E[C]’]
<K'+ K+ Yjep (1= e 1)(C + HY) +e74(C) +3b)))
=K'+ K"+ (1—e)C*+ H) + e H(C* +3(K* + C* + H))
3 3 2
:(2+E)K*+(1+E)C*+(1+E)H*' O

In particular, Theorem 4.1 implies that there is a randomized approximation for the
PDP with factor 2 + 3/e ~ 3.10.

4.3.3 Balancing using filtering

Other way to fix the imbalance between the production and the service cost is using the
filtering technique: the fractional ordering v, is scaled by a factor 1/a, for some a € (0, 1].
Notice that y,s can become larger than 1; in this case, a copy of the warehouse p is made,
and the fractional ordering y,s is split in the filtering step. Intuitively, placing “more
times” each warehouse order should increase the probability of a client being served by a
cheap order.
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Algorithm 4.3 (Filtering algorithm)
Given an instance of the PDP and a parameter o € (0, 1], the algorithm returns a
solution for this instance, formed by warehouses orders F’.

1. Solve the LP relaxation and obtain solution (z*, y*).

2. Scale up the ordering variables y* by 1/a. Change variables z*, and obtain a
complete solution (z, %), splitting orders if necessary.

3. Run Algorithm 4.1 with solution (z, y), passing as list L the set of demand points
j' in increasing order of (Wj/(a) + 2Ry («))/d;, and obtain set F”.

4. Serve each demand point (g,t) by the order (p, s) that minimizes hgs + ¢pq-

The following lemmas are similar to Lemmas 4.1 and 4.2. Recall that R;(«) is the
maximum service cost in the a-neighborhood of demand j, and W;(«) is the average
service cost in this neighborhood.

Lemma 4.4. Let Kp be the ordering cost of Algorithm 4.3, then E|Kp| < 1/a K*.

Proof. Similar to Lemma 4.1, but we use ¥, instead of y;.. m
Lemma 4.5. Let j = (q,t) be a demand point, and let j' = (¢',t') be the cluster center
corresponding to j. Then, E {min(p’s)epl(cpq + hqst)} < (Wi(a)+2Rj(a))/dy+ R;(r) /d;.

Proof. Let (p/, s') be the order placed for j/, and (p, s) be the common order in Nj («) and
Nj(«). Similarly to Lemma 4.2, we can obtain ¢y, + hyst < Cprg + hy s + Cpg + Cpg + Pyt
Since (p, s) € Nj(«), we get hgst + ¢pg < Rj(cv)/d;. Also, there is a p such that (p,s') €
N (a), and (p, s) € Nj(a), we get hygpy < Ry(a)/dj, and ¢,y < Rj(c)/dj. Finally, we
bound the expected value of c,,. We have

_ —_q't!
Eleyg] = X p.8en;(a) Ups Coa = Lp.9)eN;() Tps g < W)/ dyr.

The first equality is true since the service set of j' is Nj(«), and the second inequality
comes from the fact that (z,y) is complete. The inequality is due the definition of W/ ().
Now, we sum all terms, and obtain the lemma. O

Lemma 4.6. If j = (q,t), then E [mil’l(p75)ep/ di(cpg + hqst)} < W;(a) + 3R;j(«).
Proof. By Lemma 4.5, and then by the order of list L in Algorithm 4.3,

P [ min_ (cp + hqsa] < (W(a) + 2Ry(0)) /dy + Ry(0)/d;

(p,s)EF”

< (Wy(a) + 3R;(a)) /d;. m
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Lemma 4.4 shows that the approximation factor of the filtering algorithm for the
ordering cost depends only on the parameter a. On the other hand, as it can be seen
in Lemma 4.6, the service cost depends on the neighborhood radius function of each
demand point j. Such dependency may be characterized by the summation of such radius
functions, as in the following definition.

Definition 4.1. Given an instance of the PDP, and an optimal solution (z*,y*) of (4.1),
the characteristic function r : [0,1] = Z, is r(a) = > ;cp Rj(a)/S™.

Remark 4.1. The characteristic function () satisfies [yr(t)dt = 1.

Proof. Notice that for each demand j, R; is a piece-wise constant function. We have

[roa=0/5) [ R

(g;t)eD

= (1/57) Z Z :U*qt (hgst + Cpg)

(q,t)€D (p,s)ESqt

=(1/8) > X @ pedu(hes +cp) = (1/87)S" = 1. 0

(¢,t)€D (p,5)EPy

The expected service cost of can be bounded in a more concise way than in Lemma 4.6.
Corollary 4.1. The expected service cost of Algorithm 4.3 is ((1/a) [g'r(t)dt + 3r(«)) S*.

Proof. From Lemma 4.6, we obtain

E min_ dg(cpg + hyst)

(a.H)eD (p,s)eF’

< Z (Wat(a) + 3Ry ()

(¢,t)eD
- Z ( ( Z fgg dgt(hgst + Cﬁq)) + 3th<0‘))
@D \ \(5.9)Nar(0)
= > (( > (1/O‘)x*g§ dqt(hqst + Cﬁt})) + 3th(a))
(g,t)eD (p,8)ENgt ()
= % (/) [ Raltjdt +3R()
(¢:t)eD 0
= (1/a) / S Ru(t)dt +3 3 Ry(a)

(¢,0)€D (¢,t)eD
- ((1/a> [ rttyae+ 3r(a)> 5",

The second equality holds because we can assume without loss of generality that (z,y) and
(x*,y*) are complete. The third equality holds because R, («) is piece-wise constant. [J
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4.3.4 Combining different algorithms

Algorithm 4.2 is a bi-factor approximation algorithm, that achieves factor 2 + 3/e for
the ordering cost, and factor 1+ 3/e for the service cost (i.e., holding and transportation
costs). Similarly, for each value of parameter o, Algorithm 4.3 is a bi-factor approximation
with factors 1/« and (1/«) [5'r(t)dt + 3r(a) for ordering and service costs, respectively.

To combine the two algorithms, we use the following strategy: with a given proba-
bility 0, we run Algorithm 4.2, and with probability 1 — § we run Algorithm 4.3 with
parameter a drawn from a probability density function f : (0,1] — R,. A similar ap-
proach has been done in the algorithm by Li [93], for the FLP. Let SOL be the cost
corresponding to solution produced by this algorithm, thus

E[SOL] < (A3) 6 + (J; As(a) f(a)da) (1= 0), (4.3)

where Ay = (2 + %)K (1 + %)S* is the expected cost of the solution produced by
Algorithm 4.2, and Az(a) = 1/a K* 4+ ((1/a) [g'r(t)dt + 3r(«)) S* is the expected cost of
the solution produced by Algorithm 4.3 when it is run with parameter a.

For simplicity, we let g(a) = (1 — 6)f(a), so that § + [y g(a)da = 1. We may
rewrite (4.3) as E[SOL| < B(6,9)K* + ~(0,g,7)S*, where 5(d,g) and v(d,¢g,7) are the
obtained approximation factors for ordering and service costs of the combining algorithm,
respectively. We obtain

56.9)= 2+ )0+ [~ gla)da, (4.4)
v(8,g9,7) = (1+ 3)5 + /01 ((l/a) /Oar(t)dt + 3r(a)> g(a)da. (4.5)

We define g(a) and ¢ as follows, where oy € (0, 1], and ¢ > 0 are constants to be
defined later:
0 < 1
gla) = { ) CSM nd s=1 —/ g(a)dav. (4.6)
cas a2 0

Substituting g(a) (notice that g(«) is non-zero only for o € [, 1]), we can simplify the
integral in (4.5) by using integration by parts:

/01 (/) [rat +3r(a) Jg(a)da = [ [yt catdat / ' 3r(a)cadda

= (/f(t)dt) - 3cars

1 1

)
@Q

1 1 1 1 « 1
— | 3cazr(a)da+ | 3r(a)casda = 3c /r(t)dt -
0

(74} @Q [e74]
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Now, we obtain calculating the definite integrals that

B(0.9) = (24 )6+ 3e(1h - é) (4.7
(8, g,7r) = i 5—|—3c{ t-13 —/Da;(t)dt-aoé]
<(+ i)5+30, (4.8)

where the inequality comes from Remark 4.1, and the fact that r(¢) is nonnegative. Notice
that the last expression bounds (4, g, 7), and does not depend on r, so it is independent
of the input instance. By appropriately choosing ¢ and «q, we are ready to give an
approximation factor for the combining algorithm.

Theorem 4.2. There exists a pair (6,g) such that, for any characteristic function r, we
obtain that max{5(d, g),v(d,g,r)} < 2.77.

Proof. Equating (4.7) and (4.8), and substituting 0 from (4.6), we can obtain ¢ as a
function of oy, and get
4/3
1+ 4oy — a®

Replacing this in (4.7), we thus obtain

4 (14 (1+3/¢))

V6, 9,7) < B(0,9) =

1+ 4dag”® — og®
Choosing ag = 0.23947, we get ¢ =~ 0.399771, and (0, g) ~ 2.76602 < 2.77. H

4.4 The PDP with retailer ordering costs

In this section, we consider a variant of the PDP that includes a possibly non-zero cost £,
for each time the retailer ¢ places an order. This captures the situation when there is a
setup cost associated with an order at a retailer. In addition to Assumption 4.2, we also
assume traditional holding costs.

Assumption 4.3. For each retailer q, there are nonnegative numbers hy;, fori =1,...,T,
such that for each s,t, it holds hgs = 3t hyi.

A minor modification of the program (4.1) can formulate the PDP with retailer order-
ing cost. For the sake of clarity, we give the complete formulation here. In the following,
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let @ =@ x [T] be the set of all potential retailer orders.

minimize Y Ypskp+ D Ygskg+ D, Y. a2l dat(hgst + Cpg)
(p,s)eP (g,8)€Q (g,t)€D (p,s)EP:
subject to >~ all >1 (q,t) € D
(p,s)EP:
Ths < Yps (¢,t) €D, (p,s) € P, (4.9)
ZpeP xgts < Yqs (q, t) eD,se [t]
af, >0 (¢,t) €D, (p,s) € Py
Yps: Ygs € 10,1} (¢,t) € D,(p,s) € P,(g,8) € Q

A linear relaxation can be obtained by replacing the integrality constraints by con-
straints y,s > 0 and y,s > 0 for all (p,s) € P and (¢,s) € Q. Besides the set of placed
warehouse orders, a solution to (4.9) also includes the sets of orders placed for each re-
tailer. Notice that a solution for (4.1) induces a solution for (4.9) such that a retailer
order (g, s) is placed if a warehouse order (p, s) serves a demand point (g,t). Therefore,
one may consider using Algorithm 4.1 to solve the PDP with retailer ordering costs, by
returning such induced solution. However, the incurred cost to place a retailer order for
each demand is potentially unbounded. This suggests that, to use Algorithm 4.1, we need
to preprocess the input, so that each retailer order can serve a group of demand points. In
Subsection 4.4.1, we review the notion of complete solutions considering retailer orders,
in Subsection 4.4.2, we describe the preprocessing procedure, and, in Subsection 4.4.3, we

give the modified clustering and filtering algorithm for the PDP with retailer orders.

4.4.1 Complete solutions

The notion of complete solutions for the PDP with non-zero retailer ordering costs is
slightly different from the basic notion of complete solutions described in Subsection 4.2.3.
Unlikely the case of program (4.1), in an optimal fractional solution of program (4.9), a
demand point is not necessarily served by the cheapest warehouses orders. The reason is
that the total fractional warehouse ordering in a given time step can be strictly greater
than the fractional retailer ordering in this time. We extend the notion of complete
solutions in the following.

Consider a solution (z,y) of the relaxation of (4.9). For each retailer ¢, we consider
the permutation py,...,pp of warehouses P in non-decreasing order of distance from
retailer ¢, that is, cplq < v+ < Cppyg- Also, for a given time step s, let [ be the minimum
index such that ', y,.s > vy, If there is no such I, then we can decrease the value ¥,

and maintain feasibility. We assume that >\_, ,.s = ygs, since otherwise we could make
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copies of warehouse p;, and split its fractional warehouse ordering, obtaining an equivalent
solution for which this is true (this is similar to the process described in Subsection 4.2.3).
Now we may define a new variable y,,,s, for each ¢ and s, as follows:

Ypis <1,
Ypigs =
b 0 i>l

Intuitively, a demand point (g,¢) will only be served by the warehouse orders (p, s) for
which ypes = Yps, since it cannot be fractionally served by more than a fraction y,s at time
s. Therefore, for each retailer ¢, we only need to consider the warehouse orders (p, s) such
that ypes > 0, so we will concentrate on the set Py = {(p, s) € P; : ypgs > 0}.

Now, for a given demand j = (g, t), consider a permutation of P, in non-decreasing
order of service cost, m; = ((p1,51),---, Pk, Sk)), where k = |Py|. A fractional solution
(x,y) of (4.9) is said to be complete if for every demand point (g,t) there is an index I,
such that 28! =y, if i <[, and 2%, = 0if i > [. Here again we can always transform
any feasible solution into a complete solution by making copies of warehouses and splitting
fractional warehouse ordering, as done in Subsection 4.2.3.

For a given parameter a € (0, 1], we also define the a-neighborhood set, its radius,
and its average service cost, NV;(a), R;(c), and W;(«), respectively, as in Subsection 4.2.3,
but considering set Py, instead of P;.

