LP-BASED APPROXIMATION ALGORITHMS FOR
SCHEDULING AND INVENTORY
MANAGEMENT PROBLEMS

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Maurice Yuk Leung Cheung
May 2012



(© 2012 Maurice Yuk Leung Cheung
ALL RIGHTS RESERVED



LP-BASED APPROXIMATION ALGORITHMS FOR SCHEDULING AND
INVENTORY MANAGEMENT PROBLEMS
Maurice Yuk Leung Cheung, Ph.D.
Cornell University 2012

There are two fundamental approaches for using linear programming in de-
signing approximation algorithms: LP-rounding and the primal-dual method.
In this thesis, we develop LP-based approximation algorithms for several
scheduling and inventory management problems, using both LP-rounding and
the primal-dual method.

In machine scheduling, we consider a general class of single-machine
scheduling problem of minimizing the total cost summing over all jobs, and
the only requirement on the cost function of each job is that it is non-negative
and non-decreasing. Using the primal-dual method, we give a simple algo-
rithm for this problem that is guaranteed to return a solution that costs at most
twice the optimal. To obtain this result, we add an exponential number of valid
inequalities to strengthen the natural LP-relaxation, then design a primal-dual
method that works on this exponential-sized LP. We then show how to modify
our algorithm for scheduling problems with machine breakdown.

In inventory management, we consider several generalization of the classical
Joint Replenishment Problem (JRP): the tree JRP and the cardinality JRP. Using
the LP-rounding technique, we give novel algorithms for the tree JRP and car-
dinality JRP that are guaranteed to generate a solution with cost within a factor

of three and five, respectively, of the optimal.



BIOGRAPHICAL SKETCH

Maurice Cheung was born on May 25, 1983 in Hong Kong, and moved to
Toronto at the age of twelve. He received a B. Math in Combinatorics and Opti-
mization with Minor in Computer Science from University of Waterloo in 2007.
In May 2012, he is expected to receive his Ph.D. in Operations Research from
Cornell University. After completing his Ph.D. he will begin working at Inno-

vative Scheduling.

1ii



To my parents

iv



ACKNOWLEDGEMENTS

First and for most, I would like to thank my advisor David Shmoys, for all the
guidance and advice he has given me throughout my graduate studies, for al-
ways being patient and having confidence in me even through the tough times,
and for always looking out for my best interest. It is a pleasure working with
you!

I would also like to thank the faculty members in the School of ORIE at Cor-
nell, for their excellence in teaching , which reaffirm my interest in the area of
optimization and algorithms. In particular, thanks to Adrian Lewis and Bobby
Kleinberg for serving on my thesis committee, and David Williamson for many
interesting and helpful discussions on approximation algorithms in general and
implementation of primal-dual algorithms.

Thank you to the faculties and students at MIT Sloan School of Management,
where I spent the academic year 2010-2011 as a visiting student. I had a great
time in Boston, and many of the results in this thesis is completed while visiting
MIT. In particular, the results in chapter 3 is joint work with Adam Elmachtoub
and Retsef Levi from MIT.

Going back further in time, I would like to thank my undergraduate advisors
at University of Waterloo: Chaitanya Swamy, Jochen Konemann, Romy Shioda
and Levent Tuncel, who introduce me to the area of optimization and simulated
my interest in doing research.

Life at Cornell would have been less interesting without all my friends.
Thanks to all the fellow students in the OR department for their support and
making my time at Cornell a wonderful experience. Special thanks to my room-
mates and officemates throughout the years: Jiawei Qian, Sophia Liu, Chao

Ding, Tim Carnes, Gwen Spencer, Yuemeng Sun, Jialie Chen, Eric Guo, Yi Shen



and Kunlaya Soiaporn.

Finally, I thank my family for their unconditional love, support and constant
encouragement throughout the years. I am grateful to my parents for instilling
the love of learning and knowledge in me, and for encouraging me to pursue
my interest, and my sister Denise for being a constant source of support and
tfriendship. I definitely would not be where I am today without the support of
my family.

This work is supported by NSF grants CCF-0832782, CCF-1017688 and
NSERC award PGS-D3 358528 .

vi



TABLE OF CONTENTS

Biographical Sketch . . . . .. ... ... oo oo oo iii
Dedication . . . . ... ... iv
Acknowledgements . . . . .. ... Lo Lo \%
Tableof Contents . . . .. .. ... ... .. ... ... ... .. ... vii
1 Introduction 1
1.1 Approximation Algorithms . . . ... ... ... ... ....... 1
1.2 LP Based Approximation Algorithms . . ... ... ... ... .. 5
121 LP-Rounding Algorithms . . . .. ... ........... 7
1.2.2  The Primal-Dual Method for Approximation Algorithm . 9
1.3 SummaryofResults. . . ... ...... ... ... ... ... 13

2 Primal-Dual Approximation Algorithm for Min-Sum Single-Machine
Scheduling 16
21 Introduction . ... ... .. ... ... ... o 16
2.2 A Pseudopolynomial Algorithm for 1||>f; . .. ... ... ... 21
23 A (2+ e)-Approximation Algorithm . . ... ... ... ... ... 31
24 ComputationalResults . . . . ... ... ... ..... ... 35
241 Weighted Tardiness . . . ... ................ 36
242 Weighted Tardiness Squared . . ... ............ 40
3 Submodular Joint Replenishment Problem 43
31 Introduction . ... ... ... ... ... 43
3.2 Formulation . .. ... ... ... ... .. 47
3.3 Joint Replenishment Problem with Tree Ordering Cost . . . . . . 52
331 AlLinearProgram . ... ................... 52
3.3.2 TheLP Rounding Algorithm . . . ... ... . ... ... .. 55
333 Analysis .. .... ... ... o 58
3.4 Cardinality Joint Replenishment Problem . . . ... ... ... .. 60
341 AlLinearProgram. ... ... ... .............. 61
342 Algorithm . . .... ... ... .. ... ... ... .. ... 66
343 Analysis . .. ... ... .. o 67
4 Conclusion and Open Problems 71
Bibliography 74

vii



CHAPTER 1
INTRODUCTION

1.1 Approximation Algorithms

Ever since the theory of N P-completeness was developed, it has been shown
that most interesting optimization problems, including many of those arising
in scheduling and inventory management, are NV P-hard. Under the widely be-
lieved conjecture that P # N P, there is no efficient algorithms that find optimal
solutions for such N P-hard problems, where we follow the convention that an
efficient algorithm is one that runs in time bounded by a polynomial in its input
size. In other words, given an N P-hard problem, it is impossible to have algo-
rithms that simultaneously (1) find an optimal solution, (2) in polynomial time,

and (3) for any instance. At least one of these requirements must be relaxed.

One approach is to relax the requirement that the algorithm needs to be able
to solve any instance of the problem, and focus on solving special cases of the
given problem. For example, although the Independent Set problem is an N P-
hard problem, the problem becomes polynomially solvable if the input graph is
a tree, and a simple greedy algorithm solves the problem (Ch 10, [35]). However,
this approach is useful only if the instances one wishes to solve fall into one of

these special cases.

Another approach is to relax the requirement of the algorithm having poly-
nomial running time, and to find optimal solutions by a clever exploration of
some set which contains an optimal solution. One example of this approach is

the branch-and-bound algorithm for solving Integer Programs. Although the



branch-and-bound algorithm finds an optimal solution for any integer program
in theory, one is never certain that the algorithm will terminate in any reason-

able amount of time.

In this thesis, we consider the approach of using approximation algorithms,
which relax the requirement of finding an optimal solution, and instead are
guaranteed to find a good solution quickly for all instances of the given prob-
lem. This is by far the most common approach in dealing with N P-hard prob-
lems. We assume that there is some objective function that maps each possible
solution to some nonnegative value, and an optimal solution to a given optimiza-
tion problem is one that either minimizes or maximizes the value of this objec-
tive function. The value of an optimal solution is referred to as the optimal value.
We define an a-approximation algorithm of a given problem as a polynomial-
time algorithm that produces a solution whose value is within a factor of o of
the optimal value for all instances of the given problem. We say « is the perfor-
mance guarantee of the algorithm, which is also referred to as the approximation
ratio of the algorithm. The problems we considered in this thesis are minimiza-

tion problems and hence o > 1.

In 1966, Graham [26] analyzed a simple algorithm for the problem of
scheduling jobs on identical parallel machine with the objective of minimiz-
ing the makespan (the time it takes for all jobs to finish processing), which is
one of the first papers published on the analysis of an approximation algorithm.
Other early work in approximation algorithms includes Vizing’s algorithm for
the edge coloring problem [50] and Erd&s’s algorithm on the maximum cut
problem [19]. The term “approximation algorithm” was coined by Johnson [31]

in 1974. Since then, tremendous progress has been made in the field of approx-



imation algorithm. The recent book by Williamson and Shmoys [52] provides
a very good overview of the subject area as it stands today and summarizes
many common techniques used in the design of approximation algorithms, in-
cluding the LP-based methods used in this thesis. The books by Vazirani[48]

and Hochbaum [30] are also good references on approximation algorithms.

In designing approximation algorithms, a key issue is how to show a so-
lution is close to optimal when the optimal value itself is unknown. Hence
one need to obtain good lower bounds (for minimization problems) or upper
bounds (for maximization problems) for the optimal value. For minimization
problems, if one can show that an algorithm runs in polynomial time and al-
ways produces a solution whose value is within a factor of o of a lower bound,

this would imply this is an a-approximation algorithm.

One approach for producing such lower bounds is to make arguments about
the optimal value using the structure of the given problem. To illustrate this,
consider the problem of scheduling jobs in parallel machines with the objective
of minimizing makespan. Suppose that there are n jobs to processed, and m
identical machines available. Each job j = 1,...,n must be processed on one of
these machines for p; units of time without interruption. Each machine can pro-
cess at most one job at a time. The goal is to complete all the jobs as soon as pos-
sible. Graham [26] considered the following algorithm, known as list scheduling
(LS): given a list of jobs in some arbitrary order, schedule the next job on the list
whenever a machine becomes available. Graham showed that thisisa (2—1/m)-

approximation algorithm for minimizing the makespan.

Let us denote the completion time of job j to be C; in list scheduling. Let

» C; denote the makespan of list scheduling, and C7, ., denote

max

=1,...



the makespan of an optimal schedule. Focus on the last job that completes pro-
cessing in the list scheduling algorithm; call it job k. Now we obtain two lower
bounds on C7,,. as follows. First, since job & must be processed on some ma-

chine, we have:

Crouw = Dk

max

Second, since the total amount of processing is )7, p; and there are m ma-
chines available, the machine with the maximum load is at least (1/m) > _7_, pj,
and because the completion time of the last job on any machine equals to the

load of that machine, we have:

n

Cra > (1/m) > " p;

j=1
To analyze the performance guarantee of the list scheduling algorithm, we ex-
press CL5 "in terms of the two lower bounds derived above. By the choice of ,

max

CLS = C}. Let Sy, denotes the starting time of job k. Note that Cj, = Sy, + py.
Observe that by properties of the list scheduling, no machine is idle before S,
since otherwise job £ would have started sooner. On the other hand S, is upper-
bounded by (1/m) >_,_, p; since at least one of the machine must be available at
that time. Putting it all together, we have:
Cloy=Se+pr < (1/m)2pj + Pk
J7#k
= (1/m))_pi+ (1= 1/m)p
S Court (1= 1m)Ch, = (2= /)G
We see that the key to the analysis above is to use structural properties of

feasible schedule to establish the two lower bounds on the makespan, which

holds true for the any schedule. Often, bounds of this type are not specific to



the problem instance in hand, but provides a worst-case guarantee that holds
true for all instances. Hence this would not provide a better performance guar-
antee even if we achieve a solution that happens to be much closer to optimality
for a given instance . On the other hand, LP-based approximation algorithms
produce problem-specific lower bounds that can be much better than the worst-

case performance guarantee.

1.2 LP Based Approximation Algorithms

Linear programming provides a unified way of generating bounds for the opti-
mal value of optimization problems. Most discrete optimization problems can
be modeled as an integer program (IP). Hence to find an optimal solution, one
can solve the corresponding integer program which has the same optimal value
as the given problem. Although there are commercial packages for solving inte-
ger programs that are able to solve large integer programs that arise in some ap-
plication areas in a reasonable amount of time, integer programs cannot be gen-
erally solved in polynomial time. Instead, we relax the integrality constraints
on the variables, and allow them to take on fractional values, thereby expand-
ing the set of feasible solutions. This is called the LP-Relaxation of the IP. There
are several polynomial-time algorithms for solving linear programs such as the
ellipsoid method or interior point methods [12]. Moreover, the optimal value
of the LP-relaxation will be a lower bound (for minimization problems) to the
optimal value of the IP, since any solution of the IP is a feasible solution to the
LP-relaxation. Hence we have the following general approach for producing
an approximation algorithm for a given minimization problem: formulate an

IP and its corresponding LP-relaxation, and produce an integer solution with



value no more than a factor of «a of the optimal value of the LP-relaxation.

