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Preface

In this book, we present some recent advances in the field of combinatorial
optimization focusing on the design of efficient approximation and on-line al-
gorithms. Combinatorial optimization and polynomial time approximation are
very closely related: given an A'P-hard combinatorial optimization problem, i.e.,
a problem for which no polynomial time algorithm exists unless P = NP, one
important approach used by computer scientists is to consider polynomial time
algorithms that do not produce optimum solutions, but solutions that are prov-
ably close to the optimum. A natural partition of combinatorial optimization
problems into two classes is then of both practical and theoretical interest: the
problems that are fully approximable, i.e., those for which there is an approxima-
tion algorithm that can approach the optimum with any arbitrary precision in
terms of relative error and the problems that are partly approximable, i.e., those
for which it is possible to approach the optimum only until a fixed factor unless
P = N'P. For some of these problems, especially those that are motivated by
practical applications, the input may not be completely known in advance, but
revealed during time. In this case, known as the on-line case, the goal is to design
algorithms that are able to produce solutions that are close to the best possible
solution that can be produced by any off-line algorithm, i.e., an algorithm that
knows the input in advance.

These issues have been treated in some recent texts EL but in the last few years
a huge amount of new results have been produced in the area of approximation
and on-line algorithms. This book is devoted to the study of some classical prob-
lems of scheduling, of packing, and of graph theory, but also new optimization
problems arising in various applications such as networks, data mining or clas-
sification. One central idea in the book is to use a linear program relaxation of
the problem, randomization and rounding techniques.

The book is divided into 11 chapters. The chapters are self-contained and
may be read in any order.

In Chap. 1, the goal is the introduction of a theoretical framework for deal-
ing with data mining applications. Some of the most studied problems in this
area as well as algorithmic tools are presented. Chap. 2 presents a survey con-
cerning local search and approximation. Local search has been widely used in
the core of many heuristic algorithms and produces excellent practical results
for many combinatorial optimization problems. The objective here is to com-

L'V, Vazirani, Approzimation Algorithms, Springer Verlag, Berlin, 2001; G. Ausiello et
al, Complezity and Approximation: Combinatorial Optimization Problems and Their
Approximability, Springer Verlag, 1999; D. S. Hochbaum, editor, Approximation
Algorithms for NP-Hard Problems, PWS Publishing Company, 1997, A. Borodin,
R. El-Yaniv, On-line Computation and Competitive Analysis, Cambridge University
Press, 1998, A. Fiat and G. J. Woeginger, editors, Online Algorithms: The State of
the Art, LNCS 1442. Springer-Verlag, Berlin, 1998.



VI Preface

pare from a theoretical point of view the quality of local optimum solutions
with respect to a global optimum solution using the notion of the approxima-
tion factor and to review the most important results in this direction. Chap. 3
surveys the wavelength routing problem in the case where the underlying op-
tical network is a tree. The goal is to establish the requested communication
connections but using the smallest total number of wavelengths. In the case of
trees this problem is reduced to the problem of finding a set of transmitter-
receiver paths and assigning a wavelength to each path so that no two paths of
the same wavelength share the same fiber link. Approximation and on-line algo-
rithms, as well as hardness results and lower bound, are presented. In Chap. 4,
a call admission control problem is considered in which the objective is the max-
imization of the number of accepted communication requests. This problem is
formalized as an edge-disjoint-path problem in (non)-oriented graphs and the
most important (non)-approximability results, for arbitrary graphs, as well as
for some particular graph classes, are presented. Furthermore, combinatorial and
linear programming algorithms are reviewed for a generalization of the problem,
the unsplittable flow problem. Chap. 5 is focused on a special class of graphs,
the intersection graphs of disks. Approximation and on-line algorithms are pre-
sented for the maximum independent set and coloring problems in this class. In
Chap. 6, a general technique for solving min-max and max-min resource sharing
problems is presented and it is applied to two applications: scheduling unrelated
machines and strip packing. In Chap. 7, a simple analysis is proposed for the
on-line problem of scheduling preemptively a set of tasks in a multiprocessor
setting in order to minimize the flow time (total time of the tasks in the sys-
tem). In Chap. 8, approximation results are presented for a general classification
problem, the labeling problem which arises in several contexts and aims to clas-
sify related objects by assigning to each of them one label. In Chap. 9, a very
efficient tool for designing approximation algorithms for scheduling problems is
presented, the list scheduling in order of a-points, and it is illustrated for the
single machine problem where the objective function is the sum of weighted
completion times. Chap. 10 is devoted to the study of one classical optimization
problem, the k-median problem from the approximation point of view. The main
algorithmic approaches existing in the literature as well as the hardness results
are presented. Chap. 11 focuses on a powerful tool for the analysis of random-
ized approximation algorithms, the Lovasz-Local-Lemma which is illustrated
in two applications: the job shop scheduling problem and resource-constrained
scheduling.

We take the opportunity to thank all the authors and the reviewers for their
important contribution to this book. We gratefully acknowledge the support
from the EU Thematic Network APPOL I+IT (Approximation and Online Al-
gorithms). We also thank Ute Iaquinto and Parvaneh Karimi Massouleh from
the University of Kiel for their help.

September 2005 Evripidis Bampis, Klaus Jansen, and Claire Kenyon
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On Approximation Algorithms for Data
Mining Applications

Foto N. Afrati

National Technical University of Athens, Greece

Abstract. We aim to present current trends in the theoretical computer
science research on topics which have applications in data mining. We
briefly describe data mining tasks in various application contexts. We
give an overview of some of the questions and algorithmic issues that are
of concern when mining huge amounts of data that do not fit in main
memory.

1 Introduction

Data mining is about extracting useful information from massive data such as
finding frequently occurring patterns or finding similar regions or clustering the
data. The advent of the internet has added new applications and challenges to
this area. From the algorithmic point of view mining algorithms seek to compute
good approximate solutions to the problem at hand. As a consequence of the
huge size of the input, algorithms are usually restricted to making only a few
passes over the data, and they have limitations on the random access memory
they use and the time spent per data item.

The input in a data mining task can be viewed, in most cases, as a two di-
mensional m x n 0,1-matrix which often is sparse. This matrix may represent
several objects such as a collection of documents (each row is a document and
each column is a word and there is a 1 entry if the word appears in this doc-
ument), or a collection of retail records (each row is a transaction record and
each column represents an item, there is a 1 entry if the item was bought in
this transaction), or both rows and columns are sites on the web and there is a
1 entry if there is a link from the one site to the other. In the latter case, the
matrix is often viewed as a graph too. Sometimes the matrix can be viewed as a
sequence of vectors (its rows) or even a sequence of vectors with integer values
(not only 0,1).

The performance of a data mining algorithm is measured in terms of the
number of passes, the required work space in main memory and computation
time per data item. A constant number of passes is acceptable but one pass al-
gorithms are mostly sought for. The workspace available ideally is constant but
sublinear space algorithms are also considered. The quality of the output is usu-
ally measured using conventional approximation ratio measures [97], although
in some problems the notion of approximation and the manner of evaluating the
results remain to be further investigated.

E. Bampis et al. (Eds.): Approximation and Online Algorithms, LNCS 3484, pp. 1-29] 2006.
© Springer-Verlag Berlin Heidelberg 2006



2 F.N. Afrati

These performance constraints call for designing novel techniques and novel
computational paradigms. Since the amount of data far exceeds the amount
of workspace available to the algorithm, it is not possible for the algorithm
to “remember” large amounts of past data. A recent approach is to create a
summary of the past data to store in main memory, leaving also enough memory
for the processing of the future data. Using a random sample of the data is also
another popular technique.

Besides data mining, other applications can be also modeled as one pass
problems such as the interface between the storage manager and the application
layer of a database system or processing data that are brought to desktop from
networks, where each pass essentially is another expensive access to the network.
Several communities have contributed (with technical tools and methods as well
as by solving similar problems) to the evolving of the data mining field, including
statistics, machine learning and databases.

Many single pass algorithms have been developed recently and also techniques
and tools that facilitate them. We will review some of them here. In the first
part of this chapter (next two sections), we review formalisms and technical
tools used to find solutions to problems in this area. In the rest of the chapter
we briefly discuss recent research in association rules, clustering and web mining.
An association rule relates two columns of the entry matrix (e.g., if the i-th entry
of a row v is 1 then most probably the j-th entry of v is also 1). Clustering the
rows of the matrix according to various similarity criteria in a single pass is
a new challenge which traditional clustering algorithms did not have. In web
mining, one problem of interest in search engines is to rank the pages of the
web according to their importance on a topic. Citation importance is taken by
popular search engines according to which important pages are assumed to be
those that are linked by other important pages.

In more detail the rest of the chapter is organized as follows. The next section
contains formal techniques used for single pass algorithms and a formalism for the
data stream model. Section[3] contains an algorithm with performance guarantees
for finding approximately the L, distance between two data streams. As an
example, Section M contains a list of what are considered the main data mining
tasks and another list with applications of these tasks. The last three sections
discuss recent algorithms developed for finding association rules, clustering a set
of data items and for searching the web for useful information. In these three
sections, techniques mentioned in the beginning of the chapter are used (such as
SVD, sampling) to solve the specific problems. Naturally some of the techniques
are common, such as, for example, spectral methods are used in both clustering
and web mining. As the area is rapidly evolving this chapter serves as a brief
introduction to the most popular technical tools and applications.

2 Formal Techniques and Tools

In this section we present some theoretical results and formalisms that are often
used in developing algorithms for data mining applications. In this context, the
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singular value decomposition (SVD) of a matrix (subsection[21l) has inspired web
search techniques, and, as a dimensionality reduction technique, is used for find-
ing similarities among documents or clustering documents (known as the latent
semantic indexing technique for document analysis). Random projections (subsec-
tion[27]) offer another means for dimensionality reduction explored in recent work.
Data streams (subsection[2.2]) is proposed for modeling limited pass algorithms; in
this subsection some discussion is done on lower and upper bounds on the required
workspace. Sampling techniques (subsection [Z3]) have also been used in statistics
and learning theory, under somewhat different perspective however. Storing a sam-
ple of the data that fits in main memory and running a “conventional” algorithm
on this sample is often used as the first stage of various data mining algorithms. We
present a computational model for probabilistic sampling algorithms that compute
approximate solutions. This model is based on the decision tree model [27] and re-
lates the query complexity to the size of the sample.

We start by providing some (mostly) textbook definitions for self contain-
ment purposes. In data mining we are interested in vectors and their relation-
ships under several distance measures. For two vectors, ¥ = (v1,...,v,), @ =
(u1,...,up), the dot product or inner product is defined to be a number which is
equal to the sum of the component-wise products v - 4 = viuy + ...+ vpu, and
the L, distance (or L, norm) is defined to be: ||7—||, = (27 |v; —u;[P)'/P. For
p = 00, Lo distance is equal to max?_; |u; — v;|. The L, distance is extended to
be defined between matrices : ||V —U||, = (Z:i(X;|Vi; — Uy |P))1/P. We sometimes
use || || to denote || ||2. The cosine distance is defined to be 1 — IIﬁIT.ﬁﬁII' For
sparse matrices the cosine distance is a suitable similarity measure as the dot
product deals only with non-zero entries (which are the entries that contain the
information) and then it is normalized over the lengths of the vectors.

Some results are based on stable distributions [85]. A distribution D over the
reals is called p-stable if for any n real numbers aq,...,a, and independent
identically distributed, with distribution D, variables X,...,X,,, the random
variable ¥;a; X; has the same distribution as the variable (X;|a;|?)*/? X, where
X is a random variable with the same distribution as the variables X1,..., X,.
It is known that stable distributions exist for any p € (0,2]. A Cauchy distri-
bution defined by the density function w(liz?)’ is 1-stable, a Gaussian (normal)
distribution defined by the density function \/1%6_3”2/ 2. is 2-stable.

A randomized algorithm [81] is an algorithm that flips coins, i.e., it uses ran-
dom bits, while no probabilistic assumption is made on the distribution of the
input. A randomized algorithm is called Las-Vegas if it gives the correct answer
on all inputs. Its running time or workspace could be a random variable depend-
ing on the random variable of the coin tosses. A randomized algorithm is called
Monte-Carlo with error probability € if on every input it gives the right answer
with probability at least 1 — .

2.1 Dimensionality Reduction

Given a set S of points in the multidimensional space, dimensionality reduction
techniques are used to map S to a set S’ of points in a space of much smaller di-
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mensionality while approximately preserving important properties of the points
in S. Usually we want to preserve distances. Dimensionality reduction techniques
can be useful in many problems where distance computations and comparisons
are needed. In high dimensions distance computations are very slow and more-
over it is known that, in this case, the distance between almost all pairs of points
is the same with high probability and almost all pair of points are orthogonal
(known as the Curse of Dimensionality).

Dimensionality reduction techniques that are popular recently include Ran-
dom Projections and Singular Value Decomposition (SVD). Other dimensional-
ity reduction techniques use linear transformations such as the Discrete Cosine
transform or Haar Wavelet coefficients or the Discrete Fourier Transform (DFT).
DFT is a heuristic which is based on the observation that, for many sequences,
most of the energy of the signal is concentrated in the first few components of
DFT. The L, distance is preserved exactly under the DFT and its implementa-
tion is also practically efficient due to an O(nlogn) DFT algorithm.

Dimensionality reduction techniques are well explored in databases [51[43].

Random Projections. Random Projection techniques are based on the
Johnson-Lindenstrauss (JL) lemma [67] which states that any set of n points
can be embedded into the k-dimensional space with k = O(logn/€?) so that the
distances are preserved within a factor of e.

Lemma 1. (JL) Let ¥1,...,0, be a sequence of points in the d-dimensional
space over the reals and let €, F € (0,1]. Then there exists a linear mapping f
from the points of the d-dimensional space into the points of the k-dimensional
space where k = O(log(1/F)/e?) such that the number of vectors which ap-
proximately preserve their length is at least (1 — F)m. We say that a vector v;
approzimately preserves its length if:

111> < ILF@)IP < (1 + e)l|ail®

The proof of the lemma, however, is non-constructive: it shows that a random
mapping induces small distortions with high probability. Several versions of the
proof exist in the literature. We sketch the proof from [65]. Since the mapping
is linear, we can assume without loss of generality that the ;s are unit vectors.
The linear mapping f is given by a k x d matrix A and fo) = Az i=1,...,m.
By choosing the matrix A at random such that each of its coordinates is chosen
independently from N(0,1), then each coordinate of f(%;) is also distributed
according to N(0,1) (this is a consequence of the spherical symmetry of the

normal distribution). Therefore, for any vector ¥, for each j = 1,...,k/2, the
sum of squares of consecutive coordinates Y; = ||f(¥)2j-1|> + || f(¥)2;]|* has
exponential distribution with exponent 1/2. The expectation of L = || f(7)||? is

equal to XZ;E[Y;] = k. It can be shown that the value of L lies within € of its
mean with probability 1 — F'. Thus the expected number of vectors whose length
is approximately preserved is (1 — F')m.

The JL lemma has been proven useful in improving substantially many ap-
proximation algorithms (e.g., [65J17]). Recently in [40], a deterministic algorithm
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is presented which finds such mapping in time almost linear in the number of
distances to preserve times the dimension d of the original space.

In recent work, random projections are used to compute summaries of past
data called sketches to solve problems such as approximating the L, norm of a
data stream (see also section B]).

Singular Value Decomposition. Consider matrices with real numbers as
entries. We say that a matrix M is orthogonal if MMTr = T where I is the
identity matrix (by AT" we denote the transpose of matrix A) An eigenvalue
of a n x n matrix M is a number A such that there is a vector ¢ which satisfies
Mt = M. Such a vector  is called an eigenvector associated with A. The set
of all eigenvectors associated with A form a subspace and the dimension of this
subspace is called the multiplicity of \. If M is a symmetric matrix, then the
multiplicities of all eigenvalues sum up to n. Let us denote all the eigenvalues
of such a matrix M by Ay (M), a(M), ... \a(M), where we have listed each
eigenvalue a number of times equal to its multiplicity. For symmetric matrix M ,
we can choose for each A; (M) an associated eigenvector #;(M) such that the set
of vectors {#;(M)} forms an orthonormal basis for the n-dimensional space over
the real numbers. Let Q be the matrix with columns these vectors and let A be
the diagonal matrix with diagonal entries the list of eigenvalues. Then, it is easy
to prove that: M = QAQT’" However the result extends to any matrix as the
following theorem states.

Theorem 1. (Singular Value Decomposition/SVD) Every m x n matriz A can
be written as A =UTV™T" where U and V are orthogonal and T is diagonal.

The diagonal entries of T are called the singular values of A Tt is easy to
verify that the columns of U and V represent the eigenvectors of AATT and
AT A respectively and the diagonal entries of T2 represent their common set of
eigenvalues. The importance of the SVD in dimensionality reduction lies in the
following theorem which states that ﬁ, T , V can be used to compute, for any
k, the matrix Ay of rank k& which is “closest” to A over all matrices of rank k.

Theorem 2. Let the SVD off_l' be given by A=UTVTr. Sq'ppose Tiy..., Tk are
the k largest singular values. Let u; be the i-th column of U and v; be the i-th

column ofV and let T; be the i-th element in the diagonal of T. Let r be the rank
of A and let k < r. If

—Tr
Ak— e lr,u,v

Then
min |4 By = [|[A = A2 = 7o
rank(B)=k

The SVD technique displays optimal dimensionality reduction (for linear pro-
jections) but it is hard to compute.
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2.2 The Data Stream Computation Model

The streaming model is developed to formalize a single (or few) pass(es) algo-
rithm over massive data that do not fit in main memory. In this model, the data
is observed once (or few times) and in the same order it is generated. For each
data item, we want to minimize the required workspace and the time to process
it.

In the interesting work of [61] where the stream model was formalized, a data
stream is defined as a sequence of data items wvq,vs,...,v, which are assumed
to be read by an algorithm only once (or very few times) in increasing order of
the indices 7. The number P of passes over the data stream and the workspace
W (in bits) required by the algorithm in the main memory are measured. The
performance of an algorithm is measured by the number of passes the algorithm
makes over the data and the required workspace, along with other measures such
as the computation time per input data item. This model does not necessarily
require a bound on the computation time.

Tools from communication complexity are used to show lower bounds on the
workspace of limited-pass algorithms [8],[61]. Communication complexity [79] is
defined as follows. In the (2-party) communication model there are two players A
and B. Player A is given a z from a finite set X and player B is given a y from a
finite set Y. They want to compute a function f(z,y). As player A does not know
y and player B does not know z, they need to communicate. They use a protocol
to exchange bits. The communication complexity of a function f is the minimum
over all communication protocols of the maximum over all x € X,y € Y of the
number of bits that need to be exchanged to compute f(z,y). The protocol can
be deterministic, Las-Vegas or Monte-Carlo. If one player is only transmitting
and one is only receiving then it is called one-way communication complexity. In
this case, only the receiver needs to be able to compute function f.

To see how communication complexity is related to deriving lower bounds on
the space, think of one way communication where player A has the information
of the past data and player B has the information of the future data. The
communication complexity can be used as a lower bound on the space available
to store a “summary” of the past data.

It is natural to ask whether under the stream model there are noticeable
differences regarding the workspace requirements (i) between one-pass and multi-
pass algorithms, (ii) between deterministic and randomized algorithms and (iii)
between exact and approximation algorithms. These questions were explored in
earlier work [82] in context similar to data streams and it was shown that: (i)
Some problems require a large space in one pass and a small space in two passes.
(ii) There can be an exponential gap in space bounds between Monte-Carlo and
Las-Vegas algorithms. (iii) For some problems, an algorithm for an approximate
solution, requires substantially less space than an exact solution algorithm.

In [§], space complexity for estimating the frequency moments of a sequence
of elements in one pass was studied and tight lower bounds were derived. The
problem studied in [82] is the space required for selecting the k-th largest out of
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n elements using at most P passes over the data. An upper bound of n'/* logn
and a lower bound of n'/? is shown, for large enough k. Recent work on space
lower bounds includes also [90].

The data stream model appears to be related to other work e.g., on competi-
tive analysis [69], or I/O efficient algorithms [98]. However, it is more restricted
in that it requires that a data item can never again be retrieved in main mem-
ory after its first pass (if it is a one-pass algorithm). A distributed stream model
is also proposed in [53] which combines features of both streaming models and
communication complexity models.

Streaming models have been extensively studied recently and methods have
been developed for comparing data streams under various L,, distances, or clus-
tering them. The stream model from the database perspective is investigated in
the Stanford stream data management Project [93] (see [I1] for an overview and
algorithmic considerations).

2.3 Sampling

Randomly sampling a few data items of a large data input is often a technique
used to extract useful information about the data. A small sample of the data
may be sufficient to compute many statistical parameters of the data with rea-
sonable accuracy. Tail inequalities from probability theory and the central limit
theorem are useful here [81147].

One of the basic problems in this context is to computes the size of the sample
required to determine certain statistical parameters. In many settings, the size
of the sample for estimating the number of distinct values in a data set is of
interest. The following proposition [86] gives a lower bound on the size of the
sample in such a case whenever we know the number of distinct values and each
has a frequency greater than e.

Proposition 1. If a dataset D contains | > k distinct values of frequency at
least €, then a sample of size s > 1 log ’g contains at least k distinct values with
probability > 1 —9.

To prove, let a1, ..., a; be the [ distinct values of frequencies pq, ..., p; respec-
tively and, each frequency is at least e. Then the probability our sample missed
k of these distinct values is at most ¥, (1 —p;)® < k(1 —€)* < § by our choice
of s.

In a similar context, random sampling from a dataset whose size is unknown, is
of interest in many applications. The problem is to select a random sample of size
n from a dataset of size N when N is unknown. A one-pass reservoir algorithm
is developed in [99]. A reservoir algorithm maintains a sample (reservoir) of
data items in main memory and data items may be selected for the reservoir as
they are processed. The final random sample will be selected from the sample
maintained in the reservoir (hence the size of the sample in the reservoir is larger
than n). In [99] each data item is selected with probability M /n where n is the
number of data items read so far and M is the size of the reservoir.
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An algorithm that uses a sample of the input is formalized in [14] as a uniform
randomized decision tree. This formalism is used to derive lower bounds on
the required size of the sample. A randomized decision tree has two kinds of
internal nodes, query nodes and random coin toss nodes. Leaves are related to
output values. On an input z1, ..., x,, the computation of the output is done by
following a path from the root to a leaf. On each internal node a decision is made
as to which of its children the computation path moves next. In a random coin
toss node this decision is based on a coin toss which picks one of the children
uniformly at random. A query node v has two labels, an input location (to be
queried), and a function which maps a sequence of query locations (the sequence
is thought of as the input values queried so far along the path from the root)
to one of the children of this node v. The child to which the path moves next is
specified by the value of this function. Each leaf is labeled by a function which
maps the sequence of query locations read along the path to an output value.
The output is the value given by the function on the leaf which is the end point
of the computation path. Note that any input zi,...,z, may be associated
with several possible paths leading from the root to a leaf, depending on the
random choices made in the random coin nodes. These random choices induce a
distribution over the paths corresponding to 1, ..., Ty,.

A wuniform randomized decision tree is defined as a randomized decision tree
with the difference that each query node is not labeled by an input variable.
The query in this case is done uniformly at random over the set of input values
that have not been queried so far along the path from the root. A uniform
decision tree can be thought as a sampling algorithm which samples the input
uniformally at random and uses only these sample values to decide the output.
Thus the number of query nodes along a path from the root to a leaf is related
to the size of the sample.

The expected query complexity of a decision tree T on input T = x1,...,%Ty
denoted S¢(T, &), is the expected number of query nodes on paths corresponding
to Z. The worst case query complexity of a tree T on input &, denoted S™(T, ),
is the maximum number of query nodes on paths corresponding to Z. Here
the expectation and the maximum are taken over the distribution of paths.
The ezpected and worst case query complexity of T S¢(T) and S“(T') are the
maximum of S¢(T, %) and S (T, Z), respectively, over all inputs # in A™.

Because of the relation between query complexity and the size of the required
sample, a relationship can also be obtained between query complexity and space
complexity as defined in the data stream model. Let € > 0 be an error parameter,
0 (0 < é < 1) a confidence parameter, and f a function. A decision tree is said to
(e, 9)-approzimate f if for every input & the probability of paths corresponding
to & that output a values y within a factor of € from the exact solution is at least
1 —4. The (¢,0) expected query complexity of f is:

cs(f)= min{SYT) | T (0)— approvimates f}

The worst case query complexity of a function f is defined similarly.
The (€, ) query complexity of a function f can be directly related to the space
complexity as defined on data streams. If a function has (¢, d) query complexity
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¢5(f), then the space required in main memory is at most S¥;(f)O(log |A| +
logn), where A, n are parameters of the input vector Z. For input vector & =
T1,...,Tn, N is the number of data items and A is the number of elements from
which the values of each x; is drawn.

Based on this formalization, a lower bound is obtained on the number of
samples required to distinguish between two distributions [14]. It it also shown
that the k-th statistical moment can be approximated within an additive error
of € by using a random sample of size O(1/€*log ;), and that this is a lower
bound on the size of the sample.

Work that also refer to lower bounds on query complexity for approximate
solutions include results on the approximation of the mean [28], [36/91], the
approximation on the frequency moment [31].

Lossy compression may be related to sampling. When we have files in com-
pressed form, we might want to compute functions of the uncompressed file
without having to decompress. Compressed files might even been thought of
as not been able to be precisely retrieved by decompression, namely the com-
pression (in order to gain larger compression factors) allowed for some loss of
information (lossy compression). Problems of this nature are related to sampling
algorithms in [46].

Statistical decision theory and statistical learning theory are fields where sam-
pling methods are used too. However they focus on different issues than data
mining does. Statistical decision theory [16] studies the process of making deci-
sions based on information gained by computing various parameters of a sample.
However the sample is assumed given and methods are developed that maximize
the utitily of it. Computing the required size of a sample for approximately
computing parameters of the input data is not one of its concerns. Statistical
learning theory [9670] is concerned with learning an unknown function from
a class of target functions, i.e., approximating the function rather, whereas, in
data mining, the interest is in approximating some parameter of the function.

For an excellent overview on key research results and formal techniques on
data stream algorithms see the tutorial in [51] and references therein. Also an
excellent survey on low distortion embedding techniques for dimensionality re-
duction can be found in [63].

3 Approximating the L, Distance. Sketches

We consider in this section the following problem which may be part of various
data mining tasks. The data stream model is assumed and we want to compute
an approximation to the L, distance. Formally, we are given a stream .S of data
items. Each data item is viewed as a pair (i,v), ¢ = 1,...,n, with entries for
v an integer in the range {—M, M} where M is a positive integer (so we need
log M memory to store the value of each data item). Note that there may exist
several pairs (with possibly different values for v) for a specific i. We want to
compute a good approximation of the following quantity:

L,(S)=(Zi=1,.n E(z‘,v)esv\p)l/p
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The obvious solution to this problem, i.e., maintain a counter for each i is
too costly because of the size of the data. In the influential paper [], a scheme
is proposed for approximating Lo (S) within a factor of € in workspace O(1/¢)
with arbitrarily large constant probability.

In [46], a solution for L;(S) is investigated for the special case where there
are at most two non zero entries for each ¢. In this case, the problem can be
equivalently viewed as having two streams S, and S, and asking for a good ap-
proximation of L1 (Sq, Sp) = Xi| X v)es,v—(i,v)ves, V|- A single pass algorithm
is developed which, with probability 1 — 4, computes an approximation to L;(.S)
within a factor of € using O(log M lognlog(1/§)/e?) random access space and
O(lognloglogn + log M log(1/5)/€%) computation time per item. The method
in [46] can be viewed as using sketches of vectors, which is a summary data
structure. In this case, a sketch C(S,), C(Sp) is computed for each data stream
Sa, Sp respectively. Sketches are much smaller in size than S,, S, and such that
an easily computable function of the sketches gives a good approximation to
L1(Sa, Sp).

In [62], a unifying framework is proposed for approximating L (S) and Lo (.S)
within a factor of € (with probability 1 — §) using O(log M log(n/§)log(1/8)/€?)
random access space and O(log(n/d)) computation time per item. The technique
used combines the use of stable distributions [85] with Nisan pseudorandom gen-
erators [84]. The property of stable distributions which is used in this algorithm
is the following. The dot product of a vector # with a sequence of n independent
identically distributed random variables having p-stable distribution is a good
estimator of the L, norm of @. In particular we can use several such products
to embed a d-dimensional space into some other space (of lower dimensional-
ity) such that to approximately preserve the L, distances. Dot product can be
computed in small workspace.

We shall describe here in some detail the first stage of this algorithm for
approximating L1 (S): For I = O(c/e*log1/6) (for some suitable constant c),

we initialize n/ independent random variables X7,i =1,...,n,j =1,...,] with
Cauchy distribution defined by the density function f(z) = 71r1 +1x2 (we know

this distribution is 1-stable). Then, the following three steps are executed:

1.Set S9=0,forj=1,...,1L ,
2. For each new pair (i,v) do: $7 = S7 40X/ forall j =1,...,L
3. Return the median(|S°|,...,|S'").

To prove the correctness of this algorithm we argue as follows: We want to
compute L1(S) = C = Xi|c;| where ¢; = X yegv. First, it follows from the
1-stability of the Cauchy distribution that, each S7 has the same distribution
as CX where X has Cauchy distribution. Random variable X has Cauchy dis-
tribution with density function f(z) = ! !, hence median(|X|) = 1 and
median(v|X|) = v for any v. It is known that for any distribution, if we take
I = O(c/e?log1/6) independent samples and compute the median M, then for

distribution function F'(M) of M we have (for a suitable constant ¢) Pr[F(X) €
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[1/2 — €,1/2 + €]] > 1 — 6. Thus, it can be proven that | = O(c/e?log1/d)
independent samples approximate L;(S) within a factor of € with probability
>1-0.

This stage of the algorithm, though, assumes random numbers of exact pre-
cision. Thus, random generators are used to solve the problem of how to reduce
the number of required random bits.

The problem of approximating L, distances in one pass algorithms has a
variety of applications including estimation of the size of self join [8/52] and
estimation of statistics of network flow data [46].

In the above frameworks a solution was facilitated by using summary de-
scriptions of the data which approximately preserved the L, distances. The
summaries were based on computing with random variables. Techniques that
use such summaries to reduce the size of the input are known as sketching tech-
niques (they compute a sketch of each input vector). Computing sketches has
been used with success in many problems to get summaries of the data. It has
enabled compression of data and has been speeding up computation for various
data mining tasks [64/34I25126/35]. (See also section [l for a description of the
algorithm in [34].) Sketches based on random projections are often used to ap-
proximate L, distances or other measure of similarities depending on them. In
such a case (see e.g., [35]) sketches are defined as: The i-th component of the
sketch §(Z) of & is the dot product of Z with a random vector 7;: §;(Z) =& - 74,
where each component of each random vector is drawn from a Cauchy distribu-
tion. Work that use sketching techniques include [38/49] where aggregate queries
and multi-queries over data streams are computed.

4 Data Mining Tasks and Applications

The main data mining tasks are considered to be those that have an almost well
defined algorithmic objective and assume that the given data are cleaned. In this
section, we mention some areas of research and applications that are considered
of interest in the data mining community [59]. We begin with a list of the most
common data mining tasks:

— Association rules: Find correlations among the columns of the input matrix
of the form: if there is a 1 entry in column 5 then most probably there is a
1 entry in column 7 too. These rules are probabilistic in nature.

— Sequential patterns: Find sequential patterns that occur often in a dataset.

— Time series similarity: Find criteria that check in a useful way whether two
sequences of data exhibit “similar features”.

— Sequence matching: Given a collection of sequences and a sequence query,
find the sequence which is closest to the query-sequence.

— Clustering: Partition a given set of points into groups, called clusters so
that “similar” points belong to the same cluster. A measure of similarity is
needed, often it is a distance in a metric space.

— Classification: Given a set of points and a set of labels, assign labels to point
so that similar objects are labeled by similar labels and a point is labeled
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by the most likely label. A measure of similarity of points and similarity
of labels is assumed and a likelihood of a point to be assigned a particular
label.

— Discovery of outliers: Discover points in the dataset which are isolated, i.e.,

they do not belong to any multi-populated cluster.

— Frequent episodes: An extension of sequential pattern finding, where more

complex patterns are considered.

These tasks as described in the list are usually decomposed in more primitive
modules that may be common in several tasks, e.g., comparing large pieces of the
input matrix to find similarity patterns is useful in clustering, and association
rules mining.

We also include a list of some of the most common applications of data mining:

— Marketing. Considered one of the most known successes of data mining. Mar-

ket basket analysis is motivated by the decision support problem and aims
at observing customer habits to decide on business policy regarding prices or
product offers. Basket data are collected by most large retail organizations
and used mostly for marketing purposes. In this context, it is of interest to
discover association rules such as ”if a person buys pencil then most prob-
ably buys paper too”. Such information can be used to increase sales on
pencils by placing them near paper or make a profit by offering good prices
on pencils and increase the price of paper.

Astronomy. Clustering celestial objects by their radiation to distinguish
galaxies and other star formations.

Biology. Correlate diabetes to the presence of certain genes. Find DNA
sequences representing genomes (sequential patterns). Work in time series
analysis has many practical applications here.

Document analysis. Cluster documents by subject. Used, for example, in
collaborative filtering, namely tracking user behavior and making recom-
mendations to individuals based on similarity of their preferences to these
of other users.

Financial Applications. Use time series similarity to find stocks with simi-
lar price movements or find products with similar selling patterns. Observe
similar patterns in customers’ financial history to decide if a bank loan is
awarded.

Web mining. Search engines like Google rank web pages by their “impor-
tance” in order to decide the order on which to present search results on
a user query. Identifying communities on the web, i.e., groups that share a
common interest and have a large intersection of web pages that are most
often visited by the members of a group is another interesting line of re-
search. This may be useful for advertising or to identify the most up-to-date
information on a topic or to provide a measure of page rank which is not easy
to spam. One popular method is to study co-citation and linkage statistics:
web communities are characterized by dense directed bipartite subgraphs.
Communications. Discover the geographic distribution of cell phone traffic
at different base stations or the evolution of traffic at Internet routers over
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time. Detecting similarity patterns over such data is important, e.g., which
geographic regions have similar cell phone usage distribution, or which IP
subnet traffic distributions over time intervals are similar.

— Detecting intrusions. Detecting intrusions the moment they happen is im-
portant to protecting a network from attack. Clustering is a technique used
to detecting intrusions.

— Detecting failures in network. Mining episodes helps to detect faults in elec-
tricity network before they occur or detect congestions in packet switched
networks.

The data available for mining interesting knowledge (e.g., census data, corpo-
rate data, biological data) is often in bad shape (have been gathered under
no particular considerations), e.g. it may contain duplicate or incomprehensible
information. Therefore a preprocessing stage is required to clean the data. More-
over after the results of a data mining task are obtained they may need a post
processing stage to interprete and visualize them.

5 Association Rules

Identifying association rules in market basket data is considered to be one of the
most well known successes of the data mining field. The problem of mining for
association rules and the related problem of finding frequent itemsets have been
studied extensively and many efficient heuristics are known. We will mention
some of them in this section.

Basket data is a collection of records (or baskets), each record typically con-
sisting of a transaction date and a collection of items (thought of as the items
bought in this transaction). Formally we consider a domain set Z = {i1,...,im}
of elements called items and we are given a set D of transactions where each
transaction 7' is a subset of Z. We say that a transaction 7' contains a set X
of items if X C T. Each transaction is usually viewed as a row in an X k
0,1-matrix where 1 means that the item represented by this column is included
in this transaction and 0 that it is not included. The rows represent the baskets
and the columns represent the items in the domain. The columns are some-
times called attributes or literals. Thus an instance of market basket data is
represented by a 0,1-matrix.

The problem of mining association rules over basket data was introduced in
[4]. An association ruleis an “implication” rule X = Y where X CZ andY CZ
and X,Y are disjoint. The rule X = Y holds in the transaction set D with con-
fidence ¢ if ¢% of the transactions in D that contain X also contain Y. The rule
X = Y has support s in the transaction set D if s% of the transactions in D
contain Y U X. The symbol = used in an association rule is not a logical impli-
cation, it only denotes that the confidence and the support are estimated above
the thresholds ¢% and s% respectively. In this context, the problem of mining
for association rules on a given transaction set asks to generate all association
rules with confidence and support thresholds greater than two given integers.
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Functional dependencies are association rules with confidence 100% and any
support and they are denoted as X — A. Consequently, having determined a
dependency X — A, any dependency of the form X UY — A can be ignored
as redundant. The general case of association rules however is probabilistic in
nature. Hence a rule X = A does not make rule X UY = A redundant because
the latter may not have minimum support. Similarly, rules X = A and A = Z
do not make rule X = Z redundant because the latter may not have minimum
confidence.

In the context of the association rule problem, mining for frequent itemsets
is one of the major algorithmic challenges. The frequent itemsets problem asks
to find all sets of items (itemsets) that have support above a given threshold.
This problem can be reduced to finding all the mazimal frequent itemsets due to
the monotonicity property — i.e., any subset of a frequent itemset is a frequent
itemset too. A frequent itemset is maximal if any itemset which contains it is
not frequent.

5.1 Mining for Frequent Itemsets

The monotonicity property has inspired a large number of algorithms known as a-
priori algorithms which use the following a-priori trick: The algorithms begin the
search for frequent itemsets with searching for frequent items and then construct
candidate pairs of items only if both items in the pair are frequent. In the same
fashion, they construct frequent candidate triples of items only if all the three
pairs of items in the triple are found frequent in the previous step. Thus, to find
frequent itemsets, they proceed levelwise, finding first the frequent items (sets
of size 1), then the frequent pairs, the frequent triples, and so on.

An a-priori algorithm [4J6] needs to store the frequent itemsets found in each
level in main memory (it assumes that there is enough space) so that to create
the candidate sets for next level. It needs so many passes through the data as
the maximum size of a frequent itemset or two passes if we are only interested
in frequent pairs as is the case in some applications. Improvements have been
introduced in this original idea which address issues such as: if the main memory
is not enough to accommodate counters for all pairs of items, then e.g., hashing
is used to prune some infrequent pairs in the first pass.

In [21], the number of passes is reduced by taking a dynamic approach to
the apriori algorithm which is called Dynamic Itemset Counting. It reduces the
number of passes of apriori by starting counting 2-itemsets (and possibly 3-
itemsets) during the first pass. After having read (say) one third of the data, it
builds candidate 2-itemsets based on the frequent 1-itemsets count so far. Thus
running on the rest two thirds of the data, it checks also the counts of these
candidates and it stops checking the 2-itemsets counts during the second pass
after having read the first third of data. Similarly, it may start considering 3-
itemsets during the first pass after having read the first two thirds of the data and
stops considering them during the second run. If the data is fairly homogeneous,
this algorithm finds all frequent itemsets in around two passes.
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In [89], a hash table is used to determine on the first pass (while the frequent
items are being determined) that many pairs are not possibly frequent (assuming
that there is enough main memory). The hash table is constructed so that each of
its buckets stores the accumulative counts of more than one pairs. This algorithm
works well when infrequent pairs have small counts so that even when all the
counts of pairs in the same bucket are added, the result is still less than the
threshold. In [44], multiple hash tables are used in the first pass and a candidate
pair is required to be in a large bucket in every hash table. In the second pass
another hash table is used to hash pairs and in the third pass, only if a pair
belongs to a frequent bucket in pass two (and has passed the test of pass one
too) is taken as a candidate pair. The multiple hash tables improve the algorithm
when most of the buckets have counts a lot below the threshold (hence many
buckets are likely to be small).

These methods, however, cannot be used for finding all frequent itemsets in
one or two passes. Algorithms that find all frequent itemsets in one or two passes
usually rely on randomness of data and sampling. A simple approach is to take a
main-memory-sized sample of the data, run one of the main-memory algorithms,
find the frequent itemsets and either stop or run a pass through the data to verify.
Some frequent itemsets might be missed in this way. In [04] this simple approach
is taken. The algorithm on main memory is run on a much lower threshold so it is
unlikely that it will miss a frequent itemset. To verify, we add to the candidates
of the sample the negative border: an itemset S is in the negative border if §
is not identified as frequent in the sample, but every immediate subset of S is.
The candidate itemsets includes all itemsets in the negative border. Thus the
final pass through the data counts the frequency of the itemsets in the negative
border. If no itemset in the negative border is frequent, then the sample has
given all the frequent itemsets candidates. Otherwise, we may rerun the whole
procedure if we do not want to miss any frequent itemset.

A large collection of algorithms have been developed for mining itemsets in
various settings. Recent work in [71] provides a unifying approach for mining
constrained itemsets, i.e., under a more general class of constraints than the
minimuum support constraint. The approach is essentially a generalization of
the a priori principle.

Another consideration in this setting is that the collection of frequent item-
sets found may be large and hard to visualize. Work done in [2] shows how to
approximate the collection by a simpler bound without introducing many false
positives and false negatives.

5.2 Other Measures for Association Rules

However confidence and support are not the only measures of “interestingness”
of an association rule and do not always capture the intuition. Confidence is
measured as the conditional probability of X given Y and it ignores the compar-
ison to the (unconditional) probability of X. If the probability of X is high then
confidence might be measured above threshold although this would not imply
any correlation among X and Y. Other measures considered are the interest
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and the conviction [2]. Interest is defined as the probability of both X and YV
divided by the product of the probability of X times the probability of Y. It
is symmetric with respect to X and Y, and measures their correlation (or how
far they are from being statistically independent). However, it can not derive
an implication rule (which is non-symmetric). Conviction is defined as a mea-
sure closer to the intuition of an implication rule X = Y. Its motivation comes
from the observation that if X = Y is viewed as a logical implication, then it
can be equivalently written as =(X A —=Y). Thus conviction measures how far
from statistical independence are the facts X and =Y and is defined as follows:
P(X)P(-Y)
P(X,mY)

In [20] conditional probability is not used to measure interestingness of an as-
sociation rule and propose statistical correlation instead. In [92], causal rules in-
stead of mere associations are discussed aiming to capture the intuition whether
X = Y means that X causes Y or some other item causes them both to happen.
This direction of investigation is taken by noticing that yielding a small num-
ber (possibly arbitrarily decided) of the “most interesting” causal relationships
might be desirable in many data mining contexts, since exploratory analysis of
a dataset is what is usually the aim of a data mining task. In that perspective,
it is pointed out that ongoing research in Bayesian learning (where several tech-
niques are developed to extract causal relationships) seems promising for large
scale data mining.

5.3 Mining for Similarity Rules

As pointed out, various other kinds of rules may be of interest given a set of
basket data. A similarity rule X ~ Y denotes that the itemsets X and Y are
highly correlated, namely they are contained both in a large fraction of the
transactions that contain either X or Y. A similarity rule does not need to
satisfy a threshold on the support, low-support rules are also of interest in this
setting. Although for market basket analysis, the low support mining might not
be very interesting, when the matrix represents the web graph, then similar
web sites with low support might encompass similar subjects or mirror pages or
plagiarism (in this case, rows will be sentences and columns web pages).

As low support rules are also of interest, techniques with support pruning (like
finding all frequent itemsets) are not of use. However, in cases where the number
of columns is sufficiently small then we can store something per column in main
memory. A family of algorithms were developed in [34] to solve the problem in
those cases using a hashing techniques.

For each column C, a signature S(C) is defined which, intuitively, is a sum-
mary of the column. Signatures are such that a) they are small enough such that
a signature for each column can fit in main memory and, b) similar columns have
similar signatures. When the matrix is sparse, we cannot choose a small number
of rows at random and use each shortened column in this set of rows as the sig-
nature. Most likely almost all signatures will be all 0’s. The idea in this paper is:
For each pair of columns, ignore the rows that both columns have zero entries,
find the fraction of rows that these columns differ (over all non-both-zero-entry
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rows) and define this as the similarity measure. Interestingly, it can be proven
that this similarity measure is proposrtional to the probability that both rows
have the first occurrence of 1 in the same row. Thus the signature of each column
is defined as the index of the first row with a 1 entry. Based on this similarity
measure, two techniques that are developed in [34] are Min-Hashing (inspired by
an idea in [33] —see also [24]) and Locality-Sensitive Hashing (inspired by ideas
used in [56]-see also [65]).

In Min-Hashing, columns are hashed to the same bucket if they agree on
the index of the first row with a 1 entry. To reduce the probability of false
positives and false negatives, a set of p signatures are collected instead of one
signature. This is done by implicitly considering a set of p different random
permutations of the rows and for each permutation get a signature for each
column. For each column, we use as its new signature the sequence of the p
row indices (the row where the first 1 entry appears in this column). Actually
these p row indices can be derived using only one pass through the data by
hashing each row using p different hash functions (each hash function represents
a permutation). However, if the number of columns is very large and we cannot
afford work which is quadratic on the number of columns, then Locality-Sensitive
Hashing is proposed. Locality-Sensitive Hashing aims at reducing the number of
pairs of columns that are to be considered by finding quickly many non-similar
pairs of columns (and hence eliminating those pairs from further consideration).
Briefly, it works as follows: It views the signatures in each column as a column
of integers. It partitions the rows of this collection of rows into a number of
bands. For each band it hashes the columns into buckets. A pair of columns is
a candidate pair if they hash in the same bucket in any band. Tuning on the
number of bands allows for a more efficient implementation of this approach.

If the input matrix is not sparse, a random collection of rows serves as a
signature. Hamming LSH constructs a series of matrices, each with half as many
rows as the previous, by OR-ing together two consecutive rows of the previous
matrix.

These algorithms, although very efficient in practice, might still yield false
positives and false megatives, i.e., yield a similarity rule which is false or miss
some similarity rules. In [48], a family of algorithms is proposed which is called
Dynamic Miss-Counting (DMC) that avoid both false positives and false nega-
tives. Two passes over the data are made and the amount of main memory used
allows for data of moderate size. The key idea in DMC algorithms is confidence-
pruning. For each pair of columns the algorithm counts the number of rows with
entries in these columns that disagree and if the count exceeds a threshold they
discard this similarity rule.

5.4 Transversals

We point out here the connection between maximal frequent itemsets and
transversals [94)80] which are defined as follows: A hypergraph is a 0-1 matrix
with distinct rows. Each row can be viewed as an hyperedge and each column as
an element. A transversal (a.k.a. hitting set) is a set of elements such that each
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hyperedge contains at least one element from the set. A transversal is minimal
if no subset of it is a transversal.

Recall that a frequent itemset is a subset of the columns such that the number
of rows with 1 entries in all those columns is above some support threshold. A
mazimal frequent itemset is a frequent itemset such that no superset is a frequent
itemset. Given a support value, an itemset belongs to the negative border iff it
is not a frequent itemset and all its subsets are frequent itemsets. The following
proposition states the relationship between transversals and maximal frequent
itemsets.

Proposition 2. Let Hp, be the hypergraph of the complements of all mazximal
frequent itemsets, and let Hggy— be the hypergraph of all itemsets in the negative
border. Then the following holds:
1. The set of all minimal transversals of Hp, is equal to the negative border.
2. The set of all minimal transversals of Hpq- is equal to the set of all max-
imal itemsets.

It is not difficult to prove. A transversal T' of Hp, has the property: For each
maximal frequent itemset S, the transversal T contains at least one attribute
which is not included in this itemset S. Hence the transversal is not a maximal
frequent itemset. Hence a minimal transversal belongs to the negative border.

For an example, suppose we have four attributes {A, B,C, D} and let all
maximal frequent itemsets be {{A,B},{A,C},{D}}, then the hypergraph
of complements of those itemsets contains exactly the hyperedges
{{C,D},{B,D},{A,B,C}}. All minimal transversals of this hypergraph are
{{C, B},{C,D},{A,D},{D, B}} which is equal to the negative border.

This result is useful because the negative border can be found easier in general
and then can be used to retrieve the maximal frequent itemsets.

Transversals have been studied for a long time and hence this connection
is useful. In [80] this result is extended in more general framework for which
finding maximal frequent itemsets is a subcase. A connection is shown among the
three problems of computing maximal frequent itemsets, computing hypergraph
transversals and learning monotone boolean functions. This approach as well as
the approach taken in [5] has its roots in the use of diagrams of models in model
theory (see e.g., [30]).

For an excellent detailed exposition of algorithms mentioned in this section
see [95].

6 Clustering

There are many different variants of the clustering problem and literature in this
field spans a large variety of application areas and formal contexts. Clustering
has many applications besides data mining including statistical data analysis,
compression, vector quantization. It has been formulated in various contexts such
as machine learning, pattern recognition, optimization and statistics. Several
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efficient heuristics have been invented. In this section, we will review some recent
algorithms for massive data and mention some considerations on the quality of
clustering.

Informally, the clustering problem is that of grouping together (clustering)
similar data items. One approach is to view clustering as a density estimation
problem. We assume that in addition to the observed variables for each data item,
there is a hidden, unobserved variable indicating the ” cluster membership”. The
data is assumed to be produced by a model with hidden cluster identifiers. A
mixture weight w; () is assumed for each data item x to belong to a cluster i. The
problem is estimating the parameters of each cluster C;, ¢ = 1,..., k, assuming
the number k of clusters is known. The clustering optimization problem is that
of finding parameters for each C; which maximize the likelihood of the clustering
given the model.

In most cases, discovery of clusters is based on a distance measure D(, ¥),
between vectors i, ¥ (such as the L, norm) and the three axioms for distance
measure hold, i.e., 1. D(@, @) = 0 (reflexivity), 2. D(u,¥) = D(¥, @) (symmetry)
and 3. D(@,0) < D(u,Z) + D(Z,¥) (triangle inequality). If the points to be
clustered are positioned in some n-dimensional space then Euclidean distance
may be used. In general other measures of distances are also useful such as the
cosine measure or the edit distance which measures the number of inserts and
deletes of characters needed to change one string of characters into another.

Most conventional clustering algorithms require space £2(n?) and require ran-
dom access to the data. Hence recently several heuristics have been proposed for
scaling clustering algorithms. Algorithms for clustering usually fall in two large
categories k-median approach algorithms and hierarchical approach algorithms.

6.1 The k-Median Approach

A common formulation of clustering is the k-median problem: Find k centers
in a set of n points so as to minimize the sum of distances from data points to
their closest cluster centers. Or, equivalently, to minimize the average distance
from data points to their closest cluster centers. The assumptions taken by the
classical k-median approach are: 1) each cluster can be effectively modeled by a
spherical Gaussian distribution and 2) each data item is assigned to one cluster.

In [18], a single pass algorithm is presented for points in the Euclidean space
and is evaluated by experiments. The method used is based in identifying regions
of the data that are compressible (compression set), other regions that must be
maintained in memory (retained set) and a third kind of regions that can be
completely discarded (discard set). The discard set is set of points that are
certain to belong to a specific cluster. They are discarded after they are used
to compute the statistics of the cluster (such as the number of points, the sum
of coordinates, the sum of squares of coordinates). The compression set is set
of points that are close to each other so that it is certain that they will be
assigned to the same cluster. They are replaced by their statistics (same as for
the discard set). The rest of the points that do not belong in either of the two
other categories remain in the retained set. The algorithm begins by storing
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a sample of points (the first points to be read) in main memory and running
on them a main memory algorithm (such as k-means [60]). A set of clusters
is obtained which will be modified as more points are read into main memory
and processed. In each subsequent stage, a main-memory full set of points is
processed as follows. 1. Determine if a set of points is (a) sufficiently close to
some cluster ¢; and (b) unlikely for ¢; to “move” far from these points (during
subsequent stages) and another cluster come closer. A discard set is decided in
this way and its statistics used to update the statistics of the particular cluster.
2. Cluster the rest of the points in main memory and if a cluster is very tight,
then replace the corresponding set of points by its statistics; this is a compression
set. 3. Consider merging compression sets.

Similar summaries of data as in [I8] and a data structure like an R-tree to
store clusters are used in [50] to develop a one pass algorithm for clustering
points in arbitrary metric spaces.

Algorithms with guaranteed performance bounds include a constant-factor
approximation algorithm developed in [57] for the k-median problem. It uses a
single pass on the data stream model and requires workspace 8(n¢) for a factor
of 200¢), Other work includes [12] where the problem is studied on the sliding
windows model.

A related problem is the k-center problem (minimize the maximum radius
of a cluster) which is investigated in [32] where a single pass algorithm which
requires workspace O(k) is presented.

6.2 The Hierarchical Approach

A hierarchical clustering is a nested sequence of partitions of the data points.
It starts with placing each point in a separate cluster and merges clusters until
it obtains either a desirable number of clusters (usually the case) or a certain
quality of clustering.

The algorithm CURE [58] handles large datasets and assumes points in Eu-
clidean space. CURE employs a combination of random sampling and partition-
ing. In order to deal with odd-shaped clusters, this algorithm selects dispersed
points and moves them closer to the centroid of the corresponding cluster. A
random sample, drawn from the data set, is first partitioned and cluster sum-
maries are stored in memory in a tree data structure. For each successive data
point, the tree is traversed to find the closest cluster to it.

6.3 Similarity Measures

Similarity measures according to which to cluster objects is also an issue of
investigation. In [35], methods for determining similar regions in tabular data
(given in a matrix) are developed. The proposed measure of similarity is based
on the L, norm for various values for p (non-integral too). It is noticed that
on synthetic data, when clustering uses as a distance measure either Ly or Lo
norms, the quality of the clustering is poorer than when p is between 0.25 and
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0.8. The explanation for this is that, for large p, more emphasis is put on the
outlier values (outliers are points that are isolated, so they do not belong to any
cluster), whereas for small p the measure approaches the Hamming distance, i.e.,
it counts how many values are different. On real data, it is noticed that different
values for p bring out different features of the data. Therefore, it seems that
p can be used as a useful parameter of the clustering algorithm: set p higher
to show full details of the data set, reduce p to bring out unusual clusters in
the data. For the technical details to go through, sketching techniques similar
to [62] are used to approximate the distances between subtables and reduce
the computation. The proposed similarity measure is tested using the k-means
algorithm to cluster tabular data.

6.4 Clustering Documents by Latent Semantic Indexing (LSI)

The use of vector space models for information retrieval purposes has been used
as early as 1957. The application of SVD in information retrieval is proposed in
[37] through the latent semantic indexing technique and it is proven a powerful
approach for dimension reduction. The input matrix X , is a document versus
terms matrix. It could be a 0,1-matrix or each entry could be the frequency
of the term in this document. Matrix X is approximated according to SVD by
Xk = ﬁkf kaT’". The choice of k is an issue for investigation. Note that each
entry of the matrix X r does not correspond to a term any more, it corresponds
to a weighted sum of term measures. The matrix Vi represents similarities among
documents, e.g., given a document that the user is interested in more documents
can be decided that are of interest to this user (even if they do not use exactly
the same terms). The matrix Uy, displays similarities between terms, e.g., given
a term, other related terms may be decided (such as the term “car” is related
to “automobile” and “vehicle”). The matrix X may be used for term-document
associations, e.g., on a given term, extract documents that contain material
related to this term.

Spectral methods —i.e., the use of eigenvectors and singular vectors of
matrices—in document information retrieval and the application of SVD through
the latent semantic indexing technique are discussed in detail in [73], which is
an excellent survey on this direction of research.

6.5 Quality of Clustering

In a clustering algorithm the objective is to find a good clustering but a good
clustering is not formally defined. Intuitively the quality of a clustering is assessed
by how much similar points are grouped in the same cluster. In [68] the question
is posed: how good is the clustering which is produced by a clustering algorithm?
As already discussed the k-median clustering may produce a very bad clustering
in case the “hidden” clusters are far from spherical. E.g., imagine two clusters,
one that is a sphere and a second one is formed at a certain distance around
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the sphere forming a ring. Naturally the k-median approach will fail to produce
a good clustering in this example. A bicriteria measure is proposed therein for
assessing the quality of clusters. The dataset is represented as a graph with
weights on the edges that represent the degree of similarity between the two
vertices (high weight means high similarity). First a quantity which measures
the relative minimum cut of a cluster is defined. It is called expansion and is
defined as the weight of the minimum cut divided by the number of points in
the smaller subset among the two that the cut partitions the cluster-graph. It
seems however that it is more appropriate to give more importance to vertices
with many similar other vertices than to vertices with few similar other vertices.
Thus, the definition is extended to capture this observation and the conductance
is defined where subsets of vertices are weighted to reflect their importance.
Optimizing the conductance gives the right clustering in the sphere-ring example.
However if we assume the conductance as the measure of quality, then imagine a
situation where there are mostly clusters of very good quality and a few points
that create clusters of poor quality. In this case the algorithm might create many
smaller clusters of medium quality. A second criterion is considered in order to
overcome this problem. This criterion is defined as the fraction of the total weight
of edges that are not covered by any cluster.

This bicriterion optimization framework is used to measure the quality of
several spectral algorithms. These algorithms, though have proven very good in
practice, were hitherto lacking a formal analysis.

6.6 Other Algorithms

Popular clustering algorithms in the literature include k-means [66], CLARANS
[83], BIRCH [100], DBSCAN [41].

In [87], the drawbacks of random sampling in clustering algorithms (e.g., small
clusters might be missed) are avoided by density biased sampling. The goal is
to under-sample dense regions and over-sample sparse regions of the data. A
memory efficient single pass algorithm is proposed that approximates density
biased sampling. In [86], results from [57] are used to develop an algorithm that
achieves dramatically better clustering quality than BIRCH although it takes
longer to run. In [3], clusters are defined in euclidean space by DNF formulas
and performance issues are addressed for data mining applications.

An excellent detailed exposition of algorithms in [58], [I8] and [50] can be
found in [95]. An excellent survey of the algorithms in [B4U3IT3IT5] is given in
[45].

7 Mining the Web

The challenge in mining the web for useful information is the huge size and
unstructured organization of data. Search engines, one of the most popular web
mining applications, aim to search the web for a specific topic and give to the
user the most important web pages on this topic. A considerable amount of
research has been done on ranking web pages according to their importance.
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Page Rank, the algorithm used by the Google search engine [22] ranks pages
according to the page citation importance. This algorithm is based on the obser-
vation that usually important pages have many other important pages linking
to them. It is an iterative procedure which essentially computes the principal
eigenvector of a matrix. The matrix has one nonzero entry for each link from
page i to page j and this entry is equal to 1/n if page ¢ has n successors (i.e.,
links to other pages). The intuition behind this algorithm is that page i shares its
importance among its successors. Several variants of this algorithm have been
developed to solve problems concerning spams and dead ends (pages with no
successors). Random jumps from a web page to another may be used to avoid
dead ends or a slight modification of the iterative procedure according to which
some of the importance is equally distributed among all pages in the beginning.

Hubs and Authorities, based on similar intuition, is an algorithm where web
pages are viewed also as sharing their importance among its successors only that
there are two different roles assigned to important web pages [72]. They follow
the observation that authorities might not link to one another directly but there
are hubs that link “collectively” to many authorities. Thus hubs and authorities
have this mutually depending relationship: good hubs link to many authorities
and good authorities are linked by many hubs. Hubs are web pages that do not
contain information themselves but they contain many links to pages with in-
formation e.g., a university course homepage. Authorities are pages that contain
information about a topic, e.g., a research project homepage. Again the algo-
rithm based on this idea is an iterative procedure which computes eigenvectors
of certain matrices. It begins with matrix A similar as the page rank algorithm
only that the entries are either 0 or 1 (if there is a link) and its output is two
vectors which measure the ”authority” and the ”hubbiness” of each page. These
vectors are the principal eigenvectors of the matrices AAT and AT A. Work in
[GEUTT] has shown that the concepts of hubs and authorities is a fundamental
structural feature of the web. The CLEVER system [29] builds on the algorith-
mic framework of hub and authorities.

Other work on measuring the importance of web pages include [I]. Other re-
search directions for mining useful information from the web include [23], where
the web is searched for frequent itemsets by a method using features of the al-
gorithm for dynamic itemset counting [2I]. Instead of a single deterministic run,
the algorithm runs continuously exploring more and more sites. In [19], the ex-
traction of structured data is achieved from information offered by unstructured
data on the web. The example used is to search for books in the web starting
from a small sample of books from which a pattern is extracted. Based on the
extracted patterns more books are retrieved in a iterative manner. Based on the
same idea of pattern matching, the algorithm developed in [9] searches the web
for communities that share an interest on a topic. The pattern is formed by using
words from the anchor text.

More detailed descriptions of the Page Rank and the Hubs and Authorities
algorithms can be found in [95]. Also, an elegant formal exposition of spectral
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methods used for web mining and the connections between this work and earlier
work on sociology and citation analysis [39] can be found in [73].

8 Evaluating the Results of Data Mining

As we have seen, for many of the successful data mining algorithms there is no
formal analysis as to whether the solution they produce is a good approximation
to the problem at hand. Recently a considerable amount of research is focused
in developing criteria for such an evaluation.

A line of research is focused in building models for practical situations (like
the link structure of the web or a corpus of technical documents) against which
to evaluate algorithms. Naturally, the models, in order to be realistic, are shown
to display several of the relevant features that are measured in real situations
(e.g., the distribution of the number of outgoing links from a web page).

In [88], a model for documents is developed on which the LSI method is eval-
uated. In this model, each document is built out of a number of different topics
(hidden from the retrieval algorithm). A document on a given topic is generated
by repeating a number of times terms related to the topic according to a proba-
bility distribution over the terms. For any two different topics there is a technical
condition on the distributions that keeps the topics “well-separated”. The main
result is that on this model, the k-dimensional subspace produced by LSI defines
with high probability very good clusters as intended by the hidden parameters
of the model. In this paper, it is also proposed that if the dimensionality after
applying LSI is too large, then random projection can be used to reduce it and
improve the results. Other work with results suggesting methods for evaluating
spectral algorithms include [I0].

Models for the web graph are also developed. The web can be viewed as a
graph with each page being a vertex and an edge exists if there is a link pointing
from one web page to another. Measurements on the web graph [76/77] have
shown that this graph has several characteristic features which play a major
role in the efficiency of several known algorithms for searching the web. In that
context, the web graph is a power-law graph, which means roughly that the
probability that a degree is larger than d is proportional to d~7 for some 5 > 0.
Models for power-law graphs are developed in [42],[7], [78].

A technique for automatically evaluating strategies which find similar pages on
the web is presented in [60]. A framework for evaluating the results of data mining
operations according to the utility of the results in decision making is formalized
in [74] as an economically motivated optimization problem. This framework leads
to interesting optimization problems such as the segmentation problem which is
studied in [75]. Segmentation problems are related to clustering.

9 Conclusion

We surveyed some of the formal techniques and tools for solving problems on
the data stream model and on similar models where there are constraints on
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the amount of main memory used and a few number of passes through the
data are allowed because access is too costly. We also presented some of the
most popular algorithms that are proposed in the literature for data mining
applications. We provided reference for further reading, with some good surveys
and tutorials in the end of each section. As the field is a rapidly evolving area
of research with many diverging applications, the exposition here is meant to
serve as an introduction to approximation algorithms with storage constraints
and their applications.

Among topics that we did not mention are Privacy preserving data mining,
Time Series Analysis, Visualization of Data Mining results, Bio-informatics,
Semistructured data and XML.

Acknowledgements. Thanks to Chen Li and Ioannis Milis for reading and
providing comments in an earlier version of this chapter.
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Abstract. In this chapter we review the main results known on local
search algorithms with worst case guarantees. We consider classical com-
binatorial optimization problems: satisfiability problems, traveling sales-
man and quadratic assignment problems, set packing and set covering
problems, maximum independent set, maximum cut, several facility loca-
tion related problems and finally several scheduling problems. A replica
placement problem in a distributed file systems is also considered as an
example of the use of a local search algorithm in a distributed environ-
ment.

For each problem we have provided the neighborhoods used along
with approximation results. Proofs when too technical are omitted, but
often sketch of proofs are provided.

1 Introduction

The use of local search in combinatorial optimization reaches back to the late
1950s and early 1960s. It was first used for the traveling salesman problem and
since then it has been applied to a very broad range of problems [1]. While
the basic idea is very simple, it has been considerably used and extended in
more elaborate algorithms such as simulated annealing and taboo search. Local
search algorithms are also often hybridised with other resolution methods such
as genetic algorithms. Such methods are commonly referred under the term of
metaheuristics [19193].

In this survey we are concerned with “pure” local search algorithms which
provide solutions with some guarantee of performance. While the previous meta-
heuristics may be very efficient in practice for obtaining near to optimal solutions
for a large class of combinatorial optimization problems, one lacks theoretical
results concerning the quality of solution obtained in the worst case. Indeed,
theoretical works during the last decade mainly addressed the problem of the
computational difficulty of finding local optima solutions [98/104], regardless
of the quality achieved. For example in 1997 Yannakakis [I04] in his survey
mentioned that very little work analyzed performance of local search. However,
recently more and more results involving approximation results using local search
algorithms appeared, and therefore we feel that time has come to make a survey
of known results. We hope it will motivate further study in this area and give
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insight on the power and limitations of the local search approach for solving
combinatorial optimization problems.

In this chapter we consider only the standard approximation ratio [TTJI00].
For other approximation results using the differential approximation ratio, the
reader is referred to the book of Monnot, Paschos and Toulouse [83]. This chapter
is organized as follows. In Section 2] we introduce local search algorithms, and we
discuss convergence issues of these algorithms. In Section we consider local
search algorithms with respect to polynomially solvable problems. Section [ is
devoted to satisfiability problems. Several results about graph and hypergraph
coloring problems are also presented, since they are corollaries of the results ob-
tained for satisfiability problems. In Section [4] we consider the famous traveling
salesman problem. Section [l is devoted to the quadratic assignment problem
which is a generalization of the traveling salesman problem. Several results for
other combinatorial optimization problems, such as the traveling salesman prob-
lem and the graph bipartitioning problem, since they are particular cases of the
quadratic assignment problem, are also presented. In Section [6] we consider set
packing and maximum independent set problems. In Section [1] we consider the
set covering problem. Section Blis devoted to the maximum cut problem. In Sec-
tion [0 we consider several facility location related problems, and in Section
we consider several classical scheduling problems. The next sections consider less
known combinatorial optimization problems: Section [l is devoted to the min-
imum label spanning tree problem, whereas Section is devoted to a replica
placement problem in a distributed file systems. Finally in Section [[3] we resume
the main approximation results obtained in a single table, and suggest some
investigations for further research.

2 Local Search Algorithms

2.1 Introduction

Let us consider an instance Z of a combinatorial optimization problem. The
instance 7 is characterized by a set S of feasible solutions, and a cost function
C such that C(s) € N. Assuming a minimization problem, the aim is to find
a global optimal solution, i.e. a solution s* € § such that C(s*) < C(s) for all
s € S. In the case of a maximization problem, one look for a solution s* € S
such that C(s*) > C(s) for all s € S.

To use a local search algorithm one needs a neighborhood. The neighborhood
N : S — 25 associates to each solution s € S a set N(s) C S of neighboring
solutions. A neighboring solution of s is traditionally obtained by performing a
small transformation on s. The size |NV| of the neighborhood N is the cardinality
of the set A/(s) if this quantity does not depend of the solution s, which is very
often the case in practice.

The generic local search algorithm is depicted in algorithm[l It is an iterative
improvement method in which at each step one tries to improve the current
solution by looking at its neighborhood. If at each step the current solution is



32 E. Angel

replaced by a best (resp. any better) solution in its neighborhood, one speak of
deepest (resp. first descent) local search.

Algorithm 1 Generic local search algorithm

Let s € S be an initial solution
while there is a solution z € N (s) that is strictly better than the current solution s
do
s <« z (i.e. we replace the current solution s by a strictly better solution in its
neighborhood N (s))
end while
return s

A local optimum solution s;,. € S is a solution which is better than all its
neighboring solutions, i.e. C(sjoc) < C(s) for all s € N(soc) for a minimization
problem, and C(s;oc) > C(s) for all s € N(sjoc) for a maximization problem.
The local search algorithm always ends at a local optimum solution. Notice that
a global optimum solution is always a local optimum, but the converse is in
general not true.

Despite their simplicity, we will see that local search algorithms can lead to
approximation algorithms for a large class of combinatorial optimization prob-
lems. A local search algorithm is said to be a p approximation algorithm if any
local optimum solution satisfies C(sjoc)/C(s*) < p (resp. C(s*)/C(s10c) < p)
for a minimization (resp. maximization) problem, with s* a global optimal so-
lution. Therefore the approximation ratio p is always greater than 1. The closer
to 1 is p, the better is the approximation. Notice that some authors consider
the inverse ratio 1/p instead of p for maximization problems. In case p = 1 the
neighborhood is said to be ezact.

2.2 Convergence Issue

To be a polynomial time algorithm the local search must find a local optimum
within a polynomial number of iterations, and each iteration must take a poly-
nomial time.

The second condition is always met if the neighborhood has a polynomial
size. However recently there has been some interest in exponential sized neigh-
borhoods which can be searched in polynomial time using different techniques
(dynamic programming for instance), see [2J51] for a survey. However, as far as
we know, despite interesting experimental results there is no approximation algo-
rithm based on such neighborhoods yet (excepted the paper of Boykov, Veksler
and Zabih [20] which is considered in chapter X of this book).

The first condition is sometimes easy to check. The standard argument is as
follows. If the cost function is integral, non negative, and it is allowed to take
only values bounded by a polynomial in the size of the instance, assuming we
have a minimization (resp. maximization) problem, then since at each iteration
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the cost value of the current solution must decrease (resp. increase) by at least
one unit, it means that a local optimum will be reached in a polynomial number
of iterations.

Ausiello and Protasi [12] defined a class of optimization problems called GLO
(Guaranteed Local Optima) using such assumptions. They also show that GLO
can be seen as the core of APX, the class of problems that are approximable in
polynomial time, in the sense that all problems in APX either belong to GLO
or may be reduced to a problem in GLO by means of approximable preserving
reductions.

However if the cost function can take exponential values, a local search algo-
rithm may reach a local optimum only after an exponential number of iterations.
Johnson, Papadimitriou and Yannakakis have defined in [66] the PLS (polyno-
mial local search) complexity class in order to study the intrinsic complexity
of finding a local optimum with respect to a given neighborhood (not by using
necessarily a local search algorithm). It has been shown that several problems
are PLS-complete [66/94/96/103).

However recently Orlin, Punnen and Schulz [85] have introduced the concept
of e-local optimality and showed that for a large class of combinatorial optimiza-
tion problems, an e-local optimum can be identified in time polynomial in the
problem size and 1/e whenever the corresponding neighborhood can be searched
in polynomial time, for € > 0. For a minimization problem, s is an e-local op-
timum if C(‘%zg(sl) <, for all s € N(s). An e-local optimum has nearly the
properties of a local optimum, however one should point out that an e-local
optimum is not necessarily close to a true local optimum solution.

2.3 Polynomially Solvable Problems

Before considering NP-hard problems in the sequel, one may wonder what the
behavior of local search is on polynomially solvable problems.

Following Yannakakis [T04] one can say that for linear programming the sim-
plex algorithm can be view as a local search. Indeed, a vertex of the polytope
of feasible solutions is not an optimal solution if and only if it is adjacent to an-
other vertex of the polytope with better cost. Therefore the adjacency vertices
of the polytope defines an exact neighborhood. Algebraically it corresponds to
exchanging a variable of the basis for another variable outside the basis.

The weighted matching problem in a graph is a well known polynomially solv-
able problem. The fastest algorithm known is due to Gabow [44] with a running
time of O(|V||E| + |V|?> log|V]). However this running time is sometimes too
large for real world instances. Recently Drake and Hougardy [36] have proposed
a local search algorithm in linear time for the weighted matching problem in
graph with a performance ratio of 3/2. For the maximum matching problem,
notice that a matching is not maximum if and only if it has an augmenting
path. Therefore, if we say that two matchings are neighbors if their symmetric
difference is a path, then we have an exact neighborhood for the maximum car-
dinality matching problem. The neighborhood used by Drake and Hougardy is
based on such augmenting structures.
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For the minimum spanning tree problem, a non optimal tree can be improved
by adding an edge to the tree and removing another edge in the (unique) cycle
formed. Thus the neighborhood in which 2 spanning trees are neighbor if one
can be obtained from the other by exchanging one edge for another is exact.
It can be shown that after at most a polynomial number of iterations the local
search algorithm converges [62].

More general results can be obtained using the framework of matroids. Recall
that a matroid M is a finite set E(M) together with a subset J(M) C E(M)
that satisfies the following properties:

1. 0 e J(M)
2. XCYeJM)= XeJ(M)
3. XeJ(M),Y e J(M),|Y|>|X| = Je e Y\ X such that X +e € J(M)

The set J(M) is called the set of independent sets of M.

Given a weight function C' we consider the problem of finding maximum-
weight independent sets Sy of cardinality k. This problem can be solved effi-
ciently in polynomial time using the weighted greedy algorithm (see for exam-
ple [77]). As an example consider a graph G(V, E), let E(M) = E and let J (M)
be the set of forests (set of edges containing no cycle) of G. Then M is called
the graphic matroid of G, and obtaining a maximum (or minimum) weighted
spanning tree of G' can be obtained using a greedy algorithm known as Kruskal’s
algorithm.

Let A denotes the symmetric difference of sets, i.e. SAS’ = (S\ S )U(S"\S).
Let us consider the following local search algorithm: Choose any S € J(M),
such that |S| = k. While there exists S’ € J(M) with |S’| = k and |SAS’| =2
and C(S") > C(S): Let S := S’. Interestingly it can be shown that if M is a
matroid, then this swapping algorithm finds a maximum-weight independent set
of cardinality & [77].

Rardin and Sudit [91/92] introduced a new paroid structure designed to pro-
vide a canonical format for formulating combinatorial optimization problems
together with a neighborhood structure. They introduced a generic local opti-
mization scheme over paroids which unifies some well known local search heuris-
tics such as the Lin-Kernighan heuristic for the traveling salesman problem.

3 Satisfiability Problems

Local search is widely used for solving a wide range of satisfaction problems. In
this section we review the main results known.

3.1 Definitions and Problems

Let us consider a set of n boolean variables z;, for 1 < j < n. We note truth =
false and false = truth. A literal is either a boolean variable x; or its negation
x;. In a constraint satisfaction problem, the input is given by a set of m boolean
clauses C;, 1 < ¢ < m. In the sequel, we shall assume that no clause contains both
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a literal and its negation. The objective is to find an assignment of truth values
to the boolean variables (a truth assignment) in order to satisfy the maximum
number of clauses.

According to the structure and restrictions over the constraints, we obtain
several problems. In the MAX k-SAT satisfiability problem, each clause C; is a
disjunction of exactly k literals (in the literature one sometimes assume up to k
literals per clause instead of exactly k). If each clause can contain an arbitrary
number of literals, this problem is denoted by MAX SAT. In the MAX k-CCSP
conjunctive constraint satisfaction problem, each clause C; is a conjunction of k
literals.

In the MAX CSP constraint satisfaction problem we have a set of variables
V. The domain of each variable is K = {1,...,k}. A constraint between two
variables u and v, denoted by R(u,v), is a binary relation on K x K, which
defines the pair of values that can be assigned to v and v simultaneously. An
assignment is a function f : V' — K. A constraint R(u, v) is said to be satisfied if
(f(u), f(v)) € R(u,v). A constraint R(u,v) is said to be r-consistent (1 < r < k)
if and only if for every value iy € K there exists at least r consistent values
io € K such that (i1,i2) € R(u,v) An instance is said to be r-consistent if
all its constraints are r-consistent. In the MAX csp(k,r) constraint satisfaction
problem, all the instances have domain size k£ and are r-consistent. Notice that
MAX k-CUT (see Section ) is equivalent to MAX CcsP(k, k — 1) with all not-equal
constraints. An instance of a constraint satisfaction problem can be represented
by a constraint (multi) graph G = (V, E). There is an edge between u and v for
each constraint R(u,v). We denote by d(v) the degree of vertex v € V, i.e. the
number of constraints involving this variable, and we denote by A the maximum
degree of graph G.

All these problems are NP-hard. The decision problem SAT associated with
MAX SAT, i.e. to determine if there exists a truth assignment such that all the
clauses are satisfied, was the first example of an N'P-complete problem [45]. The
above problems can be generalized by assigning weights to clauses. For example
in the MAX W-SAT problem each clause has a weight, and the objective is to
maximize the sum of the weights of the satisfied clauses.

3.2 Oblivious Local Search for MAX k-SAT

Papadimitriou [86] showed that randomized local search could solve the decision
problem 2-SAT in polynomial time. More precisely, consider the following algo-
rithm: “Start with any truth assignment. While there are unsatisfied clauses,
pick one and flip a random literal in it.”. Considering the Hamming distance of
the current assignment from an optimal solution satisfying all clauses, one can
observes that at each step this distance is at least as likely to be decreased as to
be increased, and is bounded up by n the number of variables. Therefore viewing
this process as a gambler’s ruin problem with a reflecting barrier at most n, one
can proves that this algorithm after O(n?) number of steps will find a satisfying
truth assignment, if one exists, with probability arbitrarily close to one.
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Dantsin et al. [34] proposed an exact deterministic local search algorithm for
MAX k-SAT in exponential time (2 — kil )™ up to a polynomial factor. The key
idea is the use of covering codes to determine the set of initial solutions on
which local search is applied. Recently Hirsch [58] has proposed a randomized
(1 — e)-approximation algorithm. In the following we consider only polynomial
time deterministic algorithms.

Let a solution s of a satisfiability problem be represented as a 0-1 vector
s =(s1,...,8,) with the meaning that s, = 1 (resp. s; = 0) if a; is given the value
true (resp. false). One can then define a neighborhood Ny in the following way:
s € Ny(s) <= du(s,s’) < d, with d a constant and dy the Hamming distance
between s and §',i.e. du(s,s’) = |{l: s; # s}}|. Following Alimonti [3[4]5] we will
speak of d-bounded neighborhood for Ny. We use flip to mean 1-neighborhood.
In the flip (resp. d-bounded neighborhood) one is allowed to change the value of
only a single variable (resp. up to d variables) to obtain a neighboring solution.
The size of the d-bounded neighborhood is (Z), which is a polynomial in the size
of the instance since d is a fixed constant, leading to a polynomial time local
search algorithm.

Theorem 1 (Hansen and Jaumard, 1990 [55]). The local search algorithm
with the flip neighborhood is a polynomial time (k+1)/k-approximation algorithm
for MAX k-SAT, and this ratio is tight.

Proof. Without loss of generality, we can assume that in the local optimum each
variable is assigned the value true. If it is not the case, by putting z; = a; if
x; «— false, and z, = z; if x; < true in the local optimum, we obtain an
equivalent instance for which the assumption is verified.

Let 6; the variation of the number of satisfied clauses when variable z; is
flipped. Since the assignment is a local optimum, flipping any variable de-
creases the number of satisfied clauses, i.e. §; < 0, for 1 < i < n. Let covs
the subset of clauses that have exactly s literals matched by the current assign-
ment, and covs(l) the number of clauses in covs that contain literal I. We have
0; = —covi(x;)+covg(z;). Indeed, when z; is flipped from true to false one looses
the clauses that contain x; as the single matched literal, i.e. covy(z;), and gains
the clauses that have no matched literal and that contain z;, i.e. covg(z;). After
summing over all variables, we obtain Y ., 6; <0, thus

Zcovo(xi) < Zcovl(xi). (1)
i=1 =1

By using the following equalities: Y, covq(x;) = |covq| and > | covg(x;) =
k|covg|, which can be easily verified, we obtain from (Il that k|cove| < |covi| <
Myoe. Let myoe. be the number of satisfied clauses at a local optimum with the
flip neighborhood. Therefore m = my,. + |cove| < (1 + }C)mloc = k;gl Mioe-

Of course when flipping a variable the net increase in the number of satisfied

clauses is at least one, and therefore the total numbers of moves before reaching a
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local optimum is bounded up by m, the total number of clauses, and is therefore
polynomial. Moreover each iteration of the local search takes a polynomial time.
d

Battiti and Protasi give the following intuitive explanation [I5]: “if there are
too many clauses in covg, because each of them has k unmatched literals, there
will be at least one variable whose flipping will satisfy so many of these clauses
to lead to a net increase in the number of satisfied clauses.”

Can we improve the approximation ratio of Theorem [l by using a larger
neighborhood than flip? Khanna, Motwani, Sudan and Vazirani [TO[71] have
proved that the performance ratio for any oblivious local search algorithm with
a d-bounded neighborhood for MAX 2-SAT is 3/2 for any d = o(n).

3.3 Non-oblivious Local Search for MAX k-SAT

In non-oblivious local search, independently introduced in [3] and in [70], one
uses a different objective function than the original one to guide the search.
As we shall see, this technique allows to achieve better performance ratio for
some problems approximable by means of oblivious local search, and allows to
approximate problems not approximable with the oblivious local search.

For the MAX k-SAT problems we consider, it means that rather considering
the number of satisfied clauses we use a different criterion in order to guide the
local search algorithm towards better local optima.

Recall that the d-neighborhood of a given truth assignment is defined as the
set of all assignments that can be obtained by changing the values of at most d
variables.

Theorem 2 (Khanna, Motwani, Sudan and Vazirani, 1994 [70J71]).
There exists a mon-oblivious local search algorithm with the flip neighborhood,
which is a polynomial time 2% /(2% — 1)-approzimation algorithm for MAX k-SAT.

Proof. We first give the proof for the MAX 2-SAT problem. As in the proof of
Theorem [I] we assume that in the local optimum each variable is assigned the
value true.

The non-oblivious objective function fyop is a weighted linear combination
of the number of clauses with one and two matched literals: fyop = §|cov1\ +
2|covs| (notice that the oblivious objective function is simply fop = |covi| +
|cova]).

Let 0; (resp. (d]cov1]); and (&|cova]); ) the variation of the objective func-
tion fyop (resp. |covi| and |covs|) when variable x; is flipped. We have,
8; = 3(8|covr|); +2(8|cova])s, with (8|covs|); = —covy (z;) + covo(x;) + cova(z;) —
covy(z;) and (d|covs|); = covi(x;) — cova(z;). For a local optimum relative to
function fyop we have §; < 0, for 1 < i < n. After summing over all variables,
we obtain Z?:l 0; <0, thus

1 1
2001}0(:&-) + 5 C0UL (z;) < 2001}2(:&) + 2001)1 (x4). (2)
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Using the following easily derived equalities Y ., covi(z;) = > i covy(x;) =

|covy |, S covo(z;) = 2|covg|, and Y ;| cova(x;) = 2|covs|, we obtain from (2)

3|covg| < |cova| + |covy|, meaning that the number of satisfied clauses is larger

than three times the number of unsatisfied ones. Since |covy |+ |covy |+ |cove| = m

the total number of clauses, this implies that |covg| < m/4, that is mje. > f’lm.
In the general case we have k literals per clause, and

(0]covjl)s = —covj(x;) + covj_1 () + covjrr(z;) — cov;(z;),
for1<j<k-—1,and
(O|covk])i = covg—1(x;) — covg(x;), (0]covgl); = covi(x;) — covg(x;).

The objective function is fyop = Z?:o ¢jleovj|, with coefficients ¢;, 0 <
j <k, to be determined latter. Then (6 fnor)i = Z?:o ¢;(0]cov;]); < 0 for any
local optimum. After some simple calculus one gets (6 fyop): = Aicovg(z;) +
Z?;ll(Achovj(xi) — Ajcovj(x;)) — Agcovg(z;), with A; = ¢; —¢j_1, 1 <
j < k. By using Y., covj(z;) = jleov;|, Yoi, covj(xi) = (k — j)|cov;| and

S (6fnon)i < 0, one gets kAy|covs| + Y571 (G A; — (k — §)Aj11)|covs| >

L 1 k=3 (k ;
kAq|covg|. If we put A; = (k—ja1)(,t,) 21=0 (7) the coefficient of each term on
the above left hand side inequality is unity, so one gets 25:1 lcovj| = mype >
(28 — 1)|covo| = (2F — 1)(m — muoe), thus myee > (1 =y )m. O

It can be shown that theorem [2] cannot be improved by using a different
weighted linear combination of |covq| and |covs|.

As an example of the superiority of non-oblivious local search over the tradi-
tional local search, consider the following set of clauses (taken from [I5]):
Ci=x1VaaVas, Co=x1VraVay, C3=x1VayVrsand Cy =x3VIsVTs.
The assignment {z; « true |1 < ¢ < 5}, in which all variables get the value
true, is a local optimum with respect to the oblivious objective function. It
satisfies the first three clauses C7,Cy and C3. However using the non-oblivious
objective function fyop = §|covi| + 3|covs| + ¥ |covs|, it is no more a local
optimum since setting x; < false allows to increase fyop from 7 to 9. Then
at the next iteration we can set z3 < false to get the assignment {zo, x4, x5 —
true, x1,xs < false} which satisfies all the clauses and is a global optimum.

Interestingly, Battiti and Protasi have reported that this approach also im-
proves the experimental results obtained on benchmark instances [I4]. Once a
local optimum has been found using the non-oblivious local search, an oblivious
local search is started from that local optimum.

It is not possible to improve the ratio given in Theorem [Z since it has been
shown that MAX k-SAT is not approximable within 2% /(2¥ — 1) — ¢ for any € > 0
and k > 3 [57].

3.4 Non-oblivious Local Search for MAX k-CcCSP

Let S; be the set of clauses where j literals are false in a truth assignment 7.
The non oblivious objective function used within the local search is defined by
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fnos = Y5_ LilS;l, with Ly = (1 + kLjpx — (k = j — ) L10)/(j + 1) for
0<j<k-1,and L; =0 for j > k.

Alimonti [3] has proved that if T is a local optimum for the flip neighborhood
and for the objective function fxopg, then T satisfies at least m/ 2k clauses. Since
obviously m* < m, we get that the non oblivious local search achieves a perfor-
mance ratio of 2¥. However by considering the approximation with respect to the
value m* of the optimal solution, it is possible to obtain a better performance
ratio, as the following theorem shows.

Theorem 3 (Alimonti, 1995 [4]). The non-oblivious local search with the
flip neighborhood, and the objective function fxog, is a polynomial time 2% — 1-
approzimation algorithm for MAX k-CCSP.

Proof. (sketch) Let T be a local optimum with the flip neighborhood and for
the objective function fyog. Recall that S; is the set of clauses where j literals
are false in 7. We denote by |¢|; the cardinality of the literal ¢ is in §;, for
0 < 7 < k. Then it can be shown that since T is a local optimum,

k k-1
Afvos(q) = (Liy1 — Lj)lal; =Y (Lj — Lita)lgl; <0, 3)
7j=1 7=0

for any literal ¢q. After some lengthy calculus and several lemma about the values
L;, Alimonti derives from the inequality [3] that 7" satisfies at least m* /(2% — 1)
clauses. O

Theorem [3] can be improved for the special case £k = 2. Given a solution
s = (s1,...,8n), the extended d-bounded neighborhood N4 is defined in the
following way: s’ € Nea(s) <= (du(s,s’) <d) Vs = (s1,82,...,8). In other
words either we flip the values of up to d variables, either we flip all of them. The
following theorem uses the non-oblivious objective function fi o5 = 4/S0|+[51].

Theorem 4 (Alimonti, 1997 [5]). The non-oblivious local search algorithm
with the extended flip neighborhood, and the objective function fyop, i a poly-
nomial time 2.5-approximation algorithm for MAX 2-CCSP, and this bound is
tight.

Proof. (sketch) Let T be a local optimum for the extended flip neighborhood
and for the objective function fj,p. Since T is a local optimum for the flip
neighborhood, no literal g exists such that Afy 5T —qUq) = —3|qlo + 3¢l —
lgl1 + |gl2 > 0, therefore

3lalo +lalr = 3lglL + lglo- (4)
Since T is a local optimum for the extended flip neighborhood,
|So| > |S2]. (5)

Alimonti uses inequalities Hl and [l to obtain that T satisfies at least m*/2.5
clauses. An instance is given in [5] showing that this bound is tight. a
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Since the MAX DICUT problem (see Section[])) is a special case of MAX 2-CCSP
one obtains.

Corollary 1. The non-oblivious local search algorithm with the extended flip
neighborhood is a polynomial time 2.5-approximation algorithm for MAX DICUT.

3.5 Oblivious Local Search for Max csp(k,r)

We consider now the MAX cspP(k,r) problem. In the flip neighborhood two as-
signments f and f’ are neighbors if the number of variables whose values are
different in f and f’ is exactly one.

Theorem 5 (Halld6rsson, Lau, 1997[53]). The local search algorithm with
the flip neighborhood is a polynomial time (k/r)-approximation algorithm for
MAX CSP(k,r). This bound is tight.

Proof. (sketch) Since f is a local optimum with respect to the flip neighborhood,
it can be shown that for all variables v € V' the number of constraints which are
adjacent to v, and that are satisfied by f is at least [rd(v)/k]. Then summing
up over all vertices, one obtains the result. a

Halldérsson and Lau in [53] also develop a more advanced version of local
search. They are not able to improve the k/r ratio for MAX CcsP(k, ), but applied
to MAX k-CUT they obtain a ratio of kfl 2§A+f;1 . The algorithm works as follows.
First an initial assignment is found using a greedy algorithm. Then, several
iterations of a modified local search are performed, and finally the local search
with the flip neighborhood is performed. Given an assignment f the idea of the
modified local search is to consider vertices v such that the number of constraints
incident to v, in the constraint (multi) graph, that are not satisfied by f is above
a certain level, and to change the value of f(v).

3.6 Applications for Graph and Hypergraph Coloring Problems

We begin by some basic definitions. For more details the reader can consult the
book of Berge [16].

An undirected hypergraph (simply called hypergraph) H is a pair (V, H),
where V is the set of vertices, H is the set of hyperarcs, and for each X € H,
X C V. A coloring is a function that assigns to each vertex a color. A subset of
hyperarcs H' C H is said to be h-colorable, if there exists a coloring such that
each hyperarc X’ € H' contains at least one vertex for each one of the h colors.
This is the standard definition given in the book of Garey and Johnson [45]. Al-
imonti [4] also consider another more restrictive version of colorability. A subset
of hyperarcs H' C H is said to be 2-perfect-colorable, if there exists a coloring
such that each hyperarc X’ € H' contains, either the same number of vertices
(if | X’| is even), or the same number of vertices but one (if | X’| is odd), for each
one of the 2 colors. The hypergraph h-colorability (resp. 2-perfect-colorability)
problem is the problem of finding a h-colorable (resp. 2-perfect-colorable) subset
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H' C H of maximum cardinality |H’|. The hypergraph 2-colorability problem is
also known as the SET SPLITTING problem [45].