4.4.2 Preprocessing

To bound the retailer ordering cost, we will use a preprocessing phase, that performs
a grouping of demand points. The idea is to group demand points in each retailer,
so that each group shares a positive fraction of the retailer ordering cost. After this
pre-clustering step, we choose a representative demand point for each group, and run
Algorithm 4.1 using only representative demand points. After the clustering algorithm is
run, each representative demand point is served by one place warehouse order. Finally,
we place a retailer order for each representative demand point, at the same time of its
associated warehouse order. Since each representative demand point “owns” a share of the
LP fractional retailer ordering cost, the cost of such placed retailer orders can be bounded.
Non-representative demand points are served indirectly through their representatives, and
thus no additional retailer orders are necessary.

The grouping algorithm is inspired by the random shift points procedure, that is used in
the approximation for the OWMR problem by Levi et al. [91]. The shift point procedure
places a retailer order at the so called shift points. Two shift points are away from each
other by a time interval such that the total fractional retailer ordering in it adds up to a
constant fraction a € (0, 1]. Next, the grouping algorithm is described precisely.
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Algorithm 4.4 (Grouping algorithm)

We are given as input the LP solution (z,y) and a value a € (0,1]. The output
of this procedure is a partition G? of demand points for each retailer q. Each such
group G € G9 is associated with a representative demand point, namely r,. The set of
representative demand points is R = U, R?, where R? is the set of all representatives
of retailer q.

For each retailer ¢, we consider the interval (0,7, Yqt], that corresponds to the
total sum of fractional retailer ordering, and, for each time s € [T], we consider the
associated subinterval Y,; = (Zf;l Ygts 211 Yqt)- Let also V' be the largest integer
multiple of a that is not greater than 7, v, that is, V = [1/a >, y,]. Then we
consider the set of points S? = {a, 2a, ..., Va}. Notice that these points are contained
in the interval (0,37, 94], and thus each point x € S is contained in exactly one
subinterval Y,,,, for some time m = 1,...,7. For each [ = 1,...,V, let m; be the
unique index such that lo € Y,,,. For simplicity, we also let my 1 =T 4+ 1. We will
create a cluster containing all demand points that are between two consecutive index
points m; and m;,;. Formally, for each [ = 1,...,V, we define G; = {(¢,t') € D :
my <t < myi}, and add Gy to G? if Gy is not empty. We let the representative rg of
a group G € G7 be the demand point (¢,t) € G with minimum ¢.

The grouping algorithm associates to each group G a share « of the fractional retailer
ordering cost. Since we will place at most one retailer order per cluster, the total ordering
cost is bounded by a factor of the LP ordering cost. However, this preprocessing step
requires that all demand points j € G are served by the same order, that is, the order
chosen for the group representative. The intuition is that the orders that are cheap for the
group representative rg should also be cheap for a demand point j in the same group G.
This is formalized by the following lemma. Recall that N;(«) is the a-neighborhood of a
demand point j.

Lemma 4.7. Let f < 1—«, and G be a group obtained by Algorithm 4.4. If j = (q,t) is
a demand point in G, and j' = (q,t') is the representative of G, then Ny (5) C Nj(a+ 3).

Proof. Let j = (q,t) and j' = (q,t'). Since j,j" € G, and j is the representative of G,
we know that ' <t. Let m;y = (p1, 1), ..., (Pk, Sk), where k = |Py/|, be a permutation of
orders P, in non-decreasing order of the service cost of j'.

Let S; = Nj(a+ ) \ Py be the set of orders in neighborhood of j that cannot serve
demand point j’, and Sy = N;(a + 3) \ S1 be the complementary set (see Figure 4.3).
We get > s)es Upas < Dsc(a] 2opep Ypgs < Dosc(v ] Ygs < «, where the last inequality
holds since demand points j and j’ are in the same group G. By definition, we have that
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Figure 4.3: Shared neighborhood in retailer ¢ over time

Y (p,5)eN; (atB) Ynas = 2o(p.s)eSi Ypas T2 (p.s)eSy Ypgs = -+ . It follows that 32, ocs, Ypgs = 5.
Since S, is a subset of P,y (and thus of 7;/), it follows that j is served by a fraction of
at least 8 of orders in 7. In the following, we show that these orders correspond to the
first orders of permutation ;.

First notice that Assumption 4.3 implies that 7 is also ordered in non-decreasing order
of service cost of demand j. Indeed, for each pair of indices 7,4, such that 1 <i < i’ <k,
we have

Cpig T Ngsit = Cpig + Ngser + Ng i1t
< Cp,q + hqsi/t’ + hq,t’+17t

= Cp,q + hqsi/t~

Since Sy corresponds to the orders of P, with smallest service cost of j, we know that S,
must be the first orders of 7;/, that is, Sy = {(p1,51), .- - -, (Pm, Sm)}, for some m < k.
Finally, we obtain 8 < >3, o5, Upgs = 2oim1 Ypigs;- From the definition, we have
N;(B) = {(p1,%1),---,(p,8)}, where [ < k is minimum index such that S Ypigs; = -
So, by the minimality of [, we must have m >, and thus N;/(5) C Sy C N;(a+ ). O

4.4.3 Filtering and clustering

Lemma 4.7 shows that the S-neighborhood of a representative demand point is contained
in the (a+ §)-neighborhood of a non-representative demand point in the same group. The
algorithmic consequence of this lemma is that, if the representative demand point j’ of a
group G is served by some order with service cost bounded by a constant factor of Rj (),
then a demand point j € G can be served by the same order, with service cost bounded
by a factor of R;(a + ). To guarantee that each representative j’ is served paying at
most a factor of R;(f3), a filtering step will be used, and then the clustering algorithm
is used to serve representative demand points. Notice that using filtering is a necessary
step of the algorithm, since we must have [ strictly less than 1 to use Lemma 4.7.
The complete algorithm is detailed in the following.
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Algorithm 4.5 (Filtering and clustering algorithm)

Given an instance of the PDP, the algorithm returns a solution formed by ware-
houses orders F', and retailer orders E = U, £, where £ is the set of orders placed
for retailer q.

1. Solve the LP relaxation and obtain solution (z*,y*).
2. Run Algorithm 4.4, and obtain the set of representatives R.

3. Scale up the ordering variables y by 1/5 and change variables x to obtain a
complete solution (z,y), splitting fractional warehouses ordering if necessary.

4. Run Algorithm 4.1 over the set of representatives R, passing as list L the set of
representatives j' in order of (W, (8) + 2R;(53))/d;. Obtain a set of warehouse
orders I, and a clustering C of representative demand points.

5. Place a warehouse order for each element of F”.
6. For each cluster C' € C, and for each representative demand (q,t) € C:

e Let (p,s) be the warehouse order placed for cluster C.

e Add retailer order (g, s) to E1.

7. Serve each demand point (¢, t) € D by an order (p, s) € F’ such that (¢, s) € £
that minimizes the sum hgg + cpq-

Let K = Y, )er kp be the cost of warehouse orders in F', and Kg = Y0 |Ey| - ky
be the cost of retailer orders in E. Let K* and E* be the warehouse and retailer ordering
costs in the LP solution, respectively. The next lemma calculates the expected ordering
cost.

Lemma 4.8. F|Kp| <1/ K* and Kg < 1/a E*.

Proof. For each retailer g, we have |E,| < |RY|, since each retailer order corresponds to
a representative demand point. Each representative demand point in R? corresponds to
one shift point in S? in Algorithm 4.4, so |E,| < [SY = [1/a X[, y.]). It follows that
Kg <) 4eq |Eq| - Ky < 2qeQ 1/a Z?:l Ygrky = 1/ E™.

Now let K be the cost of warehouse ordering by the scaled solution obtained in step 3
of Algorithm 4.5, so K = 1/3 K*. Using the same arguments of Lemma 4.1, we obtain
E[Kp] <K =1/3K*. O
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Now we bound the service cost of a demand point. Recall that S} is the fractional
service cost of j in the solution (z*,y*), and R;(a + () is the maximum service cost of j
in the (o + f)-neighborhood of j.

Lemma 4.9. Let j = (q,t) be a demand point. Then, the expected service cost is such
that E [min(p,s)epz(q’s)e];q dj(Cpq -+ hqst)} < 1/ﬁ S]* + 3Rj (Oé + ﬂ)

Proof. Let j' = (q,t') be the representative demand point of group G that contains de-
mand point j, and let j” = (¢”,t") be the cluster center corresponding to representative j'.

Now let (p/,s’) € F’ be the warehouse order placed by the clustering algorithm for
cluster center j”. By step 6 of Algorithm 4.5, there is a retailer order (¢, s") € EY placed
to satisfy representative demand point j'. We have s’ < ¢’ < ¢, so demand point j can be
served by the order (p/,s’). Therefore, it is enough to bound the cost of serving demand
7 by this order.

Since j" and j” are neighbors in the support graph, there exists a common (p, s) in the
service sets of j' and j”. Using Assumption 4.2, we obtain

g+ Rgst < Cprgr + hgrors + Cpgr + Cpq + hgst
S Cp/q// —|— h’q”s’t” —|— Cpq// —|— Cpq —|— ]’qub
where the last inequality follows by the monotonicity of h. Since (p',s") € Nj»(B), we
get hqnslt// S Rj//(ﬁ)/dj//. Similarly, we also get Cpq" S Rj//(ﬁ)/dj//. As (p, S) S /\/’j/(ﬁ),

by Lemma 4.7, we obtain (p,s) € N;(a + ), and thus ¢, + hys < Rj(a+ 5)/d;. The
expected value of ¢, is

Eleygr] = Z Ypgs Cpg" = Z jgﬁt Cpg < VV]”(ﬁ)/ djr,
(ﬁ,§)€/\7j//(,3) (ﬁ,§)€./\7]-//(,3)

where the last equality comes from the fact that (z,y) is complete. Adding up, and using
the fact that j’ is a cluster center, we obtain

Eleyq + hgst) < Win(B)/djr + 2R (8) /djr + R;(B + a)/d;
< Wy (B)/dy + 2R (8)/dy + R;(B + «)/d;. (4.10)

Using Lemma 4.7 and ¢ < ¢, we can bound the first term of (4.10) as

Wir(8)/dy = (So.9en, ) Uras Ao (Coa + hastr)) /s
< X p.8)eN; (+8) Ypas (Cog + Past)
= Y (p.5)en; (ot ) 1/ B 275 (cog + hyst)
<1/B Xipsyer s (Cog + hgst)
<1/BSj/d;,
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where the second equality comes from the fact that solutions (z,y) and (z*,y*) are com-
plete. Similarly, we can bound the second term,

2Rj/ (6)/d]/ =2 ((ﬁ,él)’lel?\ii ®) dj’(cﬁq -+ hqst’)) /dj/

<2 (Cﬁq + hqst)

max
(B,8)eN; (a+p)

=2R;(a + B)/d;.
Summing all terms, we obtain the lemma. O

Theorem 4.3. There is a randomized 5-approximation for the PDP with retailer ordering
costs.

Proof. We set @« = [ = 1/2 and run Algorithm 4.5. Since a + 5 < 1, for each demand
point j, Nj(8+a) C Sj, then, by complementary slackness, we get R;(8+a) < bf, where
b is the dual variable corresponding to j in the optimal solution. Lemmas 4.8 and 4.9
imply that the expected solution cost SOL is

E[SOL] < 1/BK" +1/a E" + ¥ ;ep(1/8 S} + 3R;(B + a))
<2K*+2E" 4+ Y;ep(2 S5 + 3b3)
=2K"+2E*+25 4+ 3(K*+ E* + Sx)
=5(K"+E"+5%). O

4.5 A primal-dual algorithm for OWMR

The 1.8-approximation for OWMR by Levi et al. [91] assumes that each retailer satisfies
one strict monotonicity property. Namely, they assume that each retailer is either a J-
retailer, or a W -retailer. In a J-retailer, if the time that an item leaves the warehouse
is delayed, so that the interval it is held in the warehouse stock is extended, then the
total holding cost incurred by this item in the warehouse and in the retailer may only
increase. In the opposite direction, in a W-retailer, the holding cost incurred by an
item may only decrease if the delivery is delayed. These restrictions create a dependency
between warehouse and retailer holding costs that is unnatural for many applications.
Stauffer et al. [124] considered a slightly more relaxed holding cost structure, but also
with dependent warehouse and retailer costs. In this section, it is considered a more
general holding cost structure, that separates the holding cost incurred by warehouse and
retailers. We present an approximation algorithm based on the primal-dual approach,
that was not known before.
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Problem’s definition. In the OWMR problem there is one warehouse, indexed by
number zero, and NN retailer locations, that are indexed by integers 1,..., N. Each re-
tailer ¢ faces a demand of d;; units over a finite planning horizon with 7" time steps, and
such demand may be satisfied only with items that are currently in the retailer inventory.
For a pair (i,t), let r, s be such that r < s < t¢. If one unit of item is ordered at time 7 in
the warehouse, transported to the retailer ¢ at time s, and delivered at time ¢, then there
is an incurred holding cost h%. Every time that the warehouse receives an order, there is
a setup ordering cost Ky, that is independent of the number of ordered items. Similarly,
every time that a retailer receives the items from the warehouse, there is a setup ordering
cost K;, that is independent of the number of items. The objective is to satisfy all demand
points, minimizing the overall holding and ordering costs.

The OWMR problem admits a natural integer linear program formulation, with vari-
ables y;, that indicate whether there is an order to location ¢ at time s, and variables z*,
that indicate whether demand point (i,t) is satisfied by an item ordered at time r at
the warehouse, and transported to the retailer at time s. The relaxation of such integer
program is given below. For simplicity, here it is assumed that demands are binary, that
is, for each pair (i,t), d;y = 0, or d;; = 1. This is without loss of generality, since one can
scale the holding cost function otherwise.

minimize Z yor Ko + Z Z vis Ki + Z Z > wih

i=1s5=1 i=1 s=1 r,s:r<s<t
subject to angsgt 2t =1 ie€[N]|,telT], dy>0
Yrres s S¥is 1 €[N L ET], s €Y
Yar<sst Tris < Yor 1 € [N], L € [T], r € [{]

€|

Ty, Yir 2 0 0,NJ, re[T], s €[r,T], t €lsT]

The dual program is given next.