In this thesis, we consider two types of LP based approximation algorithms:
LP-rounding algorithms and primal-dual algorithms. LP rounding algorithms
explicitly solve the LP relaxation and use the optimal fractional solution to ob-
tain an integer solution by a rounding procedure that ensures that the cost does
not increase much. The performance guarantee of the algorithm is established
by comparing the cost of the integral solution and optimal LP solution. On the
other hand, primal-dual algorithms exploit the theory of LP duality and uses
the LP-relaxation implicitly as a guide for constructing an integer solution and
a feasible solution to the dual linear program of the LP relaxation. The perfor-
mance guarantee is established by comparing the integral solution and the so-
lution of the dual linear program, which provides a lower bound to the optimal

value.

One advantage of an LP-based approximation algorithm is that we establish
the approximation ratio for each specific instance of the problem by compar-
ing the value of the integer solution to optimal value of the LP relaxation (or
the value of solution to the dual LP for primal-dual algorithm), which can be
much better than the worst-case performance guarantee of the approximation
algorithm. However, there is also an inherent limitation to an LP-based approx-
imation algorithm based on how close the optimal value of the LP relaxation is
to the optimal value of the IP. Let OPT'(I) denote the optimal value of instances
I and OPTy(I) be the optimal value of the the LP relaxation. We define the
integrality gap of an LP relaxation as sup; OPT(I)/OPT(I). In words, it is the
worst-case ratio between the optimal value of the IP and the optimal value of

the LP relaxation, over all instances of the problem. An LP-based algorithm that



compares the cost of the integral solution constructed with an optimal fractional
solution (or feasible solution of the dual LP) cannot achieve a performance guar-
antee better than the integrality gap. Hence in designing LP-based approxima-
tion algorithm, it is important to work with an LP relaxation that has a small
integrality gap. One approach in dealing with an LP relaxation that has a large
integrality gap is to strengthen it by adding valid inequalities that reduce the set
of feasible solutions to the LP relaxation, but does not change the feasible region

of the IP.

1.2.1 LP-Rounding Algorithms

LP-rounding is perhaps the most natural approach for LP-based approximation
algorithm. Starting from the optimal solution of the LP relaxation, construct an
integer solution by rounding while ensuring that the cost of the integer solution
is close to the LP optimum. There are two varieties of LP-rounding algorithms:
deterministic rounding and randomize rounding, where the value of a variable

is set according to some probability distribution.

Early deterministic LP-rounding algorithms include the set cover algorithm
due to Hochbaum [29] and the bin-packing algorithm due to Karmarkar and
Karp [34]. Raghavan and Thompson were the first to introduce the idea of
randomized rounding of LP relaxation [43]. For many fundamental prob-
lems in combinatorial optimization such as the Uncapacitated Facility Location
problem, Maximum Satisfiability problem and the Prize-Collecting Steiner Tree
problem, there are several LP-rounding algorithms using both techniques, see

[52] and the references within.



Finally, we mention some previous work for various scheduling problems
that uses LP rounding. There is a long line of work for the objective of mini-
mizing the weighted sum of completion time of jobs with release dates and/or
precedence constraint in a variety of machine environments. For problems
where jobs have a release date, the seminal paper by Hall, Schulz, Shmoys
and Wein [28] gives a 3-approximation algorithm based on deterministic LP-
rounding for minimizing the weighted completion time in a single machine (ex-
pressed as 1|r;| > w;C; using the conventional notation for classifying schedul-
ing problems). The same paper also give a (4 — 1/m)-approximation algorithm
for the parallel machine setting (P|r;| > w;C;) and a 16/3-approximation algo-
rithm for unrelated machines (R|r;| > w,C;). These algorithms are deterministic
LP-rounding algorithms which use an LP relaxation with variables C; to indi-
cate the completion time of job j. Given an optimal LP solution, it schedule jobs
in nondecreasing order of C7, the completion time of jobs in the optimal LP so-
lution. Subsequently, algorithms with improved performance guarantee have
been obtain using randomized rounding. In particular, it uses a time-indexed
formulation and order jobs by their «; point, where «; € [0, 1] is chosen from an
appropriately chosen probability distribution. Using this idea, Goemans gives a
1.6853-approximation algorithm for 1|r;| >~ w;C; [23], and Schulz and Skutella
give a 2-approximation for both P|r;| " w;C; and R|r;| Y w,;C;. For the setting
of unrelated machines (R|r;| > w;C}), this is still the best approximation ratio.
On the other hand, a polynomial time approximation scheme (PTAS), which can
produce a (1 +¢€) approximate solution for every fixed e > 0, exists for the single

machine and parallel machine setting [1].

For the single-machine scheduling problem with precedence constraint

(Llprec| Y w;C};), scheduling jobs in the same order as C in optimal LP solu-



tion gives a 2-approximation algorithm [28]. Assuming a variant of the Unique
Games conjecture, this is the best possible result [8]. LP-rounding techniques
are also used in approximation algorithms for minimizing the makespan in the

unrelated machine setting [45], and many stochastic scheduling problems [40].

1.2.2 The Primal-Dual Method for Approximation Algorithm

One weakness of LP-rounding is that they require solving an LP. Although LPs
can be solved in polynomial time, it typically takes longer than running a purely
combinatorial algorithm. On the other hand, primal-dual algorithms obviate
the need to actually solve an LP; instead it simultaneously constructs a feasible
integer solution and a feasible solution to the dual LP, which, by LP duality

theory, provides a lower bound to the optimal value.

Let’s briefly review the theory of LP duality. For concreteness, consider the

following primal linear program:

n

minimize Z Ci; (1.1)
7j=1
n
subject to Zaijxj > b;, 1=1,..,m;
j=1
z; >0, j=1,..n.

For every linear program, there is a associated dual linear program. The dual



linear program of (1.1) is as follows:

maximize Z biy; (1.2)
i=1

subject to Zaijyi < ¢y, j=1,..n;
i=1
yi =0 1=1,..,m.

The weak duality theorem states that the dual objective value for every feasible

solution y of (1.2) is a lower bound to the optimal value of (1.1).

Theorem 1 (Weak duality). If z = (z1,...,x,) is a feasible solution to (1.1) and

Y = (Y1, .-, Ym) is a feasible solution to (1.2), then 37, cjv; > D", biyi.

The strong duality theorem is the central result of the theory of linear pro-

gramming duality

Theorem 2 (Strong duality). If the primal linear program (1.1) and the dual lin-
ear program (1.2) both have feasible solutions, then (1.1) has a optimal solution

*

x* = (27, ..., ) and (1.2) has a optimal solution y* = (y7, ...,yy,), and Y7, c;z} =

Zm blyl

Let 2* = (27, ..., z})) be an optimal solution of (1.1) and y* = (7, ..., y;,) be an

optimal solution of (1.2). Since y* is dual feasible and z}’s are nonnegative:

chx > Z Zawyl (1.3)

7j=1 =1

Similarly, since z* is primal feasible and y;’s are nonnegative:

m

Z(Z i T5)Y; > szyz (1.4)

i=1 j=1

On the other hand, by strong duality > 7, ¢;z5 = >, biy;, which holds if and
only if both (1.3) and (1.4) are satisfied at equality. This, in turn, is equivalent to

following conditions:

10



Primal complementary slackness conditions:

Zaijyf =corz;=0j=1,..n (1.5)

i=1

Dual complementary slackness conditions:

n

Zaiﬂ;:bi ory; =0,i=1,....,m (1.6)

J=1

Hence by strong duality, we have the following theorem

Theorem 3 (Complementary slackness). Let x and y be feasible solutions to (1.1)
and (1.2) respectively. Then x and y are optimal solutions to their respective linear
programs if and only if they obey the complementary slackness conditions (1.5) and
(1.6).

The primal-dual method for exact algorithms is driven by complementary
slackness conditions above. Many optimization algorithms for classical prob-
lems in combinatorial optimization that are polynomial-time solvable can be
cast in terms of the primal-dual methods, including Dijkstra’s shortest path
algorithm, Kuhn’s Hungarian Method for the assignment problem and Ford-
Fulkerson’s algorithm for maximum flow. To use the primal-dual method for
approximation algorithms, we work with an LP-relaxation of an IP of the given
problem and the dual LP of the LP-relaxation. The goal is to find a near-optimal
integer solution, but unless there is an optimal solution of the LP-relaxation that
is integral, we have no hope of finding a feasible integer primal solution that
satisfies the complementary slackness conditions. It turns out that an approxi-
mation algorithm can be driven by a suitable relaxation of the complementary

slackness conditions.

11



Relaxed Primal complementary slackness conditions:

Letaw > 1: either¢j/a < Zaijyf <corz;=0,j=1,..,n (1.7)

i=1
Relaxed Dual complementary slackness conditions:

Let 5 > 1: either b, < Zaijx; <pB-bory;=0,i=1,...m (1.8)
j=1
If we are able to satisfy the relaxed complementary slackness conditions

above, then the solution we produced is within a factor of « - 3 of the optimal:

Lemma 1 (Ch. 15, [48]). If x and y are feasible solution to the primal and dual LPs
satisfying conditions (1.7) and (1.8) then 3 7 c;z; < a3 - 3", by}

A typical approach of using the primal-dual method starts with a dual feasi-
ble solution (usually y = 0 works) and a primal integer solution that satisfies the
primal complementary slackness conditions, but is infeasible. We then improve
the dual solution until more dual constraints becomes tight, and we augment
the primal solution correspondingly. We iterate until the primal solution be-

come feasible.

The first use of the primal-dual method for approximation algorithms were
developed by Bar-Yeuda and Even for the weighted vertex cover [10] and
Chvaétal for set cover [16]. Subsequently, this approach has been applied to
many other settings, such as the classic result for Agrawal, Klein & Ravi [2]
and Goemans & Wiliamson [24] on network design problems, Levi, Roundy
& Shmoys on inventory management problems. The primal-dual method by
Carnes & Shmoys [13] on capacitated covering problem serves as a starting

point to our result in Chapter 2.

12



1.3 Summary of Results

In Chapter 2, we consider the following single-machine scheduling problem,
which is often denoted 1|| > f;; we are given n jobs, where each job j has an
integral processing time p;, and there is a nonnegative cost function f;(C;) that
specifies the cost of finishing j at time C;. In addition to being nonnegative,
the only restriction on the cost function f;(C}) is that it is a nondecreasing func-
tion of C}; each job is to be scheduled on a single machine, and the objective
is to minimize 7, f;(C;). In a recent paper, Bansal & Pruhs [9] gave the first
constant approximation algorithm for this problem; more precisely, they gave a
16-approximation algorithm. We improve on this result: we give a primal-dual
pseudo-polynomial-time algorithm that finds a solution of cost at most twice the
optimal cost, and then show how this can be extended to yield, for any € > 0, a
(2 + €)-approximation algorithm for this problem. The framework that we pro-
vide for this algorithm is sufficiently flexible to give several related results with
little extra effort. For example, one model that has received recent attention is
the problem of scheduling a single machine that has non-availability periods
(where a job may be resumed without penalty if its processing is interrupted by
such a period). We give, for any € > 0, a (2 + ¢)-approximation algorithm for
this model, or even more generally, for the setting in which the machine’s speed
can vary over time arbitrarily — no constant-factor approximation algorithm was

known previously for this model.

In Chapter 3, we consider the submodular Joint Replenishment Problem
(JRP). This is a problem in inventory management that generalizes the classical
JRP. The input of the problem is as follows: there are N items that are needed

over a planning horizon of T" periods, and deterministic demand d;; > 0 for

13



eachitem¢ = 1,..., N and time period ¢ = 1,...,T. Each demand point d;; with
positive demand needs to be serve by an order of item ¢ in period s with s < ¢.
There are two components to the total cost incurred, the ordering cost and hold-

ing cost.

To model the ordering cost, let f(S) denote the cost of ordering the set
of item types S in any given period. The only requirement is that f is
non-negative monotone submodular function, meaning for every set S;,.S; C
{1,..., N}, f(S1) + f(S2) > f(S1US2) + f(S1 N Sy). Hence the ordering cost
is capable of capturing the full effects of economies of scales. In constrast, the
ordering cost of the classical JRP is rather restrictive: there is a joint setup cost if
any item is order, in addition to individual oredering cost associated with each

item.

The holding cost from period s to ¢ for the demand of item ¢ in period ¢
is denoted H, := d;; - h’,, where h’, is the per-unit holding cost of item i from
period s to t. We assume &', is nonnegative, and for each (i, t) is a non-increasing

function of s.

We first study a linear programming relaxation for the submodular JRP and
prove some structural properties about an optimal solution of the linear pro-
gram, which is useful in designing an LP-based approximation algorithm for
this problem. We then give approximation algorithm to several special cases of
the submodular JRP: the JRP with Tree Ordering Cost (Tree JRP), and the JRP

with Concave Ordering Cost (Cardinality JRP).

In the Tree JRP, the ordering cost is specified by a rooted tree. Specifically,

there is a cost K; associated for each node in the tree, and each item type i is a

14



leaf in the tree. Let j be a node in the tree and path(j) denote the unique path
from node j to the root of the tree. The cost of ordering a set of item type S

is defined to be ) K, i.e., the cost of all nodes that are in the path

jopath(i)]i€S
from some item ¢ to the root, where item ¢ is in set S. Note that this contains
the classical JRP as a special case since the holding cost of the classical JRP can
viewed as a tree with a root node with cost K, the joint ordering cost, connected
to N leaves, one for each item ¢ with cost K;, the cost of ordering item . We

extend the ideas in [38] to give a 3-approximation algorithm for this problem

via LP-Rounding.

