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PREFACE

The idea of our approach to scheduling problem with uncertain numerical data arose in
Minsk (Belarus) at the Institute of Engineering Cybernetics of the National Academy of
Sciences of Belarus when the first author investigated stability of an optimal schedule.
This approach was developed further in Magdeburg (Germany) at the Institute of Mathe-
matical Optimization of the Magdeburg University of Otto fon Guericke where the second
author wrote her PhD thesis ”Optimal scheduling with uncertainty in the numerical data
on the basis of stability analysis”.

Of course, the ideas and even scientific results based on the common ideas are only
necessary but not sufficient for writing a book. What one needs else in order to write
a book is time. And such a time (and not only) was ensured by the National Scientific
Council of Taiwan (Project NSC ). Due to this project, the book was completed in 2005
in Taipei (Taiwan) when and where the first author worked as a visiting Professor at the
Department of Industrial and Business Management of the National Taiwan University.
It was the second stay of the first author at the National Taiwan University as a visiting
Professor. The first one was in 1997 also under support of the National Scientific Council
of Taiwan (Project NSC ). Both NSC projects were headed by the third author obtaining
a lot of theoretical results on the topic of the book together with the first and second
authors in the time period from 1997 till 2005.

What is this book about? It is about sequencing and scheduling (as it follows from
the book title). In contrast to many other books and surveys devoted to sequencing
and scheduling (see [Bak74, BESW93, Bru95s, GLLRK79, CMM67, LLRKS93, LLP97,
Pin95a, SH99, T'SS94] among others), we focus on stability and uncertainty of an optimal
schedule and scheduling.

One can say that schedules arise everywhere if only people want to organize their
activities currently or in the future time. In this book, schedule is considered as a mathe-
matical (abstract) object and so it does not matter where the schedule is used. Scheduling
is considered as optimal sequencing of the given activities over time.

We can also say that this book is about time in the following senses. First, a schedule
defines a time interval when each activity has to be realized. Second, input data for
a scheduling problem may include processing times, release time, due dates, and other
time parameters which a decision maker has to take into account while constructing a
schedule. Third, scheduling algorithm needs time to be realized, and realization time
is one of the most important attribute of a scheduling algorithm. Now it is clear, that
to construct efficient (polynomial-time) algorithms is unlikely for the most scheduling
problems since they are NP-hard with only a few exceptions. Forth, decision-making in
production scheduling has to be realized within a time.



In order to outline the approach considered in this book, we discuss a connection
between time necessary for solving scheduling problem, and time used for the practical
realization of a schedule. What is the role of time in a practical scheduling process? Real
time is not a resource which we can manage. Moreover, we are forced to consider time as
independent of us and that having only one direction for changing. So, we can use all the
available information about the activities, which are already realized, along with results
obtained for the scheduling process, but we cannot look into the future of the realization
of the process under consideration.

In this book, we propose to take into account that unit of time may have different
"price” while solving a scheduling problem. More exactly, we propose to distinguish
several time intervals in a scheduling process. At the preliminary stage, there more time
for decision-making (and so the "price” of time unit may be low), but often there is no
enough information to get right (optimal) solution. In other words, at the preliminary
stage, it is necessary to find a solution of the scheduling problem provided that input
data are uncertain. Later, at the on-line stage, there are often available essentially more
information for a decision-maker (situation under consideration becomes more certain),
but there is often no enough time for using this information in order to construct an
optimal schedule. The main idea of the approach, that we propose in this book, is to be
better prepared for the on-line stage of scheduling (when the ”price” of time unit will be
high) due to using partial solution obtained at the preliminary stage of scheduling (when
the ”price” of time unit was low).

This book describes a method how to deal with uncertainty arising in practical schedul-
ing. In contrast to stochastic model ([Pin95al) and fuzzy model ([SH99]), we assume that
in spite of the uncertain input data, the desired schedule has to fix the unique place in
the desired sequence for each activity.

The scheme of the method proposed in this book is as follows. It is proposed to
decompose original scheduling problem into two (or more) sequential scheduling problems.
At the preliminary stage, a set of potentially optimal schedules has to be constructed
under conditions of the uncertain numerical input data. More exactly, only lower and
upper bounds for the activity durations are assumed to be known at the preliminary
stage.

In contrast to stochastic model, the probability distribution of the random activity
duration is unknown. For solving scheduling problem with uncertain numerical data we
propose to use a stability analysis of an optimal schedule to variations of numerical input
data. Since the "price” of time is not high at the preliminary stage, one can use even
time-consuming algorithms for solving scheduling problem with uncertain numerical input
data. At the subsequent stages (such as on-line stage or stage of schedule realization), it
is necessary to choose a schedule which has to be realized in an optimal way, i.e., such a
schedule which is optimal for the actual processing times of the given activities. Note that
to solve scheduling problem at the on-line stage, one need only efficient (polynomial-time)
algorithms.

It should be noted that the method and model described in this book aims to com-
plement but not replace other methods and models to deal with uncertainty arising in
sequencing and scheduling. E.g., a stochastic model is very useful when one has enough
information to characterize the probability distributions of random activity durations and
there is rather large number of realizations of similar processes, but it may have a limited



significance for a small number of realizations of the process.

We have also to emphasize that in this book random activity duration is due to external
forces in contrast to scheduling problems with controllable durations (see [CJK98, DK95,
IMNS87, IN86, Str95]), when the objective is to determine optimally the durations (which
are under control of a decision maker) and the schedule at the same time.

Another related yet different model is used for the hoist scheduling (see articles
[CCP98, LW91] among others). Hoist scheduling problems arise in chemical, electro-
plating and medical industries, where the objective is to minimize the cycle time of a
repetitive process. Due to the nature of the chemical process, the activity durations have
to be strictly controlled by a decision maker within given lower and upper bounds.

The focus of this book has to be mostly theory oriented. The book is written in the
theorem-proof format. Claims are formulated as theorems, lemmas and corollaries. Some
claims are printed in italics but have no titles. Each claim is given with complete proof
with only a few exceptions for some well-known results which proofs can be found in the
most books on scheduling.

The main chapter of this book is Chapter 3 which contains the description od the
method for solving scheduling problem with uncertain numerical data. Chapters 1 and 2
are auxiliary. Chapter 1 deals with stability radius of an optimal schedule which means
the largest independent variations of the activity durations such that this schedule re-
mains optimal. Within the book, we widely use mixed graphs for modeling scheduling
environment. Chapter 2 contains results on stability analysis of the optimal and approx-
imate solution of the Boolean programming problem. The results on stability radius are
used in Chapter 3 for solving scheduling problem with uncertain numerical input data.
Chapter 3 present some complexity results for problems considered in Chapters 1, 2 and
3, and includes computational results for those problems from Chapters 1 and 3 that are
NP-hard.

Four chapters are written mainly as independent one of another. To this end, a
short abstract and the main notations are given at the beginning of each chapter, and
a summary, remarks and bibliographic notes are given at the end of each chapter. The
independence of the chapters implies some repetitions in definitions, notations and ar-
gumentation. In each chapter, we use the notations which are suitable for the problem
under consideration. We try to save the most notations (for criterion, stability radius
and variable data) to be similar for the whole book. We hope that this will not imply
any ambiguity for reader, since cross-references between different chapters of the book are
used mainly on the level of final results (theorems, lemmas and corollaries) presented in
a chapter.

We would not have been able to write this book in the present form and in the present
time without many people helped us. During the last more than ten years that we worked
on the results presented in this book, we have received support of many people from the
United Institute of Informatics Problems of the National Academy of Sciences of Belarus
(Minsk), the Magdeburg University of Otto fon Guericke (Magdeburg), and the National
Taiwan University (Taipei).

The second author wrote her PhD thesis under the supervision of Prof. Dr. Frank
Werner, and it is a great pleasure for us to express our gratitude to him for his very
fruitful participating in the scientific research which results are presented in this book.
We acknowledge Georgii Andreev from the United Institute of Informatics Problems for



his qualified help in programming and testing our algorithms. We would like to thank
Natalja M. Leshchenko from the same institute for her new results on flow shop problem
with uncertain numerical data included in Chapter 3 of this book before defending her
PhD thesis.

Special thanks go to Nina Sotskova and Ivan Mihov for their enthusiasm, faith and
love which were of great help for us during the period of writing this book. We have
benefitted in many ways from their advices.

We would like to gratefully acknowledge the collaborators of the Department of Indus-
trial and Business Management of the National Taiwan University for their good attitude
and for creating the optimal atmosphere for our research and writing this book.

As it was already mentioned, the first and third authors obtained financial support
from the National Scientific Council of Taiwan. Along with this support, the first author
was partially supported by INTAS (project 03-51-5501) and by ISTC (project B-986).

Minsk, Magdeburg, Taipei
November 2005

Yuri Sotskov
Nadezhda Sotskova
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Introduction

Sequencing and scheduling problems arise in the most decision-making processes in man-
ufacturing, transport, logistics, computer technology, service industries, education, sport,
TV, broadcasting, information-processing, etc. Scheduling concerns the allocation of the
given tasks (jobs) to the given resources (machines) over time. In real life, the ma-
chines and jobs may take different forms, e.g., machines in a workshop and operations
in a production process, runways at an airport and take-offs and landings, crews at the
constructions site and stages in the construction project, processing units in a computing
environment and executions of computer programs, teachers at the university and stu-
dent groups, etc. Jobs may differ one from another by priorities, release times, due dates,
processing times and type of machine which can process it. Practical scheduling is a
decision-making process that has a goal to reach specified objective via better sequencing
jobs, decreasing machine idle times, completing jobs just-in-time, reducing machine setup
times, and so on.

Mathematical problems arising in sequencing and scheduling are studied in the frame-
work of scheduling theory. Modern scheduling theory contains two main parts, based on
deterministic or stochastic models. Deterministic models are introduced for scheduling en-
vironments (see [Al197, BDP96, LLRKS93, TSS94] among many other papers and books)
in which the processing time (duration) of each job processed by a machine is supposed
to be given in advance (i.e., before applying a scheduling procedure) and assumed to be a
constant during realization of a schedule. Often in real life however, exact numerical data
are not known in advance, and difficulties arise when some job processing times (which
were assumed in advance) will vary due to a change in a dynamic environment. FEven
if all the job processing times are fixed in advance, one is forced to take into account
errors within the practical realization of a schedule, the precision of the equipment for
calculating the processing times, round-off errors in the calculation of a schedule on the
computer, machine breakdowns, additionally arriving jobs with high priority and so on.
The inadequacy of a deterministic scheduling problem in modeling real-world situations
was emphasized in several publications, e.g., in [ML93, PL94, Pin95a].

More general scheduling settings have been considered using a stochastic model (see
[CCLe95, pp. 33-59], [Pin95a]), where job processing time is assumed to be a random
variable with a known probability distribution. However in practice, difficulties may still
arise in some scenarios. First, one may not have enough prior information to characterize
the probability distribution of a random processing time. Second, even if the probability
distributions of all the random processing times are known a priori, these distributions
are really useful for a large number of realizations of similar scheduling environments but
can be of little practical sense for a unique realization or for a small number of similar



2 INTRODUCTION

realizations.

In this book, a model of one of the more realistic scheduling scenarios is considered:
It is assumed that in a realization of a schedule the job processing time may take any real
value between the lower and upper bounds, which are given before applying a scheduling
procedure. Obviously, a deterministic model is a special case of the model under consid-
eration (namely, if lower and upper bounds are given equal for a processing time). The
model considered can also be interpreted as a stochastic one under ‘strict uncertainty’,
when there is no sufficient a priori information about the probability distribution of a
random processing time (or more precisely, it is only known that the random processing
time will fall between the given lower and upper bounds with probability one). In spite of
obvious practical importance, the model under such a strict uncertainty attracts a very
limited attention in the OR literature so far. Almost all the known results for scheduling
problem with uncertain numerical data are presented in this book.

Next, we introduce this model more formally. We consider a multi-stage processing
system (for brevity, a shop), which consists of a set of machines M = {M;, Ms, ..., M,,}
that have to process a set of the given jobs J = {Ji,Js,...,J,}. For a shop under
consideration, there are assumed five conditions which follow.

Condition 1: At any time, each machine My € M either processes one job from set
J or is idle.

Condition 2: At any time, each job J; € J either is processed by one machine from
set M, waits for processing or is completed.

Condition 3: Machine order (M;,, My, ..., M;, ) for processing each job J; € J,
called (technological) route of job J;, is fized before scheduling.

The processing of a job J; € J by a machine M;, € M at the stage k € {1,2,...,n;} of
the technological route is called an operation denoted as O;;,. Let Q7 denote the set of all
operations for processing all the jobs from set J: Q7 = {Qu : J; € JJk=1,2,...,n;}.
Condition 3 means that processing of a job from set J includes processing of the given set
of operations in the fixed order, provided that distribution of operations @7 to machines
from set M is fixed via technological routes of jobs J.

If the technological routes are given the same for all the jobs from set J, e.g.,
(My, My, ..., M,,), then we have a flow shop, otherwise (if the technological routes may
be given differently for different jobs), we have a job shop. In the former case, each job
has to be processed once by each machine, while in the latter case, both repetitions and
absence of a machine in the technological route of a job are allowed. In both cases each op-
eration is assigned to a certain machine, and the technological route (M;,, Mi,, ..., M, )
of job J; € J defines linearly ordered operations (a sequence) (O;1, Oz, . . ., Osp,) such that
operation O;; has to be processed by machine M;, € M. For a flow shop, the equality
n; = m holds for each job J; € J, while in the general case of a job shop, the value n;
may be smaller or larger than m or equal to m for a job J; from set J. Since a flow shop
is special case of a job shop, all the results obtained for a job shop hold for a flow shop
as well.

The following condition is also holds for the shop under consideration.



Condition 4: Preemptions of an operation are forbidden.

Condition 4 means that in any (feasible) schedule, operation O;; € Q7 being started
at time s;; has to be processed up to its completion time ¢;; = s;; + p;;, where p;; denotes
the processing time (duration) of operation O;;.

Let Q{ denote the set of all operations from set Q7, Qf C @7, which have to be
processed by machine M, € M. In a deterministic model, the processing times p;; are
known in advance for all operations O;;, J; € J, j = 1,2,...,n,. Therefore, a schedule
may be defined as a set of starting times s;; (or completion times ¢;;) of all operations
Q7 provided that Conditions 1 - 4 hold. Such a set of starting (or completion) times of
operations Q7 defines a unique sequence for processing operations Q,{ by each machine
My, k=1,2,...,m. Thus, a schedule uniquely defines m sequences (unique sequence of
operations Q{ for each machine My € M).

The objective of a scheduling problem is to find such a schedule (i.e., to find such m
sequences of operations Qj on machines My, k = 1,2,...,m) for which the value of the
given objective function ®(Cy,Cs,...,C,) is minimal. Hereafter, the equality C; = ¢,
holds, and so C} is equal to the completion time of job J; € J.

If function ®(C4, Cy, ..., C,) is a non-decreasing one, such a criterion is called regular
[LLRKS93]. In scheduling theory, the most popular regular criteria are minimization of
maximum flow time (makespan)

O(Cy, Cy,...,C) =max{C; : J; € J} = Cruaes

and minimization of mean flow time
(I)(Cl,CQ, e 7Cn) — ZCZ — ZCZ
i=1

Scheduling problems are usually classified by a triplet o/3/7 (see [LLRKS93]). The
« field describes the machine environment and usually contains a single entry (type of
processing system) or double entries (type of system and number of machines). The
field provides details of the processing characteristics and may contain no entries, a single
entry, or multiple entries (number of jobs, restriction on the processing times, etc.). The
~ field contains the objective function to be minimized and it usually contains a single
entry. Using such a three-field notation, the deterministic job shop problems considered
in Chapter 1 are denoted by J//Cpnaz and J// 3 C; for the job shop and by F//Cna, and
F// > C; for the flow shop. Hereafter, symbols J and F are used to indicate job shop
and flow shop, respectively.

Job shop problem is NP-hard for all criteria considered in scheduling theory [LLRKS93]
even for small number of machines and jobs. For example, the following problems are
unary NP-hard: F3//Cpaa, F3// > Ci, T3/pij = 1/Cpuax and JT2/pi; € {1,2}/Cpras (se€€
[GJS76, LRKB77, LRK79]). Problems F/n = 3/Cpnasz, F/n = 3/>Ci, T3/n = 2/Crax
and J3/n = 2/ C; are binary NP-hard (see [BKS99, Sot91a, SS95]). To solve practically
a job shop problem even with moderate numbers of machines and jobs one needs to
develop very complicated algorithms. In 1963, job shop problem J10/n = 10/C,,4, with
10 machines and 10 jobs was published in [FT63] (see input data presented in Table 1). In
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spite of the large efforts to solve this test problem optimally, it remains unsolved almost 25
years. The first brunch and bound algorithm capable to solve this problem was published
only in 1989 (see [CP89]). The optimal schedule with C,,., = 930 for this famous problem
is given in Table 2.

Table 1: Job routes and operation durations for test problem J10/n = 10/Cpaz

Route of JOb Jl Ml M2 M3 M4 M5 M6 M7 Mg Mg MlO
Operation durations 29 | 78 9 36 | 49 11 62 56 44 21
Route of JOb JQ Ml M3 M5 MIO M4 ]\/[2 M7 M@ Mg Mg
Operation durations 43| 90 | 75 11 | 69 28 46 46 72 30
Route of JOb Jg M2 M1 M4 M3 Mg MG Mg M7 M10 M5
Operation durations 91 | 8 | 39 74| 90 10 12 89 45 33
Route of JOb J4 M2 M3 M1 M5 M7 Mg Mg M4 ]\/[10 MG
Operation durations 81 | 95| 71 99 9 52 85 98 22 43
Route of _]Ob J5 Mg M1 MQ M(; M4 M5 Mg Mg Ml() M7
Operation durations 14 6| 22 61 | 26 69 21 49 72 53
Route of _]Ob J@ M3 M2 M6 M4 Mg M10 M1 M7 M5 Mg
Operation durations 84 2| 52 95 | 48 72 47 65 6 25
Route of JOb J7 M2 M1 M4 M3 M7 M@ M10 Mg Mg M5
Operation durations 46 | 37 | 61 13| 32 21 32 89 30 55
Route of JOb Jg ]\/[3 M1 M2 M6 M5 M7 Mg M10 Mg M4
Operation durations 31| 86| 46 74| 32 88 19 48 36 79
Route of JOb Jg M1 MQ M4 M6 M3 M10 M7 Mg M5 Mg
Operation durations 76 | 69 | 76 o1 85 11 40 89 26 74
Route of JOb Jl() M2 M1 M3 M7 Mg M10 M6 M4 M5 Mg
Operation durations 85 13| 61 7] 64 76 47 52 90 45

In turn, the job shop problem [J//® is a special case of a general shop problem G//®,
in which arbitrary precedence constraints may be given on the set of operations. Hereafter,
G indicates general shop, and ® denotes any regular criterion: & = ®(C4,Cy,...,C,). So,
a general shop is defined via partially ordered set of the given operations. For a general
shop, notion of a job may lose its sense, e.g., for C,,,, criterion, and one can use more
simple notation of operations as follows.

Let @ ={1,2,...,q} denote the set of all operations which have to be processed in a
general shop, and () denote the set of all operations from set (), Q. C ), which have to
be processed by machine My € M. If i € Qi, then the non-negative real value p; denotes
the processing time of operation ¢ by machine My € M.

Since a job shop is a special case of a general shop, we can use the above general shop
notations for job shop and flow shop as follows. Let Q¢ denote all the operations belonging
to job J; € J. Using general shop notations, we assume that job J; has the operations
{1,2,...,n1} = Q7 job J, has the operations {n; + 1,m; +2,...,n1 +ns} = Q”2, and
so on, job J, has the operations

n—1 n—1 n
D oni+1,> n+2,...,) nj=q=Q".
Jj=1 j=1 =



Table 2: Optimal schedule for test problem J10/n = 10/Cpqx

Job sequence on machine M; Jo Jo J1 Jr Ju Js | Jig | Js Je J3
Operation completion time 76 | 119 | 148 | 185 | 256 | 262 | 275 | 361 | 408 | 493
Job sequence on machine Mo, Jy Jg Jr | Jwo | Jy Js J3 Js Ji Jo
Operation completion time 81 86 | 132 | 217 | 286 | 308 | 399 | 445 | 523 | 665
Job sequence on machine Msy Js Jy J5 Js Jo Jr | Jio | Jo Ji J3
Operation completion time 84 | 179 | 193 | 224 | 314 | 327 | 388 | 506 | 532 | 606
Job sequence on machine My Js Jr7 Jo J5 J3 J1 Jo Jy | Jio | Js
Operation completion time 233 | 294 | 370 | 396 | 532 | 568 | 637 | 735 | 787 | 892
Job sequence on machine Mg Jy Ja Js Js Jg J1 Jo Jr | Jio | I3
Operation completion time 355 | 430 | 499 | 505 | 551 | 617 | 694 | 753 | 877 | 920
Job sequence on machine Mg Js Js Jo Jr Jg Jh Jio | J3 Jo Jy
Operation completion time 138 | 369 | 421 | 442 | 519 | 628 | 675 | 709 | 799 | 842
Job sequence on machine M~ Jr Jy | Jio | Js Jo Jg J1 Jo Js3 Js
Operation completion time 359 | 368 | 395 | 473 | 557 | 645 | 707 | 753 | 842 | 895
Job sequence on machine Mg Jy Jg Js Jo Jr J3 J1 Js Jo | J1o
Operation completion time 505 | 530 | 579 | 668 | 698 | 721 | 777 | 813 | 885 | 930
Job sequence on machine Mg J6 J4 J5 JlO J7 J3 JS Jg Jl JQ
Operation completion time 281 | 420 | 441 | 520 | 609 | 699 | 718 | 792 | 836 | 915
Job sequence on machine M10 J6 J2 J7 Jg J10 J5 Js J4 J3 J1
Operation completion time 353 | 441 | 474 | 517 | 593 | 669 | 766 | 788 | 887 | 908

After such an enumeration of operations
QJ = {Oz‘j, Jz € J, j: 1,2,...,7@}

we obtain one-to-one correspondence between operations of sets Q7 and Q (operations
of sets Qf and Q). E.g., linearly ordered set of operations of job J; is denoted as
(011,019, ...,01,,) using job shop notations, and that is denoted as (1,2,...,n;) using
general shop notations. Where it is possible, we use general shop notations (since it is more
simple), otherwise, we use job shop notations. Such a principe of ‘rational sufficiency’
is used within the whole book. Some adjectives which may be omitted are given in
parenthesis, e.g., (undirected) edge and (directed) arc.

Assumption, which is usually used in scheduling theory, that durations of all the
operations are given in advance (before scheduling) and cannot change during realization
of a schedule often restricts usefulness of scheduling theory for practise. In Chapter 1, we
present known results on the calculation of the stability radius of an optimal schedule for
general and job shops. The stability radius denotes the largest quantity of independent
variations of the operation durations such that the given schedule remains optimal. The
main attention is paid to the results on a stability analysis which are used further in
Chapter 3 and Chapter 5. Some other approaches to stability analysis and related results
are briefly discussed in the last section of Chapter 1.

Chapter 3 deals with a mathematical model for scheduling scenarios in which the
processing time of each operation i € (@) is uncertain before applying a scheduling
procedure and may take any value between a given lower bound a; > 0 and an upper
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bound b; > a;. More precisely, in Chapter 3 we consider the general shop problem when
the structural input data are fixed, while only a lower bound a; > 0 and an upper bound
b; > a; for the processing time of operation ¢ € @), are given as numerical input data
before applying a scheduling procedure, i.e., the following condition holds.

Condition 5: The actual processing time p; of operation i € Q) may take any real
value between given lower and upper bounds, i.e.

a; <p; <b, 1€Q. (1)

It should be noted that while Conditions 1, 2, 3 and 4 are commonly used in the
modern scheduling theory, Condition 5 is rather new for the OR literature. The main aim
of this book is to introduce Condition 5 into some settings of scheduling problems.

A general shop problem which satisfies Conditions 1 - 5 is denoted by G/a; <p; < b;/P.
On the one hand, problem G/a; <p; <b;/® can be considered as a stochastic general shop
problem under ‘strict uncertainty’, when there is no prior information about probability
distributions of the random processing times. On the other hand, if a; = b; for each
operation i € ), problem G/a; <p; <b;/® turns out to be a deterministic general shop
problem G//®.

Problem G/a; < p; <b;/® seems to be rather realistic, at least, it is not restrictive:
Even if there is no prior information on the possible perturbations of the processing times
pi, one can consider 0 as lower bound of p; and a sufficiently large number (e.g., the
planning horizon) as upper bound for p;. It should be noted that for a flow shop problem
fixing the structural input data means only to fix the number n of jobs and the number
m of machines. Consequently, any two flow shop problems with the same number n of
jobs and the same number m of machines, i.e., problems Fm/n=Fk/® may differ one from
another only in their processing times.

Since problem G//® is a special case of problem G/a; <p; <b;/®, then NP-hardness of
problem G//® implies NP-hardness of problem G/a; <p; <b;/®. Some non-trivial results
concerning complexity of problem G/a; <p; <b;/® are presented in Chapter 5. The last
chapter includes computational results of the calculation of the stability radii of optimal
schedules for randomly generated job shop problems, when the objective is to minimize
mean or maximum flow times. We test algorithms coded in Fortran-77 for a stability
analysis, in which an optimal schedule has already been constructed and the question is
to determine such maximal variations of the operation processing times, which do not
destroy schedule optimality. We present also computational results for solving randomly
generated problems J /a; <p; <b;/Cpnar and J Ja; <p; <b;/ > C;.

For the convenience of a reader, common notations are summarized in Table 5.11 at the
end of Chapter 5 (page 286). Along with common notations, we summarize general shop
notations in Table 1.3 at the end of Chapter 1 (page 65). Notations for simple assembly
line balancing problem are also given in Table 1.3. Job shop notations are given in
Table 4.34 at the end of Chapter 3 (page 256). Notations used for Boolean programming
are summarized in Table 2.1 at the end of Chapter 2 (page 105). In Conclusions, we
summarize the known results and outline some topics for future research.



Chapter 1

Stability Radius of an Optimal
Schedule

The usual assumption that the processing times of all the operations are exactly known
before scheduling restricts practical aspects of the modern scheduling theory since it is
often not valid for real-world processes. The main part of this chapter (i.e., Sections 1.1
- 1.4) is devoted to the results obtained for the stability analysis of an optimal sched-
ule which may help to extend the significance of scheduling theory for some production
scheduling problems.

The terms ‘stability analysis’, ‘sensitivity analysis’ or ‘postoptimal analysis’ are used
for the phase of an algorithm at which a solution of an optimization problem has already
been found, and additional calculations are performed in order to investigate how this
solution depends on the numerical input data. In this chapter, we prove some results on
job shop and general shop scheduling problems for the calculation of the stability radius
of an optimal schedule, when the objective is to minimize mean or maximum flow time.
Stability radius of an optimal schedule denotes the largest quantity of independent vari-
ations of the processing times of the operations such that this schedule remains optimal.
The extreme values of the stability radius are considered in detail.

The results presented in this chapter on the stability analysis may be considered as an
investigation of scheduling problems with uncertain numerical data, when the aim is to
study the influence of round-off errors or changes of the processing times on the property
of a schedule to be optimal. The main reason for performing a stability analysis is that
in most practical cases the processing times of the operations are inexact or uncertain
before applying a scheduling procedure. In such cases a stability analysis is necessary to
investigate the credibility of an optimal schedule at hand.

On the one hand, if possible errors of the processing times are larger than the stability
radius of an optimal schedule, this schedule may not be the best in a practical realization
and there is not much sense in large efforts to construct an optimal schedule: It may be
more advisable to restrict the scheduling procedure to the construction of an approximate
or heuristic solution. On the other hand, this is not the case when each possible change
of the processing time is less than or equal to the stability radius of an optimal schedule:
An a priori constructed optimal schedule will remain optimal (the best) in the practical
realization as well.
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Another reason for calculating the stability radius is connected with the need to solve
a set of similar scheduling problems. In reality the main characteristics of a shop (such
as the number of machines, the technological routes, the range of variations of the pro-
cessing times and so on) do not change quickly, and it may be possible to use previous
computations of an optimal schedule for solving a new similar scheduling problem.

Since the majority of scheduling problems is NP-hard, enumeration schemes such as
branch-and-bound are often used for finding an optimal schedule. To this end, it is
necessary to construct a solution tree, which is often huge. Unfortunately, most of the
information contained in the solution tree, is lost after having solved the problem. In such
a situation the stability radius of the optimal schedule constructed gives the possibility
to use a part of this information for solving further similar scheduling problems.

It is well-known that different scheduling problems may be represented as extremal
problems on mixed (disjunctive) graphs. The only requirement for such a representation
is the prohibition of operation preemptions (see Condition 4 at page 3 in Introduction).
In Section 1.1, we describe the mixed (disjunctive) graphs to represent the input data of
the general shop problem G//®. A small example of a job shop problem illustrates the
disjunctive graph approach.

In Section 1.2, we describe some results concerning the calculation of the stability
radius of an optimal schedule for problem G//® via the reduction to a non-linear math-
ematical programming problem. The calculation of the stability radius along with char-
acterizations of its extreme values for problems G//C,.. and G// > C; are considered in
Sections 1.3 and 1.4, respectively. In Section 1.5 we derived bounds and exact value of
the stability radii of an optimal line balance for simple assembly line balancing problem.
In Section 1.6, we survey related approaches to the stability analysis in combinatorial
optimization.

1.1 Mixed Graphs for Modeling General Shop

We consider a general shop in which the given partially ordered set of operations ) =
{1,2,...,q} has to be processed by the set of machines M = {M;, My, ..., M,}. It is
assumed that each operation j € () is assigned to one machine from set M, and at any
time each machine can process at most one operation (see Condition 1 at page 2). Let p;
denote the processing time (duration) of operation j € @, and ¢; denote the completion
time of operation j. Operation preemptions are not allowed (Condition 4 at page 3): If an
operation j starts at time s;, its processing is not interrupted until operation j is completed
(up to time ¢; = s; + pj). The problem of finding an optimal schedule minimizing the
given objective function ® of job completion times is denoted as G//®. In this book,
only regular criteria are considered, i.e., it is assumed that function ®(Cy,Cy, ..., C,,) is
non-decreasing where C; is the completion time of job J;.

Set of operations () is partially ordered by precedence constraints —. Given two
operations ¢ € () and j € (), notation ¢ — j means that operation ¢ is a predecessor of
operation j. In other words, if i — j, then inequality

C; +p] S C]' (11)

must hold for any (feasible) schedule.
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Let Q) be a set of operations processed by machine My € M, and {Qx : k
1,2,...,m} be a partition of set @, i.e.

Q=

s

Qr, Qu#0, and Qi Qi =0, if k#1, k=1,2,...,m, 1=12,...,m.

k=1

We can say that the above partition defines capacity constraints. Since at any time
each machine My € M can process at most one operation (Condition 1) and operation
preemptions are not allowed (Condition 4), the two inclusions i € Qy and j € @y imply
one of the following inequalities:

ci+pi<c; or c+p <c. (1.2)

For the case of a job shop problem [J//®, along with the above partition, set of
operations () is also partitioned into n chains (linearly ordered sets)

R=UQ" Q7 #0, and Q"NQ" =0, if i#j,i=12...,n,j=12,...,n
=1

(1.3)
where each chain includes set Q7 of operations for processing job J;, 1 < i < n. This
chain represents the technological route of job .J;. For a job shop all sets Q¢ are a priori
known.

For problem G//®, the processing time p; of each operation i € @) is fixed before
scheduling, and therefore a schedule of operations ) on machines M may be defined by
the completion times ¢; or by the starting times s; = ¢; — p; of all the operations i € Q.

If the operation processing times are not fixed before scheduling (see Condition 5 at
page 6), it is not possible to define s; and ¢; for all operations i € (). Therefore, in the
general case of problem G/a; <p; <b;/®, the goal is to determine a processing sequence of
the set of operations @y on each machine My € M = {M;, Ms, ..., M,,}. Such a set of m
sequences satisfying both the given precedence constraints (1.1) and capacity constraints
(1.2) may be considered as a schedule for problem G/a; < p; < b;/®. The general shop
problem is to find such a schedule, which minimizes the value of the given non-decreasing
objective function ®(Cy, s, ..., C,).

A mixed (or disjunctive) graph is often introduced to model a deterministic scheduling
problem. We follow this approach and represent the structural input data for a general
shop problem by means of a mixed graph G = (Q, A, E), where

e set () of operations is the set of vertices;

e precedence constraints (1.1) are represented by the set of non-transitive (directed,
conjunctive) arcs A: If operation ¢ has to be processed before operation j starts,
i. e., 1 — k holds and there is no other operation k£ that «+ — k& and k& — j, then arc
(4,7) has to belong to set A:

A={(i,j) 1 i—j,i€Q,j€EQ,

there is no operation k € ) such that both i — k and & — j hold};
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e capacity constraints (1.2) are represented by the set E of (undirected) edges [z, j]
connecting unordered operations ¢ and j, which have to be processed by the same
machine:

For a deterministic problem G//®, the processing times p; of all operations ¢ € @
are known before scheduling, and we can associate a non-negative weight p; with each
vertex ¢ € @ in the mixed graph G = (Q, A, E) constructed for problem G//®. As a
result we obtain the weighted mixed graph G(p) = (Q(p), A, E'), which represents both
the structural and numerical input data for general shop scheduling problem G//®.

For solving problem G//® using mixed graph G, it is necessary to replace edge [i, j] €
E by an arc incident to the same vertices ¢ and j. Indeed due to Condition 1, if edge
[i, 7] belongs to set F, then for pair of operations i and j there exist two possibilities:
To complete operation ¢ € )y before operation j € () starts on their common machine
M), € M and to provide the first inequality from (1.2) (in this case edge [i, j] has to be
replaced by arc (i, 7)), or to complete operation j before operation i starts and to provide
the second inequality from (1.2) (in this case edge [i, j] has to be replaced by arc (j,1)).

In scheduling theory, for the same purposes as a mixed graph G = (@, A, E), so-called
disjunctive graph is often used. We denote

[i,7]€E

The term ‘disjunctive graph’ is associated with the choice of one of the above two possi-
bilities for each pair of arcs {(4, ), (4,7)} € E* called disjunctive arcs. It means that for
solving problem G//® using disjunctive graph (Q, A, E*) one of these arcs must be added
to a subset E, C E* of chosen arcs and the other one must be rejected from disjunctive
graph (Q, A, E*):

(*) Arc (4,7) belongs to set Ej if and only if (j,7) € E*\ E.

In terms of a mixed graph G = (Q, A, E), the above choice of arc (i,j) from set
E* is equivalent to replacement edge [i,j] € E by arc (i,j). If such a replacement
(choice, respectively) is done for each edge [i,j] € E (for each pair of disjunctive arcs
{(4,7),(j,1)} C E*), then we obtain the same set of arcs E;. As a result, mixed graph
G = (Q, A, E) (disjunctive graph (Q, A, E*)) is transformed to the same resulting digraph
G, =(Q,AUE,,D).

Not each of such subsets Es may be feasible for constructing a schedule for problem
G//® since set of chosen arcs Es; may cause a contradiction, i.e., arc set A U Ey may
implies that ‘some operations have to be started before they are completed’. Every time
an arc (7, j) is chosen, all disjunctive arcs that are made redundant due to the transitive
and antireflexive nature of the precedence relations, should be excluded. It is easy to
convince that a feasible schedule s is defined by a subset Ey C E* such that along with
the above condition (*) the following condition (**) is satisfied:

(**) Digraph G = (Q, AU Ej, () has no circuit.
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In what follows, we use mainly terminology based on mixed graph modeling. The
adjective ‘feasible’ is usually omitted before ‘schedule’. Digraph G, = (Q,A U E,0)
generated from mixed graph G = (@, A, E) via orienting all the edges of set E is called
feasible if and only if G contains no circuit. Let A(G) = {G1,Ga, ..., G} be set of all
feasible digraphs G, = (Q, AU E,,0). In other words, digraphs G, = (Q, AU E,, ) is
generated from disjunctive graph G = (Q, A, E*) and satisfies both conditions (*) and
(**). We need the following definition.

Definition 1.1 A schedule is called semiactive if no operation i € ) can start earlier
without delaying the processing of some other operation from set Q) and/or without altering
the processing sequence of operations on any of the machines M .

For solving problem G//®, we can restrict ourselves by considering only set S of all
the semiactive schedules since it is easy to prove the following claim.

Lemma 1.1 If objective function ®(Cy,Cs, ..., C,) is non-decreasing one, then it is suf-
ficient to consider only semiactive schedules while solving problem G//®.

PROOF. Let there exist schedule s which is optimal for problem G//®. If schedule s
belongs to set S, it is done. Otherwise, we can construct semiactive schedule s’ € S from
schedule s by starting each operation as early as possible without delaying the processing
of other operations from set () and without altering the processing sequence of operations
on any of the machines M. Since operation preemptions are forbidden, completion time
of each operation ¢ € @) at schedule s’ is less or equal to that at schedule s. Since objective
function ®(C4, Cy, ..., C,) is non-decreasing, optimality of schedule s implies optimality
of semiactive schedule s'.

&

Next, we show that there exists a one-to-one correspondence between all semiactive
schedules S = {1,2,...,A} constructed for problem G//® and all circuit-free digraphs
A(G) = {G1,Ga,...,G,} generated from the mixed graph G by orienting all the edges
from set E. In other words, we prove the following claim.

Lemma 1.2 Fach feasible digraph Gs = (Q, AU E,, (), Gy € A(G), uniquely defines a
semiactive schedule s € S for problem G//®, and vice versa.

PROOF. On the one hand, given a vector p = (py, pa, ..., p,) of the operation processing
times, a feasible digraph G, = (Q, AU E,,0), G5 € A(G), defines the weighted digraph
Gs(p) = (Q(p), AU Ej, 0) which uniquely defines the earliest completion time ¢;(s) of each
operation i € (). Consequently, weighted digraph G(p) defines the unique semiactive
schedule

s = (c1(s),c2(s), ..., cq(9)).

On the other hand, each semiactive schedule s € S defines m sequences of operations

@y on machines My, k =1,2,...,m. These m sequences define unique digraph Gy(p) €
AG).

O
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In what follows, we call digraph G and weighted digraph G4(p) optimal if and only
if schedule s € S is optimal. Due to Lemma 1.2, we can use a digraph G5 € A(G) and
an optimal digraph G, instead of a schedule s € S and an optimal schedule s. Digraph
Gs € A(G) uniquely defines a set of m sequences for processing operations @)y by machine
My, € M = {M;, M, ..., M,}, and vice versa. Note that digraph G, is more appropriate
in stability analysis and in solving problem G /a; <p; <b;/® since it is ‘more stable’ than
schedule s with respect to variations of operation durations. Note also that the starting
and completion times of the operations (), the value of the objective function and other
characteristics of a semiactive schedule s, corresponding to an acyclic weighted digraph
Gs(p), can be easily determined using longest path calculations.

Given a fixed vector p = (p1,p2,...,p,) of the operation processing times, in order
to construct an optimal schedule for problem G//® using mixed graph model, one may
enumerate (explicitly or implicitly) feasible digraphs G1(p), Ga2(p), . .., GA(p) generated by
orienting all edges of the mixed graph G and selecting an optimal digraph, i.e., a feasible
digraph with minimal value of the objective function. Unfortunately, the number \ of such
feasible digraphs (i.e., the number of semiactive schedules) grows exponentially in the edge
number |F|, and an overall enumeration of feasible digraphs is practically impossible for
large numbers of jobs and machines. For example, mixed graph G = (@, A, E) constructed
for test job shop problem J10/n = 10/C,,q. presented in Table 1 at page 4 has the
following parameters: |Q| = 100, |A| = 90 and |E| = 450. (Hereafter |Q)| denotes the
number of elements in the set ().) Therefore, the whole number of digraphs (with and
without circuits) generated by this mixed graph is equal to 2459, Of course, the cardinality
of set A(G) of circuit-free digraphs is less than 2!¥| but a procedure for testing whether
a digraph is circuit-free or not takes also running time.

Nevertheless, for our computational experiments presented in Chapter 5, we use an
explicit enumeration of feasible digraphs for rather small job shop problems in order to
calculate the stability radii for all the optimal schedules.

Although problem G//® is unary NP-hard for any given regular criterion ¢ con-
sidered in scheduling theory, the running time of calculating an optimal schedule s =
(c1(s), ca(8), ..., c4(s)) may be restricted by an O(q?)-algorithm after having constructed
an optimal digraph G,(p). Thus, the main difficulty of problem G//® (in terms of the
disjunctive graph approach) is to construct an optimal digraph G, = (Q, AU E,, ), i.e.,
to define the best set E, of arcs generated by orienting the edges of set E. Due to the
particular importance of set F, it is called a signature of a schedule s. Each feasible
digraph G, = (Q, AU E,, D) is uniquely defined by its signature, i.e., by set of arcs Ej
which replace set of edges FE.

As it was noted in [BDP96], the disjunctive graph model “has mostly replaced the so-
lution representation by Gantt charts as described in [Gan19]”. We can give the following
comments to elaborate this kind of preference. First, while a Gantt chart is useful for the
graphical presentation of a particular solution, the mixed graph model is suitable for the
whole scheduling process from the initial mixed graph G(p) (representing the input data)
until a final digraph G (representing a solution s € S) has been found. Second, a Gantt
chart is a representation of one particular situation when there are no changes both in
the a priori known processing times and in the calculated starting times. However, such
a situation is ‘ideal’ (at least, it occurs rather seldom in real life). Thus, a Gantt chart
seems to be more appropriate ‘after realization” of the process (when all the processing
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times, starting times and completion times are known) while ‘before realization’ a mixed
graph G(p) and a digraph G4 seem to be more useful, since they are stable with respect
to possible changes of the above ‘times’. Third, while a Gantt chart is simply a picture
in the plane, a digraph is a mathematical (i.e., abstract) object and can assume different
graphical presentations. In particular, one can view a Gantt chart as a diagram of the
weighted digraph G4(p) in the plane.

Mixed Graph for a Job Shop Problem

Next, we show how a mixed graph model may be introduced in the case of a job shop
problem, when job operation is presented as O;;.

To present the structural input data for job shop problem 7 //®, one can also use the
following mixed graph (Q”7, A”, E7), where

.QJ:{Oij : Jie‘Lj:vaa"')ni}?
° AJ = {(OijaOi,j—H) . Jz - J, j = 1,2, ey My — 1},
hd EJ = {[Oij70uv] : Oij € Qku Ouv € Qk; Jz 7é Ju}

The set of arcs A7 defines precedence constraints (i.e., technological routes) as follows.
Since each job J; € J may be processed by at most one machine from set M at a time
(Condition 2 at page 2) and technological route is fixed for each job (Condition 3 at page
2), operation O;; has to be completed before operation O; ;11 (1 < j < n; — 1) starts:
¢ij < Sij+1. The route of job J; € J defines linearly ordered operations (a sequence)
(Oi1, 042y ..., O4;). At the stage k € {1,2,...,n;} of the technological route of job J;,
operation O;; has to be processed by machine M;, € M.

The set of edges E’ defines capacity constraints as follows. Set Qf is the set of
operations which has to be processed by machine M, € M. Since any machine M, € M
can process at most one operation at a time (Condition 1 at page 2) and operation
preemptions are not allowed (Condition 4 at page 3), operation O;; € Qj has to precede
operation O, € Qg Or VICe Versa: Cjj < Syy OF Cypy < 8.

Since a job shop is a special case of a general shop, one can also use the notations
of a general shop for the job shop as well, assuming that the first job J; consists of
the set of operations {1,2,...,n;} = Q”', the second job .J, of the operations {n; +
L,ng +2,...,n1 +ny} = Q%2, and so on, the last job J, of the operations { ;‘;11 n; +
1, Z?;ll nj+ 2., ny = q} = Q7. Tt is often more convenient to use the following
notation for the above operation enumeration. Let w(i) = Yt ny and ng = 0. Then
job J; consists of the ordered operations (w(1) + 1,w(1)+2,...,w(1) +ny), job Jy of the
ordered operations (w(2) + 1,w(2) + 2,...,w(2) 4+ nz), and so on, job J, of the ordered
operations (w(n) + L,w(n) +2,...,w(n) + n,).

Due to this enumeration of operation for problem J//® one can use the mixed graph

G =(Q, A, E) with
Q=Q”"
i=1

for modeling a job shop similarly as for a general shop. We consider a small example to
demonstrate the above notations.



14 CHAPTER 1. STABILITY RADIUS OF AN OPTIMAL SCHEDULE

Example 1.1 Figure 1.1 shows an example of a weighted mized graph (Q7, A7, E7) con-
structed for a job shop problem J4/n = 3/® with three jobs J = {Ji, Js, J3} and four
machines M = {My, My, M3, My}. For the example of a job shop, one can use O;; as
operation notation. Operation processing times are presented near corresponding vertices
in Figure 1.1.

For this example of problem J4/n = 3/®, set of operations @ is {O11,019,...,033},
job Jy consists of the ordered set of operations {O1 1,019,013}, job Jo of operations
{021,025}, job Js of operations {Os1,052,033}. Machine My has to process operations
O1,1 and Os3, machine My operations Oy2 and Os o, machine Mz operations Oy 3 and
Os,2, and machine My operations Oz and Os ;.

pia =17 pi12 =69 p13 =35

Ao Oy 01 04
Jy P21 =28 @ ,@ P2 =93
o 0y 0 0

p31 = 16 P32 = 10 P33 = 86

Figure 1.1: Mixed graph (Q’, A’, E) and processing times for the problem J4/n = 3/®

The objective in problem J4/n = 3/® is to sequence optimally the four sets of opera-
tions Q1 = {011,033}, Q2 = {012,032}, Q3 = {013,022} and Q4 = {021,031}

Since a job shop is a special case of a general shop, one can use general shop notation
for this example as well. Thus, set of operations Q7 may be denoted as Q = {1,2,...,8}
using notations for a general shop. Set {1,2,3} denotes set of operations Q' for process-
ing job Jy, {4,5} = Q7 and {6,7,8} = Q”.

There are 2* = 16 possible digraphs which can be generated from the mized graph
G = (Q, A, E) constructed for this example J4/n = 3/®, and 12 of them are feasible
since they have no circuits. The mazimal weight of a path in the weighted digraph G(p)
(called critical weight) defines the makespan Cpae = max{cy,(s) : J; € J} of schedule
s € S. The path in G4(p) with a critical weight is called a critical path.

It is easy to see that there are two optimal digraphs for makespan criterion Cpq, with
the following length of a critical path (length of an optimal schedule): Cpuap = 181. Thus,
this example of problem J4/n = 3/® has two optimal semiactive schedules for makespan
criterion ® = Craz -

For the mean flow time criterion, this example of problem J4/n = 3/% C; has one
optimal digraph with the optimal value 3 C; = 3 5.y ¢, (5) = 465 of the objective function
o =3C,.

The digraph G1 € ANG) = {G1,Gs,...,G2}, represented in Figure 1.2, is optimal
for both criteria Cpae and Y. C;, while digraph Gy = (Q, A U Ey, () with the signature
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E, = {(1,8),(5,3),(6,4),(7,2)} is optimal for criterion Cpa., but it is not optimal for
criterion Y. C;.

C1 = 77 Cy = 146 C3 = 181

@ (2) {3)
ey =28 @ .@ cs = 121
O 1)

Ce = 44 Cr = 54 Ccg — 163

Figure 1.2: Digraph G1 = (Q, AU Ey, () which is optimal for both criteria Cp,q, and > C;

1.2 Regular Criterion

If operation durations, which are given before applying a scheduling procedure, may vary
in the realization of a schedule, it is not enough to construct only an optimal digraph
Gs € A(Q) for solving problem G//®. It is also important to analyze the question of how
much the durations of the operations may vary so that the digraph G5 remains optimal.
In the following sections of this chapter, we present some results for the stability ball of
an optimal digraph G4(p), i.e., a closed ball in the space of the numerical input data such
that within this ball a schedule s remains optimal. Section ?? contains a formal definition
of the stability radius, which is the maximal value of the radius of such a stability ball.
Example 1.1 is used to demonstrate the notations and results.

In the rest of this chapter the main question is as follows. How can one vary the
processing times p;,i € (), simultaneously, such that a given schedule s € S, which is
optimal for problem G//® with processing times p;,i € @, remains optimal for the new
processing times, and how can one calculate the largest quantity of such simultaneous
and independent variations of the processing times?

Note that any variation p; £ €, € > 0, of a processing time p; in the problem G//®
implies change of at least one completion time ¢;(s) of operation i € @ in any feasible
semiactive schedule s = (¢1(s),...,ci(s),...,¢.(s)) € S and, as a result, schedule s has to
be transformed to another schedule: (...,c;(s) +e€,...) or (...,c(s) —¢,...) in order to
be feasible. However, the optimal digraph G,(p) = (Q(p), AU E,, 1) for the new problem
G//® obtained due to such a variation of the processing time p; may remain the same if
€ is sufficiently small. A signature E, of an optimal schedule s is essentially more stable.
It should be noted that it is often more important to keep in mind not the calendar times
when the operations have to be started and have to be completed, but only m optimal

sequences in which the operations ()., £k = 1,2,...,m, have to be processed on machine
M, € M.
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This chapter is devoted to the stability of an optimal digraph G4(p) which represents
an optimal solution to problem G//®. The above question may be concretized as follows.
Under which largest simultaneous and independent changes in the components of the
vector p = (p1,p2, ..., py) of operation processing times, digraph G,(p) remains optimal?
Next, we introduce these notions in a formal way.

Let R? be the space of all g-dimensional real vectors p with the maximum (Chebyshev)
metric:  The distance d(p,p’) between the vectors p € R? and p' = (py,ph, ..., p;) € R?
is defined as follows:

N o
d(p,p)—lgglpz il (1.4)

where |p; — p}| denotes the absolute value of the difference p; — pl.
Let R% be the space of all g-dimensional non-negative real vectors:

RY ={x = (v1,29,...,24) : 2; >0, i € Q}.

Let schedule s € S be optimal for the problem G//® with the non-negative real vector
p € RY C RY of the processing times.

Definition 1.2 The closed ball O,(p) with radius ¢ € R and center p € R in the space

of q-dimensional real vectors R is called a stability ball of schedule s € S (of digraph

Gs € A(G)) if for any vector p' € O,(p) N RL of the processing times schedule s (digraph

Gs(p')) remains optimal. The mazimum value os(p) of radius o of a stability ball O,(p)

of schedule s (of digraph G) is called the stability radius of schedule s (of digraph Gy):
0s(p) = max{p € RL : If p' € O,(p) N R4, digraph G5 is optimal}.

We denote the stability radius by gs(p) for an arbitrarily given regular criterion. For
criterion C,,qz, the stability radius is denoted by g4(p), and for criterion 3 C; by 9,(p). In
what follows, we use whenever appropriate the notion “stability radius of optimal digraph
Gs € A(G)” instead of “stability radius of optimal schedule s € S”.

Due to the maximum metric, the set O,(p) N R% is a polytope for any positive p € R .

Definition 1.2 implies a general approach for calculating os(p), which is discussed in
the second part of this section for any regular criterion ®, and which is concretized for
® = C,0z and for ® = 3" C; in Section 1.3 and in Section 1.4, respectively. Formulas for
calculating the stability radius for the makespan criterion and the characterization of the
extreme values of g,(p) are proven in Section 1.3. The same questions for the mean flow
time criterion are considered in Section 1.4.

Next, calculation of the stability radius os(p) is reduced to solving a non-linear pro-
gramming problem. We give this reduction for the general shop problem G//® provided
that set of all operations @ = {1,2,...,q} is partitioned into n linearly ordered subsets
of operations Q7 defining the technological routes of jobs J; € J = {Ji, Jo, ..., Jn} (see
(1.3)). It should be noted that partition (1.3) does not course any restriction on the
generality of problem G//®, since one can assume that |Q7/| = 1 for any job J; € J, i.e.,
each job may consist of only one operation, and as a result any precedence constraints
may be given on the set of operations .

We denote by {u} the set of vertices which form a path p in the digraph Gy and by

[P(p) the weight of this path:
() = Z Di-

i€yl




1.2. REGULAR CRITERION 17

Let operation j; € Q7" C @ be the last operation of job J;, 1 < i < n, in the technological
route, and H}, denote the set of all paths in the digraph Gy = (Q, AU Ej,0) € A(G)
ending in vertex j; € Q7i C Q). Obviously, the completion time C;(k) = ¢;, (k) of job J; at
the schedule k& € S is equal to value max i [P(u) of the largest weight of a path in the
set Hi. While calculating c;,(k), J; € J, it is sufficient to consider only a subset of set H}
due to the following dominance relation defined on the set of paths.

Definition 1.3 The path u € H' is called dominant if there is no path v € H! such that
{p} is a proper subset of set {v}: {u} C {v}. Otherwise, if set {u} is a proper subset of
set {v}, path p is dominated by path v.

The dominance relation given in Definition 1.3 is a strict order binary relation since
transitivity and antireflezivity hold. Let H, i denote the set of all dominant paths in set
H}. Since p; > 0 for all i € Q, we obtain

Cilk) = ¢, (k) = max ?(u).

neH)

Thus, the value of the objective function ®(Cy,Cy,...,C,) for the schedule s =
(c1(s),c2(8),...,¢q4(s)) € S may be calculated as follows:

P P P
q’(ggﬁl (M),%%l (1), -, max I"()).

Therefore, a schedule s = (¢1(s),ca(s),...,¢4(s)) € S is optimal for problem G//®
with regular criterion @ if and only if

P P P — ; P P P
<I>(lgré§;§l (”)’fé?fél (1), max I(p)) kzl,;}}.ﬁ(ig%l (V),ireléggl (V),-..,,ggg%l (v))
(1.5)

For brevity, we denote

P _ P P P
®F = ®(max I (u), max i (p), ..., max ().

Let S®(p) C S denote the set of all optimal semiactive schedules for problem G//®
with vector p = (p1,p2,...,ps) € R of the operation processing times and let inclusion
s € S?(p) hold. From Definition 1.2 it follows that

0s(p) = inf{d(p,z) : v € R%,s ¢ S*(x)}. (1.6)

From (4.17) and (1.6) it follows that, in order to calculate os(p), it is sufficient to
calculate the optimal value of the objective function f(z1,29,...,2,) of the following
non-linear programming problem:

Minimize f(z1,2z2,...,2,) = Jmax |z — pil (1.7)

subject to

O > min{®y : k=1,2,...,\; k # s}, (1.8)



18 CHAPTER 1. STABILITY RADIUS OF AN OPTIMAL SCHEDULE

>0, i=1,2...,4q. (1.9)

If condition (1.8) is not satisfied for any vector x € R%, then digraph G(p) is optimal for
all vectors x € R of the processing times: s € S®(x), z € R?, and we obtain

T < min{®} : k=1,2,..., )\ k # s},
x,>01=1,2,...,q.

In this case, we say that the stability radius is infinitely large. To indicate that stability

radius is infinitely large we write:

Qs(p) = OQ.

In all other cases, there exists an optimal value f* of the objective function of problem
(1.7)-(1.9):

-----

where the infimum is taken over all vectors x satisfying conditions (1.8) and (1.9). To
find the value f*, it is sufficient to calculate solution % = (29, 29, ..., x7) of the following

problem (1.10)-(1.12) which is obtained from problem (1.7)-(1.9) due to replacement the
sign > in inequality (1.8) by the sign >:

Minimize f(z1,xq,...,24) = max |z; — pil (1.10)
i=1,2,..., q
subject to
O > min{dy : k=1,2,...,\; k # s}, (1.11)
x>0, 1=1,2,...,q. (1.12)

It is clear that the following equalities hold

o= max ol = pif = d(z",p) = 0s(p)

777777

and for any small ¢ > 0, there exists a vector x¢ = (r{,25,...,7;) € R such that
d(z¢,p) = 0s(p) + € and s & S*(2).

It may occur that vector p is itself a solution to the non-linear programming problem
(1.10)-(1.12). In the latter case, equalities

0s(p) = d(p,p) =0

hold and it means that the optimal digraph G4(p) is unstable: For any small real ¢ > 0,
there exists a vector p’ € RY such that s ¢ S®(p') and d(p,p’) = €.

If vector p is not a solution to the problem (1.10)-(1.12), we have g5(p) > 0 and the
optimal digraph G(p) is stable.

1.3 Maximum Flow Time (Makespan)

The best studied case of a general shop problem G//® (and that of job shop and flow shop
problems) is the one with ® = C,,,,, where the objective is to find an optimal schedule
for makespan criterion, i.e., to find a feasible schedule s = (¢1(s), ca(s), ..., ¢,(s)) with
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a minimum value of the maximum flow time max{c;(s) : i € Q} among all semiactive
schedules S. In this section, the stability radius of a solution to problem G//® with
® = C,,42 18 considered.

Let H;, (H, respectively) be the set of all paths in digraph Gj(p) € A(G) (in digraph
(@, A,0)) constructed for the general shop problem G//Cpa.. Let H and Hy denote the
set of all dominant paths in digraph (@, A4, () and that in digraph G € A(G), respectively
(see Definition 1.3). Thus, we can write

H,, = {v € H;, : Inclusion {v} C {u} does not hold for any path u € H;}.

The set H C H is defined similarly. The value of max} ; C; of a schedule s is given by the
weight of the maximum-weight path (called critical path) in the weighted digraph G(p).
Obviously, at least one critical path in G4(p) is dominant and for any path u € H, there
exists a path v € H, that dominates path p or inclusion p € H, holds. Thus, equality
(4.17) for problem G//Cnas is converted to the following one:

P() = i P
;IA%E}{}?Z (n) = Lmin %%{}:l (v). (1.13)
Therefore, a schedule s = (c1(s),ca(s),...,¢4(s)) € S is optimal for problem G//Cpas
with makespan criterion if and only if equality (1.13) holds.

Zero Stability Radius

Let Hp(p) denote the set of all critical dominant paths in the weighted digraph
Gir(p), Gy € A(G). Obviously, we have Hy(p) C Hj. To prove the necessary and suf-
ficient conditions for equality g5(p) = 0 we need the following auxiliary claim.

Lemma 1.3 There exists a real € > 0 such that the set H\ Hi(p) contains no critical path
of digraph G, € P(G) for any vector of processing times p* = (p§, p5, - .., p) € Oc(p)NRY,
i.e.

Hi(p) € Hi(p)-
PrOOF. We calculate the positive real number

D __Jp
€ = min 7lk : (V>

(1.14)
vEH\Hy(p) 2q

Hereafter [}, denotes critical weight of digraph Gy € P(G) which defines the value of the
objective function C,,,, for schedule k with the vector p of the processing times:

= i 1.1
k = max 17 (p) (1.15)
For any real €, which satisfies the inequalities 0 < € < ¢, the difference in the right side
of equality (1.14) remains positive when vector p is replaced by any vector p¢ € O (p)NRY.
Indeed, the number of vertices in any path v in digraph Gy is at most equal to ¢ and,
therefore, the difference I§ — IP(v) may not be 'overcome’ by a vector p© if d(p, p¢) < €.

&
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Theorem 1.1 For an optimal schedule s € S®(p), ® = Cpaz, of the problem G//Cmaz,
equality 0s(p) = 0 holds if and only if there exists another optimal schedule k € S®(p), k #
s, and there exists a path u* € Hy(p) such that there does not exist a path v* € Hy(p) with

{w} c{v}.

Proo¥r. Sufficiency. We have to show that if the conditions of the theorem are satisfied,
then we have g,(p) < € for any given € > 0.

To this end, we construct a vector p* = (p},ps, ..., p;) with the components
Pi =9 p; otherwise,
where ¢ = min{eg, €5,¢} with €, and ¢; defined as in (1.14). If max,eg, P (v) =

IP"(1°), then due to Lemma 1.3 and the inequalities p; > p;, i € @, we obtain
P (1°) = max " (v
) veHy,(p) () (1.16)
=) + ey n {3 =) + {0 {vT

Since {p*} C {v*} does not hold for any v* € Hy(p), the inequality

{umy 0 {v H < {u

holds and we can continue (1.16) in the following way:

POE) + EHud 0 v} < P + €Hptt = 17 (07) = max 7 ().
Thus, we obtain li* < I’ and s ¢ S®(p*), which imply 9,(p) < € because of d(p,p*) =
e <e.

Necessity. We prove necessity by contradiction. Suppose that gs(p) = 0 but the
conditions of the theorem are not satisfied. We consider two cases i) and ii) of violating
these conditions.

i) Assume that there does not exist another optimal makespan schedule: S®(p) = {s}.
Then we calculate the real number

1
GU:Q—min{lf—lg’:t:1,2,---7)\§ t# s}.
4q

Since s is the only optimal makespan schedule, we have ¢ > 0. For any positive real

e < €, the difference I — [? remains strictly positive when vector p is replaced by an
arbitrary vector p° € O.(p) N RL. So we can conclude that digraph G, remains optimal
for any such vector p° of the processing times. Therefore, we have gs(p) > ¢ > 0 which
contradicts the assumption g;(p) = 0.

ii) Assume that |S®(p)| > 1 and for any schedule k € S*(p), k # s, and for any path
e € Hy(p), there exists a path v € Hi(p) such that {u*} C {v;}. In this case we can
take any e that satisfies the inequalities

. . .
0<e< mln{keg}llag(p) €k, 2—qm1n{lf —Pt=1,2,... .\ t & S<I><p)}}.
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From Lemma 1.3, due to inequality € < €,, we get equality

” = max [* — max [*’ 1.17
© = max ()= max 1" () (1.17)

for any vector p° € O.(p) N RL. Since ¢ < ¢, and € < ¢, and there exists a path
vi € Hy(p), k € S*(p), k # s, for any path pu* € H,(p) such that {u*} C {v}}, we obtain
the inequality

max "’ (p) < max "' (v). (1.18)

neHs(p) veHy(p)
Thus, due to (1.17) and (1.18), we have

P’ < p°
i _Vgiz]i;}é)l (v) (1.19)

for any optimal schedule k € S®(p), k # s. Since
1
€< Q—min{lf—l’;:t: L,2,..., Mt € S%(p)},
q

condition t ¢ S®(p) implies t ¢ S®(p°). Taking into account (1.19) and the latter im-
plication, we can conclude that s € S®(p°) for any vector p° € R% with d(p,p°) < e

Consequently, we have gs(p) > € > 0, which contradicts the assumption gs(p) = 0.
&

Obviously, the conditions of Theorem 1.1 are violated if Hs(p) C H. Therefore, the
following corollary holds.

Corollary 1.1 If s is an optimal schedule for problem G//Cpar and Hs(p) C H, then
2s(p) > 0.

For the following corollary it is not necessary to know the set H,(p).

Corollary 1.2 If s is a unique optimal schedule for problem G//Cpaz, then ps(p) > 0.

Infinite Stability Radius

Next, we prove the following characterization of an infinitely large stability radius.

Theorem 1.2 For an optimal schedule s € S®(p), ® = Craz, of the problem G//Cpae,
the stability radius 0s(p) is infinitely large if and only if for any path u € H\H and for
any digraph Gy(p) € A(G), there exists a path v € Hy such that {u} C {v}.

PROOF. Necessity. Following the contradiction method, we suppose that g5(p) = oo but
there exist a path p € HJ\H and a digraph G; € P(G) such that for any v € H,
the relation {u} C {v} does not hold. We set ¢ = maxy ,p; and consider the vector

P = (P, ph, ... ,p;) € R, where

pi = 0 otherwise.

, { ¢, ifie {u}
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For any path v € H;, we have

() = ¢ {u} n {v}l:

Since relation {u} C {v} does not hold, we have I” (v) < I”(1). Therefore, we obtain
W< 1P (p) = I¥" and hence s ¢ S®(p'). We get a contradiction:

05(p) < d(p/,p) < maxp; < oo.
Sufficiency. Let € be a positive number as large as desired. We take any vector
p° € O.(p) N RL and suppose that

If 4 € H, then lpo(,u) < lfo holds for every t = 1,2,...,\. If u € H,\H, then, due to
the conditions of the theorem, for any feasible schedule ¢, there exists a path v € H; such
that {u} C {v}. Therefore, we get 1"(n) < I’ (v) < I”’. Thus in both cases we have
s € S?(pY).

<&

Directly from the above proof of the necessity we obtain the following corollary which
gives a simple upper bound for the stability radius g,(p).

Corollary 1.3 If 9,(p) < oo, then 9s(p) < max;_, p;.

Due to Theorem 1.2, one can identify a general shop problem G//C,,., whose optimal
schedule is implied only by the precedence constraints given on the set of operations )
and by the given distribution of the operations ) to the machines M, but independent
from the processing times p € R of the operations (). However, because of the generality
of problem G//Cy 4z, it is difficult to check the conditions of Theorem 1.2.

Next, it is shown that for a job shop problem [J//Cpau, there are necessary and
sufficient conditions for g4(p) = oo which can be verified in O(¢?) time. To present the
latter conditions, we need the following notations.

Let Ay (B, respectively) be the set of all operations ¢ € () such that i — j (j — 1)

and j € Qp, © & Qu:

Bk:{jZHJJJEQmQhZEQk}

For a set B of operations, let n(B) denote the number of jobs in the set J having at
least one operation in the set B.

Theorem 1.3 For the problem J//Cpas, there exists an optimal digraph G(p) with an
infinitely large stability radius if and only if the following two conditions hold:

1) inequality max{|Ag|,|Bx|} < 1 holds for any machine My, with n(Qy) > 1;

2) if there exist two operations g € Ay, and f € By of job Jy, then there exists a path from
f to g in the digraph (Q, A,0) (possibly f = g).
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PROOF. Necessity. Let g5(p) = oo, but |Ax| > 1. If n(Ax) > 1, then there exist at least
two jobs J, and J,, u # v, which have to be processed by different machines and after
that both jobs have to be processed by the same machine M. We can choose operation
PEQrNQM, feAnNQ™, j€QrnNQW, g e A,NQ" such that f — i and g — j hold.
Since g5(p) = oo, digraph G has to be optimal for any vector p € R%.

In particular, digraph G has to be optimal for vector p with py = p; =1 and p, =0
for operations h € {1,2,...,¢} \ {f,j}. Since operations f and j are processed by different
machines; we obtain C,,,,(s) = 1. Hence, arc (j,7) has to belong to set E,: (j,1) € E.

On the other hand, if we consider vector p’ with p) = p; = 1 and pj, = 1 for operations
h € {1,2,...,q9} \ {g,i}, then similarly we obtain that arc (z,7) has to belong to set
E,. Thus, we obtain a contradiction, which implies that there is no digraph G5 € A(G)
which remains optimal for any vector p € R% of operation processing times. In this case,
inequality 9s(p) < oo must hold for any digraph G € A(G).

Next, we have to consider the case when |Ag| > 1, but n(A;) = 1. In is clear that set
of all operations Ay has to belong to the same job, say job J,.

(a) Since |Qr/J| > 1, there exist operation j € Q \ Q7* and operation b € Q7 N Q,,
such that in digraph (Q, A, () there exists a path of the form (g, ..., b, ..., f) with operations
{g, f}, which do not belongs to set Q) and inclusion [j,b] € E holds.

Let G5 € A(G) be optimal digraph with infinitely large stability radius: g(p) = oco. If
we set p, = p; = 1 and p, = 0 for any other h € {1,2,...,¢} \ {g, 7}, then for such vector
p € R4 of the operation durations arc (j,b) has to belong to set E.

On the other hand, if we consider vector p’ with p’ = p’ = 1 and pj, = 0 for any other
he{1,2,....,q} \ {J, f}, then arc (b, j) has to belong to set E,. Hence, it is impossible to
construct digraph G € A(G) which remains optimal for any vector p € RL of operation
processing times: 9,(p) < oc.

Thus, equality 9s(p) = oo, implies |Ax| < 1. Similarly we can prove that gs(p) = oo
implies |By| < 1.

(b) If there exists job J; € J such that A,NQ’ = g and B, NQ7 = f and there exists
path from vertex g to vertex f in the graph (@, A, ), then similarly as in the case (a),
one can prove that g4(p) < co.

Sufficiency. Obviously, the set of machines satisfying the conditions of Theorem 1.3
can be partitioned into the following five subsets:

3) [ A = 0, |Bi| = 1

4) |Ax| = |Bx] = 1 and there exists job J; such that there exists a path from vertex
f € BN Q" to vertex g € Ay N Q7 in the digraph (Q, A, D) (possibly f = g);

5) |Ax| = |Bi| = 1 and there is no set Q”, containing both sets A, and By.

Now we can consider any mixed graph G in which for any machine M, € M with
n(Qr) > 1 one of the conditions 1) — 5) holds. Then we construct digraph G, € A(G)
using the following algorithm.

Algorithm 1.1

Input:  Mixed graph G = (Q, A, E) constructed for problem 7 //Caz-
Output: Digraph G with g5(p) = oo (if such a digraph exists).
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Step 1: IF for machine Mj condition 1) holds, THEN we orient
all edges incident with operations @) arbitrarily
without circuit appearance.

Step 2: IF for machine M, condition 4) holds, THEN we partition
set Q7' N QF into two subsets R and L, where set R (set L)
contains each vertex h, if there exists path from vertex h
(vertex g) to vertex g (vertex h) in digraph (Q, A, ().

Step 3:  We orient all edges of set E¥ incident to operations Qj,
as follows: If edge is incident with vertices from set R,
(set L, respectively), then generated arcs are leaving (entering)
the vertices from set R (from set L); the remaining edges
are oriented arbitrarily without circuit appearance.

Step 4: IF for machine Mj, one of the conditions 2), 3) or 5) holds,
THEN all edges incident with Q) have to be oriented as follows:
all edges incident with vertex Q*, Q* N A, # (), have to be
replaced by arcs entering the operations Q7*; all edges incident
with vertex QF, Q* N Aj, # 0, have to be replaced by
arcs leaving the operations Q”'; the remaining edges

are oriented arbitrarily without circuit appearance.
STOP.

Obviously, G5 € A(G). It is easy to convince that for any path p in digraph G either
there exists machine M, € M that {u} C Qi or there exists job J; € J that {u} C Q7.
Therefore, for digraph G constructed via Algorithm (1.1) the following equality holds:

Crnaz = max{m]?x{ > it mlax{ > pith

1€Qk i€l

Consequently, digraph G, is optimal. This digraph remains optimal for any vector
p € RL of operation durations, and so gs(p) = oco.
&

From Theorem 1.3 it follows that there are job shop problems 7/ /C,,4, with an optimal
schedule with an infinitely large stability radius for any given number of jobs n and
number of machines m. Next, we show that testing conditions of Theorem 1.3 takes O(¢?)
time. Let input data given for problem J//C,q. includes set of jobs J = Jy, Ja, ..., Jp,
sets Q1, @2, ..., @, and technological routes of jobs J. For testing inequality |Ag| > 2
(inequality |By| > 2) for each k = 1,2, ..., m it is sufficient for each operation i € @y to find
operation which follows after i. It is easy to see that such testing needs O(>1_; (¢|Qk|+q))
time, i.e. O(¢?) time. If |A] <2 and |By| < 2 for each k, then it is sufficient to consider
machine M, such that equalities |Ax| = |Bx| = 1 hold and to test condition of Theorem 1.3
which need O(q) time. Hence, O(q¢?) time is sufficient to test whether a problem J//Cpaz
has a solution with infinitely large stability radius.
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Note that for a flow shop problem such a schedule can exist only for trivial case if n
or m is equal to 1. Indeed, for the problem F//Cp,q, we have n(Ag) > 1 for any machine
M;, with k£ > 2 provided that n > 2 and m > 2. Thus, Theorem 1.3 implies the following
corollary.

Corollary 1.4 For the problem F//Cpar with n > 2 and m > 2, inequality 0s(p) > 0
holds.

In the next section, it is shown that there does not exist an optimal schedule s with
0s(p) = oo for a problem [J//® with all other regular criteria ® which are considered in
classical scheduling theory.

The above results for infinite stability radius seem to have only theoretical significance.
Next, we try to overcome such an opinion using the following two examples.

Example 1.2 We consider the problem of scheduling traffic-light. First, we want to find
an optimal (makespan) schedule for the traffic-light at the intersection of two roads. As
usual, a schedule for traffic-light is assumed periodic, and so it is sufficient to consider
only one period of such a schedule. For traffic-light scheduling, one can construct the
mized graph G = (Q, A, E) shown at Figure 1.8. Job Jy consists of a sequence of red,
yellow and green signals for the first road (operations 1, 2 and 3, respectively). Job J,
consists of a sequence of red, yellow and green signals for the second road (operations 4, 5
and 6, respectively). The operations 3 and 4 have to be connected by edge, since in order
to cross intersection of two roads the cars (and people) are allowed to move along no more
than one road at any time. The operations of the same job have to be connected by arcs
consecutively. In order to find a traffic-light schedule of minimal length, we can to solve
the following job shop problem J3/n = 2/Cpas with three machines and two jobs. It is
assumed that operations 1 and 2 have to be processed by machine My, operations 3 and 4
by machine M, and operations 5 and 6 by machine Ms.

It is easy to see that mized graph G = (Q, A, E) shown at Figure 1.3 satisfies the
conditions of Theorem 1.2. Due to Theorem 1.2 there exists optimal schedule s with
infinitely large stability radius. Using algorithm 1.1 from the proof of Theorem 1.2, one
can construct optimal digraph G, = (Q, AU (4,3),0) with 04(p) = co.

Hence, it is not necessary to take the operation durations into account while looking
for a traffic-light schedule of minimal length for intersection of two roads. However, this
is not the case for the intersection of three roads as follows from Example 1.3.

Example 1.3 Figure 1.4 represents mized graph G = (Q, A, E) constructed for the
traffic-light scheduling problem for the intersection of three roads. In this case, job J;
and job Jy are defined similarly as in Example 1.2. Job J3 consists of a sequence of red,
yellow and green signals for the third road (operations 7, 8 and 9, respectively). Operations
3, 4 and 9 have to be pairwise connected by edges in the mixed graph G in order to ensure
safe crossing the intersection of three roads. The operations of the same job have to be
connected by arcs consecutively. As a result we obtain job shop problem J4/n = 3/Cpax
with four machines and three jobs. It is assumed that operations 1 and 2 have to be
processed by machine My, operations 3, 4 and 9 by machine Ms, operations 5 and 6 by
machine Mz, and operations 7 and 8 by machine My. It is easy to see that for mized
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@ 2 O

Figure 1.3: Mixed graph G = (Q, A, E) for Example 1.2

G = (Q, A, E) conditions of Theorem 1.2 do not hold. Hence for this case, there no ezists
an optimal schedule with infinitely large stability radius. Inequality ps(p) < oo holds for
any optimal schedule s constructed for this problem J4/n = 3/Cpas-

Thus, for an intersection of three roads, different schedules can be optimal (with
makespan criterion) depending on the durations of the red, yellow and green signals of

the traffic-light.

Figure 1.4: Mixed graph G = (Q, A, E) for Example 1.3

Formula for Calculating Stability Radius

Next, we derive a formulas for calculating stability radius gs(p). This calculation is
reduced to solving an extremal problem on the set of digraphs A(G) = {G1, Gs,...,G\}
with a variable vector of weights assigned to the vertices of digraph Gy € A(G). The
main objects for the calculation are the sets of dominant paths Hy, k=1,2,..., \
Assume that inequality 9,(p) < oo holds for a given optimal schedule s € S®(p), ® =
Cinaz, of the problem G//Cyna:. Using equality (1.13), we can conclude that equality (1.6)
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for criterion ® = C,,,,, is converted to the following one:

N . q - : -
6,(p) = inf {d(p,x) : = € RL, mex [*(u) > _ min =~ max ()}
Therefore, to find the stability radius gs(p) it is sufficient to construct a vector x € R
that satisfies the following three conditions.
(a) There exists a digraph Gy, € A(G), k # s, such that [T = [7 i.e.
v = “(v). 1.2
max I () = max I*(v) (1.20)
(b) For any given real ¢ > 0, which may be as small as desired, there exists a vector
p¢ € RL such that d(z, p) = € and inequality
p€ p€
%i’%l () > %zggl (v) (1.21)
is satisfied for at least one digraph Gy € A(G).
(c) The distance d(p,x) achieves its minimal value among the distances between vector
p and the other vectors in the space R{ which satisfy both the above conditions (a) and
(b).
After having constructed such a vector x € R% one can define the stability radius of
digraph Gj:
z:o\s(p) = d(p, {L'),

since the critical path in digraph G, becomes larger than that of digraph Gy for any
vector p¢ € RL with positive real €, which may be as small as possible (see condition
(b)), and so digraph G is no longer optimal, while for any vector from the intersection of
the ball Oy (p) C R? with the set R digraph G, remains optimal (see condition (c)).
Digraph Gy, which satisfies conditions (a), (b) and (c) is called a competitive digraph for
the optimal digraph Gi.

Thus, the calculation of the stability radius may be reduced to a rather sophisticated
extremal problem on the given set of weighted digraphs A(G) = {G1,Gs, ..., Gy} with
a variable vector of weights assigned to the vertices of each digraph Gy € A(G). As it
follows from (1.20) and (1.21), the main objects for such a calculation are the sets of
dominant paths Hy, k=1,2,..., A\

To satisfy conditions (a), (b) and (c), we look next for a vector x = p(r) =
(p1(r), p2(T), ..., pg(r)) € RY with the components p;(r) € {p;,p; + r,p; — r} on the
basis of a direct comparison of the paths from the set H, and the paths from the sets Hy,
where Kk =1,2,..., A and k # s.

Let the value IP(v) be greater than the length of a critical path in an optimal digraph
Gs. To satisfy equality (1.20), the length of a path v € Hj has to be not greater than
that of at least one path u € H, and there must be a path v € Hy with a length equal to
the length of a critical path in Gs. Thus, if we have calculated

(1) = (1)

r, = min : (1.22)
netls [{pt U v — [{p} N {v}|
we obtain equality
max lp(T)(,u) = lp(r)(”) (1.23)

HEH
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for the vector p(r) = p(r,) with the components

pi‘l’rw le € {H’}?
pi(r) = pi(ry) = ¢ pi —r,  if i€ {vp\{p}, (1.24)
pi, if i & {u} U{v}.

Here the following remark can be given: Due to (1.22) vector p(r) calculated in (1.24) is
the closest one to the given vector p among all vectors for which equality (1.23) holds.

To reach equality (1.20) for the whole digraph Gy, we have to repeat calculation (1.22)
for each path v € Hy, with {P(v) > [2. Thus, instead of vector p(r,) we have to consider
the vector p(r) = p(rg,) calculated according to formula (1.24), where

() = 1P(p)
{u} U{rH = {u} 0 {v}l

Next, we consider inequality (1.21). Since the processing times are non-negative, this
inequality may not be valid for a vector p¢ € RY if path p is dominated by path v. Thus,
we can restrict our consideration to the subset Hy; of the set H, of all paths, which are
not dominated by paths from the set Hy:

rg, = min (1.25)

ax
MEHs  veHy; 1P(v)>1%

Hy, = {,u € H, : There is no path v € Hy such that {u} C {y}}

Hence, we can replace H; in equality (1.25) by Hg.
To obtain the desired vector x € R%, we have to use equality (1.25) for each digraph
G € A(G), k # s. Let r denote the minimum of such a value rg, :

r=rg. =min{rg, : G, € A(G), k # s}
and let v* € Hy~ and pu* € Hgy~ be paths at which value rg,, has been reached:
) — ()
TG = Tor = * * * *1|°
{rrtu{vd = {0 {vrd

Taking into account (1.24), we note that, if r,« < p; for each i € {v*}\{u*}, vector
p(r) = p(r,~) does not contain negative components, i.e., p(r) € R%. Due to the remark
given after formula (1.24), we have obtained a lower bound of the stability radius:

§s<p) Z r=
[P — [P .
min min max (v) = () . (1 26)
k=120 ks peHg  veH rw)>2  [{u} U{v} — [{u} 0 {v}

The bound (1.26) is tight: If g5(p) < p; for each i € {v*} \ {u*}, then g5(p) = r. For
example, we have g4(p) = 7 in (1.26) if 95(p) < min{p; : i € Q}.

To obtain the exact value of g(p) in the general case, we construct vector x = p*(r) =
(pi(r), p3(r), ..., p;(r)) with the components

pit+, if i € {u},
pi(r) =q max{0,p; —r}, ifie{v}\{u},
2 if i ¢ {u}U{v}
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instead of vector p(r) defined in (1.24). As it follows from the remark given after formula
(1.24), such a vector p*(r) is the closest one to vector p among all vectors x € R% which
satisfy both conditions (a) and (b).

For calculating the maximal value r for vector p*(r) we can consider the operations of
the set {v}\ {¢} in non-decreasing order of their processing times. Let pg) be equal to
zero and let

denote a non-decreasing sequence of processing times of operations from the set {v}\ {u},

where w,,, = [{v} \ {#}|. We obtain the following assertion.

Theorem 1.4 If G, is optimal digraph for problem G//Cuaz, s € S€(p), ® = Crraz, and
inequality ps(p) < oo holds, then

0s(p) =, _ min s, (1.28)
where
() —1P(n) — S0 _opi™
Tks = min max ) Q 0Pra) (1.29)

max :
pEHy,  veHy, rw)>1  B=01..wy. [{u} U{v} — {u} n{v} -2

Equality (1.28) means that one has to compare an optimal digraph G4(p) with all other
feasible digraphs G (p). Note that the formulas in Theorem 1.4 turn into gs(p) = oo if
Hgy =0 for any k =1,2,...,\; k # s (see Theorem 1.2). Moreover, if only a subset of
the processing times (say, P C {p1,pa,...,p,}) can be changed but the other ones cannot
be changed, formula (1.26) and Theorem 1.4 remain valid provided that the difference
{p} U{v} = {u} 0 {v}is replaced by [{{u} U{v}} N P| - [{{u} n{v}} NP

In Section 3.3, we show how it is possible to restrict this enumeration and the com-
parisons (see Corollary 3.5 at page 138). We code these formulas in Fortran-77 (see
Chapter 5).

Example 1.4 Let a job shop problem J//Cpae be specified by the mized graph G =
(Q, A, E) given in Figure. 1.5. Job Jy consists of operations 1 and 2, and Job Jy of
operations 3, 4 and 5. We have the precedence constraints 1 — 2, 3 — 4 and 4 — 5.
The assignment of the operations to the machines is as follows: Q1 = {1,4}, Q2 =
{2,3,5}. The vector p = (10,20, 30,40, 20) defines the processing times of the operations

Q=1{1,2,3,4,5}.

For Ezample 1.4 we get ANG) = {Gi1,Ga, Gs,Gy, G5} with the following
signatures of the semiactive schedules: Ey = {(1,4),(3,2),(2,5)}, FE» =
{(174)7<372)7(572)}7 E3 = {(174>7(273)7<275>}7 E4 = {<471)7(372)7(275)} and

Es = {(4,1),(3,2),(5,2)}. The corresponding sets of dominant paths are as fol-
lows: Hy, = {(1,2,5),(3,2,5),(1,4,5),(3,4,5)}, Ho={(1,4,5,2),(3,4,5,2)}, Hy =
{(1,2,3,4,5)}, Hy = {(3,4,1,2,5)}, Hs = {(3,4,1,2),(3,4,5,2)}. The optimal digraph
G1 = (Q, AU Ey,0) is represented in Figure 1.6. It defines the unique optimal semiactive
schedule (10, 50,30, 70,90).
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p1:10 p2:20

O——O

-(®)

p5:20

®
1O

Figure 1.5: Mixed graph G = (Q, A, E) for Example 1.4
Cl(]_) =10 CQ(].) =50

Figure 1.6: The optimal digraph G1 = (Q, AU E1,() for Example 1.4

Since there exists only one optimal digraph G1, we conclude that ¢1(p) > 0 due to
Theorem 1.1 or Corollary 1.4. On the other hand, the value 91(p) cannot be infinitely
large. Indeed, there exists the digraph Gy € A(G) and the path v = (3,4,1,2) in the
set Hs such that for the path u = (1,2,5) from the set Hy the relation {u} C {v} does
not hold. Due to Theorem 1.2, we have 91(p) < oo and, as a result, the inequalities
0 < 01(p) < max?_, p; hold (see Corollary 1.3)).

Next, we calculate exact value of os(p) for Example 1.4 using Theorem 1.4. First,
we compare the sets Hy and Hy. Obuviously, the paths (1,2,5) € Hy and (1,4,5) € H,
are dominated by the path (1,4,5,2) € Hy. The paths (3,2,5) € Hy and (3,4,5) € H;
are dominated by the path (3,4,5,2) € Hs. Thus, we have Hyio = 0. Similarly, one
can verify that Hy3 = Hy4 = 0. So for Example 1.4 only the set Hys is nonempty:
Hi5;={(1,2,5),(1,4,5)}, and we have to compare the lengths of four pairs of paths. For
path vy = (3,4,1,2) € Hs and for the two paths from H, 5, we have

100 — 50 100 — 70
3 3

} =10

Ty, = min{

For path vy = (3,4,5,2) € Hs and for the two paths from H, 5, we have

110 -
050 11070y _ 151
3 3 3

Tyy = min{

Thus, we can calculate r = rg, = max{10, 13%} = 13%, vt = 1y = (3,4,5,2) and
p* = (1,4,5). Since r < p; holds for each i € {2,3} = {v*}\{p*}, we conclude that
o1(p) =r= 13%. In fact, we use here the simpler formula (1.26) as equality os(p) = r on
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the basis of the above remark about the tightness of the bound (1.26). According to (1.24),
we can calculate vector p' = p(r):

1 1 1 1 1 1.2 2 1 1
"= (10 +13=,20 — 13=,30 — 13,40 + 13=,20 + 13=) = (23=,6=,16-,53=,33=
p={10+133, 3’ 3 40T 135, 20 135) = (283,63, 163, 535, 333).
for which we have I = lfg/ =110, ¥ = 1162, r = = 1335. Thus, S*(p') = {1,5}
holds (see condition (a)) and for any given small € > 0 we can construct the vector
p° = (235 +¢€,62,162,53%,333) for which S®(p°) = {5}. Due to Hyp = Hy3 = Hy4 =0,
it is easy to see that condition (c) is satisfied, too.

Example 1.1 (continued). Returning to the Example 1.1 presented in Figure 1.1, one
can calculate the stability radii 91(p) = 5.75, 02(p) = 1.8 for digraph Gy and digraph G
using formulas 1.28 and 1.29 of Theorem 1.4.

The equality 01(p) = 5.75 means that digraph G remains optimal for criterion Cpax
if no processing time changes its value by more than 5.75. On the other hand, there exist
such changes p; £ (5.75+ €) of the processing times p;,i € Q, for which G1(p) is no longer
optimal and this statement is valid for any small positive real €. Obviously, if we have both
optimal schedules (the first defined by digraph Gy and the second defined by digraph G5 ),
the first one is preferable for practical use since its stability radius is essentially larger.

1.4 Mean Flow Time

In this section, we consider stability radius g,(p) of an optimal schedule for problem
G// > C; with criterion Y- C;. If & = Y C;, conditions (4.17) and (1.6) for the general shop
problem G//® are converted to the following conditions (1.30) and (1.31), respectively.

P — : D
Domasl(u) = in | 3 maxl'(v), (1.30)
0 =1 . q T . -
0s(p) = inf {d(Z% xr) : x € RL, ;%%fl (p) > - ;%?f:l (1/)}, (1.31)

where Hj, C Hj is the set of all dominant paths in the digraph G} ending in the fixed
vertex u € Q7 (where u = w(i) + n; is the last operation of job J;), and starting from
different vertices v € Q7",r =1,2,...,n (where v = w(r) + 1 is the first operation of job
Jp).

Obviously, the value C; for a digraph Gg(p) is equal to the largest weight of a path
from the set H!, and hence, to solve problem G// 3 C;, it is sufficient to find a digraph
G(p) such that equality (1.30) holds.

Due to equality (1.31) to find the stability radius g,(p), it is sufficient to construct a
vector © € RL that satisfies the following three conditions.

(a’) There exists a digraph Gi(p) € A(G), k # s, such that

zn:maxlx(u) = zn:maxlx(y). (1.32)

i=1 HeH: i=1 v,
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(b’) For any given real ¢ > 0, which may be as small as desired, there exists a vector
p¢ € RY such that d(z,p°) = € and inequality

P° P°
;%2}{};[ () > ;Vmeaggl (v) (1.33)
is satisfied for at least one digraph Gi(p) € A(G).
(¢’) The distance d(p,z) achieves its minimal value among the distances between the
vector p and the other vectors in the space R% which satisfy both above conditions (a’)
and (b’).