N T
maximize ZZb’t

i=15=1
subject to b < hE + 1%+ 2% e [N], te[T], relt [r, ]
z?sl?sz( i €[N], s elT)
2 S Ky ore[T]
l” 2t >0 i€ [N, relT],selT], te]sT]

s 7’
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4.5.1 Holding cost model

Consider a demand point (,t) (for item ¢ at time t). We say that this demand is served
by the pair of orders [r, s| if the items that serve such demand were first ordered at time
r by the warehouse, later ordered at time s by the retailer, and finally delivered at time ¢
to the client. Each such item has been held in the warehouse inventory during the period
[r,s), and in the retailer inventory during the period [s,t]. Let h, be the total cost of
holding one unit of demand (i, t) served by the pair [r, s|. We define the unit holding cost
function as h¥, = f 4+ g% where f is the cost of holding this unit at the warehouse, and
g% is the cost of holding this unit at the retailer. The following properties are assumed:

1. If »r = s, then
item was not held in the warehouse inventory.

= 0. This means that the warehouse holding cost is zero if the

2. If [r,s] C [, §'], then f < f#, This means that storing an item in the warehouse
inventory at an earlier time r’, or removing it at a later time s’ cannot decrease the
cost.

3. If s < &', then g > g%. This means that storing an item in the retailer inventory
at a later time s’ cannot increase the cost.

4. Each demand point (i,t) has one of the following properties:

e For every r,s,s', such that r < s < & < ¢, we have h, < h%,. That is, h
is monotonically non-decreasing in s. This means that for demand point (i, t)
and a fixed warehouse order r, it is always more economical to hold the items
in the retailer inventory, rather than in the warehouse inventory. In this case,
we say that (i,t) is a J-demand.

e For every r, 5,5, such that r < s < & < t, we have h’, > h',. That is, h¥,

""S, .
is monotonically non-increasing in s. This means that for demand point (i, t)
and a fixed warehouse order r, it is always more economical to hold the items
in the warehouse inventory, rather than in the retailer inventory. In this case,

we say that (i,t) is a WW-demand.
it it it
7211“3 S 1211”2 + 7221”3'

That is, f is subadditive with respect to time intervals [ri, ) and [ro,73).

e For every ry,ry,r3, such that r; < ry < rg <t, we have

This means that removing an item from the warehouse inventory, and putting
it back immediately after cannot decrease the holding cost. In this case, we
say that (i,t) is an S-demand.
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We notice that the holding cost model studied by Levi et al. [91] is a particular case of
the holding cost defined above. In their setting, they assume that each retailer contains
either only W-demands, or only J-demands. Notice that, although property 2 is not
explicitly assumed in [91], this property is implied by their monotonicity assumptions
combined with the monge-property for W-demands. Differently from J or W-demands,
being an S-demands is a property of function f* only. This allows to model more general
problems in which the warehouse and retailer holding cost functions are independent.

4.5.2 Primal-dual algorithm

We propose a primal-dual algorithm for the OWMR, problem. The algorithm is inspired
on the primal-dual framework of Levi et al. [90], based on a “wave” dual ascent algorithm.
Rather than increasing dual variables uniformly, they increase the dual variables using
the growing rate of the retailer holding cost of each demand, starting with the latest
demands, and moving back to the first. However, for the case of OWMR, items can be
held in the warehouse inventory, so the wave does not preserve some essential properties
in the analysis in [90]. For OWMR, we use a new dual ascent algorithm, and a more
complex pruning phase. Namely, we use the following two-phase algorithm: in the first
phase, we generalize the wave algorithm to deal with more complex holding cost models,
and, in the second phase, we prune warehouse and retailer orders separately.

We summarize the algorithm below, and describe each step in the following subsec-
tions.

1. Run the dual ascent algorithm, and temporarily open warehouse and retailer orders;
2. Prune orders and open permanent orders:

(a) Permanently open warehouse orders;
(b) Permanently open retailer orders:

i. Place the first round of retailer orders;

ii. Fix unsatisfied demands with additional retailer orders;

3. Connect demands.

Dual ascent algorithm

We use the following dual ascent mechanism. We consider a wave starts at time 7" and,
as time passes, moves backward in time continuously, until it reaches time 0. Initially, all
dual variables start with value zero, and all demand points are unconnected (unsatisfied).

I . I'" = K;. Denote the current position of

We say that a retailer order (i, s) is paid if 3
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the wave by 7. For each moment 7 and item ¢, let P;(7) be the set of time steps s such
that the retailer order (i, s) is paid at time 7. At each moment 7, we set the budget b of
each unconnected demand point (7,t) to be

bt min {g"} U{fL + gl +1"]s € P(7)}. (4.11)

Notice that ¢ is only defined for integer values of 7. If 7 is not integer, we define g*
by linearly interpolating g’fT | and gftﬂ. Similarly, for any integer s, such that 7 < s < 't, we
define f7 by linearly interpolating f{7 , and f{1; . Also, we define g = oo, and fg; = oo,
for every demand point (i,t) and s < ¢.

As the wave moves, we place temporary retailer and warehouse orders. The sets of
temporarily open warehouse orders is denoted by R, and temporarily open retailer orders
is denoted by S; for each ¢. Initially, sets R and S; contain no orders. Whenever a demand
point is satisfied by a temporarily open pair of retailer and warehouse orders, we freeze
its budget and connect such demand to this pair.

The algorithm starts at time 7 = T' that is decreased continuously until 7 = 0. While
the time passes, some of the following conditions may be satisfied, and the corresponding
events are triggered. The events are processed in the order that they happen.

Event 1 For some demand (3, ), such that [ has not started increasing, it holds b = ¢:
e start increasing [ at the same rate of b*.

Event 2 For some retailer order (4, s), that is not marked as paid, it holds ¥~ I = K;:

mark order (i, s) as paid,

add s do 5,

set open(i, s) = T,

for each ¢ > s, stop increasing [%.

Event 3 For some demand (i, t), and retailer order (7,s), such that (i, s) is paid and z%
has not started increasing, it holds 0™ = g% + fi* + 1% for some r < s:
e if warehouse order at time r is temporarily open,
— connect demand point (7,t) to the pair of orders [r, s],
— set freeze(i,t) = T;
e clse (if warehouse order r is not temporarily open),

— start increasing 2/ at the same rate of b™.
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Event 4 For some warehouse order (0,7) that is not temporarily open, it holds that
Zz]'\il Ezzr Zj“t = KO:

e open warehouse order (0,7),
e add r to R,
e set open(0,7) =T,

e for each demand point (i,¢) such that for some s, variable 2z have already
started increasing:

— connect demand point (7,t) to the pair of orders [r,s],

— set freeze(i,t) = T.

Intuitively, we give the following interpretation to this dual ascent mechanism. Ini-
tially, all pairs of orders are offered for free to each demand point, so each demand can be
served by its nearest order, and thus pays zero for the holding cost. As the wave moves,
we remove gradually (and fractionally) the free pair [7,7] of orders at position 7, from
the right to the left, until no order is offered at all. This means that, if a demand point
(,t) wants to be connected to a pair of free orders at time 7, then it must increase its
budget to at least g”*. However, it might happen that some retailer order s > 7 is already
paid by some group of demand points. In this case, a demand point can also be connected
to the free warehouse order at 7 through retailer order s. If the demand chooses to be
satisfied by this path, it has to increase it budget to at least the holding cost of pair [T, s],
that is f% + g%, plus its contribution towards opening retailer order s, that is [%.

Pruning phase

The shadow of a given order (7, s) is the interval [open(i,s), s]. For any two warehouse
orders in R with intersecting shadows, there is some demand point that contributes to
both orders. Therefore, we want to open a subset of permanent warehouse orders R, with
no intersecting shadows. This is accomplished by a pruning procedure. However, two joint
orders with intersecting shadows may include distinct retailer orders, and thus dropping
one of such orders may leave demand points unsatisfied. For the JRP, the algorithm of
Levi et al. [90] simply moved any retailer order (i,s) from the dropped joint order to
the position of the earliest permanent warehouse order that was placed in the shadow of
(7,s). This strategy for fixing unsatisfied demand points does not work for W-retailers,
since, contrary to the case of the JRP, W-retailer orders and warehouse orders are not
necessarily synchronized, and thus it may happen that no warehouse order is placed in
the retailer shadow.
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In our algorithm, we open permanent warehouse orders and retailer orders in two
steps. First, we permanently open only warehouse orders, and ignore the retailers, using
a simple greedy algorithm to open orders with non-intersecting shadows. This guarantees
that each demand point contributes to at most one warehouse order. Then we open the
orders of each retailer using a two-round procedure. In the first round, we permanently
open retailer orders with non-intersecting shadows, so that a demand point does not use
the same budget to contribute to several orders. When this first round finishes, each
demand whose budget is larger than the holding cost of some permanently open pair of
orders is considered satisfied. In the second round, we make sure that any remaining
demand is satisfied. This is done by greedily placing a retailer order for some unsatisfied
demand. By carefully selecting the next unsatisfied demand point, we guarantee that
each demand pays for at most two retailer orders opened in the second round.

(a) Opening permanent warehouse orders:

Let R = {ry,...,rg}, with r; <7y < --- <1, be the set of all time steps at which a
warehouse order was temporarily open. We will return a set R’ of permanent warehouse
orders. At each moment we keep the last time 7’ at which we placed a permanent ware-
house order. Then we iterate over every r € R, in increasing order of time, and add r
to R’ if the shadow of r does not intersect the shadow of any order included previously.
More precisely, we run the following steps:

1. Set ' < 0, and R’ + 0.
2. For each r < ry,..., 1, if open(0,7) > r/, then

e set ' < r, and

e update R+ R' U {r}.

(b) i. First round of retailer orders:

For each retailer ¢, we open a first round of retailer orders using the same algorithm
used for opening warehouse orders. That is, let S; = {s1,..., Sk}, with §1 < s < -+ < sy,
be the set of all time steps at which retailer ¢+ has placed temporary orders. We obtain
a set S. of permanent retailer orders, by greedily iterating over s € S;, in order of time,
and adding non-intersecting retailer orders to S..

Before going to the second round, we introduce some notation. For any demand
(i,t), let left(i,t) be the minimum time o such that b = g”. Notice that ¢ may be
fractional (and g% used in the dual ascent algorithm). Intuitively, left(i,t) is the leftmost
retailer order by which demand (i,t) may be served paying at most its budget. Also,
a demand (i,t) is said to be currently satisfied if there is a permanently open pair of
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order [r,r] such that h? < ", or if there is no open warehouse order r € R’ such that
r € [left(i,t),t].

(b) ii. Fixing unsatisfied demands:

For each retailer ¢, we open a second round of retailer orders S/ to fix unsatisfied
demands. We fix unsatisfied demands greedily. Let (i,f) be the demand point with
largest left(i,t). Since (i,t) is unsatisfied, we know that there is at least one permanently
open warehouse order at r € R’ such that r € [left(i,t),t]. Let r’ be the least such
time. We include a retailer order v’ in S/. In this case, we say that demand (i,t) is the
initiator of order (i,7"). Notice that after permanently opening the retailer order (i,7’),
the demand at time ¢, as well as any unsatisfied demand at time ¢’ with ¢ > ', will
become satisfied. We repeat this process until all demand points become satisfied. More
precisely, for each retailer 7 we execute the following steps:

1. Set S/ « 0.
2. While there are unsatisfied demand points in retailer i:

(a) let (i,t) be an unsatisfied demand point with largest left(i,t),
(b) let 7" <= min [left(i,t),t] N R/,
(c) update S/ <+ S/ U {r'}.

Connecting demand points

At the last phase of the algorithm, each demand point (i,t) is simply connected to one
pair of orders [r, s| such that r € R', s € S'US”, and r < s < t. If there are many pairs
that satisfy these properties, we choose the ordering pair with minimum h%.

4.5.3 Analysis

By the construction of the dual ascent algorithm, the set of variables (b, [, z) is a feasible
solution to the dual problem. The incurred costs of the generated solution correspond
to the cost of holding items for each demand and the cost of placing permanently open
orders: the warehouse orders in R’ the first round of retailer orders in S for each i, and
the second round of retailer orders in S!’ for each i. We use the following charging scheme:
for each demand point (i,t) and 7’ € R', z% is the contribution of (i,¢) towards opening
warehouse order 7’. Similarly, for each s’ € S/, [

i Vs’

is the contributions for retailer order s'.
For retailer orders in SY, we use a more complex charging scheme. For a given retailer
order (4,s"), with s” € S”, let (i,f) be the corresponding initiator. Since demand (i, 1)
was connected by the dual ascent algorithm, there must exist at least one order in S; to



100 Chapter 4. Supply Chain Problems

which (i,%) can connect. Let § be one such order with the largest opening time, that is,
an order that was first paid by the dual ascent algorithm. To pay for the order s”, we will
use the same budget used to pay for retailer order §. Notice that here we must use that
fact that all retailer orders of item ¢ have the same cost. To denote the order § of which
the contribution will be used to pay s”, we define N;(s”) = §. The contribution of a given
demand (i,t) towards s” is thus [¥. Finally, each demand point pays for the holding cost
of its own items.
First, we give an auxiliary lemma.