A directed hypergraph H is a pair (V, H), where V is the set of vertices, H is
the set of directed hyperarcs, and for each (X,v) € H, X CV and v € V. The
directed hypergraph 2-colorability problem is the problem of finding a partition
of V in two sets S and S that maximize the cardinality of |H'|, where H' C H
and for each hyperarc (X,v) € H' one has X C S and v € S. Notice that if H
is a graph, this problem becomes the MAX DICUT problem (see Section []).

By representing instances of hypergraph colorability problems as instances of
the conjunctive constraint satisfaction problem it is possible to get from Theo-
rem [3] approximation ratio results for hypergraph colorability problems. By this
way the following four theorems [0 [7 [l and [ are obtained.

Let H be a hypergraph, with |H| = m hyperarcs of size k.

Theorem 6 (Alimonti, 1995[4]). The hypergraph 2-colorability problem on H
can be solved within approzimation ratio 2¥=1 /(281 —1).

Theorem 7 (Alimonti, 1995[4]). The hypergraph 2-perfect-colorability prob-
lem on H can be solved within approzimation ratio \/7rk:/2 if k is even, and
1wk +1)/2 if k is odd.

We consider now that the size of each hyperarc is k = h. The hypergraph h-
colorability problem on H means that we look for a coloring for which no nodes
on a hyperarc have the same color.

Theorem 8 (Alimonti, 1995[4]). The hypergraph h-colorability problem on
k
e (k+1)k.

‘H can be solved within approximation ratio Vank Uk

Alimonti shows that directed hypergraph 2-colorability problem cannot be
approximated by means of oblivious local search, even if we restrict to the case
of directed graphs. For any approximation ratio r, whatever neighborhood size
b is allowed (the number b of vertices which can change their color to obtain
a neighboring solution) there are local optima solutions with respect to such
neighborhood that do not guarantee the ratio r. In contrast, by representing
this problem as a satisfiability problem we get from Theorem [3 the following
result.

Theorem 9 (Alimonti, 1995[4]). Let H = (V, H) be a directed hypergraph,
with |H| = m hyperarcs of size k. The directed hypergraph 2-colorability problem
on H can be solved within approzimation ratio 2% — 1.

When k = 2 we have the MAX DICUT problem (see Section [§), and Theorem [0l
cannot compete with the ratio obtained by Goemans and Williamson [46].

4 The Traveling Salesman Problem

In this famous problem in combinatorial optimization, we are given a com-
plete graph over n vertices, with nonnegative edge costs. The traveling salesman
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problem, denoted by TSP, is to find a minimum cost cycle (tour T') visiting every
vertex exactly once.

Approximation results:

It is an NP-hard problem and cannot be approximated (see e.g. [100]). However
if we assume that the edge costs satisfy the triangle inequality, i.e. we consider
the METRIC TSP, then the problem becomes approximable. The well known al-
gorithm of Christofides [32] achieves an approximation ratio of 3/2.

Neighborhoods:

The standard neighborhoods for TSP are the 2-opt and k-opt (k > 3) neighbor-
hoods. Given a tour T', a tour T’ belongs to the k-opt neighborhood of T if T’
can be obtained from T by removing at most k' < k edges from T and adding
k' new edges. An example of 2-opt move is depicted in Figure [l

Fig. 1. An illustration of the 2-opt move

The well known Lin-Kernighan algorithm, which gives in practice very good
solutions, is based on such neighborhoods [80]. Very roughly, in this algorithm
the value of k is allowed to vary during the execution of the algorithm and when
an improvement is found the search continues for finding an even better move.

Local search complexity:

The traveling salesman problem is PLS-complete under the k-opt move for some
constant k [75]. It is also PLS-complete under the LK’ neighborhood [87] (a
variant of the Lin-Kernighan neighborhood, see [II).

Lueker [R1] constructed an instance for which there exists an exponentially long
sequence of improving 2-opt moves. Chandra, Karloff, Tovey [28] have extended
Lueker’s construction for all k > 2, giving explicit instances for which there exist
exponentially long improving sequences of k-opt moves. For all sufficiently large
k, Johnson, Papadimitriou and Yannakakis [66] and Krentel [75] have proved the
existence of instances and initial tours such that any local search using k-opt
and starting from this initial tours needs an exponential number of steps before
converging to a local optimal solution. Krentel claimed to have extended this
result to all & > 8. This result also holds for the LK’ neighborhood [87]. However
it is not known whether this results hold for the 2-opt and 3-opt neighborhoods,
or if there always exist a way of choosing an improvement such that the local
search algorithm finds a local optimum solution after a polynomial number of
moves.
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Local search approximation results:

Chandra, Karloff, Tovey [28] have obtained several approximation and conver-
gence results concerning the performance of local search for various instances of
the traveling salesman problem. We cite here only a few of them. For random
TSP instances in the unit square they show that the expected number of itera-
tions before reaching a local optimum is polynomial, and the expected worst-case
approximation ratio is bounded by a constant. For METRIC TSP they show that
a local search using the 2-opt neighborhood achieves a performance ratio of at
most 4+/n for all n. Moreover they show that using a larger neighborhood does
not fundamentally improve the ratio since a local search with the k-opt neigh-
borhood can have a performance ratio at least inl/ 2k for infinitely many n.

Theorem 10 (Chandra, Karloff, Tovey, 1999[28]). A local search algo-
rithm with the 2-opt neighborhood achieves a 4+/n approxzimation ratio for MET-
RIC TSP.

Proof. (sketch) We denote by wt(e) the weight of edge e. Let Cyp denote the
cost of an optimal tour. and let 7" be any tour of cost C, which is locally optimal
with respect to the 2-opt neighborhood. Let Ej, for k € {1,...,n} the set of big
edges of T: Ey, = {e € T' | wt(e) > 2C,p/k. Then the first part of the proof is
to show that |Ej| < k. Assuming this last result is true, then it means that the
weight of the k-th largest edge in T is at most 2C,p:/ V'k, therefore

n
C= Z wt(k — th largest edge)
k=1

"1
S 2C(opt Z
= VE
L |
dx
=0 \/JJ
= 4\/TLCOpt.

S 2Copt

The proof of |Ey| < k is by contradiction. Here we give only an idea of the proof.
Let V' be the set of vertices of the instance. For any subset of vertices V' C V
we denote by Cope(V”) the length of a shortest tour on V'. We give an arbitrary
orientation of the tour T'. Let t1,...,t,, with r = |Eg| > k be the tails of each
arc from Ej, in tour 7. Then it can be shown that there exists at least vk tails
which are at a distance at least Copt/ Vk from each other. Consider the traveling
salesman instance restricted on this set V' of tails. Then the shortest tour on
this set has a length Cope (V') greater than vk Copt/ Vk = Copt contradicting the
fact that since the distances satisfy the triangular inequality then for any subset
V' CV one has Cop (V') < Cope(V). O

We consider now the restricted version of the traveling salesman problem,
denoted by TsP(1,2), where each edge has a cost of 1 or 2. This problem remains
NP-hard and Papadimitriou and Yannakakis [88] proposed a polynomial time
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7/6-approximation algorithm for this problem. Their algorithm uses a subtour
patching technique.

Theorem 11 (Khanna, Motwani, Sudan and Vazirani, 1994 [70,71]).
A local search algorithm with the 2-opt neighborhood achieves a 3/2 approzima-
tion ratio for TSP(1,2), and this bound is asymptotically tight.

Proof. Let C = vny,Vny,--.,Vr, U, be alocal optimum solution with the 2-opt
neighborhood. Let O be any optimal solution. To each unit cost edge e in O we
associate a unit cost edge €’ in C as follows. Let e = (vr,,vr,) with i < j. If
Jj =i+ 1 then ¢ = e. Otherwise €’ is a unit cost edge among e; = (vr,,Vr,,,)
and eg = (vﬂj,vmﬂ). Indeed, either e or es must be of unit cost. If it is not the
case, then the tour C’ obtained from C by removing edges e; and e and adding
edges e and f = (vn,,,,Vr,;,,) has a cost at least one less than C and therefore
C would not be a local optimal solution with the 2-opt neighborhood.

Let Up denotes the set of unit cost edges in O, and U¢ the set of unit cost edges
in C obtained from Up using the above mapping. Since an edge €’ = (v, , Vr, )
in Uc can only be the image of unit cost edges incident on v, in O and since O is

a tour, there are at most two edges in Up which map to e’. Thus |Uc| > |Up|/2
cost(C) _ |Uol/2+2(n—|Uo|/2) 3
cost(0O) — |Uo|4+2(n—|Uo]) — 2
The above bound can be shown to be asymptotically tight [70]. O

and we obtain

5 The Quadratic Assignment Problem

Given two n x n symmetric matrices F' = (f;;) and D = (d;;), with a null
diagonal, the (symmetric) Quadratic Assignment Problem, denoted by QAP, can

be stated as follows:
n n
min Z Z Jikdr(iym (i)
i=1 k=i+1

where IT is the set of all permutations of {1,2,...,n}. One of the major appli-
cations of the QAP is in location theory where f;; is the flow of materials from
facility ¢ to facility j, and d;; represents the distance from location 7 to location
J [73]. The objective is to find an assignment of all facilities to locations which
minimizes the total cost (see [89] for a survey of this problem).

This problem is a generalization of the traveling salesman problem and is
therefore NP-hard. Due to time constraints, branch and bound methods to solve
the QAP exactly remain limited to instances of small size. On December 2000
Peter Hahn et al. [24] solved Kra30b, an instance with n = 30. The computation
time needed amounted to 182 days on a single cpu HP-3000 workstation. However
local search based algorithms are usually very good at providing approximate
solutions.

Neighborhoods:
We consider the 2-exchange neighborhood which is the standard one for the
QAP. Given a permutation © = (7w(1),...,7(¢),...,7(j),...,m(n)), its neighbors
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are the n(";l) permutations of the form (7 (1),...,7(j),...,m(i),...,7(n)) for
1 <i < j < n, obtained from 7 by performing a swap.

Local search complexity:

In [94], it has been proved that the Graph Bipartitioning Problem is PLS-
complete for the swap neighborhood, and since it is a particular case of the
symmetric QAP with the 2-exchange neighborhood, it follows that the QAP with
this neighborhood is PLS-complete.

If we denote by Cj,. the cost of any solution which is a local minimum relative
to a certain neighborhood and Cay the average cost over all possible solutions,
it has been proved for the Traveling Salesman Problem that Ci,c < Cay with
the 2-exchange neighborhood [49], the 3-exchange and the 2-opt neighborhood
[33].

Let s(A) denote the sum of all terms of a given matrix A. Let x and y
two vectors of the same dimension. The maximum (respectively minimum)
scalar product of z and y is defined by: (x,y)1 = maxrem{x, 7y) (respectively
(x,y)— = minge(z,7y)). Let Fi, and Dy denote the sum over the k-th column of
F and D respectively, and let (F, D) (respectively (F, D)_) be an abbreviation
for ((F1,...,Fy),(D1,...,Dpn))+ (respectively ((Fi,...,Fy),(D1,...,Dp))-).

Theorem 12 (Angel, Zissimopoulos, 1998(7]). For the QAP, let Cioc the
cost of any solution found by a deepest local search with the 2-exchange neigh-
borhood, then the following inequality holds: Coe < sg?ggg) nCav, where Cay

1s the average cost of all possible permutations.

Proof. The demonstration’s technique is inspired from [49]. Let 7 = (v (1), ...,
m(n)) any permutation, and m;; the permutation obtained from 7 by swap-
ping m(i) and w(j). Let C(w) the cost of the permutation m: C(mw) =
ézzjzl fijdriiyr(jy- We define 6;; = C(m;;) — C(mw). Then, after some calcu-
lus one easily obtains that the total difference cost relative to the 2-exchange
neighborhood is given by

3" 8y = 25(F - 7(D)) — 4(n — 1)C(x), (6)

,j=1

with the matrix 7(D) defined by (7(D))ij = dx(iyx(j)-
In the same way, it can be shown that the average cost over all permutations
is given by

s(F)s(D)

Cav = 2n(n —1) (™)

n
ii=1 9%

We note, by analogy with the space Laplacian operator, V2C(r) = n(n_1)
the average cost difference between the permutation 7 and its neighbors. Using
equality [f one has V2C/(7) = _4(;;(”) + 23»21(:;7:(3))'

The key idea is to bound V2C(w) and to use the fact that at each step there
always exists an exchange 4,j such that §;; < V2C(7). By using equality [7]
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we obtain V2C(7) = —4em 4 a(m), where C(r) = C(r) — Cay and a(n) =

2s(F-m(D)) _ 2s(F)s(D) ) Letyzy _ __s(F)s(D) )

n(n—1) 3 (n-1) max, a(m) = max, n(n{l) (s(F-m(D)) -
Then, V2C' is bounded above by -*(C(r) — Cav) + c.

So, since there always exists an exchange i, j such that &; ; < V2C(r), the
deepest local search algorithm picks a movement at least as good as this one, and
the cost of the solution is at the next step less than C(m) — * (C(7) — Cav) + a.
Iterating this process gives a limit cost I which verifies [ =1 — *(I — Cav) + c.
It follows that [ = %" 4 Cay. By using equality [[l and some calculus it can be
shown that
<F7 D>+ 1
- "= m)s) " 2™ .

It would be interesting to have an upper bound for Cj,. where the size n of
the problem doesn’t occur. But notice that if we conserve the shape of the bound
of theorem [T2] that is the term s<(1;‘7)€()5)’ the bound cannot be improved. Indeed,
recall that when restricted to the Symmetric Traveling Salesman Problem, this
bound becomes Cay, a result which is optimal (think at the special case when
all entries of the distance matrix are equal, then all the solutions have the same
cost equal to Cay).

Corollary 2. For the QAP, the following inequality holds: Cioe < 5 Cav. More-
over, there is a sequence of instances for which the ratio Ciax/ 5 Cav tends to
infinity, where Cihax 15 the mazimum cost over all permutations.

Theorem 13 (Angel, Zissimopoulos, 1998[7]). If the matrices F and D are
positive integer ones, a deepest descent local search will reach a solution with a
cost less than 3 Cav in at most O(n log(s(F')s(D)/2)) iterations.

Proof. We have seen that at each step the cost C(m) of the current solution 7
becomes less than C(r) — *(C(r) — Cav) + . If we note C(m) = C(n) =1 (1
is the limit cost defined above) it is equivalent to say that a each step, C~'(7r)
becomes less than (1 — i)é(ﬂ') Indeed, at each step C'(7) — [ becomes less than
C(m) — HC(m) = Cav) + a— (0" + Cav) = (1 = 2)(C(r) — ° = Cav). Since
F and D are integer matrices, the cost at each step must decrease at least one.
So, if we have L such that Cpmax — I < 2% the number of steps ¢ until C’(W) is less

than zero satisfies (1 — ?)" < 27F that is ¢ > log _(1L— oy~ O(nL) when n — oo.
2 n
We have Chax — | < Crax < S(F)S(D), and the result follows. O

2

Notice that, we do not claim that the entire local search will use at most this
polynomial number of iterations. Since the QAP is PLS-complete, this would be
equivalent to say that P = N P! Certainly, for some instances the search will go
on.

Theorem [I2] can be applied to some particular cases of QAP. The symmetric
traveling salesman problem with n cities can be seen as a particular case of QAP
by considering D to be the distance matrix and F to be defined by fi;11 =
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fir1i=1with1 <i<n-1, fob1 = fin =1 and f;; = 0 otherwise. Using
Theorem [[2] we obtain for the 2-exchange neighborhood (any pair of cities can
be exchanged in this neighborhood), Cloc < Cav, a result also previously found
by Grover [49].

Recall that given a graph with an even number n of vertices the graph biparti-
tioning problem consists of finding a partition of the vertices into two equal-sized
subsets A and B such that the number of edges having one extremity in A and
the other in B is minimized. For this problem D is the adjacency matrix of the

graph, and
ouU
- (o)

where U is the 7 x J matrix, with u;; = 1,4,5 = 1,..., . Using Theorem [I2] we
obtain for the swap neighborhood (any vertex belonging to A can be swapped
with a vertex belonging to B in this neighborhood) C,. < Cayv, a result previ-
ously found by Grover [49].

Others applications concerning generalized maximum independent set and

maximum clique problems are considered in [7].

6 Set Packing and Independent Set

Given a collection of weighted sets, each containing at most k elements from a
finite base set, the weighted k-set packing problem, denoted by W-k-SET PACK-
ING, is to find a maximum weight subcollection of disjoint sets. In the unweighted
case, denoted by k-SET PACKING, all sets have a weight of one, and the problem
is to find a maximum cardinality subcollection of disjoint sets. When k& = 2
there is a polynomial reduction to the maximum weighted matching problem in
graphs and the problem is therefore polynomially solvable. However the problem
becomes NP-hard for any k > 3, even in the unweighted case [45].

The simplest heuristic for W-k-SET PACKING is the greedy one: start from the
empty subcollection, then add to the current subcollection a set of maximum
weight from the base set, then remove it and all sets that intersect it in the
base set, and repeat until the base set becomes empty. It is easy to see that this
greedy algorithm achieves a performance ratio of k and this bound is tight.

In local search at each iteration we attempt to replace some subsets of the
current, solution by some collection of subsets of greater total weight that does
not intersect the remainder of the solution. In order to obtain polynomial time
algorithms there is a restriction on the number of sets added. For a fixed ¢, at
each iteration we check whether there are p <t disjoint sets that are not in the
current solution that intersect at most p — 1 sets that are in it. If this is the case,
we swap the sets to form a larger collection. A solution is said to be t-optimal if
such a swap does not exist.

For k-SET PACKING Hurkens and Schrijver [63] showed that a local search
algorithm leads to an approximation ratio of k/2 + ¢, where € depends on ¢, i.e.
the size of the neighborhood used. Halldérsson [52] proposed a restricted form
of this local search with the same performance ratio but a decreased complexity.
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For W-k-SET PACKING, Arkin and Hassin [8/9] showed that a local search
algorithm yields an approximation ratio k — 1 + €, this bound being tight. In-
dependently Bafna, Narayanan and Ravi [13] obtained an approximation ratio
of k —1+ ,i Chandra and Halldérsson [27] combining the greedy and local
search approach, starting from an initial solution found by the greedy algorithm
and then performing a deepest local search, obtained a performance ratio of
2(k+1)/3, and showed it was asymptotically tight. As we will see in Section [6:3]
Berman [I7] using a non-oblivious local search obtained a (k + 1)/2 approxima-
tion ratio. Instead of considering the sum of weights of the sets in the solution
he considers the sum of squares of the weights of the sets.

The W-k-SET PACKING problem is a special case of the weighted independent
set problem. Given an undirected graph G(V, E) the maximum independent set
problem, denoted by INDEPENDENT SET, ask to find a set of nodes A C V of
maximum cardinality such that there is no edge in G between any couple of
nodes from A: Yv;,v; € A, [v;,v;] € E. In the weighted version, denoted by w-
INDEPENDENT SET, there is a weight w(v) € N associated to each vertex v € V,
and one seek for a maximum weighted w(A) = >, . 4 w(v) set of non adjacent
vertices A. Given an instance of the weighted k-set packing problem, we can
build an intersection graph where each vertex corresponds to a set, and there
is an edge between two vertices S; and S; if and only if S; NS; # (. Finding a
maximum weighted k-set packing reduces to the problem of finding a maximum
weighted independent set in the intersection graph. Notice now that since each
set is of cardinality at most k, the intersection graph is (k + 1)-claw free, i.e. it
has the property that no induced subgraph contains a k + 1-claw which is a set
of k + 1 independent vertices (i.e. mutually nonadjacent) that share a common
neighbor. However the class of (k + 1)-claw free graphs properly includes these
intersection graphs.

Some of the above mentioned results remains valid for the weighted and un-
weighted independent set problem on (k4 1)-claw free graphs. This time in local
search at each iteration we attempt to replace a subset of vertices by another
subset of vertices of greater total weight that are not adjacent with the remainder
of the solution.

6.1 Oblivious Local Search for k-SET PACKING

Theorem 14 (Hurkens, Schrijver, 1989[63]). Let m,n € N, let V be a set
of size n, and let E1,..., E,, be subsets of V. Furthermore, let k,t € N with
k > 3 such that the following holds:

(i) Each element of V is contained in at most k of the sets Eq,..., E,,.
(ii) For any p <t, any p of the sets among E1, ..., E,, cover at least p elements
of V.

Then 1)

mo_ o il t=2r =1
< kEk&%DQ r =9
a(k—1)yr—2 0f =2
Moreover these bounds are tight.



A Survey of Approximation Results for Local Search Algorithms 49

If we regard V and H = {E4,...,E,} as a hypergraph (V, H). It becomes
clear that under the hypothesis of (i) and (ii) there is some bound on the ratio
m/n. The proof involves a quite involved induction.

This result can be used to obtain an approximation ratio for local search
applied to k-SET PACKING as follows. Let Xi,... X, be the collection of sets,
each containing at most k elements. Let V' be the index set of the sets in some
t-optimal solution, and let O be the index set of the sets in some fixed optimal
solution. Let F; be the index set of the sets in the t-optimal solution which
intersect X, for 7« € O. Since each set X; for ¢ € V has a size at most k, the
condition (i) of the theorem is satisfied. Moreover from the definition of a t¢-
optimal solution we get that the condition (ii) of the theorem is also satisfied.
We have |V| = n and |O| = m, therefore the right-hand side of the inequality of
Theorem [I4] bounds the error ratio |O|/|V].

6.2 Oblivious Local Search for W-INDEPENDENT SET on d-Claw Free
Graphs

Recall that in an undirected graph, a d-claw C' is an induced subgraph that
consists of a node Z¢ called the center of the claw and an independent set T
of d nodes, called talons of the claw, each one connected to the center Z¢o. In
the following we consider only d-claw free graphs, i.e. graphs that possess no
d-claws. Recall that an approximation result for W-INDEPENDENT SET on d-claw
free graphs, when d = k + 1, immediately leads to an approximation result for
W-k-SET PACKING.

The simplest algorithm for W-INDEPENDENT SET is certainly the greedy
algorithm. Let us consider an undirected graph G(V,FE). For K,L C V let
N(K,L) = {u € L : Jv € K such that [u,v] € Eoru = v}. N(K,L) is
the set of nodes in L which are adjacent to at least one node from K, union the
set of nodes both in K and L. The greedy algorithm 2] starts from an empty set
A, and while V'\ N(A, V) is non-empty, it choose a node of maximum weight
from it and add it to the set A. It can be shown that this algorithm achieves a
performance ratio d — 1.

The greedy algorithm can be considered as a deepest descent local search
algorithm by considering that the neighborhood of the solution A C V (the
current independent set) is defined by N'(A) = U,ev\ n(a,1) AU {v}. A natural
question is whether this approximation ratio can be improved by enlarging the
size of the neighborhood. It is indeed the case.

Algorithm 2 GREEDY for W-INDEPENDENT SET
A—0
while V\ N(A4,V) # 0 do
choose a node u € V' \ N(A,V) of maximum weight w(u)
A— AU {u}
end while
return A
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Algorithm 3 SiZETwOIMP for INDEPENDENT SET (from Bafna, Narayanan and
Ravi [13])
A0
while there exists {u, v} that improves |A| do
A— A\ N{u,v}, A) U{u,v}
end while
return A

A node set C improves the independent set A if w((A\N(C, A))UC) > w(A).
The set C' is also called an improvement. The payoff factor of C' is defined by
w(C)/w(N(C, A)). For a > 1 an a-good improvement is an improvement with
payoff factor at least a. A solution is a-locally optimal if it has no [-good
improvement, for any 8 > a.

The previous greedy algorithm considered only node sets of size one. The
algorithm [] considers node sets of size two and has a better performance ra-
tio d/2 [13]. By increasing the size of allowed improvements, one can obtain
polynomial time algorithms for INDEPENDENT SET with a performance ratio ap-
proaching (d —1)/2 [63]. Chandra and Halldérsson have extended this approach
for W-INDEPENDENT SET [26I27]. The algorithm [ has an approximation ratio
2(d+ 1) which is asymptotically tight.

In order to prove this result, Chandra and Halldérsson introduce the con-
cept of a projection of an optimal solution OPT to a given maximal solu-
tion I. The representative of each vertex b € OPT is the vertex of maximum
weight in N (b, I). Then the projection of OPT to I is defined as proj(I) =
> vcopr W(f1(D)). The projection has the following three properties. The first
one is proj(Gr) > Copr, which means that the projection of the greedy so-
lution Gr is initially as large as the optimal solution value Copr of solution
OPT. The second one is: If I’ is obtained from I by one or more a-good im-
provements, then a’jlw(l’) +proj(I') > a’jlw(I) + proj(I), meaning that the
more the value of the projection decreases and the more the value of the so-
lution I increases. The last one is: For an a-locally optimal solution I one has
(k+ Dw(I) > éCOPT + proj(I), meaning that the weight of a locally optimal
solution is large compared with the final projection. So either the value of the
projection decreases a lot during the execution of the local search algorithm and
by the second property the value of the solution I improves a lot, either the
value of the projection is important and by the last property it means that the
weight of a locally optimal solution is large with respect to the projection, and
by the first property we can conclude that it is large with respect to the optimal
solution.

The local search algorithm is not polynomial since the length of the improve-
ment sequence can be exponential in the length of the input instance. In order to
get a polynomial time algorithm Chandra and Halldérsson (see also [I7]) show
how to modify algorithm [l The idea is to start the greedy algorithm to obtain
an initial solution A, then the local search algorithm [ is runned with a scaled
weight function w such that w(A) = |V, with [ > 1 an integer. The initial solu-
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tion is not too far away from the optimal solution since the greedy algorithm has
an approximation ratio d — 1, and the scaling step ensures a polynomial number
of steps until reaching a local optimum solution using the usual argument that
at each step the weight w(A) must increase by at least one. The approximation
ratio, for this polynomial time algorithm, becomes l_ll g d and the running time

is polynomial in In.

Algorithm 4 BesTIMP for W-INDEPENDENT SET (from Chandra and
Halldérsson [26/27])
A0
while there exists claw C' such that T improves w(A) do
if V\ N(A,V) # 0 then
choose u € V' \ N(A,V) with maximum w(u)
C — {u}
else

w(Tc)

choose claw C that maximizes w(N(Te)A))

end if

A (—A\N(TC,A) UTe
end while
return A

6.3 Non-oblivious Local Search for W-INDEPENDENT SET on d-Claw
Free Graphs

Berman has obtained a stronger performance ratio for W-INDEPENDENT SET
using a non oblivious local search [17]. Let w?(A) = 3, ., w(A)?.

Algorithm 5 SQUAREIMP for W-INDEPENDENT SET (from Berman [17])
A—0
while there exists claw C such that Tc improves w?(A) do
A — A\N(Tc,A) UTe
end while
return A

For any node u, let n(u) be a node v € N(u, A) with the maximum value of
w(v). Let
w(u) — w(N(u, A))/2 if v =n(u)
0 otherwise

charge(u,v) = {

Let C be a claw with center Z¢c = {v}. Then C is said to be a good claw if either
N(Tc,A) =D or (ve Aand Y, 5, charge(u,v) > w(v)/2). A nice claw is a
good claw that is minimal in size.
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Lemma 1 (Berman, 2000 [I7]). The approzimation ratio of SQUAREIMP al-
gorithm is d/2, and this ratio is tight.

Proof. (sketch) It can be proved that if C' is a nice claw, then T improves w?(A)
(but not necessarily w(A)). Therefore, when SQUAREIMP terminates we obtain
a solution A such that no good claw exists. Let A* be a maximum weighted
independent set. If we can distribute the weight w(A*) among all the nodes of
A in such a way that no node v € A receives more than dw(v)/2, then it shows
that w(A*)/w(A) < d/2. In a first step each u € A* sends to each v € N(u, A)
a weight equal to w(v)/2. Thus u sends a weight of w(N (u, A))/2. In the second
step, u sends its remaining weight w(u) — w(N (u, A))/2, that is charge(u, n(u)),
to n(u). On the receiving side, in the first step a node v € A gets at most
(d—1)w(v)/2 from all its neighbors in A* (notice that there are at most d — 1 of
them otherwise they would form talons of a d-claw). In the second step, v gets
at most w(v)/2 otherwise the nodes that send weights to v would form talons of
a good claw.

Figure 2] depicts an example showing that for 4-claw free graphs the approx-
imation ratio is at least 2. Algorithm SQUAREIMP may start by picking, one by
one, elements of set Y. Such examples can be constructed for general d-claw free
graphs. O

{a1}
{az2}
{as}

{a1, a2}

Fig. 2. The approximation ratio of SQUAREIMP is at least d/2 on d-claw free graph.
Here d = 4 and the 9 vertices have a weight equal to one.

Theorem 15 (Berman, 2000 [17]). For every d there exists a non-oblivious
local search algorithm that given a d-claw free graph with n nodes andl > 1, finds
a solution to with approximation ratio lll g in time that is polynomial in In.

6.4 INDEPENDENT SET on Bounded Degree Graphs

We assume that the degree of any vertex is bounded by a constant A. The neigh-
borhood of an independent set S is the set of all independent sets S’ which can
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be obtained from S by either, adding to S a single vertex not in S, or removing
a vertex from S and adding two vertices not in S. We call this neighborhood
3-flip.

Lemma 2 (Khanna, Motwani, Sudan and Vazirani, 1994[70/71]). The
local search algorithm with the 3-flip neighborhood has a performance ratio (A+

1)/2.

Proof. Let I be a local optimum solution found by the local search algorithm,
and let O be any optimal independent set. We let X = I N O.

Since we cannot add a vertex outside I to the set I to obtain a larger indepen-
dent set, it means that each vertex in V'\ I must have at least one incoming edge
to I. Since we cannot remove one vertex from I and add two vertices outside I
to get a larger independent set it means that at most |7\ X| vertices in O\ I can
have exactly one edge coming into I. Thus |O\ X|—|I \ X| = |O| — |I| vertices
in O\ X must have at least two edges entering I.

O/1=0/X

Fig. 3. An illustration of the proof of Lemma [2]

Therefore the minimum number of edges between I and O\ X is [I\ X |+2(]O]—
|7]). On the other hand, the maximum number of edges between I and O\ X is
bounded by A|I\X|. Thus A|I\X| > [I\X|+2(|O|—|I]), using [I\X| = |I|—|X|

we get (A+1)[7] > (A—1)|X[+2/0 and so S| > 47131 + 42, 0

Halldorsson and Radhakrishnan [54] have shown that the local search algo-
rithm with the 3-flip neighborhood when run on k-clique free graphs yields an
independent set of size at least 2n/(A + k). They combine this local search

algorithm with a clique-removal scheme to achieve a performance ratio of
A/6(1+ o(1)).

Theorem 16 (Khanna, Motwani, Sudan and Vazirani, 1994[70)71]). An
approximation algorithm which simply outputs the larger of the two independent
sets computed by the local search algorithm and the classical greedy algorithm
has performance ratio (v/8A2 +4A +1—2A+1)/2.

The performance ratio given in Theorem [Tl is essentially A/2.414. This im-
proves upon the approximation ratio of A/2 due to Hochbaum [59], when A > 10.
Berman and Fiirer [I§] gives an algorithm with performance ratio (A+3)/5+ ¢
when A is even, and (A + 3.25)/5 + ¢ when A is odd.



54 E. Angel

7 The Set Cover Problem

In the set covering problem we are given a base set U, a collection C of subsets of
U whose union is U, and the objective is to find a minimal size sub-collection of
C whose union is still U. We will assume that each subset in C' has size at most
k, with k a constant. In this case the problem is called k-SET COVER. Without
loss of generality, we can assume that the collection of subsets is closed under
subsets, i.e. for any subset all its subsets belong to C. In the following a set of
size k is called a k-set. For k = 2, this problem can be solved in polynomial time
by matching techniques. For k& > 3, the k-SET COVER problem is NP-hard [45]
and is MAX SNP-hard [70].

The greedy algorithm chooses a set that covers the maximum number of
uncovered elements and updates the remaining sets. One can shows that the
performance ratio of the greedy algorithm is Hy = Ilnk + 6(1) (with H, =

Zle 1/i the k-th Harmonic number).

7.1 Semi-local Search for k-SET COVER

Halldérsson [52] proposed a polynomial time local search algorithm with a per-
formance ratio of Hy, — 11/42 for k-SET COVER, with k > 3. Duh and Fiirer [37]
obtained a better performance ratio, namely Hy — 1/2 for k-SET COVER, with
k > 3. They have proposed a local search based algorithm, they call semi-local
search, for this problem. We consider first the 3-SET COVER problem. A semi-
local (s,t)-improvement step consists of the insertion of up to s 3-sets, and the
deletion of up to ¢ 3-sets from a current solution. Moreover an arbitrary number
of 2-sets and 1-sets are optimally replaced. Indeed, once the 3-sets have been se-
lected for a partial cover, the task of selecting the 2-sets and 1-sets can be done
optimally in polynomial time by computing a maximum matching. The vertices
are the elements of U still to cover and the edges are the 2-sets. The 2-sets cor-
responding to the maximum matching edges and the 1-sets corresponding to the
vertices not covered by the maximum matching edges form a optimum covering.

This is an example of non-oblivious local search. The objective function used
in the local search is not the number of sets in the cover but also takes into
account the number of 1-sets. More precisely these two quantities (total number
of sets in the cover and number of 1-sets) are ordered in a lexicographic way.
We prefer smaller covers, and among covers of a given size we prefer those with
fewer 1-sets.

Theorem 17 (Duh, Fiirer, 1997[37]). The semi-local (2,1)-search algorithm
for 3-SET COVER produces a solution with performance ratio 4/3, and this bound
18 tight.

Proof. (sketch) Duh and Fiirer introduce the following bipartite multi-graph. It
has an A-vertex for every set in the local search solution A and it has a B-vertex
for every set present in a fixed optimal (best) solution B. The element of the
base set U are represented by the edges. If the set corresponding to a A-vertex
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intersects the set corresponding to a B-vertex in m elements, then there are m
edges between the two vertices. Let A; (resp. B;) be the set of A-vertices (resp.
B-vertices) of degree j. We note |4;| = a;, |B;| = b; for j = 1,2,3, |4| = a,
|B| =b and |U| = u.

Since we have assumed that the collection of subsets was closed under subsets,
we can assume without loss of generality that the sets of the cover in solution A
are disjoint. The same for solution B. Then it is possible to prove that

a1+2a2+3a3:b1+262+3l)3:|U\, (8)
a; < by, and 9)
a1 + as < by + by + bs. (10)

Adding the equality B and inequalities [III0 we get 3(a1 + az + az) < 3b1 +
3by + 4b3, hence

3a §4b—b1 —bg §4b, (11)

and a < gb.
The example in Figure @] shows that this bound is tight. a

<] |o] [

Fig. 4. Worst case for 3-SET COVER for semi-local (2, 1)-search algorithm

Notice that with the greedy algorithm we obtain Hs = 1+ ; + :1)’ ~ 1.83 > 4/3.

We consider now the k-SET COVER problem. A semi-local (s, t)-improvement
step consists of the insertion of up to s 3-sets, 4-sets, ..., k-sets and the deletion
of up to t such sets from a current solution. By using a similar proof as in
Theorem [I7] it is possible to prove that the semi-local (2,1)-search algorithm
for k-SET COVER problem achieves a performance ratio of (k + 1)/3, which is
not competitive with the performance ratio obtained by the greedy algorithm
when k gets larger. In order to improve this result Duh and Fiirer propose an
algorithm which combines a greedy phase followed by a semi-local search. The
aim of the greedy phase is to select the l-sets with [ > 5, then the local search is
used to select the 4-sets and 3-sets to cover the remaining elements (recall that
the 2-sets and 1-sets are optimally chosen by using matching techniques when
all other subsets have been chosen).
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Theorem 18 (Duh, Fiirer, 1997[37]). The semi-local (2, 1)-search algorithm
for E-SET COVER produces a solution with performance ratio Hs—5/12 for k > 4.

By using a more complex strategy it is possible to improve this result and
obtain a performance ratio Hs — 1/2 for k > 4 [37].

7.2 Application for COLOR SAVING

In the color saving problem one seeks to color a graph with the minimum number
of colors. The objective function to maximize is the total number of vertices n
minus the number of colors used.

Theorem 19 (Duh, Fiirer, 1997[37]). The semi-local (2,1)-search algorithm
has a performance ratio 6/5 for COLOR SAVING on graphs with mazimum inde-
pendent sets of size 3.

Proof. Under this assumption COLOR SAVING is a special case of 3-SET COVER.
The base set U is the set of vertices of the given graph, and the collection C' is
all independent sets of size at most 3.

We have u = by + 2by + 3bg vertices and the number of colors used is b =
b1 + by + b3 for a best solution B and a = a; + a2 + a3 for a solution A returned
by the local search algorithm. Therefore the value of the objective function is
u — a (resp. u — b) for solution A (resp. B).

By inequality [1l 3a < 4b — by — bs, and so

3u—4b+ by + b2 < 3(u —a). (12)
With b = b1 + by + b3 and ©u = by + 2by + 3bs we have
3b—2b1—b2—u:0. (13)

Multiplying inequality [[2] by 2 and adding equality I3 we obtain 5u — 5b <
5u — 5b + by < 6(u — a). Therefore (u —b)/(u—a) < ¢. O

In the general case, i.e. when larger independent sets exist, Duh and Fiirer [37]
obtain an algorithm with a performance ratio 360/289 ~ 1.2456.

Local search has also been applied to a general graph coloring problem but
with less success. Given an edge-weighted graph and an integer k, the generalized
graph coloring problem is the problem of partitioning the vertex set into k subsets
so as to minimize the total weight of the edges that are included in a single subset.
Vredeveld and Lenstra [I01] show that the quality of local optima with respect
to a large class of neighborhoods may be arbitrarily bad and that some local
optima may be hard to find because of PLS-completeness.

8 The Maximum Cut Problem

Let G = (V, E) be an undirected graph without loops and multiple edges. For
any subsets X, Y C V we denote by [X,Y] the set of edges of G having one



A Survey of Approximation Results for Local Search Algorithms 57

vertex in X and the other vertex in Y. The maximum cut problem, denoted by
MAX CUT, is to find a bipartition (A, B) of the vertices of G, i.e. AUB =V and
AN B =0, such that |[A, B]| = |[{z,y} € F : x € A,y € B}| is maximized. In
the directed case, the objective is to maximize the number of arcs whose heads
are in B and whose tails are in A. This problem is denoted MAX DICUT.

In the sequel we consider the MAX CcUT problem. This problem is NP-complete
[68]. There exist very strong approximation results based on semi-definite pro-
gramming [4647] obtained by Goemans and Williamson. Feige, Karpinski and
Langberg [42] show that a local search algorithm improves the performance
guarantee of the Goemans and Williamson’s algorithms [46J47].

Let Copt(G) be the optimal cost of MAX CUT on graph G. Edwards [3839)
has proved that Cope(G) > 3| E|+ & (v/8|E| + 1 —1), and that Cop(G) > 3| E|+
1(J[V| =1) for every connected graph. In the sequel we will see that local search
is strong enough to attain the first bound, but not strong enough to obtain a
bound as good as the latter inequality.

Neighborhoods for MAX cUT are defined by switching the location of the
vertices of a subset W C V in a given bipartition (4, B). It gives rise to a new
bipartition (A’, B') = (AAW, BAW), where A denotes the symmetric difference
of sets. Given a set of switchings S, we define the S-switch neighborhood of
bipartition (A, B) as the set of bipartitions (A’, B") = (AAW, BAW) for W € S.
When S =V, i.e. we can switch a single vertex from one subset to the other,
we have the flip neighborhood. It is easy to see that a local search algorithm
with respect to the flip neighborhood achieves a performance ratio of 2 [100]. It
has been proved that MAX CUT with the flip neighborhood is PLS-complete [94].
However this is no more true when one considers cubic graphs [90] (the problem
remains NP-hard).

In the sequel we shall note d(X,Y) = |[X,Y]|, and we simply write d(v,Y)
instead of d({v},Y) if v € V. We have d(v,w) = 1 if {v,w} € FE and d(v,w) =0
otherwise. Bylka, Idzik and Tuza [25] define the following quantities: For every
bipartition (A, B) of V, the weight of the vertex v with respect to the bipartition
(A, B)is p(v, A, B) = d(v, B)—d(v, A) ifv € Aand pu(v, A, B) = d(v, A)—d(v, B)
if v € B. The measure of effectiveness of the bipartition (A4, B) is u(4,B) =
> vev (v, A, B). It is easy to see that for every bipartition (A, B) of the graph
G = (V, E) one has

14,B] = ) |B + (A, B). (14

In the following we will write A U w instead of AU {w}, and so on.
If we restrict ourself to set W of size at most 2, then it is easy to derive that
w(A’, B") > p(A, B) if and only if, either

W = {v} and p(v, A, B) < 0,0r (15)
W = {v,w} and p(v, A, B) + p(w, A, B) < 2d(v, w). (16)
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For any bipartition (A, B), Bylka, Idzik and Tuza define the following sets of
switchings:

S1(A,B) ={veV|u, A B) <0},
S2(A,B) ={veV]|u A B)<0and |[A—v|=|B—v|}U
{v,w € V? | u(v, A, B) + p(w, A, B) < 2d(v,w)},
S3(A,B) =51(A,B)U{ve B|uw A B)=0}U
{{v,w} € [A4, B] | u(v, A, B) + p(w, A, B) < 2}.

Because of conditions and these sets of switchings define improving
moves. Each time a switch is performed the value (A, B) increases by at least 4
and therefore the number of iterations performed by each local search is O(|E]).
Moreover the size of the 57,5 and Ss-switch neighborhoods are respectively
O(|V]), O(JV]?) and O(|V| + | E|), leading to polynomial time local search algo-
rithms.

Theorem 20 (Bylka, Idzik, Tuza, 1999[25]). For any graph G = (V, E) and
any (balanced for the Sa-switch neighborhood) partition (A, B) which is a local
optimum for respectively the S1 So and Ss3-switch neighborhood, one has for the
size of the cut [A, B] respectively

1

1
[4,B] > B+ ,5(G),

where s(G) is the number of vertices having odd degree,

V| +e

1
A B]|> _|E
4,81 ,1m T

with e =0 if |[V| is even and e =1 if |V| is odd,
1 1
14, B]l =, |B| + S (V|E| +1-1).

Moreover these three bounds are sharp.

Proof. (sketch) Since (A, B) is a local optimum for the S;-switch neighborhood
one has Yv € V, u(v,A,B) > 0. If the degree of v is odd it implies that
(v, A, B) > 1, and by equality [ one gets |[4, B]| > }|E| + }s(G).

Since (A, B) is a local optimum for the Ss-switch neighborhood one has
V(v,w) € A x B,

2if {v,w} e E

M(U,A, B) + /L(”LU,A,B) > 2d(1),U)) = {0 if {’l),’LU} ¢ E

Therefore summing this inequality over all (v,w) € A x B we get

B (v, A, B) + [A] S u(w, A, B) > 2|4, B]|. (a7)
vEA weB
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Since the bipartition (A, B) is balanced we can assume that |B| < |A| < |B|+1,
and |A] = }|V|+ le and |B| = }|V| — le. Therefore, since (A, B) is a local
optimum for the Ss-switch neighborhood one has u(v, 4, B) > 0 for v € A.
From the inequality I we get

2|[A, B]| < |V|M(A B) +

(Z (w, A, B) Z/},’UAB

weB vEA

en(A,B) = (V] +2) (A, B).

M)—‘[\')H

1

By equality [[4 we obtain } (|V| + &) u(4, B) > |E| + 1 u(A, B) and the result
follows.

The third result is more difficult to get, and we refer the reader to the pa-
per [25] for the details. O

The following theorem shows that (oblivious) local search cannot attain the
second bound of Edwards.

Theorem 21 (Bylka, Idzik, Tuza, 1999[25]). For every natural number k
there exist a real €k, a constant cx, and an infinite family of connected graphs
Gn = (Va, En) with vertex partition (An, By) such that |[An, By]| < 3| En| +
(1 —€x) (V| = 1) +cx holds, and no switching of at most k vertices can increase
the number of edges in the bipartition.

9 Facility Location Related Problems

In this class of problems we have a set of facilities F' and a set of clients C. We
are given a cost (or distance) c;; which represents the cost of serving client j € C
from facility ¢ € F'. The objective is to determine a subset of facilities S C F' to
open in order to serve all the clients at the minimum cost. In the metric version,
we assume that the costs ¢;; are symmetric (F'N C is not necessarily the empty
set) and satisfy the triangle inequality. We will consider the following well known
problems.

In the uncapacited k-median problem, denoted by UKM, we want to open at
most k facilities, i.e. |S| < k. Let us assume that a client j € C is served by a
facility o(j) € F. Then we want to minimize the total cost of serving all clients:
cost(S) = cost(S,0) = 3 ;cc Co(j);- Notice that when S is chosen, serving each
client by its nearest facility in S, i.e. 0(j) = argminjegs ¢, minimize this cost.
One sometimes assumes that each client j € C' has a demand d;. In that case
the cost is cost(S) = Z]ec djcy(j);- In the capacited k-median problem there is
an upper bound on the demand that can be satisfied by any given facility. There
are two variants to consider: either the demand of a client must be met by a
single facility (unsplittable demands), or the demand of a client may be divided
across several facilities (splittable demands). The capacited k-median problem
with unsplittable demands is denoted by CKMU, whereas the capacited k-median
problem with splittable demands is denoted by cKMS. For these problems, an
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(a, b)-approximation algorithm is a polynomial time algorithm that computes a
solution using at most bk facilities and with a cost at most a times the cost of
an optimal solution using at most k facilities.

In the k-center problem we want to open k facilities, such that the maximum
serving cost is minimized, i.e. we want to minimize max;ec ¢,(;);. Hassin, Levin
and Morad [56] show that a lexicographic variant of local search achieves some
performance ratio for this problem but on very specific cases (k = 2 or k = 3).

In the uncapacited facility location problem, denoted by UFL, we are given
costs f; > 0 for opening the facility ¢ € F'. The problem is to determine a subset
of open facilities S € F' in order to minimize the cost of opening facilities plus
the cost of serving all clients from these opened facilities: cost(S) = > ;g fi +
ZjeC Co(j);j- As in the UKM problem, when the subset S is chosen, serving each
client by its nearest facility in S minimizes the serving cost. As before capacited
versions can be considered. We denote by CFLU the capacited facility location
problem with unsplittable demands, and by CFLS the capacited facility location
problem with splittable demands. In these problems at most one facility can be
opened at a given location.

Guha, Meyerson and Munagala [50] consider a generalization of the classical
facility location problem, where solutions are required to be fault-tolerant. Every
client point 7 must be served by r; facilities instead of just one. The cost of
assignment for client j is the weighted linear combination of the assignment
costs to its r; closest open facilities. The objective is to minimize the sum of
the cost of opening the facilities and the assignment cost of each client j. Guha,
Meyerson and Munagala obtain a factor 4 approximation to this problem through
the application of various rounding techniques to the linear relaxation of an
integer program formulation. They further improve the approximation ratio to
3.16 using randomization and to 2.41 using greedy local-search type techniques.

For a capacited problem with splittable demands, when a subset S is chosen an
optimal assignment of clients to facilities can be computed in polynomial time
by solving a transportation problem. However, for a capacited problem with
unsplittable demands, when a subset S is chosen finding an optimal assignment
of clients to facilities is NP-hard. The results presented in [74] use a reduction
from the unsplittable case to the splittable case.

In another variant of the capacited facility location problem, denoted by CFL,
we associate a capacity u; with each facility ¢ € F, which measures the maximum
number of clients that the facility can serve. We can open multiple copies of a
facility 7. Each copy incurs a cost f; and is able to serve at most u; clients. The
objective function is the same than before, cost(S) = > ;cq fi + 2 jec Co()i
When the subset S is chosen, minimizing the serving cost jec Co(j)j can be
done efficiently by a mincost flow problem. In the k-CFL we furthermore bound
the number of facilities that than be opened at a certain location, namely we
can open at most k facilities at any location.

For UKM, Arya et al. [I0] show that a local search algorithm with the swap
neighborhood has a performance ratio of 5 and this bound is tight. When p
facilities are allowed to be swapped simultaneously, that is we can drop at most
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p facilities and open the same number of new facilities, the performance ratio
becomes 3 4+ 2/p, and it is tight. Korupolu, Plaxton and Rajaraman [74] give
a local search procedure in which we can add, delete and swap facilities. The
algorithms returns a solution with k(14 €) opened facilities having a service-cost
at most 3 + 5/¢ times the optimum k-median solution.

For UFL, Arya et al. [10] show that a local search in which we can add, drop and
swap a facility, has a performance ratio of 3 and this bound is tight. Using scaling
techniques [30] the algorithm can be improved to obtain a ratio of 14+v/2 ~ 2.414.
The best approximation ratio is achieved by the 1.728-approximation algorithm
due to Charikar and Guha [30] that uses a hybrid approach by combining an
LP-based approximation algorithm with a local improvement algorithm in which
multiple facilities may by dropped in a single local search step.

For co-CFL, Arya et al. [I0] show that a local search in which we can add
multiple copies of a facility and drop zero or more facilities has a performance
ratio of 4. Jain and Vazirani [64] obtained the same ratio using a primal-dual
approach. Using scaling techniques [30] the algorithm of Arya et al. can be
improved to obtain a ratio of 2 + V3~ 3.732.

Kanungo et al. [67] consider the k-means clustering problem. We are given a
set of n data points in d-dimensional space R and an integer k, and the problem is
to determine a set of k points in R”, called centers, to minimize the mean squared
distance from each data point to its nearest center. Although asymptotically
efficient approximation algorithms exist [82], these algorithms are not practical
due to the extremely high constant factors involved. Kanungo et al. present a
local improvement heuristic based on swapping centers in and out. They prove
that this yields a (9 + €)-approximation algorithm, and that the approximation
factor is almost tight by giving an example for which the algorithm achieves an
approximation factor of (9 — ¢).

In the following we will present only a sketch of proof of a result obtained by
Arya et al.:

Theorem 22 (Arya, Meyerson, Pandit, Garg, Munagala, Khandekar,
2001[10]). For the uncapacited k-median problem UKM, a local search with the
swap neighborhood achieves a performance ratio of 5.

Proof. (sketch) In order to obtain a polynomial time local search algorithm, one
moves from a solution S to a neighboring solution S’ only if the decrease in cost
is large enough, i.e. cost(S") < (1 — p(lFilcn)cost(S), with € > 0 and p(|F|, |C])
is some polynomial in the number of facilities and clients. It can be shown that
by doing this, one gets a 5(1 + €) approximation ratio instead of 5. To simplify
the exposition, we shall assume that the algorithm ends at a solution S such
that cost(S") > cost(S) for any neighboring solution S’.

Let S denote the output of the local search algorithm, and S* denote an
optimum solution. Since S is a local optimum with respect to the swap neigh-
borhood, one has cost(S — s+ 0) > cost(S), Vs € S,0 € S*. By combining some
of these inequalities it is possible to get that cost(S) < 5 cost(S™*). |
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10 Scheduling Problems

We consider some classical and extensively studied scheduling problems. We
have a set of n jobs, Ji,...,Jy,, which has to be processed without preemption
on machines My,..., M,,. A machine can process at most one job at a time.
The processing time of job J; if it is scheduled on machine M; is denoted by p;;.
One has to determine for each job the machine on which it is scheduled. The
load of a machine is the sum of the processing times of jobs scheduled on it.
The objective is to find a schedule of minimum makespan, i.e. a schedule which
minimizes the maximum load of machines.

In the identical parallel machines environment, denoted by P, any job J; has
the same processing time p; on all machines, i.e. p;; = p; Vi € {1,...,m}. In
the uniform parallel machines environment, denoted by @, each machine M;
has a speed s;, each job J; has a processing requirement p;, and the processing
time of job J; if it is scheduled on machine M; is given by p;; = p;/s;. In the
unrelated parallel machines environment, denoted by R, p;; depends both on
job J; and machine M;. In the classical notation of Graham et al. [48], when
the number of machines is part of the input, these problems are denoted by
respectively P||Ciaz, @||Cmaz and R||Craz.- When the number of machines is a
constant m, these problems are denoted by respectively Pm||Cpaz, @m||Craz
and Rm/||Cypqz- All these problems are NP-hard, since even the simplest case,
P2||Cpqq is NP-hard [45].

For P||Craz and Q||Cpqz problems, Hochbaum and Shmoys [60/61] proposed
a polynomial-time approximation scheme, that is, for each € > 0, there exists a
polynomial time (1+€)-approximation algorithm. For R||Cy,qz, Lenstra, Shmoys
and Tardos [78] proposed a polynomial time 2-approximation algorithm. They
also proved that there does not exist a polynomial time (3/2 — ¢)-approximation
algorithm for € > 0, unless P=NP.

Schuurman and Vredeveld [95] analyze the performance of local search algo-
rithms for theses problem. Despite their results is not competitive with the above
mentioned ones, they are nevertheless interesting since they constitute one of the
very few results concerning the worst case performance analysis of local search
algorithms for scheduling problems. They consider three neighborhoods, based
on jump, swap and push moves. In the jump (also called move) neighborhood, we
can move a job to a machine on which it is not scheduled. Let us define a critical
machine as a machine with maximum load. Then, a local optimum solution is
a solution such that no jump decreases the makespan or the number of critical
machines without increasing the makespan. In the swap neighborhood, we can
interchange the machine allocations of any two jobs which are not scheduled
on the same machine. If all jobs are scheduled on the same machine, then this
neighborhood becomes empty. Therefore, the swap neighborhood consists of all
possible jumps and all possible swaps.

The push neighborhood is the more complex one. It is based on the same idea
than the variable-depth search introduced by Kernighan and Lin for the graph
partitioning problem [69], and the traveling salesman problem [80]. A push is a
sequence of jumps. It is initiated by selecting a job Jj, on a critical machine, i.e.
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with load Cj,4e, and a machine M; to move it. If after this move the load of
machine M; is at least as large as the original makespan C), 4, then the smallest
job (among those which have a processing times smaller than the processing time
of Ji) from M; are iteratively removed from it, until the load of machine M;
becomes smaller than C),q,. If it is possible the job Ji is said to fit on machine
M;. The removed jobs are gathered in a queue. Then the largest job of the queue
are removed, and pushed in the same way than the job Jg, and so on. If at any
time a job does not fit on any machine, then the push is unsuccessful. When
pushing all jobs on the critical machine is unsuccessful, we have a local optimum
solution with respect to the push neighborhood. It can be shown that a push
move can be done, using appropriate data structures and selecting, in O(nlogn)
time. Notice that in the case of unrelated parallel machines a push is not defined,
since the largest job of the queue is not defined any more since its processing
time depends on the machine it is assigned.

Table [[ resumes the results obtained by Schuurman and Vredeveld [95]. The
performance guarantees for the jump neighborhood can be derived from the
proof of Cho and Sahni [31] for list schedules on uniform parallel machines.

Table 1. Performance guarantees p of local search (from [95])

jump swap push

P2||Crax 4/3 4/3 8/7
2 2 4 2
PHCmaz 2 - m+1 2- m+1 377:11 =p S 2 - m+1
Q2HC 1+v5 1+v/5 1+V17
max 2 2 4

QlCmas “VATS 1R 3 c<p<a 2
R2[|Crmaz grer <p n—1<p undefined

op
R||Craa G < p 9%3;;1 <p undefined

Theorem 23 (Schuurman and Vredeveld, 2001[95]). A push optimal so-
lution for Py||Cras has value at most 8/7 times the optimal solution value.

Proof. (sketch) Let L; (i = 1,2) the load of machine M;, and assume w.l.o.g.
that Ly > Lo. Then it can be shown that L; — Ly > Ly /4. Let J; be the smallest
job on M. By push optimality p; < Ly — Lo > L1 /4. Hence there are at most
three jobs on M;. By reasoning on the largest job that has to be removed when
pushing J; onto My, and by careful enumerations of different cases according the
number of jobs that are processed on machine Ms, Schuurman and Vredeveld
derive the theorem. O

Brucker, Hurink and Werner [21I22] show that for P2||Cpq. and P||Cpaz a
local optimum with respect to the jump neighborhood can be found after O(n?)
iterations. This result can be improved for P2||Cy,qz. If deepest descent local
search is used, then a local optimum solution can be found after O(n) iterations.
Schuurman and Vredeveld obtain for Q2||Cy,q. the same result. For Q||Chaz a
local optimum solution can be found after O(n?m) iterations.
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However it is an open problem to determine the number of iterations needed
to find a local optimum solution with respect to the swap or push neighborhood.
Schuurman and Vredeveld [05] conjecture that a push local optimum solution
cannot be found in polynomial time via an iterative improvement procedure.

11 Minimum Label Spanning Tree Problem

In the minimum label spanning tree problem, denoted by MIN LST, we have an
undirected, connected graph G. The edges of G are colored (or labeled) with the
colors cq, ¢, ..., cq. The goal of the MIN LST problem is to find a spanning tree
of G that uses the minimum number of colors, or equivalently to find a smallest
cardinality subset C C {c1,¢2,...,¢q} of the colors, such that the subgraph
induced by the edges with colors belonging to C' is connected and touches all
vertices of G.

This problem, introduced by Chang and Leu [29] in the context of commu-
nication network design, is NP-hard. Krumke and Wirth [76] proved that it is
not approximable better than a logarithmic factor, unless P=NP, and provided
a greedy algorithm with an approximation ratio of at most 2Inn + 1. Wan,
Chen and Xu [102] obtained an approximation ratio of at most In(n — 1) + 1.
Briiggemann, Monnot and Woeginger [23] have studied a special case, denoted
by MIN LST,, where every color can occur at most r times on the edges of graph
G. They show that for » = 2 this problem can be solved in polynomial time,
since it is equivalent to the graphic matroid parity problem. For any fixed r > 3
they show that this problem is APX-complete, which implies that it does not
have a polynomial time approximation scheme unless P=NP. For r > 3 they
introduce a local search algorithm.

Let C C {c1,ca,...,¢q} be a color set. The color set C is said to be feasible
if the set of edges of G with colors belonging in C' is connected and touches all
vertices of G. Let C; and Cy be two color sets. The color set (s is in the k-switch
neighborhood of the color set C1 if and only if we can get Cy by first removing
up to k colors from (', and then adding up to k other colors to it. The local
search algorithm looks, at each iteration, if there exists a feasible color set C” in
the k-swith neighborhood of the current solution C such that |[C’| < |C], i.e. C’
uses strictly less colors than C. A spanning tree is said to be a local optimum
for the k-switch neighborhood if its associated color set (the set of colors of its
edges) is a local optimum for the k-switch neighborhood.

Theorem 24 (Briiggemann, Monnot, Woeginger, 2003[23]). For any in-
teger r > 2 and for any instance of MIN LST,, the objective value of any local
optimum with respect to the 2-switch neighborhood is at most a factor (r +1)/2
above the optimal objective value, and this bound is tight.

Proof. (sketch) The proof is by contradiction. Let G = (V, E)) be a counterexam-
ple with the smallest number of edges. Let T* = (V, E*) be an optimal spanning
tree for G, with color set C*, and let TT = (V, ET) be a locally optimal tree
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with respect to the 2-switch neighborhood, with color set C*. We have therefore
O+ > e,

A color is said to be a singleton if it appears on exactly one edge of G.
Let [ denote the number of singleton colors in C*, and let eq,ea, ..., e be the
corresponding edges in 7. A central step in the proof is to show that |C*| > .
The main idea is to consider the [ 4+ 1 subtrees Tf e ,Tlil that result from
removing the [ edges ey, es, ..., e from TF. There does not exist some color ¢;,
such that the edges with color ¢; connect more than two of these subtrees to
each other, otherwise C* would not be a local optimum with respect to the
2-switch neighborhood. Therefore every color connects at most two of these [ 41
trees to each other. It implies that the global optimum must use at least [ colors
for connecting the corresponding ! + 1 vertex set T; 1+ e ,TlJfH to each other,
and therefore |C*| > I. Tt is easy to show that the inequality |C*| > (n —1)/r
also holds, and these two inequalities, together with some others arguments, are
used to show that |CF| < "$1|C*|, contradicting the initial assumption. One
can construct instances which show that this bound is tight (see [23]). O

From Theorem [24] and using observations from the paper [23] we get the
following corollary.

Corollary 3. The local search algorithm with 2-switch neighborhood is a poly-
nomial time (r + 1)/2-approximation algorithm for MIN LST,..

Proof. The size of the k-switch neighborhood of a color set C is at most
O(|C|*¢"*), which is at most O(n®*) since |C| < n — 1 and the number of colors
q is at most the number of edges of graph G, i.e. ¢ < n?. Moreover it takes
O(n?) time to determine if a color set in the neighborhood of C' is feasible and
determine its objective value. Therefore, the exploration of the neighborhood
takes O(n3*+2) time. Moreover the number of steps to reach a local optimum
solution is at most n — 2, since the objective value is an integer between 1 and
n—1. g

Briiggemann, Monnot and Woeginger [23] show that there is almost no profit
(from the worst case point of view) in moving from the small 2-switch neigh-
borhood to a larger one such as k-switch with k& > 3. Indeed, for every k > 3,
there exist instances for which some local optimum, with respect to the k-switch
neighborhood, is a factor of roughly r/2 away from the global optimum.

12 Replica Placement in a Distributed File Systems

In [35] Douceur and Wattenhofer consider a distributed file systems in which each
file is stored multiple times on different machines to maximize its availability.
A file is not available if all machines that store the replicas of the file are down
in the same time. The availability is expressed as the negative logarithm of
fractional downtime, and therefore the availability of a file is equal to the sum
of the availabilities of the machines that store the file’s replicas. The aim is to
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maximize the minimum availability of a file. Douceur and Wattenhofer propose
simple online algorithms based on local search. Their objective is to have a
simple and efficient distributed algorithm, independently of the NP-hardness or
polynomial solvability of the underlying problem.

The problem can be defined as follows. Let us consider N files, each of which
must be stored on R (a constant) different machines. Each machine has the
capacity to store only a single file. We have a set P of M = NR machines
availabilities. Let P; denote the multiset of availabilities of the R machines
which store the R replicas of file f. Then the availability of a file f is > acp, @
The sets P1, ... Py constitute a partition of P. The problem if to find a partition
in order to maximize the minimum availability of a file miny—; . n > acp,; O

The local search algorithm start from an arbitrary partition and make im-
provements until reaching a local optimal solution. The neighborhood consist in
swapping two replicas files, i.e. the machines in which two replicas (of different
files) are stored are exchanged.

Three variants are considered. In the MinMaz neighborhood the only allowed
replica-location swaps are between the file with the minimum availability and
the file with the maximum availability. In the MinRand neighborhood the only
allowed swaps are between the file with the minimum availability and any other
file. In the RandRand neighborhood swaps are allowed between any pair of files.
Notice that the size of these neighborhoods grows exponentially with R, but in
practice only small values are used (typically R = 2 or 3).

The results obtained by Douceur and Wattenhofer are summarized in Table[2
This table shows the worst performance ratio of local search, over all possible
availabilities of machines, when N — oc.

Table 2. The approximation ratio p obtained by local search

MinMax MinRand RandRand
R=3p=+40c0p=3/2 p=3/2
R=2p=+4oc0p=1 p=1
any R p=+oc0 p< 2 p <17/10

Notice that the MinMax neighborhood is included in the MinRand neigh-
borhood, which is in turn included in the RandRand neighborhood. We have
therefore parinas > PMinRand = PRandRand-

To see that parinpar = —00 consider the following partition P; =
{0,0,0...,0}, P2 ={3,0,0...,0} and P; = {1,1,0...,0} for ¢ = 3,... N. The
availability of file 1is 04 ...+ 0 = 0, the availability of file 2 is 3, and other files
have availabilities 2. We have therefore m = min{0, 3,2} = 0. This partition is a
local optimum with the MinMax neighborhood, since the only allowed swaps are
between files 1 and 2. However by performing a swap between machines 1 and
3 we can get the optimum partition Py = {1,0,0...,0}, P5 = {3,0,0...,0},
P; = {1,0,0...,0} and P; = {1,1,0...,0} for i = 4,...N. We have m* =1
and the result follows.
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13 Summary and Conclusion

Table 3 shows the main results obtained by local search. One can see the various
approximation ratios obtained by local search versus the best approximation
ratio currently known for each problem. For MAX cUT and QAP problems the
quantity given for local search denotes not an approximation ratio, but an abso-
lute performance guarantee. One can see that for several problems the best ratio
is obtained by using local search algorithms. Despite this table resumes a a vast
amount of research, it is by no means exhaustive (see for example [84] for recent
results concerning partial subgraphs problems which are not mentioned here,
and [72] for results concerning the problem of finding a cotree (complement of
a tree) incident upon the minimum number of vertices in a graph).

One fruitful area of research concerns the design of approximation algorithms
for multicriteria optimization problems [40]. Such results have been obtained for

Table 3. Summary of main approximation results obtained by local search

problem local search ref  best known ref
MAX k SAT 2k /(28 1) [70, 71] same as local search [65]
MAX k ccsp 2k 1 [4] 2k ! [99]
MAX k cUT WAkt (53] 12l fork=3 [43]
118 for k=4
115 for k=5

MAX 2 CCSP 25 [6] 1165 [46, 41]
MAX DICUT 25 [6] 1165 [46,41]
MAX CUT C(stoc) > LB+ L(V/8|E|+1 1) [25] 1138 [47]
MAX osP(k, ) k/r [63] local search [53]
MIN LST, (r+1)/2 [23] local search [23]
METRIC TSP 4\/n [28] 3/2 [32]
Tsp(1,2) 3/2 [70,71] 7/6 [88]
QAP C(s10c) < sg’)}zg) n Cav [7] not approximable
k SET PACKING k/2+€ (63, 52] local search [63,52]
W k SET PACKING (k+1)/2 [17] local search [17]
k SET COVER Hi 1/2 [37] local search [37]
P||Crmaz 2 2/(m+1) [95] 1+e€ [60, 61]
Q||Comaz 2 2/(m+1) [95] 1+ [60, 61]
R||Craq 0 2 [78]
UKM (1+¢€34+5/€) [74] (2(1+€),1+1/¢) [79]

(145/€,3+€) 74 21 +e),1+1/e)  [79]

3+2/p [10] local search [10]
UFL 2414 [10] 1728 [30]
CKMS (14+€54+5/€) [74] local search [74]

(1+5/¢,5+¢€) [74] local search [74]
CKMU with (14+€5+5/€) [74] local search [74]
cap blowup 2 (14+5/e,5+¢) [74] local search [74]
00 CFL 3732 [10] local search [10]
CFLS 3+2v2+¢ [30] local search (30]
CFLU 16 + € (cap blowup 2) [74] 9 (cap blowup 4) [97]
k MEANS CLUSTERING 9 + ¢ [67] 1+ € (not practical) [82]
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facility location problems where (a,b)-approximation algorithms were defined.
Other definitions of approximation are possible. Recently Angel, Bampis and
Gourves [6] have obtained approximation results for a bicriteria adapted local
search procedure applied on a restricted case of the bicriteria traveling sales-
man problem. They show that the Pareto curve can be approximated within a
ratio 3/2.

Often the neighborhoods are natural/simple but the analysis is highly specific
to the problem. An attempt for unifying proofs would be very valuable. For
example packing problems and set cover problems, which are in some sense
“dual problems” have from the point of view of local search quite different proof
techniques.

Non-oblivious local search should also deserves more consideration. In partic-
ular when combined with “non-oblivious neighborhoods”, as the extended flip
neighborhood for MAX 2-ccsP (see Theorem Hl).

Finally, there are some gaps in the results. For example approximation results
are known for W-k-SET PACKING, but to the knowledge of the author there are
no such results for w-k-SET COVER. Another example is MAX DICUT for which no
result is known for the neighborhood in which up to 2 vertices can be swapped,
whereas there are results for the non directed case MAX CUT.
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Abstract. The study of the path coloring problem is motivated by the
allocation of optical bandwidth to communication requests in all-optical
networks that utilize Wavelength Division Multiplexing (WDM). WDM
technology establishes communication between pairs of network nodes
by establishing transmitter-receiver paths and assigning wavelengths to
each path so that no two paths going through the same fiber link use
the same wavelength. Optical bandwidth is the number of distinct wave-
lengths. Since state-of-the-art technology allows for a limited number of
wavelengths, the engineering problem to be solved is to establish com-
munication minimizing the total number of wavelengths used. This is
known as the wavelength routing problem. In the case where the under-
lying network is a tree, it is equivalent to the path coloring problem.

We survey recent advances on the path coloring problem in both
undirected and bidirected trees. We present hardness results and lower
bounds for the general problem covering also the special case of sets
of symmetric paths (corresponding to the important case of symmetric
communication). We give an overview of the main ideas of deterministic
greedy algorithms and point out their limitations. For bidirected trees,
we present recent results about the use of randomization for path col-
oring and outline approximation algorithms that find path colorings by
exploiting fractional path colorings. Also, we discuss upper and lower
bounds on the performance of on-line algorithms.

1 Introduction

1.1 Motivation

Optical fiber has been established as the standard transmission medium for
backbone communication networks, since it can provide the required data rate,
error rate and delay performance necessary for high speed networks of next
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generation [T9J36]. Multiwavelength communication [I9J36] is the most popular
communication technology used on optical networks. Roughly speaking, it allows
to send different streams of data on different wavelengths along an optical fiber.
Multiwavelength communication is implemented through Wavelength Division
Multiplexing (WDM).

In a WDM all-optical network, once the data stream has been transmitted
in the form of light, it continues without conversion to electronic form until it
reaches its destination. WDM takes all data streams travelling on an incoming
link and routes each of them to the right outgoing link, provided that each data
stream travels on the same wavelength on both links. For a packet transmission
to occur, a transmitter at the source must be tuned to the same wavelength as
the receiver at the destination for the duration of the packet transmission and
no data stream collision may occur at any fiber.

A WDM all-optical network can thus be modelled as a graph, where nodes of
the graph are the nodes of the network and edges are optical fibers connecting
nodes. Communication requests are ordered pairs of nodes to be thought of as
transmitter-receiver pairs. The problem of wavelength routing consists of finding,
for each transmitter-receiver pair, a path connecting the transmitter with the
receiver and assigning a wavelength to each path, so that no two paths going
through the same edge (fiber link) use the same wavelength. Intuitively, we may
think of the wavelengths as colors and the wavelength assignment to paths as col-
oring. So, the wavelength routing problem consists of two subproblems: a routing
problem (for selecting the path for each transmitter-receiver pair) and a wave-
length assignment or path coloring problem (for coloring the paths established
after solving the routing subproblem).

The objective is to minimize the optical bandwidth, that is the number of dif-
ferent wavelengths (colors) that are used. Optical bandwidth is a scarce resource.
State-of-the-art technology allows some hundreds of wavelengths per fiber in the
laboratory, even less in manufacturing, and there is no anticipation for dramatic
progress in the near future. An efficient allocation of the optical bandwidth (with
respect to the number of wavelengths used) is an important engineering problem
that can have a significant impact on the success of the technology.

Theoretical work on optical networks mainly focuses on the performance of
wavelength routing algorithms on regular networks using oblivious (predefined)
routing schemes for connecting each transmitter to the corresponding receiver.
We point out the pioneering work of Pankaj [33] who considered shuffle ex-
change, De Bruijn, and hypercubic networks. Aggarwal et al. [I] consider oblivi-
ous routing schemes and wavelength assignment algorithms in several networks.
Raghavan and Upfal in [35] consider mesh-like networks. Aumann and Rabani
[3] improve the bounds of Raghavan and Upfal for mesh networks and also give
tight results for hypercubic networks. Rabani in [34] gives almost optimal results
for the wavelength routing problem on meshes and mesh-like networks improving
earlier results implicit in [26].

These topologies reflect architectures of optical computers rather than wide-
area networks. For fundamental practical reasons, the telecommunication
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industry does not deploy massive regular architectures: backbone networks need
to reflect irregularity of geography, non-uniform clustering of users and traffic,
hierarchy of services, dynamic growth, etc. In this direction, Raghavan and Upfal
[35], Aumann and Rabani [3], and Bermond et al. [7], among other results, focus
on bounded-degree networks and give upper and lower bounds as functions of
the network expansion.

However, wide-area multiwavelength technology is expected to grow around
the evolution of current networking principles and existing fiber networks. These
are mainly SONET (Synchronous Optical Networking Technology) rings and
trees [31]. In this sense, even asymptotic results for expander graphs do not ad-
dress the above telecommunication scenario. In this direction, Kumar [27] studies
the wavelength routing problem in rings improving previous earlier results im-
plicit in [3824].

Most of the works mentioned above model the optical network as an undi-
rected graph. Indeed, an optical fiber connecting two nodes can be used to carry
traffic in both directions. However, additional devices which are placed on fibers
like amplifiers work on only one direction and two “opposite directed” fibers are
used in practice to support bidirectional communication between pairs of nodes.
So, it is reasonable to model optical networks as bidirected graphs, i.e., graphs
whose nodes are connected through pairs of opposite directed edges.

In this work, we consider tree topologies and survey recent methods and al-
gorithms for efficiently coloring paths on undirected and bidirected trees. Notice
that, in a tree, the path connecting two nodes is well-defined; this means that
the wavelength routing in trees is equivalent to path coloring. We consider ar-
bitrary sets of paths. Surveys on the path coloring problem for sets of paths
which capture specific communication patterns like broadcasting, gossiping, and
permutation routing can be found in [5l25].

1.2 Problem Definition

We now formulate the path coloring problem in detail by giving the necessary
definitions. A path p on a tree T is a sequence p = (uq,---,u;) of nodes of
the tree such that (u;,u;+1) is an edge of the tree for ¢ = 1,---,1 — 1. We
say that a path touches a node if the node belongs to the sequence of nodes
forming the path. Nodes u; and wu; are called the origin and the destination
of the path, respectively. We also say that path p includes edges (u;,u;+1) for
1=1,--- 1 —1. The tree can be undirected or bidirected. Respectively, the path
can be undirected or directed; in the latter case, a path consists of directed edges
of the tree.

Given a set of undirected (resp. directed) paths P = {p1,---,px} on a undi-
rected (resp. bidirected) tree, we define the load of an undirected (resp. directed)
edge e as the number of paths of P that include e. The load of the set of paths
P is defined as the maximum edge load over all edges of the tree. The decision
version of the path coloring problem can be formalized as follows.
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Patra COLORING IN TREES

INSTANCE: An undirected (resp. bidirected) tree T, a set of undirected
(resp. directed) paths P on T and an integer B.

QUESTION: Is there a coloring x : P — {1,---, B} such that, for any two
paths p1 and ps of P, if p; and ps share an undirected (resp. directed)

edge of T', then x(p1) # x(p2)?

In the optimization version of the path coloring problem, we are given a tree T’
and a set of paths P on T', and the goal is to compute the minimum integer B such
that the answer to the corresponding instance (7', P, B) of the decision problem
is YES, i.e., the goal is to compute the minimum number of colors sufficient
for coloring P and, usually, to provide the corresponding coloring. Obviously, if
B < L, the answer to the instance (T, P, B) of the decision problem is certainly
NO. Therefore, the load of a set of paths P is a lower bound on the minimum
number of colors sufficient for coloring P.

Path coloring is similar to graph coloring. Given an undirected graph G, the
graph coloring problem is to assign colors to the nodes of G so that any two
adjacent nodes are colored with different colors. Note that path coloring of a set
of paths P on a tree T is equivalent to graph coloring of the conflict graph of P,
i.e., the graph which contains one node for each path in P and an edge between
two nodes if the corresponding paths share an edge of the tree. In the text below,
we also refer to the edge-coloring problem; here, we seek for assignment of colors
to the edges of an undirected graph so that any two edges incident to the same
node are assigned different colors.

1.3 Roadmap

The rest of this paper is structured as follows. In Section[2] we present hardness
results and lower bounds for both the undirected and the directed version of
the problem. We also address the special case of symmetric sets of paths (corre-
sponding to an important communication pattern in today’s optical networks)
in bidirected trees. In Section 3] we describe deterministic greedy algorithms for
path coloring in both undirected and bidirected trees and present the best known
results for them. Especially for path coloring in bidirected trees, in Section ] we
discuss randomized greedy algorithms, while we present algorithms that exploit
fractional path colorings to compute approximate path colorings in Section[5l In
Section [6] we present algorithms and lower bounds for the on-line version of the
problem. We conclude, in Section [, with a list of open problems.

2 Hardness Results and Lower Bounds

As we mentioned in the previous section, the load of a set of paths is a lower
bound on the number of necessary colors. We now present better lower bounds
for both directed and undirected sets of paths. It is easy to construct a set of
undirected paths on an undirected binary tree which requires at least 3L /2 colors
(see Figure[Th). The next result shows that the number of colors can be sensibly
higher than the load in the case of directed path coloring as well.
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Theorem 1 (Kumar and Schwabe [29]). For any integer | > 0, there exists
a set of directed paths of load L = 41 on a binary bidirected tree T that requires
at least 5L /4 colors.

For proving the theorem, a set of 5L/2 directed paths is constructed on a
binary bidirected tree with six nodes. The set of paths is such that no more than
two paths can be colored with the same color. This implies that at least 5L/4
colors are necessary. The construction is depicted in Figure [Ib.

Fig.1. (a) A set of undirected paths of load L that requires 3L/2 colors. Each dashed
line represents L/2 parallel undirected paths. (b) A set of directed paths of load L that
requires 5L /4 colors. Each arrow represents L/2 = 2[ parallel directed paths.

The next three theorems show that, in general, computing the optimal number
of colors is NP-hard. Erlebach and Jansen [14] and, independently, Kumar et al.
[28] have proved the following hardness results.

Theorem 2 (Erlebach and Jansen [14], Kumar et al. [28]). Given an
undirected star T and a set of paths P of load L =3 on T, it is NP-complete to
decide whether P can be colored with 3 colors.

Theorem 3 (Erlebach and Jansen [14], Kumar et al. [28]). Given a bidi-
rected tree T of depth at least 2 and a set of paths P of load L = 3 on T, it is
NP-complete to decide whether P can be colored with 3 colors.

The proofs of the above theorems use reductions from the edge coloring prob-
lem in graphs of maximum degree 3 [2I]. Actually, as it was first proved in [18],
the path coloring problem in undirected stars is equivalent to edge coloring of
multigraphs.

Note that the above statement holds in bidirected trees of arbitrary maximum
degree. The following result applies to binary bidirected trees and sets of directed
paths of arbitrary load. The proof uses a reduction from the circular arc coloring
problem [16].

Theorem 4 (Erlebach and Jansen [14], Kumar et al. [28]). Given a bidi-
rected binary tree T and a set of paths P of load L on T, it is NP-complete to
decide whether P can be colored with L colors.



Approximation Algorithms for Path Coloring in Trees 79

Thus, the corresponding optimization problems (minimizing the number of
colors) are N P-hard, in general. On the positive side, a few special cases of the
problem can be solved in polynomial time either by using dynamic programming
or by exhaustively searching many different solutions.

Theorem 5 (Erlebach and Jansen [14], Kumar et al. [28]). The path
coloring problem can be solved optimally in undirected trees of bounded degree.

Theorem 6 (Erlebach and Jansen [14]). Given a set of (undirected or di-
rected) paths P on a (undirected or bidirected) tree T with n nodes, such that at

most O (bggogn) paths touch any node of T, an optimal coloring of P can be

computed in polynomial time.

As a corollary, we obtain that optimally coloring sets of paths of load

(0] (blolg" ) in bidirected trees of bounded degree can be done in polynomial
glogn

time.

2.1 Coloring Symmetric Sets of Paths

We now consider the special case of sets of symmetric paths in bidirected trees.
Two directed paths are called symmetric if the origin of the one is the destination
of the other and vice versa. A set of directed paths is called symmetric if it can
be partitioned into pairs of symmetric paths.

We can restrict the coloring of symmetric sets of paths to use the same color
to color the two paths in each pair of symmetric paths. Then, we can solve
the path coloring problem using any algorithm for the undirected version of the
problem. In this way, up to 3L/2 colors may be necessary (by the discussion at
the beginning of Section [2)) and sufficient (by using an algorithm presented in
Section Bl see Theorem []). The following two questions now arise.

— Can we improve this bound if we do not constrain symmetric paths to use
the same color?

— Is the path coloring problem easier than in the general case if we restrict the
input instances to sets of symmetric paths?

Although we give a positive answer for the first question in the case of binary
bidirected trees in Section [ we are not aware of complete answers for these
questions. The following discussion shows some inherent similarities and differ-
ences between the general path coloring problem and the case where the input
instance is restricted to sets of symmetric paths.

For these sets of paths, Caragiannis et al. [I0] have proved some interesting
statements (lower bounds). Both N P-completeness results (Theorems [B] and M)
hold in the case of sets of symmetric paths [10]. The proofs again use slightly
modified reductions from the edge coloring and circular arc coloring problem.
Notice that the lower bound of Figure [Tl applies to non-symmetric sets of paths.
A similar lower bound (but much more complicated than the one of Figure [Ib)
holds for sets of symmetric paths as well.
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Theorem 7 (Caragiannis et al. [10]). For any § > 0, there exists an integer
1 >0, a binary bidirected tree T' and a set of symmetric paths P with load L = 41
on T, such that no algorithm can color P using less than (5/4 — )L colors.

Does Theorem [7 indicate that the symmetric version of the problem is as
“hard” as the general one? The following result gives evidence for a negative
answer. Notice that for sets of symmetric paths, there exists an algorithm which
may color paths in such a way that each pair of opposite directed edges sees at
most L colors. This can be done in a trivial way if we consider two symmetric
paths as an undirected one and use any algorithm for the undirected problem.
However, this is not the case for the non-symmetric problem.

Theorem 8 (Caragiannis et al. [10]). For any integer | > 0, there exists
a bidirected tree T and a set of directed paths with load L = 8l that cannot be
colored in such a way that any pair of opposite directed edges of T sees less than
9L/8 colors.

3 Greedy Algorithms

Most of the known path coloring algorithms [T2[T4T722/2935] belong to a spe-
cial class of algorithms, the class of greedy algorithms. We devote this section to
their study. Given a tree T and a set of paths P, we call greedy a path coloring
algorithm that works as follows:

Starting from an arbitrary node (the root of the tree), the algorithm
computes a breadth-first (BFS) numbering of the nodes of the tree.
The algorithm proceeds in phases, one per each node u of the tree. The
nodes are considered following their BF'S numbering. The phase associ-
ated with node u takes as input a proper coloring of all the paths that
touch nodes with BF'S number strictly smaller than u’s; all other paths
have not been colored yet.

During the phase associated with node u, the partial proper coloring is
extended to a proper one that assigns colors to paths that touch node u
but have not been colored yet.

During each phase, the algorithm does not recolor paths that have been
colored in previous phases.

The various greedy algorithms differ among themselves with respect to the
strategies followed to extend the partial proper coloring during a phase. In the
following two sections, we describe the techniques used by greedy algorithms in
undirected and bidirected trees. Then, we describe the main technique used for
proving lower bounds for greedy path coloring algorithms in bidirected trees.

3.1 Greedy Path Coloring Algorithms in Undirected Trees

The algorithms in [14]35] reduce the coloring of a phase to an edge coloring
problem on a multigraph. In the following we describe this reduction.
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Consider a set of paths P of load L on an undirected tree T' and the phase of
a greedy algorithm associated with a node u of T'. The phase receives as input
the coloring of the paths of P in previous phases (i.e., in phases associated with
nodes of T" with numbers smaller than u’s) and extends this coloring by coloring
the paths touching node u which are still uncolored by solving an edge-coloring
problem on a multigraph G,,. The multigraph G, associated with node u is con-
structed as follows. We denote by vg the parent of u and let vy, ..., vg, be the children
of u. For each node v; of the nodes vg,v1, ..., vk, the graph G, has two nodes z;
and y;. For each path originated from u and going to v;, we add an edge between
x; and y; in Gy,. For each path between two neighbors v; and v; of u, we add an
edge between nodes z; and z; in G,,. It can be easily seen that the graph G, has
maximum degree L. An example of the construction is depicted in Figure
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Fig. 2. Undirected paths touching node u and the corresponding multigraph

Intuitively, edges of G, incident to a node z; correspond to paths of P travers-
ing the edge of T' between nodes u and v;. The edges of GG, incident to node xg
correspond to paths of P traversing the edge of T between node u and its parent
node vg; these paths have been colored in phases associated with nodes having
BF'S numbers smaller than u’s. We call the edges of GG, incident to node xq color-
forced edges. The phase associated with node u colors the edges of G, under the
constraint that color-forced edges are assigned the colors assigned to the corre-
sponding paths in previous phases. It can be easily seen that these constraints do
not make the edge-coloring problem harder with respect to the number of colors
required since, in any proper coloring of the edges of G,, (without constraints on
the coloring of the edges incident to zg), different colors must be assigned to the
color-forced edges. These constraints just reduce the number of different proper
colorings. The produced coloring of the edges of G, trivially yields a coloring of
the paths of P touching node u and nodes with BF'S numbers smaller than u’s.
Also, note that the optimal number of colors required for coloring the edges of
G, is a lower bound on the number of colors required for coloring P.
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For extending the coloring to all edges of G, colors used for coloring the edges
of multigraphs associated with nodes with numbers smaller than «’s which are
not used in the edges incident to node xy of G, can be used. New colors are
used only when the colors already used do not suffice to complete the edge-
coloring. So, the total number of colors used for coloring the paths of P is the
maximum over all phases of the number of colors used for coloring the edges of
the corresponding multigraph. Raghavan and Upfal [35] used an algorithm of
Shannon [37] which colors the edges of a multigraph with maximum degree L
using at most 3L/2 colors to obtain the following result.

Theorem 9 (Raghavan and Upfal [35]). There exists a polynomial-time al-
gorithm which colors any set of paths of load L on an undirected tree using at
most 3L/2 colors.

From the discussion on lower bounds in Section 2] we know that this bound is
tight. Erlebach and Jansen [14] observed that using an algorithm which colors the
edges of a multigraph G with at most f(x(G)) colors, where f is a non-decreasing
function and x(G) denotes the optimal number of colors for coloring the edges of
G, we obtain a greedy path coloring algorithm for undirected trees which colors
any set of paths P using f(x(P)) colors, where x(P) denotes the optimal number
of colors sufficient for coloring P. This can be explained as follows. Let u be the
node for which the edge-coloring algorithm uses the maximum number of colors
for coloring the edges of the corresponding multigraph G,. Clearly, x(P) >
X(Gy), while the greedy algorithm uses at most f(x(G.)) > f(x(P)) colors
to color the paths of P. In [32], Nishizeki and Kashiwagi present an algorithm
for coloring the edges of a multigraph G with at most [1.1x(G) + 0.8] colors.
Combined with the discussion above, this implies the following.

Theorem 10 (Erlebach and Jansen [14]). There exists a polynomial-time
algorithm which colors any set of paths P on an undirected tree using at most
[1.1x(P) + 0.8] colors, where x(P) denotes the optimal number of colors suffi-
cient for coloring P.

Actually, Theorem[Hand Theorem[d] (for undirected trees) can be proved using
greedy path coloring algorithms. In both cases, an edge-coloring algorithm is used
in each phase to optimally color the edges of the corresponding multigraph in
polynomial time. In the case of Theorem [, the multigraph associated with each
phase has a constant number of nodes; in this case, the edge-coloring problem

can be solved in time polynomial in L. In the case of Theorem [ the multigraph
logn
loglogn

that an optimal edge coloring can be computed in time polynomial in n.

associated with each phase has at most O ( ) edges; it can be easily seen

3.2 Greedy Path Coloring Algorithms in Bidirected Trees

The algorithms in [I529] for path coloring in bidirected trees reduce the coloring
of a phase to an edge-coloring problem on a bipartite multigraph. In the following
we describe this reduction.
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Consider a set of directed paths P of load L on a bidirected tree T and the
phase of a greedy algorithm associated with a node u of T'. The phase receives as
input the coloring of the paths of P in previous phases (i.e., in phases associated
with nodes of T' with numbers smaller than u’s) and extends this coloring by
coloring the paths touching node u which are still uncolored by solving an edge-
coloring problem on a bipartite multigraph H,. The multigraph H, associated
with node u is constructed as follows. Again, we denote by vy the parent of v and
let vy, - - -, vg be the children of u. For each node v;, the bipartite multigraph has
four nodes w;, z;,y;, z; and the left and right partitions are {w;, ;i = 0,-- -k}
and {z;,y;|¢ = 0,---k}, respectively. For each path of the tree directed out of
some node v; into some node vy, the bipartite multigraph H, has an edge between
w; and z;. For each path directed out of some node v; and terminating at u, we
have an edge between w; and y;. Finally, for each path directed out of u into
some node v;, we have an edge between z; and x;. It can be easily seen that the
graph H, has maximum degree L. An example of this construction is depicted
in Figure
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Fig. 3. Directed paths touching node u and the corresponding bipartite multigraph

Intuitively, edges of H,, incident to a node w; correspond to paths of P travers-
ing the directed edge of T' from node v; to node u, while edges of H,, incident
to a node z; correspond to paths of P traversing the directed edge of T' from
node u to node v;. Observe that no edges extend across opposite nodes w; and
z; as they would correspond to paths starting and ending on the same node. The
edges of H, incident to nodes wy and zg correspond to paths of P traversing
the opposite directed edges between u and its parent node vg; these paths have
been colored in phases associated with nodes having BFS numbers smaller than
u’s. We call the edges of H,, incident to nodes wqy and zy color-forced edges. The
phase associated with node u colors the edges of H, under the constraint that
color-forced edges are assigned the colors assigned to the corresponding directed
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paths in previous phases. The produced coloring of the edges of H, trivially
yields a coloring of the paths of P touching node u and nodes with BFS num-
bers smaller than u’s. Similarly to the case of path coloring in undirected trees,
the total number of colors used for coloring the paths of P can be made as small
as the maximum over all phases of the number of colors used for coloring the
edges of the corresponding bipartite multigraph.

Thus, the problem of coloring paths at each phase is reduced to the problem
of coloring the edges of a bipartite multigraph of maximum degree L, under
the constraint that some colors have already been assigned to the color-forced
edges. We call this problem an «-constrained bipartite edge coloring problem
on a bipartite graph with maximum degree L. The parameter o denotes that
color-forced edges have been colored with at most aL colors (1 < a < 2). Note
that unlike the case of edge-coloring multigraphs produced by undirected sets
of paths, the existence of constraints in the color-forced edges of the bipartite
multigraph H, associated with node u indeed make the problem harder with
respect to the total number of colors required for coloring all the edges. Bipartite
multigraphs with maximum degree L can always be colored with L colors (if no
constraints on the color-forced edges exist). However, the bipartite multigraphs
at the phases of a greedy algorithm for coloring directed paths on bidirected trees
may require at least 5L /4 colors due to the lower bound presented in Section
(Theorem [J).