Similarly as in the previous section (see conditions (a), (b) and (c)), after having
constructed such a vector x € R% one can define the stability radius of digraph G(p):
0,(p) = d(p,x). Thus, due to (1.32) and (1.33) the calculation of the stability radius
may again be reduced to an extremal problem on the set of weighted digraphs A(G).
However, in this case we are forced to consider sets of representatives of the family of sets
H}, 1 <i < n, which may be defined as follows.

Let ¥ be a set of representatives of the family of sets (H})i<i<,. More precisely, the
set Q¥ includes exactly one path from each set H,1 < i < n. Since Hj N H,z = () for

each pair of different jobs J; and J;, we have |Q¥| = n and there exist wy, = I}, |H|
different sets of representatives for each digraph Gy, namely: QL Q2 ... Q2% For each
set Qf we can calculate the integer vector n(£2}) = (n1(Q}), n2(QF), ..., ny(2})), where

n;j(Q),j € Q=1{1,2,...,q}, is equal to the number of paths in Q} which includes vertex
j. Since a path v € Hj, includes vertex j € @ at most once, the value n;(Q}) is equal to
the number of copies of vertex j containing in the multiset {{v} : v € Q}‘}.

Similarly to the proof of Theorem 1.4, one can find vector x satisfying conditions
(a’) and (b’) in the form x(r) = (x1(r), z2(r), ..., z4(r)) with the components z;(r) from
the set {p;,p; + r,p; — r} on the basis of a direct comparison of the set Q¥ € €, of
representatives of the family of sets (H!)j<;<,, and the set Q¥ of representatives of the
family of sets (H})1<i<n, where k =1,2,..., )\, k # s, and

Qsr = {QY : There does not exist a set £} such that
n;(2Y) < n;(QF) for each 1 =1,2,...,q}.

As a result, the following lower bound of the stability radius has been obtained:

max TarQu, (1.34)

0 >r = min min
S(p) k=1,2,...,\ k#s  QUeQsr  uwe{l,2,...,wi}

where
S 2 veqy () = Xpeay (1)
e im1 1 () — na (%))
This bound is tight. Indeed, we obtain g,(p) = r in (1.34) if » < min{p; : i € Q}.
It is easy to see that it may happen that the above vector z(r) € R? does not belong
to set RL since substraction value r from some component of vector p may result a
negative number. To obtain the exact value of g,(p), one can use the vector x*(r) =

(23(r), 25(r), ..., z5(r)) with the components
pi+T, if n () < n(€2),
x;k (T) = max{()upi - T}7 lf nz(Qz) > ni(Qv)u




1.4. MEAN FLOW TIME 33

In contrast to vector x(r), vector z*(r) necessary has no negative components.
Let the set of operations () be ordered in the following way:

01,82,y Ly - - s (1.35)
where n;_ (Q}) < n;, (QV) for each o = 1,2,...,m and n;_ (Q}) > n,; (Q!) for each a =
m+1,m+2,...,q. Moreover, for the sequence (1.35) the inequalities

Pimir S Pigyz < -+ < Dig

have to be satisfied. Using sequence of operations 1.35 it is easy to derive the following
formula for calculating g,(p).

Theorem 1.5 If G is an optimal digraph for problem G// > C;, then

o(p) =, _ min  Tis, (1.36)

where

Tks — mln max Z?:lﬂ pia |nia (QZ) B nia (Qg) | )

m 1.37
QeQsr  u=1l2,..w,  B=0,1,.,g-m ZZL:JrlB |nia (Qz) —n, (Qg)‘ ( )

If only a subset of the processing times can be changed but the other ones cannot
be changed, a formulas similar to (1.36) and (1.37) can be derived (see the remark after
Theorem 1.4).

Zero Stability Radius

We consider the case of g,(p) = 0. Similarly to the notion of a critical path and the critical
weight, which is important for problem G//C,,.. (see Section 1.3), we introduce the notion
of a critical set of paths QU and the critical sum of weights of digraph Gy (p) € A(G) for
problem G// > C;.

The set Q¥ u* € {1,2,...,w}, is called critical set if the value of the objective
function

L= max > PP{v) (1.38)

U€{1,2,,wk} L
e}

for the weighted digraph Gy (p) is reached on this set:

P(v) = max P(v) = LY.
Zu* ( ) ue{l,2,...,wk } ZQU ( ) k
Ver ve k
The value L% defined in (1.38) is called critical sum of weights for digraph G(p).
Obviously, a critical set Q¥ may include a path v € H}, i = 1,2,...,n, if and only if
P(v) = max ”(u)
nEH],
and so for different vectors p € RL of the processing times, different sets Qf, u €
{1,2,...,wx}, may be critical.
Let Q(p) denote the set of all critical sets QU of digraph Gi(p) at the vector
p = (p1,p2,...,pg) € RL of the processing times and let € denote the set {Qf : u =
1,2,...,wi}. To prove the necessary and sufficient conditions for g,(p) = 0, we need the
following auxiliary claim.
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Lemma 1.4 There exists a real € > 0 such that the set Q. \Qk(p) contains no critical set
of digraph Gi(p) € A(G) for any vector p' € O.(p) N RL of the processing times, i.e.

(') € Q(p).

PROOF. After having calculated the value

1
ek = g —min {Lf = 3 () : O € U\U(p) (1.39)
an veQ}

one can verify that for any real e, which satisfies the inequalities 0 < € < €, the difference
in the right side of equality (1.39) remains positive when vector p is replaced by any
vector p' € O(p) N RY.. Indeed, for any u € {1,2,...,wx}, the cardinality of set Qf may
be at most equal to gn. Thus, the difference L} — Zyegz [?(v) may not be 'overcome’ by
a vector p' if d(p,p') < €.

&

Next, we prove the following necessary and sufficient conditions for equality g,(p) = 0.

Theorem 1.6 Let G be an optimal digraph for problem G// > C; with positive processing
times p; > 0 of all operations i € Q. The equality o,(p) = 0 holds if and only if the
following three conditions hold:

1) there exists another optimal schedule k € S®(p), ® =3C;, k # s,

2) there exists a set QU € Q,(p) such that for any set Q¥ € Qu(p), there exists an
operation i € Q) for which the condition

Q) > ni(Q), O € Uu(p), (1.40)

holds (or the condition
ni(Q7) < ni(Q), i € Qu(p), (1.41)

holds) and
3) inequality (1.40) (or inequality (1.41), respectively) is satisfied as a strict one for the
set Q.

PROOF. We prove necessity by contradiction. Assume that g,(p) = 0 but the conditions
of the theorem are not satisfied. We consider three cases (j), (jj) and (jjj) of violating
these conditions.

(j) Assume that there does not exist another optimal schedule, i.e., we have S®(p) =
{s} with ® = > C;. Then we consider a real € such that

0<e< Lmin(Lf — L)
2gn t#s

holds. Similarly to the proof of Lemma 1.4, we can show that digraph GG, remains optimal
for any vector p” = (p{, p9, ..., p)) € R% of the processing times provided that d(p, p°) < e.
Therefore, we have g,(p) > € > 0 which contradicts the assumption g,(p) = 0.

(jj) Assume that |S®(p)| > 1 and for any optimal schedule k € S*(p) with k # s, and
for any set Q¥ € Q,(p), there exists a set Q" € Qp(p) such that n;(Q2) = n,(QY") for any
operation i € Q.
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In this case, we can take any € that satisfies the inequalities

1
0 < € < min e, €, min (LY — LP)¢. 1.42
‘ S 2qn ity L 2 (1-42)
From Lemma 1.4, due to inequality € < €,, we get that equality
0

L’ = max > (w) (1.43)

s 3

holds for any vector p° € O.(p) N RL. Since there exists a set Q¥ € Q(p) for any set
QY € Q,(p) and any k € S®(p), k # s, such that n;(Q?) = n;(Q), i € Q, we obtain the

inequality
max Y P (1) < max > 1P (
QueQs(p) peQy Q1 eQr(p) EQ"*

because of € < €, and € < €;. Therefore, due to (1.43) we have

L§O§ max Y " (v) (1.44)

Qe
k k:(p) VEQ%

*

for any optimal schedule k € S®(p), k # s. Since € < 5 mmth@(p){Lt LP}, condition

t & S®(p) implies t ¢ S*(p°). So taking into account (1 42) and the latter implication, we
conclude that s € S?(p°) for any vector p° € R provided that d(p,p°) < €. Consequently,
we have g,(p) > € > 0, which contradicts the assumption g,(p) = 0.

(jjj) Assume that |S®(p)| > 1 and for any optimal schedule k € S®(p), k # s, and for
any set QU € Q4(p), there exists a set Q¥ € Qi (p) such that for any operation i € @) with
ni(QY) > n;(Q) there exists a set Q" € Qx(p) such that n;(QY) < n; (). Arguing in
the same way as in case (jj), we can show that o,(p) > € > 0, where € is as in (1.42),
since for any vector p® € O.(p) N RY, the value 2 ey lpo(,u) is less than or equal to value
2 vequ” 1" (v) or value Zueﬂgo 1" (v).

Sufficiency. We show that, if the conditions of Theorem 1.6 are satisfied, then g (p) < €
for any given € > 0.

We construct a vector p* = (p}, ps, - - - ,pj‘l) € R with components pf € {p;, pi+€*, pi—
¢*}, where ¢* = min{e, €, min;cg p; }, using the following rule: For each Q¥ € Qx(p),
mentioned in Theorem 1.6, we set pi = p; + €*, if inequalities (1.40) hold, or we set
pi = p; — €%, if inequalities (1.41) hold. Note that ¢* > 0 since p; > 0,7 € Q.

After changing at most |2 (p)| components of vector p according to this rule, we obtain
a vector p* of processing times for which inequality

A S a0

neNY™ veQy”

holds for each set Q¥ € Qx(p). Due to €* < mineq p;, we have p* € R%. Since €* < ¢,
we have

Li* = max Z lp

ue{l,2,...,w veay

max Z Pv)y= Y )< Y () < LY.

Qe (
k VEQ” VEQz* HAEQ‘Z*
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Thus, we conclude that s ¢ S®(p*) with d(p, p*) = €* which implies 9,(p) < € < e.
&

Theorem 1.6 directly implies the following assertion.
Corollary 1.5 Ifs € S is a unique optimal schedule for problem G// 3" C;, thena,(p) > 0.

It is easy to prove the following upper bound for the stability radius of an optimal
schedule for problem G// 3 C;.

Theorem 1.7 Ifs € S is an optimal schedule for problem G// > C; with A > 1 and p; > 0
for at least one operation i € Q, then

2s(p) < maxp;.
PROOF. We consider vector p° € RY with zero components: p? = 0 for each i € Q. For
this vector of processing times, each feasible digraph G; € A(G) is optimal and each set
of representatives Q¥ is critical. We can take a schedule k € S®(p°) which has only one
arc (j,i) € Ej different from the arcs in F, i.e. (i,5) € Es and E\{(7,75)} = Ex\{(4,7)}.
It is easy to see that there exist sets QU € Q,(p) and Q) € Qx(p) such that

Setting pS = € > 0 and p§ = 0 for each [ € Q\{i}, we obtain s ¢ S®(p°) and d(p%,p) <
max{p; : i € Q}.
&

Remark 1.1 As it follows from Theorem 1.7, problem J//> C; with A > 1 cannot
have an optimal schedule with an infinitely large stability radius in contrast to problem
J//Cinaz and problem J/ /L. (see Section 1.3).

Note that all of the results in this section and in Section ??7 are valid for any general
shop scheduling problem. However, we use the partition of the set of operations () into n
chains Q.3 = 1,2,...,n, (which is necessary for the job shop and flow shop but is not
necessary for the general shop) for a better presentation of the results. Table 1.1 collects
special cases of the shop scheduling problem which are characterized by the machine
service and the technological routes of the jobs. In scheduling theory often the classical
job shop is considered for which each job has to be processed exactly once on each machine
(see problem in the third row in Table 1.1). For our consideration this restriction is
not important. We will consider the job shop problem Jm//® with recirculation (see
[Pin95a]), which may occur when a job may visit a machine more than once.

To illustrate the above notations and some results, we consider in Section 6 an example
of a job shop scheduling problem with two jobs and two machines.

Example 1.5 The job shop problem is specified by the mixzed graph G = (Q, A, E) given
in Figure 1.5. The first job consists of operations 1 and 2, and the second job consists
of operations 3 and 4. So we have the precedence constraints 1 — 2 and 3 — 4. The
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assignment of the operations to the machines is as follows: Q1 = {1,4}, Q2 ={2,3}. The
vector p = (10,30, 20,40) defines the processing times of the operations @ = {1,2,3,4}.

For this problem we get A(G) = {G1, G, Gs} with the following signatures of semi-
active schedules: Ey = {(1,4),(3,2)}, Ex = {(1,4),(2,3)} and E5 = {(4,1),(3,2)}.
The corresponding sets of dominant paths are as follows: Hi = {(1,2),(3,2)}, H? =
{(1,4),3,4)}, Hy ={(1,2)}, H = {(1,2,3,4)}, Hy = {(3,4,1,2)} and Hi = {(3,4)}.
The optimal digraph G = (Q, AU E1,0) is represented in Figure 1.5 and it defines the
unique optimal semiactive schedule (10, 50,20, 60) for both criteria Cpa. and Y- C;. There-
fore, due to Corollary 1.4 and Corollary 1.5 we have gs(p) > 0 and o,(p) > 0.

b1 = 10 P2 = 30
{2)

Figure 1: Mized graph G = (Q, A, E) for example 1.5

We can calculate the exact value of 01(p) on the basis of Theorem 1.5. First,
we compare the digraphs G1 and Go.  We have four sets of representatives for di-
graph Gy, namely: 91 = {(1,2), (1,4)}, 9 = {(1,2),3, )}, 9 = {(3,2), (1,4)} and
O = {(3,2),(3,4)}. We can calculate vectors n(2}) = (2,1,0,1), n(Q?) = (1,1,1,1),
n(Q3) = (1,1,1,1) and n(Q}) = (0,1,2,1). Digraph G5 has only one set of representatives:
Q) =1{(1,2),(1,2,3,4)} with n(Q}) = (2,2,1,1). Obviously, we have n;(Q¥) < n;(Q3) for
u € {1,2,3} and for all i € {1,2,3,4}. Thus, we have to calculate only

(40 + 100) — (50 + 60) _30_ .
12—0|+|2—1|+|1=2]|+]1—1] 4 7

rolat =

Next, we compare the digraphs Gy and Gs. Digraph G3 has only one set of representatives:
QL =1{(3,4,1,2),(3,4)} with n(2}) = (1,1,2,2). Obviously, we have n;(Q¥) < n(Q) for
u € {2,3,4} and for all i € {1,2,3,4}. Thus, we have to calculate only

(100 -+ 60) — (40 + 50) L0
[T—2|+|1—1]|+|2-0]+]2-1] 4 7

roy0) =

Since 7.5 < 10 = min{py, ps, p3, P4}, the bound (1.34) is reached and we obtain o} (p) =
min{7.5;17.5} = 7.5 and G is a competitive digraph for digraph Gy, which is optimal for
p = (10,30, 20, 40).
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c3(1) = 20 ca(1) = 60

Figure 2: The optimal digraph G, = (Q, AU E1, )

Next we consider the stability radius of the optimal digraph G with respect to crite-
1101 Cpaz- We have the following sets of dominant paths: H = {(1,2),(3,4)}, H; =
{(1,2),(1,4),(3,2),(3,4)}, Hy ={(1,2,3,4)} and H3 = {(3,4,1,2)}. It is clear that any
path p € H{\H is dominated by the path (1,2,3,4) € Hy and by the path (3,4,1,2) € Hj.
Thus, due to Theorem 1.1 we have g1(p) = c©.

In scheduling theory open shop problem is also considered when technological routes
for processing jobs are not fixed before scheduling, i.e., for each job J; € J only set of
operations Q7' is given but order of these operations is not fixed. While solving open
shop problem O//® it is necessary to find optimal orders of operations Q7 for each job
J; € J along with optimal orders of operations on each machine M, € M. Similarly to
flow shop problem, each job J; € J has to be processed by each machine exactly once.
The same property of the technological routes are assumed for so-called classical job
shop. Classification of shop scheduling problems is given in Table 1.1.

Table 1.1: Different shop scheduling problems

Characterization Shop scheduling Technological routes
of machine service problem of the jobs
Open shop Different jobs may have
O/ different routes, which are
Each job J; € J has not fixed before scheduling
to be processed by Flow shop Jobs have the same route,
each machine M € M F/|® which is fixed before
exactly once scheduling
Classical Different jobs may have
job shop different routes, which
A job may be processed Job shop are fixed before
by a machine more J/]® scheduling
than once
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1.5 Stability of an Optimal Line Balance

This section is addressed the simple assembly line balancing problem (abbreviation:
SALBP), in which it is necessary to minimize number of stations m for processing n
partially ordered operations V' = {1,2,...,n} within the cycle time c.

Let the processing time p; of operation ¢ € V and cycle time ¢ be given. However,
during the life cycle of the assembly line the values p; are definitely fixed only for the
subset of automated operations V \ V. Another subset V includes manual operations,
for which it is impossible to fix exact processing times during the whole life cycle of the
assembly line. If j € V'\ V, then operation time p; can be different for different cycles of
production process.

In this section, for the optimal line balance b of paced assembly line with vector
p = (p1,p2,--.,pn) of the operation times, we investigate stability of its optimality with
respect to possible variations of the processing times p; of the manual operations j € V.
In particular, we derive necessary and sufficient conditions when optimality of the line
balance b is stable with respect to sufficiently small variations of the operation times p;,
j € V. We show how to calculate the maximal value of independent variations of the
processing times of all the manual operations, which definitely keep the feasibility and
optimality of the line balance b.

Simple Assembly Line Balancing Problem

We consider a single-model paced assembly line, which continuously manufactures homo-
geneous product in large quantities (mass production). In this section, we use terminology
and main notations given in survey [Bay86] and monograph [Sch99].

The assembly line under consideration is a sequence of m linearly ordered stations,
which are linked by conveyor belt (or other material handling equipment). All stations
of the assembly line have to perform the same set of operations repeatedly during the
life cycle of the assembly line. Set of operations V', which have to be processed on the
assembly line within one cycle time ¢, is fixed. Cycle time c is fixed as well. Each operation
j € V is considered indivisible: An operation j has to be completely processed on one
station within one cycle time c. All the m stations start simultaneously the sequences of
their operations and buffers between stations are absent.

We assume that set V' includes operations of two types. On the one hand, subset V of
set V includes all the operations, for which it is impossible to fix exact processing times
for the whole life cycle of the assembly line (e.g., manual operations). On the other hand,
each operation i € V'\ V is one with operation time p; being fixed during the life cycle of
the assembly line (e.g., in the case of automated operations).

The known technological factors define a partial order on the set of operations V. Let
digraph D = (V, A) with vertices V' and arcs A define partially ordered set of operations
V ={1,2,...,n}, which have to be processed on the assembly line within cycle time c.
Without loss of generality, we assume that

V=A{12. ,a)and V\V={n+1a+2,...,n},

where 1 < 7 < n. If 7 = 0, then V = . We will use the following notations for the
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vectors of the operation times:

ﬁ: (plaan '-'apﬁ)7 b= (ﬁ?ﬁ) = (p17p27 apn)

Thus, we have V = {1,2,...,n,n+ 1,...,n}. If n =n, then V=V.

Simple Assembly Line Balancing Problem (SALBP) is to find an optimal balance of
the assembly line for the given cycle time ¢, i.e., to find a feasible assignment of all the
operations V' into the minimal possible number m of stations. (Note that in [Bay86] and
[Sch99], abbreviation SALBP-1 is used for such a problem.)

Assignment V =V, UV, U. ..UV, of operations V' into m linearly ordered stations

S = (S1, Sa, ..., Sin)

(i.e., partition of set V' into m mutually disjoint non-empty subsets Vi, k =1,2,...,m) is
feasible operation assignment (also called line balance) if the following two conditions hold.

Condition (I): Feasible operation assignment does not violate the precedence
constraints given by digraph D = (V| A), i.e., inclusion (i,7) € A implies that operation
7 is assigned to station Si: i € V},, and operation j is assigned to station S;: j € V;, such
that 1 < k <t <m.

Condition (II): Cycle time ¢ is not violated for each station Sy, k € {1,2,...,m},
i.e., sum of the processing times of all the operations assigned to station Sy (also called
station time), has to be not greater than cycle time c:

Y pm<e (1.45)

i€V

For SALBP, line balance b is optimal when it uses the minimal number of m stations
(optimality) and when the Condition (I) and Condition (II) are satisfied for b (feasibil-
ity). The following claim may be easily proven by polynomial reduction of NP-complete
partition problem to the decision version of SALBP with two stations and with A = ()
(see, e.g., [Sch99]).

Constructing an optimal line balance for SALBP is binary NP-hard problem even for
the case of two stations used in the optimal line balance, S = (S, S3), empty precedence
constraints, A = 0, and fixed processing times of all the operations V processed on the
assembly line, V=0

For the sake of simplicity, we will use the following notation

p(Vi) = > i,

1€Vy

but only for the original vector p = (p1,p2, ..., pn) of the operation times (in order to
avoid misunderstanding). As it was already mentioned, set V' includes operations of two
types: Subset V of operations with variable processing time (manual operations) and
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subset V\f/ of operations with fixed processing time (automated operations). We assume
that, if j € V, then operation time pj 1s given non-negative real number: p; > 0, however
the value of this operation time can vary during life cycle of the assembly line and can
even be equal to zero. Zero operation time p;- will mean that operation j € V. N V will be
processed (e.g., by an additional worker) in such a way that processing operation j will do
not increase station time for Sy for the new vector p = (¢, p) = (), Py -y Dry Pivt1s -y Pr)

of the operation times:
Yo=Y P

1€V, 1€V \{j}

Obviously, the latter equality is only possible if p; =0. Ifie VN ‘7, then operation
time p; is given real number fixed during the life cycle of the assembly line. We assume
that p; > 0 for each operation i € VN V. As far as the processing time of the automated
operation is fixed, one can consider only automated operations, which have strictly positive
processing times. Indeed, an operation with fixed zero processing time (e.g., due to using
an additional machine for processing this operation) has no influence on the solution of
SALBP under consideration.

In contrast to usual stochastic settings of SALBP, we do not assume any probability
distribution known in advance for the random processing times of the manual operations.
Moreover, this section does not deal with algorithms for constructing optimal line balance
in this type of uncertainty. It is assumed that optimal line balance b is already constructed
for the fixed vector p = (p1, pe, ..., pn) of the operation times. Our aim is to investigate
stability of the concrete line balance b, which is optimal for the given operation times
pi,t € V., with respect to independent variations of the processing times of all the manual
operations or a portion of the manual operations.

More precisely, we investigate stability radius of an optimal line balance. Stability
radius may be interpreted as a maximal possible error of the processing times p; of all
the manual operations j € V, which definitely keep the optimality of the line balance b.
Next, we give some motivation for stability analysis of the optimal line balance and then
formal definition of stability radius.

Motivation for Stability Analysis

Assembly line balancing problem arises when a new assembly line must be installed, and
the internal demands and properties of the assembly line have to be well estimated since
assembly line has to be used for a long time (long life cycle). Cycle time ¢ may be defined
on the basis of customer demands in the finished products. More precisely, the value
of ¢ may be calculated as the ratio of available operating time of the assembly line and
production volume for the same calendar interval. One of the common mathematical
problems at the stage of assembly line design is SALBP. This problem may arise also
when cycle time c of acting assembly line has to be changed because of changing customer
demands in the finished product.

In the real-world assemble lines, processing times of some operations may be known
exactly and fixed for a long time (e.g., if operation has to be done by fully-automated
machine or by semi-automated machine). Modern machines and robots are able to work
permanently at a constant speed for a long time. However, in some cases it is not realistic
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to assume constant operation times, e.g., if an operation has to be done by a human
operator with rather simple tools. In the case of a human work, operation time is subject
to physical, psychological and other factors. Moreover, due to the learning of operators,
the operation times during the first days (weeks, months) of a life cycle of the assembly
line may differ considerably from the processing times of the same operations during the
later days (weeks, months). Also, some workers can leave the plant, and new workers
with lower or higher skills have to replace them.

In the case of changeable operation times, it is important to know the credibility of
the optimal line balance at hand with respect to possible independent variations of all
or a portion of the operation times. Line balance b, which is optimal for the original
vector p = (p, p) of the operation times, may lose its optimality (and even feasibility) for
some new vector of the operation times. For example, due to increasing of some operation
times, line balance b may become infeasible for cycle time ¢ since inequality (1.45) may
be violated. In such a case, it is necessary to look for another line balance and to use it,
if possible, for a suitable modification of production process on the assembly line.

Also, line balance b may lose its optimality with saving its feasibility. It may occur if
another operation assignment, say by, become feasible for the modified vector p’ = (¢, p)
of the operation times, and by uses less stations than line balance b uses. Of course, each
re-engineering and modification of the assembly line being in process take an additional
time and other expenditure. So, assembly line modification has to be started when it
is really necessary: When the income from it will be larger than the total expenditure
caused by the re-engineering. Thus, an evaluation of expenditures and benefits should be
conducted before deciding whether re-engineering of assembly line is necessary. However,
these expenditures and benefits are difficult to evaluate before the end of the re-engineering
process. In what follows, we derive some sufficient conditions for keeping the optimality
of the line balance being in process. E.g., re-engineering is not necessary if the currently
applied line balance remains optimal in spite of the changes of the operation times p.

To test whether line balance b remains feasible for the new vector p’ = (§/, p) of the
operation times takes O(n) time (if station times are included in the input data) or O(n)
time (otherwise). Indeed, for the new operation times we have to verify inequality (1.45)
for each subset Vi, k = 1,2,...,m, which includes at least one manual operation with
changed processing time in the new vector p’. On the other hand, in the case of feasibility
of the line balance b for the new vector p’, in order to test its optimality for p’ we have
again to solve NP-hard SALBP.

Intuitively, it is clear that sufficiently small changes of the operation times py, ps, ..., pa
may keep line balance b feasible and optimal for the new vector p’ = (§', p) of the operation
times. In what follows, our aim is to estimate or (what is better) to calculate the largest
independent variations of the operation times p;, i € V, which do not violate the feasibility
and optimality of the line balance b at hand. Also note that at the stage of the design of
the assembly line, there may exist a lot of optimal line balances. Using stability analysis,
we can select such an optimal line balance, which feasibility and optimality are more
stable with respect to possible variations of the operation times p;,7 € V.

Further, stability analysis of an optimal line balance will be developed. To this end,
we will use the notion of stability radius, which is similar to stability radius of an optimal
schedule introduced in Section 1.2 for general shop scheduling problems. If stability radius
of line balance b is strictly positive, then any independent changes of the operation times
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Dj,J € V, within the ball with this radius, definitely keep the optimality of line balance
b. However, if stability radius of b is equal to zero (i.e., if the optimality of line balance
b is unstable), then some even small changes of the processing times of all or a portion
of the manual operations may deprive the optimality of line balance b.

Let B denote the set of all assignments of operations V' into stations Si, So, ..., S,, (for
all possible numbers m of stations: 1 < m < n), which satisfy Condition (I). Subset of
set B of all operation assignments (line balances) which also satisfy Condition (II) for the
given vector p = (p1, pa, ..., Pn) of the operation times is denoted by B(p) = {by, ba, ..., by }.
Let subset of set B(p) of all the optimal line balances be denoted by By (p).

Thus, inclusion b € B,,;(p) implies that line balance b :

V=uwu..uvp,
satisfies Condition (I), Condition (II), and the following optimality condition for the
vector p = (p1, P2, ..., Pn) Of the operation times.

Condition (III). m, = min{m,, : by € B(p)}.
Hereafter by, k € {1,2,..., h}, means the following line balance:
V=Vr*UVru.. .U Vi

Since line balance b is contained in the set B(p), we have b = b, € B(p) for some index
r € {1,2,...,h}. However, as a matter of convenience, index r will be omitted for the
optimal line balance b, which stability will be investigated.

Note that in both definitions of set B and set B(p), number m of stations is not fixed.
Namely, for each line balance by from the set B(p), inequalities m, < my, < n must
hold. And number of stations in an operation assignment from set B has to belong to set
{1,2,...,n}.

The main questions under consideration may be formulated as follows. How much can
be modified the components of the vector p simultaneously and independently from each
other that the given line balance b remains feasible and optimal?

Let line balance b be optimal for the given non-negative real vector p = (p,p) = (p1,
P2, ...,Dn) € R of the operation times, i.e., b € B,p(p). The formal definition of stability
radius of an optimal line balance b may be introduced as follows.

Definition 1.4 Open ball O,(p) with radius p € R and center p € R in the space R"
with the maximum metric is called a stability ball of the line balance b € Byy(p), if for
each vector p* = (p*, p) of the operation times with p* € O,(p) N R operation assignment
b remains feasible and optimal. The mazximal value py(p) of the radius p of stability ball
O,(p) of the optimal line balance b is called stability radius denoted by py(p).

It should be noted that in Definition 1.4 vector p = (pit1, Pr+e, .-, Pn) of the processing
times of the automated operations and the complete vector p = (p,p) = (p1, P2y -y Pn)
of the operation times are fixed, while vector p* = (pf, p5, ..., p5) may vary within the
intersection of the open ball O,(p) C R"™ with the space R of non-negative real vectors.
Stability radius pp(p) is equal to the minimal upper bound of independent variations &;
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of the processing times p; of all the manual operations i € V, which definitely keep the
optimality of the line balance b. In other words, inclusion b € B,y (p*) must hold, if
inequalities max{0, p; — &;} < p; < p; + &; hold for each operation i € V.

To illustrate the above notations, we use the following example of SALBP.

Example 1.6 We suppose that ¢ = 10, n = 4, n = 8 and p = (2,3,3,9,5,3,7,2).
Thus, V = {1,2,3,4} is set of the manual operations, and V\V = {5,6,7,8} is set of
the automated operations. Digraph D = (V, A) is represented in Figure 1.7 where the
manual operation times (which can be changed during the life cycle of the assembly line)
are written in the usual form over the vertices, while the fized operation times p; for
automated operations i € V\V are written in the bold.

The following line balance b = b, € B(p) :
VP ={1,3,5},V;> = {2,6}, V> = {4}, V> = {7,8}

1s optimal since b uses minimal possible number my, = 4 of stations. Indeed, the sum of
all operation times p;,i € V, is equal to p(V') = 34, and number of stations in any line

balance cannot be less than
c 110

where [a] denotes the smallest integer greater than or equal to a.
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Figure 1.7: Digraph D = (V, A) and operation times

Let ‘N/kb denote the subset of manual operations of set VP, and VP denote the subset
of automated operations of set V;°. Thus, for each index k € {1,2,...,mp}, we have
Vb = ka U V2. The following remark will be used in the proofs of the main results in the
rest of this section.
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Remark 1.2 Let us consider the line balance b € B,,(p) being in process and the modi-
fied vector p’ = (', p) of the operation times. If there exists subset VP k € {1,2,...,mp},
in the line balance b such that

S =0, (1.46)

i€V
we continue to affirm that the line balance b uses my, stations for the modified vector
P = (P, p) as well. We can argue this as follows. In spite of the equality (1.46) valid for
the vector p’ = (9, p), station Sy is still exists in the assembly line with line balance b.
At least to delete station S may cause some additional cost and time for re-engineering
the assembly line. Moreover, after deleting station Sy we will obtain another line balance,
say b* € B :

V= U V=1V uv UL oy
1€{1,2,...,mp },i#£k

where Mpx = Mp — 1.

Note that because of inequality p; > 0 is valid for each automated operation i € V\‘N/,
equality (1.46) is only possible if V;° = V}P.

Example 1.6 (continued). For Example 1.6, we have Vi = VP = {4}, and equality (1.46)
holds for station Ss and the modified vector p' = (p',p) with p' = (2,3,3,0). Hence, for
the vector p' = (¢, p) = (2,3,3,0,5,3,7,2) of the operation times there exists another line
balance which is better than line balance b since it uses less stations than b.

Indeed, manual operation 4 (with zero operation time: p), = 0) may be assigned to
another station without increasing station time. For such a moving operation 4, we need
only to guarantee feasibility of a new operation assignment with respect to Condition (I).
E.q., we can use the following operation assignment bt :

‘/1b(5) _ {1’ 3’ 5}’ ‘/2b<8) _ {274’ 6}, ‘/éb(5> — {7, 8}7

obtained from the line balance b via moving operation 4 from station Sy to station Ss.
It is easy to see that operation assignment b'®) satisfies both Conditions (I) and (II)
for the modified vector p' = (7, p) and b"®) uses fewer stations than line balance b uses:

My (s) =3<4=myp.

It should be noted that line balance b is not feasible for the original vector p of the
operation times (b'®) & B(p)), since inequality (1.45) from Condition (II) is violated for
station Sy: p(VP™) =3 +3+9=15> 10 = ¢. Note that d(p,7') =| ps — P, |= 9, and
thus we can conclude that pp(p) < 9.

Moreover, we can consider another vector p’ = (2,3,3,4,5,3,7,2) of the operation
times for which b & Boy(p") and b € By, (p"). The vector p” is closer to the original
vector p than vector p' : d(p,p) =| ps — p) |= 9 — 4 = 5. Therefore, we conclude that
po(p) < 5.

Farther, we show how to modify the original vector p of the operation times when
there may be no subset V¥ with valid equality (1.46) in the line balance b.
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Zero Stability Radius

We derive the necessary and sufficient conditions for the case when optimality (or feasi-
bility) of the line balance b € B,,(p) is unstable.

Theorem 1.8 For the line balance b € Bou(p) equality pyw(p) = 0 holds if and only if
there exists subset V2, k € {1,2,...,mp}, such that V2 # (0 and p(V}?) = c.

PROOF. Sufficiency (if ). We make the following assumption (called assumption IF). Let
there exist subset V> with V}? # () and p(V}?) = c.

Since ‘N/kb # (), there exists at least one manual operation j € V,f . For any small positive
real €, we set pj = p; +¢ . And for all other manual operations i € ‘7\{]}, we set pf = p;.
As a result, we obtain vector p* = (p}, ps, ..., p). For the complete vector p* = (p*, p) of
the operation times, from equality p(V}?) = ¢ (see assumption IF), it follows:

> = ZP;"‘ pi=> pite=cte>c

ievp jevp ieVp ievp

Therefore, operation assignment b does not satisfy Condition (II) for the new vector
p* = (p*,p). As a consequence, b ¢ B(p*), and hence b ¢ B,,(p*). Since distance
defined by formula (1.4) with @ = V between the original vector p and the new vector
p* may be as small as desired: d(p,p*) = &, we conclude that py,(p) = 0. In such a case,
stability ball O,(p) may be interpreted as a single point: O,(p) = {p}.

Necessity (only if ). We make the opposite assumption (called assumption ONLY IF).
There is no subset V¥, k € {1,2,...,my}, such that both conditions V}? # § and p(VQ) = ¢
hold. Hence, if V¥ # 0, then p(V}?) < c.

In order to get zero stability radius for the line balance b we have to show that for any
arbitrarily small real £ > 0 there exists vector p € R” that d(p,p’) = ¢ and b € By, (p')
with p = (p,p) and p' = (', p). In principle, for realization equality pp(p) = 0 there are
three possibilities (we denote them as case (i), case (i7) and case (iii)), each of which
corresponds to violation Condition (I), Condition (II) or Condition (III) for the operation
assignment b with modified vector p’ of the operation times. Next, we consider these
possibilities in details and prove that they are impossible for sufficiently small real € > 0.

(i) To make operation assignment b inadmissible due to violation Condition (I) for
the modified vector p" of the operation times, i.e., b &€ B.

However, the latter contradicts to the inclusion b € B,,;(p) being assumed in Theorem
1.8.

(77) To make operation assignment b € B inadmissible for the modified vector p’ due
to violation Condition (II), i.e., b & B(p).

Since b € B, cycle time ¢ may be exceeded for the vector p = (p,p) =
(P Dby ooy D Dy - - Pn) € RY (ice., inequality (1.45) may be violated) only for some
station .S; with ka # (). Due to assumption ONLY IF for each such station Sy inequality
p(V?) < ¢ must hold.

Let us consider successively all such stations S, k € {1,2,...,mp}, with ka # () and
p(VP) < c. To violate inequality (1.45) for subset p(V;®) (and so to violate Condition
(IT) for b)), the closest to p vector p’ may be obtained by increasing all the components
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JRAS ‘N/kb, of the vector p = (p1,p2, ..., pa) by the same value, which has to be more than
the following fraction:
c—p(Vi)
VPl
Due to inequalities p(VP) < ¢ and |V;?| > 1 the value 6P is strictly positive: 47 > 0.
If we add 6P to the processing time p; of each operation i € VP pf@ = p; + 6P, and if we
set pjo = p; for all other manual operations j € V\VP, we obtain equality Eievkb ¥ =c

=P, (1.47)

for the modified vector p© = (5, p) with p© = (p¢, 99, ..., p9).

In order to violate Condition (II), we can continue similarly to the above proof of
sufficiency. Note only that in this case, distance d(p%, p) is equal to P and therefore such
a distance cannot be arbitrarily small for the fixed line balance b.

Also note that to realize case (i7) it is sufficient to violate inequality (1.45) for at
least one station (and as a result Condition (II) will be violated for the line balance b).
Therefore, we can calculate the following lower bound of distance d(p/, p) for the desired

vector p: N
d(p®,p) > 6® =min{6P : V¥ # 0.k € {1,2,...,mp}}. (1.48)

Remind that inequality p(V;?) < ¢ is certainly implied by condition V? # ) (see
assumption ONLY IF). Since 6° > 0 for each subset V{ with V? # 0, it follows that
6P > 0. Thus, we conclude that Condition (II) may be violated for operation assignment
b with some modified vector p € R’} only if for the complete vector p' = (¢, p) of the
operation times the following inequalities hold:

d(p,p') > o® > 0. (1.49)

What is important, the above distance d(p,p’) cannot become arbitrarily small for the
fixed line balance b.

(737) To find the modified vector p” = (p”,p) of the operation times, for which line
balance b is feasible: (b € B(p”)), but not optimal: (b & By (p"”)).

As we assume (see Remark 1.2), it is impossible to change the number of stations used
in any operation assignment from set B. Therefore, to realize case (iii) we have to find
another operation assignment, say b* € B, which is feasible for a suitably modified vector
p" = (p",p) of the operation times (b* € B(p”)), and which is better than line balance
b € B(p”) due to inequality mp« < my,. In other words, we have to find the closest to p
vector p* such that b* € B(p”) for the complete vector p” = (p”,p) and mp+ < mp. As a
result, we will be able to affirm that b & (B, (p*).

Let us investigate mandatory properties of the desired operation assignment b* :

V=V U u.uvy .

The following two properties have been already proven:

(@): My < My,

(b): b* € B(p").

Note that if p(V?") > ¢ for at least one index k € {1,2,...,mp-}, then operation
assignment b* cannot become feasible with respect to Condition (II) (see inequality (1.45))
for any modified vector p” = (p”,p). Therefore, we obtain the third property of the
operation assignment b*:
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(e): p(VP) < e,k =1,2,...,mp-.

From the feasibility (if any) of the operation assignment b* for the original vector p
of the processing times it would follow that b & B,,:(p), since b* uses fewer stations than
b uses (see property (a)). Therefore, operation assignment b* cannot be feasible for the
original vector p of the processing times, and we can denote this as property

(d): b ¢ B(p)

It is easy to see that both properties (b) and (d) are only possible if in the operation
assignment b* there exists at least one subset V;,b* that inequality p(‘/;,b*) > ¢ holds. We
present this as property (e) of operation assignment b*.

(e): p(V,") > c for at least one station S,,p € {1,2, ..., M+ }.

Let us consider any operation assignment b € B that has all the above properties
(a), (b), (c),(d) and (e). Obviously, property (e) and property (c) for station S, may
simultaneously hold only if ‘72,"* # (). Therefore, for one subset V;,b* we can calculate the
following strictly positive fraction:

t(VP')—c

T - AVP). (1.50)
p

Numerator in the left-hand side of (1.50) shows how much station time of S, exceeds
cycle time c¢. Denominator shows in how much parts the numerator have to be divided,
taking into account that all the processing times of operations ‘~/pb* may be simultaneously
changed. In order to minimize distance d(p”, p) for desired vector p”, we can decrease each
processing time p;, j € ‘7pb*, by the same value A(VP") defined in (1.50). Thus, A(V,") is
equal to the minimal possible real number which has to be subtracted from each processing
time p; of the manual operation j € Vpb* in order to obtain the closest to p vector p” of
the processing times, for which the considered subset Vpb* becomes feasible with respect
to inequality (1.45). Obviously, to define vector p” we can set

i =p; — AV (1.51)

for each manual operation j € f/pb*. For all other manual operations i € V \ ‘7pb*, we
set p! = p;. As a result, we obtain vector p = (p{,pf,...,ps) with distance d(p”,p) =
A(Vpb*) > 0 from vector p. It is clear that there is no vector p** € R’:, which is closer
to p than vector p” provided that inclusion b € B((p**, p)) holds. (Taking into account
Remark 1.2, substituting the original vector p by the modified vector p” = (p”,p) cannot
decrease the number my, of stations used in the line balance b.)

Similarly, we can consider all the operation assignments b* € B, which have properties
(a), (b), (c),(d) and (e). Then we calculate the minimum among values A(VP"). We
denote this minimum by

AP = min{A(V;b*) : b* € B possessed properties (a), (b), (¢), (d), (e)}.

Since A(V,”") > 0 for each such b* € B, we conclude that A® > 0. Thus, for the closest
to p vector p”, for which case (iii) may be realized, the following inequalities must hold

d(p",p) > AP > 0. (1.52)

Therefore, for case (iii) distance d(p”,p) cannot be arbitrarily small for the fixed line
balance b.
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Summarizing, we conclude, first, that case (i) is not possible. Second, due to inequali-
ties (1.49) and (1.52) either case (ii) or case (7i7) may be realized for some modified vector
p'= (7', p) only if

d(p,p') > min{s", AP}.

Thus, distance d(p,p’) cannot be arbitrarily small for the fixed line balance b. Hence,
po(p) > 0, and Theorem 1.8 is proven.
&

It is easy to see that testing criterion given in Theorem 1.8 takes O(n) time. The
latter bound is defined due to calculating station times p(V;®), k = 1,2, ..., my,. Therefore,
if stations times are assumed to be included in the input data of the algorithm, then
it takes O(my,) time. The following lower bound on stability radius has been obtained
within the above proof of necessity of Theorem 1.8.

Corollary 1.6 If optimality of line balance b € B,,(p) is stable, then

pb(p) > min{é®, AP} (1.53)

Example 1.6 (continued). Returning to Example 1.6, it is easy to convince that in
the line balance b there exists subset VP = {1,2,5}, for which p(V?) = 10 = ¢ and
VP = {1,3} # @. Thus, Theorem 1.8 implies equality pn(p) = 0. Indeed, for the line
balance b each of the two manual operations 1 and 3 are critical. If processing time
of a critical operation will be increased (even by a small real number €), then sum of
the processing times of the operations assigned to station Sy will exceed the cycle time
¢ = 10 in the operation assignment b. Namely, if we set either p| = p1 +e€ =2+ ¢ or
Py = p3+¢€ = 3+¢, then operation assignment b becomes unfeasible since Condition (I1I)
15 violated.

In Table 1.5, other optimal line balances are represented for Fxample 1.6. Note that
for the above optimal line balance b we use also notation b,.. For each line balance in the
second row of Table 1.5, we represent the station times as a sum of two items: automated
operation times and manual operation times.

Let us consider optimal line balance by € B(p) :

VP ={2,5}, V> = {1,3,6}, V> = {4}, V" = {7.8},
which is also optimal for the original vector p = (p,p) = (2,3,3,9,5,3,7,2), since

mp, = 4 = (M-l .

c
For the line balance b, € By (p) there does not exist subset VP k € {1,2,3,4}, such
that both conditions kas # © and p(V>*) = ¢ hold. Therefore, due to Theorem 1.8 the
optimality of line balance by is stable: py,(p) > 0. The latter inequality means that if
variations of all the processing times of the manual operations V = {1,2,3,4} will be

sufficiently small, then line balance by will remain optimal. Due to Theorem 1.8, line
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Table 1.2: Optimal line balances for vector p = (2,3,3,9,5,3,7,2) of the operation times

b, VP ={1,3,5} | Vor ={2,6} [ Vg ={4} | V" ={7,8}
p(VPr) = 10 = 6=3+3 |9=94+0]| 9=0+
p(Ve ) +p(V) | (2+3) +5 (7+2)
b, Vlbs — {27 5} Vvas — {17376} ‘/E’)bs — {4} V4bs — {77 8}
p(VPe) = 8§8=3+5 8 = 9=9+0] 9=0+
p(VP*) + p(V) (2+3)+3 (7+2)
b, Vi ={1,5} | W ={2,3,6} | Vo = {4} | V" = {7,8}
p(VP) = 7T=2+5 9= 9=9+0| 9=0+
p(V") + p(Vi) B3+3) +3 (7+2)
b, Vlbw = {17 275} V2bw = {37 7} V:ab” = {4} V4 Y= {678}
p(VP) = 10 = 10=3+7 |9=94+0]| 5=0+
p(Ve) +p(Ve) | (2+3) +5 (3+2)
b, Ve ={1,3,5} | Vo ={2,7} |V ={4} [V} = {6,8}
p(VP) = 10 = 10=3+7 | 9=9+0| 5=0+
p(VP) +p(VP*) | (2+3)+5 (3+2)

balance b, has strictly positive stability radius: py,(p) > 0, while line balances by, and b,
have zero stability radii:

b, (p) = pp.(p) = 0.

Optimal line balances by and b, with positive stability radii are better than optimal line
balances b,, b, and b, with zero stability radii. To choose better line balance among
b, and b, we have to calculate the exact values of their stability radii. In the following
subsection, it will be shown how to do such a calculation.

Exact Value of Stability Radius

We derive a formula for calculating the exact value of stability radius pp(p). We will
prove it on the basis of more precise calculation than it was used within the proof of
Theorem 1.8 (see case (i7) and case (iii)). Before formulating Theorem 1.9 about exact
value of stability radius, we present its proof.

As it was already mentioned in the proof of Theorem 1.8, there are only two possibil-
ities to violate the optimality of line balance b € B,,(p): Either in case (ii) to violate
feasibility of operation assignment b via increasing some operation times in order to vi-
olate inequality (1.45) for at least one subset V* k € {1,2,...,mp}, or in case (i) to
violate optimality (with saving feasibility) of operation assignment b via decreasing some
operation times in such a way that another operation assignment (with number of used
stations less than my) becomes feasible for the modified vector of the processing times.

Obviously, any increase of an operation time in case (ii) keeps the obtained vector
of operation times within the space R}, and as follows from the proof of Theorem 1.8
(see case (7)) the value 6° defined in (1.48) gives the minimal possible distance d(§, p)
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(a lower bound) for any vector (', p) € R}, which may be suitable for realization of case
i7).
( )Next, we show that lower bound 6P is maximal. To this end, we show that desired
vector p’ may be chosen to be arbitrarily close to the ball Og(p), i.e., for any small real
e > 0 there exists vector ' = p° € R such that d(p°,p) = 6° + ¢ and b & B((7°,p)).
Let the value 6® in (1.48) is reached for the station S, (with ‘Z]b #0,p(Vp) <cyge
{1,2,...,mp}), i.e., 0® = & with 0P being defined in (1.47). For any small positive real
g, we construct vector p = (pi, p5, ...p5), where p5 = p; + 0P +e ifj € ‘N/gb, and p; = p;
ifieV \ ‘7;’. For the complete vector (p/, p), feasibility of the operation assignment b is
violated. Indeed,

Spi= Y pt | VP + | VP le=cte| VP>,

ieVp ieVp

and therefore b ¢ B((p°,p)). Since the distance d(j°,p) = 6 + & between vector p° and
the sphere of the ball Oz (p) is equal to e which may be arbitrarily small.

On the other hand, feasibility of the operation assignment b will be definitely kept for
any vector p* € Ogv(p) N RY, ie., b € B((p5,p)). (It follows directly from the proof of
necessity of Theorem 1.8, see inequalities (1.49)). Hence, for calculating the exact value
of stability radius we can use value 6P just as it is defined in (1.48). In other words if
6P < AP, then inequality (1.53) turns out into equality py(p) = 0®.

Unfortunately, it is not the case for the value AP used in (1.52) and (1.53). And there
are two reasons for this, which will be considered in details as case (j) and case (jj).

(7) After decreasing of the operation times p;,j € (‘N/pb*), by the value A(Vpb*) (see
(1.51)) we can obtain vector p”, which may have one or even more negative components
(namely, if p; < A(Vpb*)). Thus, it may happen that p” ¢ R and so (p”,p) & R".
Therefore, in the desired formula for the exact value of stability radius pp(p), values
A(V;Jb*) and AP have to be changed in order to guarantee that the desired vector of the
operation times contains only non-negative components. Such a change may be done as
follows.

Let B®) denote the set of all operation assignments from set B such that each b() €
B®) has properties (a), (c), (d) and (e):

B® = (bW b® . bW} ={b" e B : b" possessed properties (a), (c), (d), (e)}.

In the definition of set B®) we do not indicate property (b) since it uses the vector
p" € R, which may be deferent for different lines balances b € B®) And our aim is
just to find vector p” = (p",p) € R} of the operation times which is the closest to vector
p such that for at least one operation assignment b(® € B(®) inclusion b € B(p") holds,
and therefore b & B,,:(p”). In any operation assignment b(¥ € B(p”) there exists subset
V;)b(d) that inequality p(Vpb(d)) > ¢ holds (see property (e)). In order to insure inclusion
p" € R, we need the following additional calculation.

Let equality ‘7;)((1) = {41,149, ...,1,} hold, where u = |1~/pb<d)| and indices v of operations
1, are assigned in such a way that the following inequalities hold:

Piy S Pip < -0 S iy (1.54)
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We also set p;, = 0. Then the closest to p vector p” = (p”,p) € R’} of the operation times,
for which subset Vpb(d> is feasible (i.e., inequality (1.45) holds for subset Vpb(d) with vector

p" = (p",p) of the operation times), can be obtained if for each operation i, € f/pb(d) we
set

pi, = max{0, p; — AV}, (1.55)

where j and 7, denote the same manual operation (j = 4,), and value A(Vpb(d)) is calculated
as follows:

Zievpb(d) p’L —C— Zgzo pia
{7b(d)
i

APy = max B=0,1,..., |V}, (1.56)

where maximum is taken among right-hand fractions calculated for all g =
0,1,..., |\~/pb(d)| — 1. Thus, in order to get the modified vector p” with only non-negative
components, we have to use (1.55) instead of (1.51) with A(V;?b(d)) being used instead of
A(VPD).

Next, we consider the second reason for the need to modify AP.

(77) Note that in the operation assignment b@ € B(®) there may exist several subsets
V;,b(d), that inequality p(‘/;?b(d)) > ¢ (see property (e)) and inequality p(‘_/pb(d)) < ¢ (see
property (¢)) hold. Therefore, the desired modification of the vector p will be obtained if
we will use setting (1.55) for each manual operation j € ‘z)bw) and for each subset Vpb<d)
that inequalities p(Vpb(d)) > ¢ and p(\_/pb(d)) < ¢ hold.

Recall that A(Vpb(d)) defined in (1.50) with b* = b(® is equal to the minimal possible
real number, which has to be subtracted from each processing time p; of the manual
operation j € ‘N/pb(d) in order to obtain the closest to p vector p” € R" of the processing
times such that subset ‘7pb<d) becomes feasible (with respect to inequality (1.45)). Just
the same claim is valid for A(V;)b(d)) with only one exception that p” € R’} (in contrast
to inclusion p” € R™ in the case (i#) of the proof of Theorem 1.8). For all other manual
operations (i.c., operations i € VP with p(Vi*”) < ¢) we set p! = p;. Obviously, to
make operation assignment b(® feasible we have to find the closest to p vector p” of the
processing times for which all subsets Vpb(d) with p(‘/;,bw)) > ¢ will satisfy inequalities
(1.45) with vector p” (only in this case Condition (II) will hold). Therefore, we have to
choose the maximal value A(b®) among all values A(V;,b(d)):

AD) = max{A(VP'"): p(VP'") > ¢} (1.57)

Similarly, we can consider all the operation assignments b@ ¢ B®) and calculate the
minimal value AP among all values A(b@):

AP = min{A(b?D) : b e BP)}. (1.58)

As a result, we obtain the closest to p vector p” = (p”,p) € R" for which there exists
operation assignment b(¥ € B®) that b@ € B(p”), and therefore b & B,,(p") since
Mp@@ < Mp.
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Note that if mp < 3, then instead of the set B(®) it is sufficient to consider subset
Bme=1)  BP) defined as follows:

B(bel) — {b(r) c B(b) I Mpr = Mp — 1}'

Indeed, let minimum in (1.58) be reached for some operation assignment b(") € B®)\
B(mb_l) :

V=vPruvpru. L uvk”

My (r)?
with 1 < my < my, — 2. Via increasing the number of stations we can obtain another
operation assignment, say b(®), without increasing value A(b(), i.e., A(b(™) = A(b(®).
To this end, we can partition some set ka(r) with \ka(r)| > 2 into two parts and add
these parts to two stations with saving the value A(b() = A(b(®)). We have only to save
the precedence constraints given by digraph D = (V, A). By repeating this procedure
(M, —mp+1) times we obtain operation assignment b\) € B™>=1 with my,;) = my, —1

~

and A(f)(f)) = A(b™). Thus, instead of (1.58) we can use (1.59):
AP = min{A(b¥) : b ¢ Bime=1)} (1.59)

with value AP being the same in (1.58) and (1.59).

Obviously, using (1.59) takes less calculation. Summarizing, we conclude that if AP <
6P, then pp(p) = AP, where 6 is defined in (1.48) and AP is defined in (1.59). Thus, the
following theorem is proven.

Theorem 1.9 If optimality of a line balance b € By (p) is stable, then pp(p) =
min{6®, AP} with 6® being defined in (1.48) and AP in (1.59).

Example 1.6 (continued). We illustrate equality (1.56), which looks rather complicated,
by example. In order to calculate value Abs for line balance by € Bp(p) in Ezample
1.6 (see Table 1.5) we have to compare line balance by with, e.g., operation assignment
b defined as follows: VP = {2,5}, VP = {1,3,6,7} and VP = {4,8}. Operation
assignment b\ possessed properties (a), (c), (d), (€), and equality my@ = my, — 1 holds.
Therefore, b'Y € Bm>=1 " To find the closest to p vector p" such that b € B(p") (see
property (b)), first, we try to use (1.50) for A(V;,b(d)) with p = 2:

243+3+7)—10 15—-10
2 2
Using (1.51) gives pf =2 —2.5 = —0.5 and py = 3 — 2.5 = 0.5. Thus, component p}

of the desired vector p” becomes negative.
Therefore, we are forced to use (1.55) instead of (1.51), and (1.56) instead of (1.50).

On the basis of (1.56) we calculate A(VP™) as follows (note that for the order (py,ps) of
the components of vector p inequality from (1.54) holds: py < p3):

15-10—-0 15-10
2—-0 72—
Using (1.55) gives p] = max{0; 2 — 3} = 0 and p§ = max{0; 3 — 3} = 0. We obtain
both non-negative components pf and pf. Continuing in a similar way for subset V3b(d) we

AP = 2,5.

. -2
AVP) = max{ —} = max{2.5; 3} =3,
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obtain A(VP) =1 and pl = 8. Using (1.57) gives A(b) = max{3; 1} = 3. Thus, we
obtain the closest to p vector p” = (0,3,0,8,5,3,7,2) € R} that inclusion b@ ¢ B(p")
and property (b) hold.

Remark 1.3 In Definition 1.4 of the stability radius we use open stability ball O,(p).
Indeed, if AP < 4P, then py(p) = AP, and at the boundary (sphere) of the ball O, ) (p),

line balance b may lose its optimality (see case (iii) in Theorem 1.9). However, if AP > §®,
then py(p) = 6°, and so at the boundary of the ball O, ) (p) line balance b is definitely
optimal. Thus, if AP > 0P, we can consider closed stability ball with maximal radius
p(p). Since a priory we do not know either AP > 6 or AP < 6P, we are forced to use
open stability ball O, ) (p) in Definition 1.4 of stability radius py(p). Obviously, for any
p < po(p) one can consider closed stability ball O,(p) of the line balance b.

Bounds on Stability Radius

In Corollary 1.6, we already present a lower bound of stability radius pp(p). To calculate
value 6 we only need line balance b, cycle time ¢ and operation times p. Then calculation
dP can be done as follows.

Algorithm 1.2

Input: Line balance b, cycle time ¢, processing times p.
Output: Lower bound 6° on stability radius py,(p).

Step 1: Calculate station time for each S,k =1,2,...,m.

Step 2: Using equality (1.47), calculate 6P
for each station Sj.

Step 3:  Choose minimal value 6° among values

6P k=1,2,...m. STOP.

Obviously, steps 2 and 3 of Algorithm 1.2 take O(m) time. So, if station times are
assumed to be given within input data of the algorithm, then calculation 6 takes O(m)
time, otherwise, realization of Algorithm 1.2 takes O(n) time. Unfortunately, calculation
value AP used in the lower bound (1.53) may be essentially harder. In the worst case, we
have to know all the operation assignments B>~ Fortunately, if we want to calculate
stability radii for several line balances from set B,,:(p), then set B{™>~Y remains the same
for all b, € B,,:(p). So, we can use notation B™=1 instead of B(™»~1) since only number
of stations in b(¥ € B(™=1) is of importance.

If operation assignment b € B(™~1 is given, then calculation A(Vpb(d>) takes O(n)
time (steps 1, 2 and 3 are similar to those used for calculating 6° in Algorithm 1.2, with
only exception that equality (1.50) is used instead of (1.47)) at step 2. Thus, to calculate
lower bound (1.53) takes O(n|B™~Y]|) time.
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Complexity of calculation of the exact value of stability radius via Theorem 1.9 takes
O(n2mp|B™=1) time, since in addition we have to calculate value A(VP™) for each
index k = 1,2, ..., m. In both cases, to enumerate operation assignments from set B~
is hard problem, and we need simpler bounds on stability radius pp(p). The following
lower bound may be calculated in O(n) time, but it is valid only for the case when

Corollary 1.7 If mp =[] then

[

%@)mewmpwq—%mb—m

}.

PrROOF. In order to make operation assignment b@ e B®) with My = mp — 1 feasible
for the modified vector of the processing times we have to decrease the sum of all station
times from p(V') to c(mp — 1). Therefore, to obtain the closest to p vector p* of operation
times we have to subtract from each processing time p; of a manual operation ¢ € V at

least value
p(V) — c(my — 1)
- )

Thus,

d(p,p*) > p(V) — C~(mb - 1)

and Corollary 1.7 follows from Theorem 1.9.

&

Due to Corollary 1.7, we obtain the following special case of SALBP when stability
radius can be calculated in O(n) time.

Corollary 1.8 If

then py(p) = 6.

In Section 1.3, for infinitely large stability radius of an optimal schedule with makespan
criterion for a general shop scheduling problem the necessary and sufficient conditions have
been proven. For the optimal line balance in SALBP, infinitely large stability radius is
impossible, since the following upper bound of stability radius holds.

Corollary 1.9 If b € B,y (p), then py(p) < min{6®, max,_ g p;}.
PRrOOF. This bound of stability radius is based on the fact that ¢ is exact value of

stability radius in the case of 6® < AP and that AP < max, _i; p; due to Definition 1.4
&
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As it was shown, 6® may be easy calculated for each fixed optimal line balance b €
Bpi(p). Nevertheless, we can ask: How much the largest value §® = §* can be for arbitrary
optimal line balance b € B,,:(p)? Without considering digraph D = (V, A) we can claim
that 0" may be equal at most to ¢ — max,_yp; = ¢ — p;+. Indeed, in the worst case

operation j* € V may be a single one in some subset V;* : Vi = {;*} (and the same
for other manual operations). In such a case §* = ¢ — pj«. Thus, Corollary 1.9 may be
represented in the following form.

Corollary 1.10 Ifb € B,,(p), then

pb(p) < min{c — maxp;, maxp;}.
i€V eV

Obviously, the largest value of the upper bound from Corollary 1.10 is obtained when
max, i p; = ¢/2. Thus, we conclude that in any case:

po(p) < /2. (1.60)

Calculating upper bound from Corollary 1.9 takes O(n) times, and that from Corol-
lary 1.10 takes O(logn) time. If we know at least one operation assignment b € B™>~1
then we can calculate the following upper bound.

Corollary 1.11 Ifb € B,,(p) and b € B™~1 then
po(p) < min{s”, A(b'V)}.

Calculating the latter upper bound from Corollary 1.11 takes O(n) time, but quality
of this bound essentially depends on the used operation assignment b(® € B™»—1,

Example 1.6 (continued). Returning to the Ezample 1.6, we can calculate lower bounds
for optimal line balances by and b,. Due to Corollary 1.7, we obtain

10—-8 10—-2 10—9}. 34—10-(4-1)
17 2 71 ’ 4
10—-7 10—-9 10— 4—-10-(4—-1 1 1
L 7, voo 0 9};3 0. >}=min{*;1}=*-
1 2 1 4 2 2
It is easy to convince that for both line balances b, and b, conditions of Corollary 1.8

hold. Thus, py,(p) = 6 =1 and pp(p) = 6** = 3.

pb, (p) = min{min{ }=min{l;1} = L;

pb, (p) = min{min{

It is worth noting that all conditions obtained in this section (except Theorem 1.9
and Corollary 1.6) may be tested in polynomial time, which is important for real-world
assembly lines with large numbers of operations and stations. Moreover, for exact value
of stability radius, feasibility of the line balance b, which is defined by the value 6°, may
be tested in polynomial time even in Theorem 1.9.

In practice, the tendency at the design stage must be to find an optimal line balance
which stability is as much as possible. Of course, the common objective is to assign to each
station a set of operations with roughly the same total operation time. However, due to
the above results, we have to defer stations with manual operations and stations without
manual operations. Theorem 1.9 shows that for the station with manual operations it is
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desirable to have some slack between cycle time and station time. The larger this slack
is, the larger stability radius of the line balance may be. On the other hand, for the
stations with only automated operations, such a slack may be as small as possible, which
gives the possibility to increase slacks for stations loaded by manual operations. Since
stability radius cannot be larger than ¢/2 (see (1.60)), one has to pay special attention to
the manual operations with possible variations of processing times more than ¢/2 (such
operations may cause instability of optimality of the line balance at hand). If it is possible
at the design stage, such an operation has to be divided into shorter manual operations.

If line balance will be used for a long time for assembling the same finished product,
it is desirable at the design stage, to construct several optimal line balances, and select
among them that which has better stability characteristics. So, it is useful to develop
algorithms, which construct a set of optimal line balances (instead of only one optimal
line balance), in order to carry out stability analysis for them. Or, better yet, it is useful
to include in the branch-and-bound or other algorithms used for SALBP specific rules in
order to construct an optimal line balance with large stability radius.

In a concrete study, the set of manual operations can be reduced (e.g., only critical
manual operations may be considered) or, on the contrary, set may be completed by some
unstable automated operations. By changing the set of operations with variable times,
the designer can study the influence of different operations on stability of optimality and
feasibility of line balances.

1.6 Comments and References

It is well-known that different scheduling problems may be represented as extremal prob-
lems on mixed (disjunctive) graphs.

As it was mentioned in [CCLe95, pp. 277-293], the disjunctive graph approach is the
most suitable one for traditionally difficult scheduling problems.

A mixed (or disjunctive) graph is often introduced to model a deterministic scheduling
problem (see [BDP96, Pin95b, RS64, TSS94]).

Problem G//® is unary NP-hard for any given regular criterion ® considered in
scheduling theory, [LLRKS93, TSS94], the running time of calculating an optimal sched-
ule s = (c1(s), c2(s), ..., c,(s)) may be restricted by an O(q¢?*)-algorithm (see [[TSS94], p.
285]).

Due to the particular importance of set FE;, it is called a signature of a schedule s
[BSWO96, Sot91b, SLG95, STWI8, Sus72].

The results of [BSW96, KSW95, Sot91b, SSW97] were devoted to the stability of an
optimal digraph G(p) which represents an optimal solution to problem G//®.

Next, we introduce these notions in a formal way (see [Sot91b]).

In [Sot91b], the calculation of os(p) has been reduced to a non-linear programming
problem. Next, we give the presentation from [Sot91b, STW9S§] for the case of the general
shop problem G//® when the set of all operations ) is partitioned into n technological
routes Q@ of a job J;,i € {1,2,...,n}.

Formulas for calculating the stability radius for the makespan criterion and the char-
acterization of the extreme values of gs(p) have been proven in [Sot91b, 84]. The same
questions for the mean flow time criterion have been considered in [BSW96].



58 CHAPTER 1. STABILITY RADIUS OF AN OPTIMAL SCHEDULE

a formal definition of the stability radius, which is the maximal value of the radius of
such a stability ball (see [Sot91b]).

In order to calculate g4(p), it is sufficient to know the optimal value of the objective
function f(xq,x,...,x,) of the following non-linear programming problem (see [Sot91b]):

In [Sot91b, 84], the stability radius for criterion C,,,, has been considered and here we
survey these results.

Next, we present necessary and sufficient conditions for equality gs(p) = 0 proven in
[Sot91b].

In [Sot91b], the following characterization of an infinitely large stability radius was
proven.

In [KSWO5], it has been shown that for problem [J//C,az, there are necessary and
sufficient conditions for g,(p) = co which can be verified in O(g?) time.

Moreover, In [KSW95], the analogies to Theorems 1.2 and 1.3 for the job shop problem
J /] Lmax with minimizing maximum lateness (see [LLRKS93]) have been proven and it
has been shown that there does not exist an optimal schedule s with g,(p) = oo for all
other regular criteria (see [LLRKS93]), which are considered in classical scheduling theory.

Formulas for calculating gs(p) have been derived in [Sot91b].

Formulas for calculating the stability radius for criterion C,,,, have been derived in
[Sot91b, 84].

In this section, we survey results from [BSW96, STW98|, where the stability radius
0,(p) for criterion > C; has been studied.

Continuing similarly as in the above proof of Theorem 1.4 the following claim may be
proven in [BSW96].

The extreme values of 9 (p) were considered in [BSW96, STW98]. The following
necessary and sufficient conditions for equality g,(p) = 0 have been derived in [BSW96].

Section 1.5 was based on the results proven in [SD01, SDP05].

Assembly line balancing problem with variable operation times was considered, e.g.,
in [GTL96, LJ91, SEDE99, TGK95]. In [GTL96, TGK95], fuzzy set theory was used to
represent uncertainty of the operation times. Genetic algorithms were used either to mini-
mize the total operation time for each station [GTL96] or to minimize the efficiency of the
fuzzy line balance [TGK95]. In [LJ91], the entire decision process has been decomposed
into two parts: Deterministic problem and stochastic problem. For the former problem,
integer programming is used to minimize number of stations. For the latter problem,
which takes into account variations of the operation times over different products, queu-
ing network analysis is used to determine the necessary capacity of the material-handling
system. In [SEDE99], dynamic programming and branch-and-bound methods have been
used to minimize the total labor cost and the expected incompletion cost arising from
operations not completed within cycle time c.

(e.g., via branch-and-bound algorithm [BT00, PDKS83, SEDE99, SK98], or via integer
programming [DGHL02, LJ91, PDK83], etc.).

Some preliminary results for such a stability analysis have been obtained in [SD01]. In
[SDO01], slightly different definitions of stability radius and stability ball of an optimal line
balance have been used. Namely, it was assumed that . Therefore in that paper generally
smaller stability radii were obtained (in particular, it cannot be greater than ). The above
Definition 1 from Section 2 seems to be more appropriate for practical assembly lines.
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The scheduling theory has received a lot of attention among OR practitioners, man-
agement scientists, production and operations research workers and mathematicians since
the early 1950s. However, the utilization of classical scheduling theory in most produc-
tion environments is minimal (see [ML93, PL94, Pin95a]). MacCarthy and Liu [ML93]
aim the gap between scheduling theory and scheduling practice. They also discuss some
research issues which attempt to make scheduling theory more useful in practice. Next,
we describe some recent trends in scheduling research which try to make it more relevant
and applicable.

For an uncertain scheduling environment stochastic models are introduced, where the
processing times (and some other parameters) are assumed to be random variables with
known probability distributions. For example, such stochastic models for a single machine
with the minimization of mean flow time are considered by Chand et al. [CTU96], by Li
and Cao [LC95], and with the minimization of earliness-tardiness penalties by Cai and
Tu [CT96] as well as by Robb and Rohleder [RR96]. Since it is possible for a company to
estimate the times at which jobs are expected to arrive, Chand et al. [CTU96] develop a
decomposition approach such that a large problem can be solved by combining optimal
solutions of several smaller problems. The model of Robb and Rohleder [RR96] consists of
a probabilistic dynamic scheduling problem with non-regular performance measures. Using
simulation, they explore the robustness of the heuristics with respect to uncertainty in
the durations of the operations.

Schmidt [Sch00] reviews some results related to deterministic scheduling problems
where the machines are not continuously available for processing. The complexity of single
and multi-machine problems is analyzed considering criteria depending on the completion
times and the due dates. Chu and Gordon [CGO00] consider a single machine problem
including both due date assignment and the scheduling decision. It is assumed that the
due dates are proportional to the job processing times. The objective is to minimize the
weighted earliness-tardiness and the penalty related to the size of the dates with respect
to the processing times. Jain and Meeran [JM99] present a concise overview of job shop
scheduling techniques and the best computational results obtained.

The scheduling problem with an availability constraint is very important, as it happens
often in the industry. For example, a machine may not be available during the scheduling
horizon due to a breakdown (stochastic) or preventive maintenance (deterministic). In
an on-line setting, machine availabilities are not known in advance. Unexpected machine
breakdowns are a typical example of events that arise on-line. Sometimes schedulers
have partial knowledge of the availabilities, i.e. they have some ‘look-ahead’ information.
They might know the next time interval where a machine requires maintenance or they
might know when a broken machine will be available again [San95]. In an off-line setting,
one assumes complete information, i.e. all machine availabilities are known prior to the
schedule generation [Sch00].

Several on-line models have been proposed, and the main difference between these
models are the assumptions on the information that becomes available to the scheduler.
For a description of these on-line models, we refer to the survey by Sgall [Sga98]. According
to [CV97], on-line means that jobs arrive over time, and all job characteristics become
known at their arrival time [CV97]. Jobs do not have to be scheduled immediately upon
arrival. At each time a machine is idle and a job is available, the algorithm decides
which one of the available jobs is scheduled, if any. An on-line algorithm for the problem
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of scheduling jobs on identical parallel machines with the objective of minimizing the
makespan is proposed and analyzed by Chen and Vestjens [CV97]. This problem is NP-
hard when the off-line version is considered, although it can be solved in polynomial time
by an on-line algorithm if preemption is allowed [CV97].

Seiden [Sei98] studies on-line scheduling of jobs with fixed start and completion times.
Jobs must be scheduled on a single machine which runs at most one job at a given time.
The problem is on-line since jobs are unknown until their start times. Each job must be
started or rejected immediately when it becomes known. The goal is to maximize the
sum of the value the payoff (the sum of the values of those jobs which run to completion).

Scheduling problems with controllable processing times have received an increasing
attention during the last decade. It is often assumed that the actual possible processing
time of a job can be continuously controlled, i.e. it can be any number in a given interval.
Recent results are presented in [DHM96, KDV00, Str95, Tri94].

Traditional scheduling procedures consider static and deterministic future conditions
even though this may not be the case in actual scheduling problems. After a descrip-
tion, the preplanned schedule can become inapplicable to the new conditions. As Graves
[Gra81] stated, there is no scheduling problem but rather a rescheduling problem. Re-
sponding to such dynamic factors immediately as they occur is called real-time schedul-
ing. An on-line simulation methodology is proposed by Davis and Jones [DJ88] to ana-
lyze several scheduling rules in a stochastic job shop. The job shop rescheduling problem
is considered as a particularly hard combinatorial optimization problem (Parunak and
van Dyke [PD91]). The production rescheduling problem deals with uncertainty caused
by the exterior business environment and interior production conditions. Since it has
practical applications, the rescheduling problem is studied by many authors (see e.g.
[LLLHO00, PD91, SK94]).

A reactive scheduling approach is developed by Smith et al. [SOM'90], which uses
different knowledge sources and aims to make decisions faster with less emphasis on opti-
mality. For the knowledge-based systems, the most difficult operation is to decide which
knowledge source has to be activated. A discussion of knowledge-based reactive schedul-
ing systems can be found in Blazewicz et al. [BESW93] as well as Szelke and Kerr [SK94].
Bean et al. [BBMNO1] propose a ‘match-up’ heuristic method for scheduling problems
with disruptions. They show that assuming enough idle time is present in the original
schedule and disruptions are sufficiently spaced over time, the optimal rescheduling strat-
egy is to match-up with the preschedule at some time in the future. The objective in
[AG99] is to create a new schedule that is consistent with the order production planning
decisions like material flow, tooling and purchasing. When a machine breakdown forces a
modified flow shop out of the prescribed state, the proposed strategy reschedules a part
of the initial schedule to match-up with the preschedule at some point.

Fuzzy scheduling techniques proposed in the literature either fuzzify directly the ex-
isting scheduling rules, or solve mathematical programming problems to determine the
optimal schedules. The optimality of a fuzzy logic alternative to the usual treatment of
uncertainties in a scheduling system using probability theory was examined by Ozelkan
and Duckstein [OD99]. The purpose of the latter paper was to investigate necessary
optimality conditions of fuzzy counterparts of ‘classical’ dispatching rules, such as the
shortest processing time (SPT) and the earliest due date (EDD). Essentially, any element
of a scheduling problem may be uncertain.
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Dumitru and Lubau [DL82] propose fuzzy mathematical models to solve the job shop
problem. Grabot and Geneste [GG94] use a fuzzy rule-based approach to find a com-
promise between different job shop dispatching rules. Kuroda and Wang [KW96] also
analyze fuzzy job shop problems using a branch-and-bound algorithm to obtain results
for lateness related criteria. A mathematical programming approach to a single machine
scheduling problem with fuzzy precedence relation is given in [IT95]. Job shop scheduling
with both fuzzy processing times and fuzzy due dates are proposed in [SK00]. Sakawa and
Kubota [SK00] formulate a multiobjective fuzzy job shop problem as three-objective ones
which not only maximizes the minimum agreement index but also maximizes the average
agreement index and minimizes the maximum fuzzy completion time. Generally, the topic
of fuzzy scheduling has received much attention during the last decade. Slowinski and
Hapke [SH99] collect the main works.

In most of the classical shop scheduling models, it is assumed that an individual
processing time incorporates all other time parameters (lags) attached to a job or to
an operation. In practice, however, such parameters often have to be viewed separately
from the actual processing times. For example, if for an operation some pre-processing
and /or post-processing is required, then we obtain a scheduling model with set-up and/or
removal times separated. Strusevich [Str99] considers a two-machine open shop problem
with involved interstage transportation times. He assumes that there is a known time lag
(transportation time) between the completion of an operation and the beginning of the
next operation of the same job.

The majority of scheduling research assumes set-up as negligible or as a part of the
processing time. While this assumption simplifies the analysis, it adversely affects the
solution quality for many applications which require an explicit treatment of set-up times.
Such applications, coupled with the emergence of production concepts like time-based
competition and group technology, have motivated an increasing interest to include set-
up considerations in scheduling problems. The paper [AGA98] provides a comprehensive
review of the literature on scheduling problems involving set-up times (set-up costs).
In [All97], Allahverdi considers a two-machine flow shop problem with the objective to
minimize the expected makespan where machines suffer breakdowns and the job set-up
and removal times are separated from the processing times. The same author [All95]
proposes a dominance relation where no assumption about the breakdown processes is
made. In general, such a dominance relation does not yield optimal schedules. However,
if certain assumptions about the breakdowns distributions and counting processes hold,
it is possible to obtain an optimal schedule.

Decision-makers often consider multiple objectives when making scheduling decisions.
However, very little research has been done in multiple machine environments with mul-
tiple objectives. Allahverdi and Mittenthal [AM98] consider a two-machine flow shop
scheduling problem, where machines suffer random breakdowns and processing times are
constant, with respect to both the makespan and the maximum lateness objective func-
tions. Kyparisis and Koulamas [KK00] study the two-machine open shop problem with a
hierarchical objective: Minimize the total completion time subject to minimum makespan
02// ZCZ|Cmax

Cheng and Shakhlevich [CS98a] consider a special class of flow shop problems, known
as the proportionate flow shop. In such a shop, each job flows through the machines
in the same order and has equal processing times on the machines. It is assumed that
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all operations of a job may be compressed by the same amount which will incur an
additional cost. The objective is to minimize the makespan of the schedule together
with a compression cost function which is nondecreasing with respect to the amount
of compression. A bicriterion approach to solve the single machine scheduling problem
in which the job release dates can be compressed while incurring additional costs, is
considered in [CS98b].

Stein and Wein [SJ97] give a proof that, for any instance of a rather general class of
scheduling problems, there exists a schedule with a makespan at most twice that of the
optimal value and of a total weighted completion time at most twice that of the optimal
value.

Brucker and Kramer [BK96b] derive complexity results for resource-constrained
scheduling problems with a fixed number of operation types in which either the processing
times are bounded or the number of processors is fixed. They consider shop problems with
multiprocessor operations, in which either the number of jobs or the number of stages is
fixed. They present polynomial time algorithms for these problems with makespan, mean
flow time, weighted number of tardy operations, and sum of tardiness as objective func-
tions.

The papers above address problems of practical importance in planning, scheduling,
and control. Tt is therefore important to produce schedules that are both stable (robust)
and adaptable to system disturbances. More importantly, it offers unique properties that
lead to a more effective planning and control methods for systems under uncertainty.

An extensive survey of the obtained results within such an a posteriori analysis is given
in [SLG95]. Greenberg [Gre97] categorizes types of postoptimal sensitivity analyses and
gives a survey of the literature started in the late 1970’s. A primary concern of sensitivity
analysis is how the optimal solution values change when the data changes. The subject
of post-solution analysis includes debugging a scenario, such as when it is anomalous,
unbounded or infeasible.

In spite of obvious practical importance, the literature on stability analysis in schedul-
ing is rather small. Outside the considered approach, one can mention [KRKvHW94,
Mel78, PQ78]: In [KRKvHW94], the sensitivity of a heuristic algorithm with respect to
the variation of the processing time of one job is investigated, in [Mel78] the stability of
an optimal schedule for the flow shop problem F//C,.4. is considered, and in [PQ78] the
results for the traveling salesman problem are used for a one machine scheduling problem
with minimizing tardiness (see [LLRKS93]).

In general, studying a scheduling problem with uncertain processing times and its
sensitivity analysis is of importance. The reasons can be illustrated by giving references
to practical applications. In many cases the data used are imprecise due to uncertainty
with respect to the exact parameter values or due to errors in the measurement. In
industrial applications of mathematical programming models, there are almost always
uncertain elements that are assumed away or suppressed in the formal description of the
model (see [Wag95]).

We have to emphasize that the random processing times p;,7 € @, in problem G/a; <
pi <b;/P are due to external forces in contrast to scheduling problems with controllable
processing times, see e.g. [DHM96, IMN&7, IN86, Jan88, Str95, Tri94], where the objective
is to choose both the optimal processing times (which are under the control of a decision-
maker) and an optimal schedule for the chosen processing times. Both of the above parts of
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a solution are supposed to be arguments in the objective function which is non-decreasing
in the job completion times and non-increasing in the operation processing times.

To model scheduling in an uncertain environment, a two-person non-zero sum game is
introduced by Chrysslouris et al. [CDL94|, where the decision-maker was considered as
player 1 and the ‘nature’ as player 2.

Next, we observe known results for makespan minimization under ‘strict uncertainty’
of the numerical input data. Lai and Sotskov [LS99] use a weighted mixed graph G for
representing the input data of a job shop problem which implies a one-to-one correspon-
dence between the set of semiactive schedules S and circuit-free digraphs A(G). Since the
optimality of a schedule s € S for the makespan criterion depends on the critical path
in the corresponding digraph Gy, the analysis in [L.S99] is focused on the set of paths in
G5 € A(G) which may be critical.

In [LS99], the critical path method [Dij59] is modified for constructing a minimal
digraph containing only possible candidates of critical paths. A minimal set of makespan
optimal schedules for uncertain numerical input data is characterized in [LS99], where
an exact and a heuristic algorithm are developed for problem J/a; < p; < b;/Cpaz- Note
that the approach developed in [LS99] is based on the stability property of a makespan
optimal schedule, which is theoretically investigated in [KSW95, Sot91b, SWW98| and in
some other papers (see [SLG95, STW9S] for surveys of stability analysis for scheduling
problems).

Briefly, the main issue of the research presented in [LLS99] is to simplify the digraph G
due to the existence of two types of dominance relations between its paths (see Section ?7?
and 3.2). In this dissertation, we perform a further step in this direction by focusing on
two types of dominance relations between feasible digraphs (schedules) (see Section 3.4
below). This step is useful for shop scheduling problems under ‘strict uncertainty’ with
both C,,.. and >_ C; criteria since it allows to reduce significantly the number of schedules
which are sufficient to consider as candidates for a solution.

As follows from [BHTW99a, BHTW99b, BK96a], a reduction of the digraphs may be
essential even for all non-negative perturbations of the processing times: 0 < p; < oo.
Briésel et al. [BHTW99a/|, Brésel et al. [BHTW99b] and Brésel and Kleinau [BK96a] in-
troduce the set of so-called ‘irreducible’ schedules for a classical job shop problem J//Cynax
and for an open shop problem O//C,q.: For any non-negative processing times, this set
contains at least one optimal schedule. On the basis of computations with n < 3 and
m < 7, it is shown that only a relatively small part of semiactive schedules is irreducible
for an open shop and this part becomes even relatively smaller when the size of the
problem grows. By computational experiments [BHTW99al, it is demonstrated that the
hardness of a classical job shop problem essentially depends on the cardinality of the set
of irreducible schedules. Using the above extension of the three-field notation, we can say
that the classical job shop problem [J/0 < p; < 00/Cpaz is a subject of [BHTW99a] and
the open shop problem O/0< p; <00/Cynaz is @ subject of [BHTW99a, BK96a).

Kouvelis et al. [KDV00] focus on manufacturing environments where job processing
times are uncertain. In these settings, scheduling decision-makers are exposed to the
risk that an optimal schedule with respect to a deterministic or stochastic model will
perform poorly when evaluated relative to actual processing times. Robust scheduling, i.e.
determining a schedule whose performance (compared to the associated optimal schedule)
is relatively insensitive to the potential realizations of job processing times. The paper
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[KDV00] focuses on a two-machine flow shop problem and the performance measure of
interest is the makespan criterion. A similar robust scheduling approach is developed for
a single-machine problem by Daniels and Kouvelis [DK95]. Other robust decision-making
formulations are presented by Rosenblatt and Lee [RL87], Kouvelis et al. [KKG92] and
Mulvey et al. [MVZ95].

Leon et al. [LWS94] consider robustness measures and robust scheduling methods
that generate job shop schedules that maintain high performance over a range of system
disturbances. Wu et al. [WBS99] study the weighted tardiness job shop problem. A basic
thesis of the latter paper is that “global scheduling performance is determined primarily
by a subset of the scheduling decisions to be made”. Wu et al. [WBS99] propose to
identify a critical subset of the scheduling decisions at the beginning of the planning
horizon and relegate the rest of the scheduling decisions to future points in time. Our
approach considered in Chapters 2, 3 and 4 uses a similar idea.
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Table 1.3: Notations for the general shop scheduling and assembly line balancing problems

’ Symbols Description ‘
Notations for the general shop scheduling problem G//®
Q Set of operations: @ = {1,2,...,q}
Qx Set of operations which has to be processed by machine M, € M:
Q=UjL,Qr and QxNQr =0, if k#I
Q7 Set of operations for processing job J; € J:
Q=UL, Q% Q7#0 and Q"NQ =0, if i#j
w(i) + 1 First operation of job J;, 1 < i < n, where w(i) = 22;10 ng and ng =0
w(i) + n; Last operation of job J;, 1 <i<n
S; Starting time of operation 4
C; Completion time of operation 4
i Processing time of operation ¢
a; Lower bound for the processing time of operation
b; Upper bound for the processing time of operation ¢
ci(s) Earliest completion time of operation i € @ in digraph G(p)
sesS Semiactive schedule s = (c1(s),c2(8),...,¢q(s)) defined by digraph G,
H Set of paths in digraph (Q, 4, 0)
H, Set of paths in digraph G5 € A(G)
H Set of dominant paths in digraph (Q, A, 0)
H, Set of dominant paths in digraph G, € A(G)
Hy(p) Set of critical dominant paths in digraph Gy € A(G)
(with respect to vector p) Hy(p) C Hy
w Critical weight of digraph Gy, € A(G) with vector p of the processing
times: ®} = I¥ = max,cpn, P(pn) = 1P(p*), where p* € Hy(p)
lfffC Set of paths in digraph G} ending in vertex r € Q”¢, where
vertex r denotes the last operation of job J;, i.e., r = w(i) + n;
H} Subset of dominant paths in set 1':1}C
Hgp Subset of H, of paths, which are not dominated by paths from Hy:
Hg, = {u € Hy : There is no path v € Hy such that {u} C {v}}
Hy(T) Hy,(T) = {u € Hs : There is no path v € Hj, which dominates
path p in polytope T}
Notations for simple assembly line balancing problem SALBP
D = (V,A) Digraph defining partially ordered operations V' = {1,2,...,n}
1% Set of manual operations Vev:V= {1,2,...,n}
VA\V Set of automated operations V\V = {fi + 1,7 +2,...,n}
c Cycle time
P Vector of the operation times of the manual operations:
5: (p17p27 "'7p;7:)? pP= (ﬁap) = (p17p27 7pn)
S Linearly ordered stations: S = (51, Sa, ..., Sim)
b Line balance: Feasible assignment V =V, UV, U... UV, into stations S
B Set of assignments of operations V' into stations Si, 59, ..., Sm, 1 < m < n,
which do not violate precedence constraints defined by digraph D = (V, A)
B(p) Set of line balances: B(p) = {b1,ba,...,bp}
Bopt(p) Set of optimal line balances: Bo,y:(p) € B(p)
O,(p) Stability ball of the optimal line balance b € By (p)
b (p) Stability radius of the optimal line balance b € By, (p)
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Chapter 2

Stability Analysis in Boolean
Programming

Using the above results presented in Sections 1.2, 1.3 and 1.4, it is possible to find the
exact value of stability radius of optimal schedule for general shop problems only with very
small dimensions since formula (1.29) in Theorem 1.4 and formula (1.37) in Theorem 1.5
are based on the direct comparison of dominant paths in the set (or in the subset) of
feasible digraphs A(G). To exclude such an enormous enumeration, we consider now
rather simple scheduling problems (essentially simpler than G//® but still NP-hard in
the general case), for which the set of dominant paths H of each solution s consists of
a unique path. First, we consider of linear ('min-sum’) criterion and then bottleneck
(‘min-max’) criterion.

More precisely, in this section we restrict our attention to those scheduling problems
which may be represented in terms of Boolean programming. We prove stability results
for an e-approximate solution to Boolean programming problem. For simplicity, we use
here the notations which are more suitable for Boolean programming. However, we try
to save the most notations (for criterion, stability radius and variable data) to be closed
to that, used in the other chapters of the book. We hope that this will not imply any
ambiguity for reader, since we do not use cross-references between this chapter and other
chapters of the book.