In the cardinality JRP, the ordering cost is given by a concave function based
on the cardinality of set of item type being ordered. Formally, let g(k) be a
concave function which denote the cost of ordering £ item types in any given
period. Then the cost of ordering the item type S in any given period is ¢(|5|).
We give a 5-approximation algorithm for this problem via a LP-Rounding algo-

rithm that uses a novel charging scheme to bound the ordering cost.

15



CHAPTER 2
PRIMAL-DUAL APPROXIMATION ALGORITHM FOR MIN-SUM
SINGLE-MACHINE SCHEDULING

2.1 Introduction

We consider the following general scheduling problem, which is denoted as
1|| >_ f; in the notation of scheduling problems formulated by Graham, Lawler,
Lenstra, & Rinnooy Kan [25]: we are given n jobs to schedule on a single ma-
chine, where each job j = 1,...,n has a positive integral processing time p;,
and there is a nonnegative cost function f;(C;) that specifies the cost of finish-
ing j at time C;. The only restriction on the cost function f;(C}) is that it is
a nondecreasing function of Cj; the objective is to minimize >°7_, f;(Cj). In
a recent paper, Bansal & Pruhs [9] gave the first constant approximation al-
gorithm for this problem; more precisely, they present a 16-approximation al-
gorithm, that is, a polynomial-time algorithm guaranteed to be within a fac-
tor of 16 of the optimum. We improve on this result: we give a primal-dual
pseudopolynomial-time algorithm that finds a solution of cost at most twice
the optimal cost, and then show how this can be extended to yield, for any
e > 0, a (2 + €)-approximation algorithm for this problem. This problem is
strongly N P-hard (simply by considering the case of the weighted total tardi-
ness, where f;(C;) = w; max,—
job 7, 7 = 1,...,n). However, no hardness results are known other than this,
and so it is still conceivable (and perhaps likely) that there exists a polynomial
approximation scheme for this problem (though by the classic result of Garey &

Johnson [22], no fully polynomial approximation scheme exists unless P=NP).
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No such scheme is known even for the special case of weighted total tardiness.

Our results are based on the linear programming relaxation of a time-
indexed integer programming formulation in which the 0-1 decision variables
xj; indicate whether a given job j = 1,...,n, completes at time ¢t = 1,...,7,
where T' = 377 | pj; note that, since the cost functions are nondecreasing with
time, we can assume, without loss of generality, that the machine is active only
throughout the interval [0, 7], without any idle periods. For convenience, we
will set f;(t) = f;(p;) foreach t = 1,...,p;; this is clearly without loss of gen-
erality, since in any feasible schedule each job j cannot finish before time p;,
and we will see later that our algorithm ensures that z;, will be set to 0 when
t =1,...,p; — 1. With these time-indexed variables, it is trivial to ensure that
each job is scheduled; the only difficulty is to ensure that the machine is not
required to process more than one job at a time. To do this, we observe that, for
each time ¢ = 1,...,n, the jobs completing at time ¢ or later have total process-
ing time at least 7' — ¢ + 1 (by the assumption that the processing times p; are

positive integers); let D(t) = T'—t+ 1. This gives the following integer program:

n T
minimize Z Z [tz (IP)
j=1 t=1
n T
subject to Z ija:js > D(t), foreacht=1,...,7; (2.1)
=1 s=t
T
Zazjt =1, foreachj=1,...,n; (2.2)
t=1
z; € {0,1}, foreachj=1,....,n, t=1,...,T.

We first argue that this a valid formulation of the problem. Clearly, each
feasible schedule corresponds to a feasible solution to (IP) of equal objective

function value. Conversely, consider any feasible solution, and for each job
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J = 1,...,n, assign it the due date d; = t corresponding to z;; = 1. If we
schedule the jobs in Earliest Due Date (EDD) order, then we claim that each job
j =1,...,n, completes by its due date d;. If we consider the constraint (2.1) in
(IP) corresponding to ¢ = d; + 1, then since each job is assigned once, we know

that

n dj
Zzpjffjt < dj;

j=1 t=1

in words, the set of jobs with due date at most d; have total processing time at
most d;. Since each job completes by its due date, and the cost functions f;(-)
are nondecreasing, we have a schedule of cost no more than that of the original

feasible solution to (IP).

The formulation (IP) has an unbounded integrality gap: the ratio of the op-
timal value of (IP) to the optimal value of its linear programming relaxation
can be arbitrarily large. We strengthen this formulation by introducing a class
of valid inequalities called knapsack-cover inequalities. To understand the start-
ing point for our work, consider the special case of this scheduling problem
in which all n jobs have a common due date D, and for each job j = 1,...,n,
the cost function is 0 if the job completes by time D, and is w;, otherwise. In
this case, we select a set of jobs of total size at most D, so as to minimize the
total weight of the complementary set (of late jobs). This is equivalent to the
minimum-cost (covering) knapsack problem, in which we wish to select a sub-
set of items of total size at least a given threshold, of minimum total cost. Carr,
Fleischer, Leung, and Phillips [14] introduced knapsack-cover inequalities for
this problem (as a variant of flow-cover inequalities introduced by Padberg,
Van Roy, and Wolsey [41]) and gave an LP-rounding 2-approximation algo-
rithm based on this formulation. Our results instead generalize a primal-dual

2-approximation algorithm based on the same formulation, which was given by
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Carnes and Shmoys [13]. Knapsack-cover inequalities have subsequently been
used to derive approximation algorithms in a variety of other settings, includ-
ing the work of Bansal & Pruhs [9], Bansal, Buchbinder, & Naor [5, 6], Gupta,
Krishnaswamy, Kumar, & Segev [27], Bansal, Gupta, & Krishnaswamy [7], and
Pritchard [42].

The idea behind the knapsack-cover inequalities is quite simple. Fix a
subset of jobs A C {1,..,n} that contribute towards satisfy the demand D(¢)
for time t or later; then there is a residual demand from the remaining jobs of
D(t, A) := max{D(t) — >4 p;;0}. Thus, eachjob j = 1,...,n can make an ef-
fective contribution to this residual demand of p;(¢, A) := min{p;, D(¢, A)}; that
is, given the inclusion of the set A, the effective contribution of job j towards
satisfying the residual demand can be at most the residual demand itself. Thus,
we have the constraint:

T
> > pilt. Azye > D(t, A)
JjEA s=t

foreacht =1,...,7,and each A C {1,..,n}.

Our primal-dual algorithm has two phases: a growing phase and a prun-
ing phase. Throughout the algorithm, we maintain a set A; for each time
t=1,...,T. Ineach iteration of the growing phase, we choose a dual variable to
increase, corresponding to the demand D(t, A;) that is largest, and increase that
dual variable as much as possible. This causes a dual constraint correspond-
ing to some job j to become tight for some time ¢/, and so that we set z;» = 1,
and add j to each set A; with s < t’. Note that this may result in jobs being
assigned to complete at multiple times ¢; then in the pruning phase we do a “re-
verse delete” that both ensures that each job is uniquely assigned, and also that

the solution is minimal, in the sense that each job passes the test that if it were
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deleted, then some demand constraint (3.8) in (IP) would be violated. It will be
straightforward to show that the algorithm runs in time polynomial in n and T,
which is a pseudopolynomial bound. To convert this algorithm to be polyno-
mial, we adopt an interval-indexed formulation, where we bound the change of
cost of any job to be within a factor of (1 + ¢) within any interval. This is suffi-
cient to ensure a (weakly) polynomial number of intervals, while degrading the
performance guarantee by a factor of (1 + ¢), and this yields the desired result.
One surprising consequence of this interval-indexed approach, combined with
the generality of the objective function structure, is that the same algorithm can
be used to obtain the same performance guarantee in the more general setting
in which the machine has a time-dependent speed s(¢) (where we assume that
we can compute the processing capacity of the machine for any time interval
(t1,12] in polynomial time); this greatly generalizes and improves upon the ran-
domized e-approximation algorithm of Epstein, Levin, Marchetti-Spaccamela,
Megow, Mestre, Skutella, and Stougie [18] for this setting in the special case
where the objective function is to minimize }; w;C} (though the results in [18]

have the advantage of not needing to know the speed function in advance).

The main question left open by this work is whether similar techniques can
yield analogous results for the analogous problem 1|r;, pmtn| Y f;. Bansal and
Pruhs gave a O(loglog(nT))-approximation algorithm for this problem, and yet
there is no evidence to suggest that there does not exist an approximation algo-
rithm with a constant performance guarantee (or potentially even a polynomial
approximation scheme). (Since there is no advantage to preemption if all re-
lease dates are equal to 0, it follows that, as for 1|| > f;, the problem is strongly
NP-hard, and hence no fully polynomial approximation scheme exists unless

P=NP). One interesting point of contrast is the “bottleneck” or “min-max” ana-
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logue of these two problems: 1||fi.x and 1|r;, pmin|fin.x. Both problems are
solvable in polynomial time, by variants of the least cost last rule, by results of

Lawler [36] and of Baker, Lawler, Lenstra, and Rinnooy Kan [4], respectively.

2.2 A Pseudopolynomial Algorithm for 1|| > f;

We give a primal-dual algorithm that runs in pseudopolynomial time and has a

performance guarantee of 2 and is based on the following LP relaxation:

n T
minimize Z Z fi(t)x (P)
j=1 t=1
T
subject to Zij(t,A)xjs > D(t,A), foreacht=1,..T, AC{l,.,n};
JEA s=t
(2.3)
xj > 0, foreachj=1,...,n, ,t=1,...,T.

Notice that the assignment constraints (2.2) are not included in (P). In fact, the
following lemma shows that they are redundant, given the knapsack-cover in-
equalities. This leaves a much more tractable formulation on which to base the
design of our primal-dual algorithm, and is one of the reasons that we are able

to obtain an improved guarantee.

Lemma 2. Let = be an integer feasible solution to the linear programming relaxation
(P). Then there is an integer feasible solution T of no greater cost that also satisfies the
assignment constraints (2.2).

Proof. We first show that each job £ = 1,...,n is assigned at least once by .
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To see this, consider the constraints (2.3) with the set A = {1,...,n} — {k} and
t = 1. In this case, D(1, A) = max{T' — >, p;, 0} = pj, and hence py(1, A) = p;.

Hence, constraint (3) yields that py, Zstl Tgs > Pr, and so Zstl Tps > 1.

We next show that each job is assigned at most once. We may assume with-
out loss of generality that x is an integer feasible solution for (P) in which
> i1 ST, 2, is minimum. Suppose, for a contradiction, that job k is assigned
at least twice, at let ¢; < t, be the latest two assignments of job j. (Consider the
case ris > 1 as a degenerate case as if job £ is assigned multiple times to time s.)
Consider the solution in which we decrease z;;, by 1. We claim that this mod-
ified solution 7 is also an integer feasible solution to (P); if we show this, that
would complete the proof, since that would contradict the choice of . Suppose
7 is not feasible for (P), and let (¢, A) specify a violated inequality (3). Since the
corresponding inequality is satisfied by =, we know that the left-hand side must
decrease by resetting x;;,, and hence ¢ < ¢,. Furthermore, k ¢ A. We know that
p(t, A) < D(t, A), since otherwise, the fact that z,, > 1 would imply that this
constraint (3) remains satisfied by z. Hence py(t, A) = p; and so we decrease the
left-hand side by p;, as a result of our modification of z. Similarly, if we consider

the constraint (3) for (¢, A’) where A’ = AU {k}, we can conclude that

T

T
SN T pit A < —pe+ Y. it AT < —pi+ Dt A);

=t jEA s=t jgA
this uses the fact that z and z differ only for job &, and that p; (¢, A") < p;(t, A) for
eachjobj =1,...,nand each time ¢t = 1,...,7. But since we already observed
that p, < D(t, A), we know that D(t, A") = D(t, A) — px. But then the constraint

(t, A") is violated by z, which is a contradiction.

Finally, since z < x component-wise and the objective f;(¢) is non-negative,

z is a solution of no greater cost than z. O
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Observe that essentially the same proof works with fractional solutions; we
need only decrease the components of the overassigned job k so that the assign-
ment constraint is satisfied, retaining exactly one total unit of assighment. We

restrict attention to integer solutions only for notational convenience.

Taking the dual of (P) gives:

maximize Z Z D(t, A)y(t, A) (D)

t=1 A

subjectto » Y p;(t, A)y(t,A) < fi(s);  foreach j=1,.n, s=1,,T;
t=1 A:j¢A

(2.4)

y(t,A) >0 foreacht=1,...,.7, AC{1,.,n}.

We now give the primal-dual algorithm for the scheduling problem 1|| > ;.

The algorithm consists of two phases: a growing phase and a pruning phase.

The growing phase constructs a feasible solution z to (P) over a series of
iteration. For each ¢t = 1,...,T, we let A, denote the set of jobs that are set to
tinish at time ¢ or later by the algorithm, and thus contribute towards satisfying
the demand D(t). In each iteration, we set a variable z;; to 1 and add j to A, for
all s < t. We continue until all demands D(t) are satisfied. Specifically, in the k"
iteration, the algorithm select t* := argmax,D(¢, A;), which is the time index that
has the largest residual demand with respect to the current partial solution. If
there are ties, we choose the largest such time index to be t* (this is not essential
to the correctness of the algorithm — only for consistency and efficiency). If
D(t*, Ap) = 0, then we must have >jea, P = D(t) foreach ¢t = 1,...,T; all

demands have been satisfied and the growing phase terminates. Otherwise, we
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increase the dual variable y(t*, A;x) until some dual constraint (2.4) with right-
hand side f;(¢) becomes tight. We set z;; = 1 and add j to A, forall s <t (if j is
not yet in A;). If multiple constraints become tight at the same time, we pick the
one with the largest time index (and if there are still ties, just pick one of these
jobs arbitrarily). However, at the end of the growing phase, we might have too

many variables set to 1, thus we proceed to the pruning phase.