Lemma 4.10. For any demand point (i,t), there exists a paid retailer order (i,s), s € S;,
such that left(i,t) < open(i,s), and s < t.

Proof. Let T = freeze(i,t), and o = left(i,t). Since demand (,¢) has been connected,
we know that there exists a retailer order s € S; such that 0 < s and 7 < open(i, s).
Let § be the retailer order s € S; such that o < s with maximum open(i, s). For the sake
of contradiction, suppose that open(i,s) < o.

Consider the state of the dual ascent algorithm at the time 7/ = open(i, §), just before
any event is processed, and let b be the budget of (i, ) at such moment. At this moment,
we know that 5§ ¢ S;. Also, the demand (7,t) is connected to the free order 7/ through
some order §'. Since 7/ < o, we obtain g% > g% = b"* > b. It follows that s’ must be

it
s’

already paid, that is, s’ € S;, and so open(i,s’) > 7/. But since b* > b > ¢ we have

o < §'. This is a contraction to the maximality of 5, and the lemma follows. O]

In the following lemmas we bound the contribution of a given demand to each incurred
cost of the solution. Each contribution of a demand point (i,t) is bounded by a factor
of its budget b%, so the total contribution is a factor of the dual solution value, and the
approximation follows by the weak duality theorem.

Lemma 4.11. The contribution of demand (i,t) towards opening warehouse orders in R’
is at most b™.

Proof. Let r € R be a warehouse order to which (i,t) gives a positive contribution, that

is, 2/ > 0. Since 2z > 0, there is a paid retailer order s at time 7 = freeze(i, t) such that

bt > g+ f% 41" by Event 3 of the dual ascent algorithm. Since s is already paid at time T,

we have s > open(i,s) > 7. Thus we get s € P;(7), and therefore b < g¥ + fit 4+ % so
“ > fi and, by the monotonicity of f*, this implies that r > 7.

Let 7' € R’ be the largest warehouse order time such that 2% > 0. We claim that
open(i,r') < freeze(i,t). Indeed, if at time open(i,r’), demand (i,t) is not connected
yet, then it would be connected at this point. It follows from the algorithm to open
permanent warehouse orders that R' N [freeze(i,t),r") C R N [open(i,r’),r") = (). Since
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demand (7,t) does not contribute to warehouse orders v’ € R’ with " < freeze(i,t), it
follows that (i,%) can only contribute to one warehouse order, namely 7. ]

Lemma 4.12. The contribution of demand (i,t) towards opening retailer orders in S, is
at most b™.

Proof. Let s1,...,s, € S;, with s1 < --- < s, be the retailer order times to which demand
(1,t) gives a positive contribution, that is, for which lzf; > 0 foreach j =1,...,k. It follows
from the algorithm to open the first round of retailer orders that the shadows of the retailer
orders do not intersect, that is, for each j = 2,..., k, we have s;_1 < open(i, s;).

Let 7; be the time at which order (i,s;) was paid, that is, 7; = open(i, s;), and let
bi’; be the budget of demand point (,t) at this moment. By equation (4.11), bi’; < gTi-.
Therefore, the contribution of (i, ) to some retailer order (i, s;) is I, < b =g < g* —g’.
For any j > 2, we have g7/ < g’,’; , since s;_1 < open(i, ;) = 7, and thus l” < gt —git.
For j =1, trivially [ < b" — g . Adding up all contributions, we obtain

>l Sb“—gsﬁz ge . —gs) <t O
j=1

In the next lemma, and afterwards, we use the following definition.

Definition 4.2. We say that a demand point (i,t) is served by a twin ordering pair if
there is an ordering pair [r,r] that is permanently open such that left(i,t) <r <t.

Lemma 4.13. The contribution of demand (i,t) towards opening retailer orders in S} is
o at most 20", if (i,t) is served by a twin ordering pair, or

o at most b, if (i,t) is not served by a twin ordering pair.

Proof. Let sy,...,s, € S, with s < --- < s, be the retailer order times to which
demand (i, 1) glves a positive contribution, that is, for which l?; > 0, where §; = N;(s;),
for each j = k. Also, for each j = .k, let (7,t;) be the initiator of retailer

order (3, s;), and let T; = left(i, t;).

Recall that, for every retailer order s € S/, there is a warehouse order s € R'. It
follows from the algorithm to fix unsatisfied demands that there is no permanently open
warehouse order in the interval [7;, s;), for any j, that is, [1;,s;) N R = 0.

We claim that t;_; < s; for any j = 2,...,k. Let j > 1. We have s;_; € R', but
[7;,8;) N R =0, thus s;_; < 75, since otherwise we would get s;_1 > s;. It follows that
7;—1 < 7j. This implies that demand point (i, ;) was picked before demand point (i,;_1)
by the algorithm. Consider the execution state of the algorithm just after (i,¢;_1) was
picked (at step 2(a)). At this moment, we must have s; € S7, since (i,¢;) was picked at a
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previous iteration. Therefore, at this moment the ordering pair [s;, s;| was permanently
open, and thus any demand point (i,#) with ¢ > s; should be satisfied. Since (i,%;_1)
was picked, it was unsatisfied at this moment, and thus ¢;_; < s;.

By definition, 3; is the retailer order s € 5; such that 7; < s < ¢; with the largest
open(i,s). By Lemma 4.10, we know that there is at least one such s such that 7; <
open(i,s), and thus 7; < open(i, §;). Let j > 2. Recall that t;_» < s;_1, and s;_; < 7;.
Hence open(i,8;_2) < §;_9 < tj_5 < s;_1 < 1; < open(i,$;) < 5;. We conclude that the
shadows of any two retailer orders (i, §;,) and (7, §;,) with j; and j, odd do not intersect,
that is, [open(i, 8;,), 8;,]N[open(i, §;,), §;,] = 0. Using the same arguments of Lemma 4.12,
we conclude that the total contribution of demand point (i,t) towards opening retailer
orders with odd indices is at most b. Analogously, the total contribution of demand
point (4,t) towards opening retailer orders with even indices is at most b%.

If (i,t) is served by a twin ordering pair, then we are done. So, from now on, assume
that this is not the case. Therefore, there is no open warehouse order » € R’ such that
r € [left(i,t),t]. We claim that £ < 1, and thus the lemma will follow. For the sake of
contradiction, suppose that k£ > 1. Since s, € R, and s;, < ¢, we obtain s, < left(i,t),
otherwise we would get [left(i,t),t] N R # (. But then 8,1 < tp_1 < s < left(i,t).
However, since (i,t) contributes to 3;_1, we know that b" > g  and thus left(i,t) <
Sk—1. This is a contradiction, and we are done also in this case. O

Lemma 4.14. Suppose that demand (i,t) is not served by a twin ordering pair. Then the
holding cost of demand (i,t) is at most 2b™.

Proof. Let 7 = freeze(i,t) and o = left(i,1).

We claim that there is an open warehouse order ' € R’, such that 7 < ' < t. Let
r € R be the warehouse order to which (i,¢) was connected, such that r < t. Clearly,
open(0,7) > 7, since the warehouse order was already open when (i,t) was connected. If
r € R, then the claim holds. Otherwise, » was not permanently open by the algorithm,
and thus there must exist some r’ € R'N[open(0,r),r]. Then 7 < open(0,7) < 1" <r <t,
and the claim holds also in this case.

Since (i,t) is not served by a twin ordering pair, then there is no permanently open
warehouse order in the interval [o,t], that is, [0,t] N R' = @ (recall Definition 4.2). Tt
follows that g% > ¢ = b and thus r’ < o. At the freezing time 7, we know that demand
point (i,t) is connected to the “free” warehouse order 7 through some order s. That is,
there exists s € S, such that s < ¢, and v = f + ¢ + [, Since b > g%, we know that
o < s,

We claim that (i,¢) is not a J-demand. By the monotonicity of g%, we have h% =
gt > g% > g =" > h'. Since 7 < 1’ < o < s, we conclude that (i,¢) cannot be a
J-demand. Therefore, (i,t) is either a W-demand, or an S-demand. We analyze each
case separately.
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First, assume that (i,t) a W-demand. By Lemma 4.10, we know that there is a paid
retailer order § € S; such that o < open(i,s) and § < t. Therefore, there must exist a
permanently open order in the first round of retailer, s € S/, such that s’ € [open(i, 5), 5],
and thus, o < ¢ < t. We will bound the cost of connecting demand point (i,t) to the
ordering pair [1’,s'|, as the actual holding cost paid by (i,t) cannot be greater than this
Cost We consider two subcases: s < ', or s > . If s < &', then hit, < hit = fil + g <

t+ g < b, where the first inequality is true because (i,t) is W-demand. If s > s
then R, = fi, + g% < fif_+ g < 2b". Therefore, we obtain k¥, < 20" and the lemma
follows in this case.

From now on, we assume that (i,¢) is an S-demand. Again, we know that there is an
open order in the first round of retailer in [open(i, s), s]. Let s’ € S! be the largest such
order. If 0 < &', then b, = fi, + g% < f4. + g < 2b", and we are done. So, we assume
that o > §'.

Consider the state of the dual ascent algorithm at time s, just before any event is
processed, and let b be the budget of demand (i,t) at this moment Clearly, we have
b < b, because s’ < open(i,s) < 7. Since s’ < 7, we get b < bt = g < g, We conclude
that at the time 7/ = ¢, the demand point (i,t) was connected to the “free” warehouse
order 7" through some paid retailer order. That is, there exists s € .S; such that s < t and
b= fil.+ g% +1%. Since 5 was already paid at time s, we get open(i, 5) > s’. Once again,
there must exist an open retailer order §' € S/ N [open(z 5), s]. Since (s',s]NS; = 0, we
conclude that s < § < s.

Now we bound the holding cost of serving dernand (,t) by the ordering pair [r',§'].
We get hy, = flio + g% < fit + g < fil-+ gt < fi + gt < b+ bt < 27,
where the second inequality follows from the fact that (i,t) is an S—demand. [

Lemmas 4.13 and 4.14 imply the following corollary.

Corollary 4.2. The contribution of demand (i,t) towards opening retailer orders in S’
plus the holding cost of demand (i,t) is at most 3b".

Proof. 1f (i,t) is not served by a twin ordering pair, the lemma follows directly from
Lemmas 4.13 and 4.14. If (¢, ) is served by a twin ordering pair [r, 7], then we know that
hit = gi* < b since otherwise demand (i,¢) would be unsatisfied, and so the corollary
follows from Lemma 4.13. ]

The following theorem is now immediate.

Theorem 4.4. The primal-dual algorithm in Subsection 4.5.2 is a b-approximation for
the OWMR with independent retailer-warehouse holding costs
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4.6 The Multilevel Joint Replenishment Problem

This section notices that the Multilevel JRP, when the supply chain is comprised of a
rooted tree, can be reduced to the Multistage Assembly Problem, and thus admits a
2-approximation by Levi et al. [90].

Problem’s definition. In the Multilevel JRP, one is given a tree, rooted at a special
vertex p, called the producer. A leaf i in this tree is called a retailer, and an intermediate
vertex is called a warehouse. We consider a discretized time interval [1,7] and, in each
time step t € [1, 7], a retailer ¢ may demand an amount d;; of items in stock. Each such
pair (i,t) is a demand point, and can be satisfied only if the retailer ¢ has placed an order
to the parent node at some time s, with s < ¢. We assume that only retailer nodes can
keep items in stock, so, every time a non-retailer node receives an order for a certain
amount of items, it must place an order of the same amount to its parent node if it is a
warehouse, or it must produce this amount of items if it is the producer. In other words,
a retailer i can only place an order at time s if all vertices in the tree path (p,...,7) have
also placed orders at time s. The placement of an order by vertex v incurs a setup cost
K,. Also, if a demand point (i,t) is satisfied by a retailer order placed at time s, then
the incurred cost of keeping such d;; items in stock is H;y. The objective is to minimize
the overall ordering and holding costs.

The Multilevel JRP can be stated as an integer linear programming formulation, whose
variable y,, indicates whether node v places an order at time s, and variable z;4 indicates
whether demand point (7, t) is served at time s. Next, the parent node of a non-root vertex
v is denoted by 7(v), and the unique path from p to some retailer i is P(i) = (p, ... 7).
Also the set of all positive demand points is D, and the set of all nodes is V.

minimize > Y yuKo+ Y. D TiwHig

veV se([T] (¢,6)eD s€ft]

subject to > e Tist = 1 (i,t) € D
Tist < Yos  (i,1) € D, s € [t],v € P(i)
zige € {0,1} (i,t) € D, s € [t]
Yos € {0,1} v eV, selT]

(4.12)

In the Multistage Assembly Problem with Echelon Holding Costs, one is given a rooted
tree, whose nodes correspond to items, and the root is a special item denoted by p. It is
considered a discretized time interval [1,T] and, at each time step ¢ € [1,T], item p faces
an external demand of d; units. Each unit of item ¢ is assembled using one unit of each of
its predecessors (each predecessor of an item corresponds to one child node in the tree).
Therefore, an order for n units of item 7 incurs a demand of n units of each predecessor
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j, and any demand must be satisfied by the inventory currently held for j. Assembling
any amount of items of any item ¢ incurs a setup cost K;. Any external demand of d,
units of item p is also a demand of d; units of item i, for each i. Satisfying demand d;
using d; units of items ¢ assembled at time s incurs an “echelon” holding cost of H;y. The
objective is to minimize the overall ordering and holding costs.

The echelon inventory level of an item i is the total number of units of 7 in the system,
including units that are assembled into other items and the inventory of that item. The
echelon holding cost h;g is the cost of storing one unit of item 4, either in the inventory
of item i, or in the inventory of other items that were assembled using this unit, from the
time s that this unit was ordered to the time t it was delivered. Therefore, H;o; = d; - hjs;.
Using echelon holding cost allows one to decompose the holding cost on a per-item basis,
as used in the integer linear programming formulation due to Levi et al. [90].