In the following, we first describe a simple solution to the 2-constrained bi-
partite edge coloring. In particular we show how to color the edges of a bipartite
multigraph H, of maximum degree L in which the color-forced edges are con-
strained to be colored with at most 2L specific colors using at most 2L colors in
total. Then, we briefly describe the main ideas that lead to an improved solution
of the problem in [15].

We call single colors the colors that appear only in one color-forced edge and
double colors the colors that appear in two color-forced edges (one incident to
wp and one incident to zp). We denote by S and D the number of single and
double colors, respectively. Clearly, 2D + S < 2L.

We decompose the bipartite graph into L matchings (this can be done in
polynomial time since the graph is bipartite and has maximum degree L; see
[6]). At least S/2 of these matchings have at least one single color in one of the
two colored-forced edges. Thus, we can use this single color to color the uncolored
edges of the matching. The uncolored edges of the matchings that have no color-
forced edges colored with a single color are colored with extra colors (one extra
color per matching). In total, we use at most

D+S+L-8/2=L+D+5/2<2L

colors.

In each phase of the greedy algorithm when applied to a set of directed paths
of load L on a bidirected tree, an instance of 2-constrained bipartite edge coloring
on a bipartite multigraph of maximum degree L is solved. The number of colors
used in each phase never grows larger than 2L. In this way, we obtain a simple
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greedy path coloring algorithm that uses at most 2L colors for any set of directed
paths of load L on a bidirected tree.

Better solutions are obtained in [I5/29]. Again consider the application of the
greedy algorithm on a set of directed paths of load L on a bidirected tree and let
u be a node with parent vg and children vy, ..., vg. For i =0, ..., k, we call the pair
of nodes w;, z; of the bipartite multigraph H,, a line. We say that the color c is
used in the line w;, z; if the color ¢ is used in some edge incident either to node
w; or to node z;. Erlebach et al. [I5] solve the problem proving the following
theorem (a slightly inferior result was obtained in [29]).

Theorem 11 (Erlebach et al. [15]). There exists a polynomial time algorithm
which, for any o € [1,4/3], colors an instance of the a-constrained bipartite edge
coloring problem on the bipartite multigraph H, of maximum degree L using at
most (1 + ‘32“) L total colors so that the number of colors used per each line of
H, is at most 4L/3.

Note that the edges of H, incident to a line w;, z; correspond to directed
paths traversing the opposite directed edges of the tree between u and a child
v; of w. This means that, if we use the edge-coloring algorithm of [I5] in the
phase associated with node u for solving an instance of the a-constrained bipar-
tite edge-coloring on the bipartite multigraph H, of maximum degree L with
a < 4/3, then, the edge-coloring problems that have to be solved in the phases
associated with the child nodes of u are instances of the a-constrained bipartite
edge coloring on bipartite multigraph of maximum degree L for a < 4/3 as well.
In the first phase of the greedy algorithm (i.e., the one associated with the root
of the tree), there are no constraints on the edges of the corresponding bipartite
multigraph, so its edges can be properly colored with at most L colors. Then,
we can easily verify inductively that, at each of the next phases, the number of
colors used in the paths colored in previous phases is never more than 4L /3. So,
in all phases of the greedy algorithm, an instance of the a-constrained bipartite
edge coloring problem with « < 4/3 has to be solved in a bipartite multigraph
of maximum degree L and the total number of colors used is never more than
5L/3. This is summarized in the following theorem.

Theorem 12 (Erlebach et al. [15]). There exists a polynomial time greedy
algorithm which colors any set of directed paths of load L on a bidirected tree
using at most 5L /3 colors.

The interested reader may refer to the papers [I529] for detailed description of
the edge-coloring techniques. They either consider matchings in pairs and color
them in sophisticated ways using detailed potential and averaging arguments
for the analysis [29] or partition matchings into groups which can be colored
and accounted for independently [I5]. Note that one might think of bipartite
edge coloring problems with different constraints. Tight bounds on the number
of colors for more generalized constrained bipartite edge coloring problems can
be found in [I7].
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The algorithms in [12/22] use much simpler methods to obtain the same upper
bound in bidirected binary trees. The common characteristic of all the algorithms
discussed so far is that they are deterministic.

3.3 A Lower Bound Technique

In this section, we present a lower bound technique for greedy path coloring
algorithms in bidirected trees. We first briefly describe the technique; then we
give the best known statement for deterministic greedy algorithms.

The technique is based on an adversary argument. An adversary algorithm
ADYV is exhibited that constructs a set of directed paths on a binary bidirected
tree for which it can be proved that there exists a lower bound on the number
of colors used by any greedy algorithm.

The adversary ADYV constructs the set of directed paths P in an incremental
way visiting the nodes of the tree according to a BFS order. At each node wu,
the ADY deals with the set of paths traversing one of the two parallel directed
edges between u and its parent p(u). For each downward path p (that is, for each
path including the directed edge (p(u),u)), ADV has two options:

1. do nothing; i.e., make p stop at u;
2. propagate p to the left child {(u) by appending edge (u,l(u)) to p.

Similarly, for each upward path p (that is, for each path including the directed
edge (u,p(u))), ADV has two options:

1. do nothing; i.e. make p start from wu;
2. make p originate from the right child (u) by pre-pending edge (r(u),u) to
b;

Moreover, the adversary algorithm ADYV can introduce directed paths between
the two children of u (see FigureH]). Initially, these paths will consist of only two
edges (from a child to v and from u to the other child) and can be augmented
when the adversary reaches the children of w.

[ —

Fig. 4. The construction for the lower bound for greedy path coloring algorithms in
bidirected trees
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At each step, since the adversary ADV may know how a greedy algorithm
performs the coloring, it can choose to augment paths in such a way that the
number of common colors used in downward paths from p(u) to I(u) and upward
paths from r(u) to p(u) is small. In this way, no matter what a greedy algorithm
can do, both the total number of colors and the number of colors seen by the
opposite directed edges between u and its children will increase.

By constructing such an adversary for deterministic greedy algorithms, Er-
lebach et al. [15] prove the following lower bound. The same lower bound tech-
nique can be used for greedy algorithms that use randomization (see Section M.

Theorem 13 (Erlebach et al. [15]). Let A be a deterministic greedy path
coloring algorithm in bidirected trees. There exists an algorithm ADY which, on
input & > 0 and integer L > 0, outputs a binary bidirected tree T and a set of
directed paths P of load L on T, such that A colors P with at least (5/3 — 0)L
colors.

Thus, the greedy algorithm presented in [15] (see also Theorem [I2)) is the best
possible within the class of deterministic greedy algorithms for path coloring in
bidirected trees. In Section [l we demonstrate how randomization can be used to
beat the 5/3 barrier at least on binary bidirected trees.

4 Randomized Algorithms in Bidirected Trees

As we discussed in Section[31], the algorithm of Raghavan and Upfal [35] achieves
a tight upper bound on the number of colors sufficient for path coloring in
undirected trees while the use of efficient approximation algorithms for edge-
coloring of multigraphs leads to very good approximations for the problem. This
is not the case for the directed version of the problem. In this section, we discuss
how randomization can be used in order to improve the upper bounds for path
coloring in binary bidirected trees.

In an attempt to beat the 5/3 lower bound for deterministic greedy algo-
rithms for path coloring in bidirected trees, Auletta et al. [2] define the class
of randomized greedy path coloring algorithms. Randomized greedy algorithms
have the same structure as deterministic ones; that is, starting from a node,
they consider the nodes of the tree in a BFS manner. Their main difference is
that a randomized greedy algorithm A uses a palette of colors and at each phase
associated with a node, A picks a random proper coloring of the uncolored paths
using colors of the palette according to some probability distribution.

The results presented in the following were originally obtained in [2]. The
interested reader may see [2] for further details.

4.1 Lower Bounds

In this section, we present two lower bounds on the number of colors used by
randomized greedy algorithms to color sets of paths of load L on bidirected
trees. We first present a lower bound for large trees (i.e., trees of depth 2(L)) in
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Theorem[I4 then, in Theorem[T5], we present a lower bound for trees of constant
depth.

The first lower bound states that no randomized greedy algorithm can achieve
a performance ratio better than 3/2 if the depth of the tree is large.

Theorem 14 (Auletta et al. [2]). Let A be a (possibly randomized) greedy
path coloring algorithm on binary bidirected trees. There exists a randomized
algorithm ADY which, on input € > 0 and integer L > 0, outputs a binary
bidirected tree T of depth L + eIlnL + 2 and a set of directed paths P of load L
on T, such that the probability that A colors P with at least 3L/2 colors is at
least 1 — exp(—L°).

The following lower bound holds even for trees of constant depth.

Theorem 15 (Auletta et al. [2]). Let A be a (possibly randomized) greedy
path coloring algorithm on binary bidirected trees. There exists a randomized
algorithm ADY which, on input 6 > 0 and integer L > 0, outputs a binary
bidirected tree T of constant depth and a set of directed paths P with load L on
T, such that the probability that A colors P with at least (1.293 — § — o(1))L
colors is at least 1 — O(L~2).

For the proofs, constructions based on the lower bound technique presented
in Section are used.

Note that the adversary assumed in Theorems[T4] and [[H] has no knowledge of
the probability distribution according to which the randomized greedy algorithm
makes its random choices. Possibly, better lower bounds may be achieved by
considering more powerful adversaries.

4.2 Upper Bounds

In this section, we give the main ideas of a randomized path coloring algorithm
presented in [2]. The algorithm has a greedy structure but allows for limited
recoloring at the phases associated with each node.

At each phase, the path coloring algorithm maintains the following two in-
variants:

I. The total number of colors is no greater than 7L/5.
II. The number of colors seen by two opposite directed edges is exactly 6L/5.

At a phase associated with a node u, a coloring procedure is executed which
extends the coloring of paths that touch uw and its parent node to the paths
that touch v and are still uncolored. The coloring procedure is randomized. It
selects the coloring of paths being uncolored according to a specific probability
distribution on random colorings in which the probability that two paths crossing
an edge between u and any child of u in opposite directions are assigned the same
color is 54L. In this way, the algorithm can complete the coloring at the phase
associated with node u using at most 7L/5 colors in total, keeping the number
of colors seen by the opposite directed edges between u and its children to 6L/5.
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At each phase associated with a node u, the algorithm is enhanced by a
recoloring procedure which recolors a small subset of paths in order to maintain
some specific properties on the (probability distribution of the) coloring of paths
touching u and its parent. This procedure is randomized as well.

The recoloring procedure at each phase of the algorithm works with very
high probability. The coloring procedure at each phase always works correctly
maintaining the two invariants. As a result, if the depth of the tree is not very
large (i.e., o(L'/3)), the algorithm executes the phases associated with all nodes,
with high probability.

After the execution of all phases, the set of paths being recolored by the
executions of the recoloring procedure are colored using the simple deterministic
greedy algorithm with at most o(L) extra colors due to the fact that as far as
the depth of the tree is not very large (i.e., o(L'/3)), the load of the set of paths
being recolored is at most o(L), with high probability.

In this way, the following result is proved. The interested reader may look at
[2] for a detailed description of the algorithm and formal proofs.

Theorem 16 (Auletta et al. [2]). Let 0 < 6 < 1/3 be a constant. There exists
a randomized path coloring algorithm that colors any set of directed paths of load
L on a binary bidirected tree of depth at most L°/8 using at most TL/5 + o(L)
colors, with probability at least 1 — exp (—Q(L‘s)).

Going back to the discussion of Section [ZI] on symmetric sets of paths, Theo-
rem [[6] immediately implies that, at least for symmetric sets of paths on binary
bidirected trees (with some additional restrictions on their depth), allowing sym-
metric paths to use different colors leads to better colorings (i.e., colorings with
less than 3L /2 colors). A better algorithm for symmetric sets of paths on binary
trees has been presented in [I3]. It colors any symmetric set of paths of load L
on a binary bidirected tree with the same restrictions with those in Theorem [I6]
using at most 1.367L + o(L) colors, with high probability. This algorithm follows
the main ideas behind the randomized algorithm discussed above.

5 Fractional Path Coloring and Applications

So far, we have expressed the performance of the path coloring algorithms in
terms of the load of the set of paths to be colored. The approximation guaran-
tee is easily achieved since the load is a lower bound on the number of colors
necessary for coloring a set of paths.

In this section, among other results, we present approximation algorithms for
which we can express their performance in terms of both the load and the fractional
path chromatic number of the set of paths to be colored. In this way, we obtain a
better approximation guarantee at least for bidirected trees of bounded degree.

We first give some definitions. The graph coloring problem can be considered
as finding a minimum cost integral covering of the nodes of a graph by inde-
pendent sets of unit cost. Given a graph G = (V, E), this means solving the
following integer linear program:
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minimize ;.7 x(I)
subject to Y ;cr,erz()>1  YoeV
x(I) € {0,1} viel

where Z denotes the set of the independent sets of G.
This formulation has a natural relaxation into the following linear program:

minimize ;.7 Z(I)
subject to Y ez, Z(U) 21 VoeV
0<z(I)<1 vIiel

The corresponding combinatorial problem is called the fractional coloring
problem (see [20]), and the value of an optimal solution is called the fractional
chromatic number. Clearly, the fractional chromatic number of a graph is a lower
bound on its chromatic number. If Z is a function over the independent sets of the
graph G satisfying the constraints of the linear program, we call it a fractional
coloring of G.

We now extend some terms of graph coloring to path coloring. Given a set of
directed paths P on a bidirected tree T, we define an independent set of paths
as a set of pairwise edge-disjoint paths, i.e., a set of paths whose corresponding
nodes form an independent set of the conflict graph. If G is the conflict graph
of P on T, we will denote by wy(P) the fractional chromatic number of G and
call it the fractional path chromatic number of P on T'. Clearly, wy(P) is a lower
bound on the optimal number of colors sufficient for coloring P. Also, a fractional
coloring of the conflict graph G is called a fractional path coloring of P.

In general, the fractional chromatic number is as hard to approximate as the
chromatic number. Indeed, the size of the above described linear program is
exponential (proportional to the number of independent sets of G). However, in
[8], it is shown how to compute an optimal fractional path coloring. In particular,
the following statement is proved.

Theorem 17 (Caragiannis et al. [8]). Fractional path coloring in bounded-
degree trees can be computed in polynomial time.

The main idea for the proof of Theorem [I7is to inductively construct a linear
program whose solution is actually the optimal solution to the fractional path
coloring problem. The linear program produced is proved to have polynomial
size (i.e., polynomial number of variables) as far as the degree of the tree is
bounded. In this way, fractional path coloring in trees is reduced to solving a
polynomial size linear program.

5.1 Fractional Path Coloring on Binary Bidirected Trees

In this section we give an upper bound on the fractional path chromatic number
of a set of directed paths on a binary bidirected tree. We express the result in
terms of the load. This result was first discussed in [§].

In Section ] we discussed the randomized algorithm presented in [2], which
colors a set of directed paths of load L on a binary bidirected tree using at
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most 7L/54 o(L) colors. The algorithm works with high probability under some
additional constraints (i.e., the depth of the tree is not very large). The hidden
constants in the low order term are large and are due to the integrality constraints
of the problem and the random choices of the algorithm.

In the case of fractional coloring we can design a deterministic algorithm having
the same top-down structure as the path coloring algorithm in [2]. Given a set of di-
rected paths P ofload L on a bidirected tree, this fractional path coloring algorithm
uses fractions of colors to color paths and at each step, it maintains the following
invariant: the common fractions of colors assigned to any two paths traversing an
edge of the tree in opposite directions is 54L. Following simpler analysis than in [2],
we can obtain that, given a set of directed paths P on a binary bidirected tree T', the
algorithm computes a fractional path coloring of P with cost at most 7L/5. Com-
paring this result to the randomized algorithm presented in Section@ and particu-
larly to Theorem[I6] we observe that the low order term is now eliminated. This is
due to the fact that, when we compute a fractional coloring, we have no integrality
constraints and the algorithm is deterministic.

Theorem 18 (Caragiannis et al. [8])). For any set of directed paths of load L
on a binary bidirected tree, there exists a fractional path coloring of cost at most
TL/5. Moreover, such a fractional coloring can be computed in polynomial time.

A slightly better upper bound of 1.367L has been proved in [13] for the cost of
the fractional coloring of symmetric sets of paths of load L on binary bidirected
trees.

5.2 Applications to Path Coloring on Bounded-Degree Bidirected
Trees

In this section we briefly outline how to exploit the (optimal) solution for frac-
tional path coloring which can be obtained in polynomial time for bounded-
degree bidirected trees to design a randomized algorithm with approximation
ratio better than 5/3.

Given a solution Z of the fractional path coloring of the set of directed paths
P on a bidirected tree T', the idea is to perform a randomized rounding to Z and
obtain an integral solution z. After rounding, = is not a feasible solution to the
path coloring problem since some of the constraints of the form ) reTpel z(I) >
1 may be violated. However, this is a feasible solution to the path coloring
problem on the set of paths P’ C P, defined as the set of paths contained in
independent sets I such that (1) = 1. This means that we have properly colored
some of the paths of P with w(P) colors.

Following the analysis in [§] (similar arguments are used in [27] for the analysis
of a path coloring algorithm in rings), we can show that if L = £2(logn), where
n is the number of nodes in T', then after the rounding procedure the load of
paths in P\P’, i.e., the load of the paths not colored, is at most g + o(L), with
high probability. Now, we can apply the algorithm of [I5] to color the paths in
P\ P’ with z’; + o(L) additional colors. In total, we use at most
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5L
wy(P) + 36

colors. Since both the load L and the fractional path chromatic number of P
are lower bounds on the optimal number of colors sufficient for coloring P, we
obtain the following result.

+o(L)

Theorem 19 (Caragiannis et al. [8]). There exists a randomized path color-
ing algorithm, which, given a set of directed paths of load L = 2(logn) on a bidi-
rected tree of bounded degree with n nodes, computes an 1.613+o(1)-approzimate
path coloring for P, with high probability.

In a recent work [9], a generalization of the randomized rounding technique
used in [8I27] is proposed. It uses a parameter ¢ € (0, 1], and, given a set of
directed paths P of load L = (2(logn) on a bidirected tree with n nodes and a
fractional coloring of P of cost w¢(P), it computes a coloring of some of the paths
in P with ¢-w¢(P)+o(L) colors so that the load of the subset of P consisting of
the paths being uncolored is at most =% - ws(P) + o(L), with high probability.
For sets of paths on bidirected trees of bounded degree, applying this randomized
rounding technique with parameter ¢ = In g and using the algorithm of [I5] to
color the uncolored paths we obtain a 1.511 + o(1)-approximation algorithm.
The restriction on the load is not very important since sets of paths of load

(0] (lololg " ) can be optimally colored in bidirected trees of bounded degree.
glogn

Furthermore, the technique can be applied with ¢ = lng to sets of paths on
binary bidirected trees with similar restrictions to those in Theorem and,
combined with the algorithm of [2], it yields a 1.336 + o(1)-approximation path
coloring algorithm on binary bidirected trees.

6 On-Line Algorithms

In the on-line version of the path coloring problem in trees, the input instance
is a sequence of paths P = {pi,...,pp|} arriving over time. An on-line path
coloring algorithm must color the paths following the order of the sequence. For
each path, the algorithm has to assign it a color so that no two paths including
the same edge of the tree are assigned the same color. Once a path has been
colored, it cannot be recolored.

The performance of an on-line algorithm is measured by comparing it to
the performance (in our case, the number of colors) of the off-line algorithm,
i.e., the algorithm that knows the sequence of paths in advance. We say that
an on-line algorithm A,,, for the path coloring problem is c-competitive (or has
competitive ratio c¢) if, for every instance I, A,y uses at most c-x,s s colors, where
Xof# is the number of colors used by the optimal off-line algorithm A,¢¢. This
definition applies to deterministic on-line algorithms. We say that a randomized
on-line algorithm A4,, is c-competitive if, for every instance I, the expectation
of the number of colors used by A, is at most ¢ - xofr. Usually, we analyze
the performance of randomized on-line algorithms against oblivious adversaries,
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i.e., we assume that input instances do not depend on the random choices of the
algorithm (although they may depend on the probability distribution according
to which the random choices of the algorithm are made).

The results presented in the following apply to both undirected and bidirected
trees. A natural on-line algorithm is the First-Fit algorithm. Colors are denoted
by positive integers. When a new path p arrives, it is assigned the minimum
integer not assigned to paths sharing an edge with p.

The performance of the First-Fit algorithm has been studied in the context
of on-line coloring of d-inductive graphs [23]. A graph is called d-inductive if its
nodes can be numbered in such a way that each node has at most d adjacent
nodes with higher numbers. Irani in [23] shows that First-Fit uses at most O(d -
logn) colors for coloring on-line a d-inductive graph with n nodes.

Bartal and Leonardi [4] observed that the conflict graph defined by the paths
in an instance of the path coloring problem on a tree is 2(C — 1)-inductive, where
C'is the clique number of the conflict graph. Using the result of Irani [23], the set
of paths can be colored on-line using at most O(C -log | P|) colors. Note that any
algorithm requires at least C' colors to color an instance whose conflict graph has
a clique of size C' even if it knows the paths in advance. Hence, the competitive
ratio of the First-Fit algorithm is O(log |P|). This is logarithmic in the number
of nodes of the tree only if | P| is polynomial in n.

Bartal and Leonardi [4] present the following algorithm which is a variation of
the First-Fit algorithm. The nodes of the tree are classified into O(logn) levels
so that for any two nodes of the same level i, the path connecting them contains
at least one node of level ¢ — 1. When a path appears, it is first assigned the
lowest of the levels of the nodes it touches. The algorithm assigns the path the
minimum color not assigned to paths of the same level sharing an edge with p or
to any other path of different level. Bartal and Leonardi show that the number
of different colors used for on-line path coloring of a set of paths whose conflict
graph has clique size C' is at most O(logn) - C.

Theorem 20 (Bartal and Leonardi [4]). There exists an O(logn)-competi-
tive deterministic on-line path coloring algorithm in (undirected or bidirected)
trees with n nodes.

The algorithm presented in [4] is almost optimal within the class of determin-
istic on-line path coloring algorithms. Indeed, Bartal and Leonardi [4] show the
following statement.

Theorem 21 (Bartal and Leonardi [4]). For any deterministic on-line path
coloring algorithm A in (undirected or bidirected) trees, there exists a (resp.
undirected or bidirected) tree T with n nodes and an input instance I on T
which can be colored with a constant number of colors, such that A colors I with
at least $2(logn/loglogn) colors.

An interesting issue is whether the use of randomization is helpful. Although
no randomized algorithm with sublogarithmic competitive ratio is known,
Leonardi and Vitaletti [30] have proved the following lower bound for randomized
on-line path coloring algorithms.
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Theorem 22 (Leonardi and Vitaletti [30]). For any on-line path coloring
algorithm A in (undirected or bidirected) trees, there exists an oblivious adversary
that constructs a (resp. undirected or bidirected) tree T with n nodes and input
instances T on T which can be colored with a constant number of colors, such
that the expectation of the number of colors used by A to color any instance
I €T is at least £2(loglogn).

7 Open Problems

Recent work on path coloring in trees has revealed many open problems; some
of them are listed below.

— Improving known bounds for the path coloring problem in undirected trees
is equivalent to improving known bounds for the edge-coloring problem on
multigraphs. Although this appears to be very difficult, it is an intriguing
question whether approximation schemes for the problem exist.

— For the path coloring problem in bidirected trees, an open problem is to
close the gap between 5L/4 and 5L/3 for the number of colors sufficient for
coloring sets of directed paths of load L on arbitrary bidirected trees (see
Theorems [l and [2). Closing the gap between 5L/4 and 7L/5 + o(L) for
binary trees also deserves some attention.

— Furthermore, although for deterministic greedy path coloring algorithms we
know tight bounds on the number of colors, this is not true for randomized
greedy algorithms in bidirected trees. Exploring the power of randomized
greedy algorithms in more depth is interesting as well.

— Another intriguing open problem is to prove better bounds on the size of the
gap between the path coloring and the fractional path coloring in bidirected
trees by using different randomized rounding techniques. We believe that
this approach is the most promising one for designing better approximation
algorithms for the problem.

— Notice that the algorithms proposed are too far from optimality. Although an
“absolute” inapproximability result of 4/3 is implied by the NP-completeness
results in arbitrary trees, we are not aware of any asymptotic inapproxima-
bility results for the problem (i.e., inapproximability results for sets of paths
of heavy load). This indicates another direction for future research.

— Also, closing the gap on the competitive ratio between the best known on-
line path coloring algorithm in trees and the (randomized) lower bound is
another interesting open problem.
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Abstract. In the maximum edge-disjoint paths problem (MEDP) the
input consists of a graph and a set of requests (pairs of vertices), and the
goal is to connect as many requests as possible along edge-disjoint paths.
We give a survey of known results about the complexity and approxima-
bility of MEDP and sketch some of the main ideas that have been used
to obtain approximation algorithms for the problem. We consider also
the generalization of MEDP where the edges of the graph have capaci-
ties and each request has a profit and a demand, called the unsplittable
flow problem.

1 Introduction

Optimization problems concerning edge-disjoint paths in graphs have led to a
number of interesting approximation results in the last decade. One of the main
reasons for studying such problems is that they are encountered in modern com-
munication networks where establishing a connection requires reserving a certain
amount of bandwidth on all edges along some path from the sender to the re-
ceiver. If the network does not have sufficient bandwidth to satisfy all connection
requests, some requests must be rejected and it is meaningful to try to maximize
the number of accepted requests. The optimization problem that seems to lie at
the heart of this call admission control problem is the maximum edge-disjoint
paths problem (MEDP).

An instance of MEDP is given by a directed graph G = (V| E) and a set (or
multiset) containing k requests R = {(s;,t;) | i = 1,..., k}, where each request
is a pair of vertices in V. The request (s;,t;) asks for a directed path from s;
to t; in G. We often use “request i” and “request (s;,t;)” interchangeably. A
feasible solution is given by a subset A of R and an assignment of edge-disjoint
paths to all requests in that subset. More precisely, each (s;,t;) € A must be
assigned a directed path 7; from s; to t; in G such that no two paths m; and
mj (for i,j € A and i # j) have a directed edge of the graph in common. Such
a subset A is called realizable and a set of edge-disjoint paths assigned to the
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Foundation under Contract No. 2100-63563.00 (AAPCN).
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requests in A is called an edge-disjoint routing for A. The goal is to maximize
the cardinality of A, denoted by |.A|. The requests in A are called the accepted
requests, those in R \ A the rejected requests.

MEDP can also be studied for undirected graphs. In this case, a request
(si,t;) asks for an undirected path connecting s; and ¢; in the given undirected
graph, and two paths are edge-disjoint if they do not share an undirected edge.
In any case, MEDP can be stated in a compact way as follows.

Problem MEDP (MAXIMUM EDGE-DISJOINT PATHS)

Input: graph G = (V, E), requests R = {(s;,t;) |i=1,...,k}

Feasible solution: realizable subset .4 C R and edge-disjoint routing for A
Goal: maximize |A|

In general, the same vertex may appear several times as an endpoint of a
request in R, and we may even have several identical requests in R. On the
other hand, if a set R of requests has the property that every vertex of G is the
endpoint of at most one request in R, the set R is called a partial permutation.

As it turns out that MEDP is an AN'P-hard optimization problem in gen-
eral, one is interested in identifying special cases that can be solved optimally
in polynomial time and in deriving good approximation algorithms for the other
cases. An algorithm for MEDP is a p-approximation algorithm if it runs in poly-
nomial time and always outputs a feasible solution A satisfying |A| > OPT/p,
where OPT denotes the cardinality of an optimal solution. For randomized algo-
rithms, the value |.4] in this definition is replaced by its expectation, taken over
the random choices of the algorithm. The approximation ratio p can also be a
function of certain parameters of the given instance, for example, of the number
of vertices or edges of the given graph. We always let n = |V| and m = |E|.

Some of the algorithms that we will encounter work also for the on-line version
of the problem, where the requests are presented to the algorithm one by one
in arbitrary order and the algorithm must accept or reject each request without
knowledge of future requests. In this case, we will say that the algorithm is an
on-line algorithm.

In this chapter, we give a tutorial survey of known results concerning approx-
imation algorithms for MEDP. We treat results for arbitrary graphs as well as
results for specific graph classes. In Section [T, we define all the specific graph
classes that we deal with as well as some graph parameters. In Section [L2] we
give a brief survey of known complexity results for MEDP, i.e., we explain which
special cases can be solved optimally in polynomial time and which variants are
known to be A'P-hard or APX-hard.

Section 2] discusses approximation algorithms for MEDP in arbitrary graphs.
Sections 2T to 23 analyze various greedy-type algorithms, some of which achieve
approximation ratio O(y/m). In Section [Z4] we give an inapproximability result
showing that no better approximation ratio (as a function of m) can be achieved
for arbitrary directed graphs. Section deals with the linear programming
relaxation of MEDP and shows that although the integrality gap can be very
large in general, randomized rounding yields a constant-factor approximation
algorithm for a generalization of MEDP with large edge capacities.
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Results for specific graph classes are reviewed in Section Bl We discuss results
for trees, trees of rings, meshes, hypercubes, de Bruijn graphs, expanders, and
complete graphs. In Section [ we briefly comment on the version of MEDP with
pre-determined paths. In Section [l we consider a generalization of MEDP with
edge capacities, demand values, and profit values, called the unsplittable flow
problem. We present combinatorial algorithms for arbitrary directed graphs and
give a summary of results that have been achieved using linear programming
techniques. In Section [B, we mention further results that are related to MEDP
and the unsplittable flow problem.

1.1 Definition of Graph Classes and Graph Parameters

We give brief definitions of the graph classes that we consider later on. First,
consider undirected graphs. A graph is a complete graph or a clique if there is an
edge between every pair of vertices. A chain is a graph that consists of a single
path. A tree is a connected acyclic graph. A tree in which all vertices except one
have degree 1 is called a star. A spider or generalized star is a tree in which at
most one vertex can have degree larger than 2. A ring is a graph that consists
of a single cycle. A connected graph all of whose biconnected components are
rings is called a tree of rings.

The (two-dimensional) ny xngy mesh is the graph with vertex set V- = {(z,y) €
N2 |1<a<n;,1<y<ny} and with vertex (x,y) being adjacent to the
vertices in {(z — 1,y),(x + 1,y), (z,y + 1), (x,y — 1)} N V. While all internal
vertices have degree 4, the vertices on the boundary of the mesh have only two
or three neighbors.

The hypercube of dimension d is the graph with 2¢ vertices corresponding to
the 27 binary strings of length d, and with an edge between two vertices if and
only if the respective binary strings differ only in one position. There are several
constant-degree graphs that are called hypercubic networks: The d-dimensional
butterfly is a graph whose vertices are pairs (w, i), where 7 is an integer satisfying
0 < i< dand w is a binary string of length d. For a vertex (w, ), we call i its
layer. There is an edge between two vertices (w,i) and (u,j) if and only if
j =1+ 1 and either w = u or w and u differ precisely in the jth bit from the left.
The binary d-dimensional de Bruijn graph is a directed graph with 2¢ vertices
corresponding to the 2¢ binary strings of length d. It has a directed edge from
u to v if and only if the binary representation of v can be obtained from the
binary representation of u by a cyclic left-shift or by a cyclic left-shift followed
by flipping the rightmost bit. An undirected de Bruijn graph is obtained from a
directed de Bruijn graph by ignoring the directions of the edges and removing
self-loops.

A bidirected graph is a graph that is obtained from an undirected graph by
replacing each undirected edge with two directed edges of opposite directions. For
any of the graph classes defined above, we can thus also consider its bidirected
counterpart.

The maximum degree of a graph G is denoted by A(G). For a given graph
G = (V,E) and a set X C V, we denote by §(X) the set of edges with one
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endpoint in X and the other endpoint in V' \ X. The ezpansion (or flux) 5(Q)
of the graph G is defined as

[6(X)]

xcvx|<vl [X]

B(G) =

A graph is called an expander if its expansion is bounded from below by some
constant.

If the graph G is clear from the context, we write A and 8 for A(G) and
B(G), respectively.

The treewidth of a graph with n nodes is a value between 1 and n — 1 that
measures (in some sense) how “tree-like” a graph is. For example, a graph has
treewidth 1 if and only if all its connected components are trees. We do not give
the definition of treewidth here and refer the reader to [7g].

1.2 Polynomial-Time Solvable Cases and Hardness Results

Most of the early work on edge-disjoint paths problems has focused on the ver-
sion of the problem where the goal is to either route all given requests along
edge-disjoint paths or certify that such a routing does not exist. This decision
problem is one of the classical N'P-complete problems [27]. For directed graphs,
Fortune, Hopcroft, and Wyllie [23] proved that the problem is N'P-complete
even if only two terminal pairs are given. The results in the graph minor series
by Robertson and Seymour led to a polynomial algorithm for undirected graphs
and any constant number of terminal pairs [51]. If the number of terminal pairs
is arbitrary, the problem was shown NP-complete for meshes in [42] and in pla-
nar graphs of maximum degree 3 by Middendorf and Pfeiffer [46]. Substantial
effort has been devoted to the identification of polynomial-time solvable special
cases; we refer the reader to the surveys by Frank [24] and Vygen [57].

An intensive investigation of the maximization version MEDP started in the
1990s and is still continuing. Observe that there are classes of graphs for which it
can be checked in polynomial time whether a set R of requests is realizable, but if the
answer is no, it is A"P-hard to compute a maximum subset of realizable requests.
Bidirected trees and undirected or bidirected trees of rings are examples.

Nevertheless, MEDP can be solved optimally in polynomial time for some
classes of graphs. A first such class are chains. The routing for each request in
a chain is uniquely determined by its endpoints (the same is true for arbitrary
trees). Therefore, a set of requests in a chain can be represented as a set of
intervals on the real line, and it suffices to find a maximum number of pairwise
disjoint intervals. This problem has been studied in the context of interval graphs
and is known to be solvable in linear time [30]. Thus, MEDP can be solved
optimally in polynomial time for undirected or bidirected chains.

For undirected trees, a polynomial algorithm for MEDP has been found by
Garg, Vazirani and Yannakakis [2§].

For bidirected trees of arbitrary degree, MEDP has been proved APX-
complete by Erlebach and Jansen [21], implying that there is a constant r > 1
such that no polynomial-time algorithm can achieve approximation ratio r unless
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P = N'P. The proof is based on the proof by Garg, Vazirani, and Yannakakis [2§]
showing that a generalization of MEDP with edge capacities is AP X-complete
in undirected trees with edge capacities in {1,2}. It can also be adapted to trees
of rings, showing that MEDP is APX-complete for undirected and bidirected
trees of rings [20].

In bidirected stars, each request uses at most two edges, and the MEDP problem
can be reduced to the maximum bipartite matching problem. This approach can
be extended to give a polynomial-time algorithm for bidirected spiders as well, as
shown for a more general problem by Erlebach and Vukadinovié¢ [22]. In undirected
or bidirected rings, MEDP can also be solved optimally in polynomial time [5849)].

It is known that many hard problems can be solved efficiently on graphs of
bounded treewidth [7]. However, since trees of rings have treewidth 2, MEDP is
APX-hard even for graphs with treewidth 2. On the other hand, it is remarked
in [19] that MEDP can be solved optimally in polynomial time on graphs whose
treewidth and maximum degree are both bounded by a constant. Furthermore,
Zhou et al. [59] have shown that MEDP can be solved optimally in polynomial
time on graphs of bounded treewidth if the number of requests is O(logn) or if
certain conditions on the location of the request endpoints are fulfilled (includ-
ing the case when the union of the graph and the demand graph has bounded
treewidth, where the demand graph is the graph with an edge between the end-
points of each request).

It is interesting to note that for undirected graphs, no stronger inapproxima-
bility result than APX-hardness is known for MEDP. For directed graphs, we
will see a strong inapproximability result in Section [2.4]

2 Edge-Disjoint Paths in Arbitrary Graphs

2.1 The Greedy Algorithm

A very natural algorithm for MEDP is the greedy algorithm (see Fig. [I). It
processes the requests in arbitrary order. For each request, it checks whether the
request can be routed along a path that is edge-disjoint from all paths assigned

algorithm Greedy(G = (V, E), R ={(si,t:) | i =1,...,k}):
A — 0
for i=1to k do
if 3 path from s; to ¢; in G then
A — AU{(ss,t:) };
7; < a shortest path from s; to t; in G;
remove all edges of 7; from G;
fi;
od;
return A and {m; | (si,t;) € A};

Fig. 1. The greedy algorithm
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to previously accepted requests. If so, it accepts the request and routes it along
some shortest path that does not intersect previously accepted paths.

Unfortunately, this algorithm does not achieve a good approximation ratio
in general. For example, consider a chain of n vertices, numbered from 1 to n.
Assume that the first request processed by the algorithm is (1,7n) and that there
are n — 1 further requests of the form (i,i+1), for i = 1,2,...,n— 1. The greedy
algorithm accepts the first request but no other request, because the first request
blocks all n — 1 edges of the chain. The optimal solution, however, consists of
the other n — 1 requests. Thus, the optimal solution is better than the greedy
solution by a factor of n — 1.

On the other hand, we can show that the optimal solution can never be better
than the greedy solution by more than a factor of n—1. To see this, we employ the
following proof technique. Let A* be the set of requests in an arbitrary optimal
solution and let 7} be the path assigned to request (s;,t;) € A* by this solution.
Let A and 7; be defined analogously for the greedy solution. We consider the
execution of the greedy algorithm and, whenever it accepts a request 7, we remove
from A* the request i (provided i € A*) and all other requests in A* whose
optimal path 7 intersects the greedy path 7;. Note that at any time of the
execution, the paths 7 of the requests that remain in A* are disjoint from the
paths of the requests that have already been accepted by the greedy algorithm.
When the greedy algorithm terminates, the set .A* must be empty, by definition
of the greedy algorithm. Therefore, if we can show that for each request accepted
by the greedy algorithm, we have to remove at most p paths from the optimal
solution, this implies that |A*| < p-|A| and, consequently, the greedy algorithm
achieves approximation ratio at most p.

So how many requests do we have to remove from A* when the greedy algo-
rithm accepts a request i? In a graph with n vertices, every simple path (and
therefore also ;) consists of at most n — 1 edges. Consequently, it can intersect
at most n — 1 paths 7} of requests in A*. Since it suffices to remove these up to
n — 1 paths as well as the request i itself, this shows that we have to remove at
most n paths from A*. In fact, we can strengthen this to show that we have to
remove at most n — 1 paths: If the path m; consists of fewer than n — 1 edges, the
above argument can be used. If 7; has length n — 1, it does in fact pass through
all vertices of the graph. We would have to remove n paths from A* only if 7}
was edge-disjoint from 7;, but this cannot happen since m; passes through all
vertices and is a shortest path from s; to t; (among all paths that do not in-
tersect previously accepted paths). Thus, the approximation ratio of the greedy
algorithm is bounded from above by n — 1 as well.

Theorem 1. The greedy algorithm has approximation ratio n — 1 for MEDP
in directed or undirected graphs with n vertices, and this bound is tight.

2.2 The Bounded-Length Greedy Algorithm

The greedy algorithm can perform badly because it may accept a request and
route it on a very long path while the optimal solution accepts many requests
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algorithm BoundedGreedy(G = (V,E),R = {(si,t:) |i=1,...,k}, D):
A — ;
for i=1to k do
if 3 path of length at most D from s; to ¢; in G then *)
A — AU {(ss,t:)};
m; < a shortest path from s; to t; in G}
remove all edges of 7; from G}
fi;
od;
return A and {m; | (si,t;) € A};

Fig. 2. The bounded-length greedy algorithm. It differs from the standard greedy al-
gorithm only by the modified condition in line (*).

whose paths intersect the long path instead. One idea to avoid this problem is
to restrict the length of the paths that the greedy algorithm is allowed to use.
The bounded-length greedy algorithm, suggested by Kleinberg [33] and shown in
Fig.[2 takes an additional parameter D and behaves like the greedy algorithm,
but accepts a request only if it can be routed on a path of length at most D.
Thus, each accepted request can intersect the paths of at most D other requests
in the optimal solution. On the other hand, the algorithm rejects all requests
whose endpoints are at distance larger than D. This means that the algorithm
will have approximation ratio oo on instances where all requests have endpoints
at distance larger than D. Therefore, we need to check for this case separately
and arrive at the following algorithm, which we call BoundedGreedy’.

1. If for all requests (s;,t;) the length of a shortest path from s; to ¢; is at
least D + 1, return the solution consisting of a single request (s;,¢;) and an
arbitrary path from s; to t; assigned to it.

2. Otherwise, run BoundedGreedy(G, R, D).

To analyze this algorithm, let us first consider the case that the condition of step 1
applies and that the algorithm accepts a single request. Since all paths assigned to
arequest must use at least D+ 1 of the m edges of the graph, even the optimal solu-
tion can contain at most m/(D+ 1) paths. Thus, the ratio is at most m/(D+1) in
this case. Now assume that the algorithm BoundedGreedy is actually called. Each
request accepted by BoundedGreedy (and thus also by BoundedGreedy') blocks at
most D other requests that could have been accepted instead. All requests in the
optimal solution that are routed along a path of length at most D in the optimal
solution must either be accepted by the algorithm or intersect a path accepted by
the algorithm. Thus, we can apply the proof technique of the previous section to
show that the optimal solution contains at most (D + 1)|.A| requests with paths
of length at most D, where A is the set of requests accepted by BoundedGreedsy’.
On the other hand, by the same argument as above, the number of paths in the
optimal solution that are routed along paths of length at least D + 1 is at most
m/(D+1). Thus, the optimal solution contains at most m/(D+1)+ (D +1)|A| <
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(m/(D+1)+ D+1)|A| paths. This proves that BoundedGreedy' achieves approx-
imation ratio at most D+14m/(D+1). We can choose D = [\/m | — 1 to obtain
a 2[\/m |-approximation algorithm for MEDP.

To construct a bad instance for BoundedGreedy', take a ring with m edges
and vertices, the vertices being numbered clockwise from 1 to m. Choose m such
that /m is integral. Consider the set of requests containing the first request
(1,/m), the short requests (j,j+1) for j = 1,...,y/m—1, and the long requests
(iv/m, (i+1)y/m) for i = 1,...,y/m — 1. The algorithm accepts the first request
(1,4/m) and routes it along the clockwise path. All other requests cannot be
routed along a path of length at most D = /m — 1 now, so the algorithm rejects
all other requests. On the other hand, the optimal solution accepts all short
requests and all long requests, thus giving a solution with 2\/m — 2 requests.

Theorem 2 (Kleinberg, 1996). Algorithm BoundedGreedy' with parameter
D = [\/m1 =1 has approzimation ratio O(y/m) for MEDP in directed or undi-
rected graphs with m edges.

We will see later that BoundedGreedy achieves a much better approximation
ratio in expanders and other specific classes of graphs. Furthermore, it is inter-
esting to note that BoundedGreedy' can be adapted to the on-line setting by
flipping a coin in the beginning and running BoundedGreedy with probability é
and the standard greedy algorithm otherwise.

Routing Number and Flow Number. Kolman and Scheideler [40] analyze
the approximation ratio achievable by the bounded-length greedy algorithm for
undirected graphs in terms of the routing number of the given graph. Consider
an undirected graph G = (V, E) with n nodes. For a set P of paths in G, the
congestion of an edge e € E is the number of paths containing e. The congestion
of P is the maximum congestion among all edges. Denote by S,, the set of all
permutations from V to V. For any permutation « € S,, and any L that is at
least the diameter of G, let C(G, L, ) be the minimum congestion among all
path sets that realize 7 (i.e., contain a path from v to m(v) for all v € V') and
that consist of paths with length at most L. Then the L-bounded routing number
R(G, L) of G is defined by

R(G,L) = max max{C(G, L,m),L}.
Intuitively, if a graph has L-bounded routing number R, then for any permu-
tation of the vertices, there exists a set of paths with length at most L and
congestion at most R that realizes the permutation.

The (unbounded) routing number R(G) is defined as R(G) = ming R(G, L).
For any graph G, R(G) lies between O(3(G)~!) and O(AB(G)~!logn), where
A is the maximum degree of G and B(G) is the expansion as defined in Sec-
tion [Tl There is a constant-factor approximation algorithm for computing the
routing-number of a given graph [52]. The routing number is @(n) for the chain,
O(y/n) for the \/n x y/n-mesh, and O(logn) for the butterfly, the hypercube,
and constant-degree expanders.
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algorithm ShortestFirstGreedy(G = (V,E),R = {(ss,t:) | i =1,...,k}):
A —0;
while R contains a request that can be routed in G do
(si,ti) < a request in R such that the shortest path from s; to ¢; in G
has minimum length among all requests in R;
A— AU {(Si,ti)};
R —R\{(si,ti) };
7; < a shortest path from s; to t; in G;
remove all edges of m; from G;
od;
return A and {m; | (si,t;) € A};

Fig. 3. The shortest-path-first greedy algorithm

For undirected graphs with maximum degree A and routing number R, Kol-
man and Scheideler show that the bounded-length greedy algorithm with length
parameter D = 2R achieves approximation ratio at most (A + 4)R+ 1 =
O(AR) = O(A?B(G)~'logn). For graphs with bounded degree, this gives ap-
proximation ratio O(R) = O(3(G) ™! logn). If the exact value of R is not known,
the bounded-length greedy algorithm can be run for all values D = 2P for
p = 0,1,...,logn, and the best solution can be taken as the output of the
algorithm. Thus, approximation ratio O(AR) is achieved also in this case.

In addition, Kolman and Scheideler present a randomized approximation al-
gorithm with ratio O(A\/ LR) for MEDP in undirected graphs with maximum
degree A and L-bounded routing number R [40]. The algorithm works in the on-
line setting. Note that the bound O(Av/LR) can be substantially better than the
bound O(AR(G)). The idea behind the algorithm is that in many graphs, some
edges are “bottleneck” edges and some are not. A single path passing through
many bottleneck edges could cause the rejection of many subsequent requests.
The algorithm thus puts a stricter bound on the number of bottleneck edges
of a path than on the number of non-bottleneck edges. The tricky part of the
algorithm is the initial phase in which the bottleneck edges are determined.

In subsequent work, Kolman and Scheideler [4I] consider the flow number
F(G) of the given graph G instead of the routing number. They show that the
bounded-length greedy algorithm with length parameter D = 4F(G) achieves
approximation ratio O(F(G)) = O(AB(G) 'logn) for MEDP in undirected
graphs with maximum degree A and expansion §(G).

It is interesting to note that F(G) is 1 for complete graphs, ©(logn) for
hypercubes and expanders, ©(y/n) for the \/n x y/n-mesh, and ©(n) for the
chain. As the flow number is defined in the more general context of graphs with
edge capacities, we give its definition only in Section [5.I] where we use it in the
context of the unsplittable flow problem.

The main idea underlying the use of the flow number is that the bounded-
length greedy algorithm has a good approximation ratio if there exists an optimal
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solution that consists of short paths only. The key ingredient of the analysis
is then a shortening lemma, which implies that any set of disjoint paths in a
graph with flow number F' can be converted into a set of fractional flows such
that the load on every edge is at most 2 and all flow paths have length at most
4F. The shortening lemma is applied to the paths in the optimal solution of
the given instance of MEDP, and then the size of the solution produced by the
bounded-length greedy algorithm is related to the fractional flows with short
flow paths.

Kolman and Scheideler [41] use this analysis to obtain approximation ratio
16F + 1 for the unsplittable flow problem (that includes MEDP as a special
case), and it is not difficult to verify that the ratio for MEDP can even be
bounded by 8F + 1 [13].

2.3 The Shortest-Path-First Greedy Algorithm

Another modification of the greedy algorithm is the shortest-path-first greedy
algorithm, shown in Fig. It was suggested by Kolliopoulos and Stein [37].
Instead of processing the given requests sequentially in an arbitrary order, the
algorithm ShortestFirstGreedy considers all remaining requests and accepts a
request whose shortest path has length ¢ only if no other remaining request can
be routed along a path of length smaller than /. As a consequence, the algorithm
accepts requests in order of non-decreasing lengths of their shortest paths. It is
easy to see that the worst-case approximation ratio of ShortestFirstGreedy is at
least as good as that of BoundedGreedy.

Algorithm ShortestFirstGreedy achieves approximation ratio [/m ]. To prove
this, consider an arbitrary optimal solution A* with paths 7. Again, consider
an execution of the algorithm and when the algorithm accepts a request ¢ and
routes it along a path m;, remove from A* the request ¢ (if 1 € A*) as well as
all requests j whose path 7} intersects ;. By the order in which the algorithm
accepts the requests, all requests j € A* have length at least |m;| when the
algorithm accepts request ¢. If |m;| < [\/m] — 1, we have to remove at most
[v/m ] paths from A*, as before. If |m;| > [\/m], there can be at most /m paths
left in A*, because they all have length at least [y/m ]. So we have to remove at
most y/m paths in this case as well. This shows that the approximation ratio of
ShortestFirstGreedy is at most [/m].

Theorem 3 (Kolliopoulos and Stein, 1998). The shortest-path-first greedy
algorithm has approzimation ratio at most [\/m| for MEDP in directed or
undirected graphs with m edges.

We remark that m can be replaced by m* in the analysis above, where m* is
the number of edges that are actually used by paths in the optimal solution.

By refining the analysis above, we can bound the approximation ratio of
ShortestFirstGreedy in terms of the average path length d* = m*/|A*| of an
optimal solution A* whose paths use m* edges in total. Let A" = A* \ A, i.e.,
A’ denotes the requests that are in the optimal solution, but not in the solution
computed by the algorithm. When the algorithm accepts request ¢ and routes it
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along path 7;, we remove from A’ the requests whose paths 7} intersect ;. Let
k; denote the number of requests that are removed from A’ because of path ;.
Each of these k; requests has a path of length at least |m;|, and |m;| must be at
least k;. Therefore, these k; requests use at least k? of the m* edges used in the

optimal solution, and we get
Z k2 < m*.

€A
Since Y ;e a b =( Yicaki )2 /|A| by the Cauchy-Schwarz inequality, we get
( Yicaks )2 /Al < m*. Using >, 4 ki = |A|, we obtain [A] > |A'[?/m*.
If |A] > |A*|/2, the algorithm has ratio at most 2. If |A| < |A*[/2, we have
|A'] =|A*\ A| > |A*|/2 and obtain
Al 2 A* 2 Al* Al*
s AP AT LA A
m* 4m* 4.m. 4d*
[ A
Thus, the approximation ratio is always bounded by 4d*.

Theorem 4 (Kolliopoulos and Stein, 1998). The shortest-path-first greedy
algorithm achieves approzimation ratio O(d*) for MEDP on instances for which
some optimal solution has average path length d*.

We remark that approximation ratio O(d*) can also be achieved by running
BoundedGreedy with parameter D = 1,2,4,8,...,n and outputting the best of
the solutions obtained in this way. This follows because at least half the paths of
the optimal solution have length at most 2d*, and BoundedGreedy will produce
a solution with the required quality for the value of D that lies in the interval
[2d*,4d*) (see the full version of [40)]).

Chekuri and Khanna [I5] showed that the bound of O(y/m) on the approx-
imation ratio of the shortest-path-first greedy algorithm is not tight for dense
graphs. They proved upper bounds of O(n?/3) and O(n*/®) for undirected and
directed graphs, respectively. Their improved result is obtained by tightening
the analysis concerning long paths in the optimal solution. In the arguments
above, we used the fact that the optimal solution can contain at most m/¢ paths
of length at least ¢. Roughly speaking, Chekuri and Khanna show that in a
graph where the distance between the end vertices of each request is at least /,
at most O(n?/¢?) (in the undirected case) and O(n*/¢*) (in the directed case)
requests can be connected along edge-disjoint paths. This leads to the better
bound in dense graphs. They also show that the approximation ratio of the
shortest-path-first greedy algorithm is Q(n2/ 3) in directed acyclic graphs and in
undirected graphs. The upper bound on the approximation ratio of the shortest-
path-first greedy algorithm for directed graphs was subsequently improved to
O((nlogn)?/3) by Varadarajan and Venkataraman [56]. They obtain this result
by showing that in a directed graph where the distance between the end vertices
of each request is at least £, at most O((n?/¢2) - (logn/f)?) of the requests can
be connected along edge-disjoint paths.
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Theorem 5 (Chekuri and Khanna, 2003; Varadarajan and Venkatara-
man, 2004). The approzimation ratio of the shortest-path-first greedy algo-
rithm for MEDP is O(min{y/m,n?/3}) in undirected graphs and O(min{/m,
(nlogn)?/3}) in directed graphs.

For directed acyclic graphs, Chekuri and Khanna [I5] present a combinatorial
algorithm that achieves approximation ratio O(y/n-logn). The algorithm is based
on the observation that, if the optimal solution contains many long paths, there
must be a vertex that is contained in a significant fraction of these long paths.

2.4 Inapproximability for Directed Graphs

The bounded greedy algorithm and the shortest-path-first greedy algorithm
achieve approximation ratio O(y/m) for directed or undirected graphs with m
edges. For directed graphs, an essentially matching inapproximability result has
been obtained by Guruswami et al. [31].

Theorem 6 (Guruswami et al., 1999). For MEDP in directed graphs with
m edges, there cannot be an méfs—appmmimation algorithm for any € > 0 unless

P =NP.

Proof. The proof is based on the hardness of the problem 2DIRPATH, i.e., de-
ciding for a directed graph H = (V, E) and four distinct vertices wuy, w1, us, wa
whether H contains paths from u; to wy and from us to ws that are edge-disjoint.
This problem has been proved NP-complete by Fortune, Hopcroft and Wyllie in
[23]. Consider some fixed & > 0. Given an instance I of the problem 2DIRPATH,
one can efficiently construct an instance of MEDP with k requests in a directed
graph G with m edges such that the optimal solution contains all k requests
if I is a yes-instance and only one request if I is a no-instance. Therefore, an
approximation algorithm for MEDP with ratio smaller than k would allow to
decide I in polynomial time, implying that P = AP.

The construction of G is illustrated in Fig. @l G is the lower right triangle
of a k x k mesh, with all edges pointing upward or to the right. Every internal
vertex v of the mesh is replaced by a copy of H. The head of the incoming
horizontal edge of v is attached to ui, the tail of the outgoing horizontal edge
to wy. Similarly, the vertical edges incident to v are attached to us and ws.
Intuitively, this copy of H allows two paths arriving at v from below and from
the left to cross (i.e., to leave this copy of H on the top and on the right side,
respectively) if and only if I is a yes-instance.

The k requests in G are defined as follows: The vertices at the bottom of
the mesh (from left to right) are the sources s1, s2, ..., Sk, and the vertices
on the right side of the mesh (from bottom to top) are the destinations t;, to,
..., tg. If T is a yes-instance, all k requests can be accepted and routed along
the canonical path that goes upward until the destination row is reached and
then to the right until the destination is hit. If I is a no-instance, there cannot
be edge-disjoint paths for any two requests ¢ and j, i # j, because such paths
would have to cross at some copy of H. Therefore, the optimal solution to the
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Fig. 4. Construction used in the inapproximability proof

constructed instance of MEDP contains either k requests or only one request,
depending on whether I is a yes-instance. If we choose k = m}{/e’ where my is
the number of edges of H, the graph G has m = O(k*my) = O(k**°) edges,
hence k = @(m'/(2¥9)). Since the construction can be applied for every fixed

e > 0, the theorem follows. a

Note, however, that for the graphs constructed in the proof of Theorem [B, we
have m = O(n). Therefore, the lower bound does not necessarily apply to dense
graphs. In fact, we have seen in Theorem [l that the shortest-path-first greedy al-
gorithm indeed achieves approximation ratio strictly better than O(y/m) in dense
graphs. In terms of n, the proof of Theorem [G] gives only n : ~E-inapproximability
of MEDP in directed graphs.

Another inapproximability result for MEDP in directed graphs has been
obtained by Ma and Wang [45]. They prove that MEDP cannot be approxi-
mated within ratio 21°8' “" in directed graphs with n vertices unless NP C
DTIME(2plylosn),

It remains an interesting open problem to determine whether the approxima-
tion ratio for MEDP in undirected graphs can be improved substantially. The
proof of Theorem [Gl cannot be adapted to the undirected case because the variant
of 2DIRPATH for undirected graphs can be solved in polynomial time. In fact,
for every constant k there is a polynomial-time algorithm that decides for an
undirected graph and k requests whether all k requests can be connected along
edge-disjoint paths by the results of Robertson and Seymour [51]. At present,
we cannot even exclude the existence of an O(1)-approximation algorithm for
MEDP in undirected graphs.
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2.5 Linear Programming and Randomized Rounding

Linear programming [53] is a very powerful tool in combinatorial optimization. In
this section we discuss the natural LP relaxation of MEDP. Intuitively, solutions
to the LP relaxation correspond to fractional solutions, i.e., solutions that may
accept only fractions of certain requests and that may split the accepted fraction
of a request among several paths arbitrarily.

In the following, we allow a more general edge capacity constraint than the
strict requirement of having edge-disjoint paths: we assume that each edge e has
a certain integral capacity u(e) and that a routing is feasible if at most u(e)
paths go through every edge e. We call this problem generalized MEDP.

An LP Relaxation of MEDP. Let a graph G = (V| E) with edge capacities
u: E — N and a set of requests R = {(s;,%;) | i = 1,...,k} be given. Denote by
P; the set of all paths from s; to t; in GG. Note that there might be exponentially
many paths in P;; we will discuss later how to deal with this.

It is natural to introduce a variable z; for each request i, 1 < i < k, that
is constrained by 0 < z; < 1 and represents the fraction of request 7 that is
accepted. Furthermore, a variable y;  is introduced for each path 7= € P;; this
variable corresponds to the fraction of request i that is routed along path .

Thus, maximizing the sum of the accepted fractions of the given requests can
be formulated as the following linear program:

k
= maXin (1)
i=1

s.t. Z Yix < ule), foralle € E (2)
i, me€ETEP;
Z Yim = T, fOI‘lSZS]{ (3)
TEP;
0 <z <1, for1 <i<k (4)
0 < yin <1, forl1<i<kandwecP; (5)

The objective function () expresses that the goal is to maximize the sum of the
accepted fractions of the requests. Constraint (2] ensures that the edge capacities
are not exceeded. Constraint (B]) requires that the fractions of request ¢ that are
routed along different paths from s; to t; add up to x;, the total accepted fraction
of request 7. Constraints [{@l) and (Bl ensure that all variables are between zero
and one.

The above LP may be of exponential size, but is easy to understand. In
order to obtain an LP of polynomial size, one uses variables f;. for 1 < i <
k and e € F that represent the fraction of request ¢ that is routed through
edge e. The number of such variables is bounded by k| F|. Furthermore, the edge
capacity constraints (2)) are replaced by Zle fie < u(e) for all e € E, and
flow conservation constraints are added for each request i and each vertex v €
V\{si, ti} (expressing that the amount of request i reaching v through incoming
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Fig. 5. The brick-wall graph

edges is equal to the amount leaving v through outgoing edges). Constraint (B
is replaced by a constraint ensuring that the amount of request i leaving s; is
equal to x;. The variables y; , are not needed in this modified LP. The modified
LP has polynomial size and can be solved optimally in polynomial time. We refer
to the resulting values of the variables f; . and z; as f, and z], respectively.
These quantities can be viewed as representing a flow of value z} from s; to
t;, for 1 < i < k. Using standard flow decomposition methods (also called path
stripping) [50], the flow of request ¢ can be efficiently transformed into O(|E|)
separate flows along paths from s; to ¢;, and these flows represent a fractional
solution to the original (exponential-size) LP with the same objective value.
Thus, we can assume from now on that we can compute an optimal fractional
solution to the original LP in polynomial time and that this solution has only a
polynomial number of variables y; . that are non-zero.

A solution to the LP in which the variables z; and y; » are all integral, i.e.,
either equal to 0 or equal to 1, corresponds to a feasible solution of the origi-
nal instance of generalized MEDP. However, adding such integrality constraints
makes the linear programming problem A“P-hard. Therefore, a meaningful ap-
proach is to solve the LP to obtain an optimal fractional solution and then try to
convert the fractional solution into an integral solution without losing too much
in the objective function. This conversion is usually called rounding.

The Integrality Gap. Unfortunately, the gap between the fractional optimum
and the integral optimum can be arbitrarily large for the LP formulation of MEDP
[28]. A simple example to demonstrate this is shown in Fig.[Bl This type of mesh-like
graph with internal vertices of degree 3 is often called a brick-wall graph. Assume
that the graph is undirected, all edges have capacity 1, and there are 6 requests,
where both endpoints of request 7 are labeled by i in the figure. Since any two paths
for different requests must cross somewhere and thus share an edge, the integral
optimum accepts only one of the six paths. The fractional solution, however, can
route 1/2 of each request without violating any capacity constraint, thus giving an
objective value of 3. This example can be generalized to give instances where the
integral optimum is 1, but the fractional optimum is ©(y/m) for brick-wall graphs
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with m edges, where m is arbitrarily large. The construction can also be adapted to
directed graphs in a straightforward way. Note, however, that the brick-wall graph
is sparse and thus the lower bound on the integrality gap in terms of nis only 2(y/n).
Chekuri and Khanna [I5] prove that an upper bound of O(y/n - logn) on the inte-
grality gap holds for directed, acyclic graphs.

In any case, the discussion above shows that we cannot hope to find a rounding
approach that always gives an integral solution with objective value close to the
fractional optimum.

Randomized Rounding in the High-Capacity Case. Fortunately, the sit-
uation is much better if the edge capacities are required to be large. In this
case, the randomized rounding approach due to Raghavan and Thompson [50]
gives a constant-factor approximation ratio. Our presentation follows the work
by Kleinberg [33] pp. 39—41]. The basic idea is to interpret the values of the vari-
ables in the fractional solution as probabilities. For the variables x;, this means
that z; is set to 1 with probability z;. More precisely, we will have to scale down
the values x; by some factor p before the rounding can be done.

Assume that all edge capacities are at least €logm for some constant . Let
1 < 1 be a positive constant whose choice will be explained later. For each
request i, 1 < ¢ < k, make an independent random choice and route request ¢
along path m € P; with probability uy; ., for all non-zero y; ., and reject request
i with probability 1 — > p py;, =1— pz}.

We need to show that with constant probability, the resulting integral solution
does not violate any edge capacity and that its objective value is at least a
constant fraction of the fractional optimum. The number of paths going through
an edge in the integral solution is the number of fractional paths through that
edge that were rounded up. Thus, the random variable representing the number
of paths going through the edge in the integral solution can be viewed as the sum
of independent Bernoulli trials; since the number of trials is large in the case of
large edge capacities, Chernoff-Hoeffding bounds [47] can be used to show that
the probability that some edge capacity is violated is at most 1/m if u is chosen
as i = e~ '471/¢. Furthermore, by the Markov inequality, the probability that
the objective value resulting from the rounding is at least p/2 times the fractional
optimum is at least /(2 — ). Therefore, the probability that no edge capacity
is violated and the objective value is at least p/2 times the fractional optimum
is a constant. Thus, repeating the randomized rounding @(p) times provides a
constant-factor approximation algorithm for the high-capacity case of MEDP
with probability 1 — 277,

Theorem 7 (Raghavan and Thompson, 1987; Kleinberg, 1996). For all
instances of generalized MEDP where the edge capacities are at least €logm
for a suitable constant €, there is a randomized polynomial-time algorithm that
achieves a constant-factor approrimation with high probability.

Note that the constant-factor approximation ratio of this theorem holds also
if the solution of the algorithm is compared with the fractional optimum of the
LP relaxation of the problem.
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Kolman and Scheideler [41] prove that a constant-factor approximation algo-
rithm for generalized MEDP (in fact, even for the unsplittable flow problem) in
graphs with flow number F' exists if the edge capacities are at least ¢log F for
a suitable constant €. Their result is obtained by a rather sophisticated use of
randomized rounding. Note that for graphs with polylogarithmic flow number
(hypercubes, expanders, etc.), this shows that constant approximation ratio can
already be obtained if the edge capacities are (2(loglogn). This latter result had
previously been obtained by Srinivasan [55] (see also Baveja and Srinivasan [0]).

Further results about the approximation ratio achieved by LP-based algo-
rithms will be discussed in Section in the context of the unsplittable flow
problem.

3 Edge-Disjoint Paths in Specific Graph Classes

Since the approximation ratios that have been achieved for arbitrary graphs
are quite large, it is interesting to investigate whether MEDP admits better
approximation ratios for restricted classes of graphs. There are two basic tech-
niques that sometimes allow to obtain a better approximation ratio on specific
graph classes:

— For some graph classes, the approximation ratio of the standard greedy al-
gorithm of Section 2.1l can be improved by sorting the given requests in some
order depending on the structure of the given graph.

— For some graph classes, one can prove that there exists a solution using
paths of length at most D that is at least as large as 1/« times the optimum
solution. The bounded-length greedy algorithm of Section 2.2] with parame-
ter D and the shortest-path-first greedy algorithm of Section both give
approximation ratio at most a.D in this case (cf. Kolman [38]).

We will see examples of both techniques in the following.

3.1 Trees and Trees of Rings

Recall that MEDP can be solved optimally in polynomial time for undirected
trees, but is APX-hard for bidirected trees and undirected or bidirected trees
of rings. A simple approximation algorithm for MEDP in bidirected trees is
the following: Root the given tree at an arbitrary node. For each node v of the
tree, let d(v) denote its distance from the root. For each request (s;,t;), let ¢;
be the node on the path from s; to ¢; that is closest to the root. The node /;
is also called the lowest common ancestor of s; and t;. Now process the given
requests in order of non-increasing values d(¢;) and apply the greedy algorithm
(i.e., accept each path if it does not intersect any previously accepted path).

In order to analyze the algorithm, we fix an arbitrary optimal solution A*.
When the algorithm accepts a request (s;,t;), we remove from A* all paths
that intersect (s;,t;). By definition of the algorithm, all paths j € A* have
d(¢;) < d(¢;). Therefore, if such a path j € A* intersects the path m; from s; to
t;, it must contain one of the (at most) two edges on 7; that are incident to ;.
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Fig. 6. A tree of rings

This means that there can be at most two paths in A* that intersect m;. Thus,
the algorithm achieves approximation ratio 2.

An improved approximation algorithm with ratio g + &, where ¢ > 0 is an
arbitrary fixed constant, was presented by Erlebach and Jansen [21]. This algo-
rithm is based on the simple 2-approximation just described, but it considers
all paths with the same lowest common ancestor simultaneously and computes
a maximum number s of such paths that can be added to the current solution.
This can be done using a maximum bipartite matching algorithm. If s > 3, all
these s paths are accepted. Since it suffices to remove from A* at most s paths
with the same lowest common ancestor and at most two other paths whose lowest
common ancestor is closer to the root, at most gs paths have to be removed from
A*. If s =1 or s = 2, the algorithm cannot always make the decision regarding
acceptance or rejection right away. In some cases, it creates a configuration of
unresolved paths, i.e., paths which are neither accepted nor rejected and whose
status will be decided at a later node. Such configurations of unresolved paths
complicate the processing at later nodes, but a careful case analysis shows that
approximation ratio g + ¢ can be achieved for any £ > 0. The running-time is
polynomial in the size of the input for fixed ¢ > 0.

Theorem 8 (Erlebach and Jansen, 2001). For every fized € > 0, there is a
(g + &)-approzimation algorithm for MEDP in bidirected trees.

An example of a tree of rings is shown in Fig. [6 In undirected or bidirected
trees of rings, it is possible to reduce the problem to that for trees while losing at
most a factor of 3 in the approximation ratio. The idea is just to remove one link
from every ring of the tree of rings arbitrarily. This turns the tree of rings into a
tree, and at least one third of the requests in the optimal solution for the tree of
rings can still be routed in the tree. Thus, in the undirected case one can apply
the optimal algorithm for undirected trees, leading to approximation ratio 3 for
MEDP in undirected trees of rings. For bidirected trees of rings, approximation
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ratio 5 + ¢ is obtained by using the (} + ¢)-approximation algorithm for MEDP
in bidirected trees of Theorem [§

Theorem 9 (Erlebach, 2001). There exists a 3-approzimation algorithm for
MEDP in undirected trees of rings and a (5 + €)-approximation algorithm for
MEDP in bidirected trees of rings, for every fized £ > 0.

3.2 Meshes and Densely Embedded Graphs

Kleinberg and Tardos [36] found a randomized O(1)-approximation algorithm for
MEDP in two-dimensional meshes. Furthermore, they generalized the algorithm
to obtain approximation ratio O(1) also for the class of densely embedded, nearly-
Eulerian graphs; we refer to [36] for details. In the following, we give an outline
of their algorithm for meshes.

Fix some constant . The given requests are partitioned into long requests and
short requests. A request (s;,t;) is short if the distance between its endpoints is
at most 16ylogn, and long otherwise. By considering short requests and long
requests separately, computing an approximate solution for each of the two sets,
and outputting the better of the two, an algorithm loses at most a factor of 2 in
the approximation ratio. This is because at least half the requests in an optimal
solution are either all short or all long.

The basic idea for dealing with the long requests is to embed a simulated
network with high capacity into the mesh and to use an O(1)-approximation
algorithm for high-capacity networks based on linear programming and ran-
domized rounding (cf. Section [ZF]) in this simulated network. One difficulty is
translating the accepted paths in the simulated network into edge-disjoint paths
in the original mesh.

The short requests are again partitioned into medium requests and small re-
quests. The medium requests will be handled by applying the algorithm for long
requests in separate submeshes of the original mesh. The small requests are short
enough to be handled by brute-force enumeration.

Long Requests and the Simulated Network. For dealing with long re-
quests, the mesh is partitioned into subsquares of size ylogn x vylogn. The
subsquare whose middle vertex is v is denoted by C,. For a subsquare C,, the
up to eight other subsquares that are adjacent to it are called its neighbors. A
maximal subset of the subsquares is chosen randomly such that no two chosen
subsquares have a common neighbor. The random choice ensures that every sub-
square becomes a chosen subsquare with constant probability and for any pair
of subsquares whose middle vertices are at distance at least 11vylogn, there is
a constant probability that both subsquares are chosen. The algorithm discards
all requests that do not have both endpoints in chosen subsquares. This costs
only a constant factor in the approximation ratio.

A chosen subsquare C, together with all its neighbors becomes an enclosure
D,,. Subsquares that do not belong to an enclosure at this point are included in
any of their adjacent enclosures arbitrarily. Thus, the vertices of the mesh are
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Fig. 7. The given mesh (left); its partitioning into -y log n x v log n subsquares, with cho-
sen subsquares drawn in bold and additional lines showing the border of the enclosures
(middle); and the core of the resulting simulated network (right)

partitioned into enclosures. Two enclosures D, and D,, are adjacent if there is
an edge with one endpoint in D,, and the other endpoint in D,,. In this way, an
enclosure can be adjacent to no more than 20 other enclosures. See Fig.[7 for an
example.

Now the simulated network is built. First, take a vertex z, for each chosen
subsquare C,, and connect two vertices z, and z,, if their enclosures are adjacent.
This defines the core N of the simulated network, and all edges in this core will
be assigned capacity plogn for a constant p < «. The right-hand side of Fig. [
depicts the core of the simulated network in the example. To obtain the final
simulated network A, add a copy of each chosen subsquare C, and make all
vertices at the boundary of C,, adjacent to z,. The edges inside C, and the edges
from the boundary of C, to z, are assigned capacity 1.

The long requests with endpoints in chosen subsquares can be viewed as
requests in A/'. Formulating the problem in N as a linear program and solving
this linear program, we obtain an optimal fractional solution F* for the problem.
The objective value of this fractional solution is within a constant factor of
the optimal integral solution for the long requests in the mesh. By applying
the randomized rounding approach of Raghavan and Thompson, we obtain an
integral solution F' (a set of accepted requests and one path for each accepted
request) that, with high probability, does not violate any edge capacity in N/
and whose cardinality is a constant fraction of the fractional optimum. However,
the paths in F' may violate edge capacities in C,.

The paths of the integral solution F' in A/ must be translated back into paths
in the mesh. For each pair of adjacent enclosures D, and D,,, choose a set 7,
of plogn edges connecting D, and D,, arbitrarily. Furthermore, choose a set o,
of plogn vertices equally spaced at the boundary of each C,. The part of the
mesh around a chosen subsquare C,, will be used to establish a crossbar structure
allowing arbitrary interconnection of vertices in ¢, and endpoints of edges in all
sets 7,4, along edge-disjoint paths. The up to plogn paths going from z, to
2w in N7 will be routed through edges of 7,.,, and up to plogn paths with an
endpoint s in (), are to be routed from s to some vertex in o,,.

To establish the crossbar structure, the %'ylogn rings induced by vertices at
distance ylogn to gfylogn from the middle vertex v of a chosen subsquare C,
are used. This is illustrated in Fig. Bl Each vertex in o, and each endpoint in
D, of an edge in some 7, ,, is assigned a different such ring; since D, is adjacent
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D,

Fig.8. The éylogn rings outside C realize a crossbar structure in D,. Two paths
using the crossbar structure are shown: one path arrives from D, and is routed to a
vertex on the boundary of Cy, the other arrives from D, and is routed to D,.

to at most 20 other enclosures, this is possible if p is chosen smaller than ~y/42.
The outermost plogn rings are assigned to vertices in o,. It is easy to see that
we can assign each vertex in o, and each endpoint in D, of an edge in some 7, ,,
a path from that vertex to its ring, such that all these paths are edge-disjoint
and do not use an edge of any of the rings.

Consider a path 75 assigned to request (s;,¢;) in F. Let s; and ¢; be contained
in C, and C,, respectively. To route (s;,t;) in the mesh, a path is obtained as
follows:

— Find a path from s; to some vertex r;, in o, and a path from ¢; to some
vertex 7; ., in o,. These paths form the first segment and last segment of
the constructed path from s; to ¢; in the mesh.

— If 2, is the first vertex after z, in 7, choose a free edge e; in 7, ,, and let
its endpoint in D, be u;. Follow the path from r; , to its ring in D, until it
intersects the ring of u;, then follow that ring and the path from that ring
to u;. Then take the edge e;.

— Consider an intermediate vertex z, with successor z, on wg. If the con-
structed path enters D, through an edge e;, pick a free edge ez in 7, ;.
Assume without loss of generality that the ring of e; in D,, is inside the ring
for es. Follow the path from e; to its ring until the ring of e, is hit, then
follow the ring of e5 and the path to es.

— At the last N-vertex z,, of 7 (i.e., the last vertex of 7 that is in the core
N of the simulated network N), if the partial path enters D,, through edge
e1, follow the path from e; to its ring in D,, until it intersects the ring of
i, then follow that ring and its path to r; .

Except for the first and last segment of the paths, it is clear that we find edge-
disjoint paths in the mesh for each path in F'.
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It remains to deal with the first and last segments. Consider some subsquare
C. The solution F' can have more paths with an endpoint in C,, than can be
routed along edge-disjoint paths to distinct vertices in o,,. Kleinberg and Tardos
model the escape problem of routing path endpoints in C,, to vertices in o, as a
flow problem and observe that an edge-disjoint routing exists provided the cut
condition is satisfied for all rectangular cuts. For the case that the cut condition
is violated by the requests accepted in the solution F', they show that one can
discard requests from F' so that the remaining requests are a constant fraction of
the requests in F' and all cut conditions are satisfied. For the remaining requests,
a network flow algorithm can be used to solve the escape problem and to obtain
the first and last segments of the paths as required. In total, this gives an O(1)-
approximation algorithm for the long requests.

Short Requests. Recall that the endpoints of short requests are at distance
smaller than 16vlogn. Set r = 32ylogn. First, the algorithm randomly chooses
a maximal set M of vertices in the mesh with the property that the L., distance
between any two vertices in M is more than 4r. For u € M, let X, be the set
of all vertices with L., distance at most r from u, and let Y,, be the set of all
vertices with L., distance at most 2r from u. Note that Y, and Y, are disjoint
for u,u’ € M, u # u’. If M is chosen by an appropriate randomized algorithm,
it can be shown that for any short request (s;, t;), there is a constant probability
that both s; and t; are contained in X, for some u € M. Thus, the algorithm can
restrict its attention to short requests with both endpoints in the same set X,
for some u € M and discard all other short requests. Furthermore, the optimal
solution for the short requests with endpoints in X, using paths in the submesh
induced by Y, can be shown to route at least one quarter of the requests in an
optimal solution for these requests using paths in the whole mesh. Thus, the
algorithm can deal with the requests in each X, separately and use only the
submesh induced by Y, to route the requests with both endpoints in X,,.

Now consider the short requests with both endpoints in X,,. By considering
these requests as requests in the submesh induced by Y,, we can recursively
partition them into long requests and short requests with respect to the submesh.
Call the resulting long requests medium requests and the resulting short requests
small requests. The medium requests are handled by the algorithm for long
requests of the previous section, now applied to the submesh induced by Y.
The small requests have endpoints whose distance is O(loglogn). By selecting
subsets X! and Y, inside Y, in the same way as X, and Y, were selected in
the original mesh, the routing of small requests is reduced to solving MEDP in
submeshes with side length O(loglogn). These submeshes are so small that an
optimal solution can be computed by a brute-force enumeration in polynomial
time.

Thus, we get approximation algorithms with constant ratio for the long re-
quests, medium requests, and small requests. By running all three algorithms
and outputting the largest of the three solutions, we get a constant-factor ap-
proximation algorithm for MEDP in meshes. Since some of the steps hold only
with constant probability, parts of the algorithm must be repeated a certain
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number of times in order to guarantee that the constant-factor approximation
is achieved with high probability.

Theorem 10 (Kleinberg and Tardos, 1995). For MEDP in undirected
meshes there is a randomized polynomial-time approximation algorithm that
achieves a constant-factor approximation with high probability.

Prior to this result, an O(lognloglogn)-approximation algorithm (that was
an on-line algorithm) for meshes had been obtained by Awerbuch et al. [3] and
O(log n)-approximation algorithms by Aumann and Rabani [I] and Kleinberg
and Tardos [35]. Kleinberg and Tardos [36] presented also an on-line algorithm
with approximation ratio O(logn) for MEDP in meshes.

3.3 Hypercubes and de Bruijn Graphs

MEDP admits an O(log n)-approximation algorithm in undirected or bidirected
hypercubes. For bidirected hypercubes, Gu and Tamaki [29] have shown that
any partial permutation can be realized with two sets of edge-disjoint paths.
Taking the larger of the two sets gives a 2-approximation algorithm for MEDP
on partial permutation instances. For general instances, we can first compute
a largest subset of the given requests that is a partial permutation instance
and then use the 2-approximation algorithm by Gu and Tamaki. By reducing
a general instance to a partial permutation instance, we lose at most a factor
of O(logn) in the approximation ratio, because the vertices of the hypercube
have degree d = logn. For undirected hypercubes, it was shown by Aumann
and Rabani in [I] that any partial permutation can be realized by a constant
number of sets of edge-disjoint paths. Hence, the same reasoning can be applied
to undirected hypercubes as well. Since hypercubes have flow number O(logn),
it follows from the work of Kolman and Scheideler [4I] that BoundedGreedy
achieves ratio O(logn) for MEDP in hypercubes. Hence, this approximation
ratio can even be achieved in the on-line setting.

An embedding of the butterfly into the de Bruijn graph and a decomposition
of the de Bruijn graph were presented by Kolman [38]. From these he derived,
for every constant € > 0, an O(log®"® n)-approximation algorithm for MEDP in
undirected de Bruijn graphs. As de Bruijn graphs have routing number O(logn)
and constant maximum degree, it follows from the subsequent results by Kolman
and Scheideler [40] on the routing number that BoundedGreedy is an O(logn)-
approximation algorithm for MEDP in de Bruijn graphs.

3.4 Expander Graphs

Kleinberg and Rubinfeld [34] considered MEDP in bounded-degree expander
graphs. They fix a natural number A > 3 and a real number « > 0 arbitrarily,
and then they assume that the maximum degree of the given graph G is at most
A and that the expansion §(G) is at least .
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Theorem 11 (Kleinberg and Rubinfeld, 1996). For every constant A, the
bounded-length greedy algorithm with parameter D = cAlogn for a suitable con-
stant c is an O(log nloglogn)-approximation algorithm for MEDP in undirected
expander graphs with mazimum degree at most A.

To analyze the algorithm, they first show that there exists a feasible routing
for a subset R’ of R that is a partial permutation. Furthermore, |R’| is at least a
constant fraction (more precisely, a 1/(A+1)-fraction) of the optimal solution for
R. This follows, because each vertex is the endpoint of at most A requests that
are accepted in the optimal solution for R, and so the requests in the optimal
solution, viewed as edges between their endpoints, can be partitioned into A+ 1
matchings by Vizing’s edge coloring theorem. The largest matching gives the
desired partial permutation R’.

Next, they show that there is a set of requests R” C R’ containing at least
half of the paths in R’ such that the requests in R” can be routed along paths of
length at most clogn and at most ¢’ log log n paths are routed through the same
edge. This result builds on previous work on routing of partial permutations in
expanders by Broder, Frieze, and Upfal [12].

To analyze the bounded-length greedy algorithm, the same technique as in
Section can be used: Whenever the algorithm accepts a request and routes
it along a path 7, we remove that request and all other requests with paths that
intersect 7 from R". We see that at most || - ¢’ loglogn + 1 = O(log nloglogn)
requests have to be removed from R” in this way, thus proving the claimed
approximation ratio.

Since expanders have routing number O(logn), it follows from the work of
Kolman and Scheideler [40] that BoundedGreedy with parameter D = O(logn)
achieves approximation ratio O(logn) for expanders, thus improving the result
by Kleinberg and Rubinfeld.

Chakrabarti et al. [14] consider so-called A-regular strong expanders and show
that approximation ratio O(y/logn) can be achieved for sufficiently large con-
stant A.

3.5 Complete Graphs

For undirected or bidirected complete graphs, Erlebach and Vukadinovié¢ [22]
have shown that there is a solution that uses only paths of length at most two and
whose size is at least a constant fraction of the optimal solution. Therefore, the
bounded-length greedy algorithm with D = 2 and the shortest-path-first greedy
algorithm both achieve constant approximation ratio for MEDP in complete
graphs. Using the results on the flow number due to Kolman and Scheideler
[41], Carmi et al. [13] have shown that the approximation ratio achieved by the
shortest-path-first greedy algorithm and the bounded-length greedy algorithm
(with D = 4) is at most 9 and cannot be better than 3 for undirected complete
graphs (which have flow number 1).

Chekuri and Khanna [I5] prove that the shortest-path-first greedy algorithm
has approximation ratio O(n/d) for MEDP in undirected graphs with minimum
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degree §. This also implies a constant-factor approximation algorithm for MEDP
in complete graphs.

MEDP is N'P-hard in undirected and bidirected complete graphs [22], but
no inapproximability result is known.

4 MEDP with Pre-determined Paths

In our definition of the MEDP problem, each request specifies only the end-
points s; and t;, and if the request is accepted, the path connecting s; and ¢; is
determined by the algorithm. Alternatively, one can assume that every request
with endpoints s; and t; already specifies a pre-determined path m; connecting
s; and t;. The path m; might be determined by a separate routing algorithm or
by the customer who submits the request. If request ¢ is accepted, it must be
routed along ;. We denote this variant of MEDP by PREMEDP.

An instance I of PREMEDP with a set of k paths in a graph G can be viewed
as a maximum independent set problem in the conflict graph of I, i.e., in the
graph with one vertex for each of the k£ paths and with an edge between two
vertices if the corresponding paths intersect.

Of course, the problems MEDP and PREMEDP are equivalent for trees.
For undirected or bidirected rings, PREMEDP is polynomial, since the conflict
graph is a circular-arc graph (or a disjoint union of two circular-arc graphs, in
the bidirected case) in this case and the maximum independent set problem
is polynomial for circular-arc graphs [30]. For undirected or bidirected trees of
rings, PREMEDP was shown AP X-complete in [20]. For the approximation ratio
achieved by a greedy algorithm based on depth-first search, upper bounds of 4
and 8 were given there for the undirected and bidirected case, respectively. For
arbitrary graphs, it is easy to see that the natural adaptations of the bounded-
length greedy algorithm and the shortest-path-first greedy algorithm achieve
approximation ratio O(y/m) for PREMEDP.

To get an inapproximability result for PREMEDP in arbitrary graphs, note
that any graph H with n vertices can be encoded as the conflict graph of n
paths in a series-parallel graph with m = O(n?) edges, such as the one shown

layer 1 layer2 layer 3

Fig. 9. A series-parallel graph
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in Fig. @ All n paths go from s to t. There are O(n) layers between s and ¢,
and each layer consists of O(n) parallel chains of length two. The edge set of H
can be split into £ = O(n) matchings My, My, ..., M, using an edge coloring
algorithm. In each layer i, the paths corresponding to the endpoints of the jth
edge in M; both use the jth chain of that layer. The paths corresponding to
nodes that are not matched in M; use one of the other chains of that layer (no
two of them use the same chain). Thus, two of the constructed paths intersect
if and only there is an edge between the corresponding vertices in H.

The maximum independent set problem in graphs with n vertices cannot be ap-
proximated within n'~¢ for any ¢ > 0 unless NP = co-RP, as shown by Hastad
[32]. Therefore, PREMEDP cannot be approximated within m2~¢ for any € > 0
under the same assumption. Unlike in the case of MEDP, this inapproximabil-
ity result for PREMEDP applies also to undirected graphs and to graphs with
bounded treewidth (since series-parallel graphs have treewidth at most two).

We remark that any graph with n vertices can also be encoded as the conflict
graph of n paths in a mesh with O(n?) vertices, thus yielding the same inapprox-
imability result. This construction was given by Nomikos in a reduction from the
vertex coloring problem to path coloring with pre-determined paths [48].

For PREMEDP, one can also take the number of rejected paths as the objec-
tive value and turn the problem into a minimization problem, as suggested by
Blum, Kalai and Kleinberg [6]. Viewed in the conflict graph, the goal is now to
compute a minimum vertex cover. Since the minimum vertex cover problem can
be approximated within a factor of 2 on arbitrary graphs, this shows that PRE-
MEDP admits a 2-approximation for arbitrary graphs if the goal is to minimize
the number of rejected paths.

5 The Unsplittable Flow Problem

The unsplittable flow problem (UFP) generalizes MEDP in several aspects. With
respect to the given graph G = (V, E), the difference is that every edge e now
has a positive capacity u(e). With respect to the set of requests R, the difference
is that in addition to specifying its endpoints s; and ¢;, each request ¢ also has a
positive demand d; and a positive profit r;. Unless stated otherwise, we assume
that the edge capacities, demands, and profits can be arbitrary positive rational
numbers. Again, a solution is given by selecting a subset of the given requests and
assigning a path from s; to t; to each accepted request i. A solution is feasible
if the edge capacity constraints are satisfied, i.e., if the sum of the demands of
all accepted requests that are routed through an edge e is at most u(e). The
objective value of a solution is the sum of the profits of the accepted requests.

For a given instance of UFP, we let upin and umax denote the smallest and
largest edge capacity, respectively. Similarly, dyi, and diyax represent the small-
est and largest demand of any request, and 7y, and ryax are defined analogously.
For a set S of requests, we define 7(S) = >, g7 and d(S) = >, .5 di-

In addition to studying UFP in its full generality, many researchers have
considered combinations of the following restrictions.
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— The largest demand is at most the smallest edge capacity, i.e., dmax < Umin-
Since many results are known under this assumption, we call UFP with this
restriction classical UFP. To distinguish the general UFP problem from
classical UFP, it is also called extended UFP.

— We have dpax < Umin/K for some K > 1. This variant is called bounded
UFP.

— All edge capacities are the same. This variant is called uniform-capacity
UFP (UCUFP).

— All demands are the same.

— All profits are the same.

— The profit of a request is proportional to its demand.

In particular, MEDP is the special case of UFP in which u(e) =1 for alle € E
and d; = r; = 1 for all requests i. Therefore, all inapproximability results for
MEDP apply also to UFP.

Even though UFP appears to be significantly more general than MEDP, an
approximation ratio of O(y/m) can be achieved for classical UFP as well.

5.1 UFP Approximations in Terms of Routing Number and Flow
Number

Kolman and Scheideler [40] consider UCUFP in undirected graphs under the
assumption that the profit of a request is equal to its demand. They suggest to
use the bounded-length greedy algorithm with length parameter D = 2R, where
R is the routing number of the given graph (cf. Section [Z2)). If the algorithm
processes the requests in order of non-increasing demands, they show that ap-
proximation ratio O(AR) = O(A2?3(G)~logn) is achieved. They also present
a randomized algorithm with approximation ratio O(A\/ LR) if the graph has
L-bounded routing number R.

In subsequent work, Kolman and Scheideler [41] obtain improved results by
considering the flow number instead of the routing number. Let G = (V, E) be
an undirected graph with arbitrary positive edge capacities. For v € V', let u(v)
be the sum of the capacities of the edges incident to v. Let I" = Y . u(v).
Consider a concurrent multicommodity flow problem I with a demand of d,, ,, =
u(v)u(w)/I" between every pair (v, w) of vertices in V. A feasible solution assigns
to each pair (v, w) a (splittable) flow of at most d, ., units from v to w such that
the total flow through each edge is at most the capacity of the edge. The flow
value of a feasible solution is the maximum value f, 0 < f < 1, such that
at least f - d, ., units of flow are routed for each pair (v,w). Finally, the flow
number F(G) is defined as the minimum, over all feasible solutions S to I, of
max{C(S), D(S)}, where D(S) is the longest flow path used in S and C(S) is
the inverse of the flow value of S [41].

Kolman and Scheideler show that the flow number F(G) of a graph can be
computed in polynomial time and, using a result by Leighton and Rao [43],
that F(G) = 2(B(G)™1) and F(G) = O(A’B(G)"*logn) always hold, where
A" = max,ev u(v) and G(G) is the expansion of G.
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Then they prove that the bounded-length greedy algorithm with length pa-
rameter D = 4F(G) achieves approximation ratio 16F(G) + 1 = O(F(G)) =
O(A'B(G)~tlogn) for the classical UFP in undirected graphs if the profit of a
request is equal to its demand and if the algorithm processes the requests in order
of non-increasing demand values. In terms of A instead of A’, this gives approx-
imation ratio O(Amex B(G)~tlogn). For bounded UFP with diax < Umin/K
for some integer K, "‘E]ﬁey present a modified algorithm with approximation ra-
tio O(K - (F(G)YK —1)). If K > log F(G), this gives approximation ratio
O(log F(@)).

They also use an LP-based algorithm with randomized rounding to show that
approximation ratio O(1) can be achieved for classical UFP if umin/dmax >
~vlog F(G) for a sufficiently large constant =.