The pruning phase is a “reverse delete” procedure that checks each variable
xj; that is set to 1, in decreasing order of the iteration k in which that variable
was set in the growing phase. We attempt to set x;; back to 0 and correspond-
ingly delete jobs from A;, provided this does not violate the feasibility of the
solution. Specifically, for each variable z;; = 1, if j is also in A;y; then we set
xj; = 0. It is safe to do so, since in this case, there must exist t' > ¢t where z;y = 1,
and as we argued in Lemma 2, it is redundant to have zj; also set to 1. Other-
wise, if j ¢ Ayq, we checkif 37, \ ;3 Py = D(s) for each time index s where j
has been added to A, in the same iteration of the growing phase. If so, then j is
not needed to satisfy the demand at time s. Hence, we remove j from all such
Ag and set z;; = 0. We will show that at the end of the pruning phase, each job

J has exactly one z; set to 1. Hence, we set this time ¢ as the due date of job j.

Finally, the algorithm outputs a schedule by sequencing the jobs in Earliest

Due Date (EDD) order. We give pseudo-code for the algorithm below.

Analysis Throughout the algorithm’s execution, we maintain both a solution
x along with the sets A;, foreacht = 1,...,T; an easy inductive argument shows

that the algorithm maintains the following invariant.

Lemma 3. Throughout the algorithm, j € A, if and only if there exists t > s such that
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Algorithm 1: Primal-Dual Algorithm for 1|| > f;

// Initialization

v,y k0, Ai=0, t=1,...,7);

tY := argmax,D(t, A;) (break ties by choosing largest time index) ;

// Growing phase

while D(t*, Ayx) > 0 do

Increase y;x, Ay until a dual constraint (2.4) with right hand side f;(¢)
becomes tight (break ties by choosing the largest time index);

Tt < 1;

As — A;U{j} foreach s <t;

k+—k+1;

t* .= argmax, D(t, A;) (break ties by choosing largest time index);

// Pruning phase
Consider {(j, ) : ;s = 1} in reverse order in which they are setto 1;
if j € A, then
| wj <0
else if Zj,eAs\{j} pjr > D(s) for all s <t where j is added to A in the same
iteration of growing phase then
Tjp <0,
Ag + A\ {j} for all such s ;

// Output schedule
for j < 1tondo
| Set due date d; of job j to time ¢ if zj; = 1;

Schedule jobs using EDD rule ;

Tt = 1.

Note that this lemma also implies that the sets A, are nested; i.e., for any two
time indices s < t, it follows that A; O A,. Using the above lemma, we will

show that algorithm produces a feasible solution to (P) and (D).

Lemma 4. The algorithm produces a feasible solution x to (P) that is integral and

satisfies the assignment constraints (2.2), as well as a feasible solution y to (D).

Proof. First note that, by construction, the solution z is integral. The algorithm
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starts with the all-zero solution to both (P) and (D), which is feasible for (D) but
infeasible for (P). We will now show that at termination, the algorithm obtains

a feasible solution for (P) while maintaining dual feasibility.

When the growing phase terminates, all residual demands D(t, A;) are zero,
and hence, } ., p; > D(?) for eacht = 1,...,T. During the pruning phase,
we reset z;; to 0 only if A, \ {j} satisfies the demand D(s), for each time index
s < t in which job j is added to A, in the same iteration of the growing phase
as the variable x;; was set to 1. Hence, we still have ) jea, D = D(t) for each

t =1,...,T when the algorithm terminates.

Next, we argue that for each job j there is exactly one ¢t where x;; = 1 when
the algorithm terminates. Notice that D(1) (the demand at time 1) is 7', which is
also the sum of processing time of all jobs; hence we must have A, be the set of
all jobs at the end of the growing phase in order to satisfy D(1). This implies that
at this point in the execution of the algorithm, each job has at least some time ¢
for which z;; = 1. From the pruning step (in particular, the first if statement in
the pseudocode), each job j has z;; set to 1 for at most one value ¢. However,
since no job can be deleted from A;, by Lemma 2, we see that, for each job j,
there is still at least one z;; set to 1 at the end of the pruning phase. Combining

the two inequalities, we see that each job j has one value ¢ for which z;, = 1.

By invoking Lemma 2 for the final solution z, we have that 3", > DiTjs >
D(t). Furthermore, = also satisfies the constraint Zle zj; = 1, as argued above.

Hence, z is feasible for (IP), which implies the feasibility for (P).

Next we argue that dual feasibility is maintained throughout the algorithm.

In iteration k of the growing phase, only the dual variable y(t*, A;+) is increased.
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The increase is stopped as soon as some dual constraint (2.4) with right-hand
side f;(t) becomes tight. At this point, all constraints are still satisfied. Next, we
add j to A for each s < t. Notice that by doing so, the left-hand side of all those
constraints must remain constant from this point on. Hence, dual feasibility
is maintained in the growing phase. Since the dual remains unchanged in the

reverse delete step, the algorithm computes a feasible solution to (D). O

Next we argue that given a feasible solution z to (P) that satisfies the assign-
ment constraints (2.2), the EDD schedule is a feasible solution that costs no more

than the objective value for z.

Lemma 5. Given a feasible integral solution to (P) that satisfies the assignment con-
straint (2), the EDD schedule is a feasible schedule with cost no more than the value of

the given primal solution

Proof. Since each job j = 1,...,n has exactly one z;; set to 1, it follows that
> i ST pjzje = T. Now, taking A = {) from constraints (2.3), we have that

> ST, pjzse > D(t) =T —t + 1. Hence, > i S piag, <t — 1.

This ensures that the sum of processing assigned to finish before time ¢ is
no greater than the machine’s capacity for job processing up to this time (which
is t — 1). Hence, we obtain a feasible schedule by the EDD rule applied to the
instance in which, for each job j = 1,...,n, we set its due date d; = t, where t is

the unique time such that z;, = 1. As a corollary, this also shows z;; = 0, for ¢t =

1,...,p;. Finally, this schedule costs no more than the optimal value of (P), since
eachjob j = 1,...,n finishes by d;, and each function f;(¢) is nondecreasing in
t. O

27



Next we analyze the cost of the schedule returned by the algorithm. Given
the above lemma, it suffices to show that the cost of the primal solution is no
more than twice the cost of the dual solution; the weak duality theorem of linear
programming then implies that our algorithm has a performance guarantee of

2.

We first introduce some notation used in the analysis. Given the final solu-
tion 7 returned by the algorithm, define J; := {j : 7;, = 1},and 4, := {j : Iz, =
1,¢ > t}. In words, 4; is the set of jobs that contribute towards satisfying the
demand at time ¢ in the final solution; hence, we say that j covers t if j € A,.
Let 2" be the partial solution of (P) at the beginning of the k' iteration of the
growing phase. We define J; and A} analogously with respect to z*. Next we

prove the key lemma in our analysis.

Lemma6. 3., > jeinabi(s, A) <2D(t, A), for each (t, A) where y(t, A) > 0.

Proof. Recall that the algorithm increases only one dual variable in each iteration
of the growing phase. Suppose that y(¢, A) is the variable chosen in iteration
k, ie., t = tF. Using the notation introduced above, we can write y(t, A) as
y(t*, Af ). However, for notational convenience, we shall denote the set A} as
A*. Then the lemma can be restated as > jed Ak D (tk, AF) < 2D(tk, A*). We
can interpret the set on the left-hand side as the jobs that cover the demand of

t* that are added to the solution after the start of iteration k.

First, suppose time t* is critical with respect to z and AF, meaning there ex-
ists some job ¢ in A, \ A* such that ¢ cannot be deleted from A, for 7 to re-
main feasible. This can be expressed as 3 1\ arug P < D(t*, A¥). Notice that

each of these jobs in the above summation must have processing time less than
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D(t*, A¥), and thus by definition, p; = p;(t*, A*). Hence,
> pi(th, AF) < D(tF, AF),
FEA L\ (ARUE)
Also, p,(tF, A¥) < D(t*, A*), by definition. Adding these two together gives

> pi(th, AY) < 2Dk, A%).

JEA L \AF

Hence, if t* is critical we have the desired result. Now we will argue by
contradiction that this must be the case. Suppose otherwise; then for every job
¢in Au \ A*, we have that

> pj=D(tF AN
JEA L \(APUD)
We first argue that there must exist some time ¢, that is critical with respect to ©
and A}, because of job £; i.e.,
>, 0 <Dt AY). (2.5)
JEAL,\(A},U0)
Suppose not; from the definition of D(ty, Af), we must have that
ZjeAtz\(Afeué) pj + ZjeAf[ p; > D(t;) for each time ¢, that job ¢ covers. This,
combined with the fact that ¢ is considered in the pruning phase before any of
the jobs in Af (since / is added after the start of iteration k), implies that ¢ should

have been deleted in the pruning phase, which is a contradiction.

Hence, such a time ¢, must exist for each job ¢ in A \ AF. If there are mul-
tiple time indices such that (2.5) holds for job ¢, let ¢, be the earliest such time.

Consider the following two cases:

Case 1 Suppose there exists some job ¢ with ¢, < t*. Notice that each job that

covers t* also covers t,. Hence, the set of jobs in the final solution that covers ¢,
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added after the start of iteration & of the growing phase is a superset of those that
covers t* and added after the start of iteration , i.e., Ay, \ (47, U{) 2 A\ (A*UY)

and we have that

DO A= DI
jeAtz\(Afgué) JEA L \(AFUL)
> D(t", A")

Z D(tEJAZ)7

where the second inequality follows from our assumption that ¢* is not criti-
cal, and the last inequality follows from the definition of ¢* having the largest

residual demand. This gives a contradiction to (2.5); thus Case 1 is impossible.

Case 2 Otherwise, all ¢, > t*. Pick ¢ so that ¢, is the earliest among all jobs in
A \ A¥. Notice that each job that covers ¢, must cover t* as well. However,
by the assumption that ¢* is not critical and the choice of t,, the set of jobs that
covers t, added after the start of iteration k of the growing phase is the same as
those that cover t* and are added after the start of iteration k, i.e., 4; \ (AF U/¢) =
Ap \ (AF U ¢). Then we can derive a contradiction similar to Case 1:

2. m= D

JEAL \(AF,U0) JEAK\(AFUL)

> D(t*, AY)

> D(tg, Afe)‘

This gives a contradiction to (2.5); thus Case 2 is also impossible. Combining
the two cases, we see that t* must be critical with respect to 7, giving us the

desired result. ]

Now we can show our main theorem.
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Theorem 4. The primal-dual algorithm produces a schedule for 1|| " f; with cost at

most twice the optimum.

Proof. It suffices to show that the cost of the schedule is no more than twice the
dual objective value. The cost of our solution is denoted by Zle >jen fit).

We have that

S HB = DD pils, Ayea

t=1 jeJ, t=1 jeJ; s=1 A:j¢gA

The first line is true because we set z;; = 1 only if the dual constraint is
tight, and the second line is by interchanging the order of summations and using
the relation s < t. Now, from Lemma 6 we know that 37, 3" jenabi(s, A) <

2D(s, A). Hence it follows that
T

ZZUSA(Z Z pj(st)) < ZZ2D(S7A)ySA7

s=1 A t=s jeJ;\A s=1 A

where the right-hand side is twice the dual objective. The result now follows,
since the dual objective gives a lower bound of the value of the optimal sched-

ule. O]

2.3 A (2+ ¢)-Approximation Algorithm

We now give a polynomial-time (2 + €)-approximation algorithm for 1(| )" f;.
This is achieved by simplifying the input via rounding in a fairly standard fash-

ion, and then running the primal-dual algorithm on the LP relaxation of the
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simplified input, which only has a polynomial number of interval-indexed vari-

ables. A similar approach was employed in the work of Bansal & Pruhs [9].

Fix a constant € > 0. We start by constructing n partitions of the time indices
{1,...,T}, one partition for each job, according to its cost function. Focus on
some job j. First, the set of time indices I = {t : f;(t) = 0} are those of class
0; class 1 is the set of indices I} = {t : 0 < f;(t) < 1}; finally, class & = 2,3, ...
is the set of indices I¥ = {t : (14 ¢)"* > < f;(t) < (1+ ¢€)*'}. (We can bound
the number of classes for job j by 1+ log, ., f;(T).) Let ¥ denote the minimum
element in I¥ (if the set is non-empty), and let 7; be the set of all left endpoints
¢%. Finally, let T = U7_, 7;. Notice that the time ¢ = 1 is in 7. Index the elements
such that 7 := {t1,...,t;} where 1 = t; < ty < ... < t,. We then compute a
master partition of the time horizon 7" into the intervals 7 = {[t1, o — 1], [t2, 3 —
1), ..., [tr—1, t- — 1], [t-, T]}. There are two key properties of this partition: the cost
of any job changes by at most a factor of 1+¢ as its completion time varies within
an interval, and the number of intervals is a polynomial in 7, log P and log IV'.
Here P denotes the length of the longest job and W = max;(f;(t) — f;(t — 1)),
the maximum increase in cost function f;(¢) in one time step over all jobs j and

times ¢.