Let N be the following subset of natural numbers: N = {1,2,...,n}, and X C {0,1}"
be set of all feasible vectors (feasible solutions). For a given objective vector p from the
space R} with maximum metric and feasible vectors z € X, let

F(p,x) =) piwi (2.1)
ieN
be linear objective function of n variables given as components of vector x € X. We
assume that the set X of feasible solutions is finite and does not depend on objective
vector p = (p1,p2,---,Pn). We call the components p; of the objective vector p the
objective coefficients.
The Boolean linear programming problem (being under consideration in Sections 2.1-
2.4) is to find an optimal vector (optimal solution) P = (2}, 25,...,22) € X with

F(p,2?) = min{F(p,z) : =z € X}. (2.2)

67
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We investigate problem (2.2) under the assumption that all or a subset of the objective
coefficients py, pa, . . ., p, can change their values in comparison with the given initial ones.
We first consider the stability region and the stability ball of an e-approximate solution
of problem (2.2) with e € RL.

Let x € X be an e-approximate solution of the problem (2.2), i.e., the condition

F(p,x) < (1+¢€)- F(p,a") (2.3)

holds. We investigate the situation when w given components of the objective vector
p, 1 < w < n, can be changed after solving problem (2.2) but the remaining n — w
components of p cannot be changed (they are stable objective coefficients). Without loss

of generality, we assume that the first w components pq,ps, ..., p, of the objective vector
p can be changed (unstable objective coefficients).

Hence, the values of the objective coefficients py11, pwi2,---,Pn are reliable, but the
values of the objective coefficients pi, po,...,p, can be changed after solving problem
(2.2).

2.1 Stability Region

We consider objective vectors p € R}, where the last n —w components are equal to given
values, say, Pwi1 = Pwils Pwi2 = Dwi2y---, Pn = Dn. LThese n —w components are stable
objective coefficients. For such objective vectors we define p = (p1,p2,...,pw) € RY as
the vector of its first w components (unstable objective coefficients).

Definition 2.1 The set of all objective vectors p € RY, for which x € X is an e-
approzimate solution, is called the stability region of x and it is denoted by K" (z) :

KU(r) = {pe RY : F(p,x) < (1+€)- F(p,a")}. (2.4)

This chapter focusses on the calculation of the largest real number o € R}r for which
vector x € X remains e-approximate solution of the problem (2.2) if w unstable objective
coefficients change simultaneously and independently, but each one not more than p.
More formally we are looking for the following stability ball Oy (p) and its largest possible
radius p.

Definition 2.2 The closed ball O;”(p) in the space R™ with radius o € R}r and vector
P € RY as center is called a stability ball of e-approzimate solution v € X if Oy (p) N RY C
K¥(x). The radius o of the largest stability ball O} (p) of = is called the stability radius
of x and is denoted by o¥(z,p). If OY(p) is stability ball of = for any o € R}, then

0¥ (x,p) = .

Note that we can view optimal solution a? = (af, 2%, ... 22) € X as a special case of
e-approximate solution x € X when ¢ = 0. In particular, of (x, p) denotes stability radius
of the optimal schedule x = xP.

Next, we prove some properties of the set K(x). For every x € X, we define 7 =
(1,22, ...,xy) € {0, 1} as the vector of its first w components. Furthermore, we define
X={ieRY: reX}
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Let U be the reflexive binary relation on the set X with maximal cardinality such
that (,2’) € U if and only if for all i € {1,2,...,w} equality x; = 1 implies 2, = 1. In
other words, we have (Z,%') € U if and only if the set of indices of the variables having
the value 1 in x is a subset of those in ’. Due to the maximal cardinality, the relation U
is uniquely determined for each X C {0, 1}*.

In the following, we use vectors &’ = (z},2},...,2)) and 2/ = (2),2},...,2},
Tyoi,---,2,). We define

K= (] K(x).
zeX
Obviously, K contains all objective vectors p that are contained in the stability region
of every feasible solution z € X. Using the above notations, we can formulate and then
prove the following assertions about the stability region K (z) with z € X,w < n and
e > 0.

Property 1: The stability region K*(x) and K are polyhedra.
Property 2: If €; < €3, then K (z) € K2(x).

Property 3: If the inclusion (Z,%") € U and the inequality

i=w—+1 i=w—+1
hold, then K*(x') C K" (x).
Property 4: We have
U K¥(z) = K.
reX

Property 5: At least one of the regions K (z),x € X, is unbounded.

PROOF. First we show that K (z) can be represented as the set of solutions of a system
of linear inequalities. From (2.2) and (2.4) it follows that the set K!(x) contains all
objective vectors p which satisfy the inequality

Zpi$i§(1+e)~min{2piwg : x’eX}. (2.6)

€N 1EN

Consequently, the inequality (2.3) can be written as
> iz — (L +e)al] <V, o' € X, (2.7)
i=1

pi>0, i=1,2,.. . w, (2.8)
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where
V=(1+e¢)- szx— szxl
i=wt1 i=w+1
Hence, the stability region K(x) is given as the set of solutions of the system (2.7)-(2.8)
of linear inequalities with the variables objective coefficients py, pa, ..., py. Thus, K*(x)
is a polyhedron (note that K* = () is possible). K is also a polyhedron because it is the
intersection of polyhedra. Thus, Property 1 holds.

The validity of Property 2 immediately follows from the definition of K (z). Indeed,
if the inequality F(p,x) < (1 + €) - F(p,2?) holds for € = ¢;, then it is also satisfied for
each € = € with €; < e,.

Let the conditions of Property 3 be satisfied, objective vector p* € K™ (z’) be arbitrary
and p° be equal to (p?,p3,...,p%, Puwst,---,Dn). We consider the value

sz$z + Z Dii.

i=w—+1

Because of (z,7’) € U, the inequality

w

w
ZP?%‘SZ Py

holds. Considering (2.5), we obtain F(p° z) < F(p°,2') < (1 + €) - F(p°,2*"), i.e., the
vector x is an e-approximate solution of the problem (2.2) for any objective vector p° from
the region K (2'). Hence, K¥(2') C K¥(z) holds which proves Property 3.

For the proof of Property 4, we note that, because the set X is finite, there exists
an e-approximate solution of problem (2.2) for any given p € RY and any given € > 0.
In particular, we can take the vector z”, automatically satisfying inequality (2.3), as
e-approximate solution of problem (2.2).

Property 4 means that for any € > 0, there exists a finite covering of the space RY by
stability regions K (z). Because we have a finite number of regions in

U{KY(z) : =€ X}

zeX

but RY is unbounded, at least one stability region must be unbounded, i.e., Property 5
holds.

Property 1 can be strengthened for the important special case when w = n.

Property 6: The set K"(x) is a closed convex cone with the origin in (p; = 0,
p2:O,...,pn:O):0€RT}r.

ProOF. For any given A > 0, from 2.3 it follows
F(Ap,x) = AF(p,z) < (1+¢€) - AF(p,a?) < (1 +¢) - F(Ap, ™).
Hence, we have \p € K(z) for any A > 0 which proves Property 6.
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As we illustrate in the following example, the set K (z) (and, consequently, in general the
set K) can be empty. However, in the case w = n, due to Property 6 any set K*(x) is
non-empty. In fact, K # () because the n-dimensional vector (p; = 0,ps =0,...,p, = 0)
belongs to K for any € > 0.

Example 2.1 A wide class of discrete optimization problems can be formulated as
Boolean programming, e.qg., a one-machine scheduling problem with sequence dependent
setup times between the processing of the jobs which is equivalent to the traveling salesman
problem. Here, we consider as an illustrative example the scheduling problem of minimaiz-
ing the sum of processing times of the jobs on parallel (but not identical) machines.

We have m machines that have to process | jobs, where the processing times do not
depend on the jobs but on the machine and on the processing order. The matriz P gives
the processing times p;; > 0 if a job is the j-th job in the job order of machine i. The
problem is to assign all | jobs to the machines such that the sum of processing times
becomes minimal.

Let m = 2,1 =3 and the matriz P = [pij]m,) of the initial data be as follows:

P 1055:p1p2p3
TTT Pa D5 De |

We set p = (p1,p2,...,p6) and n =m 1. Let x;; = 1 if at least j jobs are processed on
machine i and x;; = 0 otherwise. Analogously, we denote

L1 T2 T3 | _ | 1 X2 I3
To1 T2 23 Ty Ty Te |
The set X of feasible vectors for this problem can be described as follows:
X = {xEX” > =1 [z =1lu<i<l(u+1),u>0
i=1
= [xlu—l—l =Tjy42 = ... = Tj—1 = 1]}
For the given values of m and |, we have four feasible vectors:

X = {2 =(1,1,1,0,0,0),2?® = (1,1,0,1,0,0),
3 =(1,0,0,1,1,0),2% = (0,0,0,1,1,1)}.

First, we determine the stability regions K¥(x@W) for i € {1,2,3,4} with p =
(p1,p2,5,7,7,7) (ie., w = 2) and ¢ = 0. For x = z), system (2.7)-(2.8) of linear
inequalities is as follows:

pitp2+5 < pr+p+7
pr+p2+5 < pr+T7+7
pr+p2+5 < T+T+7
pp = 0
p2 = 0
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The above system is equivalent to the following system:

p2 < 9
prtp < 16

pr = 0

p2 = 0

For x = 2@ system (2.7)-(2.8) of linear inequalities is inconsistent:

ptpe+7 < pr+p2+5
pL+p+T7 < p+T74+7
pL+pe+7 < THTHT
= 0
p2 = 0

For x = x®), system (2.7)-(2.8) of linear inequalities is equivalent to the following system:

p2 = 9
m <7
pp = 0
p2 = 0

Forx =2, system (2.7)-(2.8) of linear inequalities is equivalent to the following system:

prtpe = 16
o <7
pr = 0
p2 = 0
The above stability regions form a covering of the space RY with w = 2 (see Fig-

ure 2.1). Note that KZ2(z®) = 0 and, consequently, K2 = (. The regions K2(x®)
and K2(z™) are unbounded. Analogously, we determine the stability regions K2(z®) for
1 <i <4 withp = (10,5,5,7,7,7), w=2 and ¢ = 0.5. [t is easy to see that the re-
gions K25(xW), K2 (@), KZ2(2®) and KZ5(x™), respectively, are polyhedra given by
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D2

K§ ()

K§ ()

Ki(aV)

16 P1

Figure 2.1: Stability regions KZ(z1), K2(2®) and K2(z™)

the solutions of the following systems of linear inequalities:

1) p1—05p, < 16
pr+p2 < 26.5
pr = 0
p2 = 0
2) —05p+ps < 14
pr+p2 < 245
pr = 0
p2 > 0
3) p1+3p2 = 13
pr < 175
pi > 0
P2 =
4) prtp2 = 9
pi > 0
p2 = 0

These stability regions are shown in Figure 2.2. The bounds of these regions are shaded in
the same way as in Figure 2.1, only the stability region of feasible solution x® additionally
occurs in a new form of shading. For the regions K2(z')) = KZ5(x®) and K2(v) =
K25 (xW) the conditions of Property 3 are satisfied. Hence, K25(2') C KZ5(x) holds. We
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" K25(x™)
K 5(2?) :
16
14 Kg5(z®) :
! K§.5($(1)) :
4.33

>

9 13 17.5 245 265 p;

Figure 2.2: Stability regions K 5(z("), K3 (z®), K2 5(2®) and K2 (z*¥)

note that the polyhedron KZ . is given by the set of solutions of the following system:

p1—0.5py < 14
prt+p2 < 245
pr+p = 9

pr+3pe > 13
P2
p2 = 0

Figure 2.3 illustrates Property 2 if p = (10,5,5,7,7,7),w = 2,z = ") and € € {0,0.5,1}.

Obviously, the determination of the stability regions is possible only for special problems
of the type (2.2) with a very small number of variables. Moreover, for w > 3 we need a
special form even to draw the stability region in the plane.

2.2 Extreme Values and Bounds of Stability Radius

If the ball O} (p) is a stability ball of an e-approximate solution x for any positive o, then
we write o (z,p) = oco. We prove the following criterion for the existence of an infinitely
large stability radius of an e-approximate solution.
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i

D2

23 K (zM)

16
Kg‘s(x(l))

5 Kg(g;(l)) °

>

7 10 13 16 26.5 37 P

Figure 2.3: Stability regions K3(z(1), K3 (z™M), K3(2(") and the stability ball O3(p) of
the e-approximate solution (") with p = (10,5,5,7,7,7) and € = 0.5

Theorem 2.1 The stability radius o*(x,p) equals oo if and only if inclusion (z,%') € U
and inequality

Z pizi < (14€) - Z pit (2.9)

i=w+1 i=w—+1

hold for any feasible solution x' € X.

PROOF. Necessity: We consider two possible cases when either inclusion (Z,7") € U or
inequality (2.9) is violated.

(a) Let o¥(z,p) = oo with 2 € X. We assume that a feasible vector z’ € X exists
such that (z,7") ¢ U.

Then there exists an index j with 1 < j < w such that z; =1 and a:; = 0. We choose
a real number p. which satisfies the inequality p. > p. where p, is defined as follows:

pe = max{ max{p; : 1 <i<w}, (1+¢€) Z D — Z Dili o . (2.10)

i=w+1 i=w+1
We consider the following vector p’ = (py,py,...,p,) € R}. We set pj = p, > p. > 0,
where p, is given by (2.10). For each i with 1 <1 < w and 7 # j, we set p, = 0. For the
stable components of the objective vector p’ we have, of course, p, = p; (w+ 1 <i < n).
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For the vector p/, we evaluate F'(p/, x) with respect to the value (1 +¢€)- F(p/,x) :

F(p',z) = > pa;= szxﬂr Z jo

1EN 1= w+1
= pL+ Z pixi = pl + Z pit;
i=w-+1 i=w—+1
> 1 + 6 Z pi = 1 + 6 Z pz
1= w+1 1= w+1
> (1+e)- Zp;x;—f- 1+e€)- Zp
=1 i=w+1

= (1+e) Zp'x'z (1+€)- F(p,a?).
The first of the above inequalities holds because of p. > p. and the second inequality
follows from . .
Zp'w’ =0 and oopi> D> pil
i=w+1 i=w+1
Consequently, the vector  is not an e-approximate solution to problem (2.2) for ob-
jective vector p = p’. Therefore, we have
o (z,p) < d(p,p') < pl. < oc.

We obtain a contradiction to assumption o (z,p) = oc.

(b) Now we consider another possible case. Let o%(x,p) = oo with x € X. And we
assume that there exists a vector 2/ € X for which the inequality (2.9) does not hold, i.e.,
we have

Z piri > (1 +¢)- Z D}

i=w—+1 i=w—+1

Then we consider the vector p” = (pf,ph, ..., p!!) with the components

v )0 fori=1,2,... w
Tl p fori=w+lw+2,...,n

We evaluate F(p”, z):

n
F(I?H,x) = Zp;,xi: Z DiZ;

iEN iw+1
> (1+e€)- Z pix, = (1+e€) - Zp//,
1=w+1
> (1+e)- mln{Zp” R N wa,...,xZ)EX}
=1

= (1+¢)- F(p”,zp”).
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Hence, the vector x € X is not an e-approximate solution to problem (2.2) for objective
vector p = p”. As a result we obtain a contradiction to assumption g (z,p) = oc:

0l (x,p) < d(p,p") <max{p; : 1 <i<w} < oo.

Thus, the necessity is proven.

Sufficiency: Let condition (Z,Z’) € U and inequality (2.9) hold for any vector 2’ € X.

We choose an arbitrary vector p” = (9,73, ...,p%) € RY and the corresponding vector
P’ = (D)., ... Doy Puwt1s Puwt2s - - - Pn) € R, We consider the value

szmz + Z pi;.

i=w—+1

Since inclusion (Z,Z’) € U holds for any vector 2’ € X we obtain

w
>_piwi SZ?? i
i=1

Therefore, we have
w w
> plz; <min{d_plal - 2’ € X}
i=1 i=1

Since inequality (2.9) holds for any vector 2’ € X, we get

Z Dit; < 1+€> Il'llIl{ Z pix; Z’IEX}.

i=w+1 i=w—+1

Thus, we obtain

F(p® z) < min{Zﬁ?x; c 2’ € X} 4+ (146 -min{ Y paz;: 2’ € X}
3 i=w—+1

< (1+e)- mln{Zp s’ € Xt +min{ Y pix; 2’ € X})
1=w+1

= (14 -F@’a?).

Hence, the vector z is an e-approximate solution to the problem (2.2) for any objective
vector p¥ € RY. In other words, stability region K!’(x) coincides with the whole space
RY and g(z,p) =

&

For the case w = n when all the objective coefficients are unstable we obtain the
following corollary from Theorem 2.1.

Corollary 2.1 The stability radius o (z,p) equals oo if and only if inclusion (z,%') € U
holds for any feasible solution ¥’ € X.
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Zero Value of Stability Radius

Let 0 denote the zero vector in the space RY. Necessary and sufficient conditions for
o¥(x,p) = 0 are proven separately for the case & # 0 as well as for the case & = 0.

Theorem 2.2 Letp € K¥(z), 2 #0, w <n, e >0 and p; > 0 for eachi =1,2,...,w
Then we have o (x,p) = 0 if and only if condition (2.3) is satisfied as an equality.

PROOF. Sufficiency: Let the condition (2.3) be satisfied as an equality, i.e.,

Since & # 0 and p; > 0 for each i = 1,2, ..., w, the value F(p, z) is not equal to zero.
Because we have € > 0 in (2.3), we conclude that vector x is not a solution to the problem
(2.2).

We take any nonzero component of vector z (say #; = 1, i € {1,2,...,w}), and
consider the following two possible cases.

Case (i): 2 = 0. For any given arbitrarily small real number v > 0, we can construct

the fOHOWiIlg vector p"/ = (p17p27 cey Die1, D+ Vs Pit1y -+ s Pws Pwtls - - - 7pn) € Ri This
vector p” satisfies the following conditions:

F(p',z) = v+ F(p,z)=~v+(1+¢€) F(p,2")
= 7+ 1+ -F@p,a") >y+(1+e) - F(p',a"")
> (1+e€) - F(p",a"").

Thus, we have p? ¢ K(r) and, because of d(p,p”) = 7, the set OY(p) N RY is not a
subset of stability region K*(z). Consequently, the ball OY(p) is not a stability ball of
the e-approximate solution x. Since this holds for any arbitrarily small v > 0, we have

o¥(z,p) = 0.

Case (ii): 2? = 1. We consider the objective vector p) = (pi,...,pi_1,pi —

)

Yy Ditls - - s Puws Puotly - D). I 0 <y < py, then p0) € RY due to p; > 0. Since € > 0, we
obtain for the vector p():

e

'BA
5

=
I

F(p,x) —v=(1+¢€) F(p,a") —~
(1+¢€)-F(p,a?)—(1+e€) -v=(14¢) - F(p,aP)
(1+e) - F(p,z").

AVARRY,

Thus, we have p) ¢ K¥(r) and the ball OY(p) is not a stability ball of the
e-approximate solution x. Because this holds for any arbitrarily small v > 0, we conclude
that o“(z,p) = 0.

Necessity: We prove necessity by contradiction. Assume that o¥(z,p) = 0 and condition
(2.3) is satisfied as a strict inequality, i.e., we have

(1+¢)- F(p,2*) — F(p,z) = A, > 0. (2.12)
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We show that there exists a real number ¢ > 0 such that inequality (2.12) remains valid
for any objective vector p' € R with p' € Oy (p) N RY. Weset o= = A,/(3+¢e)w > 0.
Because of d(p,p’) < 3, we obtain

F@p,z) = F(px) <w-B=21,/3+¢) (2.13)
and

(1+¢€)- F(p, xp/) — (1+6)'F(p,,5(7p/)
we B (146 = Ay (1+6)/(3+e)

(I+¢€) - F(p,2?) — (1+6)-F(p’,xpl) <
<

We summarize the left and the right terms of inequality (2.13) with the latter one:

F(p',x)—F(p,x)—i—(l—I—e)-F(p,xp) —(1+€)-F(p/,xp/)
< A)JB4e)+A,-(1+¢)/(3+¢€)
= Ay (24+¢€¢)/(B+e).

From this we obtain

(L+e) - F@,a?) = F(p',x) = (1+€)- F(p,a”) = F(p,2) = A, (2+6)/(3+¢)
— A A (2+9/B+0
= A,/(3+¢€) >0.

Thus, p' € OF(p) N RY implies §' € K(x), i.e., the ball Of(p) is a stability ball of
the e-approximate solution . We obtain a contradiction to the assumption: o*(x,p) >
B=A,/(3+¢€w>0.

&

Next, we prove the analogy to Theorem 2.2 for the case 7 = 0.

Theorem 2.3 Let p € K¥(z), £ =0, w <n, e >0 and p; > 0 for each i = 1,2,... w.
Then we have o¥(z,p) = 0 if and only if condition (2.3) is satisfied as an equality and
there exists an optimal solution xP to problem (2.2) for which ¥ # 0.

PROOF. Sufficiency: Since P # 0, there exists a nonzero component zf = 1,
i €{1,2,...,w}. Asin case (i) in the proof of Theorem 2.2, we consider the vector p(»)
and by using arguments quite similar as before we obtain oY (z,p) = 0.

Necessity: Let o¥(x,p) = 0. The case when condition (2.3) is satisfied as a strict
inequality can be considered similarly as in the proof of the necessity of Theorem 2.2. To
complete the proof of Theorem 2.3, we still have to consider the situation when A, = 0
holds (where A, is as defined in (2.12)) but for any solution z” of problem (2.2) we have
P = 0. Since x; = 2¥ =0 for any i € {1,2,...,w}, due to the equality

F(p,z) = (1+¢€)- F(p,a"), (2.14)

we obtain

n

F(p,z) = 2": piz; = (1 +€) zn: pixf<(1+€)-Zpix;:(1+6)-F(p,x’)

i=w+1 i=w+1 =1
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for any vector ' € X which is not a solution to problem (2.2). Now we calculate the
value

Ao =min{(1+¢) - F(p,2') — F(p,x) : 2’ € X\{z}, F(p,2') > F(p,a?)} > 0.

Setting 8 = By = Ao/(3+€)w > 0 and repeating the steps performed for the case A, > 0
in the proof of the necessity of Theorem 2.2, we obtain the inequality

(1+e)-F@p,o)—F@',z)>0 (2.15)

which holds for any vector " € OF (p) N RY.

Due to & = 0 and 27 = 0 for any solution z* to problem (2.2), any variation of the
objective vector p does not affect the validity of equation (2.14). Thus, for any objective
vector P’ both inequality (2.15) for any vector ' € X, which is not a solution to problem
(2.2), and inequality (2.14) (with p replaced by p’) for any solution aP to the problem
(2.2) are valid. We can conclude that OF(p) is a stability ball of the e-approximate so-
lution x which contradicts to the assumption that the stability radius of x is equal to zero.

&

The above proofs give lower bound on stability radius of e-approximate solution. In the
next section, we present it along with greater lower bound on stability radius of optimal
solution.

Bounds on Stability Radius

The proof of necessity of Theorem 2.1 implies the following upper bound on ¥ (x,p) for
arbitrary number w, 1 < w < n, of unstable objective coefficients.

Corollary 2.2 [f o¥(z,p) < oo, then we have o (z,p) < p., where p. is defined in (2.10).

For the case w = n, when all n objective coefficients are unstable, Corollary 2.2 is
transformed as follows.

Corollary 2.3 If o"(z,p) < oo, then o"(x,p) < p. where
pe =max{p;, : 1 <i<n}. (2.16)

It is easy to see that the upper bound ¢ (z,p) < p, is tight. The upper bound
o (x, (1+e) Z Di — Z DiZ;
i=w+1 i=w+1

is tight under the condition that the vector (x1, za, ..., zy, 1,1,..., 1) is a feasible solution.
From Theorem 2.1 and Corollary 2.2 we can conclude that either stability radius
oY (z,p) is arbitrary large or we have the following bounds for stability radius o¥(z, p):

0 < 0(z,p) < pe. (2.17)
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In the case o¥(z,p) = oo, for any non-negative real number p and any objective vector
p € RY, the ball O)'(t) is a stability ball of the e-approximate solution z € X. In the
case Q! (SL’ p) < oo, for any ¢ with 0 < ¢ < p., the ball Oy(t) is a stability ball of an
e-approximate solution € X to the problem (2.13) for a given vector p € RY.

While proving the necessity of Theorem 2.2 and the necessity of Theorem 2.3 for the
case A, > 0, we obtained the following lower bound for the value o (x, p).

Corollary 2.4 Let p € KX(x), w < n, € > 0. If condition (2.3) is satisfied as a strict
inequality, then

Ay
B3+ ew

Note that any strictly positive lower bound can be used as conservative estimate of
the stability radius, i.e., O;”(p) is a stability ball if o > 0 is equal to a lower bound on
e (z,p).

One may be interested in lower bounds on the stability radius of an optimal solution
2P (i.e., when € = 0). For optimal solution z? we derive the following lower bound, which
is often better than the one given in Corollary 2.4.

ol (x,p) > > 0.

Theorem 2.4 Let xP be an optimal solution to the problem (2.2) and let v(aP) denote
the number of 1’s in vector . Then

Ap AP }
I14+e€) - w—e-v(P) (1+e€) w—uv(apr)”
PROOF. For any pair of feasible solutions y € X and z € X to problem (2.2), let D(y, 2)
denote the set of components which are equal to 1 in vector y and 0 in vector z, and let

E(y, z) denote the set of components which are equal to 1 in both vectors § and Z. We
can calculate real number

ol (2P, p) > min{(

Ap Ap }
(1+e) - w—ev(ar) (1+¢€) - w—uv(zP)
We can define objective vector p' = (p}, 0, ...,p},) € R} such that d(p,p’) < L. Then for
any feasible solution a’ = (2], 25,...,2)) € X we obtaln

L = min{

dophal — (1+e)- > pia;
i=1 =1

= sz‘xf + Z(Pi —pi)ry —(1+e)- Zpﬂ; —(1+¢)- Z(Pi — i)}
, i =1 =1

_ sz (14¢)- szer >, (0i—p)

i€D(xP,x’)
— e > Wi-p)-A+e D (pi—m)
1€E(aP,x’) i€D(x! ,zP)

IN

Zplx —(1+e)- Zplx + | D(a2P,2")| - L

e |E(", 2] (=L) = (1 +¢) - [D(z',2")] - (=L)
= —Ap+|D($p, )| - Lte-|[E(,2)]- L+ (1+¢€)- D@, 2")]- L.
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If € <1, then the latter expression is at most
—Ap + [D(a?, )| L+ |E@”,2")| - L+ (1+¢€) - |D(@',2")| - L
< A, +v@P)- L+ (1+e€) - (w—ov(zP))-L

= —A,+[(1+¢€-w—e€-v(P)]-L=0.

Hence, zP is an e-approximate solution to problem (2.2) for the objective vector p'.
For the case € > 1 the proof is similar.

&

It is easy to see that all lower and upper bounds on finite stability radius o¥(a?, p)
can be calculated in polynomial time. In the next two sections, we show how to calculate
approximate or exact value of stability radius.

2.3 Approximate and Exact Value of Stability Radius

The following claim gives characterization of a stability ball, i.e., it defines the necessary
and sufficient condition when a closed ball in the space R™ is the stability ball of an
e-approximate solution x of the problem (2.2).

Lemma 2.1 The closed ball O;“(p) with center o > 0 is a stability ball of an e-approrimate
solution x of the problem (2.2) if and only if inclusion (p + 0) € K¥(x) holds for all 2
vectors 0 = (01,02,...,0,) € RY with the components 6; € {o,max{—p;,—o}}, i =
1,2,...,w.

PROOF. Necessity: We prove necessity by contradiction. Let O)(p) be the stability ball
of an e-approximate solution z. We assume that there exists a vector §' = (61, 65,...,4.,)
with the components §; € {p, max{—p;, —o}}, 1 <i < w, such that (p+ ') & K" (z).

Because of d(p,p+¢') < o and p; + d; > p; + max{—p;, —o} > 0, we obtain (p+ ') €
Oy (p) N RY. Thus, the inclusion O} (p) N RY C KP(x) does not hold. Thus, we obtain
a contradiction to the assumption that ball O}’ (p) is a stability ball of e-approximate
solution z.

Sufficiency: We assume that inclusion (p + 0) € KY(z) holds for all 2% vectors § =
(01,02, ...,0p) € RY with 6; € {0, max{—p;, —0}}, 1 =1,2,..., w.

Due to using a Chebyshev metric, all elements (p + r),r = (r1,72,...,7y), of the
set Oy (p) N RY can be represented as a convex polyhedron K obtained as the set of all
solutions of the following system of linear inequalities:

pi—o<pi+r; < pit+o, i=12,... w,
pi+ri > 0, i=1,2 ..., w.

Because the stability region K (z) is convex set (see Property 1), we conclude that all
faces of polyhedra K belong to set K (x), since all vertices p + 0 of the polyhedra K
belong to set K (z). From this it follows that all inner points of polyhedra K belong to
set K"(x) as well. In other words, inclusion K C K¥(z) must hold, and therefore ball
Oy (p) is a stability ball of e-approximate solution x € X.

&
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Using Lemma 2.1 we can prove the following theorem which defines stronger char-
acterization of a stability ball, namely, we can fix every component ¢§; of the vector
d = (01,09,...,04), if equality x; = 0 holds. Due to this, the number of vectors § for
testing inclusion (p + §) € K(x) is less than 2 (if there exist zero components in the
vector I).

Let V(x) denote the set of indices corresponding to 1’s in the part # € {0, 1}" of the
vector z € X C {0, 1}" which is a feasible solution of the problem (2.2):

Ve)={i : 2;=1,i=1,2,... w}. (2.18)

Theorem 2.5 The closed ball Oy (p) with center ¢ > 0 is a stability ball of an e-
approzimate solution x of the problem (2.2) if and only if inclusion (p+9) € K*(x) holds
for all vectors 6 = (61,902, ...,0,) € RY which have components §; € {o, max{—p;, —o}},
if i € V(x), and components 0; = max{—p;, —o}, if j € {1,2,...,w} \ V(z).

Proor. It suffices to show that the condition of Lemma 2.1 implies the seemingly stronger
condition of Theorem 2.5.

We assume that the condition of Theorem 2.5 is satisfied, i.e., (p +0) € K(x) for
all vectors 0 = (01,02,...,0,) € RY with 6; € {0, max{—p;, —o}}, if 2; = 1, and with
d; = max{—p;, —o}, if x; = 0.

Let ¢’ be arbitrary vector with components ¢, € {0, max{—p;, —o}}, i = 1,2,...,w.
Then we define the vector §” by setting 6! = d., if x; = 1, and 0! = max{—p;, —o}, if
r;=0,1=1,2,... w.

Let 2’ be arbitrary feasible solution to problem (2.2), i.e., 2’ € X. Then we can obtain
the following relations:

Z(pi + 07)w; + Z DiTi = Z(Pz + 07 )i + Z Dii
i=1 i=w+1 i=1 i=wt1

n

<46 - Do(pi+)ai+ > pai) < (L+e) - Do(pi+ )z + > pixl].
i=1 i=w+1 i=1 i=wt1
Indeed, the above equality holds because ¢” and ¢’ differ only in components for which
the corresponding component of the vector z is equal to 0. The first inequality is true
because the condition of Theorem 2.5 is satisfied. The last inequality follows from the
fact that inequality ¢” < ¢’ holds and all the components of vector ' are non-negative.
Since 2’ is an arbitrary feasible solution to problem (2.2), it now follows that inclusion
(p+¢") € K¥(x) holds. Thus, inclusion (p + 6”) € K”(x) implies inclusion (p + ') €
K¥(zx). In other words, condition of Theorem 2.5 implies condition of Lemma 2.1. Thus,
Theorem 2.5 follows from Lemma 2.1.
&

Next, we demonstrate Theorem 2.5 on the Example 2.1.

Example 2.1 (continued). We can show that for objective vector p = (10,5,5,7,7,7) the
ball O%(p) with the center p = (10,5) is not a stability ball for the evact solution V) (i.e.,
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e =0). Indeed, the point (104 3,5+ 3) = (13,8) does not belong to the set K2(x(V) since
inequality (2.3) is not satisfied with € =0 :

13+8+5>(1+0) min{13+8+7,134+7+7,7+7+7}.

On the other hand, it is easy to show that the ball O3(p) is a stability ball of the
e-approzimate solution V) with p = (10,5,5,7,7,7) and ¢ = 0.5. Indeed, checking in-
equality (2.3), we obtain that all the vectors (13,8),(13,2),(7,8) and (7,2) belong to the
set K25(zW). Thus, due to Theorem 2.5, we conclude that ball O%(p) is a stability ball of
the e-approzimate solution V) with € = 0.5. In Figure 2.3 this ball is shaded.

Further, let us consider feasible solution Y. None of the components of z* is equal
to 1. Therefore, to check whether O3(p) is a stability ball of the e-approzimate solution
™ with e = 0.5, it suffices to check only whether objective vector (7,2) belongs to the set
K2 (x™). It is left to the reader to verify that this is indeed the case. Therefore, equality
0¥ (x™ p) = 3 with e = 0.5 holds.

Due to Theorem 2.5 we can calculate stability radius o (x, p) with the given accuracy
A > 0 using any algorithm for calculating optimal objective value F'(p/, :L‘p/) of the problem
(2.2).

Corollary 2.5 [f there exists an O(g(n)) algorithm for calculating optimal objective value
F(p',a?"), then there exists O(2V@) . g(n) -log(p./A)) algorithm for calculating stability
radius o (x,p) with the given accuracy A > 0.

PROOF. Due to inequalities (2.17) (see page 80), it suffices to look for the stability ra-
dius on the closed interval [0,p.]. To obtain the desired complexity of the algorithm for
calculating approximate value of stability radius o¥(z,p) we can use the binary search.
At the first iteration of the algorithm, we test condition of Theorem 2.5 for the ball
OY(p) € R with radius ¢ = p/2.
In the case if condition of Theorem 2.5 holds for ¢ = p./2, then ball O} /Q(p) is a
stability ball of an e-approximate solution x and so the inequalities

hold, otherwise ball O} /2(p) is not a stability ball of an e-approximate solution x and so
the inequalities

0 < of(2,p) < pe/2
hold.

At the second iteration of the algorithm, we test condition of Theorem 2.5 either for
value ¢ = p./4 in the former case, or for value ¢ = (3p.)/4 in the latter case.

Continuing in a similar way after log(p./A) iterations, we obtain approximate value
of stability radius o*(x, p) with accuracy A.

At each iteration of such an algorithm, for testing condition of Theorem 2.5 it suffers
to calculate optimal objective value F(p/,z”) and test inequality (2.3) with p = p/ =
(P 4 0, Dot 15 P2, - - - » pn) for all 2V@ vectors § € RY defined in Theorem 2.5. Due to
condition of the corollary, it takes O(2IV®!. g(n)) time. Thus, asymptotic complexity of
the algorithm for calculating stability radius o¥(z,p) with the given accuracy A > 0 is
O@VE) - g(n) - log(p./A)).

&
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Next, we show how to calculate exact value of stability radius o¥(z,p) using Theo-
rem 2.5. Set V(z) used in Theorem 2.6 is defined by (2.18).

Theorem 2.6 Let x € X be an e-approzimate solution to the problem (2.2). If calculation
of the optimal objective value F(p',2?") can be done in O(g(n)) time for any objective
vector p' € R, then stability radius 0¥ (z,p) can be caleulated in O(2V @ w - g(n)) time.

PROOF. The proof is constructive. For every subset I of the set V(z), I C V(x), and for
every real number ¢ > 0, we define variation vector /¢ = ((5&1’9], 5%1’91, ., olhely e RY
of the given vector p € RY by setting o9 = o if i € I, and 5][-1’9} = max{—p;, —o},
if j € {1,2,...,w} \ . It is easy to see that absolute value |6Z[I’Q]| of each component
51[1’9] (i.e., variation of the objective coefficient p;) is as large as possible provided that
inequality

d(p+ 69 p) = max{[s!"?| : i=1,2,... w}<o

and inclusion (p + 612 € RY hold.

Let o; denote the largest value of ¢ for which vector p+6-¢ belongs to stability region
K¥(x). We will show how to calculate exact values o; for all 2IV@! subsets I C V().
Then due to Definition 2.2 and Theorem 2.5, the stability radius o¥(x, p) will be equal to
the minimum of these 2IV®@)! values o;:

o (z,p) =min{o; : I CV(z)}. (2.19)

First, we consider a fixed subset I C V(x). For any real number ¢ > 0, we define
objective vector

- I, I, n
phd = (e ptl ph, . Pl € Ry

by setting pl¢ = p + 659 and py’g} =p; for each index i =w+1,w+2,...,n.

Let us consider the objective value F (p” o), x) of the e-approximate solution = € X to
the problem (2.2) as a function of single variable ¢ with range 0 < ¢ < oo. If variable p
increases from 0, then initially F(p!/¢, z) is a linear function of ¢. In Cartesian coordinate
system, the slope of the graph of this linear piece of function F(pl/¢ z) (i.e., the tangent
of the angle between horizontal axis of argument p and the corresponding straight segment
presented this linear piece of function F(pl/+¢, z)) is equal to

[ =V (2) \ 1.

When variable p becomes equal to min{p; : i € V() \ I}, then the slope of the linear
piece of function F(p!/¢, x) changes from value (|I| — |V (z) \ I]) into value

[l ={i - ieV(z)\ 1o <pi}l,

and so on. Thus, it is clear that F(pl+¢ z) is a continuous and piecewise linear function
of argument p, with breakpoints occurring exactly when equalities o = p; hold for indices
i € V(z)\I. (Breakpoint is such a point of the argument where derivative of the function
does not exist. Note that derivative of piecewise linear function coincides with the function
where derivative exists.)
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Arguing just in the same way, we conclude that for every feasible solution ' € X, the
corresponding function F (p“ o g ) is continuous and piecewise linear function of single
argument o, with breakpoints occurring at some subset of the following set of points:

{pi - ie{1,2,... wi\ I}

Therefore, we will refer to the points p;,7 € {1,2,...,w} \ I, as the critical points. For
convenience, we also define 0 and oo to be critical points p;, and p;, ,, respectively. Thus,
the positive horizontal axis [0, 00) of argument p may be partitioned into w + 1 intervals:
[Dig» Pir ), [Dirs Dis)s - - - [Pins Din.,) Where the following relations hold:

0=pi, <piy <pi, <. < piyy, < Piyyyy = 00 (2.20)

Note that in (2.20), equality p;, = p;.,, is possible for some ¢ € {0,1,...,w — 1}, and as
a result, some of the intervals [p;_, p;,,,) may be empty. Obviously, the above partition of
the positive horizontal axis [0, 00) includes at most w + 1 non-empty intervals.

It is clear that between two consecutive different critical points in (2.20), the functions
F(plh9 2"} defined for different feasible solutions o’ = (o}, 2,...,2’) € X are all linear.
Moreover, the slopes of each of these linear functions are integers in the range from |I| —w
to |I], with the extreme values occurring when 2, = 0 if and only if i ¢ I, and when z} = 1
if and only if ¢ € I, respectively.

Let us define the following function H;(g) of single variable ¢ with range 0 < o < oc:

Hi(g) = (1+ ) min{F(p, 2')}. (2.21)

Since between two consecutive different critical points ¢ = p;. and ¢ = p;_,,, Di. 7 Pi..1
functions (1+¢)-F(plh9, 2') defined for all feasible solutions 2’ € X are all linear, it follows
that on the segment [p;_,p;.,,| function H;(o) is the minimum of a finite number of linear
functions (see definition (2.21)). It is known (see [ES76]) that this implies that H(p) is
continuous, piecewise linear and concave function on such a segment [p;_, p;_,,].

Since between two consecutive different critical points each of the functions F(pl/9, z'),
' € X, has an integer slope in the range from |I| — w to |I|, it follows from definition
(2.21) that each slope of the function H;(p) belongs always to the following set:

{A+e)(I| —w),X+e)(|I| —w+1),....,(L+€)(|I])}.

Because of concavity of function H;(¢) on each non-empty segment [p;_,pi..,], the
sequence of the consecutive slopes of the function H;(p) on the segment [p;_, p;_.,,| is non-
increasing, which implies that function H;(p) has at most w breakpoints on each segment
[Dies Dio.,| between two different consecutive critical points p;, and p; . ,. Moreover, the
continuity of the functions (1+¢)- F(pld 2/), z € X, implies that function H;(p) is also
continuous on the whole range of argument: 0 < o < co. Since there are at most w + 1
non-empty intervals [p; ,pi.,.), ¢ € {0,1,...,w}, in the whole range of argument ¢ and
at most w breakpoints on each segment [p;_,p;.,,|, we obtain the following claim.

The number of linear pieces of function Hi(g) grows as O(w?).

Since function F(plld, z) is linear on the segment [p;,, pi..,], Pi. # Pi.,,, and function
Hi(p) is concave on [p;_, p;.,,], we obtain the following claim.
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If inequality
F(p"d,x) < Hi(o) (2.22)

holds for both different values o = p;, and o = p,,,,, , ¢ € {0,1,...,w}, then inequality
(2.22) holds for all values o € [p;,, pi,.,)-

Combining inequality (2.22) with definition (2.21) of function H;(p) we obtain

Py, 2) < Hi(g) = (14 ) - min{F(p", 2')}.

r'eX

Therefore, the latter claim may be rewritten as follows.

If x is an e-approximate solution of the problem (2.2) with objective vector pl'»? for
both different values o = p;, and 0 = p;,,,, , ¢ € {0,1,...,w}, then x is an e-approximate
solution of the problem (2.2) for all values o € [p;., pi..,]-

Thus, by evaluating functions F(pl!¢, x) and H; (o) only at the different critical points
0 = pi.,, ¢c = 0,1,...,w, we find the largest finite critical point, say ¢* = p;., ¢ €
{0,1,...,w}, for which x is an e-approximate solution of the problem (2.2). As a result,
we obtain the following inequalities for o;:

Dipe <01 < Piuyy

Note that the above calculation of lower bound e* of the value o; takes O(w - g(n))
time. Indeed, there are at most w + 1 finite critical points and due to definition (2.21)
calculating H;(p) at each of them boils down to calculating objective value F(p/, z*") for
a fixed objective vector p’ € R}. Due to condition of the theorem, the latter calculation
requires O(g(n)) time.

Thus, the desired value o; belongs to the interval [o*,p;. ]. If 0* = p;.,,, then we
obtain exact value gr. Next, we show how to find exact value gy, if 0* <p;..,,.

We have already observed that on the segment [o*, p;,. ] between critical point o*
and different consequent critical point p; ., function F (pl"9, x) is linear, while H;(p) is
concave and piecewise linear function with at most w breakpoints. There exists a method
(see [EST76]) which determines all the linear pieces of function H;(g) on such an interval
in O(B - g(n)) time, where B is the number of breakpoints of function H;(p) on this
interval. Hence, it takes O(w - g(n)) time to determine the linear pieces of function H; (o)
on the segment [o*, p; . +1]. Once this has been done, the value g; is found by calculating
the largest intersection point, say ¢**, of function F(pl’'9, x) and function H;(o) on the
segment [Q*apic*+1]'

It should be noted that there always exists an intersection point of functions F’ (p“ ol x)
and Hj(g) on [0*,pi,..,], if critical point p; ., is finite: p;.,, < co. Hence, if function
F(p!"9 2) and function H;(p) do not intersect, then we certainly conclude that ¢* = w
and so p;.., = 0o and also gr = o0.

It is easy to convince that if there exist more than one intersection point of function
F(pld ) and function H;(g) on segment [o*, p; . .1), then the set of all intersection points
fills out a linear piece of function H;(p) and function F(p!’9, z). In such a case, o is
equal to the right boundary of argument p for this linear piece of function H;(g) (since
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this boundary is inner point of segment [o*, p;...,,], then only function H;(p) changes the
slope in this point).

In any case, the largest intersection point ¢** of function F(p!’*9, ) and function H; (o)
on the segment [0*, p;,. ] either can be found in time bounded by the number w of linear
pieces of the function Hj(g) on [0, p;..,,] or it can be proven that such an intersection
does not exist (and it takes the same time O(w)).

Summarizing we conclude that for any subset I C V/(x), it is possible to calculate
exact value o7 in O(w - g(n)) time. Thus, using equality (2.19) we can calculate exact
value of stability radius ¢”(z,p) after considering all 2IV@)! subsets I of set V(z). The
whole complexity of this calculation of stability radius is O(2IV®! . w - g(n)). Conclusion
of the theorem now follows.

&

From the proof of Theorem 2.6 we obtain the following useful corollaries.

Corollary 2.6 The number of linear pieces of function Hi(o) defined by (2.21) grows as
O(w?).

Corollary 2.7 Ifx is an e-approximate solution of the problem (2.2) with objective vector
plhd for both different values o = p;, and o = Diei1s » € €{0,1,...,w}, then x is an e-
approzimate solution of the problem (2.2) for all values o € [pi., Pi.,,]-

From the constructive proof of Theorem 2.6 we obtain the following algorithm for
calculating exact value of stability radius o¥(z, p).

Algorithm 2.1

Input:  e-approximate solution x of the problem (2.2).
Output: Stability radius o“(z, p).

Step 1: Defineset V(z)={i : z;=1,i=1,2,...,w};
assume that oY (z,p) = 0.
Step 2: FOR all subset I C V(z) DO
BEGIN
Step 3:  Calculate the largest finite critical point ¢* = p; .
for which inequality F(p!"-¢’l, z) < H;(o') holds.
Point p; ., is the next critical point.
Step 4: Determine the linear pieces of function H;(g) on segment [o*, p;_..,,].
Step 5: IF functions F(p!"¢, x) and H;(p) intersect on the segment (0", Pi ]
THEN value p; is defined as the largest intersection point o**
of functions F(p!’9, ) and H;(o)
ELSE assume g; = o0.
Step 6: IF o; < o¥(z,p) THEN set o%(x,p) = o1
END STOP.
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We illustrate Algorithm 2.1 by calculating exact value of stability radius o (x,p) for
Example 2.1.

Example 2.1 (continued). We calculate stability radius o¥ (x,p) withw = 2, € = 0.5, x =
W and p = (10,5,5,7,7,7).

Since #V) = (1,1), we obtain set V(x(V) = {1,2}, which means that subsets I of the
set V(xW) are as follows: 0, {1}, {2}, {1,2}. For each of these subsets I C V(z)) we
have to calculate value or. Next, we consider the calculation of the value og9y in detail.

The vector pi2he is defined as follows: (max{0,10 — 0},5 + 0,5,7,7,7). Therefore,
we obtain four functions

F(plhel 4 ZPJ{Q} EMe

fori e {1,2,3,4}, which graphs are shown in Fzgure 2.4. Note that three of these functions
have a breakpoint at o = 10, which corresponds to critical point py. There are no other
breakpoints, since 1 is the only element of the set V(x)\ I. Hence, there are three critical
points: 0, 10 and oo. From Figure 2.4 we see that function

Hy(0) = 1.5 - min{ F(p!d ) + i € {1,2,3,4}}

s defined as follows:

1.5 - (20), 0<o0<4,
Hpn(0) = 1.5-(24—0), 4<0<10,
1.5+ (14), 10 < o.

Note that piecewise linear function Hy(0) is indeed concave between consecutive
critical pomts In Figure 2.5, the function Hy(0) is drawn together with function
F(pl2he 2 M) The largest value of o for which inequality F(p?he 21 < Hysy(0) holds
1S equal to 11. Hence, this is the value of o2y : 0g2y = 11.

Algorithm 2.1, however, does not construct the two functions F(pl{2he z() and
Hy(0) completely, before it determines value ogay. What the algorithm does, is the fol-
lowing. For the smallest strictly positive critical point o = 10, the values F(pH2h10l 2(1)
and H(10) are calculated. The first of the above calculations is trivial, since M s
a fized feasible solution. For the second calculation, we need to solve an instance of the
problem (2.2) (see the proof of Theorem 2.6).

Since F(pt#10 2 M) < Hg,(10), Algorithm 2.1 proceeds with the mext critical point.
This point is 0o, and therefore the functions F(p{2he x() and Hy(0) are considered for
arbitrarily large values of o. Because inequality F(pm}’@},x(l)) > Hi(0) holds for such
values, we conclude that ogzy € [10,00).

To find the value of og2y, we first construct function Hsy (o) on the interval, which is
easy in this case since the function is linear on the interval. (How the construction may
be done in general will be described below.) Subsequently ogsy is calculated as the largest
intersection point of functions Hs (o) and F(pl?he 2 ().

In Figure 2.6, we have illustrated the calculation of og12y. It is left to the reader to
verify that the functions have indeed the shown shape. In this case, the only critical points
are 0 and oo. Note again that function Hp 21(0) is indeed concave between these two
values of argument o.
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F(plizhel, 20,
i € {1,2,3,4) F(pl2ha), £
F(pl2ha, 5 )
24
53 F(plehel )
20
14 F(pH2hel £(3))
0
0 4 10 o

Figure 2.4: Functions F(pl{Z-9 2()) i € {1,2,3,4}, for subset I = {2}

The method to construct this function Hyiy(0) can briefly be described as follows.
First, we determine optimal solutions corresponding to the endpoints of the interval. These
solutions define linear functions, which are possible pieces of the function to be constructed.
Next, the intersection point of the two linear functions is calculated. In our case, this is
0 = 0.5, and therefore H12)(0.5) is calculated. Since this does not yield a new solution
(function is linear), it can be concluded that all the linear pieces of Hy 2y(0) have been
found. In general, we continue this procedure by calculating the intersection points of
the newly found linear function with the concave lower envelope of the linear functions
found earlier. The procedure stops if no new intersection points are generated. We refer
to [ES76] for a proof of the correctness of this procedure, which requires solving O(b)
instances of the problem (2.2), where b is the number of breakpoints of the function to be
constructed.

From Figure 2.6, we see thal of12y = 5.75. It is now left to the reader to verify that
op = o0 and oy = 16.5. Hence, we can calculate the exact value of stability radius
0% 5 (M), p) using formula (2.19):

02 s(zM p) = min{11, 5.75, 16.5, co} = 5.75.
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F(p[{2}’9], w(l))
30
21
20
H{z}(Q)
0
0 4 10 11 o

Figure 2.5: Calculation of gfoy = 11

2.4 Polynomial Algorithms for Calculating Stability
Radius

It is worse noting that cardinality |V (z)| of the set V(x) may be significantly less than
number w of unstable objective coefficients. In particular, if the number of unstable
objective coefficients increases when n grows, the problem structure may prevent |V ()]
from growing as fast as w. For instance, in the traveling salesman problem, if the unstable
objective coefficients represent the distances with respect to one specific city, then w is
of the same order as the number of cities, but equality |V (x)| = 2 holds for any feasible
solution x € X. We can use Algorithm 2.1 based on the proof of Theorem 2.6 for
calculating stability radius o (x, p) for such a traveling salesman problem. If the unstable
objective coefficients represent the distances with respect to one specific city, then the
complexity of Algorithm 2.1 turns out to be O(w - g(n)).

Note however that even for the fixed number w of unstable coefficients, asymptotic
bound O(2V@! . w - g(n)) of Algorithm 2.1 based on Theorem 2.6 remains exponential,
if g(n) defined in Theorem 2.6 is an exponential function. This is no surprise, since as it
will be shown in Chapter 4, even for one unstable objective coefficient (w = 1) computing
the stability radius exactly for any ¢ > 0 is NP-hard problem, if the associated Boolean
programming problem (2.2) is NP-hard itself.

In this section, we consider special cases of the Boolean programming problem (2.2)
when stability radius ¢¥(x,p) can be calculated in polynomial time.
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F(p[{1a2}a9] , m(l))
31.5 H{l,z}(Q)
30
20
0
0 0.5 2 4 5.75 o

Figure 2.6: Calculation of gfy 5y = 5.75

From Corollary 2.5 we can obtain efficient algorithm for calculating approximate value
of stability radius, if problem (2.2) is polynomially solvable and |V (z)| grows rather slowly
with n.

Corollary 2.8 Suppose that problem (2.2) is solvable in polynomial time g(n). If |V (zx)]
grows as O(log n), then the stability radius o¥(x,p) can be calculated in polynomial time
O(n - g(n) -log(p/A)) with the given accuracy A > 0.

PROOF. The function g(n) in Corollary 2.5 is now polynomial in n, and asymptotic bound
of cardinality |V ()| of the set V(z) is now O(log n). Hence, the running time O(2!V@!.
g(n)-log(p./A)) of the algorithm described in Corollary 2.5 becomes O(n-g(n)-log(pe/A)),
which is clearly polynomial in n.

<&

Similarly from Theorem 2.6 one can obtain the following claim.

Corollary 2.9 Suppose that problem (2.2) is solvable in polynomial time g(n). If |V (zx)]
grows as O(log n), then the stability radius oY (x,p) can be calculated in polynomial time

O(n - w - g(n)).

Further, we describe an algorithm for calculating stability radius o*(x,p) which re-
quires the solution of a polynomial number of instances of the Boolean linear programming
problem (2.2). In particular, this means that, if problem (2.2) is polynomially solvable,
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then the stability radius of an e-approximate solution of the problem (2.2) can be calcu-
lated in polynomial time as well. This algorithm is similar to Algorithm 2.1 based on the
proof of Theorem 2.6. The main difference between two algorithms is due to enumeration
schemes used in them. While Algorithm 2.1 is based on enumeration of all subsets I of
set V(z), the algorithm described in the rest of this section is based on enumeration of
some feasible solutions = € X.

First, we consider the case of the problem (2.2) when objective coefficients p;,i € N,
are unrestricted in sign, i.e., now it is assumed that objective vector p may belong to
the whole space R" (recall that in Sections 2.1 - 2.3 it was assumed that p € R?). Of
course, the negative processing times have no sense in a usual scheduling problem, but
there are some other important interpretations of a Boolean linear programming problem
(2.2) when both negative and positive objective coefficients have to be allowed.

Unrestricted Objective Coefficients

It should be noted that for objective vector p € R"™ with objective coefficients, which are
unrestricted in sign, the concept of e-approximate solution only makes sense if

F(p,2") >0 (2.23)

for all feasible solutions z' = (2,%,...,2),) € X. Therefore, in this subsection, we

assume that inequality (2.23) holds for all 2/ € X.

Let € X be an e-approximate solution to the problem instance (2.2) with objective
coefficients which are unrestricted in sign, i.e., p € R™. (Definition 2.1 and Definition 2.2
may be simply rewritten using space R" instead of space RY in order to define stability
radius o (x,p) for the case p € R".) Thus, we want to determine the largest real number
0 = o¥(x,p) such that if inequalities |§;| < o, ¢ = 1,2,...,w, hold for all vectors § =
(01,09, ...,0,) € RY, then inequalities

w w

> (i + )i + Z pizi < (L+€) - D _(pi +0)zi+ D pia] (2.24)
i=1 i=w+1 i=1 i=w+l
hold for all feasible solutions 2’ € X. Similarly as Theorem 2.1 we can prove the following
claim.

Theorem 2.7 Let x € X be an e-approximate solution to the problem instance (2.2) with
objective coefficients which are unrestricted in sign: p € R". Stability radius o (z,p) is
infinite if and only if all feasible solutions ' € X have components x; = x; for all indices
i=1,2,...,w. If o¥(z,p) is finite, then inequality o¥(x,p) < 0 holds where

pf=max{p; : 1<i<w}+ (14+e) - [ > max{p;,0}— > min{p;,0}. (2.25)
i=w+1 i=w+1

Due to Theorem 2.7 it is suffices to look for the stability radius on the interval [0, p¢].
We present inequality (2.24) as

szxz—i-Zéxz—i- Z pir; < (14€)- szx +(1+¢)- 2633 +(1+e€)- Z Di

i=w—+1 =1 i=1 1=w—+1
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and move the first and third terms of the left-hand side to the right-hand side, and the
second term of the right-hand side to the left-hand side. As a result, we obtain inequality
(2.26) which is equivalent to inequality (2.24):

w n

> iz — (1 +e)x Z (1 + e)a) — ). (2.26)

=1 =1

Let us consider inequality (2.26) for a fixed, but unknown feasible solution x € X, and
a fixed real number ¢ > 0. Then the right-hand of (2.26) is a constant and so inequality
(2.26) holds if and only if it holds for those values of §; with |6;| < o, i = 1,2,...,w
which maximize the left-hand side of inequality (2.26).

We consider an index ¢ € {1,2,...,w} and suppose x; = 0, then the term ¢;[x; — (1 +
€)z}] in the left-hand side of inequality (2.26) is equal to —d;(1 + €)z}, which is maximized
at 0; = —p, irrespective of the value of z}. In this case, we define d; = 1 + €. Hence, the
maximum value is equal to od;z;.

We suppose that z; = 1 for some index i € {1,2,...,w}. If i = 0, then the term
di[r; — (1 + €)x}] is equal to §;, which is maximized at §; = o. If 2} = 1, then the term

)

di[ri — (1 + €)2}] is equal to §;(—e), which is maximized at §; = —p. Therefore, we define
d; = —1 + € in this case. Thus, the maximum value is always equal to ¢ + od;x;.
For convenience, we also define d; = 0 for all indices i = w+ 1, w+2,...,n. Then we

have derived that inequality (2.26) holds if and only if
gimi + i od;x; < ipi[(l + )z, — ;).
i=1 i=1 i=1
This immediately implies the following result.
Theorem 2.8 Stability radius o*(x,p) of an e-approximate solution to the problem (2.2)

with unrestricted coefficients of objective vector p € R™ is equal to the largest real number
o for which the following inequality holds:

11/161)1%{2 pi(l+€) — od;]x}} > szxz + Qsz (2.27)
=1 =1
The right-hand side of inequality (2.27) is a linear function of argument . The left-
hand side is the objective value function of a parametric version of problem (2.2) with
p € R"™ where the objective coefficients are linear functions of argument p. We denote
this value function by v(p):

v(0) = gg)r}{i[pia + ) — odiJal}. (2.28)

It is well known (see, e.g., [ES76] or [Gus83]) that v(p) is continuous, piecewise linear
and concave function of p. Next, we prove the following claim.

Lemma 2.2 The number of linear pieces of function v(p) defined by (2.28) grows as
O(w?).
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PROOF. Since the slope of function v(p) is always equal to >, d;z; for some feasible
solution ' € X, it follows from the definition of values d;, i = 1,2, ..., n, that this slope
takes on values in the set {(m — 2k) —me : k € {0,1,...,m},m € {0,1,...,w}}.
Moreover, because of concavity, the sequence of slopes is non-increasing. The asymptotic
bound on the number of linear pieces of function v(g) now follows.

&

There exists a quite simple procedure (see [ES76]) to determine the function v(p) on
the closed interval [0, ¢o¢]. It starts with computing values v(0) and v(o). The optimal
solutions associated with these values each defines a linear function on the closed interval
[0, 0°]. If these linear functions are identical, then v(p) is simply this linear function.
Otherwise, we obtain two different linear functions which intersect at a unique argument
value ¢' € [0, 0°]. If point (¢',v(¢’)) coincides with the intersection point, then v(p) is the
concave lower envelope of these two linear functions. Otherwise, the optimal solutions
associated with ¢’ defines a third linear function which intersects each of the other linear
functions constructed on [0, o] at argument values ¢” € [0, o] and ¢” € [0, ¢°]. These two
new intersection points define new values of o for which function v(p) is to be computed,
and so on.

For the correctness of this procedure we refer to [ES76], where the running time is
proven to be O(b 7(n°, €)) time, where b is the number of linear pieces of function v(p), n°
is the size of the problem instance with objective vector p € R", and r(n"; €) is the asymp-
totic complexity of solving Boolean linear programming problem (2.2) corresponding to
any value o € [0, ¢°].

Once function v(g) has been computed, it is trivial to find the largest value "
of argument ¢ for which function v(p) is greater than or equal to the linear function

S Diti + 03

v(o) > Zpiifi + QZ%’-
i=1 i=1

From definition (2.28) it follows that the largest value ¢ of variable g is obtained for which
inequality (2.27) holds. Thus, due to Theorem 2.8 ¢" is equal to stability radius ¢“(z, p)
of an e-approximate solution x € X. Due to Lemma 2.2 the number b of linear pieces of
function v(p) is restricted by O(w?). Therefore, stability radius o¥(z, p) is calculated in
O(w?r(n,€)) time. Thus, the following claim is proven.

Theorem 2.9 Let x € X be an e-approzimate solution to the problem (2.2) with objective
coefficients which are unrestricted in sign. If r(n°; €) is complexity of solving problem (2.2)

corresponding to any value o € [0, o], then stability radius o*(x,p) can be calculated in
O(w?r(n°,€)) time.

Theorem 2.9 has the following important implication.

Theorem 2.10 If Boolean linear programming problem (2.2) is polynomially solvable for
any objective vector p € R", then stability radius o¥(x,p) of an e-approzimate solution
x € X can be calculated in polynomial time.
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PRrOOF. Note that on the closed interval [0, o], the objective coefficients p;(1+€)—od;, i =
1,2,...,n, are polynomial in p and e. Hence, if problem (2.2) is polynomially solvable for
any objective vector p € R™ with objective coefficients unrestricted in sign, then r(n°, ¢)
is polynomial in the size of the problem instances, which are in turn polynomial in n° and

€.

&

Non-Negative Objective Coefficients

The above approach can easily be extended to problem (2.2) in which the objective coef-
ficients are required to be non-negative: p € R}. We assume, without loss of generality,
that p; <p2 < ... < pu.

Let us consider only values of p in the segment [p;,p;+1] for some index j €
{1,2,...,w — 1}. Then, for every index i < j, value §; may be chosen smaller than
—p;. Therefore, for these indices i, ¢ < j, if equality x; = 0 holds, the maximum value of
the term d;[z; — (1 + €)z}] is now equal to (1 + €)z}.

Let equality z; = 1 hold. Then the maximum value of the term §;[x; — (1+€)x}] is equal
to o if 2, = 0. If equality 2} = 1 holds, the maximum value of the term §;[z; — (1 + €)z]
is equal to pje.

Hence, in this case, the maximum value of the term ¢;[z; — (14 €)z}] is always equal to
0 — ox; + p;ex;. This means that if the stability radius belongs to the segment [p;, pjt1],
then it is the largest value of g in this segment for which the following inequality holds:

min{ >, (ptozi+ Z [pi(1+€) — odilx }>Zp,a:z+92xz (2.29)

1<i<y, ;=1 i=j+1

As in the previous subsection, the value function on the left-hand side of inequality
(2.29) is piecewise linear and concave function on segment [p;, p;11]. Note that for any
fixed value of p, indeed a problem instance with non-negative objective coefficients results.

To find the stability radius o (z, p), it is not necessary to construct the value function
of every segment [p;,p;+1], 7 = 1,2,...,w — 1. Note that if inequality (2.29) holds in
the endpoints p; and p; 1 of the segment [p;, p;+1], then because of concavity of left-hand
side function of (2.29), inequality (2.29) has to hold on the complete segment [p;, pj+1].
Therefore, the segment which contains the stability radius o (z, p) can be easily found by
checking only endpoints pi, pa, . .., pw, p° of the segments [p;, pj+1], j € {1,2,...,w — 1},
and segment [py,, p°l.

This means that the correct segment including stability radius can be found in
O(w r(n%¢€)) time. Once that segment is known, the stability radius o¥(z,p) is cal-
culated in O(w?r(n° ¢€)) time. Thus, the complexity of this approach is the same as
before for the case of unrestricted objective coefficients and the following result is proven.

Theorem 2.11 If Boolean linear programming problem (2.2) is polynomially solvable for
any objective vector p € R, then stability radius of (x,p) of an e-approzimate solution
x € X can be calculated in polynomial time.

In the next section, we prove similar result for the case of bottleneck criterion.
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2.5 Min-Max Criterion

At the end of this chapter, we consider maximum objective function F,,..(p, z) instead of
linear objective function (2.1) considered in Sections 2.1 - 2.4:

Fnas(p; @) = max{piz:}. (2.30)

The corresponding min-max (bottleneck) Boolean programming problem is to find an
optimal vector (optimal solution) =¥ = (2,25, ..., 2P) € X with

Finae(p, ") = min{Fnas (p, @) © v € X} (2.31)

In this section, we derive an explicit expression for the stability radius of optimal
solution xP and show that it may be calculated by solving at most polynomially many
instances of problem (2.31) of about the same size as the given instance. Both Defini-
tion 2.1 and Definition 2.2 may be similarly rewritten using maximum function (2.30)
instead of linear function (2.1). Let gy (x,p) denote stability radius of optimal solution
x = aP € X of the problem (2.31) with min-max criterion. All the other notations used
for problem (2.31) are assumed to be the same as that used for the problem (2.2) with
min-sum criterion.

Let Boolean bottleneck programming problem (2.31) with objective vector p € R be
given and its optimal solution 2P be available. First, we consider the case of calculating
stability radius gy (P, p) when all the objective coefficients of the problem (2.31) are
unstable, i.e., w = n. In this case, equality 2P = 2P holds.

Recall that V' (27) denotes the set of indices of 1’s in the vector 2 (see definition (2.18)
at page 83). For each index j € V(zP) we can solve the modified instance of the given
problem (2.31) in which component z; of each feasible solution 2 € X is required to be 0.
Let 2l = (a:[lj], x[Qj], ..., zl) denote an optimal solution of such modified instance of the
problem (2.31) with set {x : = € X, z; = 0} of the feasible solutions:

Fm‘m(p7 lb]) = min{Fmam<pa l’) e X, Tj = 0}
Let real number bVl be the corresponding optimal objective value:
il — .l
b ri%%({pzajz }-

We denote
plil — Dj

If equality z; = 1 holds for all feasible solutions € X of the given instance of the problem
(2.31) (i.e., if set of the feasible solutions of the modified instance of the problem (2.31)
is empty), then we define b7l = p; = cc.

Theorem 2.12 If all the n objective coefficients of the problem (2.31) are unstable (w =
n), then

0o (2P, p) = min{p; : j € V(aP)}.
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PROOF. First, we prove inequality
0 (2P, p) > min{p; : j € V(aP)}. (2.33)

To this end, we consider a vector 6 = (d1,02,...,0,) € R"™ with [¢;] < min{p;
j € V(aP)} for all indices i = 1,2,...,n.
It is clear that any feasible solution x € X with z; = 1 for all indices j € V' (a?) has
always a value of the objective function greater than or equal to F,..(p + 9, z?).
Therefore, it is suffices to consider only feasible solutions x € X which have equality
x; = 0 for some indices j € V(2P). For such a feasible solution, let k € V(2P) be such an
index that x;, = 0 and p;, > p; for all indices j € V(2P) with z; = 0. Note that z; =1 for
all indices j € V/(2P) with p, < p;. For any feasible solution x € X, this implies inequality:

Fraw(p+9,2) > max{p;, +0; : i € V(aP), p; > pi}. (2.34)
Furthermore, it follows from inequality F},..(p, ) > b¥l and equality (2.32) that
Fraa(p+6,2) > 09 —minfo; : j € V(a")} > b — g = (0¥ +p)/2. (235)
For any index i € V(aP) with py > p; we obtain
pi+ 6 <pp+minfo; : j€V(@P)} <pp+ o < (M +pp)/2. (2.36)

Using the lower bounds on F,..(p + d,2) defined in (2.34) and (2.35), as well as
inequalities (2.36), we obtain

Fraz(p+6,2) > max{(b[k] +pr)/2, max{p; +6; : i € V(2P), p; > pp}}

>max{p; +9; : i € V(2P)} = Fruaa(p+ 9, 27).

This establishes the desired inequality (2.33).
Next, we prove opposite inequality

00 (27, p) <min{p; : j € V(zP)}. (2.37)

Obviously, if min{p; : j € V(2?)} = oo, we are already done with the proof.

So, we have to prove inequality (2.37) for the case when min{p; : j € V(2?)} < oc.
To this end, we will show that for any real number p strictly greater than min{p;
j € V(aP)}, there exists a vector 6 € R" such that |d;| < o for each index i € N, while
Frae(p+6,2) < Frar(p + 6, 2P) for some feasible solution = € X.

To be more specific, we assume that ¢ > g, for some index k with o} = 1 and let
x = M. We consider the vector § where 6, = 0. For i # k, we assume that §; = — o, if
M =1 and p; > (bl + pr) /2, and we assume §; = 0 otherwise.

On the one hand, we obtain

Fnaa(p +0,27) > p + 0 > p + 0p = (0 + p) /2.
The last equality follows from (2.32). On the other hand, we have

Fmax(p + 57 x[k]) == maX{pi + 51 ) c N’ l‘yﬂ] — 1}
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Due to the above definition of §, if xgk] =1 and p; > (b!* + p;)/2, then

Di+ 0 =pi— 0 < Fmax(p737[k]) - (b[k] _pk’)/Z = (bm +Pk)/2-

As a result we obtain Fj..(p+6, 2¥) < Fq.(p+9, 27). Hence, inequality (2.37) holds,
which completes the proof.

&

To compute value bV for index j € V (2P), we just need to solve the instance of problem
(2.31) with objective vector p = (p1, Pa, . .., Pn) € R}, where p; is equal to a value g which
is strictly greater than the largest value of pi,po,...,p, and p; = p; for all other indices
1 € N, i # j. If the optimal objective value of this problem instance turns out to be g,
then it follows that z; = 1 for each feasible solution z € X and so bl = 0o. Otherwise,
the optimal objective value is exactly bUl. It therefore follows from Theorem 2.12 that
when all the objective coefficients are unstable, stability radius g (z?, p) can be calculated
by solving |V (a?)| instances of problem (2.31). It is clear that [V ()] = Y7, 27, Thus,
the following corollary is proven.

Corollary 2.10 If w = n, then stability radius oy (zP,p) can be calculated by solving
» ., x¥ instances of problem (2.31).

Stable and Unstable Objective Coefficients

Let w be any arbitrary positive integer less than or equal to n. Without loss of generality,
we assume that pyi1 < pyio < ... < p,. Next, we show how to compute stability radius
0y (2P, p) as the minimum of certain value g;, j € V(2?), which are defined below.

Instead of the value bV! used in Theorem 2.12 for calculating stability radius gy (x?, p)
with w = n, we use here the value b defined for each index j € V(2P), j < w, and
index m as follows.

Let b™ denote the optimal objective value of the modified instance of the given
problem (2.31) with the same objective vector p and the additional restrictions on the set
of feasible solutions: z; = 0 and x; = 0 for all indices ¢ with m < ¢ < n. If this modified
instance does not have a feasible solution, then we define bV = .

Let 2V be an optimal solution of the modified problem instance, and let d¥" denote

t}[le ?/alue of the largest p;, i > w, for which 2V = 1. We define dV'™ to be —oo if
J,m

xz/" =0 for all indices ¢ > w. For index j € V(2?), j < w, we define
pliml _ . ,
0j = min max{ij, dim — p;. (2.38)

First, we prove the following auxiliary claim.

Lemma 2.3 Let x € X be an optimal solution of the modified instance of the given
problem (2.31) with x; = 0 for some index j € V(zP), j < w. Letl be the largest index
such that | > w with x; =1 (we assume p; = —o0, if no such index exists). Then

Di + @\j S max{<FmaaE(pv [L') +p])/27pl}



100 CHAPTER 2. STABILITY ANALYSIS IN BOOLEAN PROGRAMMING

PROOF. We suppose that z; = 0 for all indices i > w. Then F,q.(p, ) > bV, Since
di = —c0, it follows that

p; + 0; < max{ (b + p;)/2,d""} < (Frae(p, 7) + pj) /2.

If x; = 1 for some index i > w, then F,,..(p,z) > b bl and p; > dUll. Therefore,
pj + 85 < max{(bV + p;)/2,d} < max{(Fnae(p, 2) + ;) /2, 1}
&

Now, we can formulate and prove the following theorem.

Theorem 2.13 If there are both stable and unstable objective coefficients in the problem
(2.81), then

0o (2", p) = min{g; : j € V(a")}.

PRrOOF. First, we show that the stability radius is at least equal to min{g; : j € V(z?)}.
To this end, we consider a vector 6 € R"™ such that §; = 0 for all indices ¢ > w, and
10;] <min{p; : j € V(aP)} for all indices ¢ < w. Thus, we obtain

max{p; +0; : i € V(aP),1 < w,p; < pi},
max{p; +0; : i € V(2P),i < w,p; > pr},
max{p; : 1 € V(aP),i > w,zt =1},
max{p; : i € V(2P),i > w,z} = 0}.

Fraz(p+ 6, 2P) = max (2.39)

For any feasible solution = € X, we will show that the four expressions on the right-
hand side of (2.39) are all lower bounds on F,..(p + 6, x).

Let expression {p; : i € V(2F),i < w,z! = 0} take the maximum value for index
i = k. Then the first expression on the right-hand side of (2.39), max{p; +¢; : i €
V(aP),i < w,p; < pg}, is less than or equal to py + min{pg; : j € V(a?)} < pip + 0.
Because of Lemma 2.3 this is at most max{(Fa(p, ) + pr)/2, i}, where p; is defined
as in Lemma 2.3. Clearly, p; < Fu:(p + 9, z). Furthermore, if (Fp,0.(p, x) + pr)/2 > pi,
then Fmax<p + 5, l‘) > Fmaa:(pv :L’) - @k = (Fmax(p7 ZL’) +pk)/Q

To prove that the second expression on the right-hand side of (2.39) is a lower bound
on F..(p+ 9, z), it suffices to observe that if i € V(zP) and p; > py, then z¥ = 1.

The third expression on the right-hand side of (2.39) is obvious lower bound on
Fmam<p + 67 I)

Let expression {p; : i € V(2P),i > w,z! = 0} take the maximum value for index
i = r. Then the forth expression on the right-hand side of (2.39) is equal to p,. To show
that this is a lower bound on F,..(p+ 9, z), we first note that this is certainly true if it is
not greater than p;. Now we suppose that p, > p;, i.e., 2¥ =0 for all i > w with p; > p,.
Then F.(p,x) > ¢", and we have F..(p+ 6, 2) > Fo(p,x) — 0, > g" — 0 = py.

This establishes the desired inequality.

If we are given any real number g strictly greater than min{g; : j € V(z?)}, then
we can find a vector § € R™ such that |§;] < p for each index ¢ < w, ¢; = 0 for each
index 7 > w, while F,.(p+0,2) < Fpa(p+ 0, 27) for some feasible solution x € X. The
argument is quite similar to that used in the proof of Theorem 2.12, and therefore we
omit the details. So, this completes the proof.

&
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Similarly as Corollary 2.10 was proven on the basis of Theorem 2.12, next we prove
analogous Corollary 2.11 on the basis of Theorem 2.13.

To compute value b9™ j € V(2P),j < w,m > w, we need to solve the instance of
problem (2.31) with objective vector p* = (pf,ps,...,ps) € R}, where p} is equal to a
value g for + = 7 and all © > m, and p; = p; for all other indices £ € N. If the optimal
objective value of this problem instance turns out to be g, then bV = oo. Otherwise,
the optimal objective value is exactly b™ and we obtain an optimal solution zl™ and
the corresponding value d"™. In fact, to compute 0; it actually suffices to calculate bl
in order of decreasing m until a value of m is reached for which inequality

> bml
9 =

holds, because b is non-increasing in m.

For j € V(aP),j > w, let ¢/ denote the optimal value of the problem instance with the
objective vector p and the additional restrictions z; = 0 and z; = 0 for all indices 7 > w
with p; > p;. If this problem instance does not have a feasible solution, then we obtain
¢’ = oco. For j € V(aP),j > w, we obtain

o~

0 =9 —p; (2.40)
The calculation of ¢’ is obvious. Thus, we proved the following claim.

Corollary 2.11 If inequalities 1 < w < n hold, then stability radius gy (z*,p) can be
calculated by solving Y1 | a¥ instances of problem (2.31).

Corollaries 2.10 and 2.11 imply the following claim.

Theorem 2.14 [f Boolean bottleneck programming problem (2.31) is polynomially solv-
able for any objective vector p € R, then stability radius oy (x?,p) of an optimal solution
xP can be calculated in polynomial time.

2.6 Comments and References

This is no surprise, since it has been shown in [RC95] and [vHW99] that, even if w =
1, computing the stability radius exactly for any ¢ > 0, is NP-hard if the associated
optimization problem (in our case: the scheduling problem) is NP-hard.

The traveling salesman problem was the first linear trajectory problem for which
a formula for calculating the stability radius of the whole set of optimal trajectories
has been derived [Leo75]. The proof of Theorem 4 can be found in [Sot93]. In the
following we strengthen an upper bound for the stability radius given in [Sot93] by using
the following result about the existence of an infinitely large stability radius of an e-
approximate solution.

Necessary and sufficient conditions for ¢¥(x,p) = 0 have been given in [Sot93], which
are valid only for # # 0, where 0 is the zero vector in RY.

A concept of stability analysis for the latter problem has been developed in [GL80,
GLS85, Leo75, Leo76, Lib91, Tar82| and in some other papers (see [SLG95] for the ixtensive
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survey). It should be noted that most results have been obtained for the stability radius
of the whole set of optimal trajectories, i.e., for the largest radius of an open ball in
the space of the numerical input data such that a new optimal trajectory does not arise.
Unfortunately, the set of all optimal trajectories is often unknown since its cardinality may
be large. Even if the optimal trajectory is unique for the problem, this information usually
is inaccessible for OR workers. On the other hand, the investigation of the stability radius
of one optimal trajectory of such a problem has the following drawback: The stability
radius of an optimal solution of a linear trajectory problem is equal to zero, if at least
one alternative optimal solution exists. Therefore, in [KSLI8, Sot93] the stability of an
e-approximate solution has been investigated.

In [Sot93] the following theorem has been proved.

There exist a lot of papers presenting different approaches to stability analysis of
discrete optimization problems, and in the last part of this section, we provide a sketch of
some approaches to stability analysis, which are close to the subject of this dissertation.

A related approach to stability analysis for linear trajectory problems (such as the
traveling salesman problem, the assignment problem, the shortest path problem) and some
other discrete optimization problems has been initiated in [GL80, Leo75, Leo76, Lib91,
SW80, Tar82] and developed in some other papers (see Sotskov et al. [SLG95] for an
extensive survey). Most results have been obtained for the stability radius of the whole
set of solutions (optimal trajectories), i.e. for the largest radius o(p) of an open ball in
the space of the numerical input data p such that a new optimal trajectory does not
arise. A formula for calculating the stability radius o(p) of the set of all solutions of the
traveling salesman problem is obtained by Leontev [Leo75, Leo76] and the extreme values
of o(p) are determined. Gordeev and Leontev [GL80] derive analogous results for a similar
problem with a bottleneck objective function. A specific transformation of a branch-and-
bound algorithm for the traveling salesman problem for calculating o(p) is suggested by
Gordeev et al. [GLS83]. Gordeev [Gor89] proposes a polynomial algorithm for calculating
the stability radius of the whole set of solutions of extremal problems on matroids and on
the intersection of two matroids.

It should be noted that related approaches to stability analysis for the traveling
salesman problem, the shortest path problem, and some others, which can be repre-
sented as a binary optimization problem with a linear objective function, are developed in
[GL80, Lib99, Lib91, LvdPSvdV96, Tar82].

The complexity of calculating the stability radius o(p) of a solution of a discrete
optimization problem is studied in [GL85, RC95]. Ramaswamy and Chakravarti [RC95]
show that the problem of determining the arc tolerance for a discrete optimization problem
is as hard as the problem itself (the arc tolerance is the maximum change, i.e. increase
or decrease, of a single weight, which does not destroy the optimality of a solution). This
means that in the case of the traveling salesman problem, the arc tolerance problem is
NP-hard even if an optimal tour is given. Gordeev [Gor89] proved the NP-hardness of
the problem of calculating o(p) for the polynomially solvable shortest path problem in
a digraph without negative circuits. Sotskov et al. [SWW98] show that the stability
radius of an approximate solution may be calculated in polynomial time if the number of
unstable components grows rather slowly, namely as O(log N), where N is the number
of cities in the traveling salesman problem. Libura et al. [LvdPSvdV96] argue that it is
rather convenient from a computational point of view to use the set of k shortest tours
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when applying a stability analysis to the symmetric traveling salesman problem.

In deterministic scheduling theory the processing times are supposed to be given in
advance, i.e., before applying a scheduling procedure. More general cases have been
considered in stochastic scheduling (see [Pin95a]), where p; is a random variable with
a known distribution of probabilities. However, in practice such functions may also be
unknown. The results surveyed and developed in this paper may be considered as an
attempt to initialize further investigations of scheduling problems under conditions of
uncertainty:.

We applied the same stability analysis for a large scale of scheduling problems: That
which may be represented as linear binary programming problem and more general
scheduling problems which may be represented as extremal problem on a disjunctive
(mixed) graph. Of cause, complexity of the problem has to be taken into account: The
stability results which seems to be appropriate for the general shop problem (see Sections
2 — 6) are rather rough for the linear binary programming problem which allows to derive
more deep mathematical results and more efficient algorithms.

In turn, stability properties of an optimization problem may be used to characterize
its complexity. We can illustrate it on a job shop problem from the first part, and on
a traveling salesman problem and an assignment problem from the second part. (The
letter means optimal distribution of n jobs on m parallel non-identical machines in a
single-stage system). The stability radius of optimal schedule for problem J//C,,,, have
usually strictly positive stability radius, even if it is not unique optimal schedule (see
Theorem 1 and computational results in Section 6). On the other hand, it is easy to show
that of(x,p) = 0 if there exist at least two optimal solutions for a traveling salesman
problem (or for an assignment problem). Because of this reason, the main focus in the
second part of the paper was given to stability analysis of e-approximate solution (see
Theorems 6 and 7). As follows from [BSW96] a general shop problem with mean flow
time criterion (i.e. of type 'min-sum’) becomes even more difficult for stability analysis
than problem G
Craz-

So possible trends for future research may be to investigate connections between the
complexity of scheduling problems and the complexity of calculating the stability radius
of an optimal schedule (see [RC95, SLG95, vHW99]). Recall that in [RC95, vHW99] it
was shown that the existence of a polynomial algorithm for calculating o} (x,p) implies a
polynomial algorithm for problem (6.1). In [vHW99] similar implication was proven also
for the case e > 0. Moreover, in [RC95] it was shown that if problem (6.1) is polinomially
solvable, then g}(z,p) may be calculated in polynomial time. Thus the value g}(z,p)
may be calculated in polynomial time for the assignment problem, if optimal solution
x is given, while the calculating the same value for traveling salesman problem is N P-
hard. Interesting subject for research may be connected with generalization of the result
from [RC95]: Is it possible to find the stability radius ps(p) of an optimal schedule s in
polynomial time, if s may be constructed in polynomial time?

The setting of scheduling problem in the first part of the paper is so general that it
is unlikely to find simple answers to those questions, which are usual for deterministic
scheduling problems. So, possible stability analysis may consist in determining classes of
rather simple scheduling problems for which it is possible to find the stability radius of an
optimal or an approximate solution in a suitable time, e.g., if the stability region for such
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a class will be convex, an algorithm similar to that developed in the proof of Theorem 11
may be applied. Therefore also interesting topic of research is to establish that for some
kinds of scheduling problems the stability region of an optimal schedule is a convex set.

Important question is connected with the determination of simple conditions (prefer-
ably conditions which can be verified in polynomial time) for the validity of os(p) = 0
similar to those derived in [KSW95] for g,(p) = oo for the problems J//Cinaz and J/ / Lynga-
It is of interest also to develop simple bounds for gs(p) and ¥ (z,p) (see e.g. (2.2), Theo-
rem 5, Corollary 2 and Theorem 2.4). An interesting question is how a branch and bound
algorithm, which is often used for NP-hard scheduling problems, can be combined with
calculating (bounds on) the stability radius of an optimal or e-approximate schedule (see
[LvdPSvdV96, SSW9IT]).

Concluding we can note that the above approach to stability analysis is not the only
possible one (see survey [SLG95]). For example, in [KRKvHW94] the sensitivity of a
heuristic calculating algorithm with respect to the variation of the processing time of one
job has been investigated.



2.6. COMMENTS AND REFERENCES

105

Table 2.1: Notations for Boolean programming

] Symbols Description
X Set of feasible solutions x (n-dimensional Boolean vectors): z € X C {0,1}"
N Subset of natural numbers: N = {1,2,...,n}
F(p,x) Linear objective function: F(p,x) =),y piTi
P Objective vector p = (p1,p2,...,pn) € R}, where p; is objective coefficient
xP Optimal solution (optimal vector) a? = (27, 25,...,22) € X C {0,1}™
F(p,a?) = min{F(p,z) : z € X}
T e-approximate solution z = (x1,x2,...,x,) € X, if F(p,z) < (1 +¢) - F(p,zP)
w Number of unstable objective coefficients
Z Vector & = (z1,xa,...,T,) of the first w components of
n-dimensional Boolean vector z € {0,1}", 1 <w <n
X Set of w-dimensional Boolean vectors of the first w components
of feasible solutions z: X = {# € {0,1}* : 2 € X C {0,1}"}
P w-dimensional vector of unstable objective coefficients p = (p1,pa, ..., Pw)
of the objective vector p with n — w stable objective coefficients:
Pw+1 = Dw+1, Pw+2 = Dw+2,---5 Pn = Pn
KY(z) Stability region of an e-approximate solution x € X:
K¥(r) = {pE RY : F(p,x) < (1+¢) F(p,a")}
Oy (p) Stability ball of e-approximate solution z € X, if Oy’ (p) N RY C K (x)
0¥ (z,p) Stability radius of the e-approximate solution x € X
of the Boolean programming problem with linear objective function
o (x,p) Stability radius of the optimal solution z = 2P € X
of the Boolean programming problem with linear objective function
U Binary relation on set X with maximal cardinality:
If (,) €U and i€ {1,2,...,w}, then z; = 1 implies =} =1
0 Zero vector in the space RY: 0= (0,0,...,0) € RY
Py Non-negative real number defined as follows: p, = max{p; : 1 <i<n}
Pe Non-negative real number defined as follows:
pe =max {max{p; : 1<i<w}, (1+€) >/ . 1pi— > il piti }
A, Non-negative real number defined as follows: A, = (1 +¢€) - F(p,2?) — F(p, x)
V(x) Set of indices of 1’s in the first w components of
n-dimensional Boolean vector z € X C {0,1}", 1 <w <n
v(x) Cardinality of set V(x): v(z) = |V (z)]
Fraz(p,2)  Maximum objective function: Fia.(p, ) = max;e n{pix;}
oy (x,p Stability radius of the optimal solution x = z? € X
of the Boolean programming problem with min-max criterion
zl] Optimal solution of the modified instance of the given problem with
w=n: Fpae(p, 29) = min{F0.(p,2) : v € X,2; =0}
bl Optimal objective value for the modified instance of the given problem
with w = n: bVl = max;en pi:cgﬂ
0j Non-negative real number defined as follows: o; = (bl] — p;)/2
zlim] Optimal solution of the modified instance of the given problem:
Fraz(p, 2V™) = min{Fy0z(p,2) : © € X,2; = 0,2, = 0,5 > m}
bl Optimal objective value for the modified instance of the given problem:

bUm) = max;e y piwf ™
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Chapter 3

General and Job Shops with
Uncertain Processing Times

This chapter deals with the general shop and job shop scheduling problems with the
objective to minimize the makespan or mean flow time provided that the numerical input
data are uncertain.

In [Pin95a], it was noted that one “source of uncertainty is processing times, which,
typically, are not known in advance. Thus, a good model of a scheduling problem would
need to address these forms of uncertainty.” In stochastic settings of scheduling problems,
the random processing time of an operation is assumed to take a known probability dis-
tribution. The scheduling environments that we consider in this chapter are so uncertain
that all information available about the processing time of an operation is its upper and
lower bounds.

To be more specific, we consider problem G/a; <p; <b;/® and problem J /a; <p; <b; /P
for dealing with uncertain scheduling environments in which only lower bound a; and
upper bound b; for the processing time p; of operation i € () are known before scheduling.
Such problems may arise in many practical situations since, even if no specific bounds for
an uncertain processing time p; are known in advance, we can set a; = 0 and b; equal to
the planning horizon. In spite of practical interest, such a type of scheduling problems
was considered in a limited OR literature so far.

In this chapter, we use a mixed graph model for representing the input data, the
scheduling process and the final solution. Our ‘strategy’ is to separate the ‘structural’
input data from the ‘numerical’ input data as much as possible. The precedence and
capacity constraints (i.e., the structural input data) are given by the mixed graph G,
which completely defines the set of semiactive schedules. The set of optimal semiactive
schedules is defined by the weighted mixed graph G(p) which presents both the structural
and numerical input data.

In Section 3.1, we define a solution of problem G/a; < p; < b;/® as a set A*(G) of
digraphs (semiactive schedules) with the following property: For any fixed vector p of the
processing times with components p; in the closed intervals [a;, b;], ¢ € @, there exists at
least one digraph in set A*(G) which is optimal.