5.2 A Combinatorial Algorithm for Classical UFP

In the following, we present the combinatorial O(y/m)-approximation algorithm
for classical UFP due to Azar and Regev []. First, the set of requests R is split
into two subsets Rq and Rs such that Rq contains all requests with d; < tmin/2
and R all remaining requests. The algorithm computes a solution for each of
the two sets separately and outputs the better of the two solutions. This costs
at most a factor of 2 in the approximation ratio.

Consider one of the two sets Ry, ¢ = 1,2. The algorithm sorts the requests in
order of non-increasing ratio r;/d; and processes them in this order. In this way,
more “valuable” requests are processed first. For a request ¢ and a path 7 from
s; to t;, define
T

d;
ZEGW u(e)

Thus, F(i,7) measures the profit gained relative to the added network load. The
main idea of the algorithm is to fix a threshold « and to accept a request i only
if there is a path 7 from s; to t; that has sufficient free capacity to accommodate
the request and that satisfies

F(i,m) =

F(i,m) > o (6)

The best choice for a is not known a priori. Therefore, the algorithm tries all
powers of two in a certain range as possible values for «, computes a solution
for each of these values, and outputs the best of them. A meaningful range for
a is from amin = Tmin/7 t0 Gmax = Tmax/(dmin/Umax), because (@) is satisfied
for all paths in case @ < auin and for no path if @ > aax. Thus, the algorithm
tries out o = 29 for |log amin| < 7 < [l0g Amax |-

More precisely, the algorithm by Azar and Regev calls the subroutine Thresh-
oldGreedy of Fig. [0 with each combination of parameters S and o = 27 satisfying
S=RiorS="Rs and [logamin| < j < [logamax]. The best of the solutions
obtained in this way is output.

To see that the algorithm has a polynomial running-time, note that the sub-
routine ThresholdGreedy is called



Approximation Algorithms for Edge-Disjoint Paths and Unsplittable Flow 125

algorithm ThresholdGreedy(G = (V, E), S, a):
A — §;
sort the requests in S in order of non-increasing r;/d;;
for all requests ¢ in S in this order do
if 3 path 7; from s; to t; in G such that
F(i,m;) > «a and every edge e € w has at least d; available capacity then
A — AU{(ss,t:)};
reduce the available capacity on all edges of m; by d;;
fi;
od;
return A and {m; | (si,t;) € A};

Fig.10. A threshold-based variant of the greedy algorithm

O (log amax) — O (log (nTmaxumax ))

Qmin 7ﬂmindmin

times, so the number of calls is bounded by a polynomial in the size of the input.
(Numbers in the input are encoded using a logarithmic number of bits.) Each
call of ThresholdGreedy can be executed in polynomial time since the existence
of a path ; with enough available capacity and with F'(i,7;) > a can be checked
using a shortest path algorithm, for the execution of which the weight of an edge
e is taken to be 1/u(e).

Theorem 12 (Azar and Regev, 2001). There is an O(y/m)-approzimation
algorithm for classical UFP in arbitrary directed or undirected graphs.

Proof. Let Q be the set of requests in an optimal solution, and let 7} be the
path assigned to request i € Q by the optimal solution. Take ¢ = 1 or ¢ = 2
such that QNR, contains at least half of the total profit of Q. Let Q' = ONR,.
Note that r(Q") > r(Q)/2.

Let o/ = 27" be the largest value for a that is considered by the algorithm
and that satisfies r({i € Q' | F(i,n}) > o'}) > r(Q’)/2. It is clear that such an
o exists. We will show that ThresholdGreedy(G, Ry, ') produces a solution A
with 7(Q")/r(A) = O(y/m). Let m; be the path assigned to request ¢ in this set
A by the algorithm.

Let Qi = {1 € Q' | F(i,m}) > o'} and Q) = {i € Q' | F(i,m;) < 2a'}
Note that Qy;,, and Q] are not necessarily disjoint and each of them has total
profit at least r(Q’)/2. We obtain

(CED SR ST DI DIV I

i€Q! ecm? i€Qf , eET;

low

since the solution Q’ respects the edge capacities. Thus, we have r(Q’) < 4mda/
and 7(Q) < 2r(Q’) < 8ma’.
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Call an edge e heavy if the total demand routed through the edge in the
solution A is at least u(e)/4. Then define Epeayy to be the set of all heavy edges.
We distinguish two cases.

Case 1. Epeavy contains at least /m edges. Then we get

r(A) =Y Fli,m) >y a(e) 2 > u(e)

i€ A eem; i€AeEm;
> o |Eneavyl/4 > o//m/4.

Thus we get r(Q) < 8ma’ < 32y/m - r(A).

Case 2. Eyeayvy contains less than /m edges. In this case, we compare r(A) with
7(Qhign)- Let Q" = Qpy, \ A. Since every request 7 in Q" is not accepted by
the algorithm even though F(i,7}) > o/, this means that if the algorithm had
routed request ¢ along 7, this would have exceeded the capacity of at least one
of the edges on 7}, say, of the edge e;.

We claim that e; is a heavy edge. If ¢ = 1, all requests in R, have demand
at most umin/2, thus the edge e; can overflow only if it already carries a total
demand of more than u(e;)/2 and, consequently, is a heavy edge. If ¢ = 2, all
demands are between tmin/2 and Umin. If u(e;) < 2umin, at least one request
must already be routed through e; and thus use at least umin/2 > u(e;)/4 of the
capacity of the edge. If u(e;) > 2umin, a total demand of more than u(e;) —dmax >
u(e;) — umin > u(e;)/2 must already be using the edge e;. Again, we find that e;
is a heavy edge.

Let Q"(p) be the set of requests in Q" that are among the first p requests
that are processed by the algorithm, and let E(p) = {e; | « € Q"(p)}. Note
that E(p) C Eheavy and, therefore, |E(p)| < v/m. Let A(p) be the requests that
are accepted by the algorithm among the first p requests that it processes. Now
the idea is to show that the total demand of A(p) is at least 2(1/4/m) times
the total demand of Q”(p). Since the requests are processed in order of non-
increasing ratio r;j/d;, we will then be able to conclude that r(A) is £2(1/y/m)
times r(Q").

Since each request in Q”(p) is routed through an edge of E(p) in the optimal
solution, we have d(Q"(p)) < }_ .cp(,) ule). Let f be an edge in E(p) with largest
capacity. As f is heavy, we have d(A(p)) > u(f)/4. So we get

d(Q"(p)) < vVm-u(f) < 4vm - d(A(p)).

This implies that 7(Q") < 44/m-r(A), since the requests are processed in order of
non-increasing ratio r; /d; and the following claim can be verified by elementary
calculations: Let dy, da, ..., dy be a positive sequence and by, ba, ..., by a non-
increasing positive sequence, and let X, Y C {1,...,¢} and X (p) = XN{1,...,p}
and Y(p) = Y Nn{l,...,p}. If for every 1 < p < ¢ we have ZjGX(p) d; >

,YZJGY(Z?) d], then
Z djbj >y Z djbj.
JEX JEY
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By taking by — r;/d;, X(p) = A(p), Y (p) = Q"(p), and 7 = 1/(4/m), the above
implication follows. From r(Q") < 4y/m - r(A) and 7(Qj;,,) < r(Q") + r(A),
we get 7(Qhign) < (4v/m + 1)r(A) and thus r(Q) < 2r(Q') < 4r(Qp) <
(16y/m + 4)r(A).

In both cases, we have shown that 7(Q) = O(y/m)-r(A). Thus, the algorithm
achieves approximation ratio O(y/m). O

The running-time of the algorithm leading to Theorem is polynomial in
the size of the input, but it depends on the numbers that are part of the in-
put, because ThresholdGreedy is called O(log ( n e me )) times. Azar and
Regev show that it is possible to modify the algorithm so that its running-time
is strongly polynomial, i.e., bounded by a polynomial function of n, m, and k
independent of the edge capacities, profit values, and demand values. To achieve
this, first note that the capacity of an edge e with u(e) > kdpax can be reduced
to kdmax without affecting the feasible solutions. Next, requests with profit below
Tmax/k can be discarded, while losing at most a factor of 2 in the approximation
ratio. Then, the set Riiny of requests with demand at most umin/k are treated
separately: the algorithm computes one solution consisting of all requests in
Riiny and one solution computed as before for the requests in R \ Ryiny. By
outputting the better of the two solutions, again at most a factor of 2 is lost in
the approximation ratio. In R \ Ryiny, all requests have demand at least wmin/k.
Thus, the ratio rmaxtmax/("min@min) is now bounded from above by O(k?), so
the running-time of the algorithm is strongly polynomial.

Finally, we note here that Chekuri and Khanna [15] have extended their
results for MEDP (cf. Section 23) to UCUFP: They gave algorithms with
approximation ratio O(min{/m,n?/3}) for UCUFP in undirected graphs and
O(min{y/m,n*/°}) for UCUFP in directed graphs, under the assumption that
the profit of each request is equal to 1. Their analysis works also if the profit of
each request is equal to its demand.

5.3 Combinatorial Algorithms for Extended and Bounded UFP

Azar and Regev [4] present additional results for extended UFP and bounded
UFP. For extended UFP, they obtain a combinatorial, strongly polynomial
O(y/m-log(2+ Z‘“?" ))-approximation algorithm. The basic idea of the algorithm

is to partition the given requests into 2 + max{log i‘:;‘ ,0} classes depending on
their demands and to run the algorithm of the previous section on each of the
classes separately. In the end, the best of the computed solutions is output.

For bounded UFP, i.e., for the case of dpax < Umin/K for some K > 2, Azar
and Regev present a strongly polynomial O(K - D i )-approximation algorithm,
where D is the maximum possible length of a path assigned to a request.

For the extended UFP, Kolman and Scheideler [4I] propose a variant of
the bounded-length greedy algorithm that achieves approximation ratio O(y/m)
under the assumption that the profit of each request is equal to its demand. Kol-
man [39] generalizes the results due to Chekuri and Khanna [15] for UCUFP and
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shows that approximation ratio O(min{/m,n?/?}) and O(min{,/m,n*/°}) can
be achieved for extended UFP in undirected and directed graphs, respectively,
provided that the profit of each request is equal to its demand.

5.4 Inapproximability Results for UFP

In Section 2.4, we have seen that there cannot be an approximation algorithm
for MEDP in directed graphs that achieves approximation ratio O(méfs) for
any € > 0, unless P = NP. Since UFP is a generalization of MEDP, this
inapproximability result applies to UFP as well. For the extended UFP, Azar
and Regev present a stronger inapproximability result in [4]. They show that
unless P = NP, no approximation algorithm for the extended UFP can achieve
approximation ratio O(m'~¢) for any € > 0. (In terms of n, the result shows
that no algorithm can have approximation ratio O(n!'~¢).) For instances of the
extended UFP with dpax/tmin > 2 and any £ > 0, they prove that no ap-

proximation algorithm can have ratio better than 2(m2 ¢ \/ llog %= |) unless

P = NP. The proofs of these inapproximability results are again based on
the N'P-completeness of problem 2DIRPATH and, hence, apply only to directed
graphs.

5.5 LP-Based Algorithms for UFP

Prior to the work by Azar and Regev [4], a number of researchers had inves-
tigated the possibility of obtaining approximation algorithms for UFP from a
linear programming relaxation. In Section 25, we have discussed the natural lin-
ear programming relaxation of MEDP. It is not difficult to see that the linear
programming formulation of MEDP can be adapted to UFP in a straightfor-
ward way. In this context, the requests are often called commodities and the LP
formulation is called a fractional multicommodity flow problem.

In case of extended UFP, it is important to ensure that a request (s;,t;) is
routed only along paths 7 on which all edges have capacity at least d;. This can
easily be enforced in the LP formulation.

Throughout this section, we let OPT™ denote the objective value of the op-
timal solution to the LP-formulation and let OPT denote the integral optimum
value. It is clear that OPT < OPT"™.

Srinivasan [55] presents approximation algorithms for UCUFP that are based
on rounding the fractional solution of the LP relaxation. Without loss of gen-
erality, one can assume that u(e) = 1 for all e € E. Under the assumption
that the profit of each request is equal to its demand value, Srinivasan obtains
a polynomial-time algorithm that outputs a feasible solution with total profit
Q2(max{(OPT*)?/m, OPT* /\/m}). The bound 2((OPT*)?/m) holds also in the
case of arbitrary profit values in the interval [0, 1].

Furthermore, Srinivasan considers fractional solutions to the LP with objec-
tive value at least OPT™/2 such that each path that carries a positive fraction
of a request (i.e., the paths 7 for which some variable y; » is non-zero) consists
of at most ¢ edges. He shows that in this case an O(¢)-approximation is possible
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for UCUFP with arbitrary profits. Using results from [34], £ = O(A?372 log® n)
can always be achieved for UCUFP. Thus, for graphs in which A is bounded
by a constant and 8! is polylogarithmic, there is an approximation algorithm
for UCUFP with polylogarithmic (in n) approximation ratio. This gives poly-
logarithmic approximation ratio for the butterfly and related hypercubic net-
works, which have A = O(1) and 8 = ©(1/logn). Srinivasan also shows that
approximation ratio O(£'/¢~!) can be achieved for UCUFP in the case where
dmax < 1 — ¢ for some constant £ > ; This implies that for graphs like the
butterfly, approximation ratio O(1) can be achieved for UCUFP provided that
dmax = O(1/loglogn).

Kolliopoulos and Stein [37] obtain results concerning column-restricted pack-
ing integer programs and use them to derive LP-based algorithms for MEDP
and classical UFP. For MEDP with arbitrary profit values, their algorithm com-
putes a solution with total profit 2(OPT™/y/m) provided that the number k of
requests is O(m). For classical UFP with profit values in the interval [0, 1], their
solutions have total profit 2(OPT*/(y/mlogm)), 2((OPT*)?/(mlog®m)) and
Q(OPT™/?), where ( is defined as above.

Baveja and Srinivasan generalize the results of [55] to classical UFP in [5].
They show that it is possible to compute in polynomial time a solution with total
profit at least 2(min{ OPT*, (OPT*)?/m}) and 2(OPT"*//m). The approxi-
mation algorithms with ratio O(£) and O(£'/¢=1) of [55] are also generalized to
classical UFP and bounded UFP, respectively.

Guruswami et al. [3T] consider LP-based algorithms that apply the randomized
rounding technique [50] in a more direct way. They assume that all edge capacities
and demand values are integral and that dyax is bounded by a polynomial in m.
Their algorithms achieve approximation ratio O(y/m logg m) for extended UFP
and O(y/mlog mloglogm) for classical UFP. They also show that if tmin/dmax >
clogm for a suitably large constant ¢, then UFP can be approximated within a
constant factor by standard randomized rounding (cf. Section [Z3]).

Chakrabarti et al. [14] give LP-based algorithms to obtain approximation
ratio O(AB(G)~ " log? n) for UFP in undirected graphs and O(AB(G)~! logn)
for UCUFP in undirected graphs. They also show that the approximation ratios
improve to O((AB(G)~log® n)/X) for UFP and O((AB(G)~"'logn)'/¥) for
UCUFP in the bounded case with dpax < umin/K. Chakrabarti et al. [14]
and Chekuri et al. [I6] use LP-based algorithms also to obtain constant-factor
approximation algorithms for classical UFP in chains, rings, and trees.

6 Further Results for Related Problems

In this survey we have focused on approximation algorithms for MEDP and
UFP. Numerous results for closely related problems can be found in the litera-
ture. In this section we briefly mention some of them.

First, maximum path coloring (MAXPC) is the variant of MEDP where
the input specifies an additional parameter W > 1 and the goal is to accept
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and route a subset of the requests such that the resulting paths can be parti-
tioned into at most W sets of edge-disjoint paths. This problem is motivated by
all-optical networks with wavelength-division multiplexing, because a network
with W wavelengths can establish connections for W sets of edge-disjoint paths
simultaneously. By a general reduction [I72], a p-approximation algorithm for
MEDP can be converted into an approximation algorithm with ratio at most
1/(1—e"/P) < p+1 for MAXPC. In some cases, better approximation ratios
for MAXPC have been obtained using more direct approaches, for example by
Nomikos et al. for MAXPC in undirected and bidirected rings [49].

Another problem related to MEDP is path coloring, where all given requests
must be routed and assigned colors such that requests receive different colors if
they share an edge. The goal is to minimize the number of colors used. Results
for path coloring are surveyed in a different chapter of this book.

A variant of MEDP, called the bounded-length edge-disjoint paths problem,
specifies a bound L on the lengths of the paths that the algorithm may assign
to the requests. An O(y/m)-approximation for this problem is presented in [3T].
That paper deals also with the integral-splittable flow problem, i.e., with the
variant of UFP where the requests need not be routed along single paths, but
can be split integrally among several paths (i.e., each demand is an integer and
can be split among several paths in an integral way).

Instead of considering the maximization version of the edge-disjoint paths
problem, one can also consider the question of how many terminal pairs in a
graph can always be connected along edge-disjoint paths, no matter how the
terminal pairs are chosen. For r-regular expander graphs, all sets of up to kK =
2(n/ logn) pairs of vertices can be connected along edge-disjoint paths (provided
no vertex appears as an endpoint of more than a constant number of requests),
both in the undirected case [25] and in the directed case [9]. Since random graphs
have good expansion properties with high probability, similar results could also
be proved for random graphs of sufficiently high degree [II] and for random
regular graphs [20].

While we have seen that UFP cannot be approximated within O(mé_e ) un-
less P = NP, it has been shown that the single-source version of the problem
admits constant-factor approximation algorithms [I854]. In the single-source
version, the vertex s; of all requests (s;,t;) is the same.

Finally, we emphasize that we have mainly considered approximation algo-
rithms for MEDP and UFP that have full knowledge about the input, i.e., that
are off-line algorithms. In applications such as call admission control, it is mean-
ingful to consider the on-line version of the problem, where the requests arrive
over time and the algorithm must accept or reject each request without knowl-
edge of future requests. The greedy algorithm and the bounded-length greedy
algorithm that we discussed as approximation algorithms can in fact be applied
as on-line algorithms, since they can process the requests in an arbitrary order.
For surveys of known results on on-line MEDP and UFP, we refer the reader
to Leonardi [44] and Borodin and El-Yaniv [I0, Chapter 13]. More recent results
can be found in Azar and Regev [4] and Kolman and Scheideler [41].
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for the maximum independent set and coloring problems on intersection
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such graphs.

1 Introduction

The class of intersection graphs of disks in the Euclidean plane, called disk
graphs, was studied for many years for its theoretical aspects as well as for its
applications. As an example of a classical result we mention the theorem of
Koebe who proved in 1936 that every planar graph can be represented as a coin
graph, i.e. a disk graph where disks are not allowed to overlap [24] (see also the
more accessible discussion of Koebe’s result by Sachs [32]).

In contrast to the case of planar graphs, no efficient methods are known for the
recognition of disk graphs. Breu and Kirkpatrick have shown that the recognition
problem is NP-hard for unit disk graphs (intersection graphs of disks with equal
diameter) [6] and for disk graphs with bounded diameter ratio (intersection
graphs of disks where the ratio of the largest diameter to the smallest diameter
is bounded by an arbitrary constant) [5]. Hlinény and Kratochvil proved NP-
hardness for the recognition problem of arbitrary disk graphs [17].
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The hardness of the recognition problem implies that a disk representation
cannot be derived from the graph in polynomial time unless P = NP. Therefore,
an important factor in the design of algorithms for disk graphs is whether the
disk graph is given only as a set of edges and vertices, or whether the centers and
radii of the disks (called the disk representation of the graph) form the input
to the algorithm. Some problems can be solved efficiently no matter whether
the disk representation is given or not. The problem of computing a maximum
clique in a unit disk graph is an example: Raghavan and Spinrad presented an
efficient algorithm that does not require the disk representation [31].

The maximum independent set problem on disk graphs (computing a largest
subset of the given disks such that the disks in the subset are pairwise disjoint)
has applications in map labeling. Under the assumption that labels occupy a cir-
cular area, the maximum number of non-intersecting labels that can be placed
on a map (out of a given set of desired labels) is equal to the size of the maxi-
mum independent set in the corresponding disk graph. For applications in map
labeling, it is clearly interesting to extend the problem to rectangular labels (rep-
resenting text), sliding labels, etc. For a bibliography on map labeling problems
we refer to the on-line web catalogue maintained by Wolff and Strijk [34].

One of the most practical applications of disk graphs is in the channel assign-
ment problem, where the aim is to assign frequencies to a collection of trans-
mitters while avoiding interference. Hale pointed out in 1980 that the channel
assignment problem can be modeled as a graph theoretical problem, if we as-
sume that all transmitters have circular range and transmitters with intersecting
ranges are to use different frequencies [I5]. Clearly, the underlying graph is a disk
graph, and the problem is equivalent to the graph coloring problem. Observe also
that in this case we may assume that the disk representation can be derived from
the placement of transmitters and their ranges.

We focus our study on approximation and on-line algorithms for the maximum
independent set problem and the coloring problem for intersection graphs of
disks. In Section 2] we survey results for the maximum independent set problem,
while in Section Bl we treat the coloring problem. We consider general disk
graphs as well as two subclasses: unit disk graphs and disk graphs with bounded
diameter ratio. We provide known upper and lower bounds on the approximation
and competitive ratios, and we also discuss the impact if the disk representation
is given as part of the input. In Section [B.3] we give a more detailed account of
recent results from [9] concerning on-line coloring of disk graphs and disk graphs
with bounded diameter ratio.

1.1 Preliminaries

A disk in the Euclidean plane is specified by its center and its diameter. We
denote the center of a disk D by c¢p. Given a set of disks, the intersection
graph of the disks is the graph with one vertex for each disk and with an edge
between two vertices if the corresponding disks have a non-empty intersection.
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Throughout this paper we consider only closed disks. Therefore, tangent disks
are considered as intersecting. A graph G is called a disk graph if there exists a
set of disks such that G is their intersection graph. Such a set of disks is called
a disk representation, disk model, or geometric representation of G. A graph is
called a unit disk graph if it is the intersection graph of a set of disks with the
same diameter (w.l.o.g., we assume that the diameter is 1 in this case). The
diameter ratio of a set of disks is the ratio of the maximum diameter of a disk
to the smallest diameter. Intersection graphs of disks whose diameter ratio is
bounded by o are called o-bounded disk graphs.

For a given graph G = (V, E), the set of neighbors of a vertex v € V is denoted
by N(v) = {u €V : {v,u} € E}. A subset I C V is an independent set if the
vertices in I are mutually non-adjacent. A subset C' C V is a clique if the ver-
tices in C' are pairwise adjacent. The maximum independent set problem and the
maximum clique problem are the problems of computing a largest independent
set and a largest clique, respectively. A coloring of G is an assignment of colors
to vertices such that adjacent vertices receive different colors. The (minimum)
coloring problem is the problem of computing a coloring using as few distinct
colors as possible. These problems are notoriously hard to approximate on gen-
eral graphs, but are often easier to approximate (or even to solve optimally) on
restricted classes of graphs.

For an optimization problem, an approximation algorithm computes a feasible
solution in time polynomial in the size of the input. It has approzimation ratio
p if for every input, the value of the computed solution is at most p times the
optimum (for a minimization problem) or at least 1/p times the optimum (for
a maximization problem). A polynomial-time approzimation scheme (PTAS) is
an algorithm that, given an instance of the problem and a parameter ¢ > 0,
computes a feasible solution that is at most a factor of 1 + ¢ away from the
optimum and whose running-time is polynomial in the size of the instance for
every fixed ¢ > 0.

An on-line algorithm receives the vertices of the graph (or the disks) one by
one together with the incident edges connecting the current vertex to previously
presented vertices. It must decide the solution for the current vertex (member-
ship in the independent set or the color assigned to the vertex) immediately
without knowledge of future vertices and edges. An on-line algorithm achieves
competitive ratio p if it always produces a solution that is at most a factor of p
away from the optimum. Such an algorithm is called p-competitive.

2 The Maximum Independent Set Problem

The maximum independent set problem has been proved NP-complete for unit
disk graphs even if the disk representation is given [33I8]. Of course, this im-
plies that the problem is NP-complete for o-bounded disk graphs and general
disk graphs as well, and also in the case when the representation is not given.
Therefore, one is interested in approximation algorithms for the problem.
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a,b<1 AN a<n/3 = ¢c<1
a) b)

Fig. 1. Exploring the neighborhood of a unit disk

2.1 Independent Sets in Unit Disk Graphs

A first natural algorithm to consider is the greedy algorithm. It starts with an
empty set I = () and then processes the disks in arbitrary order. If the current
disk is disjoint from all disks in I, it is added to I. When all disks have been
processed, the set I is output. It is easy to see that the greedy algorithm does
not require the disk representation and that it is an on-line algorithm.

Theorem 1 (Hochbaum [18], Marathe et al. [27]). The greedy algorithm
18 a 5-competitive on-line algorithm for the maximum independent set problem
in unit disk graphs. It does not require the disk representation.

Proof. Consider some optimal solution I*. Whenever the greedy algorithm ac-
cepts a disk D;, remove from I* all disks that intersect D; (including D; itself).
It is clear that I'* is empty at the end of the greedy algorithm. Furthermore, we
claim that each disk accepted by the greedy algorithm removes at most 5 disks
from I*, thus establishing that the competitive ratio is at most 5. Assume that
the greedy algorithm accepts a disk D;. If D; is also contained in I*, it suffices
to remove one disk from I*. If D; is not contained in I*, then all disks in I*
that intersect D; have to be removed. There can be five such disks, as shown in
Fig.[db). There cannot be six such disks, however: for any two disks D’ and D"
that intersect D; and that do not intersect each other, the angle between cp,cp-
and cp,cpr must be larger than 7/3, as illustrated in Fig. [[l a), and if there
were six pairwise non-overlapping disks intersecting D;, the sum of the angles
between them would be larger than 27, a contradiction. a

Furthermore, no on-line algorithm can have competitive ratio better than 5
on unit disk graphs even if the disk representation is given: Assume that the
input consists of the six disks in Fig. [[1 b) and that the disk in the middle is
presented first. Any on-line algorithm must accept the first disk (otherwise, it
will have unbounded ratio on an instance consisting of this disk only) and will
hence reject the other five disks, while the optimal independent set consists of
these five disks.
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As shown by Marathe et al. [27], the approximation ratio of the greedy algo-
rithm can be improved from 5 to 3 in the off-line case by processing the given
disks in order of non-decreasing y-coordinates of their centers. The argument
in the proof of Theorem [I] can be adapted to show that among the disks that
intersect the current disk D; and that are processed later, there can be at most
three pairwise disjoint disks, see again Fig.[[la). Thus, at most three disks have
to be removed from I'* for each disk accepted by the greedy algorithm.

This 3-approximation algorithm can be adapted to the case where the disk
representation is not given as follows. A vertex whose neighborhood N(v) does
not contain an independent set of size larger than three can be found in poly-
nomial time (e.g., in time O(|V'|?) by enumerating all 4-element subsets of N (v)
for each v € V). Such a vertex exists because the disk with lowest y-coordinate
satisfies the property. Once such a vertex is determined, it is added to the inde-
pendent set, and the vertex and all its neighbors are removed from the graph.
This is repeated until the graph is empty.

Theorem 2 (Marathe et al. [27]). There is a 3-approzimation algorithm for
the maximum independent set problem in unit disk graphs that does not require
the disk representation.

Using the method of local improvements, Halldérsson [16] showed that for
every € > 0 there is an algorithm achieving approximation ratio ; + e. This
result was derived in a more general setting, for so called (k + 1)-claw free
graphs, i.e. graphs that do not contain K; ;41 as an induced subgraph. Unit
disk graphs are 6-claw free as was already exhibited in the proof of Theorem [Il
Halldérsson gave a (4 + ¢)-approximation algorithm for (k + 1)-claw free graphs
for any k > 4. The algorithm is based on local improvements using an analogue
of augmenting paths of bounded length. The length of this path depends on the
required precision €, and therefore the exponent of the running-time grows if ¢
gets smaller.

Theorem 3 (Halldérsson [16]). For every € > 0, there is an approximation
algorithm with ratio ’; + ¢ for the mazimum independent set problem in (k+1)-
claw free graphs, and therefore a (g + e)-approzimation algorithm for unit disk
graphs (not requiring the disk representation,).

For the case that the disk representation is given, a polynomial-time approx-
imation scheme can be obtained using the shifting technique invented by Baker
[3] and Hochbaum and Maass [19]. Such an approximation scheme was presented
by Hunt III et al. [20] and by Matsui [2§].

We sketch the basic ideas. Let a set D of disks be given. Denote by I* some
optimal independent set. Without loss of generality assume that the given disks
have diameter 1 and that no center has an integral coordinate. Consider a grid
consisting of horizontal and vertical lines at all integer coordinates. Fix some
integer k > 0. For each pair of integers (i, j) such that 0 <4,j < k — 1, consider
the subset D; ; of disks obtained by removing all disks that intersect a vertical
line at © = i + kp for some p € Z or some horizontal line at y = j + kp for some
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Fig. 2. Illustration of the shifting strategy for kK = 3 and the choice i = 0 and j = 2.
The given disks are shown on the left-hand side. If all disks intersecting a vertical line
at x = 3p for p € Z or a horizontal line at y = 2 + 3p for p € Z (drawn in bold) are
removed, the disks shown on the right-hand side remain and constitute Do ..

p € Z. See Fig.Rlfor an example. If the vertical lines at x = i+kp, p € Z, and the
horizontal lines at y = j + kp, p € Z, are removed from the plane, disjoint open
squares with side length k& and area k2 remain. Each disk in D; ; is completely
contained in one such square. Therefore, a maximum independent set of D; ; is
the union of maximum independents sets of disks in all squares. A maximum
independent set among the disks in one square can contain at most O(k?) disks,
and can hence be computed in time |D\O(k2) by enumeration of all subsets of size
O(k?). Thus, a maximum independent set of D; j can be computed in polynomial
time for fixed k. The algorithm computes a maximum independent set of D; ;
for all k% pairs (i,) and outputs the largest among these sets as the solution.
The approach is called shifting because trying all possible values of ¢ and j can
be viewed as shifting the grid through the plane.

The cardinality of the solution output by the algorithm is at least (1— 2)|I*|.
To see this, note that each disk intersects only one horizontal line at an integer
coordinate and one vertical line, respectively. Hence, there exists a value of ¢
such that at most |I*|/k disks in I* intersect vertical lines x =i + kp (p € Z).
Similarly, there is a value of j such that at most |I*|/k disks in I* intersect
horizontal lines y = j + kp (p € Z). Thus, the set D; ; for these values of ¢ and j
still contains an independent set of size at least (1 — 7 )|I*|. Since the algorithm
computes a maximum independent set in each D; ;, the largest such set must
have cardinality at least (1 — 7)|I*].

For a given € > 0, we can thus choose k = [2/¢] to obtain a solution of size
at least (1 — ¢)|I*|. The running-time is \D|O(k2). It is shown in [20428] that
the running-time can be reduced to |D|*) by removing only those disks that
intersect a horizontal grid line at y = j + kp for some p € Z and then using
dynamic programming to compute an optimal independent set in each strip of
width k between two of these horizontal grid lines.
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Theorem 4 (Hunt ITI et al. [20], Matsui [28]). There is a polynomial-time
approzimation scheme for the maximum independent set problem in unit disk
graphs provided that the disk representation is given as part of the input.

Recently, by exploring the size of the maximum independent set in diameter-
bounded disk graphs, a PTAS was derived also for the case when the disk rep-
resentation is not known.

Theorem 5 (Nieberg et al. [29]). The mazimum independent set problem in
unit disk graphs admits a polynomial-time approzximation scheme even if the disk
representation is not provided as part of the input.

We now briefly explain the main idea of this approximation scheme. For a
given graph G let I, ; stand for some maximum independent set in the subgraph
of G induced by vertices at distance at most i from the vertex v of G.

It can be shown by geometric arguments that for an arbitrary unit disk graph
G = (V,E) and any fixed € > 0, there exists a constant k with the following
property: For any vertex v € V there exists a distance k,, < k such that |, , | <
(1 + &) Lyk, 1]

Therefore, for a vertex v one can identify a distance k, with this property by
computing I, ; for i = 1,2,...,k,. As k, is bounded by a constant, the sizes of
the computed maximum independent sets are bounded by a constant as well.
During this process, we can detect when 7 is equal to k,, and at this moment
we add I, ,—1 to the final independent set and remove from G all vertices at
distance at most k, from v. We repeat the above routine until all vertices of
G have been removed and finally get the required (1 + &)-approximation of the
maximum independent set of G.

2.2 Independent Sets in General Disk Graphs

In general disk graphs, the greedy algorithm can have approximation ratio n — 1
for instances with n disks: An instance could consist of one disk D (presented
first) and n — 1 smaller disks intersecting D, but not intersecting each other. The
greedy algorithm would accept only the first disk, but the optimal solution would
consist of the n — 1 other disks. This instance also shows that no deterministic
on-line algorithm can achieve competitive ratio better than n — 1, even if the
disk representation is given.

Theorem 6. The greedy algorithm is a (n — 1)-competitive algorithm for the
mazximum independent set problem in disk graphs. It works even if the disk rep-
resentation is not given. No deterministic on-line algorithm can have competitive
ratio smaller than n — 1, even if the disk representation is given.

In the off-line case, the idea of the 3-approximation algorithm for unit disk
graphs of Theorem [2] can be adapted to give a 5-approximation algorithm for
general disk graphs, as shown by Marathe et al. [27]. If the disk representation
is given, it suffices to sort the disks in order of non-decreasing diameters and
apply the greedy algorithm to this order. For each disk D;, the set of disks that
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are processed later and that intersect D; contains at most five pairwise disjoint
disks. This follows by the same argument as in the proof of Theorem Pl because
all disks that are processed later are at least as big as D;. Thus, the greedy
algorithm achieves approximation ratio 5 for disk graphs if it processes the disks
in order of non-decreasing diameters. Again, the algorithm can be adapted to
the case where the disk representation is not available: It suffices to identify a
vertex whose neighborhood N (v) does not contain an independent set of size at
least 6. Such a vertex must exist, and it can be found in polynomial time.

Theorem 7 (Marathe et al. [27]). There is a 5-approzimation algorithm for
the mazimum independent set problem in disk graphs that does not require the
disk representation.

For the case that the disk representation is part of the input, a polynomial-
time approximation scheme for the maximum independent set problem in disk
graphs has been devised by Erlebach, Jansen and Seidel [I0]. It is also based
on the shifting technique, but the given disks are first partitioned into layers
according to their diameters, and the shifting strategy is applied on all layers
simultaneously, using grids of different granularity on different layers. For each
choice of the shifting parameters i and j, 0 < ¢,j < k—1, the optimal independent
set in D; ; is then computed using dynamic programming, beginning at the layer
that contains the smallest disks. Independently, Chan [7] presented a polynomial-
time approximation scheme based on similar ideas and using shifted quadtrees.

Theorem 8 (Erlebach, Jansen and Seidel [10], Chan [7]). There is a
polynomial-time approximation scheme for the maximum independent set prob-
lem in disk graphs provided that the disk representation is given as part of the
mput.

It remains an open problem whether there is a polynomial-time approximation
scheme for the maximum independent set problem in disk graphs also in the case
where the representation is not given as part of the input. As far as we know,
no inapproximability result for this case has appeared in the literature.

2.3 Independent Sets in Bounded Disk Graphs

Now consider o-bounded disk graphs. Assume that the minimum diameter of
a disk is equal to 1 and, consequently, the maximum diameter is at most o. In
the off-line case, we can just apply the algorithms for general disk graphs and
get a 5-approximation algorithm for the case without given representation and
a polynomial-time approximation scheme for the case with given representation.
We note here that for small values of o the method of local improvements
exhibited by Halldérsson [16] provides a better approximation ratio, since o-
bounded graphs are 10-claw free as far as 0 < sin(;/lo) — 1 =~ 2.236. Moreover,
the methods of Nieberg et al. [29] can be adapted to obtain a PTAS when the
disk representation is not given. The only difference from the case of unit disk
graphs is that the constant k£ now depends also on the diameter ratio o.
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In the on-line case, the competitive ratio of the greedy algorithm can be
bounded by O(min{c?,n}) for o-bounded disk graphs. To see this, again let I*
denote some optimal independent set. When the algorithm accepts a disk D, we
remove all neighbors of D (i.e., all disks intersecting D) from I*. We claim that
the neighborhood of D can contain at most O(c?) disjoint disks. To see this, note
that all neighbors of D must have their center within distance o from the center
of D. Thus, all neighbors of D are contained in a circle with radius 1.50 around
the center of D. This circle has area 2.250%7. Each disk has diameter at least
1 and thus occupies an area of at least 7/4. This shows that the neighborhood
of D can contain at most 902 disjoint disks. So, for each disk accepted by the
greedy algorithm, we have to remove at most 902 disks from I*. Thus, we get
an upper bound of O(o?) for the competitive ratio of the greedy algorithm. An
upper bound of n — 1 is trivial.

To show that no deterministic on-line algorithm can do better than the greedy
algorithm in the worst case, consider an instance consisting of one disk with
diameter o followed by ©(0?) disks of diameter 1 that intersect o and that are
disjoint from each other. On this instance, the solution of the greedy algorithm
is a factor of ©(min{n, s?}) smaller than the optimal solution.

Theorem 9. The greedy algorithm achieves competitive ratio O(min{n,o?}) for
o-bounded disk graphs with n disks. It does not require the disk representation.
Every deterministic algorithm has competitive ratio 2(min{n,c?}) even if the
disk representation is given.

3 The Coloring Problem

The problem of deciding whether a unit disk graph with given representation
can be colored with three colors has been shown NP-complete by Clark, Col-
bourn and Johnson [§] using a reduction from 3-colorability of planar graphs
with maximum degree 3. This implies that there cannot be an approximation
algorithm for the coloring problem on unit disk graphs with approximation ratio
smaller than 4/3.

As for the maximum independent set problem, the NP-completeness for unit
disk graphs with given representation implies NP-completeness of deciding 3-
colorability of disk graphs or o-bounded disk graphs, and also for the variants
without given representation.

It was proved by Grif et al. in [I3] that deciding k-colorability remains NP-
complete for unit disk graphs for any fixed number k£ > 3.

3.1 Coloring Unit Disk Graphs

First-fit is one of the most well-known heuristics for on-line graph coloring. It
processes the vertices of the given graph in some order and assigns each vertex
the smallest available color, i.e., the smallest color that has not yet been assigned
to an adjacent vertex. We assume that colors are represented by positive integers.
If at most k vertices adjacent to v have been colored prior to v, the color assigned
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to v by First-fit is contained in {1,2,...,k+1}, because at most k of these colors
can already have been assigned to neighbors of v.

Let us apply the First-fit coloring algorithm to unit disk graphs. Marathe et
al. [27] proved an upper bound of 6 on the approximation ratio of this algorithm.
We give an improved analysis leading to a bound of 5. Consider some disk D at
the time it is assigned its color. Let d(D) denote the number of intersecting disks
that have been colored before. The color assigned to D is at most d(D) + 1. On
the other hand, the closed neighborhood of D (the set of all disks intersecting
D, including D itself) does not contain an independent set of size larger than 5.
Thus, at most 5 of the disks in the closed neighborhood of D can be assigned the
same color in any coloring. Therefore, even the optimal coloring must use at least
(d(D)+1)/5 colors. This shows that First-fit is a 5-approximation algorithm for
coloring unit disk graphs. Furthermore, First-fit is an on-line algorithm that does
not need the disk representation.

Theorem 10. First-fit is an on-line algorithm with competitive ratio at most 5
for unit disk graphs. It does not require the disk representation.

A lower bound of 2 on the competitive ratio of any on-line coloring algorithm
for unit disk graphs was presented by Fiala et al. in [I1]. We reproduce here the
counterexample showing that no on-line algorithm can be (2 —¢)-competitive for
any € > 0. Consider the graph and its representation depicted in Fig. B and order
the disks as indicated by the numbers. Assume that there is an algorithm with
competitive ratio 2 — . The vertices 1-6 form an independent set and must be
colored with the same color by the algorithm, because otherwise its competitive
ratio would be at least 2 on these 6 vertices. On vertices 7-12 the algorithm may
use two new colors (but no more, if its competitive ratio is to be smaller than 2).
Then, however, it will need three extra colors for the central triple, thus using
6 colors in total. Since the optimal coloring uses only 3 colors, this contradicts
the assumption that the algorithm is (2 — €)-competitive.

Fig. 3. A difficult instance for on-line unit disk coloring

Theorem 11 (Fiala et al. [I1]). No deterministic algorithm can achieve com-
petitive ratio smaller than 2 for on-line coloring of unit disk graphs, even if the
disk representation is part of the input.
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In the off-line case, 3-approximation algorithms for coloring unit disk graphs
were presented by Peeters [30], Graf et al. [13] and Marathe et al. [27]. If the
disk representation is given, apply the First-fit algorithm to the disks in the
order of non-increasing y-coordinates of their centers. Consider a disk D at the
time it is assigned its color. The d(D) previously colored disks that intersect D
have a y-coordinate that is not smaller than the y-coordinate of D. As in the
discussion leading to Theorem [ (see also Fig. []), the set of disks containing D
and its previously colored neighbors does not have an independent set of size
larger than 3. Therefore, even in an optimal coloring (d(D) + 1)/3 colors are
required just for these disks. Since the color assigned to D is at most d(D) + 1,
approximation ratio 3 is achieved.

To adapt the algorithm to the case without given representation, we can
simply order the vertices in the recursively defined smallest-degree-last order
and apply the First-fit algorithm. This means that we select some vertex v of
minimum degree, remove v from the graph, color the resulting graph recursively,
then insert v back into the graph and assign it the smallest available color. At
the time v is removed (and thus also at the time it is inserted back again), the
degree d(v) of v is at most the degree d(u) of the vertex u corresponding to a
disk with the smallest y-coordinate. Thus, v is assigned color at most d(v) + 1,
while the optimal coloring needs at least (d(u)+1)/3 > (d(v)+1)/3 colors. This
shows that approximation ratio 3 is achieved.

Theorem 12 (Peeters [30], Graf et al. [13], Marathe et al. [27]). There
s a 3-approximation algorithm for coloring unit disk graphs that does not require
the disk representation.

One can even show that the algorithm uses at most 3w(G) — 2 colors, where
w(G) is the size of a maximum clique in the given unit disk graph. We sketch the
idea for proving this in the case of given disk representation. When the algorithm
colors a disk D, all previously colored neighbors have a y-coordinate not smaller
than D. Thus, the previously colored neighbors can be covered by at most three
cliques (see Fig. [ a)): The disks with centers in the same region delimited by
an angle of 7/3 must form a clique (together with D). Thus, d(D) is at most
3w(@) — 3, so the algorithm uses at most 3w(G) — 2 colors. In the case that the
representation is not given, the smallest-degree-last First-fit algorithm uses at
most 3w(G) — 2 colors on unit disk graphs as well.

3.2 Off-Line Coloring of Disk Graphs

The approach for unit disk graphs was generalized to disk graphs by Marathe et
al. [27]. They proved that the achieved approximation ratio for coloring disk
graphs is at most 6, but their analysis can be sharpened to show that the
smallest-degree-last First-fit algorithm is in fact a 5-approximation algorithm
(cf. Graf [12] and Malesinska [26]). To see this, note that the closed neighbor-
hood of a disk with smallest diameter cannot contain an independent set of size 6
and hence such a disk has degree at most 5(x(G) —1), where x(G) is the optimal
number of colors (i.e., the chromatic number). Consequently, if a disk with the
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Fig. 4. The larger disks intersecting D; can be partitioned into six cliques

smallest degree is colored last, this disk has at most 5(x(G) — 1) previously col-
ored neighbors and is assigned color at most 5x(G) —4. Since the graph obtained
after removing the disk of smallest degree is again a disk graph, the argument
can be applied recursively. Thus, approximation ratio 5 is achieved. If the disk
representation is given, we can alternatively sort the disks by non-increasing
diameter and apply First-fit in this order to achieve the same bound.

Theorem 13 (Graf [12]). The smallest-degree-last First-fit algorithm achieves
approzimation ratio at most 5 for disk graphs. It does not need the disk repre-
sentation.

Furthermore, it can be shown that every disk graph G can be colored with at
most 6w(G)—6 colors (Graf [12] and Malesiriska [26]). Consider the smallest disk
D; and the disks that intersect it. See Fig.[dl The plane around D; can be parti-
tioned into six regions delimited by an angle of 7/3. Since all neighboring disks
are at least as big as D,, simple geometric arguments show that the neighboring
disks whose centers are in the same region must form a clique. Furthermore, the
regions can be chosen such that the center of at least one neighboring disk lies
on the border between two regions, so that this neighboring disk belongs to the
cliques of both regions. Therefore, the neighborhood of D; can contain at most
6(w(G) — 1) — 1 disks. Consequently, the algorithm that colors the smallest disk
last needs at most 6w(G) — 6 colors.

So far the only lower bound on the approximability of disk graph coloring is
the one derived from the NP-completeness of deciding 3-colorability. It would
be interesting to derive a larger lower bound that uses specific properties of disk
graphs.

For o-bounded disk graphs, no better approximation algorithms than for gen-
eral disk graphs have been presented in the literature, although we expect that
the upper bound on the approximation ratio achieved by the smallest-degree-last
First-fit algorithm drops from 5 to 4 on disk graphs whose diameter ratio is bounded
by a value o that is smaller than some threshold (but still greater than 1).

On-line coloring of disk graphs and o-bounded disk graphs is treated in detail
in the next subsection.
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3.3 On-Line Coloring of Disk Graphs

As a motivation for our further study of on-line coloring of disk graphs we shall
mention the result of Gyarfas and Lehel from 1988 showing that there exists a
tree T' on n vertices such that for every on-line coloring algorithm there exists
a specific ordering of the vertices of T, such that the algorithm is forced to use
2(logn) distinct colors [14]. Every tree is planar, so this result together with the
theorem of Koebe immediately shows that this lower bound is valid also for disk
graphs without given representation. In the following we will see that even the
knowledge of the disk representation does not admit a better performance of a
coloring algorithm. We give a proof that for every on-line disk coloring algorithm
there exists a sequence of n disks such that the algorithm is forced to use at
least 2(log n) distinct colors, while an optimal coloring uses only two colors. We
also review a result of Irani [21] and explain how it can be used to prove that a
competitive ratio of O(logn) is achieved by the First-fit coloring algorithm. This
shows that the First-fit algorithm is optimal for on-line coloring of disk graphs up
to a constant factor. Then, we consider o-bounded disk graphs. For the case with
given representation, we consider a different algorithm that achieves an improved
competitive ratio of O(min{logn,logo}). For the case without representation,
we get an upper bound of O(min{logn,c?}) on the competitive ratio of the
First-fit algorithm.

A lower bound for on-line coloring of disks. Let A be an arbitrary on-
line disk coloring algorithm. We prove that for any k there exists a sequence of
disks Dy, Do, ..., D,, = D(A, k) (where n = n(A, k) depends on A and k, and is
bounded from above by 2¥) such that:

— The intersection graph of D(A, k) is isomorphic to a tree.
— The algorithm A is forced to use at least k distinct colors.

Let us start with some auxiliary notions: For a nonempty sequence of disks
D we denote by Db the same sequence without the last element. We say that
disks of some sequence are in general position if every pair of disks in the set
differs in the maximum y-coordinate (i.e., the maximum y-coordinate of any
point contained in the disk).

Now assume that the intersection graph of an arbitrary sequence of disks
Dy, ..., D; in general position is a forest F. In each connected component of F
we define the active disk to be the one with the highest maximum y-coordinate.
The active zone of an active disk D; is delimited by the interval spanned by the
maximum y-coordinate of D; and by the maximum g-coordinate of any other
disk in the same connected component (if no other disk intersects D; we use the
mimimum y-coordinate of D;).

The active zone of a sequence D = {Dx, ..., D;} is defined as the intersection
of the active zones of all active disks in D. The width of an active zone is equal
to the length of the corresponding interval, or is equal to 0 if the zone is empty.
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Our construction of Dy, ..., D, = D(A, k) satisfies the following invariant:

Invariant 1. For each on-line coloring algorithm A, each k > 2, and any axis-
aligned square B of side length ¢, there exists a sequence D(A, k) of at most 2F
disks such that

1. for every D € D(A, k), we have D C B, but no D € D(A, k) intersects the
boundary of B,

2. the disks in D(A, k) are in general position,

3. the intersection graph of D(A, k) is a tree,

4. the active zones of D(A, k) and D(A, k)b have width at least ¢=4"¢ for some
constant c,

5. on the active disks of D(A, k)b the algorithm A uses at least k — 1 distinct
colors, and

6. the last disk in D(A, k) intersects the active zones of all active disks of
D(A, k)b and is the active disk of D(A, k).

Observe that without loss of generality it is sufficient to prove the statement
only for one fixed square B (e.g. for the unit square): Any algorithm B working
on disks of some other square B’ can be transformed into an algorithm A which
colors a given disk D C B by the same color as B colors f(D), where f is a
linear transformation of B to B’. Then the validity of the invariant for A on B
implies that the invariant holds also for B on B’.

We present a construction of D(A, k) satisfying the invariant by induction.

Our statement is clearly true for k = 2, when we select D(A,2) as two inter-
secting disks, e.g. placed at centers (g, ?), (g, g) and of diameter §

Now assume that the hypothesis is valid for k£ and we want to prove the
statement for k£ + 1 and some bounding square B.

By the induction hypothesis there exists a set D' = D(A, k) such that A uses
at least k& — 1 distinct colors on the active disks of Db and all disks of D! are
inside the unit square.

The active zone of Db is of width at least c=+". Now consider an axis-aligned
square B’ of side length 4 placed in the active zone of Db such that it shares
its left side with the right side of the bounding square of D!.

Denote by B the algorithm that behaves exactly as A after it colors D'b. Now
by the hypothesis on B and B’, there exists a sequence D(B, k) such that B uses
at least k— 1 distinct colors on active disks of D(B, k)b, and as above this implies
the existence of a set D? satisfying the invariant for A and k. Moreover all disks
of D? are inside the active zone of Db, but are disjoint from D*.

Now we distinguish the following two cases (see Fig. [):

(1) The sets of k — 1 colors used on active disks of Db and D?b are the same.
Then the last disk of D? uses the new k-th color and we place a new disk
D,, that intersects the active disks of D' UD? but no other disk. We obtain
D(A, k + 1) as the concatenation of Db, D?, and D,,.

(2) Active disks of Db and D? have different colors. This means that there
appear at least k different colors, and we place a new disk D,, that intersects
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Fig. 5. Illustration of lower bound construction

only the active disks of D'hUD?h. We obtain D(A, k+1) as the concatenation
of Db, D?h, and D,,.

Observe that all disks are in general position and the intersection graph is a
tree. The only problem that might arise in the construction is that the diameter
of the last disk D,, in D(A, k 4+ 1) can be very large in order to ensure that this
disk intersects the tiny active zones of all active disks in D(A, k + 1)b, but no
other disks.

However, by the construction, the active zone of D(A, k + 1)b has width at

~24% Tt suffices to find D,, among those disks which intersect the active

least ¢
disks in a strip of width at least 24" and length at most 1 4 ",

In this case, the diameter of the last disk D,, as well as the side length ¢ of the
bounding square B are in O(c24"), so the width of the active zone of D(A, k+1)b

is at least ¢ ¢ for a suitable constant c.

Theorem 14 (Erlebach and Fiala [9]). For every on-line disk coloring algo-
rithm A there exists a sequence of n disks D such that A uses £2(logn) distinct
colors on D while D can be colored optimally with two colors.

Furthermore, by analyzing the diameter of the smallest disk used in the con-
struction of D(A, k), we can see that the diameter-ratio o of D(A, k) is bounded
from above by O(c4k). Since A uses at least k colors on this instance, the com-
petitive ratio of A must be £2(loglog o).

Theorem 15 (Erlebach and Fiala [9]). No deterministic on-line disk color-
ing algorithm can have competitive ratio o(loglogo) on o-bounded disk graphs.

Upper bound for the First-fit algorithm. In order to analyze the com-
petitive ratio of First-fit for on-line coloring of disks, we make use of a result
due to Irani [21I]. A graph G is called d-inductive if the vertices of G can be
ordered in such a way that each vertex has at most d edges to higher-numbered
vertices. Irani proved that if G is a d-inductive graph on n nodes, then First-fit
uses O(dlogn) colors to color G. In order to apply this result to disk graphs, we
will show that these graphs are O(w(G))-inductive, where w(G) denotes the size
of a maximum clique in a graph G. First, we reformulate Irani’s result in terms
of the competitive ratio of First-fit on O(w(G))-inductive graphs.
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Theorem 16 (Irani [21]). Let d be a constant and let G be a class of graphs
such that every G € G is dw(G)-inductive. Then the First-fit coloring algorithm
is O(dlogn)-competitive on graphs from G, where n is the number of vertices of
the given graph.

Proof. We first introduce some terminology used later in the proof. Let G be a
graph from the class G. Let v1,v9,...,v, be the order in which the vertices of G
are colored. We write w instead of w(G). View each edge of G as being directed
from the endpoint with smaller number to the endpoint with higher number
in some vertex ordering that witnesses that G is dw-inductive. The fact that a
directed edge goes from u to v is written as u > v. Then outdeg(u) = |[{v : u >
v}|. Note that outdeg(u) < dw since G is dw-inductive. For a vertex v; we define
its set of successors as S; = {v; : vj = v;, ¢ > j}. Observe that |S;| < dw.

Assign to every vertex v; € V(G) the value C; = 1 and perform the following
discharging procedure:

DISCHARGING PROCEDURE
for j:=1tondo
begin
Wj = Cj;
if S; # () then
for all v; € §; do C; = C; + |,
C; = 0;
end.

In every round of the outer for loop we get that

1§WJ:CJSZCJSTL

Jj=1

We now bound W; in terms of the maximum assigned color. Assume that a
vertex v; gets color ¢ by the First-fit algorithm.

We prove by induction on ¢ that gjl > L1+ dlw)Cfl whenever S; # 0, and

W; > (1 + dlw otherwise.

The statement is true for ¢ = 1. For ¢ > 1, there must be ¢— 1 vertices v; with
i < j that are adjacent to v; and that have been assigned different colors. At most
dw —1S;] of these ¢ — 1 vertices can come after v; in the inductive order, so there
must be at least ¢ — 1 — (dw — |S;|) predecessors of v;: P; = {v; : v; = vj, j > i}
that have been assigned different colors. Then, by the induction hypothesis:

)cflfdw

c—1—dw+|S;|

W, 1 [ Wi] 1 [ 1 1 m}
2 1+ > 1+ 1+ >
51051 2 s 2 s e S ()
1 1 \e-1-dwt]|S;|
> 1 .
= \5j|( * )
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The last term is minimized in the case |S;| = dw and the claim follows. The
case S; = ) is discussed similarly.

We get that n > ;! (14 ;1 )°717% and therefore ¢ = O(dw logn). |

Now we give bounds on the inductiveness of disk graphs in terms of w(G).
Lemma 1. Fvery disk graph G is 6w(G)-inductive.

Proof. Let D be a set of disks that is a disk representation of G. Order the
disks in D according to non-decreasing diameters. Consider some disk D;. By
the arguments of the discussion after Theorem [[3] the higher-numbered disks
that intersect D; can be partitioned into six groups such that the disks in each
group form a clique. a

From Theorem [IG] and Lemma [I] we get the following result.

Theorem 17 (Erlebach and Fiala [9]). First-fit uses O(w(G)logn) colors to
color a disk graph G with n nodes and is thus an O(logn)-competitive on-line
algorithm. It does not require the geometric representation.

Coloring disks with bounded diameter ratio. We now focus our attention
on the case that the ratio of the diameter of the largest disk and the smallest
one is bounded by some value ¢ and that the disk representation is given as
part of the input. (In fact, it would suffice that the diameters of the disks are
given as part of the input.) We will see that there exists an on-line coloring
algorithm with competitive ratio O(min{logn,log o}) in this case. The algorithm
is a composition of two methods: The first method A is the First-fit technique
for disk graphs with arbitrary diameter. It provides the bound O(logn). The
second method B is the First-fit method applied separately on O(log o) layers of
disks, where the diameters of the disks on each layer are within a factor of two
so that First-fit has constant competitive ratio on each layer.

More precisely, algorithm B assigns each disk D; with diameter d; to layer
|log,(d;)] and applies First-Fit to each layer separately, using a different set of
colors for each layer. The diameters of disks in the same layer differ at most by
a factor of two, i.e., each layer is a 2-bounded disk graph.

Now it is not difficult to show that any disk D; in a 2-bounded disk graph G
can have at most 28w(G) — 6 neighbors in G: This can be proved by dividing
the plane around the center of D, into 28 regions such that any two disks with
centers in the same region must intersect; the detailed argument can be found
in [9]. Therefore, the First-fit coloring algorithm uses at most 28w(G) — 5 colors
on G, and hence is 28-competitive for 2-bounded disk graphs.

Thus, Algorithm B achieves constant competitive ratio on each layer and, as
the number of different layers is O(log o), is an O(logo)-competitive coloring
algorithm for o-bounded disk graphs.

Now, it is possible to combine algorithms A and B as follows: We use two
separate sets of colors for the algorithms A and B. When a new disk D; is
presented we run A4 on D; together with those disks colored by .A. Similarly, we
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execute B. Then we compare the results of these two algorithms and color D;
with the algorithm that has used fewer colors up to now (including disk D;).
The total number of colors used on the entire set D is the sum of the number
of colors used by both methods. Note that at any time of the execution of the
combined algorithm, the number of colors used by A and the number of colors
used by B differ by at most one.

Assume that logn < logo. The number of colors used by algorithm A is at
most O(log n) times the optimal number. The number of colors used by algorithm
B is at most one more than that of 4. So the total number of colors used by the
combined algorithm is O(log n) times the optimal number of colors. A symmetric
argument holds in the case that log o < logn. This yields the following theorem.

Theorem 18 (Erlebach and Fiala [9]). If the disk representation is given as
part of the input, there is an O(min{logn,logo})-competitive coloring algorithm
for disk graphs whose diameter ratio is bounded by o.

Concerning on-line coloring of o-bounded disk graphs in the case without
given disk representation, First-fit is easily seen to be O(o?)-competitive. This
follows because the neighborhood of a disk can be covered by O(o?) cliques.
The idea of the analysis is the same as the one outlined above for the case
o = 2. Combining this with the upper bound of O(logn), we get that First-fit
is O(min{logn, o?})-competitive on o-bounded disk graphs.

4 Conclusion

We have given a survey of known upper and lower bounds on the approximation
ratio and competitive ratio achievable for the maximum independent set and
minimum coloring problems on disk graphs. The bounds are summarized in
Table [l

For on-line coloring of disk graphs, we have shown that the First-fit method,
which does not need the disk representation as part of the input, provides an
O(logn)-competitive disk coloring algorithm and that no algorithm can have
competitive ratio o(logn), even if it uses the geometric representation. Further-
more, we showed that the geometric representation can help to get a better ratio
of O(min{logn,logo}) on instances with diameter-ratio bounded by o.

For this particular problem the gap between the lower bound §2(loglog o) and
the upper bound O(log o) on the competitive ratio should be narrowed. Further-
more, we believe that the use of methods like randomization might improve the
competitive ratio for the on-line problems studied here, and we expect further
results in this direction.

The most widely used lower bound on the chromatic number of a disk graph
(i.e., the lower bound on the optimal solution) is expressed via the clique number
of the graph. We hope that by use of more sophisticated arguments it could be
proven that standard coloring algorithms behave even better. As a particular
open problem we would ask what is the supremum of the ratio of chromatic and
clique number of a unit disk graph. The only known bounds are 1.5 < fjgg; < 3.
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Table 1. Summary of known results for disk graphs with n vertices. UDG stands for
unit disk graphs, DG, for o-bounded disk graphs, and DG for general disk graphs.
PTAS stands for polynomial-time approximation scheme, NPC for NP-complete.

Problem Graph Disk Approximation ratio Competitive ratio
class rep. lower upper lower upper
UbDG + NPC PTAS 5
Maximum DG, + NPC PTAS O(min{n, o*})
indepen- DG + NPC PTAS n—1
dent set UDG — NPC PTAS 5
DG, - NPC PTAS O(min{n, o*})
DG - NPC 5 n—1
UubG + 4/3 3 2 5
DG, + 4/3 5 2(loglog o) O(min{logn,logo})
Minimum DG + 4/3 5 2(log n) O(logn)
coloring UDG — 4/3 3 2 5
DG, - 4/3 5 2(loglogo) O(min{logn,s?})
DG — 4/3 5 2(logn) O(logn)

The lower bound is derived from the coloring of the cycle C5, and the upper
bound is achieved by the algorithms due to Peeters [30], Grif et al. [13] and
Marathe et al. [27].

It should be mentioned that approximation algorithms for other NP-hard
optimization problems besides maximum independent set and minimum color-
ing have also been studied for unit disk graphs and disk graphs. These problems
include the weighted version of the maximum independent set problem, the min-
imum (weight) vertex cover problem, and the minimum dominating set problem
(and variants thereof) [27J20/26I28/10]. Many of these results can be adapted to
intersection graphs of arbitrary regular polygons, also in higher dimensions. One
of the interesting open problems is to determine whether a polynomial-time ap-
proximation scheme exists for the minimum dominating set problem in general
disk graphs with given representation. Another open problem is to settle the
complexity of the maximum clique problem for general disk graphs (the prob-
lem is polynomial for unit disk graphs [8I31]). In this context it is interesting
to note that the maximum clique problem in intersection graphs of ellipses has
been proved NP-complete by Ambiihl and Wagner [I].

Furthermore, a polynomial-time approximation scheme for the weighted frac-
tional coloring problem on disk graphs was obtained by Jansen and Porkolab
[22123]. Previously, a 2-approximation algorithm for fractional coloring of unit
disk graphs had been presented by Matsui [2§].

Observe that several of the presented results for disk graphs hold analogously
for intersection graphs of squares and for intersection graphs of axis-aligned
squares. (The latter can be considered as disks in L; or Lo, metrics.) On the
other hand, we would like to point out that many questions are still open for
ellipse and rectangle intersection graphs, a generalization of disk and square
intersection graphs. The recognition problem for rectangle intersection graphs
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has been proved NP-complete by Kratochvil [25]. For the maximum independent
set problem in rectangle intersection graphs with n vertices, Berman et al. [4]
presented a family of approximation algorithms achieving ratio 1 4+ elogn for
any € > 0. It is an open problem whether a constant approximation ratio can
be obtained (even the existence of a PTAS cannot be excluded by the current
state of knowledge). For coloring a rectangle intersection graph G with clique
number w(G), it is known that O(w(G)?) colors suffice [2], but no example with
a non-linear lower bound in terms of the clique number has been obtained. For
some special cases, it is known that O(w(G)) colors suffice [26]. It would be an
interesting problem for future research to further investigate off-line and on-line
coloring of ellipse and rectangle intersection graphs.
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1 Introduction

In this paper we present a general technique to solve min-max and max-min re-
source sharing problems and show how to use it for two applications: scheduling
jobs on unrelated machines, and strip packing. First we consider the following
general type of min-max resource sharing problems. Given a non-empty convex
set B ¢ IRY and a set of M non-negative convex functions fi(x), the goal is to
find a vector € B that minimizes the value max{ f1(z), ..., far(z)}. In the max-
min resource sharing problem, the functions f;(z) are non-negative and concave
and the goal is to find a point « € B that maximizes min{ f1(z),..., f;u(2)}. In
both cases we assume to have a fast subroutine to solve a simpler optimization
problem (called the corresponding block problem): to minimize or to maximize a
non-negative convex or concave cost function over B, respectively. The subrou-
tine is called the block solver. The feasibility variants to find a vector x € B such
that f(x) < e or f(x) > e, where e is the vector of all ones and the functions
fi are non-negative and linear, are called the fractional packing and covering
problem, respectively.

Several different optimization problems can be described as min-max and
max-min resource sharing problems [2T30]. Typical examples for min-max re-
source sharing and fractional packing problems are: scheduling jobs on unrelated
machines, job shop scheduling, network embeddings, Held-Karp bound for TSP,
multicommodity flows. In these applications, we have linear programming for-
mulations with packing constraints (e.g. to place jobs on machines with an upper
bound given by the schedule length). Applications for max-min resource sharing
and fractional covering problems are: bin packing, strip packing, fractional graph
colorings, scheduling parallel tasks and resource constrained scheduling. In these
applications, the used linear programming relaxations contain mainly covering
constraints (e.g. to cover the processing times of jobs).

We focus on computing approximate solutions for min-max and max-min re-
source sharing problems and on two applications. For a given relative tolerance

* Supported by EU Thematic Network APPOL I+I1, Approximation and Online Al-
gorithms, IST-1999-14084 and IST-2001-30012.

E. Bampis et al. (Eds.): Approximation and Online Algorithms, LNCS 3484, pp. 156-202] 2006.
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e > 0, a point x € B is an e-approximate solution for the min-max resource
sharing problem if f;(z) < (1 + €)X} where A}, is the optimum objective value
(ie. Ay = min{)|fi(z) < A,z € B,i = 1,...,M}). A point z € B is an
e-approximate solution for the max-min resource sharing problem if f;(z) >
(1 — e)A; where A5 = max{\|fi(z) > A,z € B,i = 1,...,M}). The running
times of the algorithms that we describe (proposed by Grigoriadis et al. [I5/16])
depend polynomial on 1/e and the number of constraints M. The algorithms
are based on a Lagrangian or price-directive decomposition method and com-
pute a sequence of vectors © € B to approximate the optimum solution. One
Lagrangian decomposition step consists of three substeps:

(1) using the current z € B, the algorithm computes a price vector p(f(x)) =

(2) it computes a solution & € B of the block problem with price vector p(f(x)),

(3) the algorithm moves from « to (1 —7)xz+ 7 with an appropriate step length
7€ (0,1].

We call each such Lagrangian decomposition iteration a coordination step. The
total running time of the algorithm can be bounded mainly by the number of
iterations and the running time of the block solver. Interestingly, the number of
iterations or coordination steps is independent on the number of variables V.

Plotkin et al. [30] considered the linear feasibility variants of both problems:
either to find a point « € B such that f(x) > (1—¢€)e or to find a point = € B such
that f(z) < (1 4+ €)e where e is the vector of all ones. The problems are solved
in [30] by Lagrangian decomposition using exponential potential functions. Up
to poly-logarithmic factors, the number of iterations (calls to the corresponding
block solver) in these algorithms is proportional to M, 1/€? and p, where p =
maxi <<y Maxzep fi(x) is the width of B relative to f(z). The problems are
further decomposed in [30] in order to reduce this linear dependence on p downto
log p. However, this introduces additional constraints on the block problems,
which in general become NP-hard or harder to approximate.

In this paper we describe the framework based on logarithmic potential func-
tions [IBII6] for both variants: the min-max and max-min resource sharing prob-
lem in the general form (i.e. with convex and concave functions). The potential
functions are used in the algorithms to compute the price vector p(f(z)). In Sec-
tion 2, we give a width-independent Lagrangian decomposition iteration bound
for the min-max resource sharing problem. It is based on an algorithm for the
special case with starting solution Ap (f(zo)) = max{fmn(xo)m=1,..., M} <1.
In the general case, the functions are modified by scaling and the algorithm is
based on a ternary search procedure. The number of iterations (calls to the block
solver) for the min-max resource sharing problem is O(M (e 2Ine~! + In M)).
Garg and Koénemann [I4] proposed an algorithm (using an exponential potential
reduction) for the fractional packing problem that needs O(Me=21In M) itera-
tions. Recently, Jansen and Zhang [22] have proposed an improved algorithm
for the min-max resource sharing problem with O(M (¢=2 +1n M)) coordination
steps. In Section 3, we describe a width-independent Lagrangian iteration bound
for the max-min resource sharing problem again using a logarithmic potential



158 K. Jansen

function. The number of iterations (calls to the block solver) for the max-min
resource sharing problem is O(M (¢72 + In M)).

Afterwards we describe two applications in detail. In Section 4 we discuss a
classical scheduling problem: scheduling jobs on unrelated machines. Given n
jobs with execution times p;; (that depend on the machines and jobs) and m
machines, the goal is to find a schedule for the jobs that minimizes the schedule
length (i.e. the maximum completion time). We describe a 2 - approximation
algorithm proposed by Lenstra, Shmoys and Tardos [28]. The algorithm is based
on a linear programming approach and rounding of fractional variables. The
main bottleneck in this algorithm is to solve a linear program with packing
constraints. Using the min-max resource sharing framework we show how to
improve the running time of this step to get a faster (2 + €) approximation
algorithm.

In Section 5 we discuss another problem as an application of the max-min re-
source sharing approach. The problem is that of packing rectangles into a strip
(called strip packing). The goal is to find a packing of the rectangles in the strip
with minimum height. This problem is related to that of scheduling parallel
multiprocessor tasks. We describe an asymptotic fully polynomial time approx-
imation scheme for strip packing (for the case with bounded heights h; < 1 of
the rectangles) proposed by Kenyon and Remila [25]. Here the bottleneck in the
computation is the solution of a huge linear program (a fractional strip packing
problem) with exponential number of variables. The linear programming relax-
ation used contains covering constraints. We show how to solve the fractional
strip packing problem using the max-min resource sharing framework to get a
faster asymptotic fully polynomial time approximation scheme.

In Section 6 and 7 we give the details for the analysis of the algorithms by
Grigoriadis and Khachiyan [I5J16] described in Sections 2 and 3. For further
reading on min-max and max-min resource sharing problems we refer the reader
to [ATATHIT6I30I36] and for more information on scheduling problems we refer
the reader to [BUGIIT].

2 Min-Max Resource Sharing

In this section we discuss an algorithm for the min-max resource sharing problem
proposed by Grigoriadis and Khachiyan [I5]. We consider the following optimiza-
tion problem (P):

Min A
s.t. f,'(a',‘l,...,.’L‘N) < A t1=1,..., M,

(x1,...,zN) € B,

where B ¢ RY is a nonempty convex compact set and f; : B — IR" are non-
negative continuous convex functions on B for i =1,..., M.

Let f(x) = (f1(),..., fa(2))T for z = (x1,...,2n5)T € B, and let

Ap = min{\ | f(z) < Xe,x € B}
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wheree = (1,..., l)T. We are interested to compute an € - approximate solution
for (P) for a given relative tolerance e € (0, 1):

(Pe) compute x € B such that f(z) < (1+€)A\se.

From the von Neumann’s saddlepoint theorem we have the following duality
relation:
)\* _ . T —_ : T
p = minmaxp fx) max min p fax),

where P = {p € RM| Zf\il pi = 1,p; > 0}. Let A(p) = min{p” f(z)|z € B} be
the corresponding block problem associated with P. Then A% = max{A(p)|p €
P}. Based on the fact that A} is the optimum value of the Lagrangian dual, we
define the approximate dual problem as:

(D.) compute p € P such that A(p) > (1 —€)X\p.

We use here the standard logarithmic potential function
. M
P60, f(@) =0 = 1 > (0 — fn(a),
m=1

where § € R, f(x) = (fi(z),..., fu(z))T is the value of the function f for
x € B and t > 0 is a tolerance (that depends on ).

Let Ap(f(z)) = max{fi(x),..., fu(z)}. The potential function described
above is used to calculate the price vector p(f(z)) for the block problem; p(f(z))
gives the direction in which we optimize in the next iteration.

For a fixed f(z) € RY and x € B, the function ®,(0, f(x)) has the bar-
rier property: limg_x,(f())+ Pe(0, f(x)) = oo and limg_.o. P¢(0, f(z)) = oo.
Since @.(0, f(x)) is convex in 6, $,(0, f(x)) has an unique minimum 6(f(x)) in
(Ap(f(x)),00). The minimum é(f(z)) can be determined by solving the equation

! f: Lo (1)
M 2= 60— fo(a)

In this case g(0) = J, Z%zl 97f1 18 a strictly decreasing function of ¢ in

(Ap(f(x)),00). Let ¢¢(f(x)) = P:(0(f(x)), f(x)) be the reduced potential value.
The dual vector (or price vector) p(f(x)) for a fixed vector f(x) is defined by

t 1

pm(f(z)) = MOU()) — fnla) m=1,...,M. (2)

In the following we describe an algorithm A, to compute a solution for (P.)
and (D,) in the case that we know a starting solution zy € B with Ap(f(xo)) < 1.
For an accuracy t € (0,1), the algorithm is based on an approximate block solver
(ABS) that solves the block problem approximately:
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ABS(p,t) compute # = x(p) € B such that pTf(2) < (1+t)A(p)

where p € P.
The algorithm Ay, works for o € (0,1/3) as follows:

Algorithm Ay (f,zg,0)

(1) set x :=xg, t :=30/7, and finished := false,

(2) repeat
(2.1) compute f(x), 0(f(x)) and p(f(x));
(2.2) set & = ABS(p(f(x)), 1);
(2.3) if p(f(2))Tf(2) > 0(f(x)) — 2t then set finished := true;
(2.4) if not(finished) then set z := (1 — 7)z + 74, where 7 = 25%:?(%
until finished = true;

(3) return(z, p(f(z))).

In the algorithm we have chosen as step length 7 = 1\1/1 25‘fﬁm € (0,1]. The step
length is one of the critical parameters of the algorithm. It is chosen such that if
the stopping criteria is not fulfilled then the reduced potential value ¢:(f(z")) for
the next solution z’ is smaller than the reduced potential value ¢;(f(z)). One can
prove the following inequality: ¢;(f(z)) — ¢:(f(2')) > t3/(13M). Since there is
also an upper bound for the difference ¢ (f (o)) — ¢+(f(x)), we can show that the
number of iterations is finite. In Section[6lwe prove that algorithm Ay, halts after

O(M(o7*(Ap(f(20)) = Ap) + 0 *Ino™ "))

iterations for any initial zo € B with Ap(f(z9)) < 1 and any o € (0,1/3].
Furthermore if the stopping criteria is fulfilled (i.e. p(f(z))* f(2) > 0(f(z)) —
2t), then Ap(f(z)) < Ap 4+ o and A(p(f(x))) > Ap — 0. This implies that x
and p(f(z)) is an approximate solution of (P) and (D) with additive error o,
respectively.

Algorithm Ay, can be used now also for the general case (without restrictions
on the objective value Ap(f(x¢))). The algorithm uses a ternary search procedure
TS and calls Ar, as a subroutine several times. 7'S maintains an interval [\, A]
of length 6 = A — X and two further parameters Ay = A+ 3/3 and Ao = A +26/3
that split the interval into three subintervals. Furthermore, let v = 1/(2XA 4+ )
and o = vd/3.

Given an initial vector g € B and accuracy € > 0, algorithm TS works as
follows:

Algorithm TS(xg,¢€)
(1) set A=0, 2 =z, and A = A\p(f(z0)),
(2) repeat
(21) set 6 = A =X A =X4+3/3; A2 = A1 +6/3; v =1/(2X 4+ N); and
o =vd/3;
(2.2) call algorithm Ap(vf,z,v5/3) to get a point y € B such that
Ap(vf(y)) < vAp + 03
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(2.3) if Ap(f(y)) < A2 then replace x by y and A by Ay else replace A by
A1
until § < 3e);
(3) return(z).
For a given function f and minimum value A\ = A5 (f), algorithm Ay with

function f = vf gives a point y € B such that Ap(f(y)) < A\p(f) + 0. Now,
Mo (f) = vA5(f) and Ap(f(y)) = vAp(f(y)). Therefore, such a y € B satisfies
Ap(f(y) < Ap(f) + o/v = Ap(f) + /3. Next notice that the calls to Af
are feasible. To show this, observe that ¢ = vd/3 < 1/3 and vAp(f(x0)) =

2;#)\ Ap(f(xo)) < 1. The next step is to show that T'S generates a sequence of

intervals [A, \] where each interval contains A%. To do this consider step (2.3)
of the algorithm. If Ap(f(y)) < A2, then X\ < Ap(f(y)) and the replacement is
feasible. If Ap(f(y)) > A2 then X\ > Ap(f(y)) — /3 > A2 —6/3 = A1. In both
cases after the replacement A < A\, < Ap(f(x)) < A. Notice that we replace =
by y only in the case Ap(f(y)) < Ag. Furthermore, the length of the interval is
decreased by the multiplicative factor 2/3 in each iteration.

Grigoriadis and Khachiyan [I5] proved that the ternary search halts in

O(M(e™?Ine™" +In(Ap(f(20))/5)))

iterations with an x € B such that Ap(f(z)) < (1 4 €)A%. An initial solution
xo can be computed by one block optimization step ABS(e’,1) where e/ =
(1/M,...,1/M)T. This solution x, satisfies the inequality Ap(f(zo)) < 2M 5.
Inserting this into the formula above shows that the algorithm 7'S halts in
O(M(e7?Ine~! 4+ 1n M)) iterations. Finally, since 6(f(z)) can not be in general
computed exactly, we need a numerical overhead of O(M InIn(Me™1)) arithmetic
operations per iteration to approximate the minima (f(z)). For details we refer
the reader to Section [6l

3 Max-Min Resource Sharing

In this section we present an algorithm for the max-min resource sharing problem
proposed by Grigoriadis et al. [16]. Consider the following optimization problem
(©€):
Max A
s.t. f,'(a',‘l,...,.’L‘N) > )\, Z':l,...,]\47
(z1,...,2N) € B,

where B ¢ RY is a nonempty convex compact set and f; : B — IR™, i
1,..., M are non-negative continuous concave functions on B. Let f(x) = (f1(x),
o fm(@)T for z = (z1,...,2n5)T € B, and let

Ao = max{\ | f(z) > e,z € B}

where e = (1,...,1)T. We are interested in computing an e - approximate solu-
tion for (C); i.e. for any error tolerance e € (0,1) we want to solve the problem

(Ce) compute x € B such that f(z) > (1 —e)A\se.
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In order to solve this max-min resource sharing problem we study the block
problem

Alp) =max {p' f(z) |2 € B}

forpe P={pe RM . Zij\ilpi =1, p; > 0}. The block problem here is
the maximization of a concave function over the convex set B. Suppose that we
have an approximate block solver (ABS) that solves the block problem in the
following way:

ABS(p,t) compute # = #(p) € B such that pTf(2) > (1 —t)A(p).

The block solver ABS(p,t) for t > 0 can be interpreted as a family of approx-
imation algorithms for the block problem with ratio 1/(1 — ¢). By duality we
have
P —
¢ = maxminp ") = min max p Tf(@).
This implies that \> = min{A(p) | p € P}. Based on this equality, one can
naturally define the problem of finding an e-approximate dual solution:

(Do) compute p € P such that A(p) < (14 €)Ag.

In this section we describe an approximation algorithm for the max-min re-
source sharing problem that computes a solution with objective value at least
(1 — €)AS, provided that there is an approximate block solver ABS(p,t) for
t = O(e) and any p € P. The algorithm that we describe in detail below solves
(Ce), (De) in O(M(In M + € 2)) iterations, where each iteration requires a call
to ABS(p,©(e€)) and a coordination overhead of O(M Inln(M/e)) operations for
numerical computations. The algorithm uses the logarithmic potential function

@0, f(x)) =Inb + Zlnfm ) —0),

where § € R, f(z) = (f1(z),..., fa(z))T is the function value for an z € B, and
t > 0 is a tolerance (that depends on €). For 6 € (0, \¢(f(x))) where A¢(f(z)) =
min{ f1(z),..., fa(x)}, the function @, is well defined. The maximizer 6(f(x))
of function @.(0, f(z)) is given by the first order optimality condition

t0 1
= 1. (3)
M mzz:l fm(x) -0
This equality has a unique root since g(d) = f\?[ m=1 f, (x) g is a strictly

increasing function of ¢. The price vector p = p(f(x)) for a fixed f(x) is defined

by
t 0(f(x)

)
Pl @)= yr b @) = 0(f (@)

m=1,..., M. (4)
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We can show that p(f(z)) = (p1(f(2)),...,pm(f(2))) € P and Ac(f(x)) ap-
proximates 6(f(x)) (see Section [7]). The vector p(f(x)) is used in the approxi-
mate block solver ABS(p(f(x)),t) as the next direction for the optimization. If
fm(x) >> 0(f(x)), then pp,(f(z)) ~ 0. On the other hand, if f,,,(x) is close to
0(f(x)), then the price component p,,(f(x)) is close to 1.

Let ¢1(f(x)) = P(6(f(x)), f(z)) be the reduced potential value.

Now we define a parameter v = v(z, &) by

oz, ) = pTf(&) = pT f(x)
’ pTf(@)+pTf(x)’

where p = p(f(z)) € P and & € B is an approximate block solution produced by
ABS(p(f(z)),t). Notice that v(z, &) < 1. In Section [ we show that if v(x,2) <t
for t = ¢/6 (the stopping criteria), then z solves the primal problem (C.) and
the price vector p(f(z)), as defined in (), solves (D).

The main algorithm works as follows:

()

Algorithm Improve(f, B, ¢, z)

(1) set t:=¢€/6;v:=t+1;

(2) while v >t do end
(2.1) compute 0(f(z)) and p = p(f(x)) € P as defined in @) and {);
(2.2) set & := ABS(p(f(x)),t);
(2.3) compute v(z, Z);
(2(411) ifv(z,2) > t then set z = (1—7)z+7%, where 7 = QMEZ(Tf;g))ifT’fc)(z))
end;

(3) return(z, p(f(x)))

The algorithm Improve is a direct implementation of the Lagrangian de-
composition scheme. The algorithm starts with an initial vector z = 20 =
o Z%zl (™) where #(™) is the solution of ABS(e,,,1/2) and e,, is the unit
vector with all zero coordinates except its m.th component which is 1. Then, the
algorithm moves from z to (1—7)z+7& where & is the solution of ABS(p(f(x)),?)
until the stopping criteria v(z, #) <t is fulfilled. In Section [[l we prove that this
algorithm solves (C.) and (D) within O(Me~!(In M + ¢~')) iterations (calls to
the block solver). In order to prove this result, we show that

(1) the reduced potential values are monotone increasing from one vector x to
the next vector ' = (1 — 1)z + 72 (i.e. ¢u(f(x)) < P (f(2"))),

(2) there is an upper bound for the difference ¢:(f(y)) — ¢+(f(z)) for any two
vectors x,y € B with Ac(f(x)), Ae(f(y)) > 0.

The step length 7 is chosen as Mii(Tf }8))1(;%?@)) to prove property (1) for the

reduced potential values.

The total number of iterations can be improved by the scaling method used
in [I6J30]. The idea is to reduce the parameter ¢ in different phases to the de-
sired accuracy. In the s.th scaling phase we set €; = €5_1/2 and t5 = €5/6 and use
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the current approximate point z°~! as the initial solution. For phase s = 0,
we use the initial point 2° € B. For this point we have p” f(2°) > 1 A(p) for
each p € P. We set ¢g = (1 — 1/(2M)). The initial solution satisfies f,,(z%) >
oo = (L=1+ ,1)A = (1 — )N} for each m = 1,..., M. We show that
this scaling implementation computes solutions z and p for (C.) and (D.) within
O(M(In M + e?2)) iterations. Similar to the min-max problem the root 6(f(z))
can not in general be computed exactly. Therefore, we need a numerical overhead
of O(M Inln(Me~1)) arithmetic operations per iteration to compute 0(f(z))
approximatively. For the details of the analysis we refer the reader to Section [l

4 Scheduling Jobs on Unrelated Machines

In this section we consider now a classical scheduling problem. Let J = {J1,...,
Jn} be aset of n jobs and M = {My, ..., M,,} be a set of m machines. Suppose
that the execution time of job J; on machine M; is p;; > 0 for i = 1,...,m
and 5 = 1,...,n. The objective is to find a schedule such that each job is
processed by exactly one machine and the makespan (the largest completion
time) is minimized.

Consider an example with 6 jobs and 3 machines and execution times as given
in Table[Il A feasible schedule of length 8 is illustrated in Figure [l

In the general case the problem is strongly NP-hard, and there is no polynomi-
altime (14 €)-approximation algorithm for any € < %, unless P=NP [2§]. On the
other hand, there is a polynomial-time 2-approximation algorithm proposed by
Lenstra, Shmoys and Tardos [2§]. For a fixed number of machines, the situation

Table 1. An example with 6 jobs and 3 machines

job J; J1 J2 J3 Ju Js Js
D1j 3846 83

p2j 525 6 4 3
D3; 8 2 8 58 3
M, Ji Js
M, Jo Js
M Ja Je

Fig. 1. A feasible schedule for the example
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is better. Here the scheduling problem is weakly NP-hard (even for m = 2), and
there is a fully polynomial time approximation algorithm (FPTAS) proposed by
Horowitz and Sahni [I8] that runs in O(n™(""")™) time. This running time has
been improved by Jansen and Porkolab [19] to O(n(™)°™)). Recently, Fishkin

et al. [12] found a simpler and faster FPTAS that runs in O(n + (logem)o(mQ))
time. One of the main open problems in scheduling is to close the gap between
the lower bound (the inapproximability result) of 3/2 and the upper bound (the
best known approximation ratio) of 2.

In the next subsection we describe in detail the 2 - approximation algorithm by
Lenstra, Shmoys and Tardos [28]. The algorithm is based on linear programming.
Afterwards, we show how to improve the running time of this algorithm using
the min-max resource sharing framework [30/15].

4.1 A 2 Approximation Algorithm

The above scheduling problem can be described by the following integer linear
program ILP(T):

Min A

st D5y PiTi; <A i=1,...,m

Zglxij:]- jzl,...,n
xi; € {0,1} i=1,....m;j=1,...,n
l'ij:O pij>T,

where T is a guessed schedule length (see next paragraph). If a processing time
pi; > T we set z;; = 0. In any feasible solution of the ILP(T'), z;; = 1 indicates
that job J; is executed on machine M;. The first m constraints are used to bound
the total execution time on each machine by A, and the next n constraints ensure
that every job gets assigned to exactly one machine. The minimum makespan is
given by the solution of ILP(T") where T' = max;_; pi;.

The algorithm in [28] is based on guessing the schedule length T', solving the
linear program relaxation LP(T) of the above integer program and rounding
the fractional variables z;; € (0,1) to zero or one. Given a deadline or target
length T', the algorithm either deduces that there is no schedule with length at
most T (i.a. when the objective value A* of the linear program is larger than
T), or it constructs a schedule with makespan 2T (even if there is no sched-
ule of length T'). Notice that there are only nm different processing times p;;.
If T is fixed, variables x;; with corresponding processing time p;; > T are set
to zero (and eliminated). Therefore the number of choices for T' can be re-
stricted to the number of different processing times. Using binary search over
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these choices for T' and the rounding procedure described below, we obtain an
algorithm with approximation ratio 2. For the binary search we either sort the
list of processing times in non-decreasing order and store subsequences of the
ordered list or compute stepwise the median of a sublist of processing times. If
the minimum makespan OPT is larger than max; ; p;; then the objective value
of the LP relaxation for 7" = max; j p;; gives a lower bound for OPT.

Suppose now that OPT < max; ; p;;. The other case with OPT > max; ; pi;
works in a similar way. In this case the rounding step described gives a schedule
of length at most OPT + T'. Given deadline T' < max; j p;;, let J;(T') be the set
of jobs with execution time p;; < T on machine M; (ie. F;(T) = {J;|pi; < T'})
and let M;(T") be the set of machines that can process job J; in time at most
T (ie. M;(T) = {M;|p;j < T}). Suppose that M;(T) # 0; otherwise there
is no schedule of length at most T. Consider the following system LP(T) of
(in-)equalities:

Yseq.m) Pistis <T i=1,...,m
ZMiEMj(T)xijzl ji=1,....n
iy 20 J; € J(T),i=1,...,m

Each zero - one assignment corresponding to a schedule with bounded ex-
ecution times p;; < T is a feasible solution of this system of (in-)equalities.
Therefore, if there is a schedule of length 7', then this system is guaranteed to
be feasible. A vertex of the polytope corresponding to the linear program LP(T)
has the property that the number of strict positive components is at most n+m
(the number of rows in LP(T)). This implies that each basic feasible solution
has at most n + m positive variables z;; > 0; the other variables have value
zero. Since each job J; has at least one positive variable x;; > 0, at most m jobs
have been split onto two or more machines. In other words, n — m jobs have an
integral assignment z,; € {0,1} fori = 1,..., m. These jobs are assigned already
to an unique machine.

Given a basic feasible solution (z7;) of LP ("), we construct now a bipartite graph
G(z*) = (V, E) with vertexset V.= JU M (where J = {Jy,...,J,} and M =
{Mi, ..., My}) and edge set & = {(J;, M;)|x}; > 0}. By the arguments above,
|E| < |V]. This holds also for each connected component of G as shown below.

Lemma 1. Let C be a connected component of G(x*). The number of edges in
C is bounded by the number of vertices in C.

Proof. Let M¢c and Jo be the set of machine and job nodes contained in C,
respectively. Furthermore, let 7, denote the restriction of z* to variables z7;
with M; € Mc and J; € Je, and let z7, denote the remaining variables of
z*. Reorder the variables such that z* = (2§, z5). Consider now the following

restricted system of (in-)equalities:
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> seqi(mnge PiiTi; < T M; € Mc

Do MieM,(T)nMe Tid = 1 JjeJo

x5 >0 Jj € Jo, M; € M, where p;; <T.

We prove now that 27 is a vertex of the polytope corresponding to this system
of linear (in-)equalities. Suppose that this is not the case. Then there exist y1, y2
with x§ = (y1 + y2)/2 where y; are feasible solutions of the polytope. But then,
' = ((y1/2,75/2) + (y2/2,2%5/2)) where (y;, z5) are feasible solutions of the
original polytope. Since x* is a vertex, this gives a contradiction. Therefore, z,
is also a vertex of the restricted polytope and the connected component C' has
no more edges than vertices.

Since C' = G(z{,) is connected, C' is either a tree or a tree plus an additional
edge. The latter graph is called a 1-tree (see also Figure [2]) . This implies that
G = G(z*) is a pseudo forest (i.e. a forest of trees and 1-trees). For the rounding
we delete first all jobs with integral assignments. This generates a pseudo forest
where all leaves correspond to machine nodes. Each remaining fractional job

O ™
J ) J

O—

Fig. 2. One of the 1-trees in a pseudo forest
: E J)——— @

Fig. 3. The orientation along the cycle in the 1-tree
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)

Fig. 4. The remaining trees and assignment of job to machine nodes

node has at least two incident edges. The next step is to eliminate the cycles in
the remaining graph G’ and to construct a matching in G’ in which every job
node gets matched to an unique machine. Using such a matching, each machine
will have load at most 27 (i.e. a load of at most T by the integral assignment
and at most 1 further job by the matching).