Next we define a modified cost function fj’. (t) for each time t € T; in essence,
the modified cost is an upper bound on the cost of job j completing in the in-
terval for which ¢ is the left endpoint. More precisely, for ¢; € T, let fj’-(ti) =
fi(tiz1 —1). Notice that, by construction, we have that f;(t) < fi(t) < (1+¢) f;(?)
for each t € 7. Consider the following integer programming formulation with
variables ', for each job j and each time ¢t € T we set the variable 2/, to 1 to

indicate that job j completes within the interval [t;,t;;; — 1]. The demand D(t)

32



is defined the same way as before.

minimize Z Z fi(t)al, (IP")
jfl teT

subject to Z Z pir, > D(t), foreacht € T; (2.6)
j=1 s€T:s>t
Zx;t =1, foreachj =1,...,n; (2.7)
teT
2l € {0, 1}, foreachj=1,...,n,teT.

The next two lemmas relate (IP') to (IP).

Lemma 7. If there is a feasible solution x to (IP) with objective value v, then there is a

feasible solution x’ to (IP') with objective value at most (1 + €)v.

Proof. Suppose x;; = 1 where t lies in the interval [t;, ;11 — 1] as defined by the
time indices in 7, then we construct a solution to (IP’) by setting /, = 1. It

is straightforward to check 2’ is feasible for (IP’), and by construction f;(t;) =

filtiza —1) < (1+€) f5()- u

Lemma 8. If there is a feasible solution z' to (IP') with objective value v', then there is

a feasible solution x to (IP) with objective value v'.

Proof. Suppose z7, = 1, where ¢t = t;; then we construct a solution to (IP) by
setting x;,. ., = 1. Notice that the time t;,,; — 1 is the right endpoint to the
interval [t;,t;11 — 1]. By construction, f;(t;11 — 1) = /i (t;); hence, the cost of
solution x is also v". To check its feasibility, it suffices to see that the constraint

corresponding to D(t;) is satisfied. This uses the fact that within the interval
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[ti,tiv1 — 1], D(t) is largest at ¢; and that the constraint corresponding to D(t)

contains all variables z;, with a time index s such that s > t. O]

Using the two lemmas above, we see that running the primal-dual algorithm
using the LP relaxation of (IP’) strengthened by the knapsack cover inequalities
gives us a 2(1 +¢)-approximation algorithm for the scheduling problem 1|| )" f;.

Hence we have the following result:

Theorem 5. For each € > 0, there is a (2 + €)-approximation algorithm for the schedul-

ing problem 1|| > f;.

The combination of the interval-indexed formulation along with the gener-
ality of the objective function allows us to capture even more general problems
within the same framework. For example, in scheduling problems with machine
unavailability, the machine might not be available at all times due to scheduled
maintenance. We can modify our algorithm to give a (2 + ¢)-approximation al-
gorithm for general min-sum objective scheduling problems with machine un-

availability, provided that the unavailable intervals are known in advance.

The setting of the problem is as follows: there are S periods in which the
machine is available, denoted by [B;, F;| where i = 1,..., 5. We assume all time
B; and F; are integral. We also assume that the machine is resumable, meaning
if the processing of a job is interrupted because of machine down-time, it can
be continued without any penalty once the machine becomes available again.
Without loss of generality, we assume that the total available time equals to the
sum of processing time of all jobs, that is Zle(Fi — B;) = >_._, p;- Hence the
processing of all jobs would be completed at time Fs. As before, we are given

cost function f;(¢) for each job j which is non-decreasing in ¢. Furthermore,
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the function f;(¢) is only defined on time ¢t where the machine is available in
the time interval [t — 1,#]. The objective is to minimize »7_, f;(C;), where C;

denotes the completion time of job j.

We first describe the modification of the primal-dual algorithm that yields
a 2-approximation for this scheduling problem that runs in pseudopolynomial
time. Let m(t) denote the aggregated amount of processing time available on
the machine up to time ¢. Notice that at any time ¢, at least > 7, p; — m(t) + 1
units of processing needs to be completed at or after time ¢. Hence, we modity
the definition of the demand at time ¢ as D(t) := »7_, p; — m(t) + 1. For each
subset of jobs A C 1,...,n, we then define the residual demand at time ¢ with
respect to A as D(t, A) := max{D(t)—)_,c 4 pj, 0}. Using this modified definition
of residual demand, we formulate the LP relaxation (P) with knapsack-cover
inequalities as before, but only for the time indices ¢ for which the machine
is available during [t — 1,¢]. Running the primal-dual algorithm on (P) and
its corresponding dual (D) produces a solution of cost at most twice optimal.
This can be converted into a polynomial time (2 + ¢)-approximation algorithm
by applying the rounding procedure in the previous section. In fact, the same
techniques can be further generalized to the setting in which the machine runs
at a time varying speed s(t), so that within the interval (¢, ¢] the machine has

the capacity to process ftt, s(t)dt units of processing.

24 Computational Results

In this section we analyze the performance of our primal-dual scheduling al-

gorithm in computational experiments. This is by no means a comprehensive
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computational study, but rather a proof of concept that it is possible to apply
our primal-dual algorithm to various single-machine scheduling problems to
provide solutions with reasonable quality. We test our algorithm for two spe-
cific objectives: (1) the weighted sum of tardiness, and (2) the weighted sum of
tardiness square. Given a set of n jobs where job j has an associated due date
d;, the tardiness of a job is defined to be 7; = max{C; — d;,0}. The reason why
we conduct our computational experiments on objectives related to weighted
tardiness is that it is one of the fundamental objectives in machine scheduling.
There exist many heuristics in the literature that work well in practice and had
been tested extensively, yet until recently there is no constant factor approxi-
mation algorithms for the weighted tardiness objective [9]. To the best of our
knowledge, there is no previous work done on the weighted tardiness squared

objective.

2.4.1 Weighted Tardiness

We conduct our test on problem instances where the number of jobs, n, range
from 10 to 100. For n = 40,50 and 100, we use the instances that are publicly
available in OR-Library, as they are the standard benchmark instances for com-
paring heuristics for the weighted tardiness problem [11]. For n = 10 and 20,
there are no available instances in the OR-library, but we adopt the same gen-
eration scheme for the instances used there, which we now describe. For each
job j (j = 1,...,n), an integer processing time p; is generated from the uniform
distribution [1,100] and integer weight w; is generated from the uniform dis-
tribution [1, 10]. There are two parameters that control how the due date d; is

generated: the average tardiness factor (TF) and the relative range of due dates
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(RDD). Given these two parameters, an integer due date d; is randomly gener-
ated from the uniform distribution [P(1—-TF — RDD/2), P(1—-TF + RDD/2)],
where P = 37" | p;. For this experiment, we use five values for TF and RDD:
0.2,0.4,0.6,0.8 and 1, giving us 25 pairs of values for TF and RDD. We generate
tive test cases for each set of parameters, giving us 125 test cases for each fixed

number of jobs.

We make no attempt to optimize the run time of our implementation of
the primal-dual algorithm, as we use the pseudo-polynomial version where for
each job, there is a decision variable z;; for each time index for the length of the
schedule. The average run time is about 0.1 seconds for n = 10, but grows to
about 685 seconds for n = 100. It is an interesting open question to improve the

efficiency of the primal-dual scheduling algorithm.

We compare our solution with a well known heuristic for minimizing
weighted tardiness, known as Apparent Urgency (AU) rule. The AU is a con-
structive heuristic that compare favorably with other heuristics, and it is used
to produce initial solution to a metaheuristic known as dynasearch, which pro-
duces the best known solution to the OR-library test instances [17]. The AU
rule is a dynamic list scheduling rule that selects an unscheduled job j with the
highest AU, value to the next available position of the sequence, where AU; is

defined by

AU, — w; exp(—n -max{0,d; — p; — t}

pj k- P )

In this expression, t is the sum of the processing times of jobs already scheduled,

P is the total processing time of all jobs, and k is the lookahead parameter that

issettok=05forTF =02,k=09forTF =0.4and k = 2.0 for TF > 0.4.

We first report the result for our primal-dual algorithm. We report the error
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of our solution when compared to the best known solution in the literature in
terms of mean, median and the maximum error in percentage. For n = 10,40
and 50, these are verified to be the actual optimal solution. For n = 20, we
generated the corresponding IP formulation, use the better solution generated
from the primal-dual algorithm and the AU rule as an initial solution for CPLEX
solver with a time limit of 600 seconds to generate a solution for comparison.
For n = 100, we use the best known solution reported in the literature. We
also report the duality gap, which is the difference between the value of the
solution, and the dual feasible solution. This serves as an upper bound to the
error to the optimal value, when the optimal value is not known. Finally the
Num. Opt column reports the number of instances (out of a total of 125) where
the optimal solution is found. We summarize the result below. The units used

for all columns related to error and duality gap is in percentage (%).

N | Avg. Error | Median Error | Max Error | Avg. D. Gap | Num. Opt
10 1.537 0 31.481 11.516 66
20 1.023 0.117 16.520 9.762 56
40 0.669 0.188 12.980 6.965 36
50 0.742 0.264 10.453 8.737 29
100 0.403 0.131 11.421 4.189 30

We see that in terms of average performance, the quality of the solution gen-
erated is closer to the optimal as the number of jobs increase. One of the reason
might be that the duality gap is also decreasing as the number of jobs increase.
On the other hand, there are also more instances in which optimal solutions are
found for smaller value of n, which indicates there is more variability to the per-

formance of the algorithm for small n. It is also worth noting that the majority
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of the duality gap is due to the gap between the value of the dual feasible solu-
tion and the optimal value, as the error is much smaller compared to the duality

gap. Next we report the results of the AU algorithm.

N | Avg. Error | Median Error | Max Error | Num. Opt
10 13.176 2.551 457.1429 37
20 36.358 3.782 2200 38
40 | 240.958 1.612 13700 19
50 236.06 2.011 18800 18
100 | 39.230 1.142 2225 18

We see that the primal-dual algorithm outperforms the AU rule in every
statistic. One significant difference worth pointing out is the Max. Error, where
there are a few test cases that are extreme outliers. There are instances where
the error is well over 10000 percent, which also affects the reported average error
significantly, whereas the median error is not affected as much by these outliers.
This highlight one of the main advantage of an approximation algorithm: there
is a performance guarantee for the solutions being generated. On the other
hand, it is worth pointing out the run time of AU rule is extremely low, in the
order of fraction of a second. This is because its run time is essentially equivalent

to sorting n numbers, which takes O(nInn) time.

Finally, we compare the performance by counting the number of test cases

where each algorithm provides the better schedule ( i.e., has a smaller cost).
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N | Primal-Dual | AU | Tie
10 68 30 | 27
20 81 22 | 22
40 83 26 | 16
50 80 29 | 16
100 77 30 | 18

We see that the primal-dual algorithm performs better than the AU rule in
about 62 percent of test cases, follow by 22 percent where the two algorithms
provide the same solution. Note that a significant number of these ties are for
easy instances where the optimal value is 0, i.e., every job finishes before its due
date. On the other hand, despite its simplicity, there are also about 16 percent of

the test cases where AU rule provides the better solution.

2.4.2 Weighted Tardiness Squared

The generation of test cases for the weighted tardiness squared objective follows
the same scheme for weighted tardiness, except the processing times have a
smaller range, and follows the uniform distribution [1,20]. In our test, we let
the number of jobs, n, vary from 10 to 100 and generate 125 test cases for each
n for various values of parameter 7F and RDD, as described in the previous
section. In contrast to the previous test where the optimal value for most test
cases is known, it is very difficult to determine the optimal solution here, as
CPLEX was unable to solve the integer program, or even get a good solution
within a reasonable time limit. Instead we report the gap between the cost of

our solution and the dual solution generated. We now summarizes our results.
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In addition, we also find the average LP Gap for test cases from n=10 to 60. The
LP Gap of an instance is define as the ratio of the difference between the value
of the integer solution and the optimal LP value for the natural LP relaxation
(without knapsack cover inequalities added), and the optimal LP value. Both
the duality gap and the LP gap is an upper bound to the error of our solution,
as both the dual solution and the optimal solution to the natural LP relaxation

is a lower bound to the optimal value.

The average duality gap and LP gap is reported in percentage (%).