This chapter is organized as follows. In section 3.1, we demonstrate some preliminary
ideas of our approach using results from Chapter 1 for solving a small example of a job
shop problem J /a; <p; <b;/® with uncertain processing times. Section 3.2 deals with the
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required mathematical background for later presentations. In Section 3.3, we present the
main formulas and an algorithm for solving problem G/a; <p; <b;/C,4. and show how to
restrict the number of digraphs which have to be considered for calculating stability radius.
In sections 3.1 - 3.3, we present an approach to deal with problem G/a; < p; < b;/Cras
based on an improved stability analysis of an optimal schedule and demonstrate this
approach on an example of the job shop problem J/a; <p; <b;/Cpnaz- A summary and
some remarks to this chapter are given in Section 3.7.

In the course of this chapter, an optimal schedule (digraph), a better and a best
schedule (digraph) are considered with respect to criterion Cq. (Sections 3.1 - 3.6) or
criterion Y- C; (Sections 3.4 - 3.6). All necessary notions from Chapter 1 are generalized
for problem G/a; <p; <b;/® for a more effective use.

3.1 Minimal Solution

Let us consider a general shop scheduling problem as described in Section 1.1. In a
deterministic setting of scheduling problem, the processing times p; are assumed to be
known exactly for all operations ¢ € (), and as it was mentioned in Chapter 1, a schedule
may be defined by the start times s; or completion times ¢; of all operations i € Q.
Unfortunately, in many practical cases, the operation processing times are unknown before
scheduling or only known with some error. In such an uncertain environment, it is not
possible to determine a priori the starting times or completion times of all operations.

We represent the input data of a general shop scheduling problem by a mixed graph
G = (Q,A, F) introduced in Section 1.1. If the processing times of all operations @
are known exactly before scheduling, we associate a non-negative weight p; (operation
duration) with each vertex i € @ in the mixed graph G = (Q, A, E) to obtain the
weighted mixed graph denoted by G(p) = (Q(p), A, E).

As in Chapter 1, A(G) = {G1, G, ...,G,} denotes the set of all feasible (i.e., circuit-
free) digraphs G5 = (Q, AUE;, () € A(G) generated from the mixed graph G = (Q, A, E)
via substituting its edges E by arcs E,. Given a vector p = (py, pa, . . ., pg) of the processing
times, weighted digraph G4(p) = (Q(p), AU Ej, () corresponding to feasible digraph G, =
(Q, AUE, D) € A(G) uniquely defines the earliest completion time ¢;(s) of each operation
i € @ along with the makespan value max{c;(s) : i € Q} of schedule s. Since p; is non-
negative for each i € ), the running time of calculating ¢;(s), ca(s), . . ., ¢,(s) for the given
weighted digraph G,(p) may be restricted by O(q?) where ¢ is the number of operations:
q = |@]. The maximal weight of a path in the weighted digraph G(p) (called critical
weight) defines the makespan, max{c;(s) : i € Q}, of schedule s. The path in G4(p) with
a critical weight is called a critical path.

As already mentioned in Section 1.1, given a fixed vector p = (p1,p2,...,p,) of the
processing times, in order to construct an optimal schedule for the general shop problem
G/ /Cmaz, one may first enumerate (explicitly or implicitly) all feasible digraphs Gi(p),
G2(p), ..., G\(p) and then select an optimal digraph, i.e., one with a minimal value of the
critical weight among all X\ feasible digraphs.

It is worthwhile to note that the feasibility of a schedule s (and the feasibility of a
weighted digraph G4(p)) is independent of the vector p = (py, pa, ..., p,) of the processing
times, while the optimality of a weighted digraph G4(p) depends on the vector p. In



3.1. MINIMAL SOLUTION 109

other words, the set A(G) = {G1,Ga,...,G,} of feasible digraphs is completely defined
by the mixed graph G = (Q, A, E) (without weights p) while the information on the
vector p of the processing times is needed to determine whether a schedule £ € S is
optimal or not, i.e., the optimality of a schedule is defined by the weighted mixed graph
G(p) = (Q(p), A, E). As in Chapter 1, S = {1,2,..., A} denotes the set of all semiactive
schedules (see Definition 1.1 at page 11).

If vector p of the processing times is not known exactly before applying a scheduling
procedure (e.g., the processing times may vary in a practical realization of a schedule),
different realizations may result in different critical paths in the weighted digraph G(p).

For practical problems, the cardinality A of the set A(G) may be huge (obvious upper
bound A < 2/#l could be tight). However, as we will show, we often need only to consider
some subset B of the set A(G) : B C A(G). Since p; > 0 for all i € @), we obtain the
equality

. — P
max c;(s) = max [*(p),
and from equality (1.13) (see page 19) it follows that digraph Gg(p) has the minimal
critical weight within the set B C A(G) if and only if

p — 1 P
,ﬂ%%}fl (1) = Jin, I{relz}{fl (v). (3.1)
For the case B = A(G), the equality (3.1) provides an optimality criterion of a schedule
s € S (if vector p is fixed).

In this chapter, we allow the duration p; of an operation i € () to assume any value in
the fixed closed interval [a;, b;], 0 < a; < b;, defined by inequalities (1) (see Condition 5
at page 6). Such a general shop scheduling problem with uncertain processing times is
denoted by G/a; <p; <b;/Cpnaz- As it was already mentioned, the deterministic problem
G//Cmaz 1s a special case of a general shop problem G/a; < p; < b;/Cpnar With uncertain
processing times (namely, when a; = b; for each operation ¢ € @)). Also, one can interpret
p; in the problem G /a; <p; <b;/Cyq. as a random variable z; with the following cumulative
probability distribution function:

0, ift<a,

Fi(t)zp(x"d):{l if £ = by.

The density function f;(t) of a cumulative probability distribution is uncertain in the
closed interval [a;, b;] for operation i € Q:

dE(t)_{O, if t < ay,

0, 1ft>bZ

In the framework of stochastic scheduling ([Pin95a], pp. 167 — 252), each random
variable x; associated with the processing time of operation i € @) (and perhaps similar
random variables associated with release times, due dates, setup times, etc.) is assumed
to have a known probability distribution. For example, a stochastic version of the problem
G/ /Cinax with exponential continuous time distributions with rates oy, i € @, is denoted
by G/p; ~exp(a;)/ECar, where density function of an exponentially distributed random
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variable z; is f;(t) = a;e™, the corresponding probability distribution function is F;(t) =
P(x; <t)=1—e"" and

Ew) = [ thde = [ tam = -
0 0 a;
is the expected (mean) value of random processing time z;. The objective of problem
G/pi~exp(a;)/ECpay is to minimize the expected value of makespan EC,,,, for a schedule
which may be constructed using an appropriate scheduling policy.

The approach we present in this chapter for solving problem G/a; < p; < b;/Cpnas 18
based on an improved stability analysis of an optimal digraph (see Sections 1.2 - 1.4). As
follows from Chapter 1, an optimal digraph G5 € A(G) provides a solution of problem
G/ /Ciaz- In other words, an optimal digraph defines a set of m sequences of the operations

Qi processed by machine My, k = 1,2,...,m, with a minimal value of the makespan
among all feasible schedules when the vector p = (p1,p2, ..., p,) of the processing times
is given.

Next, we define a solution of problem G/a; < p; < b;/® for the general case a; <
bi,i € Q. Let T denote the polytope in the space R% (with maximum metric) defined by
inequalities (1) (see page 6):

T={r=(r1,20,...,2q) 0 a; <x; <b i€Q}.

A set A*(G) C A(G) of feasible digraphs is called a solution of the problem G/a; <
p; <b;/® if this set contains at least one optimal digraph for each fixed vector x € T of
the processing times. Note again that instead of considering a set of digraphs A*(G), we
can consider directly a set of schedules S* C S = {1,2,...,A} which can be induced by
the set A*(G) :
S*={k : G, € A*(G)}.

Obviously, the whole set A(G) may be considered as a solution of problem G/a; <p; <
b;/® for any given polytope T' C R, i.e., for each pair of vectors a = (a1, as,...,a,) € RY
and b = (by,ba,...,b,) € R} with a; < b;, i = 1,2,...,¢. However, such solution A(G)
is usually redundant: Polytope T" may contain no point p, where some digraph from set
A(G) is optimal. Moreover, the construction of the whole set A(G) is only possible for a
very small size of a scheduling problem since the cardinality A of the set A(G) could be
equal to 2/¥l. Note also that during the realization of a schedule, a decision-maker may
have difficulties while dealing with such a huge set of possible candidates for schedule
realization.

Therefore, it is practically important to look for a ‘minimal solution’ A*(G) C A(G)
for problem G /a; <p; <b;/®. A set A*(G) is called a minimal solution if any proper subset
of set A*(G) is not a solution. Note that set A*(G) may be not unique, e.g., since there
may exist two or more optimal digraphs for some vector p € T of the processing times.
We combine these arguments as follows.

Definition 3.1 A set of digraphs A*(G) C A(G) is called a solution of problem G/a; <
pi <b;/® if for each fixed vector p € T of the processing times the set A*(G) contains at
least one optimal digraph. If any proper subset of the set A*(G) is no longer a solution of
problem G/a; <p; <b;/®, it is called a minimal solution denoted as AT(G).
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Table 3.1 summarizes different settings of a general shop scheduling problem with
criterion C,,,, in accordance with information which is available on a vector p of the
processing times. These problems are classified on the basis of a mixed graph approach.

Row 1 in Table 3.1 refers to the mass general shop scheduling problem, where the
only information requirement on the processing times p is that vector p belongs to the
space RL. Thus, individual problem G/a; <p; <b;/Cpa. turns out into mass general shop
scheduling problem if b; is assumed to be oo and a; = 0 for each operation i € Q.

Table 3.1: Scheduling with different requirements on the numerical data

Scheduling problem Input data Semiactive Solution
schedules
1 | Mass general shop | G(p) = (Q(p), A, E); | A(G) A(G)
scheduling problem | 0 < p; <00, 1€ Q
2 | Individual problem | G(p) = (Q(p), 4, E); | A(G) A*(G) C A(G)

G/ai<pi<bi/Cinax | ai <pi <bi, i €Q
3 | Individual problem | G(z) = (Q(z), A, E); | A(G) {Gs} CA*(G) CAG)
g/pzNE(t)/ECmam E(t) = P(xz < t)

4 | Individual problem | G(p) = (Q(p), A, E); | A(G) Gs € A(G)

g//cmax ai:pi:biaieQ

For any digraph G5 € A(G) it is possible to construct problem G/a; < p; < b;/Cprax
with appropriate values a; and b; such that digraph G¢ will be optimal in some realization
of vector p, a; < p; < b;, 1 € @), of the processing times.

This statement is true since for each critical path u € H, we can set p; equal to a
sufficiently small real e > 0 for each operation

i€ =k\U U W

k#s veHy(p)

where p € H; is a critical path in digraph Gy. For such a setting of the processing times,
equality (3.1) is satisfied with B = A(G). In particular, if Q° = Q, we get a trivial
individual problem G//Cy 0. With p; = € = 0, i € @), where any digraph G from set A(G)
is optimal.

In this chapter, we consider an individual problem G/a; <p; <b;/Cpna. which is very
general (see row 2 in Table 3.1). In one extreme case when a; = 0 and b; = oo for each
operation i € @, problem G/a; < p; < b;/Cpnas coincides with the whole mass problem
presented in row 1. In the other extreme case when a; = b; for each i € ), problem
G/a; <p; <b;/Cpas is reduced to problem G//C,q. (see row 4), which is one of the basic
problems studied in deterministic scheduling.

The more information about the processing times p is available before applying a
scheduling procedure, the ‘better’ solution may be obtained: The cardinality of the min-
imal solution AT(G) is smaller if the polytope T is defined by smaller closed intervals
[a;, b;]. For example, a minimal solution (see Definition 3.1) is reduced to a single optimal
digraph G5 € A(G) in the case of deterministic problem G//Cpa. (see row 4).
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Row 3 refers to the individual problem G/p; ~ F;(t)/ECpqaz, one of the basic problems
studied in stochastic scheduling, where each operation 7 € () is assumed to be a random
variable with a probability distribution Fj(t) known before applying a scheduling proce-
dure. For problem G/p; ~ F;(t)/ECyaz, the optimal solution may be a single digraph
G5 when one adopts a static scheduling policy ([Pin95a], p.178) or a subset of feasible
digraphs A*(G) when one adopts a dynamic scheduling policy ([Pin95a], p.179).

When a static scheduling policy is adopted, a decision-maker constructs and then
uses an optimal schedule s € S which minimizes the expected makespan EC,,,, and
thus schedule s remains unchanged during the entire process. In the case of a dynamic
scheduling policy, an initial schedule s may be constantly revised during the solution
process based on the updated information available (see [Pin95al).

We can note that the minimal solution AT (G) for problem G/a; <p; <b;/Cpnaz, may be
calculated exactly before realization of the process, while for problem G/p; ~ F;(t)/ ECyax
the solution may vary and may even be the whole set A(G) for some of probability
distributions Fj(t).

It is worth to note that for all four formulations presented in Table 3.1, set of feasible
solutions (set of semiactive schedules) remains the same and therefore the properties of
feasible digraphs A(G) are of particular importance for all problem settings presented in
Table 3.1.

Our approach for solving problem G/a; < p; < b;/Cpnaz is based on the stability of an
optimal digraph which guarantees that a feasible digraph remains optimal after feasible
variations of the processing times. To facilitate the presentation of the main ideas of our
approach for solving general shop scheduling problem G/a; <p; <b;/Cpaz, Wwe demonstrate
it using the following small example of job shop problem with uncertain numerical data.

Example 3.1 We consider the job shop problem J3/n=2,a; < p; < b;/Craz, with two
jobs J = {Jy, o} and three machines M = {My, My, M3}. Job Jy (job Jo, respectively)
consists of the following set of ordered operations {Oy1,012,013} = Q' (operations
{021,049,053} = Q72). The assignment of operations {O11,012,013,021,099,023}
to the set of machines M is as follows: Qf = {O11, Oa22}, Q3 = {O12,021,043},
Q3 ={013}.

For criterion Cpqq, it is useful to consider dummy operation O;; provided that its
processing time 1s equal to zero: p;; = 0. To accommodate dummy operations in the
framework of the mized graph G = (Q7, A7, E7), we assume that each dummy operation
‘has to be processed’ by a special dummy machine with a zero processing time, and we
assume that the number of dummy machines is equal to the number of dummy operations.
Therefore, each dummy operation is an isolated vertex in the subgraph (Q7,0, E’) of mized
graph G.

In Ezample 3.1, we consider operations Oy, and Ogo as dummy operations, and ma-
chines My and Ms as dummy machines. Let operation Oyy (operation Ogs) denote the
start (the end) of a schedule, and so operation Oy, precedes all other operations (all other
operations precede operation Oys). We assume that Q] = {Op1} and Qf = {0y}

The input data of Example 3.1 is represented by the weighted mized graph G(p) =
(Q(p), A7, E7) in Figure 3.1, where each processing time p;; is presented near the vertex
O;; € Q”, and the vector p of the processing times is defined as follows:

P = (p1,1,p1,2,pl,sjpz,l,pzz,pz,s) = (75, 50, 40, 60, 55, 30)-
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P11 =75 p12 = 50 p13 =40

pO,lzo PO,QZO

P21 = 60 D22 = 95 P23 =30

Figure 3.1: Weighted mixed graph G(p) = (Q”(p), A’, E”)

Vector p € RS does not include processing times of dummy operations Oy and Ops.
For this small example, we can explicitly enumerate all feasible digraphs A(G) =
{G1,Ga,...,G5} with the signatures as follow:

Ei] = {(01,17 02 2)7 (02 1, Ol 2), (Ol 25 02 3)}7
Eéj = {(Ol,b 02,2)7 (02,17 Ol 2)a (02,37 Ol 2)}7
Eé] = {(Ol 1 02 2)7 (Ol,Qa 02 1)7 (01,27 02 3)}7
Ez{ = {(02,27 Ol 1)7 (OQ,la Ol 2); (01,27 02 3)}7
Eéj = {(02,27 Ol 1)7 (02 1, Ol 2)7 (02 3 Ol 2)}

! = max{cy, (1) : J; € J} = 165,
l5 = max{cy, (2) : J; € J} = 250,
5 = max{cy,,(3) : J; € J} = 270,
Iy = max{cy,, (4) : J; € J} = 280,
I8 = max{ci,(5) : J; € J} = 280,

and select an optimal weighted digraph Gy(p) = (Q”(p), A7 U E{,0) with the signature
E{ ={(011, 022), (021,012),(012,023)}. Digraph G1(p) has a minimal critical weight
equal to 165 (see Figure 3.2). Using formulas (1.28) and (1.29) (see page 29), we can
calculate the stability radius of the optimal digraph G1(p). To this end, we compare digraph
G1(p) with each digraph Gy, € A(G) \ {G1}.

In Table 3.2, we present calculations with respect to formulas (1.28) and (1.29) in
detail. Fach path p € Hy, € Hy in G1(p) presented in column 3 is compared with each
path v € Hy presented in column 4 provided that [P(v) > I} = 165. The cardinalities of the
sets Hy, k = 2,3,...,\, are given in column 2. (Since Hy» = (0 and Hy4 = 0, digraphs
Go and Gy are not involved in the computations.) The non-decreasing sequence (1.27)
of the processing times (p'(j(%,pl('l“), . ,pl(':fw)) defined at page 29, is given in column 5.
In column 6, we present the calculations according to the fraction in the formula (1.28)
consecutively for each 3 = 0,1,...,w,,. In columns 7, 8 and 9, respectively, we extract the
mazimum for = 0,1,...,w,,, the mazimum for v € Hy,l’(v) > I}, and the minimum
for p € Hy from the values obtained in column 6. As a result, column 9 presents the
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Co1 =0 Co = 165
0 Oy Oy

Co1 = 60 Co0 = 130 Co3 = 160

Figure 3.2: Optimal digraph G1 = (Q”, A7UFEY{, )) with the completion times cij presented
near the vertices O;; € Q7

values of ryy for the digraphs Gy. The last step is to adapt the formula (1.29) from
Theorem 1.4 (see page 29). The minimum value Ty is given in column 9.

Due to formula (1.28) we calculate stability radius 01(p) = min{30,30} = 30. Thus,
digraph Gy remains optimal for any vector v = (11, %12, %13, T21, 22, T23) of the pro-
cessing times if it distance from the given vector p = (75,50,40,60,55,30) is no more
than 30 :

pij — 30 < x5 < pi; + 30,

Therefore, while solving the instance of problem J3/n = 2,a; < p; < b;/Cpaz, digraph
Gy = (Q7, A7 U E{,0) remains optimal if all possible variations of the processing times
r = (T11,%12,T13,T21,Ta2, Ta3) belongs to stability ball 031(17) (p) = Oso(p), i.e., if the
following inequalities hold:

OIS?Q)?(J{JI,‘J' — Qq4, bij — ZL'ij} S 30. (32)
In such a case, polytope T' defined by inequalities (1) in the space Ri has to be completely
contained in the stability ball Oso(p) of the optimal digraph Gy : T C Oso(p). In other
words, digraph Gy provides a solution of the problem J3/n=2 a; <p; <b;/Cpaz as long
as inequality (3.2) is satisfied:

A (G) = {Gh).

It is clear that this solution A*(G) is also minimal solution of the problem J3/n=2,a;<
Pi <b;/Cpnaz due to Definition 3.1.

Thus in the case when inequality (3.2) holds, a decision-maker needs to use only di-
graph Gy from the set A(G) = {G1, G2, G3,G4, G5} as optimal one in any possible real-
ization of the processing times. In such a case, solution of the problem J3/n=2,a; <p; <
b; /Crnaz turns out to be the same as for the deterministic problem J3/n=2/C, . with the
fixed vector p of the processing times from the polytope T. In other words, the minimal
solution of the problem J3/n=2a; <p; <b;/Cpaz consists of a single digraph.:

[G1} = A(Q) C AT(@).

Let polytope T' for the instance J3/n=2,a; <p; <b;/Cpaz under consideration be given
such that inequality (3.2) does not hold. Then optimality of digraph G is not guaranteed
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Table 3.2: Calculation of the stability radius ¢1(p) for problem J3/n=2/Cpnax

P (v) =17 () == P
v a=0F(a) .
Gr ||Hix e Hyg ve H, p 'k max | max |min
e @) WU =llEn) =B | 5 | v | s
1P () P)>1 0<B<w,,
1| 2 3 4 5 6 7 8 |9
Gy | 0
Gs | 1 | (021,01, | (01,1,012,013) | py=0 | 255=2=75 7.5 | 30 |30
0173) lp(V) :165:l§) pl(ll’u) =75 7165721_5?77‘) <0
P(p)=150 | (011,012,021, | py=0 | 2HP=0=30 30
032,2,023) pl(jfg =30 w =30
1P (v) =270 pig =55 | FOI=0E0) — 175
v 270—150—(30+-55+75)
> 165 =75 e <0
Gy | 0
Gs | 2 | (011,012, | (021,002,011, | py=0 | 5=0=31.25 31.25(31.25| 30
02,3) O1,2,01,3) p(fy=40 | 209=10 =284
1P(p)=155 | IP(v)=280 pg =50 | B 15
v 280—155—(40+55+60)
> 165 p(3; =60 — <0
(021,022,023, pé’(ﬁt) =0 % =20 20
O1,2,01,3) pfy=40 | =0 =13
I”(v) =235 pigy =55 | ) < g
VL 235—155—(404+55+60)
> 165 P4 =60 s <0
(01,1, 022, | (021,022,011, | pgy=0 | Z072F=2=30 30 | 30
02,3) 0O1,2,01,3) pl(/f) =40 | 280-180-10 _262
1P(u)=160 | IP(v)=280 pigy =50 | ZO=IG={H0E0 15
v 280—160— (40+50+60)
> 165 P4 =60 . <0
(02,1,022,023, | ply=0 | Z2HP=C=18.75 18.75
01,2,013) pfy=40 | 2O=0 =112
1P (v) =235 p{s =50 —235—162:%4“50) :)7.5
v 235—160—(404-504-60
> 165 P4 =60 — <0

within the given polytope T': There exists another feasible digraph Gy, € A(G), k # 1, (we
call it a competitive digraph for Gy ) with a critical weight being smaller than critical weight
of digraph Gy in some realization of the processing times x € RS. If such a ‘superiority’
of the competitive digraph Gy occurs when the processing times are defined by the vector
p = (Pl P2 - D53) €T (i.e., digraph Gy instead of Gy is optimal for new vector p*
of the processing times), we can calculate stability radius o, (p*) of the digraph Gy, for this
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new vector p*.

In the case when stability radius o (p*) is strictly positive, we can consider the union
O30(p) YO, () (p*) of the two balls (instead of one ball Os(p)). If inclusion T C O3zo(p) U
ng(p*)(p*) holds, then problem J2/n =3, a; < p; < b;/Cras 18 solved. In such a case, a
decision-maker needs to use either digraph Gy or digraph Gy for realization of an optimal
schedule:

AN(G) = {Gy, G}

Otherwise (if inclusion T' C Oz(p) U O, (1 (P*) does not hold), we have to calculate
stability radius o,(p*™) of a competitive digraph G, of digraph Gy, for such vector p** of
the processing times, for which digraph G, is optimal.

Continuing in this manner, we may cover the given polytope T by the union of the
stability balls of some feasible digraphs from set A(G). As a result, for any vector of the
processing times from the polytope T (i.e., whenever inequalities (1) hold), we may obtain
at least one optimal schedule.

For Ezample 3.1 with the original vector p = (75,50,40,60,55,30), competitive
digraphs for the optimal digraph G, are the digraphs Gz = (Q7, A7 U EJ.0) and
G5 == (QJ,AJ U Eg, ), where Eé] = {(01’170272), (OLQ,OQJ), (OLQ,OQ’g)} and EJ ==
{(022,011),(021,012),(023,012)}. Digraph G5 along with the completion times of the
operations Q” are presented in Figure 3.5.

11 = 75 C12 = 125 13 = 165

oy Oy Oy
Coy = 0 Oocoz = 270
G Oy Oy

Co1 = 185 Co2 = 240 C23 = 270

Figure 3.3: Competitive digraph G3 = (Q”7, A7 U E{ () for G = (Q7, A’ U E{,0) which
is optimal for vector p = (75, 50,40, 60,55, 30) of the processing times

As the calculation of the stability radius shows, at the boundary of the ball Oso(p)
(namely, at the point p* = (P} 1, P}, P} 3, P51 Ds2: Pas) = (45,80,70,90,25,0) € RS ) both
digraphs G and G5 are optimal. Note that vector p* is already determined during our
calculation of the stability radius on the basis of formulas (1.28) and (1.29). Specifically,
vector p* is obtained from vector p by decreasing the processing times of the operations
O1.1, 024, Oa3 by the value py(p):

pia1="T75—30=45 py,=>55—30=25 py;3=30-30=0,

and by increasing the processing times of the operations O 2,013,021 by the same value
o1(p):
P12 ="50+30 =280, pj; =40+ 30 =70, p;, = 60 + 30 = 90.
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In other words, to obtain vector p* we can use the following formula:

pi + 1, ifi € [p],
pi =4 max{0,p; — 7}, dfi€v]\ [y, (3.3)
Di, if i & [p|Uv),u € Hy, v € Hy,

where (] = {O12,013,021}, 0 € Hiz, [V] = {O11,012,021,022,023}, v € Hs, and
r = 01(p) = 30. Due to such changes in the processing times, the critical weight of digraph
GG1 1s increased from 165 to 240, while the critical weight of digraph G35 is decreased from
270 to 240.

Note that the existence of two or more optimal digraphs is a necessary condition (but
not a sufficient one) for the stability radius to be equal to zero (see Theorem 1.1 at page
20). Nevertheless, the ‘nonstability’ of an optimal digraph may happen at the boundary
of a stability region (the stability region of the digraph G is the whole set of the vectors
p € RY with the schedule s being optimal), where at least two optimal digraphs exist. Such
a situation occurs for Example 3.1 under consideration, namely: 01(p*) = p3(p*) = 0.
Indeed, according to Theorem 1.1, there exists a path p* € Hy(p), [1*] = {O12,013,021},
such that there does not exist any path v € Hs(p) with [u*] C [v]. On the other hand,
there exists a path v* € Hs(p), [v*] = {O11,012,021,042, 023}, such that there does not
exist any path p € Hy(p) with [v*] C [u].

Note also that for point p*, the only competitive digraph for digraph Gs is digraph G,
(and vice versa), where the stability radius of Gy for the original point p € R has been
already calculated.

Considering the competitive digraph G instead of the competitive digraph G5 gives
also zero stability radii for both digraphs G, and G5 with the corresponding vec-
tor p' = (105,20,10,30, 85,60) of the processing times, constructed due to (1.24)
with v = 01(p) = 30 for the paths [1f] = {O11,022,023}, 4/ € Hys, and [V] =
{011,012,013,021,025}, V' € Hs.

Thus, we can conclude that using notion of a stability radius given in Definition 1.2
is not sufficient for solving Example 3.1 when inequality (3.2) does not hold for the given
set T of feasible vectors of the processing times.

From the above discussion it follows that another type of stability radius is required
for solving problem G/a; < p; <b;/Cpnar- While g4(p) denotes the largest radius of a ball
O;(p) within which digraph G is ‘the best’ for the whole set A(G) (see Definition 1.2 at
page 16), we need to determine the largest ball within which digraph G is ‘the best’ for
some subset B of the set A(G) of feasible digraphs.

For Example 3.1 we need to calculate the largest radius of the ball within which digraph
G5 has the minimal critical weight among the feasible digraphs A(G) except digraph G.
Indeed, digraph Gy is optimal within the ball O, (p) and so digraph G; has already
to be contained in the set of candidates for optimal realization: G; € A*(G). Thus, in
Example 3.1, we need to consider the set

B = AMG)\ {G1}

instead of the whole set A(G) of feasible digraphs while calculating stability radius of
digraph Gi3. Tt is clear that considering set B instead of set A(G) may increase such a
stability radius in an appropriate way.
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In Section 3.2, we propose another definition (more general than Definition 1.2) of
stability radius which is suitable for solving problem G/a; < p; <b;/Cpas. Note that the
given bounds a; and b; for possible variations of the processing time x;, ¢ € (), may also
enlarge the stability ball of the optimal digraph G,. E.g., this is true for Example 3.1
since inequality (3.2) becomes only a sufficient condition for the optimality of digraph G
(but not a necessary one).

In Section 3.2, we provide both necessary and sufficient conditions for a zero (and for
an infinitely large) stability radius. In Section 3.3, the formulas (1.28) and (1.29) proven
for the case of calculating the stability radius with 0 < p; < oo, @ € @), are generalized
to the case when the variations of the processing times are given by inequalities (1) and
some feasible digraphs have to be excluded from the comparisons with ‘the best’ one.

3.2 Relative Stability Radius

In Chapter 1, stability radius gs(p) of an optimal digraph G, has been investigated which
denotes the largest quantity of independent variations of the processing times p; of oper-
ations ¢ € () within the interval [0, 00) such that digraph G, remains ‘the best’ (i.e., the
weighted digraph G(p) has the minimal critical weight) among all feasible digraphs A(G)
(see Definition 1.2 at page 16).

From Example 3.1 it follows that for solving problem G/a; <p; <b;/Cpraz, We need a
more general notion of a stability radius since the processing time of operation ¢ € () falls
within the given closed interval [a;, b;], 0 < a; < b;, and competitive digraphs have to
belong to a subset B of set A(G). The following generalization of stability radius gs(p) (we
call it relative stability radius) is defined by considering the closed interval [a;, b;] instead
of [0,00) and considering set B C A(G) instead of the whole set A(G). In Definition 3.2,
[P denotes the critical weight of the weighted digraph G4(p), p € T, see equality (1.15) at
page 19.

Definition 3.2 Let digraph G, € B C A(G) have the minimal critical weight IV for each
vector p’ € O,(p) N'T among all digraphs from the given set B

¥ =min{ll' : G, € B)}. (3.4)

The maximal value of radius o of such a ball O,(p) is denoted by 0% (p € T') and is called
relative stability radius of digraph G with respect to polytope T (for criterion Cpay ).

Note that relativity of gZ(p € T') is defined not only by polytope T of feasible vectors,
but also by set B of feasible digraphs. From Definition 1.2 and Definition 3.2, if follows:

0s(p) = 029 (p € RY).

Thus, relative stability radius is equal to the maximal error of the given processing times
pi (a; < p; < by, @ € Q) within which the ‘superiority’ of digraph Gy is still preserved
over the given subset B of feasible digraphs.

The following two extreme cases of relative stability radius are of particular importance
for solving problem G/a; <p; <b;/Cinae- On the one hand, if for any positive real number
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e > 0 which may be as small as desired, there exist vector p’ € O.(p) N T and digraph
G}, € B such that [?" > [¥| we obtain zero relative stability radius:

02(peT)=0.

On the other hand, if ' < lil for any vector p’ € T and for any digraph G € B, we
obtain infinitely large relative stability radius:

0P(peT) = .

Note that even in the case of finite upper bonds (b; < 00,7 € @), i.e., when the
maximal error of processing time p; for each operation i € () is restricted by

€mazr = maX{{pi — Qq, bz _pz} NS Q}7 (35)

value of 92 (p € T) may be infinitely large as it follows from Definition 3.2. Deterministic
problem G//Cq. with vector p of the processing times and optimal digraph G provides
such a trivial example with an infinitely large relative stability radius g% (p € T'). Indeed,
if a; = p; = b; for each operation ¢ € (), then polytope T' degenerates into a single point:

T = {p}

and therefore from inclusion p’ € O,(p) NT it follows that vector p’ mentioned in Defini-
tion 3.2 is definitely equal to vector p, for which digraph G is optimal.

To characterize the extreme values of % (p € T), we define the following binary relation
which generalizes the dominance relation used in Chapter 1.

Definition 3.3 Path v dominates path i in set T if and only if for any vector v =
(1,29, ...,24) €T the following inequality holds:

() < 1(v). (3.6)

Note that binary relation introduced in Definition 3.3 is an extension of the dominance
relation introduced in Definition 1.3 (see page 17) in the sense that path v dominates
path p in any set 7' C R% (i.e., due to Definition 3.3) if path v dominates path p (due
to Definition 1.3). Indeed, if [1] C [v], then inequality (*(u) < {*(v) holds for any vector
r € RY. Note also that both dominance relations coincide at least when a; = 0 and
b; = oo for each operation i € @ (it is easy to see that inclusion [¢] C [v] holds if and only
if inequality (3.6) holds for a; = 0 and b; = oo, i € @)). Moreover, in this case equality
[*(n) = 1*(v) is achieved only if z; = a; = 0 for any operation i € [v] \ [u].

Thus, we conclude that the dominance relation introduced in Definition 1.3 is a special
case of the dominance relation defined by inequality (3.6) when T is equal to the whole
space RL (i.e., a; = 0 and b; = oo for each operation ¢ € Q). Hence, the phrase “path v
dominates path p” is identical to the phrase “path v dominates path p in RL”.

The following lemma gives a simple criterion for the dominance relation defined by
inequality (3.6) in Definition 3.3.
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Lemma 3.1 Path v dominates path p in set T if and only if the following inequality

holds:

ic[u\[V] JEWNul

PRrROOF. By subtracting all common variables from the left-hand side and the right-hand
side of inequality (3.6) and taking into account that a; < b; for each operation i € @, we
obtain that inequality (3.6) is equivalent to the following ones:

S 4 < > wy forany x; with a; <a; < by, i € V] U |[ul. (3.8)
i€(u\[V] JelN\u]

Vector x € T satisfies inequalities (3.8) if and only if inequality (3.7) holds since we

have:
>oa< > < > a4 < Y by

i€[p\[V] i€[u]\[V] S ENT SN

&

On the basis of the above path domination, we can introduce the following dominance
relation of path sets.

Definition 3.4 Set of paths Hy, dominates set of paths Hg in T if and only if for any
path p € Hy, there exists a path v € Hy, which dominates path p in set T.

The following statement gives a simple sufficient condition, when domination of sets
of paths does not hold.

Lemma 3.2 Set of paths Hy does not dominate set of path Hy in T if there exists a path
€ Hg such that system
{ Zielu % < Ljelu\p) b (3.9)
a; <x; < by, 1 €Q,

has a solution for any path v € Hy.

PROOF. From Definition 3.4 it follows that set of paths H; does not dominate set of paths
H in T if there exists a path pu* € Hy such that there is no path v € Hy which dominates
path p* in set 7. This means that inequality (3.6) is violated for path pu* € H for some

vector z° € T, i.e., system

a; <z < b, 1 €Q,
has a solution for any path v € Hy. Furthermore, system (3.10) is consistent if and only
if it has the following solution:

o fan ifie [\ Y,
= e e (3.11)

It is easy to see that vector z according to (3.11) is a solution of system (3.10) if and
only if condition (3.7) does not hold for any vertex i € [v] U [p*]. In other words, vector

2? = (29,29,...,29) € T and path p* € T provide a solution of the equivalent system

(3.9).

T =

&
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Obviously, if Hy, = Hy(p), we have Hy(p") C Hy = Hy(p) for any vector p’ € RL of
the processing times. The following lemma shows that set of the critical paths is not
expanded for small variations of the processing times.

Lemma 3.3 If H;, # Hy(p), the inclusion Hy(p') C Hy(p) holds for any vector p' €
Oc(p) N RL with real number ¢, > € > 0 defined as follows:

€r = (1][[2’ —max{l’(v) : v € H\ Hk(p)}} (3.12)

PROOF. Since Hy, \ Hi(p) # (), we can consider any path v* € Hy with
P(v*) =max{l’(v) : v € H,\ Hi(p)}.

From (3.12) it follows that I} —I?(v*) = ¢-€, and therefore, to make the difference I} —1?(v*)
equal to zero, we need a vector p’ with a distance from the vector p greater than or equal
to € : d(p,p’) > €. But due to condition of Lemma 3.3, we have d(p,p’) < € < €.
Consequently, v* ¢ Hy(p').
Since for any path v € Hy, \ Hy(p) with (P(v) < [P(v*) the difference I — P(v) is still
greater than the product g - €, such a path v cannot belong to set Hy(p').
&

Next, we present a generalization of Theorem 1.1 with the necessary and sufficient
conditions for a zero stability radius to the case of a zero relative stability radius.

Theorem 3.1 Let digraph G have the minimal critical weight [?, p € T, within the given
subset B C A(G) of feasible digraphs. Then equality 92 (p € T) = 0 holds if and only if
there exists a digraph Gy € B such that I? =1}, k # s, and set of paths Hy(p) does not
dominate set of paths Hy(p) in T.

PRrOOF. Sufficiency (if). Let conditions of Theorem 3.1 hold: There exists a digraph
Gy € B such that [? =¥, k # s, and Hy(p) does not dominate set Hy(p) in T. We show
that oZ(p € T') < € for any given € > 0 which may be as small as desired.

Since set Hy(p) does not dominate set Hy(p) in T, there exists a path u* € Hy(p) such
that no path v € Hy(p) dominates path p* in set T, i.e., system (3.10) has a solution for
any path v € Hi(p). First, we make the following remark.

Remark 3.1 From the consistency of system (3.10), it follows that for the considered
problem G/a; < p; < b;/Cpnaz, the trivial case with a; = b; for each i € @ does not
hold. Indeed, in this case the first inequality in (3.10) is transformed into inequality
IP(v) < IP(p*) which is certainly wrong: IP(v) = £ =P = [P(u*).

We construct a vector p’ = (p},ph, . . ., p;,) with the following components:

pit+e, ifiep], pi# b
p; =N Pi — 6/, if i € {Uyer(p) [V]}\[M*]a Di ?A Qj, (313)
Di, otherwise,
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where €’ is chosen as a strictly positive real number less than both value € and value
€min = max{0, min{min{p; — a; : p; > a;,i € Q}, min{b; — p; : b; > p;,i € Q}}}.

We can also choose € less than ¢, > 0 defined in (3.12). More precisely, if Hy # Hy(p),
then €, > 0, and we can choose € such that 0 < ¢ < min{e, €, € }- Otherwise, if
Hy = Hi(p), we choose € such that 0 < € < min{e, €,,;, }. Such choices are possible since
in both cases, inequality €,,;, > 0 holds due to Remark 3.1.

The following arguments are the same for both cases of the choice of € except the ‘last
step’ since Hy \ Hy(p) = 0 in the latter case.

Since system (3.10) has a solution for each path v € Hy, the first inequality in (3.10)

(v) < I*(p7)

has a solution for € T which implies that inclusion [p*] C [v] does not hold for any
path v € H(p). Therefore, from the equalities IP(v) = [§ = P = [P(n*) and (3.13), we can
conclude that vector p’ is a solution of system (3.10) for each path v € Hy(p). In other
words, vector p’ is a solution of the following system of inequalities:

{ZI(V) <1"(p*), v € Hi(p),
a; < x; < by, 1€ Q.

Thus, we obtain inequality 17 (v) < IP'(u*) for each path v € Hy(p), and therefore
max{l” (v) : v e Hy(p)} < 1P (u*). (3.14)

The ‘last step’ in the proof of sufficiency is as follows. Since p’ € Ou(p) N RL with
0 < € < ¢, due to Lemma 3.3 we obtain Hy(p') C Hi(p) and, as a result,

P (1) < ¥ =max{l”(v) : ve Hyp)} (3.15)

for each path 7 € Hy, \ Hi(p).

From inequalities (3.14) and (3.15), it follows that [ < [#'. Taking into account that
d(p',p) = € < ¢, we conclude that g%(p € T) < e.

Necessary (only if ). We prove necessity by contradiction. Let us suppose that g% (p €
T) = 0 but condition of Theorem 3.1 does not hold. The following two cases (i) and (i)
of violating condition of Theorem 3.1 may hold.

(1) There does not exist a digraph Gy € B such that I? =7, k # s.

In the trivial case when B = {G,}, we have gZ(p € T') = oo due to Definition 3.2.

Let B\ {Gs} # (). Then we calculate the following real number:

1
€ =-mn{ly -’ . G,€B, t+#s} (3.16)
q

which is strictly positive since inequality [? < ¥ holds for each digraph G; € B, t # s.
Arguing in a similar way as in the proof of Lemma 3.3, we can show that the difference
IV — [P cannot become negative when vector p is replaced by an arbitrary vector p° €
O (p) N RL. Next, we show that the difference I} — I cannot become negative when
vector p is replaced by an arbitrary vector p° € O (p) N T C R% with 0 < €* < ¢.
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Since Hy\Hy(p) # 0, we can consider any path v* € Hj, with
P(v*) =max{l’(v) : v € H\Hg(p)}.

From (3.16) it follows that lio —1"" > q-¢*, and therefore, to make the difference li’o —
equal to zero, we need a vector p’ with a distance from the vector p greater than or equal
to e : d(p°,p') > €. However, due to conditions of Lemma 3.3, we have d(p, p') < €* < .
Consequently, v* ¢ Hy(p').

Since for any digraph G, € B, with I*’(v) < I?’(v*) the difference ZZO —1"" is still greater
than the product ¢ - €*, such a path v cannot belong to the set Hi(p'). So we conclude
that digraph G, remains ‘the best’ (perhaps one of the ‘best’) within the set B for any
vector pY of the processing times. Due to Definition 3.2, we have pZ(p € T) > €* > 0
which contradicts the above assumption of g%(p € T) = 0.

(i1) There exists a digraph Gy € B such that [? = [¥, k # s, and for any such digraph
Gy, set of paths Hy(p) dominates set of paths Hy(p) in 7.

In this case, we can take any € that satisfies the following inequalities:

1
0<6<min{min{6k . =17 Gy € B}, 5min{lf—l§ > Gy EB}}.

Due to inequality € > €,, we get from Lemma 3.3 that equalities

1 = max [* — max [*’ 3.17
¢ = max (12) nax (1) (3.17)

hold for any vector p° € O.(p) N RL. The statement that for any digraph Gy, € B,k # s,
with (? = [} set of paths Hy(p) dominates set of paths H(p) in T means that for any
path p € Hy(p), there exists a path v* € Hy(p) such that system

{lx(V*) < 1),
a; < < by, 1€ Q,
has no solution. Therefore, inequality

F(p) <1°(v7) (3.18)

holds for any vector « € T. Due to inequality (3.18) and taking into account that € < ¢
and € < €;5, we obtain the following inequality using Lemma 3.3:

ax ”'(1) < max " (v). 3.19
(e () < e 17(v) (3.19)

Thus, due to (3.17) and (3.19), we obtain inequality
?" < max I""(v) (3.20)

vEH(p)

for any digraph Gy € B, [P =17, k # s. Since

1
e<—min{ly —12: I/ > G, € B},
q

inequality If > [P implies inequality lfo > [*°. Taking into account (3.20), we conclude
that lg’o < lzo for any digraph G € B and for any vector p° € T with d(p,p°) < e

Consequently, gZ(p € T') > € > 0, which contradicts the assumption of gZ(p € T') = 0.
&
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Theorem 3.1 directly implies the following statement.

Corollary 3.1 If G5 € B is unique optimal digraph for vector p € T of the processing
times, then 92 (p € T) > 0.

From Theorem 3.1 we obtain the following lower bound for relative stability radius.

Corollary 3.2 If G, € B and I? = min{l}, : Gy € B}, then 0%(p € T) > ¢* with ¢*
calculated according to (3.16).

PROOF. If there exists a digraph G}, € B such that I? = [V, k # s, the equality 92 (p €
T) > € = 0 holds due to Definition 3.2. Otherwise, inequality oZ(p € T') > €* follows

from the above proof of necessity of Theorem 3.1 (see case (7).
&

Theorem 3.1 identifies a digraph G5 € A(G) whose ‘superiority’ within the set B is
unstable: Even a very small change in the processing times can make another digraph
from the set B to be ‘better’ than (5. The following theorem identifies a digraph Gy
whose ‘superiority’ within the set B in the polytope T is ‘absolute’: Any changes of the
processing times within the polytope T" cannot make another digraph from the set B to
be ‘better’ than digraph G.

Theorem 3.2 For digraph G, € B, we have 9%(p € T) = oo if and only if for any
digraph Gy € B, t # s, set of paths Hy; dominates set of paths Hg \ H in T.

PROOF. Sufficiency. Let ¢ be any positive number (as large as desired). We take any
vector p € O,(p) NT C RY% and consider a path u € Hy such that P = [P(p).

(j) If u € H, then inequality [? = P(u) < I holds for any digraph G, € A(G).

(7)) It € H,\ H, then due to condition of Theorem 3.2, it follows that for any digraph
G, € B,t # s, there exists a path v* € H; such that inequality

() < 15 (1")

holds for any vector € T' (and for the vector p as well). Therefore, we have I? = [P(u) <
[P(v*) < If. Thus, in both above cases (j) and (jj) we have I[P = min{l{ : G; € B}.
Necessity. We prove necessity by contradiction. Let us suppose that oZ?(p € T') = oo,
but there exists a digraph G; € B,t # s, such that set of paths H; does not dominate
set of paths H, \ H in T. Thus, there exists a path u° € H,\ H such that for any path

v € Hy, system of inequalities

F(v) < 1% (pn0),
{ai <z <b,i€qQ, (3:21)

has a solution. Therefore, due to Lemma 3.2, inequality

dooai< Y b (3.22)

i€[v]\[1O] JEWON[Y]
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holds. We consider the vector p* = (pi, p3, ..., p;) € T with

a;, ifi € {UpemV]} \ [1°],
p;  otherwise.

Adding to the left-hand side and to the right-hand side of (3.22) the value 3 ;cp a0 05
we obtain that inequality

>, @+ Y, bi< )b

i€ \[1O] JEPINK] 7€[n°]

holds. Thus, we can conclude that vector p* is a solution of the system of linear inequalities
obtained by joining systems (3.21) for all paths v € Hy, i.e., we obtain

P (v) <P (1), v e Hy,
a; <x; < by, 1€ Q.

Therefore, IV < (1) < 1P, and hence, we get a contradiction to the above assumption:
o%(p eT) <d(p*,p) < €mas < 00.
&

From Theorem 3.2 we obtain the following upper bound for the relative stability radius.

Corollary 3.3 If pB(p € T) < oo, then 02(p € T') < €maw, where value €y, is calculated
according to (3.5).

Proor. The desired bound immediately follows from the proof of necessity in Theo-
rem 3.2.
<&

In the following section, we use Theorem 3.2 as a stopping rule in the algorithm de-
veloped for solving problem G/a; <p; < b; /Cpas since the optimality of digraph G, € B
with 9Z(p € T')) = oo does not depend on the vector p € T' of the processing times.

3.3 Algorithms for Problem G/a; <p; <b;/C 4z

From Sections 3.1 and 3.2, it follows that problem G/a; <p; <b;/Cynq: may be solved on
the basis of a repeated calculation of the relative stability radii 9Z(p € T).

In Section 1.3, the formulas (1.28) and (1.29) were proven for calculating stability
radius g,(p) = 02 (p € RL) (see Theorem 1.4 at page 29). Theorem 3.3, which follows,
generalizes these formulas for any given subset B C A(G) of feasible digraphs and for any
given polytope T' C R% of feasible vectors of the processing times. To present the new
formulas, we need the following notations.

Let p and v be paths in the digraphs from the set A(G). Then [u] + [v] denotes the
‘symmetric difference’ [u] U [v] \ [p] N [v] of the sets [u] and [v].
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We calculate the following values:

; (b —pi, i e u]\ V],
R P N (3.23)

Let Aj(u,v) be equal to zero. We order the set of values Af(u,v) for all operations i
from the set [u] + [v] in the following way:

AP (p,v) < AR(p,v) <. < AT (), (3.24)

where the subscript j € {1,2,...,[u] + [v]} indicates the location of A*(y,v) in the above
sequence (3.24), and the superscript ¢; denotes operation i; € [u] + [v] for which the value
A;-j (p,v) was calculated. For simplicity, we will substitute superscript ¢; by one index i
(which means operation ¢ = i;). We hope that it will not cause a misunderstanding.

For any two feasible digraphs G, and Gy, we denote

Hy(T) = {,u € H, : There is no path v € Hy which dominates path u in set T}.

Theorem 3.3 If digraph G5 has the minimal critical weight I, p € T, in the given set
B C A(G) of feasible digraphs, then

~B . B
0;(p€T) = min 7y, (3:25)
where
P(v) —1P(p) — S5 _y A
?,ﬁ = min max max (v) (1) = Xm0 Balt, V>. (3.26)

pEH(T)  veHy, )=l B=0,1,..|[ul+[]|-1 I[u] + [v]| = 3

PROOF. From Definition 3.2 it follows:
P(peT)=inf{dp,x): v€T, I*>min{lj : Gy € B}}.

Therefore, to find the relative stability radius gZ(p € T, it is sufficient to construct a
vector x € T which satisfies the following three conditions.
(1) There exists a digraph Gi(p) € B, k # s, such that I¥ =17, i.e.,

v = “(v). 2
max I () = max 1°(v) (3.27)
(2) For any given real number ¢ > 0, which may be as small as desired, there exists a
vector p¢ € T such that d(x,p) = € and I?" > IV | i.e., inequality

P° p°
;%%}jl (1) >1Vrré%>:l (v) (3.28)

is satisfied for at least one digraph Gi(p) € B.
(3) The distance d(p,x) achieves the minimal value among the distances between the

vector p and the other vectors in the given polytope T" which satisfy both above conditions
(1) and (2).
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After having constructed such a vector x € T, one can define the relative stability
radius of the digraph G, as follows:

0. (p € T) =d(p,x).

Indeed, the critical path of digraph G becomes larger than that of digraph Gj for any
vector p¢ € T' with positive real €, which may be as small as desired (see condition (2)).
Therefore, digraph G4 has no longer the minimal critical weight among all other feasible
digraphs, while in the ball Oy (p € T) digraph G, has the minimal critical weight
(see condition (3)). Digraph G}, satisfying conditions (1) and (2) is called a competitive
digraph for digraph Gi.

To satisfy conditions (1), (2) and (3) (except the inclusion x € T'), we first search for
a vector © = p(r) = (p1(r),p2(r), ..., pe(r)) € R? with the components p;(r) € {p;,p; +
r,p; —r} on the basis of a direct comparison of the paths from set Hy and the paths from
sets Hy, where Gy, € B.

Let the value [P(v) be greater than the weight of a critical path in optimal digraph
G,. To satisfy equality (3.27), the weight of a path v € Hy must be smaller than or equal
to the weight of at least one path u € H,, and there must exist a path v € Hj with a
weight equal to the weight of a critical path of G4. Thus, if we have calculated

(v) = I"(p)

r, = min , 3.29)
W+ ) (

we obtain equality

max [P (p) = 1P (v) (3.30)

HEH s
for vector p(r) = p(r,) with components

Di + T, ifi € [lu]a
pi(r) = pi(ry) = ¢ pi — 1, if i € [V\[u] (3.31)

Pis if i & [u] + [v].
We can make the following remark.

Remark 3.2 Due to (3.29), the vector p(r) calculated in (3.31) is the closest one to the
given vector p among all vectors = for which equality (3.30) with p(r) = x holds. Indeed,
to make the difference [*(v) — max ey, {*(1t) equal to zero, one needs a g-dimensional
vector x with a distance from the vector p greater than or equal to r, : d(p,z) > r,.

To reach equality (3.27) for digraph Gy, we have to repeat calculation (3.29) for each
path v € Hj with [P(v) > [?. Thus, instead of vector p(r,), we have to consider vector
p(r) = p(rg, ) calculated according to formula (3.31), where

P(v) — [P
re, = min max M (3.32)
peHs  veH; r(w)>l2  |[p] + [V]|

Next, we consider inequality (3.28). Since vectors of the processing times have to
belong to polytope T' C R%, this inequality may not be valid for a vector p¢ € T if path v
dominates path g in set 7. Thus, we can restrict our consideration to the subset Hg(T)
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of the set H, of all paths, which are not dominated in 7" by paths from set Hj and for
which there does not exist a path v € Hj such that [v] = [u]. Hence, we can replace Hj
in equality (3.32) by Hu (7).

To obtain the desired vector z € R?, we have to use equality (3.32) for each digraph
Gi € A(G), k # s. Let r denote the minimum of such a value rg, :

r=rg. =min{rg, : Gi, k# s}

and let v* € Hy« and pu* € Hgy~ be paths at which value rg,, has been reached:

er* = rll* -

Taking into account (3.32), we note that, if
rye <A =min{b, —p; : i € [V]\ [©]}

and
rp < A'=min{p; —a; : i € [V]\ [*]},

then vector p(r) belongs to polytope 7.
Due to Remark 3.2, we have obtained a lower bound for the stability radius:

() — [P
@sB(p €T)>r = min min max M (3.33)
Gye€B  p€H(T)  veHy; IP(v)>18 1] + [V]|

The bound (3.33) is tight: If o%(p € T) < min{A(p*,v*) : i € [u*] U [v*]}, then
02(p € T) = r. In particular, we have g% (p € T) =7 in (3.33) if 2%(p € T) < €min-

To obtain the exact value of relative stability radius g?(p € T') in the general case, we
can use vector x = p*(r) = (pi(r),p5(r), ..., p;(r)) with components

pi +min{r,b; — p;}, if i € [y,
pi(r) =9 pi —min{r,p; —a;}, ifiev]\ [y, (3.34)

instead of the vector p(r) defined in (3.31). As it follows from Remark 3.2, such a vector
p*(r) € T is the closest one to the vector p among all vectors x € T' which satisfy both
conditions (1) and (2).
For calculating the maximal value r for the vector p*(r), we can consider each operation
i from the set [u] U [v] one by one in non-decreasing order (3.24) of the values A’(p, v)
defined in (3.23). As a result, formula (3.33) will be transformed into the formulas given
in Theorem 3.3.
O

Remark 3.3 Note that the formulas (3.25) and (3.26) defined in Theorem 3.3 turn into
0%(peT) = oo if Hy(T) = () for each digraph G € B.
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Table 3.3: Numerical data for problem J3/n=2,a; <p; <b;/Cpmax

i 1] 1] 1] 2] 27 2
j 1] 2] 3] 1| 2] 3
a; || 35]40] 2050 [ 45 [ 20
by || 100 [ 90 | 110 | 80 | 80 | 40

Example 3.1 (continued). Returning to the Example 3.1 given in Section 3.1, let us
consider problem J3/n =2, a; <p; < b;/Cazx whose input data are given by the weighted
mized graph G(p) in Figure 3.1 together with vector a = (a1 1,012, ...,a23) and vector b =
(b11,b12,...,ba3) of lower and upper bounds for the possible variations of the processing
times p, where a = (35,40, 20, 50,45,20) and b = (100,90, 110, 80, 80,40). The numerical
input data for this instance of problem J3/n=2,a; <p; <b;/Cpras are given in Table 3.3.

Since the mized graph G is the same for the above problem J3/n=2/Cpq, considered
in Section 3.1 and for the new problem J3/n=2,a; <p; <b;/Cpaz, we have the same set
A(G) of feasible digraphs. Moreover, if we start calculation with the same initial vector
p = (75,50,40, 60, 55,30) of the processing times, we obtain the same optimal digraph G,
presented in Figure 3.2 with the dummy operations Op1 and Oys. Using Theorem 3.3,
we can calculate the relative stability radius of this digraph: @?(G) (p € T) = 60, where the
polytope T € RS is defined by the above vectors a and b (see Table 3.3). Note that, due
to these bounds a;; and b;; for the possible variations of the processing times p;j, O;j €
Q7 ={011,012,...,053}, the stability radius of the digraph Gy increased from 30 to 60
(remind that in Section 3.1, we calculated o (p € R%) = o1(p) = 30).

In Table 3.4, one can observe the calculation of @?(G) (p € T) in detail. The set Hy(T)
is empty for each digraph Gy, k € {2,4,5}. Note that Hy,(T) C Hgy, therefore we have
Hi5(T) =0 and Hy4(T) = 0. Moreover, for both paths pn = (O11,012,043) € Hy 5 and
po = (O11,022,023) € Hys, there exists a path vy = (O21,099,011,01,2,013) € Hs
which dominates both paths py and po in T, i.e., inequality (3.7) holds.

Table 3.4 has an analogous design as Table 3.2 from Section 3.1 with the exception
of column 5, which contains the values Agj(,u, v), B =0,1,...,|[u]+[v]|—1, defined by
formula (3.23) at page 126 in non-decreasing order defined by sequence (3.24). Let us
consider path p = (O21,012,013) € Hi3(T) and path vy = (O11,012,013) € Hs. For
each vertex from the set [u]+ [v1] (set [u] + [v1] means the symmetric difference of sets [u]
and [11]), |[1] + [1]] = 2, we calculate the values A (p, 1) = p11 — a1 = 75 — 35 = 40,
A?Yp,v1) = by — pag = 80 — 60 = 20. By a comparison of the path p with the path vy =
(0171, 0172, 0271, 0272, 0273) € Hg, we ﬁnd the values Al’l(ﬂ, 1/2) =pP1a1—0a11 = 75—35 = 40,
AV () = biy — prs = 110 — 40 = 70, A22(j1,15) = pps — Gz = 55 — 45 = 10,
A?3(1u,v9) = pag — asz = 30 — 20 = 10. The sequential calculations of the fraction from
the formula (3.26) are represented in column 6 of Table 3.4. Column 9 (see Table 3.2) is
redundant for this small example.

So, one of the two competitive digraphs, namely digraph Gs (see Figure 3.3 at page
116), remains also a competitive digraph of G for problem J3/n=2 a; < p; <b;/Cras-
However, the new vector of the processing times p* = p® has to be calculated due
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Table 3.4: Calculation of the relative stability radius E?(G) (p € T) for problem J3/n =
27 a; sz' S bi/cma:p

() =) — 300 g Adsy)
Gy ||Hie(T)|| peH1x(T) v e Hy, A (u,v) a=0"a max|max
7 1]+ V][ =8 B
) )=l |0<B<|d+p-1
1 2 3 4 5 6 7 8
Gy 0
G3 1 (0271,01,2, (01,1,01,2,0173) Aéj(,u,ul):() %:75 75 60
01)3) lp(V1)2165:lzf A?’l( ,V1)220 716572175?720 <0
P(u)=150 | (011,012,051, | Af (p,v5)=0 | Z050=0—30 60
02’2702’3) A?’2(M7V2):10 7270_1750_10 :36%
1P (1) =270 A3 (11, v9) =10 —2:2‘15212(12“2) =50
> 165 Ay (,vp) =40 | 2O OHHIOH0) 6
Gy 0
G5 0

to formula (3.34) with r @?(G)(p € T) =60, p = (021,012,013) € Hy and
v = (011,012,021,092,023) € Hi3(T) C Hs. Thus, vector p* is as follows: p
p® = (35,90, 100, 80, 45, 20).

Next, we follow the scheme proposed at pages 114-117 for obtaining a solution of
problem J3/n=2,a; <p; <b;/Cpaz. We calculate §Q(G)\{Gl}(p(2) € T) = 32.5 on the basis
of Theorem 3.3 and obtain the competitive digraph Go of digraph Gs. For digraph G, the
minimum in (3.25) is reached on the set B = A(G) \ {G1}, and thus digraph Gy becomes
optimal at least for one point p® of the stability sphere (the boundary of the stability ball
Os25(p?) ). Then we calculate stability radius gy < " % (p®) € T) = 27.5 for the new
optimal digraph Gy and for the new set B := B\ {G3} = A(G) \ {G1,G3}. Then on the
basis of Theorem 3.2 (or Theorem 3.3), we obtain @2(G)\{01’G2’G3}(p(4) eT) = 0.

Thus, solving problem J3/n = 2,a; < p; < b;/Cpax takes four iterations presented in
Table 3.5. We obtain that set of digraphs {G1,G2,Gs, G4} is a solution of the problem
J3/n = 2,a; < p; < bj/Crae under consideration: AN*(G) = {G1,Gs,Gs,G4}. In other
words, the given polytope T is covered by the union of the stability balls of four digraphs
from set A*(G).

The projections of these stability balls on the plane for the component py 3 of the vector
p gwen at the awis of z-coordinates and for the component pao of the vector p given at
the axis of y-coordinates are drawn in Figure 3.4. The last stability ball has infinite
radius 04(p™Y € T) = oo, i.e., it coincides with the whole space R: O (p™) = RS.
Thus, stability ball O (p™) covers the given polytope T and all other stability balls. (The
stability ball O (p™) is not shown in Figure 3.4.) The competitive digraph, for which the
minimum in (1.28) is reached, becomes optimal at least for one point of the stability sphere

*
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Table 3.5: Solution of the problem J3/n=2,a; <p; <b;/Cpmaz by Algorithm SOL _Cyqz(1)

i| Center p® € T of Set B of Optimal |2 (p® €T)| Competitive
the stability ball feasible digraphs | digraph G digraph of G
1{(75, 50,40, 60,55,30) | A(G) G, 60 Gs
21(35,90, 100,80, 45,20)| A(G) \ {G1} G 32.5 Go
3|(67.5, 90, 67.5, 80, | A(G)\ {G1,G3} Go 27.5 Gy
77.5, 40)
4 (40,90,95,80, 80,40) A(G) \ {Gl,GQ,Gg} G4 o0 -
P22,
120+
110+ Ogo(p (1))
105 3
oot Oa7.5(pY)
90 +
2l /74 p¥
77.5
Iz Os2.5(p?)
70 +
60 +
55 + p
50 -+
45+ 5
10+ P
30 +
20 +
12.5 +
10 -+
| | | | | | | 67\‘5\ | | 9\5 | | \13\2'5
-20 1‘0 0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 ‘ 7‘0 8‘0 9‘0 ‘ 100 liO 12‘0 13‘0‘ p’1’3
-10

Figure 3.4: Projections of the stability balls on the plane for problem J3/n=2,a; <p; <
bi /Cimaz constructed by Algorithm SOL _Cpa.(1)

(the boundary of the stability ball O35, (P)) and it becomes ‘better’ than digraph Gs(p). For
some suitable changes of the processing times p; = (0s(p) +€) (where € is positive real, and
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it may be as small as desired) at least one of the four digraphs {G1, G, Gs, G4} becomes
optimal. Therefore, a decision-maker can use one of the schedules from set A*(G) =
{G1,Go, G5, G4} for the possible realization of the processing times.

As it will be shown at the end of this section, set {G1,Ga, G3, G4} is not minimal
solution of the considered instance of problem J3/n=2,a; < p; <b;/Cpasx since at least
digraph Gq s redundant in this set.

In general, problem G/a; <p; <b;/Cynar may be solved as follows. Let B denote a sub-
set of feasible digraphs which contains solution A*(G) for the problem G/a; <p; <b;/Cpas-
On the basis of the algorithm, which follows, we can expand the set A’ C A*(G) starting
with A’ = () and finishing with A’ = A*(G).

Algorithm SOL C,,..(1)

Input:  Set A(G) of feasible digraphs, polytope T' of feasible
vectors of the processing times.
Output: Solution A*(G) of the problem G/a; <p; <b;/Cpraz-
Step 1: Find set B C A(G) such that A*(G) C B.
Step 2: Set A’ = ().

Step 3: Fix vector p of the processing times, p € T'.

Step 4: Find an optimal digraph G4(p) € B for the problem G//C, a0
with vector p of the processing times.

Step 5: Calculate relative stability radius Z?(p € T).

Step 6: IF pP(p € T) < oo and B\ {G,} # 0 THEN

BEGIN
Step 7: Select digraph G (p) € B which is a competitive digraph for G(p).
Step 8: Find a vector p* € T of the processing times closest to p such that

P = li* and for any small € > 0, there exists a vector p® with
7" > I and d(p*,p) < e.

Step 9: Set A" := AU {G;}.
Step 10: Set B := B\ {Gs}.
Step 11: Set s =k; p=p" GOTO Step 5

END
Step 12: ELSE A*(G) = A’ U {G,} STOP.

Now we concretize some steps of Algorithm SOL_C,,.(1). In Step 1, the determination
of the set B = A(G) of all feasible digraphs by an explicit enumeration is possible only
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for a small number of edges in the mixed graph . In the computational experiments
discussed in Section 5.1, such a direct enumeration of feasible digraphs A(G) has been used
for small number |E| of edges of the mixed graph G = (@, A, E), namely for |E| < 30.
These experiments have shown that a competitive digraph has a critical weight that is
usually very close to that of an optimal digraph.

Moreover, using the simple bound proven at the end of this section, one can consid-
erably restrict the number of feasible digraphs, with which a comparison of an optimal
digraph G has to be done while calculating relative stability radius gZ(p € T). For a
larger cardinality of the set F, we can use a branch-and-bound algorithm for the construc-
tion of the k best digraphs (see Section 5.1). As it was shown for the traveling salesman
problem [Lib99, LvdPSvdV96] and for linear binary programming [WJ88|, the running
time of such a branch-and-bound algorithm grows rather slowly with .

In Step 3 we have to fix the processing times as any vector from set T'. For example, we
can use a ‘historical’ vector p of the processing times which helps to simplify the Steps 3,
4 or 5 (as it was done in Example 3.1). If the input data of the problem are new, we can

set
1

5(6, — ai), Z € Q

Step 4 may be realized by an explicit enumeration or by an implicit enumeration
(e.g., by a branch-and-bound method) of the feasible digraphs B. In Step 4 we can apply
Theorem 3.1 to guarantee that the selected optimal digraph G is stable. If g%(p € T) = 0,
we can take another optimal digraph (the latter exists due to Theorem 3.1) which is stable,
or we can change the initial vector p of the processing times.

Steps 5, 7, and 8 may be done on the basis of Theorem 3.2 or Theorem 3.3. If
02(p € T) = oo, Theorem 3.2 can be used as a ‘stopping rule’ of the algorithm. Otherwise,
we are forced to use Theorem 3.3 which is more time-consuming. A competitive digraph
and a new vector p* of the processing times are calculated in Algorithm SOL_C,,4,(1) in
parallel with the calculation of relative stability radius g% (p € T'). Note that a competitive
digraph is not necessarily uniquely determined, and so we can take one of them.

Steps 5 and 7 are rather complicated. In Algorithm SOL_C,,..(1) we must anew
construct a set Hg(T') in each iteration based on a direct comparison of the paths in
a new optimal digraph G, and in each other digraph Gj from the set B, so it is very
time-consuming.

Next, we propose a more efficient Algorithm SOL_C,,,.(2), which focuses on one
of the optimal digraphs G; and on one vector p of the processing times from set
T. Let I';;i = 1,2,...,1, be a set of competitive digraphs of digraph G; with respect
to the set B, where 7 is a counter of the current iteration and I is the number of iterations.

pi =

Algorithm SOL_C,,..(2)

Input:  Set A(G) of feasible digraphs, polytope T of feasible
vectors of the processing times.
Output: Solution A*(G) of the problem G/a; <p; <b;/Cinas-

Step 1: Find set B C A(G) such that A*(G) C B.
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Step 2: Set A" =0;i=1and I'; = 0.
Step 3:  Fix vector p of the processing times, p € T

Step 4: Find optimal digraph G1(p) := Gs(p) € B for the problem G//C, a0z
with vector p of the processing times.

Step 5: Calculate 9P (p € T).

Step 6: IF gP(p € T) < oo THEN
BEGIN
Step 7: Select set of competitive digraphs I'; of digraph G1(p)
with respect to set B.

Step 8: Set A := AN UT;.
Step 9: Set B:= B\TI; and i:=i+ 1. GOTO Step 5
END

Step 10: ELSE A*(G) := N U {G,} STOP.

Using Algorithm SOL_C,,,4.(2), we construct an increasing sequence of relative stability
radii 91 < 02 < ... < @r of the stability balls O (p), i € {1,2,...,I}, with the same
center p € T and different sets of feasible digraphs

B:A@)\Or,

Moreover, we construct a sequence of ‘nested sets’ of the competitive digraphs

Iy, IYls, ..o, UL
of digraph G'1, where the set
I
{GHUUT
i=1

is a solution A*(G) of the scheduling problem for the mixed graph (Q, AU Fy,0), and G,
is one of the optimal digraphs in the set A(G) for vector p € T of the processing times.

The most difficult part of Algorithm SOL_C,,4,(2) is to find the stability radius o7 (p €
T) (Step 5 and Step 6) and to find the sets of competitive digraphs (Step 7). However,
we can make the following remark.

Remark 3.4 It is not necessary to perform Steps 1 - 11 since we can construct a solution
A*(G) in one scan. Namely, from Remark 3.3 it follows that all digraphs Gy, k # 1, for
which a set Hyx(T) # () was constructed in Step 5 are united with the optimal digraph
(GG1 and compose a solution:

A (G) = {Gl}U{L_J Ui} = {G1} (H{Gr: Huw(T) # 0}
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We can use the software developed for the problems discussed in Chapter 1 with the
following modification: We add the loop of Steps 6 - 9. An increasing sequence of the
relative stability radii of the stability balls with the same center p € T corresponds to an
increasing sequence of the values 75 calculated by (3.26) for the optimal digraph G(p)
in Step 5. A competitive digraph (or set of competitive digraphs T;) of digraph G1(p) is
constructed in one scan, as well.

A more effective strategy (without adding the above loop) is described in Chapter 5.

Example 3.1 (continued). Solving the above problem takes only two iterations by Algo-
rithm SOL_Cy0.(2) (see Table 3.6). Thus, the set of digraphs

AN(G) = {G, Gs}

is also a solution of the problem J3/n=2,a; <p; <b;/Cpas under consideration. Thus,
using Algorithm SOL_Cpq:(2), one can construct two stability balls Ogo(p) and O (p),
which cover the polytope T' (see Figure 3.5). (Again, the stability ball with an infinite
radius cannot be shown.)

So, we convince that Algorithm SOL_Cpar(1) did not construct a minimal solution.
Indeed in the solution {G1,Ga,Gs, G4} constructed by Algorithm SOL_Cpar(1) both di-
graphs Gy and G4 are redundant.

In general case, we do not know whether Algorithm SOL _C,p4:(2) constructs a minimal
solution as well. However for Example 3.1, it is easy to see that there is no one-element
solution for this problem. Hence solution N*(G) = {G,Gs} presented in Table 3.6 is
minimal for Example 3.1 (with respect to cardinality of set A*(QG)).

Remark 3.5 For both algorithms, fixing the initial vector p in Step 3 and the choice of
an optimal digraph G(p) in Step 4 (and also in Step 7 for Algorithm SOL_C,,4.(1)) have
a large influence on the further calculations and the resulting solution.

Next, we show how to restrict the number of digraphs G}, (the cardinality of the set
B) with which an optimal digraph has to be compared in the process of the calculation
of the relative stability radius o (p € T).

Redundant Digraphs for Calculating 0Z(p € T)

Due to formulas (3.25) at page 126, the calculation of the relative stability radius is
reduced to a complicated calculation on the set of digraphs B C A(G). The main objects

Table 3.6: Solution of problem J3/n=2,a; <p; <b;/Cmas by Algorithm SOL_C,4:(2)

i Set B oP(p € T) | Set I'; of competitive digraphs
of the optimal digraph G,

1| AG) 60 {Gs}

2 | A(G)\{G3} | ¢ 0
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Figure 3.5: Projections of the stability balls on the plane for problem J3/n=2,a; <p; <
bi /Crmaz constructed by Algorithm SOL _Cpax(2)

for the calculation of g2 (p € T') are the sets of paths in the digraphs G}, € B. At the worst
case, the calculation of % (p € T') implies to have an optimal digraph G and to construct
all digraphs B C {G1,Gs,...,G,}. In order to restrict the number of digraphs Gy, with
which a comparison of the optimal digraph G, has to be done during the calculation of
02(p € T), we can use the upper bound of the relative stability radius

o (peT) <,
where 72, is defined according to formula (3.26) at page 126.
Lemma 3.4 If 9%(p € T) < oo and there exists a digraph Gy, € B such that

P —p
e < p s (3.35)
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for some digraph Gy € B, then it is not necessary to consider digraph G; during the
calculation of relative stability radius 0% (p € T).

PROOF. To calculate relative stability radius 9?(p € T), one can compare the optimal
digraph G consecutively with each feasible digraph G;,i # s, from the set B. The value
7P calculated according to (3.26) (see page 126) shows that there exists a feasible digraph
G, which becomes better than digraph G for some vector p’ € T of the processing times
if
d(p,p') = 7h, + €,

where € is a positive real number which may be as small as desired (see condition (2)
introduced at page 126).

Next, we show that, if the condition of Lemma 3.4 is satisfied, i.e., inequality (3.35)
holds, then the value 72 calculated for the digraph G; does not improve the minimum in
formula (3.25) (since inequalities pZ(p € T') < 72 < 78 hold).

Let us compare digraph G, which is optimal for vector p of the processing times, with
feasible digraph Gy, t # k. From condition (1) at page 126 (condition (2), respectively) it
follows that digraph Gy is a competitive digraph for G, if the weight of each path v € H,
of digraph G; becomes equal to (smaller than) the weight of at least one path p* € H; of
digraph G for some new vector ¥ € T' (for some new vector p* = Z £+ € € T, where real
number € = d(Z,p°) > 0 may be as small as desired). Hence, the inequality

max [“(u*) > %%}t(l (v)

n*€Hs
lﬁe * l;)\e
(g 7 ) > e )

holds. It means that the critical weight of digraph GG; becomes smaller than that of digraph
G for some feasible vector of the processing times. Such a ‘superiority’ of the competitive
digraph G occurs for some suitable changes of the processing times pf = p; & (752 +¢) =
Z; + €, when the value 72 = d(p,7) calculated in (3.26) reaches the minimum value in
(3.25) (see condition 3). To this end, one must increase the weights of the vertices, which
form a path pu* € H,, by the minimal value 72 and decrease the weights of vertices from
the set [v*]\ [u*], v* € Hy, by the same value 72 (according to formula (3.34)). Note that
we must take such a path v* € H; for which the maximum in (3.26) is reached.

So, for the competitive digraph Gy, the distance d(p, Z) = 72 must achieve its minimal
value in formula (3.25) among the distances between the vector p and the other vectors
in polytope T (i.e., the non-strict inequality 72 < 7 is also satisfied). However, we show
further that, due to (3.35), value 72 cannot be smaller than 72, during the calculation of
the relative stability radius g2 (p € T') (see Theorem 1.4):

- w1 ) b = IP(p")
b S T ST SN+ )
max Plv) = () min max w 7B
= Vth|[M*]U[V}|—|mm[u]ySueHsvth ] + [V]| = Tie

Since 92 (p € T) <78 < 7B the value 72 cannot decrease the value 72 in (3.25) and
therefore digraph Gy need not to be considered during calculation of the relative stability
radius using formulas (3.25) and (3.26).

&
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Note that bound (3.35) is tight. Lemma 3.4 directly implies the following corollary.

Corollary 3.4 Let set B ={G;=G,,Gi,, ..., Gy} be sorted in non-decreasing order of

the objective function values: I, <18 < ... < lf\sr If for the currently compared digraph

G, from set B C A(G) inequality

p p
lit - lil

q

7B <

1S —

(3.36)

holds for digraph G;, € B with lfk < I}, then it is possible to exclude digraphs
Gi,Gi -, G

o from further considerations during the calculation of relative stabil-
ity radius 9P (p € T).

PROOF. Since the digraphs in the set B C A(G) are sorted in non-decreasing order of the
objective function values and inequality (3.36) holds for digraph G;,, inequality

holds for each digraph G;;,j =t +1,t+2,...,|B|. Therefore, due to Lemma 3.4, these

digraphs need not to be considered during the calculation of the relative stability radius
po_gp

0%(p € T) (since we have the upper bound §%(p € T) < 7B, < 1),

&

Using Corollary 3.4, we can compare the optimal digraph G5 = G, consecutively with
the digraphs G;,, Gy, - . ., Gi 5, from set B in non-decreasing order of the objective function
values: [ <[} < ... < lf‘B‘. If for the currently compared digraph G = G;, inequality
(3.35) holds, we can exclude the digraphs G;,,G;, . ,,...,G
Note that bound (3.35) is tight.

Since g9,(p) = 2™ (p € R%), Corollary 3.4 implies Corollary 3.5 which allows to
restrict the number of feasible digraphs while calculating stability radius gs(p) (see Defi-
nition 1.2 at page 16).

i15| from further considerations.

Corollary 3.5 Let set A(G) = {Gs=G,,,G,,...,Gi, } be sorted in non-decreasing order
of the objective function values: I <1} < ... <1} . If for the currently compared digraph
G, from set A(G) = {Gs=Gi,,Giyy ..., Gipy ..., Giyy ..., Gy, } inequality

Pl < (3.37)

holds for digraph G;, € AG) with I; < I}, then it is possible to exclude digraphs

1t
Gi,, Gy - -, Giy, from further considerations during the calculation of stability radius
0s(p)-
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3.4 Dominance Relations

In this section, the job shop problem with the objective of minimizing the sum of job
completion times under uncertain numerical input data is modeled in terms of a mixed
graph. As far as scheduling is concerned, the mean flow time seems to be more important
than makespan. While C,,,, aims for minimizing the schedule duration, in industry this
duration is often defined by the periodicity of the process, say, a working day or a work-
ing week. So, the criterion Y C; is more suitable for a periodical scheduling environment.
Theoretically speaking, the problem with Y C; is more difficult to solve than that with
Crmaz as evidenced by the facts that the two-machine open shop problem O2//C,,.. and
the flow shop problem F2//C,,q. are polynomially solvable while problems O2// 3" C; and
F2// > C; are NP-hard (see [BEPT96, LLRKS93]). (Obviously, the NP-hardness of the
latter problem implies the NP-hardness of problem 7 /a; < p; < b;/ > C; under consider-
ation). In academic research, criterion C,,,, has mainly been considered for multi-stage
systems (open, flow and job shops) while criterion Y- C; for single-stage systems, i.e.,
systems with one machine or with a set of parallel (usually identical) machines. One
explanation could be that makespan is easier to attack than mean flow time.

In the problem J/a; < p; < b;/ > C;, it is assumed that only the structural input data
(i.e., precedence and capacity constraints) are fixed while for the operation processing
times only their lower and upper bounds are known before scheduling and the probability
distribution functions of the random processing times are unknown. The structural input
data are defined by the technological routes of the jobs, e.g., for a flow or open shop
fixing the structural input data simply means to fix the number of jobs and the number
of machines.

In this and next sections, two variants of a branch-and-bound method are developed.
The first one constructs a set of k schedules which are the best with respect to the mean
flow time criterion for a fixed feasible vector of the processing times. The second variant
constructs a set of potentially optimal schedules for all perturbations of the processing
times within the given lower and upper bounds. To exclude redundant schedules, we use
a stability analysis based on the pairwise comparison of schedules. Along with implicit
enumerations based on a branch-and-bound method, we realize an explicit enumeration
of all feasible schedules.

We assume that n jobs J = {Ji,J5,...,J,} have to be processed on m machines
M = {M,, M,, ..., M,} when only the technological routes of the jobs are given before
scheduling. At the stage j € {1,2,...,n;} of processing job J;, operation O;; € @ has
to be processed by machine M, € M. The distribution of the operations to the machines
M is fixed via the given technological routes of the jobs J. Each machine can process at
most one operation at a time (see Condition 1 at page 2) and preemptions of an operation
are forbidden (see Condition 4 at page 3).

We consider the job shop problem [J/a; <p; <b;/ 3 C; with fixed technological routes
and uncertain processing times p;;, which have to satisfy only the inequalities a;; < p;; <
bij, Ji€J; j=1,2,...,n; (see Condition 5 at page 6). The sum of the job completion
times (mean flow time) is considered as the objective function ® = &(C4,Cy,...,C,) =

», C; =3 C;, where C; = ¢;,, is the completion time of job J; € J.

To present the structural input data for problem J/a; < p; < b;/> C;, we use the

mixed graph (Q”, A7, E’) introduced at page 13. Such a mixed graph G = (Q”, A7, E/)



140 CHAPTER 3. GENERAL AND JOB SHOPS WITH UNCERTAIN PROCESSING TIMES

defines the structural input data (precedence and capacity constraints) which are supposed
to be known before scheduling. A schedule is defined as a circuit-free digraph G, =
(Q7, A7 U E/ D) generated from the mixed graph (Q7, A’ E7) by replacing each edge
[0, Ows] € E7 by one of the arcs (O;, Oyy) o (Oyy, Oy;). In the rest of this chapter, we
use the terms of an optimal schedule (digraph), a better and a best schedule (digraph)
with respect to the mean flow time criterion Y C;. However, the makespan criterion C,, 4.
and a regular criterion ® are considered in the rest of this chapter as well.

Due to Definition 3.1 given at page 110, a solution A*(G) of the problem J/a; <p; <
b;/ > C; is a set of digraphs containing at least one optimal digraph for each feasible vector
p= (P11,P1,2;-- -, Pnn,) Of the processing times, i.e., for each vector p € T', where

T:{l':(.77171,1)172,...,1’"””)I Q45 Swij Sb”, 2:1,2,,n, ]: 1,2,...,712'}

is the polytope of all feasible vectors of the processing times in the space R%, with ¢ =
Q7| = S0 n; = X0, Q7. Tt is practically important to look for a minimal solution
AT(@) of problem J /a; <p; <b;/ 3 C;, i.e., for a minimal subset of the set A(G) containing
at least one optimal digraph for each fixed vector p € T" of the processing times such that
any proper subset of the set AT(G) is not a solution (see Definition 3.1).

If the processing times p;; of all operations O;; € Q7 are fixed, one can calculate the
value of the objective function for a digraph G, € A(G) using the critical path method.
As it follows from Section 1.2, to solve problem [J//® we must find a digraph G such
that @2 = min{®! : k=1,2,..., A} (see formula (4.17) at page 196), where

o} = fI)(l{rel?;g " (v), maz (@), max I"(v))

is the value of the objective function of the job completion times for the digraph G, € A(G)
with fixed processing times p € R%, and [ (u) is the weight of path u: P(u) = 220,;€lu) Pij-
Remind that ®2 = [? for criterion C,,,, and ®? = LP for criterion ) C;.

As it has been proven in Chapter 1 (see Theorem 1.3 at page 22), there exists problem
JIm/n = n°/Cpax with any given number of machines m and number of jobs n = n?, for
which the optimality of digraph G € A(G) does not depend on the numerical input data.
In other words, 9s(p) = oo which means that schedule s minimizes the makespan for all
non-negative processing times. However, such a schedule cannot exist for criterion Y C;.
In other words, each optimal digraph (for mean flow time criterion) loses its optimality
for some vectors p € R% of the processing times, i.e., g,(p) < oo (see Theorem 1.7 at
page 36 and Remark 1.1). As it will be shown in the proof of Theorem 3.7 in the case
of the relative stability radius 9Z(p € T') (see Definition 3.6 below) when 7' C RY and
B C A(G), an unrestricted value of 92 (p € T) is still possible.

For the problem 7 /a; <p; <b;/®, we introduce the following two transitive dominance
relations which define partial orderings on the set of feasible digraphs A(G).

Definition 3.5 Feasible digraph G (strongly) dominates feasible digraph Gy, in set D C
R if inequality PP < O} (inequality ¥ < DY, respectively) holds for any vector p € D
of the processing times. We denote the dominance relation by Gs =p Gi, and the strong
dominance relation by G4 <p G.
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Let equality a;; = b;; hold for each operation O;; € Q7. In other words, set T' turns into
one point: 7' = {a} where a = (a11,a19,...,ann,). Therefore, problem J/a; <p; <b;/®
becomes a deterministic problem J//®, and the dominance relation < defines a total
ordering on the set of digraphs A(G). Consequently, minimal solution AT(G) consists of
a single digraph: AT(G) = {G,}, where G, is any optimal digraph for problem [J//®
with processing times p;; being equal to a;; = b;; for each operation O;; € Q7. In other
words, digraph G dominates all digraphs Gy € A(G) at the point a € RY: Gy =, Gy.
Moreover, if the strong dominance relation holds for each digraph G}, € A(G) at the point
a, i.e., if G, <, G}, then digraph Gy is the unique optimal digraph for the processing
times p;; equal to a;; = b;;. As it was shown in the computational results (see Section 5.2
below), an optimal digraph for problem 7 //3 C; was mainly uniquely determined. In
such cases, if the dominance relation G5 <, Gy is valid for each digraph G € A(G), then
generally the strong dominance relation Gy <, Gy is valid for each digraph Gy € A(G)
with k # s. (Note that this is not the case for the makespan criterion: For the most job
shop instances which have been randomly generated makespan optimal digraphs were not
uniquely determined.)

In the general case of the problem 7 /a; <p; <b;/ 3> C;, the operation processing times
may vary between given lower and upper bounds and therefore it is a priori unknown
which path from the set H, will have the largest weight in a practical realization of
schedule k corresponding to digraph (. Thus, we have to consider the whole set €2} of

representatives of the family of sets (H}).c; in a similar way to the approach considered
for the problem [J// > C; (see Section 1.4).

Each of these sets Q% includes exactly one path from each set Hi, J; € J. Since
Hj N H] = § for any pair of different jobs J; and J;, we have the equality |Q¥| = n
and so there exist wy, = [[}, |H}| different sets of representatives for digraph G}, namely:
O}, 0%, ..., Q% Next, we show how to restrict the number of sets of representatives which
have to be considered while solving problem J/a; <p; <b;/ > C;.

Similarly to the notion of a critical path which is particularly important for criterion
Chnaz, We use the notion of a critical set Q¥ for criterion 3 C;. The set Q¥ u* €
{1,2,...,wx}, is a critical set in G € A(G) if the objective function value L% is reached
on this set of paths, i.e., if equality 3, cqu- [P(v) = L% holds.

For different vectors p € R% of the processing times, different sets QF, u €
{1,2,...,w}, may be critical, however a path v € Hi, J; € J, may belong to a critical
set only if I"(v) = max,cp; I’(11). Therefore, while solving problem J/a; <p; <bi/ 32C;,
it is sufficient to consider only paths from the set H}, which may have the largest weight
for at least one vector p € T' of the processing times. Moreover, if there are two or more
paths in H{ which have the largest weight at the same vector p € T, it is sufficient to
consider only one of them. Thus, it is sufficient to consider only dominant paths which
were defined in Section 3.2 (see Definition 3.6 at page 119).

Using Corollary 3.2, one can simplify digraph G while solving problem J/a; <p; <
b;/ > C; or problem J /a; <p; <b; /Cpnae- First, we delete all transitive arcs, then we delete
some arcs on the basic of domination of path sets (see Definition 3.4).

Let HY(T) denote the set of all dominant paths in H! with respect to the polytope
T. Since H, C U H! for problem J/a; <p; <b;/Cpas, one can construct a set H:(T) as
a subset of the set of all dominant paths H, by selecting all paths ending in vertex O,
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(if they exist). Let GT = (QT, ET () be a minimal subgraph of digraph G, such that, if
w € U, Hi(T), then digraph G contains path p. To construct the digraph G7, one can
use the following straightforward modification of the critical path method [Dij59].
Assume that the path p has the maximal weight among all paths in digraph G ending
in vertex O;; when the processing times are defined by the vector p € R%. As usual, the
weight of path p minus p;; is called earliest start time of operation O;; and we denote it

ls ij) — Puv-
Ouv€[u\{O;5}

The following recursive relations are obvious:
19(0;5) = max{l?(Oyy) + uy : (O, Oy5) € AT U EYY,

lg(Oz]) = max{lg(()w) + buv . (Om,, OZJ> € AJ U E;]}

Starting with a vertex in digraph G4 which has a zero in-degree and following the
critical path method, we define values (2(O;;) and I2(O;;) for each vertex O;; € Q”. Then,
using backtracking, we define vertices Q7 and arcs ET of digraph GT as follows. Initially,
we set QT = {0;,, : J; € J} for problem J/a;<p;<b;/ > C; (if H(T) # 0, H(T) C H,,
for problem J /a; <p; <b;/Cpnaz) and we set ET = (). Then we add vertex O,, to the set

T and we add arc (Oyy, O;y,) to the set ET:

if and only if the following two conditions hold:
1) there is no arc (Oyyu,, Oin,) such that 12(O0y,,,) < 1%(O,,), and
2) inequality 12(Oyy) + bin, > 14(O;y,) holds.
Continuing in a similar way for each vertex which is already included in the set QT we
construct the digraph GI (see Lemma 3.1).