We construct the matching in the following way: for each remaining 1-tree
we determine the unique cycle in it and orient the cycle in one direction (see
also Figure ). Using this orientation, each job node in the cycle is assigned to
its succeeding machine node. After that we delete all nodes along the cycles. In
this way we obtain a set of trees with at most one job leaf per resulting tree.
Here we use the fact that the original 1-trees have only leaves corresponding to
machine nodes. Finally we root each tree at its unique job leaf or at an arbitrary
job node (if no job leaf exists) and assign each job node to one of its children
(that is always a machine node). An example is given in Figure[dl This gives an
assignment where each machine gets at most one job and each job is matched to
exactly one machine. Since each processing time p;; < T for M; € M;(T), the
schedule corresponding to this assignment has length at most 7.

4.2 A Faster (2 4+ €) Approximation Algorithm

The main bottleneck in the approximation algorithm is the time needed to solve
the linear program LP(T'). Let us consider the min-max resource sharing ap-
proach with coupling constraints:

Min A
filz) = 320 pigaij < A, i=1,...,m,

and block B = B! x ... x B™ where B7 is a simplex that contains the variables
(2ij)i=1,...,m and that is given by the following (in-)equalities:

Dimy i =1,
Tij = 0 fO’I“ Dij > T

ri; >0 forpy <T.
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In the block optimization we have to compute for a given price vector y =

(Y1, ,Ym) € P:
A(y) = min{y” f(z)|z € B}.

Since B = B! x ... x B", the minimization can be done independently (or
separately) over each B?, j = 1,...,n. For each simplex B’ we have to compute
the minimum modified processing time y;p;; over machines ¢ with p;; < T'. Each
block optimization takes O(mn) time. Furthermore, the number of iterations to
find an assignment  with length < (1+¢€)7T is O(m(Inm+e~2Ine~')), if one as-
signment of length T exists. The overhead (the numerical calculations to compute
the root 6(f(z)) approximately) in each iteration is at most O(m Inln(me=1)).
This gives a running time of at most

O(m?(Inm + e ?Ine ') max(n, Inln(me™1)))

to approximately solve the linear program. Using the recent result by Jansen
and Zhang [22], the running time can be slightly improved to

O(m?*(Inm + € 2) max(n, Inln(me™1))).

Using other variants of algorithms for the min-max resource sharing problem,
we can achieve other running times (with dependence on n and m). For example,
the number of iterations in the exponential-potential method with K disjoint
blocks and separable coupling constraints is O(K In M (e=2 + In M)) [15]. This
can be used directly for our scheduling problem (where K = n and M = m).
The number of iterations is O(nInm(e=2 + Inm)). This would give a running
time of

O(nmInm(e”? + Inm) max(n, Inln(me™1))).

This was further improved by Villavicencio and Grigoriadis [35] by simplification
of the block optimization. In their approach, it is sufficient to optimize over only
one block instead over K blocks.

However, in order to apply the rounding procedure, the approximate solution
= (Z;;) of the linear program must be converted into a modified solution
= (2;5). For the solution Z of LP(T) we construct again a bipartite graph
G(z) as before.

2 8l

Lemma 2. Let T be a solution of the linear program LP(T) represented by a
bipartite graph G(z) = (V,E) with V.= JU M. Then T can be converted in
O(|E|m) = O(nm?) time into another solution & of the same length where the
corresponding bipartite graph G(&) is a forest.

Proof. The main idea is to eliminate cycles in the bipartite graph. First consider
the case where G contains of only one cycle ey, ..., ea. (see also Figure[l). The
idea is to perturb the values along the cycle to force at least one coordinate of
the assignment  to be 0. We can always either increase the coordinate of the
assignment T for each edge es; and decrease those for each edge es; 1, or vice
versa. If e; and e;11 meet at a job node the perturbation must have the same



170 K. Jansen

Fig.5. Assignment of job nodes to machine nodes

magnitude. If e; and e; 1 meet at a machine node, the perturbation is linearly
related to the load constraint.

Consider the cycle in Figure g Suppose that we add §; > 0 on edge e; =
(J1,M1), 62 > 0 on edge e3 = (J2, M2) and d3 > 0 on edge e5 = (J3, M3). In
this case we have to decrease the edge eg = (J1, M3) by d1, edge e = (Ja, M)
by d2 and edge ey = (J3, Ms) by d3. In other words, we add along the cycle
(e1,...,eq) the following values (81, —d2, d2, —03, d3, —01). In order to satisfy the
load constraints, the following inequalities must be satisfied:

01p11 — 62p12 < 0
dap22 — d3pag <0

d3p3z — d1p31 < 0.

These inequalities imply that
52 > 51 P11

- P12

63 > 62 D22

- D23

D33
61 = 63 P31’

Such a choice of values for §; is possible, if

5 > P33 P22 P11 51
P31 P23 P12

or equivalent if g o Z o g n<L Furthermore, if this condition is satisfied, we can

always define values for §; that satisfy the load constraints (e.g. do = 01 gi;’

03 = 52222 for a given d7). In this way all constraints are satisfied. Now we
compute a value for d; that forces at least one coordinate of Z to be 0. Given

the approximate LP-solution Z = (Z;;) we define

51 = mind Far. % P12 _ P12 P23
1= min{Z31,Z12" ", Ta3 .
P11 P11 p22
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By adding the values along the cycle we get
11 = ZT11 + 01

P11

T2 =T12 —01,)]

P11

Tog = Ta2 + 01,

P11 P22

L23 = j23 - 51 P12 P23

— 7 11 P22
xSS - ‘TSS + 51 212 223

31 = 31 — 01.

It is not complicated to check that all variables x;; > 0 and x;; < Z;; +Z;; where
M;: is the other machine corresponding to job J; in the cycle. For example,
using 01 < T3; we have 31 > 0 and x11 < Z11 + T31. In other words, the new
solution is also a feasible solution of LP(T"). We have z;; > 0, Zf\il zi; =1 and
Z;‘Zl pijxi; < T. For example consider the constraints corresponding to job Jy
and machine M;. We have x11 + 231 = T11 + 01 + T31 — 01 = T11 + T31 and
P11%11 + P12%12 = P11%11 + P1101 + P12%12 — P1201 gi; = p11Z11 + p12Z%12. This
implies that the same total fraction of job J; is assigned to machines M; and
M3 and that the load on machine M; has not been changed. The same holds for
the other jobs and machines. Furthermore, using the choice of §; at least one of
variables x12, x93 or x3; will be zero.

On the other hand, if Z::’j gzz gi; > 1, then we can increase the coordinates
of T for each edge es,eq, 66 and decrease the others. This means that we will
add (—d1, 02, —d3, d3,01) with ; > 0 along the cycle (eq,...,eq). In this case we

compute
2 _ P22pP33

T 41
(51 = Hlll’l{l‘n, T12 , L22
P11 P23 P31
and set 3 = 7 pg; and do = 3 gzz. Similar to the other case, we can compute a
feasible solution x;; of LP(T") and can force at least one coordinate of the cycle
to be 0.

By a modified depth first search we can generalize the above procedure to
generate a solution & where the bipartite graph G(&) is a forest. When a cycle
is detected by a back edge, the perturbation is computed for the cycle and the
search is restarted. When we detect that an edge does not belong to any cycle
in G, then we store the information of the edge (i.e. the assignment for the
corresponding job) and delete the edge to avoid repeatedly searching through
this part of the graph. Since the depth of the search tree is at most 2m, after
O(m) steps we either find a cycle or delete an edge that is not in any cycle.
In both cases we delete at least one edge. Therefore, the total search time is
O(|E|m). Furthermore, the time to compute a perturbation along a cycle can
be bounded by O(m). This implies that the total running time of the rounding
procedure is O(|E|lm) = O(nm?).
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5 Strip Packing

In this section we consider the problem to pack rectangles into a strip (strip pack-
ing). A rectangle r; is given by its width w(r;) = w; and height h(r;) = h; where
0 < w;, h; <1.Let L be alist of n rectangles r; = (wj, h;). Given a strip of width
1, the strip packing problem is to find a packing of the rectangles r; € L into the
strip with minimum height such that all rectangles have disjoint interiors. The
height of a strip packing is the uppermost boundary among all rectangles in the
packing. Here rotations of rectangles are not allowed. We suppose that the list
L of rectangles is ordered by non-increasing widths: wy > we > ... > w,.

A related problem is a scheduling problem with parallel multiprocessor tasks.
Suppose there is given a set of n tasks T'= {T4,...,T,} and a set of m identi-
cal processors M = {Mj, ..., M,,}. Each task T; has to be processed on size,
processors (where size; € {1,...,m}) with execution time p;. Given size; pro-
cessors allotted to task T}, these processors are required to execute task 7} in
parallel and without preemption, i.e. they all have to start processing task 7; at
some starting time 7; and to complete it at 7; +p;. Each processor can execute at
most one job per time. The objective is to find a feasible non-preemptive schedule
that minimizes the overall makespan; i.e. the maximum completion time among
all tasks:

max{r; +p;lj=1,...,n}.

This problem is called non-malleable parallel task scheduling (NPTS). An
example with 7 tasks and size; = ... = sizeq = size; = 1, and sizes = sizeg = 2
on three processors with processing times p; = 5, po = 2.5, p3 = 1, ps = 1.5,
ps =4, p¢ = 4 and py = 2 is given in Figure [fl Notice that in general tasks can
be executed on any set of processors with cardinality size; (i.e. the processor
set do not need to be consecutive). The length or makespan of the schedule in
Figure[@is 10.5. NPTS is strongly NP-hard even for any constant number m > 5
of processors [I1]. Furthermore, 2 is the best known approximation ratio for the
problem [I3]. If the number m of processors is fixed, then there is a polynomial
time approximation scheme (PTAS) [20/2].

0 1 2.5 6.5 10.5

Fig.6. A schedule of parallel tasks
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Notice that the strip packing problem is equivalent to NPTS with consecutive
processor allocation for tasks. Furthermore, there are other versions of NPTS in
which the processors are arranged according to a given network (e.g. a hypercube
or a mesh) [RI29/37] and tasks must be executed on a certain subset (e.g. on a
subcube or a submesh). An example is illustrated in Figure[ where each submesh
corresponds to a rectangle of processors. In this case the scheduling problem
is equivalent to a 3-dimensional packing problem. For a survey on scheduling
parallel multiprocessor tasks we refer the reader to [10].

For a particular input list L of rectangles, let OPT' (L) be the minimum height,
and let A(L) denote the packing height obtained by algorithm A. The absolute
performance ratio of A is supy, A(L)/OPT(L). The asymptotic performance ra-
tio of A is

limsupo pr(r)—oec A(L)/OPT(L).

An asymptotical fully polynomial approximation scheme is a family of approx-
imation algorithms A. with asymptotic performance ratio 1 + ¢ and running
time polynomial in the length of L and i In the following we describe in details
an asymptotical fully polynomial time approximation scheme (AFPTAS) for the
strip packing problem with bounded rectangle heights h; < 1 [25]. The algorithm
computes a packing of height at most (1+¢)OPT(L)+ O(1/€?). Notice that the
algorithm works also for NPTS with or without consecutive processor allocation
for tasks. For other results on strip packing we refer the reader to [3[731132].

Fig. 7. 2-dimensional mesh of processors

Let hypqq denote the maximum height of any rectangle in L. We suppose that
the maximum height h,,,; < 1. Next we describe the main ingredients of the
AFPTAS, and later we show how the max-min resource sharing approach helps
to improve the running time of this approximation scheme.

The approximation scheme works as follows:

(1) it partitions the list L = (rq,...,7,) of rectangles into a set of narrow
rectangles Lygrrow = {Ti|w(r;) < €} and a set of wide rectangles Li4e =
{rilw(r;) > €} where € =¢/(2 +¢),
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(2) it rounds the set Lyige into a similar instance Ly, that has only O(1/€?)
different widths,

(3) it solves approximately the fractional strip packing problem (see next sub-
section) for Ls,, and constructs a feasible strip packing for Ly,

(4) it packs the rectangles in L, qrr00 using a greedy algorithm into the remain-
ing space.

5.1 Fractional Strip Packing

A fractional strip packing of L is a packing of any list L’ obtained from L
by replacing some of its rectangles r; = (wj;, h;) by a sequence of rectangles
(wi, hiy), (Wi, hiy)y .oy (wy, hy, ) where by, ... h;, >0 and 25:1 hi, = h;. Some
of the ideas below are based on a rounding technique for bin packing [9] and on
other approximation algorithms for rectangle packings [3I7]. In step (3) of the
algorithm we suppose that all n rectangles have only M different widths w} >
wh > ... > wh, > €. Similar to bin packing we associate a set of configurations
(multisets) that could occur in a fractional strip packing. A configuration is a
multiset {1 @ Wi, a9 + wh,...,anm; : wh,} where a; denotes the number of
occurrences of width wj in configuration C; such that Zf\il a;;w; < 1. Let ¢ be
the number of different configurations.

For each fractional strip packing P of total height i, we can compute a vector
(x1,...,mq) with z; > 0 associated to P. Scan the packing bottom up with a
horizontal sweep line y = a where 0 < a < h. Each line corresponds to one
of the configurations. Therefore, each fractional strip packing can be described
by a sequence of configurations Cj,, ..., C;, with heights h;,,...,h;, such that
ie € {1,...,q} for £ € {1,...,k} and Zif:l hi, = h. For each configuration C}
let z; = ZZICJ-:CE@ hi, be the total height of C; in P.

Table 2. The different configurations with rectangles of type A and B

configuration a1; = number of A’s az; = number of B’s
o 3 2 2 1 9
Cs
Cs
Cy
Cs
Cs
Cr

I
~

SV
NN W 1w
SN

=Ny W

S RN
NN N W

O O~ ON

—= O N = WO

In Figure§ we have a packing P with rectangles of type A with width 3/7 and
height 1 and rectangles of type B with width 2/7 and height 3/4. The possible
configurations with these types are given in Table 2l The vector corresponding
to the strip packing is: (3/2,5/4,0,0,0,0,0).

In the next part we study the fractional strip packing problem. Let 3; be the
total height of all rectangles in the instance with width w}. The fractional strip
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2.75
Al A

1.75
B| Bl A

— 1

0.75
A |B|B

0

Fig.8. A packing with 4 rectangles of type A and B

packing problem can be solved via linear programming. Use for each configura-
tion C; a variable £; > 0 that denotes the total height of C; in the fractional
strip problem. Then, LP(L) is given by

Min 379, z;
s.t. Zjaijsz@- Z:].,,M

z; >0 i=1,...,q.
We denote with LIN(L) the minimum objective value of LP(L) for a given
list L. Fractional strip packing is closely related to fractional bin packing where
the vector 8 in LP(L) is a vector (n1,...,ny ) with integer components. In bin
packing we have a list of items of sizes a; > ... > aj; > € with n; items of size a;,
fori=1,...,M. A configuration C; here is a multiset {a1; : a1,...,am; : am}
where a;; denotes the number of items of size a; in C;. The fractional bin packing
problem can be solved approximately with additive tolerance ¢ (i.e. obtaining an
objective value LIN (L) 4 t) in time
076 102 Mn  Mb5n_ _ Mn

+ In )

O(
at t at

using the algorithm by Karmarkar and Karp [24J26] (where n is the number of
items, M is the number of distinct sizes, and a is the size of the smallest item).
The algorithm is based on linear programming techniques (ellipsoid algorithm
and separation oracle), but does not use the fact that the vector (ny,...,nys) is
integer. Therefore, it can be used for fractional strip packing, too. This means
that the fractional strip packing problem can be solved approximately with addi-
tive tolerance ¢ = 1 in time polynomial in M, n and 1/e. The number of non-zero
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h+ MPhpa,

T m1"‘35’24_2hm¢m

1 T + hmax

Fig.9. Reserving space for wide rectangles

h+ Mhipaq

T + X2 + 2hmax

1 T + hmax

Fig.10. Packing wide rectangles into the reserved space

variables (that is the number of configurations used) in the solution of LP(L) is
at most M. In the next Lemma we show how to transform a general fractional
solution into an integral solution.
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Lemma 3. Let © = (z1,...,24) be a solution of LP(L) with objective value h
and at most M non-zero variables ;. Then we can transform such a solution
into an integral solution or packing with height at most h + Mhpqe < h+ M.

Proof. Without loss of generality we assume that z1,...,23 > 0 and zpr41 =
... = x4 = 0. We construct an integral packing of height h + Mhy,q0 < h + M
as follows: First cut the strip into M regions Q1,...,Qum of heights 2; + hax
between levels ¢; = Zi;i i+ (j — 1)hmas and 411 = chzl Tk + jhmaz (see
also Figure[d). The region @); corresponds to configuration C;. Each region Q); is
divided into a;; columns of height z;+hyq, and width w}, for eachi =1,..., M.

Then we place rectangles of width w; by a greedy algorithm into columns
of the same width until the height of a column is larger than x; or the list of
rectangles is exhausted (see also Figure [I0]). We can pack all rectangles into the
reserved space, since Y j Qg is at least the total height §; of all rectangles of
width w}. Suppose that not all rectangles fit into the columns. This implies that
all columns of width w} are filled up to a value larger than x;. Counting over all
columns of width w; we obtain a total height larger than > a;;z;. Since this
sum is at least [3;, we get a contradiction.

The next goal is to obtain a nice layout of the integral packing. Let ¢; > ¢ >
... > cpm denote the total widths of the wide rectangles configurations C, for
j=1,...,M'" If each layer [0,1] x [¢;,¢;4+1] can be divided into three regions
Rj, R, R} such that

(i) Rj = [¢j,1] x [4;,€541] is completely free and will be used later to place
narrow rectangles,
(ii) R, =10,¢5] x [¢5,¢;41 — 2] is completely filled by wide rectangles, and
(iii) Rif =[0,¢;] X [€j41 — 2,¢;41] is partially filled by wide rectangles and those
free space is not used later for narrow rectangles,

then we call the integral packing nice. Condition (4¢) is important for the analysis
of the algorithm.

Lemma 4. Let © = (z1,...,24) be a solution of LP(L) with objective value h
and at most M non-zero variables xj. Then we can transform such a solution
into a nice packing of height at most h + M'hyq: < h+ M’ and with at most
M' = 2M configurations.

Proof. Let x = (z1,...,%4) be the vector as above. Now we cut the strip into
M regions Q1,...,Qn of heights x1,...,zp. As above, each region @; (corre-
sponding to configuration C;) is divided into «;; columns of widths w}, for all
i =1,...,M. Then we place the rectangles of width w} into the columns until
exactly height x;. In this way, each column contains a sequence of rectangles
that completely fit inside the column and possibly the top part of a rectangle
which had been started in a previous column and the bottom part of a rectangle
which is too tall to fit into this column.

If we have too much space in the columns of width w}, then we distribute the
rectangles among the columns and erase the extra part. We split the configu-
ration C; into two configurations: one configuration of the old type where the
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w1 w1 W2 W2 W2

w1 w1 W2 W2 w2

Fig.11. Splitting a configuration Cj

columns of width w] are completely filled and one configuration without columns
of width w] (see Figure [[I)). Such a case can happen at most M times. There-
fore, the total number M’ of configurations after this transformation is 2M. The
consequence is that all columns are completely used by rectangles. After that we
reserve space for the M’ configurations with regions Q1, ..., Qs between levels
¢; and £j41 of height ©; + hmaz-

Each column C' of the fractional strip packing of width w] and height z;
is associated to a column C, of width w] and height z; + hpmas. In Cy we
place all rectangles which fit completely in C' (by the previous step) and the
rectangle whose bottom is in C' and whose top is another column. By the above
construction, there is at most one rectangle of this type and the total height of
rectangles placed in C is at least ; —hmaz > ¢ — 1. Therefore, each column C
is completely filled by wide rectangles until £; + x; — 1 > £;;1 — 2. This implies
that region R;» is completely filled by wide rectangles. Furthermore, region R; is
completely free and R is partially filled by wide rectangles. Therefore, we have
a nice integral packing.

Now we describe the rounding technique for the general case. Remember that
Lyarrow = {rilw; < €} and Lyige = {rilw; > €'}. The next goal is to round
the rectangles in L4 to obtain an instance L, with a constant number of
different widths, where the optimum objective function values for the fractional
strip packing instances satisfy LIN (Lsyp) < (1 + €)LIN (Lyige)-

Definition 1. Given two sequences L = {r1,...,rp,} and L' = {r{,...,r} of
rectangles. We say that L < L' if there is a bijection f : L — L' such that the
width w(r;) < w(f(r;)) and height h(r;) < h(f(r;)) fori=1,...,n.

The main idea now is to approximate Lqiqe by a list Ly, such that L. <
Lgyp and that Lg,, has only M different rectangle widths. To construct Ly,
we build a stack packing as follows: we stack up all rectangles of L,,;4. by order
of non-increasing widths on a left-justified stack of height H = h(Lyide) (see
also Figure [[2)). We suppose that h(Lyqe) is larger than a constant O(M) =
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4H/M

group 4
3H/M

group 3
2H/M

group 2
H/M

group 1

0

Fig.12. The stack packing for L4 and partition into groups

O(1/€%); otherwise we can neglect the wide rectangles (i.e. use the standard next
fit decreasing height (NFDH) algorithm for the narrow rectangles and place the
wide rectangles of length at most O(1/€2) at the end. We specify M rectangles
on the stack as threshold rectangles. A rectangle packed on the stack is called a
threshold rectangle, iff it intersects (either with its interior or at the lower side)
with a horizonal line at height ¢h(Ly;qe)/M for i =0, ..., M — 1. Since the stack
height h(Luyige) > O(1/€?), each rectangle on the stack of height at most 1 can
intersect with only one line.

The threshold rectangles are used to separate the wide rectangles into M
groups. The i.th group consists of the threshold rectangle at line ih(Lqyige)/M
and rectangles that lie completely between the lines ih(Lyiqe)/M and (i +
1)A(Lwidge)/M. The widths of all rectangles in group ¢ are rounded up to the
width of the threshold rectangle which has the largest width (see Figure [[3).
This defines our instance Lg,,; it contains now of rectangles with only M dis-
tinct widths. Furthermore, each rectangle’s width is larger than ¢’. Next we
apply the fractional strip packing algorithm on the instance L,; and construct
an integral nice packing for L.

Afterwards, we have to add the rectangles in L, qrrow. This can be done as
follows. First we order these rectangles by non-increasing heights. We place the
narrow rectangles in the M’ free rectangular regions Ry, ..., Ry (with R; =
[cj,1] x [¢;,€;+1]) according to a modified next fit decreasing height (NFDH)
strategy (see also Figure [[4)). First we use NFDH to place the rectangles into
R;. In this heuristic the rectangles are packed on a sequence of levels. The
first level is the bottom line in R;. Each subsequent level is the horizontal line
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Fig.13. Linear rounding to construct Lsup

above the highest (the leftmost) rectangle on the previous level. The rectangles
are placed in a left-justified manner on a level in R; until there is not enough
space to the right to pack the next rectangle completely on the level. At such a
moment, a new level is constructed as above and the packing proceeds on the
next level. When a level with the first rectangle does not fit into R;, then we
start a new level at the bottom line of Ry and use NFDH again. The procedure
is iterated until Rps (if necessary). When a level with first rectangle does not
fit into Ry, then we start a new level at line £p;/41. In this case we pack the
remaining rectangles in the strip with the usual NFDH heuristic. Notice that no
narrow rectangle is placed in region R; (on the first level), if the current narrow
rectangle to be placed has width w; with w; +¢; > 1. In this case the total width
¢; of the wide rectangle is at least 1 — €.
The algorithm STRIP — PACK can be summarized as follows:

given: list L = (rq,...,7y,) of rectangles with heights h;, w; <1,

(0) set € = (24e) and M = (1),

(1) partition L into Lyarrow and Lyide,

(2) construct Lgyy such that Lyge < Lsyp and that Lg,, has only M distinct
widths,

(3) solve the fractional strip packing problem corresponding to Lg,, approxi-
mately using the algorithm by Karp and Karmarkar,

(4) construct an integral nice strip packing for Lg,p,

(5) use modified NFDH for the rectangles in Lyqrr0w and pack them into the
regions Ry, ..., Ry and above if necessary.



Min-Max and Max-Min Resource Sharing 181
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Fig. 14. Adding narrow rectangles by Modified Next Fit Decreasing Height

Let i/ be the height after step (4) and let h finq; be the final height after adding
the narrow rectangles. Remember that M’ < 2M. The following Lemmas are
useful for the analysis of the algorithm.

Lemma 5.
LIN(Lsyp) < LIN(Lyige)(1+ ,1..)
SIZE(Lsup) < SIZE(Luyiae)(1+ ,}.,)

where LIN (L) is the height of the optimal fractional strip packing and SIZE(L)
18 the total area of all rectangles in L.

Proof. Consider the following generalization of the relation <. Given any list L
of rectangles, first build a stack packing as described above. Let STACK (L) be
the polygonal region in the plane covered by the stack packing for L. Then we
say L <, L' iff STACK(L) is contained in STACK(L’). The relation implies
directly that LIN(L) < LIN(L') and SIZE(L) < SIZE(L’).

We define now two sequences L;,  and L, of rectangles such that L , <,

sup

Lyide <g Lsup <g L’sup. To do this we cut the threshold rectangles that intersect
a line h(Lyge)/M in two pieces and divide the rectangles into M groups of
exactly height h(Ly;qe)/M. Group ¢ consists of all rectangles that lie between
line (i — 1)h(Lwide)/M and ih(Lyiqe)/M. Let a;,b; be the smallest and largest
width of rectangles in group 7. Rounding each rectangle in group ¢ up to b; (and
up to 1 for the first group) generates L{,,. Rounding each rectangle in group i
down to b;41 (and down to 0 for the last group) generates L/ Iz

Then the STACK(Ly,,) is equal to the STACK (L], ;) plus one rectangle

sup

with width 1 and height h(Lyqe)/M. This implies that
LIN(L,,,) = LIN(L},;)+ h(Lwide)/M

sup

SIZE(L.,,) = SIZE(L,, )+ h(Luwiae) /M

sup
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Therefore, LIN(Lyup) < LIN(L,,,) < LIN(L}y, ;) +h(Luiae) /M < LIN (Luiac)
+ h(Luyide)/M. Since all rectangles in Lyqe have a width > €, we have
h(sz‘de)€/ < SIZE(Lwide) < LIN(Lwide). This gives LIN(Lsup) < LIN(Lwide)

(14 ,/..)- In the same way we can prove the bound for SIZE(Lgup).

Lemma 6. Let Louy = Lsup U Loarrow- If Rpinat > B then
htinar < SIZE(Lauz)/(1 — 6/) +4M + 1.

Proof. Let (a1 < ... < a,) be the ordered sequence of levels constructed by
modified NFDH, and let (a5, < ... < as,,) be the subsequence of levels with
at least one rectangle. Furthermore, let by, (b;,) be the height of the first (last)
narrow rectangle placed on level as,, i = 1,...,7’. A level as, is closed when
the next narrow rectangle does not fit completely on the level. Notice that all
narrow rectangles on level a,, have height > b . Let (as, < ... < as.) be the
subsequence of (as, < ... < as,) such that as, + 05, < £;11 — 2 where j is the
layer that contains level ag,, for ¢ = 1,...,7. Let lay(k) = j be the layer that
contains level aj. An important fact is that region R = [0, ¢;] x [¢;,£;41 — 2] is
completely covered by wide rectangles in Ls,,. Let us consider three cases:

Case 1: Level a; with at least one narrow rectangle and ap+bj, < {14y ()41 —2-
In this case k = 3; for ¢ € {1,...,7}. The modified NFDH algorithm implies that
interval [ay, ax + b)) C [{;,¢;4+1 — 2]. Therefore, an area of at least b} (1 —¢€) is
covered by wide and narrow rectangles in Lgyp U Lypgrrow-

Case 2: Level a;, with at least one narrow rectangle and ax 40}, > £iqy(k)+1—2
and ar < lyqy(k)+1 — 2. In this case an area of ({;qy(k)+1 —2—ax)(1—¢€) is covered
by wide and narrow rectangles.

Case 3: Level a; without any narrow rectangles and ax < €14y (x)+1 — 2. This
case may happen, when the wide rectangles have already a total width larger
than 1 — ¢’ and the current narrow rectangle to be placed is too wide. In this
case an area of at least ({jqy(x)+1 —2 —ax)(1 — €') is covered by wide rectangles
in Lgyp.

Notice that case 2 and 3 can happen only once per layer. Let

X = Z (glay(k)+1 -2 — ak).

kZ{51,-,57 },0k <liay(k)+1—2

Then the total size SIZ_E(LSUP U Lyarrow) of all wide and narrow rectangles is
at least (1 —¢)(X + >, b;,). Using by > bs,,, fori =1,...,7 — 1, we get
SIZE(Lsup Y Lnarrow) 2 (Zfz_ll bsiyy + X)(1—¢).
On the other hand, the height of the final packing is at most Z;l bs, + X +
2M'.
This gives
hfinal < Zle bgl + X +4M
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<Y bs, + X HAM 41

< SIZE(L(TEEJ/J;MMW) 4+ 4M 4+ 1.

Let OPT(L) be the minimum height used by an optimal algorithm.

Theorem 1. Given a list of rectangles L = (ry,...,ry) with w;,r; < 1, algo-
rithm STRIP — PACK produces a packing of total height

hfinal < (14 €)OPT(L) + O(1/€?).
The running time of STRIP — PACK is polynomial in n and 1/e.

Proof. Lemma [ implies that

)
Me’"
Suppose that A fing > h'. In this case using Lemmal6land SIZE(L) < OPT(L),

SIZE(Laus) < SIZE(L)(1 +

(+,10)
hpina < SIZB(L)" (25 +4M + 1

<oPT(L) ([ +4M +1.

On the other hand using Lemma
B < LIN(Lgsyup) +1+2M
< LIN (Luwige) (1 + ppo) +1+2M
< LIN(L)(1+ ,}.)+1+2M
<OPT(L)(1+ ,;.)+1+42M.
Both cases together and the definition of ¢ and M imply the following bound

(4 00)
hfinal < OPT(L) (1—¢) +4M +1

< (1+€)OPT(L)+4(*)?+1

< (1+¢)OPT(L)+O(L).

€

5.2 Improving the Running Time of the AFPTAS
We can solve the fractional strip packing problem

Min 327, @
st D5 C;;ijfszl, i=1,...,M, (6)

z; >0, ji=1,....q.
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by binary search on the optimum value and testing in each step the feasibility
of a system of (in-) equalities for a given r € [L, U] where L, U are lower and
upper bounds on the optimum height. A simple upper bound can be computed
using approximation algorithms for strip packing or nonmalleable scheduling
(see [1J33]). Interestingly, the height of the packing can be bounded in these

algorithms by 2 Zf\il Biw}+hmaz Where hyqe = maxp,er h; is the maximum

wide
height over all wide rectangles. Notice that the total area Zf\il Biw; and hppgg
are both lower bounds on the optimum fractional strip packing. Therefore we
can use L = max{zij\il Biw}, himaz} and U = 3L.

The system of (in-)equalities is given as follows:

q
S May>1,i=1,...,M, (1;) € B,
2 5

where

q
B={(x)| Y w; =r,z; > 0}.
j=1
Let us consider the following problem:

Oél'j

g oz A =1 M, (5) € B}, (7)

q
A" = Max{A| Y
j=1

This is a max-min resource sharing problem with one block B and M cover-
ing constraints. Let the M coupling (covering) constraints be represented by
Az > A. We can compute an (1 — €) - approximate solution for the max-min
resource sharing problem ([7l) where € = ©(¢) in O(M (=2 +1n M)) iterations (see
Section 3), each requiring for a given price vector y = (y1,...,yn) an (1 — &/6)
approximate solution of the block problem

Max{y” Az|z € B}. (8)

Since B is just a simplex, the optimum of this linear program is attained at a
vertex Z of B that corresponds to a single configuration C; with £; = r and
Zj = 0 for j # j'. Thus it is sufficient to find a subset of rectangles that can
occur at the same time and has largest associated profit value d; in the profit
vector dI = yT A. This can be described by an integer linear program with
variables z; that give the number of rectangles of width w}. We have to solve
approximately for a given M - vector (y1,...,ynm):

M i
Max 3oy § 2

s.t. Zf\il wiz; <1 9)

z; > 0,integer.
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This is a classical Knapsack problem with unbounded variables. This problem
can be solved approximately in O(M + (1/€)3) time [27]. The overhead (i.e.
the numerical calculations) per iteration is O(M Inln(Mée~1)). This implies that
the max-min resource sharing problem can be solved approximately with value
(I —éA*. In our case we have A* > 1 for r > OPT.

There are two possible outcomes of the max-min resource sharing procedure:

either we find a solution that covers at least >, aﬁ” z; > (1 — € or we can

QLJ

conclude that there is no solution with Z i > 1. In the first case we can
choose in the binary search a smaller value for r and in the second case OPT > r
and we must choose a higher value for r. By binary search on r in the interval
[L,3L] we can compute in this way a solution (z;) with 3°7_, #; < (1+4/4)OPT
and 25:1 (evij/Bi)x; > (1 —€) where OPT is the height of an optimal fractional
strip packing. Now we can set Z; = x;(1 + 4€) and obtain

Za’“- (1-&)(1+48) > 1
for € < 3/4. In this case, the length of the generated strip packing is at most
q
> & <OPT(1+48)(1+6/4) < (1+6)OPT

by choosing § < 1 and € = 3§/20. Since the optimum of (@) lies within the
interval [L, 3L], the overall running time of the algorithm is

1 1
O(M( 5, +InM)ln(y) 5

Interestingly, the binary search can be avoided by computing only a solution for
one value for r (see [23]). This gives a total running time of

max(M + Mlnln(]\f))).

1 M
52 + In M) max(M + 63,M1n1n( 5 )))-

Using M = O(1/€%) and § = O(e), the block solver runs in O(e~3) time and
the fractional strip packing can be solved in time O(e~").

The algorithm above is based on ideas by Plotkin et al. [30] for bin packing
(with a more involved and complicated block optimization) and by Jansen and
Porkolab for general covering problems [2I]. Comparing with the approach in
[30], the knapsack problem above has unbounded variables. Plotkin et al. [30]
used a decomposition method to reduce the width p in the fractional covering
problem. Using this technique, the block problem becomes more complicated.
In fact the block problem is a knapsack problem with additional constraints on
the variables and the underlying approximation scheme has a slower running
time of O(min(Me=2, Mloge™! + ¢7%)) = O(e~*). The number of iterations in
their approach is O(M log® p(log® M + e~ 2log(Me~1))) where p is the width of
fractional covering problem. The width can be bounded by the optimum value

O(M(
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of the fractional strip packing instance or the number of wide rectangles. This
would give a slower running time of O(e~8In(e=3) In?(n)).

The number of configurations in the computed solution using the max-min
resource sharing framework is O(M(e=2 +1In M)) = O(e~*), since we add one
configuration x; > 0 in each iteration. This number can be reduced to O(e=2)
by solving several systems of (M + 1) linear equalities with M + 2 variables.
Consider a solution Z = (%;) of the linear system:

Doy Ty =bi > B i=1,...,M
1% =bup < (1+8)OPT

where w.lo.g. &; >0forj=1,...,¢ and Z; =0for j = ¢'+1,...,q. Take now a
submatrix B with M + 2 columns and M + 1 rows and solve the system Bz = 0.
Then there is a nontrivial vector 2 # 0 such that BZ = 0. We can eliminate
one positive variable Z; corresponding to one of the M + 2 columns in B (i.e.
by using & = T + Z0 where Z is the vector of dimension ¢ that contains Z and
additional zeros and ¢ is appropriate chosen). Each round for eliminating one
component can be done in O(M(M)) time, where M(n) is the time to solve a
system of equalities with n variables and n constraints. The number of rounds is
O(e~%). This gives O(e~*M(e7?)) time to reduce the number of configurations.

6 Analysis for Min-Max Resource Sharing

In this section we give the details for the analysis of the algorithm by Grigoriadis
and Khachiyan for the min-max resource sharing problem (for the definitions we
refer to Section 2). First we show several properties for the minimum value
6(f(x)) of the potential function @, and for the price vector p(f(z)).

Lemma 7.

(a)  p(f(z)) € P,

0)  M(f@)+ 4 < 0(f(x) < M(f(2) +t,
(¢ p(f@)flz) = —t+0(f(2))

Proof. By (1) we have Zi\n/lzl pm(f(z)) = 1 and pp(f(z)) > 0, since 0(f(x)) >
Mp(f(2)) = max{fi(x),..., fu(z)} Zt fm(:v).1 This shows (a).

To show (b) we use the fact that , 0(F (@)= fm(z) = 1form=1,...,M. This
implies:

t 1
M O(F(@) - Ap(f(a)) =1

<O(f(z)) — Mp(f(2))
(f(@)+ [ <0(f(x)).

=~

=
=

>
A}
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For the other inequality we use

A

ot & 1 t = 1 B t
'Sy mZ:l 0(f(x)) = fm(z) = M 2 0(f(x)) = Ap(f(x)) — O(f(x)) = Xp(f(x))

m=1

This gives 0(f(x)) — Mp(f(x)) <t or equivalent 0(f(z)) < Ap(f(z)) + ¢
Finally, (c) is proved by

M m (T
p(F@)T @) = &Y i)
_ M 0(f ()
= 3 Zome1 (L g @)
)
—t 4 S o) )

=t 0(f() SN pn(f(2) = —t + 6(f ().

For small ¢ > 0, the minimum value 8(f(x)) approximates the reduced poten-

tial value ¢ (f(x)) = @.(0(f(z)), f(x)) as follows.

Lemma 8.

(a) 0(f(x)) —tnb(f(z)) <
(0) 0(f(x)) < (¢e(f(x)) —1)/(

Proof. Using the definition of &,(6(f(x)), f(x)) we get

(f(z)) <0(f(x)) —tint for any t >0,
1—1t) for any t € (0,1).

M
I (@) =607 (@) ~ 1 > (O (@) ~ fn(a).
m=1
Suppose that 8 = 6(f(x)). Since the functions f,, are non-negative,

0 = ¢u(f(@) + 3 Spey (0 = fin(2))

< olf (@) + g ooy L
= ¢(f(x)) +tnb.

This shows the first inequality in (a). To show the second inequality, we use
the following inequality of the harmonic, geometric and arithmetic mean [1]. Let
ai,...,ap be positive real numbers, then 1\1/1 Z%zl Am > (]_[TJ\;[:1 am)'M. By
(@) we obtain

ZQ fm H9 fm 1/M'
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This inequality can be transformed into:

M
12 D=t o g™

—In(}) = 5 S o)

= —Int>— [ S0 (0~ fin(2)

—0>Int— L SM b — fn(2))

= 0>tlnt— F SN (@ — fu(z))

= 0>tlnt+ ¢:(f(x)) — 0

= &(f(z)) <6 —tnt.

The inequality in (b) can be proven as follows. Using In# < 6 —1 and (a) we get:

0—t(0—1)<0—tlng < ¢(f(x)).

The property above will be used to bound the difference between two re-
duced potential values. In the next part, we study algorithm Ay . First we prove
that if the initial vector xo satisfies Ap(f(z9)) < 1 and the stopping criteria
p(f(x)T f(2) > 0(f(x)) — 2t is fulfilled, then the pair 2, p(f(z)) is an approxi-
mate solution of the primal and dual problem with absolute error o.

Lemma 9. For a given x € B, let p(f(z)) € P with p,(f(x)) = |, 0(f(z))17fm(z)
and & computed by ABS(p(f(x)), ) where t = 30/7. Let Ap(f(x0)) < 1, and
o€ (0.1/3). I p(F ()T F(&) > 0(f(x)) — 21, then

Ap(f(z)) < Ap+o,
Alp(f(2))) > Ap — 0.

Proof. Let 2* be an optimal solution of problem (P) with Ap(f(z*)) = X5. The
block solver generates a solution & such that

p(f(@)Tf(3) < (1+t/3)A@(f (@) = (1 + o/T)Alp(f(x)))
= (14 o/T)min{p(f(2))T f(y)ly € B} < (1+ 0/T)p(f(2))T f(z")
= (L+0/7) Y0y P (f (@) fin ()
< (L+0/T) maxie<nr fe(@*) Xpy pn(f (@)
= (1+0/Tp(f(z%)) < Xp + (0/T)Ap(f(x0))

<A, +0/T.
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If p(f(2)T f(&) > 0(f(x)) — 2t then X5 + /7 > 6(f(x)) — 2t. By LemmalTl (b)
we have 0(f(x)) > Ap(f(x)). Therefore, Ap(f(x)) < \p +0/7T+2t =X + o0
(using t = 30 /7).

Furthermore,

Alp(f(x))) = V() T@

0(f(x))—2¢
140/7

v

Ap (f(z))—60/7
14a/7

V

Ap—60/7
= 140/7

> Ap —o.

The last inequality follows, since
Np —60/7T>(1+0/T)(\p —0)
= Np—60/T>Np+0Np/T—0—0%)7
= 0/T+ 027> 0N )T
= 1+o02> M.

In last step we use A5 < Ap(f(20)) <1 and o > 0.

In order to bound the number of iterations of algorithm A; we use the next
two Lemmas.

Lemma 10. Suppose that ¢:(f(z)) < ¢:(f(x0)) for a vector x computed by
algorithm Ar, and an initial vector xo with Ap(f(x)) < 1. Then p(f(x))T (f(z)+
f(@) <5/2.

Proof. First we have p(f(z))T f(2) < XNp+0/7<140/7<1+1/21 = 22/21 us-
ing Lemma[@and o < 1/3. Therefore it is sufficient to show that p(f(x))T f(z) <
5/2 —22/21 = 61/42. Since p(f(x))T f(z) = —t + 0(f(z)) (see Lemma[), let us
test whether

0(f(z)) —t < 61/42.

By Lemma[§ (b) and the assumption ¢:(f(x)) < ¢+(f(z0)),

0(f(z)) < ¢t(f1(9;")i -t < </5t(f1(95_0)t) -t
Furthermore, Lemma] (a) implies ¢+ (f(x0)) < 0(f(x¢))—t1nt. Since 6(f(xo)) <
Ap(f(zg)) +t (by Lemmal[d (b)) and Ap(f(z0)) <1,

Ap(f(xg)) —tlnt < 1 —tlnt.

0(f(x)) < L <Ly
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This is equivalent to:

—¢In 1—
() —t < 15t — (D

1-t

—t | t>—tlnt
e

_ 1
1
_ t?—tint
=14+"75""

The function g(t) = tz;gnt is monotonically increasing for ¢ € (0,1). Moreover,

Ap uses only values t = 30/7 < 1/7. This implies that

(1/7)? = (1/7) In(1/7)
1-1/7

Lemma 11. For any two consecutive iterations, the vectors x,x’ computed by
algorithm Ay, are such that
3

d(f(2") < de(f(2)) — 13M°

Proof. Let ' = (1 — 7)x + 7. Suppose that 8 = 6(f(x)). Since f,, is convex
and using the definition of p,,(f(z)),

0= fm(z') =0 — fru((1 = T)z + 72)

Z 0 — (1 - T)fm(x) - Tfm(i,)

0(f(z) —t <1+ < 61/42.

= (0= fm(@)(L+ 7T D)

= (0~ fu(@) X+ T p(f (@) (fn (@) = fin(@)))-

The last expression (using the fact that f,, is non-negative and p,,(f(z)) > 0)
can be bounded as follows:

TV (F(@) (fn (@) = fn (2)) = =TV o (£ (@) fn(2) > =73 p(f ()" f(2)
SRS E PR

The last inequality follows by simple math calculation (equivalent to 21 - 25 +

210t > 88¢ for any ¢t > 0). Let pp, = pp(f(2)) and p = p(f(x)). Combining both
statements above,

B(0(f(x)), f(2'))

= 0(f(@) = 3y Lea O(f (@) = fin(a"))
<O(f(@) = ey MO(f (2)) = frn(@))

— M (4 M p(fon () — fin(#)))

= ([ (@) =y Sy 1+ M p(fon (@) = fin(2))-
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Since (0, f(2')) = 400 for 6" < N = Ap(f(2')), we get
Gu(f(a")) = Du(0(f(2)), f(a)) = miny cecoo i (€, f(2))
= ming<g <00 Pe(¢, f(2)) < D(0(f (2)), f(2'))
< $(f(@) = fr Toma I+ 7 i (fin (@) = frn(2))).

This gives directly the following bound

¢e(f(2") — ou(f Zln m(fm(2) = f(2))).  (10)

By induction on the number of iterations of Ay, one can prove that ¢ (f(z)) <
&¢(f(z0)) for any vector x € B computed by algorithm Ay. If the number of
iterations is zero, the condition is terlal In the following we show a stronger

inequality ¢;(f(z')) < ¢+(f(x)) — ,4,, for the next vector 2’ computed by Af.
Using this inequality, we get directly ¢:(f(2")) < ¢e(f(z)) < de(f(20)).

To prove the stronger inequality, let us rewrite the right expression in (I0) as
L + R and use Taylor’s formula for In(1 + ) = 3°7°, (—1)71%" to get:
—7 o D (fon () = fin(2))
=~ (f(2) - f(2)),
R= 3 M) s o (fon (@) = frn(@)))

S M) o 0 (fn (@) — fn(@)))']
< X s i 0 (fn (@) + fin(2)))f

S LM SN (b (fon (@) + Fin(2))))

S5 H(TMPT (f () + £(2))!

where prm, = pm (f(2)) and p = p(f(z)). Using ¢(f(2)) < ¢¢(f(x0)) by induction
for z and Lemma [0, we get p”(f(x) + f(2)) < 5/2 which can be used to bound

t Zl(5TM)i§*t [ln(175TM)+57M

— 4 2t M 2t 2t
=2

R <

].

Since z does not satisfy the stopping criteria, p(f(z))? f(2) < O(f (x)) - 2t
Using Lemma [ (c), p(f(2))" (f(z) = f(2)) = 0(f(z)) —t — p(f(2))" f(2) >
This implies that L < —7t. Combining the bounds for L and R

5tM 5tM

2t )+ 2t Ik

G(7@) ~ 6u(f(@) L+ R <1l + | (1 -
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Inserting the maximum 7 = ) and math calculation we get

4t2
M (10t+25

, t 2t
¢ (f(@") = de(f(2)) <= [ —In(l+2t/5)].

Let g(u) = (u—1In(1+4u))/u?. The function g is monotonically decreasing for u >

0. In our case 0 < u < 2/35, since u = 2t/5 < 2/35 for t < 1/7. For these values
g(u) > g(2/35). This implies that (u — In(1 4+ u)) > ¢(2/35)u? > ét;g(2/35) >
t2/13. Thus, ¢;(f(z')) — ¢ (f(z)) < — 15\4 This proves also the induction step
for the next vector 2’ computed by algorithm Ap: ¢:(f(2)) < ¢:(f(x0)).

The proof above shows that the reduced potential values are decreasing for
consecutive iterations. Now we are able to prove the first main result about the
number of iterations of algorithm Aj,.

Theorem 2. For any initial o € B such that Ap(f(x0)) < 1 and any o €
(0,1/3], algorithm Ar, halts in

Mo (f(zo)) = A In'l
P(f(ao??) ’PJr UU))

O(M(
iterations.

Proof. By Lemmal[l (b), 0(f(x0)) < Ap(f(x0))+t and by LemmalB (a) ¢:(f(x0))
<O(f(zo))—tlnt < Ap(f(xo))+t—tlnt For any vector x produced by algorithm
Ap (see Lemma (b)),

Gu(f(@) 2t + (1 =1)0(f(z) 2t + (A = )Ap(f(x)) 2 t+ (1 =1)Ap = Ap.
Combining both inequalities yields

ou(f(20)) — de(f(2)) < Ap(f(20)) — Ap +t —tInt.

Each iteration decreases the reduced potential value ¢;(f(z0)) by at least ¢3/13M
(using Lemma [[T)). Let f(xy) be the function value after N iterations. Then,
6u(f(xn)) < $u(f(w0)) — 14 or equivalent ¢y(f(z0)) — i (f(wn)) = {35, Fur-
thermore we have ¢;(f(x0)) — ¢+(f(zn)) < Ap(f(x0)) — Ap +t — tint. These
inequalities imply Ap(f(z0)) — Ap + ¢+ tIn(1/t) > Nt3/(13M). In other words
the number N of iterations is bounded by

oI = Xp 1Hm/0)) o e (o)) < X In(1/o)

t3 12 o3 o2

Remark. The stopping criteria is not used directly for vector zy. But we use
the fact that if the criteria is not fulfilled then the reduced potential value is
decreased (see proof of Lemma [TT]).

In the next theorem we study the number of iterations of the ternary search
(described in Section [2]).
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Theorem 3. For any initial point xo € B and any accuracy € € (0,1), the
ternary search T'S procedure halts in

O(M(e*Ine! +In(Ap(f(20))/Ap)))

iterations with an x € B such that Ap(f(z)) < (1 + €)A\L and a price vector

p € P such that A(p) = min{p” f(z)|z € B} > (1 — €)\}.

Proof. First, the length of the interval is decreased by a factor of 2/3 in each
iteration. To bound the running time of Ay, we notice that

vAp(f(x)) —vAp < v(A =A%) < o)

o o o

= 3.

Since Ap works with the scaled function vf, this implies that the second term
O(c72Ino~1) in the number of iterations of algorithm A always dominates
the first term (that can be bounded by O(c=2)). In other words the number of
iterations in Ay, is at most O(Mo~21Ino~!) where o < 1/3. To bound the total
number of iterations we count the number of iterations of the repeat loop with
A=0and XA > 0.

Case 1: Let us calculate the number of iterations with A = 0. In this case
the ending condition ¢ < 3e\ is never satisfied and ¢ = 1/3. Consider N steps
where A is replaced in each step (and A is unchanged). This is possible only
if A\p(f(20))(2/3)Y > A5. This is equivalent to In(Ap(f(z0))/Ap) > N1n(3/2)
and shows that N < O(In(Ap(f(x0))/Ap))-

Since o0 = 1/3, A, needs O(M) steps in each iteration. Therefore, the total
number of iterations is O(M In(Ap(f(x0))/Ap))-

Case 2: Let us calculate here the number of iterations with A > 0. Let
&0, 01, - - - be the sequence of interval lengths during these iterations. Furthermore,
let 09, 01,... and Ay, Ao, Ay, A1, ... be the other parameters. Then the following
properties hold:

(1) oi <di/N;s

(2)  dit1 = (2/3)4,

(3) )‘i+12>‘i2"'2>‘03
(4) )\,+1§)\Z§§)\o

The algorithm halts when dy < 3eAy. Using the properties above o; <
(2/3)%60/A and o; > (2/3)760/(9X0). In the first iteration with A, > 0 we
have Ay = /3 and 9 = 26/3. This gives do/Ag = 2 and do/Ao = 2/3. In the
worst case ), is not modified. This implies that dy = (2/3)Ndy < 3e),. In other
words at most N = O(log(1/€)) steps are possible.

The total number of iterations in Ay, is

log(1/€) 11’10'71 log(1/ 3/2 log(1/¢€)
O(M oM oM ((3 2
M2 o Z (©2/3)) 2, (6
i=1 =1 i=1

that can be bounded by O(M Z?):gl(l/e) i(21)?).
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All terms O(Mi(2%)?) are dominated by the last term for i = log(1/¢). Thus,
this number is bounded by O(M log(1/¢)(1/€)?) = O(M In(1/€)(1/€)?). There-
fore, the total number of iterations (the number of block optimizations) is at
most O(M (e 2Ine™! + In(Ap (f(z0))/Ap))).

The algorithm halts when dy < 3ely; and the last computed x satisfies
Ap(f(z)) < Ap 4+ dn/3. Since Ay < A5, we have Ap(f(z)) < A\p +0n/3 <
(1 + €)Ap. The last computed price vector p satisfies also A(p) > A}, — on/3 >
Np — €Ay > (1 —€)Xp.

An initial solution zy can be computed by one block optimization step ABS
(¢/,1) where e’ = (1/M,...,1/M)T. The next Lemma implies that we can always
assume that Ap(f(zo)) < 2MN5.

Lemma 12.
Ap(f(20)) < 2MAp.

Proof. The block solver ABS(e’,1) generates a solution zq such that (e’)7 f(zo)
< (14 DAp(e’). This implies ()T f(zo) = M| fml(ao)/M < 2A(¢’) and
can be transformed into fo(xg) < Z%zl Jm(zo) < 2MA(e') < 2M N}, for each
¢=1,...,M. The last inequality A(p) < A} holds for any price vector p € P.

Since Ap(f(x)) = max{fi(x),..., fu(x)}, we get Ap(f(x0)) < 2MNp.

Corollary 1. For any accuracy € > 0, the algorithm T'S halts in
O(M(e?Ine! +1n M))
iterations.

Remark. In the analysis above we have assumed that the root 0(f(x)) can be
computed exactly. Computing 0(f(z)) up to an accuracy of O(In(M/¢)) bits (or
an absolute error of O(e?/M)) guarantees that the approximate price vector p
has only a relative error of (1 —d)p < p < (1 4 0)p and we lose at most a
multiplicative factor of (1 4 J) in the block optimization. Such an error in the
block optimization can be neglected. Therefore, the bound on the number of
iterations in Corollary [l remains valid.

Since @;(0, f(x)) is convex, its minimum 6(f(x)) can be computed to this
accuracy by binary search in the interval [Ap(f(z)) + t/M, Ap(f(x)) + t]. This
requires O(In(M/e)) many binary search steps. Since each sum Z%zl 1/(0 —
fm(x)) can be computed in O(M) time, this gives O(M In(M/¢€)) arithmetic
operations per iteration. This bound can be further improved by using Newton’s
method to O(M Inln(M/e)).

7 Analysis for Max-Min Resource Sharing

In this section we show the details for the max-min resource sharing problem (for
the definitions we refer to Section 2). First, we prove the following properties for
the price vector p(f(x), the objective function value A¢(f(z)) and the maximizer

0(f(x)):
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Lemma 13.

(@) p(f(z)) €P,

() U < 0@ < YR

(€)  p(f()"f(x) = A+6)0(f(x)).

M 0(f(x
Proof. By (@) and @), we have S0, pu(f(2)) = S0y "9 4 ) s =
1 and py,(f(z)) > 0 for 0 < O(f(z)) < Ac(f(z)). In other words p(f(x)) € P.
In order to show (b) consider the equality Z%zl fm(x)—le(f(x)) = t@(%m))' Since

Ae(F(2)) < fon(2), we have fun(w) — B(F(2)) = Ae(f()) — O(f(x)) or equivalent
1/(fm(x) = 0(f(x))) < 1/(Ac(f(z)) —O(f(x))). This inequality and the equality
above imply

M 1 M
2om=1 Ac(F@)-0(F(=)) = t6(F(x))

= A @) -0 @) = t0(7())
= Ae(f(x)) — 0(f(x)) < t6(f(x))
— el (@) < () +0(F(@)) = (1 + 09(f (@)
— ) < 0 (0),
To show the upper bound for §(f(z)) we use ():
AN -0 @) S (7))

= Ae(f(2)) = 0(f(2)) = ;,0(f(x))

= Ae(f(x) = (1+ )0(f(x)

— 0(f(@)) < U,

This gives the bounds in (b). Furthermore, we obtain for the scalar product
T — t9(f(x)) fm (@
p(f(z)" f(z) = Yo (@) O(f(z))

0 T M 0
= D S (4, ST )

= 10(/(2)) + 00/ (2) Sior ar(s,n () o1
= t0(f(@)) +0(f(#)) Ly P (F (@) = O(f(@))(t +1).
Notice that 0(f(x)) < pT f(2) + p? f(z) (by Lemma [[3)), and therefore the

step length
o 0(f@)e )
2M (p" f(2) +p" f(x)) ~
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where v(z, %) = z;%g;g:%g < 1. Furthermore, v(z,%) > ¢ > 0 implies that
7 > 0. Therefore, 7 € (0, 1]. The following lemma provides the stopping criteria
corresponding to parameter v(z, Z).

Lemma 14. Suppose € € (0,1) andt = €/6. For a given x € B, let p(f(z)) € P
as defined in and & computed by ABS(p(f(x)),t). If v(z,Z) < t, then the
pair x, p(f(x))) solves (C¢) and (D), respectively.

Proof. First rewrite condition v(z,#) <t by using @): p? f(2)(1 —¢) < pT f(=)
(1 4+ t) where p = p(f(x)). Then use that pT f(2) > (1 — t)A(p), pT f(z) =
(14+t)0(f(z)) and O(f(x)) < Ac(f(z)) by Lemma [I3] This gives

Ap) < (Lyp"f@) < ST = (T (@)

< I(f@) < (1+e(f(a):

The last inequality follows from the definition of ¢t = €/6. Using A5 < A(p) <
(1+ €e)Ae(f(z)), one has Ac(f(x)) > (lie) A > (1 — )N} for any € > 0, which

gives (Ce). Using Ac(f(x)) < A, one gets A(p) < (14 e)Ac(f(x)) < (1 +€)Ag,
which is (D).

The next Lemma provides a bound for the initial solution z°.

Lemma 15. For eachp € P, \}; < A(p) < 2Mp™ f(2°). Furthermore, f.,(z°) >
2]1\4)\(’? foreach m=1,..., M.

Proof. The first inequality follows from duality. For the second inequality,

Alp) = max{p” f(z) |z € B} = max{35_, pufm() | z € B}

< Z%ﬂpm maX{fm(x) ‘ T e B},

where max{ f,(z) | # € B} = A(e,,). Since (™ is the solution computed by
ABS(em,1/2), fm(2(™) > 1 A(e,,) implies that A(ep,) < 2fmn(2™). Therefore,
Alp) <2 Z%Zl P fm (2(™)). Using the concavity and non-negativity of f,, we
get

M M
Fun(@™) < 37 fn(@9) < M (/MY 80) = M, (2°).
/=1 =1

Combining the two inequalities, we obtain
M M
A(p) <2 mefm(ip(m)) < 2M mefm(xo> = QMpr(.’L‘O).
m=1 m=1

Finally, fon(2%) > i fm(2™) > 3 A(em) > 53, A6
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Remember that the reduced potential value ¢, (f(x)) = .(6(f(x)), f(x)). The
following two Lemmas are used to bound the number of iterations of the while
loop in algorithm Improve.

Lemma 16. For any two consecutive iterations of algorithm Improve, the vec-
tors x and x' that it computes satisfy ¢:(f(z")) — ¢¢(f(x)) > tv(w,2)%/(4M).

Proof. Algorithm Improve sets 2’ = (1 — 7)x + 7&. Suppose that 6 = 6(f(x)).
Since f,, is concave and using the definition of p,,(f(z)),

fm(@") =02 (1= 7) () + 7fm(2) — 0
= (fm(x> - 9)(1 + Tfmf(j)(;)ffg(m))

= (fm(x) = )1 + T pu(f(2)) (i () = fin(2))).

Let p = p(f(x)) and pm, = pm(f(z)). Using the definition of the step length 7
and the inequality v(z,#) < 1, we can bound the last expression by

T D (fm (8) = [ ()]
Tt]g[pm(fm(i') + fm(2))
T (0T (&) + 0" f(x))

_ v(=x,2) 1
=5 =3

IA

IA

Since 0(f(x)) < 5P < Ae(f(x) = min{fi(2),..., far()}, we have fin(z) -
O(f(z)) > 0. Using the bound for the expression above, this implies fi,(z") —
0(f(z)) > 0. Now we analyze the potential value ¢.(f(z)):

BuF(@) = BB ), F) 2 B0, f&) =M+ |3 n(f(a’) ~0)

where 6 = 0(f(z)). Using ¢¢(f(z)) =Inf + J, Z?jzl In(fm(z) — 0), we obtain

t

M
M Z [ln(fm(x,) - 0) - ln(fm(x) - 0)}

m=1

de(f(2") = de(f(2)) +

Using the bound for f,,(z') — 0 and the property that the function In(z) is
monotone increasing, ¢.(f(z)) is at least

> 6 (f(@) + 3y Xy Il(fn(2) = O) (L + 75 P (fn(£) = fin (2)))] = In(fim (2) — 6)]
= 6e(f(@) + 3y ooy L+ 75 Pon (fn (&) = fin (2)))-
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Now we use "2 pr(fm(2) — fim(z)) € [-1/2,1/2] and In(1 + 2) > z — 2 for
z > —1/2, to get

$(f (@) — e (f(2))
> SN M (fn(@) = (@) = (202 (fin(#) — fin(2))?]
= P @ @) S (fin (@) — fon(2))2.
Furthermore S0 (9 fn(2) — P fin(2))? < S0 (D fin (&) + P fom(2))? <

(Z%=1(pmfm(j) + P fm(2)))? = (p f( )+pr( ))2. Using the definition of

t@v(ac,fc) P f(ac) P f(x)
2M (pT £(2)+pT f(z)) and v(x x) pT f(&)+pT f(z)° we ﬁnally get

$i(f(2') = Go(f () = 77 F@PI@ M (GT £ 4 pT f ()2

_ tu(@d)  pTf(@)-pT f(z) _ tu(x.d)®

T =

= oM pTR@)+pT i) T AM
 tu(z,a)? to(z,2)? _ tv(z,z)?
- 2M —  AM T 4M

Lemma 17. For any two points ' € B and x € B with Ac(f(z)) > 0 and
Ae(f(27)) >0,

S =0l < kom0
where p = p(f(x)) is the price vector defined in ().
Proof. Let 0 = 0(f(x)), 8 = 0(f(2")) and A(p) = max{p’ f(x)|]z € B}. Using
the definition of p,,(f(x)) and the concavity of In(z), we get:

oi(f(2") — & f(2)) =W + & SN (S )70

! M Mpm m(z')—0'
4 b M (M T@) @)=y

=+t g+ 4 S0 W (f(2)(fm(a') = 6))
<9+t +tln( L SN po(f(@)(fm(2') — 0))

=% +tln L +tn(p(f(z)7(f(z') —0e)

)
where e = (1,...,1)T. The last equality follows from In(, Zi‘:{zl pm(f(2))
(fin(a") — ) = In(p(F(2))T (F(a) ) — In(M). Now we use p(f (2))" (') <
A(p(f(z))) (by the definition of A(p(f(x))) = maxyepp(f(2))"f(y)) and
p(f(x)T(0e) = Zm 1 Pm(f(2))0" = ¢'. Using these (in-)equalities we have

/

Bf) — 6u(f@) < i | (A () - ).
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The last expression is well defined, since A(p(f(z))) — ¢ > p(f(x))T f(2') —
p(f(x)T(0'e) = p(f(x)T(f(z") — fe) > 0. The last inequality follows from
0 < Xe(f(2')) < fm(2') and f(2') — 0’e > 0. To bound now the difference
oe(f(2")) — &(f(x)), we calculate the

Y 1
1 +tl +tIn(A(p) —
jemax [n gt + tin(A(p) - y)]
where p = p(f(z)). This can be done by computing the first derivative of the
function above. We get the maximum value for y = A(p)/(1 + ¢). This implies

$e(f(a) = ¢u(f(@) <In 1B +tIn ) +tIn(A(p) )

_ A(p) A(p)
=1In (1+€)9 +tln (1+ZZ)0

— A(p) A(p)
=(1+t¢)n (1+’;)9 (I14+t)ln Tfrzz)'

The last equality follows from Lemma [I3] (c).
Now we are able to calculate the number of iterations of algorithm Improve.

Theorem 4. Algorithm Improve solves (Ce) and (D.) in O(Me (In M + e~ 1))
iterations.

Proof. Let Ny be the number of iterations to reach a point x! with correspond-
ing error v < 1/2 starting from our initial solution 2°. For all iterations with
v > 1/2, each iteration increases the potential by at least tv?/4M > t/16M
(see Lemma [[6)). By Lemma [[7} the total increase is bounded by ¢:(f(z!)) —

& (f(2°) < 1+ t)In p(?gf’g{)(;ff)({go Since t = €/6 and A(p(f(2°))) < 2M

p(f(x°)T f(2°) (by Lemma[IH), we obtain that

(1 + €/6)16M In(2M)

Ny <
0 = €/6

= O(Z\le_1 In M).

Now suppose that the error v, = v(zf, &%) < 1/2¢ for an iteration with com-
puted vector z¢ € B, and let Ny be the number of iterations to halve this error
(i.e. to obtain a vector z‘*! with v(z’T1, #+1) < vy/2). We get ¢4 (f(x*1)) —
de(f(x%)) > 1\1/23\1} On the other hand, the definition of v, implies p( f(z%))T f (&)
(1—wv) =p(f ( )) F(z) (1 +vp). Using ABS(p(f(z*)),t), we get a solution &
with p(f(z*)T f(2%) > (1 — ) A(p(f(z*))). Combining the two inequalities,

Alp(f(z4))) (1+v) (1 + )
p(f (@) f(x*) < (1—)(1 = ) < (1 — v)2 < (14 10vy).

The last two inequalities hold since ¢ < vy < 1/2. Lemma [I[7] implies that

ou(F@) = ¢i(F(@") < (1+8)In(l+100) < 10(1+ by
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This gives now an upper bound

160M(1 + t)v, oM

Ny < .
tv% €Vy

The total number of iterations can be obtained by summing Ny over all £ =
0,1,..., [log( 1 )]. Therefore, the total number of iterations is bounded by

Mog( )1
No+OMe™" >~ 24 = O(Me ' (InM +€7)).
=1
Next, we analyze the number of iterations of the scaling implementation with
parameters ¢g = (1 — 1/(2M)) and €; = €5-1/2. The goal in the phase s is to
compute a vector z° with Ac(f(2%)) > (1 — es)A5.

Theorem 5. For any accuracy € > 0, the scaling implementation computes
solutions x and p of (C¢) and (D), respectively, in

N = O(M(In M +¢?))
iterations.

Proof. To reach the first ¢y € (1/2,1) in the primal and dual problem we need
O(M In M) iterations (by Theorem Hl). Let N, be the number of iterations in
phase s to reach €, for s > 1. By Lemma [I6] each iteration of phase s increases
the potential function by at least t3/(4M) = O(e3/M). Lemma [T implies that
for z = 2° and 2/ = 2511,

Ap(F)
p(f(@2)T f(z*)
Note that z° is a e€s_1 = 2¢; solution of (Ce, ,), and therefore f(z®) > (

1
2¢e5)\se. Furthermore, the inequalities A(p(f(2*))) < (1+2€5)As, A(p(f(2®)))
HECSC(F(@*) < P25 p(F(*) F(a®) imply that

Alp(f(*)))
p(f(@®)T f(z*)

Using In(1 + 8a) < 8a one can bound N, by O(M/e2). Then, as before the
overall number of iterations is bounded by

1, (f(2"h) = ¢ (f(2°)) < (1+t)In

IN

< (14 8ey).

No+ Y N, < O(MInM)+O(Me™?) = O(M(InM +€?)).

s>1

Remark. The root §(f(x)) can be computed again only approximately. But an
accuracy of O(e2 /M) for 0( f(x)) is sufficient to generate the above bounds on the
number of iterations. With this required accuracy, the number of evaluations of
the sum Zi\n/lzl fm(alc)—9 is bounded by O(In(Me~1)). This gives O(M In(Me~1))
arithmetic operations to determine 6( f(z)) approximately. Again by using New-
ton’s method the overhead can be improved to O(M Inln(Me™1)).
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A Simpler Proof of Preemptive Total Flow Time
Approximation on Parallel Machines*
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Abstract. We consider the classical problem of scheduling jobs in a
multiprocessor setting in order to minimize the flow time (total time in
the system). The performance of the algorithm, both in offline and on-
line settings, can be significantly improved if we allow preemption: i.e.,
interrupt a job and later continue its execution. Preemption is inher-
ent to make a scheduling algorithm efficient [7I8]. Minimizing the total
flow time on parallel machines with preemption is known to be NP-hard
on m > 2 machines. Leonardi and Raz [8] showed that the well known
heuristic shortest remaining processing time (SRPT) performs within a
logarithmic factor of the optimal offline algorithm on parallel machines.
It is not known if better approximation factors can be reached and thus
SRPT, although it is an online algorithm, becomes the best known algo-
rithm in the off-line setting. In fact, in the on-line setting, Leonardi and
Raz showed that no algorithm can achieve a better bound.

In this work we present a nicer and simpler proof of the approximation
ratio of SRPT. The proof presented in this paper combines techniques
from the original paper of Leonardi and Raz [8] with those presented in
a later paper on approximating total flow time when job preemption but
not job migration is allowed [2] and on approximating total flow time
non-clairvoyantly [3], that is when the processing time of a job is only
known at time of completion.

1 Introduction

One of the most basic performance measures in multiprocessor scheduling prob-
lems is the overall time the jobs are spending in the system. This includes the
delay of waiting for service as well as the actual service time. This measure
captures the overall quality of service of the system. We consider the classical
problem of minimizing the total flow time in a multiprocessor setting with jobs
released over time. More formally, we consider a set of n jobs and m identical
parallel machines. Every job j has processing time p; and release time r;. The

* Partially supported by the IST Programme of the EU under contract number IST-
1999-14186 (ALCOM-FT), IST-2001-32007 (APPOL2), and by the MURST Projects
“Algorithms for Large Data Sets: Science and Engineering” and “Resource Alloca-
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flow time of a job is the time interval it spends in the system between release and
completion. The total flow time of the set of jobs is the sum of the individual
flow times of the n jobs.

The performance of the algorithm, both in offline and online settings, can
be significantly improved if we allow preemption: i.e., interrupt a job and later
continue its execution, perhaps migrating it to a different machine. As shown
below, preemption is inherent to make a scheduling algorithm efficient. In the
non-preemptive case it is impossible to achieve a "reasonable” approximation.
Specifically, even for one machine one cannot achieve an approximation factor
of O(n2=¢) unless NP = P [7]. For m > 1 identical parallel machines it is
impossible to achieve an approximation factor of O(n:~¢) unless NP = P [g].
Thus, preemptions really seem to be essential.

Minimizing the flow time on one machine with preemption can be done op-
timally in polynomial time using the natural algorithm shortest remaining pro-
cessing time (SRPT) [4]. For more than one machine the preemptive problem
becomes N P-hard [5]. Only very recently, Leonardi and Raz [8] showed that
SRPT achieves logarithmic approximation for the multiprocessor case, showing
a tight bound of O(log(min{n/m, P})) on m > 1 machines with n jobs, where
P denotes the ratio between the processing time of the longest and the shortest
jobs. In the offline setting, it is not known if better approximation factors can be
reached in polynomial time. In fact, in the on-line setting SRPT is optimal, i.e.,
no algorithm can achieve a better bound up to a constant factor[8]. For the easier
problem of minimizing the total completion time a constant approximation and
even a PTAS can be obtained [6/1]

The analysis of SRPT we report in this paper is still based on the ideas from
the original work of Leonardi and Raz [§]. In a later paper Awerbuch, Azar,
Leonardi and Regev [2] presented an algorithm that achieves an O(log P) and
an O(logn) approximation factor for the problem of minimizing total flow time
with preemption when job migration is not allowed, i.e. preempted jobs must be
resumed later on the same machine they were run at the time of preemption. The
analysis of the algorithm proposed in [2] borrows several ideas from [8] however
classifyng jobs into classes allows to remove several difficulties from the analysis.
The proof of the O(log P) approximation for SRPT follows the lines of the proof
in [2].

In a recent paper Becchetti and Leonardi [3] consider non-clairvoyant schedul-
ing algorithms to minimize the total flow time. In the non-clairvoyant scheduling
problem the existence of a job, but not its processing time, is known at time of
release. The processing time of the job is only known when the job is actually
completed. In [3], a randomized variation of the Multi-level-feedback algorithm,
widely used for processor scheduling in time sharing operating system such as
Unix and Windows NT, is proved to achieve a tight O(logn) competitive ratio
for a single machine system and an O(lognlog ') competitive ratio for a par-
allel machine system. A remarkable simplification of the proof of the O(logn)
approximation factor for SRPT draws ideas from the techniques introduced in
[3] and from a technical Lemma presented in [2].
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2 The Model

We are given a set J of n jobs and a set of m identical machines. Each job j
is assigned a pair (r;,p;) where r; is the release time of the job and p; is its
processing time. In the preemptive model a job that is running can be preempted
and continued later on any machine. The scheduling algorithm decides which of
the jobs should be executed at each time. Clearly a machine can process at most
one job at any given time and a job cannot be processed before its release time.
For a given schedule define C; to be the completion time of job j in this schedule.
The flow time of job j for this schedule is F; = C; — r;. The total flow time is
> jes Fj- The goal of the scheduling algorithm is to minimize the total flow time
for each given instance of the problem. In the off-line version of the problem all
the jobs are known in advance. In the on-line version of the problem each job
is introduced at its release time and the algorithm bases its decision only upon
the jobs that were already released.

Shortest Remaining Processing Time (SRPT) schedules at any time those jobs
with shortest remaining processing time for a maximum number of m. It follows
that a job preemption happens only when a newly released job has processing
time shorter than the remaining processing time of a job on execution. When
a job is completed, that job with shortest remaining processing time currently
not assigned to any machine, if any, is scheduled. This results in at most n
preemptions operated by SRPT along the execution of the algorithm.

For a given input instance J and a scheduling algorithm S, we denote by
F3(J) the total flow time of the schedule computed by S on input J. Denote
by FOPT(J) the minimum value of the total flow time on input istance J. A
schedule S is c-approximate if for every input instance .J, F°(.J) < cFOPT(.]).
In the following we will omit J when clear from the context.

3 Analysis of SRPT

We denote by A the scheduling algorithm SRPT and by OPT the optimal off-
line algorithm that minimizes the flow time for any given instance. Whenever we
talk about time ¢ we mean the moment after the events of time ¢ happened. A
job is called alive at time t for a given schedule if it has already been released but
has not been completed yet. Our algorithm classifies the jobs that are alive into
classes according to their remaining processing times. A job j whose remaining
processing time is in [2¥, 28*1) is in class k for —oo < k < co. Notice that a job
changes its class during its execution. We denote the class of a job upon arrival
as the initial class of a job.

For a given scheduling algorithm S we define V(t) to be the volume of
a schedule at a certain time ¢. This volume is the sum of all the remaining
processing times of jobs that are alive. In addition, we define §°(¢) to be the
number of jobs that are alive. AV (¢) is defined to be the volume difference
between our algorithm and the optimal algorithm, i.e., VA(t) — VOFT(t). We
also define by A&(t) = §4(t) —6°FT (t) the alive jobs difference at time ¢ between



206 S. Leonardi

A and OPT. For a generic function f (V, AV, § or Ad) we use f>p <k(t) to
denote the value of f at time ¢ when restricted to jobs of classes between h and
k. Similarly, the notation f—x(t) will represent the value of function f at time ¢
when restricted to jobs of class precisely k.

Let 45(¢) be the number of non-idle machines at time t. We denote by 7°
the set of times in which () = m, that is, the set of times in which none of
the machines is idle. We indicate with S also the size ft cg dt of a set of times
S. Denote by Py, the processing time of the shortest job and by P4, the
processing time of the longest job and P = P42/ Pmin. Denote by kpin =
|log Prin| and kpmaz = [log Pras| the classes of the shortest and longest jobs
upon their arrival, that is the maximum and the minimum initial class of a job.

We start by observing the simple fact that the flow time is the integral over
time of the number of jobs that are alive (for example, see [§]):

Fact 1. For any scheduler S,

F5 = /6S(t)dt.
t
The following is an obvious lower bound on the flow time of any schedule:
Lemma 1. S > > D
Lemma 2. There are at most 2 4 log P initial classes for a job.
Proof. The number of initial classes of a job is at most kg —kmin+1 < 2+1og P.

The proof of the following lemma is straightforward since the total time spent
by the m machines processing jobs is excatly Y i Dj

Lemma 3. [, y*(t)dt =3, p;.

Now, assume that t € 7 and let # < ¢ be the earliest time for which [t,¢) C 7.
We denote the last time in which a job of class more than k was processed by
tx. In case such jobs were not processed at all in the time interval [f, t) we set
ty =t. So, t <ty . <ty <<t <t

max—1

Lemma 4. Fort e T, AV<y(t) < AV<y(tr).

Proof. Notice that in the time interval [tg,t), algorithm A is constantly process-
ing on all the machines jobs whose class is at most k. The off-line algorithm may
process jobs of higher classes. Moreover, that can cause jobs of class more than
k to actually lower their classes to k and below therefore adding even more to
VIFT (). Finally, the release of jobs of class < k in the interval [t;,t) is not af-
fecting AV<y(t). Therefore, the difference in volume between the two algorithms
cannot increase between t; and t.
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Lemma 5. Fort € T, AV<y(t) < m2k+t.

Proof. First we claim that at any moment t; — ¢, for any € > 0 small enough,
the algorithm holds m; < m jobs whose class is at most k, with total processing
time bounded by m;25+1. In case t, =, at any moment just before ¢, there is
at least one idle machine. Otherwise, t;, > ¢ and by definition we know that a job
of class more than k is processed just before tx. At time tx —e, mo < m—my jobs
of class k + 1 may change their class to k. Moreover, at time t; jobs of class at
most k might arrive. However, these jobs increase both VT (¢),) and VA (t1)
by the same amount, so jobs that arrive exactly at ¢, do not change AV<y ()
and can be ignored. Altogether, we have AV<y(tx) < (m1 + mg)2Ftt < m2ktt,

Lemma 6. Fort e T, AV (t) < m2k+L,
Proof. Combining Lemma @l and Bl we obtain AV () < AVey(t) < m2k+!

The claim of the following lemma states a property that will be used in the
proof of both the O(log P) and the O(log ;) approximation results.

Lemma 7. Fort € T, for kmin < k1 < ko < kpnaz, 5§k1,§k2(t) <m(ke — k1 +
2) 4+ 20207 (t).

Proof. 5§k17§k2 (t) can be expressed as:

ks ks OPT
AV_,(t Ve t
1=kq 1=k
XS AVailt) = AVeina(t) | = VIPT()
- Z i + Z 9i
i=kq 1=kq
ko—1
AV, (1) AVei(t)  AVeg,—1(t) OPT
= 2k22 Z 9i+1 2;1 + 252k1,§k2 (t)
1=k
ka—1
<2m+ Y m+ 620" (t) + 20987, (1)
1=kq

< m(ky — k1 +2) + 20207 ().

The first inequality follows since 2¢ is the minimum processing time of a job of
class i. The third inequality follows since the processing time of a job of class i is
less than 2+, The fourth inequality is derived by applying Lemma[6, observing
that AVey, —1(¢) > 7V<O,£7:1(t) and that 2% is the maximum processing time of
a job of class at most k1 — 1. The claim of the lemma then follows.

The following corollary of Lemma [7 is used in the proof of the O(log P)
approximation ratio of Theorem
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Corollary 1. Fort € T, §4(t) < m(4 +log P) + 26977 (t).
Proof. We write

6A (t) = 6gkmaw72kmin (t) + 6ékmzn (t)
< mkmaz — kmin + 2) + 209FT(t) +m
< m(4 +log P) 4 26977 (t).

The first inequality follows from the claim of Lemma [7] when ks = kj,q, and
k1 = kmin, and from the fact that since a job of class less than k;,;, is never
preempted, there are at any time ¢ at most m jobs of class less than k,;, in the
SRPT schedule. The second inequality is obtained since ka0 — kmin < log P+1.

Theorem 2. F4 < (6+log P)-FOFT | that is, algorithm SRPT has a (6+log P)
approzimation factor.

Proof.
FA = / 64 (t)dt
t

A A
- /Ma (t)dt + /Ha (t)dt

g/ ’yA(t)dt—F/ ((4 + log P)yA(t) 4 2697 (t))dt
te¢T teT

< (4+1log P) / Awyde+2 [ 5OPT (@) dt
t teT

< (4+logP) ij + 2/50PT(t)dt
- t
J

< (6 +log P)FOFT

The first equality derives from the definition of F4. The second is obtained by
looking at the time in which none of the machines is idle and the time in which
at least one machine is idle separately. The third inequality uses Corollarym. The
fifth inequality uses Lemma E', while the sixth inequality follows from Lemma |

We now turn to prove the O(log ) approximation ratio for SRPT. Let k be
the maximum integer such that for some time ¢t € T 6fk(t) > m. If not such

integer exists, fix k = kmin —1. Let 7; C 7, j = kmin +1, .., k, be the set of time
instants when all machines are busy, at least one machine is busy with jobs of
class j and no machine is busy with jobs of class higher than j. Let 7,  , C 7T
be the set of time instants when all machines are busy and at least one machine
is processing a job of class higher than k.

Finally, let 7, .. € 7 be the set of time intants when all machines are busy
with jobs of class less than or equal to kp,. Observe that {7, . ,.. .,7}64_1}
defines a partition of 7. We can write the total flow time of SRPT as:
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PA = / 54 (t)dt + / 54 (8 dt
teT teT

k
- / VAt)dt + / SA()dt + / 5 (1) dt
t¢T jkomin €T teT; 4
k
g/ YA+ / (2m + 62 <k(t))dt+/ 2mdt
tg¢T jFomin 1€ T teT,
k
g/ yAedt+ Y / (4m +m(k — 7) + 209FT (t))dt (1)
teT J=kmin * 1€
+2/ mdt
t€T)
k
</ 7A(t)dt+4/ Yiwdt+ > mk—j)T; +2/ SOFT (t)dt
t¢T teT JFomin eT
k
<6FOPT + N m(k—j)T; (2)
J=kmin

where the 7] in the last two lines denotes the total amount of time that is spent
in calT};. The third inequality follows since at any time ¢t € 75, j = kmin, .., K+ 1,
by definition of 7, there are at most m alive jobs of class less than j and, by
definition of k, at most m alive jobs of class bigger than k in the SRPT schedule.
The fourth inequality derives by the application of Lemma [{l Finally, the fifth
and the sixth inequalities use Lemma [3] and Lemma [II

We are left to bound the term F'(n) = Z?kam m(k — j)7;. We show this in
the following Lemma:

Lemma 8.

k
Z m(k — j7)T; = O(log )FOPT

J=kmin

Proof. We define 7}1 for j < kpmin + 1 to be the set of time instants in {¢ > 0},
thus also considering time instants with some machine idle, when machine [ is
processing a job of class j. T”Iﬁ)\ denotes the time in which machine [ is processing
a job of class ky,;, or less. We first observe that:

k
Z m(k —
k

J=Rmin
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k m
< 3 Y k-p1, 3)

J=kmin =1

since every time t € 7; is also part of m sets 7;' with i < j.

Let nj, 5 = kmin, -..., K —1, be the number of jobs of initial class j in the input
instance. Let n, be the number of jobs of initial class bigger or equal than k
released in the input instance. For sake of simplicity, we will refer in the following
to jobs of initial class higher than k& as jobs of initial class k.

Now, observe that a job of initial class j gives a contribution to equation
@) bounded by 237" (k — j +i)29~7 since each job of initial class j has

been processed for at most 2 time units when in class i = kpin + 1,. .., 4. This
contribution is, by simple algebraic manipulation, at most equal to 2(k — j +
1)27+1,

We then continue with the following inequalities:

nj(k —j+1)27*+

!
=
IN

. [\)
M-

<
Il
>

min

k
nj(k—4)2' +2 > n;2 !

min J=kmin

<
Il
>

I

n;2'(k =)+ 43 ;. (4)

<.

IN
.
i

s
3

since a job of initial class j has processing time at least equal to 27. We exchange
variable number j with ¢ = k — j. Let I; = nk_ZQk—i,i =0,...,k — kmin. The

k .
first term > n;27(k — j) of equation (@) becomes:
J=kmin

k—kmin
i, (5)
=0

We can derive an upper bound on F'(n) by maximizing function (B subject
to the two obvious constraints:

k—Ekmin
Iz S ij (6>
1=0 7
k—kmi
min Ii
ot S7 ™
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Constraint (7) implies

k—kmin

=0

To complete the proof we need the following simple mathematical lemma
proved in [2:

Lemma 9. Given a sequence ay,as, ... of non-negative numbers such that
Sisrai <Aand Yo, 2'a; < B then Y, ia; <log(4B/A)A.

Proof. Define a second sequence, b; = Zj>i aj for i > 1. Then it is known that
A > by > by > ... Also, it is known that > .o, 2%a; = > .o, 2(b; — biy1) =
; 2121 2¢b; + by. This implies that Zizl 2¢h; < 2B.

The sum we are trying to upper bound is .. b;. This can be viewed as an
optimization problem where we try to maximize Y., b; subject to >, 2°b; <
2B and b; < A for ¢ > 1. This corresponds to the maximization of a continuous
function in a compact domain and any feasible point where b; < A,b;+1 > 0
is dominated by the point we get by replacing b;,b;+1 with b; + 2¢,b;41 — €.
Therefore, it is upper bounded by assigning b; = A for 1 < i < k and b; = 0
for i > k where k is large enough such that >,.,2'%; > 2B. A choice of k =
[log(2B/A)] is adequate and the sum is upper bounded by kA from which the
result follows.

We apply Lemma[d to our problem with variables a; = I;, 1 = 0, ..., k — kjin,
A= Zj p; by constraint (@), B = n2* by constraint (§), to obtain:

k—kmi
min An2k
il; <log D
> <kl Y

< Oflog | )FOT, (©)

where the last inequality follows since, by the definition of k£, at some time ¢
there are at least m jobs of class bigger or equal than &, for which Zj D > m2k.

Combining equations (@) and (@) and from Zj p; < FOPT we obtain the
desired bound.

Finally, Lemma [ together with equation (2]) leads to our result:
Theorem 3. Algorithm SRPT has an O(log ) approxzimation factor.

4 Conclusions

In this paper we present a simpler proof of the approximation of SRPT for
preemptive minimization of the total flow time on parallel identical machines.
The proof relies on the original ideas of [8] and on new tools of analysis introduced
in later works [23]. A major open problem is to devise a constant approximation
algorithm or even an approximation scheme for the problem.
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Abstract. We consider a general classification problem, also known as
labeling problem, which is strongly related to several standard classifi-
cation frameworks and has applications in various computer science do-
mains. In this chapter, we put together and review known results coming
from application domains as well as recent advances on the approxima-
bility of the problem.

1 Introduction

In several contexts we aim to classify a set of pairwise related objects by assigning
to each of them one of a given set of labels (or classes), taking into account
information we have about:

(i) the relative likelihood of assigning a label to an object,
(ii) the strength of pairwise relationships between objects, and
(iii) the similarity between labels.

The quality of such a classification is based on the trade-off between two
competing facts: each object tends to be labeled with the most likely label,
while strongly related objects tend to be labeled with similar labels. An objective
function that naturally captures this trade-off is one based on the contribution
of two kinds of cost: the cost of labeling each object individually and the cost of
labeling each pair of related objects.

This classification problem and its variants arise in various contexts and are
encountered in the literature under several names, with objects and labels cor-
responding to context related entities. The context independent statement of
the problem we are using in this chapter was first introduced by Kleinberg and
Tardos [58], who also called this the labeling problem.

Formally, the Labeling Problem (LaP) asks for assigning one label, from
a set L of k labels, to each object in a set V of n pairwise related objects.
The relative likelihood of assigning a label to an object is given in terms of an
assignment cost matrix c(u,a), u € V, a € L, with non-negative entries. The
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pairwise relationships between objects are represented by a weighted undirected
graph G = (V, E), where an edge (u,v) € FE indicates that objects u and v
are related and a positive weight w(u,v) represents the strength of the their
relationship. In addition, we have a distance function d(-,-) on the set L of
labels, representing the (un)similarity between labels.

A labeling of V' over L is a function f : V' — L and the quality of such a
labeling is based on the contribution of two terms of cost:

(i) The assignment cost, A(V'), for labeling individually all objects. Labeling an
object u € V with f(u) contributes a cost c(u, f(u)) to A(V).

(ii) The separation cost, S(E), for labeling all pairs of related objects. Labeling
two related objects u,v € V, (u,v) € E, with f(u) and f(v), respectively, con-
tributes a cost w(u,v) - d(f(u), f(v)) to S(E).

Thus, the LaP asks for a labeling f that minimizes the total cost given by

C(f)=AWV)+SE) =Y clu flw)+ D wlu,v)-d(f(u), f(v)).

ueV (u,v)EE

1.1 LaP in Various Contexts

The LaP model has been used, under different names, to formulate classification
problems arising mainly in two computer science domains: distributed software
engineering and image processing. The study of LaP in these contexts gave some
interesting results and established its close relation with well known classifica-
tion frameworks, including the classical quadratic assignment problem and well
known graph partition problems in combinatorial optimization, and the theory
of Markov Random Fields in statistics. In this subsection we present the con-
nections of LaP to these frameworks and its applications.

Historically, LaP was first introduced by Stone [71] in the context of dis-
tributed software engineering, as a task assignment problem. In this context,
objects correspond to the tasks of a modular application and labels correspond
to the processors of a distributed system. Because of different processors’ speeds
and/or resources, the execution time of tasks varies from one processor to another
and the assignment cost matrix c(u,a),u € V,a € L, represent these execution
times. The graph G = (V, E) is known as the task graph. Edges (u,v) € E repre-
sent data communication between tasks and weights w(u, v), (u,v) € E, indicate
the amount of data to be exchanged between tasks u and v. A data exchange
between tasks incurs a communication overhead due to protocols and transmis-
sion delays. Systems’ communication links are, in general, heterogeneous and
distances d(a,b),a,b € L represent the overhead incurred for transferring a unit
of data between processors a and b. Thus, the separation cost, w(u, v)-d(a,b), for
a pair of tasks u and v assigned to processors a and b, respectively, corresponds
to the communication overhead incurred. In this context we aim to assign tasks
to processors in order to minimize the sum of the execution time of all tasks
plus the communication overhead incurred by all pairs of communicating tasks.
The objective function C(f) represents exactly this quantity which can be in-
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terpreted as the total time the application occupies the system resources (both
processors and communication links) [71].

The reader may have already noticed a relation between LaP and the
Quadratic Assignment Problem (QAP), one of the most difficult and extensively
studied combinatorial optimization problems (see for example [13] for a recent
thorough survey). In the context of QAP, the nodes of the graph G = (V| E) tra-
ditionally represent |V| machines and the weights w(u,v), (u,v) € E, represent
flows of some material between machines. The set L represents exactly |L| = |V|
locations, and d(a, b) is the distance between locations a and b. The aim of QAP
is to assign each machine to a distinct location in order to minimize an objec-
tive function consisting, also, of two types of cost: an operating cost c(u,a) for
assigning machine u at location a, and a flow cost w(u,v) - d(a,b) incurred if
machines u and v are assigned to locations a and b respectively. In other words,
QAP asks for the minimization of C(f) over all bijections, while LaP asks for
the minimization of C(f) over all functions f. Clearly, the uncapacitated QAP,
in which more than one machines can be assigned to the same location is equiva-
lent to the LaP variant where |V| = |L|. Note, that both the ucapacitated QAP
and LaP become trivial in the absence of the assignment cost term, while the
QAP is NP-hard whether such a term is included or not. Magirou and Milis [66]
studied the relation between LaP and QAP and used a polynomially solvable
special case of LaP to obtain Lagrangean relaxation lower bounds for QAP.