The following formulation assumes nested and zero inventory ordering (Z10) policies.
In a nested policy, item ¢ only places an order at a time s if all successors of ¢ also place
orders at time s. In a ZIO policy, an order is placed for an item only when its inventory
is empty. These assumptions can be made without loss of generality, since it is known
that there are optimal policies that satisfy both properties [42].

minimize Y Y i Ki+ Y Y Y iwHiw

1€V se[T)| i€V te[T] s€(t]
subject to Y ep Tist = 1 ieVtelT (4.13)
'ristgyvs ie‘/,te[T],SE[tLUEP(i) '
T € {0,1} i€Vt e[T],s e ]t

vis € {0,1} 1€ V,set]

Observation 4.1. The Multilevel JRP can be reduced to the assembly problem with ech-
elon holding costs. An a-approximation for the assembly problem implies an (o + €)-
approximation for the Multilevel JRP, for every € > 0.

Proof. Let | = [¢=*]. Consider an instance Z; of the Multilevel JRP. We will transform
this instance into another instance of the Multilevel JRP Z,, such that for every item i
and every time step t, we have d;; = 1. Let Dy be the set of demand points of Z;. For each
pair formed by item i € V and time ¢t € [T] such that (i,t) ¢ Dy, we create a (dummy)
demand point (i,t), by defining d;; = 1 and h;s = 0, for every s = 1,...,¢. Then, for
every demand point (i,t) € Dy, we scale the unit holding cost by dj, and redefine the
amount of demand to d; = 1. Notice that these operations do not change the value of
Hizt = dithis. Now we add [ — 1 copies of each demand point (i, %), and redefine the total
number of time steps to 77 =T for each i € V, t € [T],and j =1,...,1 — 1, we add a
new demand point for item ¢ at time ¢’ = jT + ¢, by making d;» = 1, with holding cost
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defined by:
0 (i,t) & Du,
hisyr = { 00 (i,t) € Dy and s < 4T,
hiojre (i,t) € Dy and s > j7T.

Finally, we add an extra time step t = 0, and corresponding demand points (i,0) with
dio = 1 for every i. For each demand (i,t), the cost of being served by an order at
time s = 0 is hyr = oo if (¢,t) is in Dy, or if (4,t) is a copy of a demand point in Dy,
and h;o; = 0 otherwise. This finishes the construction of Z,. Observe that an optimal
solution Oy of Z; induces a solution for Z, with cost [-cost(O;) + > ,cy Ky, and an optimal
solution Oy of Z, induces a solution for Z; with cost (cost(Os) — e Ky)/1, so we have
cost(Oy) =1 - cost(Oy) + X per K.

Now, we use the reduction from the JRP by Levi et al. [90], but for the multilevel case.
We create an instance Z3 of the assembly problem from Z,, such that every node v € V' is
an item, with ordering cost K,, and node p is facing external demand d; = 1 at each time
step. What is missing to complete instance Z3 is defining the echelon holding costs. For
each leaf node i, we use the holding cost function of Z,, and for other (dummy) items v,
define the holding cost to be zero. Since we can restrict solutions of Z3 to nested policies,
then any solution of Z3 induces a solution of Z, with the same cost, and vice-versa. The
former claim is formalized in the following, the later is analogous.

We construct a solution Sy for Z, from a solution S3 for Z3, with the same set of orders
and using ZIO policies for satisfying demands. Without loss of generality, we assume
that S5 is nested and uses ZIO policies, since otherwise we could modify S3 without
increasing the cost [42]. Therefore, for every order placed at a given node v at time s,
there is one order at its parent node m(v) at the same time s, that is, if order (v, s) € S,
then order (m(v),s) € S3. Also, since dy = 1, for every v € V, (v,0) € S3, and so
(v,0) € Sy. This means that there is a joint order in S; including all items at time ¢ = 0,
and so every demand can be satisfied. We conclude that S, is feasible. Now we calculate
the cost of S5. Clearly, the ordering cost of Ss is the same as that of S3. Also, the holding
cost of Sy is equal to the echelon holding cost of S3 corresponding to leaf items. To see
this, recall that each demand for item ¢ at time ¢ in the Multilevel JRP corresponds to
one unit demand for item ¢ at time t of the assembly problem, and both demands are
satisfied by the same orders, namely, the latest order (i,s) with s < ¢. As the echelon
holding cost of dummy items is zero, there are no other incurred costs in S3. Therefore,
cost(S3) = cost(Ss).

To complete the proof, it is enough to observe that given an a-approximated solution
Sy for 7, we obtain a solution Sy for Z; such that cost(S1) = (cost(S2) — > ,ev Ky)/l <
(- cost(Oy) = X ey Ky)/l = - cost(Or) + (a — 1) /1Y ey Ky < (a+¢€) - cost(Oy). O
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Chapter remarks

Despite considering integrated decisions on distribution and inventory control may lead to
significant economy, few works have considered such problems under the approximation
algorithms perspective. This chapter introduced the Production and Distribution Problem
(PDP), that aims at optimizing ordering, distribution and inventory holding costs in an
integrated manner. A variant of the PDP has already been considered by Pochet and
Wosley [116], that studied valid inequalities to strengthen integer linear programming
formulations of the problem. Here, we consider a different formulation, that resembles
those of the FLP and of the JRP, so that we are able to obtain an approximation algorithm,
using some ideas already applied in algorithms for these problems. This leads to a 2.77-
approximation for the version without retailer ordering costs, and a 5-approximation for
the version with retailer ordering costs. The PDP was studied under natural assumptions
that combine monotonically increasing holding costs, and metric distance functions.

Other considered supply chain problem is the OWMR with a more natural holding
cost structure, for which no constant approximation was known previously. We gave a
b-approximation based on a based on a novel primal-dual technique. This contribution
is two-folded since it provides a primal-dual algorithm for the OWMR, that was an open
question [91], and it improves the wave mechanism introduced by Levi et al. [90], giving
an example of a primal-dual technique that increases the dual variable using a more
sophisticated processes.

Moreover, we noted that an important subclass of the Submodular JRP can be reduced
to the Multistage Assembly Problem, and thus admits a constant approximation.






Chapter 5

Circle Packing Problems

This chapter presents approximation algorithms for circle packing problems. In the Circle
Bin Packing Problem, the objective is to pack a set of circles into the minimum number
of unit squares, and in the Circle Strip Packing Problem, the objective is to pack a set of
circles into a strip of unit width and minimum height.

Problem’s definition. 1In the Circle Bin Packing Problem, one is given a set of circles
C ={C4,...,C,}, such that each circle C; € C has radius r;, with 0 < r; < 1/2. A packing
of a subset of circles S C C into a bin is an arrangement of .S, such that the center of each
circle C; € S is associated to coordinates x;, y;, with r; < z;,y; < 1—7;, and no two circles
intersect, that is, it holds (z; — z;)*+ (y; —y;)* > (ri +1r;)? for every pair C;,C; € S. The
objective is to find a packing of all circles using the minimum number of bins.

In the Circle Strip Packing Problem, given a set of circles C, a packing of C into a
strip of height H is an arrangement of circles such that the center of each circle C; € C is
associated to coordinates x;, y;, with r; < x; < 1—1r;, r; <y; < H—r;, and no two circles
intersect. The objective is to find a packing of the circles into a strip of minimum height.

Summary of results. We give APTAS’s for both the Circle Bin Packing, and the
Circle Strip Packing. The bin packing problem is considered with resource augmentation
in one dimension, that is, we use bins of unit width and height 1+ , for some arbitrarily
small v > 0. These are the first approximations for these problems. As is common in
the literature of packing problems, we distinguish between “large” and “small” items.
However, this distinction is dynamic, so that one item may be considered small in one
iteration, but large in another. Two main novel ideas differ from the approaches for
rectangle packing: first, instead of packing large items using combinatorial brute force
algorithms, the packing of large circles is reduced to the problem of solving a semi-
algebraic system, what is done with the aid of standard quantifier elimination algorithms
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from algebra; second, to pack small items, the free space of previous packings is cut in
smaller bins, and the algorithm for large items is used recursively.

In Section 5.1, we review works on packing of circles and rectangles. In Section 5.2,
we discuss how to decide whether a set of n circles can all be packed in a rectangular bin
using algebraic quantifier elimination. In Section 5.3, an approximation algorithm for the
packing of “large” circles is given. In Section 5.4, we present APTAS’s for the Circle Bin
Packing Problem, and for the Circle Strip Packing Problem.

5.1 Literature review

Packing problems have a large number of applications, such as packaging of boxes in
containers, or cutting of material. For the special case that the items are equal circles,
applications include, for example, obtaining a maximal coverage of radio towers in a
geographical region [128]. In the literature of approximation algorithms, the majority
of the works considers the packing of simple d-dimensional items, such as squares and
cubes, into larger recipients, such as rectangular bins and strips. Most of these works are
interested in the asymptotic approximation ratio. The packing problems involving circles
are mostly considered through heuristics, and numerical methods.

Demaine et al. [47] proved that it is NP-hard to decide whether a set of circles can
be packed into a unit square, or into an equilateral triangle. Therefore, the Circle Bin
Packing Problem and the Circle Strip Packing Problem are also NP-hard. The problem
of finding the densest packing of equal circles into a square has been largely investigated
using many different optimization methods, such as continuous and nonlinear systems,
and discrete methods [23]. For an extensive book on this and related problems, and
corresponding used methods, see [128]. The case of non-equal circles is considered in [57],
that uses heuristics, such as genetic algorithm, to pack circles in a rectangular container.
The Circle Strip Packing has been considered using many approaches, such as branch-
and-bound procedures, metaheuristics, etc. For a broad list of algorithms for the Circle
Strip Packing, and related circle packing problems, see [69] and references therein.

For the problem of packing rectangles into rectangular bins, there is a sequence of
algorithms [13, 31, 39] that leads to a (1.525 + ¢)-approximation by Bansal et al. [13].
Recently, Bansal and Khan gave a 1.405-approximation [16]. For the bin packing of
d-dimensional cubes, Kohayakawa et al. [82] gave an asymptotic approximation ratio of
2—(2/3)%, later improved to an APTAS by Bansal et al. [14]. For a survey on bin packing,
see [40]. The best bound for rectangle strip packing problem is an APTAS by Kenyon
and Rémila [80]. For the 3-dimensional case, the first specialized algorithm for cubes has
asymptotic bound of 2.361 [110], and the best result is an APTAS due to Bansal et al. [15].
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5.2 Packing of circles through algebraic quantifier

elimination

In this section, we consider the following circle packing decision problem. We are given
numbers h,w € Q4, and a set of n circles C = {C,...,C,}, where circle C; has radius
ri, with 2r; < min{w, h}, 1 <i < n. The objective is to decide whether the circles can be
packed in a bin of size w x h (of width w and height k). In the case of a positive answer,
a realization of the packing should also be returned. More precisely, for each circle Cj,
1 < i < n, we want to find a point (z;,y;) € R that represents the center of C; in a
rectangle whose bottom-left and top-right corners correspond to points (0,0) and (w, h),
respectively.

The circle packing decision problem can be equivalently formulated as deciding if there
are real numbers z;,y; € Ry, 1 <17 < n, that satisfy the constraints

(i — )+ (yi —y;)2 > (ri+1;)? for1<i<j<n, (5.1)
r<x;<w-—r; for 1 <7 <mn, and
ri <y <h-—rnr; for 1 <3 <n.

Satisfying the set of constraints (5.1) guarantees that no two circles intersect, and satisfy-
ing the sets of constraints (5.2) and (5.3) means that each circle has to be packed entirely
in the bin that expands from the origin (0,0) to the point (w, h).

We observe that the set of 2n-dimensional real points that satisfy (5.1)-(5.3) is a semi-
algebraic set in the field of the real numbers. Thus, the circle packing decision problem
corresponds to deciding whether this semi-algebraic set is empty. We also can rewrite
the constraints in (5.1)-(5.3) as fi(z1,91,-.-,%n,yn) > 0, for 1 < i < s, where s is the
total number of constraints, and f; € Q[x1,y1, ..., %, ys] i a polynomial with rational
coefficients. Then, the circle packing problem is equivalent to deciding the truth of the
formula .

(Fz1)3y1) - .. Bxn) Byn) /\ filz1,91, -, Tny yn) > 0. (5.4)
i=0

We can use any algorithm for the more general quantifier elimination problem to
decide this formula. There are several algorithms for this problem, such as the algorithm
of Tarski-Seidenberg Theorem [129], that is not elementary recursive, or the Cylindrical
Decomposition Algorithm [41], that is doubly exponential in the number of variables.
Since the formula corresponding to the circle packing problem contains only one block of
variables (of existential quantifiers), we can use faster algorithms for the corresponding
algebraic existential problem, such as the algorithms of Grigor’ev and Vorobjov [60], or of
Basu et al. [19]. For an extensive book on algorithms for real algebraic geometry, see [18].
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Sampling points of the solution. Any of the algorithms above receiving formula (5.4)
as input will return “true” if, and only if, there is some arrangement of circles C in a
bin of size w x h. When the answer is “true”, we are also interested in a realization of
such packing. The algorithms in [19, 60] are based on critical points, that is, they also
return a finite set of points that meets every semi-algebraic connected component of the
semi-algebraic set. Therefore, a realization of the packing can be obtained by choosing
one of such points (that is a point that corresponds to a connected component where all
polynomials f;, 1 <1i < s, are nonnegative).