Thus, instead of digraphs Gy, k = 1,2,..., ), one can consider digraphs G7 which
contain all dominant paths U?_; H;(T) and which are often essentially simpler than the
corresponding digraphs G. The transformation of digraph G}, into digraph G¥ by testing

inequality (3.7)
Z bij S Z ons
Oij€u\[V] Ouv€[V\[1]
(see page 119) takes O(q?) elementary steps (q is the number of operations).

wTl w
Let for criterion Y C; the superscripts of the sets Q}, QF, ..., Q% ... Q* be such that
for a path p the inclusion
pe JH(T)
i=1
holds if and only if
wl n

e Ui, of = [1IHT).

i=1 =1

Example 3.2 To illustrate the above notions and definitions, we introduce a job shop

problem J3/n=3,a; <p; <b;/ > C;i with Q] = {O11,013,055}, Q9 = {O12,021,033}
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and Qf = {Os,031}. The mized graph G = (Q”, A’ E') represented in Figure 3.6
defines the structural input data. The numerical input data are defined by polytope T € Ri
(see Table 3.7) within which the actual vector p of the processing times has to be contained.

For this small example, one can explicitly enumerate all feasible digraphs of set A(G).
(the cardinality X of the set A(G) is equal to 22). Since not all digraphs may be optimal for
the given segments [a;;, bi;] of possible variations of the processing times p;;, we construct a
subset B of the set A(G) of possible candidates of competitive digraphs (optimal digraphs)
using the algorithms from Section 3.6 below. The cardinality of the set B is equal to 12,
while A = 22.

Table 3.7: Numerical data for problem J3/n=3,a;<p;<b;/>.C;

? 1) 1) 1| 2] 2 3| 3| 3
J 123 1 2 1] 2] 3
a;; || 60 | 20 | 45 | 10 | 50 | 60 | 30 | 30
bij || 80 | 40 | 60 | 30 | 70 | 80 | 50 | 40

Before finding a minimal solution AT(G) of this problem J3/n=3,a; <p; <b;/ > C;,
we consider its deterministic version J3/n=3/ C; by setting the vector of the processing
times to be equal to p° = (pY 1,105, ..., P83) € T with pi ; = 70,pY , = 30,p 5 = 60,p3 | =
20,]9872 = 60,10271 = 70,10%2 = 40, and p§’3 = 30. (Note that this vector can be chosen
arbitrarily from the polytope T.) We number the digraphs G1,Gs, ..., G1a in accordance
with non-decreasing values of the function Y. C; calculated for the vector p° of the processing
times: L = 440, L8 = 470, L% =500, L% = 500, L = 520, L% = 530, L = 540, L% =
550, LE = 570, LPy = 610, LY = 610, LY, = 620.

For the vector p° € T, the digraph G1 = (Q7, A7 U E{,0) with the signature
Ei] = {(01,17 03,2), (03,2, 01,3), (02,17 01,2), (01,2, 03,3), (02,1, 03,3), (03,1, 02,2)} is the only
optimal digraph. Therefore, for the initial problem J3/n=3,a; <p; <b;/ > C;, we have to
include the digraph Gy in the desired minimal solution AT(G). Using the above modifica-
tion of critical path method, we simplify the digraphs G1, Gs,...,G13. Then we compare

0wy 013 01
02) 023
0s) 013 039

Figure 3.6: Mixed graph G = (Q”7, A7, E’) for problem J3/n=3,a;<p;<b;/ 3. C;
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Ou) 013
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D=
® ® 60 © 0@ ©® ©®

Figure 3.7: Digraphs GT,GY and G¥ which define a minimal solution AT (G) for Exam-
ple 3.2

UJT . .
the sets of representatives Q1,02 ... Q7Y for the digraph Gy with the sets of represen-

tatives Q}, Q% . .. ,Q:’? for the other digraphs Gy, k = 2,3,...,12. Due to a pairwise
comparison of these sets, we find that only two digraphs may be better than the digraph
G1 (provided that the vector of the processing times belongs to the polytope T' defined in
Table 3.7). These two digraphs are as follows: Digraph Gy = (Q7, A7 U EJ, () with the
signature E = {(01,1, 03,2), (01,3, 03,2); (02,1, 01,2), (01,2, 03,3), (02,1, 0373)7 (02,2, 03,1)}
and digraph G5 = (QJ,AJ U Eg,@) with the signatm’e E5J = {(0171,0372), (0173,0372),
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(02,1,012),(012,033), (021,053),(031,022)}. Moreover, the digraph Go is the only
optimal one, for example, for the vector p' = (60,20, 60, 10,60, 80,40,30) € T, and di-
graph Gy is the only optimal one for the vector p” = (60,20, 45, 30,70, 80,50,30) € T
Consequently, a minimal solution of problem J3/n=3,a; <p;<b;/> C; consists of three
digraphs, namely: AT(G) = {G1,Ga,G5s}. The corresponding digraphs GT,GE and GE
are represented in Figure 3.7 a), b) and c), respectively. Note that while digraph Gy has
w; = 4-2-5 =40 sets of representatives, digraph G has only wl =3-1-3 =9 sets of
representatives. For the digraphs Gy and GI . these numbers are wy = 16 and wl = 2,
and for the digraphs G5 and G, these numbers are ws = 28 and wl = 1.

The above full enumeration of digraphs A(G) is only possible for a small number of
edges in the mixed graph G, and for a practical use one has to reduce the number of
digraphs which have to be constructed. E.g., for the example under consideration, it is
sufficient to construct only k = 5 digraphs, which are the best for the initial vector p°
of the processing times. Further, in Section 3.6 such a calculation will be developed on
the basis of a branch-and-bound method for constructing k& best digraphs. Moreover,
the digraphs G3 and G4 in the set of the £k = 5 best digraphs are also redundant. In
Section 3.6, we present a branch-and-bound method for constructing all digraphs which
are the only ones that may be optimal for feasible vectors of the processing times. We
also show how to calculate the stability radius of an optimal digraph on the basis of an
explicit enumeration of the digraphs A(G). The calculation of the stability radius will
be used in Sections 3.6 and 5.4 as the main procedure for finding a minimal solution of
problem J/a; <p; <b;/ > C;.

The remainder of this chapter is organized as follows. Necessary and sufficient con-
ditions for a set of digraphs to be a solution respectively a minimal solution of the job
shop problem with uncertain processing times are proven in Section 3.5. Three exact and
four heuristic algorithms for problems J/a; < p; < b;/Char and J/a; < p; < b/ > C;
are given in Section 3.6. Section 3.6 contains a branch-and-bound method (B&B1)
for constructing k schedules which are the best for problem J/a; < p; < b;/® with
some fixed processing times. As it has been shown for the traveling salesman prob-
lem [Lib99, LvdPSvdV96, vdP97] and for linear binary programming [PZ76, WJ88|, the
running time of such a branch-and-bound variant grows relatively slowly with k. We
develop also a branch-and-bound method (B&B2) for constructing all schedules which
may be optimal if the processing times vary between given lower and upper bounds. Un-
fortunately, both algorithms B& B1 and B& B2 may construct some redundant schedules,
which are not necessarily contained in a minimal solution of problem [J/a; < p; <b;/®.
To reject such redundant schedules, we use a deeper (but more time-consuming) stability
analysis of an optimal schedule.

3.5 Characterization of a Solution

A characterization of a solution A of problem J/a; <p; <b;/® which is a proper subset
of the set A(G),A C A(G), may be obtained on the basis of the dominance relation <p
introduced in Section 3.4. Next, we prove necessary and sufficient conditions for a set of
feasible digraphs to be a solution of the problem J/a; <p;<b;/ > C;.
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Theorem 3.4 The set A C A(G) is a solution of problem T /a; <p; <b;/® if and only if
there exists a finite covering of the polytope T' by convex closed sets D; C R :

d
TC D, d<|Al,
j=1

such that for any digraph Gy € A(G) and for any set D;, j = 1,2,...,d, there exists a
digraph G, € A for which dominance relation G5 <p, Gy holds.

PROOF. Sufficiency. For any fixed vector p € T, one can find a set D;,1 < j < d,
such that p € D;. From the condition of Theorem 3.4, it follows that for any digraph
Gy € A(G), there exists a digraph G such that dominance relation Gy <p, Gy holds.
Hence, we have ® < @} and so inequality min{®? : G, € A C A(G)} < ¥ holds
for each k =1,2,..., \. Consequently, for any vector p € T of the processing times, set A
contains an optimal digraph.

Necessity. Let set A C A(G) be a solution of problem J/a; <p; <b;/®. We define a
subset A’ of the set A such that each digraph G, € A’ is optimal for at least one vector
p € T of the processing times.

For each digraph G4 € A, one can define its stability region, i.e., the set of all vectors
p € T C R% for which digraph Gy is optimal. Let D be the intersection of the stability
region of the digraph G with the polytope T"

Ds={peRL : L <PV k=1,2,..., A} NT. (3.38)
Since A’ is a solution, we have
|A|
TC|JDjCcR:L
j=1

and for each digraph G € A(G) and each set D;, the dominance relation G5 <p, Gi
holds. The inclusion G € A" implies D, # (). From inequality (3.38) it follows that Dy is
a closed set.

Note that, if digraph G is optimal for the vector p, it remains optimal for a feasible
vector ap with any positive real number a > 0. Consequently, the stability region is
convex set and so set D, is convex as the intersection of convex sets.

&

Theorem 3.4 implies the following corollary which characterizes a single-element solu-
tion of problem J/a; <p; <b;/®, which is necessarily a minimal solution.

Corollary 3.6 The equality AT(G) = {G,} holds if and only if the dominance relation
Gs 21 Gy holds for any digraph Gy, € A(G).

A minimal solution which includes more than one digraph may be characterized on
the basis of the strong dominance relation <p as follows.

Theorem 3.5 Let set A*(G) be a solution to problem J/a; <p; <b;/® with |A*(G)| > 2.
This solution is minimal if and only if for each digraph G5 € A*(G), there exists a vector
p® € T such that the strong dominance relation G =<p« Gy holds for each digraph

G € A (G)\{G.}-
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PROOF. Sufficiency. If the condition of Theorem 3.5 holds, then for any digraph G, €
A*(G), the set A*(G) \ {Gs} is no longer a solution to problem J/a; <p; <b;/®.

Indeed, for the above vector p'® € T, inequality <I>§<S> < @ﬁ(s) holds for each digraph
G € A*(G) \ {G;}. It follows that G is the unique optimal digraph to problem [J//®
with vector p{®) of the processing times. Therefore, solution A*(G) is minimal.

Necessity. We assume that A*(G) is a minimal solution but the condition of Theo-
rem 3.5 does not hold, i.e., there exists a digraph Gy € A*(G) such that for each vector
p®) € T, there exists a digraph G, € A*(G)\{G} for which the strong dominance relation
Gs <, Gy does not hold, i.e., we have ®? > & It follows that the set A*(G) \ {G}
is also a solution of problem [J/a; <p; <b;/® (since the set A*(G) is supposed to be a
solution). Thus, we get a contradiction to the assumption that solution A*(G) is minimal.

&

Section 3.6 deals with different algorithms for finding a solution and a minimal so-
lution on the basis of an explicit or an implicit enumeration of feasible digraphs. All
algorithms developed are based on the fact that a digraph G5 € A(G) being optimal for
the fixed vector p € R% of the processing times, generally remains optimal within some
neighborhood of the point p in the space R%. In other words, digraph G, dominates all
digraphs in a neighborhood of the point p. We consider the closed ball O, (p) C R? with
the center p € T' and the radius r > 0 as the neighborhood of the point p € T'C R% in
the space R?. Next, we rewrite some basis notions using dominance relation <p.

The closed ball O,(p) is called a stability ball of the digraph G if this digraph dom-
inates all digraphs Gj € A(G) in the polytope T* = O,(p) N T, i.e., if G5 <p« Gy for
each digraph G}, € A(G) (in this case, from Corollary 3.6 it follows that AT (G) = {G,}).
As it was noted in Section 3.2, the radius r of a stability ball may be interpreted as the
error of the given processing times p = (p11,P1.2, - - -, Pan,,) € R such that for all variable
processing times x = (T11,%12,...,Tnn,) € RS with p;; —r < x;; < p;; + r digraph
G, remains the best. The maximal value of such a radius is of particular importance
for finding a minimal solution A7 (G). Similarly to Definition 3.2 of the relative stability
radius for the makespan criterion, we give the definition of the relative stability radius for
the mean flow time criterion.

Definition 3.6 Assume that for each vector p’ € O,(p) NT digraph Gs € B C A(G) with
the vector p' of weights has the minimal critical sum of weights L among all digraphs of
the set B. The mazimal value of the radius o of such a ball O,(p) is denoted by o%(p € T)
and is called the relative stability radius of the digraph G with respect to the polytope T
for criterion Y C;.

Remark 3.6 From Definition 3.5 and Definition 3.6, it follows that the relative stability
radius 02 (p € T) of the digraph G, € B is equal to the maximal value of the radius o of
a ball O,(p) such that for each digraph G, € B C A(G) dominance relation Gy =<r+ Gy,
holds where 7% = O,(p) N T.

Similarly to Section 1.4 (which deals with the stability radius g,(p) (see conditions
(1.30) and (1.31) at page 31), to find the relative stability radius gZ(p € T) for problem
JJa; <p;<b;/ > C; it is sufficient to construct a vector T = (T11,T12, .., Tnn,) € T C RY
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which satisfies the following three conditions.
(a*) There exists a digraph Gi(p) € B,k # s, such that LT = L}, i.e.,

> max[®(p) = zn: max [*(v). (3.39)

—1 HEH; =1 vEH,

b*) For any given real ¢ > 0, which may be as small as desired, there exists a vector
y 8 Y
p° € T such that d(Z,p°) = € and LF" > LY | i.e., inequality

n

zn: max " () > > max " (v) (3.40)

=1 MeHS

is satisfied for at least one digraph Gi(p) € B.

(c¢*) The distance d(p,Z) achieves its minimal value among the distances between the
vector p and the other vectors in the polytope T which satisfy both above conditions
(a*) and (b*).

Next, we describe the calculation of the relative stability radius 9Z(p € T') using the
above notation of the dominance relation. To this end, we prove Lemma 3.5 below about
the dominance relation <7, and then we derive a formula for the calculation of the relative
stability radius 9% (p € T') which is presented in Theorem 3.6.

If AT(G) = {G,}, then digraph G, dominates all digraphs in the polytope T' (see
Corollary 3.6). In such a case, we assume that 9% (p € T) = oo, since digraph G,
remains the best for all variable feasible vectors x € T of the processing times. Otherwise,
there exists a digraph Gy € A(G) such that dominance relation Gy <7 Gy does not hold,
and from Corollary 3.6 and Remark 3.6, it follows that the stability radius o*(@(p € T)
has to be finite, i.e., there exists a vector p¢ € T" such that inequality (3.41)

LF > (3.41)

holds. To calculate the stability radius 92 (p € T), B C A(G), we will consider digraphs
G € B such that dominance relation GG, <7 G} does not hold, and for each of these
digraphs G, we will look for the vector p¢ € T which is the closest to p, among all vectors
for which inequality (3.41) holds (see condition (¢*)). The following lemma allows to
restrict the set of digraphs G € B which have to be considered for any regular criterion.

Lemma 3.5 Digraph G4, € B dominates digraph Gy € B in the polytope T if (only if)
the following inequality (3.42) holds (inequalities (3.43) hold, respectively):

L < L (3.42)
(LY < Lj, LY < LY). (3.43)

PRrROOF. Sufficiency. Since the objective function is non-decreasing, it follows from in-
equality (3.42) that

LT <3 1(O0i,) = L < L = > 1{(Oin,) < Li
=1 i=1
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for any vector x € T'. Therefore, dominance relation G, <7 G}, holds.
Necessity. Dominance relation G5 <7 Gy, means that inequality L? < L7 holds for any
vector # € T and thus for both vectors a € T and b € T, i.e., inequalities (3.43) hold.
&

The test of inequalities (3.42) and (3.43) takes O(g*) elementary steps, however, there
is a ‘gap’ between the necessary and sufficient conditions of Lemma 3.5, if L2 # Lb. To
overcome this gap for problem J/a; < p; <b;/> C;, we are forced to compare the sets
QO v =1,2,...,wl with the sets Q¥, u = 1,2,...,w!, since we do not know a priori
which set will be critical.

First, we will find a vector T = (ZT11,T12,--.,Tnn,) € T, which is the closest to the
vector p € T such that LT = Lf (see condition (a*)). For the desired vector T, the
value >, cqu [*(v) for each set Q¥ u =1,2,...,w}, has to be not greater than the value
> peqy I*(p) for at least one set QY v =1,2,...,w!. If the opposite inequality holds for

the given vector p € T, i.e., if 3% ,cqu IP(1) < Xpequ IP(v), we can calculate the value
ZVGQ“Z ( ) Z;LEQ“ lp(:u)
ZOLJEQ |nm( ¥ — N5 ()]

(where n;;(2}) is the number of copies of operation O;; in the multiset {[v] : v € Q}})
in order to obtain vector T with

(3.44)

> Flp) =Y IF(v). (3.45)

neQy veQy

It is easy to convince that equality (3.45) holds for the vector T obtained from the vector
p by adding the value r calculated in (3.44) to all components p;; with n;;(}!) < n;;(2Y)
and by subtracting the same value r from all components p;; with n;;(Q}) > n;;(2Y). Note
that for the above vector 7, the inclusion € T" may not hold. To guarantee this inclusion,

we have to look for a vector 7 in the form T = p(r) = (p1.1(7), p12(r), - - ., Pun,, (1)), Where
pij +min{r by — pi;}y, i ng(Q) < ng(€4),

Ty = pij(r) =9 Pij — min{r7 Pij — aij}7 if nl]( ) > N5 (Qg) (346)
Dij> if ni () = n; (£27).

Let rqu ov denote the minimal distance between the given vector p € T and the desired
vector T = p(r) € T for which equality (3.45) holds: rouqs = d(p, p(r)). Next, we show
how to calculate this value rop Q- To this end, we define the value

bij — pij, 1 ni(QF) < ng (),

. 3.47
pij — aij, i ng(Q) > ng (), (347)

AT (2, Q) — {

for each operation

Oy € N Q) ={ U [u]: niy(Q) # ni ()},

HEQEUQY
which we put in non-decreasing order:

AT (3, Q) < AF(Q4,90) < . < Ay ap (0 Q). (3.48)
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Note that each value A% (Y, Q%) is calculated according to (3.47) for all different opera-
tions O;;, and the subscript a = 1,2,...,|N(92Y,Q})| indicates the location of value (3.47)
in the sequence (3.48). We define value

Na(A) = |ni () — ni (€2F)]

for each AY(QV, Q%) o0 = 1,2,...,|N(QY,Q%)], and we assume that AF(QV, Q%) = 0 and
From (3.46) and (3.48), it follows that equality (3.49) holds:

Soeapl? (V) = LpeanlP (1) — Yoo MY (S22, QF) No(A)
rov.ou = max .
Tk B=0,1,..., |N(ngﬂ}$)|*1 ZOijEQ‘] |TLU(Q}CL) - n,j(Q§)| - Zgzo Na(A)

(3.49)

To ensure equality L? = L7 for the digraph Gy and the vector T = p(r) € T, we have
to repeat the calculations (3.46) - (3.49) for each set Q¥ u € {1,2,...,w!'}, with

S ) > I

e}

Then we have to take the maximum of rqy ou, for each set 2, u € {1,2,...,w}}, and to
take the minimum of the maximum obtained:

TH = min max _ TIovqu. (3.50)
ks T T sk
ve{l,2,...wT} we{l,2,..., 0l },

p P
5y P01212

Note that, if there exists a vector T € T such that equality L = L7 holds (see condition
(a*)), nevertheless it may be that there exists no vector p¢ € T defined in condition
(b*) such that LP* > L¥". However, as follows from Definition 3.5, only inequality (3.40)
guaranties that digraph G4 does not dominate digraph G}, in the polytope T'. Therefore,
we look for a vector p¢ € T' such that inequality (3.40) holds which may be rewritten in
the following equivalent form:

max Y P(p)> max > IP(v). (3.51)

T T
ve{l,2,...,wl }Hng ue{l,2,..., wk}l/GQ}i

Remark 3.7 It is easy to see that there exists a vector p¢ € T' such that

S P> Y W) (3.52)

HeQY veQy

if and only if inequality (3.52) holds for the vector ° = p* = (pi1,Pi0:-- - Ppn,) € T,
where

pij =4 @iy A g (Q) > n (€

Pijs i mg () = ni; (2

)
) (3.53)
).

Indeed, all components of the vector p* € T with n;;(Q)) < n;(QY) are as large
as possible in the polytope T and all components with n;;(Q2}) > n;;(£2Y) are as small
as possible in the polytope 1" (obviously, changing components with n;;(€2}) = n;;(2?)
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does not influence the difference 32, cqu I*(v) — ¥ ,cqy (). Thus, we have to restrict
the consideration of the sets Q¥ in inequality (3.51) to the subset Q¥ of the set {2V :
v=1,2,...,wl'} defined as follows: QF, is the set of all sets of representatives QV, v €
{1,2,...,wl'}, for which inequality

> () > Y1 (v) (3.54)

peQY ve

holds for each set of representatives Q¥, u € {1,2,...,wl}. Thus, sufficiency in
Lemma 3.5 may be generalized as follows.

Lemma 3.6 Digraph G, € B dominates digraph Gy € B in the polytope T if Q. = ().
PROOF. Equality Q% = 0 implies that for each set of representatives QY v €

{1,2,...,wT}, inequality

S ()< > ()

HENY veQy
holds for each set of representatives Q¥ w € {1,2,...,w{}. Thus, due to Remark 3.7,
inequality

S P ()< > ()

neNY veQy

holds for each vector p¢ € T. Hence, LEE < L‘T,f and so dominance relation Gy <r Gj
holds.

&
Due to Lemma 3.6, we can rewrite equality (3.50) as follows:
7P = min max 7oy ou- (3.55)

QueQr, we{l,2,..., wg},

P
ey 218

To obtain the desired vector p¢ € T, we have to calculate 72, according to (3.55) for
each digraph G € B which is not dominated by digraph G (if G5 A7 Gy) and to take the
minimum over all such digraphs G. We summarize the above arguments in the following
claim.

Theorem 3.6 If for digraph Gs € B C A(G) dominance relation Gy =<, Gy holds for
each digraph Gy € B and fixed vector p € T of the processing times, then equalities

2°(peT) = min{ min max ravor ¢ Gs Ar Gy} (3.56)

v * T
Qreqs, u€{1,2,.,wl},

p
X cq P21

= min{7y : G, £r Gi}
hold, where value Ty ou is calculated according to (3.49).

The following corollary is used in the proof of Theorem 3.8.
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Corollary 3.7 The value a0 qu calculated according to (3.49) for the set QEO e Q5 \
Qg(p) is strongly positive.

PROOF. Due to formula (3 56), we have to repeat the calculation (3.49) for each set
QU € Q. and each set Q¥ u® € {1,2,...,w]'}, such that 3 veay® [P(v) > LP. Since there
exists a set Q" € Q% \ Q(p), ie., Z#emo [P(u) < L2, the inequalities

> ) = X P(w)

veQw’ peqy’

> min S Pv) — max > P

0 T 20 T
ulef1,2,...w] },p e Z e{1, sz( ; }Lp ueQ
P k pn)<
Zueﬂ’éo P=Ls esz”o

vV

LP — max i > 0
s We{1,2,...,wl}, Z ('LL)
ZVGQUO P (u)<Ly ‘U’EQ

hold. Therefore, due to the calculation of the value r the numerator in (3.49) is

Q0,0u0>
strongly positive at least for § = 0. Since we have to take the maximum value among all
values calculated for each = 0,1,...,|N(Q", Q)] —1 (see formula (3.49)), we get
70 quo > 0.

s "

&

Next, we present necessary and sufficient conditions for an infinitely large relative
stability radius pZ(p € T') for problem J /a; <p; <b;/ > C; if B C A(G) and T C R%. Note
that deterministic problem [J// > C; with A > 1 cannot have an optimal digraph with an
infinitely large stability radius g,(p) (see Remark 1.1). Recall that g,(p) = 2 (p € R%).

Theorem 3.7 For digraph G, € B C A(G), we have 02(p € T) = oo if and only if
Y. =0 for each digraph Gy, € B.

PROOF. Necessity. Following the contradiction method, we suppose that pZ(p € T) =
oo but there exists a digraph G € B such that the set of representatives QZO,UO €
{1,2,...,w!'}, belongs to the set Q%,.. Tt follows that the inequality

> WY W)

0 u
MGQS VEQk

holds for the vector p* calculated according to formula (3.53) for the set of representatives
vu € {1,2,...,wl}. Thus, due to Remark 3.7 there exists a vector p’ € T such that

inequality / /
2> X M)
peQy’ vely

holds. Since this inequality holds for all sets Q¥, u € {1,2,...,w{}, this inequality holds
for a critical set Q%" € Q. (p) as well. Therefore, we obtain

> P> Y P =1

0 *
HeNY e}
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and hence digraph G, cannot be optimal for the processing times given by vector p’ € T.
We get a contradiction:

@sB(p eT) <d(pyp) < Omg«gJ{bij — Dij, Pij — G} < 0.
ij

Sufficiency. Due to Lemma 3.6, equality Q% = 0 (valid for each digraph G, € B)
implies that digraph Gy € B dominates all digraphs Gy € B in polytope T. Hence,
inequality L? < L¥ holds for each vector p’ € T and so 2% (p € T') = oc.

&

From the above proof of the necessity, we obtain an upper bound for the relative
stability radius pZ(p € T).
Corollary 3.8 If o%(p € T) < oo, then 02(p € T) < max{{b;; — pij, pi; — ai;} : Oi; €
Q).
Moreover, we can strengthen Corollary 3.6 as follows.
Corollary 3.9 The following propositions are equivalent:
1) A(G) ={G.},
2) ¥ DpeT)= oo,
3) Gp € A(G) = Gs =27 G,
4) Gre ANG) = Qf =0.

To present necessary and sufficient conditions for o2 (p € T') = 0, we need the following
auxiliary lemma. Let €. denote the set {Q} : u=1,2,... w}.

Lemma 3.7 If Q. # Qi(p), the inclusion Q. (p') C Qi(p) holds for any vector p' €
O.(p) N RL with & > € > 0 defined as follows:
1

€ = q—nmin {Li - P): Qe Qk\Qk(p)} (3.57)
veQ}

The following theorem is a generalization of Theorem 1.6.

Theorem 3.8 Let G4 be an optimal digraph of problem J/a; < p; < b;/ > C; with the
minimal objective function value LP, p € T, within the set B C A(G) of feasible digraphs.
The equality 92 (p € T) = 0 holds if and only if the following three conditions hold:
1) there exists a digraph Gy, € B such that L? = L}, k # s,
2) the set QU € Q. NQ(p) is such that for any set Q¥ € Qu.(p), there exists an operation
Oij € Q7 for which condition

ni () = niy () (3.58)
holds (or condition

i () < ng (QF) (3.59)
holds) and

3) inequality (3.58) (or inequality (3.59), respectively) is satisfied as a strict one for at
least one set Q€ Qu(p): g (QV) > 1y (L) (or ny () < ny; (L)),
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PROOF. Necessity. We prove necessity by contradiction. Assume that p%(p € T') = 0 but
the conditions of the theorem are not satisfied. We consider four cases i, 4, 7 and v of
violating these conditions.

i) Assume that there does not exist another optimal digraph G € B such that Lf =
LYk # s If B\ {Gs} # 0, we can calculate the value

1
“= —min(L} — L .
o (L = 1), (3.60)

|

which is strictly positive since L? < L} for each Gy € B,t # s. Using Lemma 3.7, one
can verify that for any real ¢, which satisfies the inequalities 0 < € < €*, the difference
in the right-hand side of equality (3.60) remains positive when vector p is replaced by
any vector p° € O.(p) N T. Indeed, for any v € {1,2,...,w!}, the cardinality of the
set QY may be at most equal to gn: |QY| < gn. Thus, the difference LY — LP = L} —
MaX,e(12,. wT} Lveor [P(¥) may not be ‘overcome’ by a vector p” if d(p,p°) < €. Hence,
we conclude that digraph G remains optimal for any vector p° = (pYy,p%,,...,00, ) €T
of the processing times provided that d(p,p®) < e < €. Therefore, we have oZ(p € T') >
€ > ¢ > 0 which contradicts the assumption 9Z(p € T) = 0.

i) Assume that there exists a digraph Gy € B such that L? = L¥ k # s, and Q% N
Q(p) = 0. Note that 7, # 0 for all digraphs G; € B,t # s. Otherwise, we get 0Z(p €
T) = oo due to Theorem 3.7.

Assume that there exists a set QF, # ) for the digraphs G and G, with L? > L?, i.e.
there exists a set QY € QF,. Similarly to the proof of Corollary 3.7, we can show that all
values Tou qu calculated for each digraph Gy with L} > L? cannot be equal to zero: We
obtain a strongly positive numerator in formula (3.49) at least for 5 =0:

S Pw)— > P(p) > 0.

u /
I/EQt neQy

Therefore, the maximum taken according to (3.49) is also strongly positive, i.e. Tau ou >
€ > 0, where we can choose any e such that the inequality

e < min {&, &, qln min (L} - )} (3.61)
LP>rt
is satisfied. This means that only in the case of the calculation of the value oy, for the
optimal digraphs G\ € B, L}, = L?, with Q% # () we can obtain rqy v = 0.
Assume that there exists a set Q% # () for the digraphs G and G}, with L} = L? i.e.
there exists a set QY € *,. In this case, we can set

¢ = min {es,ek,qlnmin{[}; — max Z 1P() : Z P(p) < Lé’}}.

neNyY reQy

Taking into account our assumption that for each digraph Gy € B, LP = Lf k # s, the
set Q% N Q(p) is empty, it follows from the proof of Corollary 3.7 that oy qu > € >0.

Hence, for all digraphs Gy, L} > LP, inequality 72 > min{e, ¢’} holds, where the value

71 is calculated due to formula (3.55) using the value gy gu > 0. Therefore, the relative
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stability radius satisfies the following inequalities: 9%(p € T) > min{e, ¢’} > 0, which
contradicts the above assumption 2 (p € T) = 0.

iii) Assume that there exists a digraph Gy, € B such that L2 = LY k # s, and for any
set QU7 € O, NQ(p) there exists a set Q€ Qx(p) such that n;(QY) = n;;(QY) for any
operation O;; € Q7.

In this case, we can take any e that satisfies the inequality (3.61). Due to € < €&, we
get from Lemma 3.7 that equality

LY = max Z 1P ( max Y 17" (1) (3.62)

Qv Qs ( * *
€ neQy neQy

holds for any vector p°® € O (p) N T.

On the other hand, since there exists a set Q" € Q. (p) such that n;;(Q0) = n; (),
O;j € Q, for any set Q" € Qf N Q(p) and for any digraph Gy, L? = L%, we obtain the
inequality

max Z I""(1) < max > 1"’ (v)

QU GQ GQU* QZEQk(p) VEQZ'*
because of € < € and € < €. Therefore, due to (3.62) we have

L7 < max P (v) (3.63)

for any optimal digraph Gy, k # s. Since

1
e < — min {L} — L7},
qn LP#LE

the condition LY # L implies Lfo + LY. So taking into account (3.61) and the latter
implication, we conclude that the digraph G4 becomes an optimal digraph for any vector
p° € T, provided that d(p,p°) < e. Consequently, we have pZ(p € T) > € > 0, which
contradicts the assumption 92 (p € T') = 0.

iv) Assume that conditions 1 and 2 of Theorem 3.8 hold. More exactly, there exists a
digraph G}, € B such that L? = L} k # s, and one of the two cases of condition 2 and
one of the two cases of condition 3 hold. Assume that for any set QV" € Q% NQ,(p), there
exists a set Q¥ € Qk( ) such that for any operation Ow € Q7 with nZJ(Q” ) > ni (),
there exists a set Q4 € Qp(p) with n;;(Q207) < ny; ().

Arguing in the same way as in case 4, we can show that oZ(p € T') > € > 0, where ¢
is as in (3.61), since for any vector p° € O (p) N'T, the value 3 ,cqu- 1"’ (1) is less than or

equal to the value 32, cqur I”°(v) or to the value > equd 1" (v).
k

Sufficiency. We show that, if the conditions of Theorem 3.8 are satisfied, then 92 (p €
T) < e for any given € > 0. First, we make the following remark.

Remark 3.8 In the trivial case of a;; = b;; for each operation O;; € Q7 the set Q%N (p)
is empty, since in this case the vector p is equal to the vector p* constructed according to
(3.53), and the strong inequality (3.54) does not hold.
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We construct a vector p' = (py 1,195+ Ppn,) € T with components p;; € {pi;, pij +
€, pij — €'}, where € = min{e, €, €, } with the value €, > 0 defined in (3.57), and

Emin = max{0, min{min{p;;—a;; : py > ai;, 0y € Q”}, min{b;j—pi; : bij > pij, Oi; € Q7 }}},

using the following rule: For each Q) € Q(p), mentioned in Theorem 3.8, we set p}; =
pi + €, if inequalities (3.58) hold, or we set p}; = p;; — €, if inequalities (3.59) hold.

More precisely, we can choose € as follows: If Q. # Q(p), then € > 0, and we can
choose € such that 0 < ¢ < min{e, €, €nin }. Otherwise, if Q = Qx(p), we choose € such
that 0 < € < min{€, €,,, }. Such choices are possible since in both above cases, inequality
€min > 0 holds due to Remark 3.8. Note that ¢ > 0 since p;; > 0,0;; € Q”. The following
arguments are the same for both cases of the choice of ¢'.

After changing at most |Q4(p)| components of the vector p according to this rule, we
obtain a vector p’ of the processing times for which inequality

> (> 3 ()

neQy* veQy”

holds for each set Q¥ € Qi (p). Due to € < &, we have p’ € T. Since € < &, we have

/

Ly = max le/(y): max le,(y)

ue{1,2,...wl'} veQy QpeQk(p) veQy
= Y Py < X V<
I/EQZ* peQy”

Thus, we conclude that digraph G is not optimal for the vector p’ € T' with d(p,p’) = €
which implies oZ(p € T) < € < e.
<&

Corollary 3.10 If G, € B is a unique optimal digraph for the vector p € T, then 9Z(p €
T) > 0.

From Theorem 3.8 we obtain the following lower bound for the relative stability radius
—B
o, (peT).

Corollary 3.11 If G, € B is an optimal digraph, then 2°(p € T) > €, where € is
calculated according to (3.60).

PROOF. If there exists a digraph Gy € B such that L? = L¥ k # s, the equality
08(p € T) > & = 0 holds due to Definition 3.6. Otherwise, inequality oZ(p € T) > &
follows from the above proof of necessity (see case ).

&

Example 3.2 (continued). Returning to the Example 3.2 and using Theorem 3.6, we can
calculate the relative stability radius of the digraph Gy € B C A(G),|B| = 12, for the
vector p = p° = (70, 30, 60, 20, 60, 70, 40, 30) of the processing times according to formula
(3.56). After a pairwise comparison of the sets of representatives for digraph G with
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those for digraphs GI,GT ... GT,, we obtain equality o2(p° € T) = 3, which means
that digraph G remains optimal at least for all vectors p € O3(p°) N'T of the processing
times. Due to calculation of the relative stability radius, we show that only digraphs Go
and G5 may be better than digraph Gy provided that vector p of the processing times
belongs to polytope T, and for each digraph Gy € A(G) with k # 2 and k # 5, dominance
relation Gy =7 Gy holds. We also obtain the following equalities: o2 (p° € T) = 751 =

3, @f\{GQ}(pO eT)= ?537}{6'2} = 10, where the values TS, are calculated according to (3.55),
and they give the minimum over all digraphs Gy, € B which are not dominated by digraph
G1. Neat, it follows from Theorem 3.7 that @f\{GQ’G5}(pO eT) = oc.

Due to Theorem 3.4, set A*(G) = {G1,G2,G5} is a solution to problem J3/n =
3,a; < p; < b;/ > C;, since there exists a covering of the polytope T by sets Dy = {p €
Ry : L < LY k=12....0}NT with s € {1,2,5}. More exactly, for any digraph
Gy € A(G) and for any set Dy, s € {1,2,5}, there ezists a digraph G5 € A*(G) for which
dominance relation G5 <p, Gy holds (since the dominance relation G1 <r Gy holds for
each digraph Gy, € N(G), k # 2,k # 5, it follows that set { Dy, Dy, D5} is indeed a covering
of the polytope T ). Moreover, since for each digraph Gy € N*(G) there exists a point (see
vectors p°, P° and T, given in Section 3.4), for which this digraph is the unique optimal
one, it follows from Theorem 3.5 that solution AN*(G) = {G1, Ga, G5} is minimal.

Note that from a practical point of view, it is more useful to consider a covering of the
polytope T by nested balls O3(p°), O10(p°) and O,«(p°), where r* may be any real number
no less than max{b; — pl;,py; —ai; : i =1,2,...,n; j=1,2,...,n:}. Indeed, due to the
calculation of the stability radius o7 (p° € T), we know that for each vector p € O3z(p°)
digraph Gy is optimal. Moreover, for each vector p € O(p°) at least one digraph Gy or

Gy is optimal since @f\{%}(po € T) = 10. Finally, for each vector p € O (p") at least

one digraph G1, Gy or G5 is optimal since @f\{GQ’GS}(pO €T) = oo.

Table 3.8: Solution of problem J3/n=3,a; <p; <b;/ > C; with the initial vector p® € T

i Set B 02(p° € T) | Set I'; of competitive
digraphs of digraph G

1| B={G,Gs,...,Gp} 3 {Go}

2 | B\ {Gy} 10 {G5}

3| B \ {GQ, G5} o0 Q)

Remark 3.9 Solving problem [J3/n=3,a; <p; <b;/ > C; takes three iterations by the
above algorithm (see Table 3.8). But similarly to the calculation of the relative stability
radius and the construction of a solution of the scheduling problem with the makespan
criterion (see Remark 3.4), we can construct a solution A*(G) for the mean flow time
criterion in one scan as follows.

We union one of the optimal digraphs G with all digraphs Gy, k # s, for which a
nonempty set QF, # () exists, i.e., for which the dominance relation G4 <r Gy does not
hold, and the union of these digraphs composes such a solution A*(G). In other words,
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a solution of problem J/a; < p; <b;/ > C; is the union of an optimal digraph and of all
its competitive digraphs A*(G) = {G,} U{Gr : G, A1 Gi} = {G.} U{UL T}, where T
is the set of competitive digraphs of digraph G4 with respect to the set B in the iteration
1=1,2,...,1.

Next, we consider a small problem J3/n=2/3C; to illustrate the calculation of g, (p)
by formulas (1.36) and (1.37). Then we calculate the relative stability radius for problem
J3/n=2a;<p;<b;/ > C;. Notice that we use the same notations for different examples:
Example 3.1 and Example 3.2.

Example 3.1 (continued). Returning to the Example 3.1 from Section 3.1, we consider
the job shop problem with the mean flow time criterion J3/n=2/3 C;, whose input data
are given by the weighted mized graph G(p) with p = (75,50, 40, 60, 55,30), presented in
Figure 3.1. Obuviously, the set of all feasible digraphs A(G) is the same, but we number
these digraphs in non-decreasing order of the objective function values: L < L5 < ... <
L? (see Figure 3.8). Note that for criterion Y C; we do not need to use dummy operations.
As we can see, digraph G1(p) is optimal for both criteria Cpa, and Y- C;. Next, we calculate
stability radius o,(p) for digraph G1(p).

R A A N I 2 T T 8

Gy 0 by ) B 0 ) e

G1(p), LY = 325 Ga(p), L = 410 Gs(p), L = 425

) ey g

G 0 0y ) 0 B

Gy(p), LY = 435 Gs(p), L¥ = 550

Figure 3.8: Digraphs A(G) = {G1,Ga,...,G5} numbered in non-decreasing order of the
objective function values > C;

To this end, we construct an auziliary Table 3.9, where for each feasible digraph
G,k =1,2,...,5, column 2 presents the sets 2} of representatives of the family of sets
(H})jeq, column 3 presents the integer vector n(Q) = (n11(Q4), n12(2), ..., nas(QF)),
where the value n;j(2}) is equal to the number of vertices O;j in the multiset {[v] : v € '}
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Table 3.9: Auxiliary information for problem J3/n=2/%C;

Gk Q}éu = 1, 2, e, WE n1,1 nl’g n1,3 ng’l n2’2 7712’3 Z lp(V)
veQy
1 2 3 4

Gi| Y ={01,1,012,013;011,012,02 3} 2 2 1 0 0 1 320
Q% :{0171,01,2,01,3;02,1,017270273} 1 2 1 1 0 1 305
Q‘f :{01,1,01,2,01,3;01,1,02,2702,3} 2 1 1 0 1 1 325
inl ={01,1,01,2,01,3;021,022,02 3} 1 1 1 1 1 1 310
07 ={02,1,012,013;01,1,01 2,023} 12 1 1 0 1 305
Q8 ={02,1,01,2,01,3;021,01 2,043} 0 2 1 2 0 1 290
Q7={021,01,2,013;01,1,022,05 3} 11 1 1 1 1 310
Q? :{02,1, 01,2, 01,3; 02,1, 02,27 02,3} 0 1 1 2 1 1 295

Go| W={01,1,022,023,012,013;011,022,023}| 2 1 1 0 2 2 410
Q3={011,022,023,012,013;021,022,023} 1 1 1 1 2 2 395
Qg :{02,1a02,2a02,3701,2701,3;01,1702,2702,3} 1 1 1 1 2 2 395
Q% :{02,1,02,2,02,3,01,2,01,3;02,1702,2702,3} 0 1 1 2 2 2 380

G3| D={021,022,011,012,013;021,022,023}| 1 1 1 2 2 1 425
03={021,022,023,012,013;021,022,023} 0 1 1 2 2 2 380

[G4] 9={011,012,013;011,012,021,022,023}[ 2 2 1 1 1 1 435

Gs Q% :{02,1,02,2,01,1,01,2,01,3; 2 2 1 2 2 1 550

02,1,022,01,1,01,2,02 3}

(for simplicity we use notation n;; instead of n;;(€2)), and column 4 presents the value

Py = Y iy ()

I/EQZ OijE[V}, VGQZ

The calculation of 0,(p) by formula (1.37) is given in Table 3.10, which presents
the results of the computations for each 3 = 1,2,...,q — m, where m is the number
of operations O;; € Q) U, O € Quy, for which n;; () < ny; (). The cardinal-
ity of the set O,k = 1,2,...,5, and the elements QY of this set are presented in col-
umn 2 and column 3, respectively. The elements of the set i, u =1,2,... wy, for which
Yeqar P(v) > LY = 325 are presented in column /.

Since the vector n(Q2Y) = (ny1(Q%), n12(QY), ..., n23(QY)) is the same for both sets Q3
and Q3 , for both sets Q} and QI, and for both sets Q3 and Q3 (see Table 3.9), the results
calculated by formula (1.37) are the same for these pairs of sets, too. Therefore, we
combine these calculations in column 7 in Table 3.10. In column 6 we give the sequence
of processing times of the operations O;; € Q) U Q) with n;;(Q)) < n; () ordered in
the following way: DPij sy > Dijmsa) > ... > Pijiy- Note that in column 7 we do not
write components with n;;(2) = n;;(Q) in the fraction from formula (1.37). For the
sets Q1 and QL, we give a more detailed computation and for each other pair of the
sets 2} and Q} at each following iteration, we use the value of the fraction obtained at
the previous iteration. From the derived values in column 7, we write their mazimum for
B=1,2,...,q—m, the maximum for Q},u=1,2,... wg, and the minimum for QY € Oy,
respectively, in columns 8, 9 and 10. Using formula (1.36), we take the minimum value
from column 10. Therefore, we obtain 9,(p) = 17.5.
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Table 3.10: Calculation of the stability radius g, (p) for problem J3/n=2/%"C;

m+[3 U v
o1 Pijoy (g, (QF)—ng;, (2
Gi ||k QY €| QF, B | Pijomss: > ;Jr;j(a)( ol ) (M) max| max| min
Z(y:l |nl](a)(Q}i) - n”<a>(911))| B Qk @
1<u<wy 1<B8<qg—m
1 2 3 4 5 6 7 8 9 | 10
Go | 4 | 9} Q| 1| pijg, =55 | e =20 22.5/22.5(22.5
o 50(1—2)+55(2—0)+30(2—1)
P Z 2 e~ R
2 O3 _ = = —0) _ —65
QQ, QQ 1 pij(4) - 60 o 55(2 13)1+1 — ? 125
_ —65+55(2—0) _ 45 _
2 pij(s) =95 342 - 5 = 9
3 | pij,, =30 | D — 195
1 — 75(0—2)150(1—2)160(2—0) _ —80
QQ 1 pij(4) = 60 S0+552 2_(,’)_)1+2 =5 7.5
_ —80+55(2—0) __ 30 _ 42
2| Piiy =99 30+3%—(F22 1) —Th
3 | Pijgy =30 | =57 — =175
50(1—2)+60(0—1)+75(2—1 —35
07,08 03 L pij, =75 : ): 1J(r)1+1)Jr =l - 3 1751225
_ —35455(2—0) __ 75 _
3 | pijg, =30 | ENEED — 175
_ 50(1—-2)+55(2—0) _ 60 __
+ —
2 | Pigy =30 75(03 1)+50(1:22)%-'§()(2 T
- = = —65
03 1| pij,, =60 o 55(2146)1+1 -3 12.5
_ —65+55(2—0) __ 45 _
2 Pijsy = 55 45+3%2L22 ., =2=9
3 pij(ﬁ) =30 51 =12.5
6 1 _ 50(1—2)+60(0—2)+75(2—0) _ —20
Ql Q2 1 pij(4) =75 20+55(21_6_)2+2 = "5 15 [22.5
_ - —0) _ 90 _ 196
2 | Pij) =55 5+2 =7 =127
3 Pije, = 30 | 20+£302-1) _ 15
2 03 — 50(1—2)F60(1=2)F75(1=0) _ —35
927 Q2 1 pij(4) =175 it 5(213)1+1 = 3 17.5
_ —35455(2—0) __ 75 _
2 pij(s)—55 T_?_15
3 | pije, =30 | ECD — 175
4 _ 50(1-2)+55(2-0) _ 60 _
_ + -1 _
2 | pijq =30 | DHOCD — 995
Gs | 5 | af Qb | 1] py,,, =60 | DPUSDESNI-DH0E-0) _ =5 17.5(17.5|17.5
2 | pij,, =55 =5455(2=0) _ {7 5
3 - 75(0—2) F50(1—2)F60(2—0) _ —80
Q3 | 1] pij,, =60 sorssa = 7.5
_ - —0) _ 30 _ 42
2| iy =5 30+3%J(r22 1) ST h
3 | pij,, =30 | HOCD — 75
50(1—2)+60(2—1
02,07 | Q) | 1] py, =60 | 00=20C 10 5 30 | 30
9 Pij, = 55 | 104552-0) _ g
3 — 75(0—1)F50(1—2)F60(IF1-1) _ —65
QS 1 pij(4) =60 6515502 é)+1+1 = 3 12.5
_ - —0) _ 45 _
2| Piiy = 45-s—3%J(r22 1) —5 =7
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Table 3.10 (continuation): Calculation of the stability radius g, (p) for problem J3/n=2/%C;

m+p3 u v
T i (g, () —ni;, (Q
Gr ||Quk]|Q7€Qk|  QF, B | Pijimss: 3 ;H:](a)( il B i (1)) max | max | min
Za:l |nij(a)(9g) - nl](a)(Q’[l])‘ B & &
1<u<wy 1<B8<qg—m
1 2 3 4 5 6 7 8 9 10
03 Qb | 1| iy, =60 | BUDEOC0 _ 45 _ g5 25 | 25
2 | pij,, =55 45+55(2—1) _ 95
— 75(0—2)760(2—0) _ —30 i
Q% 1 Pijyy = 60 20 22'52 N - 4 96
_ —30455(2—1) _ 25 _
2| Piiw =5 25 3%4(51 1) P
_ +30(2—1) _ g1
3 Pije = 30 541 — 76
0 O | 1| iy, =75 | DUDEEU0 B 95 33.75(33.75
2 | pij,, =55 | ZH5C=0 — 3375
_ 50(1—2)+55(2—0) _ 60 _
2 | pij,, =30 | SH0CD 995
- 60(1—2)+75(2—0) _ 90 __
Gy | 2| of QF | 1| pij, =75 | R0 90— 39 36.25(36.25| 35
2 | pij,, =55 | 250D = 36.25
_ 60(1-2)+75(2—0) _ 90 _
_ + —-1) _
2 | pij, =55 | 2D = 35
Gs 0

We consider job shop problem J3/n = 2,a; < p; < b;/ > C; (see Example 3.1) with
the aim to illustrate the idea of constructing a solution to this problem mentioned in
Remark 3.9. The structural input data are given by mized graph G in Figure 3.1. The
numerical input data are given in Table 3.3. Obuviously, the set of all feasible digraphs
A(G) is identical for Cpae and Y- C;, and here we number these digraphs in non-decreasing
order of the values Y C; with the same initial vector p = (75,50, 40,60,55,30) as for
problem J3/n=2,a; < p; <b;/Cpnax considered in Chapter 3: L} < L < ... < L} (see
Figure 3.8). Using the modification of critical path method described at page 142, we can
simplify digraphs Gy, Ga,...,Gs, but for these numerical input data (see Table 3.3) the
corresponding digraphs GT, GE ... GE remain the same. It means that the number of
sets of representatives wi is equal to the number wy for each digraph Gy, k =1,2,...,5,
(see Table 3.9). We calculate the relative stability radius Ef(G)(p € T) for the optimal
digraph G1(p) presented in Figure 3.8.

First, due to Remark 3.7 we have to construct the set €3, for each digraph Gy, k =
2,3,4,5. To this end, we construct an auziliary Table 3.11, where for each combination of
the sets Qv =1,2, ..., wl and Q% u = 1,2,... 0l k = 2,3,4,5, we obtain the vector
p* according to formula (3.53) (see column 4) and check inequality (3.54) (see column 5).
As we made in Table 3.10, we combine the same calculations for each pair of sets Q3 and
03, Qf and Q7, Q3 and Q3. Since Q). C Qu, we do not perform such a calculation for the
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Table 3.11: Auxiliary information for construction sets .,k € {2,3,4,5}, for problem
TI3/n=2,a;<p;<b;/ 3 C;

G Qy Qy prerT S (>3 () o
neQy ey
1 2 3 4 5 6
Go ol o (75,90, 40, 60, 45, 20) 390 ¥ 410 Ol ¢ P
02,03 | (100, 90,40, 50, 45, 20) 440 > 410
9% (100, 90, 40, 50, 45, 20) 440 > 410
07,07 Ol (35,90, 40, 80, 45, 20) 400 > 330 192,09} € Q7 5
02,03 | (75,90,40,60, 45, 20) 375 ¥ 395
9%; (100, 90, 40, 50, 45, 20) 390 > 360
Q3 (o)) (75,50, 40, 60, 45, 20) 305 # 370 O3 4 0
02,03 | (100, 50,40, 50, 45, 20) 355 # 370
03 (100, 50, 40, 50, 45, 20) 355 > 320
{Qilv QI} Z Q1,2 {Q%v QI} g QT 2
Of Ol (35,90, 40, 80, 45, 20) 400 > 330 % & P
02,03 | (35,90,40,80,45,20) 400 > 375
9% (75,90, 40, 60, 45, 20) 360 # 380
QT Qo QAT L,
G3 ol ol (100, 90, 40, 50, 45, 30) 450 ¥ 450 Ol ¢ 05
02 (100, 90, 40, 50, 45, 20) 440 > 360
070 Qi (75,90, 40, 50, 45, 30) 375 #4425 {97,071 € 073
0% (100, 90, 40, 50, 45, 20) 390 > 360
O3 Qi (100, 50, 40, 50, 45, 30) 365 ¥ 410 03 4 s
03 (100, 50, 40, 50, 45, 20) 355 > 320
{Qlllv QI} /(; Ql,?) {91117 QZ} /(; QT,S
Qs Qi (35,90, 40, 60, 45, 30) 370 #4405 af & M3
0% (75,90, 40, 60, 45, 20) 360 # 380
AN ALY,
Gi| D¢y URAUN
{Qf7 Q?} g Q1,4 {Qf7 Q?} SZ Q>lk,élz
QT iy QT LT,
{Qilv QI} Z Q1,4 {Q%v QI} g QT 4
O QO (35,50, 40, 80, 45, 30) 330 # 365 S Z07,
aF Ol (35, 40, 40, 80, 55, 30) 325 # 355 LA
Gs|  {s}=0 | \ \ | {91:1=0 ]

sets i, which do not belong to the sets Qg k = 2,3,4,5, (see Table 3.10). So, it follows
from column 5 that there is no set of representatives %, v € {1,2,... ,wl}, such that
the inequality (3.54) holds for each set of representatives Q¥, uw € {1,2,...,w{}. Thus,

ie = 0 for each digraph G, € B = A(G) \ {G1}. Therefore, from Theorem 5.6 and
Theorem 3.7, it follows that @f(G) (p € T) =o0. (For the numerical input data presented
in Table 3.3, digraph G1 dominates all digraphs Gy € A(G) in the polytope T and remains
the best for all feasible vectors x € T of the processing times.) In such a case, we obtain

a single-element minimal solution AT (G) = {G1}.



3.5. CHARACTERIZATION OF A SOLUTION 163

To illustrate the case of formula (3.56) from Theorem 3.6, we give the following ex-
ample.

Example 3.3 We consider a similar job shop problem J3/n=2,a; <p;<b;/ > C; with the
same structural input data (see Figure 3.1), but with different numerical input data (see
Table 3.12). We do not simplify the digraphs G1, G, ..., G5 for the new numerical input
data, i.e., the corresponding digraphs GT,G% ..., GE have the same sets of representatives
{QV 1 uw=12... 0, wl =w, k=1,2,...,5}. For the same initial vector p =
(75,50, 40, 60, 55,30), we have the same optimal digraph G1(p) and all feasible digraphs
A(G) are numbered as for the above problem (see Figure 3.8). We calculate the relative

stability radius @?(G) (p € T) on the basis of Theorem 3.6.

Table 3.12: Numerical data for problem J3/n=2,a;<p;<b;/>.C;

i 1] 1] 1] 2] 27 2
j 1] 2] 3] 1] 2
a; | 35| 30[40[45][10] 15
by || 105 [ 100 | 75 | 85 | 65 | 50

For the combination of the numerical input data given in Table 3.12 we construct the
following sets:

QT,Z = {Q%v Q%? Qfl)u Q?},
QT,Z& = {Q%v Q%? Qfl)a Q?L
QTA = {Q?}7

Q5= 0.

It means that digraph G1 does not dominate digraphs Go,Gs, Gy in the polytope T and
due to Theorem 5.7, we have g (peT) # .

In Table 3.13 one can observe the calculation of the relative stability radius @?(G) (p e
T) for the wvector p = (75,50,40,60,55,30). Following Theorem 3.6, we must com-
pare digraph G with each digraph Gy, k = 2,3,4, for which %, # 0. Thus, we per-
form the calculations due to formulas (3.49) and (3.56) for each set QY € . (see
column 2) and each set Q2 (see column 3). For the sets U} in column 3, inequal-
ity YyequlP(v) = Li = 325 holds (see Table 3.9). Column 5 contains the values
Aiﬁj(QT,Q}i),ﬁ =0,1,...,NQ, Q)| — 1, defined by formula (3.47) (see page 149) for
each operation Oy € N(QU, Q) = {Uuequoar(p] = nij(Qy) # nii(€2)}. The order of
these values is defined by (3.48). The corresponding values Ng(A) are given in column 6.
Column &8 contains the value rov ov which is equal to the maximum of the values given in
column 7 for f=0,1,...|N(QV, Q9| — 1 (see formula (3.49)). The values

Ffl = min max ray o
Qe ue{l,2,..., wg},

p
ZUEQZ P)zLy
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Table 3.13: Calculation relative stability radius @f(G) (p € T) for problem J3/n=2,a; <

pi<bi/3C;
B
S o)=Y - A9 Na®
G| eQy.| Q|8 Ag(Q’f,QZ) N3 i hen o 5 mﬁax max rglvn
3 @) @) - Y INa(2)] L
0;;€Q7 a=0
1 2 3 |4 5 6 7 81910
Go| Qb (0] AF@L,Q)=0 | 0 | HO0B32-0_ 90 — 995 25 | 25 | 25
1| AP?@1,0)=15 1 | =15 =15 =95
2| AZ?Q1,Q)=45| 2 | 42 <
03, 03]0 A(;)Jl(Q%iQE):O 0 %%0_(;0: £ =125 12.5
; 2538?32:12 1 6015 _ g _ ﬁ 25
3 Ail(Qi’Qg) :30 1 42:%)0 _ E : .
3 1 - 4-1 — 3
4] AP, 0)=45] 2 | B2 <
Q3 [0] A7@Q1,9)=0 | 0 | BEE0_8 75 75
1| AYP@Lo)=15| 1 | 815 =45 =63
2| AY'QLQ)=15] 2 | =213
3| Ayt Q)=30] 2 | 15202 <
02,07 | Q) |0] AJ@Q3,Q)=0 | 0 | 40280520 _ 105 _ 75 18 | 25
S S R o et
21Q3.0)=25] 1 | 20=25 -6 - 1625
3| AyI@3.Q)=40] 1 | =10 =25 gl
4] APP@3,Q)=45] 2 | B2 <
03,030 A7Q3,99)=0 | 0 | 3B20=0_91-225 25
1| AP?@3,09)=15 1 | V=15 =T =95
2| AY?Q3.9)=45| 2 | °xE2
Q; |0 Aéjl@%gg%zo 0 jzogé%sf‘;o: B =125 12.5
o| bt b 1 | b ana
3| Allz ah—30| 1 | B _i5_5
4| APe@z ah—us| o | b2
4 1 — 3—2
QF | Qb 0] AF@S,Q)=0 | 0 | H0Z20=0_ 10 _ 35 15 | 25
1 AP?@S,Q)=15 1 | 1212 =105 —15
2| AD'QS, Q) =25 2 | 10522 35—
3| A5, QY =40 2 | 22402 <
03,030] AYQS,09)=0 | 0 [ 220010 175 18
1| AP@5, 09 =15 1 | 10515 =90 =13
2| AZ'@S,09=25| 1 | 2= =15 —-16.25
3| Ay1@S,09 =40 1 | 8402 gl
4] ATPQS,0)=45| 2 | B2 <
Q5 0] AF@F,99)=0 | 0 | EOER=0 - =225 25
1| AT @S, Q)=15] 1 | 2= =10 =25
2| AJ?@QS,Q)=45 2 | B°-%2 <
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Table 3.13 (continuation): Calculation relative stability radius @f(G)(p € T) for problem
TI3/n=2,a;<p;<b;i/ > C;

S o= - ZA” @, Q) Na@)
G| ey, | QF |8 Ag(Qlf,Q};) N3y vt nen 5 mgx max 1151210n
k 1
D (@) =ni @) = Y INa(B)]
0,;;€Q7 a=0
1 2 3 |4 5 6 7 819 [10
Gy| Qb | Qo] Aj@L,Q)=0 | 0 | 42558200 _ 105 _ 175 18.75(18.7518.75
1 A?i(@%,%’):m 2 ;Og 1;2 - 5 = 18.75
2| Ay (@1, Q=30 1 | B =2=15
3| AFP@Q1,Q)=45] 2 | £5122 <
Q3 |0 Aéﬂl(m,@:o 0 %%O—Z: Q=15 75
R S =
2| AYP@Q1, 09 =15 2 2 =1$=3
30 Ay'@QL,0)=30] 2 | 15=802 < ¢
01,07 | (0] AF@QF,Q)=0 | 0 | 2220=0=130_3 35 | 35
1| AP'@3,Q)=15 1 |120=15 =105 =35
2| A2(Q2,Q)=45| 2 | 105422 _ 5
Q3 |0 Aéﬂl@ﬁéag):o 0 7:0%;%5*20: 2 =125 125
1| AT (@3,0)=15| 1 r=92=12
2 A?i(@f,ﬁg):zm 1| 99=12 =48 =11.25
3 AT @3,09)=30] 1 | BB0_1_5
4] AYPQ2,0)=45| 2 | 157122 <
Q8 Qo Azlfl(sz?,sz;)l:o 0 7‘112212200—09? 5 :233.75 33.7533.75
1 A%’Q(Q?,QS):ZLO 1 0 = =313
2| AYTQS,Q)=45| 2 | BD2 =5
22 o Aéﬂ §Q?, MW)=0 | 0 Ziogg%o—irz N =225 25
1| AY?@Q$,09)=15| 1 | X=15 =T =95
2| AY@QS,09)=45| 2 | 122
Gi Q% | Qo Aéj 1(9?,9}1):0 0 | 4352290-0 _ 15 _ 36.25 40 | 40 | 40
1 AT @5, 0)=25| 1 | =22 =120=40
AY'Q§, Q) =40 2 | 120402 — 49

calculated according to (3.55) are given in column 10. As follows from Theorem 3.6, the
last step is to take the minimum value in column 10: @f(G)(p €T)=mn{rl, k=
2,3,4} =751 = 18.75.

As follows from Remark 3.9, we also construct an increasing sequence of relative sta-
bility radii 91 (p € T) = 73, = 18.75, o0 M@ (p e T) = 7,1 = 25, MM ¢
T) = 741 = 40, *f(G)\{G?”G%G“}(p € T) = 00 (see Figure 3.9) and a sequence of nested
sets of competitive digraphs Gy of digraph Gi: Ty = {Gs}, I's = {Ga}, I's = {G4},
for which dominance relation Gy =<r G} does not hold. We draw the projections of
the stability balls in Figure 3.9 for the same components pis and pao of the vector p
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D2,2,
100+
95 O
00 1 10(p)
80 +
Oas(p)

73.751
70 O1s.75(p)
65 + Z{
60 +
55 + D
50 +
40 +

36.25
30 +
20 +
15
10+

1 1 1 1 1 1 1 1 1 1
20 -10 0 10 20 30 40 50 60 70 80

-10—+

b13

Figure 3.9: Projections of the stability balls with the center p = (75, 50,40, 60,55,30) on
the plane for problem J3/n=2,a;<p;<b;/ > C;

Table 3.14: Optimal digraphs for problem J3/n=2,a; <p;<b;/ " C; with different initial

vectors p € T

Initial vector Objective function Optimal EQ(G) (pP € T) | Competitive
peT values > C; digraph G, digraph of Gy
1 2 3 i 5
p'=(75,95,40,60,10,30) | LL =365, L& =380, Gy D — 375 G
LY =410, L% =480,
LY =550
P]
p2 = (80,95, 40, 55, 10, 35) ng =380, L} =385, Gs oy =1.25 Gy
LP =425 IF =490,
2
LE =555
p*= (35,35, 50, 85, 10, 30) Lﬁj —315, Lg’i —3920, G, O — 1.5 Gy
LY =335, L% =340,
L2 =410
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as for problem J3/n =2,a; < p; < b;/Chaz from Example 3.1 in Section 3.1 (see Fig-
ure 3.4 and Figure 3.5). From Theorem 3.4 and Remark 3.9, it follows that the set
A(G) = {G1} U{UL T} = {G1} U{Gk : Gy Ar Gi} = {G1,G2,G3,G4} is a solution
of problem J3/n=2 a; <p; <b;/ > C;. Moreover, this solution is minimal since for each
digraph Gj, € N (Q), there exists a feasible vector for which this digraph is the unique
optimal one (see Table 3.14).

In the rest of this section, we prove a bound for relative stability radii o2 (p € T'), which
is analogous to the bound proven for relative stability radius gZ(p € T') for makespan
criterion (see Lemma 3.4 at page 136). This bound can considerably restrict the number
of feasible digraphs from set B which have to be considered while calculating of the relative
stability radius.

Redundant Digraphs for Calculating %(p € T')

To calculate the relative stability radius 92(p € T) of the optimal digraph G, we can
use the formulas (3.49) and (3.56) from Theorem 3.6. More exactly, one must compare

each set QY v = 1,2,...,w! of representatives of the family of sets (H!);.c;, with the

sets Q% u=1,2,...,w!, of representatives of the family of sets (H}).cs of each digraph
Gr € BC AG), k=1,2,...,|B|, k # s. The following bound, in which 72, is defined
by formula (3.55) at page 151, restricts the number of feasible digraphs Gy with which a
comparison of the optimal digraph G has to be done during the calculation of the relative

stability radius o7 (p € T)).
Lemma 3.8 If 9%(p € T) < oo and there exists a digraph Gy, € B such that

LY —I»
[ — (3.64)

ng—n

for some digraph G; € B, then it is not necessary to consider digraph G; during the
caleulation of relative stability radius o2 (p € T).

PROOF. To calculate relative stability radius 2(p € T') using Theorem 3.6, we have to
compare the optimal digraph G consecutively with each feasible digraph G;,7 # s, from
the set B. Let us compare the optimal digraph G with a feasible digraph Gy, t # k.
Digraph Gy, t # s, is a competitive digraph for G, if we can construct a vector T €
T that satisfies the condition (a*) at page 148, i.e., equality (3.39) holds: L? = L.
Moreover, for any given real ¢ > 0, which may be as small as desired, there must exist
a vector p¢ € T such that d(Z,p°) = e and inequality (3.40) L > LV is satisfied for
digraph G; (see condition (b*)). More precisely, we must construct a vector Z of the form

T =pTE) = (p1.1(TE), p12(FE), ..., Pun, (TE)) with the components p;;(F2) from the set
{pij» pij + min{TE b, — pi;}, pij — min{7E, p;; — a;;}} according to formula (3.46). Due

to condition (c*) (see page 148), the distance d(p,7) = d(p, p(TE)) = 72 must achieve

minimal value among the distances between the vector p and the other vectors in the
polytope T which satisfy both conditions (a*) and (b*).

We suppose that the conditions of Lemma 3.8 are satisfied, i.e., inequality (3.64) holds,
and the vector T = p(75,) satisfies both conditions (a*) and (b*). Then we show that the
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distance d(p, p(FE)) cannot become less than the distance d(p, p(72,)). Next, we show
that inequality 72, < 72 follows from condition (3.64). We have:

o b1
ks — ng—n
ZVGQ};* P(v) — Zpng* 1P(fe) 7,

_ 7
n(g—1)

where Q" u* € {1,2,...,wl'}, and Q¥ ,v* € {1,2,...,wT}, are critical sets for the di-
graphs G, and Gy, respectively. Since Yo, eqr () — ny(Q)| < n, we get the
following inequalities:

7 ZVEQ;‘* lp<l/) - Zung* lp(,u)
(Xo,eq7 Ini(27) — ni (7)) (g — 1)
2 ey P(v) — Doueqyt )
max ” o
uG{l,Q,...,th} ZOUEQ" |nij (Qt) — Ny (Qs )
Zueﬂy P(v) — ZMEQ;{ IP(1) _B

< min max ...
T QYeQs ue{lﬂ,...,th} EOijGQJ |7’LZ](Q?) — nU(Qg)\ - ts

Thus, the value 72 cannot become less than 72, and therefore digraph Gy need not to

be considered during the calculation of the relative stability radius o2 (p € T).
&

Note that bound (3.64) is tight. The above lemma directly implies the following
assertion.

Corollary 3.12 Let set B = {Gs=Gi,, Gy, ..., Gy } be sorted in non-decreasing order
of the objective function values Lj < Lp < ... < L} . If for the currently compared

iB|’
digraph G;, from the set B C A(G) inequality
—B < LZ - Lfl

r

; 3.65
1S — nq -n ( )
holds for digraph G;, € B with Lfk < L%, then it is possible to exclude the digraphs
Giy, Giggrs - - -5 Gipy, from further considerations during the calculation of relative stability

radius 02 (p € T).

PROOF. Since the set B C A(G) is sorted in non-decreasing order of the objective function
values and inequality (3.65) holds for digraph Gj,, inequality

PP
7B <7L” L,
is — ng—n

holds for each digraph Gy, j =t+1,t+2,...,|BJ, and due to Lemma 3.8, these digraphs
need not to be considered during the calculation of the relative stability radius.
&
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Using Corollary 3.12 we can compare the optimal digraph G5 = G;, consecutively with
the digraphs G;,, Gy, - . ., Gi 5, from set B in non-decreasing order of the objective function
values: Lf < Lf <...< LZBl. If for the currently compared digraph G = G, inequality
(3.64) holds, we can exclude digraphs G;,, G, ..., Giy,

Since 2,(p) = 2™ (p € RY%), Corollary 3.12 implies Corollary 3.13 which allows
to restrict the number of feasible digraphs while calculating stability radius o,(p) (see
Definition 1.2 at page 16).

from further considerations.

Corollary 3.13 Let set A(G) = {Gs = Gi,, G4y, ..., Gy} be sorted in non-decreasing
order of the objective function values: L} < L, < ... < Lj . If for the currently compared
digraph G;, from set A(G) = {Gs=G,,,Giy, ..., Gy ..., Giy, ..., Gy} inequality
Ly — LF,

q

_A(G)

T <

holds for digraph G;, € A(G) with Lj < L, then it is possible to evclude digraphs

1t
Gi,, Giys - -, Giy, from further considerations during the calculation of stability radius
0.(p)-

3.6 Algorithms for Problems J/a;<p;<b;/®

In this section, we focus on criterion Y C; but we indicate also the necessary changes for
criterion Cpq, as well. Using the above mathematical background, we propose first Algo-
rithm SOL_Y"C; for finding a solution A*(G) C A(G) with ‘relatively small’ cardinality.
As the input data for Algorithm SOL_}YC;, a set of schedules B C A(G), which is a
solution of problem J/a; <p; <b;/ > C;, and a vector p € T of the processing times are
used. This algorithm generates a covering of the polytope T (see Theorem 3.4) by nested
closed balls O, (p) with the common center p € T" and different radii  which are relative
stability radii 92 (p € T') of the same digraph G, but for different nested sets B.

Let set B C A(G) be a given solution to problem J /a; <p; <b;/ > C; (in the worst case,
the whole set A(G) of digraphs may be used as such an input set B). We also fix a vector
p € T of the processing times and number the digraphs of the set B = {G1,G»,...,Gp}
in non-decreasing order of the values of the objective function. An ‘expected’ vector of
the processing times (or a vector which has been considered in a previous calculation or
some other suitable vector from the polytope T') may be used as the input vector p in the
following algorithm (in square brackets we give the changes of this algorithm in the case
of criterion Cyuqz)-

Algorithm SOL_> C; [Algorithm SOL C,,..]

Input:  Fixed vector p = (p1,1,p1,2,- -+ Pnn,) €T, set B ={G1,Gs,...,Gp}
such that LY <IE<.. . < Lf Bl for criterion 3 C;
[such that F <8 <...< l‘pB‘ for criterion Cpaz]-

Output: Relative stability radius o7 (p € T) [0P(p € T)] of the optimal digraph
G and a solution A*(G).
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Step 1: Set k=2 and A = ().

Step 2: For digraph G} € B, test dominance relation G; <y G}, using Lemma 3.5
with the objective function ®¥ = LY [®} = 1}].

Step 3: IF Gy Ar G, THEN calculate 75, [F] using formulas (3.49) and (3.55)
[formula (3.26)] for the input vector p ELSE GOTO Step 5.

Step 4: Set A := AU {Gy}.

Step 5: Set k .=k + 1.
IF k < |B| THEN GOTO Step 2.
ELSE using Theorem 3.6 [Theorem 3.3 and Remark 3.6] calculate
P(peT)=min{rd : G1 Zr Gx} [08(p € T) = min{rf : G1 A7 Gi}]
and set A*(G) = AU{G,} STOP.

It is easy to see that the set A*(G) = {G},=1, G4y, - - . ,Gi‘A*(G”}, i1 <y < ...<ijax(c)s
generated by Algorithm SOL_Y"C; is a solution of problem 7 /a; <p; <b;/ > C;. Indeed,
the set A*(G) is a subset of the set B which is assumed to be a solution of problem
J/a; <p;<b;/ > C; and the set A*(G) includes digraph G and also each digraph Gy, 2 <
k < |B|, provided that dominance relation G; =<1 G}, does not hold.

Along with a solution A*(G), Algorithm SOL_3"C; calculates the value 72, for each
digraph Gy € B such that dominance relation G; <7 Gy does not hold (see Step 3). The
value T2, denotes the largest distance d(p, p’) such that inequality Llf/ > Lg is guaranteed
for each vector p’ € T of the processing times. Therefore, dominance relation G7 <r+ Gy,
holds for each polytope T* = T N O,(p) if r < 72/, and we have G| Z7r« G}, for the
polytope T* = T N O,(p) if r > 5. Let us put the digraphs in the set A*(G) in non-
decreasing order of the values 7: A*(G) = {G},21, G}, - .., Gj o ) }> Where 75, <78, <

<78 ;- Due to Theorem 3.6, it follows that gf’(p € T) = 77 ,. Similarly, for the

JIa%(G)
set B\ {G;,} we have the equality @f\{Gh}(p €T) =75

Jsls
1 .
equality @f\{u’“:2GJ’“}(p eT)=7r8

41 where 1 <1 < [A*(G)]. These values 77 will be used
in Algorithm MINSOL_Y" C; which follows. Moreover, they may be used in a realization
of the best schedule. Indeed, to realize a solution A*(G) (when values 75 are known),
we can start with digraph G which is optimal (or one of the optimal digraphs) for the
‘expected’ vector p € T of the processing times. If we will get additional information
about the error r of the processing times p;;, we can use r for a suitable modification of
the schedule which is currently realized. To this end, we select ?ﬁl such that inequalities
Tﬁl <r< ?54—11 hold, and we can find a better digraph in the set U._,G;, which may be
realized further instead of the initial digraph G. It is practically important that, if the
possible error of the given processing times is no more than r, we have the guarantee that
the set U,_,G;, contains at least one optimal digraph.

Note that solution A*(G) generated by Algorithm SOL_Y" C; may be not minimal. To

and in general, we have the
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exclude redundant digraphs, we can test the dominance relation <t between the digraphs
from the set A*(G)\ {Gi,=1} which may be done as follows. First, we exclude all digraphs
Gi,, 2 < k <|A*(G)|, from the set A*(G) for which dominance relation G;, <7 G;, holds.
To this end, we repeat Algorithm SOL_Y C; with the set A*(G) \ {G;,=1} being used
instead of set B. Then, similarly, we can exclude all digraphs from the solution which
are dominated by digraph G;, and so on. After no more than |A*(G)| — 2 repetitions
of Algorithm SOL_Y"C; we can remove all redundant digraphs (or an essential part of
the redundant digraphs) from the set A*(G). As a result we often get minimal solution
AT(@). Next, we give a formal algorithm for finding a minimal solution on the basis of the
above repetitions of Algorithm SOL_Y"C; (see Step 3) and the verification of the strong
dominance relation (see Step 5). We set A" = A*(G) \ {Gi,=1} = {Gi, Gigs -, Gippui
where A*(G) is obtained by Algorithm SOL_Y" C; provided that inequalities L} < L% <
o £ Ly gy hold.

Algorithm MINSOL_> C; [Algorithm MINSOL C,,..]

Input: Set A/ = A*(G) \ {Gilzl} = {GiQ, Gi3, ceey Gi\A*(G)\}’
Output: Minimal solution AT(G).

Step 1: Set AT(G) = {G;,=1}.

Step 2: Set B = A’ and change the subscripts of the digraphs as follows:
Gy =G, 1 <u<|N|-1,1ie, in the following Steps 3 and 4 the
ordered set (Gi,, Gy, . . ., Glarj41) Will be referred to as the ordered
set (Gl, Gg, ey G|A/‘).

Step 3: Implement Algorithm SOL_YC; [Algorithm SOL_C,,.,] with input set
B ={G1,Gs,...,Gp} defined in Step 2 and with the same vector p.

Step 4: Set A := A\ {G1} and AT(G) := AT(G)U{G.}.
IF |[A'| > 2 THEN GOTO Step 2 ELSE GOTO Step 5.

Step 5: FOR each digraph G, € AT(G) DO
BEGIN
Calculate vector pt®) € T such that strong dominance relation
Gy <, Gy holds for each digraph Gy, € AT(G) \ {G,}.
IF there does not exist such a vector p® € T
THEN set AT(G) := AT(G) \ {G,}
END STOP.

Obviously, solution AT(G) generated by Algorithm MINSOL_Y" C; satisfies the con-
ditions of Theorem 3.5 and hence this solution is minimal. However, Step 5 may
be rather complicated, at least it needs to be discussed in more detail. As the de-
sired vector p®) for digraph G, we can test the vector py;(r) calculated by formula
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(3.46) in Algorithm SOL_Y"C;, where r = 75, + ¢ with € being a small positive real
number. This vector will be either sufficient for Step 5 or not. In the latter case,
i.e., when for the vector p® the strong dominance relation G =<y Gp does not
hold for at least one digraph Gy € AT(G) \ {G,}, the realization of Step 5 in Algo-
rithm MINSOL_Y" C; may be more sophisticated. In our experiments (see Chapter 5)
we test Algorithm MINSOL*_ > C; (Algorithm M INSOL* C,,q4.) which consists of Steps
1 -4 of the above Algorithm MINSOL_Y" C; (Algorithm MINSOL_C,,4,). If for the solu-
tion AT(G) = A*(G) generated by Algorithm MINSOL*_Y" C; the inequality |A*(G)] < 2
holds, then set A*(G) obviously satisfies the conditions of Theorem 3.5 and therefore this
solution is minimal. If |[A*(G)| > 2, solution A*(G) may be not minimal. Indeed, even if
A (G) = {G1, Gy, G3}, Algorithm MINSOL*_Y" C; only guarantees that no digraph from
the set A*(G) dominates another digraph from the set A*(G). However, it might be that
two digraphs ‘jointly dominate’ the remaining one which is not recognized by Algorithm
MINSOL*_>"C;. Nevertheless, Algorithm MINSOL*_Y" C; often constructs a minimal
solution even if |[AT(G)| > 2. Indeed, it is easy to see that, if a schedule is the unique
optimal schedule in the interior of its stability region, then dominance relation <p implies
the strong dominance relation <p (except points at the boundary of the stability region,
where an optimal schedule usually is not unique). Fortunately, as it was shown in [SSW97]
by computational experiments, a mean flow time optimal schedule is uniquely determined
for most job shop problems provided that the processing times are non-negative real num-
bers (not necessarily integers as it is often assumed in classical scheduling theory), and
thus, due to the test of the dominance relation <p, Algorithm MINSOL*_>" C; usually
constructs a minimal solution.

Next, we present three algorithms for constructing a solution B (for any regular crite-
rion ®) used as input set in Algorithm SOL_Y" C; (Algorithm SOL_C,,4). The first one
(called Algorithm EX PL) is based on an explicit enumeration of all semiactive schedules
for the case of a classical job shop problem. The other two algorithms (called B&B1 and
B&B2) are of the branch-and-bound type and may be used for the job shop problem
J/a; <p; <b;/® with uncertain numerical input data and any regular criterion.

Algorithm FXPL

Input: Polytope T, a weighted mixed graph G(p) = (Q(p), A, E),p € T.
Output: Optimal digraph G,(p), a set B = {GT,GY ... ,G|7;3|} C A(G).

Step 1:  Generate all feasible digraphs A(G) = {G1, Gy, ..., G,\} by an explicit
enumeration of the permutations of the operations Q) for k =1,2,...,m,

and by testing whether the generated digraph has a circuit.

Step 2: Calculate the values ®¢, ®% and ®% for each digraph Gy, k=1,2,..., ),
and transform each digraph G}, into digraph GT.

Step 8:  Find a digraph GT such that ®% = min{®% : Gy € A(G)}.

Step 4:  Set B={GT : G, € A(G), ®* > ®¢} STOP.
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As follows from Lemma 3.5, the set A(G) \ B contains only digraphs Gy such that
dominance relation G <7 GT holds (see Step 4 of Algorithm EXPL), and Algorithm
EXPL excludes only such digraphs from the set A(G). To present branch-and-bound
algorithms, we need the following preliminary arguments.

Both branch-and-bound algorithms realize an implicit enumeration scheme which may
be represented by a branching tree. Each vertex of this tree is a mixed graph G =
(Q, Ay, Es)) with A C A,y and E() C E. The root of the tree is a mixed graph G' = Gy,
and a pair G, and G is connected by the arc (G(s),G)) if and only if the mixed
graph G is obtained directly from the mixed graph G, by orientating one edge. In
both branch-and-bound algorithms under consideration, an edge is oriented only if it is
a conflict one, i.e., when both orientations of this edge imply a conflict with previously
calculated earliest start times. Next, we give a formal definition of a conflict edge. For a
mixed graph G5y = (Q, A(s), E(s)) with [O;5, Oy € E(s), let us define the following three
digraphs:

Gy = (Q, A, ),

Gs” = (Q7 A(s) U {(Ouva Oij)}7 (Z))

Definition 3.7 An edge [O;;, O] € E(s) of the mized graph G ) is called a conflict edge,
if there exists a vector p € T' such that the following inequalities (3.67) and (3.68) hold:

5 (Ow) < 18(Ouy), (3.67)
lgo (Oz]> < l?’/(023> (368)

Obviously, if inequalities (3.67) and (3.68) hold, then each orientation of the edge
[Oij, O] implies an increase of the value 1%, (0,,) or the value #,(0;;). To verify whether
an edge is a conflict one, we can use the following necessary conditions.

Lemma 3.9 An edge [O;5, Oy € Es) is not a conflict edge if one of the following in-
equalities (3.69) or (3.70) holds:

% (Ouw) > 10(Oij) + by, (3.69)
?0 (Ol]) > lgo (Ouv) + buv‘ (370)

PROOF. Tt is easy to see that inequality (3.67) may hold only if the maximal path ending
in vertex O, includes the arc (O;;, Oy,), i.e., if

l9(Ow) = Eo(Oy) + pij- (3.71)
Similarly, inequality (3.68) may hold only if
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First, suppose that inequality (3.69) holds. For any vector p € T, we have £,(O,,) >

% (Oup) > 1%(0i5) + bij > 1%(0y5) + pij. Taking into account (3.71), we conclude that
inequality ) (Ouy) > 1%/(Ouy) holds which means that edge [O;;, Oy,] is not a conflict one.
Now, suppose that inequality (3.70) holds. For any vector p € T', we have 1%, (0;;) >
%(045) > 1%(Oup) + buy > 18(Ouy) + pup. Taking into account (3.72), we conclude that
1nequahty ls (0i5) > 1%,(0;;) holds which means that edge [O;;, Oy,| is not a conflict one.
<&

For each edge [0;, Oy € E(s), one can calculate a conflict measure as follows:
min{max{0, % (0y) + pij — lfo(Ow)}, max{0, & (Ouy) + puv — 1(0i;)}},

where l_f 0(0;;) denotes the latest start time of operation O, i.e., the difference between
the weight of the critical path p in digraph Gy and the maximal weight of the path in
Go starting from vertex O;;:

l§<02] —lp Z Puv,

Ouv€lV]

where path v has the maximal weight among all paths in digraph G starting from O;;
and ending in vertex Oy, J; € J. The conflict measure gives the smallest possible increase
of the earliest start time of the operation due to the orientation of this edge (e.g., for a
non-conflict edge this measure is equal to zero). So, in order to branch a set A(G(y)) into
two subsets A(G(y)) and A(G(sr)), where

Gy = (@, A UL(O4, O}y Es) \ {[O,-j,om]}) and
Gy = (Qs Ags) U{[Ou, Oisl}s Ers) \ {045, Ol }),

we select the edge [0;;, Oy, which has the largest value of the conflict measure. We
use the following lower bound in both branch-and-bound algorithms. For any digraph
G =(Q,A;) UALD) € A(Gy)), the bound

n

S B(Om) 2 3 1 (Oin) (3.73)

=1

is valid since the set of arcs in the digraph Gyo = (Q, A(),0) is a subset of the arcs
in digraph G;. Note that, if digraph G5 has no conflict edge, there exists a digraph
Gy € A(G(s)) such that condition (3.73) is realized as equality. To construct such a
digraph, we have to replace each remaining edge [O;;, Oy € Es by the arc (O, Ouy)
if inequality (3.69) holds, or by the arc (O, O;;) if inequality (3.70) holds. Obviously,
for each p;; and py, with a;; < pi; < by and ayy < puy < byy, all operations in the
resulting digraph will have the same earliest start times as in the digraph G . We use
the latter as a stopping rule for branching the set A(G,)). Next, we present an algorithm
for constructing a set of k schedules which are the best for the input vector p € T of
the processing times and which will be used as the input set B in Algorithm SOL_Y"C;
or Algorithm SOL_C,,,. depending on the chosen objective function values 2 = L? and
&P = [P respectively.
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Algorithm B&B1

Input: Polytope T', weighted mixed graph G(p) = (Q(p), A, E),pe T,
number k of the best generated digraphs.
Output: Optimal digraph G(p), set B = {G1,Ga,...,Gr} € A(G).

Step 1: Set X ={G}:={Gun}, Y =0 and & = oo.

Step 2: IF X = () THEN GOTO Step 8;
ELSE select a mixed graph G(,) € X with the smallest value (bg , and
set X := X\ {Gy}.

Step 3: IF mixed graph Gy has no conflict edge THEN GOTO Step 6.

Step 4:  Select conflict edge [O;;, O] € E(s) with the largest conflict measure.

Step 5: IF ®, < ® THEN sct X := X U {G(};
IF &, < ® THEN sct X := X U {G (s} GOTO Step 2

Step 6: IF |Y| <k THEN set Y :=Y U{G)} GOTO Step 2;
ELSE IF ¢, < & (where & = ) THEN set Y :=Y U{G»} \ {G}-

Step 7:  Calculate ® = max{®} : G € Y} GOTO Step 2.
Step 8:  Construct set A(G(y)) for each mixed graph G € Y.
Step 9: Select subset B of k best digraphs from set Ug , ey A(G())-

Step 10: Calculate ®* = min{®® : G, € B} and set B := B\ {G; : ®¢ > &*}
STOP.

In Algorithm B& B1, the lower bound for the objective function is calculated in Step 7,
branching is realized in Step 5, and the stopping rule of branching is realized in Step 3.
Step 6 has a special form in order to construct the k best schedules (instead of only one
optimal schedule). Steps 8 and 9 are also necessary only if k£ > 1. Indeed, if £ = 1, then
it is sufficient to consider only one best schedule from the set A(G(y)), and for any mixed
graph Gy = (Q, As), E(s)), the set A(G(s)) has at least one best schedule G, € A(Gy))
for which ®” reaches the minimal possible value ®2, where Gy = (Q, A(y),0) (condition
(3.73) turns into an equality). But, if £ > 1, we have to generate also other schedules from
the set A(G(s)). Unfortunately, we cannot use Algorithm EX PL for a fast generation of
the set A(G(s)) because the edges of the set '\ E(,) are already oriented. Step 8 realizes
a procedure based on the sequential orientation of non-conflict edges, which is essentially
slower than the permutation enumeration used in Algorithm EX PL.

Using sufficiency of Lemma 3.5, Algorithm B& B2 aims to construct a set of schedules
which necessarily dominate all other schedules from the set A(G) in the polytope T'. Steps
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1-5 and Steps 8-10 in Algorithm B& B2 are similar to those in Algorithm B&B1. So, in
the following we describe only Steps 6 and 7 of Algorithm B& B2, which are different from
those in Algorithm B& B1.

Algorithm B&B2 (specific part)

Step 6: TF &% < & THEN set Y := Y U {Gy}.

Step 7: Calculate ® = min{®, : G € Y} GOTO Step 2.

In Section 5.4, we present computational results for randomly generated classical job
shop problems solved by the above algorithms coded in Fortran-77.