N | Duality Gap | LP Gap
10 10.430 119.78
20 9.941 71.66
30 8.687 59.88
40 7.491 42.36
50 7.042 41.05
60 6.199 30.84
70 6.046 n/a
80 5.246 n/a
90 4.624 n/a
100 4.404 n/a

We see the performance of the primal dual algorithm is similar to the results
reported for weighted tardiness, indicating the robustness and versatility of our
problem. The results also follows the same trend as the previous section, for
example the dual gap is decreasing as the number of jobs increase. It is also

interesting to note that the LP gap is much larger compared to the duality gap,
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which indicate the value of adding knapsack cover inequalities to the LP relax-

ations.
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CHAPTER 3
SUBMODULAR JOINT REPLENISHMENT PROBLEM

3.1 Introduction

Inventory models with deterministic but non-stationary demand have a long
and rich history in supply chain management, beginning with the seminal pa-
per of Wagner and Whitin[51]. One of the main features of these models is to
capture the tradeoff between holding costs and fixed setup costs (also referred
to as ordering cost). Setup costs typically represent, among others, the use of
machines, trucks, and/or laborers. When multiple item types are ordered in
the same period, some of the fixed costs are typically shared among the differ-
ent item types. In most inventory management models, the economies of scale
are traditionally captured by a joint setup cost structure. The most traditional
model uses the additive joint setup cost structure. In this model, there is a joint
setup cost if any item type is ordered, in addition to an individual item setup
cost for each item type ordered. This problem is known as a joint replenishment
problem (JRP). The additive joint setup cost structure is clearly very limited in
some cases, yet there is a surprising lack of results for models with more com-
plex setup cost structures and non-stationary demand. This in stark contrast to
the work of Federgruen and Zheng [21], and Teo and Bertsimas [47] which gave
near-optimal algorithms for inventory models with a very general setup cost
structure but with constant demand. In this work, we consider several general-
izations of the deterministic, non-stationary joint replenishment problem beyond
the additive cost structure; these capture many interesting situations in practice.

For each of these variants, we provide an efficient algorithm that finds a feasible
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solution with strong worst-case performance guarantees. Since joint replenish-
ment problems are typically NP-hard, it is computationally intractable to find
optimal solutions quickly. However, our algorithms can efficiently find solu-
tions that are provably close to optimal, and in the worst case are guaranteed to

be within a fixed constant factor of the optimal cost.

In the models we study, there are multiple item types each with a sequence
of demands over a discrete time horizon of finitely many periods. That is, there
is a specific demand quantity for each item type due in each time period. Each
demand must be satisfied by an order at or prior to its due date period, which
means neither backlogging nor lost sales are allowed. The cost of satisfying
the demand is composed of setup costs and holding costs. The joint setup cost
for ordering a set of items in any time period is a function of the specific set
of item types ordered. The setup cost function satisfies two natural properties
known as monotonicity and submodularity. The monotonicity requirement sim-
ply means that as more item types are ordered, the total setup cost does not
decrease. The submodularity requirement characterizes the economies of scale
in ordering more item types, i.e., the marginal (additional) cost of ordering any
specific item type decreases as more item types are ordered. The holding cost
for each demand point depends on the item type and the length of time the in-
ventory was held. We assume no capacity constraints and stationary per unit
variable costs. One can easily show that zero-inventory ordering policies are op-
timal in this model, and thus every demand of a given item type is satisfied by
the latest order of that item prior to its due date period. The goal is to satisfy all
the demands by a sequence of orders that minimizes the total setup costs plus
holding costs. We refer to this problem as the Submodular Joint Replenishment

Problem.
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In this chapter, we study two special cases of the submodular joint replen-
ishment problem with non-stationary demand that capture a rich variety of ap-
plications. These cases are called the Tree JRP, and the Cardinality JRP. In the
Tree JRP case we are given a rooted tree where every node represents a process
that incurs a setup cost, and the leaves of the tree represent the item types. The
joint setup cost of ordering any subset of item types is the cost of all the nodes
on the paths from the root to the leaves corresponding to the item types being
ordered. One application of the Tree JRP is in maintenance scheduling prob-
lems for aircraft engines studied by Levi, Magnanti and Zarybnisky ([37]). Each
module of the engine corresponds to a node in the tree, and to get to a certain
engine part requires removing all necessary modules. It is worth noting that the
Tree JRP is a generalization of the additive JRP. The Cardinality |RP is the case
where the joint setup cost function has the property that the marginal cost of
any item type depends on the cardinality of the set of item types already being
ordered. A natural application of this model is when all of the item types are
very similar, but vary in only one aspect such as color or size. We give novel
algorithms for the Tree JRP and Cardinality JRP that are within a factor of three

and five, respectively, of the optimal offline cost.

Literature Review. Joint replenishment problems are infamous for being
intractable, and thus have been typically studied via the notion of approxima-
tion algorithms. When demand is assumed to be stationary and continuous for
the additive JRP, Roundy [44] showed that “power-of-two” policies have ap-
proximation ratios of 1.06 and 1.02, depending on whether the base planning
period is fixed or not. Federgruen and Zheng [21], generalized these results for
the submodular JRP with constant demand. However, the literature for the sub-

modular JRP with non-stationary demand has focused primarily on the additive
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joint setup cost structure, which was shown to be NP-hard by Arkin, Joneja and
Roundy [3]. Several heuristics for the non-stationary additive JRP have been
proposed with varying degrees of theoretical performance guarantees in work
by Veinott [49], Zangwill [53], Kao [33], Joneja [32], Federgruen and Tzur [20],
Levi, Roundy and Shmoys [39], and Stauffer, Massonnet, Rapine and Gayon
[46]. The current best approximation algorithm for the additive JRP with non-
stationary demand is due to Levi, Roundy, Shmoys and Sviridenko [38], which
has an approximation ratio of 1.80. Chan, Muriel, Shen, Simchi-Levi and Teo
[15] show that zero-inventory policies are near-optimal for joint replenishment
problems with piecewise linear costs, however their conditions do not imply
submodularity. Since the non-stationary submodular JRP is quite general, we
instead consider two special cases called the Tree and Cardinality JRP. These
cases are fundamentally different than the traditional JRP which has been the
focal point in the literature. In each case, we provide an efficient algorithm with

a constant factor approximation ratio.

Contributions. The Tree JRP model captures situations where each item
type requires a chain of processes to be produced, and several of those processes
are shared by other item types. The tree with only a root and leaves is identical
to the additive joint setup cost structure, and thus this problem is also NP-hard.
We provide an approximation algorithm that is no more than three times the
optimal offline cost. This algorithm is similar in spirit to the one proposed by
Levi, Roundy, Shmoys and Sviridenko [38] which only considered the additive
JRP. Specifically, the algorithm is based on solving a linear program, and then
successively rounding the variables corresponding to the nodes in the tree in a
particular fashion. Specifically, we start by opening orders containing the root

process, and work our way down the tree using a breadth-first search. For every
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node, we round the corresponding variables to a time where the parent node
has been ordered, thus ensuring that all necessary processes for an item type

are accounted for when it is ordered.

The Cardinality JRP is another rich problem that captures the additive JRP
model and can be specialized to the case where the joint setup cost function sim-
ply depends on the number of item types being ordered. This implies that the
setup cost is concave in the cardinality of the set of item types being ordered. Al-
though the Cardinality JRP is NP-hard, we provide an efficient algorithm with
an approximation ratio of five. This algorithm is based on an iterative rounding
procedure that uses the variables from a linear relaxation of a novel integer pro-
gramming formulation of the Cardinality JRP. Our algorithm carefully builds up
orders based on their size, while ensuring that the cost of any particular order
can be paid for using the primal objective costs. The holding costs are accounted

for using a property of the respective dual linear program.

3.2 Formulation

In this section we give a precise mathematical formulation of the submodular
JRP, then give a integer programming formulation and the corresponding LP

relaxation. Finally we explore some properties of our LP relaxation.

The input of submodular JRP is as follows: there are NV items that are needed
over a planning horizon of T" periods, and a deterministic demand d;; > 0 for
eachitem ¢ = 1,..., N and time period ¢ = 1,...,T. Each demand point d;; with
positive demand needs to be served by an order of item ¢ in period s with s <

t. There are two components to the total cost incurred, the ordering cost and
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holding cost.

To model the ordering cost, let f(.S) denote the cost of ordering the set of
items S in any given period. As noted before, the only requirement is that f
is a non-negative monotone submodular function, meaning that for every set
S1,52 C{1,...,N}f(S1) + f(S2) > f(S1USs) + f(S1 N Sz). This definition can
be shown to be equivalent to the following: for every set S; C S, and any item
i ¢ Sy,

fS1U{i}) = f(S1) = f(S2 U{i}) — f(S2),

which captures the effects of economy of scale. In contrast, in the classical Joint
Replenishment Problem, ordering cost consists of two components: a joint or-
dering cost K, which is independent of the subset of items that are included in
the order, and item ordering cost K for item i. The total ordering cost for a set S
is f(5) := Ko+ >_,.¢ K. It is easy to see that this satisfies the monotonicity and

submodularity property, hence the classical JRP is a special case of our problem.

The holding cost from period s to ¢ for the demand of item ¢ in period ¢
is denoted H!, := d;;.h%,, where h, is the per unit holding cost of item ¢ from
period s to t. We assume ©’, is nonnegative, and for each (¢, t) is a non-increasing

function of s.

The following is an integer programming formulation of the Submodular
JRP. We use the 0-1 variable y? to indicate if the set S is ordered in period s, and
the 0-1 variable 2, to indicate whether the demand d;; was satisfied using an

order from period s.
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T n n t

minimize Y > f(S)yf +> D Y Hial, (IP)

S s=1 i=1 t=1 s=1

t
subject to Zwitzl, 1=1,...,.N,t=1,...,T

s=1
(3.1)
vy <>yl i=1,.,Nit=1.Ts=1,.1t

S:eS

(3.2)

xit’ yf € {0’ 1}

We first argue that this is indeed a valid formulation for the submodular JRP.
Given an optimal solution to the submodular JRP, every demand (i, t) is served
by some order S in time period {s < t¢} that contains the item i. Also, once
the orders are fixed, each demand (i, ¢) is served entirely from the order in time
s 1 s < t containing item ¢ that is closest to period ¢ to minimize the holding
cost. Hence constraints (3.1) and (3.2) are satisfied, and the cost is given by
the objective. Conversely, given a feasible solution to (IP), it must be a feasible
solution to submodular JRP since by constraint (3.1) each demand point (4, ¢) is
served and by constraint (3.2), the demand (i, ¢) is served by period s only if

there contains an order S in period s that contains the item 1.

Next we get the natural LP relaxation of IP1 by relaxing the {0, 1} constraints

on the variables:
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T n n t

minimize Z Z f(S)ys + Z Hx', (P)
S s=1 i=1 t=1 s=1
t
subject to intzl, i=1,..,Nt=1,..T
s=1
(3.3)
vy <>yl i=1,.,Nt=1,..T s=1,..t
S:eS
(3.4)
mitayf >0

We first prove that there exists an optimal solution to (P) where all the sets

that are ordered in a given time period ¢ are nested.

Lemma 9. There exists an optimal solution (z,y) to (P) such that for any given period
t and any two sets R and S, if yf > 0and y; > 0 then they are nested, i.e., either

Rc SorSCR.

Proof. Given an arbitrary optimal solution (z,y) to (P), we will construct (x,y)
with the desired property. Fixed a time period ¢, let 2] := Y. §7 be the frac-
tional number of sets which contains the item i. Now consider the following
auxiliary optimization problem which has a variable r* for every set S (we drop

the time index ¢ for convenience):

minimize Y _ f(S)r® (AUX-t)
S

subject to er > 2L i=1,..,.N (3.5)
S3i
7“;0
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Recall f(S) is the cost of ordering cost S and (AUX-t) exactly captures the
cheapest way for ordering items so that each item is ordered at least 2. How-
ever, f(5) is a submodular function, hence (AUX-t) is the dual of polymatroid,
where the greedy algorithm finds an optimal solution. Specifically, assume
without loss of generality that the items are indexed such that 2> > >
and let S(i) := {1,...,i}. Then an optimal solution to (AUX-t) is given by
S = 2, and 790 = 2 — 2" fori = 1,..,n — 1 and every other r* = 0
for all other S. Notice that by construction S(7) has the desired nested property.
Finally, setting y7 = r where r° is the optimal solution to (AUX-t) and z = #

gives a feasible solution to (P) that cost no more than that of (Z,y), hence an

optimal solution to (P) with the nested property as desired. O

Now we take the dual of (P). Let b; and l’, be the dual variable corresponding

to first and second set of constraints in (P) respectively. The dual of the (P) is:

N T

maximize Z Zbi (D)
=1 t=1

subject to b, < H, + 1., i=1,,Nt=1,.T,s=1,.,1t (3.6)
T

>N <), s=1,..,T,5SC{1,..,N} (3.7)
€S t=s
I, >0

Note that (P) contains an exponential number of variables and (D) contains
an exponential number of constraints. Although the separation oracle can be
implemented in polynomial time by using submodular function minimization,
this doesn’t give a efficient algorithm for solving (P) and (D) in practice. In the

next few sections we consider polynomial-size LP relaxations for various spe-
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cial cases of the submodular JRP, and derive LP-based approximation algorithm

using these LP relaxations.

3.3 Joint Replenishment Problem with Tree Ordering Cost

In this section, we consider the Tree JRP where the ordering cost is specified by
a rooted tree. Specifically, there is a cost K; associated for each node in the tree,
and each item i is a leaf in the tree. Let j be a node in the tree and path(j) denote
the unique path from node j to the root of the tree. The cost of ordering a set of

item S is defined to be ) K, i.e., the cost of all nodes that are in the

jopath(i)]ieS
path from some item ¢ to the root, where item i is in set S. The structure of the

holding cost is the same as the classical JRP.

Note that this contains the classical JRP as a special case since the ordering
cost of the classical JRP can viewed as a tree with a root node with cost K,
the joint ordering cost, connected to NV leaves, one for each item ¢ with cost K;,
the cost of ordering item i. We extend the ideas in the work of Levi, Roundy,
Shmoys and Sviridenko [38] to give a 3 approximation algorithm for this prob-

lem via LP Rounding.