Typically, the sample points are represented by a tuple (f(x), go(2), ..., gx(x)) of k+2
univariate polynomials with coefficients in Q, where k is the number of variables, and the
value of the ith variable is g;(x)/go(z) evaluated at a real root of f(x) = 0. Since a point
in a semi-algebraic set could potentially be irrational, we use the algorithm of Grigor’ev
and Vorobjov [60], for which we have go(z) = 1, and thus an approximate rational solution
of arbitrary precision can be readily obtained. In particular, the algorithm given in [60]
implies the following result.

Theorem 5.1. Let fi,..., fs € Qz1,y1,. .., Tn, Yn| be polynomials with coefficients of bit-

size at most m, and maximum degree 2. There is an algorithm that decides the truth of

0(1) ;0

formula (5.4), with running time m®WYs ("*) . In the case of affirmative answer, then the

algorithm also returns polynomials f, g1, hi, ..., gn, hn € Q[x] with coefficients of bit-size
OW 50 and mazimum degree s°™, such that for a root x of f(x) = 0, the
attribution 1 = g1(x),y1 = h1(2),..., Ty = gu(T),yn = hn(x) is a realization of (5.4).

Moreover, for any rational a > 0, we can obtain z',y1, ..., zhy., € Q, such that |z, —x;| <
O(n?)

at most m

a and |y — yi| < a, 1 < i <n, with running time (log(1/a)m)°Ws

5.3 Approximate bin packing of large circles

In this section, we consider the particular case of Circle Bin Packing when the minimum
radius of a circle is at least a constant. For this case, the maximum number of circles that
fit in a bin is constant, so we can use the algorithm of Theorem 5.1 to decide whether a
given set of circles can be packed in a bin in constant time.

Since Theorem 5.1 only gives us rational solutions that are close to real packings,
we start with the next definition to deal with approximate circle bin packings. In the
following, we denote by dist(p, ¢) the Euclidean distance between two points p, g in the
bi-dimensional space.

Definition 5.1. Let w,h € Q4 be positive numbers, and let C = {C4,...,C,} be a set
of circles, such that each circle C;, 1 <1 <n, has radius r; € Qy, and 2r; < min{w, h}.
For a given rational € > 0, we say that a set of points P = {p1,...,pn}, with p; = (x4, y;),
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1 <i<n, is an e-packing of C into a rectangular bin of width w and height h, if the
following hold:

dist(p;,p;) >ri+r;—e>0 forl1<i<j<n,
ri—e<xy<w-—r;+e¢ for1 <i<mn, and
ri—e<y; <h—r,+¢ for1 <11 <n.
We adopt the following strategy to fix the possible intersections of an approximate bin

packing. For any two circles that intersect, the one with largest y-coordinate is lifted by
an appropriate distance, as defined next.

Lemma 5.1. Let ry,7r9,h,e be positive numbers such that ch < ri + 1o < h, and
= (x1,11), P2 = (x2,y2) be points in the bi-dimensional space. If there hold yy > ya,
dist(p1,p2) > 11 + 19 —eh, and p} = (x1,y1 + V2eh), then dist(p}, pa) > r1 + ro.

Proof. By direct calculation,

dist(ph, p2) = V(@1 — 22)” + (31 + V2eh — )’
— \/(:1:1 —29)% 4 (y1 — y2)* + Q@h(yl — Yo) + 2eh?
= \/dist(pl,p2)2 + 2v2eh(yy — 12) + 2eh?
> \/(7’1 + 1y —eh)? + 2eh?
= \/(rl +19)? — 2eh(ry + ro) + €2h? 4 2ch?
> 11+ 7o,

where the last inequality follows since 1 + 19 < h. O

To transform an e-packing into a packing in a bin of augmented height, we shift all
circles that intersect the left and right borders, and iteratively lift each circle, fixing
possible intersections. This is formalized in the following.

Lemma 5.2. Given a set of circles C = {C4,...,Cy,}, such that each circle C;, 1 < i <n,
has radius r; € Q4 , and 2r; < min{w, h}, and a corresponding (eh)-packing of C in a bin
of width w and height h for some e € (0, 1], we can find a packing of C in a bin of width w
and height (1 +n\/6)h in linear time.

Proof. For 1 <i < n, let p; = (x;,y;) be the center of circle C; corresponding to the (¢h)-
packing. We start by modifying the given (¢h)-packing to obtain a (3¢h)-packing in a bin
of width w and height h + 2¢h, with the additional property that no circle intersects a
border of such rectangular bin. For each 1 < i < n, let p, = (x},y}) be the center of circle
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C; in the modified packing. The y-coordinate is defined as y, = y;+¢, and the z-coordinate
is defined as: z = w; if C; does not intersect the left or right border; z; = r; if C; intersects
the left border; and x} = w — r; if C; intersected the right border (notice that C; cannot
intersect both the left and the right borders, since 2r; < w). Clearly, the definition of the
centers guarantees that no circle intersects any border of the augmented bin. To see that
the set of points p} is a (3eh)-packing, just note that any two circles C;, C; are lifted by the
same distance, so by the triangle inequality dist(p}, p}) > dist(p;, p;) —2eh > r;+7r; —3¢ch.

Now, we transform the (3eh)-packing into a packing in a bin of width w and height
h+ 2eh + (n — 1)v/6eh < (1 + nv/62)h. We can assume, without loss of generality, that
circles ', ..., C, are ordered in non-decreasing order of the y-coordinate of their centers
p,. For every circle C;, 1 < i < n, define its new center as p} = (2}, v} + (i — 1)v/6eh).
Notice that the y-coordinate of the last circle is increased by (n — 1)v/6eh, and thus no
circle intersects any of the borders. Now, we show that no two circles C; and Cj, with
1 < j <1 < n, intersect, then the lemma will follow:

dist(pf, p}) = dist((zf, y; + (i = 1)V6eh), (], + (j — 1)V6eh))
= dist((x}, v, + (i — j)V6eh), (], 1))
> dist((x}, y; + V6eh), (2,4)) > ri + 15,

where the last inequality follows from Lemma 5.1, and since we had a (3¢h)-packing. [

Definition 5.2. Let w,h € Q4 be positive numbers, and let C = {C1,...,C,} be a set of
circles, such that each circle C;, 1 <1 <n, has radius r; € Q4 , and 2r; < min{w, h}. We
denote by OPT,,x,(C) the minimum number of rectangular bins of width w and height h
that are necessary to pack C.

Now, we obtain an approximation algorithm for the bin packing of large circles. That
is, assuming that the minimum radius of a circle, ¢, is at least a given constant. First,
Lemma 5.3 consider the special case that the number of different radii is bounded, and
obtain a bin packing using at most the optimal number of bins, OPT(C). Then, Theo-
rem 5.2 reduces the general case to the case of bounded number of radii, and obtain a
bin packing using at most an additional e fraction of OPT(C). The ideas of the following
results are similar to those obtained for the rectangle bin packing [55]. In the following,
we will denote the area of the circle of radius r by Area(r).

Lemma 5.3. Let w,h € Qy be positive numbers, and let C = {C1,...,C,} be a set of
circles, such that each circle C;, 1 < i < n, has radius r; € Q, and 2r; < min{w, h}.
Also, let K = |{r1,...,mn}| be the number of distinct radii, and let § = minj<;<, ; be
the minimum radius. For any given v € (0, 1], we can obtain a packing of C in at most
OPTy,xn(C) rectangular bins of width w and height (1 + ~)h.
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The running time is O(n 4 (logn)°W (MF)OM™)  (log(1/~))°M (M2)OM) ALK | for
M = [wh/Area(d)].

Proof. Notice that a bin of width w and height h can contain at most M = [wh/Area(6)]
circles of C. Consider an ordering of distinct radii r1,...,7x. We say that a vector of
nonnegative integers ¢ = (ci,...,cx), with >%, ¢; < M, is a configuration, and that ¢;,
1 < i < K, is the number of circles with radius 7; of ¢. A configuration ¢ is said to be
feasible if there is a packing in a bin of width w and height A containing all circles of c.

Let ¢ = 7?/(6M?), and let a = eh/4. We enumerate each of the (at most M)
configurations ¢, and use the algorithm of Theorem 5.1 to decide whether ¢ is feasible.
For each feasible configuration ¢, we also obtain an approximate packing, such that each
circle of ¢ has rational center p’ at distance at most 2« of the center p in the packing
realization. Therefore, for any two circles, with centers p; and ps in the packing realization,
and approximate rational centers p} and pj, we have dist(p, p2) — dist(p), ph) < 4a = eh.
This means that the obtained approximate packing is an (£h)-packing of circles in ¢. For
each feasible packing, we use Lemma 5.2, and obtain a packing of the circles of ¢ in a
rectangular bin of width w and height (14+M+/6)h = (14+7)h. Let X be the set of feasible
configurations, and let n;, 1 < i < K, denote the number of circles in C with radius r;.
Solving the following integer program, we obtain a bin packing of size OPT,,«(C) that
contains z. bins of configuration ¢ for each ¢ € X.

minimize Y ocex Te
subject to Y .cxcite >ny, 1 <1< K
Te - Z+ Cc € X

The integer program has at most M variables, and bit-size O(K M log(n)), and
thus can be solved in time O((logn)?W(M&)OM ) 1y Lenstra’s algorithm [88]. The
time to determine if each of the at most M* configurations is feasible using Theorem 5.1
is O((log(1/a))°M (M2)°M*)) = O((log(1/~))°D (M?)°M*)). Summing up all terms, we
obtain the claimed running time. O

Theorem 5.2. Let w,h € Q, be positive numbers, and let C = {C1,...,C,} be a set of
circles, such that each circle C;, 1 < i < n, has radius r; € Q4, and 2r; < min{w, h}.
Also, let 6 = minj<;<, r; be the minimum radius. For any given €, € (0,1], there is an
algorithm that packs C into at most (1 + €)OPT,xx(C) rectangular bins of width w and
height (14 v)h.

The runmng time of the algorithm is bounded by O(nlogn + (logn)°M (M*)O (MF) 4
(log(1/7))°M (M2)CM*) MEY where M = [wh/Area(8)], and K = [2/(cArea(d))].

Proof. If n < K, then we use the algorithm of Lemma 5.3 on instance C, and obtain a
packing of C in at most OPT,,.,(C) rectangular bins of width w and height (1 + ~)h. If
n > K, then we let @ = [enArea(d)] > 1, and execute the following steps:
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1. sort the circles in non-increasing order of radius;
2. partition C in groups of up to ) consecutive circles greedily;

3. create an instance C’ by changing the radius of each circle in C to the smallest radius
of its group;

4. use the algorithm of Lemma 5.3 to find a packing of C’.

We have obtained a packing P’ of C’ of size OPT,,+,(C’) into rectangular bins of width w
and height (1 + v)h. Notice that, with exception of circles in the first group, every
circle in C can be mapped to a circle in C’ of non-smaller radius, thus we can obtain a
packing for C with the following steps: pack each circle in the first group in a new bin;
for every other circle, pack at the position of the mapped circle in P’. Thus, we have
obtained a packing of C that uses at most OPT x4 (C") + @ < OPT,x1(C) +enArea(d) <
(1+¢)OPTy,xx(C) bins.

If n < K, then clearly the number of different radii in C is at most K, otherwise the
number of different radii in C" is at most [5] = [W] < |75nA'r’ea(6)—| = K. In either

case, the running time due to algorithm of Lemma 5.3 is O(n + (logn)°M (MK)OM™) 1

(log(1/7))0M (M?)°MI M), 0

5.4 An asymptotic PTAS for circle packing into rect-
angular bins

In this section, we consider the bin packing problem of circles of any size. The main idea
works as follows. First, we will use the algorithm from Section 5.3 and obtain a packing
of “large” circles into bins of the original dimensions. Then, we consider bins with a small
fraction of the original size, and solve the problem of packing the “small” circles in such
bins recursively. To obtain a solution of the original problem, we place each obtained
small bin into the free space of the packing obtained for large circles. The key idea is
that, if the dimensions of the small bins are much smaller than the large circles, then the
waste of space in the packing for the large circles is proportional to a fraction of the area
of the large circles. Moreover, if the size of such small bin is also much larger than the
small circles, then restricting the packing of small circles to small bins does not increase
much the cost of a solution.

In the following, if B is a circle or rectangle, then we denote by Area(B) the area of
B. Also, if D is a set, then Area(D) = Y. gcp Area(B). We formalize the packing steps
in Algorithm 5.1. An informal description is given thereafter.
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Algorithm 5.1. Circle Bin Packing Algorithm
Consider the parameters r and 7, such that r is a positive integer multiple of 3, and ~

a number in (0, 1]. The algorithm receives a set of circles C = {C1, ..., C,}, and numbers

w, h, such that w < h, and hr/w is an integer. Moreover, each circle C;, 1 < i < n, has

radius r; € Q,, with 2r; < w. The algorithm returns a packing of C into a set of bins of
width w and height (1 + ~)h.

© X N>

10.

AR I .