The LaP is also closely related to the theory of Markov Random Fields
(MRFs) [20056] in statistics. In this context, assume that we are given a la-
beling f’(u) for each object u € V obtained from a true labeling f by a pertur-
bation of independent random noise at each object. The question is to decide
the most probable true labeling from the given labeling f’ and the underlying
MREF. A MRF is defined by a graph on the set of objects, whose edges represent
dependencies between objects, and the assumption made that the conditional
probability of labeling an object by a given label depends only on the labeling
of its neighbors. A standard approach to decide the most probable true label-
ing is to find the labeling f that maximizes the a posteriori probability Pr[f’|f]
which by Bayes’ Law is proportional to Pr[f’|f]- Pr [f]. Kleinberg and Tardos
[58] observed that this last problem is equivalent to LaP, if the underlying MRF
satisfies two properties, which, however, match with most applications: (i) pair-
wise interactions among objects and (ii) spatial homogeneity of the MRF. MRFs
have been used as a core analytical framework in several domains including im-
age processing [43], biometric analysis [6], language modeling [29], hypertext
documents categorization [16] and learning [31].

Geman and Geman [43] introduced the theory of MRFs in the field of image
processing. A direct application of this model is the image restoration problem,
where the goal is to restore an image corrupted by noise. We are given the grid of
image pixels, which correspond to objects, and for each pixel we are also given an
observed intensity that is possibly corrupted by noise. The labels correspond to
discretized intensities and the goal is to assign a new intensity to each pixel in or-
der to restore the real image. The quality of such a restoration is also based on the
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trade-off between two competing facts: each pixel tends to be labeled with an in-
tensity close to its original value, while neighboring pixels tend to be labeled with
similar intensities due to smoothness of real images (except in boundary regions
of sharp discontinuity). Besides the image restoration problem, the MRFs model
has been extensively used to model many other problems in the image processing
domain [25)30061], including the wvisual correspondence problem [68] which is the
basis of determining the depth and the motion in an image. The LaP applies to
these problems through its equivalence, under certain assumptions, to MRFs.

Problem variants: Several variants of the labeling problem, with respect to
the distance function d on the set L of labels, are encountered in the literature
motivated by both their practical and theoretical interest. In the general problem
d can be any function on L, while other problem variants can be obtained by
restricting d.

We say that (L, d) is a metric iff for every p,q,7 € L, d(p,p) = 0, d(p,q) >
0, d(p,q) = d(q,p) and d(p, q) + d(q,r) > d(p,r). Moreover, we say that (L, d) is a
uniform metricif d(a,b) = 1,if a # b, and zero otherwise. In the linear metric case
we consider w.l.o.g. that labels are consecutive integers, i.e. L = {1,2,...,k}, and
the distance function is defined as d(a, b) = |a — b|. If the set of labels contains non-
consecutive numbers, i.e. L C [1, k], then we can consider an infinite assignment
cost for labeling an object by a label @ ¢ L. The truncated linear metric function
is defined as d(a,b) = min{M,|a — b|} and it is the most natural (non-uniform)
robust linear metric. It is clear that for M = 1 the truncated linear metric reduces
to the uniform metric and that for M > k it reduces to the liner metric.

Non-metric distance functions are also of practical interest, especially in the
image processing context. A convez linear function is defined as d(a,b) = g(|a —
b|), where g is convex and increasing. In this case, d is a non-metric function, since
(L,d) is a metric iff g is concave and increasing. The quadratic linear function
d(a,b) = |a — b|? is such a convex linear one. On the other hand, the truncated
quadratic linear function d(a, b) = min{M, |a — b|*} is a non-convex, non-metric
linear function.

In Figure 1, we present the relations between the variants of LaP as well as
their connections to other known frameworks. The multiterminal cut problem
is a generalization of the famous minimum-cut/maximum flow problem. This
problem as well as its generalization known as 0-extension problem, are two
well-studied graph partition problems related to LaP as it is shown in Figure
1. Because of the central role that these two problems play in the study of LaP
they are discussed in details in Section 2. Note, that most of the known results
for LaP are based on its relation to the multiterminal cut problem.

1.2 Approximation Algorithms

A p-approximation algorithm computes polynomially a solution within a fac-
tor p of the optimum one. In this setting we are interested in designing p-
approximation algorithms with p as small as possible as well as on finding lower
bounds on p. When p is a constant, then we say that the approximation algo-
rithm is a constant factor one. We say, however, that we have a Polynomial Time
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Markov Random Fields (MRFs) Quadratic Assignment Problem (QAP)

Labeling Problem (LaP)

Metric LaP

Convex linear LaP  Truncated quadratic linear LaP Trunc’@r IN

0-Extension Problem (0-EP)

Quadratic linear LaP Linear LaP Uniform LaP

Multiterminal Cut Problem (MCP)

Fig. 1. Relations and variants of LaP (arrows are oriented from general to special
problems

Approzimation Scheme (PTAS) if we give an algorithm which, for any fixed value
of €, can construct an (1 + €)-approximation solution. If the time complexity of
a PTAS is also polynomial in 1/¢, then it is called Fully Polynomial Time Ap-
prozimation Scheme (FPTAS). For negative approximation results, the notion
of NP-hardness is used to prove lower bounds on approximation factors or to
disprove the existence of a FPTAS, unless P=NP. It is well known that, there is
no FPATS for strongly NP-hard problems and that there is no PTAS for MaAx
SNP-hard problems, unless P=NP.

A general and successful technique of designing approximation algorithms
is based on linear programming (LP) relaxations of a problem. First, an op-
timum fractional solution to such an LP-relaxation is polynomially obtained.
This solution, whose cost is denoted by C, is then used to obtain an approxi-
mate solution to the original problem. One method to this end is to round the
fractional solution to an integral feasible one of cost C' < pC' (another method is
based on the primal-dual schema). Randomization is often helpful to this round-
ing, giving a solution of expected cost E[Cr] < pC. Such a rounding procedure
sometimes can be derandomized obtaining a solution of cost C' < E[CRg]. Ob-
viously, C' (resp. E[CR]) is a deterministic (resp. randomized) p-approximate
solution, since C' is lower bound of the cost C* of an optimum integral solution,
ie. C < C* < C <E[Cg]

However, there is a gap between the cost of the optimum (integral) solution
and the cost of a fractional optimum one. This gap is formally defined as the
ratio %* and it is known as integrality gap of the LP-relaxation. Clearly, any
p-approximate solution achieved this way inherits this gap and, therefore, it is
quite interesting to determine a lower bound, =, on the integrality gap, i.e. a
number v < % < p. If v = p, then we say that the integrality gap of an LP-
relaxation is p. For a deep and elegant presentation of LP-based approximation
algorithms and techniques the reader is referred to [74].
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1.3 Organization of the Chapter

In the next section we establish the relation between the multiterminal cut prob-
lem, the 0-extension problem and the LaP, and review approximation results for
these two graph partition problems. The techniques used in this context have
been later generalized to offer optimal or approximate solutions for several LaP
variants. In Section 3, we review early results for LaP coming from the dis-
tributed software engineering community. In Section 4 we present local search
approximation algorithms, originated in the image processing context. In Section
5 we review recent LP-based approximation algorithms. Throughout Sections
3-5, the material of this chapter is classified according the problem’s variants
defined above. We conclude in Section 6 with a summary of known results and
open questions.

2 Related Graph Partition Problems

The famous minimum-cut/maximum flow problem is one of the simplest graph
partition problems. Recall that given a graph G = (V, E) with positive edge
weights w(e),e € E and two terminal nodes s,t € V, the problem asks for the
minimum weight set of edges @ such that the removal of @ from F disconnects
s from t. The most direct generalization of this classical problem is known as
multiterminal or multiway cut problem (MCP)[28], and it is obtained by
fixing a set T' C V of k terminal nodes:

Find a set of edges ® C E such that
(i) the removal of @ from E disconnects each terminal node from the others,
and

(ii) C(P) = > .cop wle) is minimized.

Obviously, the removal of the edges in @ from G creates exactly k connected
components, each one containing a terminal node. In other words, @ implies
naturally an assignment of the non-terminal nodes V'\ T to the k terminal nodes
T. Thus, MCP can be alternatively rewritten as following:

Find an assignment f :' V — T, such that

(i) f(t)=t, for allt € T, and

(it) 3_ (uvyer W(u, v)-d(f(u), f(v)) is minimized, where (T, d) is the uniform
metric.

Recall that a metric (T, d) is called uniform if for every a,b € L, d(a,b) = 1,
if a # b, and zero otherwise. A natural generalization of MCP can be obtained
by allowing (T, d) to be an arbitrary metric, instead of being the uniform met-
ric. This generalization is known as 0-extension problem (0-EP), due to its
alternative statement proposed by Karzanov [54] (see Section 2.2).

Both MCP and 0-EP can be related to LaP by considering that the non-
terminal nodes correspond to objects and the terminal nodes correspond to la-
bels. The statements of these problems differ, however, in two points: (i) The
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labels of LaP are distinct from the nodes of G, while the terminals nodes in
MCP and 0-EP are a subset of the nodes of G, and (ii) The non-terminal nodes
in MCP and 0-EP do not have any labeling preferences like assignment costs in
LaP. Despite these facts, it is easy to see that MCP and 0-EP are special cases
of LaP: Consider a MCP or 0-EP instance on a graph G = (V, E') with positive
edge weights w(e),e € E, a set T'C V of k terminal nodes and (7', d) being the
uniform metric for MCP or an arbitrary metric for 0-EP. Then, a LaP instance
with objects set V' \ T and labels set T' can be easily constructed by consider
assignment costs

clu,t) = Y wlut)-dt,t'), ueV\T, teT.
t'eT\{t}

The cost of a solution to this LaP instance is:

S el f@)+ S wuo)d(f@), f@) = 3] wluv)-d(fw), f©).
weV\T (u,v)EE (u,w)EE
w,veV\T {uw}dT

That is, the cost of a solution to the original MCP or 0-EP instance is equal,
up to an invariant cost due to edges between terminal nodes, to the cost of a
LaP instance.

2.1 Complexity and Approximability Results for the MCP

The study of MCP goes back to a 1983 unpublished but widely circulated pre-
liminary version of [28] by Dahlhaus et al. They shown that MCP for arbitrary
graphs is NP-hard (even for & = 3 and all weights equal to 1) by a reduction
from SIMPLE MAX CUT. For the case of planar graphs, they gave a polynomial
algorithm, for fixed k, and proved that MCP becomes NP-hard if k is part of the
instance (even for all weights equal to 1), by a reduction from PLANAR THREE
SATISFIABILITY. Moreover, they have shown that MCP is MAX SNP-hard,
for any fixed k£ > 3, and, hence, there is no a PTAS for MCP, unless P=NP.
Hence, the NP-hardness and the MaXx SNP-hardness of both 0-EP and LaP, on
arbitrary graphs, follow from these results.

Chopra and Rao [23] proved that for trees and 2-trees the general MCP can
be solved in linear time by a straightforward dynamic programming algorithm.
In fact, this result can be generalized to graphs of bounded tree-width for any
fixed bound. The facets of the multiterminal cut polyherdron are also studied
in [22123)26]. Erdos and Székely [32I33] considered the problem of extending a
partial k-coloring of a graph which is equivalent to MCP for general graphs (see
[28] for a discussion on the relation between the two problems). PTASs for MCP
on dense unweighted graphs has been proposed by Arora et al. [2] and Frieze
and Kannan [39)].

We contrast here the MCP with other known graph partition problems of
related interest, but incomparable to LaP. In the k-cut problem [45[[48495369],
we are also given G,w and k as in MCP (but not terminal nodes T') and the
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goal is to find the minimum weight set of edges, whose removal separates the
nodes of the graph G into exactly k£ nonempty connected components. Garg
et al. in [42] consider a variation of MCP on node-weighted graphs which asks
for the minimum weight set of nodes such that their removal disconnects each
terminal from the others as well as the directed variant of MCP. This last
variant was studied also by Naor and Zosin [67]. Finally, the multipair cut
problem [A0M4TI5772], proposed by Hu [50] as an integral dual to maximum
multicommodity flow, can be viewed as another generalization of the MCP.
In this problem we are given a list of pairs of terminals and the goal is to
disconnect each pair in the list. Note, that MCP is a special case of the multi-
pair cut problem in which the nodes in the list of pairs we are given form a clique.

A 2 — 2/k-approximation algorithm for the MCP

Dahlhaus et al. [28] presented the following simple combinatorial algorithm, and
derived the first approximation result for the MCP.

Algorithm D+:
for each terminal node t € T' do
merge all terminals, but ¢, into ¢ ; (set w(u,t) = Zt,eT\t w(u,t'))
find a minimum ¢t — ¢ cut ;
output the union of the cheapest k — 1 cuts ;

The removal of the union of the cheapest ¥ — 1 minimum ¢ — ¢ cuts from G
disconnects each terminal from all others and therefore it forms a multiterminal
cut. On the other hand, the removal of an optimal multiterminal cut from G
disconnects, also, each terminal node from the others, but does not induce opti-
mal ¢ — ¢ cuts for each terminal node individually. Let V; (resp. V;*), t € T, be
the set of nodes of G that remain connected to the terminal ¢ after the removal
of a minimum ¢ — ¢ cut (resp. a minimum multiterminal cut).

Theorem 1. [28] Algorithm D+ is a tight (2 — 2/k)-approzimation algorithm
for the MCP.

Proof. Let C be the cost of the multiterminal cut returned by Algorithm D+,
and Oy, t € T be the cost of a minimum ¢ — ¢ cut. Let also C* be the cost of
an optimal multiterminal cut and C; be the cost of ¢t — ¢ cut it induces, i.e. the
cost of edges having exactly one of their endpoints in V;*. We have C; < Cf,
since Cy is the cost of a minimum cut separating ¢ from all other terminals, and
> ier CF = 2C*, since each edge is counted twice in this summation. Thus,

1 1 . 2. .
C=> Ci-maxC<(1- )Y C <(1- )Y Cr<(2-)C

teT teT teT

For the tightness of the 2—2/k approximation factor of Algorithm D+ consider
the graph G = (V, E) with vertices V' = {uy,ua, ..., ug, t1,t2, ..., tx }, edges E =
{115, 441 (mod )1 < i <k} Uf(us 8|1 < i < k}, and edge weights w(e) = 1,
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for (i, wit1 (mod k)) edges, and w(e) =2 —¢€, € > 0, for (u;,1;) edges. For each
terminal node ¢; the minimum weight ¢; —¢; cut is unique and consists of the edge
(ug,t;) of weight 2 — e. The weight of the multiterminal cut constructed by the
algorithm is (2 —€)(k —1). On the other hand, the optimal cut consists of all the
k (u;,uit1) edges, each of weight 1. Thus the approximation factor for such an
instance is (2 —€)(k —1)/k which matches asymptotically the 2 —2/k. Assuming
that the algorithm always breaks ties in the worst possible way (in terms of the
total weight of the cut constructed) and taking ¢ = 0 the approximation factor
for this instance matches precisely the 2 — 2/k.

It is proven in [28] that there exists an optimum multiterminal cut for G that,
for all t € T leaves all nodes in V; connected to t, i.e. V; CV —t*,t € T. There-
fore, the size of a MCP instance can be reduced by >, ,(|Vi| — 1) by simply
merging all nodes in each V;,¢ € T into the terminal ¢, since a minimum multi-
terminal cut for this reduced instance induces an optimal multiterminal cut for
the original one. In order to maximally reduce the size of the original instance it
is enough, for all t € T, to compute the minimum ¢ —¢ cut such that the induced
set V; is of maximum cardinality [28]. Such a ¢ — ¢ cut is unique and the V; set it
induces contains the sets induced by all other minimum ¢ — ¢ cuts. Moreover, it
can be found by a linear time processing of the output a ¢ — minimum cut com-
putation [37]. Thus, £ minimum cut computations suffice to obtain a maximally
reduced instance that still induces an optimal multiterminal cut.

Magirou [63] presents a different idea for applying minimum ¢—# cuts. Instead
of merging all terminals, except ¢, into ¢, his method considers ¢ to be, for each
non-terminal node, the most competitive to ¢ terminal node, i.e. the weights
of edges w(u,t) are set to w(u,t) = mingecp\ (¢} w(u,t’). Everything, discussed
above for Algorithm D+ holds also for this idea. Moreover, if V/ is the set
of nodes of G that remain connected to the terminal ¢ after the removal of the
minimum ¢ —¢ cut obtained this way, it is shown that |V/| > |V¢|. Computational
results reported in [63] show a considerably improved reduction of the instance
size for moderate sized problems.

For the special cases of k =4 and k = 8, Alon (see [28]) proposed a modifica-
tion of Algorithm D+, obtaining improved approximation factors. In fact, this
modification leads to a 4/3-approximation factor (instead of 3/2) for k =4 and
12/7 (instead of 7/4) for k = 8. Cunningham [26] reports that this improvement
for k = 4 has been, also, obtained, independently, by Zang. Unfortunately, this
modification does not yield approximation factors better than 2 — 2/k for any
values of k other than 4 and 8.

LP-relaxations of the MCP were also proposed to beat the 2 — 2/k approxi-
mation factor, as the MCP can be formulated as an integer program in various
ways. For example, the uniform metric statement of the problem leads directly
to the following integer program, with variables d(u,v), u,v € V, [14]:

(MIP) : Minimize }_, ,)cpw(u,v) - d(u,v)
subject to (V,d) is a metric (1)
d(t,t') =1, Vit e Tt # 1t (2)
d(u,v) € {0,1}, Yu,veV (3)
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Any solution d to (MIP) corresponds to a multiterminal cut: if d(u,v) = 0,
then the nodes u and v belong to the same component; otherwise they belong to
different components. Constraints (2) guarantee that each one of the k terminal
nodes belongs to a different component, and the triangle inequalities implied by
constraints (1) guarantee that each non-terminal node belongs to exactly one
of these k& components. An LP-relaxation of MCP can be obtained by replacing
the integer constraints (3) of (MIP) by 0 < d(u,v) < 1,u,v € V. However, the
integrality gap of this LP-relaxation is at least 2 — 2/k. To see this consider a
k-leaf star, with all its leaves being terminals nodes and all edge weights equal to
1. The minimum multiterminal cut of this instance is of cost k£ — 1 (all edges but
one are in the cut) and the optimal fractional solution is of cost k/2 (d(u,v) =
1/2, Yu,v € V). Thus, an integrality gap of at least 2 — 2/k follows.

Bertsimas et al. [5] presented a nonlinear formulation of the MCP and
proposed several polynomial time solvable LP-relaxations, as well as a simple
randomized rounding technique, obtaining a 2 — 2/k approximation factor too.

A 3/2 — 1/k-approximation algorithm for the MCP

The 2 — 2/k approximation factor for MCP remained the best known one for
over fifteen years, until a substantial improvement was obtained by Calinesku at
al. [T4]. They proposed a novel metric LP-relaxation by transforming MCP to a
geometric problem of mapping the nodes of GG into the vertices of the k-simplex
k
Ay, = {z € RF|(z > 0) and le =1}
i=1

Ay, is a convex polytope in R* with k vertices. The vertices of A, are the
points €', 1 <t < k, where €’ is the unit k-dimensional vector with e} = 1 and
all other coordinates 0. To express a multiterminal cut and its cost, every node
u € V is associated with a k-dimensional vector z* in Ag. Then, a multiterminal
cut is viewed as a mapping of the nodes of the graph G into the vertices of Ay,
such that:

(i) every terminal node ¢ € T is mapped to the vertex e’ of Ay (i.e. z' = €, for
all t € T'), and

(ii) every non-terminal node u € V' \ T is mapped to some vertex e’ of Ay (i.e.
z* = €', for some t € T).

For the cost of such a mapping (cut) consider the distance between the end-
points of an edge (u,v) € E and denote the L; norm of a vector z in IR* by
||  ||. Then, it is clear that d(u,v) =| z* — z¥ ||= 2, if v and v are mapped
to different vertices of Ay (i.e. (u,v) is in the cut), and d(u,v) = 0, otherwise.

k
1 1
Thus, d(u,v) = 5 || z* — 2" ||= 5 Z lzy — xf|.
t=1

By relaxing the constraint of mz;pping the non-terminal nodes of G into the
vertices of Ay and allowing them to be mapped anywhere in the simplex, the
following LP-relaxation of MCP is obtained.
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(SLP) : Minimize § > (uwyer W, v)d(u, v)
subject to d(u,v) = L S | |t — a¥|, Yu,v € V (1)
e Ag, YueV (2)
xt = et vteT (3)

It can be easily verified that (SLP) is linear: Constraints (3) are clearly linear.
Constraints (2), by the definition of the Ay, mean z} > 0, Yu € V, Vt € T, and
Zle 2¥ = 1 Vu € V. Finally, the absolute value |z} — 2¥| in constraints (1)
can be expressed by introducing variables z{",Vu,v € V, Vit € T, such that
xy? >z —xf and 2y’ > zf — i

Rounding a fractional solution to (SLP), to an integer one corresponds to
placing all nodes at simplex vertices and thus to a multiterminal cut. The next
lemma, based on the additivity of L; norm, is the key for obtaining an amenable
to analysis rounding procedure.

Lemma 1. [I4] A fractional solution x to (SLP) for a graph G = (V, E) can be
transformed, in O(kn?) time, into a normalized fractional solution & for a graph
G = (V, E) such that:

(i) |V] is O(kn?) and a multiterminal cut of G implies a multiterminal cut of
G

(i) the cost of & for G is at most the cost of x for G, and
(iii) for all edges (u,v) € E, the vectors T and &V differ in at most two coordi-
nates.

Given this lemma, let = to be the optimal normalized solution to (SLP). Let
E; C F be the set of edges whose corresponding vectors z* and z¥ differ in
coordinate t. Note, that each edge (u,v) € E; appears and in another set Fy,
since in a normalized solution the vectors % and xV either are equal or differ in
exactly two coordinates. Let Wy be the contribution of the edges in F; to the
cost of the solution z, i.e. Wy = Z(u,u)eE,, w(u, v)d(u,v). Using this notation
the rounding procedure given below provides a multiterminal cut in terms of the
sets V; (the nodes remaining connected to terminal ¢ € T after the removal of a
cut).

Rounding procedure:
rename the terminals such that W,, ¢ € T is maximized at t = k;
choose at random a permutation o = (o(1),0(2), ..., o(k))
from {(1,2,....k — L&), (k— 1,k —2,..,2,1,k)};
choose a real 6 uniformly at random from (0,1);
fort=1to k—1do
B(t,0) ={u € V|z} > 0}; (the set of nodes that are close to terminal )
Vo) = B(t,0) — Uj<t Voii)s
Vi=V — Uj<k Vji
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Theorem 2. [14] There is a deterministic polynomial (3/2 — 1/k)-approxi-
mation algorithm for the MCP.

Proof. It is clear that the rounding procedure produces a feasible solution to
MCP. Let @ be the set of edges in the multiterminal cut. The proof is based to
the following two facts, proved in [14]:
(i) If (u,v) € E — Ej, then Pr[(u,v) € #] < 3 d(u,v), and
(ii) If (u,v) € Ej, then Pr[(u,v) € @] < d(u,v).

Due to the linearity of expectation, the expected value of the integer solution
CR, obtained by the rounding procedure is:

E[Crl= Y w(u,v)Pr[(u,v) € I

(u,v)EE

= Z w(u,v)Pr[(u,v) € O] + Z w(u, v)Pr[(u,v) € P

(u,v)EE\E} (u,v)€Ey
3 1 3~ 1
=, Z w(u,v)d(u,v) — 5 Z w(u, v)d(u,v) = 2C - QWk’
(u,v)EE (uv)€Ey

where C is the cost of the fractional solution. Moreover, Zle W; = 2C (recall
that every edge appeared into two sets E;, t € T) and since Wy, t € T is
maximized at t = k, it satisfies W}, > 26’. Therefore,
3. 1- 3 1 -
E[Cg] < 2C’ ka(Q k)C’.

The rounding procedure can be easily implemented in (deterministic) poly-
nomial time, except the step of choosing uniformly 6 from (0, 1). However, even
this step can be derandomized as follows: There are two possible choices for
o. For a given choice (permutation) of o, two different choices of 8, 61 < 6
produce combinatorially distinct mutliterminal cuts only if there is a terminal
t and a node u such that 6; < 2} < 6. These ”interesting” values of 6 are at
most k|V| (recall that the fractional solution is assumed normalized) and they
can be determined by sorting the nodes according to each coordinate separately.
The resulting discrete sample space for (o, 6) is of size 2k|V|, that is O(n?k?),
since, by Lemma [l |V is O(kn?). Since there is a choice of o, 6 that gives an
integer solution of value at most (g — ,1)6_', it follows that this solution can be
found by searching exhaustively this sample space, instead of choosing 6 from a
continuous distribution.

After this seminal result of Calinescu et al. [I4], there was also a significant
progress on exploring the (SLP) relaxation in order to derive both better ap-
proximation factors (by improved rounding procedures) and lower bounds on its
integrality gap (by exhibiting certain MCP instances). Note, that the k-leaf star
instance, used above for the LP-relaxation of (MIP), yields an integrality gap of
1 for (SLP).
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For k = 3, Cilinescu et al. in [I4] gave a MCP instance yielding a 16/15
inegrality gap for (SLP). Cunningham and Tang [27] and Karger et al. [52] pro-
posed, independently, a rounding procedure tailored to the case of k = 3 and
obtained a 12/11-approximation algorithm. Moreover, both groups proved that
this factor matches the integrality gap of (SLP) for this case, by exhibiting a
certain class of graphs. For k > 3, Karger et al. [52], proposed also improved
rounding schemes. For kK = 4 and k = 5 they shown approximation factors of
1.1539 and 1.2161 respectively, based on computer constructed and analysed
rounding schemes yielding, while for £ > 6, they gave a single algorithm obtain-
ing an (analytic) approximation factor of 1.3438 — ¢, €x > 0 which beats the
3/2 —1/k factor, for all k > 6. They also evaluated computationally the value of
€k, proving, this way, that 1.3438 — e, < 3/2 — 1/k, for all k. On the other hand,
Calinescu et al. in [I4] gave also an instance of the MCP yielding integrality gap
of 13/12 for k = 4. However, Freund and Karloff [38] gave a family of instances
having a 8/(7 + kil) integrality gap for every k > 3. This lower bound matches
with the 13/12 for k = 4, and it is the only known for k£ > 5.

The reader can be also referred to the book of V. V. Vazirani [70, Chapters
4 and 19] for an excellent presentation of approximation algorithms for MCP,
related problems and open questions.

2.2 Approximation Results for the 0-EP

The 0-EP is a generalization of the MCP and a special case of the LaP, with its
name coming from its alternative statement based on the next definition.

Definition 1. A metric (V, ) is an extension of the metric (T,d), T C V, iff
§(t,t') =d(t,t'), for allt,t' € T.

If, in addition, for every w € V there exists a unique t € T such that 6(u,t) =0,
then (V,0) is a O-extension of (T,d).

Recall that given a graph G = (V, E) with positive edge weights w(e),e € E
and aset T C V of k terminal nodes, the 0-EP asks for an assignment f : V — T,
such that

(i) f(t) =t, for all t € T, and
(i) > (umepw(u,v) - d(f(u), f(v)) is minimized, where (T',d) is an arbitrary
metric.

By Definition [Il it is clear that a 0-extension (V,d) of (T, d) corresponds to
an assignment f : V' — T such that f(u) =t if §(u,t) = 0. Therefore, the 0-EP
can be stated as following:

Find a 0-extension (V. 0) of (T,d) that minimizes }_, ,epw(u,v)-0(u,v).

Karzanov [54] proposed a relaxation of the above formulation, asking for
the extension (instead of the O-extension) of (T,d) to (V,d) that minimizes
> (uwyer W, v) - 6(u,v). This relaxation is known as metric relaxation of the
0-EP:



226 I. Milis

(MLP) : Minimize }, ,)ep w(u, v)d(u,v)
subject to (V,4) is a metric (1)
8(t, ')y =d(t, ') Ve,t' €T (2)

If an assignment f* : V — T defines an optimal solution to the 0-EP, then
putting d(u,v) = d(f*(u), f*(v)) defines a feasible solution to (MLP) of the
same cost with the optimal solution. Therefore, the cost of an optimal solution
to (MLP) is a lower bound on the cost of an optimal solution to 0-EP.

(MLP) relaxation is clearly linear, and was used by Karzanov [54I55] to show
that certain special cases (special metrics) of the 0-EP can be solved optimally in
polynomial time. Recently, Célinescu et al. obtained an O(logk)-approximation
algorithm for 0-EP [I5], using this LP-relaxation. In fact, they proposed the
following procedure to round an optimal fractional solution, to (MLP) (i.e. an
extension of (T, d) to (V,§)) to an integral one (i.e. a 0-extension of (T, d) to
(V,6)), that is, an assignment f:V — T.

Rounding procedure:
fort=1to k do f(t) =t;
for all u € V do B, = minger d(u, t);
choose a random permutation o = (o (1),0(2), ..., 0(k)) of the terminal nodes;
choose a real 6 uniformly at random from [1,2);
for t=1to k do
for all unassigned nonterminal nodes v do
if 6(u,o(t)) < 0B, then f(u) = o(t);

Theorem 3. [15] There is a randomized O(log k)-approzimation algorithm for
the 0-EP.

Proof. Let u be non-terminal node, ¢t € T be a terminal node with §(u,t) = By,
and choose j such that t = o(j). If w is not assigned to a terminal in iterations
1,2,....,7 — 1, it will be assigned to t in iteration j, since § > 1. Therefore, the
assignment f produced by the rounding procedure is a solution to 0-EP. The
expected cost of this assignment f is

E[Crl= Y w(uv)E[(f(u), f(v)).

(u,v)EE

Let 6(u,v), u,v € V, be the optimal solution to (MLP). It is proven in [I5]
that, for any pair of distinct nodes u,v € V,

Eld(f(u), f(v))] < 38Hy6(u, v),

where Hy =1+ ; + :13 + ...+ i is the k-th harmonic number. Therefore,

E[CRr] < 38Hj Z w(u,v)8(u,v) < O(logk)C < O(log k)C*,

(u,v)EE

where C' is the cost of the cost of the optimal solution to (MLP).
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Therefore, there is a choice of ¢ and 6 that produces a solution of cost
O(logk)C. For a given choice (permutation) of o, two different choices of
6, 01 > 02 produce combinatorial distinct assignments (0-extensions) only if
there is a terminal ¢ and a node u such that 6, B, < 61 B,. These ”interesting”
values of § are at most k|V| and they can be determined by sorting the fractions
of §(u,t)/B, over all nodes u € V with B, > 0 and over all t € T. Therefore,
a solution of cost O(log k)C can be found in randomized (due to the choice of
o) polynomial time by searching for 6 exhaustively, instead of choosing it from
a continuous distribution.

Moreover, Calinescu et al. [I5], proposed an improved rounding procedure of
the optimal solution to (MLP) tailored to the special case of planar graphs. This
improved rounding procedure guarantees an O(r®) approximation factor for the
case of K, —minor free graphs. This becomes a O(1) approximation factor for
the case of planar graphs, since they are K3 3 —minor free graphs. Finally, they
also proved a lower bound of O(y/log k) on the integrality gap of (MLP).

The results of Calinescu et al. [15], and especially their result for the planar
case as well as their lower bound on the integrality gap of (MLP), can be viewed
as a counterpart of results proposed in the context of the multipair cut problem
[40/41I57/72). Recall that this last problem can be viewed as another generaliza-
tion of MCP, not directly comparable to 0-EP, in the sense that neither problem
is a special case of the other. It is, however, interesting that techniques proposed
in this context, such as region growing and expander graphs, can be adapted in
the case of 0-EP.

3 Early Results for the LaP

The first results for LaP were obtained in the context of distributed software
engineering, where LaP was stated as a task assignment problem. Throughout
this section, this task assignment problem is referred as LaP, tasks are referred
as objects and processors as labels. Although MCP has not been yet stated,
Stone [71] established a close relationship MCP and the uniform metric LaP.
This relationship motivated the study of MCP [28/14] and inspired a large body
of work during the '80’s. In this section we present the results based on this LaP-
MCP relationship as well as additional results for LaP obtained in this context.
Surprisingly, this LaP-MCP relationship and almost the same results presented
also in the late ’90’s in the context of image processing.

3.1 The k = 2 Case

For the case of k = 2 labels (processors) Stone [71] proposed a simple reduction
to the minimum cut problem by constructing a weighted assignment graph G’ =
(V', E’) as follows: Two nodes are added to the original object (task) graph G =
(V, E), corresponding to labels L = {a, b}. Edges are also added from each node
u € V to both a and b. That is, V' =V UL and E' = EU{(u,a)lu € V,a € L}.
The weights of the edges of the assignment graph G’ are:
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w'(u,a) = c(u,b),u €V,
w'(u,b) = c(u,a),u € V, and
w'(u,v) = w(u,v), (u,v) € E.

Any a—b cut of G’ is associated to a solution of the original problem such that
the nodes remaining connected to a and b, after the edges in cut are removed, are
assigned the corresponding labels. Given the weights in G’, it is obvious that the
cost of any a — b cut is equal to the cost of the associated labeling. Therefore, an
optimal labeling is associated to a minimum a—b cut of G’ i.e. LaP is polynomial
solvable for k = 2 labels. Note that the same result was, also, obtained, later,
by Besag [7] and Greig et al. [46] in the context of image processing.

3.2 The Uniform Metric Case

Stone [71] tried also to extend his idea to the case of k£ > 2 labels and established
the relationship between the uniform metric LaP and MCP. Boykov et al. [10]
considered also the connection between the uniform LaP and MCP in the context
of image processing.

Similarly with the k& = 2 case, Stone proposed the construction of a k-label
assignment graph G’ = (V’, E’). Now, k nodes are added to the original object
graph G = (V, E), each one corresponding to a label in L. Edges are also added
from each node u € V to each of the nodes a € L. That is, V/ = V U L and
E' = EU{(u,a)|u € V,a € L}. The weights of the edges of the assignment graph
G’ are:

> per c(u,b)
—1
w'(u,v) = w(u,v), (u,v) € E.

w'(u,a) = —c(u,a),u € V,a € L, and

It is easy to verify that the cost of any multiterminal cut of G’, with the L
nodes considered as terminal nodes, is equal to the cost of the labeling associated
to this cut, i.e. the objects remaining connected to node a € L, after the edges
in the cut are removed, are labeled a. After the introduction of the MCP by
Dalhlaus et. al [28], Magirou and Milis [64] have shown formally the polynomial
equivalence of uniform metric LaP and MCP.

Stone [71] has been also proposed the reduction of the size of a LaP instance
based on the same idea which used later by Dahlhaus et al. [2§] in the Algorithm
D+ for the MCP (see Section 2.1): He considered an ¢ — & minimum cut of
G’, where a € L and @ a node formed by lumping together all the remaining
labels b € L,b # a (i.e. the weights of the edges (u,a),u € V are w'(u,a) =
> ber\{a} W' (u,b)). In fact, he proved that objects labeled a by a minimum a —a
cut, retain this label in the optimal labeling. Thus the application of this process
for all labels, results in a partial labeling which is consistent with the optimal
one.

One can think that labeling all unlabeled objects by the label a, for which
the @ — @ cut has the greatest cost, leads to a (2-2/k)-approximation algo-
rithm for the uniform LaP as the Algorithm D+ for the MCP. Unfortunately, it is
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easy to see that the LaP to MCP reduction is not approximation preserving.
Algorithm D+ requires non-negative edge weights and this does not hold for
the w'(u, a) weights of G’. Making these weights positive is not a problem: since
for each object u € V, the number of edges (u,a),a € L, appearing in any
multiterminal cut is exactly k — 1, this can be done by adding to all of them
an invariant depending on assignment costs ¢(u,a),u € V,a € L. However, the
2 — 2/k factor obtained by applying Algorithm D+ after this transformation
refers to a LaP instance different than the original one. In fact, the cost of the
LaP solution obtained this way can be arbitrarily far from the optimum solution
of the original instance. Note that the modified idea proposed by Magirou [63]
(see Section 2.1) for MCP suffers, also, from the same drawback.

Although the reduction of size of a LaP instance can not lead to an approxima-
tion algorithm, it was the starting point of the most known heuristic algorithm
for the uniform metric LaP, proposed by Lo [62]. In fact, this algorithm deals
with the labeling of objects that remain unlabeled after an iterative application
of Stone’s procedure. However, computational results reported in [63] show that
for large sized problems both Stone’s and Magirou’s reductions tend to become
useless. Kopidakis et al. [59] and Milis [65] presented different departures from
the basic Stone’s idea and proposed new heuristics, which outperform the Lo’s
one. Fernandez de la Vega and Lamari [36] studied special cases of uniform LaP
(complete object graph and bi-valued assignment costs or constant weights) and
proposed several approximation results.

3.3 The Linear Metric Case

In the linear metric case we consider w.l.o.g. L = {1,2,...,k}, i.e. the labels are
the integers 1,2, ..., k, and d(a, b) = |a — b|. For this case a polynomial time algo-
rithm was first proposed by Lee et al. [60] in the context of distributed software
engineering. Boykov et al. [I0J75] as well as Ishikawa and Geiger [51] obtained
also the same result in the context of image processing. We present here the first
algorithm proposed for this case by Lee et al. [60]. We call it Algorithm L.

From the object graph G = (V, E), an assignment graph G’ = (V' E’) is
constructed. This is done by copying k—1 times the graph G and adding a source
and a sink node. The a-th copy of G, 1 < a < k—1 is denoted by G, = (V¢, E%)
and the a-th copy of node u € V' is denoted by u, € V*. The source and the sink
nodes are denoted by ug and ug, respectively, and for notational convenience it is
assumed that the source node u, (resp. and the sink node uy,) represents the 0-th
(resp. the k-th copy) of all nodes in V, i.e. vg = ug and vy, = uy, for all v € V.
Hence, V' = {ug,us} U (UFZ1)V®. Edges H, = {(ua,uas1)0 < a < k — 1}, for
all u € V, are also added in G'. Hence, ' = £|JH, where £ = U’;;i E® and
H = Uyev Hu. Figure 2 shows this construction for an edge (u,v) € E.

Let @ C E’ be the set of edges in a ug — ug cut of graph G’. Such a ug — ug
cut is called feasible if |?(\Hy| = 1, for all u € V' (an example of a feasible
uo — uy cut is shown in Figure 2 by the dotted line). It is clear that a labeling
is associated to any feasible cut, such that f(u) =a+ 1, if () Hy = (Uq, Ua+1)-
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Fig. 2. The construction for the linear metric case

Theorem 4. [60] If the weights of the edges of G’ are:
W (Ug,ve) = w(u,v),u,v € V;1<a<k-—1, and
W (g, tgr1) = c(u,a+1)+W,u € V,0 < a < k—1, where W > (n—1) Zw(e),

ecE
then an optimal labeling is associated to a minimum ug — ug cut.

Proof. Consider first the cost of a feasible ug — uy cut of the graph G’. The set
& of the edges in such a cut can be written as & = &3 |J P, where &y = P(\H
and &g = P E. Let f be the labeling associated to this cut and A(f) and S(f)
be its assignment and separation costs, respectively.

Since ug — uy, is a feasible cut, it follows that:

(i) For each node u € V| there exists an a, 0 < a < k — 1, such that oy [ H, =
(g, Uqt1), that is W' (ug, Ugt+1) = c(u,a + 1) + W = e(u, f(u)) + W. Therefore,
ClBr) = 3y [elu, F(0) - 1IV] = 0 + X, ey el (1) = A(f) + nW.

(ii) For each edge (u,v) € E, there exist a,b, 0 < a,b < k — 1, such that
(g, Uq+1), (b, Vo41) € Py Then, it is easy to see that exactly |a — b| copies of
the edge (u,v) (each of weight w(u,v)) belong to P¢. Since |a—b| = d(f(u), f(v)),
it follows that C(®¢g) = >, ,yep w(u, v)d(f(u), f(v)) = S(f).

Hence, C(@) = C(Px) + C(Pe) = A(f) + nW + S(f) = C(f) + nW, and
since nW is an invariant for all feasible cuts, a minimum feasible ug — u cut is
associated to an optimal labeling.

To complete the proof it is enough to prove that a minimum wug — u cut is a
feasible one. Let ®* C E’ be a minimum ug—uy cut, and assume by contradiction
that it is infeasible. It is |®5, (| Hy| > 1, for all u € V, for otherwise for some
u € V the path ug, uy, ..., ug is not broken by @ (recall that @ is a ug — uj, cut).
Therefore, a feasible cut ¢ can be constructed from @* such that |y () Hy.| = 1,
for all u € V. Clearly ®4 has at least one fewer H-edge than @73, and hence,
C(95,) — C(Py) > W. Moreover,

C(Pe) =3 (4vyee W, 0)d(f(u), f(v) < 3y pyee ww,v)(n—1) < W.



Approximating a Class of Classification Problems 231

Therefore,

C(9*) — C(P) = (C(¢) + C(3,)) — (C(Pe) + C(Py))
= (C(95) — C(Py)) + (C(P%) — C(P¢)
>W +C(8%) — C(Pg) > W + C(S%) — W >0,

that is, C(9*) > C(P), a contradiction.

3.4 The General Case

In the general case of the LaP the distance function, d(-,-), can be any (possibly
non-metric) function. For this case, dynamic programming polynomial time op-
timal algorithms have been proposed for special classes of the object graph G.
Bokhari [9] presented an O(nk?) algorithm for trees and Towesly [73] an O(nk?)
algorithm for series-parallel graphs. Fernddez-Baca, [35] presented an O(nk" 1)
algorithm for partial r-trees and an O(nk!"/2142) algorithm for almost trees
with parameter r. Fernandez-Baca’s algorithms cover the former ones, since trees
are either partial 1-trees or almost trees with parameter 0, while series-parallel
graphs are partial 2-trees (recall the analogous results for MCP [23]). Further-
more, a lot of branch-and-bound exact algorithms have been proposed for the
general case LaP on arbitrary object graphs [SI21I6470].

4 Local Search Approximation Algorithms

Local search is one of the most successful methods of attacking combinatorial
optimization problems. Roughly speaking, local search algorithms start from an
arbitrary initial feasible solution and look for an improved one in its neighbor-
hood (i.e. those solutions that do not differ substantially from the initial one).
As far as an improved solution exists, it is adopted and the search is repeated
from this new solution; otherwise a local optimum is reached (with respect to
the chosen neighborhood). In the case of NP-hard problems we are interested on
local search obtaining a local optimum solution of cost within some guaranteed
factor from the (global) optimum.

Local search approximation algorithms have been also proposed for LaP. Such
a local improvement idea was employed, implicitly, in a polynomial time heuristic
for the uniform metric LaP, proposed by Milis [65], in the context of distributed
software engineering. Boykov et al. [I2] proposed, independently, in the context
of image processing, the iterative use of the same idea and obtained the first
algorithm with constant approximation ratio for the uniform metric LaP. Re-
cently, Gupta and Tardos [47] proposed also a local search algorithm for the
truncated linear metric LaP. Note, that both algorithms are based on finding
minimum cuts on appropriately constructed graphs.

4.1 The Uniform Metric Case

Consider an arbitrary initial objects’ labeling f and let V,, a € L be the set of
objects labeled a in f. The neighborhood, N,(f), of a labeling f, with respect
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to a label a, is defined by allowing to any subset of objects to change their labels
to a. That is,

N.(f)y={f"|f'(v)=0a if weV]2DV,, and f'(u) = f(u), otherwise}.

A labeling f' € N,(f), is called by Boykov et al. [I2] an a-expansion of f.
They also proposed the construction of a appropriate graph G, such that an
optimal a-expansion of f (i.e. the labeling f’ € N,(f) of minimum cost) can be
found by a minimum cut computation in G,. Instead of their construction, we
present here a much simpler one proposed in [65].

The graph G, = (V’, E’) is constructed by adding two additional nodes a and
a to the original object graph, the first representing the label a and the second
the labels L\ {a}. Edges are also added between each node u € V' and the nodes
a and a. Thus, V! =V U{a,a} and E' = FU {(u,a)|lu € V}U{(u,a)lu € V}.
Then, an optimal a-expansion can be found using next theorem.

Theorem 5. If the weights of the edges of G, are

w'(u,a) = c(u,a), ueV,

1
/ p—
w' (u,a) = c(u, f(uw)) + 5 g w(u,v), uweV, and
(u,v)EE,
Fw)#f(v)

w(u,v), if f(u) = f(v),
w' (u,v) = (u,v) € E,
éw(u,v), otherwise,

then an optimal a-expansion of a given labeling f is the labeling

a, fueV,uVl,
fluw) = u€eV,
f(u) otherwise,

where V! is the set of nodes which remain connected to a by the minimum
a—a cut of G-

Proof. Given a labeling f, any a — a cut of GG, is associated with a labeling f’
such that f'(u) = a, if u € V] UV,, and f'(u) = f(u), otherwise. Any labeling
/' (and hence the one associated with a minimum a — @ cut) is clearly an a-
expansion of f. It is, therefore, enough to prove that the cost of any a — a cut
of G, is equal to the cost of the associated labeling f’.

For the sake of simplicity, consider only two related objects v and v, (u,v) €
E. There are two cases for the labeling of v and v in f:

(i)  and v have the same label in f, i.e. f(u) = f(v).
(ii) u and v have different labels in f, i.e. f(u) # f(v).

For each case there are four possible cuts/labelings as it is shown in Figure 3,
where the weights obtained by the equations of the theorem are also indicated.
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Cetw gy cwa

e, f1v) c(v,a)
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o ey, frop+GeY)

(i) flu) = fiv) (it) flu) %f(v}

Fig. 3. The construction for the uniform metric case

It is easy to verify that, in both cases, the cost of all possible a — @ cuts is
equal to the cost of the associated labelings. The case when an object is related
to two or more other objects is captured by the sum in the second equation.

Given Theorem [l the following local search algorithm follows.

Algorithm BVZ;
choose an initial labeling f;
repeat
for all labels a € L do
find an optimal a-expansion f’ of f;
if C(f') < C(f) then f = f

until no improvement is possible for any label;

Boykov et al. [12] proved the next quite interesting theorem. We present here
their proof in a compact form, implied by its generalization in [47].

Theorem 6. [12] The cost of the labeling obtained by algorithm BVZ is within
a factor of 2 of the optimum.

Proof. Let f* be an optimum labeling. Let also V;* be the set of nodes labeled
with a in f*, E be the set of edges with both of their endpoints in V", and E7,
be the set of edges with exactly one of their endpoints in V.

It is clear that V' = U, Vs and E = EpU(U,c, Fi), where Ep =
UaEL E:lkb‘

Let f be a labeling and f’ be an optimal a-expansion of f. A lower bound
on the decrease of the cost C(f) in the movement from f to f’ can be obtained
by considering the a-expansion f¢ of f, which labels a all nodes in V*. That is
C(f)—=C(f") <C(f)—C(f*). If f is the local optimum labeling obtained by the
algorithm BVZ, then this decrease is clearly non-positive, that is C(f) < C(f9).
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What changes in the cost C(f), in the movement from f to f?, is only the
assignment cost A(V;) of the nodes in V;* and the separation costs S(E}) and
S(E?,) of the edges in E} and E,, respectively. In particular, in f:

(i) The assignment cost of the nodes in V* is A*(V*) = A*(V.*) (they are labeled
as in f*).
(ii) The separation cost of the edges in E¥ is S%(E?*) = 0 (their both endpoints
are labeled a).
(iii) The separation cost for the edges in E¥, is S*(E},) < S*(E},) (since V,, D
V).

Therefore,

A(VE)+ S(EX) + S(EY) < A*(V)) + S*(EX).

Summing up this inequality, for all @ € L, and taking into account that the
separation cost of the edges in £, is counted twice in this summation, we obtain
A(V)+ S(E)— S(Ep) +2S(Ep) < A*(V) + 25*(EpR),

and since S*(Ep) = S*(E), it follows that
AV)+ S(E)+ S(Ep) < A*(V) + 25*(E), that is C(f) <2C(f*).

The complexity of the algorithm BVZ is determined by the number of itera-
tions of its main repeat-until loop. Boykov et al. [12] report that, for applications
they have considered in the context of image processing, the algorithm stopped
after a few iterations. However, no bound on the number of iterations of the
algorithm is known, unless the trivial one of k™. They also report that most of
the labeling improvements were obtained in the first iteration of the algorithm,
and this observation agrees with computational results reported in [65], for the
evaluation of a heuristic algorithm which performs a single iteration of the al-
gorithm BVZ. More positively, Gupta and Tardos [47] observed that the proof
of Theorem [0l can be adapted to show that the algorithm BVZ provides a 2 4 ¢
approximate solution after O(log C° + log 1) iterations of its main loop, where
C? is the cost of the initial labeling. In fact, the algorithm BVZ can be viewed
as a special case of their analogous result for the truncated linear metric case
(see next subsection).

Boykov et al. [T2J75] have also shown that an optimum a-expansion can be
found similarly for any metric distance function. However, in the general metric
case, the approximation factor of an analogous local search algorithm is p =

max{d(a,b)}
“ming . {d(a,b)}’

from the optimum one.

i.e. the cost of a local optimum solution can be arbitrary far

4.2 The Truncated Linear Metric Case

In the truncated linear metric case we consider w.l.o.g. that L = {1,2,...,k},
i.e. the labels are the integers 1,2,...k, and d(a,b) = min{M, |a — b|}. Note,
that this metric is the most natural and robust non-uniform metric and has
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direct applications in problems arising in image processing context. For this case,
the approximation factor proposed by Boykov et al. for the general metric case
becomes p = 2M. However, Gupta and Tardos [47], generalizing the ideas pro-
posed for the linear and uniform metric cases, presented a local search algorithm
obtaining a solution of cost within a factor of 4 of the optimum.

The neighborhood of labeling f is now considered with respect to an interval
of the set of labels {1, 2, ..., k}, instead to a single label. Let I C L be an interval
of the set of labels and V; be the set of objects with their f labels in I. The
neighborhood, N;(f), of a labeling f, with respect to the interval I, is defined
by allowing to any subset of objects to change their labels to a label in I, i.e.

Ni(f)={f'If'(u)yel if ueV/ 2DV, and f'(u)= f(u), otherwise}.

Therefore, a local improvement step results in a labeling f/, such that each
object either keeps its label or it takes a label in I. Such a labeling f’ is called
an I-expansion of f.

To determine the length of intervals to be considered recall that the (untrun-
cated) linear metric case is polynomial solvable (see Section 3.2). It is, therefore,
natural to take intervals of length at most M, since for such an interval the
truncated linear metric is reduced to a linear metric. In fact, the length of any
interval I is considered to be exactly M, unless I is an initial or final portion
of L. Such an interval I can be chosen by simply choosing a random integer r,
such that —M < r < k, and setting I to be the part of the interval of length M
starting from r 4+ 1 that liesin L, ie. I ={r+1,r+2,...,7r+ M} N{1,2,....k}.
It is clear that the number of all possible intervals to be considered is k + M.

The choice of a random integer r implies a random partition of L into a set
of intervals § = {Iy, I1, ..., Is}, such that each interval I is starting either from
[r+s- M +1] (modk) or from 1. However, it is easy to see that choosing r from
{1,2,..., M} is enough to produce all combinatorial distinct partitions of L.

Given a labeling f and an interval of labels T = {i + 1,7 + 2,...,j}, where
j—1 < M, Gupta and Tardos [47] proposed the construction of a graph G;
such that, given two certain terminal nodes s and ¢ of Gy, each s — ¢ cut in
Gy is associated with a labeling f’ which is an I-expansion of f. We do not
present here the details of their construction, which puts together and generalizes
the a-expansion idea from the uniform metric case and ideas proposed for the
linear metric case (see Section 3.2). However, the construction proposed does not
guarantee finding an optimal [-expansion. In fact, the cost of a minimum s — ¢
cut in Gt can be greater than the cost of the associated labeling f’. Fortunately,
the gap between these two costs can be bounded as in the next lemma.

Lemma 2. [47] The gap between the cost of a minimum s —t cut in Gj
and the cost of its associated labeling f’ is due to a possible overestimation
of the separation cost of the labeling f'. In fact, for the edges (u,v) with ex-
actly one of their endpoints having a f' label in I, d(f'(u), f'(v)) can be re-
placed by d(f'(u),i + 1) + d(@ + 1, f'(v)) and it holds that d(f'(u), f'(v)) <
d(f'(u),i+ 1) +d(i+ 1, f'(v)) < 2M.
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Given this lemma, the following local search algorithm becomes of interest.

Algorithm GT;
choose a random partition S of L;
choose an initial labeling;
repeat
for all k£ + m possible intervals I do
find a minimum cut in G; and the associated labeling f”;
if C(f) < C(f) then f = f';

until no improvement is possible for any interval I;

Theorem 7. [47] The cost of the labeling obtained by algorithm GT is within
a factor of 4 of the optimum one.

Proof. Let f* be the optimum labeling. For an interval I of labels, let V;* be
the set of nodes with their f*-labels in I, and E} be the set of edges with both
of their endpoints having f*-labels in I. Let, also, E7_ (resp. E7,) be the set of
edges with only the higher (resp. the lower) f*-label of their endpoints in I.

It is clear that V = UresVy', Ujes BTy = UresEf_ = Es (Es is used to
denote the set of edges whose endpoints have f*-labels in different intervals of
the partition S). Hence, E = Es U (UresEr).

Let f be a labeling and f’ be its [-expansion found by the algorithm. A lower
bound on the decrease of the cost C(f) in the movement from f to f’ can be
obtained by considering the I-expansion f! of f, which labels all nodes in V;* by
their f*-labels. That is C(f) — C(f') < C(f) — C(f!). If f is the local optimum
labeling obtained by the algorithm, then this decrease is clearly non-positive,
that is C(f) < C(f7).

What changes in the cost C(f), in the movement from f to f7, is only the
assignment cost A(V}*) of the nodes in V;* and the separation costs S(E7),
S(E7,) and S(E7_) of the edges in £}, E7, and E}_ respectively. For the edges
(u,v) € S(E7,)US(E7_), assume w.l.o.g. that the f*-label of their v endpoint
is in I. In particular, in f’:

(i) The assignment cost of the nodes in V;* is AL(V}*) = A*(V}) (they have their
f*-labels).

(ii) The separation cost of the edges in E¥ is ST(E}) = S*(E}) (both of their
endpoints have their f*-labels).

(iii) The separation cost of the edges (u,v) € Ej_ is, by Lemma [2

SIEFL) < Y wwv)d(f(w),i+ 1) +d(i+1, f(v)).

(uw,v)EET_

But, (u,v) € EF_ implies f*(v) <. Thus,

SUEL) < Y0 wwo)df (w), [ ()+M] < SEF)+M Y wlu,v).

(u,v)EET_ (u,v)EET_
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(iv) The separation cost of the edges (u,v) € E7_ is, by Lemma 2]

SEL) < Y wlwo)d(f )it Drdir L fE)] <2M Y wlu.w).

(w,v)€ET, (u,v)eEf

Therefore,

A(VP) + S(ET) + S(E7_) + S(ET,)

SAY V) +SU BN+ ST B+ M Y wwe)+2M Y w(u,v)
(u,v)EET_ (u,v)GE}“Jr

Summing up last inequality, for all intervals I in the random partition S
of L, and taking into account that the separation cost of the edges in E% is
counted twice in this summation, we obtain

A(V) + S(E) + S(Es) < A*(V) + S*(E) +3M Y w(u,v),
(u,w)EEs

that is, C(f) < C(f*)+3M Z w(u, v).
(u,w)EEs
Consider now the expected value of Z(u’v) eps W(u,v). The probability that
an edge (u,v) belongs to Es is equal to the probability that f*(u) and f*(v)

d(f*(w),f" (v)) (
M

lie in different intervals of the partition S, which is exactly recall

how a random partition S can be obtained). Hence,

EM Y wuo)l=M Y d(f*(“ﬁf*(”))w(u,v):5*(E).

(u,v)EEs (u,v)EE
Therefore, C(f) < C(f*) 4+ 3S*(E) < 4C(f*).

The algorithm KT terminates after an exponential number of iterations of
its main repeat-until loop. However, Gupta and Tardos [47], proved also that
this algorithm provides a 4 + € approximate solution after O( A’} (log C° +log i))
iterations of its main loop, where C? is the cost of the initial labeling.

It is easy to see that algorithm GT reduces to the algorithm BVZ in the case of
M =1, and to algorithm L+ in the case of M < k. In the first case the truncated
linear metric becomes a uniform metric and each interval I of labels consists of
a single label. In the second case the truncated linear metric becomes a linear
metric and a single interval I of labels is considered. However, in both BVZ and
L+ algorithms the cost of a minimum cut in the graphs constructed coincides
with the cost of the associated labeling. Thus, in the first case an optimal local
movement can be found, while in the second case an optimal solution is directly
obtained. It is an interesting open question to construct a graph providing an
optimal I-expansion for the truncated linear metric case LaP too.
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5 LP-Based Approximation Algorithms

Recently, the LP-relaxation method was used to provide approximation algo-
rithms for LaP. Kleinberg and Tardos [58] and Chekuri et al. [I9] presented two
different LP-relaxations of the problem and they obtained the best known ap-
proximation results for several LaP variants. In this section we present these
recent results classified according the problem variants.

5.1 The Uniform Metric Case

Kleinberg and Tardos [58] presented an LP-relaxation for the case of uniform
LaP, which is a natural adaptation of the (SLP) relaxation proposed by Calinescu
et al. for the MCP [I4] and studied, also, in [27] and [52].

A labeling f can be represented by 0-1 variables z(u,a), u € V, a € L,
such that (i) z(u,a) = 1, if f(u) = a, and z(u,a) = 0, otherwise, and (ii)
> aer Z(u,a) =1, for all u € V. Then, the cost of a labeling can be written as

o= Y cmapa+ Y wlw)y 3 lr(wa) - o(v,a)

ueV,a€l (u,v)EE,a€L acl

Using variables z(e), to express the separation cost due to each edge e = (u,v) €
E, and variables z(e, a), to express the absolute value |z(u, a) — (v, a)| for each
label @ € L, the uniform LaP can be formulated as the following linear integer
program.

(UIP) Minimize ), cyqcp c(u,a)z(u,a) + 3 cpwle)z(e)
subject to Yo x(u,a) =1, YoeV (
z(e) = 3> ,ep 2(e,a), Ve€E (
z(e,a) > z(u,a) —z(v,a),Ve € E;Na € L (
z(e,a) > z(v,a) — x(u,a),Ve € E;Na € L (
z(u,a) € {0,1}, YueV,Vae L (5)

Let (ULP) be the LP-relaxation of (UIP) obtained by replacing the integrality
constraints (5) with z(u,a) > 0, v € V,a € L. Let Z(u,a), u € V,a € L
be a fractional optimal solution to (ULP). This fractional solution is rounded
to an integer one by the following procedure, where values Z(u,a) are used as
probabilities that object u is labeled a. In fact, objects are labeled in phases.

1)
2)
3)
4)
5

Rounding procedure:
repeat
choose a label a uniformly at random from L;
choose a real 6 uniformly at random from [0,1];
for all unlabeled objects u € V' do
if Z(u,a) > 0 then label u with a;
until all objects are labeled;
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Theorem 8. [58] The above algorithm is a 2-approximation algorithm for the
uniform LaP.

Proof. Consider first the assignment cost for an object u € V. Until object u
is labeled, the probability it is labeled a in a given phase is exactly Z(u,a)/k.
Thus, the probability that an unlabeled object u is labeled in a single phase is
precisely 1/k. Further, over all phases the probability that an object u is labeled
ais Pr[f(u) = a] = Z(u, a).

Consider next the separation cost of an edge (u,v) € E. The probability that
objects u and v are labeled with different labels is:

Prlexactly one of u, v is labeled in one phase]

Pr(f(u) # f(v)] <

Pr [at least one of u,v is labeled in one phase]

1
k a€Ll

A SR

Therefore, the expected cost of the integer solution obtained by the rounding
procedure is

ECil= ) clua)Pr(fu)=a+ Y wle)Pr[f(u)# f(v)

u€V,a€L (u,v)EE

< > clwa)i(ua)+2 Y wle)z(e) = A(V) +28(E) < 2C.

ueV,a€L (u,v)EE

As it is mentioned in [58], this rounding procedure can be derandomized using
the method of conditional probabilities.

It is easy to see that there is an asymptotic lower bound of 2 on the integrality
gap of (ULP) relaxation. Consider as objects’ graph the complete graph Kj,
with w(e) = 1, for all edges, and all assignment costs equal to 0, except costs
¢(i,1),1 < i < k, which are equal to infinity. The optimum integral solution is:
for some i, label all objects j # i, by label ¢ and the object ¢ by any other label.
The cost of this solution is k& — 1, due to separation cost incurred by the k — 1
edges incident to node i. An optimal fractional solution is Z(i, ) = kil for all
i # j and Z(i,j) = 0 for all ¢ = j. The cost of this solution is equal to the
separation cost of all k(k —1)/2 edges of the objects’ graph. The separation cost
for each edge is kil, that is, a total cost of k/2. Hence, a lower bound of 2—2/k
on the integrality gap follows.

Although (ULP) relaxation generalizes (SLP) relaxation, proposed by Cali-
nescu et al. for MCP [14], a different rounding scheme is used, due to the presence
of assignment costs c(u, a). This results on an integrality gap of 2 for (ULP) in
contrast with the 1.5 — 1/k approximation factor and the 8/(7 + ') lower
bound on the integrality gap of (SLP).
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Chekuri et al. [T9] proposed another natural integer programming formulation
of the general case LaP. Similarly with (UIP), variables 0-1 variables x(u, a), u €
V, a € L, are also used to express a labeling f. However, instead of variables
ze and z, in (UIP), they use 0-1 variables z(u,a,v,b) to express directly the
labeling of the endpoints u,v of an edge (u,v) € E, i.e. z(u,a,v,b) = 1, if
f(u) = a and f(v) = b, and z(u,a,v,b) = 0, otherwise. Thus, the general case
LaP can be formulated as following.

(GIP) Minimize Z c(u,a)z(u,a) + Z w(u,v)d(a,b)z(u, a,v,b)

u€V,a€L (u,v)EE
a,bel
subject to Z z(u,a) =1,Vu eV (1)
a€Ll
Zm(u,a,v,b) —z(u,a) =0, Yu € V,¥(u,v) € E,Va € L (2)
belL
x(u,a,v,b) — z(v,b,u,a) =0, Vu,v € V,Va,be L (3)
x(u,a) € {0,1}, Yu € V,Va € L (4)
x(u,a,v,b) € {0,1}, Yu,v € V,Va,b € L (5)
Constraints (2) force consistency in the edge variables: if f(u) = a and

f(v) = b, then z(u,a,v,b) is forced to be 1. Constraints (3) express the fact
that x(u,a,v,b) and z(v,b,u,a) refer to the same edge. Let (GLP) be the LP-
relaxation of (GIP) obtained by relaxing the integrality constraints (4) and (5)
and allowing variables z(u,a) and z(u,a,v,b) to take any non-negative value.
Observe that constraints (2) are quite important for this relaxation.

For the rest of this subsection, consider (L,d) in (GLP) to be the uniform
metric. It is clear that variables z(u,a) determine completely the cost of both
(GLP) and (ULP). Let Z(u,a) be an optimal fractional solution to (GLP) and
consider the cost of both (GLP) and (ULP) on Z(u,a). The assignment cost
for both (GLP) and (ULP) is clearly the same. The contribution of an edge
(u,v) € E to the separation cost of (ULP) is

3 S wu, ) a) ~ 2w, @) = ) 3wl )| 3w a,0,5) ~ 3 #(v,0,u,b)

acl acl beL beL

1 _ _
< 5 Zw(u,vﬂ Z Z(u,a,v,b) + Z Z(v,a,u,b)|
acl beL,b#a beL,b#a
1 _ _
=, Z Z 2w(u, v)Z(u, a,v,b) = Z Zw(e)d(a,b)x(u,a,v,b).
a€L beLb#a a€Lbel

The last term is the contribution of the edge (u,v) € E to the separation
cost of (GLP). Hence, the cost of (ULP) on Z(u,a) is no more than the cost
of (GLP). Therefore, applying the rounding procedure proposed for (ULP), to
the fractional solution Z(u,a) to (GLP) yields the same approximation factor.



Approximating a Class of Classification Problems 241

Moreover, the K}, graph instance used to show the 2 — 2/k lower bound on
integrality gap of (ULP), can be also used to show the same lower bound on the
integrality gap of (GLP) for the uniform metric LaP.

5.2 The Linear Metric Case

The (GLP) relaxation of Chekuri et al. [I9] obtains also another optimal polyno-
mial algorithm for the linear metric case LaP, i.e. the cost of an optimal solution
to (GLP) is equal to the cost of an optimal solution to (GIP). In fact, the fol-
lowing procedure is proposed to round an optimal solution Z(u,a) to (GLP) to
an integer optimal one for the linear metric LaP.

Rounding procedure:
choose a real 6 uniformly at random from [0,1];
for all u € V do
foralla=1,2,....k do
h(u,a) = ZZ=1 Z(u, b);
if 0 < h(u,1) then f(u) =1;
for alla =2,3,...,k do
if h(u,a —1) < 0 < h(u,a) then f(u) = q;

It is clear that this rounding procedure (i) labels each object once, since for
each object u a unique label a satisfies h(u,a — 1) < 6 < h(u,a), and (ii) labels
all objects, since h(u,k) = 1. In fact, this rounding procedure can be easily
generalized to the case where the labels are arbitrary points on the real line.

Theorem 9. [19] The integrality gap of (GLP) relazation for the linear metric
case s 1.

Proof. It is enough to prove that the expected cost of the labeling f obtained
by the rounding procedure is no more than the cost of (GLP) on Z(u, a).

First, it can be readily verified that for an object a € V, Pr[f(u) = a] =
Z(u, a).

It is, also, proven in [19] that for an edge (u,v) € E,

E[d(f(u), f(0))] = Y |h(u,a) = h(v,a)| < Y d(a,b)z(u,a,v,b).

a€L a,bel

Therefore, the expected cost of the labeling obtained by the rounding
procedure is

E[Cil= ) clua)Prlfu)=a+ Y wlu,0)E[d(f(u), f(v))]

ueV,aeL (u,v)EE
< Z c(u,a)z(u,a) + Z w(u,v)d(a,b)z(u, a,v,b)
ueV,aeL (u,v)EE,a,beL

=A(V)+S(E) <C.
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Theorem [@ holds also for any strictly convex distance function d on the labels
1,2,3,..., k, on the integer line [19], that is d(a,b) = g(|a —b|), where g is convex
and increasing. Recall that such a distance function is not a metric ( (L,d) is
a metric iff g is concave and increasing). An example of such a function is the
quadratic linear function d(a, b) = |a—b|?, which is of particular interest in some
image processing applications [51I61]. The same result on convex functions was
also shown by Ishikawa and Geiger [51] in the context of image processing. In
fact, they have shown that the graph construction proposed for the linear metric
case (see Section 3.2) can be extended for convex distance functions to obtain
the optimal solution via minimum cuts.

5.3 The Truncated Linear Metric Case

The (GLP) relaxation of Chekuri et al. [I9] obtains also a 2 + v/2- approxima-
tion algorithm for the truncated linear metric LaP, thus improving the 4 + -
approximation algorithm of Kleinberg and Tardos [58] presented in Section 4.2.
For this case they proposed the following rounding procedure which is a natural
generalization of the rounding procedures for the uniform and the linear metric
cases. The fractional solution Z is rounded again using only the variables Z(u, a).
The rounding is carried out in phases, as in the uniform metric case. However,
in each phase, objects are now labeled by labels drawn from an interval of la-
bels rather than labeled by the same label. Moreover, if two objects v and v
are labeled in different phases, then it is assumed that d(f(u), f(v)) = M. Once
an interval of labels is chosen, the rounding within each phase is similar to the
linear case one. An integer parameter M’ > M, is used to determine the starting
point of an interval as well as its length. The analysis guides the choice of M’
to obtain the best approximation factor.

Rounding procedure:
repeat
choose a real 6 uniformly at random from [0,1];
choose an integer [ uniformly at random from [—M’ + 2, k];
for all unlabeled u € V do
forallae I, =[l,l4+ M'—1] do
a

a—1
if Zi‘(u,b) <0< Z(u,b) then f(u) = a;
b=1 b=l

until all objects are labeled ;

Theorem 10. [19] The above algorithm is a randomized 2 ++/2-approzimation
algorithm for the truncated linear metric LaP.

Proof. Consider an iteration of the rounding procedure and an object u not yet
labeled. The probability of labeling u by a in this iteration is exactly Z(u,a), if
a € I; and zero otherwise. The number of all possible intervals is k+ M’ — 1 and
the number of intervals that contain a is M’. Hence, the probability of labeling
u by a in this iteration is Z(u,a)M'/(k + M’ — 1). Moreover, the probability
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of labeling u by some label in an iteration is M’/(k + M’ — 1). Therefore, the
probability that an u is labeled a, over all phases, is Pr[f(u) = a] = Z(u, a).

It is proven in [I9] that the expected value of the distance d(f(u), f(v)) sat-
isfies the inequality

Bla(f () ()] < 2+ max{ 2y ) S da, by a,0.b).
a,beL

Hence, the expected cost of the labeling obtained by the rounding procedure
is
- 2M M’ 2M M’
= < .
E[Cr] = A(V) + (2 + max{ MM HS(E) < (2 4 max{ MM He
The analysis proposed can be generalized for the case of a real number M,
and by choosing M’ = v/2M, the theorem follows.

As it is mentioned in [I9] a similar analysis can be also applied in the case
of the truncated quadratic linear function d(a,b) = min{M,|a — b|*} (which is
not a metric). In fact, by choosing M’ = V/M, it can be shown that there is a
randomized O(\/ M)-approximation algorithm for this case.

5.4 The General Metric Case

Kleinberg and Tardos in [58], presented also an O(log k loglog k) approximation
algorithm for the general metric case LaP. Their algorithm is based on Bar-
tal’s result [3/4] that a given metric can be probabilistically approximated by
a hierarchically well-separated tree metric (HST metric). Based on this result
they proposed an LP-relaxation for the case of HST metrics. This relaxation,
called (TLP), is a natural generalization of their (ULP) relaxation for the uni-
form metric case. They also proposed a randomized procedure for rounding a
fractional optimal solution to (TLP) yielding an O(1) integrality gap for HST
metrics. Since any general metric can be approximated by an HST metric with
an O(log kloglog k) distortion [4/18], their result follows.

Chekuri et al. [19] presented a different way to obtain the same result by
using directly their (GLP) relaxation. First, they use an optimal solution, Z, to
(GLP) to identify a deterministic HST metric approximation, ds, of the given
metric d, such that the cost of Z on df is bounded. This can be done by using
next proposition of Charikar et al. [17].

Proposition 1. [17] Let d be a metric on L and g be a non-negative function
over L. Then d can be approximated deterministically by an HST metric dp such

that
> g(a,b) - di(a,b) < O(log kloglog k) > g(a,b) - d(a,b).
a,b a,b
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Applying Proposition [l with g(a,b) = Z(a’b)eL w(u,v)Z(u,a,v,b), a,b € L,
results in a HST metric dy. The solution Z to (GLP) on d is, also, a feasible
solution to (GLP) on the HST metric df, since only the metric over the labels
changes. Let Cy, and C be the costs of Z on d and d, respectively. Then, by
Proposition [T} it follows that Cy, < O(logkloglogk)C'.

Therefore, it is enough to round the optimal fractional solution Z to (GLP) to
an integral solution, provided that the cost of this integral solution on the HST
metric dy is within an O(1) factor of Cy.. Chekuri et al. [I9] claim that their
(GLP)-relaxation, for HST metrics, is at least as strong as the (TLP)-relaxation
of Kleinberg and Tardos, i.e. for the fractional solution Z, the cost of (GLP)
on HST metrics is no more than the cost of (TLP). Therefore, the rounding
procedure proposed by Kleinberg and Tardos for (TLP) [58], can be used to get,
this way, an O(log k log log k)-approximation algorithm.

Theorem 11. [B58/19] There is a randomized O(log kloglog k)-approzimation
algorithm for the general metric LaP.

Recently, Fakcharoenphol et al. [34] showed that any general metric can be
approximated by an HST metric with an O(logk) distortion, improving the
previous bound of O(logkloglogk) distortion on which Theorem [IT] is based.
Moreover, they showed that their result is existentially tight, i.e. there exist
metrics where any HST metric approximation must have (logn) distortion. Using
this result, the rounding procedure proposed by Kleinberg and Tardos for (TLP)
[58] leads directly to the next theorem.

Theorem 12. [34)58| There is a randomized O(log k)-approxzimation algorithm
for the general metric LaP.

Moreover, Archer et al. [I] presented an O(logn) approximation algorithm
for the general metric LaP. Their algorithm uses the same (GLP) relaxation of
Chekuri et al. [I9] and also approximates the general metric by a HST metric.
Instead of using a special relaxation for tree metrics, as Kleinberg and Tardos
[58], they propose a rounding method which does not increases the solution’s
cost for a tree metric. This rounding method provides also an alternate proof to
the fact that the (GLP) relaxation of Chekuri et al. [L9] has an integral solution
for tree metrics (this fact is also mentioned in [I9]). However, next theorem
outperforms Theorem [I2] only if k& > n.

Theorem 13. [I]| There is a randomized O(logn)-approzimation algorithm for
the general metric LaP.

6 Conclusion

In Table 1 we summarize the known results for the problems studied in this chap-
ter. They are classified into combinatorial results, which are based on minimum
cut algorithms, and LP-based results, which are based on LP-relaxations and
randomized rounding. For the class of combinatorial algorithms we give in Table
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Table 1. Summary of results

Problem Combinatorial LP Intergality Gap
approximation|| relaxation Upper bound [ Lower bound
MCP 22/k 28] [[(SLP) [14][ 3/2- 1/k [14] [8/(T+ =) [38]
1.3438 [52]
0-EP (MLP) [54]]  O(logk) [15] 2(v/Iogk) [15]
Linear LaP optimal (GLP) [19] 1[19
60,10, 75, 51]
Quadratic linear LaP|| optimal [51] (GLP) 1 [19]
Convex linear LaP
Uniform LaP 2" [12] [47] ||(ULP) [58] 2 [58]
2+e€ [47] (GLP) 2 [19
Truncated linear LaP|| 4%, 44¢ [47] (GLP) 2+ /2 [19]
Truncated quadratic
linear LaP (GLP) O(M) [19]
(TLP) [58]|O(log klog log k) [58] see
Metric LaP (GLP) |O(logkloglogk) [19]|  point (iii)
(TLP) O(logk) [34] below
(GLP) O(logn) [1]

* exponential (local search) algorithm

1 the known approximation factors, while for the class of LP-based algorithms
we give the LP-relaxations used and the known upper bounds (i.e. approxima-
tion factors) and lower bounds on their integrality gap. Recall that all problems
in the table are in the MAX SNP-hard class and, hence, there is no PTAS for
any of them, unless P=NP.

Recent activity on the problems included in Table 1 has led to a significant
progress on understanding their approximability though we are still far from
resolving the issue. Many open questions can be picked up by looking any entry
of Table 1 (even the filled ones). These questions can be classified into three
directions.

(i) Closing the gap between the upper and lower bound on the integrality gap
of the LP-relaxations proposed is an open question for most of our problems.
This can be done either by obtaining problem instances yielding stronger lower
bounds (any lower bound if no one is known) or by providing improved rounding
procedures yielding better approximation factors or both.

(ii) LP is in P, but the running time of LP algorithms is very high. Therefore,
it will be nice to have combinatorial algorithms with approximation factors as
close as possible to those of LP-based algorithms. It will be quite interesting
to have such an algorithm for any of the empty entries in the corresponding
column of Table 1 or even algorithms yielding better approximation factors than
the known ones. Note that at least two different 2-approximation algorithms are
known for the uniform LaP: an exponential local search one and an LP-based
one which, moreover, is obtained through two different LP-relaxations. These
results provide a strong evidence that the following conjecture holds.
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Congecture 1. There is a combinatorial (polynomial) 2-approximation algorithm
for the uniform LaP.

(iii) Resolving either point (i) or (ii) does not close the approximability ques-
tion for some problem, unless the approximation factor achieved meets some
known approximation threshold. A significant progress to this direction is a re-
cent inapproximability result by Chuzhoy and Naor [24] for the general metric
LaP. In fact, they showed that there is no constant factor approximation for
the general metric LaP if P#NP, and also that the problem is 2(y/logn)-hard
to approximate if NP ¢ DTIME(nP°(°8™)) i e. if NP has no quasi-polynomial
time algorithms. It will be of great interest to have such a negative result for
any other of our problems. Taking into account again the results for the uniform
LaP in Table 1, what we can possibly expect in this direction is a negative result
like the following.

Congecture 2. There is no (2 — €)-approximation algorithm for the uniform LaP.
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Abstract. Many approximation results for single machine scheduling problems
rely on the conversion of preemptive schedules into (preemptive or non-preemp-
tive) solutions. The initial preemptive schedule is usually an optimal solution to
a combinatorial relaxation or a linear programming relaxation of the scheduling
problem under consideration. It therefore provides a lower bound on the optimal
objective function value. However, it also contains structural information which
is useful for the construction of provably good feasible schedules. In this context,
list scheduling in order of so-called a-points has evolved as an important and
successful tool. We give a survey and a uniform presentation of several approxi-
mation results for single machine scheduling with total weighted completion time
objective from the last years which rely on the concept of a-points.

1 Introduction

We consider the following single machine scheduling problem. There is a set of n jobs
J = {1,...,n} that must be processed on a single machines. Each job j has a non-
negative integral processing time p;, that is, it must be processed during p; time units.
The machine can process at most one job at a time. Each job j has a non-negative
integral release date r; before which it cannot be processed. In preemptive schedules, a
job may repeatedly be interrupted and continued later. In non-preemptive schedules, a
job must be processed in an uninterrupted fashion. There may be precedence constraints
between jobs. If j < k for j, k € J, it is required that j is completed before k can start.
We denote the completion time of job j by C; and seek to minimize the fotal weighted
completion time: A non-negative weight w; is associated with each job j and the goal
is to minimize ) jeg Wi C;. In order to keep the presentation simple, we will almost
always assume that the processing times p; are positive integers and that w; > 0, for
all jobs j € J. However, all results can be carried over to the case with zero processing
times and weights.

In scheduling, it is quite convenient to refer to the respective problems using the
standard classification scheme of Graham, Lawler, Lenstra, and Rinnooy Kan [20]. The
problems that we consider are special variants of the single machine scheduling prob-
lem 1|7;, prec(, pmtn) | w;C;. The entry “1” in the first field indicates that the
scheduling environment provides only one machine. The second field can be empty or
contains some of the job characteristics r;, prec, and pmin, indicating whether there

E. Bampis et al. (Eds.): Approximation and Online Algorithms, LNCS 3484, pp. 250-291] 2006.
(© Springer-Verlag Berlin Heidelberg 2006
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are nontrivial release dates or precedence constraints, and whether preemption is al-
lowed. We put an item in brackets to indicate that we consider both variants of the
problem, with and without the corresponding feature. The third field refers to the ob-
jective function. We are interested in minimizing the total weighted completion time
> w;C; or, for the special case of unit weights, the fotal completion time > Cj.

Scheduling with the total weighted completion time objective has recently achieved
a great deal of attention, partly because of its importance as a fundamental problem in
scheduling, and also because of new applications, for instance, in compiler optimization
[9] and in parallel computing [6]. In the last years, there has been significant progress in
the design of approximation algorithms for various special cases of the general single
machine problems 1| r;, prec(, pmtn)|>_ w;Cj; see, e.g., [29,21,16,11,35,17,18,
36,10, 1,3].

Recall that a p-approximation algorithm is a polynomial-time algorithm guaran-
teed to deliver a solution of cost at most p times the optimal value; the value p is
called performance guarantee or performance ratio of the algorithm. A randomized
p-approximation algorithm is a polynomial-time algorithm that produces a feasible so-
Iution whose expected objective function value is within a factor of p of the optimal
value.

For problems without precedence constraints, we also consider the corresponding
on-line setting where jobs arrive over time and the number of jobs is unknown in ad-
vance. Each job j € J becomes available at its release date, which is not known in
advance; at time r;, we learn both its processing time p; and its weight w;. Even in
the on-line setting, the value of the computed schedule is compared to the optimal (off-
line) schedule. The derived bounds are called competitive ratios. While all randomized
approximation algorithms discussed in this paper can be derandomized in the off-line
setting without loss in the performance guarantee, there is a significant difference in the
on-line setting. It is well-known that randomized on-line algorithms often yield better
competitive ratios than any deterministic on-line algorithm can achieve (see, e. g., the
positive and negative results on the problem 1|r; | >~ C; in Table 1).

The conversion of preemptive schedules to nonpreemptive schedules in order to get
approximation algorithms was introduced by Phillips, Stein and Wein [29] and was
subsequently also used in [7, 11], among others. Phillips et al. [29], and Hall, Shmoys,
and Wein [22] introduced the idea of list scheduling in order of a-points to convert
preemptive schedules to non-preemptive ones. Even earlier, de Sousa [46] used this
idea heuristically to turn ‘preemptive’ solutions to a time-indexed linear programming
relaxation into feasible nonpreemptive schedules. For « € (0, 1], the a-point of a job
with respect to a preemptive schedule is the first point in time when an a-fraction of
the job has been completed. Independently from each other, Goemans [16] and Chekuri,
Motwani, Natarajan, and Stein [11] have taken up this idea, and showed that choosing o
randomly leads to better results. Later, a-points with individual values of « for different
jobs have been used by Goemans, Queyranne, Schulz, Skutella, and Wang [17].

Table 1 summarizes approximation and on-line results based on the concept of a-
points which were obtained for the single machine scheduling problems under consid-
eration. These results are compared with the best known approximation and on-line
results and also with corresponding hardness results. In the absence of precedence
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Table 1. Summary of approximation results and non-approximability results. In all cases, € > 0
can be chosen arbitrarily small. The bounds marked with one and two stars refer to random-
ized and deterministic on-line algorithms, respectively. The second column contains the results
discussed in this paper while the third column gives the best currently known results. The last
column contains the best known lower bounds, that is, results on the hardness of approximation.

Approximation and hardness results for single machine scheduling problems

problem a-points best known lower bounds
1|3 C; 1.5820" [11] 12+ ?2[91]] 1'58229: [[2438]’ >01
U S0 M e L s
U ry, pmin|3 w;C; 5 [36] 12’1: T3[6]]] 11(?73;*** [[llt]]
1l prec| > w;C; 2+ ¢e[35] 2[21] ?

17y, prec| > w;C; e+ ¢ [35] ?

1| r4, prec, pmin| > w;C; 24 ¢[35] 2[21] ?

constraints, polynomial-time approximation schemes have recently been obtained by
Afrati et al. [1]; however, list scheduling in order of a-points still leads to the best
known randomized on-line algorithms for these problems. For problems with prece-
dence constraints, the concept of a-points either yields the best known approximation
result (for the problem 1| r;, prec| > w;C};) or only slightly worse results. It is one of
the most interesting open problems in the area of machine scheduling to obtain non-
approximability results for these problems [38,51].

We mention further work in the context of a-points: Schulz and Skutella [37] ap-
ply the idea of list scheduling in order of «-points to scheduling problems on identical
parallel machines, based on a single machine relaxation and random assignments of
jobs to machines. Savelsbergh, Uma, and Wein [32] give an experimental study of ap-
proximation algorithms for the problem 1|r; | >~ w;C};. In particular, they analyze list
scheduling in order of a-points for one single o and for individual values of « for dif-
ferent jobs. They also test the approximation algorithms within a branch and bound
scheme and apply it to real world scheduling instances arising at BASF AG in Lud-
wigshafen. Uma and Wein [49] extend this evaluation and study the relationship be-
tween several linear programming based lower bounds and combinatorial lower bounds
for the problems 1|7 | >~ w;C;. The heuristic use of a-points for resource constrained
project scheduling problems was also empirically analyzed by Cavalcante, de Souza,
Savelsbergh, Wang, and Wolsey [5] and by Mohring, Schulz, Stork, and Uetz [26].

In this paper, we give a survey and a uniform presentation of the approximation re-
sults listed in the second column of Table 1. We start with a description and analysis
of simple list scheduling heuristics for non-preemptive and preemptive single machine
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scheduling in Section 2. The concept of a-points is introduced in Section 3. In Section 4
we review the result of Chekuri et al. for the problem 1| r; | Y~ C;. Time-indexed LP
relaxations for general constrained single machine scheduling together with results on
their quality are discussed in Section 5. In Section 6 we review related results of Schulz
[34] and Hall, Schulz, Shmoys, and Wein [21] on list scheduling in order of LP comple-
tion times. The approximation results of Goemans et al. [17] and Schulz and Skutella
[36] for single machine scheduling with release dates are discussed in Section 7. The
results of Schulz and Skutella [35] for the problem with precedence constraints are
presented in Section 8. Finally, the application of these results to the on-line setting is
discussed in Section 9.

2 Non-preemptive and Preemptive List Scheduling

In this section we introduce and analyze non-preemptive and preemptive list scheduling
on a single machine for a given set of jobs with release dates and precedence constraints.
We consider both the non-preemptive and the preemptive variant of the problem and
argue that the class of list schedules always contains an optimal schedule. Finally we
discuss simple approximations based on list scheduling. Many results presented in this
section belong to the folklore in the field of single machine scheduling.

Consider a list representing a total order on the set of jobs which extends the partial
order given by the precedence constraints. A straightforward way to construct a feasible
non-preemptive schedule is to process the jobs in the given order as early as possible
with respect to release dates. This routine is called LIST SCHEDULING and a schedule
constructed in this way is a (non-preemptive) list schedule.

The first result for LIST SCHEDULING in this context was achieved by Smith [45]
for the case without release dates or precedence constraints and is known as Smith’s
ratio rule:

Theorem 1. LIST SCHEDULING in order of non-decreasing ratios p; /w; gives an op-
timal solution for 1| | >~ w;C; in O(nlogn) time.

Proof. Since all release dates are zero, we can restrict to schedules without idle time.
Consider a schedule S with two successive jobs j and k and p; /w; > py/wy. Exchang-
ing j and k in S leads to a new schedule S’ whose value differs from the value of S by
w;pr — wgp; < 0. Thus, S is not optimal and the result follows. The running time of
LIST SCHEDULING in order of non-decreasing ratios p;/w; is dominated by the time
needed to sort the jobs, and is therefore O(n logn). O

For the special case of unit weights (w; = 1), Smith’s ratio rule is sometimes also
refered to as the shortest processing time rule (SPT-rule). We always assume that jobs
are numbered such that p; /wy < -+ < pp/wy; moreover, whenever we talk about
LIST SCHEDULING in order of non-decreasing ratios p; /w,, we refer to this sequence
of jobs.

Depending on the given list and the release dates of jobs, one may have to introduce
idle time when one job is completed but the next job in the list is not yet released. On
the other hand, if preemptions are allowed, it does not make sense to leave the machine
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idle while another job at a later position in the list is already available (released) and
waiting. We would better start this job and preempt it from the machine as soon as the
next job in the list is released. In PREEMPTIVE LIST SCHEDULING we process at any
point in time the first available job in the list. The resulting schedule is called preemptive
list schedule. Special applications of this routine have been considered, e. g., by Hall et
al. [21] and by Goemans [15, 16]. An important property of preemptive list schedules
is that whenever a job is preempted from the machine, it is only continued after all
available jobs with higher priority are finished.

Since we can assume without loss of generality that j < k implies r; < 7, and since
the given list is a linear extension of the precedence order, the preemptive list schedule
respects precedence constraints and is therefore feasible. The following result on the
running time of PREEMPTIVE LIST SCHEDULING has been observed by Goemans [16].

Lemma 1. Given a list of n jobs, the corresponding list schedule can be created in
linear time while PREEMPTIVE LIST SCHEDULING can be implemented to run in
O(nlogn) time.

Proof. The first part of the lemma is clear. In order to construct a preemptive list sched-
ule in O(n logn) time we use a priority queue that always contains the currently avail-
able jobs which have not been finished yet; the key of a job is equal to its position in
the given list. At each point in time we process the top element of the priority queue or
leave the machine idle if the priority queue is empty. There are two types of events that
cause an update of the priority queue: Whenever a job is completed on the machine,
we remove it from the priority queue; when a job is released, we add it to the priority
queue. This results in a total of O(n) priority queue operations each of which can be
implemented to run in O(logn) time. O

As a consequence of the following lemma one can restrict to (preemptive) list
schedules.

Lemma 2. Given a feasible non-preemptive (preemptive) schedule, (PREEMPTIVE)
LIST SCHEDULING in order of non-decreasing completion times does not increase
completion times of jobs.

Proof. The statement for non-preemptive schedules is easy to see. LIST SCHEDULING
in order of non-decreasing completion times coincides with shifting the jobs in the given
non-preemptive schedule one after another in order of non-decreasing completion times
as far as possible to the left (backwards in time).

Let us turn to the preemptive case. We denote the completion time of a job j in
the given schedule by CJP and in the preemptive list schedule by C;. By construction,
the new schedule is feasible since no job is processed before its release date. For a
fixed job j, let t > 0 be the earliest point in time such that there is no idle time in the
preemptive list schedule during (¢, C;] and only jobs k with C’,f < CJP are processed.
We denote the set of these jobs by K. By the definition of ¢, we know that r;, > ¢, for
all k € K. Hence, CJP >t+> ke x Dk On the other hand, the definition of K implies

Cj =t + Y ek Pk and therefore C; < CF . |
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In PREEMPTIVE LIST SCHEDULING a job is only preempted if another job is re-
leased at that time. In particular, there are at most n — 1 preemptions in a preemptive
list schedule. Moreover, since all release dates are integral, preemptions only occur at
integral points in time. Therefore we can restrict to schedules meeting this property.
Nevertheless, we will sometimes consider schedules where preemptions can occur at
arbitrary points in time, but we always keep in mind that those scheduled can be con-
verted by PREEMPTIVE LIST SCHEDULING without increasing their value.