3.3.1 A Linear Program

The following is the natural LP relaxation of an IP formulation for the tree JRP.
We use the 0-1 variable 3 to indicate if the node j is ordered in period s, and 0-1

variable 2, to indicate whether the demand d;; was provided from period s.
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n n t

T
minimize Y Y Kyl + Y Y > Hixl, (P-T)
s=1 g

i=1 t=1 s=1

t
subjecttoZ:citzl, i=1,..,Nt=1,..T

s=1
(3.8)
T i=1,.,N,t=1,..,T,s=1,..t,j € path(i)
(3.9)

xihyg Z 0

The correctness of (P-T), and in particular for constraint (3.9) follows from

the fact that in order to place an order for item 7, one has to pay > K;.

jE€path(i)

Next we argue that (P-T) is as least as strong as (P), the LP relaxation given
for the general Submodular JRP. Let Zpy and Zp be the optimal value of (P-T)

and (P) respectively.

Lemma 10. (P-T) is equivalent to (P) for the JRP with tree ordering cost, i.e. Zpp = Zp

Proof. First we show that we can convert an optimal solution (x, y) of (P-T) to a
feasible solution (z,y) of (P). We start by observing some properties about the

optimal solution of (P-T).

Consider any nodes j and j' such that j/ € path(j), then y < ¢’ for each
time period s = 1, ..., T. This monotonicity property follows from constraint (3.9)
in (P-T) and the fact that the set of items i where j is in path(i) is a subset of

those where j' is in path(i).

Furthermore, for any time period s and any node 7 that is a leaf in the tree

(i-e., ¢ corresponds to an actual item), y! = max; z’, since otherwise we can de-
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crease the value of ¢y (and therefore its objective value) without affecting its

feasibility.

Finally, for each node j in the tree that is not a leaf, let C(j) be the set of
children of j. Then for each time period s, yl = MaXiec()) yf ; otherwise we can

decrease y/ without affecting feasibility.

Given the properties above, we can determine the set of orders that are in-
duced by the optimal solution (z,y). In a particular time period s, let s(.) be
an ordering of the items {1,..., N} such that gt > i@ > > ™) Then
the sets that are ordered in period s are of the form S(i),: = 1,..., N, where
S(i) includes the items {s(1),s(2),...,s(i)}. The cost of set S(i) is the sum of
K; for all nodes j in the minimal connected subtree that contains the leaves

s(1),...,s(i). Notice that as in Lemma 9, the sets ordered here are nested, i.e.

S(1)>5(12)D...>8(mn).

Now we are ready to describe the conversion of an optimal solution (z, y)

of (P-T) to a feasible solution (#,9) of (P). Let # = z and §° = 0 except for

?)ss(n) = yi(n),@;‘}(i) = yj(i) — yi(iﬂ) fori =1,...,n — 1. Notice by construction the
item s(7) is in set S(7),...,S(n) and using a telescoping sum on g5 @ i,

it is easy to verify that } 5. cs 5 = y5¥) Hence the second set of constraint in
(P) is satisfied from constraint (3.9) of (P-T). The proof is completed by noticing

that the cost of (Z,7) in (P) is the same as (z, y) in (P-T) by construction.

For the converse, we describe how to convert an optimal solution (z, ) of
(P) to a feasible solution (z, y) of (P-T). Fix a time period s, and by Lemma 9, the
sets S where §2 > 0 are nested. Without loss of generality, we indexed the item

so that all sets ordered are of the form S(i) := {1,...,i} wherei = 1,...,N. To
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construct a feasible solution of (P-T), we first let + = 2. Next we describe how
to set the value for variable y. For each node that is a leaf ( which corresponds
to an actual item), we let y! = Z y ys ), which are all the sets ordered in (P)
which included item i. Now, for each node j that is not a leaf, let C'(j) be the set
of children of j. Then set y/ = maxycc(;) y¥. Itis easy to check that this solution is
feasible for (P-T), and using telescoping sum, we can verify that the cost of (z, y)
constructed for (P-T) is the same as the given solution (z, y) for (P), completing

the proof. O

Next we consider the dual of (P-T), which will be used in the analysis of
our LP rounding algorithm. Let b and 1% be the dual variable corresponding to

constraints (3.8) and (3.9) in (P-T) respectively. The dual of the (P-T) is:

maximize Z Z b (D-T)

subjectto b} < Hi, + » 14, i=1,,Nt=1.Ts=1..t (310)

]Epath i)

> Zz”ng, s=1,..,T,7 (3.11)

i:jEpath(i) t=s

17> 0

3.3.2 The LP Rounding Algorithm

We will show how to round the optimal solution to (P-T), denoted by (z,y) to a
feasible solution to the tree JRP problem with cost at most 3 times the optimal

value of (P-T), thus giving a 3 approximation algorithm.
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Our rounding procedure consider each node in the rooted tree one at a time,
starting at the root node. The nodes can be process in any order, as long as
any node j is processed after all the nodes in path(j) (i.e. the nodes in the path
from j to the root). Hence one can use Breadth First Search (BFS) or Depth First

Search (DFS) starting from the root node.

We first describe the processing of the root node where we decide in which
time period to place orders. The rounding procedure is based on the value of
Y, ...,y%, the variables corresponding to fractional orders of the root node in
(P-T). Consider the interval (0, Y., °], which is the total weight of fractional
orders of the root node. In this interval, focus on the points 1,2, ..., |327_, 4°],
which we call service points for the root node. For each period m =1, ..., T, define
the interval Y2 = (327" 4%, S2™ | 4], which is of length 4°,. We place an order
for the root node in period m if there is a service point within the interval V..

Let TV := {r) < ... < r},} be the set of time periods in which orders are placed

for the root node.

Next we describe the processing of other nodes in the tree. Let node j be
the current node being processed. Recall that by construction, all other nodes
in path(j) has already been processed at that time. Let j’ be the parent of j, and
T = {r{/ <. < rg\;} be the set of time periods in which orders are placed for
node j'. Consider the interval (0,3, 4/]. Similar to above, we call the points
1,2, .., LZL y! | service points for node j. These service points are only used to
determine the tentative orders for node j, since the orders for the nodes in path(y)
needs to be synchronized. Specifically, we can only open an order for j in time
periods in which j’ has an order. For each period s = 1,...,7, we say there is a

tentative order for node j in period s if there is a service point within the interval
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The tentative orders are then used to determine the permanent orders via a
two-sided push procedure as follows. Because we only place orders for j in time
periods s where an order is open for j (i.e. s € T7"), if s is a temporary order for
node j where s ¢ T7', we which to push this tentative order to periods in which
orders for ;' has been placed. In particular, for each tentative order, we place
up to two permanent orders. One order is placed in period s;, the latest period
in 77" prior to period s, and a second order is placed in s,, the earliest period
in 77" after period s. In other words, we place permanent orders for node j in
max{r € 77 : r < s} and min{r € 77" : r > s}. Notice that by construction
T9 C T7 ,i.e. the orders are synchronized. The pseudo-code for the algorithm is

given below:

Algorithm 2: LP Rounding Algorithm for JRP with tree ordering cost

Solve (P-T)

Generate order points for the root node

// Process the rest of the nodes in BFS or DFS order
for each node j do

Generate temporary order points for node j

for each time period s that contains a temporary order point do

if 3 an order for parent(j) in time s then

| open an order for node j in time s

else

L Place order in period s; and s,, the two order of parent(j)

closest to time s

Serve each demand point (i, ) from the nearest order including item i
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3.3.3 Analysis

We first prove a key lemma in the analysis of the correctness of the algorithm

and its cost.

Lemma 11. For any node j and time interval I where ), ; gl > 1, there is an order

for node j in 1.

Proof. The proof is by induction on the nodes of the tree, starting from the root.
The induction argument uses the monotonicity property of optimal solution (z, y)
mentioned before. In particular, any nodes j and j’ such that j' € path(j), then

y! < y7 for all time period s = 1, ..., T.

Base case: By construction of the algorithm, for any time interval / where
>ty = 1, there exist a service point of the root node. Since an order is open
for every time period that contains a service point of the root node the claim

follows.

Inductive case: Consider node j and any time interval I where >, v/ > 1.
Let j' be the parent of j. By the monotonicity property of y, we know ] C <y
hence ), ; yl > 1. Using the induction hypothesis, we know there is an order
for node j' in I. Also, there is a service point for node j in some time period
sin I. We open an order for j via a two way push procedure in time periods
closest to s (both to the left and to the right of the time horizon) where an order
exists for j'. Since an order for j' exist in I, at least one order of j opened for the

service point s is also in I and the claim follows. O

The correctness of the algorithm follows from the lemma above. Specifically,

for any demand point (i, t), it follows from constraint (3.8) and (3.9) in (P-T) that
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S, ¥l > 1. Let I be the time interval [1, ] and from the lemma above we know
there exist at least one order for item 7 in /. Hence for every demand point (4, )
there is an order of item ¢ no later then time ¢ that can serve the demand and the

solution is feasible.

Next we analyze the cost of the solution returned by the algorithm. We start
by considering the ordering cost. Since the number of orders made is at most
527, 4°] for the root node and 2|37, /] for all other nodes j (we make up to

two orders for every service point of j) this gives as the following:

Lemma 12. The total ordering cost for the solution by the algorithm is at most

T -
2 Zs:l Zj ijg

Finally we analyze the holding cost incurred by the solution by the algo-
rithm. We will show that the total holding cost incurred is at most %, =7 b7,

the optimal value of the (D-T).

Lemma 13. The total holding cost for the solution by the algorithm is at most

Zé\il Zz:l b%

Proof. For any demand point (i,t), consider the set of orders s that serve (i, )
fractionally in the optimal solution for (P-T), i.e., 2%, > 0. Let s; be the earliest
of such orders and we define [s1, t] as the active interval for demand (i,t). Since

)

xslt

> 0, by the complementary slackness conditions, the corresponding dual
constraint must be tight, i.e, b = Hl, + 3 umn 17,. This, combined with
the nonnegativity constraints on I/, implies that b > H! ,. However, we also
assume that the holding cost is non-increasing in s. It follows that for any time s

in the active interval, we have that b > H',. Hence, it suffices to show that there

exists an order for i in the active interval for (i, t). However, by the definition of
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active interval and constraints (3.8) and (3.9) in (P-T), we have that 22:81 g >
1. Let I be the time interval [s;,t] (i.e. the active interval) and using Lemma

11 shows that there exist an order of item i in the active interval of (i,t), as

desired. (]

By Lemmas 12 and 13, and the fact that the optimal value of (P-T) and (D-T)
are both lower bounds to the value of the optimal solution to the Joint Replen-

ishment Problem with tree ordering cost gives us the following result:

Theorem 6. The LP Rounding algorithm is a 3-approximation algorithm for the Joint

Replenishment Problem with tree ordering cost.

3.4 Cardinality Joint Replenishment Problem

In this section we consider the case where the ordering cost is given by a concave
function based on the cardinality of set of items being ordered. Formally, let g(k)
be a concave function which denote the cost of ordering % items in any given

period. Then the cost of ordering the items S in any given period is g(|5).

Recall the integer programming formulation (IP) given for the submodular
JRP in Section 2, we let the variable z*, indicate whether or not demand (4, t)
was served from period s. We let the variable y? indicate whether or not we

ordered the set of items .S in period s.
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n T t

T
minimize » > " f(S)yS + ) > D Hial, (IP)

s=1 SCN =1 t=1 s=1
t

subjecttonitzl i=1,...,nt=1,....T
s=1
< Yyl i=1,...,n,s=1,....Tt=s,....,T

S|ieSCN

zt, €{0,1} i=1,...,nt=1,...,T,s=1,...t
ys € {0,1} SCN,s=1,....T

As noted before, this formulation has an exponential number of variables.

In the following, we will give a polynomial-size formulation for the cardinality

JRP.

3.4.1 A Linear Program

In the following formulation, we let 2%, have the same interpretation as before,
and let 2! indicate whether an order with item i is placed in period s. Finally we

let ¢* indicate whether there was an order in S of at least size k in time s.
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T
minimize Z Z — gk — 1)) + Z H!a', (IP-

s=1 k=1 i=1 t=1 s=1
subecttoE r, 1=1,...,n,t=1,...
s=1
al, < 2 i=1,...,ns=1,.... T, t=s,...
k+1 k _ _
qs ' < qq k=1,....n—1,s=1,...
i i
k k .
E zg < qs 1=1,...,n,s=1,...
k=1 k=1

st7 s’qs € {O 1}

Lemma 14. (IP-C) is a proper integer programming formulation for the cardinality

JRP.