Example 3.2 (continued). As it was noted, the solution A*(G) and the minimal solution
AT(Q) of the scheduling problem with uncertain processing times may be not unique. From
Remark 3.5 it follows that fizing the vector p € T' and the choice of an optimal digraph
Gs(p) have a large influence on the resulting solution for criterion Cpq,. For the job shop
problem J3/n=3,a; <p; <b;/ > C; from Example 3.2, we find a solution set A*(G) with
different initial real vectors p € T (see column 1 in Table 3.15) the components of which
are taken from the closed intervals [a;j, bi;] (vectors a and b are given in Table 3.7). The
three algorithms EX PL, B&B1 and B& B2 construct the same set B = {G1,Gs,...,G12}
for Example 3.2 as it was constructed with the initial vector p° (see page 143), but the
digraphs from the set B form another order according to non-decreasing mean flow time
objective functions values with different feasible vectors (see column 3 in Table 3.15). We
calculate the following sums of job completion times with the initial vectors p*,p?,...,p°
from Table 3.15 (to avoid a confusion, we leave the same subscript of the digraphs indi-
cating the location according to non-decreasing values of the function > C; calculated with
the vector p° (see page 143)):

[F = 482,15 = 486,15 = 486,15 = 512,I% = 516,15 = 536,I% = 566, L] —
596, L = 636, LY, = 666, LY, = 676, LY, = 636;

2 2 2 2 2 2 2 2
LY = 450, LY = 470,L% = 470,L§ = 500,L% = 500,L} = 520,L% = 550,Lf =
580, L% = 580, LY = 630, LY, = 650, LY = 660;

3 3 3 3 3 3 3 3
LY = 455 L% = 460,LF = 505, L% = 510,L} = 515,LF = 520,L% = 520,L5 =
555, L% = 570, L¥ = 575, LY, = 635, LY, = 645;
¥ = 365,18 = 370,15 = 395,18 = 415, I = 420,I% = 435,[F = 435,IF =
445, L8 = 450, L¥ = 485, ¥, = 495, LY, = 505;

L¥ = 438,IF = 460,L = 4975 1% = 502.5,LF = 510,LF = 5325, I8 =
538.5, LL = 547.5, 15 = 560, L5, = 612.5, L¥) = 617.5, L}, = 627.5;

¥ = 510,15 = 550, L = 590,L = 600, L = 600,L5 = 630,L% = 630,15 =
660, L = 670, LY = 740, LY = 740, LX; = 750;

7 7 7 7 7 7 7 7
LY = 460, L% = 515, L% = 520,L5 = 520,LF = 550,L% = 560,L5 = 580,Lf =
585, L%y = 635, L = 640, L, = 660, LY, = 670;

8 8 8 8 8 8 8 8
LY =497 L% = 497, L7 = 498 LY = 527, L5 = 528 LI = 558 L% = 578 L =
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Table 3.15: Solution of problem J3/n =3,a; < p; <b;/>.C; for different initial vectors

peT
Initial vector G, Set B G, Gs A7 Gy Ths
pPerT
1 2 3 4 5
p1=(60,20,46, [ G5 | B={G5,Go,G1,Gy,G3, Gy, Gi 0¥ (p'eT) =775 =05
30, 70, 80, 50, 30) Gr,Ge, Gs, G2, G11, Gio}
G 755 = 0.6667
Gs T, =5.6667
Gy TPy = 7.7143
s 5, = 12.3333
Gs TP, =12.8333
Gy 7B, =14
G1o FJ1%.5 =19
Solution: A*(G) = {G1,Ga,G3,G4, G5, Gg,Gs, G7,G1o}

Minimal solution: AT(G) = {G1, G2, G5}

»2 = (60, 20, 50,
30, 50, 80, 50, 30)

Gy | B={G2,G1,G5,Gy,G3,Gy, G1 25 (PP eT) =77, = 3.3333
G77 G67 G87 Gl(]7 G127 Gll}
Gs 78, =15
Gy 75, = 16.6667
Gs 7L, = 16.6667
G 75, =20
Solution: A*(G) = {G1, Gz, G4, G5, G7, G} '

Minimal solution: AT(G) = {G1,G>, G5}

= (80, 20, 50,
10, 65, 60, 45, 35)

Go

B:{G27 Gla G57 G3a G4a G77
GS) Gg? G67 GlOa Glla G12}

FPPeT) =77, =1

TE, =11
Tig =15
F§2 =18.3333
7P, =20

Solution: A*(G) = {Gl, GQ, G4, G5, G7, Gg}
Minimal solution: AT(G) = {G1, G2, G5}

p*= (60, 20, 45,
10,50, 60, 30, 30)

G

B:{Gla G27 G37 G4; G5a G67
Gs,Gr,G9, G0, G11, G2}

P eT) =75, =1.25

75, =18.3333

Solution: A*(G) = {G1,G2,G5}

Minimal solution: AT(G) = {G1, G2, G5}

»° = (70, 30, 52.5,
20, 60, 70, 40, 35)

G1

B:{G17 G2a G37 G4a G5a G67
G7) GS? G97 GlOa Glla G12}

Go

Gs

(P eT) =75, =25

7B, =9.2857

Solution: A*(G) = {G1,G2,G5}

Minimal solution: AT(G) = {G1, G2, G5}

%= (80, 40, 60,
30, 70, 80, 50, 40)

G1

B:{Gla G27 G4a G5; G3a Gﬁv
G77 G87 G97 G117 GlOa Gl?}

G2

Gs

o’ (P eT) =77, =8

7P, =18.75

Solution: A*(G) = {Gl, GQ, G5}

Minimal solution: AT(G) = {G1,G>, G5}

»7= (80, 40, 60,
30,65, 60, 30, 35)

Gy

B:{G17 G4a G77 G2a G5a G87
G3) Gﬁa G107 GQ, Glla G12}

Go

Gs

P EeT) =75, =12

78, =19.2857

Solution: A*(G) = {G1,G2,G5}
Minimal solution: AT(G) = {G1, G2, G5}
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Table 3.15 (continuation): Solution of problem J3/n=3,a; <p;<b;/ > C; for different initial

vectors p € T

Initial vector Gy Set B G, Gs A1 Gy FkBS
pPeT
1 2 3 4 5
p8=(60,20,49, G B:{GQ,G57G1,G9,G3,G4, G5 @g(pSET) ZFEQ =0
30, 69, 80, 50, 40) G7,Gs,Gs, G12, G0, G11} '
Gy 7B, = 0.1667
Gy Thy =15
Gy 78, = 17.0909
Gr T7 9 = 20
Solution: A*(G) = {Gl, Gz, G4, G5, G7, Gg}
Minimal solution: AT(G) = {Gy, G2, G5}
Gs | B={G5,G2,G1,Gy,G3,Gy, Go F(PPeT) =T55=0
G7,Gs,Gs, G12,G10,G11}
G 78, =0.125
G 7Hy = 5.1667
G4 7B, = 7.6250
Gg Tes = 12
Gs 705 = 12.5455
Gy T7s =14
Gio 7575 =18.8

Solution: A*(G) = {G1,G2, G3,G4,G5,Gs,G7,Gs, Gio}

7= (60, 20, 50,
30, 70, 80, 50, 30)

Minimal solution: AT(G) = {G1, G2, G5}
Gy B:{Gl,G27G5,G9,G3,G4, Gs @?(pQET) :751 =0
Gr,Ge,Gs,G12,G11,Gro}
Gs 72, =0
Solution: A*(G) = {G1,G2,G5}
Minimal solution: AT(G) = {G1, G2, G5}
G B:{GQ,G17G5,GQ,G3,G47 G @g(pQGT) :FﬁQ =0
G7a G67 G87 G127 Glla Glo}
Gs F?Q =0
Gy Tyog = 15
Gs 7D, = 17.2727
Gy 72, =20
Solution: A*(G) = {Gl, GQ, G4, G5, G7, Gg}
Minimal solution: AT(G) = {G1, G2, G5}
Gs | B={G5,G1,G2,Gy,G3,Gy, G1 25 (p°eT) =715 =0
Gr,Gs,Gs, G12,G11,G1o} i
Go Ty =
Gy 755 =5
G4 s = 7.1429
G TE. =12
Gs 7B, =12.7273
Gr Th, =14
Gio ?1075 =19

Solution: A*(G) = {G1,G2,G4,G5,Ge,G7,Gs, Gy, G1o}

Minimal solution: A”(G) = {G1, G2, G5}

618, L = 646, LP, = 698, LV, = 706, LV, =

708;

L7 = 490,18 = 490, = 490, L8 = 520, L%

9
= 520, L%

— 540,18 = 570,15 =



3.6. ALGORITHMS FOR PROBLEMS [J/A; < P;<B;/® 179

600, L = 640, L¥) = 670, LY = 680, LY’ = 690.

First, we construct a solution AN*(G) by Algorithm SOL_YC;, and then a minimal
solution AT(G) by Algorithm MINSOL*_YC;. In column 2 of Table 3.15, we give the
chosen optimal digraph Gs(p’) for the fized vector p?. Set B := B\{Gs} ordered according
to non-decreasing values LP' ;u € {1,2,...,|B|}, is presented in column 4. For digraph
G € B, we test the dominance relation G4 <r Gy using Lemma 3.5 with the objective
function values ®2 = LP (see Step 2 of Algorithm SOL_Y"C;). For all digraphs Gy with
Gs A1 Gy (see column /), we calculate the value T2, using formulas (3.49) and (3.55)
from Theorem 3.6 for the input vector p’. Column & presents a non-decreasing order of
the values T, calculated according to (3.55).

Due to Theorem 3.6, it follows that the minimal value of T2, is equal to the relative
stability radius 95 (p’ € T). An optimal digraph G, and all digraphs Gy, for which the
dominance relation G5 < Gy does not hold, form the solution A*(G) of the scheduling
problem J3/n=3,a;,<p;<b;/ > C;.

As we see, a choice of the initial vector p € T gives different solution sets. The best
choice of such a feasible vector is still an open question. We fix, for example, the vector p*
(1°) equal to the given lower bound a (upper bound b, respectively) of the feasible polytope
T (see Table 3.7), and the vector p® with components p;; = 3(bij — a;;). Such a choice
gives the following solution set A*(G) = AT(G) = {G1,G4,Gs}. Note that there is no
minimal solution set with a smaller cardinality than AT(G) = {G1, G, Gs}. Moreover,
each of the digraphs G1,Gs and G5 is the unique optimal one for some vector p € T, i.e.,
for example, the following strong dominance relations hold:

Gi =< G, G e AMG)\{G1},
Go =p2 Gk, G € A(G) \ {Gg}, and
Gs < G, G € A(G)\{G5} (see column 3 of Table 3.15).

It means that there is no proper subset of the set {Gy,Gs, G5} which is a solution of
problem J3/n=3,a;<p;<b;/ > C; and so the solution N*(G) = {G1, G2, G5} is minimal
in the sense of inclusion and in the sense of cardinality equal to 3. As we see, our developed
Algorithm SOL_Y" C; may construct some redundant schedules, which are not necessarily
in a minimal solution set AT(G) of problem J/a; <p;<b;/ > C;.

As it was noted, for the scheduling problem with the makespan criterion (see Re-
mark 3.5) not only fizing the initial vector p € T has a large influence on the resulting
solution, but also the choice of an optimal digraph Gy for the further calculations, if it is
not uniquely determined. For the vectors p® and p°, the optimal schedule is not unique.
For example, there are two optimal digraphs Ga(p®) and Gs(p®) for the vector p®, there-
fore we run Algorithm SOL_Y C; twice. First, we order digraphs in the set B as follows
{Gs, G5, G, Gy, Gs, Gy, G7, G, Gg, G2, G109, G11} and we make all calculations according
to Algorithm SOL_Y C; for the first digraph Gy in the set B. Secondly, we order digraphs
in the set B as follows {G5, Ga, G1, Gy, G3, Gy, G7, Gg, Gs, G2, G19, G11} and we make all
calculations for the first digraph Gs. Thus in the first case, solution A*(G) consists of
six schedules since there are five digraphs Gy, for which the dominance relation Gy <7 Gy,
does not hold. In the second case, the solution A*(G) consists of nine schedules since there
are eight digraphs Gy, G5 Ar Gi. Since there are three optimal digraphs for the vector
p? at all, the corresponding cardinalities of the obtained solutions A*(G) are 3, 6 and 9,
respectively (see Table 3.15).
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As we see from Table 3.15, the covering of the polytope T" by the minimal number of
stability balls (cardinality-minimal covering) is an interesting question. The cardinality-
minimal covering seems to be a more difficult problem than an inclusion-minimal covering.
However, this dissertation deals only with the investigation of inclusion-minimal coverings.
At least we do not know a practicable algorithm for constructing a cardinality-minimal
covering of polytope T'.

3.7 Comments and References

The following lemma which was proven in [STW98, LSSW97|. The proof of such a lower
bound for gZ(p € T) can be found in [LSSW97]. for calculating g,(p) = 2@ (p € R%)
were given in [Sot91b]. In the computational experiments discussed in [SSWI7| (see
Section 5.1), a direct enumeration has been used for |E| < 30.

In [SSW97], a bound of the stability radius was used to restrict the number of digraphs
considered for calculating the stability radius (these results are given in Section 2.4). The
main results presented in this chapter have been published in [LSSW97, SSW97].

The results which are proven in this chapter have been published in [LSSW98, Sot99b,
Sot99¢, SW00].

In [Sot99b, SW00], an approach for dealing with ‘strict uncertainty’ based on a stability
analysis of an optimal semiactive schedule was generalized for an uncertain job shop
problem with any given regular criterion ®.

Necessary and sufficient conditions for a solution of problem 7 /a; <p; <b;/ > C; have
been derived in [LSSW9S].

Theorem 3.4 implies the following corollary from [LSSWO98] which characterizes a
single-element solution of problem J/a; < p; < b;/®, which is necessarily a minimal
solution.

A similar theorem formulated for problem J/a; < p; < b;/> C; has been proven in
[LSSW9S].

Similar theorems and the above lemma formulated for the special case of problem
J/a; <p;<b;/ > C; have been proven in [LSSW9S].

To present necessary and sufficient conditions for g2 (p € T') = 0, we need the following
auxiliary lemma proven in [BSW96]. Let Q denote the set {Q) : v =1,2,...,wy}.

Since the optimality of a schedule s depends on the critical path in the digraph G,
we focused on the set of paths in digraph G¢ which may be critical (see Lemma 3.3 and
Theorem 3.1). To restrict the set of paths which may be critical, one can use a dominance
relation for the set of paths reduced in Section ?? (see Definition 1.3). Although this
relation is based only on the structural input data, its use may considerably reduce the set
of paths which may be critical. To deal with problem G/a; <p; <b;/Cpas in Section 3.2,
we generalized the dominance relation (see Definition 3.3) due to the numerical input
data as well. On the basis of this dominance relation, we presented a characterization
of a zero relative stability radius (Theorem 3.1) and an infinite relative stability radius
(Theorem 3.2). In Section 3.3, we have given a formula for calculating the exact value
of the relative stability radius (Theorem 3.3). These results may be considered as a
mathematical background for developing algorithms for solving problem G/a; < p; <

bi /Cma:c .
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This approach seems to be particularly useful when the structural input data are
fixed before applying a scheduling algorithm but the numerical input data are uncertain,
especially when a lot of scheduling problems with the same (or close) structural input
data have to be solved.

In Section 3.4, we have defined a solution of job shop problems with uncertain pro-
cessing times. The network presentation of the structural input data (precedence and
capacity constraints) and a minimal solution have been discussed in Section 3.4, where
the decision process is presented as the construction of a set of schedules (digraphs) which
dominate other schedules. To solve problem J/a; < p; <b;/ > C;, we developed an ap-
proach for calculating the relative stability radius. Theorem 3.6 generalized the results
from [BSW96], where the stability radius 92 (p € T) was investigated for the special case
when B = A(G) and the whole space R% being used instead of the polytope T. The-
orem 3.8 (Theorem 3.7) provides necessary and sufficient conditions for a zero (for an
infinitely large, respectively) relative stability radius.

In Sections ?? and ??, upper bounds for the relative stability radii g%(p € T') and
08(p € T) have been used to restrict the number of digraphs compared with an optimal
digraph for calculating the relative stability radius. These bounds have been derived for
0s(p) and g,(p) in [SSWI7] and will be used in Chapter 5.

Note that in this dissertation the term ‘time’ is used in three different senses: namely,
as the time for processing an operation, as the time for decision-making, and as the time
for running an algorithm. We hope that these different uses of the same word do not
cause any confusion.

Table 7?7 combines the main notations used in this chapter for the general shop prob-
lem. The common notations for job shop and general shop problems are given in Table 5.11
at page 286.



182 CHAPTER 3. GENERAL AND JOB SHOPS WITH UNCERTAIN PROCESSING TIMES

Table 3.16: Notations for the job shop problem with uncertain processing times

’ Symbols Description
Oik Operation of job J; € J processed by machine M;, € M at stage
k€ {1,2,...,n;} of the technological route (M;,, My, ..., M, )
Oin, Last operation of job J; € J, 1 <i<n
Q7 Set of all operations for processing jobs J; € J:
QJ = U;ﬂle‘]i = {Q” s Jied )= 1,2,...7’[%}
Qi Set of all operations which has to be processed by machine
My eM: Q= Q! and QI nQ/ =0ifk#1
(M;,, My, ..., M;, ) Technological route for processing job .J; € J in a job shop
(My, My, ..., M) Technological route for processing job J; € J in a flow shop
(0i1,049,...,0in,) Ordered set of operations for processing job J; € J
M;, Machine from set M which has to process operation O;
Sij Start time of operation Oy
Cij Completion time of operation O;;
Dij Processing time of operation O;;
aij Lower bound for the processing time of operation O;;
bi; Upper bound for the processing time of operation O;;
2(0i5) Earliest start time of operation O;; in digraph Gy,
Ly Critical sum of weights for digraph Gj(p) :
Li = MaXye{1,...,wr} Zyeﬂ’g lp(l/)
(Q7, A7, EY) Mixed graph defining the structural input data
QF Set of representatives of the family of sets (Hy); ;
Wi Number of different sets of representatives for digraph Gy, :
wn = [T |Hj|
Qp Set of all sets of representatives for digraph Gy : {Q} : v =1,2,...,ws}
wi Number of different sets of representatives for Gf : wl =[]\, |H}.(T)|
1 () Number of copies of operation O;; contained in multiset {[v] : v € Q}}
oy Critical set of digraph Gi(p) € A(G), u* € {1,2,...,w}
Qi (p) Set of all critical sets Q" of digraph G}, € A(G) with p € R%
Qg Family of sets of representatives QV, v € {1,2,...,wy}, such
that there does not exist a set Qf with n,;;(2Y) < n;;(2Y)
foreachi=1,2,...,nand each j =1,2,...,n;
Q. Set of all sets of representatives QY, v € {1,2,...,wl},
such that for the vector p* € T defined by formula (3.53)
inequality ZMEQ? (1) > Zueﬁg 1" (v) holds for each set
O we{1,2,...,wf}
T Polytope in the space R% of feasible vectors of job processing times
A (GQ) CAG) Solution of a scheduling problem with uncertain processing times
AT(G) C A*(G) Minimal solution of a problem with uncertain processing times
r Set of competitive digraphs
¥ Number of competitive digraphs
0B(peT) Relative stability radius of digraph G with respect to polytope
T for makespan criterion
@f (peT) Relative stability radius of digraph G4 with respect to polytope
T for mean flow time criterion
H(T) Subset of dominant paths of set H} with respect to polytope T
Gs =p Gg Dominance relation implying ®2 < @z for each vector p € D
Gs <p G Strong dominance relation implying ®? < ®% for each vector p € D




Chapter 4

Two-Machine Scheduling with
Uncertain Processing Intervals

In this chapter, the flow shop and job shop scheduling problems with n jobs processed on
two machines are addressed where jobs have random processing times, set-up times are
random or machines may have intervals of non-availability.

In Sections 4.1 and 4.2, it is assumed that the probability distributions of random
processing times are unknown, and only their lower and upper bounds are given before
scheduling. In such a case, there may not exist a unique schedule that remains optimal
for all feasible realizations of job processing times, and we look for a minimal set of
schedules which dominates all feasible schedules for the given objective function. We
obtain necessary and sufficient conditions for the case when it is possible to fix order
of two jobs for makespan criterion (in spite of uncertainty of numerical input data).
We characterize the easiest case of a two-machine flow shop problem with uncertain job
processing times, i.e., we prove necessary and sufficient conditions for existence of single
schedule which is dominant for makespan criterion. On the other hand, we describe the set
of the hardest problems for which any semiactive schedule may be unique optimal one for
some feasible realizations of job processing times. Along with off-line scheduling problem,
we consider on-line problem when a part of the schedule is already realized. We show how
to use additional information available for on-line problem to obtain better solution than
that constructed for off-line version of scheduling problem. All the conditions proven may
be tested in polynomial time of n. We show how to use these results for two-stage supply
chain scheduling.

4.1 Flow Shop with Uncertain Processing Times

Two types of stochastic flow shop scheduling problems have been addressed in the OR lit-
erature. In a stochastic job problem, processing times are assumed to be random variables
following certain probability distributions (mainly the normal distribution has been con-
sidered). In a stochastic scheduling environment, the objective is to find such a scheduling
policy that minimizes expected value of the given objective function. For stochastically
minimizing makespan (this criterion is denoted as EC,,, ), flow shop problem was consid-
ered in [ET00, Kam99], among others.

183
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In a stochastic machine problem, processing times are deterministic (i.e., fixed be-
fore scheduling), while job completion times are random variables as a result of machine
breakdowns or other reasons of machine non-availability. In [A1199, AM94], a flow shop
problem with stochastically minimizing total flow time E Y C; was considered.

In this section, we address the stochastic job problem and consider frequent situation
arising in supply chain scheduling when it is hard to obtain reliable probability distri-
butions for random processing times and assuming a specific probability distribution is
not realistic. As such, a schedule obtained by assuming a certain probability distribution
(e.g., normal) may not be even close to the optimal schedule for the practical realization of
the process. More precisely, we consider the following non-preemptive two-machine flow
shop scheduling problem with bounded random processing times and makespan criterion.

Two machines M = {M;, Ms} have to process n jobs J = {Jy, Ja, ..., J, } with the same
machine (technological) route: (M, My). At first, each job J; € J has to be processed by
machine M; without preemption, and then by machine M, without preemption as well.
All the n jobs are available to be processed from time ¢ = 0.

In contrast to well-studied deterministic flow shop problem with two machines [Joh54],
it is assumed that processing time p;; of job J; € J by machine M; € M is not fixed before
scheduling. In the realization of the process, p;; may take any real value between lower
bound a;; and upper bound b;; being given before scheduling. Moreover, the probability
distribution of random processing time is unknown before scheduling. In such a case,
there may not exist a unique schedule that remains optimal for all possible realizations
of job processing times. And as a solution to this problem, we consider a minimal set of
feasible schedules that dominates all the other ones.

Let C;(my) denote the completion time of job J; € J in the schedule 7, and criterion
Cinae denote minimization of schedule length C,q. (7)) (makespan):

Crnaz = min Crnaz(T) = 7rrkn€1§17r{maX{C’i(7r) c Ji € J}}

where S™ denotes the set of all feasible permutations (permutation schedules) including
at least one optimal permutation for makespan criterion. This problem is denoted as
F2/a; <p;i <bi/Craa-

We have to emphasize that random processing times in the problem F2/a; < p; <
b;/Cmaz are due to external forces in contrast to scheduling problems with controllable
processing times. In the latter problem, the objective is to choose optimal processing
times (which are under the control of the decision-maker) and optimal schedule with
chosen processing times. The objective function depends on both job processing times
and job completion times (see [Str95], among others).

In this section, we find a combination of sufficient conditions which put together
necessary conditions for fixing the order of two jobs in a solution to problem F2/a; <
Pi <b;/Crae. For a two-machine flow shop scheduling problem with uncertain processing
times, we prove necessary and sufficient conditions for the easiest case (when one schedule
dominates all the others), and for the hardest case (when there does not exist any non-
trivial schedule domination at all). In contrast to Chapter 3, where exponential algorithms
based on exhausting enumeration of the feasible schedules have been derived for a general
shop job shop problems, in this section, we develop polynomial procedures for solving
special case of the problem when m = 2 and all the jobs have the same technological
route.
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The remainder of this section is organized as follows. First, we give main notations
and formal definition for solution to a flow shop problem with uncertain processing times.
Then extreme cases of the problem F2/a; < p; < b;/Cpnar are characterized. We show
how to use Johnson’s permutations for solving general case of a two-machine flow shop
problem with uncertain processing times. At the end of this section, we present sufficient
conditions for existence of dominant schedule when its part is already realized (in the
case of on-line scheduling problem), and demonstrate how it is possible to use solution to
problem F2/a; <p; <b;/Cpas for supply chain scheduling.

Motivation and Definition

We address the special case of a stochastic two-machine flow shop scheduling problem.
Namely, we assume that before scheduling, it is impossible to obtain reliable probability
distribution for random processing time, and prior assuming a specific probability distri-
bution is not realistic. Commonly, schedules obtained after assuming a certain probability
distribution may be not even close to the optimal schedule that would be constructed on
the basis of the exact knowledge of the actual job processing times. It has been observed
that, although the probability distribution of job processing times may be unknown before
scheduling, their upper and lower bounds are easy to obtain in many practical situations.
As an example, we consider the following two-stage supply chain.

Every item (job) has to go through the processing by the supplier’s machine My,
followed by the manufacturer’s machine M. In such a case, processing time p;; has to
include time for choosing a suitable supply for buying raw material, and transportation
time from chosen raw material supply to the location of manufacturer’s machine M.
Thus, processing time p;; may depend on a distance between chosen raw material supply
and machine M, type of transport, traffic conditions, etc. Processing time p; may be
uncertain before scheduling as well. It may depend of the intervals of availability of ma-
chine M5, possible machine breakdown, raw material quality, appearance new unexpected
item with high priority and close due date, personal qualifications and experience, etc.
However, in such a supply chain environment we can estimate processing times p;; and
pio for the best possible case and for the worst possible case, and as a result we obtain
reliable values a;; and b;;, M; € M, of lower and upper bounds of the processing times of
all the items J; € J. Next, we show that information on the bounds of item processing
times may be important and should be utilized in finding a solution to the supply chain
scheduling.

In what follows, a set of all feasible vectors p = (p1.1, P12, - - -, Pn1, Pn2) of job processing
times will be denoted by 7"

T=A{p : aj<pj<by, Jy€J MM}
Let S™ = {m, ma, ..., mu} be a set of all permutations (sequences) of n jobs from set J:
T = {Jkys gy s I 1y k€ {1,2,...,nl},
{k1,ko, ... kn} ={1,2,... ,n}.

This set S™ defines permutation schedules that are dominant for the problem of two-
machine flow shop with criterion C,,4, and random processing times (see [KN86]). In other
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words, there exists at least one schedule with the same job sequence on both machines M,
and M, which is optimal (i.e., this schedule dominates all the other feasible schedules) for
the problem of two-machine flow shop scheduling with makespan criterion and random
processing times.

Since the processing times are also random variables in the problem under consider-
ation, set of permutation schedules is dominant for the problem F2/a; <p; <b;/Cpas as
well. Set of permutations (schedules), which is sufficient to consider while solving problem
F2/a; <p; <b;/Cpnas, has cardinality n! = |S™| since each of the two machines from set M
may process set J of jobs in the same order. Next, we restrict further the set of feasible
permutations sufficient to consider for solving problem F2/a; <p; <b;/Cpnaz-

If equality a;; = b;; holds for each job J; € J and machine M; € M, then problem
F2/a; < p; < b;/Cas turns to usual flow shop problem F2//C,,.. that is polynomially
solvable due to Johnson (1954). We call problem F2/a; <p; <b;/Cpas as uncertain flow
shop problem in contrast to problem F2//C,,,. called deterministic flow shop problem.

Since preemption in the processing of each job J; € J by each machine M; € M
is not allowed in the problem F2//C,4., each permutation 7, € S™ defines a unique
set of the earliest job completion times Cy(my), Co(mk), . . ., Cp(mg) which in turn defines
a unique semiactive schedule (see Definition 1.1 at page 11). So in what follows, we
will not distinguish a permutation 7, € S™ and a semiactive schedule defined by this
permutation. At least, we certainly need such an agreement for the case of an uncertain
problem F2/a; <p; <b;/Cpnas in which job processing times are not fixed, and as a result
it is impossible to calculate all the job completion times for the permutation m, € S™.
Therefore, for uncertain problem F2/a; < p; < b;/Cpa we will use notation C;(my, p) for
the completion time of job J; € J, and notation Ci,q. (g, p) = max{C;(mg,p) : J; € J}
for the makespan if concrete vector p € T of job processing times will be treated.

In the famous paper by Johnson (1954), it was proven that set of permutation schedules
is dominant for deterministic problem F2//C,,q., and it takes O(nlogn) time to construct

permutation m; = (J;,, Jiy, - . ., J;, ) satisfying condition
min{pi, 1, Piyy,2} < min{pi, i1, Pig2} (4.1)
for each index £ = 1,2,...,n — 1. The latter permutation gives an optimal schedule to

problem F2//Cpq.. In this schedule, each of the two machines from set M processes set J
of jobs in the same order defined by the above permutation 7;. Algorithm for constructing
optimal permutation 7; € S™ (called Johnson’s permutation) for the deterministic problem
F2//Cpae is based on the following rule.

Johnson’s rule: Partition set J into two (disjoint) subsets Ny and Ny with Ny con-
taining the jobs with pjy < pi and Ny the jobs with py > piw. (The jobs with equality
pi1 = DPiz may be either in set Ny or in set Ny.) In the optimal schedule, the jobs from
set N1 are processed first, and they are processed in non-decreasing order of p;y. The
jobs from set Ny follow after jobs Ny in non-increasing order of py. (Ties may be broken
arbitrary.)

It should be noted that for the problem F2//C,,q, some optimal schedule may be
defined by a permutation from set S™ that does not satisfy condition (4.1). In other
words, inequalities (4.1) are sufficient for optimality of permutation m; € S™ but they are
not necessary for permutation optimality. Nevertheless in what follows, the set of optimal
permutations concerned for problem F2//C,,q. will be restricted by Johnson’s ones.
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Our main aim is to construct a minimal set of dominant schedules for the problem
F2/a; <p; <b;/Cpaz, and so we can remove all the redundant permutations of set S™. In
particular, if there is no feasible vector p € T such that permutation 7, € S™ is a Johnson’s
one for the deterministic problem F2//C,,q, with vector p of job processing times, then
we remove permutation 7 from further consideration. Summarizing, we introduce the
following definition of a solution to uncertain problem F2/a; <p; <b;/Ciaz-

Definition 4.1 Set of permutations S™(T) C S™ is called a solution to the uncertain
problem F2//Cypaz, if for any feasible vector p € T set S™(T) contains at least one per-
mutation, which is Johnson’s one (and so it is optimal) for the deterministic problem
F2//Cpae with vector p of job processing times, any proper subset of set S™(T') being not
a solution to the problem F2/a; <p; <b;/Caz-

Next, we prove necessary and sufficient conditions for the extreme cases of problem
F2/a; <p; <b;/Cpax (namely, for the easiest case when |[S™(T)| = 1 and for the hardest
case when |S™(T')| = n!).

Extreme Cases of an Uncertain Flow shop Problem

Let us consider the easiest case of the problem F2/a; < p; <b;/Cprar With respect to its
solution cardinality, i.e., when there exists a permutation m; € S™ constituting a single-
element set (singleton) that is solution S™(7") = {m;} to the problem F2/a; <p; <b;/Ciraas-
In other words, this permutation 7; has to be optimal for deterministic problem F2//C,qx
with any feasible vector p € T of job processing times, and so singleton {m;} has to be
a solution to the uncertain problem F2/a; < p; <b;/Cpae (due to Definition 4.1). Such
a permutation m; dominates all the permutations 7w, € S™ with respect to set T in the
following sense.

Definition 4.2 Permutation m; € S™ dominates permutation , € S™ with respect to T if
inequality Cpaz(mi,p) < Chae(Tk, p) holds for any feasible vector p € T of job processing
times. Permutation m; is called dominant if it dominates each permutation m, € S with
respect to T'.

Let closed intervals [a;1, b;1] and [a;9, bi2] have at most one common point. Then we call
left interval of job J; € J be the closed interval [a;;, b;;] that is allocated to the left-hand
side of the closed interval [a;, bix] at the real number axis provided that {j, k} = {1,2}
(in this case, inequality a;; < b must hold). Let Nyy, (Nay,, respectively) denote a set of

jobs with left intervals being intervals of job processing times on machine M; (machine
Ms).

Theorem 4.1 Solution S™(T) C S™ to the problem F2/a; < p; <b;/Cras is a singleton,
|S™(T)| =1, if and only if the following conditions hold:

a) For each job J; € J (possibly except one job Ji« € J), its intervals of the processing
times on machines My and M, have at most one common point;

b) For any pair of jobs with left intervals on the same machine, their left intervals
have at most one common point;
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c) If there exists job Ji« € J, the following two inequalities hold
a1 > max{b; : J; € Nay }y (4.2)
aixo > max{bjo : J; € Ny} (4.3)

PROOF. Sufficiency. Let conditions a), b), and ¢) hold in common. We have to con-
struct optimal permutation m; € S™ with {m;} = S™(T") using Johnson’s rule (i.e., desired
permutation 7; has to dominate each permutation 7, € S™ with respect to T').

Due to condition a) sets Ny, and Ny, can be defined in such a way that one can
partition job set J into three pairwise disjoint subsets: J = Ny, UN*U Ny, where set N*
consists of a single job J;« (if this job exists within set J, i.e., we have either N* = {J;-}
or N* = ()). It is easy to see that both inclusions Ny, C Ny and Ny, € Ny may hold for
any feasible vector p € T of job processing times.

From condition b) it follows that using Johnson’s rule we can order all the jobs of set
Ny, (set Ny, respectively) in the same way for all feasible vectors p € T of job processing
times. As a result, we obtain unique permutation 7 (permutation 7°) of all the jobs of
set Npj (set Nyy,) disposed in non-decreasing (non-increasing) order of job processing
times on machine M; (machine M,). Thus if N* = @, permutation (7%, 7°) (obtained via
concatenation of permutations 7@ and 7°) provides the single-element solution S™(T) =
{(7*, 7®)} to the problem F2/a; <p; <b;/Craz-

Let there exist the above job J;» € J. Then there may exist two possibilities depending
on the realization of the processing times of job J;«, i.e., the following two cases (i) and
(7i) have to be tested.

(i): pis1 < Dira

In case (i), job J;+ has to belong to set N; and due to condition ¢) in the Johnson’s
permutation, job .J;+ has to be processed after all the other jobs of set /Ny, i.e., Johnson’s
permutation has to be as follows: (7%, J;+, 7).

(it):  pi=1 > Pivo

If pie1 > piro (if pi+1 = pix2) job Ji» has to belong (may belong) to set Ny and due to
condition ¢) in the Johnson’s permutation, job J;« has to be processed (may be processed)
before all the other jobs of set Ny. Therefore in case (7i), Johnson’s permutation may be
just the same as in the case (i), namely: (7%, J;-, 7°).

Thus in both cases (i) and (ii), we can obtain the same Johnson’s permutation
7; = (7, Ji, ™) which is optimal for any feasible vector p € T of job processing times.
Therefore, solution S™(T") to the problem F2/a; <p; <b;/Cpa: consists of a permutation:
S™(T') = {m;} which completes sufficiency sufficiency proof.

Necessity. We prove necessity of each condition a), b) and ¢) by contradiction method.
Assume that |[S™(T)| = 1 but at least one of these conditions does not hold. Next, we
examine violation either condition ¢) or b) or a) (in this order).

1. Let conditions a) and b) hold, while condition ¢) do not hold. Then for the job
Ji € J there may exist two possible cases: (c-1) or (¢-2).

(c-1): Let inequality (4.38) from condition ¢) be violated, i.e., there exists such a job
Jio € Ny, that opposite inequality a;q < by holds. (Here, we assume that only job J;o
violates inequality (4.38). The case when two or more jobs from set Ny, violate inequality
(4.38) may be considered similarly.)



4.1. FLOW SHOP WITH UNCERTAIN PROCESSING TIMES 189

Then we consider vector p = (p1.1,P1.2,- - -, DPn1s Pn2) € T where pjo; = a;o1, Pir1 = Qj*1,
pi=2 = bi=9 and other components p;; of the vector p take any feasible values: a;; < p;; < b;;.

Since intervals of the processing times of job J;« on machines M; and M, have more
than one common point, then we have inequality a;«; < b;+o that implies inequality

Dix1 < Pi*2- (4.4)

Therefore, inclusion J;+ € Ny must hold for the considered vector p € T of job processing
times. The above inequality a;«; < b;o; implies inequality

Pix1 < pio1- (45)

Thus, for the feasible vector p of job processing times Johnson’s permutation has to be
as follows: " = (m, \ {Jiw}, Jix, Jio, ™), and due to strict inequalities (4.4) and (4.5) this
order of jobs J;+ and Jp has to be fixed in any Johnson’s permutation which may be
constructed for the above vector p € T

On the other hand, we can consider vector p° = (p}, p{,,..., POy, Ph,) € T with the
same components as vector p has except the following three ones: pl, = @01, ply = b1,
Py = a;+9. Then we obtain optimal Johnson’s permutation m; = (7%, J;=,7°) for the
vector pY of job processing times (note that 7’ cannot be a Johnson’s permutation for the
vector p°).

So due to Definition 1, any solution S™(7T') to the problem F2/a; <p; <b;/Cyqar under
consideration must include at least two permutations, namely: {m;, 7'} C S™(T"). We get
a contradiction with the assumption |S™(T)| = 1.

(c-2) Let inequality (4.39) from condition ¢) be violated, i.e., there exists such a job
Jjo € N, that opposite inequality a;-o < bjoo holds. (Again, we assume that only job J;o
violates inequality (4.39). The case when two or more jobs from set Ny, violate inequality
(4.39) may be considered similarly.)

Then we consider vector p* = (p 1, DY 2:- - -+ Pr1s Ppa) € T where ploy = bjo, piey = bjx1,
Pj+ = ai+2 and other components pj; of the vector p* take any feasible values: a;; < pj; <
bij.

Since intervals of the processing times of job J;« on machines M; and M, have more
than one common point, then we have inequality a;«s < b;+; that implies inequality

Dieg < Dy (4.6)

Therefore, inclusion J;x € Ny must hold for the vector p* of job processing times. The
above inequality a;« < bjop implies inequality

Pivg < Djog- (4.7)

Thus for the vector p*, Johnson’s permutation has to be as follows: 7" = (m,, Jjo, Jpx, m \
{Jj0}) and due to strict inequalities (4.6) and (4.7) this order of jobs J;o and J;+ has to
be fixed in any Johnson’s permutation which may be constructed for the vector p* of job
processing times.

Continuing in a similar way as in the case (¢-1) we can conclude that any solution
S™(T) to the problem F2/a; < p; < b;/Cnae must include at least two permutations:
{m;, 7"} C S™(T) that contradicts to assumption |S™(T")| = 1.
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2. Let condition @) hold, while condition b) does not hold. Then the following two
cases (b-1) and (b-2) have to be tested.
(b-1) There exist two jobs J; € Ny, J; € Ny, with the following inequality:

max{aﬂ, aﬂ} < min{bil, bjl}-

Then we can construct two feasible vectors p/ € T and p’ € T, p =
(p'lvl,p’m, ey Pty D), P = (p’l’vl, p’1"2, ey Py, Ply), such that for the vector p’ inequalities

max{a;, a1} < pjy < Py < min{bg, b1} (4.8)
hold, and for the vector p” inequalities

HlaX{CLﬂ, Cljl} < p;ll < p;ll < min{bﬂ, bjl} (49)
hold. Other components p/,, and p!, of the vectors p’ and p” take arbitrary but the same
feasible values: a,, < p!, = p2 < bu. Obviously, for both vectors p’ and p” jobs J; and
J; have to belong to set Nyy,.

It is clear that for the vector p’, Johnson’s permutation has to look as m =
(...,Jdiy...,Jj,...), while for the vector p” Johnson’s permutation has to look as m, =
(..., Jj,...,Jiy...). Due to inequalities (4.8) (inequalities (4.9), respectively) this order of
jobs J; and J; has to be the same in all the Johnson’s permutations constructed for vector
p’ (vector p”) of job processing times. Due to Definition 4.1, the inclusion {my, m} C S™(T))
has to hold for any solution S™(T") contradicting to assumption |S™(T")| = 1.

(b-2) There exist two jobs J, € Ny, and J, € Ny, with the following inequality:

max{ayg, ay2} < min{bysa, by}

Similar to the case (b-1) we can show that there are two feasible vectors p* € T
and p™ € T such that for vector p* any Johnson’s permutation looks as w3 =
(...;JuyoyJy,...), while for vector p*™ any Johnson’s permutation looks as m; =
(«..yJuyooyJu,...). Thus, due to Definition 4.1 we obtain inclusion {m3, 74} C S™(T)
for any solution S™(7") contradicting to assumption |S™(T")| = 1.

3. Let condition a) do not hold, i.e., there exist at least two jobs Ju and Jy« with the
following inequalities:

max{a;1, o} < min{b;q, bia},

max{ai**l, CL,L'**Q} < min{bi**l’ bz**Q}

We can construct two vectors p’ € T and p” € T that for vector p’ inequalities
max{ a1, Qo) < Piey < Pheg < Min{bie1, biza},

/ / .
max{a,-**l, ai**g} S pi**Q < pi**l S Hlll’l{bi**h bi**g}

hold, and for vector p” inequalities
max{a; 1, @i} < Phog < Pheg < min{biey, bixo},

max{ai**l, ai**Q} S p;/**l < p;/**g S min{bi**l, bz**g}
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hold. Other components p!,, and p! of the vectors p’ and p” take arbitrary but the same
feasible values: ay, < pl, = pll, < buy.

In only two jobs J;» and J violate condition a), then for the vector p’, Johnson’s
permutation is w5 = (7., Jix, Ji=, ™), while for the vector p”, Johnson’s permutation is
76 = (Ta, Jixx, Ji+, ). Due to Definition 4.1, inclusion {r5, 76} C S™(T) holds contradict-
ing to assumption |[S™(T)| = 1. The case when three or more jobs violate condition a)
may be considered similarly.

Thus, equality |S™(T")| = 1 implies conditions @), b) and c), and this completes the
proof.

&

Example 4.1 We consider example of the problem F2/a; < p; < bi,n = 5/Cpax with
feasible intervals of job processing times given in Table 4.1. These intervals are presented
also in Figure 4.1. It is easy to convince that conditions a), b) and c¢) from Theorem 4.1
are satisfied. Therefore, there exists minimal solution of Fxample 4.1 which is singleton.

Ji A
as,2 bs 2 as,1 b5 1
Js 1t
a4.2 by 2 a4,1 bs1
J4 - —
az2 az;1 b372 b371
Iyt
as 1 b271 a2 2 b2,2
J2 - e
1,1 bl,l ai .2 bLQ
ot
Il Il Il Il Il Il Il Il Il Il Il Il Il
T T T T T T T T T T T T T l

Figure 4.1: Feasible intervals of job processing times in Example 4.1

The above constructive proof of sufficiency of Theorem 4.1 allows to find this minimal
solution: S™(T) = {n} = {(Ja, J1, J3, Ju, J5)}. Thus, permutation m = (Ja, J1, J3, Ju, J5)
of five jobs is optimal (for criterion makespan) for any vector p of job processing times
belonging to polytope T defined by Table 4.1.
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Table 4.1: Lower and upper bounds of job processing times in Example 4.1

i | ain | b | an | b |
1 5| 7 8110
2 2| 4 6] 9
3 8| 11 71 10
4 7110 2 4
51 10| 13 5| 8

Next, we consider the worst case of the problem F2/a; <p; <b;/Cpar With respect to
its solution cardinality. Namely, we will analyze the case when solution to the uncertain
scheduling problem has maximal cardinality: |S™(T)| = n!. We will use the following
notations: e, = max{a;; : J; € J,M; € M} and byip, = min{b;; : J; € J, M; € M}.

Theorem 4.2 [f for the problem F2/a; <p; <b;/Cpnas inequality
Amaz < bmin (410)
holds, then S™(T) = ST.

Proor. Let m, = (Ji,, Jk,, - - -, J,) be any permutation from set S™. In order to show
that this belongs to solution S™(T), it is sufficient to construct vector construct vector
pk = (p’f’l,p’fz, .., Pk pFy) € T with the following condition:

k k k k k
Qmaz S pkll < pk12 - kal < pk22 = pkzgl <...

< Ph 2 = Dhn < Phya < bimin: (4.11)

Due to inequality (4.40), there exist 2n real numbers pfj, Ji € J, M; € M, that condition
(4.41) holds (since the set of real numbers is compact). Thus, we can construct the above
vector p* € T for the permutation 7, € S™.

For such a vector p* € T all the jobs from set J belong to set N (i.e., set N, is empty).
It is easy to convince that within permutation 7 all n jobs are ordered with respect to
Johnson’s rule. Therefore, permutation 7 is optimal Johnson’s permutation for vector
pk. Since pf, # p?l for each pair of jobs J; and J;, @ # j, Johnson’s permutation , is
unique for the vector p* € T of job processing times. Therefore, permutation 7 has to
belong to set S™(T').

Since permutation m, is assumed to be arbitrary in set S™, the last claim remains
correct for any permutation m; € S™ with corresponding vector p' € T of job processing
times. Thus, Definition 1 implies that all permutations from set S™ have to belong to set
S™(T): S™(T) = S™. This completes the proof.

&

Obviously, to test conditions a) and ¢) takes O(n) time and to test condition b) takes
O(nlogn). Thus, conditions of Theorem 4.1 may be tested in O(nlogn) time. Complexity
of calculating a4, and b,,;, defines complexity of testing condition (4.40) of Theorem 4.2.
Thus, to test condition of Theorem 4.2 takes O(n) time.



4.1. FLOW SHOP WITH UNCERTAIN PROCESSING TIMES 193

Example 4.2 Let us consider example F2/a; < p; < b;/Cmax with numerical input date
given both in Figure 4.2 and in Table 4.2. From Figure 4.2 it follows that segment [6, 7]
belongs to each feasible interval of job processing times. Thus, for this example condition
4.40 of Theorem 4.2 holds: p2,. =6 < 7= pb.,. Due to Theorem 4.2 minimal solution
S™(T) for Example 4.2 with set T of feasible vectors of job processing times given by Table
4.2 has mazimal possible cardinality equal to n! = 5! = 120 since S™(T) = S™.

J’L A
asz2 051 bs5,2 bs,1
Js +
4,2 a4l byo b1
Ji +
a3,2=0a3,1 bso b3
J3 +
az1 a2 2 b271 b272
Jo +
a1 a2 bl,l b172
Ji o+
f f f f f f f f f f f f f

Figure 4.2: Intervals of job processing times satisfying Theorem 4.2

Theorems 4.1 and 4.2 characterize the extreme cases of a solution to the problem
F2/a; <p; <b;/Cpauz, i.€., when |S™(T)| = 1 and S™(T) = S™. Next, we consider general
case of the problem F2/a; <p; <b;/Cpnaz-

General Case of an Uncertain Two-Machine Flow Shop Problem

We show how to delete all redundant permutations from set S™ while solving uncertain
flow shop problem. To this end, we will fix the order of two jobs J, € J and J; € J in
the desired solution S™(T) if there exists at least one Johnson’s permutation of the form
Tk = (81, Ju, S2, J;, s3) € ST for any feasible vector p € T' of job processing times.
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Table 4.2: Lower and upper bounds of job processing times in Example 4.2

i | ain | b | an | b |
1 5| 7 6| 10
2 2| 7 6] 9
3 6| 11 6| 10
4 6| 10 2| 7
5) 6113 5| 8

Theorem 4.3 If the following condition (j) holds:
buz < a1 and by < a;, (4.12)

then for each wvector p € T of job processing times there exists permutation m, =
(s1,Ji, S2, Ju, 53) € ST that is a Johnson’s permutation for the problem F2//Cpan with
vector p € T of job processing times.

PROOF. Let polytope T satisfy inequalities (4.12). We consider any fixed vector p € T of
the processing times. Let in the vector p, jobs .J,, and J; have processing times p,1, Pw2, Pi1
and p;2. From the first inequality in (4.12) it follows that pyo < pu1, and therefore there
exists a Johnson’s permutation for vector p of the processing times in which job .J,, is
included in the set N,. From the second inequality in (4.12) it follows that p; < po
and therefore there exists a Johnson’s permutation for vector p of the processing times in
which job J; is included in the set V.

Let m denote such a Johnson’s permutation in which inclusions J; € N; and
Jw € Ny simultaneously hold. Due to Johnson’s rule, job J; has to precede job
Jw in permutation mq, i.e., permutation m; may be represented in the following form
m =m = (s1,J;, S92, Ju, s3). For this fixed vector p of the processing times permutation
m dominates any other permutation from the set S™ with respect to {p}.

To complete the proof we note that vector p was taken from set T' arbitrarily.

Theorem 4.4 [f the following condition (jj) holds:
bit < ay1 and by < a;, (4.13)

then for each wvector p € T of job processing times there exists permutation m, =
(s1,Ji, S2, Juw, s3) € ST that is a Johnson’s permutation for the problem F2//Cpan with
vector p € T of job processing times.

PROOF. Let polytope T satisfy inequalities (4.13). We consider any fixed vector p € T of
job processing times. Let in the vector p € T" job J; and J,, have processing times p;1, pio,
Pw1 and pyo. From the second inequality in (4.13) it follows p;; < pj. Therefore, there
exists a Johnson’s permutation m, for vector p of the processing times in which job J; is
included in the set N;. In permutation s, job .J, may be either in the set N; or in the
set Ny. Next, we consider both cases.
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Case 1. Let job J, belong to set N; in Johnson’s permutation ms. Then from the first
inequality in (4.13) it follows piy < biy < w1 < Pyi. Since py < py for jobs J; and J,,
in the set Ny, then job J; has to precede job J, in the Johnson’s permutation s, i.e.,
permutation 7, may be represented in the form my = (s1,J;, S92, Juw, $3). For this fixed
vector p of the processing times permutation 7, dominates any other permutation from
set S™ with respect to {p}.

Case 2. Let job J; belong to set N in the Johnson’s permutation m5. By an argument
similar to the proof of Theorem 4.3, it is easy to show that job .J, precedes job J; in the
Johnson’s permutation 7y, and so permutation 75 dominates any permutation from set
ST.

Thus, we can conclude that for each vector p € T of the processing times in both
cases there exists permutation m = m = (s1, Jj, 82, Jy, s3) € S™ which dominates each
permutation from set S™.

&

Theorem 4.5 If the following condition (jjj) holds:
bwg S A1 CL’I’Ld bwg S a2, (414)

then for each wvector p € T of job processing times there exists permutation m, =
(s1,Ji, S2, Ju, 83) € ST that is a Johnson’s permutation for the problem F2//Cpar with
vector p € T of job processing times.

PROOF. It is easy to see that inequalities (4.14) in Theorem 4.5 coincide with inequalities
(4.13) in Theorem 4.4 if interchanging job J; and job J,,. Thus, proof of Theorem 4.5 is
analogous to proof of Theorem 4.4.

&

It should be noted that in all Theorems 4.3, 4.4 and 4.5 subsequence s, may be
empty, i.e., jobs J; and J,, may be adjacent in the above Johnson’s permutation: 7, =
(81, Ji, Jw, 83).

If for a pair of jobs J; € J and J,, € J at least one condition (j), (jj) or (jjj) holds,
then in a solution S™(T") to the problem F2/a; < p; < b;/Cpar one can fix the order of
these two jobs as follows: J; — J,,, i.e., job J; has to be processed before job J,. After
testing pairs of inequalities (4.12), (4.13) and (4.14) we can define (partial) strong order
in set J of jobs. Of course, the more jobs will be involved in a strong order, the more
redundant permutations will be deleted.

Let G = (J, A) denote a digraph with vertex set J and arc set A. It is assumed
that arc (.J;, J,,) belongs to set A if and only if for each feasible vector p € T' there exist
permutation 7 € S™ of the form (sy, J;, sa, Ji, S3) that is a Johnson’s permutation for the
deterministic problem F2//C,uq. with vector p of job processing times. In other words,
vertices J; and J,, are non-adjacent in digraph G (i.e., neither arc (J;, J,,) nor arc (Jy, J;)
belongs to set A) if and only if order of jobs J; and .J,, cannot be fixed in a solution S™(7")
to the problem F2/a; <p; <b;/Cpnaz-

Next, we show that sufficient conditions (j), (jj) and (jjj) put together necessary
condition for fixing the order of two jobs in a solution to problem F2/a; <p; <b;/Crnas-
More precisely, we prove that if no condition of Theorems 4.3, 4.4 or 4.5 holds for two
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jobs J; and J,,, then the order J; — J,, of these jobs cannot be fixed in a solution S™(T).
Moreover, if in addition no analogous condition holds for the opposite order J, — J;,
then due to Definition 4.1 at least one permutation with order J; — J, and at least
one permutation with order .J,, — J; have to be included in any solution S™(7') to the
problem F2/a; <p; <b;/Cpas- In such a case, vertices J; and J,, have to be non-adjacent
in the above digraph G = (J, A). The following theorem gives the possibility to construct
digraph G which represent a solution to uncertain flow shop problem in the condense
form.

Theorem 4.6 The order of two jobs J; € J and J,, € J can be fized in a solution S™(T)
to the problem F2/a; <p; <b;/Cpax if and only if at least one condition (j), (7j) or (jjj)
holds.

PROOF. Sufficiency of each condition (), (jj) and (jjj) follows immediately from Theorems
4.3, 4.4 and 4.5.

Necessity. For any job J; € J, closed intervals [a;1, bj1] and [aj2, bjs] may have either
no more than one common point (and there are two such cases):

bjl S Qj2, (415)
bj2 < aj1 (4.16)

or more than one common point:
max{a;i,ajo} < min{b;1,b;o}. (4.17)

Hence for any pair of jobs J; € J and J,, € J, there exist nine combinations of dispositions
of their processing time intervals on machine M; and machine M,. Taking into account
symmetry of jobs J; and J,, it is sufficient to check the following six combinations of
inequalities (4.15), (4.16) and (4.17) for jobs J; and J,,: (4.15)-(4.15), (4.15)-(4.16), (4.15)-
(4.17), (4.16)-(4.16), (4.16)-(4.17) and (4.17)-(4.17) where the first inequality (in each
pair) is indicated for job J; = J;, and the second inequality for job J; = J,. Next, we
consider these six cases in details.
Case (4.17)-(4.17):
max{a;, a2} < min{b;1, b2}, (4.18)

max{ay1, Gy2} < Min{by, bys}- (4.19)

In this case, we can show that vertices J; and J, are non-adjacent in digraph G. To
this end, it is sufficient to find two vectors p’ € T and p” € T such that in all Johnson’s
permutations constructed with vector p’ of job processing times, the order of these jobs
is J; — J,, while in those constructed with vector p” the order is .J,, — J;.
Let us construct vector p' = (P} 1,P) 2, Pn1,Pho) that both sets of the following
inequalities hold:
max{a;, an} < piy < Pl < min{byy, b}, (4.20)

max{ay1, Qw2 } < Plo < Pl < Min{by1, bua} (4.21)

Obviously, inequalities (4.18) and (4.19) implies that there exist components p.;, plo, Pi1,
pl,o of the vector p’ € T that inequalities (4.20) and (4.21) hold. Thus, in any Johnson’s
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permutation constructed with vector p’ jobs J; and J, have to be arranged in the order
J; — Jy (since Johnson’s rule implies inclusions J; € Ny and J,, € Ny). Due to strict
inequalities in (4.20) and (4.21) such order of two jobs has to be the same in all Johnson’s
permutations constructed with vector p’ of job processing times.

One can similarly show that there exist vector p” = (pf 1,p{ 5, ..., Do, Phy) € T that

sets of inequalities
/
i

max{a;1, a;n} < pih < pyy < min{b1, bin},

max{ay1, Gwe} < Py < pho < min{byi, by}
hold. And in all Johnson’s permutations constructed for the vector p” jobs J; and J,,
have to be arranged in the opposite order J, — J;.

Thus, the order of jobs J; and J,, in a Johnson’s permutation is determined by a vector
of job processing times chosen from set 7', and cannot be fixed in any solution S™(T).
Moreover, it is easy to check that no condition (j), (7j) or (jjj) holds in case (4.17)-(4.17).

Case (4.15)-(4.15):

bil S a;2, (422)

bwl S Q2. (423)

In this case, both jobs J; and J,, have to belong to set N;. We study when it is possible to
fix their order in Johnson’s permutations constructed for a vector p € T of job processing
times. Obviously, it is sufficient to compare processing time intervals of jobs J; and J,
on machine M; only. Next, we check three possible variants.

1) If inequality b;; < a1 holds, then it together with inequality (4.22) define condition
(77). And due to Theorem 4.4, for any vector p € T there exists Johnson’s permutation
with order J; — J,,,.

2) If inequality b,;; < a;; holds, then it together with inequality (4.23) define condition
(77) (provided that alternative notations of job J; and job J,, being used). Due to Theorem
4.4, for any vector p € T there exists Johnson’s permutation with order J, — J;.

Thus, in both cases 1) and 2) order of jobs J; and J,, can be fixed due to condition
(77)-

3) Let inequality

max{a;, Gy} < min{b;, by} (4.24)

hold. Due to (4.24), we can construct feasible vectors p’ and p” that the following in-
equalities hold:
max{ a1, a1} < iy < Py < min{biy, by },

//
w

max{a;1, a1} < Pl < piy < min{b;r, by }-

It is clear that in all Johnson’s permutations constructed for vector p’ (vector p”) jobs J;
and J,, have to be arranged in the order J; — J,, (J, — J;, respectively).

Thus, if inequalities (4.22), (4.23) and (4.24) hold in common, then order of jobs J;
and J, in a Johnson’s permutations depends on vector p € T of job processing times and
cannot be fixed in any solution S™(T). It is easy to check that no condition (j), (jj) or
(777) holds in this case.

Case (4.16)-(4.16):

biz < a1, (4.25)
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b2 < ayn (4.26)

can be tested similarly as case (4.15)-(4.15), and conclusion would be as follows. If
bwo < a2, then in all Johnson’s permutations jobs J; and J,, have to be arranged in the
order J; — J,, (since inequalities b2 < a;o and (4.26) give condition (7j7)). If bis < @y,
then in all Johnson’s permutations jobs J; and J,, have to be arranged in the order J,, — J;
(since inequalities bz < a2 and (4.25) define condition (jjj) with alternative notations
of jobs J; and J,). If inequality max{a;2, @y} < min{bss, by2} holds, jobs J; and J,, are
non-adjacent in digraph G. And in the latter case, no condition (j), (jj) or (jjj) holds.
Case (4.15)-(4.16):
bir < s, (4.27)

buwz < @u. (4.28)

Inequalities (4.27) and (4.28) give condition (j) from Theorem 4.3. Therefore, for all
vectors p € T there exists Johnson’s permutation with jobs .J; and J, disposed in the
order J; — J,,.
Case (4.15)-(4.17):
bir < s, (4.29)

max{ay1, w2} < min{by, bysa}. (4.30)

Since job J; belongs to set Np, we need to consider only dispositions of the intervals of
job processing times on machine M;. Let us consider two possible cases. Let inequality
bii < au hold. The latter inequality together with inequality (4.29) give condition (jj).
Therefore, due to Theorem 4.4 for any vector p € T' there exists Johnson’s permutation
with job order J; — J,.
Let now inequality
b1 > Gy (431)

hold. We construct two vectors p’ € T and p” € T that for the vector p’ inequalities
w1 < Pl < Py < by and max{ay, e} < Pl < Pho < min{b,i, bye} hold, and for
vector p” inequalities max{ay1, aw2} < Py < pify < min{by1, bye} hold (obviously, one
can find such values of the vector components due to inequalities (4.30) and (4.31)). It
is easy to see, that in all Johnson’s permutations for the vector p’, the order of two jobs
is J, — J;, and in all Johnson’s permutations for the vector p”, the order of two jobs is
J; — Jy. Therefore, in the case (4.15)-(4.17) with inequality (4.31), jobs J; and J,, are
non-adjacent in digraph G. In the latter case, no condition (j), (jj) or (jjj) holds.
Case (4.16)-(4.17):

bio < aj1,
max{ay1, Gy} < min{by1, bya}.

For this case, it is sufficient to repeat arguments used for the case (4.15)-(4.17) provided
that Theorem 4.4 is replaced by Theorem 4.5 and condition (7j) is replaced by condition
(777). As a result, we obtain the following statements. If by < a2, then for any vector
p € T there exists Johnson’s permutation with order J,, — J;. If a,2 < b2, then vertices
J; and J,, are non-adjacent in digraph G.

It is proven that in any possible case, we can either fix the order of jobs J; and .J,, in
a solution S™(T") to problem F2/a; <p; <b;/Cpaz, if at least one condition (), (i) or (jjj)
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holds, or vertices J; and J,, are non-adjacent in digraph G (if neither condition (5), (7j)
nor (jjj) holds).
&

Obviously, using Theorem 4.6 one can construct digraph G in O(n?) time, and this
digraph represents solution S™(7") in condense form.

Dominant Schedule

In practice, in spite of uncertainty of job processing times it is necessary to choose only
one schedule for realization. That is why, if no additional agreements or calculations will
be used, then only Theorem 4.1 from the above results will allow to obtain (without fail)
a permutation 7; which will dominate all the other permutations in set S™ with respect to
T. And such a schedule (if any) is the best for any possible realization of the process under
consideration (provided that conditions a), b) and ¢) of Theorem 4.1 hold in common).

In the rest of this section, we find another sufficient conditions for existence a single
dominant permutation m; (see Definition 4.2). To this end, we will use agreement to
relax the above demand for the desired permutation m; to be a Johnson’s one. In other
words, we will use weaker Definition 4.2 instead of Definition 4.1 for solving problem
F2/a; <p; <b;/Cpraz. Moreover, along with off-line scheduling problem, we will consider
on-line scheduling problem when initial part of the schedule is already realized and as a
result uncertain (in the original scheduling problem) processing times of completed jobs
have received the concrete fixed values. For simplicity, we will consider mainly uncertain
flow shop problem with only two elements in solution S™(7") (some extensions to the case
|S™(T')| > 2 are given at the end of this section).

Let problem F2/a; < p; < b;/Crae have solution S™(T') consisting of two S™(T) =
{mu,mp}. Tt is clear that there exist only two non-adjacent vertices in the digraph
G = (J,A) constructed for set S™(T)) = {m,,m}. Due to Definition 4.1 permutation
7. (permutation 7,) is optimal Johnson’s permutation for at least one feasible vector of
job processing times but surely it is not Johnson’s permutation for all feasible vectors
peT.

When will one of these two permutations remain optimal for all feasible vectors p € T’
of job processing times provided that we will relax the demand for such a permutation
to be Johnson’s one? To answer this question we have to consider possible orders of
non-adjacent vertices in the digraph G.

Let only vertices J, and Ji.; be non-adjacent in the digraph G. We will say that
such jobs Ji and Jii; are in conflict. Without loss of generality, we can assume that
Ty — (Jb JQ, ey kal, Jk, Jk+1, cey Jn) and Ty = (Jl, JQ, ceey kab Jk+1, Jk, Cey Jn)
with 1 < k < n. Since there are two permutations in the solution S™(T"), conditions of
Theorem 4.1 do not hold in common. Moreover, it is clear that violation of condition a),
b) or c) is possible only for these two jobs J and Jiy;. Using symmetry of two jobs we
have to test the following five possible cases (sets Nys, Nap and N* are defined in the
first part of this section):

1) Jr € N* and Jk+1 € N*;

2) Jy € Ny, Jrr1 € N* and processing time intervals of jobs J; and Jg;1 on machine
M; have more than one common point;
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3) Jx € Ny, Jrr1 € N* and processing time intervals of jobs J; and Jii1 on machine
M5 have more than one common point;

4) Jx € Ny, Jri1 € Ny, and processing time intervals of jobs Ji, and Ji41 on machine
M; have more than one common point

5) Jx € Ny, Jrr1 € Ny, and processing time intervals of jobs J; and Ji41 on machine
M5 have more than one common point.

In case 1) condition a) is violated, in cases 2) and 3) condition ¢) is violated, and in
cases 4) and 5) condition b) is violated. Next, we consider on-line scheduling problem
arising often in realization of a schedule in practice.

On-Line Scheduling Problem

Let ¢1(7) and ¢y(7), respectively, denote completion time of job J; € J by machine M; and
M, in the concrete realization of the process.

Let us introduce on-line version of the uncertain scheduling problem for the case
S™(T) = {my, ™} Let the processing of jobs Ji, Jo, ..., Jx_1 be started (and completed)
in this order which is the same in both permutations =, and 7,. Since jobs J, and Ji;
are in conflict at time ¢ = ¢;(k — 1), additional scheduling decision has to be used (in
on-line mode).

Namely, at time ¢ a scheduler has to choose either job Ji or job Jxi1 (which only are
in conflict) to be processed next (immediately after job Jx_1). We can assume that at
time t = ¢1(k — 1) the scheduler already knows the exact values ¢;(k — 1) and co(k — 1).
For sound decision, the scheduler can test conditions of the following Lemmas 4.1 - 4.3.
(We omit the proofs of these lemmas since they are trivial.)

Lemma 4.1 Ifcy(k—1)—c1(k—1) > by +bgs1,1, then each permutation from set {m,, m,}
1s dominant.

If condition of Lemma 4.1 holds, then the order of jobs J; and Ji.; may be arbitrary in
the remaining part of the optimal schedule. Therefore, for this on-line scheduling problem,
both permutations m, and m, are optimal for the remaining part of the vector p € T of
job processing times. It should be noted that the initial part of each feasible vector of
job processing times: (p11,p12,---, Pe—1,1,Pk—1,2) is already fixed in this on-line version
of scheduling problem.

Let condition of Lemma 4.1 do not hold, then scheduler may fix the order of jobs Jj
and Ji1 if condition of one of the following two lemmas hold.

Lemma 4.2 Ifco(k—1) —ci(k—1) > bgy and co(k — 1) —ci(k — 1) + ara > by + bgr11,
then permutation m, is dominant.

Thus, if condition of Lemma 4.2 holds, then the order of jobs J; and Jy,; has to be
Ji — Jiy1 in the remaining part of the optimal permutation.

Lemma 4.3 ]fCQ(kZ—l)—Cl(k?—l) > bk+171 and Cg(k?—l)—cl(k?—l)—f—ak_t,_lg > bk;l +bk+1’1,
then permutation m, is dominant.
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If condition of Lemma 4.3 holds, then the order of jobs J; and Ji.; has to be Jyy1 — Ji
in the remaining part of the optimal permutation.

Thus, if condition of one of the Lemmas 4.1 - 4.3 holds, then permutation 7, or (and)
7, is dominant in the remaining part of the process. Scheduler can test all these sufficient
conditions for ordering jobs J; and Ji.; in all the above five cases 1) - 5).

Off-Line Scheduling Problem

Claims similar to Lemmas 4.1 - 4.3 may be used for solving off-line scheduling problem
as well, if exact difference co(k — 1) — ¢1(k — 1) (which is unknown at time ¢ = 0) will be
substituted by its lower bound.

Indeed, jobs J; and J41 can be started by machine M; at time ¢;(k— 1), and machine
M, is available to process one of the jobs Ji and Jgyi from time co(k — 1). If we can
calculate lower bound Aj_; of the difference co(k — 1) — ¢;(k — 1), then before realization
of a schedule (i.e., before time ¢ = 0) we can test conditions of the following lemmas.

Lemma 4.4 If Aj_q > by +bgs11, then each permutation from set {m,,m,} is dominant.
Lemma 4.5 IfAyp_; > by and Ap_1+agz > bri+bgi1,1, then permutation m, is dominant.

Lemma 4.6 If Ap_1 > byy11 and Ap_q1 + axs12 > ber + beg1,1, then permutation , is
dominant.

Thus, if condition of one of the Lemmas 4.4 - 4.6 holds, then there exists at least one
permutation 7, or m, which is dominant for the problem F2/a; <p; <b;/Cpaz. Next, we
show how to calculate tight lower bounds Ay_; for the above cases 1) - 5).

For each case 1) - 4), inclusion J; € Ny, certainly holds for indices i = 1,2,... &k — 1.
Moreover, for each index i € {1,2,...,k — 1} inequality b;; < a;o has to hold, and so
Pio — Pi1 = a;o — by > 0. Thus, the following inequalities give tight lower bound Ag_q:

k-1
ok—=1)—alk—=1)>> (p2 —pa) +p11
i=1

k-1
>N (ap—biy) a1 = DNg_y.
—1

-
Il

For case 5), lower bound A_; of difference c3(k — 1) — ¢1(k — 1) may be calculated
recurrently as follows. If [Ny, | = m, then we obtain

m

A, = Z(aiz —bi1) + a1y

=1

(similarly to cases 1) - 4)). Further, for each index [ € {m+1,m+1,...,k— 1), one can
use recurrent formula

A =max{a;2, c2(l—1)—c1(I—1)+ a2 — b1}

Note that Lemmas 4.1 - 4.6 may be used if k£ > 1. Let k =1, i.e., jobs J; and J, are
in conflict. We have to order these jobs at time ¢ = 0 (without additional information).
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Let us consider the case when machine M, has an idle time before processing job Js. In
this case, machine M5 can process job J3 from time when machine M; finished processing
this job (i.e., at time ¢ = ¢;(3)). It is easy to prove the following sufficient conditions.

Lemma 4.7 Ifas; > boo+max{0, byo—as1}, then order of jobs Jy and Js in the optimal
permutation is J; — Jo (permutation m, is dominant).

Lemma 4.8 Ifas; > byo+max{0, boo—ay 1}, then order of jobs Jy and Jy in the optimal
permutation is Jy — Jy (permutation T, is dominant).

Obviously, ¢3(2) — ¢1(2) < boo + max{0, bjo — p21} and c2(2) — ¢1(2) < byo +
max{0, bas—ay;}. Inthe above conditions, difference by 2 —ag; (ba2—aq 1, respectively) is
equal to maximal addition in the case when machine M, cannot finish job J; (job J3) be-
fore machine M, has finished job J; (job J;). Hence, we obtain that ¢1(3) > ¢3(2) (¢1(3) >
c2(1)), and machine M, has an idle time before processing job J3. Therefore, in the oppo-
site case (when the optimal order of jobs J; and J, cannot be defined by Lemmas 4.7 and
4.8), we cannot decrease value Cyq,. Of course, if azy > ba 2401 2, then both permutations
m, and 7, are dominant and order of jobs J; and J; may be arbitrary. More precisely, if
asy > max{by o + byo — min{ay 1,a;2}, max{byo,ba2}}, then both permutations m, and
7, are dominant. In other words, if as; > max{0, by o —as1, bao—ay 1} +max{bs s, bos},
then both permutations m, and 7, are dominant (order of jobs J; and Js is arbitrary).

It is easy to see that all the above lemmas can be generalized and used in the case
|S™(T')| > 2 as well. Next, we demonstrate such generalizations on some examples.

Lemmas 4.1 - 4.6 may be used if more than two permutations are in the set S™(T)
provided that at each time point no more than two jobs from set J are in conflict. For
example, if |S™(T)| = 8 and six jobs are in conflict in pairwise manner (e.g., pair of jobs
Jr and Ji. 1 are in conflict, pair of jobs J; and J;,1, and pair of jobs J,,, and J,,41). Then
we can use the above lemmas for each pair of conflict jobs. More precisely, we can use
Lemmas 4.1 - 4.3 in the case of on-line scheduling problem, and Lemmas 4.4 - 4.6 in
the case of off-line scheduling problem. Moreover, for the off-line problem, we can test
pair of conflict jobs in arbitrary order. And if condition of at least one of Lemmas 4.4 -
4.6 holds for each pairs of jobs, then we have dominant permutation, and |S™(T')| = 1.
Otherwise, e.g., if no lemma’s condition holds for a pair of jobs J;, J;11, then we obtain
|1S™(T)| = 2 with S™(T) = {m,,m}, where m, = (J1, Jo,..., Ji_1, Ji, Js1,...,Jn) and
Ty = (Jl, JQ, cvey Jl—l; Jl+1, Jl, coey Jn)

It is worth noting that Lemmas 4.1 - 4.6 may be generalized for the case when more
than two jobs are in conflict at time ¢ > 0. Let set of jobs J° = {Jy, Jut1,..., Juir} C J
be in conflict at time ¢ > 0. Then we can test conditions similar to Lemmas 4.4 - 4.6 and
reduce set of permutations which dominate simultaneously set of permutations S™ with
respect to T. example, if |J°| = 3 and cardinality of solution S™(T') is equal to 3! = 6,
then we can test the following sufficient sufficient condition.

Lemma 4.9 If co(k — 1) —c1(k — 1) > bgy + brr1,1 + beto1, then each permutation from
set S™(T) is dominant.

If condition of Lemma 4.9 holds, then in the remaining part of the optimal schedule the
order of three jobs Ji, Jyi1 and Jiio may be arbitrary. Obviously, all the other above
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lemmas can be generalized analogously, and we can obtain conditions for the optimal
ordering three jobs. For example, we can prove the following claim.

Lemma 4.10 [f Cg(k — 1) — Cl(l{? — 1) > bkl, Cg(k) — 1) — Cl(k’ — 1) + apy > bp + bk+171
and co(k — 1) — c1(k — 1) + ara + agr12 > b + bep11 + bryoa, then permutation
{1y s Iy Jet1, Jrvas - oy JIn}t is dominant.

If condition of Lemma 4.10 holds, then in the remaining part of the optimal permutation
the order of jobs Ji and Ji.1 and Ji o has to be as follows: J, — Jri1 — Jrio. And we
can test 6 Lemmas with analogous conditions, but for other orders of conflict jobs.

How to Use Solution S™(7T') in Supply Chain Scheduling?

Scheduling in supply chain has often to be realized in condition of high uncertainty of
numerical input date. We presented two-stage supply chain scheduling problem. In
practice, such a problem may be considered for period from one week to three months,
i.e., after the problem of aggregate planning being already solved (see [CM01])). Within
such a planning horizon, the exact values of job processing times are usually unknown,
but one can estimate their reliable lower and upper bounds. Moreover, we can reserve
some positions for uncertain demands of customers by introducing jobs J; in set J with
zero lower bounds of processing times on both machines: a;; = a;s = 0.

The above results may be used as mathematical background for multi-stage scheduling
process in some real supply chain. At first, when level of uncertainty of the input date
is high, scheduler can solve off-line scheduling problem F2/a; < p; <b;/Cpar. Obviously,
if condition of Theorem 4.1 holds, then scheduler can use dominant schedule which is
optimal (for off-line scheduling problem F2/a; < p; <b;/Cpnaz) in spite of uncertainty of
numerical date. Otherwise, it is necessary to construct digraph G = (J, A) using Theorem
4.6. If |S(T)| = 2 and at least one sufficient condition of Lemmas 4.4 - 4.8 holds, then
scheduler can use dominant schedule.

Let dominant schedule for off-line problem be unknown. Digraph G represents solution
S™(T') to the original scheduling problem and may be considered as generalization of a
schedule for the set of on-line scheduling problems which may be generated from the
original off-line scheduling problem F2/a; < p; <b;/Cpaz. Scheduler has to look for the
optimal schedule for on-line scheduling problems which will arise when the supply chain
under consideration will be in process. In other words, it may be possible to arrange
the jobs which are in conflict in on-line mode later when probably additional information
about job processing (completion) times will become available for scheduler. Next, we
describe this process in more details.

Similarly to the case of S™(T") = {m,, 7}, the scheduler can arrange set of jobs J* =
{Ji, J2, ..., Jp_1} in the optimal order 7 = (Jy, Jo, ..., Jy_1) till the first set of conflict

jobs J® = {Ji, Jit1,---, Jrar} will be met. Then at time point ¢ > 0, a part of job
processing times along with their completion times will be already known. At least,
2(k — 1)-dimensional vector p® = (p11,P1.2,- - Pk—1.1,Pk—1.2) Of job processing times will

be known before time point ¢. Then scheduler can test conditions of Lemmas 4.1 - 4.3
for each pair of jobs being in conflict (or their generalizations for case |S™(T)| > 2). If
condition of one of these lemmas holds, then it is possible to select next job for processing
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in the optimal way. Otherwise, we need additional agreement for selecting job from set
J? to be processed next.

In general case, the choice of the job may be based, e.g., on minimization of possible
lost of the objective function value. More precisely, for each conflict job J;, € J° one can
calculate maximal possible difference

Cma:r((ﬂ-su Jk7 Jdu ﬂ-f)a (psapf))

— min Craa((7°, Ja, Ji, 7), (0°, 97)) (4.32)
JaeJ0
where (p*,p/) € T, Jg € JO\{J)} and 7/ is any permutation of jobs from set J\J*\{J, Ja}
which does not contradict to the partial order defined by digraph G. The conflict job which
has the minimal value of difference (4.32) will be processed next since such a choice will
guarantee the minimal lost of objective function value.

Of course, some other agreements may be used to arrange jobs of the set J°, if no
condition of the above lemmas holds. It is also clear, that the higher uncertainty of the
input date will be, the less possibility for right decision scheduler will have. So, there is
no sense to use the above approach if the cardinality of set S™(7T') is very large.

For example, if condition of Theorem 4.2 holds, then |S™(T)| = n! and digraph G
has empty set of arcs: G = (J,0). For such an off-line scheduling problem, the approach
proposed in this paper will be useless, and it will be necessary to look for other more
suitable models and methods. It may be more fruitful to look for optimal scheduling
policy stochastically minimizing makespan: EC,,q, (see [ET00, Kam99]). To this end, it
is necessary to obtain reliable probability distribution for random job processing times.

In this section, we focus on constructing single schedule which dominates all the other
feasible ones (see Theorem 4.1, Lemmas 4.4 - 4.8 for off-line scheduling problem, and
Lemmas 4.1 - 4.3 for on-line scheduling problem).

If there is no possibility to construct dominant schedule m; € S™, we propose to
construct digraph G' = (J, A) (on the basis of constructive sufficiency proof of Theorem
4.6) and use it as a more general schedule form. The partial order defined by digraph
G may be extended later in on-line mode when more information about job processing
times will be available. So, scheduling decisions have to be continued in on-line mode and
have to be involved in supply chain process. If partial order defined by digraph G will be
extended to complete order of n jobs (finally, to permutation m; € S™), then the process
will be realized in the optimal way. Otherwise, using solution S™(T") one can look for the
schedule minimizing the lost of the objective function value.

Several directions for future research may be foreseen.

«» To consider problem with several supplier’s machines or (and) manufacturer’s ma-
chines.

« To generalize further Lemmas 4.1 - 4.6, e.g., for several (more than two) jobs being
in conflict.

« To consider another objective functions for uncertain scheduling problem, e.g., total
completion time Y C; or criteria with job due dates.

« To consider multi-stage supply chain scheduling including not only supplier’s machine
M; and manufacturer’s machine Ms, but also distributor’s machine M3, retailer’s machine
M, and customer’s machine Ms.
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« Along with uncertain processing times it is useful to consider uncertain setup times,
job release times, due dates, etc.

Note that the whole conditions proven in this paper may be tested in polynomial
time. However it is clear, that for the most generalizations of the above scheduling
problem existence of polynomial algorithms is unlikely (e.g., if deterministic scheduling
counterpart is N P-hard). However, we can remark with respect to algorithm complexity
that for practical supply chain planning with horizon between one week and three months
algorithm speed may be not very important because of sufficient time for decision making
and because of restricted number n of jobs. (But of course, for solving on-line scheduling
problem one need fast algorithms.) So, for future more general and so more practical
investigation it will be reasonable to look for methods of branch and bound type for
solving off-line scheduling problem and it will be also useful to consider heuristic solution
instead of optimal one both for off-line and on-line scheduling problems.

4.2 Job Shop with Uncertain Processing Times

In this section, we address the stochastic job shop problem for the case when it is hard
to obtain exact probability distributions for random and bounded processing times, and
when assuming a specific probability distribution is not realistic. Commonly, schedules
obtained after assuming a certain probability distribution may be not close to the optimal
schedule. It has been observed that, although the exact probability distribution of job
processing times may not be known in advance, upper and lower bounds on job processing
times are easy to obtain in many practical cases. We show that information on the bounds
of job processing times is important and should be utilized in finding a solution to the
shop-scheduling problem with uncertain numerical data.

In this section, the problem of job shop scheduling with random and bounded pro-
cessing times is studied. It is assumed that processing time of job J; € J on machine
M, € M is not fixed before scheduling, and probability distribution of random process-
ing time between given lower and upper bounds is unknown. In such uncertain version
of shop-scheduling problem there may not exist a unique schedule that remains optimal
for all possible realizations of job processing times, and therefore, we consider a set of
schedules (permutations) which dominates all other feasible schedules (permutations) for
the makespan criterion.

In Section 4.1, necessary and sufficient conditions are given when transposition of two
jobs may be used to minimize makespan for the uncertain version of a flow shop problem
with two machines. In this section, we show how to use the results obtained in Section
4.1 for solving two-machine job shop problem with uncertain job processing times.

Notations and Definition

We consider the following non-preemptive job shop scheduling problem with random and
bounded processing times. Two machines M = {M;, My} have to process n jobs J with
different two-stage routes. Machine repetition in a route is not allowed. Let J(12) C J
denote subset of jobs with route (M, Ms): First, job J; from set J(12) has to be processed
by machine M;, and then by machine M. Let J(21) C J denote subset of jobs with route
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(Ms, My), and J(k) C J denote subset of jobs that have to be processed only by machine
My, ke {1,2}.

Thus, we have equality J = J(1) U J(2) U J(12) U J(21). We denote ¢ = |J(k)|,
where k € {1,2,12,21}. In contrast to deterministic job shop problem, it is assumed
that processing time p;; of job J; on machine M, is not fixed before scheduling. In
the realization of the process, p;; may take any real value between lower bound a;; and
upper bound b;; being given before scheduling. Moreover, the probability distribution of
random processing time is unknown. In such a case there may not exist a unique schedule
that remains optimal for all possible realizations of job processing times. Therefore, we
consider a set of schedules that dominate all feasible schedules. Similarly as in Section
4.1, we consider criterion Cy,ay, i.€., minimization of schedule length.

Let T7 C R define the given set of feasible vectors of job processing times. For the
case of uncertain job shop problem it is useful to consider T as Cartesian product of four
sets:

T =Ty x Ty x Ty x Ty

where T, is set of feasible vectors defining processing times of jobs from set J(k), k €
{1,2,12,21}. In what follows, inclusion p € T7 means that vector p has dimension
q = qi12 + @1 + g2 + g21 and set of its components consists of the following four ordered
subsets {p;; : Ji € J(12),5 € {1,2}}, {py « Ji € J(1),j = 1}, {pi; : Ji € J(2),j = 2}
and {p;; : J; € J(21),j € {1,2}}. We assume that jobs from set J are numbered with
respect to the above order of these four subsets of the components of vector p. Then
vector p € T may be presented as follows:

p= <p1,17 P12, Pqi2,15 Pg12,25 Pqia+1,15 Pg12+2,15 - - - s Pgra+q1,15

Paro+q14+1,25 Para+q142,25 - -+ s Pra4+q1+¢2,25 Pgra+qr+g2+1,15 Pgratqi+qa+1,25 - - - 5 Pg,15 pq,Q)
= (p(12); p(1); p(2); p(21)),

where p(12) € Tio, p(1) € T1, p(2) € T3 and p(21) € Ty;. Using three-field notation, this
uncertain job shop problem is denoted as J2/a; <p; <b;;n; <2/Crax-

If equality a;; = b;; holds for each job J; € J and machine M; € M, then problem
J2/a; <p; <b;n; <2/Chax turns into a deterministic job shop problem J2/n; <2/Cpax
that is polynomially solvable due to the following theorem proven in [Jac56].

Theorem 4.7 For the problem J2/n; < 2/Cpax semiactive schedule for processing jobs
J = J(1)U J(2) U J(12) U J(21) has minimal length, if machine My processes jobs in
the order (J(12), J(1), J(21)), machine My in the order (J(21),J(2), J(12)) provided that

jobs J(12) are ordered for processing by both machines using condition
min{p;, 1, Pi, 2} < min{p;, 1,2} K =1,2,...,q12 — 1, (4.33)
and jobs J(21) are ordered for processing by both machines using condition
min{p;,2, Pip, 11} <min{ps, 0,01}, E=1,2,...,¢1 — 1, (4.34)

jobs J(1) and jobs J(2) may be ordered for processing arbitrarily.
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It is easy to see that due to Theorem 4.7, jobs J(12) has to be ordered via Johnson’s
rule similarly as in a flow shop problem F2//Cp.x since condition (4.33) coincides with
condition (4.1) (see Section 4.1, page 186) provided that J = J(12) and T" = T}5. Jobs
J(21) has to be ordered via Johnson’s rule in a flow shop problem F2//Cyax with opposite
route (Msy, M) of each job since condition (4.34) may be obtained from condition (4.1)
after interchanging machine M; with machine M, and setting J = J(21) and T' = T5;.

Thus, the optimal schedule for the problem J2/n; <2/Cyax may be defined by the
pair of permutations 7" and 7" (we call it Jackson’s pair of permutations), where 7’ =
(12) () @) ) (@) (2

(m 7, my,),m;) is permutation of jobs on machine M;, and 7" = (7;”7, m?, 7,

permutation of jobs on machine M;. Job J,. belongs to permutation W,E:w) if and only if
J, € J(w) with w € {1,2,12,21}.

To be more precise, permutation 7’ of jobs J(12) U J(1) U J(21) on machine M;, and
permutation 7 of jobs J(21)U.J(2)UJ(12) on machine M, may be defined as follows. The
jobs within permutation 7@02) (permutation 7r](-21), respectively) have to be ordered by SPT
rule (by LPT rule) on machine M; (on machine Ms). Rule SPT (shortest processing time)
means that the job set have to be sorted in the non-decreasing order of job processing
times. Rule LPT (longest processing time) means that the job set have to be sorted in the
non-increasing order of job processing times. Since the order of the jobs in permutation
7T1(Ll) and in permutation 7T1()2) may be arbitrary, we can fix these permutations. Let jobs in
permutation 7(!) and in permutation 7(?) be ordered with respect to the job numbers:

) is

1) (2) _
Ty = (Jq12+17 JQ12+27 ) Jq12+q1)7 Ty = (‘]q12+q1+17 Jq12+q1+2a ) Jq12+q1+q2)'

We denote set of all permutations of jobs J(12) as

T 12 12 12
12 — {7T§ )’ﬂ-é )a"'77T(§12!)}7

and set of all permutations of jobs J(21) as

Sh = {7T§21), ng), o ,Wézll!)}.
Let (S7,,S3,) be such a subset of Cartesian product (ST, (1), S7,) x (S5, 7(?), ST,) that
elements of set (S7,,57,) are ordered pairs of two permutations 7’ and 7", where 7’ =

(7r-(12),7r(1),7rj(»21)) and 7" = (71'](»21),71'1()2),71'(12)), 1 <i<gqgp!, 1 <j < go! Since both

i u i
permutations 7() and 7(?) are fixed, and index 7 (index j) is the same in each permutation
from pair 7/, 7", then we obtain |(ST,, S7,)| = q12!go1! pairs of permutations. We use the

following definition of a solution to the problem J2/a; <p; <b;;n; <2/Cpax.

Definition 4.3 Set of pairs of permutations (ST,(T12), S5, (T%1)) C (STy, S%;) is called a
solution to the problem J2/a; <p; <b;n; <2/Ciax, if for each feasible vector p € T the
set (ST, (T12), S5, (Te1)) contains at least one optimal Jackson’s pair of permutations for
the problem J2/n; <2/Cpax with vector p of job processing times. If any proper subset of
solution (S7y(T12), S5, (T21)) is not a solution to the problem J2/a; <p; <b;n; <2/Crax,

then (STy(T12), S5, (T21)) is called minimal solution.

Next, we show that the results for a flow shop problem obtained in Section 4.1 may
be used for solving a job shop problem with uncertain processing times. In particular, we
prove the following lemma.
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Lemma 4.11 Let ST,(T12) be solution to the problem F2/a; < p; < b;/Cmax with set of
jobs J = J(12) and feasible processing times defined by set of vectors T = Ti,, then
(ST5(Tha), S5,) is a solution to the problem J2/n; < 2,a; < p; < b;/Cax with set of jobs
J = J(1)U J(2) U J(12) U J(21) and feasible processing times defined by set of vectors
T7 =Tio x Ty x Ty x Thy.