Let e = 1/r;

For every integer i > 0, define G; = {C; € C : %w > 2r; > 2(Hy};
For each 0 < j < r, define H; = {C € G, : i =j (mod 7)};

Find an integer ¢ such that Area(H;) < cArea(C);

Place each circle of H; into its bounding box, and pack them in separate bins of
width w and height (1 + ~)h using NFDH strategy [107];

For every integer j > 0, define S; ={C € G, :t+(j—1)r+1<i<t+jr—1};
Define wy = w, hg = h and w; = h; = 20—y for every j > 1;

Let Fy = 0;

For every 7 > 0:

(a) Use the algorithm of Theorem 5.2 to obtain a packing of circles S; into bins of
width w; and height (1 + y)h;. Let P; be the set of such bins;

(b) Let A; be a set of max{|P;| — |F}|,0} new empty bins of width w; and height
(1+)hy;
(c) Place each bin of P; over one distinct bin of F; U A;;
(d) Set Fj41 =0, and U; = 0;  (U; is used only in the analysis)
(e) For each bin B of F; U A;:
e Let V be the set of bins corresponding to the cells of the grid with cells of
width wj4; and height (1 + y)h;4q over B;
e Add to Fj; all bins in V' that do not intersect any circle of S;.
e Add to U; all bins in V' that intersect a circle of ;.

(f) If all circles are packed, go to step 10.

Place the bins Ag, A, ... into the minimum number of bins of width w and height
(1+~)h.

Notice that if hr/w is not integer, then after the first iteration of the algorithm, we

could round up the height hgy of the bins in Py to next integer multiple of w/r. Since the

obtained solution has the property that all circles S; are completely packed in a bin of the
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H;:
So: Go, ... G Gy
Si: Gitr, Giya, - Gpr1 | Gigr
Sy: Gt+r+17 Gt+r+27 e Gt+2r—1 Gt+2r

Sj3 Gt+(j—1)r+17 Gt+jr+27 Gt+jr—1 Gt+jr

Figure 5.1: Partitioning of circles

corresponding group P;, we can modify such solution, by moving the rounded bins in P;
to new bins of the original height, with additional cost of at most 1/r|Py| < eOPT(C).
For the sake of clarity, from now on we assume that hr/w is integer.

The algorithm partitions the set of circles into sets Hy, Sy, S, .. ., as in Figure 5.1. For
cach j, we consider the subproblem of packing the circles of S; into bins of size w; x h;.
The circles in S; are large when compared to bins of size w; X hj, and so we can use
algorithm of Theorem 5.2. Notice that the bins considered in the next iteration have size
w41 X hji1, and are much smaller than the circles of S;. Also, since the circles in H,; are
considered separately, each remaining unpacked circle (of Sjy1,Sj42,...) fits in a bin of
size wjy1 X hjpi. Figure 5.2 illustrates this process.

In each iteration j > 0, the algorithm keeps a set F} of free bins of size w; x (1 +7)h;
obtained from previous iterations. We obtain a packing of circles of S; into a set of
bins P;. Then, we place such bins over the free space of I}, or over additional bins A;, if
necessary. The set of sub-bins of F; U A; of size w;41 X (1+7)h;4+1 that intersect circles of
S; are included in the set U;, and the remaining sub-bins are saved in Fj; for the next

First, the large circles are packed using algebraic quantifier elimination algorithms.
Then, the bins are divided in small sub-bins, and those that intersect any large circle are
marked as used (shaded squares). Finally, the remaining circles are packed recursively,
and placed over the free space of original bins, or over new bins.

Figure 5.2: Recursive packing
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iteration. The algorithm finishes when all circles are considered, and the created bins
Ap, Ay, ... are combined into bins of original size.

Consider a bin B of width wp and height hg. Given w and h, we say that B divides
wx h if either wg = w, and hg = h, or wg = hg = 2t+E="D)+1y for some j > 1. If Dis a
set of bins, then we say that D divides w x h if every B € D divides w x h. In what follows,
we assume that we have run Algorithm 5.1, giving as input positive numbers w, h € Q.
with w < h, a set of circles C = {C},...,C,}, such that each circle C;, 1 < i < n, has
radius r; € Q,, and 2r; < min{w, h}, and parameters r € Z,, v € (0, 1].

Definition 5.3. Let j > 0. If B is a bin that divides w x (1 4+ v)h, then we denote by
Gr;(B) the set of bins in the grid with cells of width w; and height (1+)h; over B. Also,
if D is a set of bins that divides w x (14 ~)h, then Gr;(D) = UpepGr;(B). Similarly, if
B’ is a bin that divides w X h, then we denote by Gr;(B’) the set of bins in the grid with
cells of width w; and height h; over B', and, if D' is a set of bins that divides w X h, then
GI‘;(D,) = UBIGD/GI';-(B/).

Definition 5.4. Let B be a rectangle or circle. We denote by Ar(B) = Area(B)/((1 +
y)wh) the proportional area of B over bins of width w and height (1+~)h, and by Ar'(B) =
Area(B)/(wh) the proportional area of A over bins of width w and height h. Also, if D
is a set of rectangles or circles, then Ar(D) =Y gcp Ar(B), and Ar'(D) = Y. gep Ar'(B).

Step (9) of Algorithm 5.1 does not generate bins of width w and height (1 + ~)h.
Rather, it creates a collection of sets Ag, Ay, ... that divide w x (1 + v)h. However, since
each created bin has dimensions that are obtained by multiplying a power of 1/r times
the original dimensions, they can easily be combined in a set of bins of width w and height
(1 4+ v)h using almost the same area. This is made precise in the following remark.

Remark 5.1. If there is a packing of C into a set of bins D that divides w x (1 4+ 7)h,
then there is a packing of C in [Ar(D)] bins of width w and height (1+~)h. Analogously,

if there is a packing of C into a set of bins D' that divides w x h, then there is a packing
of C in [Ar'(D')] bins of width w and height h.

For some j, the area of U; is not fully used, since there might be cells of U; that
partially intersect circles of S;. This waste is bounded by the following lemmas.

Lemma 5.4. Let C; € S; be a circle packed in a bin B that divides w x (1 + )h, and
let D C Grj1(B) be the subset of bins in the grid that intersect circle C;, but are not
contained in C;, then Ar(D) < 16sAr'(C;).

Proof. Each B € D has width w;; = 2"+ and height hj,, = (1 + )21y,
Also, since C; € Sj, then 2r; > e2t+3m)q. Consider the circles C' and C_, centered at the
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same position as C;, and with radii ry = r; + w;q1 + hjp1, and 7— = r; — wjp — hjqg.
Notice that every B € D is contained in C \ C_. We obtain

Area(D) < Area(Cy) — Area(C-) = w(r? —r?)
< ((1 +2+(147)2)2 - (1 -2 —(1+ ’7)26)2) mr?
< (14 v)16eArea(C;).

Therefore, Ar(D) = Area(D)/((1 + v)wh) < (16eArea(C;))/(wh) = 16eAr'(C;). O
Similarly, one obtain.

Lemma 5.5. Let C € S; be a circle packed in a bin B that divides w X h, and let
D C Gl ,(B) be the subset of bins in the grid that intersect circle C, but are not contained

in C. Then Ar'(D) < 16eAr'(0).

The following lemma shows that requiring that each set of circles S; be packed into
bins of size w; x h; does not increase much the solution cost. This fact is central to the
algorithm, since it allows iteratively packing sets S;’s.

Lemma 5.6. There is a packing of C \ Hy into a set of bins D that divides w x h with
Ar'(D) < (14 28¢)OPTy,xn(C), such that for every j > 0, there is a packing of S; into a
set of bins Pj C Gr(D).

Proof. We transform an optimal packing Opt of C into a packing D with the desired
properties. The idea is moving circles of S; that intersect lines of the grid of size w; x h;
to free bins that respect the grid. The next algorithm keeps the invariant that, at the
start of iteration j > 1, the set R; contains free space to pack all such intersecting circles.
Steps (3a)-(3c) move intersecting circles to bins of R;, and steps (3d)-(3f) make sure that
there are enough free bins in R;; respecting the grid of size wj;1 X hjyq.

1. Let R; be a set of 12e(wh)/(wy1hy)|Opt| new bins of width w; and height hy;
2. Let Dy = Opt U Ry;
3. For each 7 > 1:

(a) Let L; = 0;
(b) For each bin B € Gr)j(Opt):
i. Let W be the set of circles in S; that intersect the boundary of B;

ii. Let V be a set of 4 new bins (2 of width 3cw; and height h;, and 2 of
width w; and height 3eh;) placed over the boundary of B, so that each
circle in W is contained in one bin of V' (see Figure 5.3);

iii. For each cell B" € Gr/,,(V), let ¢(B’) be the cell of G1’,,(Opt) under B';
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Each circle of W has diameter at most ew;. To rearrange the rectangles into bins
of size w; x w; (of R;), we use one side of length w;. To ensure every circle is in a
rectangle, the other side has length 3cw; (see lower circle).

Figure 5.3: Circles that intersect grid lines

iv. Remove each circle of W from the packing D; and pack it over one bin of

V preserving the arrangement;
v. Add V to Lj;

(c) Make groups of r/3 bins (of equal sizes) of L; forming a new bin of width w;
and height h;, and place this bin over one distinct bin of R;;

(d) Let Ry = 0;
(e) Let N; = 0;
(f) For each bin B € Grj41(L;), consider the cases:

i. If B does not intersect any circle of S;, then add B to R;41;
ii. If B is contained in some circle of S;, then add ¢(B) to Rj41;

iii. If B intersects, but is not contained in a circle of S;, then create a new bin
of width w;4, and height h;;; and add to R;;4, and to Nj;

(h) C\ Hy =5 U---US;, make D = D;, and stop.

We will show that D is a bin packing of C.

First, notice that Area(L;) = Area(R;) for every j > 1. Indeed, we have |Gr;(Opt)|
|Opt|(wh)/(w;h;), and for each bin B in Gr’;(Opt), we create a set V' such that Area(V)
4 - 3ew;h;, so Area(L;) = 12e(wh)|Opt| = Area(R;). Also, notice that Area(R;i11) =
Area(L;), since for each B € Grji1(L;), Area(R;4+1) is increased by Area(B). This is
clear if steps (3(f)i) and (3(f)iii) are executed, so it enough to show that, if step (3(f)ii) is
executed for bins B, B' in Grj41(L;), with ¢(B) = ¢(B’), then B = B’. By the definition
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in step (3(b)iii), B and B’ must intersect the same region of a circle in S;. Since each
such circle is contained in exactly one rectangle of L;, it follows that, indeed, B = B’
Then Area(Rj;+1) = Area(Lj). Therefore Area(R;) = Area(R;) for every j > 1.

Now, we show that, at the end of iteration 7 > 0, the following claims hold:
1. D; is a packing of C;

2. for each ¢ = 0,...,j, there is a packing of Sy into a set P, C Grj(D;) of bins of
width w, and height hy;

3. the bins in Rj; € Gr;j;1(D);) do not intersect any circle of C.

By induction on j. For j = 0, the claims are clear. So let 7 > 1, and assume that the
claims are true for j — 1.

Proof of claim 1: Clearly, L; is a packing of the circles that were removed from the
original packing D;_;. Since r is a multiple of 3, the step (3c) is well defined, and thus
we can place rectangles of L; over bins of R;. After step (3c), we have a bin packing of
C, since by the induction hypothesis, at the beginning of iteration j, the set R; did not
intersect any circle. This shows claim 1.

Proof of claim 2: Since, at the end of iteration, each circle of S; that intersected a
line of the grid Gr;(D;_1) is completely contained in a bin of R; C Gr;(D,), we obtain
claim 2.

Proof of claim 3: If step (3(f)i) or step (3(f)iii) is run, then we add a free bin to R,4.
Thus, we only need to argue that whenever step (3(f)ii) is run, the bin ¢(B) does not
intersect any circle. Let C' be the circle that contains B, so that at the beginning of the
iteration, ¢(B) was contained in C. Since C' was moved to L;, ¢(B) does not intersect
any circle when step (3(f)ii) is run. This completes the induction.

Finally, we may calculate the cost of the modified solution D. Let m be the number
of iterations of the algorithm. Notice that D is the disjoint union of Opt, Ry, Ny, ...,
N,,. We get

Ar'(D)

Ar'(Opt) + Ar'(Ry) + 271, AY'(N;)

< Ar'(Opt) + 12e(wh)|Opt| /(wh) + 372, 16eAx'(S;)
< Ar'(Opt) + 12eAr’ (Opt) + 16eAx'(C)

— (1 + 282)OPTy(C),

where the first inequality comes from Lemma 5.5. m

In addition to requiring that each set of circles S; be packed into bins of the grid with
cells of width w; and height h;, we also require that the bins used to pack Sj;1, 542, . ..
do not intersect circles of Sy, ...,S;_1. Again, this restriction only increases the cost of a
solution by a small fraction of the optimal value, as shown by the next lemma.
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Lemma 5.7. There is a packing of C \ H; into a set of bins D that divides w X h with
Ar'(D) < (1+442)OPTyx1(C), such that for every j > 0, there is a packing of S; in a set
of bins Pj’ - Gr;(D). Moreover, if B € PJ{, then B does not intersect any circle C; € Sy
fort <j.

Proof. We start with a solution D’ given by Lemma 5.6, and corresponding bin packings
P; for each j. Without loss of generality, we assume that for each B € P}, there is a circle
C; € S; packed in B, since otherwise we could simply remove B from Pj. We execute the
following steps:

1. Let P = P}, and D = D";
2. For each 5 > 1:

(a) Let V C Gr)(D) that intersect a circle C; € S;_1, but is not contained in C.

(b) Create a set V' of |V'| new bins of width w; and height h;, and move the circles
in V' to V' preserving the arrangement.

(c) Let P/ = P;UV’ and add V' to D.

(d) fC\H = S,U---US;, stop.

Clearly the output of this procedure is a bin packing of C, and a simple induction
shows that at the end of iteration m, for every j < m, set P C Gr(D) is a bin packing
of Sj, and for every B € P}, B does not intersect any circle C; € S, for ¢ < j. Using
Lemma 5.5, we obtain

Ar'(D) < AY(D') + X ;50 166AY'(S))
(1 + 28)OPT(C) + 16:OPT(C)
= (

1 + 44¢)OPT(C). 0

<
<

Now we are ready to calculate the cost of the solution generated by Algorithm 5.1.