Proof. First, we show that there is a one-to-one correspondence between solu-
tions of (IP-C) and the cardinality JRP. Given a solution to (IP-C), we simply
order and serve demand according to the variables z’,. Conversely, given a solu-
tion to the cardinality JRP, we let 2%, be defined as it is served in the solution. For
every s = 1,...,T,if there are k items ordered in s, we let z! = 1 for those k items
and otherwise set z{ = 0. Alsowesetq! =...=¢*=1land "' =... =¢" = 0.
Next we check that all constraints are satisfied. First, since every demand is
served by some order, the first set of constraints are satistied. Next, a demand
cannot be served without an order being placed, so the second set of constraints
are satisfied. By construction of ¢* above, the third set of constraints is satis-
tied. Now we need to check only the forth set of constraints. Again, let k£ be
the number of items ordered at time s. Fix an item type i = 1,...,n. We know

that for each i, 2! = 1 if and only if i was ordered at s. If i > k, then the forth
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constraint holds since the RHS is k& and the LHS is at most k. If i < k, then the
RHS is exactly i and the LHS is at most ¢ since we are only checking if the first
i items were ordered at s. Finally, one can also see that the objective in (IP-C)
models the cost of a solution of the cardinality JRP correctly: The holding cost is
modeled by the second term of the objective of (IP-C). The constraint ¢**! < ¢*
combine with the concavity of ¢(.) (i.e., g(k) — g(k — 1) > g(k + 1) — g(k) ) im-
plies that the first term in the objective is a telescoping sum which models the

ordering cost of cardinality JRP correctly. O

We obtain the natural LP-relaxation of (IP-C) by relaxing the {0,1} con-

straints on the variables:

n

T
minimize Z Z —g(k—1))¢" + Z H'x', (P-C)

s=1 k=1 i=1 t=1 s=1
subjecttozt:xitzl i=1,...,nt=1,....T
s=1
(3.12)
xh, <zt i=1,....,.n,s=1,...., T t=s,...,T
(3.13)
¢t < g k=1,...n—1s=1_._T
(3.14)
Z zfg l qf 1=1,...,n,s=1,...,T
k=1 k=1
(3.15)
Ty 37qs>0

Now let’s take the dual of (P-C). Let i, I}, v* and w! be the dual variables
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corresponding to first, second, third and forth set of constraints in (P-C), respec-

tively. The dual of the (P-C) is:

N T
maximize E E b;

(D-C)
i=1 t=1
subject to b} < H!, + 1, i=1,. ,Nt=1.Ts=1,.,t
(3.16)
N
vf—vf_l—{—Zw;gg(k)—g(k—l), k:27 7N_178_17 >T
i=k
(3.17)
— o)+ wl < g(N)—g(N —1), s=1,..,T
(3.18)
N
vs+2w < g(1), s=1,..,T
i=1
(3.19)
T n
Sl = wk >, i=1,...N,s=1,...T
t=s k=i
(3.20)

I, vf wi >0

str Vs

Following the same strategy as was used in the previous section, we will use

(D-C) to bound the holding cost incurred by our algorithm.

Next, we will show that (P-C) is equivalent to (P) in the case of the cardinality

JRP.

Lemma 15. For the cardinality |RP, (P-C) is equivalent to (P), in particular Zp_c =

Zp.
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Proof. The proof follows the same outline as in Lemma 10. First we show how
to convert an optimal solution (z, 2, §) of (P-C) to a solution (z, y) of (P). We first
set x = . Next we set the values of y. Fix a time period s, and we first establish
an ordering s(i) of the items from the optimal solution of (P-C) so that z0 >
2@ > > 2™ Next define the sequence of sets S(i) := {s(1),...,s(i)},i =
L...n. Welet y5™ = 250 50 = 2500 _ 550+) gori =1, ... .n— 1, and yS =0
for all other set S. It is easy to check that this solution is feasible for (P) and the

objective value is the same by construction.

For the converse, we show that we can convert an optimal solution (z, )
to (P) to a solution (z, z,¢q) to (P-C) with the same cost. Let (Z,y) satisfy the
conditions of Lemma 9, which implies that for each ¢, there is an ordering of N
such that the only sets that can be positive are 7/, gt 00 where 0 € S C
Sy C...CS,=N.Wefirstsetz = . Wenow let 2! = max{z’,: t =s...T}and
aG=> 0 7. One can check that all of the constraints of (P-C) are satisfied. The

holding costs of the solutions are the same. The ordering cost of the the solution

(z,2,q)is:

Thus the two solutions have equal cost. Since (Z,7y) was optimal for (P),
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then the optimal cost of (P-C) at most that of (P), completing the proof of the

converse. O]

3.4.2 Algorithm

In this section we give a 5-approximation algorithm for the cardinality JRP. First,
let X,z and q denote an optimal solution to the linear programming relaxation
(P-C). Next we construct the corresponding solution (z,y) in (P) that gives the
same solution for the cardinality JRP, as in the proof of the previous lemma.
Specifically, we let + = # and set the values of y as follows. Fix a time period
s, we first establish an ordering s(7) of the items from the optimal solution of
(P-C) so that 550 > 552 5 5 550 Next define the sequence of sets S(i) :=
{s(1),...,s()}i =1,...n. Welet yo™ = 25 30 — 20 _ 250+ gor § =

1,...,n—1,and y° = 0 for all other set S.

We make the problem “continuous” by spreading 2! in (P-C), and therefore
y? in (P), uniformly across the interval [¢,¢ + 1), creating a density fi(r) for
all items ¢ = 1..n and time 7 € [1,7). We define the set of half-points P, for
item 4, as the set of all 7 such that | fi(s)ds = 0.5k for some k € Z*. Let
P = U, P, be the set of all half-points, ordered from 1 to | P| in increasing order.
Let p = | P|. The j'" point corresponds to an interval [a;, b;] and item type i; such
that f;’; f%(s)ds = 0.5. We will give each j a label /; in the algorithm. Also, we

assume that we can order anywhere in [1,7" + 1) and then round down.
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Algorithm 3: Labeling Algorithm for cardinality JRP
Solve (P-C)
Generate order points P
fork <~ 1to N do
for j «+ 1topdo
if j is unlabeled and 3 an order of size k — 1 and A an order of size k in
[CLJ‘7 bj] then
Order i; at the latest order of size k — 1 in [a;, b;]
setlabel I, = k

Round any order at time 7 to | 7|
Serve every demand point (¢, t) from the nearest order including item ¢

3.4.3 Analysis

We will use the labels of the orders made by the algorithm to bound its cost
versus the optimal value of (P-C). We begin by proving several properties of the

labeling algorithm.

Lemma 16. Every j € P receives a label.

Proof. Assume there exists j € P without a label. Let £ be the size of the largest
order in [a;,b;]. We know k # N or else i, is in the order and j was labeled.
We know that this order existed in the k + 1°* pass of the algorithm since we are
incrementally building up orders. This implies that j should have been added to
that order in that pass by construction, or another order of size k at a later time

in its interval. Either way, j would get labeled, which is a contradiction. O

As in the analysis of the algorithm for tree JRP, we define the active interval

for demand (i, t) be [s1, t], where s; is be the earliest time period where z%, > 0.

Lemma 17. Every demand (i, t) is served from its active interval [s;, t]
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Proof. Consider a demand (7, t) and its active interval [s;, t|. From feasibility of
x, we know that there must be at least 2 half-points in the interval [s;,¢ + 1).
Therefore, by Lemma 16, we must have had an order i somewhere between
these two half-points. Since the order is rounded down in time, we guarantee

that the order is in [sq, t]. O

Lemma 18. For any time 7 € [1,T] and k € N, there are at most 2 points in P whose

intervals contain T and are both labeled k.

Proof. First we show that we cannot have two points j, j' with labels k such that
laj, b;] C laj, by]. If b; < by, then when we are processing j’ in the k' pass, there
exists an order of size k in the interval for j'. Therefore, the algorithm would
skip it. If b, = b;, then there are two cases depending on what is processed
tirst. If j is processed first, then the same logic holds. If j is processed second,
then it must be the case that the order where i;; was added occurred in [a;/, a;)
or else there is an order size % in j’s interval and we don’t process it. However,
since 7; was added to an order of size k£ — 1 in its interval, then it must be that
j' could have been ordered at a later point in time which is what the algorithm

mandates.

Now assume for contradiction that there are three orders j, ;' and j” with la-
bel k, all of which contain some 7 in their interval. From the previous argument,
we can assume that a; < ay < a;y < 7 < b; < by < bjv. We can see that the
order where i; was added must occur in [a;, a; ), or else there would be a size
k order in the interval of j/, and thus it would get passed over in the k-labeling
stage. Now consider the following two cases of where the order of ;' occurred.
If it occurs in [a;, b;), this implies that j did not order at the latest possible order

of size k — 1. If the order of j' occurred within [b;, b;], this implies that j” is
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processed when there is an order of size k in its interval, and so the algorithm
would skip it in the k. Therefore, we cannot give a label of k to 5/, which is a

contradiction. ]

Now we are ready to prove our main result.

Theorem 7. The labeling algorithm is a 5-approximation algorithm for the cardinality
JRP.

Proof. We first bound the holding cost for each demand (i, t) by b;. This implies
the holding cost it at most 1 times the optimal cost, since the sum over all de-
mand points gives the dual objective. By Lemma 17, (i, t) is served by an order s
such that 2%, > 0. From complementary slackness, this implies that b} = H’, +1’,.

Since I, > 0, then the holding cost paid by (i, 1) is HZ, < bL.

Now we proceed to bound the ordering cost of our solution. For every point
J, we assigned it a label [; = k for some k. This means that item ; is the k"
item added to some (unrounded) order in the interval [a;, b;]. Thus, this interval
needs to pay g(k) — g(k — 1) in order to account for itself. We therefore want
to take at most the k' slice, g(k) — g(k — 1) of the ordering cost for the order
corresponding to point j. We can use lower slices due to the concavity of g. If
we are able to do this such that no slice gets counted for twice, then we ensure
that we can pay for at least half the ordering costs, since the weight of every
interval is 0.5 and for every interval an item is added to an order by Lemma 16.
We will use a charging scheme on variables y;, that has a positive density. More
specifically, given a set S where y° > 0, we give the cost y°¢(1) to the item i € S
with the smallest label at time 7, we give y°(g(2) — g(1)) to the item i € S with

the second smallest label at time 7, and so on. However, we show that each
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slice will be used at most twice by Lemma 18. Thus, we need twice the optimal
fractional ordering cost to pay for half of the marginal ordering cost incurred by
any j € P in our solution, and so we need at most 4 times the optimal fractional

ordering cost in total.

Combining the two bounds yields the result. O
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CHAPTER 4
CONCLUSION AND OPEN PROBLEMS

In this thesis, we develop LP-based approximation algorithms for problems in
scheduling and inventory management. In machine scheduling, we consider
a general class of single-machine scheduling problem of minimizing the total
cost summing over all jobs, and the only requirement on the cost function of
each job is that it is a non-negative and non-decreasing function of its comple-
tion time. Using the primal-dual method, we give a simple algorithm for this
problem that is guaranteed to return a solution that costs at most twice the op-
timal. To obtain this result, we add an exponential number of valid inequalities
to strengthen the natural LP-relaxation, then design a primal-dual method that
works on this exponential-sized LP. We then show how to modify our algorithm
for scheduling problems where the processing speed of machine can vary over
time. Finally, we show how this leads to a (2 + ¢)-approximation algorithm for

this problem, for any € > 0.

In inventory management, we consider two generalizations of the classical
Joint Replenishment Problem (JRP): the tree JRP and the cardinality JRP. Using
the LP-rounding technique, we give novel algorithms for the tree JRP and car-
dinality JRP that are guaranteed to generate a solution with cost within a factor

of three and five, respectively, of the optimal.
Here we mention several open problems related to the work in this thesis:
e Is there an approximation algorithm with better performance guarantee

for the general min-sum single machine scheduling problem (1| > f;)? In

particular, is a polynomial time approximation scheme (PTAS) possible?
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e Is there constant factor approximation algorithm for the single machine
min-sum scheduling problem with release dates, allowing preemption
(1|r;,pmtn| > f;), or is such a result impossible? The current best re-
sult is a O(loglognP)-approximation algorithm by Bansal and Pruhs [9],
where P is the sum of the processing time of all jobs. Here, the under-
lying geometric covering problem has an extra dimension. In particular,
1|r;, pmin| )" f; is modeled as a two-dimensional problem where we are
covering the demand of various time interval (modeled as rectangles on
the z-y plane with demand) using jobs completing at different times (mod-
eled as rectangles with capacities). On the other hand, 1|| ) f; is a one-
dimensional problem where we are covering the demand of various times
(modeled as points on an axis) using jobs completing at different times
(modeled as interval on the axis with capacities). There does not seem be
a straight forward generalization of the primal-dual algorithm for 1|| > f;

in Chapter 2 to 1|r;, pmtn| ) f;.

e Can the result for the single-machine setting be generalized to the multiple

machine setting, such as identical parallel machines (P|pmitn| ) f;)?

e Can the implementation of the primal-dual algorithm be improved? In
particular, can we use advanced data structures to speed up the selection
of dual variable in each iteration of the growing phase? For specific ob-
jective functions, such as weighted tardiness, can we use some structural

properties of the objective function to speed up the primal-dual algorithm?

e Can the performance guarantee for the tree JRP and cardinality JRP be
improved? In particular, the analysis of ordering cost for cardinality JRP
might not be tight: we proved the ordering cost is at most four times the

optimal cost, whereas the holding cost is at most the optimal cost.
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e Does there exist a constant-factor approximation algorithm for submod-
ular JRP, or is such result impossible? In the LP-rounding algorithms we
give for tree JRP and cardinality JRP, we were able to determine the orders
for each item type independently and charge the ordering cost using the
LP optimal solution. There does not seem to be a straight forward gen-
eralization of these ideas when the ordering cost is given by an arbitrary

submodular function.
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