PROOF. By contradiction method, we assume that there exists vector p = (p(12); p(1);
p(2); p(21)) € T7 of job processing times, for which no optimal Jackson’s pair of permu-
tations for the problem J2/n; <2/Cpax with vector p of job processing times belongs to
set (ST (T12), S51)-

Due to Theorem 4.7 and taking into account that set S7; contains all permutations
of jobs J(21), violation of optimality of permutation pair from set (S7,(T32), S5,) may
be only possible for the permutation of jobs J(12) which will be not optimal Johnson’s
permutation for the corresponding problem F2//Cp.x. To be more specific, set ST, (T}2)
does not include optimal Johnson’s permutation for the problem F2//Cy.x with job set
J = J(12) and vector p(12) € T = Ty of job processing times. Thus, due to Definition 4.1
set ST,(7T12) is not a solution to the problem F2/a; <p; <b;/Cpax with set of jobs J = J(12)
and set T" = T}y of feasible vectors of job processing times. We obtain a contradiction
with condition of Lemma 4.11. Hence our assumption was wrong.

In fact, for each vector p € T set (ST,(T12),S5,) contains optimal Jackson’s pair
of permutations for the problem [72/n; <2/Cpax with vector p of job processing times.
Consequently, set (ST,(T12),57,) is a solution to the problem J2/n; <2, a; <p; <b; /Crax
with set of jobs J = {J(12),J(1),J(2),J(21)} and feasible processing times defined by
set of vectors T7 = Ty x Ty x Ty x Thy.

<&

Similarly we can prove the following claim.

Lemma 4.12 Let ST, (T51) be solution to the problem F2/a; < p; < b;/Crmax with set of
jobs J = J(21) and feasible processing times defined by set of vectors T = Ty, then
(575, S7,(T%1)) is a solution to the problem J2/n; < 2,a; < p; < b;/Cax with set of jobs
J = J(1)UJ(2)UJ(12) U J(21) and feasible processing times defined by set of vectors
T7 =Tio x Ty x Ty x Thy.

Using Lemma 4.11 and Lemma 4.12, we prove the following claim.

Theorem 4.8 If ST,(T12) is a solution to the flow shop problem F2/a; < p; < b;/Ciax
with set of jobs J(12) and feasible processing times defined by set of vectors T = T,
and ST, (Ts1) is a solution to the flow shop problem F2/a; < p; < b;/Cpax with set
of jobs J(21) and feasible processing times defined by set of vectors T = Tsy, then
(ST5(Th2), S5, (Te1)) is a solution to the problem J2/n; < 2,a; < p; < b;/Crax with set of
jobs J ={J(12),J(1),J(2),J(21)} and feasible processing times defined by set of vectors
T) =Tyo x Ty x Ty x Ty

PROOF. By contradiction method, we assume that there exists vector p = (p(12); p(1);
p(2); p(21)) € TV of job processing times, for which no optimal Jackson’s pair of permu-
tations for the problem [J2/n; <2/Cpax with vector p of processing times belongs to set

(STy(T1a), SF,(To1)). -



4.2. JOB SHOP WITH UNCERTAIN PROCESSING TIMES 209

Due to Theorem 4.7, violation of optimality of permutation pair from set
(ST5(Th2), S5, (T51)) may be possible either for the permutation of jobs J(12) (which will
be not optimal Johnson’s permutation for the problem F2//Cp.x with job set J(12) and
processing times p(12)) or for the permutation of jobs J(21) (which will be not optimal
Johnson’s permutation for the problem F2//Cp,.x with job set J(21), technological route
(Ms, My) and processing times p(21)). We call the former case as case a, and the latter
case as case b.

In case a, set ST,(T12) has no optimal Johnson’s permutation for the problem F2//Cpax
with job set J(12) and vector p(12) € T' = Ty, of job processing times. It implies that
set (ST, (T), S7,) is not a solution to the problem F2/a; < p; < b;/Cpax with set of jobs
J = J(12) and set T' = T}5 of feasible vectors of job processing times. However, it is not
possible due to Lemma 4.11 (since condition of Lemma 4.11 holds). Thus, in case a we
obtain a contradiction. Hence in case a, our assumption was wrong.

Using Lemma 4.12 and arguing similarly we can obtain a contradiction in case b as
well.

&

Thus, due to Theorem 4.8 solving problem J2/a; < p; <b;,n; <2/Cphpax is reduced to
solving two problems F2/a; <p; <b;/Cpax. To illustrate the above results we consider the
following two examples of uncertain job shop problem.

Example 4.3 Let the bounds of job processing times for problem J2/a; < p; < b;,n; <
2/Ciax be given in Table 4.3. These bounds define set T’ of feasible vectors of job pro-
cessing times. Set of jobs J consists of four subsets J(12) = {Jy, Ja, J3}, J(1) = {1},
J(Q) = {J5} and J(21) = {JG, J7, Jg}

Table 4.3: Lower and upper bounds of job processing times in Example 4.3

’i‘au‘bu‘aw‘bn‘
1] 2 4 ) 6
2|1 3 4 )

317 |8 708
41 2 3 - -
o - - 3 5
6] 4 d 1 3
715 6 2 3
81 718 718

It is easy to see that Theorem 4.7 used for the problem F2/a; < p; < b;/Ciax with job
set J(12) implies the following dominance relations between jobs J(12) = {Jy, Jo, Js}. Job
J1 precedes job J3 and job Jo precedes job Jz. However, we cannot order jobs J, and Js.
Therefore, instead of considering 3! = 6 permutations of the jobs J(12), it is sufficient to
consider two permutations, namely, permutations (Jy, Jo, J3) and (Jo, J1, J3).

Next, we consider flow shop problem F2/a; < p; < b;j/Crmax with job set J(21) =
{Js, J7, Js} and technological route (May, My). Due to Theorem 4.7 we find the follow-
ing dominance relations between jobs from set J(21). Job Jg precedes job Jg, and job J;
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precedes job Jg. However, we cannot order jobs Jg and J;. Therefore, instead of consider-
ing 3! = 6 permutations of these three jobs, it is sufficient to consider two permutations:
(Js, J7, Jg) and (J7, Jg, Jg).

Due to Theorem 4.8, for the job shop problem J2/a; < p; < bi,n; < 2/Cpax with job
set J=J(12)UJ(Q)UJ(2)UJ(21) = {1, Js, ..., s} and numerical input data given in
Table 4.3 we obtain a solution which consists of the following four pairs of permutations:

ﬂ-l = (J17 J27 J37 J47 J67 J77 J8)77T” = <J67 J77 J87 J57 J17 J27 J3)7

ﬂ—/ = <J17 ‘]2a J37 ‘]4a ‘]77 Jﬁa J8)7 7T” = <J77 J67 J8> J5a J1> J2a J3)a
= (JZ: Ji, I3, Ju, Js, J7, J8)>7T” = <J67 Jz, Jg, Js, Ja, Jh, JS);
ﬂ-l = (J27 J17 J37 J47 J77 J67 J8)77T” = <J77 ’]67 J87 J57 J27 J17 JS)

Thus, instead of considering qia! - qo1! = 3! - 3! = 36 permutations, it is sufficient
to consider four pairs of permutations which certainly includes optimal Jackson’s pair of
permutations for any fized vector p € T of job processing times.

Example 4.4 Let us define the minimal solution to the problem J2/a; < p; < b;,n; <
2/Cax for processing set of jobs J = J(12)UJ(1)UJ(2)UJ(21) = {1, Jo, ..., Jia}, where
jobs Ji, Ja, ..., Js from set J(12) have route (M, Ms). Job Js € J(1) and job J; € J(1)
have route (My). Jobs Mg € J(2) and My € J(2) have route (Msy). Jobs Jio, Ji1, - .., Jia
from set J(21) have route (Ms, My). The intervals of feasible job processing times are
given in Table 4.4.

Table 4.4: Lower and upper bounds of job processing times in Example 4.4

’i‘ail‘bil‘aﬂ‘bﬂ‘
1 5 718 |10
21 2 416 9
3| 8 |11} 7 |10
4 | 7110 7|9
5 |10 [ 13 ] 5 7
6 | 4 ) - -
7| 2 3 - -
8 - - 4 |6
9 - - ) 7
10002 35 |7
11 7 1 813 |5
12 ] 8 9 | 4 >
13110 11| 9 |12
141 2 4 6 6

First, we consider uncertain flow shop problem F2/a; < p; < b;/Cpax with job set
J(12) = {Jy, Jo, Js, Ju, J5} and technological route (M, Ms). Due to Theorem 4.7 we find
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the following dominance relations between jobs from set J(12). Job Jo precedes job Jy. Job
J1 precedes job J3 and job Jy. Job J3 precedes job Js. Job Jy precedes job Js. However,
we cannot order jobs Js and Jy. Therefore, instead of considering 5! = 120 permutations
of these five jobs, it is sufficient to consider two permutations: (Jo,J1,Js3,Js, J5) and
(Jo, J1, Ja, I3, J5).

Next, we consider uncertain flow shop problem F2/a; < p; < b;/Ciuax with job set
J(21) = {Ji0, J11, 12, J13, J1a} and technological route (My, My). Due to Theorem 4.7
we find the following dominance relations between jobs from set J(21). Job Jy; pre-
cedes job Jiz. Job Jio precedes job Jiz. Job Ji3 precedes job Jiy and job Ji4. Howewver,
we cannot order jobs Jy1 and Ji3. We cannot order jobs Jig and Ji4. Therefore, in-
stead of considering 5! = 120 permutations of these five jobs, it is sufficient to consider
four permutations: (Ji1, Ji2, J13, J10, J1a), (J11, Ji2, Ji3, Jia, J10), (Ja2, Jits Jiss Jios J14)
and (J12, Ji1, Ji3, Jia, JlO)-

Using Theorem 4.8 we obtain that minimal solution to the problem J2/a; <p; <b;,n; <
2/Ciax with set of jobs J = {J1, Jo, ..., J1a} include the following pairs of permutations
(the sequences for processing jobs of set Ji and jobs of set Jo are fixved with respect to job
numbers):

J27J17<]37J47<]57J67J77J117J127<]137<]107J14 )
J117J127J137J107J147J87J97J27J17J37J47 5/
J Jl7']37J47']57J67']7aJ117J127']13>J147J10 ;

7T J117J127J137J147JlOaJ87J9;J27J1aJ37‘]47 5/
J J17<]37<]47<]57J67J77J127J117J137J107J14 )
7T J127J117J137J107J147J87J97J27J17J37J47 5/

J Jl7J3a‘]47J5aJ67‘]7aJ127J117J137J147J10 )

Ji1, J12, S13, Jo, Jias s, Jo, Ja, J1y Jay I3, J5);
Ja, J1, Ju, I3, Js, s, Iz, Jhns Jizs Jis, Jias Jio),
Ji1, Ji2, i3, Ja, Jro, Iss o, Jas 1y Jus I3, J5);
Jay J1, Juy I3, Jss Is, Iz, Jhz, Jins 13, Jho, J1a),
Jr2, J11, J13, Jo, Jias s, Jo, Ja, J1y Ja, I3, J5);

=
= (
=
= (
=
=
=
= (Ji2, J11, J13, J1a, J10, Js, Jo, Ja, Ju, I3, Ju, J5);
=
= (
=
= (
=
= (
= (Ja, J1, Ja, I3, J5, Js, Jr, Jiz, Ji1, Ji3, Jia, o),
= (

)
);
)
);
)
);
)
);
oo 1, Juy I3, Js, Joo Jr, Jin,y Jiz, Jiz, Jio, Jra),
);
)
);
)
);
)
)-

J12) J117 <]137 J147 JlOa J87 JQ; J27 Jla J47 ‘]37 J5

Digraph T' = (J, A) (without transitive arcs), defining the above minimal solution of
the problem J2/a; <p; <b;,n; <2/Cpax is presented in Figure 4.3.
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Figure 4.3: Digraph I (without transitive arcs) for Example 4.4

4.3 Flow Shop with Limited Machine Availability

This section deals with the scheduling problem of minimizing the makespan in the two-
machine n-job flow shop with w non-availability intervals given on two machines. This
problem is binary NP-hard even if there is only one non-availability interval (w = 1) either
on the first machine or on the second machine in the technological route. If there are no
non-availability intervals on any machine (w = 0), the two-machine flow shop problem
with makespan criterion may be solved in O(nlogn) time using Johnson’s permutation
of n jobs (see Johnson’s rule at page 186).

We derive sufficient conditions for optimality of Johnson’s permutation in the case of
the given w > 1 non-availability intervals. The instrument we use is stability analysis
which answers the question how stable an optimal schedule is if there are independent
changes in the processing times of the jobs. The influence of possible variations of the
processing times on the optimality of a schedule was investigated in Chapter 1 where the
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stability radius of an optimal schedule was studied for a general shop with m > 2 machines.
In contrast to stability analysis developed in Chapter 1, the variation of processing time
studied in this section may have only one direction, since the non-availability intervals of
a machine may increase the time interval used for processing a job but cannot decrease
this time interval. Therefore, we have to modify the definition of stability radius for the
purposes of this section.

Notations and Example

In what follows, we assume that all of the w non-availability intervals are known in
advance (notation: offfine, NC°'). Any job J; € J = {Ji, Jo,..., J,} that cannot be
completed before the non-availability interval of machine M € {M;, My} processes this
job can be continued just after machine M, will be available again. To indicate this
we use notation pmtn since the latter assumption is equivalent to allowance of operation
preemptions. Therefore, in this section (and in the next section as well) it is allowed to
violate Condition 4 (see Introduction, page 3). Using the three-field notation, the problem
under consideration is denoted as F2,NC Oﬁ/ pmitn/Cpaz-

Let m; be a Johnson’s permutation of n jobs of set J, i.e., jobs in set J are sorted in
Johnson’s order. Such a permutation is optimal for makespan criterion when all machines
are continuously available (w = 0) during the planning horizon (see Section 4.1). We study
the question whether this permutation remains optimal for the case of offline known w > 1
non-availability intervals of each of the two machines. In a concrete schedule, enlargements
of time intervals used for processing jobs may be caused by non-availability intervals of
machines. The main idea realized in this section is to consider the non-availability interval
on a machine as an additional part of job processing time. In order to take into account
such increasing of total time interval used for processing a job, we compute the stability
polytope and stability radius p; of Johnson’s permutation which is the minimum of maximal
possible enlargements r;; of jobs .J; € J on machine M; € {M;, Ms} such that Johnson’s
permutation is not changed. Such stability radius p; can be computed in O(n) time.

Then we compute the enlargement polytope and enlargement radius ¢; of the pro-
cessing times of the operations on machine M; which means the maximum of possible
enlargements d;; of time intervals used for processing job J; on machine M; caused by
non-availability intervals. It is shown that permutation 7y from set S™ = {my,ma,..., T}
remains optimal if inequality d;; < r;; holds for each i € {1,2,...,n} and each j € {1,2}.
The enlargement polytopes and radii d; can be computed in O(w? + n log n) time. Fur-
ther, we present sufficient conditions for the stability of an optimal permutation . At
the end of this section, the obtained results for stability analysis are demonstrated on a
huge number of randomly generated two-machine flow shop problems with 5 < n < 10000
and 1 < w < 1000.

In this and next sections, we use the following notations, where j € {1,2} means
a machine index and ¢ € {1,2,...,n} means a job index: w; denotes number of non-
availability intervals on machine M;; Ni; denotes k™ non-availability interval on machine
M;; s(Ny;) denotes starting point of the &' non-availability interval; f(Ny;) denotes end-
point of the k" non-availability interval; h(Ny;) denotes length of the k' non-availability
interval provided that h(Ny;) = f(Ng;) — s(NVk;)-
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For the problem F2,NC Oﬁ/ pmitn/Cpma, under consideration, it is assumed that all w
non-availability intervals are known before scheduling. Machine M; € {M;, M>} is not
available for processing jobs of set J from starting point s(Ny;) until endpoint f(Ny;) =
s(Ngj) + h(Nk;), k€ {1,2,...,w;}. The operation O;; started before point s(Ny;) but
not finished until point s(Ny;) is suspended during time interval of length h(Ny;) starting
from point s(Ny;), then processing operation O;; is resumed from point f(Ny;) = s(Vi;)+

Let s; (cj, respectively) denote the earliest (latest) possible starting time of a job on
machine M in a semiactive schedule. Let s;;(m) (¢;;(m)) denote starting (completion)
time of operation O;; in the semiactive schedule defined by permutation 7 of n jobs from
set J.

Since the minimization of

Crnaz () = max{c;j(m) : J; € J,j € {1,2}}

is a regular criterion we consider only semiactive schedules. Each semiactive schedule
is uniquely defined by a permutation of n jobs on each machine. For the case of the
two-machine flow shop problem it is sufficient to consider the same permutation m, =
(41,19, ... ,1,) of jobs on each of the two machines, since a set of such schedules is dominant
for minimization the makespan.

If the set J of jobs is ordered due to Johnson’s rule on each of the two machines, we
say of Johnson’s permutation of n jobs. In [Joh54], it has been shown that a semiactive
schedule defined by Johnson’s permutation is optimal for the case where all machines
are continuously available throughout the planning horizon (when w = 0). Moreover,
preemptions of operations cannot decrease the objective function value Ci,..(7), and
so the instance of problem F2//Cq. and the instance of problem F2/pmtn/C,q, with
the same input data have the same optimal schedule defined by Johnson’s permutation.
Hereafter, the following example is used to illustrate the calculations.

Example 4.5 We consider a three-job two-machine flow shop scheduling problem with
w =9 non-availability intervals on the two machines defined in Table 4.5.

Table 4.5: The non-availability intervals of machines in Example 4.5

Machine M, Machine M,
S(Nl,l) =2 f(Nl,l) =3 S(NLQ) =1 f(NLQ) =4
S(NZ,l) =11 f(NZl) =13 S(Ngyg) =9 f<N272) =10
S(Ng,l) =16 f(N3,1) =17 S(Ng,g) =14 f(Ng’g) =15
S(N4,1> =19 f(N4,1) =20 S(N4?2> =21 f(N4,2) = 22
$(Ns1) =24 | f(Ns5,1) = 26

wy, = 5 Wy = 4

Table 4.6 presents the given processing times p;; of jobs J; € J = {Ji,J2, 5} on
machines M; € M = {M,, Ms}.
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Table 4.6: The job processing times for Example 4.5

’ Machine M; Machine M, ‘

P11 =3 P12 =09
P2 =4 P22 =1
P31 =17 P32 =2

Next, we show how to compute values ri;, pj, S;,¢;,d;; and o; for jobs J; € J and
machines M; € {My, My}. For this example, it will be shown that the schedule with
the jobs following Johnson’s permutation 7, = (1,3,2) applied to the situation where the
machines are not continuously available remains optimal.

Let 7 be a Johnson’s permutation (which is optimal when both machines are con-
tinuously available during the planning horizon, i.e., for problem F2//Cpa.). Our
aim is to answer the question whether this permutation remains optimal for problem
F2,NC Oﬁ/ pmitn /Cpq: as well, i.e., when w > 1 non-availability intervals are given before
scheduling and operation processing times are the same as in the problem F2//C, .-

A non-availability interval /Nj; on machine M; may be interpreted as an additional part
of the processing time of the operation O;; which processing by machine M; is preempted
due to interval N;. Indeed, machine M; cannot process any job during interval N; and
job J; has to wait until endpoint of interval Ny;. In a concrete schedule, enlargement
equal to h(Ny;) of completion time of job J; is caused by non-availability interval Nj;.

Next we show how to compute the stability radius p; for machine M; which is the
minimum of all maximal possible enlargements 7;; of the processing times of jobs J; € J
on machine M; such that Johnson’s permutation is not changed. Then we show how to
compute the enlargement radius ¢; of the processing times of the operations on machine
M; which is the maximum of all maximal possible enlargements d;; of jobs J; € J on
machine M; caused by non-availability intervals on machine M;. Johnson’s permutation
7, remains optimal if d;; < r;; for all jobs J; € J and machines M; € {M;, M,}.

Stability Polytopes for Johnson’s Permutation

General definition of stability radius of an optimal schedule was given in Chapter 1.
Here we need simplified versions of the stability polytope and stability radius since non-
availability intervals can increase the time interval used for processing the operation but
cannot decrease this time interval. Moreover, stability radius considered in Chapter 1
defines the maximal independent simultaneous variations of the processing times such
that the given schedule (digraph Gy) remains optimal. In Definition 4.4 which follows we
do not take care directly about permutation optimality but we are concerned about the
property of the given permutation to be a Johnson’s one after increasing processing times
of all or portion of jobs.

It should be noted that optimality of a permutation of n jobs does not imply that this
permutation is Johnson’s one even for the problem F2//C,4. with w = 0.
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Definition 4.4 The stability radius p; of Johnson’s permutation w5 on machine M; is
defined as the minimum value among all maximal possible enlargements r;; of operations
Oij, Ji € J, on machine M; € {My, My} such that permutation 7, necessarily satisfies
Johnson’s rules for modified processing times. The closed polytopes

P ={z = (x1;,%2,,.-Tnj) : Dij < xij < pij +1ij, Ji € I}, My € {My, My},

in the space R of non-negative n-dimensional real vectors are called stability polytopes of
Johnson’s permutation.

Stability polytope P; defines all possible enlargements of processing times of operations
O;; on machine M; such that the given permutation 7, of jobs J remains Johnson’s
permutation. As a result, permutation 7, is optimal for the problem F2//C,,., with
modified processing times. Note that in this section, we investigate stability properties
of the fixed permutation 7, from the set of all permutations S™ = {7y, ms,...,mu} of n
jobs J. That is why for simplicity, we do not indicate permutation 74 or index s in the
notations p;, P; etc.

Next, we prove the following lemma.

Lemma 4.13 The stability radii p; and stability polytopes P;, j € {1,2}, can be computed
in O(n) time.

PRroOOF. Let 7, be a permutation of n jobs following the Johnson’s rule. W.l.o.g. we
assume that 7y = (J1, Jo, ..., J,). Let the first k& jobs belong to set N; and the remaining
n—k jobs belong to set Ny, i.e., Ny = {J1, Jo, ..., Jx} and No = {Jx41, Jks2, ..., Jn}. (For
definition N; and Ny, see Johnson’s rule given at page 186 in Section 4.1.) To compute
numbers r;; we have to distinguish two cases: Either J; € N; or J; € Ns.

In the case when J; € Ny, inequality p;; < p;2 holds, and maximal possible enlarge-
ments 7;; are the minimum of two values a(*") and b)) where a(*!) = p; 5 — p; | represents
the maximum amount of processing time one can add to the value p;; such that job J;
will remain in set N; due to Johnson’s rules. The value

pli1) — { Pit11 —Din, t=1,2,... k—1,

represents the maximum amount of processing time (or infinity if ¢ = k) one can add to
the value p; ; such that the SP'T ordering within the set N; is still preserved.

Similar arguments are valid for the case J; € Ny, i.e., when inequality p;; > p; 2 holds.
Every computation of an r;; can be done in a constant time, and the stability polytopes
P; and stability radii p;, j € {1,2}, can be computed in O(n) time.

<&

Example 4.5 (continued). In Table 4.7, the results of calculation values r;; and p; are
shown for Example 4.5.

If no processing time on machine My is enlarged by more than two units and if no
processing time on machine My is enlarged by more than one unit, then permutation
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Table 4.7: Stability radii pj, M; € {My, Mz}, for Example 4.5

Machine M; Machine M,
pri=3|rip=min{2,00} =2| |p1a=5|rs=00
P21 =4 121 =00 pao=1|m9=min{3,1} =1
P31 =1 |7T31 =00 P32 =2 |r3s =min{5,00} =5
p1L=2 p2 =1

. = (1,3,2) remains Johnson’s permutation for the non-availability intervals given in
Table 4.5.

Enlargement Polytopes

If w; = 0, operation O;; of job J; on machine M; may be processed without preemptions
and so the length of interval for scheduling operation O;; is equal to p;;. However if
w; > 1, scheduling time (i.e., difference between completion time and starting time) of
operation O;; may be increased by the lengths of some non-availability intervals. Next,
we determine the maximal possible enlargements of scheduling times of operations O;; on
machine M; € {M;, M,} caused by non-availability intervals independently of a concrete
schedule under consideration.

Definition 4.5 The enlargement radius 0; of the operations on machine M; is defined as
the mazimum of possible enlargements d;; of scheduling times of operations O;;, J; € J,
caused by non-availability intervals on machine M;. The closed polytopes

Aj={x = (215, T2, Tnj) * Pij < Ty < pij +dig, Jy € J}, My € {My, My},
in the space R are called enlargement polytopes.

The enlargement radius gives the maximum amount that the completion time of an
operation on a machine may be delayed by one or more consecutive non-availability in-
tervals which may be included in the scheduling interval for processing the operation. We
prove the following lemma.

Lemma 4.14 The enlargement radii §; and enlargement polytopes A;, M; € { My, Ms},
can be computed in O(w? +n log n) time.

ProOOF. For machine M; we do the following. If operation O;; starts or is resumed
immediately after a non-availability interval on machine M;, we have to add the length
of this non-availability interval to the scheduling time of operation O, ;.

We compute the maximal sum D; of lengths of ¢ consecutive non-availability intervals
of machine M, for i =1,2,... w;:

C(a+i—1
D; :w@*allg’{ 3 h(Nk,l)}.
a k=a
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Using the given non-availability intervals, we can determine availability intervals of ma-
chine M; € {M;, M>}.

Let Ay; denote k™ availability interval, i.e., £ maximal interval when machine M; is
available to process a job. Let s(Ay;), f(Ag;) and h(Ayg;) be starting point, endpoint and
length of interval Ay;, respectively.

W.lo.g. we assume that s(Ny;) > 0. Indeed if s(IV;1) = 0, we can change earliest
possible starting time s; = 0 on machine A; by s; = f(N1,1) and an optimal permutation
remains the same. Thus, we obtain s(A; 1) =0, f(A11) = s(N11) and h(A11) = f(A11)—
S(Al,l) > 0.

For k = 2,3,...,w; we obtain s(Ax1) = f(Nk—11), f(Ak1) = s(Ng1) and h(Ax,) =
f(AkJ) — S(AkJ) > 0.

We set Ey = 0 and compute sum F; of lengths of i consecutive availability intervals
Ay of machine M fori=1,2,...,w; +1:

wi+1—i (ati=1
E; = Ilan:Hll { kz:; h<Ak,1>}'

These computations need O(w?) time. Using numbers Dy and Ey, for k =1,2,... w;
we can calculate the maximal possible enlargement of scheduling time for processing
operation O;; of job J; on machine M;. Indeed, to process operation O;; at most k
consecutive availability intervals of machine M; have to be used if Ey_; < pi1 < Ej.
These k availability intervals are alternated with k£ non-availability intervals of machine
M;. Therefore the scheduling time for processing operation O;; may be increased by at
most Dy. Hence, the scheduling time for processing each operation O;; on machine M;
with Ex_; < pi1 < Ejy may have the maximal enlargement caused by non-availability
intervals with total length equal to Dy.

Similar arguments are valid for machine M. Thus, the calculation of the enlargement
of each job from set J takes O(w + n log n) time, so we need O(w? + n log n) time for
the calculation of the enlargement radii d; and enlargement polytope A;, j € {1,2}.

&

Example 4.5 (continued). In Table 4.8, the enlargement radii for machines M; and
My are presented for Example 4.5. Thus, any scheduling time of operation on machine
M (machine Ms) cannot be enlarged by more than three units (by more than two units,
respectively) if one sticks non-availability intervals with jobs J.

Similarly, any scheduling time on machine My cannot be enlarged by more than two
units.

Using Lemma 4.13 and Lemma 4.14 we prove the following theorem.

Theorem 4.9 Johnson’s permutation s defined for problem F2//Cpax remains optimal
for problem fZ,NC'Oﬁ/pmtn/Cmaz with the same processing times if

dij <y, i €{1,2,...,n}, j € {1,2}. (4.35)

To test condition (4.35) takes O(w? + n log n) time.
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Table 4.8: Enlargement radii §;, M; € {M, My}, for Example 4.5

Machine M; Machine M,
pii=3 d1,1 =2 D12 =9 d1,2 =2
P21 =4 d2,1 =3 P22 =1 d2,2 =1
p31="7|d31=3| |p32a=2|d32=1

ProoOF. We prove this claim by contradiction. Let there exist permutation 7, € S™ of n
jobs J such that
Cmax<7rk) < Cmax(ﬂ-s) (436)

for the problem F2,NC Oﬁ/ pmitn /Cpq, mentioned in Theorem 4.9. We define modification
(we call it Problem 1) of the above problem F2//C,q, which have the following processing
times p;j of operations O;;:

r | h(Ngj) + cij(mi) — sii(mg),  if there exists Ny; with f(Ny;) = s5(m),
Pig = cij(mg) — sij(my),  otherwise.

Due to Definition 4.5 we have p;-j < pij + di;. Due to Definition 4.4 and inequalities
(4.35), permutation 7, remains Johnson’s permutation for Problem 1. As far as w = 0 for
Problem 1, Johnson’s permutation 74 is optimal. Therefore Ci,qp(75) < Chae(mx) which
contradicts to inequality (4.36).

The complexity of calculation values 7;; and d;; given in Lemma 4.13 and Lemma 4.14
defines complexity of testing inequalities (4.35).

<&

Next, we present more simple sufficient conditions for optimality of permutation using
information about location of some operations O;; and non-availability intervals N, in
the concrete schedule.

Sufficient Conditions for Stability of an Optimal Permutation

Let m, = (Jiy,Jiy,---,Ji,) be optimal permutation for the problem F2//C, a0,
s(m,) be schedule for problem F2 N C’Oﬁc/pmtn/Cmax defined by permutation m,, and
¢i,.i(s(m,)) denote completion time of operation O;, ; in the schedule s(m,) for problem

.?’:2,NC’Ojjf/pmtn/Cm(lm with 1 <k <n.

Theorem 4.10 Permutation m, which is optimal for the problem F2//Cpaz remains op-
timal for problem F2,N Coﬁ/pmtn/Cmax with the same processing times if there exists a
time point t = ¢;, 1(s(my)), 1 < k <mn, for the schedule s(m,) such that

(i) the smallest k operations on machine My and non-availability intervals of machine M
completely fill the time interval [0, 1],

(i1) the smallest n + 1 — k operations on machine Ms and non-availability intervals of
machine My completely fill the time interval [t, c;, 2(s(m,))].
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PROOF. Since in the schedule s(7,) there are no idle times on machine M; in the interval
[0,¢] and on machine M, in the interval [t, ¢;, o(s(m,))], any transposition of jobs within
set {41,142, ...,1} cannot decrease the value Cpax(s(m,)). Similar arguments are valid for
any transposition of jobs within set {ig, ix11, ..., }-

Let s be any semiactive schedule constructed for the problem F2,NC' Oﬁ/ pmitn/Cpaz
under consideration. In any semiactive schedule, machine M; has no idle time which
belong to availability intervals within interval [1,¢;, 1(s)]. Thus, operations O, 1, k +
1 < t < n, and non-availability intervals of machine M; completely fill the interval
[t,ci,1(s(m))]. From condition (i7) it follows that for schedule s(m,) only interval [0, ]
may include idle time of machine M, which belong to availability intervals. Let I(s(m,))
denote the total length of such idle times. If [(s(m,)) = 0, then schedule s(m,) is optimal
for problem F2,NC Oﬁ/ pmin/Cpaz. 1f 1(s(m,)) > 0, then decreasing value Chax(s(m,)) =
¢, 2(s(my,)) is equivalent to decreasing the total length {(s(m,)) of idle times.

To finish the proof we have to consider each semiactive schedule s obtained from
schedule s(m,) after transposition job J;,1 < [ < k, and job J; ,k+1 < m < n.
From condition (i) it follows that machine M; cannot completely process more than k
operations within interval [0,¢], and machine M, cannot completely process more than
k — 1 operations within interval [0,t¢]. Consequently, from condition (i) it follows that
total idle time of machine M, which belong to availability intervals within interval [0, ]
in the schedule s cannot be less than (s(m,)), and thus Cax(s(my)) < Chax($)-

&

Note that in the above proof of Theorem 4.10 we do not use that 7, is a Johnson’s
permutation for the problem F2//C,,,, indicated in Theorem 4.10. Indeed, if conditions
(¢) and (77) are valid for any permutation 7, which is optimal for the problem F2//C,qx
(but m, may not satisfy Johnson’s rules), then permutation m, remains optimal for the
problem F2,NC Oﬁ/ pmin/Cpa: as well. The following corollaries are also valid for any
permutation 7, which is optimal for problem F2//C,,qz-

Corollary 4.1 If machine My is filled in the interval [c;, 1(s(my)), i, 2(s(my))] with only
the smallest operation on machine My and non-availability intervals, then schedule s(m,)
is optimal for problem FQ,NCOﬁE/pmtn/me.

Corollary 4.2 If p;;17 = min{p;,1 : 1 < k < n} and machine My has no idle
time in the interval [c;, 1(s(my)), i, 2(s(m))], then schedule s(m,) is optimal for problem

FQ,NC’Oﬁ/pmtn/Cmm.

For the proof of Corollary 4.1 (Corollary 4.2) it is sufficient to note that conditions
(7) and (i) from Theorem 4.10 necessarily hold for £k = n (for £k = 1, respectively).
Again it is not assumed that permutation 7, used in Corollary 4.1 and in Corollary 4.2
satisfies Johnson’s rules, however these corollaries are often realized just for Johnson’s
permutation. It is easy to see that testing Corollary 4.1 takes O(wy) time, while testing
Corollary 4.2 takes O(wq + n) time.

In order to reduce the number of non-availability intervals that have to be considered
for testing Theorem 4.9 and Theorem 4.10, one can use the following lemma.
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Lemma 4.15 The earliest possible starting times s; and the latest possible completion
times ¢; of any job from set J on machine M;,j € {1,2}, in a semiactive schedule

constructed for the problem FQ,NCOﬂ/pmtn/Cmaw can be computed in O(w + n) time.

PROOF. On machine Mj, the earliest starting time of a job is equal to

_ f<N1,1)7 if S(Nl,l) =0,
o1 max{ 0, otherwise.

The latest completion time of a job from set J on machine M; is equal to ¢y =p1+h+g
with p; = X piy and h = S | h(N; 1) with s(N,;) < p1 for maximal k. Let g initially be
zero, and k be taken from the former computation. The value g is increased by h(Ngi11)
and k is increased by 1 as long as $(Ng111) < p1 + h + g. The computation of p; takes
O(n) time and the computation of h and g takes O(w) time. Hence, we need O(w + n)
time to compute the latest completion time of any job from set J on machine Mj.

Let pmin(1) be the smallest processing time of an operation on machine M;. On
machine Mj, the earliest possible starting time of any job is the completion time of the first
operation (which is assumed to be the smallest one) on machine M;. Let d = pyn (1) + c.
The values ¢ and k are initially equal to 0. The value ¢ is increased by h(Ny411) and k is
increased by 1 as long as s(Nk+11) < Pmin(1) + ¢. Then we have

f(N;s), if there is a non-availability interval
So = max NZ"Q with Si,2 S d and Ci2 Z d,
d, otherwise.

The above computation takes O(w+n) time. Let pq.(2) be the largest processing time
of an operation on machine M;. The latest possible completion time of any job on machine
M, is estimated by the upper bound c; = ¢; 4+ Y- p; 2 + d. The value k is the maximum
index with s(Ng2) < ¢;. The value d initially is equal to max{f(Ny2) — c¢1,0}. The value
d is increased by h(Ngi12) and k is increased by 1 as long as s(Nxi12) < ¢1 4+ Y. pia + d.
This computation takes O(w + n) time.

&

Example 4.5 (continued). Table 4.7 and Table 4.8 show the results for the computation of
the stability and enlargement radii for machine My and machine M. One can see that due
to Theorem 4.9 Johnson’s permutation (1,3,2) remains optimal for the non-availability
case under consideration since d;; < r;; for all J; € J and j € {1,2}. Also, Corollary 4.1

and Theorem 4.10 are valid for this example of the problem fZ,NCoﬁ/pmtn/Cmax.
In Example 4.5 and in the computational experiments, non-negative integer numbers

are used as processing times and lengths of non-availability intervals. However, it is
obvious that all the above results are valid for non-negative real input data as well.

Computational Experiments

Stability analysis was performed on a huge number of randomly generated problems
F2,NC Oﬁ/ pmitn/Cpqaz. For each problem instance with w > 1 we constructed at least
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one Johnson’s permutation for the corresponding flow shop problem F2//C,,4. with the
same processing times but without non-availability intervals (w = 0), and answered the
question: Is this permutation optimal for the original problem F2,NC' Oﬁ/ pmitn/Cpaz With
given w > 1 non-availability intervals? To this end, we tested sufficient conditions proven
in this section. To minimize running time of the algorithm, these conditions were tested
in an increasing order of their complexity up to the first positive answer (if any) to the
above question. More formally, the following algorithm has been realized.

Algorithm for F2,NC Oﬁ/ pmitn/Cpaz

Input:  Processing times for jobs J and non-availability intervals of machines M.

Output: Optimal schedule for the problem F2,NC Oﬁ/ pmitn/Cpae OF
feasible schedule if algorithm terminates at Step 6.

Step 1: Construct Johnson’permutation 7 for the problem F2//C, 4z
Step 2: IF 7 satisfies Corollary 4.1 THEN GOTO Step 7.

Step 3: IF 7 satisfies Corollary 4.2 THEN GOTO Step 7.

Step 4: Construct A = min{\*, 2¥} Johnson’s permutations 7y, o, . .., Ty.

Step 5: FORi=1,2,...,A DO

BEGIN
Set m:= ;.
IF 7 satisfies Corollary 4.1 THEN GOTO Step 7.
IF 7 satisfies Corollary 4.2 THEN GOTO Step 7.
IF 7 satisfies Theorem 4.10 THEN GOTO Step 7.
IF 7 satisfies Theorem 4.9 THEN GOTO Step 7.

END

Step 6: Optimality of permutations 7;, ¢« = 1,2,..., A, for the problem
fQ,NCOﬁ/pmtn/Cmax is not proven STOP.

Step 7: Permutation 7 is optimal for the problem F2,NC Oﬁ/ pmitn/Cpaz STOP.

Steps 4 and 5 in the above algorithm are realized since there may be more than one
Johnson’s permutation. Indeed, if there are k equalities p;; = py; for different jobs J; € J
and J, € J, then there may be 2 possible Johnson’s permutations. So, it was tested
up to min{\*, 2%} Johnson’s permutations for each instance. In the experiments, we set
A =1024.

For each combination of n and w, Tables 4.9 - 4.18 present the percentage of in-
stances in the series for which calculation based on the above algorithm found Johnson’s
permutation which remains optimal in spite of the given w non-availability intervals.

The above algorithm was coded in C++. For the computational experiments, we used
an AMD 1200 MHz processor with 1024 MB main memory. For the small and moderate
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instances similar to those considered in [KBF*02] we made 10000 tests in each series, i.e.,
for each combination of n and w. These results are presented in Table 4.9 - Table 4.13.
For the large instances presented in Tables 4.14 - 4.18 we made 1000 tests in each series.

Table 4.9: Percentage of solved instances with wy > 0 and wg > 0

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 74.2% 721% 723% 72.7% 723% 13.4% 741% 74.6% 75.1% 76.2%
10 87.5% 85.0% 84.6% 83.8% 83.5% 834% 83.5% 83.1% 84.4% 83.5%
15 91.1% 90.7% 90.0% 89.9% 89.6% 89.0% 88.7% 87.9% 88.5% 88.5%
20 93.4% 93.2% 92.5% 92.3% 92.1% 91.9% 91.7% 91.3% 90.8% 91.3%
25 94.5% 94.1% 94.3% 93.6% 93.3% 93.7% 93.8% 93.0% 93.2% 92.4%
30 95.1% 94.9% 95.0% 95.1% 94.7% 94.5% 93.9% 94.2% 94.0% 94.4%
35 95.5% 95.7% 95.5% 95.9% 954% 95.3% 95.5% 95.4% 95.1% 94.9%
40 96.0% 96.2% 96.1% 96.3% 96.1% 96.1% 95.9% 95.8% 95.5% 95.6%
45 96.6% 96.9% 96.6% 96.4% 96.2% 96.5% 96.3% 96.2% 96.1% 96.1%
50 97.2% 97.0% 96.8% 96.6% 96.7% 96.7% 96.9% 96.6% 96.9%  96.4%
55 97.2% 97.2% 97.2% 97.5% 96.8% 97.1% 97.2% 97.1% 96.8% 96.8%
60 97.7% 97.4% 97.6% 97.2% 97.3% 97.3% 97.2% 97.1% 97.2% 97.1%
65 97.6% 97.4% 97.7% 97.7% 97.3% 97.3% 97.3% 97.2% 97.3% 97.4%
70 97.8% 97.5% 97.9% 98.0% 97.5% 97.9% 97.7% 97.2% 97.8% 97.5%
75 97.7% 98.1% 97.9% 982% 97.8% 97.7% 97.8% 97.6% 97.8% 97.9%
80 98.1% 98.0% 98.1% 97.9% 98.1% 98.2% 98.0% 97.9% 97.6% 97.9%
85 98.1% 98.3% 98.2% 98.2% 98.3% 98.0% 98.2% 98.1% 98.0% 98.0%
90 98.5% 98.5% 98.3% 98.2% 98.3% 97.9% 98.1% 98.3% 982%  98.0%
95 98.3% 98.3% 98.4% 98.2% 98.1% 98.3% 98.2% 98.3% 98.2%  98.2%
100 98.5% 98.5% 98.5% 98.5% 98.4% 98.4% 983% 98.3% 98.2% 98.3%

Lemma 4.15 was used during the generation of random instances: The non-availability
intervals were chosen in such a way that every non-availability interval was counted. This
means that if ¢; and ¢y are the completion times of the last job on machine M; and M,
(in the schedule with non-availability intervals), then every non-availability interval was
located either in the segment [0, ¢;] for machine M; or in the segment [0, ¢o] for machine
Mg.

Problems of Small and Moderate Sizes

First, we tested problems similar to those considered in [KBF102], i.e., with

e 5.10,15,...,100 jobs with integer processing times uniformly distributed in the
range [1,1000] and with

e 1,2,3,...,10 non-availability intervals (on both machines) with integer lengths uni-
formly distributed in the range [1, 1000].

In [KBF*02], a branch-and-bound algorithm was developed and used for constructing
optimal schedules for problem F2,NC Oﬁ/ pmin/Cpaz. Due to the limit ¢ of the run-
ning time used for each instance (limit ¢ was equal to 1000 seconds) not all instances
were optimally solved within limit ¢. For similar instances, we answered the question of
how many schedules following Johnson’s order (constructed for problem F2//Cpa.) re-
mained optimal in spite of the non-availability intervals on the machines (i.e., for problem

F2,NC Oﬁ/ pmitn/Cpaz). We tested only sufficient conditions and our algorithm does not
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guarantee to find an optimal schedule for some problems F2,NC' Oﬁ/ pmin/Cpa,. However,
our experiments shown that such instances arise rather seldom for the most randomly
generated problems. We considered 10000 instances in each series of small problems (in
[KBF*02], 10 instances were tested in each series).

Tables 4.9 - 4.13 present the percentage of problem instances which were (optimally)
solved due to the stability analysis via the algorithm described at page 222. We do not
present running times for series of small and moderate instances, since the running times
were very close for different instances and very small: The maximum running time for
each instance in the series presented in Tables 4.9, 4.10 and 4.11 was 0.000125 seconds,
and that in the series presented in Tables 4.12 and 4.13 was 0.000731 seconds.

Table 4.10: Percentage of solved instances with w = ws

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 76.7% 75.0% 74.5% 75.2% 76.6% 77.3% T7.9% T7.6% 79.6% 80.3%
10 87.9% 86.4% 85.2% 84.4% 83.1% 83.7% 85.0% 84.5% 85.4% 85.6%
15 91.7% 91.1% 90.4% 88.9% 89.5% 88.9% 89.2% 88.9% 89.2% 88.9%
20 93.6% 92.6% 92.9% 92.2% 92.5% 91.5% 91.7% 91.0% 90.4%  90.5%
25 94.5%  94.5% 94.3% 93.5% 93.7% 92.9% 92.6% 93.2% 92.7% 92.6%
30 95.3% 95.0% 94.6% 94.5% 94.0% 94.1% 94.4% 94.0% 94.0% 93.7%
35 96.0% 95.8% 95.9% 95.7% 95.3% 954% 94.8% 94.5% 94.7% 94.8%
40 96.3% 96.4% 95.9% 95.8% 95.8% 96.2% 95.5% 96.0% 95.8%  95.4%
45 96.5% 96.8% 96.5% 96.5% 96.0% 96.4% 96.2% 96.0% 95.7%  96.0%
50 97.2% 96.8% 96.8% 96.7% 96.6% 96.8% 96.8% 96.5% 96.4% 96.0%
55 97.1% 97.4% 97.3% 97.2% 97.0% 96.9% 96.5% 96.8% 96.6% 96.8%
60 97.4% 97.4% 97.5% 97.5% 96.9% 97.1% 97.0% 96.9% 97.0% 96.8%
65 97.5% 97.7% 97.5% 97.5% 97.4% 97.3% 97.2% 974% 97.5% 96.8%
70 98.0% 98.0% 97.9% 97.7% 98.0% 97.7% 97.6% 974% 97.8% 97.5%
75 98.1% 98.0% 97.8% 97.7% 97.7% 97.8% 97.8% 97.8% 97.8% 97.9%
80 98.2% 98.2% 98.2% 98.0% 98.1% 97.9% 97.9% 97.8% 97.6% 97.6%
85 98.1% 98.3% 98.2% 98.2% 98.0% 97.8% 98.1% 98.1% 97.9% 98.1%
90 98.4% 98.2% 98.3% 98.1% 98.3% 98.2% 98.0% 98.1% 98.2%  98.0%
95 98.6%  98.4% 98.3% 98.4% 98.1% 98.2% 98.3% 98.2% 98.0% 97.8%
100 98.3% 98.3% 98.7% 98.5% 98.4% 98.2% 98.2% 98.2% 98.3% 98.2%

Table 4.9 presents small problems. We can compare Table 4.9 with Table 1 in
[KBF*02]. The percentage of solved instances in our experiments were less for n =
5,n =10 and n = 15, but almost the same for 15 < n < 100. Moreover, the branch-and-
bound algorithm used essentially more running time (1000 seconds were not sufficient to
solve some small instances).

Due to an NP-hardness proof and experiments, in [KBFT02], it was shown that in-
stances in which the values p;» were a double of the values p; ;1 (i.e., pi2 = 2p;1) were
much harder than instances with processing times uniformly generated for both machines.
Our computations confirmed this property for small problem size (compare Table 4.9 with
Table 4.12, and Table 4.11 with Table 4.13). From comparing Table 4.12 with Table 3 in
[KBF*02] it follows that our approach has a close percentage of solved problems (since
limit ¢ was used for the branch-and-bound algorithm) and essentially outperforms the
branch-and-bound algorithm in the running time.

Along with the case when non-availability intervals are on both machines: w; > 0
and wy > 0, we tested the cases (classes) of problems when either w; = 0 or wy = 0.
Theoretically, the case with w; = 0 seems to be harder than the case with wy, = 0
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Table 4.11: Percentage of solved instances with w = w;

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 71.4% 67.4% 67.0% 69.0% 69.6% T71.0% 725% 73.7% 73.8% 76.4%
10 86.2% 83.3% 822% 80.9% 81.2% 81.0% 81.2% 82.6% 81.6% 82.2%
15 91.2% 89.7% 89.5% 88.1% 87.7% 87.6% 87.1% 87.1% 88.0% 88.1%
20 93.0% 92.9% 92.0% 91.7% 90.6% 90.7% 90.5% 90.0% 90.5%  90.2%
25 94.1% 93.8% 93.8% 93.1% 92.8% 92.8% 92.5% 92.2% 92.4% 92.1%
30 95.1% 94.9% 94.2% 95.2% 94.7% 94.1% 94.2% 93.8% 93.9% 93.5%
35 96.1% 95.8% 95.5% 95.3% 94.9% 94.4% 95.1% 94.7% 94.3% 94.3%
40 96.5% 96.1% 95.8% 95.8% 95.9% 95.5% 95.2% 95.6% 95.1% 95.2%
45 97.0% 96.6% 96.4% 96.5% 96.1% 96.2% 95.7% 95.9% 95.9% 95.9%
50 96.9% 96.6% 96.4% 96.7% 96.9% 96.7% 96.5% 96.5% 96.5% 96.2%
55 97.4% 97.2% 96.7% 96.9% 96.9% 97.1% 97.0% 97.0% 96.8%  96.6%
60 97.5% 97.7% 97.2% 97.0% 97.3% 97.0% 97.1% 96.8% 97.1%  97.0%
65 97.9% 97.5% 97.5% 97.6% 97.6% 97.3% 97.4% 97.3% 97.2% 97.2%
70 97.5% 97.7% 98.0% 97.9% 97.8% 97.5% 97.6% 97.1% 97.5% 97.8%
75 97.9% 98.0% 97.9% 97.8% 97.7% 97.8% 97.8% 97.6% 97.5% 97.7%
80 98.2%  98.4% 98.0% 98.0% 98.0% 97.6% 97.8% 97.5% 97.8% 97.7%
85 98.2% 982% 98.3% 97.8% 98.0% 98.1% 98.1% 97.7% 97.9% 97.8%
90 98.3% 98.1% 98.4% 98.0% 98.2% 98.3% 98.2% 98.0% 98.2% 97.7%
95 98.5% 98.4% 98.4% 982% 98.3% 98.3% 981% 97.9% 98.3% 98.1%
100 98.4% 98.3% 98.3% 98.4% 98.5% 98.4% 98.4% 98.2% 98.1% 98.3%

since non-availability interval on machine M; may cause idle time on machine M, (while
the opposite claim is not true). So, we tested the above two cases (see Table 4.10 for
w = wy, and Table 4.11 for w = wy). From Tables 4.10 and 4.11, it follows that there are
computational differences between cases w = w; and w = wy (problem with w = w; are
often harder than problems with w = w,), however these differences are not so significant.

The hardest problems for our stability analysis were obtained due to the union of the
above two difficulties. Table 4.13 presents the computational results for the problems
with both equalities w = w; and p; 2 = 2p; ;. The worst results were obtained for series
with a small number of jobs (n = 5,n = 10,n = 15 and n = 20) and a large number of
non-availability intervals (see right-upper corner of Table 4.13). Thus, sufficient conditions
derived in this section are disappointing for the problems with p; o = 2p; ; and w = w; > n.
Such a class of problems needs to be studied in more details.

Note that the easiest problems for stability analysis based on the above computational
scheme were obtained for the union of equality w = w, and equality p;» = 2p;1: All of
the 10000000 instances of such problems were optimally solved in our experiments.

Problems of Large Size

Due to the small running time, we were able to investigate much larger instances than
those considered in [KBF+02]. We tested problems F2,NC°H/pmtn /Cpas) with

e 1000, 2000, ..., 10000 jobs with integer processing times uniformly distributed in the
range [1,1000] and with

e 10,100,500,1000 non-availability intervals with integer lengths uniformly dis-
tributed in the range [1,1000] on both machines.
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Table 4.12: Percentage of solved instances with p; 2 = 2p; 1, w1 > 0 and wy > 0

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 64.5% 50.6% 44.4% 42.1% 40.0% 382% 37.7% 37.8% 36.5% 36.0%
10 66.6% 54.2% 47.4% 42.5% 40.3% 36.8% 35.6% 34.6% 33.9% 33.1%
15 68.0% 55.0% 49.2% 45.0% 422% 39.1% 37.5% 35.9% 35.6% 34.1%
20 69.4% 56.7% 50.8% 46.7% 43.9% 41.6% 39.9% 38.6% 36.6% 35.2%
25 68.4% 582% 522% 47.8% 45.8% 42.2% 40.2% 39.0% 37.4% 37.5%
30 68.8% 58.5% 52.7% 48.9% 45.4% 44.2% 42.4% 40.9% 39.8% 38.0%
35 68.6% 58.7% 53.4% 50.0% 46.2% 44.9% 43.0% 41.7% 40.3%  39.4%
40 69.7% 582% 52.6% 49.1% 47.2% 451% 43.0% 41.1% 41.8% 39.6%
45 69.9% 59.2% 53.2% 50.0% 47.6% 44.9% 43.7% 42.3% 41.2% 41.1%
50 70.3% 60.1% 54.5% 49.5% 47.6% 47.0% 44.5% 44.8% 43.3% 41.0%
55 68.9% 59.1% 54.1% 50.5% 48.0% 46.5% 46.8% 43.6% 42.1% 42.1%
60 70.0% 59.5% 53.8% 50.6% 49.2% 47.4% 46.0% 43.8% 43.7% 42.2%
65 70.4% 60.0% 53.7% 51.5% 49.1% 47.7% 46.5% 44.8% 43.4% 42.7%
70 70.1% 60.4% 54.7% 50.9% 49.5% 482% 47.7% 45.5% 43.6% 42.6%
75 68.8% 60.7% 54.9% 51.5% 49.5% 48.4% 46.1% 455% 44.3% 43.7%
80 70.0% 60.3% 54.2% 51.5% 50.3% 48.3% 47.0% 45.0% 44.4% 44.6%
85 70.8% 60.5% 55.1% 52.1% 50.4% 48.2% 46.6% 45.5% 44.7% 45.0%
90 70.2% 60.8% 55.4% 52.3% 50.9% 48.0% 47.2% 46.7% 45.5% 43.9%
95 71.2%  60.0% 55.5% 52.5% 51.0% 47.7% 47.5% 46.5% 45.9% 44.6%
100 70.4% 60.8% 57.2% 53.1% 50.8% 48.6% 47.1% 46.9% 45.9% 45.7%

The computational results for the latter problems

are given in Table

4.14 which is

analogue to Table 4.9.

Tables 4.14 - 4.18 give the percentage of (optimally) solved instances due to stability
analysis based on the above computational scheme and the average running time in sec-
onds for each series of instances (in parenthesis). Comparing Table 4.9 with Table 4.14
show that increasing simultaneously both numbers n and w increases the number of solved
instances. The same issue follows from comparing Table 4.10 with Table 4.15, Table 4.11
with Table 4.16, Table 4.12 with Table 4.17, and Table 4.13 with Table 4.18.

Of course, the running time increases with increasing the product nw. Fortunately,
the running time for the stability analysis via algorithm given at page 222 remains rather
small even for large problem sizes. Also we can conclude that the order of considered cases
(classes) of problems with respect to an increasing of their complexity in our experiments
was as follows.

[(Pi2 = 2pi1)&(w = wa)] — [(w1 > 0)&(wz > 0)] = [(w = wy)] = [(w = w)]

= [(pi2 = 2pi1)& (w1 > 0)&(wa > 0)] — [(pi2 = 2pi1)&(w = w1)].

The hardest class of large problems was that with p;» = 2p;; and w = w,, and the
easiest class of large problems was that with p;» = 2p;; and w = wy. All problems from
the latter class were optimally solved (the table for this class is omitted). Note that
the above order of problem classes had exceptions in our experiments, and it was more
expressive for small problems. Within a problem class, the complexity of the instances
usually increased with decreasing the difference n — w.

Remarks and Discussion

In this section, sufficient conditions are proven for Johnson’s permutation to be optimal
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Table 4.13: Percentage of solved instances with p; 2 = 2p; 1 and w = w;

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 274% 16.2%  9.5% 5.0% 3.0% 1.4% 0.7% 0.5% 0.2% 0.1%
10 33.0% 26.1% 208% 15.3% 11.4% 7.5% 5.3% 3.0% 1.9% 0.8%
15 35.0% 31.6% 27.8% 23.3% 19.6% 16.1% 13.8% 10.7% 8.2% 6.1%
20 36.2% 34.0% 29.9% 271% 26.6% 23.0% 203% 17.6% 152% 13.3%
25 36.9% 354% 325% 30.3% 282% 25.9% 24.2% 21.9% 19.6% 17.9%
30 38.4% 358% 33.7% 32.9% 30.2% 29.0% 26.6% 25.6% 23.8% 22.6%
35 384% 359% 35.6% 329% 31.9% 30.7% 30.0% 27.1% 26.2% 24.8%
40 38.9% 375% 35.6% 33.9% 33.0% 31.8% 30.7% 29.7% 28.7% 26.8%
45 38.9% 38.0% 36.1% 36.1% 34.0% 32.9% 32.9% 30.5% 29.9% 27.5%
50 39.5% 384% 36.5% 36.3% 35.1% 34.4% 33.1% 31.8% 30.7% 30.1%
55 39.5% 38.7% 37.5% 36.8% 36.0% 34.7% 33.8% 332% 33.1% 30.7%
60 40.7% 38.6% 37.9% 37.3% 36.8% 34.8% 33.8% 34.1% 32.8% 31.7%
65 40.7% 39.6% 38.8% 37.4% 36.9% 36.6% 35.7% 342% 33.3% 32.6%
70 39.8% 40.6% 39.2% 38.0% 37.7% 36.5% 36.3% 34.4% 34.6% 33.7%
75 41.2% 39.7% 39.3% 38.0% 38.4% 36.7% 36.6% 356% 35.0% 34.2%
80 40.6% 39.9% 40.4% 39.2% 38.7% 37.5% 36.6% 36.1% 36.1% 35.9%
85 41.5% 40.1% 40.2% 39.4% 38.0% 38.7% 37.4% 36.6% 35.5% 34.6%
90 41.2%  39.6% 40.4% 39.5% 394% 38.4% 37.2% 374% 37.1% 37.0%
95 41.6% 40.6% 40.2% 40.2% 38.9% 38.8% 37.9% 38.3% 358% 36.6%
100 41.3% 40.6% 40.0% 39.3% 39.3% 39.3% 382% 38.5% 37.8% 36.5%

Table 4.14: Average running time and percentage of solved instances with wi > 0 and

wg > 0

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 99.9% (0.008 s) | 100.0% (0.008 s) 99.9% (0.010 s) 99.8% (0.027 s)
2000 100.0% (0.029 s) | 100.0% (0.029 s) | 100.0% (0.031s) | 100.0% (0.037 s)
3000 100.0% (0.065 s) | 100.0% (0.065 s) 99.8% (0.101 s) | 100.0% (0.073 s)
4000 100.0% (0.116 s) | 100.0% (0.116 s) | 100.0% (0.118 s) | 100.0% (0.123 s)
5000 100.0% (0.180 s) | 100.0% (0.180 s) | 100.0% (0.182's) | 100.0% (0.188 s)
6000 100.0% (0.259 s) | 100.0% (0.259 s) | 100.0% (0.261 s) | 100.0% (0.266 s)
7000 100.0% (0.352 s) | 100.0% (0.352s) | 100.0% (0.354 s) | 100.0% (0.359 s)
8000 100.0% (0.459 s) | 100.0% (0.459 s) | 100.0% (0.461 s) | 100.0% (0.466 s)
9000 100.0% (0.580 s) | 100.0% (0.580 s) | 100.0% (0.582's) | 100.0% (0.588 s)
10000 100.0% (0.715 s) | 100.0% (0.716 s) | 100.0% (0.717 s) | 100.0% (0.723 s)

in the case of given non-availability intervals on machines M; and M in the two-machine
flow shop problem. Due to Theorem 4.9 and Lemmas 4.13 and 4.14, these conditions may
be tested in polynomial time of the number n of jobs and the number w of non-availability
intervals.

In Chapter 3, the notion of relative stability radius was used for a job shop problem.
Such a relative stability radius may be used instead of a stability polytope defined in this
section. It should be noted that the stability analysis may be used also for other scheduling
problems with limited machine availability if an optimal schedule for the corresponding
pure setting of the problem (i.e., when all machines are continuously available during the
whole planning horizon) may be constructed applying a priority rule of jobs such as SPT,
LPT and so on.

Moreover, one can use the above results for some kind of on-line settings of schedul-
ing problems when there is no prior information about the exact location of the non-
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Table 4.15: Average running time and percentage of solved instances with w = ws

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 100.0% (0.008 s) 99.9% (0.008 s) 99.3% (0.020 s) 99.8% (0.073 s)
2000 100.0% (0.029 s) | 100.0% (0.029 s) | 100.0% (0.032's) | 100.0% (0.041 s)
3000 99.9% (0.067 s) | 100.0% (0.066 s) | 100.0% (0.068 s) | 100.0% (0.077 s)
4000 100.0% (0.116 s) | 100.0% (0.116 s) | 100.0% (0.119's) | 100.0% (0.127 s)
5000 100.0% (0.180 s) | 99.9% (0.187 s) | 100.0% (0.183 s) | 100.0% (0.191 s)
6000 100.0% (0.259 s) | 100.0% (0.259 s) | 100.0% (0.262 s) | 100.0% (0.270 s)
7000 100.0% (0.352 s) | 100.0% (0.352s) | 100.0% (0.354 s) | 100.0% (0.363 s)
8000 100.0% (0.459 s) | 100.0% (0.459 s) | 100.0% (0.461 s) | 100.0% (0.470 s)
9000 100.0% (0.580 s) | 100.0% (0.580 s) | 100.0% (0.583 s) | 100.0% (0.591 s)
10000 100.0% (0.716 s) | 100.0% (0.716 s) | 100.0% (0.719 s) | 100.0% (0.727 s)

Table 4.16: Average running time and percentage of solved instances with w = w;

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 99.8% (0.008 s) 99.9% (0.008 s) 99.7% (0.017 s) | 100.0% (0.019 s)
2000 99.9% (0.030 s) 99.8% (0.031 s) 99.8% (0.041 s) | 100.0% (0.041 s)
3000 99.9% (0.070 s) | 100.0% (0.065 s) | 100.0% (0.068 s) | 100.0% (0.077 s)
4000 100.0% (0.116 s) | 100.0% (0.116 s) | 100.0% (0.118 s) | 100.0% (0.127 s)
5000 100.0% (0.180 s) | 100.0% (0.180 s) | 100.0% (0.183 s) | 100.0% (0.191 s)
6000 100.0% (0.259 s) | 100.0% (0.259 s) | 100.0% (0.262 s) | 100.0% (0.270 s)
7000 100.0% (0.351 s) | 100.0% (0.352's) | 100.0% (0.354 s) | 100.0% (0.363 s)
8000 100.0% (0.459 s) | 100.0% (0.459 s) | 100.0% (0.461 s) | 100.0% (0.470 s)
9000 100.0% (0.580 s) | 100.0% (0.580 s) | 100.0% (0.583 s) | 100.0% (0.591 s)
10000 100.0% (0.715 s) | 100.0% (0.716 s) | 100.0% (0.719 s) | 100.0% (0.727 s)

availability intervals on the time axis but values d;; or values d;, J; € J, j = {1,2}, are
known before scheduling. In a straightforward matter it is possible to extend the results
of this section to a two-machine n-job job shop problem (this is done in the next section).

The above computational results show that our stability analysis is efficient for small
problems (n < 100 and w < 10) and especially for large problems (1000 < n < 10000
and 10 < w < 1000). For the most classes of the randomly generated problems only a
few instances were not optimally solved within a few seconds of running time. The only
exception are the problems in which the processing times on machine M; are a double
of the processing times on machine M, the number of jobs is less than the number of
non-availability intervals, and machine M, is continuously available during the planning
horizon. For such kind of problems F2,NC' Oﬁ/ pmitn/Cpa, other sufficient conditions have
to be derived.

4.4 Job Shop with Limited Machine Availability

This section deals with the scheduling problem of minimizing the length of a schedule
(makespan) for processing n jobs by two machines with the given w non-availability in-
tervals. Processing each job has no more than two stages (i.e., there are at most two
operations per job), and technological routes through machines may differ from job to job
(multi-stage system of a job shop type). If there is no non-availability interval (w = 0),
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Table 4.17: Average running time and percentage of solved instances with p;2 = 2p; 1,
wy > 0 and wy > 0

Number Number of non-availability intervals

of jobs 10 [ 100 500 [ 1000
1000 80.5% (0.032's) | 75.9% (0.036's) | 60.3% (0.175s) | 48.9% (1.329 s)
2000 95.4% (0.074 s) | 92.3% (0.084 s) | 85.1% (0.155s) | 73.5% (0.802 s)
3000 99.2% (0.137s) | 97.6% (0.147 s) | 90.4% (0.233 s) | 85.4% (0.602 s)
4000 99.3% (0.238 s) | 98.9% (0.245 s) | 93.4% (0.338 s) | 88.0% (0.696 s)
5000 99.9% (0.359 s) | 99.5% (0.368 s) | 96.2% (0.454 s) | 91.7% (0.752 s)
6000 100.0% (0.514 s) | 99.6% (0.526 s) | 95.6% (0.664 s) | 91.3% (0.984 s)
7000 99.9% (0.703 s) | 99.3% (0.728 s) | 96.6% (0.853 s) | 92.1% (1.221 s)
8000 100.0% (0.912 s) | 99.6% (0.934s) | 97.1% (1.081 s) | 93.4% (1.444 s)
9000 99.9% (1.168 s) | 99.3% (1.210s) | 98.3% (1.286 s) | 93.9% (1.740 s)
10000 100.0% (1.447 s) | 99.7% (1.472's) | 97.4% (1.678 s) | 93.0% (2.209 s)

Table 4.18: Average running time and percentage of solved instances with p; » = 2p; 1 and

w = w1

Number Number of non-availability intervals

of jobs 10 [ 100 500 [ 1000
1000 79.4% (0.032's) | 69.6% (0.042 s) | 37.4% (0.457 s) 0.3% (4.968 s)
2000 95.0% (0.075 s) | 89.7% (0.093 s) | 69.5% (0.352's) | 46.6% (2.856 s)
3000 99.1% (0.136's) | 96.2% (0.158 s) | 83.5% (0.360 s) | 66.1% (2.054 s)
4000 99.4% (0.237s) | 98.6% (0.248 s) | 86.5% (0.498 s) | 72.8% (1.937 s)
5000 99.7% (0.363 s) | 98.3% (0.393 s) | 89.0% (0.661 s) | 79.6% (1.797 s)
6000 99.8% (0.520 s) | 97.8% (0.581s) | 90.8% (0.854 s) | 83.2% (1.858 s)
7000 99.9% (0.703 s) | 98.1% (0.778 s) | 92.7% (1.049 s) | 83.0% (2.246 s)
8000 99.8% (0.923 s) | 99.3% (0.950 s) | 92.8% (1.350 s) | 87.8% (2.181 s)
9000 100.0% (1.161s) | 99.1% (1.224 s) | 93.5% (1.653 s) | 89.0% (2.469 s)
10000 99.9% (1.455s) | 99.1% (1.524 s) | 94.5% (1.956 s) | 89.3% (2.899 s)

this problem may be polynomially solved using Jackson’s pair of job permutations (see
Section 4.2), otherwise it is binary NP-hard even if there is only one non-availability
interval (w = 1), and all the jobs have the same machine route (flow shop). The lat-
ter problem becomes unary NP-hard if the number of non-availability intervals may be
arbitrarily large. In practice, the limited machine availability may be coursed, e.g., by un-
finished jobs from the previous schedule, machine breakdowns and machine maintenance,
appearance unexpected job with high priority or with close due date, etc.

We find some sufficient conditions when Jackson’s pair of permutations remains opti-
mal for the two-machine job shop problem with the given w > 1 non-availability intervals.
Extensive computational studies show the effectiveness (in the number of problems solved)
and efficiency (in computational time) of these sufficient conditions for the randomly gen-
erated instances with n < 10000 jobs and w < 1000 non-availability intervals.

Definitions and Notations

Let set of jobs J = {Ji, Ja,...,J,} have to be processed in a job shop with set M =
{M;, My} of two machines. Each machine M; € M can process any job J; € J no more
than once. Let J(12) C J be set of jobs with machine route (My, My) (at first, job
J; € J(12) has to be processed by machine M; € M, and then by machine My € M).
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Let J(21) € J be set of jobs with opposite machine route (M, M;), and J(k) C J a
set of jobs which have to be processed by only one machine M, € M. Thus, we have
J=J1)UuJ(2)UJ(12)U J(21), and we set n, = |J;| where [ € {1,2,12,21}.

Let O, denote operation of job J; € J on machine M; € M at stage r € {1,2} of
the machine route (M;,, M,,), if J; € J(12) U J(21), or of the machine route (M;,), if
J; € J(1)UJ(2) and r = 1. Processing time p;;. of operation O, of job J; € J on machine
M;, € M is known before scheduling. All the n jobs are available at time ¢ = 0. Criterion
Cimaz under consideration denotes minimization of schedule length (makespan):

Cmam = Hl?X Cmax(s) = Il’l;aX{IIlaX{Ci(S) : ‘]Z € J}}

where C;(s) denotes completion time of job J; € J at schedule s.

In this section, we assume that all of the w non-availability intervals are known in
advance (before scheduling), and all the jobs are assumed to be resumable. In other words,
if processing operation O;, is preempted at the beginning of the unavailable interval of
machine M, € M, then it can be resumed at the end of this interval without increasing its
processing time p;;. given before scheduling. (Of course, the processing interval used for
operation O;, will be increased due to unavailable interval of machine M;_.) To indicate this
we use notation pmin since the latter assumption is equivalent to allowance of operation
preemption. Using three-field notation, the problem under consideration may be denoted
as JQ,NCOﬂ/pmtn/Cmaw.

Let (7', 7") be a Jackson’s pair of permutations (see Section 4.2) of the jobs of set
J (here 7" is a permutation of jobs J(12) U J(21) U J(1) on machine M;, and 7" is
a permutation of jobs J(12) U J(21) U J(2) on machine M,) which is optimal when all
machines are continuously available (w = 0) during the planning horizon (see Theorem 4.7
at page 206). The main aim of this section is to study the question whether this pair
of permutations remains optimal for the case of offline known w > 1 non-availability
intervals. To this end, we use the approach similar to that proposed in Section 4.3 for the
case of a flow shop problem with limited machine availability.

First, we present some properties of optimal schedule and remind useful results for
problem F2,NC Oﬁ/ pmin /Cpq. proven in Section 4.3. Then we prove sufficient conditions
for optimality of Jackson’s pair of permutations in the case of the given w > 1 intervals
of machine non-availability. The end of this section contains computational results for
stability analysis of Jackson’s pair of permutations.

We use the notations similar to that used in Section 4.3. For the problem
J2,N Coﬁ/pmtn/cmax, it is assumed that all the non-availability intervals are known
before scheduling. Machine M; € M is not available for processing any job from set J
from starting point s(Ny;) until endpoint f(Ny;) = s(Ngj) + h(Ngj), k€ {1,2,...,w,}.
The operation Oy;, started before time point s(Ny;) with j = 4, but not finished until
time point s(Ny;) is suspended during time period of length h(Ny;) starting from time
point s(Ng;). Then processing operation Oy, is resumed from time point f(NVy;).

Since the minimization of completion time is a reqular criterion we can consider only
semiactive schedules (see Definition 1.1 at page 11). Each semiactive schedule is uniquely
defined by permutation of jobs on machine M; and that on machine M. For the semiactive
schedule s, let ¢;(s) and cy(s) denote completion time of all jobs by machine M; and

machine Ms, respectively. Then for problem J72,NC Oﬁ/ pmin/Cpuqaz, completion time of
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schedule s (and so length or makespan of schedule s) may be defined as follows: Ci,4.(s) =
max{c;(s), ca(s)}. We use the following definition of the main machine at schedule s.

Definition 4.6 Machine M; € M is called the main machine at schedule s if under this
schedule the following equality holds: Cieq(s) = c;(s).

If equality w = 0 holds, then problem J2,N Coﬁ/pmtn/cmax turns into a classical
job shop problem [72/pmtn/C,q. with two machines that is polynomially solvable. Note
that using operation preemptions cannot decrease length of an optimal schedule. Thus,
if w = 0, it is sufficient to construct optimal schedule for the problem [72//C,,., which
is defined by the two permutations (sequences) (7', 7”) where 7’ is a sequence of jobs
J(1) U J(12) U J(21) on machine Mj, and 7" is a sequence of jobs J(2) U J(12) U J(21)
on machine M, (see Theorem 4.7 at page 206).

We use notation s(7’,7”) for the semiactive schedule (uniquely) defined by permuta-
tion 7" of jobs on machine M; and by permutation 7" of jobs on machine M. If schedule
s(n’,7") is optimal for the problem J2//Cyq. (for the problem J2,NC Oﬂ/ pmin/Craz ),
then pair of permutations (7', 7”) is called optimal for the problem [J2//C.q. (for the
problem J2,NC Oﬁ/ pmin /Cpaz, respectively). Note that here pair of permutations (7', 7”)
is the same for both problems J2//Cy 4. and J2,NC Oﬁ/ pmitn/Cpaz, while the schedules
s(n’,7") usually are different (in spite of the same notation s(7’, 7”) used).

In the schedule s(7’, ") that is optimal for problem J72//Cynaz, jobs of the set J(12) C
J (of the set J(21) C J) are processed with respect to Johnson’s order of job processing
times (see Johnson’s rule at page 186 in Section 4.1). Therefore, it is sufficient to look
for solution to the problem J2//C,.q. using the set of pairs of permutations: (7' =
(719, 71, T21), ™" = (791, T2, T2)) where permutations 2 and 7o are defined by Johnson’s
rule. Hereafter, job J; belongs to permutation 7; if and only if J; € J(I), [ € {1,2,12,21}.
Moreover, processing order of the jobs of set J(1) (set J(2)) may be arbitrary in such
an optimal schedule, therefore we fix both sequences m; and 7 (e.g., in lexicographical
order of jobs numbers). If in sequences 75 and 7y jobs are ordered due to Johnson’s
rule, then we say of Jackson’s pair (7’, 7”) of permutations of (n13 + ng; +nq) jobs and of
(n12 + no1 + ng) jobs, respectively (see Theorem 4.7 at page 206 in Section 4.2).

Because of operation preemption in optimal semiactive schedule s cannot decrease
value Ch,q.(s of the objective function, optimal schedule defined by Jackson’s pair of
permutations for the instance of problem J2//C,,.. remains optimal schedule for the
instance of problem J2/pmin/C,q, with the same input data.

Properties of an Optimal Schedule

Let (7', 7") be a Jackson’s pair of permutations (which is optimal when both machines
are continuously available during the planning horizon, i.e., for problem [J2//C,4z). Our
aim is to answer the question when this pair of permutations remains optimal for the
problem J2,NC Oﬁ/ pmin/Cpa, with the given w > 1 non-availability intervals and with
operation processing times being the same as in the problem [J2//Cpq,. In the proofs of
the sufficient conditions, we will use following obvious claim.
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Lemma 4.16 If the main machine M; at schedule s(n', ") is completely filled in the
closed interval [0, ¢;(s)] by operations on machine M; and by non-availability intervals of
this machine (in this case, we say that machine M; works without idles), then pair of

permutations (n',7") is optimal for the problem jZ,NCoﬁ/pmtn/Cmax.

It should be noted that in the above schedule s(7’,7”) pair of permutations (7', 7")
may be not only a Jackson’s pair of permutations for the problem [J2//Cp,q.. Neverthe-
less, when conditions of Lemma 4.16 hold for some pair of permutations (7', 7”), then
schedule s(7’,7") would be optimal for the problem J2,NC Oﬁ/ pmitn /Cpae without fail.
So, conditions of Lemma 4.16 are sufficient for optimality of the schedule s(n’, ") for
problem J2,NC Oﬁ/ pmin/Cpq. regardless permutation pair (7', 7”) are Jackson’s pair of
permutations or not.

Let us assume that for the Jackson’s pair of permutations (7', 7”) main machine for
the schedule s(7’,7”) works with idle. We can assume that it is machine M, w.l.o.g.,
since in a two-machine job shop problem there is machine symmetry. Main machine M,
processes jobs of the set J(2) U J(12) U J(21) with respect to sequence 7" = (w1, 72, T12).
It is easy to see that all the jobs from sequences my; and ms have to be processed by
machine M, without idles at any semiactive schedule. Therefore, idle on machine M,
may arise only due to operations of jobs from set J(12). Hence, jobs of the set J(12)
define the makespan for the problem J2,NC Oﬁ/ pmin/Cpaz-

Therefore in what follows, we can concentrate mainly on the processing only this set
J(12) of jobs. Note that set J(12) of jobs forms a special case of a flow shop problem gener-
ated by the original job shop problem J72,NC Oﬁ/ pmin /Cyuq, under consideration. Namely
we will consider the following problem F2,NC %/ pmtn/Cpas (we call it as problem A) of
processing ny jobs of set J(12) with the same machine route (My, Ms). Problem A has
the same non-availability intervals on machines M; and includes all the non-availability
intervals on machine M, as original job shop problem J2,NC' Oﬁ/ pmin/Cpae has. Further-
more, problem A has one additional non-availability interval on machine M, as follows:
[0, ca(ma1,72)).

Thus, job shop problem J2,NC Oﬁ/ pmitn/Cpq, under consideration may be reduced to
flow shop problem A in the sense as problem 72/ /C,,.. was reduced to problem F2//C, 4z
in [Jac56]. Therefore, a lot of results obtained for problem F2,NC/pmitn/Cpas so far
may be transformed to that for problem J72,NC Oﬁ/ pmitn/Cpaz. Next, we demonstrate
how to use the results for the flow shop problem presented in Section 4.3 for solving
problem J2,NC Oﬁ/ pmitn/Cpaz-

If jobs of the set J(12) are processed by machines M; and M, with respect to the same
sequence 7o which is a Johnson’s permutation of these jobs, then the schedule defined
by permutation 715 is optimal for the problem F2//C,,q.. The next our question is either
permutation m5 is optimal for the new problem F2,NC Oﬁ/ pmin/Cpqqz Or NOt.

Section 4.3 contains sufficient conditions for a Johnson’s permutation 5 for problem
F2//Crax to be optimal permutation for problem F2,NC Oﬁ/ pmin/Cpa, as well. More
precisely, to answer the above question we can test sufficient conditions for stability of
optimal permutation ¢ = 7, given in Theorem 4.10, Corollary 4.1 and Corollary 4.2 (see
Section 4.3, pages 219, 220 and 220, respectively). Let at least one of these sufficient
conditions hold for permutation ¢ = 5 of the jobs from set J(12) for flow shop problem
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A. Then this set J(12) of jobs defines minimum makespan value for the original job shop
problem J2,N C"ﬁ/ pmin/Cpa.. Hence, due to these conditions, pair of permutations
s(n’, 7") remains optimal for the problem F2,NC Oﬁ/ pmitn/Cpaz-

Next, we prove that in the semiactive schedule s(n’,7”) at least one machine has to
work without idles, i.e., idle times (do not caused by non-availability intervals) are only
possible on one of the two machines of set M in the semiactive schedule s(7’, 7).

W.lo.g., we can assume that machine My works with idles in the schedule s(7’, 7”),
and let t = s(N; 2) be starting point of the first such idle time of machine M, i.e., the first
idle time (do not caused by non-availability intervals) in the order from left to right at the
numerical axis. Obviously, such an idle time of machine M5 is only possible if some job
J; from set J(12) is still in process by machine M, while this job J; could be processed
by machine M, at the same time (i.e., machine M, has already completed all the jobs of
sets J(21) and J(2), and machine M, is available at this time). Since schedule s(7’, 7")
is defined by the pair of permutations (7’,7”) where ' = (2,7, m91), the following
inequality must hold:

02(71'21, 7T2) < 01(7'['12). (437)

Analogously, such an idle time of machine M; may arise only due to some jobs from set
J(21) being still in process by machine M,, while they could be processed by machine M,
(i.e., machine M; has already completed all the jobs of sets J(12) and J(1), and machine
M is available).

Since inequality (4.37) holds, machine M; can freely processed jobs of set J(21), and
therefore, machine M; has to work without idles. So, the following claim is proved.

Lemma 4.17 Under schedule s(n', "), at least one of the two machines in set M works
without idles.

Lemma 4.17 implies the following claim.

Corollary 4.3 If under schedule s(m',7") equality c1(s) = ca(s) holds, then pair of per-
mutations (7', 7") is optimal for the problem ._72,NCoﬁ/pmtn/Cmm.

Indeed, since at least one machine works without idles (due to Lemma 4.17), then due
to equality c1(s) = co(s) it is impossible to decrease makespan Cyqa.(s(7', 7).

Sufficient Conditions for Optimality of a Permutation Pair

We will say that problem [J2//C,u4: corresponds to problem J2,NC oﬁ/ pmitn/Cpa, (and
wise versa), if equality w = 0 holds for the former problem, inequality w > 0 holds for
the latter problem, and all the other parameters and conditions are the same for both
problems. We want to answer the following question. When pair of Jackson’s permuta-
tions (7', ") constructed for problem J2//C,,q, would be optimal for the corresponding
problem J2,NC o[f/ pmitn/Cpaz?

Let (7', 7") be Jackson’s pair of permutations constructed for the problem J2//Cp a0
Then w.l.o.g., we can assume that machine A, is the main machine in the sched-
ule s(n’,7”) for the problem J2//Cpa.. In the following claim the same notation
s(n’;7") used twice but in different sense: At first, it is a schedule for problem
J2.NC Oﬁ/ pmitn/Cpaz, and then it is a schedule for problem J2//Cpa0-
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Theorem 4.11 Let (7n',7") be Jackson’s pair of permutations constructed for prob-
lem J2//Chaz-  The schedule s(m',n") is optimal for the corresponding problem
jQ,NC’Oﬁ/pmtn/Cmm, if for the corresponding problem J2//Cpar main machine My
works without idles at schedule s(m',7"), and the following two conditions hold:

> h(Np) < eo(n”) — ea ('), (4.38)
k=1
S(NLl) Z Z Di1- (439)
J;eJ(12)

Proor. We will show that due to the above conditions, machine M, remains the main
machine for the corresponding problem 72 NC Oﬁ/ pmin/Cpa, and works without idles.
As a result, conditions of Lemma 4.16 will hold, and so schedule s(#’, 7”) will be optimal
for the problem J2,NC Oﬁ/ pmin/Cpae as well.

Indeed, from inequality (4.39) we obtain that non-availability intervals of machine M,
cannot increase idle time of machine Ms. Therefore, machine M, is completely filled in
the closed interval [0,c,(7")] by processing times of jobs from permutation 7” and by
non-availability intervals of machine M;. Hence, machine Ms works without idles, and so
the following equality holds:

w2
(") = co(7") + D h(Ni2).
k=1
Next, we prove that machine M, remains the main machine for the corresponding
problem J2,NC Oﬁ/ pmitn/Cpmaz. Note, that non-availability intervals of machine M, can
increase idle time of machine M;. This additional idle time (/7") of machine M; (if
it exists) is not greater than sum of the lengths of the non-availability intervals of the
machine My:
w2
IT <> h(Np).
i=1
Therefore, endpoint of all the jobs from permutation 7’ on machine M; cannot increase
more than by the sum of the lengths of all the non-availability intervals:

C/l(ﬂ',) S Cl(ﬂ'l) + IT + Z h(Nll) S 01(7'('/) + Z h(Nﬂ) + Z h(NQ)
=1 =1 i=1
We obtain
w2 w2
h(m") = co(n") + D h(Npa) = co(n”) — cr(n’) + 1 (') + > h(Nio)
k=1 k=1

> Y h(V) + () Y h(Nia) > ().

=1 k=1
Therefore, machine M, remains the main machine for the corresponding problem
j2,NCOﬁ/pmtn/Cmm.
Thus, conditions of Lemma 4.16 hold, and therefore, schedule s(#’, 7”) is optimal for
the problem J2,NC Oﬁ/ pmin/Cpaz. This completes the proof.
<&
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Next, we show that all the above conditions of Theorem 4.11 are essential. In other
words, if at least one condition of Theorem 4.11 does not hold, then Jackson’s pair of per-
mutations (7', 7”) mentioned in Theorem 4.11 may be not optimal for the corresponding
problem J2,NC Oﬁ/ pmitn/Cpaz. We consider the following three examples (one example
for each condition of Theorem 4.11 which is violated).

Example 4.6 Let us consider problem J2,NC Oﬁ/ pmitn/Cpa, with the processing times
of n = 4 jobs given in Table 4.19 where subset of jobs J(kl) is indicated in the first column
such that inclusion J; € J(kl) holds with {k,1} = {1,2}. Let only one non-availability
interval (5,7) be given on machine M,.

Table 4.19: Processing times for Example 4.6

’JOsz" i‘pz’l ‘PQ‘

J(A2) | 1] 5 4
21 4 3

J(21) 3] 1 2
411 1

The following condition of Theorem 4.11 does not hold: The main machine My works
with idle for the corresponding problem J2//Cpaz- Jackson’s pair of permutations for
the corresponding problem J2//Cpax i ((J1, Ja, Ju, J3), (Ju, Js3, J1, J2)), and machine My
works with idle from time point 3 to time point 5.

It is easy to see that for the original problem jQ,NCoﬁ/pmtn/Cmax pair of per-
mutations ((J1,Jo, Ju, J3), (Ju,Js,J1,J2)) is not optimal. Namely, for the problem
jQ,NC'Oﬁ/pmtn/Cmam, optimal pair of permutations is ((J2, J1, Jy, J3), (Ja, J3, J2, J1))
(by the way, it is not a Jackson’s pair of permutations for the corresponding problem

jQ//Cma:c)'

Let now inequality (4.38) of Theorem 4.11 be violated, i.e., let the sum of the non-
availability intervals on machine M, be more than difference co(7”) — ¢q(n’). Then an
example exists (see the following Example 4.7) with optimal schedule defined by pair of
permutations which is certainly not Jackson’s pair of permutations.

Example 4.7 Let job processing times for this example be given in Table 4.20, and let
one non-availability interval (5, 7) be given on machine M.

Jackson’s pair of permutations for the corresponding problem J2//Cpax 1S
((J1, Jo, I3, Ja), (I3, Jy, J1, J2)). Here, we have c1(n') = 12, co(7") = 13, and so

wi=1

CQ(ﬂ',/) — Cl(’ﬂ'/) =1< Z h(Nll) = ]’L(Nl’1> = 2.
i=1
It is easy to see that for the original problem JQ,NCOﬁ/pmtn/Cmam pair of
permutations ((J1, Ja, Js, Js), (Js,Ju, J1,J2)) is not optimal. (For the problem
J?,NCOmetn/Cmam optimal pair of permutations is ((Ji, Ja, Ja, J3), (Ju, J3, J1, J2))
which is certainly not a Jackson’s pair of permutations.)
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Table 4.20: Processing times for Example 4.7

‘JOin‘ i‘pil ‘piZ‘
J(12) | 1] 2 2
211 2
J(21) | 3] 4 5
41 3 4

Example 4.8 Let now inequality (4.39) of Theorem 4.11 be violated, i.e., starting point
of the first non-availability interval of machine M is less than endpoint of the processing
all the jobs of set J(12) by machine M.

Let processing times of jobs be given in Table 4.21. We consider two non-availability
intervals: The first non-availability interval (2, 3) on machine My, and the second non-
availability interval (4, 7) on machine M.

Table 4.21: Processing times for Example 4.8

[ Job Ji | i | pa | pio |
J12 1] 3 2
21 2 1
Jo1 31 3 1
41 2 1

Optimal Jackson’s pair of permutations for corresponding problem J2//Cpas 1S
((J1, J2s Ju, J3), (Ju, Js, J1, Ja)). Here, we have ¢q(mi2) = 5 while s(Ny 1) = 2, and so start
of the first non-availability interval of machine M is less than endpoint of the processing
all the jobs of set J(12) by machine M,. For the original problem jZ,NCoﬁ/pmtn/Cmax
pair of permutations ((Jy, Jo, Ju, J3), (Jy, Js, J1, J2)) is not optimal.

For problem ._72,NC’Oﬁ/p'rmfn/C'Wmz optimal pair of permutations is ((Jo, J1, Ju, J3),
(Jy, J3, J2, J1)) which is not Jackson’s pair of permutations.

In the following claim the same notation s(z’,7”) used again twice but in different
sense: At first, it is schedule for problem J2,NC Oﬁ/ pmitn/Cpaz, and then it is schedule
for problem J2//C s

Theorem 4.12 Let (7', 7") be Jackson’s pair of permutations for the problem J2//Cpaz-
Then schedule s(n',7") is optimal for the corresponding problem j2,NC’0ﬁ/pmtn/Cmm if
for the corresponding problem J2//Cpar main machine My works without idles at schedule
s(n’, "), and the following three conditions hold:

w1 w2

> h(Np1) > h(Nio), (4.40)

k=1 k=1
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S(vag)z Z Di1, (441)
JieJ(12)

s(Nip) > > pao. (4.42)
JieJ(21)

ProoF. Next, we show that if all the above conditions hold in common, then machine
M, remains the main machine for the corresponding problem J2,NC Oﬁ/ pmitn/Cpa. and
works without idles. Therefore, conditions of Lemma 4.16 hold, and therefore schedule
s(n’,7") has to be optimal for the problem jQ,NCOﬁ[/pmtn/me.