Lemma 5.8. Algorithm 5.1 produces a packing of C into bins of width w and height
(1 +7)h using at most (14 O(g))OPTyxn(C) + 2 bins.

Proof. Let D be the packing of C obtained from Lemma 5.7, and let sets P}, j > 0, be
the packings obtained for each S;. Notice that for each j > 0, OPTy, s, ( i) < |Pjl.
Recall that Algorithm 5.1 uses Theorem 5.2 to obtain a packing P; of S; with |P;| <
(1+€)OPT,y;xn,(S;) bins. Therefore, |P;| < (1+4-¢)|Pj|, and thus Ar(P;) < (1+6)Ar’(P’)

First, we show that for every m > 0, we have Ar(F,,) = X" Ar(A4;) — X" Ar(U;).
By induction on m. For m = 0, the claim is clear, so suppose that the claim is true for
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some m > 0. We have,
Ar(F41) = Ar(F,, U A,) — Ar(Uy,)
= Ar(F,,) + Ar(A4,,) — Ar(U,,)
=Y Ar(A)) — S Ar(U)) 4 Ar(Ay) — Ar(Un)
= E}n:o Ar(Aj) - Tzo Ar<Uj)-
Now, we show that for every m > 0, we have ¥7',Ar(4;) < (1 + ¢)Ar'(D) +
15e 370 Ar'(S;). Again, by induction on m. The case m = 0 is clear, so suppose that

this is true for m > 0. We consider two cases. If |A,,+1| = 0, then by the induction
hypothesis we have

Y Ar(4;) = X Ar(4;)
< (14¢e)Ar'(D) + 15e 7Ly Ar'(S))
< (14 e)Ar'(D) + 152 Y4 Ar'(S)).
If |Apg1]| > 0, then we know that Ar(A,,1) + Ar(Fi1) = Ar(P11), so we get
S Ar(Aj) = X0 Ar(A)) 4+ Ar(Anq)
= (XfLo Ar(Uj) + Ar(Foni1)) + (Ar(Pnga) — Ar(Fo)
< (1+16¢) X7, AY'(S)) + (L +e)Ar' (P, ;)
= (1+e)(Xi AY'(S)) + AY(P), 1)) + 152 20 AT'(S))
< (14 e)Ar'(D) + 152 Y4 Ar'(S)).
The first inequality comes from Lemma 5.4, and the second inequality comes from the

fact that bins in P, do not intersect circles in Si,... Sp,.
It follows that the total area of bins used for circles in C \ H; is

< (14 ¢€)(1+ 44e)OPT(C) + 15eOPT(C)
< (1 4+ 105¢)OPT(C).

For the circles in H;, we used the NFDH algorithm to pack the bounding boxes of the
circles, thus the density of the packing in each used bin of width w and height (1 + 7)h,
with the exception of the last, is at least 1/4. Since each circle occupies a fraction of 7/4
of its bounding box, the total number of bins used for H; is bounded by

[4-4/mAr(Hy)] < [4-4/7eAr(C)] < [16/7OPT(C)].

Therefore, noticing that the sets of bins Ag, Ay, ... divide w x (1++)h, we obtain that

the total number of bins of width w and height (1 + v)h used to pack C is

[(1+ 1052)OPT(C)] + [16/72OPT(C)] < (1 + 111e)OPT(C) + 2. O
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Next, we show that the running time of Algorithm 5.1 is polynomial.

Lemma 5.9. Suppose h/w = (1/¢)°Y/4). For any constants r and =y, the running time
of Algorithm 5.1 is bounded by O(n?).

Proof. Notice that in an implementation of Algorithm 5.1, we only run step (9) for non
empty sets S;. In each such iteration, we only need to account for the running time of
step (9a), and the running time to pack the bins of P; in free space of current bins.

We consider the following alternative (equivalent) procedure for step (9a): scale each
the radius of each circle in S; by 1/w; and obtain set S}; run algorithm of Theorem 5.2
with the scaled S} and bins of width 1 and height h;/w; < h/w, and obtain pack-
ing P}; scale the obtained packing P} by w;, and obtain packing P;. Let 0§ = gt
and notlce that, for every j, each circle in S} has radius at least e*"*/"w/(2w;) =
g2ty /(2e20+0-UNHy) = 5. Let K = [2/(eArea(5))] = (1/¢)°1V/9) and M =
[(1-h/w)/Area(§)] = (1/e)°1/9). Therefore, from Theorem 5.2 we get that the total
running time of step (9a) is O(n (log n)°M), for constants r and 7.

To pack a bin of P;, j > 0, we need to find one element Gr;(Ay U --- U A;_1) that
is not in Uy,...,U;_q, that is, finding a grid cell that does not intersect any circle of
SoU---US;_1. To verify whether a grid cell intersects a circle of S;, 0 < ¢ < j —1, it
is enough to list the elements of U, that intersect the border of the circle. There are at
most (1/£)°W) such elements per circle, so at most n(1/¢)°1) elements are listed to find
each free cell. Therefore, all bins can be packed in time O(n?(1/¢)°W). O

Combining Lemmas 5.8 and 5.9, we obtain the following result.

Theorem 5.3. Let w,h € Q4 be positive numbers, and let C = {C4,...,C,} be a set of
circles, such that each circle C;, 1 < i < n, has radius r; € Qy, and 2r; < min{w, h}.
For any given constants ¢,y € (0,1], we can obtain a packing of C into at most (1 +
€)OPT ,ur(C) + 2 rectangular bins of width w and height (1+~)h. The algorithm runs in
time O(n?).

Proof. If h/w < 1/£%, the theorem is immediate, so assume h/w > 1/&%

Consider an optimal solution Opt of bins of width w and height ~. We will transform
this solution into a packing of bins of width w and height w/e. First, split each bin of Opt
in sub-bins of width w and height w/e. Then, remove all circles that intersect consecutive
sub-bins. The total area of removed circles is at most |Opt|(w-2w)|h/(w/e)| < |Opt|2whe.
Finally, place the removed circles into their bounding boxes and pack them into additional
bins of width w and height w/e using NFDH strategy. Since each additional bin has
density of at least /16 (with exception of the last), the number of such bins is bounded
by [(16/7|Opt|2whe)/(w(w/e))]. Therefore, we know that OPT\ /. is bounded by
|Opt|[h/(w/e)] + [(16/7 |Opt|2whe) /(w(w/e€))] < (1 + O(e))|Opt|(h/w) e + 2.
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Now, we use Lemma 5.8 and obtain a packing of C in bins of width w and height
(14 v)w/e of cost at most

(1+0(€))OPTyxwse +2 < (1 4+ 0O(¢))|Opt|(hjw) € + 4.

By joining each group of |h/(w/e)] bins, we obtain a packing into bins of width w and
height (1 4 ~)h of cost at most

(1+ 0(e))|Opt|(h/w)e + 4
Lh/(w/e)]

where the inequality follows from the fact that h/w > 1/¢%, and assuming ¢ sufficiently

< (14 0(¢))|Opt| + 2,

small. To complete the theorem, it is enough to notice that the running time is given by
Lemma 5.9. H

It is now straightforward to extend this theorem to the Circle Strip Packing.

Theorem 5.4. Let C = {C4,...,C,} be a set of circles, such that each circle C;, 1 <i <
n, has radius r; € Qy, and 2r; < 1. For any given constant ¢ € (0,1], we can obtain a
packing of C in a strip of unit width and height (1+e)OPTS(C)+O(1/¢), where OPTS(C)
is the height of the minimum packing of C in a strip of unit width. The algorithm runs in
time O(n?).

Chapter remarks

While there are many works that give approximation algorithms for problems of packing
rectangular items in square bins or in a strip, the packing of circles is done mostly through
heuristics and other numerical methods. One obstacle to obtain good approximation
algorithms is the difficulty of bounding the unused free space between “large” circles.
This chapter presents a novel iterative packing algorithm to smartly use this free space,
leading to the first approximation algorithm for these natural circle packing problems.
Indeed, we give APTAS’s for the Circle Bin Packing and for the Circle Strip Packing.



Chapter 6

Concluding remarks

Though this work was led from the theoretical perspective, it tackled problems that rise
through all the decision-making process of a supply chain. These decisions may include,
for example, packing items for later transportation, coordinating to where and when to
place orders for the inventory replenishment, and deciding where to install facilities of a
distribution network. Obtaining approximation algorithms for these problems does not
only provide solutions with guaranteed quality, but also helps unveiling ideas that find
practical applications in the industry. This thesis presented approximation algorithms for
a broad list of problems that appear in many areas of a supply chain. Several techniques
are proposed, and for some of the considered problems, no constant-factor approximations
were known before. A listing of the obtained results follows.

— A lower bound on the approximation factor of 2.04 to the SMFLP is given, and it
is shown that a standard LP-rounding algorithm achieves this factor, and thus has
the best possible factor for this problem.

— The upper bound factor-revealing programs (UPFRP) are introduced. They allow
one to derive an approximation factor directly from a straightforwardly obtained
linear program, in opposition to long proofs that depend on guessing a general dual
solution for the lower bound factor-revealing programs.

— Using UPFRP’s, we showed that primal-dual algorithms that achieve factors 1.861,
1.61, 1.52, and 1.575 for the MFLP [72, 104], have factors 2.87, 2.43, 2.17, and 2.04
for the SMFLP. Also, we showed that the algorithm with factor 1.861 is, in fact, a
1.816-approximation for the MFLP, and this factor is very tight.

— More general facility location problems whose distance functions are either the power
of a metric, or satisfy other relaxed metrics, are studied. We give constant approx-
imations for these generalized problems.
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— The continuous version of the FLP, when facilities may be opened in any point of
the space, was reduced to the corresponding discrete problem, by using the so called
approximate center sets.

— Approximate center sets for the L§-norm, for o > 1, are given. This distance
function corresponds to the Euclidean norm raised to a power o, and no approximate
center sets for this function were known previously. Using these center sets, and
other results from this thesis, constant approximations for ConFL with this norm
for a > 1 are given. For the particular case of a = 1, we obtain a PTAS. Also using
the center sets, we obtain a PTAS for the k-clustering problem with L§-norm.

— A 2.77-approximation for the PDP based on a combination of diverse LP-rounding
techniques is given. This is the first approximation for a problem that integrates
transportation and inventory management problem with dynamic allocation of ware-
houses to retailers.

— A 5-approximation for the variant of the PDP with retailer ordering costs is given.
This algorithm combines the shift procedure used for the OWMR [91] with an
involved filtering technique.

— We considered the OWMR with independent retailer and warehouse holding costs,
and gave a b-approximation based on a novel primal-dual approach, that extends
the wave mechanism used for the JRP [90]. This answers positively the question
whether OWMR admitted a primal-dual approximation [91], and gives the first
constant approximation for OWMR under this holding cost model.

— We notice that the Multilevel JRP may be reduced to the Multistage Assembly
Problem, thus obtaining a constant approximation for an important particular case
of the Submodular JRP, when the joint ordering cost is given by a submodular
set-function over the participating retailers.

— We give an APTAS for the circle bin packing problem with resource augmentation
in one-dimension, and an APTAS for the circle strip packing problem. These are the
first approximations for these problems, and are based on several innovative tech-
niques, such as iteratively distinguishing between large and small items, bounding
the wasted free space by a fraction of items’ area, and recursively packing items of
given sizes.

These results were obtained thanks to novel techniques that may impact other similar
problems, as well as different variants. While for a few specific studied problems there
is little room for improvement, such as the Squared Metric FLP, for others, more tight
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analysis and different techniques may lead to improved results. Some algorithms may be
extended to tackle variants of the considered problems, or problems with similar combina-
torial structures. Next, we describe possible extensions of the results, and some problems
left open by this thesis.

— Although the upper factor-revealing programs introduced in Chapter 2 were used
to analyze primal-dual algorithms for the SMFLP, they are described as a generic
framework, and so may also be applied to other variants and problems analyzed
through factor-revealing programs.

— While there is a PTAS for the Euclidean FLP by Arora et al. [7], there are no
specialized algorithms for the Squared Euclidean FLP, and the best known factor
is 2.04 for the SMFLP. We left open whether the Squared Euclidean FLP has an
approximation factor better than 2.04.

— The approximate center sets used in Chapter 3 may also be used to reduce several
other variants of the FLP to their corresponding discrete versions, such as a contin-
uous version of the Soft Capacitated FLP, when each facility has a given capacity,
but several copies may be opened [75].

— While Chapter 4 gives a 2.77-approximation for the PDP, the only known lower
bound on the approximation factor is 1.463, implicitly obtained from the hardness
of the FLP. It is left to future work either improving the lower bound, or obtaining
tighter algorithms.

— Although logarithmic factors for the Submodular JRP can be readily obtained from
a set covering formulation, and there is a constant approximation for the particular
case of the Multilevel JRP, it is not known whether the general problem admits a
constant approximation.

— The novel techniques of Chapter 5 are not specific to circles, and may be extended
to other related problems. Indeed, an APTAS may also be given for the packing
of more general items, such as d-dimensional L,-norm spheres, for p > 1. Packing
circles into bins of different shapes can also be tackled, such as the packing circles
into circles.

— The problem of packing a set of large circles was reduced to solving a polynomial
system of inequalities. Although all coefficients in such system are rational, there
may be solutions with irrational values. It is worth noticing that resource augmen-
tation is used due to the need of obtaining rational approximate solutions, and so
it is left open the question whether these polynomial systems always have rational
solutions.
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