2.1 Simple Bounds and Approximations

One of the most important techniques for approximating NP-hard machine scheduling
problems with no preemptions allowed is the conversion of preemptive schedules to
non-preemptive ones. The first result in this direction has been given by Phillips et al.
[29]. It is a 2-approximation algorithm for the problem 1| r; | >~ C;.

Lemma 3. Consider LIST SCHEDULING according to a list ji1,jo, ..., jn. Then the
completion time of job j;, 1 < i < n, is bounded from above by

maxrj, + E Djy. -
k<1 /
k<i

Proof. For fixed ¢, modify the given instance by increasing the release date of job j;
to maxyg; 7j,. The completion time of j; in the list schedule corresponding to this
modified instance is equal to maxg; 75, + qu Dj - O

It is well known that the preemptive problem 1|7;, pmin|)_ C; can be solved in
polynomial time by the shortest remaining processing time rule (SRPT-rule) [4]: Sched-
ule at any point in time the job with the shortest remaining processing time. The value
of this optimal preemptive schedule is a lower bound on the value of an optimal non-
preemptive schedule. Together with the following conversion result this yields the 2-
approximation algorithm of Phillips et al. [29] for 1| r; | C;.

Theorem 2. Given an arbitrary feasible preemptive schedule P, L1ST SCHEDULING
in order of non-decreasing completion times yields a non-preemptive schedule where
the completion time of each job is at most twice its completion time in P.

Proof. The proof follows directly from Lemma 3 since both max<;rj, and ), <iPix
are lower bounds on C'JI-D (we use the notation of Lemma 3). a

An instance showing that the job-by-job bound given in Theorem 2 is tight can be
found in [29].

2.2 A Generalization of Smith’s Ratio Rule to 1| r;, pmtn | Y w;Cj;

A natural generalization of Smith’s ratio rule to 1| r;, pmtn | " w;C; is PREEMPTIVE
LIST SCHEDULING in order of non-decreasing ratios p; /w;. Schulz and Skutella [36]
give the following lower bound on the performance of this simple heuristic.
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Lemma 4. The performance guarantee of PREEMPTIVE LIST SCHEDULING in order
of non-decreasing ratios p; /w; is not better than 2, even if w; = 1 forall j € J.

Proof. For an arbitrary n € N, consider the following instance with n jobs. Letw; = 1,
pj=n—n+jandr; = —n+j+ 30 .. pr, for 1 < j < n. Preemptive list
scheduling in order of non-decreasing ratios of p;/w; preempts job j at time r;_1, for
j = 2,...,n, and finishes it only after all other jobs j — 1, ..., 1 have been completed.
The value of this schedule is therefore n* — én?’ + én The SRPT-rule, which solves
instances of 1| 7;, pmin | C; optimally, sequences the jobs in order n, . .., 1. It has
value ;n“ + ;’n?’ + én. Consequently, the ratio of the objective function values of the
SPT-rule and the SRPT-rule goes to 2 when n goes to infinity. O

On the other hand, one can give a matching upper bound of 2 on the performance
of this algorithm. As pointed out in [36], the following observation is due to Goemans,
Wein, and Williamson.

Lemma 5. PREEMPTIVE LIST SCHEDULING in order of non-decreasing ratios p; /w;
is a 2-approximation for 1| r;, pmin | > w,;C}.

Proof. To prove the result we use two different lower bounds on the value of an op-
timal solution Z*. Since the completion time of a job is always at least as large as
its release date, we get Z* > > Wi The second lower bound is the value of an
optimal solution for the relaxed problem where all release dates are zero. This yields
z* > Zj (wj Zkgj pk) by Smith’s ratio rule. Let C'; denote the completion time of
job j in the preemptive list schedule. By construction we get C; < rj + k< Pr and

thus
ijCj < ijrj+2(wj Zpk) < QZ* .
J J J

k<y

This concludes the proof. O

In spite of the negative result in Lemma 4, Schulz and Skutella [36] present an al-
gorithm that converts the preemptive list schedule (in order of non-decreasing ratios
pj/wj;) into another preemptive schedule and achieves performance guarantee 4/3 for
1|r;, pmtn | w;Cj; see Section 7. The analysis is based on the observation of Goe-
mans [15] that the preemptive list schedule represents an optimal solution to an appro-
priate LP relaxation.

3 The Concept of a-Points

In this section we discuss a more sophisticated technique that converts feasible preemp-
tive schedules into non-preemptive ones and generalizes the routine given in Theorem 2.
The bounds discussed in this section are at the bottom of the approximation results pre-
sented below. Almost all important structural insights are discussed here. We are given
a single machine and a set of jobs with release dates and precedence constraints. Be-
sides, we consider a fixed feasible preemptive schedule P and the completion time of
job j in this schedule is denoted by CJP .
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For 0 < a < 1 the a-point C’f(a) of job j with respect to P is the first point in
time when an a-fraction of job j has been completed, i. e., when j has been processed
on the machine for a p; time units. In particular, CY’(1) = C}” and for v = 0 we define
C7T(0) to be the starting time of job ;.

The average over all points in time at which job j is being processed on the machine
is called the mean busy time of j. In other words, the mean busy time is the average
over all a-points of 7, i.e., fol C']I»D (@) da. This notion has been introduced by Goemans
[16]. If j is being continuously processed between CJP —p; and CJP , its mean busy time
is equal to CJI»D — épj. Otherwise, it is bounded from above by CJI»D — épj.

We will also use the following notation: For a fixed job 7 and 0 < a < 1 we
denote the fraction of job k that is completed by time CJP (a) by ni(«); in particu-
lar, 7j(a) = a. The amount of idle time that occurs before time C'(c) on the ma-
chine is denoted by tiq1e (). The a-point of j can be expressed in terms of g1 () and
e (a):

Lemma 6. For a fixed job j and 0 < a < 1 the a-point Cf(a) of job j can be written

CP(a) = tiaela) + > mla)pr = Y mila)pr

keJ keJ

where i (@) denotes the fraction of job k that is completed by time CJP ().

3.1 List Scheduling in Order of c-Points

In Theorem 2 we have analyzed LIST SCHEDULING in order of non-decreasing com-
pletion times, i.e., in order of non-decreasing 1-points. Phillips et al. [29], and Hall et
al. [22] introduced the idea of LIST SCHEDULING in order of non-decreasing a-points
C'JI-D () for some 0 < « < 1. This is a more general way of capturing the structure
of the given preemptive schedule; it can even be refined by choosing o randomly. We
call the resulting schedule a-schedule and denote the completion time of job j in this
schedule by C'/*.

Goemans et al. [17] have further extended this idea to individual, i. e., job-dependent
aj-points Cf(aj), forj € Jand 0 < a; < 1. We denote the vector consisting of
all a;’s by & = (a1, ..., ay). Then, the a;-point Cf(aj) is also called a-point of j
and the a-schedule is constructed by LIST SCHEDULING in order of non-decreasing
a-points; the completion time of job j in the a-schedule is denoted by C'/*.

For the feasible preemptive schedule P, the sequence of the jobs in order of non-
decreasing a-points respects precedence constraints since j < k implies CJP (o) <
CJI»D < CF(0) < CF(ay). Therefore the corresponding av-schedule is feasible.

To analyze the completion times of jobs in an c-schedule, we also consider sched-
ules that are constructed by a slightly different conversion routine which is called
a-CONVERSION [17]. A similar procedure is implicitly contained in [11, proof of
Lemma 2.2].
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a-CONVERSION:

Consider the jobs j € J in order of non-increasing a-points C']I»D (o) and

iteratively change the preemptive schedule P to a non-preemptive schedule by

applying the following steps:

i) remove the o p; units of job j that are processed before C']I»D (ej) and leave
the machine idle during the corresponding time intervals; we say that this
idle time is caused by job j;

ii) delay the whole processing that is done later than C']I»D (o) by pj;

iii) remove the remaining (1 — «;)-fraction of job j from the machine and
shrink the corresponding time intervals; shrinking a time interval means to
discard the interval and move earlier, by the corresponding amount, any
processing that occurs later;

iv) process job j in the released time interval (C (a;), C (a;) + pj].

Figure 1 contains an example illustrating the action of a-CONVERSION. Observe that
in the resulting schedule jobs are processed in non-decreasing order of a-points and
no job j is started before time CJP (aj) = r;. The latter property will be useful in the
analysis of on-line a-schedules in Section 9.

Lemma 7. The completion time of job j in the schedule computed by a.-CONVERSION
is equal to
CJP(O&]') + Z (1+ak—nk(aj)) Dk -

k
g (aj)Zap

Proof. Consider the schedule constructed by at-CONVERSION. The completion time of
job j is equal to the idle time before its start plus the sum of processing times of jobs
that start no later than j. Since the jobs are processed in non-decreasing order of their
a-points, the amount of processing before the completion of job j is

> e ()

apSng(ay)

The idle time before the start of job j can be written as the sum of the idle time tigie (cv;)
that already existed in the preemptive schedule P before CJP (a;) plus the idle time
before the start of job j thatis caused in steps i) of a-CONVERSION; notice that steps iii)
do not create any additional idle time since we shrink the affected time intervals. Each
job k that is started no later than j, i. e., such that 75 (a;) > ax, contributes cy, py, units
of idle time, all other jobs k only contribute 75 (c;) pr units of idle time. As a result,
the total idle time before the start of job j can be written as

tiae(ey) + > akpe + > () pr 2)
ﬂkgfk(ﬂj) ak>:‘k(‘lj)

The completion time of job j in the schedule constructed by cc-CONVERSION is equal
to the sum of the expressions in (1) and (2); the result then follows from Lemma 6. O
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Fig. 1. The conversion of an arbitrary preemptive schedule P to a non-preemptive one by -
CONVERSION and by LIST SCHEDULING in order of non-decreasing c-points

It follows from Lemma 7 that the completion time C; of each job j in the non-
preemptive schedule constructed by oc-CONVERSION satisfies C; > C’f(aj) +p; 2
rj + pj, hence is a feasible schedule. We obtain the following corollary.
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Corollary 1. The completion time of job j in an a-schedule can be bounded by

Cr < C’f(aj) + Z (1+ o — me(ey)) pre -

k
g (aj)Zag

Proof. Since the schedule constructed by c-CONVERSION processes the jobs in order
of non-decreasing a-points, the result follows from Lemma 7 and Lemma 2. a

3.2 Preemptive List Scheduling in Order of «-Points

Up to now we have considered non-preemptive LIST SCHEDULING in order of o-
points. For a vector « we call the schedule that is constructed by PREEMPTIVE LIST
SCHEDULING in order of non-decreasing c-points preemptive o-schedule. The com-
pletion time of job j in the preemptive a-schedule is denoted by C;* " min.

The reader might wonder why we want to convert a preemptive schedule into another
preemptive schedule. Later we will interpret solutions to time-indexed LP relaxations
as preemptive schedules. However, the value of these schedules can be arbitrarily bad
compared to their LP value. The results derived in this section will help to turn them
into provably good preemptive schedules.

Again, to analyze preemptive a-schedules we consider an alternative conversion
routine which we call PREEMPTIVE cx-CONVERSION and which is a modification of c-
CONVERSION. The difference is that there is no need for causing idle time by removing
the aj-fraction of job j from the machine in step i). We rather process «; p; units of
job j. Thus, we have to postpone the whole processing that is done later than CJP (ej)
only by (1 — ;) pj, because this is the remaining processing time of job j, which is
then scheduled in (Cf(aj), Cf(aj) + (1 — o) ps].

This conversion technique has been introduced by Goemans, Wein, and Williamson
[18] for a single «. Figure 2 contains an example illustrating the action of PREEMPTIVE
a-CONVERSION. Observe that, as in the non-preemptive case, the order of completion
times in the resulting schedule coincides with the order of a-points in P. Moreover,
since the initial schedule P is feasible, the same holds for the resulting schedule by
construction.

Lemma 8. The completion time of job j in the preemptive ac-schedule can be bounded
by

crrmtt < Cl(ag) + > (L= melay)) pr - 3)
nk(f‘if)ZGk
In the absence of nontrivial release dates, the same bound holds for the completion time
Cy* of job j in the non-preemptive cv-schedule.

Proof. Using the same ideas as in the proof of Lemma 7 it can be seen that the right
hand side of (3) is equal to the completion time of job j in the schedule constructed by
PREEMPTIVE c-CONVERSION. The only difference to the non-preemptive setting is
that no additional idle time is caused by the jobs. Since the order of completion times
in the schedule constructed by PREEMPTIVE cx-CONVERSION coincides with the order
of a-points, the bound in (3) follows from Lemma 2.
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preemptive schedule P:
0 1 2 3 4 5 6 7

PREEMPTIVE a—CONVERSION:

2
?5
S

04(044)

K
Q
)

Cl (Oé1)

preemptive a—schedule:

Fig. 2. The conversion of the preemptive schedule P by PREEMPTIVE cc-CONVERSION and by
PREEMPTIVE LIST SCHEDULING in order of non-decreasing c-points for the instance given in
Figure 1

In the absence of nontrivial release dates, PREEMPTIVE LIST SCHEDULING always
constructs a non-preemptive schedule that coincides with the non-preemptive list sched-
ule. In particular, C* = C*77 " and the bound given in (3) holds for C&too. DO

Lemma 6, Corollary 1, and Lemma 8 contain all structural insights in (preemptive)
a-schedules that are needed to derive the approximation results presented below.
3.3 Scheduling in Order of a-Points for Only One o

Corollary 1 and Lemma 6 yield the following generalization of Theorem 2 that was first
presented in [11]:
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Theorem 3. For each fixed 0 < o < 1, the completion time of job j in the a-schedule
can be bounded by

« 1 P 1 P
cp < (14 )Cl) < (14 )er .
Proof. Corollary 1 and Lemma 6 yield

Cp < Cf(a) + Z (1+ o — () pr
k
g (e) 2

<Cll)+ ) m
k

Nk () Za

<l + ¥ ”"‘LO‘) P

ng(a)Za
Ly ~p
(1 + a) cr(a) .

The second bound in Theorem 3 follows from the definition of a-points. O

N

It is shown in [11] that the bound given in Theorem 3 is tight. The following lemma
is an analogue to Theorem 3 for preemptive a-schedules.

Lemma 9. For each fixed 0 < o < 1, the completion time of job j in the preemptive
a-schedule can be bounded by

1 1
cprmn < Ccfe) < CF
(0%

In the absence of nontrivial release dates the same bound holds for the completion time
C}* of job j in the non-preemptive a-schedule.

Proof. Lemma 8 and Lemma 6 yield

Cjafpmm < ij(oz) + Z (1777k(04)) i

k
np(a)>a

Cfl@) +(1-a) > m

() Za

<cl@+ Y nmn

(67

N

k
(@) >a

<! Ccf(a) .

In the absence of nontrivial release dates the same bound holds for C’jo‘ since the result
of Lemma 8 can be applied in this case too. O
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4 Ane/(e — 1)-Approximation Algorithm for 1| r; | Y C;

In this section we present the result of Chekuri et al. [11] on the conversion of pre-
emptive to non-preemptive single machine schedules. Moreover, we discuss a class of
instances found by Goemans et al. [17] which shows that this result is tight, that is, it
yields a tight worst case bound on the value of an optimal non-preemptive schedule in
terms of the optimal value with preemptions allowed.

In Theorem 3 the best choice of « seems to be o = 1 yielding the factor 2 bound that
has already been determined in Theorem 2. The key insight of Chekuri et al. is that one
can get a better (expected) bound by drawing « randomly from [0, 1] instead of using
only one fixed value of o. The underlying intuition is that the completion time C'/* of a
given job j in the a-schedule cannot attain the worst case bound (1+ ! ) CT () for all
possible choices of . Moreover, although the worst case bound is bad for small values
of a, the overall a-schedule might be good since the total amount of idle time caused
by jobs in the first step of «-CONVERSION is small and the schedule is therefore short.

Theorem 4. For each job j, let oj be chosen from a probability distribution over [0, 1]
with density function f(z) = e /(e — 1). Then, the expected completion time E[C'™] of
Jjob j in the a-schedule can be bounded from above by _°©, CJP , where CJP denotes the
completion time of job j in the given preemptive schedule P.

Proof. To simplify notation we denote 7 (1) by 7. For any fixed c, Corollary 1 and
Lemma 6 yield

OF < Of(ay) + 3 (14w —mlay)) pe

k

e Sa
= C’f(aj) + Z (e — (o)) e + Z (1 + ok — i) Pre
ey e
<Cf + ) (tar—m)p

oy

In order to compute a bound on the expected completion time of job j, we integrate
the derived bound on Cj‘" over all possible choices of the random variables oy, k € J,
weighted by the given density function f. Since

/O"ﬂx)(u:cn)dx— "

e—1

for each ) € [0, 1], the expected completion time of job j can be bounded by

E[Cf] < CP-‘v-Zpk fak (1 + o — i) day,

e
- cF < ch .
J+6_1§k:77kpk e_1 7

This concludes the proof. O
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Theorem 4 is slightly more general than the original result in [11]. The only condi-
tion on the random choice of the vector o in Theorem 4 is that each of its entries c; has
to be drawn with density function f from the interval [0, 1]. Chekuri et al. only consider
the case where a;; = o for each j € J and « is drawn from [0, 1] with density function
f. However, the analysis also works for arbitrary interdependencies between the differ-
ent random variables «, e. g., for jointly or pairwise independent «;. The advantage
of using only one random variable « for all jobs is that the resulting randomized ap-
proximation algorithm can easily be derandomized. We discuss this issue in more detail
below.

Corollary 2. Suppose that o is chosen as described in Theorem 4. Then, the expected
value of the a-schedule is bounded from above by _° | times the value of the preemptive
schedule P.

Proof. Using Theorem 4 and linearity of expectations yields
€ P
E |:Z ch«ja:| = Z ’LUjE[Cja] < e—1 Z ijj .
J J J

This concludes the proof. a

Since the preemptive problem 1| r;, pmtn | > C; can be solved in polynomial time
by the shortest remaining processing time rule, computing this optimal solution and
converting it as described in Theorem 4 is a randomized approximation algorithm with
expected performance guarantee _©, for 1|r; | Cj.

The variant of this randomized algorithm with only one random variable « for all
jobs instead of individual ¢;’s is of special interest. In fact, starting from a preemptive
list schedule P (e. g., the one constructed by the SRPT-rule), one can efficiently com-
pute an a-schedule of least objective function value over all o between 0 and 1; we
refer to this schedule as the best a-schedule. The following proposition, which can be
found in [17], yields a deterministic _©, -approximation algorithm with running time

O(n?) for the problem 1| 7; | >~ C;.

Proposition 1. For a fixed preemptive list schedule P, there are at most n different
(preemptive) a-schedules; they can be computed in O(n?) time.

Proof. As a goes from 0 to 1, the a-schedule changes only whenever an a-point, say
for job 7, reaches a time at which job j is preempted. Thus, the total number of changes
in the (preemptive) a-schedule is bounded from above by the total number of preemp-
tions. Since a preemption can occur in the preemptive list schedule P only whenever
a job is released, the total number of preemptions is at most n — 1, and the number of
(preemptive) a-schedules is at most n. Since each of these (preemptive) a-schedules
can be computed in O(n) time, the result on the running time follows. |

For the weighted scheduling problem 1|r; | >~ w;C}, even the preemptive variant
is strongly NP-hard, see [24]. However, given a p-approximation algorithm for one
of the preemptive scheduling problems 1|7}, (prec, ) pmtn | w;Cj, the conversion
technique of Chekuri et al. can be used to design an approximation with performance



List Scheduling in Order of a-Points on a Single Machine 265

ratio p ¢, for the corresponding non-preemptive problem. Unfortunately, this does
not directly lead to improved approximation results for these problems. In Section 8,
however, we present a more sophisticated combination of a 2-approximation algorithm
for 1| r;, prec, pmin| > w;C; with this conversion technique by Schulz and Skutella
[35], which yields performance guarantee e for the resulting algorithm.

Another consequence of Corollary 2 is the following result on the power of preemp-
tion which can be found in [17].

Theorem 5. For single machine scheduling with release dates and precedence con-
straints so as to minimize the weighted sum of completion times, the value of an optimal
non-preemptive schedule is at most _© | times the value of an optimal preemptive sched-

ule and this bound is tight, even in the absence of precedence constraints.

Proof. Suppose that P is an optimal preemptive schedule. Then, the expected value of
an a-schedule, with o chosen as described in Theorem 4, is bounded by _©, times
the value of the optimal preemptive schedule P. In particular, there must exist at least
one fixed choice of the random variable ¢ such that the value of the corresponding
non-preemptive a-schedule can be bounded from above by _©, > 5 Wj CJP .

To prove the tightness of this bound we consider the following instance with n > 2
jobs. There is one large job, denoted job n, and n — 1 small jobs denoted j = 1,...,n—
1. The large job has processing time p,, = n, weight w,, = 1/n and release date r,, = 0.
Each of the n — 1 small jobs j has zero processing time, weight w; = n(n,l—l) (1+

1 n—j o
n_1)" "7, and release date r; = j.

The optimal preemptive schedule has job 7 start at time 0, preempted by each of the
small jobs; hence its completion times are: C; = rjforj =1,...,n — 1 and C,, = n.
Its objective function valueis (1+ )" —(1+ ') and approaches e — 1 for large n.

Now consider an optimal non-preemptive schedule C* and let k = [C| —n > 0,
so k is the number of small jobs that can be processed before job n. It is then optimal
to process all these small jobs 1, ...,k at their release dates, and to start processing
job n at date v, = k just after job k. It is also optimal to process all remaining jobs
k+41,...,n — 1at date k + n just after job n. Let C* denote the resulting schedule,
that is, C’]’»c = jforall j < k, and C’]’»c = k + n otherwise. Its objective function

valueis (1+ ' )" — ' — n(nk;l)' Therefore the optimal schedule is C™~! with
objective function value (1 + nil - nil — }L Thus, as n grows large, the optimal
non-preemptive cost approaches e. O

Unfortunately, the result of Theorem 5 cannot be easily extended to the case of unit
weights. The instance discussed in the proof of the theorem relies on the large number
of jobs with processing time zero whose weights are small compared to the weight of
the large job.

5 Time-Indexed LP Relaxations

As already mentioned in the last section, even the preemptive variants of the schedul-
ing problems 1| r; | >~ w;C; and 1| prec| ) w;C; are NP-hard. In order to give ap-
proximation results for these problems, we consider a time-indexed LP relaxation of
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174, prec, pmin |y w;C; whose optimal value serves as a surrogate for the true op-
timum in our estimations. Moreover, we interpret a solution to this relaxation as a so-
called fractional preemptive schedule which can be converted into a non-preemptive
one using the techniques discussed in the previous sections.

For technical reasons only, we assume in the following that all processing times
of jobs are positive. This is only done to keep the presentation of the techniques and
results as simple as possible. Using additional constraints in the LP relaxation, all results
presented can be carried over to the case with zero processing times.

The following LP relaxation is an immediate extension of a time-indexed LP pro-
posed by Dyer and Wolsey [13] for the problem without precedence constraints. Here,
time is discretized into the periods (¢,t+1],t = 0,1, ..., T where T+ 1 is the planning
horizon, say 7'+ 1 := max;ec s 7j + Zjerj. We have a variable y;; for every job j
and every time period (¢,t + 1] which is set to 1 if j is being processed in that time
period and to 0 otherwise. The LP relaxation is as follows:

minimize E W CJL P

jeJ
T
subject to Z Yjt = Pj forall j € J, )
t=r;
>y < fort =0,...,T, 5)
jeJ
1 o 1 <
(LP) Syie= Y ke forallj < kandt=0,...,T, (6)
p] f:’l’j pk [Z’I“k
. 1 T
CJLP:pZJ + Zyjt(t+é) forall j € J, (7)
pj t=r;
yjt =0 forallj € Jandt =0,...,r; — 1,
Yyt = 0 forallj € Jandt =1rj,...,T.

Equations (4) say that all fractions of a job, which are processed in accordance with its
release date, must sum up to the whole job. Since the machine can process only one job
at a time, the machine capacity constraints (5) must be satisfied. Constraints (6) say that
at any point ¢ + 1 in time the completed fraction of job k£ must not be larger than the
completed fraction of its predecessor j.

Consider an arbitrary feasible schedule P, where job j is being continuously pro-
cessed between CJP — p; and CJP on the machine. Then, the expression for CJ-LP in
(7) corresponds to the real completion time CJP of j, if we assign the values to the LP
variables y;; as defined above, that is, y;; = 1 if j is being processed in the time in-
terval (¢,t + 1]. If j is not being continuously processed but preempted once or several
times, the expression for CJ-LP in (7) is a lower bound on the real completion time. A
more precise discussion of this matter is given in Lemma 10 a) below. Hence, (LP) is
a relaxation of the scheduling problem under consideration.
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A feasible solution y to (L P) does in general not correspond to a feasible preemptive
schedule. Consider the following example:

Example 1. Let J ={1,... ,n} withp; =1forall j € J,w; =0forl1 <j<n-—1,
wp, = landj < nforl < j < n— 1. We get a feasible solution to (LP) if we set
yje = ) forallj€ Jandt=0,...,T=n—1.

In the solution to (LP) given in Example 1 several jobs share the capacity of the
single machine in each time interval. Moreover, the precedence relations between job n
and all other jobs are not obeyed since fractions of job n are processed on the machine
before its predecessors are completed. However, the solution fulfills constraint (6) such
that at any point in time the completed fraction of job n is not larger than the completed
fraction of each of its predecessors.

Phillips et al. [29] introduced the term fractional preemptive schedule for a schedule
in which a job can share the capacity of one machine with several other jobs. We extend
this notion to the case with precedence constraints and call a fractional preemptive
schedule P feasible if no job is processed before its release date and, at any point in
time, the completed fraction of job j is not larger than the completed fraction of each
of its predecessors. Carrying over the definition of a-points to fractional preemptive
schedules, the latter condition is equivalent to CJP (@) < CF(a) forall j < k and
0<a<l.

Corollary 3. The results presented in Section 3, in particular Lemma 6, Corollary 1,
and Lemma 9, still hold if P is a fractional preemptive schedule.

Proof. The proofs of the above-mentioned results can directly be carried over to the
more general setting of fractional preemptive schedules. O

We always identify a feasible solution to (LP) with the corresponding feasible
fractional preemptive schedule and vice versa. We mutually use the interpretation that
seems more suitable for our purposes. The expression for C’]L P'in (7) is called the LP
completion time of job j.

The following lemma highlights the relation between the LP completion times and
the a-points of jobs in the corresponding fractional preemptive schedule for a feasible
solution to (LP). The observation in a) is due to Goemans [16]; it says that the LP
completion time of job j is the sum of half its processing time and its mean busy time.
An analogous result to b) was given in [22, Lemma 2.1] for a somewhat different LP.

Lemma 10. Consider a feasible solution y to (LP) and the corresponding feasible
fractional preemptive schedule P. Then, for each job j:

T 1
Dj 1 pj
) CFF = D ualt+s) = ;*/ Cf (@ da < CF

]t:rj 0

and equality holds if and only ifC'J]-D = CJP(O) + pj;

1
b) Cf(a) < N CJ-LP for any constant o € [0, 1) and this bound is tight.

1—
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Proof. For a job j € J, we denote by ¢, t = rj,...,T + 1, the fraction of j that is
finished in the fractional preemptive schedule P by time ¢. Since 0 = ;7 < C;jﬂ <

<G =1, we get

/Ole(a)da = Z/,:J Cf(a)da

PG =) t+3)

t=r;

. a—(t
since CF () =t + c;“:c; for o € (¢t, ¢S],

Y+l

t=r; p]

The machine capacity constraints (5) yield Cf' (o) < Cf — (1 — a) p; for a € [0, 1],
thus ) .
P P p_Pj
/0 C; (a)da < Cj —pj/o (I1-a)da = Cj — 23 .
Equality holds if and only if C’jp(a) = CJP —(1—a)pj for 0 < a < 1, which is
equivalent to C']I»D (0) = CJP — p;. This completes the proof of a). As a consequence we
get for € [0, 1]

1 1
P P LP
Cj(z)dr < / Cj(z)de < Cj7 .

(1-a)cf) < |
a 0

In order to prove the tightness of this bound, we consider a job j withp; = 1,r; =0

and an LP solution satisfying 1,0 = a — e and y;7 = 1 — o + ¢, where € > 0 small.

This yields C/* = 14 (1 — a + €) T and C[ (o) > T. Thus, for € arbitrarily small

and T arbitrarily large, the given bound gets tight. O

As a result of Lemma 10 b) the value of the fractional preemptive schedule given by
a solution to (LP) can be arbitrarily bad compared to its LP value. Nevertheless, one
can use the information that is contained in the structure of an LP solution in order to
construct a feasible schedule whose value can be bounded in terms of the LP value, as
will be shown in the following sections.

Notice that we cannot solve (LP) in polynomial time, but only in pseudo-polyno-
mial time, since 7" and therefore the number of variables y;; is only pseudo-polynomial
in the input size of the problem. Schulz and Skutella [37] describe a closely related and
only slightly worse LP relaxation of polynomial size in the general context of unrelated
parallel machines. The idea is to change to new variables which are not associated with
exponentially many time intervals of length 1, but rather with a polynomial number of
intervals of geometrically increasing size. We omit the technical details in this survey.
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In the absence of precedence constraints, it was indicated by Dyer and Wolsey [13]
that (LP) can be solved in O(nlogn) time. Goemans [15] developed the following
result (see also [17]).

Theorem 6. For instances of the problems 1|r; (, pmtn)|Y_ w;Cj, the linear pro-
gramming relaxation (LP) can be solved in O(nlogn) time and the preemptive list
schedule in order of non-decreasing ratios p;j/w; corresponds to an optimal solution.

Proof. In the absence of precedence relations, constraints (6) are missing in (LP).
Moreover, we can eliminate the variables C]LP from the relaxation by plugging (7)
into the objective function. What remains is a transportation problem and, as a result,
Y5+ can be assumed to be integral.

The remaining part of the proof is based on an interchange argument: Consider any
optimal 0/1-solution y to (LP) and suppose that j < & (such that p; /w; < pi/wg),
r; <t < 7,and yi; = y;r = 1. Then, replacing yx; = y;- by 0 and yxr = y;; by
1 gives another feasible solution to (LP) with an increase in the objective function of
(t—t) (“* — %) < 0. Thus, the new solution is also optimal and through iterative

Pe D
application of this interchange argument we arrive at the solution that corresponds to
the preemptive list schedule in order of non-decreasing ratios p; /w;. O

It follows from Theorem 6 that in the absence of precedence constraints and release
dates an optimal single machine schedule corresponds to an optimal solution to (L P).
Moreover, if we allow release dates and preemption, the optimal solution to (LP) de-
scribed in Theorem 6 is a feasible schedule that minimizes the weighted sum of mean
busy times. It is also shown in [17] that, in the absence of precedence constraints, the
LP relaxation (LP) is equivalent to an LP in completion time variables which defines
a supermodular polyhedron.

5.1 Another Time-Indexed LP Relaxation

For the non-preemptive problem 1|r; | >~ w;C; Dyer and Wolsey [13] also proposed
another time-indexed LP relaxation that can easily be extended to the setting with prece-
dence constraints; see Figure 3. Again, for each job j and each integral point in time
t =0,...,T, we introduce a decision variable x;;. However, now the variable is set to
1if j starts processing at time ¢ and to O otherwise. Note that the x;; variables do not
have the preemptive flavor of the y;; variables and therefore lead to an LP relaxation
for non-preemptive single machine scheduling only.

In the absence of precedence constraints, Dyer and Wolsey showed that this relax-
ation is stronger than (LP). In fact, even for instances with precedence constraints,
every feasible solution to (LP’) can easily be transformed into a solution to (LP) of
the same value by assigning

t
Yjt = Z Tje forje Jandt =0,...,T.
¢{=max{0,t—p;+1}

In particular, we can interpret a feasible solution to (LP’) as a feasible fractional pre-
emptive schedule and the results in Lemma 10 also hold in this case.
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S LP
minimize w; Cj

JjEJ
T
subject to Z Tt =1 forall j € J,
t:’!‘j
¢
> > zjp <1 forallt=0,...,T, (8)
j€J t=max{0,t—p;+1}
t t+p;
(LP") Sowie= Y awe forallj < kandt=r;,....,T —p;, (9
L=r; L=ry
T
Cijzpj—i—Ztﬂcjt forall j € J,
t=r;
zje =0 forallje Jandt =0,...,r; — 1, (10)
Tt =0 forallj € Jandt =rj,...,T.

Fig. 3. The time-indexed LP relaxation (LP’)

5.2 Combinatorial Relaxations

In this subsection we show that the LP relaxation (L P’) is equivalent to a combinatorial
relaxation of 1| r;, prec| > w;C;. We interpret an instance of this scheduling problem
as a game for one person who is given the set of jobs J and the single machine and
wants to find a feasible schedule of minimum value.

We consider the following relaxation of this game: Assume that there are k players
1,...,k instead of only one. Each player 7 is given one machine and a set of jobs
J; = J. Moreover, the players are allowed to cooperate by exchanging jobs. To be more
precise, a job of player ¢ can be scheduled on an arbitrary machine rather than only on ¢’s
machine. However, each player has to respect release dates and precedence constraints
of his jobs. The aim is to minimize the average over all players of the weighted sum of
completion times of their jobs. This relaxation is called k-player relaxation, a feasible
solution is a k-player schedule. Moreover, if k is not fixed but can be chosen, we call
the resulting relaxation multi-player relaxation and a feasible solution is a multi-player
schedule.

As an example, consider the following single machine instance without precedence
constraints consisting of four jobs:

job g Tj Pj W
1

S O O
NN W N
NN W A

2
3
4
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Note that job 1 is the most important job. The instance is constructed such that either at
least one unit of idle time has to be introduced before the start of job 1 or this job has
to be delayed until time 7. Both alternatives are optimal and give a schedule with value
87. However, there exists a 2-player schedule of value 83.5: Both players start their first
job at time 6. Player 1 starts his second job at time O and then, at time 3, the second job
of player 2 on his machine. Player 2 processes the four remaining jobs of length 2 in
the intervals (0, 6] and (8, 10] on his machine. Notice that the two players neither delay
their first jobs nor introduce idle time before their start. As a result of this example we
get the following corollary.

S 174
Corollary 4. The 2-player relaxation is not better than a 4, -

lem1|r;|> w,;Cj.

relaxation for the prob-

The negative result in Corollary 4 can be slightly improved to a bound of 1 +
1/(2v/55+9) > 172 by increasing the processing time of job 1 to (v/55 — 3) /2 and its
weight to v/55 — 1. The main result of this subsection is the following theorem:

Theorem 7. The LP relaxation (LP') of the problem 1|r;, prec| ) w;C; is equiva-
lent to the multi-player relaxation.

Proof. We first argue that each k-player schedule corresponds to a feasible solution of
(LP’) with the same value: For all j € Jandt = 0,...,T let z;; be the number of
players whose job j € J; is started at time ¢ divided by k. It follows from the definition
of the relaxation that x satisfies all constraints of (LP’) and is thus a feasible solution.
To understand that constraints (9) are fulfilled, observe that each player has to respect
the precedence constraints of his jobs. Moreover, the value of x is equal to the value of
the k-player schedule by definition of x.

On the other hand, we can show that for each feasible solution x whose values x;
are all rational numbers there exists a k such that x corresponds to a feasible solution
of the k-player relaxation. Let k be the least common multiple of the denominators of

the rational values z;;. For each job j € J and each playeri = 1,...,k, let t;; the
smallest integer such that 22’; oTjt = . The value ¢j; is the starting time of i’s job
j in the k-player schedule that we construct by induction over t = 0,...,7": At time

t = O start all jobs j € J of players ¢ with ¢;; = 0 on the k£ machines. Notice that the
number of these job-player pairs is bounded by k since > jes Tjo < 1 by constraints
(8). Assume that for all players ¢ all jobs j with ¢;; < ¢ have been started at time % ;.
Then, the number of idle machines at time ¢ is equal to

k(l—z § .’L‘jg) .

Jj€J L=max{0,t—p;+1}

Therefore, by constraints (8), there are sufficiently many idle machines at time ¢ such
that all jobs j of players ¢ with ¢;; = t can be started. This k-player schedule respects
release dates by constraints (10). Moreover, for a pair of jobs j < k and each player ¢
we get tj; + p; < ty; by the definition of the ¢;;’s and constraints (9). O
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Similar interpretations of time-indexed LP relaxations have been given by van den
Akker [2, Proof of Theorem 3.1] and Schulz [33]. Chan, Muriel, and Simchi-Levi [8]
used this idea to prove results on the quality of those time-indexed LP relaxations.

It is an interesting direction for future research to investigate how the structure of an
optimal k-player schedule can be used to construct provably good schedules. Another
interesting question is if one can restrict to special values of & in order to get an optimal
multi-player schedule, e. g., k < n or k € O(n), or values of k depending on the given
instance. This would also yield results on the structure of the polyhedron corresponding
to (LP’), i.e., results on an optimal vertex or on general vertices (like 711 -integrality
etc.).

Another interesting topic is the complexity of the k-player relaxation for special
values of k. Of course, it is NP-hard for £k = 1. We conjecture that it is NP-hard to
find an optimal k-player schedule for each fixed k. We also guess that it is NP-hard
to compute an optimal multi-player schedule when k is not fixed but bounded by the
number of jobs n.

5.3 On the Quality of Time-Indexed LP Relaxations

We conclude this section with negative and positive results on the quality of the relax-
ations (LP) and (LP’). The positive results follow from the LP-based approximations
discussed in the following sections. The lower bound for (LP) and 1|r; | Y w;Cj is
due to Goemans et al. [17]. A summary of the results is given in Table 2.

Theorem 8.

a) The LP relaxations (LP) and (LP') are 2-relaxations for the scheduling problem
1| prec| > w;C; and this bound is tight.

b) (LP) is a 2-relaxation for the problem 1| r;, prec, pmitn | w;C; and this bound
is tight.

¢) (LP) and (LP') are e-relaxations for the problem 1|r;, prec|>  w;C; and not
better than 2-relaxations.

d) (LP)isa é-relaxation and not better than an g-relaxation for the scheduling prob-
lem1|r;, pmtn|>_ w;C;.

e) (LP)is a1.6853-relaxation and not better than an _°, -relaxation for the problem
17y | > w;C;.

f) (LP') is a 1.6853-relaxation and not better than a ig‘; -relaxation for the problem
r; | S w;C; (173 ~ 1.0419).

Proof. 1t is shown in Section 8 that (LP) is a 2-relaxation for 1| prec| > w;C; and

17;, prec, pmtn |y w;Cj, and an e-relaxation for the problem 1| r;, prec| > w;C;.

Moreover, as mentioned above, (LP’) is a stronger relaxation than (L P) for the non-

preemptive problems. To prove the negative results in a), b), and c) we use the instance

given in Example 1 and consider the feasible solutions to (LP) and (LP’) given by

yjt = xjp = forj=1,...,n—1andt =0,...,n — 1; moreover, we set yYn; =

Tt = 711 fort = 1,...,n. The value of an optimal schedule is n whereas the value

of the given solutions to (LP) and (LP') is "1®. When n goes to infinity, the ratio of

these two values converges to 2.
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Table 2. Summary of results on the quality of the time-indexed LP relaxations (LP) and (LP’)
given in Theorem 8

Results on the quality of (LP) and (LP")

(LP) (LP")
problem
lower bound  upper bound  lower bound  upper bound
175 Y w;C 1.5820 1.6853 1.0419 1.6853
17y, pmin| Y w;Cj s 5 — —
1lprec| > w;C; 2 2 2 2
17y, prec| > w;C; 2 e 2 e
1 rj, prec, pmitn| 3 w;C; 2 2 — —

The positive results in d), e), and f) are derived in Section 7. To prove the negative
result in d), consider the following instance with n jobs where n is assumed to be even.
The processing times of the first n — 1 jobs 57 = 1,...,n — 1 are 1, their common
release date is 7, and all weights are n12. The last job has processing time p,, = n,
weight wy, = 21n , and is released at time 0. This instance is constructed such that every
reasonable preemptive schedule without idle time on the machine has value 2 — 23n .
However, an optimal solution to (LP) given in Theorem 6 has value Z — 4‘2 such that
the ratio goes to ? when n gets large.

We use Theorem 5 in order to prove the negative result in e). There we have argued
that the ratio between the value of an optimal non-preemptive schedule and the value of
an optimal preemptive schedule can be arbitrarily close to ;. The optimal LP value is
a lower bound on the value of an optimal preemptive schedule; this completes the proof
of e).

The negative result in f) follows from Corollary 4 and Theorem 7. O

It is an open problem and an interesting direction for future research to close the gaps
between the lower and the upper bounds highlighted in Table 2. We conjecture that the
lower bound of _©, for the relaxation (L P) of the problem 1| r; | 3 w;C} is not tight.

For the relaxation (LP’) of the same problem we strongly believe that the precise
ratio is closer to the lower than to the upper bound. We hope that the combinatorial
interpretation given in Subsection 5.2 will lead to improved approximation results and

upper bounds on the quality of the relaxation (LP’).

Remark 1. For the problem with precedence constraints the relaxation (LP) can be
slightly strengthened by replacing (6) with the stronger constraints

1 t 1 t+min{p;,py }
p,zyﬂ > - Z yre forallj <kandt=0,...,T —min{p;, psx} .
J L=r; ‘ b=ry

However, the relaxation is not stronger than (L P’) by constraints (9), and therefore not
better than a 2-relaxation.
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Potts [30] introduced a linear programming relaxation of 1| prec| > w;C} in linear
ordering variables. Hall et al. [21] showed that this relaxation is a 2-relaxation. Chekuri
and Motwani [10] provided a class of instances showing that this result is tight.

6 Scheduling in Order of LP Completion Times

Schulz [34] (see also [21]) introduced the idea of LIST SCHEDULING in order of LP
completion times and applied it to get approximation algorithms for quite a few prob-
lems to minimize the weighted sum of completion times. In this section we briefly
review his results for the scheduling problems under consideration in order to give the
reader the opportunity to compare the underlying ideas and intuition with the concept
of a-points.

Schulz used a strengthened version of an LP relaxation in completion time variables
that was introduced by Wolsey [52] and Queyranne [31]. However, the technique and
analysis can also be applied to the stronger relaxation (L P) in time-indexed variables.
The following lemma contains the key insight and is a slightly weaker version of [34,
Lemma 1].

Lemma 11. Consider a feasible solution y to (LP). Then, for each job j € J
Z pr < 2 C'jLP .
ckP 2 chP
Proof. Let K := {k € J|CL” < CFP} and p(K) := 3, . - This yields

p(K)CIP = > pCEF
KeK

T
Z Zykt (t+3) by Lemma 10 a)

keK t=0
T

SDt+3) D yke

t=0 keK

WV

using the constraints (5) and (4) the last term can be bounded by

p(K)-1
> Y (t+3) = ypE)?.
t=0
Dividing the resulting inequality by p(K) yields the result. O

With Lemma 11 at hand one can prove the following theorem:

Theorem 9. Given a feasible solution to (LP), LIST SCHEDULING in order of non-
decreasing LP completion times yields a feasible schedule where the completion time
of each job j is bounded by 2 CJ-LP in the absence of nontrivial release dates, and by

3 C]»LP else.
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Proof. We denote the fractional preemptive schedule corresponding to the given fea-
sible LP solution by P. To check the feasibility of the computed schedule observe
that j < k implies C’f(a) < CF(a) for 0 < a < 1, and thus C’j’-:P < CEP by
Lemma 10 a). Therefore, if ties are broken in accordance with the precedence con-
straints the sequence is feasible.

In the absence of nontrivial release dates, the completion time of each job j is the
sum of the processing times of jobs that start no later than j. Thus, the bound of 2 is a
direct consequence of Lemma 11.

Since MAX ., oLP < OPP Tk is a lower bound on C’jLP, the bound of 3 follows from
Lemma 11 and Lemma 3. g

The LP relaxation in completion time variables that is used in [34] can be solved
in polynomial time. Therefore, computing an optimal solution to the LP relaxation and
then applying LIST SCHEDULING in order of non-decreasing LP completion times is a
2-approximation algorithm for 1| prec| > w;C; and a 3-approximation algorithm for
175, prec|Y  w;C;. For the problem without nontrivial release dates, Schulz proves a
slightly better performance guarantee of 2 — ,”_QH .

Hall et al. [21] show that PREEMPTIVE LIST SCHEDULING in order of non-decrea-
sing LP completion times for an appropriate LP relaxation in completion time variables
is a 2-approximation algorithm for the problem 1| r;, prec, pmtn|>_ w;C;.

Mohring, Schulz, and Uetz [27] study the problem of minimizing the total weighted
completion time in stochastic machine scheduling. Job processing times are not known
in advance, they are realized on-line according to given probability distributions. The
aim is to find a scheduling policy that minimizes the average weighted completion
time in expectation. They generalize results from deterministic scheduling and derive
constant-factor performance guarantees for priority rules which are guided by optimal
LP solutions in completion time variables. Skutella and Uetz [43,44] generalize this
approach and give approximation algorithms with constant performance guarantee for
precedence-constrained scheduling problems.

7 Approximations for Single Machine Scheduling with Release
Dates

In this section we present approximation algorithms for the problems 1|7; | > w;C;
and its preemptive variant 1| r;, pmin | > w;C; that have been obtained by Goemans
et al. [17] and Schulz and Skutella [36], respectively. The first constant-factor approxi-
mation algorithms to minimize the total weighted completion time on a single machine
subject to release dates are due to Phillips et al. [29]. They consider an LP relaxation
that is also based on time-indexed variables which have a different meaning however.
Based on an optimal solution to this relaxation they apply an idea which is somehow
related to PREEMPTIVE LIST SCHEDULING in order of a-points for o = ; This leads
to an approximation algorithm with performance guarantee 8 + ¢ for the generaliza-
tion of the problem 1| r;, pmitn|>_ w;C; to the setting of unrelated parallel machines.
Together with the conversion technique described in Theorem 2 this yields a (16 + )-
approximation algorithm for 1| r; | Y~ w;C}.
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Hall et al. [22] use LIST SCHEDULING in order of a-points for several problems and
different but fixed values of « based on the LP relaxation (LP’) in order to compute
provably good schedules. However, their definition of a-points slightly differs from the
one discussed here. Based on a different approach that relies on the results of Shmoys
and Tardos [40] for the generalized assignment problem, they give a 4-approximation
algorithm for 1| ;| >~ w;C}, which has subsequently been improved to performance
guarantee 3, see Section 6 and [21].

Independently from each other, Chekuri et al. [11] (see Section 4) and Goemans [16]
have taken up the idea of converting preemptive schedules into non-preemptive ones by
LIST SCHEDULING in order of a-points (as introduced in [29,22]), and enriched it by
the use of randomness. Recently, Afrati et al. [1] gave polynomial-time approximation
schemes for the problems considered in this section and generalizations thereof.

We analyze the following simple randomized algorithm for single machine schedul-
ing with release dates. We consider both the non-preemptive and the preemptive variant
of the algorithm which only differ in the last step:

Algorithm: RANDOM-o
1) Construct the preemptive list schedule P in order of non-decreasing ratios
pj/w;.
2) For each job j € J, draw «; randomly from [0, 1].
3) Output the resulting (preemptive) a-schedule.

Since (PREEMPTIVE) LIST SCHEDULING can be implemented to run in O(n logn)
time by Lemma 1, the running time of Algorithm RANDOM-a is O(nlogn). It fol-
lows from Theorem 6 that the first step of Algorithm RANDOM-« implicitly computes
an optimal solution to the relaxation (LP). This observation is used in the analysis.
Note, however, that the algorithm is purely combinatorial and can be formulated and
implemented without even knowing the LP relaxation.

While the total number of possible orderings of jobs is n! = 29(*1067) it is shown
in [17] that the maximal number of different a-schedules which can be computed by
Algorithm RANDOM-ax is at most 2"~ ! and this bound can be attained. In particular,
Algorithm RANDOM-« could also be formulated over a discrete probability space. Due
to the possibly exponential number of different c-schedules, we cannot afford to de-
randomize Algorithm RANDOM-a by enumerating all (¢ ;)-schedules. One can instead
use the method of conditional probabilities [28] and the derandomized version can be
implemented to run in O(n?) time; we refer to [17] for details.

As in Section 4, the variant of Algorithm RANDOM-a with only one random variable
o for all jobs instead of individual o;’s is of special interest. We denote this variant by
RANDOM-« and it follows from Proposition 1 that it can be derandomized yielding a
deterministic algorithm with running time O(n?). This deterministic algorithm is called
BEST-a. The proof of the following results on the performance of Algorithm RANDOM-
« (and thus of Algorithm BEST-«) can be found in [17].

Theorem 10.

a) For fixed o the performance guarantee of Algorithm RANDOM-« is max{ 14 é , 1+

2a}. In particular, for o = 1/\/2 the performance guarantee is 1 + /2.
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b) If o is drawn uniformly at random from [0, 1], then the expected performance guar-
antee of RANDOM-« is 2.

The same performance ratio of 2 is also achieved by Algorithm RANDOM-« with
independent and uniformly distributed random variables «.;. However, in this case the
analysis is noticeably simpler and more general. In particular it does not make use of the
special structure of the preemptive list schedule P but works for an arbitrary fractional
preemptive schedule P corresponding to a feasible solution to (LP); see Lemma 12
below.

Theorem 11. Let the random variables o be pairwise independently and uniformly
drawn from [0, 1]. Then, Algorithm RANDOM-«x achieves expected performance guar-
antee 2 for the scheduling problems 1|r; | > w;C; and 1|7, pmin|>_ w;C;.

Theorem 11 is a consequence of the stronger result in Lemma 12. Starting with an
arbitrary fractional preemptive schedule in the first step of RANDOM-a we can relate
the value of the schedule computed by the algorithm to the corresponding LP value.

Lemma 12. Let y be a feasible solution to (LP) and denote the corresponding frac-
tional preemptive schedule by P. Suppose that the random variables o; are pairwise
independently and uniformly drawn from [0, 1]. Then, for each job j € J, its expected
completion time in the corresponding oc-schedule is at most 2 CJLP .

Proof. We consider an arbitrary, but fixed job j € J. To analyze the expected comple-
tion time of j, we first keep «; fixed, and consider the conditional expectation Ea; [Cj“].
Since the random variables «;; and oy, are independent for each k # j, Corollary 1 and
Lemma 6 yield

ne(ag)
Eo,[C] < Cf(aj)+pj+2pk/ (1+ e = me(ay)) day

ki 70

_or i (e)®

= C(ay) +pi+ > vk (le(aj)— 5 )
pmy

< Cf(aj)erjJerk??k(Oéj) < Q(CJP(O‘J‘)+ 3Dj) -
oy

To get the unconditional expectation E[C*] we integrate over all possible choices of

1 1

the last equation follows from Lemma 10 a). a

Proof (of Theorem 11). Algorithm RANDOM-«x starts with an optimal solution to (L P)
whose value is a lower bound on the value of an optimal (preemptive) schedule. We
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compare the expected value of the (preemptive) a-schedule to this lower bound. Using
Lemma 12 and linearity of expectations we get

E[Z’chja] = ijE[Cja} < QZ’LUJ‘CJLP .
J J J

Since for each fixed o and each job j the completion time of j in the preemptive cx-
schedule is always less than or equal to its completion time in the non-preemptive cx-
schedule, the preemptive variant of Theorem 11 follows from the result for the non-
preemptive case. We have even shown that the non-preemptive variant of Algorithm
RANDOM-a computes a schedule whose expected value is bounded by twice the value
of an optimal preemptive schedule. Thus, even this algorithm constitutes a randomized
2-approximation algorithm for 1| r;, pmtn | > w,;C;. O

The expected performance guarantee of Algorithm RANDOM-a can be improved
beyond 2 by using more intricate density functions and by exploiting the special struc-
ture of the preemptive list schedule P in the first step of Algorithm RANDOM-c.

We start with an analysis of the structure of the preemptive list schedule P. Consider
any job 7, and assume that, in the preemptive schedule P, job j is preempted at time s
and its processing resumes at time ¢ > s. Then all jobs which are processed between s
and ¢ have a smaller index; as a result, these jobs will be completely processed between
times s and ¢t. Thus, in the preemptive list schedule P, between the start time and the
completion time of any job 7, the machine is constantly busy, alternating between the
processing of portions of j and the complete processing of groups of jobs with smaller
index. Conversely, any job preempted at the start time CJP (0) of job j will have to wait
at least until job j is complete before its processing can be resumed.

We capture this structure by partitioning, for a fixed job j, the set of jobs J \ {j}
into two subsets J; and Jo: Let J, denote the set of all jobs that are processed between
the start and completion of job j. All remaining jobs are put into subset .J;. Notice that
the function 7;, is constant for jobs k € Ji; to simplify notation we write 7y, := nx ()
for those jobs. The same holds for the function tiqj since no idle time occurs between
the start and the completion of job j in P; we thus write tiqie instead of tiqic(c;). For
k € Ja,let 0 < pg < 1 denote the fraction of job j that is processed before the start of
job k; the function 7, is then given by

0 ifa; < pg,
(o) = 1 WS M fork € Jo.
1 if oy > pg,

We can now rewrite the equation in Lemma 6 as

Clay) = tie + Y mepk + >, pe + ajp; = CL0) + > p + a;p; -

keJy kEJg kEJo
(’j>“k mj>u,k

(11)
Plugging (11) into Lemma 10 a) yields

CiP = Cr0) + > (L= )k + pj - (12)
keJs
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Moreover, Corollary 1 can be rewritten as

Cxr< e+ Y (+ar—m)pe + >, A+aw)pr + Q+e)p; ,

keJq keJa
ap < aj>pg

13)

where, for k € J,, we have used the fact that oy, < 7,(cv;) is equivalent to a; > py.
Similarly, Lemma 8 can be rewritten as

cormtt < CP0) + Y (T—m)pe + Y e+ P - (14)
kEJ1 keJg
SNk XG> HE

The expressions (11), (12), (13), and (14) reflect the structural insights that we need for
proving stronger bounds for c-schedules and preemptive c-schedules in the sequel.

As mentioned above, the second ingredient for an improvement on the bound of 2
in Theorem 11 is a more sophisticated probability distribution of the random variables
a;. In view of the bound on C* given in (13), we have to cope with two contrary
phenomena: On the one hand, small values of oy, keep the terms of the form (1 + ay, —
7Nk ) and (1+ ) on the right-hand side of (13) small; on the other hand, choosing larger
values decreases the number of terms in the first sum on the right-hand side of (13). The
balancing of these two effects contributes to reducing the bound on the expected value
of C;. Similar considerations can be made for the preemptive case and the bound given
in (14).

7.1 A 1.6853-Approximation Algorithm for 1| r; | >~ w;C;

In this subsection, we will prove the following theorem that was achieved by Goemans
etal. [17].

Theorem 12. Let v = 0.4835 be the unique solution to the equation

Y+In2—5) = e ((2-7)e” 1)
satisfying 0 < v < 1. Define 6 :== v+ 1In(2 —v) = 0.8999 andc :=1+e77/§ <

1.6853. Let the o;’s be chosen pairwise independently from a probability distribution
over [0, 1] with the density function

(c—1e* ifa<y,
fla) = -
0 otherwise,
see Figure 4. Then, the expected completion time of every job j in the non-preemptive
schedule constructed by Algorithm RANDOM-« is at most chLP and the expected
performance guarantee of Algorithm RANDOM-« is ¢ < 1.6853.
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0 5

Fig. 4. The density function used for 1| r; | > w;C; in Theorem 12

The bound in Theorem 12 yields also a bound on the quality of the relaxations (L P):
Corollary 5. The relaxation (LP) is a 1.6853-relaxation of 1| r; | > w;C}.

Before we prove Theorem 12 we state two properties of the density function f that
are crucial for the analysis of the corresponding random a-schedule.

Lemma 13. The function f given in Theorem 12 is a density function with the following
properties:

(i) /nf(a)(l—i—a—n) do < (c—1)n foralln € [0,1],
0
1
(ii) (1+Ef)/ fl@)da < c(1—p) forallpe[0,1],
m

where E ¢ denotes the expected value of a random variable « that is distributed accord-
ing to f.

Property (i) is used to bound the delay to job j caused by jobs in .J; which corre-
sponds to the first summation on the right-hand side of (13). The second summation
reflects the delay to job j caused by jobs in J5 and will be bounded by property (ii).

Proof (of Lemma 13). A short computation shows that § = In _©, . The function f is a
density function since

1 5 .
/0 fla)da = (c—l)/o e* da = (c—l)(071—1) =1.

In order to prove property (i), observe that for ) € [0, ¢]

/nf(a)(1+a77)da = (cl)/neo‘(lJran)da = (c—1)n .
0 0
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For 1 € (4, 1] we therefore get

yi o
/f(a)(1+a—n)da</f(a)(1+a—6)da:(c—1)6<(c—l)n.
0 0

In order to prove property (ii), we first compute

1 5
Ef:/of(a)ada:(cfl)/o e“ada = cd—1 .

Property (ii) certainly holds for . € (6, 1]. For pu € [0, §] we get

(1+Ef)/:f(a)da = cé(cl)/:eo‘da

= ce 7((2—)e” —et)
=c(2—y—e"7)
<c2-7v=—Q10+4p-17)
=c(l—p) .

This completes the proof of the lemma. O

Proof (of Theorem 12). The analysis of the expected completion time of job j in the
random a-schedule follows the line of argument developed in the proof of Theorem 11.
First we consider a fixed choice of «; and bound the corresponding conditional expec-
tation Eq; [C]. In a second step we bound the unconditional expectation E[C'] by
integrating the product f(a;)Eq, [C*] over the interval [0, 1].

For a fixed job j and a fixed Value o, the bound in (13) and Lemma 13 (i) yield

Eo,[CP) < CPO0) + (c=1) Y mpe + Y (L+Ep)pe + (1+0a))p;

keJi Oj‘i‘]ik
< cCl(0) + (1+Ef) Y pe + (L+0a))p;
kEJo
f"j>“’k

The last inequality follows from (11). Using property (ii) and equation (12) yields

E[CP] < ¢CP(0) + (1+Ey) Zpk fay do + (L+Ef)p;
keds

< cCJP(O) + cZ(l—uk)pk + cp; = chLP .
keJ2

The result follows from linearity of expectations. a

One can further say that Algorithm RANDOM-a actually produces a schedule that
is simultaneously expected to be near-optimal with respect to both the total weighted
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completion time objective and the maximum completion time objective. Bicriteria re-
sults of similar spirit and also other results in this direction have been presented in [7,
11,47].

Corollary 6. Under the assumptions of Theorem 12, the expected makespan of the
schedule constructed by Algorithm RANDOM-« is at most 1.5166 times the optimal
makespan.

Proof. The makespan of the preemptive list schedule P exactly equals the optimal
makespan. Note that the expected makespan of the schedule constructed by Algorithm
RANDOM-« can be bounded by the sum of the idle time that already existed in the pre-
emptive schedule plus the idle time caused by jobs k € J plus their processing times.
The corollary now immediately follows from the fact that the expected idle time caused
by any job & is bounded by Ef p, < 0.5166 py,. O

The performance of the 2-approximation algorithm with only one « given in Theo-
rem 10 b) can also be improved through a more intricate density function; details can
be found in [17].

Theorem 13. If « is randomly chosen from [0, 1] according to an appropriate trun-
cated exponential density function, then Algorithm RANDOM-« achieves expected per-
formance guarantee 1.7451. In particular, Algorithm BEST-« has performance ratio
1.7451.

7.2 A 4/3-Approximation Algorithm for 1| r;, pmtn | > w;C;
In this subsection we prove the following theorem of Schulz and Skutella [36].

Theorem 14. Let the o;’s be chosen from a probability distribution over [0, 1] with the
density function

fla) = {é (1-0)* iaelo])

0 otherwise,

see Figure 5. Then, the expected completion time of every job j in the preemptive
schedule constructed by the preemptive variant of Algorithm RANDOM-« is at most
4/3 C’]»LP and the expected performance guarantee of the preemptive variant of Algo-
rithm RANDOM-«v is 4/3.

Notice that, in contrast to the non-preemptive case discussed in Theorem 12, we do
not require the random variables «;, j € J, to be independent but allow any correlation
between them. In particular, the performance ratio of 4/3 is achieved by Algorithm
BEST-« and by Algorithm RANDOM-a when « is drawn from [0, 1] with the density
function given in Theorem 14. This result of Schulz and Skutella [36] improves upon
a 1.466-approximation by Goemans, Wein, and Williamson [18]. They also analyzed
Algorithm RANDOM-« with a density function similar to the one given in Theorem 14.

Again, the bound in Theorem 14 yields also a bound on the quality of the relaxations
(LP):
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1
3

0

Ny
—

Fig. 5. The density function used for 1| r;, pmin | w;C; in Theorem 14

Corollary 7. The relaxation (LP) is a 4/3-relaxation of 1| r;, pmtn | > w;C;.

Following the lines of the last subsection, we state two properties of the density
function f that are crucial for the analysis of the corresponding preemptive random
a-schedule.

Lemma 14. The function f given in Theorem 14 is a density function with the following
properties:

n 1
i) (=) [ f@)da < gn soratine 0.1
1 0 ?
(ii)/ f(@) da < g(lfp) forall n € [0,1].
m

Similar to the situation in the last subsection, property (i) is used to bound the delay
to job j caused by jobs in J; which corresponds to the first summation on the right-hand
side of (14). The second summation reflects the delay to job j caused by jobs in J5 and
will be bounded by property (ii).

Proof (of Lemma 14). The function f is a density function since

1 1 34
/Of(a)da:?’/o (1_a)2da:1‘

In order to prove property (i), observe that for 7 € [0, 3/4]

=) [Mf@da = yamn [ L da = g

Since f(«) = 0if a > 3/4, the bound also holds for i > 3/4. For the same reason, (ii)
holds if p > 3/4. For u < 3/4 we get

1 3/4
1 1 4 1 1
/f(a)da: / , da = | — .
u 3, (1—-a) 3 31—p
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A short computation shows that the latter expression is bounded by g (1 — ) which
concludes the proof. a

Proof (of Theorem 14). For a fixed job j, the bound in (14) and Lemma 14 yield

a—pmin 1 4
EB[CSTP™M < CFO) + D bk + 5 Y (1= ) + pj
keJy keJa

4 4
<L CTO + o > +

4 4
keJa

3

The second inequality follows from (11), the last equation follows from (12). This con-
cludes the proof by linearity of expectations. a

8 Approximations for Single Machine Scheduling with Precedence
Constraints

In this section we present randomized approximation algorithms developed by Schulz
and Skutella [35] for the scheduling problems 1| (r;, ) prec(, pmtn)|>_ w;C;. The
first constant-factor approximation algorithms for these problems have been given by
Hall et al. [22]. They presented a (4 + €)-approximation algorithm for 1| prec| > w,;C;
and a 5.83-approximation algorithm for 1|r;, prec| " w;C;. Their algorithms are
based on the time-indexed LP relaxation (LP’) and scheduling in order of a-points
for a fixed value of a. However, their definition of a-points is slightly different from
ours. As already mentioned in Section 6, Schulz [34] and Hall et al. [21] improved upon
these results. Building upon the work of Sidney [41], combinatorial 2-approximation al-
gorithms for 1| prec| > w;C; were given by Chekuri and Motwani [10] and Margot,
Queyranne, and Wang [25] (see also [19]). Correa and Schulz [12] look at the problem
from a polyhedral perspective and uncover a relation between the work of Sidney and
different linear programming relaxations. Woeginger [51] discusses the approximability
of 1| prec| > w;C; and presents approximation preserving reductions to special cases.

A straightforward combination of the 2-approximation algorithm for the preemptive
scheduling problem 1|7;, prec, pmtn | w;C; [21] with the conversion technique
of Chekuri et al. given in Theorem 4 achieves a performance guarantee of 62_61. In
particular, it does not improve upon the 3-approximation for the non-preemptive variant
174, prec|y  w;C; given by Schulz [34].

For an arbitrary o and a feasible fractional preemptive schedule, the order of -
points does in general not respect the precedence relations. Therefore, we only use one
o for all jobs instead of individual «;’s. Then, the corresponding a-schedule is feasible
if the fractional preemptive schedule is feasible.

The first result discussed in this section is a (2 + £)-approximation for the problems
1lprec| >  w;C; and 1| r;, prec, pmtn| > w;C;. If we combine this algorithm with
the conversion technique of Chekuri et al. in a somewhat more intricate way, we get a
considerably improved approximation result for 1| r;, prec|) w;Cj.

Again, we consider both the non-preemptive and the preemptive version of the
algorithm:
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Algorithm: RANDOM-«
1) Take a feasible solution to (LP) and the corresponding feasible fractional
preemptive schedule P.
2) Draw « randomly from [0, 1].
3) Output the resulting (preemptive) a-schedule.

The next theorem follows directly from Lemma 9.

Theorem 15. Suppose that o is chosen from a probability distribution over [0, 1] with
density function f(x) = 2x. Then, for instances of 1|rj, prec, pmtn |y w;C; and
1l prec| >  w;Cy, the expected completion time of every job j € J in the schedule con-
structed by Algorithm RANDOM-« is bounded from above by twice its LP completion
time C’J-LP .

Proof. Lemma 9 and Lemma 10 a) yield for the preemptive and the non-preemptive
case

1 1
By = [ flo) @ da =2 [ CF(@)da < 207

This concludes the proof. O

Goemans (personal communication, June 1996) applied the very same technique as
in Theorem 15 to improve the performance guarantee of 4 due to Hall et al. [22] for
1| prec| > w;C; to a performance ratio of 2.

As a result of Theorem 15, (LP) is a 2-relaxation for the precedence constrained
scheduling problems 1| 7;, prec, pmtn | w,;C; and 1| prec| > w;C}, see Table 2.

Combining the idea of Chekuri et al. from Theorem 4 with the technique demon-
strated in the proof of Theorem 15, we can prove the following theorem.

Theorem 16. Suppose that « is chosen from a probability distribution over [0, 1] with
density function f(x) = e — e*, see Figure 6. Then, for instances of the problem
17;, prec|d  w;C; the expected completion time of every job j € J in the sched-
ule constructed by Algorithm RANDOM-« is bounded from above by e C’jLP .

Proof. Just for the analysis of the randomized algorithm we emulate the random choice
of « in the following way: First draw a new random variable 3 from [0, 1] with density
function h(z) = e ez;l. Then, for fixed 3, choose a from a probability distribution
over the interval [0, 1] with density function

0 otherwise.

The resulting probability distribution of the random variable « is described by the den-
sity function f since

1
ﬂwzewazémmwmw.
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0 1

Fig. 6. The density function used for 1| r;, prec| > w;C; in Theorem 16

For fixed § € [0, 1] and fixed @ € [0, 3] Corollary 1 and Lemma 6 yield

C/ < CJP(a) + Z (1+a777k(a))pk

7719(;)2'1

= (@) + > @) —m(@)ps + > (1+a—n(B))p
T/k(fl;)éa T/k(fl;)éa

<CPB + > (+a—m(B)ps -
7719(;)2'1

Since

n
n
/0 g() (1t a—myda < "

for each ) € [0, 1], the conditional expectation of j’s completion time for fixed § can
be bounded by

Nk (8)
BoCS < CY B+ X [ o) (140 = m(d)) da
k

B
<O+, Sm@m< S O
k

(Notice that for 5 = 1 this is precisely the result of Chekuri et al., see Theorem 4.) This
yields

1 1
E[C)] = /0 h(B) Es[C}*]dB < 6/0 Cf(ﬁ) dg < eC’]LP

by Lemma 10 a). o
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As a result of Theorem 16, (LP) is an e-relaxation for the scheduling problem
1|r;, prec|)_ w;C};, see Table 2. Unfortunately, the results in Theorem 15 and Theo-
rem 16 do not directly lead to approximation algorithms for the considered scheduling
problems since we cannot solve (L P) in polynomial time. However, we can overcome
this drawback by introducing new variables which are not associated with exponen-
tially many time intervals of length 1, but rather with a polynomial number of intervals
of geometrically increasing size (see [37] for details). In order to get polynomial-time
approximation algorithms in this way, we have to pay for with a slightly worse perfor-
mance guarantee. For any constant € > 0 we get randomized approximation algorithms
with performance guarantee 2 + ¢ respectively e + ¢ for the scheduling problems under
consideration. Again, those algorithms can be derandomized. For details we refer to
[42, Chapter 2].

9 On-Line Results

In this section we consider a certain class of on-line scheduling problems. We show that
the Algorithm RANDOM-¢, or a slightly modified version, also works in this on-line
setting and the competitive ratios match the performance guarantees proved for the off-
line variants. These observations are always due to the authors which also obtained the
respective off-line approximation results discussed above.

In contrast to the off-line setting, an on-line algorithm does not get its entire input
at one time, but receives it in partial amounts. This notion is intended to formalize the
realistic scenario where we do not have access to the whole information about what
will happen in the future. There are several different on-line paradigms that have been
studied in the area of scheduling, see [39] for a survey. We consider the on-line setting,
where jobs continually arrive over time and, for each time ¢, we must construct the
schedule until time ¢ without any knowledge of the jobs that will arrive afterwards. In
particular, the characteristics of a job, i. e., processing time and weight are only known
at its release date.

To measure the performance of a (randomized) on-line algorithm we compare the
(expected) value of the schedule computed by the on-line algorithm to the value of an
optimal schedule, i. e., we measure the (expected) performance of the on-line algorithms
by an oblivious adversary, see [28, Chapter 13] for details. The worst case ratio of the
two values is the competitive ratio of the on-line algorithm.

In order to apply RANDOM-« in the on-line setting we should first mention that for
each job j its random variable «; can be drawn immediately when the job is released
since there is no interdependency with any other decisions of the randomized algo-
rithms. Moreover, PREEMPTIVE LIST SCHEDULING also works on-line if a job can be
inserted at the correct position in the list with regard to the jobs that are already known
as soon as it becomes available. In particular, the preemptive list schedule in order of
non-decreasing ratios p; /w; can be constructed on-line in the first step of RANDOM-a
since at any point in time the ratios of all available jobs are known. Unfortunately this
is not true for the ax-points of jobs since the future development of the preemptive list
schedule is not known.
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However, the analysis of the non-preemptive variant of RANDOM-«x still works if
we schedule the jobs as early as possible in order of non-decreasing a-points, with the
additional constraints that no job may start before its a-point. Notice that the non-
preemptive schedule constructed by a-CONVERSION fulfills these constraints. The
presented analysis of the non-preemptive variant of RANDOM-« in the proof of The-
orem 12 relies on the bound given in Corollary 1 which also holds for the schedule
constructed with a-CONVERSION by Lemma 7. Thus, we get an on-line variant of
RANDOM-a with competitive ratio 1.6853 for 1|7, | > w,;C; if we replace the last
step of the algorithm with the list scheduling routine described above.

This competitive ratio beats the deterministic on-line lower bound 2 for the weaker
scheduling problem 1| r; | >~ C; [23]. Of course, against an oblivious adversary, a ran-
domized algorithm can attain a substantially better competitiveness than any determin-
istic algorithm. The oblivious adversary cannot guess the random decisions and is there-
fore not able to adapt its own strategy completely to the behavior of the randomized
on-line algorithm.

The deterministic 2-approximation algorithm of Phillips et al. for the scheduling
problem 1| r; | >~ C; also works on-line and is therefore optimal. For the same problem
Stougie and Vestjens proved the lower bound _©, for randomized on-line algorithms
[48,50]. In particular, the on-line version of the algorithm of Chekuri et al. discussed
in Section 4 is optimal. Recently, Anderson and Potts [3] gave a deterministic on-line
algorithm for the problem 1| 7; | > w;C; with optimal competitive ratio 2.

The preemptive variant of RANDOM-« works without modifications in the on-line
model. Notice that at any point in time and for an arbitrary pair of already available
jobs we can predict whether C'; (o) will be smaller than C(cy) or not. If one or even
both values are already known we are done. Otherwise, the job with higher priority in
the ratio list of the first step, say j, will win since job k£ cannot be processed in the
list schedule P before j is finished. This yields a randomized on-line approximation
algorithm with competitive ratio 3 for the problem 1|7, pmitn | 3~ w;C;. Notice that
the (deterministic) list scheduling algorithm discussed in Lemma 5 also works on-line
and has competitive ratio 2. On the other hand, Epstein and van Stee [14] recently
obtained lower bounds of 1.073 and 1.038 for deterministic and randomized on-line
algorithms, respectively.
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Abstract. The k-median problem is a central problem in Operations
Research that has captured the attention of the Algorithms community
in recent years. Despite its importance, a non-trivial approximation al-
gorithm for the problem eluded researchers for a long time. Remarkably,
a succession of papers with ever improved performance ratios have been
written in the last couple of years. We review some of the approaches
that have been used to design approximation algorithms for this prob-
lem, and we also present some of the known results about the hardness
of approximating the optimum solution for the k-median problem.

1 Introduction

The problem of locating a set of facilities so that they can efficiently serve a group
of clients has been extensively studied because of its large number of applications
and interesting algorithmic aspects. Facility location problems find applications
in areas as diverse as Operations Research [I8129], network design [BIT9/20], data
mining [9], clustering analysis [40], and web access [32/22/44], among others.
These problems have been studied for over four decades [29], and many different
approaches have been proposed for solving them [BGIT2ITATRI33I42].

Given sets of facilities F' and clients D, the cost of servicing a client i by a
facility j, denoted as ¢(i, j), expresses the effort required to serve i from j. So,
the service cost might represent the distance from a client to a facility, or the
cost, of shipping some commodity produced at a facility site to the client site.
The most studied facility location problems are the k-median problem and the
facility location problem.

In the k-median problem the goal is to select or open a set of at most k
facilities (called centers or medians) that serve the clients D at minimum total
cost. Given a set of centers S, a client i is always served by the center j € S for
which the service cost ¢(4, j) is minimum. The facility location problem assigns
a cost f(j) for opening a facility j € F. The problem is to choose a set of
facilities and assign clients to facilities so that the total service cost plus the
total cost of the facilities is minimized. Numerous variants of these problems
have been proposed in the literature, like the capacitated facility location [15],
the fault tolerant k-center [21I28], bounded facility location [31], capacitated
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facility location with client demands [I5], k-capacitated facility location [23lJ5],
universal facility location [37], and multilevel facility location [T0J49].

Let n denote the number of clients plus the number of facilities. The k-median
problem is NP-hard even if the sets of facilities and clients are points on the plane
and the service cost is the Euclidean distance from a client to the nearest center
[26/36/43]. Moreover, the problem cannot be approximated within any factor
a > 1 of the optimum unless P=NP, even if the cost matrix is symmetric [33].
For any given value a > 1 no polynomial time algorithm that chooses up to
o(logn)k centers can approximate the value of the optimum solution for the
k-median problem within a factor «a of the optimum, unless P=NP [33].

Due to the difficulty of approximating the solution of the general k-median
problem, many constrained versions have been considered. The most studied
version of the problem is the metric k-median problem. In this version of the
problem we interpret the cost function ¢ as measuring the distance between a
given client 7 and facility j. Furthermore, the cost function is extended so that
it not only gives the distance between a client and a facility, but it also gives the
distance between two clients or between two facilities. In the metric k-median
problem, the cost function is assumed to be symmetric, i.e. ¢(4, j) = ¢(j, 1), and it
satisfies the triangle inequality, i.e., ¢(i, k) < ¢(i, j)+c(4, k) for any i, j, k, € DUF.
The metric facility location problem is defined analogously, and the best known
algorithm for it achieves a performance ratio of 1.52 [3§].

Despite the fact that the k-median problem is a central problem in Operations
Research, a non-trivial approximation algorithm for it eluded researchers for
a long time. The problem restricted to trees, though, has been known to be
polynomially solvable for some time [25/47]. It has been fascinating to see how
in the span of a few years successively better algorithms have been designed for
the problem. The first approximation algorithm for the problem was designed
by Lin and Vitter [33] in 1992. They showed that a (1 + ¢)-approximation to
the value of the optimum solution for the k-median problem can be computed in
polynomial time if it is allowed to select up to (1+ !)(Inn+ 1)k centers, for any
value € > 0. This result is best possible, up to constant factors, unless P=NP.
For the metric k-median problem, Lin and Vitter also designed an algorithm
that finds a solution of value at most 2(1 +¢) times the optimum while selecting
at most (1+ !)k centers.

In 1998, Korupolu, Plaxton, and Rajaraman [30] designed a simple local
search algorithm that, for any value € > 0, computes a (1 + ¢)-approximation to
the value of the optimum solution for the metric k-median problem that selects
no more than (3 + 5/¢)k centers. This algorithm can be modified so that it uses
only (3 4 €)k centers, but by selecting fewer centers, the value of the solution
that it finds can be up to 1 + 5/¢ times the optimum.

The first approximation algorithm for the metric k-median problem that pro-
duced a solution with at most k centers was derived in 1996 from the powerful
result of Bartal [7/8], that shows how to approximate any finite metric space by
a tree space. Combining this result with known algorithms for the k-median
problem on trees, Bartal gave a randomized O(logn loglogn)-approximation
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algorithm for the metric k-median problem. Shortly after, Charikar, Chekuri,
Goel, and Guha [I1] showed how to de-randomize Bartal’s algorithm, and they
also slightly improved it obtaining an O(log k log log k)-approximation algorithm.

The next breakthrough came a few months later, in 1998, when Arora, Ragha-
van, and Rao [4] presented a polynomial time approximation scheme for the
metric k-median problem restricted to two-dimensional Euclidean spaces. This
means that the clients and facilities are points on the plane and the cost ¢(%, §)
is the Euclidean distance between i and j. A polynomial time approximation
scheme is a family of algorithms A such that for any value € > 0 an algorithm
A € A finds in polynomial time a solution of value at most (1 4 €) times the
optimum.

In 1999, Charikar and Guha, and independently, Tardos and Shmoys, designed
the first constant factor approximation algorithm for the metric k-median prob-
lem. They combined their results and presented a linear programming based
algorithm that finds a solution of value at most 6§ times larger than the opti-
mum. The same year Jain and Vazirani [23] improved this result by designing a
primal-dual 6-approximation algorithm. Shortly after, Charikar and Guha [12]
refined Jain and Vazirani’s approach to obtain a 4-approximation algorithm for
the problem.

The latest improvement, to the date when this paper was written, came
in 2001, when Arya, Garg, Khandekar, Meyerson, Munagala, and Pandit [5]
proposed a very simple local search algorithm that finds a solution of value
3+ 127 + O(¢’)) times larger than the optimum, for any value 0 < &’ = o(n=2)..
The parameter p > 1 is an integer value that guides the local search procedure,
and the time complexity of the algorithm depends exponentially on it.

Another work that deserves mention is the algorithm of Mettu and Plaxton
[39] for a generalization of the k-median problem known as the online metric
median problem. In this problem the centers are selected one at a time and a
facility cannot be de-selected once it has been chosen. Furthermore, the number
of facilities to be selected, k, is not known in advance. The algorithm of Mettu
and Plaxton finds a solution of value at most a constant factor times the value
of an optimum for the k-median problem (also known as the offline k-median
problem), for any value of k.

In this paper we describe in some detail some of the aforementioned works. In
Section 2 we describe some results related to the hardness of approximating the
k-median problem. Then, in Section 3, we present two linear programming based
algorithms. The first one is the algorithm of Lin and Vitter [33] which approx-
imates the solution of the general k-median problem by using up to O(logn)k
centers. The second algorithm, and the rest of the algorithms that we present
here, is for the metric version of the problem. This algorithm by Charikar, Guha,
Tardos, and Shmoys [I3] is the first algorithm which achieved constant perfor-
mance ratio (this means that the algorithm approximates the optimum solution
within a constant factor). In Section 4 we describe a very interesting primal dual
algorithm by Jain and Vazirani [23], which exploits the fact that a Lagrangian re-
laxation of the k-median problem yields a special instance of the uncapacitated
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facility location problem. Finally, in Section 5 we present a remarkable algo-
rithm by Arya, Garg, Khandekar, Meyerson, Munagala, and Pandit [5], which
uses local search heuristics to yield the best known performance ratio for the
problem.

2 Hardness of the k-Median Problem

Any instance of the k-median problem can be modeled with an undirected graph
G = (V, E), where each vertex corresponds to either a client or a facility, and
every edge (i,7) is labelled with the corresponding cost ¢(¢, 7). The number of
vertices in V' is n and the number of edges in F is m. Using this representation,
we can give a simple proof that the k-median problem is NP-hard. Consider an
instance G = (V, E), k of the problem in which V' = F = D, i.e. every vertex
is both a client and a facility. Such an instance has a solution of value n — k if
and only if G has a dominating set of size k. Since the dominating set problem
is NP-hard, the claim follows.

Interestingly, another simple reduction also shows that for any computable
function «(n) > 1, the optimum solution for the k-median problem cannot be

approximated within any factor a(n) of the optimum in polynomial time, unless
P=NP.

Theorem 1. For any computable function a(n) > 1, the optimum solution for
the k-median problem cannot be approxzimated within factor a(n) in polynomial
time, unless P=NP, even if the cost function is symmetric.

Proof. Consider an instance G = (V, E), k of the k-median problem in which
V = F = D. Build a complete graph G’ = (V, E’) with edge weights defined as
follows:

— ¢(i,i) =0foralli e V,
—¢(i,j)=11if (i,5) € E, and
— ¢(i,7) = a(n)(n — k) + 1, otherwise.

Assume that there is an «(n)-approximation algorithm A for the k-median prob-
lem. If G has a dominating set of size k, then the corresponding instance of the
k-median problem has a solution of value n— k. Note that in this case, algorithm
A would choose a set S of k centers with total service cost at most a(n)(n — k).
Since every edge (i,j) € E’\ E has cost a(n)(n — k) + 1, set S must be a
dominating set of size k for G.

Interestingly, the problem is also hard to approximate if we allow the selection
of more than k centers. Let S* be an optimum solution for the k-median problem
and let ¢(S*) be the cost of this solution.

Theorem 2. If for any value p > 1 there is a p-approximation algorithm A for
the k-median problem that selects a set of at most o(logn)k centers, then P=NP.
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Proof. Using the approximation preserving reduction described in the previous
theorem, it is possible to show that if algorithm A exists, then A is an o(logn)-
approximation algorithm for the minimum dominating set problem. Since Raz
and Safra [45] proved that unless P = NP, the dominating set problem does
not have an o(logn)-approximation algorithm, then the existence of algorithm
A would imply that P = NP.

Since by Theorem [I an optimum solution for the k-median problem cannot
be approximated within any factor p > 1, we mainly focus our attention on
constrained versions of the problem. The most studied version of the problem is
the metric k-median problem, in which the cost function ¢ is symmetric and it
obeys the triangle inequality. This version of the problem is still hard to solve,
even if we allow the election of more than k centers:

Theorem 3. If A is an approzimation algorithm for the metric k-median prob-
lem that finds a set S of at most o(logn)k centers that serves the clients D with
total service cost ¢(S) < ¢(S*), then P=NP.

Proof. Given an unweighted graph G = (V| E) with minimum dominating set of
size k, build a complete graph G’ = (V, E’) with cost function ¢ satisfying:

- C(Zaj) =1if (Za]) € Ea
— ¢(i,7) = length of a shortest path from ¢ to j in G, if (¢,5) € E.

Since G has a dominating set of size k, the corresponding instance of the k-
median problem has a solution of value n — k. In this case, algorithm A finds a
set S with at most f(n)k centers and service cost ¢(S) < n—k, for some function
f(n) = o(logn). We observe that the set S’ of vertices not adjacent to S in G
has size |S’| < f(n)k. To see this, assume that |S’| > f(n)k. Since the vertices
in S’ are at distance at least 2 from S, then the service cost of S would be

e(S) > 2|8 +n—|S| - ||
>n+15 |9
>n+ f(n)k— f(n)k
=n>n-—k.

Hence, set SUS’ is a dominating set for G of size at most 2 f(n)k = o(log n)k and,
thus, A is an o(log n)-approximation algorithm for the minimum dominating set
problem, which by the aforementioned result of Raz and Safra [45], implies that
P=NP.

3 Linear Programming Based Algorithms

A powerful technique that has been successfully applied to design approximation
algorithms for a variety of NP-hard problems consists in formulating a problem
as an integer program, then, solving the linear program obtained by relaxing
the integrality constraints and, finally, rounding this fractional solution to get
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an integer feasible solution for the original problem. In this section we present
two approximation algorithms for the k-median problem that use this technique.
First, we present the algorithm of Lin and Vitter [33] which introduces an elegant
rounding technique known as filtering. This algorithm works for the general k-
median problem (with an arbitrary cost function). It finds, for any value e > 0, a
solution of value at most (1+¢) times the optimum, but it selects up to (1+!)Inn
centers. Then, in the next section we describe an algorithm by Charikar, Guha,
Tardos, and Shmoys [I3], which refines the filtering technique for the metric
version of the problem. This was the first algorithm for the metric k-median
problem that achieved constant performance ratio using at most k centers.

3.1 Integer Program Formulation

To formulate the k-median problem as an integer program, we first need to define
some variables. For each facility j we define a variable y; which takes value 1 if
7 is selected as a center, and it takes value 0 otherwise. For every client-facility
pair (i,j) we define a variable x;; which takes value 1 if and only if client ¢
is serviced by center j. The k-median problem can be stated as the following
integer program.

Minimize Z Z c(i, j)xig (1)

JEFED
subject to
> a>1 for all i € D
JEF
Dy <k 2)
JEF
Tij < Yj forall ie D, jeF

Tij, Yj € {0,1} for all 7 € D, jeF

The linear program relaxation of the above formulation relaxes the last set
of constraints allowing the variables y; and z;; to take fractional non-negative
values. This linear program can be solved in polynomial time by using, for exam-
ple, interior point methods (48127]. Let § = (91,92...,9r|), T = (211, %12, ..,
Z|pyr|) be an optimum solution for the linear program. Before showing how to
use I,y to find an approximate solution for the k-median problem, we note that
a solution for the linear program is completely characterized by the values of
the g variables, since optimum fractional values for the & variables can be deter-
mined from ¢ [2]. The idea is to (fractionally) assign each client i to its closest
facilities. The algorithm for computing & from g is as follows.

Algorithm ASSIGNCLIENTS
1. For each client ¢ consider those facilities i1, 72, ..., % with values g;, > 0 in

non-decreasing order of service cost: c(i,41) < ¢(i,i2) < -+ < c(i, i p)).
2. Find the first facility 4, (in this ordering) for which >>7_, 9;, > 1.
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3. Set the values of the variables &;; in this manner:
— Zji, — Ui, forall £=1,2,...,p—1, and

S p—1 ~
- Ty, — 1-— Ze=1 Vi -

3.2 Filtering

The algorithm that we describe in this section approximates the value of the
optimum solution for the k-median problem within a factor of (1 + ¢), for any
value € > 0. The precision parameter ¢ affects the number of centers that the
algorithm chooses, as we describe below.

The idea of filtering is to use the solution of the linear program to discard,
or filter out, some of the possible assignments of clients to centers. This filtering
has to be done in such a way that the problem is simplified by reducing the
possible number of assignments of clients to facilities, but it has to ensure that
at least one good assignment of clients to centers remains.

For each client i let C; = > jer c(i, j)2i; be the fractional cost of servicing i.
We filter out some possible assignments of i to facilities by allowing client 7 to
be served only by those facilities j such that ¢(7,j) < (1 + E)C'Z Let the neigh-
bourhood V; of a client i be the set of facilities that satisfy the above condition,
ie. V;={j|je€Fandc(i,j) < (1+¢e)C}.

We show that the neighbourhood of every client is non-empty and, therefore,
there is a solution for the k-median problem in which every client is assigned to
some facility in its neighbourhood.

Lemma 1. For every client i, its neighbourhood V; is non-empty and, further-

more,
. €

>0z :

jev, Lte
Proof. We can show that the neighbourhood V; of a client i is not empty by
using a weighted average argument. If V; is empty, then for every facility j € F,
the service cost ¢;; is larger than (14 €)C;. Thus, C; = >, pc(i, j)2s; > (1+
e)C; djer iy = (1+ £)C;, by the first constraint of the integer program.

The second part of the lemma can also be proven by using a weighted average
argument. Assume that >y, §; < &/(1+¢€). Then, by the third constraint of the
integer program, > .y, i < ¢/(1+¢) and Y5y, &35 > 1/(1 4+ €). Multiplying
both sides of the last inequality by C;, we get: C; < (14 E)C'Z Zj%% Ty <

ZjQVi :%ijcij < Cl

The advantage of assigning each client to a center in its neighbourhood is
that, then, the cost of servicing a client is close to the cost of servicing the client
in an optimum solution for the problem.

Lemma 2. If every client i is served by a center j in its neighbourhood V;, then
the cost of the solution is at most (1 + €) times the cost c¢(S*) of an optimum
solution for the k-median problem.
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Proof. 1f it is possible to find a solution x,y for the k-median problem in which
clients are assigned to centers in their neighborhoods, then, for every client ¢
there is one facility j for which z;; = 1. Therefore, the cost of this solution is

SN eliy i < (1+e) > Ci<(I+e)Y > eli.f)iy < (1+e)e(S).

jEFieD i€eD jEFieD

According to this lemma, the problem is, then, how to select for each client 7 a
center j from its neighbourhood V; so that the total number of centers selected is
small. This latter problem is an instance of the set covering problem in which the
ground set is D, the set of clients, and the family of subsets is {1, 52,..., 97},
where Sj = {i | i € D and ¢(i,) < (14 ¢)C;}.

The greedy set cover algorithm [T6J24/35], can be used to approximately solve
the set covering problem, and it finds a set .S of centers of size at most §(lnn+1),
where § is the value of a fractional set cover for the above set cover problem. The
value of § can be easily obtained from the solution Z,y of the linear program
since by Lemma [I] for each client 4, 3°;y. 9; > €/(1 + ¢). Therefore, setting
g =1+ ;)gj for every facility j yields a fractional solution for the set cover
problem since, then, for each client i:

Zyj:Z(1+i>g)j>1.

’iGSj JEV;

The value of this fractional set cover ¥ is

Zyj:<1+i>2gjg(1+i>k.

jEF jEF

The last inequality follows from the second constraint of the integer program.
The algorithm is as follows.

Algorithm FILTERING

1. Solve the linear program relaxation of the k-median problem to get a frac-

tional solution g, Z.

For each client i, compute C; = Z]EF (i, §)&i .

3. Use the greedy set cover algorithm on the instance with ground set D, and
family of subsets {51, S, ..., S|p|}, where each set S} is formed by the clients

i such that c(i,7) < (1 +¢)C;.
4. Choose as centers those facilities selected by the greedy set cover algorithm
and assign each client ¢ to one of its closest centers.

N

Theorem 4. For any value € > 0, the above algorithm finds a solution of value
at most (1+¢) times the value of an optimum solution for the k-median problem,
and this solution has at most (1+ !)(Inn + 1)k centers.

Proof. The theorem follows from Lemma [2] and the above discussion on the
greedy set cover algorithm.
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3.3 An Algorithm with Constant Performance Ratio

We describe now an algorithm for the metric k-median problem with constant
performance ratio. This algorithm was designed by Charikar, Guha, Tardos, and
Shmoys [I3], and it uses a more sophisticated version of the filtering technique
than that described in the previous section. This algorithm works for the more
general version of the problem where each one of the clients ¢ has a non-negative
demand d;, and the objective is to minimize the total service cost weighted by

i ' . . <
the demands %g{; d; x rjrélgl{c(z,j)} | S| <k}

We describe here the version of the problem when the set of clients D and
the set of facilities F' are the same. Or in other words, we consider that there is
a set N = D U F of locations; each location i has some demand d; and in each
location it is possible to build a center. The distance between locations ¢ and j
is (i, j).

The linear program relaxation of the integer program formulation of this
problem is as follows.

Minimize Z dic(i, §)xij (3)
i,jEN

subject to

> i >1 for all € N

JEN

S yi<k (4)

JEN

Tij < Yj forall 7,5 € N

ngij,yj forall i,5 € N

The problem defined by this linear program is known as the fractional k-
median problem with demands. Given an optimum solution &, for this linear
program, the fractional service cost of a location i is C; = ZjGN c(i,7)&;;. Let
us assume that the locations are indexed non-decreasingly by fractional service
cost, so C’l < C’g <--- < C'|N|. The algorithm is as follows.

Algorithm CONSOLIDATE

1. Find an optimum solution &, ¢ for linear program (3).
2. Re-assign demands as follows.
Set d} « d; for each location i.
For each location i:
If there is a location j with fractional service cost C'j < C; and such that
d; >0 and (i, j) < 4C’j, then move the demand of ¢ to location j:
d; « dj +dj,
d; — 0.
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3. Let N, = {i € N | d; > 0}, be the set of locations with positive demand.
We show below that |N{| < 2k. For each location i € N, find the location
s(i) € N closest to it. In case of ties, choose the location with minimum
index.

4. Set ' +— 2 and y' « 3.

For each location ¢ with y, > 0 and d; = 0:
— Set yg;y < min{1,y; +y ., }, and set y; 0.
— For each location j € N, set x; s(i) x; sy T ’;, and set %, « 0.

5. Sort the locations i € N, in non-increasing order of value d; ¢(i, 5(7)).
Set g; «— 1 for the first 2k — | N | locations i € NY.

Set g; = 5 for the remaining 2(|N. | — k) locations i € N..
Set g; < 0 for all locations i € N\ N{.
For each location ¢ € N:

Set Zii < ¥i, and Tigg) — 1 — s

6. Build a graph H = (V, E) having as vertices the locations i € N2 .

For every vertex i with g; = } add an edge between s(i) and i. Note that
graph H is a forest.

Find a dominating set I for H containing all vertices ¢ with ¢; = 1, and such
that |I| < k.

7. Select I as the set of centers. Let each client i be served by the center j € I
with minimum service cost ¢(i, j).

This algorithm first simplifies the problem by moving demands so that there
are at most |N{| < 2k locations with positive demands. These locations are
far away from each other, and this allows the possibility of finding a ;-integral
solution for the problem (a solution in which every variable has value either 0,
%, or 1). This solution can, then, be transformed into an integral solution by
rounding the variables with value ; up to 1 or down to 0. Note that step @ of the
algorithm is not needed, we include it only to simplify the analysis. We analyze
now the algorithm in more detail.

3.4 Analysis

First, we show that the re-assignment of demands does not increase the cost of
the solution.

Lemma 3.
ST dieli, iy <Y dicli,g)ig.
i,JEN i,j€EN
Proof. Since 3, ;o n dic(i, §)Tij = D e n d;C;, and in step @ demand is moved
from location i to location j only if C’j < G, the claim follows.
Re-assigning centers as described in step M increases the value of the fractional

solution by at most a factor of 2.

Lemma 4.
7 dici gl <20 dicli,g)ay.

i,jEN i,jEN
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Proof. Note that a’,y" is a feasible solution for linear program (B)). Consider
some location ¢ € N{ that is (partially) served in solution Z, ¢ by some location
j & NL. The (fractional) center at j is moved to location s(j) and, hence, the
service cost of ¢ increases to ¢(i,s(j)) i; < (c(4,7) + c(4, s(3))&i; < 2¢(i,7) &ij,
since by definition of s(5), ¢(7, s(j)) < ¢(j,4) = ¢(4, j). Therefore, the total service
cost is increased by at most a factor of 2.

We show that the solution z’,y’ built in step Ml is such that at least one half
of a center is assigned to each location i € N., i.e., y; > é By constraint {@]) of
the linear program (@), this means that set N, has at most 2k locations.

Lemma 5. For each location i € N_, y} > é

Proof. For any two locations i,j € N, ¢(i,7) > 4max {C}, C’]} because other-
wise the demands for ¢ and j would have been merged in step 2l of the algorithm.
Hence, after re-assigning demands, for each location ¢ € N, all (fractional) cen-
ters within distance 2 C; of i are moved to i in step @l Note that for any ¢ € N,

. 1
> #y<,
jie(i,g)>2C;
because, otherwise
Z C(i,j).’fﬁij > 26’,’ Z i‘,’j > 6’1
jie(i,g)>2C; jie(i,g)>2C;
which is a contradiction. Since ZjeN Z;5 > 1 and £;; < g; for each ¢ € IV, then
R R 1
2. Y5z 2. Tij 2
Jie(i,3)<2C; Jre(i,5)<2C;

Therefore, in step [ of the algorithm the value assigned to each variable y.,
i € NL,is at least é

It is easy to verify that the é—integral solution T,y built in step [l is feasible
for the linear program (@) with demands d’. As for its cost, we show that it is
not larger than the cost of solution z’,y/’.

Lemma 6.
S dicin )z <Y die(i, j)al;
i,jEN i,jEN
Proof.
i,jEN i€eNL jENL
Z dic(iy s(i)) (1 — ;)
1ENL

<Zd’ efi, s())(1 — 1) (5)
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To show that the last inequality is true, let us define N as the set of centers
i € N. for which g; = 1. Also, let djc(¢,s(¢)) = mln{d’ (i,8(7))}. Because of
iEN

the way in which set N7 is chosen in step 5 of the algorlthm we know that
ve(l,s(€)) > dic(i, s(i)) for all i ¢ N{. Finally, recall that y; <1 for all i € N.
Hence,

Zd’ c(iys()(1—g; — (1 —yl))
1ENL
S dieli, s(0)) — )

€N,
1
— ! _ U
= Z dic(iy (i) (y; — 1) Z dyc(i, s( 2)
i€EN] iEN]
1
< J —
> Z déc(evs(g yz 1 Z d 2)
iE€N] igN]
:decﬁs decﬁs Ui)
1EN] g Ny
= dye(l,5(0) D (vi = i)
iEN’,
=0

The last equation follows from the fact that ), N Vi = Dic Ny Ui = k. To
complete the proof, we note that

Yoz l-ah > 1y

jeN’
JFi
Therefore,
/! /! !
Edzs 17y2_g gdzs :vmgg gdzg”
1ENL iENL jENL iENL jJENL

Combining this with inequality (&), the claim follows.

Now, we are ready to show that the algorithm has a constant performance
ratio.

Theorem 5. Algorithm CONSOLIDATE finds a solution of cost at most 8 times
the cost of an optimum solution for the metric k-median problem.

Proof. 1t is not hard to see that the graph H built in step [0l is a forest and,
hence, we can efficiently find the required dominating set I as follows. First, add
to I all those vertices ¢ with ¢; = 1 and, then, remove such vertices from H. Any
isolated vertex in the resulting graph H is dominated by at least one vertex in
I and, thus, these vertices are also deleted from H. After these deletions, H is
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a forest in which every tree contains at least 2 vertices, and the total number of
vertices in H is at most |[N{| — |I| = 2(|N{| — k). A minimum dominating set
I’ of H can be easily found and it includes at most half of the vertices in each
tree of H. Thus, [I'| < |[N{|—k. We set I «— I U I’ to get a dominating set for
the original graph H of size |I| < 2k — [N{| + |N{| — k = k as desired.

Consider this solution I. Each vertex ¢ € I with §; = 1 does not contribute
to the cost of the solution since Z;; = §; = 1 and ¢(i,4) = 0. For those vertices i
with §; = , either i € I or s(i) € I. Hence, the contribution of i to the cost of
the solution is at most d; c(s(),i) < 2d; c(s(i),i)T; 4(;). Therefore, the cost c(I)
of solution I is at most 2 times the cost of the half integral solution Z,y. By
Lemmas ] and [6 ¢(I) is at most 4 times the cost of the fractional solution Z, §
with demands d'.

To determine the effect of the re-allocation of demands performed in step
on the cost of the solution, consider a location j € N which has its demand
moved to another location j/ € N’. For this location ¢(j’, j) < 4C'j. Let j' be
served by center ¢ in solution I. If we move back the demand to j and let j
be served by center ¢, this would increase the cost of the solution by at most
d;jc(j’,j) < 4d; C’j. Therefore, moving all demands back to the original locations
increases the cost of the solution by at most 4 times the cost of solution Z, 3.

By the above arguments, the cost of solution I is at most 8 times the cost of
an optimum solution for the k-median problem.

By using a more complex rounding algorithm than the one described in step
of the algorithm, Charikar et al. [I3] are able to show that the performance
ratio of the algorithm can be improved to 6%.

4 A Primal-Dual Algorithm

In this section we describe another linear programming based approximation
algorithm for the k-median problem. The approach that we present now differs
from the ones presented in the previous section in that it does not need to solve
a linear program, but rather it finds primal and dual solutions for the problem
using combinatorial methods. This results in a faster algorithm, and, as we show,
the performance ratio is better than the performance ratio of the algorithm of
Charikar et al. [13].

The primal-dual algorithm that we present here is due to Jain and Vazirani
[23]. This algorithm is based on an interesting relationship between the k-median
problem and the uncapacitated facility location problem. In order to understand
the algorithm we need first to describe a primal-dual approximation algorithm
for the uncapacitated facility location problem.

4.1 The Uncapacitated Facility Location Problem

The uncapacitated facility location problem differs from the k-median problem
in that facilities have assigned building costs f(j) and there is no bound on the
number of facilities that might be selected as centers. The goal is to minimize
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the total cost for servicing the clients plus the cost of the facilities selected. An
integer program defining the uncapacitated facility location problem is very sim-
ilar to integer program (I, with the differences stated above. A linear program
relaxation of this integer program is given below.

Minimize Y > e(i, j)zi + > F(7)y; (6)

jeF ieD JEF
subject to
injzl for all i € D
jeF
zij < Yj forall ieD, jeF

OSQJZ‘]‘, Y for all ieD, jeF

The dual linear program corresponding to this linear program is the following
(for a comprehensive study of linear programming concept the reader is referred
to [I741146]).

Maximize Z o )
ieD
subject to
a; — Bij < c(i, §) forall ie D, je F (8)
S By <fG)  forall jeF
ieD
i, Bij 20 forall ie D, j€F

There is a nice interpretation for the dual variables «, 3. Let us think, as it
happens in the real world, that the clients must pay for the service cost and
for the cost of building the selected facilities. If client i is served by facility
J, then the amount «; paid by the client must be at least equal to ¢(i, 7). If
a; > ¢(i,7), the rest of the money paid by the client, i.e., 8;; = o; — ¢(i, j), goes
towards paying for the cost of building facility j. By the complementary slackness
conditions, the second constraint of the dual linear program is tight (which means
that Y .., Bi = f(j)) if facility j is selected. By the above argument, the total
amount ), Bi; contributed by the clients served by j, has to be exactly equal
to the building cost of facility j.

To solve the dual linear program, we must determine the price that each
client must pay. From the dual solution it is easy to determine which facilities
are selected. Each client is assigned to that facility with smallest service cost.

An instance of the uncapacitated facility location problem can be modeled
with a graph G = (D U F, E) having as vertices the clients and facilities, and
edges connecting every facility to each client. The weight of an edge (4, j) is the
service cost ¢(i, j). In the above primal-dual context, an edge (i, j) is said to be
tight if o;; > ¢(,7) (or in other words, if a; = c(4,j) + B;; and §;; > 0), and a
facility j is said to be paid forif Y, . Bij = f(j). A client i is marked if there
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is a facility j which has been paid for, and edge (7, j) is tight. The algorithm for
approximately solving the uncapacitated facility location problem is as follows.

Algorithm PRIMALDUAL

0. Initially all clients are un-marked. All values o; and (;; are initialized to 0.

1. Repeat steps 2 and 3 as long as there are un-marked clients.

2. Simultaneously and uniformly (at the same rate) raise the values of, both,
the dual variables «; for all un-marked clients ¢ and the variables 3;; for all
tight edges (4, 7), until either:

— «; = ¢(i,7) for some edge (i, j), or

— Y iep Bij = f(j) for some facility j.
In the first case we label edge (i,j) as tight. In the second case we label
facility j as paid for.

3. Every un-marked client ¢ with a tight edge (i, j) connecting it to a paid for
facility j is marked.

4. Build the graph T' = (D U F, E’) containing those edges (i,j) for which
ﬂij > 0.

5. Build the square T? of graph T by adding an edge between vertices u and v

if there is a path of length at most 2 between u and v in T.

Build the subgraph H of T? induced by those facilities that are paid for.

Find a maximal independent set I of H.

8. Select I as the set of centers and let each client i be served by a center
j € I for which the service cost ¢(7, j) is minimum. If for a client ¢ there are
2 or more centers with minimum service cost, choose any one of them for
servicing .

e

In the solution I produced by this algorithm, we say that a client i is directly
connected to the facility j that serves it if 5;; > 0. Otherwise client ¢ is said to
be indirectly connected.

4.2 Performance Ratio

We interpret the value of variable a; as the price that client ¢ has to pay for,
both, building a facility and for being serviced by that facility. Let client ¢ be
serviced by facility j. Let 04{ be the price that client ¢ pays for building facility j
and let o be the service cost paid by the client. Clearly, o; = o + a{ . If client
i is directly connected to j, then a; = ¢(i,7) + Bi;, and so we set of — ¢(i, 7),
and a{ « ;. If ¢ is indirectly connected, then we set o < a; and a; < 0.

Lemma 7.

STy = ol

jeI i€eD

Proof. Every facility j € I is paid for, i.e. f(j) = > ;cp Bij = > icp. a{, where
Dj is the set of clients directly connected to j. Since sets D; are d]isjoint, the
claim follows.
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Lemma 8. For every indirectly connected client i, c(i,7) < 3af, where j € I is
the facility that serves i.

Proof. Since the loop in steps [[H3] terminates when all clients are marked, then, i
is marked in step B because these is a facility j’ for which «; > ¢(i, j'). However,
j' & I since i is indirectly connected. As i is indirectly connected, facility j
was not selected to be in the final solution I computed in step [ Note that
since [ is a maximal independent set of H, there has to be at least one facility
k € I such that there is an edge from j’ to k in the graph H built in step [0 (see
Figure [1]). Because clients are assigned to their nearest centers in step [8 then
(irk) > i ).

Observe that k and j' are facilities and so there is no edge (k,j’) in the
graph G = (DU F, E). Since edge (k, j') belongs to H, there must be a client h
with edges (h, k) and (h, j') such that Bpr > 0 and (5 > 0. This implies that
ap, > c(h, k) and ap, > c(h, j').

Fig. 1. Service cost of client i. Centers k and j belong to I, but j' & I.

The algorithm does not rise the value of oy, after facility j' is paid for (and in
fact it might stop raising the value of aj, when k or other neighbouring facility
of h is paid for). Since, as we assumed above, ¢ is marked when «; takes value
c(i,1), then «; is raised at least until the time when j’ is paid for. Therefore,
a; > ay. By the triangle inequality (see Figure [)), c(i,j) < c(i, k) < c(i,7) +
c(h, i) + e(h, k) < a; + 20, < 3.

Using these two lemmas, we can compute the performance ratio of algorithm
PRIMALDUAL.

Theorem 6. The performance ratio of algorithm PRIMALDUAL is 3.

Proof. Let x,y and «, 8 be the primal and dual solutions produced by the algo-
rithm. Since for a client ¢ directly connected to a facility j, af = c(4, j), and by
Lemma [ for each indirectly connected client i, ¢(7, j) < 3af, then

Z Zc(i,j)xij <3 Zaf.

jEFieD i€eD
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From this inequality and Lemma [7, we get

DN elig)mi +3) fGy <3 (af +al) =3 ai. (9)

jeFieD JjEF i€D i€D

Since the value of an optimum solution for the k-median problem is at least
> iep Qi, the claim follows.

4.3 Running Time

Steps 1-3 are, perhaps, the most difficult steps of the algorithm to implement and
analyze, so we will give some details here as to how these steps can be efficiently
implemented. Note that since the values «; are raised uniformly, the order in
which the edges will become tight is consistent with a non-decreasing ordering
of the edges by cost. Hence, if we store the edges in a list L in non-decreasing
order of cost, we will know the order in which the events a; = ¢(4, j) of step 2
will take place. To keep track of the second class of events that take place in
step 2, namely ), , Bi; = f(j) for some facility j, we need to maintain for each
facility j the following 3 variables:

— a variable b; giving the number of tight edges currently contributing to
facility j,

— a variable t; giving the time when the value of b; last changed, and

— a variable p; giving the total contribution made by clients to facility j up to
time tj.

To determine the event that will take place during the following iteration of
steps 2-3 we first compute

T:min{ (1,9, mlﬁ{f(j)bjpj}}’

where (7, j) is the first edge in L, if any. If L is empty, we simply ignore the first
term c¢(4, 7). We can efficiently compute 7 by using a heap h.

a. If ¢(i,j) = 7, then edge (4,j) becomes tight in this iteration, so we discard
(¢,7) from L.

— If j is not yet paid for, we update p; < p; + (7 — t;)b; and, then,
increase the value of b; by 1 since in the next iterations the value of j3;;
will be increased. Finally, we set ¢; «<— 7. These steps can be performed
in constant time and updating the value G ) Pi associated with j in the
heap needs O(logny) time, where ny is the number of facilities.

— If j is already paid for, then we mark i. Since from this point on the value
«a; and the values 3;;/ for all tight edges (i, j) will not increase any more,
then, we need to update the values of the variables for such facilities j’.
For each facility j' such that (i,5’) is tight we set pj; «— py + by (T —
t;) and, then, we decrease b;; by 1. Finally, we set t;; < 7. The total
amount of time needed to perform these steps is O(degree(i)logny),
where degree(i) is the degree of client ¢ in the graph G = (DU F, E).
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b. On the other hand, if f(j);pj = 7, then facility ;7 will next get paid for, so

we remove this value 7V ) Pi from the heap. Furthermore, all clients i with
tight edges to j will be marked and so their a; and §;; values will stop
increasing. For each one of these clients with tight edges (7,;j') we need to
update the values of p;/, t;-, and bj as described above. Let S; be the set
of clients marked in this step. The total time needed to perform the above

steps is O()_;c, degree(i) logny).

Since every client is marked only once, then the total time needed to complete
steps 1-3 is O(}_,c p degree(i) logny) = O(mlogny), where m is the number of
edges in the graph G = (DU F, E).

4.4 Algorithm for the k-Median Problem

By studying the integer program formulations for the k-median and uncapaci-
tated facility location problems, we note that the Lagrangian relaxation of con-
straint (2)) in the integer program () for the k-median problem gives an instance
of the uncapacitated facility location problem in which all the facilities have the
same cost z, where z is the Lagrange multiplier:

Minimize Z Z c(i, j)ai; + Z 2Y; (10)

jEF ieC JEF
subject to
inj21 forall i€ D
JEF
Tij < Y4 forall €D, jeF

zij, y; € {0,1} forall ie D, jeF

The value of the Lagrange multiplier z controls the number of facilities se-
lected by the algorithm PRIMALDUAL. As the value of z increases, the number of
facilities selected decreases. If it happens that for some value of z the algorithm
chooses exactly k facilities, then this would be a good solution for the k-median
problem:

Lemma 9. Suppose that for some value z algorithm PRIMALDUAL selects ex-
actly k facilities. The cost of this solution is at most 3 times the cost of an
optimum solution for the k-median problem.

Proof. Let x,y and «, 3 be the primal and dual solutions constructed by the
algorithm. Then, by equation (),

Z Z c(i,j)ri; <3 <Z o — k‘z) (11)

jEFieD i€eD
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Observe that z,y is a feasible solution for the k-median problem and «, 3,z is a
feasible solution for the dual linear program for the k-median problem:

Maximize Z a; — zk (12)
i€D
subject to
a; — Bij < c(i,j) forall ie D, jeF
Zﬂijgz for all j € F
ieD
ai, Bij >0 forall ie D, jeF

Therefore, by the weak duality theorem, x,y is a solution for the k-median
problem of cost ;x> ;e pc(i, j)xi; at most 3 times the cost of an optimum
solution for the problem.

However, there might not be a value z for which algorithm PRIMALDUAL
selects exactly k centers, or it might be the case that finding such a value might
take too long]. What we can do in that case, is to find two “close” values z; and
zo for the facility costs, such that for the first value the algorithm will choose
k1 < k and for the second one it will select ko > k centers, respectively. We
combine these solutions to get a fractional solution with exactly k& centers. The
details are as follows.

Algorithm CONVEXCOMBINATION

1. Compute c¢pin = min{c(i,j) | i € D,j € F} and cpmax = max{c(i,j) | i €
D,jeF}.

Set ny «— |F|.

2. Use algorithm PRIMALDUAL and binary search over the interval [0, ncpax]
to find two values, z; and 23, such that z; — 20 < cmin/(4n?) for which
algorithm PRIMALDUAL finds solutions

— z°,y%, o, B%with k1 < k centers, and

— 2yt of, B¢ with ky > k centers, respectively.
Let A be the set of centers chosen in solution z°, y°, and let B be the set of
centers chosen in solution z¢, y¢.

3. Let a = *7F and b = F7%' . Combine the two above solutions to get a

k}Q*k}l k’27k71
new solution (#,7) = a(z®,y*) + b(x*, y’) that (fractionally) opens exactly k
centers.
4. B' 0

For each facility j € A do
Remove from B the facility j/ with minimum c(j, j°) value, and include
it into set B’.

! Recently Archer et al. [I] designed a variant of Jain and Vazirani’s algorithm which
guarantees the existence of a value k for which exactly k centers are selected. Un-
fortunately, this algorithm requires the solution of the maximum independent set
problem, and so it is not guaranteed to run in polynomial time.
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5. Choose a set I of k centers from A U B as follows:
— Select all centers in A with probability a and select all centers in B’ with
probability b (note that b =1 — a).
— Randomly select k — k; centers from B.
6. Select I as the set of centers and let each client i be served by the center
j € I with minimum service cost ¢(i, j).

Lemma 10. The cost of the fractional solution %,y computed in step B is at
most (3+ nlf) times the cost of an optimum fractional solution for the k-median
problem.

Proof. Let o = aa® 4 ba’, and 8 = af* + bB’. Note that, a, 3, z1 is a feasible
solution for the dual linear program ([I2)) and, thus, its value is a lower bound
for the value of the optimum fractional solution for the k-median problem. Let
us compute the value of this dual solution. By equation (@),

3 <Z af — zzk2> > Z Z c(i,j)xfj > Cmin > (3nf + 3) (21 — 22)ka.

i€D JEFiED

This last inequality follows since k2 < ny, and z1—22 < ¢min/ (4n3c) Furthermore,
we need to assume that ny > 3. This is a reasonable assumption since if the
number of facilities is less than 3, then the k-median problem can be easily
solved by trying the at most O(n?) subsets of k facilities as possible solutions
for the problem. Hence,

3 (Z af - Zlk‘2> =3 (Z Oéf — szz) — 3(21 — Zg)k‘g Z Snf(z1 — 22)]{2.
i€eD ieD
So, (z1 — 22)ka < nlf (ZieD af — Zlkg) and, therefore,
1
3 (Z ch — szz) =3 (Z af — Z1k’2) + (Z1 - Zz)kiz < (3 + nf) (Z Oéf - Zle) .
€D i€D i€D
Combining the above inequalities, we get
SN ity < (34 ) (Sal—ak ).
¢ . 1] — nf : K3
JEF i€D €D
Also, by inequality (@),

Z Zc(i,j)xfj <3 <Z ai — z1k1> .

jeFieD i€D
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From the last two inequalities, we finally get:

SN e, )iy ( >< doas+by af —z1k>

jeEFieD €D €D

() (Se)

Let !, y! be the solution for integer program () corresponding to the solution
I computed by algorithm CONVEXCOMBINATION. The expected cost of this
solution is bounded in the following Lemma.

IN

Lemma 11.

ZZ c(i, j)x ” ] < 1+max{a,b})ZZc(i,j)iij7

jEFieD jEFieD
where 3 is the fractional solution computed in step Bl

Proof. Consider a client 7 and the sets of facilities A, B, and B’ constructed by
the algorithm in steps Plandll Let j; € A and jo € B be the centers that serve
i in solutions z°,y* and 2!, 4", respectively. We consider two cases.

1. If jo € B’, then either j; € I or j, € I. Hence,

B> ci,j)zl] = ac(i,jr) + be(i,ja) = Y _ cli, §)di;.
JEF JEF
9. I jo ¢ B, then
— the probability that js € I is b,
— the probability that jo & I and j; € I is a(1 —b) = a?, and
— the probability that j; &€ I and jo € I is (1 —a)(1 —b) = ab.
Let j3 € B’ be the facility that is paired to j; in step @ of the algorithm.
Then,
B cli,j)al;] < beli, ja) + a’e(i, j1) + abe(i, js).
JjeF
Since j3 is the center in B closest to ji, then ¢(j1,73) < ¢(j1,72), and so
c(i, j3) < (i, 1) + c(r, j3) < (i, 1) + c(r, j2) < 2¢(i, j1) + (i, j2). Using
this last inequality we get:

E[Y_ c(i,)zl}] < (a® + 2ab)c(i, 1) + (b + ab)c(i, ja)

jEF

a(a + 2b)c(i, j1) + b(1 + a)c(i, j2)
=a(l4b)e(i,j1) + b(1 + a)c(i, j2)

< (1 + max{a, b})(c(i, j1)a + c(i, j2)b)
(1+max{a,b}) Y c(i, j)&;;

JEF
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We are now ready to determine the performance ratio of the algorithm.

Theorem 7. There is a deterministic 6-approximation algorithm for the metric
k-median problem.

Proof. Since algorithm CONVEXCOMBINATION can be easily de-randomized us-
ing the method of conditional expectations, we only need to show that the ex-
pected cost of the solution z,y’ is at most 6 times the cost of an optimum
solution for the k-median problem.

By the previous two lemmas, the cost of the solution x!,y! is at most (3 +

1Y(1 + max{a,b}) times larger than the optimum. By using basic algebra we

ny
_ ko—k ny—k ny—1 _ k—k k—1
can show that, a = [»7° < nfj(kfl) < flf ;and b= 0 < B Then
14+ max{a,b} < 14 n’;;l <2- nlf. Therefore, the performance ratio of the
. . 1 1
algorithm is (3 + nf) (2 — nf) <6.

Charikar and Guha [I2] proposed a slight variation of the above algorithm,
and using a more complex analysis they were able to show that their algorithm
has a performance ratio of 4.

5 A Local Search Algorithm

Local search heuristics have not been widely used to design approximation al-
gorithms, mainly because of the difficulty of proving that a locally optimal so-
lution is within a certain factor of the globally optimal one. Hence, it is sur-
prising that a local search algorithm yields the best known performance ra-
tio for the metric k-median problem. In this section we describe the algorithm
of Arya et al. [5] which for any value € > 0, achieves a performance ratio of
(3+2/p)/(1 —en?) <3+2/p+¢ for & =10en?, if ¢ <1 and n > 2. This algo-
rithm repeatedly improves a solution by swapping p of the centers in the current
solution with p facilities not in the solution, where the value of the parameter p
is not larger than k.

Given a set S of at most k centers we define the cost of S, denoted as ¢(5), as
the total service costs of the clients, i.e. ¢(S) = >, pc(d, S), where ¢(d, S) =
min{c(d, f) | f € S} is the smallest cost of servicing d by one of the centers in
S. Let € be a constant value and 0 < € < 1. The algorithm of Arya et al. is the
following.

Algorithm LOCALSEARCH (p,¢)

1. S* < an arbitrary set of k centers
2. while there are sets 7' C F'\ S and T’ C S* such that |T'| = [T'| < p
and c((S*\T)UT) < (1 —¢)c(S%), do
St (S \TUT
3. return S°.

Let S* be an optimum solution for the k-median problem. If p and ¢ are con-
stant values, a straightforward implementation of the algorithm checks in every
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iteration of the while loop all subsets of F'\ S* and S of size at most p. Since there
are O(nP) subsets of F'\ S* (and of S*) of size at most p, and since the condition
c((SA\T")UT) < (1—€)c(S?) can be easily tested in O(n) time, then each iteration
of the while loop can be implemented to run in O(n?’*1) time. In every iteration
of the while loop the value of the solution decreases by at least a factor of 1 —¢,

Eg‘i)), where Sy is the initial

solution. Hence, the algorithm runs in time O(n?** log(c(So)/c(S*))/log(,*.))

and so the maximum number of iterations is log 1
12

Theorem 8. Algorithm LOCALSEARCH has a performance ratio of (3 4+ 2/p)/
(I—2¢).

In order to ensure that the above algorithm has polynomial running time, we
must guarantee that each iteration of the while loop decreases the value of the
current solution by at least a factor of 1 — e. Therefore, the algorithm is not
guaranteed to find a locally optimal solution. To prove Theorem [§ we first need
to show some properties of the solution S* computed by the algorithm. For any
sets T C S* and T’ C F'\ S* such that |T| = |T'| < p,

((S\T)UT') > (1 - e)e(SH). (13)

Given a feasible solution S for the k-median problem, we denote the set of clients
serviced by some subset of centers A C S as Ng(A). Given a center s € S, the
set of clients served by s is denoted as Ng(s).

Given a set of centers A C S*, we say that A captures a center o belonging to
the optimum solution S*, if A serves at least half of the clients served by o, or
in other words, if |[Nge(A) N Ng«(0)| > |Ng=(0)|/2. We define capture(A) as the
set of centers o € S* captured by A. For any two sets X,Y C S*, the following
properties hold.

Lemma 12. If X andY are disjoint, then capture(X) and capture(Y) are dis-
joint. Furthermore, if X CY then capture(X) C capture(Y).

Proof. To prove the first property we show that every center o € S* can be
captured by at most one of the sets X,Y . If a center o € S* is captured by, say,
X then more than half of the clients served by o in the optimum solution are
served by centers in X. Therefore, the centers in Y cannot capture o.

The second property is easy to show since every center o € S* captured by X
has more than half of its clients served also by Y in S*.

We call a center s € S bad if it captures at least one center in S*, and good
otherwise.

Lemma 13. The solutions S* and S* can be partitioned into sets Ay, As, ..., A,
and By, By, ..., B,, respectively, where r — 1 is the number of bad centers in S°.
This partition is such that for alli=1,...,r—1, |A;| = |B;|, B; =capture(4;),
and A; has one bad center. Furthermore, |A,| = |B,| and A, has only good
centers.
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Ny (A)

Ny(0")

‘Y‘:%I(n./')

Fig. 2. Service cost of client j after reassigning clients to centers

Proof. We prove the lemma by induction on the number of bad centers. The
basis is trivial because if the number of bad centers is 0 then we simply set
A, = 8% and B; = S*. For the induction step, let us assume that the partitions
exist when the number of bad centers in S* is b, b > 0, and prove that such a
partition exists when the number of bad centers is b 4+ 1. Choose a bad center
s € 5% and set A; = {s}. Note that capture(A;) > 1. If |capture(Ay)| > |Aq],
then repeatedly add good centers to A; until the size of A; is equal to the size
of capture(A;). We can always do this since every bad center in S¢ captures at
least one center in S* and, hence, if |capture(Ay)| > |A1| there must be at least
one good center in S*\ A;.

Set By «capture(A;). To complete the proof, we note that by the induc-
tion hypothesis it is possible to partition S*\ A; and S*\ capture(A;) into sets
Ag, ..., Ak4o and Ba, ..., Bito as described in the statement of the lemma. By
Lemma [I2 the sets B, are disjoint, so the sets A; and B; are partitions of S*
and S*, respectively. Finally, since | S| = |S*|, then |A,| = |B,|.

For each client j let pge(j) be the center that serves j in solution S* and let
ps~(j) be the center that serves j in S*. Now we are ready to prove Theorem 8

Proof of Theorem [l Let {A;, As,..., A}, {B1,Ba,...,B.} be partitions
of §* and S* as described above. To compute the performance ratio of the
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algorithm, let us consider the following sets of swaps involving all the centers in
the optimum solution S*.

i. For each set A; such that |A4;| = |B;| < p, swap the centers in A; with those
in B;. By inequality ([I3]) we know that

c((S\ A) UBy) > (1 —e)e(SY).

We can bound the value of the left hand side of this inequality by reassigning
the clients served by S* to centers in (S*\ A;) U B; as follows. All clients
in Ng«(B;) are assigned to the centers in B;. For all other clients that are
served by A; we proceed as follows. Consider all clients j served by A; that
are served in S* by some center o’ = pg« (i) € B;. Since o' & B;, then A; does
not capture o’ and, hence, [Nge(A4;) N Ng-(0')| < 5|Ng~(0')|. Thus, for each
one of these clients j we can associate a unique client 7; € Ng-(0’)\ Nge(A;)
(see Figure ). Let m; be served in S* by some center s’ = pge(m;) € A;.
Then, by the triangle inequality, reassigning client j to center s’ incurs a cost
at most c(ps: (7)) < clps: (1), ;) + clps- (), 1) + clps- (), ). Hence,
(1 —e)e(SY) < e((S“\ 4:) U By)
< Y clps-(3).4) +
JENs=(Bs)
> (elpse(ms), m)) + elps-(5), m;) + clps-(5). 5)) +

JENge(As)
JENg*(Bi)

Z C(Psf(j)aj)
jED
JENg=(Bi)UNge(Aq)
<> elpse(G),d)+ D (elps-(5):5) — elpse (4),4)) +
jeED JENg«(B;)
Y (elpse(my),my) +
JENe(As)
c(ps=(3),m5) + clps=(4), J) — clpse(4), 7)) (14)
ii. For each set A; such that |A;| = |B;| = ¢ > p, we first select a set of ¢ — 1
good centers from A;. Then, we swap every center o € B; with each one of

the g — 1 selected good centers s from A;. Proceeding similarly as above, we
can show that

(1= e)e(S*) < e((S“\ {s}) U {o})
<> elpse (i), d)+ D (clps=(4),4) — clpse(4), 5)) +

JjED JENsx(0)
D> (clpse(my), ) + clps=(4), m5) +
JENge(s)

c(ps=(7),7) — clpse(4), 7))
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By adding all inequalities for a center o € B;, and then dividing the sum by
q— 1 we get

(1 —2)e(SY) <> elpse(4).3) + Y (clps-(5),4) — clpse(5),4)) +

jeb JENg(0)
S Y o)) + clps- G +
JENge (A;)
clps-(7),4) = elpse(7),1) (15)

Next, we add the inequalities ([l for the ¢ centers o € B;:

(1 —=e)e(S) <a Y elpse(i), i)+ Y (clps-(4),4) = elpse (§),5)) +

jeD JENg~(B:)
31 ST (elpsem),m) + clps-(7), ;) +
17 % jeN(an
c(ps-(3).9) = c(pse(3).5)) (16)

Add the inequalities (I4)) and (8] for all sets A;, B;. Let 1 be the number of
pairs A;, B; for which [A;| = |B;| < p. Since J,, Ng¢(A4:) = Up, Ns-(B:i) = D,
then by adding the inequalities we get

(ri+a(r =r1))(1 = £)e(S*) < (ri+alr =) Y elpse (), ) +

jeD
> (elps- (). ) — elpse (). ) +
jeD
Sy D elps(m) m) + elps- () m) +

c(ps=(4),4) — clpse(4),5)) (A7)

Because of the way in which the mapping 7 has been defined, it is not hard to
see that

D (elpse(my),my) + elps- (1), m5) + elps- (1), 4) — clpse (4), 4)) < 2¢(S7).

jeD
By using this last inequality in ([T), we get
(r1 4+ q(r =)L = €)e(SY) < (r1 +q(r —r1))e(S°) +

(e(8) (s + 1 (2e(87)
< (34 2) el 4 1 atr =) = DS
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The last inequality follows from ¢/(q—1) < (p+1)/p. Since r1 +q(r —r1) < n?,

then
(1 = en?)e(S") < (1 — e(ry +qlr —r1)))e(S") < (3 n ;‘;) o(5%).

Thus, ¢(S%) < (3 + ;)/(1 —en?)e(S). O
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Abstract. Probabilistic methods have advanced the design of algo-
rithms in algorithmic discrete mathematics and theoretical computer sci-
ence. Many notoriously hard algorithmic problems have been solved with
randomized algorithms or probabilistic methods, either optimally or in
a satisfactory approximative way. One of the powerful tools in analyz-
ing randomized approximation algorithms is the Lovasz-Local-Lemma,
a sieve method with many nice applications. In this article we show its
impact on job shop scheduling and resource constrained scheduling.

1 Preliminaries

1.1 Graphs and Hypergraphs

We use the standard notion of graphs and hypergraphs. A graph G = (V, E)
is a pair consisting of a finite set V' (the set of vertices or nodes) and a subset
EC (‘2/), where (‘2/) denotes the set of all 2—element subsets of V. The elements
of E are called edges. For a set X let P(X) be the powerset of X. A hypergraph
or set system H = (V, ) is a pair of a finite set V' and a subset £ C P(V'). The
elements of £ are called hyperedges. The degree of a vertex v € V in ‘H, denoted
by deg(v), is the number of hyperedges containing v, and deg(H) = max deg(v)

is the (vertex-)degree of H. H is called r-regular resp. k-uniform, if deg(v) = r for
all v € V resp. |E| =k for all E € £. For convenience we write V = {vy,...,v,}
and &€ = {F1,...,Eny}, and sometimes identify vertices and edges with their
indices. The vertex-hyperedge incidence matrix of a hypergraph H = (V,€) is a
matrix A = (a;;) € {0,1}"*™, where a;; = 1 if v; € E;, and 0 otherwise. For a
modern treatment of graph theory, we refer to the books of Berge [9], Bollobéas
[12], Diestel [17] and West [42].

1.2 Large Deviations

Suppose a randomized approximation algorithm for an optimization problem
produces a solution with real objective function value C. Quite often it is possible
to compute the expectation IE[C], and if we are lucky, we even can prove that
E[C] is close to the optimal value OPT, say with relative error ¢ > 0:

! ¢ can be a constant, but in many cases it is a function ¢ = ¢(|I|), depending on the

size of the input.
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IE(C) — OPT| < ¢OPT. (1)

To be on the critics’ side, the inequality () does not say too much! It can
happen that C is “badly” distributed around IE[C], meaning that C' may deviate
significantly from [E[C], thus destroying the nice approximation suggested by ().
If the randomized algorithm is well-designed, then of course C should stay close
to IE[C] with high probability. Such concentration phenomena are usually proved
by bounding the deviation from the expectation with large deviation inequalities.
Throughout this article we consider only finite probability spaces ({2, P), where
{2 is a finite set and [P is a probability measure with respect to the powerset P({2)
as the sigma field. Let uy,...,u, and vy, ..., v, be integers, and let X;,..., X,
be mutually independent (briefly independent) random variables, where X; takes
the values u; or v; with probability

PIX; = uj] =p;, P[X; =v;] =1—p,

for real valued pj;, 1 < j < n. For 1 < j <n let w; denote rational weights with

and let .
= w;X;
j=1
be the weighted sum. For u; = 1, v; = 0, w; = 1 and p; = p for all j =
1,....,n, Y= Z;;l X is the well-known binomially distributed random variable

with mean np. The inequalities given below and their proofs can be found in the
books of Alon, Spencer and Erdés [6], Habib, McDiarmid, Ramirez-Alfonsin and
Reed [23], and Janson, Luczak, Rucinski [26].

Theorem 1. (Markov Inequality) Let (£2,P) be a probability space and X :
2 — R™" a random variable with expectation E[X] < co. Then for any A € R*

E[X]

>\ <
PX > )\ < I\

A sharper bound is the well-known inequality of Chebyshev:

Theorem 2. (Chebyshev Inequality) Let (£2,1P) be a probability space and X :
2 — R a random variable with expectation E[X]| and variance Var{X]. Then
for any A € R™

1
P(X — BIX]| > A/ VarlX] < .
The following basic large deviation inequality is implicitly given in Chernoff
[14] in the Binomial case. In explicit form it can be found in Okamoto [32]. Its
generalization to arbitrary weights is due to Hoeffding [25]:

Theorem 3. (Hoeffding 1963) Let u; = 1,v; = 0,0 < w; < 1,0 < p; <1 for
allj=1,...,n and let A > 0. Then
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In the literature Theorem [3] is well-known as the Chernoff bound. Another
useful form is given in the following theorem (see [36] for a proof).

Theorem 4. Letu; =1,v; =0,0<w; <1,0<p; <1 forallj=1,...,n and
let p=E[W]. Then

(i) For any 8> 0, Pl > u(1 + B)] < G(u, B) where

G(p, B) = ((H;ﬁuﬁ))u'

(i) Y > 0 and Vp € (0,1), there exists 3 = H(u,p) > 0 such that [ps] -
G B) < p and

log(p~1+u) . logp™t .
8(\/0ng ;) if >t

logp~* .
e (ulog(lOg(p_l)/,u)) otherwise .

H(p,p) =

For random variables with zero expectation we have an inequality due to
Hoeffding [25]:

Theorem 5. (Hoeffding 1963) Let u; =1, v; = —1, w; =1, p; = 1/2 for all
j=1,...,n. For A >0 we have

(a) P> N < exp(—3,)
(b) P[Y < A < exp(~3,).

For small expectations, i.e., E[1)] < ¥, the following inequalities due to Angluin
and Valiant [7] give sharper bounds than Chernoff’s inequality.

Theorem 6. (Angluin, Valiant 1979) Let u; = 1,v; = 0,0 <w; <1,0<p; <1
forallj=1,....n andlet 0 < 8 < 1. Then

(a) Py > E[)(1+ )] < 2
(b) Pl < E[¢](1 - B)] < exp(—" 5.

2 The Lovasz-Local-Lemma

The Lovész-Local-Lemma was introduced by Erdés and Lovész [18] in the study
of 2-colorings of hypergraphs with forbidden monochromatic edges. Let H =
(V,€) be a hypergraph. Let the degree of an edge E € £ be the number of
edges intersecting ' and let the edge-degree of the hypergraph be the maximum
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edge-degree. As usual, the size of H is the number of edges. Let us assume that
this size is m. A 2-coloring is a mapping from V to a set of two colors , say red
and blue. It is convenient to represent the colors either by {—1,1} or {0,1}. A
2-coloring of V' is called non-monochromatic, if no hyperedge is monochromatic
with respect to the coloring.

Definition 1. A hypergraph H = (V, &) has property B if there is a 2-coloring
of V' such that no hyperedge of H is monochromatic.

In 1975, Erdds and Lovész [1§] showed that a k-uniform hypergraph with edge
degree at most 2573 has property B. The remarkable conclusion of this theo-
rem is that without any assumption on the size of the hypergraph a merely
local condition suffices to guarantee property . The key in the proof is a sieve
method, today known as the Lovéasz-Local-Lemma (LLL), with many applica-
tions in combinatorial optimization, graph theory, and combinatorics (for exam-
ple to k-coloring of real numbers, Ramsey theory [1§], linear and star arboricity
of graphs [2I[4], acyclic colorings of graphs [5], and construction of edge disjoint
paths in expander graphs [13]).

Theorem 7. (Lovasz-Local-Lemma; Symmetric Case) Let A1, ..., A, be events
with P[A;] < p for all i. Suppose that each event A; is mutually independent of
all but at most d > 1 other events A;. If ep(d+1) <1 then

iz (-, ,)"

Proof. Suppose, we have already shown that for each S C {1,...,n} and any
ie{l,...,n}\S,
1
A7l < 2
AAT= L (2)
JES

Then
c_ c ]' "
/\A fH1f A|/\A < d+1>’

as claimed. We will prove (@) by induction on |S|. If S = 0, (@) follows from the
fact that p < 6(;“) d+1 Now assume that (2]) holds for all S” C S. For the
induction step we fix i € § and let T C § consist of the indices of all events

that are not mutually independent of A;. We renumber the events such that
T={1,...,t}, t <d. Observe that

/\ A P[A; /\/\]ET ; | /\jGS\TAﬂ.
jes PlAjer A5 | Njes\r 45l

2 Our notion of a coloring does not require that adjacent vertices have different colors.
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We can bound the numerator from above by

A A5,

JES\T

and since A; is mutually independent of the events {A; | j € S\ T} we have

PlA;| A\ A5l =P[A]=p.
JES\T
The denominator satisfies

PIA4ST A 1= TT0-Pia 1 Asin A )

JET JES\T j=1 lesS\T

t
which is at least H§:1 (1 — d}rl) = (1 — d}rl) by the induction assumption.
Hence we obtain

p p
A Al < 1 = 1 dgep§d+1’
jes (1— d+1) (1— d+1)
completing the induction. O

As a very simple application which demonstrates the strength of the LLL we de-
rive a lower bound on the van der Waerden numbers W (k). Recall that W (k) de-
notes the minimal integer n so that every 2-coloring of the set {1,...,n} contains
a monochromatic arithmetic progression of length k. Let us first prove a lower
bound from a standard probabilistic argument. We consider a random 2-coloring
where each ¢ € {1,...,n} has probability 1/2 of being colored red or blue, inde-
pendently of all j # 4. For each arithmetic progression S of length & let Ag be the
event that S is monochromatic. If the event A4 Ag has nonzero probability we
know that there exists a 2-coloring of {1, ...,n} containing no monochromatic k-
term arithmetic progression. Hence W (k) > n as long as IP[ ¢ A¢] > 0. Clearly,

[Ag = 21=F and since there are ;‘; (1 —o(1)) k-term arithmetic progressions
in {1,...,n}, E‘ we have

2

P[/\ A%] = 1 - P[\/ Ag] >1—ZIPAS_1 2k( —o(1)) -2tk
S

S

The last term is positive as long as n < Vk - 2¥/2(1 4 o(1)), giving W (k) =
Q(V/k2¥/2). The LLL yields a considerable improvement.

3 A k-term arithmetic progression in {1,...,n} can start with any i € {1,...,n—k+1}
and for a fixed start term i we have "ji“ possible distances between consecutive
terms. Since start term and distance uniquely determine an arithmetic progression,

their overall number amounts to 37— "~ = 72’2 (1 —o(1)).
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Corollary 1.

W(k) = 0 (221)

Proof. Consider a random 2-coloring and events Ag as above. Since Ag is mutu-
ally independent of all Agr with SN.S’ = 0, we can apply the LLL with d = ]?fi
(for S” with SNS’" # () there are at most k possibilities for an element s € SN.S;
we have at most k possibilities for the position of s within S, and at most ,";
choices for the step size of the arithmetic progression S’). Hence, Ag AS has
non-zero probability as long as e - 21_k(£fi + 1) <1, which implies the claim.
O

Let Ay,...,An be events in a probability space. A graph on {Ay,...,A,} is
called dependency graph of the events A1, ..., A, if, for all ¢, the event A; is mu-
tually independent of {A; | {i,j} ¢ E(G)}. In a similar manner the dependency
graph D(H) of a hypergraph H = (X, £) is defined.

Definition 2. Let H = (X,&) be a hypergraph. The dependency graph D(H)
is the graph with £ as the vertex set, where E|F € £ form an edge {E, F} iff
ENF #40.

The notion of dependency graphs will be useful later. For property B we get:

Corollary 2. A hypergraph H = (V, E) with maximum edge degree 0 < d < 2F~3
in which each edge has at least k > 5 vertices has property B.

Proof. We randomly and independently color the nodes of H with two colors,
say red and blue, with probability 1/2. Let us denote this random 2-coloring
by x. For an edge F € £ let Ag be the event that F is monochromatic with
respect to x. Put p = 27%t1. We have P[Ag] = 2 -2~ I”l < p. Furthermore
ep(d + 1) < e27F1(28=3 1 1) < % < 1 for k > 5. By the Local-Lemma

16
(Theorem [7))
/\ 4%

Ee€

P > (1 )™ >0, 3)

Cd+1

where m = |€|. Hence with non-zero probability, y is a non-monochromatic 2-
coloring, and ‘H has property B. O

According to (@), it may happen that the probability of x being non-mono-
chromatic is exponentially small. Thus an attempt to find a non-monochromatic
2-coloring is in the words of Beck “the search for a needle in a haystack”. For
arbitrary hypergraphs this is even hopeless, since the problem to decide whether
a hypergraph has property B is N'P-complete (Lovasz [18]). In 1991 Beck [8]
gave the first algorithmic polynomial-time search version of the Local-Lemma.
We will present Beck’s method, its extensions and applications in Section 7.

Now we are ready to discuss some applications of the Lovasz-Local-Lemma
to integer programming resp. scheduling due to Srinivasan [36], resp. Leighton,
Maggs and Rao [27] and Ahuja, Srivastav [I].
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3 Basic Randomized Rounding — A Warming-Up Exercise

Many times a combinatorial optimization problem can be formulated as an inte-
ger linear program (ILP). Dropping the integrality constraints, we obtain a linear
programming relaxation (LP) which can be solved in polynomial-time. The LP-
optimum, also called fractional optimum, does not only provide a bound on the
integral optimum, but it often can serve as a basis for finding an integral so-
lution that is “nearly” optimal. The key idea is to “round” each variable z} of
a fractional optimal solution up or down, where the probability of rounding up
is given by the non-integral part z7 — |z} |. This guarantees that — in expec-
tation — the rounded solution equals the fractional optimum. We would like to
ensure that the deviation from the expected value is small. Let us demonstrate
this “randomized rounding’ﬂ technique by considering the problem of finding a
maximum independent set in a k-uniform hypergraph.

Definition 3. Let H = (V, &) be a k-uniform hypergraph. A subset S of V is
called independent if no edge is entirely contained in S, that is if P(S)NE = 0.

Recall, that the vertex-hyperedge incidence matrix A = (ai;)i<i<n of a k-
1Z5<m

uniform hypergraph H = (V, £) with n vertices v1, . . . , v, and m edges E1,. .. ,Ep,
is defined by

aij =

1, ifv; € Ej
0 otherwise.

With the help of n zero/one variables x; indicating whether or not the vertices v;
are chosen for the independent set, we can characterize an independent set in H
of maximum cardinality as the solution to the following integer linear program:

n
max Z X5
i=1
subject to

Zaijxi <k-—1forall je{l,...m}
i=1
x; € {0,1} for all i € {1,...n}.

If we relax the condition “x; € {0,1}” to “x; € [0,1])” for all ¢ € {1,...,n},

the problem can be solved in polynomial-time. Let x1*,...,2,* be a solution

and denote by OPT* the value of the objective function. Suppose, we fix € > 0
g

and independently round each z;* to 1 or 0 with probability (1 — 5)x;* resp.
1—(1—35)x*. We get a vector (z1,...,2,) € {0,1}" which is a candidate for

4 In its concise form, the randomized rounding method in integer programming was
introduced by Raghavan and Thompson [33].
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an independent set in H. For every i let X; be the random variable indicating if
z} has been rounded to 1:
1, ifz; =1
x,= b if x; '
0 otherwise.

If the events

0 ZX,» > (1—¢)OPT*

=1

n
and B;: Y a;X;<k-1,j€{l,...m}

i=1
simultaneously happen with positive probability, we know that H contains an
independent set of size at least (1—e)OPT*. On account of randomized rounding,
the x; have the nice property that their expected value is 2} (scaled down by
(1 — ;) to boost the probability for the “good” events B;). We can now use the
Angluin-Valiant inequality (Theorem 2.6) to bound the probability of the “bad”
events Bf. With 8:= ,°_ we obtain

E2 _
]P[BJC] S e 1§5651) foI‘ all j € {07 sty m}
Hence

e2(k—1)

>]_fm+]_) e 12-6c

H>S

which is at least 1/2 for k > g In(2(m + 1)). So we have proved the following
theorem.

Theorem 8. For a k-uniform hypergraph with k > }3 In(2(m + 1)) we can find
an independent set of size (1 —e)OPT", where OPT" is the optimal value of the
relaxed problem formulation, in randomized polynomial-time with probability at
least 1/2.

Note that an independent set of the claimed size can be constructed in deter-
ministic polynomial-time with the method of conditional expectations [6].

BIBLIOGRAPHY AND REMARKS: We can get rid of the condition on k (on cost of a
weaker approximation guarantee) by taking advantage of positive correlations among
the events Bj, which can be stated by the inequality

/\B]>1—H 1 —P[B]) + P[Bf].

Srinivasan’s [37] analysis of randomized rounding for integer packing and covering
programs using positive correlations yields a deterministic polynomial-time algorithm
for computing an independent set of size

o (opr*- (/ ort
i
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By applying Janson’s inequality and an extended version of the Lovasz-Local-Lemma,
Srinivasan [36] obtained a randomized approximation guarantee of

pT*
n © .
V/deg(H)
The best lower bound on the maximum size a(H) of an independent set in terms of n,

m and the average degree t*~1 := k:;" is

1\ n
H)>(1- .
a(H) 2 ( k) t
The proof relies on the analysis of a simple random sampling strategy of Alon and
Spencer [6]. For uncrowded hypergraphs (i.e., hypergraphs containing no cycles of length
2,3 or 4) Ajtai, Komlds, Pintz, Spencer, and Szémeredi were able to improve this bound

by a factor of (In t)l/ (*=1)  Polynomial-time derandomization of this result has been
given by Fundia [20] and Bertram-Kretzberg and Lefmann [11].

4 Job Shop Scheduling

An instance of the shop scheduling problem consists of

— njobs Jy,...,Jn
— m machines My,..., M,
— K operations Oy,...,0Ok.

Each operation Oy, belongs to some job J; and must be processed on a specific
machine M;. The processing of the operations cannot overlap in time (non-
interference condition).

Open shop is a shop problem in which the operations of a job can be processed
in any order. In a job shop problem the operations must be processed in a job-
dependent order. A flow shop problem is a special job shop problem in which
each job has exactly m operations, one for every machine, and the order in
which the operations have to be processed is the same for all jobs. The following
notations are needed:

— pg is the processing time of operation Og, and ppax := maxy pi.-

P; is the total processing time of job J;, and P4, := max; P; is the maxi-
mum job-load.

II; is the total processing time that is spent on machine M; and I, :=
max; II; is the maximum machine-load.

— p; is the number of operations for job J;, and p := max; ;.

The goal is to minimize the makespan of a feasible schedule, defined as the
time at which all operations are completely processed. All of the described shop
problems are N"P—hard. For a detailed discussion of approximation algorithms
for scheduling we refer to the survey article of Hall [24]. Here we only review
the impact of the Lovéasz-Local-Lemma on the job shop problem. Let us consider
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a job shop problem in which all operations have unit length and each job has
at most one operation per machine. One of the most remarkable and surprising
results for this job shop problem was proved by Leighton, Maggs and Rao [27].

Theorem 9. (Leighton, Maggs, Rao 1994) There exists a schedule whose make-
span is at most O maz + Praz)-

The proof relies on the Lovész-Local-Lemma (Theorem [7]). One important con-
cept is the notion of random delays: let us schedule the jobs in a greedy manner,
where every job starts at time zero and is processed until completion. We expect
such a schedule to be infeasible, violating the non-interference condition. Now
we choose for every job’s greedy schedule a time t € {0,1,2,..., A} and delay
the job’s starting time by ¢. Let us call such a schedule a greedy pseudo-schedule
with {0, A}-delay. Note that the makespan of such a delayed pseudo-schedule
is at most P, + A. Randomization comes in by selecting ¢ randomly from
{0,..., A}.

The analysis of such a scheduling strategy consists of two steps :

1.) First we show with the Lovdsz-Local-Lemma that a pseudo-schedule with
{0,O0(ITjax)} delay exists such that for each machine, the number of jobs per-
formed per time interval of length @(log ITnax) is at most one. This is the key
step. The makespan of the pseudo-schedule is O(Ppax + Mmax)-

2.) In the second step we transform the pseudo-schedule into a feasible schedule
of makespan O(20008" (Mmax+Pmax)) (P 4+ IT00).

More technical work is needed to conceal the O(log" (IIiax + Pmax)) factor and
to obtain Theorem

Here we concentrate on step 1. For simplicity, we assume g = 1 and 11,4, >
Praz- Let us consider a time interval I of length T in a random {0, all,q4 }-
delayed schedule and let C' be the largest number of operations performed on
any of the machines over I. We say that the relative congestion of that time
interval is C'/T. We would like to choose T' in a way that:

(a) C<T,
(b) T is small,
(¢) «is a constant.

Of course, if « is large we do not expect to have problems in order to meet
(a) and (b) simultaneously. The Local-Lemma proves that « and T can be kept
stmultaneously small proving 1).

Lemma 1. There exists a greedy {0, 21T ax }-delayed pseudo-schedule such that
the relative congestion of any time interval of length T > 36 In(21yax) s at
most 1.

Proof. The “bad” event is that the relative congestion is greater than 1. This
means that more than T operations get assigned to machine M;, for some inter-
val I of length T' > 36 In(211,,.x). Let A; be this bad event. Thus the good event
is Ai~; AS and we wish to bound its probability away from 0.
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Claim: (i) Let d be the dependency among the events Ay, ..., A,,. Then
d S PmaXHmaX'
(ii) P[4 < L 4

21 T2

The claim immediately completes the proof: the Local-Lemma condition reads

e m. . +1
d 1 < : Pmameax 1)< e < ]-a
ep( " ) (Z)IZZ) 21- HI‘%I&X ( - ) N 7H§1ax -

since Il . > 1, and the Lemma is proven.

It remains to prove the Claim.
To (i): We consider a machine M; and the event A;. For any machine M; that
does not have a job in common with machine M;, A; is independent of A;. The
number of machines that do have a job in common with M; is bounded by the
number of jobs running on M; (which is at most ITjx) times the number of
operations per job (which is at most Ppax), 80 d < ITnaxPmax-

To (ii): We consider an arbitrary, but fixed time interval of length T,
36 ln(2Hmax> < T < Hmaxy

and denote by ¢ the probability that more than T operations are performed
in this time interval. Let k& be the number of operations that use machine M;.
Clearly k < Il,.x. By assumption each of these operations belongs to a different
job. Thus, assigning to each of these operations a 0/1 random variable X, j =

1,...,k, which is 1 iff operation j falls in the time interval I and 0 otherwise,
the variables X; are independent! Moreover,
T
PlX,=1] < =: p*
=S g, TP

for all j. Now, X := Z?=1 X is the number of operations falling into I, and

T T
E[X] < kp* < M =
Xl s kbt < g me =

W.Lo.g. we may assume that E[X] = 7. We get:
qg=P[X >T]
T
=P [X> 2(1+ﬁ)} (with 3 =1)

=P[X > E[X](1+5)]
E[X]- 52
e 3 (with Theorem [, Angluin-Valiant inequality)

IN

T
=¢e 6

IN

6
1
: S . .
9. Hmax> (since T > 361n(2 - ITax)) (4)
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Prox + 2010« < 311, is the absolute upper bound on the makespan. The
number of time intervals of a certain size T', T > 1, thus is at most 311 ,,x. Now

with (@):

Imax

3112 1 1
PlA;] < 3 ax) g < max < . . O
[ z] a Tz::l ( * )q B (2 : HmaX)G 21 H?nax

For general job-shop scheduling Shmoys, Stein and Wein [35] gave a de-
terministic polynomial-time algorithm which delivers a schedule of makespan
O(p - (IImax + Pmax)) with

_ log(mp)
log log(my1)

The presently best algorithm for job-shop scheduling is due to Goldberg, Pater-
son, Srinivasan, Sweedyk [22], improving the above by a factor of 1/ loglog(mu).

log(min{mﬂa pmax}) .

Theorem 10. (Goldberg, Paterson, Srinivasan, Sweedyk 2001) There is a de-
randomized p-approzimation for job-shop scheduling with

_ 10g(mﬂ) IOg(min{mU7 pmax})
log log(myu) log log(my1) '

For m =n it can be parallelized.

BIBLIOGRAPHY AND REMARKS: Czumai and Scheideler [I5J16] have provided an ap-
proach to design polynomial-time algorithms for problems that require the Lovasz Local
Lemma in its general unsymmetric form. In particular, they proved for the acyclic job
shop problem, where no job has more than one operation on the same machine, that
for every constant € > 0, a legal schedule can be computed in polynomial-time with
makespan bounded by

O ((IImax + Prnax(10g 10g prmax) ' ) 108 Prmax

* log min{pumax, 17 + (Iog10g pmax)1+<}

5 Resource Constrained Scheduling

5.1 Problem and History
An instance of resource constrained scheduling consists of:

— aset J = {J1,...,J,} of independent jobs. Each job J; needs one time unit
for its completion and cannot be scheduled before its start time r; € INg.
—aset P ={P,..., P,} ofidentical processors. Each job needs one processor.
— aset R ={Ry,...,Rs, Rs41} of limited resources. This means that at any
time all resources are available, but the available amount per time step for
each resource R; is bounded by b; € N, i = 1,...,s. The set of processors is

considered as resource Ry41 with bound bs41 = m.B

® The problem remains interesting if the processor constraint R 1 is omitted. We will
consider this variant in Section i@ |
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—Fori=1,...,8+1,5=1...,nlet R;(j) be 0/1 resource requirements
indicating whether or not J; needs resource R; during its processing time.
For a job J; € J and a time z € Ny let x;, be the 0/1 variable which is 1
iff job J; is scheduled at time z.

— Given a valid schedule let C,,4, be the latest completion time defined by
Crae =max{z | z;, >0, j=1,...,n}.

The combinatorial optimization problem is to find a schedule, that is a 0/1
assignment for all variables x;., subject to the start time, processor and resource
constraints such that ZZGNO xj, = 1 for all jobs J; and Cinas is minimum. Let
Copt denote this minimum

A fractional schedule is an assignment of a rational number in the closed
interval [0,1] to each x;, subject to the start times, processor and resource
constraints so that Zze]No xj» = 1 for all jobs J; and Ciq, is minimum. Let C
denote this minimum. We call C,,, the (integral) optimal and C' the fractional
optimal schedule.

The integral problem is A/P-hard even if r; =0 forall j =1,...,n, s =1 and
m = 3 [21], while the fractional problem can be solved by linear programming in
polynomial-time. Polynomial-time approximation algorithms for resource con-
strained scheduling with zero start times (problem class Plres ---,r; = 0,p; =
1|Cmax ) are due to Garey, Graham, Johnson, Yao [2I] and Rock and Schmidt
[34]. Garey et al. constructed with the First-Fit-Decreasing heuristic a schedule of
length Cppp which asymptotically is an (s + é)—factor approximation, i.e., there
is a non-negative integer Cy such that Cppp < Copi(s+ 21,)) for all instances with
Copt > Co. De la Vega and Lucker [4I] improved this result presenting for every
€ > 0 a linear-time algorithm which achieves an asymptotic approximation factor
of s+ €. Rock and Schmidt showed, employing the polynomial-time solvability of
the simpler problem with two processors, [] an [} ]-factor polynomial-time ap-
proximation algorithm. Thus for problems with small optimal schedules or many
resource constraints resp. processors these algorithms have a weak performance.
Note that all of these results are based on the assumption that the start-times
of all jobs are zero. For example, Rock and Schmidt’s algorithm cannot be used,
when non-zero start-times are given.

5.2 The First Approximation

With randomized rounding and derandomization an approximation guarantee
independent of the number of resources can by proved [40]:

5 According to the standard notation of scheduling problems the integral problem can
be formalized as P|res - - 1,7j,p; = 1|Cmax . This notation means: the number of
identical processors is part of the input (P]), resources are involved (res), the number
of resources and the amount of every resource are part of the input (res - - ), every
job needs at most 1 unit of a resource (res - -1), start times are involved (r;), the
processing time of all jobs is equal to 1 (p; = 1) and the optimization problem is to
schedule the jobs as soon as possible (|Crmaxz)-

” Problem class P2|res - - -,7; = 0,p; = 1|Crax -

8 This is due to the N"P-completeness of the problem P2|res - - 1,75,p; = 1|Crmax -
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Theorem 11. (Srivastav, Stangier 1997) Let € > 0 with (1/¢) € N. For the
resource constrained scheduling problem with given start times a valid integral
schedule of size at most [(1 + €)C7 can be found in polynomial-time, provided
that m,b; > 3(16';6) [log(8Cs)] for alli=1,...,s.

Here we give the proof of the randomized approximation guarantee, and its
improvement by the LLL. For the derandomization we have to refer to [39]. The
randomized algorithm behind Theorem [I1] consists of 3 steps.

First, we compute a fractional schedule and the number C'.

Secondly, the fractional schedule is enlarged to [(1 + £)]C. In the enlarged
schedule a fraction ;. of job j is assigned to time z for all j and z.
Finally, in the enlarged schedule each job is independently assigned a ran-
dom start time z with probability roughly proportional to Z;,. The Z;, are
computed with the following algorithm.

Algorithm RANDOMSCHEDULE

Step 1: Let us assume that Copy < n (this assumption can be made w.l.o.g.).
Start with an integer C' < n and check whether the LP

Yo Ri(j)zj. <b; Y R; €R,

ze{l,...,n}
ZZ:l zj, =1 v‘]j eJ (5>
z;, =0 VJ;e€J,2<r;and
VJeJ,z>C

Tjz € [0,1]VJj€jVZ€{1,...,TL}

has a solution. Using binary search we can find C along with fractional assign-
ments (Z;,) by solving at most logn such LPs. Hence C' can be computed in
polynomial-time with standard polynomial-time LP algorithms.

Step 2: Consider the time interval {1,...,[(1 4 €)C} and put

1 €l
0= l4e and o = eC’
Set
0T for 1e{1,...,C}
~ ._J) c
T Yazjfor le{C+1,...,C+[eC}.
t=1
Step 3:

Schedule the jobs at times selected by the following randomized procedure:

(a) Cast n mutually independent dice each having N = [(1 + ¢)C faces where
the z-th face of the j-th die corresponding to job j appears with probability
Zjz. (The faces stand for the scheduling times)

(b) For each j € {1,...,n} schedule the job J; at the time selected in (a).

It is straightforward to prove:
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Lemma 2. The variables Tj; define a valid fractional schedule with makespan

[(14+¢)C].
Proof (of Theorem[Ill - Randomized Version,).

Let N = [(1 + ¢)C1. The randomized algorithm RANDOMSCHEDULE casts for
every job J; independently a dice with IV faces, where the z-th face appears with
probability Z;. for z € {1,...,[(1+¢)C}.

For each pair (j,z), j € {1,...,n} and z € {1,...,N} let X;, be the 0/1
random variable which is 1, if the j-th dice assigns time z to job J; and 0
otherwise. Then by definition P[X;, = 1] = Zj..

Let A;, be the event that at a time z € {1,..., N} the i-th resource constraint
b; is satisfied:

“ZR X]Z<b77

The sum of units of resource R; used at time z is a sum of independent Bernoulli-
trials. Hence we can apply the Angluin-Valiant-inequality (Theorem [6):

Z (NXj. >bi| = Z ()X;> > (1+ B)db;
326b; 1
< — <
—eXp< 3 ) = 40(s+1)
where § = 1}r5 and 0 = 155 = e. The last inequality follows from the resource

and processor bounds b; > 3(156) [log(8C's)] for all i. Now, the probability that
any of the events A{, hold is at most the sum of their probability bounds. In
view of the estimate above this is at most 1/2. Thus with probability at least
1/2 at any time no resource constraint is violated. O

Interestingly the approximation guarantee of Theorem [I1]is best possible:

Theorem 12. (Srivastav, Stangier 1997) Under the assumption that there exists
a fractional schedule of size C' > 3, and an integral schedule of size C' + 1
(C fized), by = 2(log(Cs)), Ri(j) € {0,1} for alli € {1,...,s} and all j €
{1,...,n} it is N'P-complete to decide whether or not there exists an integral
schedule of size C.

Proof. We give the basic argument for b; = 1 for all ¢ (the main work is its
extension to large bounds b; = 2(log(Cs))). We use a reduction to the NP-
complete problem of determining the chromatic index of a graph. Let G = (V, E)
be a graph with |V| = s, |E| = m and deg(v) < A for all v € V. We construct an
instance of resource constrained scheduling as follows. Introduce for every edge
e € E exactly one job J. and consider m = |E| identical processors. For every
node v € V define a resource R, with bound 1 and resource/job requirements

1if vee

R”(e)_{Oif vée.
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It is straightforward to verify that there exists an edge coloring that uses A colors
if and only if there is a feasible integral schedule of size A. Furthermore, there is
a fractional schedule of size C' = A: simply set z., = i forallz=1,...,A. O

We give a better analysis of RANDOMSCHEDULE covering a wider range of in-
stances.

5.3 Improvement by the LLL

Let us study in this section the variant of resource constrained scheduling, where
we omit the processor requirement and just consider the problem of finding
a schedule with minimum makespan with respect to the resource constraints
Ri,...,Rs. This is a special case of them problem considered in Section
Suppose we have already applied algorithm RANDOMSCHEDULE and obtained
an integral solution with makespan at most N = [(1 + €)C.

Resource constrained scheduling induces the hypergraph H = (V,€) with
V=Jand £ ={F,..., E} such that

Ei={J; €T | R(j) =1}

foralli=1,...,s.
So E; contains all jobs which require resource R;. Let A be the edge degree
of ‘H, that is
A= max H{E € E; ExNE; #0}.

The crucial point here is that for sparse hypergraphs, A can be much smaller
than s. Define sN events by

i =Y Ri(§)Xje > bi(14+ €)M (1+5)" (6)
j=1

for 1 <i< s, 1<z < N and some constant d; > 0 to be fixed later. The
dependency among these events is affected by the following two factors: each job
J; scheduled at time z

(i) will not contribute to events corresponding to times 1,...,z2—1,z+1,..., N
and
(ii) will contribute to at most A events occurring at time z.

So the dependency d is at most AN.

Theorem 13. Let 0 < e < 1. If b; = 12 ((He)eiog(d)) foralli=1,...,s, then

with positive probability RANDOMSCHEDULE generates a feasible schedule having
makespan at most N = [(1 4 €)C'].

Proof. After Step 2 of RANDOMSCHEDULE we obtain a fractional solution sat-
isfying Z?=1 Ri(/)ZTjy <bi(l+e)tforalli=1,...,sand l=1,...,N. Step 3
of the algorithm then proceeds with the rounding. Event &; . occurs when after
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rounding, the number of units of resource R; being used by jobs scheduled at
time instance z deviates from the mean p = b;(1+¢€)~! by a multiplicative factor
of at least 1 + ;. We invoke Theorem F} If b;(1 + €)~! > log(ey(d + 1))/2 then

for
B log(ey(d + 1))
0 =6 <\/ bi/(1+€) ) @)

wegetforall1<i<s, 1<z<N

_1 1 .
P& ] <Gbi(1+¢€),6;) < (er(d+1) = P,

where v > 1 is a constant. Since ep(d + 1) = y~! < 1, we satisfy the conditions
of LLL and prove that P(A;_; AN, £5.] > 0.
We now know that there exist vectors such that no event &; , occurs. But we want

to satisfy the original constraints. Therefore, we require b;(1+¢) =1 (146;) < b; Vi,
which is true for any € € (0,1) if

—_— <(1 + ) log(en(d + 1))) |

€2

(®)

for all 7.
Notice that rounding does not affect the schedule length, and for A < s we
beat the lower bound on b; in Theorem [I1] m]

At the moment it is an open problem whether the algorithm RANDOM SCHEDULE
can be derandomized.

6 Inapproximability

In case b; = 1 for all i, the algorithm of de la Vega and Lueker [41] gives a
(1 + &)s approximation. We show in the following that for b; = O(1) for all 4,
the approximation ratio cannot be independent of s. Let G = (V| E) be a simple
graph. The problem of properly coloring G with minimum colors can be viewed as
an RCS problem with |V jobs and | E| resources where each resource is required
by exactly two jobs and exactly one unit of each resource is available. Feige and
Kilian [19] showed that if NP ¢ ZPP, then it is impossible to approximate the
chromatic number of an n vertex graph within a factor of n'—¢, for any fixed
€ > 0, in time polynomial in nn. Therefore, the same applies for the RCS problem.
Since s < n? in simple graphs, the following holds.

Theorem 14. For the resource constrained scheduling problem considered in
this section with n jobs and s resources, there is mo polynomial time approxi-
mation algorithm with approrimation ratio at most 35*5, for any fized € > 0,
unless NP C ZPP.
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BIBLIOGRAPHY AND REMARKS: Applying Berger/Rompel’s [10] extension of the
method of log® n-wise independence to multi-valued random variables, a paralleliza-
tion has been given in [40]. For 7 > 10; ,, there is an NC-algorithm which guarantees
for every constant a > 1, a 2108 «C1 /C < 2a-factor approximation, under the condi-
tions m, b; > a(a— 1)71n5+T [log3n(s+1)]"/2 foralli = 1,...,s. Ahuja and Srivastav
[1] obtained improved results with the Lovész-Local-Lemma.

For scheduling on unrelated parallel machines, results of similar flavor have been
achieved by Lenstra, Shmoys and Tardos [29] and Lin and Vitter [30]. Lenstra, Shmoys
and Tardos [29] gave a 2-factor approximation algorithm for the problem of schedul-
ing independent jobs with different processing times on unrelated processors and also
proved that there is no p-approximation algorithm for p < 1.5, unless P = NP. Lin
and Vitter [30] considered the generalized assignment problem and the problem of
scheduling of unrelated parallel machines. For the generalized assignment problem with
resource constraint vector b they could show for every € > 0 a 1 + ¢ approximation of
the minimum assignment cost, which is feasible within the enlarged packing constraint
2+ .

7 Algorithmic Versions of the LLL

7.1 The Base: 0/1 Random Variables

In the applications in Section 5 and 6 we proved approximation guarantees with
the LLL. Per se it is not clear how an LLL-based existence proof can be turned
into a polynomial-time algorithm. The breakthrough for this problem was made
by Beck [8] in 1991.

Theorem 15. (Beck 1991) Let H = (V, ) be a k-uniform hypergraph with m :=
|€| and edge degree at most d. Suppose that d < 245 . Then a non-monochromatic

(mconst.)

2-coloring of H can be constructed in O time.

This result is the basis of all algorithmic versions of the LLL in more general
settings. We will give a sketch of the proof of Theorem Before we describe
Beck’s algorithm let us briefly fix a class of hypergraphs for which a 2-coloring
with property B can be constructed directly with the conditional probability
method. This construction will be used as a sub-procedure in Beck’s algorithm.
We give a proof of Theorem for sufficiently large k and m, i.e k > 400 and
m > 210,

Theorem 16. (Probabilistic Coloring Theorem)Let H = (V, E) be a hypergraph.
Let 1 € N be an integer such that |E| > 1 for all E € £ and |E| < 2'=1. Then a
non—monochromatic 2-coloring of H exists with positive probability.

Proof. Let x be a random 2-coloring of V, i.e., P[x(i) = 1] = P[x(i) = 0] = |
independently for all i € V. For E € £ we define x(E) := >, 5 x(i). Let Ag be
the event that E is monochromatic. Then,
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P[Ag]=2- <;>|E| — 911l

and consequently,

PEEcE, Agl < Y PlAg] <[] 27 1Fl<ait ot =1,
Eec&

Hence there exists a non-monochromatic 2-coloring. a

We wish to transform the probabilistic coloring theorem into a polynomial-time,
deterministic algorithm. This algorithm should also be extended to a partial
coloring procedure where we would like to have the freedom not to color some
vertices.

This can be accomplished by a modification of the conditional probability
method. Let H = (V,€) be a hypergraph and let Fi,...,Fr, C V be some
subsets. We assume that L < 271 Tet S C V be an arbitrary set which we
would like to color with 2 colors and let £ be the event that there is some
monochromatic F; with |F; 0S| > I. Suppose S = {v1,...,vs} and the vertices
v1,...,v; ,1 < j < s have colors z1,...,z; € {0,1}. Let P[{|x1,..., ;] be the
conditional probability that & occurs under the condition that vi,...,v; have
been colored with colors z1,...,x;.

Algorithm PARTIAL-COLOR
Input : Hypergraph H = (V,€), Fi,..., Fr, S and [ as above.

For j=1,...,ndo
Suppose that v1,...,v; have been colored with colors z1, ..., z;.

1) If vj41 € S, choose the color of vj11 to be xj41 € {0,1} such that z;4q is
the minimum of the function w — P[{|x1, ..., z;,w].

2) If vjy1 ¢ S and there is F; € {F,...,Fr} with vj41 € Fj, let W, := F;\ S
and update V:
a) V:=V\W; ,n:=n—|W;|.

b) Renumber the vertices such that V = {vi,...,v;,vj41,...,0n}.

c¢) Goto 1).
Note that without step 2, the algorithm is nothing but the basic conditional
probability method which gives a non-monochromatic coloring of Fi,..., Ff.

The reason why the incorporation of partial coloring works is simple: If we do
not color some vertices, then this can never increase the conditional probability
of producing a monochromatic hyperedge. In other words, the conditional prob-
ability P[€|z1, ..., x;] under a partial coloring is at most P[{|z1,. .., z;] under
a full coloring.

Theorem 17. (Basic Coloring Theorem)Let H = (V,&) be a hypergraph and
Fi, ..., Fr be subsets of V. Let | € N with L < 2'='. Then PARTIAL-COLOR
builds in polynomial-time a 2-colored subset S C'V such that no F; with |F;NS| >
l is monochromatic.
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The conditional probabilities can be computed, but for the sake of simplic-
ity, we omit this computation.. We only note that the conditional probability
IP[§|x1,...,xj}

(a) depends on I, L and z1,...,2; ,
(b) does not depend on vjt1,...,Up.

The deterministic algorithm of Beck starts with a partial coloring and iterates
until a complete coloring is obtained. A partial coloring of H = (V,€) is a
mapping x : V — {—1,0, 1}, and we identify 1, —1 with colors, say red and blue,
and 0 with a non-color. Let a partial coloring be given and let v > 2. An edge
E € & is called dangerous, with respect to this partial coloring if it has [k/7]
points in one color class. [k/v] is called a threshold value.

In the following we describe Beck’s algorithm along with its analysis, leading
to a proof of Theorem 7.1. For simplicity we assume k to be divisible by 2,4 and
6 and consider in Theorem 7.1 the stronger degree condition d < 296 .

Algorithm H—CoOLOR

1. First Pass. Threshold value is k/2.

a) Partial Coloring. Choose L, I and a set F of subsets F,...,Fr, CV for all
i=1,...,L. This gives a hypergraph G = (V, F). We run PARTIAL-COLOR
on the hypergraph G with parameters [ and L, and sequentially color the
points of V in the following way: If we reach an uncolored point v € V,
such that some F € £ containing v is dangerous, then we remove v and all
uncolored vertices in dangerous hyperedges of H = (V, &), and proceed to
the next uncolored vertex. Let S C V be the set of the colored points at the
end of the first pass.

b) Truncation. All bicolored edges of H will never become monochromatic, and
we may remove them from £. Furthermore, we remove the colored points
from V. Let HY) = (V1) £(1)) be the so obtained new hypergraph (where
Vv =1\S, €M) = (£\{bichromatic edges})|y-a)). Observe that every edge
in H(M has at least k/2 points.

Before we proceed with the algorithm let us examine H(*) more closely. We ex-
pect that H() is sparser than H in the sense that it has fewer vertices and edges.
But not only that. H(") has a less congested dependency structure compared with
‘H. The whole analysis is based on the following fundamental observation about
the structure of the truncated hypergraph.

Lemma 3 (Main Lemma). Every connected component of D(H™")) has size
at most Blokgm 2%k where o, B are constants chosen such that

1+ 608+ 83/k < /2.

Proof (Sketch). Let D(H™M) resp. D(H) be the dependency graph of H() resp.
H (see Definition B]). For any two vertices ¢ and j, ¢ # j, in the vertex set
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V(D(H)) of D(H) let 6(i,j) be the length of the shortest path between them.
Let D(H)@Y = (V,€) be a graph with V = V(D(H)) and E = {(i,j) | i,j €
V,i# janda < 6( i,7) < b}. We call T C V an (a,b)-tree if the subgraph
induced by T in D(H)( @) is connected.

Let L be the number of (2, 6)-trees of size flogm/k. Every (2,6)-tree forms
aset F C V. Let F = {F1,...,FL} be the set of these subsets of V. Let
=1+ flogm/2 and consider the hypergraph G = (V, F). The partial coloring
algorithm is applied to G with parameters L and [ to build a colored set S C
V. By the basic coloring theorem (Theorem [IT) every F NS, F € F is non-
monochromatic, provided that [FN S| > and L < 2'~!. In order to satisfy this
condition we bound L. The number of (2,6)-trees of size flogm/k in a graph
with m vertices is at most 2(1+6a8+87)logm [8]. Now, if we choose 3 in a way
that

L< 2(1+60¢[‘3+83)10gm < QBlOg"‘ _ 2l717 (9)

i.e 1 +6a0+ 82 < Blogm/2, then the conditions of the basic coloring theorem
are satisfied.

To finish the proof, let us assume for a moment that there is a connected
component of D(H™M) of size at least 2*°*(3logm/k), where v = 1/48. It can be
shown that there exists a (2, 6)-tree of size 3logm/k such that its corresponding
set F* € F satisfies |[F* N S| > I, but F* is monochromatic contradicting the
just proved fact that such sets are non-monochromatic. O

Now we may continue the coloring of H()

¢) Colorability Test. By the main lemma, taking o = 1/48 and 3 = 4, D(H()

(and therefore H(l)) breaks into components, say C1, ..., C, of size at most
o= 410};gm ok

Let C € {C1,...,C,} and let HS) = (V'Lc,gg)) be the subhypergraph of
H™ having only the hyperedges from C.

Case 1: f; < 24. Then |€é1)\ < f < 2%, and since every hyperedge from 5((;1)
has at least k/2 vertices, by Theorem [I[7] we can find a non-monochromatic
coloring for all HS), ce{Cy,...,C}

Case 2: f; > 2. In this case the size of the connected components of D(HW)
is even smaller: 41°kgm .212 > 21 implies 41°,§m > 26. Hence

1 3
2 2 -
‘5(1)‘ 410gm 4logm _ 4logm < (logm)g
k k
for k > 4. We enter the second pass of the algorithm.

2. Second Pass. Threshold value is ¥. With H(!) we go through steps a) and b) of
the first pass. Let H(?) = (V(2), £2)) be the hypergraph after the truncation step.
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1

Let us consider D(H(?)). We apply the main lemma to D(H(?) choosing a =

and 3 = 6: Every connected component of D(H(?) has size at most

6log[(logm)?] ok < 18loglogm ok
k/2 N k - .

=f2
d) Colorability Test. Each hyperedge of D(H(?)) has size at least k/4.

Case 1:If fy < 213 = 2%6, we color all points of H(?) with Theorem [Tl
Case 2:1f fo > 2 1’“27 then 1810gk10gm > 22k4, so the size of the components of
D(H®P)) is at most

18loglogm 9k < (1810glogm>2 - logm (10)

k k k-’
since k > 400 and logm > 210,

e) Brute-Force Coloring.

Let C be a component of D(H?)), let E((jg) be the set of all hyperedges cor-
responding to C' and let Vc('2) C V@ be the set of all points from the hyperedges
of é’g). By (IT) we have

1
‘VC(?)‘ <k- ogm

= logm. (11)
Hence, the number of 2-colorings of Hg) is 200ogm) — 1 0() Now we can test
in polynomial-time m®®) whether or not there is a non-monochromatic coloring
among them. But is there such a coloring? Fortunately, the Local-Lemma proves
the existence of at least one non-monochromatic coloring, because

deg(H®) < deg(H) < 290 <2177,

This finishes the proof of Theorem 7.1. g

7.2 Extension I: General Random Variables — Small Domains

Molloy and Reed [31] generalized Beck’s algorithm and gave new applications.
Their main result can be formulated as follows.

Let fi1,..., fm be independent random variables where each f; takes values
in some domain of cardinality at most . Suppose furthermore that we are given
n “bad” events Aj,..., A, where A; is determined by the random variables in
some set F; C {f1,..., fm}, and let w > ,max |F;|. We say, A1 depends on A;

iff F; NF; # (. Let d; be the number of A;’s on which A; depends and let

d= max d; and p= max P[4;].
1<i<n 1<i<n
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Some assumption on the computation time of the probabilities is necessary. Let
t; be the time to carry out the random trial f;;, 1 < ¢ < m and let ty the
time to compute the conditional probabilities IP[A;|f;, = w1, ..., f;, = ws] for
fivs--, [, € Fy and wy, ..., wy in the domains of the f;,..., fj,.

Theorem 18. (Molloy, Reed 1998) If pd® < 1/8, then an assignment of all the
fi can be found with a randomized O(md(t;+to)+mrywdlosloe™) _time algorithm

such that P [ﬂ Af} > 0.
i=1

Roughly speaking the result says that whenever the stronger condition
8pd® < 1 instead of the Local-Lemma condition 4pd < 1 holds, at least a ran-
domized algorithmic version of the Local Lemma in a more general framework
can be given. The proof is based on a variant of Beck’s algorithm.

Among the various striking applications of the Local Lemma is certainly
acyclic edge coloring. A proper edge coloring of a graph is acyclic if the union
of two color classes is a forest in the graph. Alon [3] proved:

Theorem 19. ( Alon 1991) If G is a graph with mazimum vertex degree A,
then G has an acyclic edge coloring using at most 16 A colors.

Molloy and Reed showed with their method how this result can be made con-
structive.

7.3 Extension II: General Random Variables — Large Domains

The algorithm of Molloy and Reed does not run in polynomial-time, if v, the
size of the domains of the random variables is large, say v = (m +n)¢, ¢ > 0
a constant. Here Leighton, Lu, Rao and Srinivasan [28] gave constructive and
efficient extensions and covered new applications like the disjoint path problem
in expander graphs, hypergraphs partitioning and routing with low congestion.
The last two problems can be formulated as integer linear programs, sometimes
called Minmax Integer Program(MIP) in literature.

Given positive integers kand l; ,i=1,...,k, let N = Zle l;. An MIP aims
to minimize a variable W € R such that

(i) Az < W, where A € [0,1]™*N z is an N-dimensional vector consisting of
variables x; ;,i=1,...,k, 7=1,...,l; and W is an m-dimensional vector
having W as each of its components,

(i) Y0 @y =1Vi=1,...,k and

(iii) Tij € {0, 1} Vi, j.

MIPs are NP-hard, so our aim is to relax the integrality constraints to z;; €
[0,1] Vi,j and then solve the LP-relaxation in polynomial-time. Let W* € R
be the optimum value of the objective function of our LP-relaxation, W* the
m-dimensional vector having W* as its components and let z* € [0,1]" be an
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optimal solution. The idea now is to round the fractional solution to obtain
an integral solution and verify the quality of this integral solution. For each
i = 1,...,k randomly and independently round exactly one x7,,...,z;, out
of the l; variables to 1, i.e., for each i, j we have Plz;; = 1] = z7 ;. If 4, 5,
is rounded to 1, then because of constraint (ii) of the integer program x;, ; =
O> vj € {L"'Jio}i{j()}'

There are four important parameters which have to be taken into considera-
tion :

(a) d, the maximum number of nonzero entries in any column of matrix A,

(b) 7 > 1, the inverse of the minimum nonzero entry of A,

(C) | = maxX;e(1,... k} \{xz"j |0 < xz"j <l,j57=1,.. ,ll}| and

(d) t, the maximum number of variables to be rounded in a row of the constraints
Ax < W,

Notice that arow r € {1,...,m} of the constraints in (i) depends on another row
sifthereexist i € {1,...,k} and ji, j2 € {1,...,l;} such that A, ; ;,), As (i) 7#
0 and 7, , =7, ¢ {0,1}. So each row can be affected by at most dit other
rows. Let « = H(W™*,1/dit) (recall Theorem M) and let &, ..., &y, be the events
“(Ax); > W*(1+4ca)’,i=1,...,m, and let ¢ > 0 be a constant. With the LLL

we can show that randomized rounding works:

Proposition 1. For a sufficiently large constant ¢ > 0, we have

&) >0,

IDE

P[

r=1

thus the vector x € {0,1}Y generated by randomized rounding satisfies the MIP
with constraint (i) replaced by the weaker inequality Az < W*(1 + ca).

Observe that H(z,y) > H(z,z) if y > z. Leighton et al. [28] succeed in decreasing
I and ¢ to poly(W*,d, ) at the cost of a marginal increase in W* by performing
rounding in several iterations leading to the improved result:

Theorem 20. There exists a deterministic polynomial-time algorithm for find-
ing a solution x € {0, 1} with Ax < W*(1+ ') + O(1), where

1
/:H * <
° (W ’poZy(W*,d,r)> =

and ¢’ > 0 is a constant.

Observe that the parameter v (the cardinality of the domain of independent
random variables) in the approach of Molloy and Reed can be m, thus the
running time there can be subexponential for this problem.
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7.4 Resource Constrained Scheduling Revisited

For RCS we cannot use Theorem directly as we have to deal with packing
constraints of the type “Ax < b” with a fixed vector b. Nevertheless, a similar
approach [I], can be used to prove the following derandomized counterpart of
Theorem [[3

Theorem 21. Let a resource constrained scheduling problem as in Section [5.3
be given. For any € € (0,1), a feasible schedule with makespan at most N =

[(1+4€)C] can be found in polynomial-time provided that b; = §2 ((H_E) i‘;g(dm)

foralli=1,...,s.

On the one hand we have the (1 + ¢)s approximation of de la Vega and Lueker
[41] when b; = 1 for all 4, and on the other hand we have our (1 + €) ap-
proximation for b; = 2((1 + ¢)e~2logd) (Theorem [[J). However, we do not
know the approximation quality for all values of b;. The most challenging open
question here seems to be the following: how does the approximation ratio
behave when b; € (1,logd] for all ¢?
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