Indeed, inequality (4.41) implies that non-availability intervals of machine M; cannot
increase idle time on machine Ms. Hence, machine M, is completely filled in the closed in-
terval [0, ¢ (7")] with processing times of all jobs from permutation 7" and non-availability
intervals of this machine. So, machine M, works without idles and we obtain equality

w2

(") = co(7") + D h(Ni2).

k=1

Now, we have to show that machine M5 remains the main machine for the problem
J2,NC Oﬁ/ pmitn/Cpa.. Inequality (4.42) implies that non-availability intervals on machine
M, cannot increase idle time on machine M;. Therefore, endpoint on machine M; cannot
be enlarged more than by the sum of the lengths of all the non-availability intervals on
this machine, i.e., we have

w1

Q") < a()+ D h(Nn).

k=1
We obtain
w1 w2
(') <a(n') + Y h(Np) < ca(n”) + > (Nia) = ("),
k=1 k=1

Therefore, machine M, is the main machine for the problem J2,NC Oﬁ/ pmitn/Coaz-
Thus, the conditions of Lemma 4.16 hold, and hence schedule s(n’, 7”) is optimal for
the problem J2,NC Oﬁ/ pmin/Cpqaz. This completes the proof.
<&

Computational Results

Our computational study of the above sufficient conditions was performed on a huge
number of randomly generated problems J2,NC Oﬁ/ pmitn/Cpaz. For each randomly gen-
erated instance J2,NC Oﬁ/ pmitn/Cpma: we constructed a Jackson’s pair of permutations
for the corresponding job shop problem [J2//Cpq. (i.e., that with the same job processing
times) and answered the question: Is this pair of permutations optimal for the original
problem J2,N (Joﬁ/pmtn/cmaz? To this end, we tested sufficient conditions proven in
Section 4.3 for problem F2,NC Oﬁ/ pmin/Cpa: and that proven in this section for problem
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J2,NC Oﬁ/ pmitn/Cpaz- To minimize running time of the software, these sufficient condi-
tions were tested in an increasing order of their complexity up to the first positive answer
(if any) to the above question. More formally, the following algorithm was realized.

Algorithm for J72,NC°0/pmtn/Cpraq

Input:  Processing times for jobs J and non-availability intervals of machines M.

Output: Optimal schedule for the problem J72,NC Oﬁ/ pmin/Cpaz OF
feasible schedule if algorithm terminates at Step 6.

Step 1:  Construct Jackson’s pair of permutations (7', 7”) for problem J2//Cynas
and Johnson’s permutation o for flow shop problem A.

Step 2: IF schedule s(o) = s(m2) for problem A satisfies Corollary 4.1
THEN GOTO Step 7.

Step 3: IF schedule s(0) = s(m2) for problem A satisfies Corollary 4.2
THEN GOTO Step 7.

Step 4: Construct A = min{\*, 2¥} Johnson’s permutations o, 09, ..., 0y
for problem A, and A Jackson’s pairs of permutations
(my, 7)), (mh, 7l), ..., (mh, ) for problem J2//Cpaz-

Step 5: FOR i=1,2,...,A DO
BEGIN
Set 0 := 0;.
IF schedule s(o) for problem A satisfies Corollary 4.1
THEN GOTO Step 7.
IF schedule s(o) for problem A satisfies Corollary 4.2
THEN GOTO Step 7.
IF schedule s(n’, 7") satisfies Theorem 4.11 THEN GOTO Step 7.
IF schedule s(n’, 7") satisfies Theorem 4.12 THEN GOTO Step 7.
END

Step 6:  Optimality of pairs of permutations (7, 7/), 1 = 1,2,..., A, for

17 7

the problem J2,NC Oﬁ/ pmitn/Cpaz is not proven STOP.

Step 7:  Pair of permutation (7', 7”) is optimal for the problem
T2,NCHpmitn/Cpraw STOP.

Steps 4 and 5 of the above algorithm are realized since there may be more than one
Jackson’s pair of permutation (if there are equalities p;; = py; for different jobs J; € J and
Jr € J). We tested up to min{\*, 2%} pairs of Jackson’s permutations for each instance.
In the experiments, we set \* = 1024.

For each combination of n and w, Tables 4.22 - 4.33 present the percentage of instances
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in the series for which calculation based on the above algorithm found Jackson’s pair of
permutations which remains optimal in spite of the given non-availability intervals.

Table 4.22: Percentage of solved small and moderate (easy) instances with w; > 0 and

wg > 0
Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10

5 86.2% 85.5% 87.8% 85.9%  85.7%  85.2% 85.0% 83.2% 83.4% 85.8%
10 92.1% 93.5% 93.3% 92.4%  92.8%  92.1% 92.6% 93.2% 93.0% 94.3%
15 95.0% 95.1% 95.7% 95.8%  96.2%  96.5% 95.7% 96.2% 95.2% 95.4%
20 97.3% 97.4% 97.2% 97.9%  97.6%  97.5% 96.7% 97.5% 96.4% 97.4%
25 97.7% 98.2% 98.5% 97.8%  99.1%  97.5% 98.5% 98.7% 98.6% 97.6%
30 99.1% 99.2% 98.9% 99.3%  99.0%  98.9% 99.0% 98.7% 98.5% 99.4%
35 99.3% 99.0% 99.4% 99.3%  98.6%  98.7% 99.6% 99.7% 99.7% 99.5%
40 99.6% 99.1% 99.2% 99.4%  99.0%  99.8% 99.2% 99.5% 99.4% 99.5%
45 99.1% 99.2% 99.3% 99.5%  99.8%  98.8% 99.6% 99.4% 98.7% 99.7%
50 99.3% 99.1% 99.7% 99.2%  99.6%  99.8% 99.9% 100.0%  99.7% 99.6%
55 99.6% 99.7% 99.5% 99.8%  99.8%  99.6% 99.8% 99.5% 99.4% 99.4%
60 99.7% 99.8% 99.9% 99.8%  99.9%  99.9% 99.7% 100.0%  99.8% 99.7%
65 99.6% 99.6% 99.8% 99.7%  99.9%  99.9% 99.7% 99.9% 99.6% 99.6%
70 99.7% 99.8% 99.7% 99.9%  99.6%  99.7% 99.8% 99.6% 100.0%  100.0%
75 100.0%  99.9% 100.0%  99.9%  99.8%  99.7% 99.6% 99.9% 100.0%  99.9%
80 99.8% 100.0%  99.9% 99.7%  99.9% 100.0%  99.9% 99.8% 99.9% 99.8%
85 99.9% 100.0%  99.9%  100.0% 99.4%  99.9% 100.0% 100.0%  99.8% 99.9%
90 100.0%  99.9% 99.8% 99.9%  99.9%  99.9% 99.8% 99.9% 100.0%  99.5%
95 100.0%  99.9% 99.9%  100.0% 99.9%  99.7% 100.0%  99.9% 100.0%  100.0%
100 99.7% 99.8% 99.8% 99.9%  99.9%  99.9%  100.0% 100.0%  99.9% 99.9%

Small and Moderate Problems

First, we tested problems similar to those considered in [KBFT02, BLSS02], i.e., with

e 5,10,15,...,100 jobs with integer processing times uniformly distributed in the
range [1,1000] and with

e 1,2,3,...,10 non-availability intervals (on both machines) with integer lengths uni-
formly distributed in the range [1, 1000].

The above algorithm was coded in C++. For the computational experiments, we used
an AMD 1200 MHz processor with 1024 MB main memory. For the small and moderate
instances similar to those considered in [KBF*02] and in [BLSS02], we made 10000 tests
in each series (i.e., for each combination of n and w). For the large instances, we made
1000 tests in each series.

We answered the question of how many schedules following Jackson’s order (con-
structed for problem J2//Cpqz) remained optimal in spite of the non-availability inter-
vals on the machines (i.e., for problem J2,NC Oﬁ/ pmitn/Cpaz). We tested only sufficient
conditions and our algorithm does not guarantee to find an optimal schedule for some
problems [J2,N C’Oﬁ/pmtn/(,’mam (however, our experiments showed that such instances
arise rather seldom for the most randomly generated problems). We considered 10000
instances in each series of small problems.
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Table 4.23: Percentage of solved small and moderate (hard) instances with w; > 0 and

wg > 0
Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 64.9% 682% 69.0% 69.1% 70.0% 70.2% 69.6% 65.7% 67.7% 66.3%
10 81.3% 80.4% 80.8% 81.0% 81.8% 79.0% 80.4% 81.7% 81.5% 82.4%
15 87.9% 88.8% 87.8% 89.0% 88.2% 88.6% 89.1% 89.8% 88.6% 88.8%
20 91.1% 92.1% 92.3% 93.0% 91.0% 91.9% 92.2% 92.1% 90.3% 91.2%
25 95.3% 94.7% 93.9% 94.9% 92.5% 94.1% 95.3% 92.9% 94.0% 93.3%
30 94.8% 94.9% 95.7% 96.3% 96.1% 96.2% 95.2% 95.7% 96.0% 94.9%
35 96.4% 97.0% 97.4% 95.9% 95.9% 96.6% 96.9% 95.3% 95.4% 96.6%
40 96.6% 97.5% 96.6% 96.9% 97.4% 96.1% 95.0% 95.9% 96.5% 97.1%
45 97.8% 97.4% 98.1% 97.5% 96.3% 97.4% 97.4% 97.9% 96.9% 97.2%
50 98.4% 98.7% 97.7% 97.0% 97.7% 97.9% 97.2% 97.9% 97.5% 97.7%
55 97.8% 98.0% 97.6% 97.0% 98.0% 97.8% 97.9% 98.4% 97.6% 97.7%
60 98.1% 97.1% 97.9% 982% 98.7% 98.2% 97.7% 98.1% 98.5% 98.3%
65 98.4% 983% 98.2% 98.5% 97.7% 99.1% 97.8% 98.7% 98.3% 98.4%
70 98.1% 98.3% 98.9% 98.4% 98.8% 98.7% 97.6% 98.3% 98.0% 98.2%
75 97.5% 98.4% 98.3% 98.5% 98.9% 98.4% 98.7% 98.3% 98.4% 98.6%
80 99.1% 98.3% 98.2% 98.4% 98.3% 98.2% 98.7% 98.6% 99.3% 98.6%
85 98.5% 98.7% 98.7% 98.4% 98.7% 99.0% 98.8% 98.7% 98.5%  98.3%
90 99.0% 98.6% 98.8% 98.9% 98.6% 98.6% 99.0% 98.8% 98.7% 97.9%
95 98.5% 98.8% 99.0% 98.9% 98.8% 99.2% 98.9% 99.2% 98.9% 98.4%
100 98.4% 98.7% 98.5% 98.6% 99.4% 99.1% 98.7% 98.5% 98.4% 98.7%

Tables 4.22 - 4.27 present the percentage of problem instances which were (optimally)
solved due to the stability analysis via the above computational scheme. We do not
present running times for series of small instances, since the running times were very
close for different instances and very small: The mazimum running time of an instance in
the series presented in the Tables 4.22 - 4.27 was 0.001 seconds.

Along with the case when non-availability intervals are on both machines: w; > 0 and
wy > 0, we tested the cases (classes) of problems when either w; = 0 or wy = 0.

Large Problems

Due to the small running time, we were able to investigate very large instances (as in
[BLSS02]. We tested instances of the problem J2,NC%/pmitn /Cpae with

e 1000, 2000, ..., 10000 jobs with integer processing times uniformly distributed in the
range [1,1000] and with

e 10,100,500,1000 non-availability intervals with integer lengths uniformly dis-
tributed in the range [1,1000] on both machines.

The computational results for the large instances of the problem J2,NC' Oﬁ/ pmitn/Cpaz
are given in Tables 4.29 - 4.33 which are analogous to Tables 4.22 - 4.27.

Tables 4.29 - 4.33 give the percentage of (optimally) solved instances due to stabil-
ity analysis based on the above computational scheme and the average running time in
seconds for each series of instances (in parenthesis). The maximum running time for one
instance was 0.01000 second.
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Table 4.24: Percentage of solved small and moderate (easy) instances with w = wy

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10

5 89.3% 89.7% 88.9% 90.6% 89.6% 89.5% 89.9% 89.9% 88.9% 90.0%
10 96.5% 96.0% 95.0% 96.8% 96.6% 95.8% 95.8% 96.1% 96.6% 95.3%
15 97.5% 98.7% 97.6% 97.3% 97.5% 98.5% 98.4% 98.8% 98.2% 97.4%
20 98.4% 98.6% 99.0% 98.6% 98.7% 99.1% 98.3% 98.6% 98.2% 98.4%
25 98.8% 99.4% 99.5% 99.5% 98.7% 98.7% 98.7% 99.3% 99.2% 99.3%
30 99.3% 99.6% 99.9% 99.1% 99.1% 99.1% 99.6% 99.3% 99.3% 99.3%
35 99.5% 99.4% 99.2% 99.6% 99.7% 99.8% 99.7% 99.6% 99.5% 99.5%
40 99.3% 99.6% 99.6% 99.8% 99.8% 99.4% 99.6% 99.6%  100.0%  98.9%
45 99.7% 99.7% 99.7% 99.7% 99.1% 100.0%  99.7% 99.7% 99.8% 99.8%
50 99.6% 99.9% 99.8% 99.8% 100.0%  99.8% 99.9% 99.7%  100.0%  99.8%
55 99.7% 99.7% 99.8% 99.7% 99.9% 99.8% 99.9% 99.7% 99.6% 99.6%
60 99.7% 99.7% 99.9% 99.8% 99.8% 99.8% 99.9% 99.6% 99.7% 99.8%
65 99.8% 99.9% 99.9% 99.9% 99.8% 99.8% 100.0%  99.9% 100.0%  99.9%
70 99.7% 99.5% 99.8% 99.7% 100.0% 99.9% 99.9% 99.8% 99.9% 99.9%
75 100.0%  99.4% 100.0%  99.9% 99.7% 99.7% 100.0%  99.8% 99.8% 100.0%
80 99.9% 99.9% 100.0%  100.0%  100.0%  99.9% 99.8% 99.9% 100.0%  100.0%
85 100.0%  99.9% 99.9% 99.8% 100.0%  99.8% 100.0%  99.8% 99.5% 99.9%
90 99.9% 99.7% 99.8% 99.8% 99.8% 99.7% 99.9% 100.0%  99.9% 100.0%
95 99.8%  100.0%  99.7% 99.8% 99.8% 99.9% 100.0%  100.0%  99.9% 100.0%
100 99.9%  100.0%  99.8% 99.8% 99.8% 99.8% 99.9% 100.0%  99.8% 100.0%

In this section, sufficient conditions are proven for Jackson’s pair of permutations to
be optimal in the case of the given w non-availability intervals on machines M; and M,
in the two-machine job shop. Due to Theorems 4.11 and 4.12, Corollaries 4.1 and 4.2 (see
Section 4.3), these conditions may be tested in polynomial time of the number n of jobs
and the number w of non-availability intervals.

However, there are instances of the problems that cannot be solved exactly using these
sufficient conditions. And it is not surprising since the problem is NP-hard even for w = 1
and single machine route. But it is worth noticing that the number of unsolved instances
decreases with the increase of the number n of jobs. Also within the huge computational
study, we did not find the type of combination of numbers n and w and type of the
relation between the lengths of non-availability intervals on machine M; and machine M,
for which our sufficient conditions in common give bad results. Note that such types of
bad instances exist for a flow shop problems considered in Section 4.3.

The above computational results show that our sufficient conditions are very efficient
in computational time and effective (in the number of problem solved) for small problems
(n < 100 and w < 10) and especially for large problems (1000 < n < 10000 and 10 <
w < 1000). For most classes of the randomly generated problems, only a few instances
were not optimally solved within a few seconds of running time.

In Section 4.3, analogous sufficient conditions have been proven and used for a special
case of the problem under consideration, namely for the case of flow shop problem. Such
sufficient conditions may also be used for other scheduling problems with limited machine
availability if an optimal schedule for the corresponding pure setting of the problem (i.e.,
when all machines are continuously available during the whole planning horizon) can be
constructed applying a priority rule to jobs such as SPT, LPT and so on. Moreover, one
can use some of the above results for some kind of online settings of scheduling problems
when there is no prior information about the exact location of the non-availability intervals
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Table 4.25: Percentage of solved small and moderate (hard) instances with w = w;

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 69.3% 65.7% 68.3% 65.6% 69.7% 69.8% 69.0% 70.8% 68.9% 70.5%
10 79.4% 792% 79.2% 79.4% 79.6% 79.6% 79.3% 77.9% 79.5% 79.1%
15 84.8% 86.3% 84.8% 85.3% 85.0% 83.6% 86.2% 834% 84.5% 85.4%
20 90.6% 88.9% 90.3% 89.4% 91.7% 89.5% 90.6% 88.9% 90.3%  90.3%
25 91.9% 95.1% 93.5% 92.0% 93.2% 93.2% 93.0% 93.4% 92.1% 92.2%
30 95.1% 96.2% 95.4% 95.0% 94.8% 95.8% 94.9% 93.8% 95.5% 95.1%
35 96.2%  96.6% 96.4% 96.3% 954% 95.7% 96.2% 96.6% 95.9% 95.6%
40 97.1% 95.9% 96.1% 96.8% 95.7% 97.2% 96.4% 96.2% 96.5% 97.6%
45 96.0% 97.1% 974% 97.9% 97.3% 97.6% 97.1% 98.1% 97.3% 96.5%
50 97.0% 97.2% 96.9% 97.4% 98.5% 98.2% 98.6% 97.5% 97.0% 97.0%
55 98.0% 98.1% 97.6% 97.8% 97.9% 98.2% 97.8% 97.6% 97.9%  96.8%
60 97.9% 97.9% 98.1% 97.8% 98.0% 97.7% 97.4% 98.6% 97.7% 97.8%
65 98.7% 98.8% 97.8% 98.4% 98.0% 98.1% 98.1% 98.9% 98.8% 98.5%
70 98.5% 98.2% 97.5% 98.3% 98.8% 98.7% 99.0% 98.7% 98.8% 98.5%
75 98.9% 99.1% 982% 98.7% 98.8% 98.6% 98.6% 98.1% 98.8% 98.7%
80 98.9% 98.9% 99.0% 99.3% 98.7% 98.9% 98.4% 98.6% 98.3% 98.3%
85 98.8% 98.9% 98.8% 98.2% 98.2% 98.7% 98.6% 98.6% 98.7%  98.6%
90 99.2% 98.8% 99.2% 99.1% 98.8% 99.1% 98.5% 98.5% 98.9%  98.9%
95 98.9% 99.1% 98.3% 99.2% 98.8% 98.6% 98.6% 99.1% 98.8%  99.0%
100 98.7% 99.2% 99.2% 99.0% 99.0% 98.9% 98.7% 98.9% 98.7% 99.1%

on the time axis. The other topic for future research may be connected with using the
above sufficient conditions in the framework of an exact solution algorithm like a branch-
and-bound one.

4.5 Flow Shop with Bounded Setup Times

The two-machine flow shop problem to minimize makespan or total completion time is
addressed where setup times are considered to be separate from processing times. Setup
times are relaxed to be random variables as opposed to the common assumption in the
literature that setup times are exactly known (deterministic) in advance. The probability
distributions of setup times are unknown, and only the lower and upper bounds of setup
times are given before scheduling. In such cases, there may not exist a unique schedule that
remains optimal for all possible realizations of setup times, and therefore, a set of schedules
has to be considered which dominates all other schedules for the given makespan or total
completion time. In this section, sufficient conditions are obtained when transposition of
jobs minimizes makespan or total completion time.

Definition and Formulation

The two-machine flow shop problem is known to have an optimal solution when the objec-
tive is to minimize makespan (see [Joh54] or Section 4.1). The problem, however, is shown
to be NP-hard when the performance measure is total completion time (see [GS78]) In
these and the vast majority of subsequent research on the two-machine flow shop problem,
it is assumed that the setup time of a job is included in the processing time of the job on
each machine or the setup times are zero. While this assumption may be justified for some
scheduling problems, other situations call for explicit (separate) setup time consideration.
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Table 4.26: Percentage of solved small and moderate (easy) instances with w = wy

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 83.7% 86.3% 86.7% 87.4%  86.6%  83.9% 86.7%  83.9% 85.0%  86.1%
10 93.2% 93.9% 93.0% 92.8%  91.5%  93.6% 93.5% 91.4% 93.6%  92.8%
15 96.2% 95.3% 96.1% 96.6%  96.7%  95.3% 94.4%  95.3% 95.9%  96.1%
20 97.5% 98.0% 96.6% 97.3%  97.3%  97.9% 98.1%  96.8% 97.3%  97.1%
25 98.8% 98.4% 98.2% 98.9%  98.7%  98.3% 97.6%  98.5% 98.3%  98.4%
30 98.6% 99.2% 99.5% 98.4%  99.2%  98.5% 99.0%  98.6% 99.0%  99.1%
35 99.3% 99.4% 99.2% 99.2% 99.2% 99.4% 99.7% 99.4%  99.5% 99.1%
40 99.5% 99.4% 99.1% 99.5%  99.4%  99.1% 98.9%  99.4% 99.3%  99.5%
45 99.6% 99.6% 99.7% 99.6%  99.5%  99.0% 99.9%  99.7% 99.5%  99.2%
50 99.8% 99.1% 99.6% 99.2%  99.6%  99.7% 99.4%  99.8% 99.3%  99.6%
55 99.8% 99.5% 99.8% 99.9%  99.8%  99.6% 99.7%  99.8% 99.7%  99.5%
60 99.4% 99.6%  100.0%  99.8%  99.7%  99.9% 99.6%  99.6% 99.9%  99.5%
65 99.6% 99.6% 99.8% 99.6%  99.5%  99.8% 99.8%  99.5% 99.7%  99.8%
70 99.6% 99.8% 99.4% 99.9% 99.7% 99.7% 99.9% 99.9%  99.8% 99.9%
75 99.9% 99.9% 99.5% 99.7%  99.7%  99.9% 99.9%  99.9% 99.8%  99.7%
80 99.9% 99.8% 99.7% 99.9%  99.8% 100.0%  99.6%  99.9% 99.6%  99.9%
85 99.9% 99.9% 99.9% 100.0%  99.7% = 99.7% 100.0% 99.8% 99.8%  99.9%
90 99.9% 99.8% 100.0%  99.9%  99.5%  99.9% 99.9%  99.8% 99.9%  99.8%
95 99.9% 99.8% 99.8% 99.8%  99.8%  99.8% 99.8%  99.9% 99.8%  100.0%
100 100.0% 100.0% 100.0%  99.9%  99.9%  99.9% 100.0% 99.7% 99.9%  99.9%

The practical situations in which setup times must be considered as separate include the
chemical, pharmaceutical, printing, food processing, metal processing, and semiconductor
industries (see [AGA99)).

One advantage of considering setup times separate is that when there exists some idle
time on the second machine (usually the case), then the setup time for a job on the second
machine can be performed prior to the completion time of the job on the first machine.
This means that the performance measures of makespan and total completion time may
be improved by considering setup times as separate from processing times.

Therefore, some researchers considered the problem with separate setup times, i.e.,
relaxing the assumption that setup times are included in processing times. The papers
[Al195, KB84, YH79| are addressed the problem of minimizing makespan by considering
setup times as separate. The papers [A1l00, BK86] are addressed the two-machine separate
setup time problem with respect to total completion time criterion. In the research
mentioned so far, the setup times are considered as separate from processing times but
assumed to be known in advance, i.e., deterministic. In reality this assumption is not
valid in many cases since setup times may be random variables. In fact, it is sometimes
even difficult to find an appropriate probability distribution for setup times.

In this section, we address the two-machine flow shop scheduling problem to minimize
total completion time or makespan when assuming deterministic setup times is not realis-
tic and when it is hard to obtain exact probability distributions for random setup times.
As such, a solution obtained by assuming fixed setup times or by assuming a certain
probability distribution may not be even close to the optimal solution for the realization
of the process.

It has been observed that although the exact probability distribution of setup times
may not be known, upper and lower bounds on job setup times are easy to obtain in many
practical cases. This information on the bounds of job setup times is important and it
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Table 4.27: Percentage of solved small and moderate (hard) instances with w = ws

Number Number of non-availability intervals
of jobs 1 2 3 4 5 6 7 8 9 10
5 68.0% 68.8% 69.3% 70.8% 70.8% 69.2% 69.1% 71.0% T70.2% 70.5%
10 78.5% 76.9% 80.2% 782% 79.1% 78.4% 785% 76.6% T7.6% 78.9%
15 84.2% 85.4% 85.8% 85.0% 86.2% 83.0% 86.6% 85.1% 83.7% 84.3%
20 90.5% 90.9% 91.5% 90.3% 89.1% 88.3% 91.2% 90.6% 90.9%  90.4%
25 93.0% 94.0% 93.0% 92.9% 93.1% 93.7% 93.5% 89.7% 93.2%  93.8%
30 94.2%  93.7% 94.7% 94.3% 95.3% 95.4% 94.5% 95.2% 94.9% 94.6%
35 96.6% 96.2% 96.4% 95.7% 96.8% 97.1% 96.0% 96.4% 96.5% 96.6%
40 96.6% 96.7% 96.4% 96.5% 97.6% 95.7% 96.2% 96.4% 97.7% 96.3%
45 96.4% 96.7% 98.3% 96.9% 97.3% 97.0% 96.7% 96.4% 96.4% 97.3%
50 97.1% 96.8% 98.0% 97.8% 97.2% 98.0% 97.7% 97.3% 97.5% 98.2%
55 98.4% 96.5% 98.0% 97.9% 98.1% 97.8% 98.2% 98.4% 97.8% 98.0%
60 97.3% 97.8% 97.1% 98.6% 97.7% 98.6% 97.8% 97.9% 97.8% 98.6%
65 98.1% 98.1% 97.6% 97.9% 98.7% 98.1% 98.3% 98.1% 98.4% 97.1%
70 98.4% 98.1% 98.7% 99.2% 97.9% 99.0% 98.5% 98.2% 98.2%  98.8%
75 97.9% 98.1% 99.2% 98.5% 98.7% 98.5% 99.1% 98.1% 98.5% 98.9%
80 98.8% 98.6% 98.5% 98.9% 98.5% 983% 98.3% 98.2% 98.3% 99.2%
85 97.9% 98.7% 99.0% 99.1% 98.7% 98.7% 99.0% 98.0% 98.8%  99.0%
90 98.4% 98.4% 98.1% 98.4% 98.8% 98.5% 99.2% 98.7% 98.7%  98.0%
95 98.8%  99.0% 99.0% 98.4% 99.4% 98.5% 98.7% 99.1% 98.5% 99.5%
100 99.1% 99.1% 98.6% 99.4% 99.0% 98.2% 98.6% 98.9% 98.5%  99.3%

Table 4.28: Average running time and percentage of solved instances with w; > 0 and

wg > 0

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 100.0% (0.004 s) | 100.0% (0.004 s) | 100.0% (0.004 s) | 100.0% (0.004 s)
2000 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s)
3000 100.0% (0.036 s) | 100.0% (0.034 s) | 100.0% (0.036 s) | 100.0% (0.036 s)
4000 100.0% (0.064 s) | 100.0% (0.062 s) | 100.0% (0.059 s) | 100.0% (0.062 s)
5000 100.0% (0.101 s) | 100.0% (0.102 s) | 100.0% (0.097 s) | 100.0% (0.100 s)
6000 100.0% (0.144 s) | 100.0% (0.144 s) | 100.0% (0.145s) | 100.0% (0.155 s)
7000 100.0% (0.196 s) | 100.0% (0.201 s) | 100.0% (0.203 s) | 100.0% (0.212 s)
8000 100.0% (0.263 s) | 100.0% (0.282's) | 100.0% (0.272's) | 100.0% (0.281 s)
9000 100.0% (0.348 s) | 100.0% (0.359 s) | 100.0% (0.334 s) | 100.0% (0.347 s)
10000 100.0% (0.444 s) | 100.0% (0.416 s) | 100.0% (0.434 s) | 100.0% (0.425 s)

should be utilized in finding a solution for the scheduling problem.

We consider the environments in which setup times are random variables with unknown
probability distributions when only a lower bound [;; > 0 and an upper bound wu;; > l;
of the setup time s;; of job J; on machine M, are given. The two-machine scheduling
problem with bounded setup times may be denoted as F2/lix < s < wuix/ > C; for total
completion time criterion and F2/l;x < sjx < /Cae for the makespan criterion. Notice
that these problems can be considered as stochastic flow shop problems but under strict
uncertainty when there is no prior information about probability distributions of the
random setup times. It is only known that setup times will fall between the given lower
and upper bounds with probability one. Such problems have been addressed in Chapter 3
and in Sections 4.1 and 4.2 of this chapter for the case where processing times are random
variables but setup times are assumed to be zero.

Let pj, denote the processing time of job J; € J = {Ji, Jo, ..., J,} on machine M; €
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Table 4.29: Average running time and percentage of solved instances with p; o = 2p; 1, J; €
J(12), pr1 = 2pr2, Ji € J(21)), wy > 0 and wy > 0

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 99.9% (0.008 s) 99.9% (0.008 s) 99.8% (0.008 s) | 100.0% (0.008 s)
2000 99.9% (0.030 s) | 100.0% (0.030 s) | 100.0% (0.031 s) 99.8% (0.029 s)
3000 100.0% (0.069 s) 99.9% (0.070 s) | 100.0% (0.068 s) | 100.0% (0.069 s)
4000 100.0% (0.125 s) | 100.0% (0.118 s) 99.8% (0.118 s) | 100.0% (0.123 s)
5000 100.0% (0.206 s) | 100.0% (0.191 s) 99.9% (0.191 s) 99.8% (0.191 s)
6000 100.0% (0.269 s) | 100.0% (0.273 s) | 100.0% (0.284 s) 99.9% (0.294 s)
7000 100.0% (0.387 s) | 100.0% (0.377 s) 99.9% (0.398 s) 99.9% (0.382 s)
8000 100.0% (0.486 s) | 100.0% (0.549 s) | 100.0% (0.520 s) | 100.0% (0.515 s)
9000 100.0% (0.700 s) | 100.0% (0.644 s) | 100.0% (0.654 s) | 100.0% (0.677 s)
10000 100.0% (0.812's) | 100.0% (0.866 s) | 100.0% (0.853 s) | 100.0% (0.823 s)

Table 4.30: Average running time and percentage of solved instances with w = w;

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 100.0% (0.004 s) | 100.0% (0.005 s) | 100.0% (0.004 s) | 100.0% (0.004 s)
2000 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s)
3000 100.0% (0.036 s) | 100.0% (0.035 s) | 100.0% (0.035s) | 100.0% (0.036 s)
4000 100.0% (0.063 s) | 100.0% (0.061 s) | 100.0% (0.060 s) | 100.0% (0.061 s)
5000 100.0% (0.098 s) | 100.0% (0.099 s) | 100.0% (0.097 s) | 100.0% (0.101 s)
6000 100.0% (0.152 s) | 100.0% (0.142 s) | 100.0% (0.151 s) | 100.0% (0.141 s)
7000 100.0% (0.195 s) | 100.0% (0.205 s) | 100.0% (0.196 s) | 100.0% (0.201 s)
8000 100.0% (0.257 s) | 100.0% (0.273 s) | 100.0% (0.285s) | 100.0% (0.267 s)
9000 100.0% (0.345 s) | 100.0% (0.331s) | 100.0% (0.344 s) | 100.0% (0.347 s)
10000 100.0% (0.430 s) | 100.0% (0.427 s) | 100.0% (0.432's) | 100.0% (0.424 s)

M = {M, My} at stage k, and let the bracket [j, k] indicate the job in position j of the
permutation of n jobs processed on machine My. That is, pj; denotes the processing time
of the job in position 7 in job permutation processed on machine Mj. Similarly, sjx, [
and wy) denote setup time, lower bound of setup time and upper bound of setup time of
the job in position ¢ in job permutation processed on machine M}, respectively.

In [YH79] for the deterministic problem where setup times are fixed (i.e., s;x = lix, =
wir), the following formula for completion time C[j] was established for the job in position
J: ,

u J
Cpy) = max [ (81 — Sug + Ppin)) — ZP[ZQ + > (spig) + ppi2y)-

<u<
Ou]: -1

This equation can be written as

u u—1 J
Cy = mmax [> (s + pian) = D_(sfi2) + Ppiay) = spuat] + D (521 + pyia)
=1 =1 =1

= max [SPM (SP[u—l,Q] + SP[u2})] + SP[ﬂ]’

0<u<]
where SPyy = S (s Skl + Pprk))-J = 1,2,...,n and M € M = {MI,MQ}. Let D; =
max{0,01,09,...,0;}, where 0; = SP[]” — (SP[] 12) +552),0 = 1,2,...,n. Then, C[j]
can be written as
Clj) = SPjg + D
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Table 4.31: Average running time and percentage of solved instances with p; o = 2p; 1, J; €
J(12), pp1 = 2pr2, Jk € J(21), w = wy

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 100.0% (0.008 s) 99.8% (0.008 s) 99.9% (0.008 s) 99.9% (0.008 s)
2000 99.9% (0.031s) | 100.0% (0.030 s) | 100.0% (0.029 s) | 100.0% (0.028 s)
3000 100.0% (0.067 s) 99.9% (0.067 s) | 100.0% (0.069 s) | 100.0% (0.068 s)
4000 100.0% (0.123 s) 99.9% (0.118 s) | 100.0% (0.119's) | 100.0% (0.118 s)
5000 100.0% (0.205 s) | 100.0% (0.191s) | 100.0% (0.205s) | 100.0% (0.196 s)
6000 100.0% (0.280 s) | 100.0% (0.269 s) | 100.0% (0.293 s) | 100.0% (0.286 s)
7000 100.0% (0.383 s) | 100.0% (0.410 s) | 100.0% (0.393 s) | 100.0% (0.410 s)
8000 100.0% (0.519 s) | 100.0% (0.544 s) | 100.0% (0.533 s) | 100.0% (0.526 s)
9000 100.0% (0.689 s) | 100.0% (0.693 s) | 100.0% (0.659 s) | 100.0% (0.666 s)
10000 100.0% (0.847 s) | 100.0% (0.848 s) | 100.0% (0.861 s) | 100.0% (0.830 s)

Table 4.32: Average running time and percentage of solved instances with w = wa

Number Number of non-availability intervals

of jobs 10 [ 100 [ 500 [ 1000
1000 100.0% (0.004 s) | 100.0% (0.004 s) | 100.0% (0.005 s) | 100.0% (0.004 s)
2000 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s) | 100.0% (0.016 s)
3000 100.0% (0.036 s) | 100.0% (0.035 s) | 100.0% (0.035s) | 100.0% (0.036 s)
4000 100.0% (0.062 s) | 100.0% (0.063 s) | 100.0% (0.059 s) | 100.0% (0.063 s)
5000 100.0% (0.098 s) | 100.0% (0.100 s) | 100.0% (0.101 s) | 100.0% (0.100 s)
6000 100.0% (0.145 s) | 100.0% (0.142 s) | 100.0% (0.141 s) | 100.0% (0.142 s)
7000 100.0% (0.200 s) | 100.0% (0.199 s) | 100.0% (0.204 s) | 100.0% (0.205 s)
8000 100.0% (0.267 s) | 100.0% (0.285 s) | 100.0% (0.265 s) | 100.0% (0.268 s)
9000 100.0% (0.331s) | 100.0% (0.357 s) | 100.0% (0.346 s) | 100.0% (0.356 s)
10000 100.0% (0.422 s) | 100.0% (0.430 s) | 100.0% (0.439 s) | 100.0% (0.428 s)

Once completion times of the jobs are known, then, total completion time, Y C;, and the
makespan, C,,q., are obtained as follows:

> Ci=> (SPjy+ D;);
=1
Crnaz = SP[ng] + D,,. (4.43)

It is clear from equation (4.43) that the term S P, is a constant term which is independent
of the sequence, and hence, minimization of C,,,, is equivalent to the minimization of the
term D,,, which is the total idle time on machine M, until all the n jobs are completed.

For each job J; € J ={Ji, Js, ..., J,} and machine M, € M = {M;, M}, any feasible
realization sj;;, of setup time satisfies the inequalities

ljk: S Sk S U (444)
The exact value of setup time s, is not known before scheduling. On the other hand,
we know the lower and upper bounds of setup times given by inequalities (4.44). These
inequalities define polytope ST of feasible vectors 5 = (S11,51.2,-.,Sn1,Sn2) of setup
times as

ST = {§ : ljk < Sk < uji, Jj e J M, e M}
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Table 4.33: Average running time and percentage of solved instances with p; o = 2p; 1, J; €
J(12), pra = 2pk2, Jrx € J(21)), w = wo

Number Number of non-availability intervals

of jobs 10 100 500 [ 1000
1000 99.9% (0.008 s) | 100.0% (0.008 s) | 100.0% (0.008 s) 99.8% (0.008 s)
2000 100.0% (0.029 s) | 100.0% (0.030 s) | 100.0% (0.029 s) | 100.0% (0.030 s)
3000 100.0% (0.070 s) 99.9% (0.064 s) | 100.0% (0.062 s) | 100.0% (0.068 s)
4000 100.0% (0.124 s) 99.9% (0.116 s) 99.9% (0.118 s) | 100.0% (0.123 s)
5000 100.0% (0.193 s) | 100.0% (0.189 s) | 100.0% (0.197 s) | 100.0% (0.196 s)
6000 100.0% (0.265 s) | 100.0% (0.296 s) | 100.0% (0.261 s) | 100.0% (0.291 s)
7000 100.0% (0.393 s) | 100.0% (0.399 s) | 100.0% (0.391 s) | 100.0% (0.410 s)
8000 100.0% (0.495 s) | 100.0% (0.543 s) | 100.0% (0.550 s) | 100.0% (0.505 s)
9000 100.0% (0.678 s) | 100.0% (0.675 s) | 100.0% (0.666 s) | 100.0% (0.676 s)
10000 100.0% (0.836 s) | 100.0% (0.864 s) | 100.0% (0.855s) | 100.0% (0.846 s)

Permutation schedules are dominant for the deterministic two-machine flow shop with
separate processing time problem with respect to any regular performance measure, e.g.,
makespan and total completion time (see [YH79] or [All00]). That is, one only needs
to consider the same sequence of jobs on each machine M; and M in order to find the
optimal schedule. Permutation schedules are also dominant for the considered problems
with random job completion times (see [All95]). Setup times are random variables for the
two considered problems which result in the random job completion times, and therefore,
permutation schedules are also dominant for the problems under consideration. Thus,
there are n! sequences (permutations) S™ = {m, 7y, ..., Ty} for the problems of F2/l;, <
Sik < Ujk/Cuax and F2/lj, < s, < ujip/ > C; that needs to be considered in finding the
optimal schedule for each problem.

Similar to Chapter 3, we will use the following definition of a solution to the problems
of F2/ljr < sji < wjk/Crmax and F2/Lj < s < ujr/ > C;.

Definition 4.7 A set of sequences S™(ST) C S™ is a solution to the problem F2/l;, <
Sik < Ujk/Crmax (problem F2/li, < sji < ujx/ > Ci), if for each fized feasible vectors € ST
of setup times, the set S™(ST) contains at least one optimal sequence for the corresponding
deterministic flow shop problem.

Thus the whole set S™ of sequences is an obvious solution for the problems of F2/l;;, <
Sik < wjp/ X Ci and F2/lji < sji < Uji/Crmax. However, to construct the whole set S™
is only possible for a small number n of jobs. It is also hard or practically infeasible
for a scheduler to choose the best sequence from a large set S™(ST) of candidates as
the processing of jobs evolves. Therefore, it is important to minimize the cardinality of
solution S™(ST') constructed for problems of F2/lj; < sj < ujr/ > C; and F2/lj, <
Sk < Ujk/Crmax. To this end, we introduce the following two types of dominance relations
on the set of sequences S™.

Definition 4.8 Sequence m, dominates sequence m, with respect to polytope ST if the
inequality Y- Cyi(m,) < 3 Cy(my,) holds for any vectors € ST of setup times for the problem
F2/lip < sji < wj/ > C;i. Similarly, sequence m, dominates sequence m, with respect to
polytope ST if the inequality Crap(my) < Crag(my) holds for any vector s € ST of setup
times for the problem F2/lj; < sji < wjk/Crax-
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By Definition 4.7 and Definition 4.8, a set of sequences S™(ST) C ST is a solution
to the problem F2/l;, < sj < uj/ > C; (problem F2/l;; < sjr < wjr/Cmax) if for each
sequence T, € S™ there exists sequence 7, € S™(ST') which dominates sequence T,.

Transposition of Two Jobs

Let ¢, denote a subsequence of a given complete sequence m, € S™ of all the n jobs. That
is, the notations of m, = (q1, J;, ¢2, Ji, q3) and 7, = (q1, Jk, q2, Ji, g3) mean that the two
sequences of 7, and 7, have the same jobs in all positions except that the jobs .J; and J;
are interchanged. When the jobs J; and Ji are adjacent in the sequence, these similar
sequences of m, € S™ and 7, € S™ can be expressed as follows: 7, = (q1, J;, Ji, g2) and
T = (q1, Jis Tk, q2)-

Theorem 4.13 For a two-machine flow shop problem F2/lj; < s < wji/Cmax 0f min-
imizing makespan, the sequence m, = (q1,Ji,q2, Jk,q3) € ST dominates the sequence
T = (q1, Ji, @2, Jk, q3) € S™ with respect to polytope ST if the two inequalities of pra < pi2
and uj + pi1 +uge < li1 + Pr1 + ;o hold.

Theorem 4.14 For a two-machine flow shop problem F2/lj, < sjr < u;i/ > C; of min-
imizing total completion time, the sequence m, = (q1,Ji, q2, Jk,q3) € S™ dominates the
sequence T, = (q1, Ji, @2, Jg, q3) € S™ with respect to polytope ST if the three inequalities
of pra < Pio, Uiz + Piz < ko + pro and ug + pin + Upe < k1 + pr1 + Lz hold.

PrOOF. We combine the proof of Theorem 4.13 with that of Theorem 4.14 since the
former is a part of the latter.

Let us consider two job sequences 7, and m, where m, € S™ is a sequence in which
job J; is in position a and job J; in position 3, with a < (3, whereas sequence 7, € S™ is
obtained from sequence m, by interchanging only the jobs in positions a0 and (.

If it will be necessary, we will add permutation 7, € S™ to the above notations Cf;,
Dj, 05, SPjx, > C, i.e., we will also use the following notations: C(n,), D;(n,), oj(m,),
Sp[jk.]<7'l'r>, Z CZ‘(T(T).

It should be clear that SP[a—l,l}(ﬂ-u) = S-P[oe—l,l](ﬂ-v) and SP[Q_LQ] (7Tu) = SP[Q_LQ] (7TU),
since both sequences 7, and 7, have the same job in each position of 1,2,...,a — 1.

For positionj = «, we obtain

0a(m2) = SPia—111(m2) + Si1 + P — (SPra—1,9(m2) + sk2),

0a(m) = SPa_11)(m1) + 50 + it — (SPla—1,2)(T1) + 5:i2).

From the above two equations we obtain inequality
Oa(my) < 00(my), (4.45)

since inequality u;; + pi1 + ure < lg1 + pr1 + Lo always implies inequality s;; + pi1 + Sge <
Sk1 + Pr1 + Sio- For positions j =a+1,a+2,...,3 — 1, we obtain equalities

J
0;(my) = SPa—11(m0) + Sk1 + Pr1 + Z (5p1] + 1)) — [SPra—1,21(m0)
r=a+1
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J—1

ko +Pr2+ Y (S + D) + Syl
r=a+1

J
0j(my) = SPa—11)(ma) + sin +pa + D (sp1) + pp1y) — [SPia—1,2/(ma)

r=a-+1
j—1
+Si2 + Dig + Z (52 + Prr2y) + sp52)5
r=a+1

where 20| (Spo+ppre) = 0. Both sequences 7, and 7, have the same job in all positions
except for position «, and hence, it follows that o;(m) — 0;(m2) = (Si1 + i1 + Sk2 + Dr2) —
(Sk1 + pr1 + Si2 + pi2), which results in

0,(m) < 0;(m), (4.46)

since pra < pi2 and s;1 + Py + sk2 < Skt + PR+ si2 (again this is implied by the fact that
inequality u;; + pi1 + uke < lg1 + pr1 + liz holds). For position j = 3, we obtain equations

B-1
03(my) = SPa—11)(T0) + Sk1 + P + Z (8p1] + ppa]) + S+ P
r=a-+1
B-1
—[SPa—12(my) + Sk2 + D2 + Z (Spr2) + Dpr2)) + Si2l;
r=a+1
B-1
03(mu) = SPa—11(mu) + si1 + pia + Z (8p1] + Pp]) + k1 + Pra
r=a+1
B-1
—[Sp[a—m](ﬂu) + Si2 + Pi2 + Z (5[r2] +P[r2}) + Spal.
r=a+1
It follows from the last two equations that
op(mu) < op(m), (4.47)
since pr2 < pio. It is obvious that o;(m) = oj(m2) for each position j =1,2,...,a —1

since both sequences m, and m, have the same job in each of these positions.
It can easily be shown that s;(m,) = s;(m,) for each position j = 5+ 1,5+ 2,...,n.
From these facts and inequalities (4.45), (4.46), (4.47), we obtain inequality

0;(m) < 0;(m2) (4.48)

for each j = 1,2,...,n. Therefore, D, (m,) < D,(m,). This shows that the sequence
T = (q1,Ji, G2, Ji,q3) € S™ dominates the sequence m = (q1, Jx, q2, Ji, q3) € S™ with
respect to minimization makespan C,,q,. Thus, Theorem 4.13 is proven.

For the proof of Theorem 4.14, observe that

Cpy(ma) = Cjy(mo) (4.49)
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for each position j = 1,2,...,a — 1 since both sequences have the same job in each of
these positions. It should be also observe that D,_1(m,) = Ds_1(m,). It can easily be
shown that for each position j = 3,6+ 1,...,n the following equality holds:

C[J’](WU) - O[j] (Wv) = maX{Da—l(Wu)a Ua(”«t)» Oa+1 (Wu)a 2305 (WU)}

—max{Dy_1(7y), 0a(Ty), Oay1(my), ..., 0j(m) }.

But it follows from (4.48) that
max{Dy—1(m,), 0a(Tw), Oar1(mu), ..., 0j(m0) }

<max{Dy_1(m,), 06a(Ty), Oar1(my), ..., 05(m) }.
Therefore, inequality
Cjp(ma) < Cpyj(mo) (4.50)

holds for each position j = 3, 5+1,...,n. Observe that for j = « the following equalities
hold:

C[a} (ﬂ—v) = Sp[afl,Z}(ﬂ_v) + Sk2 + Pr2 + maX{Da—l(T(U)a Ja(ﬂ—v)};
C[a] (77-1) = SP[afl,Q](ﬂ-u) + Siz2 + Pi2 + maX{Da—l(ﬂ-u)a ga(ﬁu)}-
For j=a+1,a+2,...,8 — 1 the following equalities hold:

J
Cl)(my) = SPa—19)(m0) + Sk2 + pr2+ Y (S + i)
r=a-+1

+ maX{Da—l(ﬂ-v)a Ua(ﬂv)a Oa+1 (771)>7 -5 05 (WU)};

j
Clyj(ma) = SPia—19(mu) + iz + P2+ Y, (Sp2y + Ppray)
r=a-+1

+max{Dy_1(m), 0a(m), Oas1 (), . .., 0j(m0) }-

Hence, for j = a,a+1,...,3 — 1, we obtain
Cpy)(mu) — Cj(my) = (8i2 + pi2) — (Sk2 + Di2)
+max{Do_1(7), 00(T0), Oar1(my), ..., 0;(my) }

—max{D,_1(7,), 0a(7), Oat1(my), ..., 0j(m,)}.

But condition u;s + pio < lre + pre implies s;o + pio < Spo + pro and

max{Dy_1(7y), 0a(T0), Oat1(T), - .., 0j(m)}
<max{Dq_1(7,),00a(7y), Oas1(my), ..., 05(my) }.
Therefore, inequality
Cpy) () < Cpyj(my), (4.51)

holds for each j = a,a+1,...,5—1. Now it follows from equality (4.49) and inequalities
(4.50) and (4.51) that the sequence m, = (q1, Ji, q2, Jk, q3) € S™ dominates the sequence
T = (@1, Jk, g2, Ji, q3) € S™ with respect to total completion time minimization. This
completes the proof.

&
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Remark 4.1 Note that sufficient conditions given in Theorem 4.13 are included to suf-
ficient conditions given in Theorem 4.14. Thus, using sufficient conditions given in The-
orem 4.14, one can minimize both objective functions C,,., and Y C;.

Transposition of Two Adjacent Jobs

Next, we prove analogous sufficient conditions for permutation domination in the case
when transposed jobs are adjacent.

Theorem 4.15 For a two-machine flow shop problem F2/lj; < s < wji/Cmax of min-
imizing makespan, the sequence m, = (q1,Ji, Ji,q2) € ST dominates the sequence m, =
(q1, Jx, Jiy @2) € ST with respect to polytope ST if the inequality uy +pa+uke < U1 +Dr1+liz
and one of the following inequalities of

(1) wpr + per < Piz + Lo,

(i1) un + pa < lio + pio,

(i77) pr2 < Dio

hold.

Theorem 4.16 For a two-machine flow shop problem F2/lj, < sjy < w/>C; of
minimizing total completion time, the sequence m, = (q1,J;,Jx,q2) € S™ dominates
the sequence m, = (q1,Ji, Jy,q2) € ST with respect to polytope ST if the inequalities
Uit + Pi1 + Uke < Lt + pr1 + lio, Uin + pio < ls + pro and one of the following inequalities of
(1) k1 +pr < pi2 + lre,
(41) wir + pir < lig + pao,
(4ii) pr2 < pio
hold.

PROOF. Again, we combine the proof of Theorem 4.15 with that of Theorem 4.16 since
the former is a part of the latter.

We assume the sequence 7, has job J; € J in position « and job J, € J in position
a + 1, and the sequence 7, is obtained from the sequence 7, by interchanging only the
jobs in positions o and a4+ 1. For these two sequences, we obtain

0a(Tu) = SPa—1,1)(mu) + 8i1 + it — SPa—1,2)(Tu) — Si2;
0a(Ty) = SPia—111(my) + g1 + Pt — SPla—1,2)(7) — Sk2;
Oas1(my) = SPa—11)(ma) + si1 + Dit + Skt + Pr1 — SPa—1,2)(Tu) — Si2 — Diz — Sk2;

Oat1(my) = SPa—11](m) + Sk1 + Pr1 + Sa 4+ pit — SPla—1,9(T0) — Sk2 — Dr2 — Sia-

Since both sequences have the same job in each of positions 1,2,...,a — 1, we obtain
Do-1(my) = Do-1(my). We denote Doy = Do—1(my) = Do—1)(,), and obtain

C[a] (Wu) = SP[a71,2} (Wu) + Si2 +p12 + maX{Da—b Uoz(ﬂu)};

O[a] (ﬂ-v) = SP[Oc—LQ}(ﬂ-v) + Sk2 + Pr2 + maX{Dcx—ly o-a(ﬂ-v)};
C[a+1] (ﬂ-u) - SP[afl,Z} (Wu) + 542 +p12 + Sk2
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+pra + max{Do—1,0a(7u), Tat1(Tu) };
C[aJrl](Trv) = Slj[afl,Q] (7-(1)) + Sk2 + P2 + Si2
+pi2 + maX{Dafla Oq (7-(11)7 Oa+1 (71_1))}-

Observe that SPq_11(my) = SPa_1,1)(m) and SPa_1,9(m) = SPa-12(m), because
both sequences have the same job in each of positions 1,2,...,a — 1. As a result, it holds
that

0;(m) = 0,(m,), (4.52)

for each 7 =1,2,...,a — 1. It can easily be shown that
0;(m) = 0j(m,) (4.53)
for each j = a4+ 2,a+ 3, ..., n. It follows from inequalities (4.52) and (4.53) that
Oo(my) < 04(my), (4.54)
since s + pir + uge < lg1 + pra + li2. From (4.54) it follows
max Dy _1,04(m,) < max D,_1,04(7,). (4.55)

From the above inequalities we obtain the following claims.
If ugr + pr1 < piz + 2, then

Oar1(my) < 0a(my). (4.56)
If wiy + pin < lio + pia, then
Oat1(my) < 0a(my). (4.57)
If pra < pig, then
Oar1(mu) < Oar1(my). (4.58)

It any one of the inequalities (4.56), (4.57) or (4.58) holds, then

max{Dy _1,04(7u), Oar1(mu)} < max{Dy,_1,0a(m), 0ar1(my)} (4.59)

Therefore, from inequalities (4.52), (4.53), (4.54) and (4.59), it follows D, (m,) <
D, (m,), which shows that the sequence 7, = (q1, J;, Jx, q2) € S™ dominates the sequence
T = (q1, Jg, Jiy g2) € S™ with respect to makespan minimization. Theorem 4.15 is proven.

Taking the difference between completion times of the jobs in positions o and « + 1
for the two sequences under consideration yields

[Clo)(7u) + Clat1)(Tu)] = [Clag (o) + Clasy(m0)] = (si2 + piz)

_(SkQ + pk?) + maX{Da—la O'a(ﬂu)} - maX{Da—h O'a(ﬂ'v)}
+ maX{Da—la O-Oc(ﬂ-u)7 O-oz-l—l(ﬂ—u)} - maX{Da—la Oa (771)>7 o-a—f—l(ﬂ-v)}

From (4.55), (4.59) and the fact that w; + pi2 < g2 + pro it follows

C[a](ﬂu) + C[QJFH (ﬂ'u) < C[a}<7'rv) + C[a+1] (7TU). (4.60)
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It can also be shown that for each j = a+ 2,a+ 3,...,n it follows
Cm (ﬂ-“) - O[j]<7rv) = ma’X{Da—l’ 00<7Tu)7 O-a-l-l(ﬂ-u)? O-OH—?(T‘-M): s 70-]'(7Tu)}
—max{Dy_1,04(my), Oat1(my), Oara(my), ..., 05(m)}-

Observe that og(m3) = ox(my) for each k = a + 2, + 3,...,n. Therefore, from the
inequality of (4.59) we obtain
Cjj(ma) < Clyy (o) (4.61)

for each j = a+ 2, + 3,...,n. It is obvious that
Cjy(mu) = Cyp () (4.62)

for each j = 1,2,...,a — 1. Clearly from (4.55) and (4.59) — (4.62), it follows that
> Ci(my) <X Ci(m,) which completes the proof of Theorem 4.16.
&

The survey paper [AGA99] on separate setup scheduling problems indicates that they
are classified as either sequence-independent or sequence-dependent with the latter being
more general. If the setup time depends only on the job to be processed, it is called
sequence-independent. On the other hand, if the setup time depends on both the job to
be processed and the previous job, it is called sequence-dependent.

In both sequence-dependent and sequence-independent cases, the setup times are de-
terministic and known beforehand. In this section, we relax the assumption that they
are deterministic and consider setup times to be random variables with free distributions
where only a lower and upper bounds are given.

4.6 Comments and References

Lai et al. (1997) introduced such a solution to scheduling problem with uncertain job
processing times.

The approach under consideration was originally proposed by Lai et al. (1997), Lai
and Sotskov (1999) for makespan criterion, and was developed by Lai et al. (2004)
for total completion time criterion Y C;. In particular, the formula for calculating the
stability radius of the optimal schedule (i.e., the largest value of simultaneous independent
variations of job processing times that this schedule remains optimal) has been provided
by Lai et al. (1997). In the work of Lai et al. (2004), stability analysis of a schedule
minimizing total completion time was involved in a branch and bound method for solving
jobshop problem Jm|p}; < py; < pfi| > C; with m machines and different technological
routes of jobs. In recent work of Allahverdi and Sotskov (2003), for a two-machine flowshop
problem F 2|piLj < pij < pg |Cinaz sufficient conditions have been found when transposition
of two jobs minimizes makespan. Sotskov et al. (2004) studied total completion time
in a flowshop with uncertain processing times. In particular, the geometrical algorithm
has been developed for solving flowshop problem F' m\pfj < pij < pg,n = 2| > C; with
m machines and two jobs. For a flowshop problem with two machines and that with
three machines, sufficient conditions have been found when transposition of two jobs
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minimizes total completion time. Recent work of Allahverdi et al. (2003) is devoted to
the case of separate setup times to minimize makespan C,,,, or total completion time
> C;. Namely, processing times are fixed while setup times are relaxed to be distribution-
free random variables with only the lower and upper bound of setup times being given
before scheduling. Allahverdi et al. (2003) found local and global dominance relations for
such a flowshop problem with two machines.

In this section, we find a combination of sufficient conditions proved by Allahverdi and
Sotskov (2003) which put together necessary conditions for fixing the order of two jobs in
a solution to problem F2|pf: < p;; < p¥i|Cruaa-

In contrast to papers by Lai et al. (1997) and Lai and Sotskov (1999), where expo-
nential algorithms based on exhausting enumeration of the feasible schedules have been
derived for a jobshop problem Jm| piLj <pi; < p%|Cmax, in this paper, we develop polyno-
mial procedures for solving special case of the problem when m = 2 and all the jobs have
the same technological route.

Allahverdi and Sotskov (2003) proved the following sufficient conditions for such fixing
the order of two jobs.

We find a combination of sufficient conditions proved by Allahverdi and Sotskov (2003)
which put together necessary conditions for fixing the order of two jobs in a solution to
problem F2/a; <p; <b;/Cpnas-

A number of recent papers have been devoted to the makespan minimization in the
flow shop scheduling problem with two machines {1,2} which have w > 1 non-availability
intervals, see Sections 5 and 6 in the survey by Schmidt (2000).

It should be noted that only flow-shop systems (among multi-stage ones) with limited
machine availability have been treated in the OR literature so far.

In [KBFT02], it was proven that problem F2,NC Oﬁ/ pmitn/Cpaz is unary NP-hard if
an arbitrary number w of non-availability intervals occur on one of the two machines. In
[Lee97], it has been shown that this problem is binary NP-hard even if there is a single
non-availability interval (w = 1) on either machine M; or machine M,. In [Lee97], it
was also provided a heuristic with a makespan which is at most (3/2) times larger than
the minimal makespan if this non-availability interval is on the first machine, and (4/3)
times larger than the minimal makespan if the non-availability interval is on the second
machine.

In [CWO00], it was shown that the error bound of (3/2) for the situation with a non-
availability interval on the first machine is tight. For the problem with availability con-
straints imposed on each machine when the non-availability interval on one machine is
followed immediately by the non-availability interval on the other machine, paper [CW99|
provided a heuristic with a worst-case error bound of (5/3). In [KBF*02], the branch-and-
bound algorithm was developed which outperformed the dynamic programming algorithm
proposed in [Lee97]) for the case of one non-availability interval.

In [NKO04], for problem F2,NC' Oﬁ/ pmin/Cpq: with one non-availability interval a fully
polynomial approzimation scheme has been developed with complexity O(n®/e*) where € is
upper bound of the exceeding of the minimal makespan in the approximate schedule that
may be obtained. In [BLSS02], stability of Johnson’s schedule constructed for problem
F2//Crnaz has been tested for the case of problem F2,NC Oﬁ/ pmitn/Cpa,. This results are
presented in Section 4.3.
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The reviews in this area are given in [LLP97, KBF102, SS98, Sch00].
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Table 4.34: Notations for the two-machine flow shop and job shop

’ Symbols Description
T Permutation of jobs from set J: 7 = {Jky, Jigs -« - Jk, }
where {k1,ko,...,k,} ={1,2,...,n}
ST Set of all permutations S™ = {my,m2,..., 7}
of n jobs J defining set of all permutation schedules
S™(T) Set of permutations S™(T) C S™
which is a solution to the uncertain flow shop problem
Ny Set of jobs jobs with p;1 < psa
Ny Set of jobs jobs with p;1 > pso
N, Set of jobs with left intervals of job processing times on machine M;
N, Set of jobs with left intervals of job processing times on machine Ms
J(i7) Subset of jobs of set J with machine route (M;, M;) where {i,j} = {1,2}
J(3) Subset of jobs of set J with one-machine route (M;) where i € {1,2}
Ci(mk,p) Completion time of job J; € J in schedule 7 € S™ provided that

processing times are given by vector p € T'
Cimaz(Tk,p)  Maximal completion time (makespan) of schedule 7, € S™ provided that
processing times are given by vector p € T: Chyax (7, p) = max{C;(mg, p)
T/ Set of feasible vectors of job processing times in uncertain job shop
problem: T = T(1) UT(2) UT(12) UT(21) where T(w) defines
intervals of feasible processing times of jobs J(k), k € {1,2,12,21}

wj Number of non-availability intervals on machine M;

w Total number of non-availability intervals: w = wy 4+ we

Ny k' non-availability interval on machine M,

5(Ngj) Starting point of the k** non-availability interval on machine M;

f(Nij) Endpoint of the k" non-availability interval on machine M,

h(Nk;j) Length of the k' non-availability interval on machine M;:
h(Nkj) = f(Nk;) — s(Ni;)

Tij Maximal possible enlargement of the processing time of job J; on
machine M; such that Johnson’s permutation is not changed

Pj Stability radius of Johnson’s permutation on machine M;

A k' availability interval on machine M;

55 Earliest possible starting time of a job on machine M;

c;j Latest possible completion time of a job on machine M;

dij Maximal possible enlargement of scheduling time of operation O;;
forced by the non-availability intervals of machine M;

0 Enlargement radius of scheduling times of operations on machine M;

i () Starting time of operation O;; in schedule defined by permutation 7

cij(mx) Completion time of operation O;; in schedule defined by permutation

Sik Setup time of job J; on machine Mj

lij Lower bound for setup time of job J; on machine My

Usj Upper bound for setup time of job J; on machine My

[7, k] Indication of the job in position j of the permutation of jobs processed

on machine My, e.g., pjx) denotes processing time of this job
ST Polytope of feasible vectors § = (s1,1,51,2,-- -, 8n1,Sn2) of setup times




Chapter 5

Complexity and Computational
Results

In Sections 5.1 - 5.4 of this chapter, we present computational results for randomly gener-
ated job shop problems J//Cpar and J// > C;. In Section 5.1, we develop algorithms for
calculating the stability radii gs(p) and g,(p) on the basis of the formulas from Chapter 1.
Section 5.2 investigates the influence of errors and possible changes of the processing
times on the property of a schedule to be optimal. To this end, extensive numerical
experiments with randomly generated job shop problems were performed. Computa-
tional results for randomly generated job shop problems Jm/n=Fk,a; <p; <b;/Cpas and
Jm/n =k, a; <p; <b;/> C; with uncertain numerical input data by testing exact and
heuristic algorithms derived in Section 3.6 are discussed in Section 5.4. All algorithms
were coded in Fortran-77 and tested on a PC.

5.1 Calculation of the Stability Radius

This section is devoted to the calculation of the stability radius of an optimal schedule
for a job shop problem, when the objective is to minimize mean or maximum flow times.
The used approach may be regarded as an a posterior: stability analysis when an optimal
schedule has already been constructed and the question is to determine such changes in
the processing times of operations, which do not destroy the optimality of the schedule
at hand.

We investigate the influence of errors and possible changes of the processing times on
the property of a schedule to be optimal. To this end, extensive numerical experiments
with randomly generated job shop problems are performed. Due to the developed software,
we have the possibility to compare the values of the stability radii, the numbers of optimal
schedules and some other ‘numbers’ for the two criteria C,,., and >" C;. The main question
we try to answer is how large the stability radius is, on average, for randomly generated
job shop problems.

The formulas for calculating the stability radii gs(p) and g,(p) of an optimal digraph
Gs(p), derived in Chapter 1, were coded in Fortran-77. Due to these formulas (1.28), (1.29)
and (1.36), (1.37), the calculation of the stability radii based on a direct comparison of the
paths of an optimal digraph G and of each feasible digraph Gy € A(G),k # s, for Cpax

257
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and subsets of paths of G5 and of Gy, € A(G), k # s, for 3 C; is time-consuming (even for
the small Example 1.1 it is only for the makespan criterion possible to do this calculation
‘by hand’ without a computer). Nevertheless, such an ‘unpractical’ calculation for sample
problems allows to derive some properties of the job shop problems, which may be used in
practically efficient methods for determining lower and/or upper bounds for the stability
radii. Computational results for randomly generated job shop problems are presented
in this chapter. The stability radii have been calculated for more than 10,000 randomly
generated job shop problems.

Next, we present the formal algorithm for calculating the stability radius gs(p) on
the basis of the coded formulas (1.28) and (1.29). We calculate the set of stability radii
R ={01(p), 02(p), - - ., Oopt(p) } for the set of all optimal digraphs G1(p), Ga(p), - - -, Gopt(P)
from the set A(G) generated from a weighted mixed graph (@, A, E). Here opt indicates
the number of optimal schedules.

Algorithm RAD _p4(p)

Input: A weighted mixed graph G(p) = (Q, A, FE) with
a vector p € R% of job processing times.
Output: The set R of the stability radii for all optimal digraphs.

Step 1: Construct the set of all feasible digraphs
AG) ={Gi(p),Ga(p), ..., Gopt(p), .., GA(p)} generated from
mixed graph G(p) = (@, A, E') numbered in non-decreasing order of
their makespans: [{ =15 = ... =15, <l <o < ... <15

Set R = 0.
IF opt =1 THEN s =1 GOTO Step 4.
Step 2: FOR s =1 TO opt DO

BEGIN
Step 3: IF there exists a path p* € Hy(p) such that for digraph
Gr(p), k # s,k < opt, [P =¥ there does not exist
path v* € Hy(p) with [u*] C [v*]
THEN 0,(p) = 0; R :=RU{0s(p)}
IF s < opt THEN GOTO Step 2 ELSE STOP
ELSE
Step 4 0s(p) =00
IF conditions of Theorem 1.3 hold for digraph G;(p)
THEN R := RU {2,(p)}
IF s < opt THEN GOTO Step 2 ELSE STOP
ELSE
Step 5: FOR k=1,k# s TO A DO

BEGIN
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Step 6: Construct set Hg, = {pt € Hs : There is no path v € Hy,
such that [u] C [v]}.
IF H,;, =0

Step 7: IF k= )\

IF H,; = () for each digraph Gy(p),t # s,t € {1,2,...,\}
THEN R = R U {3,(p)}
IF s < opt THEN GOTO Step 2 ELSE STOP

ELSE
ELSE GOTO Step 5
ELSE
T = 0
Step 8: FOR 1 € Hy. DO
BEGIN
Step 9: FOR v € Hy: I’(v) > 1? DO
BEGIN
Step 10: Set rz = 0.
Construct a sequence (pl(’(’;), pl('l“), o pl('[jw)), where
p?é; =0 and (p'(’{”), p’(Q’;, e p?iuu)) is a non-decreasing

sequence of the processing times of the operations
from the set [v] \ [p] with w,, = |[V]\ [1]|.

FOR = 0 TO w,, DO
BEGIN

) —1P ()=S0 o, }

s = max {7”67 IMECIEE

END
END
T i= max{r, vz}
END
Step 11: 0s(p) := min{0,(p), i}
Step 12: FOR k:=k+1TO A+ 1 Do
BEGIN

IF 3,(p) > “_* THEN GOTO Step 5
END

R:=RU{os(p)}
IF s < opt THEN GOTO Step 2 ELSE STOP
END
END STOP.

At the worst, the calculation of g(p) (in just the same way, as the calculation of g,(p))
implies not only to have an optimal digraph G(p), which already is an NP-hard problem,
but to construct all feasible digraphs G1(p), G2(p), ..., GaA(p) (see Step 1) and for each of
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them, which has to be compared with the optimal digraph, Algorithm RAD g4(p) finds
all dominant paths (see Step 6) introduced in Definition 1.3 at page 17. We can avoid
such a time-consuming comparison in the following cases.

First, if there are two or more optimal digraphs it is possible that the stability radius
of one of them or the radii of both are equal to zero (see Theorem 1.1). In Step 3, we check
such a condition for gs(p) = 0. Second, there are two cases of an infinitely large stability
radius gs(p) = oco. One of them follows from the graph construction: There is identified
a problem class whose optimal solutions are implied only by the given structural input
data and even independently from the numerical input data (see Theorem 1.3). Thus,
the necessary and sufficient conditions of Theorem 1.3 for an infinitely large stability
radius J//Cpas can be verified in polynomial time O(g?) in Step 4 (g is the number of
operations, ¢ = |@|). The second condition for an infinitely large stability radius follows
directly from Theorem 1.2 and it is checked in Step 7. More exactly, from Theorem 1.2
and the definition of the set H,, it follows that, if Hy, = () for each feasible digraph
Gr(p), k # s, then g,(p) = oo.

From Step 7 to Step 11, we calculate the value 7y, according to formula (1.29). In Al-
gorithm RAD _g,(p), the value 7y := 05(p) := min{as(p), rx} is finally defined in Step 11.
To restrict the number of digraphs G}, with which an optimal digraph has to be compared,
Algorithm RAD_g,(p) uses the bounds (3.35) in Step 12.

Using Algorithm RAD_g4(p), we construct a set R = {01(p), 02(p), - - -, Oopt(p) } of the
relative stability radii. As it follows from Remark 3.4, this algorithm is more effective
than Algorithm SOL_C,,4:(2). So, if R is not a single-element set, then a decision-maker
can use one of the optimal digraphs G4(p),s = 1,2,...,0opt, which is more stable, i.e. a
schedule with the largest value of the stability radius g1(p) € R.

Next, we present the formal algorithm for the calculation of the stability radii g,(p),
which uses the formulas (1.36) and (1.37) derived for the job shop problem.

Algorithm RAD g,(p)

Input: A weighted mixed graph G(p) = (Q, A, E) with
a vector p € R% of processing times.
Output: The set R of the stability radii for all optimal digraphs.

Step 1: Construct the set of all feasible digraphs A(G) = {G1(p), G2(p), - - -,
Gopt(D), ..., GA(p)} generated from a weighted mixed graph (@, A, E) and
numbered in non-decreasing order of the mean flow time objective function
values: LY = L = ... = Ly < Ly < Ly <00 < LA
set R = 0.

IF opt =1 THEN set s =1 GOTO Step 4;
Step 2:  FOR s =1 TO opt DO

begin
Step 3: IF there exists a set QU € Q,(p) such that for any set Q¥ € Qi(p),
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Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:
Step 11:

there exists an operation O;; € ) such that condition
ni(Q0) > ni; () (or condition n;;(Q07) < n;;(Q24)) holds and this
inequality has the sign > (or <) for at least one set Q};o € Qi(p)
THEN set g,(p) =0 and R := R U {g,(p)};

IF s < opt THEN GOTO Step 2; ELSE stop;

ELSE

set 9,(p) := o0;

FOR k =1,k +# s TO A DO

begin

construct the set Qg = {QV : There does not exist a set 2} such
that n;; (V) < n;;(Q) foreach i =1,2,...,n, j=1,2,...,n};

set r, = 0;

FORv=1TO w, DO

begin
FOR each Q) € Qp,u=1,2,... wy, with 35, cqu P(v) > LE
DO
begin
set rg = 0;

order the set of operations () in the following way:
Oij(l)a Oij(Q)a ey Oij(m)aOij(m+1)a Ce 7Oij(q)7 where for all
a=1,2,...,m inequality n;;_, (€2}) < ng,, (€27) holds
and for each « € {m +1,m + 2,..., ¢} the inequalities
M, ($40) > 145, (QF) and pij Ly 2 Dije) 2 -+ 2 Digg,)
have to be satisfied;
FOR 5 =0TO ¢—m DO

begin

m+[3 u 3]
o mtB - .
, a=1 M (q) (B =i g (22)]
end

end

set ry 1= max{rg, 75};

end

set 0,(p) := min{g,(p), 1 };
FOR Lk =k+1TO XN+1DO

begin

IF 3,(p) > %% THEN GOTO Step 5

end

ng—n

R:=RU{a.(p)}:
IF s < opt THEN GOTO Step 2; ELSE stop

end
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end stop.

If there exist at least two optimal schedules, i.e. if opt > 1, we verify in Step 3
the condition for a zero stability radius on the basis of Theorem 1.6. In Step 4, we set
0,(p) := oo (note that g,(p) < oo due to Theorem 1.7 and Remark 1.1). Theorem 1.5
is used for the calculation of the stability radius g,(p), 0 < 7,(p) < oo, for each optimal
digraph Gg,s = 1,2,...,0pt, (see Steps 6 - 10). In Step 11, we can reduce the set of
digraphs in our considerations due to Lemma 3.8.

Both above formal algorithms were coded in Fortran-77. So, for a small problem size
the program starts with generating all feasible digraphs and for each of them, which has to
be compared with the optimal digraph, it finds dominant paths (see Definition 1.3). Then
formulas (1.28) and (1.29) from Section ?? are used for calculating gs(p) and formulas
(1.36) and (1.37) from Section 1.4 are used for calculating g,(p). To restrict the number
of digraphs G with which an optimal digraph has to be compared, we use the bound
(3.35) (see Chapter 3) for the makespan criterion and the bound (3.64) (see Chapter ?7)
for the mean flow time criterion.

Note that the software developed is rather general. In principle, it allows to calculate
the exact or approximate values of gs(p) and g,(p) for most scheduling problems (since
there exists a possibility to represent them as extremal problems on a mixed graph, see
Section 1.1). The only ‘theoretical’ requirement for such problems is the prohibition
of preemptions of operations (see Assumption 2). However, in the simulation study we
are forced to take into account also ‘practical’ requirements: The running time and the
memory of the computers. Remind that the most critical parameter of the problem under
consideration is the number of edges in the mixed graph G because the whole number of
feasible (without a circuit) and infeasible (with circuit) digraphs generated by G is equal
to 2IZ1. Moreover, for each feasible digraph GJ, we have to find all dominant paths for
Cinaz and (what is essentially larger) all subsets of the set of dominant paths for > C;.

5.2 Experimental Design and Results

In this section, computations were restricted to job shop problems. We considered three
different levels of the simulation study in dependence on running time and memory limits.
The stability region of the optimal digraph G (the whole set of non-negative g-dimensional
vectors, for which Gy is optimal) is a closed cone [84, p. 326]. Indeed, if G is optimal
for the vector p € RY of the processing times, it remains optimal for the processing
times api1, api, . . ., APy, With any real a > 0 (obviously, the stability radius is the
largest radius of a stability ball, which is fully contained in the stability region). So,
when considering the influence of ‘load leveling’ factors (numbers and distributions of
operations per machines and per jobs) to the stability radius, we consider the same range
of variations of the processing times for the problems of the first level: The processing
times of the operations are uniformly distributed real numbers (with four digits after the
decimal point) between the same bounds 10 and 100.

First, we generated small instances with 12 operations in each case, for which the
exact values of the stability radii g;(p) and g,(p) may be calculated on a PC 386 usually
within some seconds using only internal memory of the computer. For each combination
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of the number of jobs from 3 to 7 and of the number of machines from 4 to 8, we randomly
generated and solved 50 instances. Moreover, at the first level simulation includes four
different types of problems in dependence on the distribution of the number of operations
to the machines (evenly or randomly) and the operations, distributed to the same machine,
to the jobs (evenly or randomly). Thus, we consider at the first level problems of the four

types

EE (evenly, evenly),

ER (evenly, randomly),
RE (randomly, evenly) and
RR (

randomly, randomly).

At the first level, we calculated the stability radii for 5000 job shop problems (4-5-5-50 =
4 (types) - 5 (combinations of the number of jobs n) - 5 (combinations of the number of
machines m) - 50 (randomly generated instances in each series)) with 12 operations in each
instance. Note that, if there were two or more optimal schedules for a sample problem,
we calculated the stability radius for each of them.

After solving the above problems (without using external memory on a hard disk),
we considered series of instances for each combination of the number of jobs from 8 to
10 and of the number of machines from 4 to 8, and for each combination of the number
of jobs from 3 to 10 and m = 3. The number of operations in each instance was equal
to 12. Since the number of edges in the mixed graph exceeded 20 (and so the number
of generated feasible and infeasible digraphs exceeded 2% = 1,048,576), we had to use
external memory on a hard disk for such instances and the running time for some of them
achieved one or even two hours on a PC 486. So, we were forced to restrict the number
of considered instances in the most difficult series for such combinations of the numbers
of jobs and the numbers of machines to 10.

On the basis of the obtained information within the first level of experiments (for the
instances with 12 operations), we designed the second and third ones. First, we decided
to consider only instances generated for an evenly distributed number of operations to
the machines and evenly distributed operations on the same machine to the jobs (i.e.
type EE). At the second level, we calculated the exact values of the stability radii for job
shop problems with 16 and 20 operations, considering 10 instances in each series while
considering the influence of ‘load leveling’ factors. Note that for some of the instances at
the second level, the CPU time of a Pentium PC exceeded 10 hours.

Along with ‘load leveling’ factors, other ones also influence the complexity and stability
of scheduling problems, e.g. the variability of p;;, O;; € @, across the entire shop and the
variability of the average processing time from job to job or from machine to machine
are also important factors of the complexity of shop scheduling problems (remind the
famous job shop problem with 10 jobs and 10 machines given in [FT63], which was so
difficult to attain due to a special processing time variability). Therefore, at the second
level we also investigated the influence of the latter factors for random modifications
of the processing times of the job shop problem with the same mixed graph G. More
precisely, for the same randomly generated mixed graph G (see Chapter 1) at the second
level of the simulation study, we considered six different ranges of variations of the given
processing times, namely: [1, 10], [1, 100], [1, 1000], [10, 100], [10, 1000] and [100, 1000).
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Figure 5.1: Maximal, average and minimal values of gs(p) for the problems of type EE

Figure 5.2: Maximal, average and minimal values of 9,(p) for the problems of type EE

Figure 5.3: Maximal, average and minimal values of gs(p) for the problems of types ER,
RE and RR

Obviously, intervals [10, 100] and [100, 1000] may be obtained from the interval [1, 10]
after multiplying with 10 and 100, respectively. However, the number of optimal schedules,
and the number of problems with a zero value of stability radii may be different for these
three intervals, since we consider all real numbers with fixed number of decimal places.
Due to the same reason, we consider the intervals [1, 100] and [10, 1000]. For the above
segments, we calculated g,(p) and o,(p) for each optimal schedule s in series with 50
instances. Moreover, we investigated instances in which different jobs had different ranges
of variations of the given processing times. At the third level, we considered a well-known
job shop test problem with 6 jobs and 6 machines from [FT63] with different ranges of
variations of the given processing times across the entire shop and across different jobs.
In Figures 5.1 and 5.2, we present the maximal, average and minimal values of the
stability radii for each combination of the number of jobs n and the number of machines
m, considered at the first level when the number of operations are evenly distributed to
the machines and the operations on a machine are evenly distributed to the jobs (type
EE). While the processing times are real numbers between 10 and 100, the stability radii
are approximately between 0.001 and 50 for C,,.,, and between 0.001 and 35 for 3 C;.
Similar data for the other three types of distributing the operations are given in Figures
5.3 and 5.4 (types ER, RE and RR). The largest value of g5(p) was about 90, and the
largest value of g,(p) was about 70. For all types EE, ER, RE and RR, the average value
of 0s(p) was larger than that of g,(p). An obvious conclusion from these diagrams is that
an optimal makespan schedule (Figures 5.1 and 5.3) is more stable than an optimal mean
flow time schedule (Figures 5.3 and 5.4). An important issue from Figures 5.1 - 5.4 is also

that for each series of instances the smallest value of gs(p) and p,(p) is greater than zero.
The results for the sample problems of the second level for ‘load leveling’ factors are

presented in Table 5.1, where the minimal (MIN), average (AVE) and maximal (MAX)
values of the stability radius divided by the maximal processing times (pyax) are given
in columns 2, 3, and 4, and similar values divided by the average processing times (payg)
are given in columns 5, 6, and 7. During our experiments, we also determined the largest
number vy of competitive digraphs in the sequence (G;,,Gi,,...,Gi ..., Gy, ,...,Gy))
(where the digraphs are ordered according to non-decreasing objective function values)
and the number )\ of the digraph, which was the last considered one in this sequence, while
calculating the exact value of the stability radius. Column 8 contains the average values
of the percentage of digraphs, which may be a competitive digraph for the optimal one
(100t/\). For the set of instances presented in Table 5.1 with the mean flow time criterion,

Figure 5.4: Maximal, average and minimal values of 9,(p) for the problems of types ER,
RE and RR
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Table 5.1: Randomly generated problems

nxm | RADIUS / paax RADIUS / pave | 52 NOS DIFF
MIN AVE MAX | MIN AVE MAX AVE MAX | AVE MAX
1 2 3 4 5 6 7 8 9 10 11 12
Maximum flow time
6x6 | 0.0 0.62 4.26 | 0.02 1.09 7.40 - | 21.50 78 | 1.60 3.83
7x7 1] 007 176 11.16 | 0.12 3.45 23.59 - | 15.60 43 | 2.71 9.72

8§x8 | 0.07 343 12.66 | 0.13 6.00 17.80 - | 17.00 70 | 491 12.20
9x9 | 0.00 397 11.52 | 0.00 6.91 22.14 | 4.43 | 28.90 144 | 6.07 11.38
10x10 | 0.18 3.33 2190 | 0.32 597 41.38 | 1.54 | 12.40 48 | 5.68 18.84

Mean flow time

6x6 | 033 1.28 5.10 | 0.9  2.25 8.67 | 2.27 1.10 2| 0.00 0.00
Tx7 | 023 1.33 6.57 | 040 232 11.19 | 2.42 1.20 21 0.00 0.00
8§x8 | 0.26 1.86 6.54 | 051 3.28 11.85 | 0.03 1.20 21 0.00 0.00
9x9 | 0.60 2.20 441 | 1.10 3.84 8.22 | 0.10 1.10 21 0.00 0.00
10x10 | 0.46 3.83 8.05| 0.75 6.79 13.69 | 0.57 1.00 1] 0.00 0.00

these values are bounded by 2.42%. When minimizing the makespan, these values are
larger, but the latter results are mostly due to the large numbers of optimal makespan
schedules (the average and maximal numbers NOS of optimal semiactive schedules for an
instance are given in columns 9 and 10, respectively). Note that for some 6 x 6 instances
(i.e. those with 6 jobs and 6 machines), 7 x 7 instances and 8 x 8 instances, the number \
of all semiactive schedules was not calculated in our experiments, and therefore the values
of 100/ are not presented for these series. If there is more than one optimal schedule, we
calculate the differences of their stability radii. The average and maximal values of these
differences (DIFF) are presented in columns 11 and 12, respectively. We can also note
that for the mean flow time criterion, an optimal schedule is usually uniquely determined,
and even if there are two optimal mean flow time schedules, they have often the same
stability radius. Consequently, for the mean flow time criterion we have not much need
to look for an optimal schedule with the largest stability radius.

Next, we present the randomly generated mixed graph G for the job shop problem
J6/n = 4/® with 4 jobs and 6 machines, which is used for the simulation study of
the influence of the variability of the processing times: @ = {O11,012,...,0u}; E =
{[011, 021], [011, 034], [021, 034]; [012, 023]; [013, 022], [013, 042], [022, 042]3 [014, 032]:
[O14, O41], [O32, O41]; [O24, O31], [Oa4, Oua], [O31, Oussl; [Oss,Ou3]} (see Figure 5.5). Com-
putational results for this mixed graph are given in Table 5.2 and Table 5.3. Table 5.2
presents the computational results for different ranges of the processing times for the same
mixed graph G, which is described above. Note also that both criteria C,,,, and > C; are
considered for the same 50 examples for which the obtained results are presented in the
corresponding rows of Table 5.2 (row i for C,,4, corresponds to row i + 6 for > C;).

Table 5.3 presents the computational results for different ranges of the values p;; of the
operations of different jobs. Along with the columns defined for Table 5.1, we also present
the percentage of considered digraphs while calculating the exact value of the stability
radius (column 10 in Table 5.2 and column 16 in Table 5.3) and the number NMO of
problems with two or more optimal schedules (column 13 in Table 5.2 and column 19 in
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Figure 5.5: Randomly generated mixed graphs for problem J6/n=4/®

Table 5.2: Problem J6/n=4/®, ® € {Cpaz, . C;i}, with different ranges of variations of
Dij

Bounds for pij| RADIUS/prpax | RADIUS/pavp |29 [N NOS |NMO|  DIFF

LB UB | MIN AVE MAX | MIN AVE MAX AVE MAX AVE MAX

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Maximum flow time

10 | 0.07 237 848 | 0.13 4.40 17.15 | 048|293 | 2.80 12 34 0.15  0.75
100 | 0.02 2.31 12.11 | 0.04 4.91 27.38 | 0.71|5.02 | 3.58 21 34 2.35 10.53
1 1000 | 0.00 3.63 13.83 | 0.00 8.33 36.71 | 0.73 | 8.66 | 4.26 36 32 130.93 132.28
10 100 | 0.13 2.52 10.78 | 0.26 4.64 21.18 |0.50 | 4.71 | 2.74 12 31 236 9.53
10 1000 | 0.01 3.08 13.06 | 0.01 6.23 31.36 | 0.62 | 8.07| 4.60 30 41 ]26.90 123.57
100 1000 | 0.04 2.88 11.89 | 0.07 5.20 24.85 | 0.53 | 4.18 | 2.30 12 25 | 20.63 108.90

Mean flow time

1 10 | 0.06 2.56 10.17 | 0.11 4.76 17.89 [0.30 | 3.87| 1.02 2 1 0.13  0.13
1 100 | 0.07 2.47 990 | 0.13 5.06 20.54 |{0.34|4.44 | 1.02 2 1 0.00  0.00
1 1000 | 0.03 2.07 10.21 | 0.05 3.95 16.96 [0.30|3.40| 1.04 2 2 1.80  3.59
10 100 | 0.12 241 7.30 | 0.21 4.51 15.63 |{0.30|3.42| 1.00 1 0 - -
10 1000 | 0.17 2.26 8.67 | 037 4.52 16.29 [0.32]3.40| 1.12 2 6 6.18 22.48
100 1000 | 0.05 2.53 11.43 | 0.11 4.48 19.78 |0.33|4.22| 1.04 2 2 16.37  32.75

Table 5.3).

For the problems considered at the second level, the ‘superiority’ of the stability radius
for the makespan criterion is lost in most cases. At least the minimal values of 9,(p)
became larger than those of gs(p). Of course, the large number of optimal makespan
schedules has influenced this relation essentially, but even on average, we cannot find a
large superiority of the stability radius of one criterion over the other (for the considered
classes of randomly generated job shop problems).

Next, we discuss some questions on the basis of our experimental calculation of the
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stability radii of the optimal schedules for small randomly generated job shop problems.

How often is the stability radius equal to zero? In the experiments at the first and the
second levels, we obtained only once a stability radius equal to zero for criterion C,,,, and
never for criterion Y C; although it takes not much effort to construct such an example
by hand (see Theorem 1.1 for C,,4; and Theorem 1.6 for 3 C;). So, in principle, to find
an optimal schedule for almost all problems generated in our experiments has sense. On
the other hand, in many series there are instances with very small values of the stability
radius (even less than 0.001). So, if for such an instance the precision of the processing
times is not sufficiently high, we have no guarantee that the (a priori) constructed optimal
schedule will be indeed the best one in its practical realization.

May the stability radius be infinitely large? From theoretical results it follows that for
any given n and m, there exist job shop problems with an optimal makespan schedule s,
which remains optimal for any feasible variation of the processing times, i.e. 9s(p) = oo
(see Theorem 1.2 and Theorem 1.3). In particular, an easily verifiable characterization
of such a schedule has been derived for criterion C,,q, (see Theorem 1.3). In contrast,
it was shown that for mean flow time, we have g,(p) < maxop,c{pi;} for any job shop
problem (see Theorem 1.7). Although in [KSWO95] a practical example of an infinitely
large stability radius was presented (for a traffic-light on the intersection of two roads),
nevertheless such a shop appears to be rather artificial for large numbers of jobs and
machines. Surprisingly, in our randomly generated job shop problems with the makespan
criterion an infinitely large stability radius was obtained not seldom, at least essentially
more often than a zero stability radius (of course, we did not include infinite stability radii
while calculating the average and maximal values of g5(p)). So, our experiments indicate
that the results derived in [KSW95, Sot91b] will have not only theoretical significance.

How much ‘best’ schedules do we need to consider? As already mentioned, we also de-
termined the number ~ of competitive digraphs and the number X’ of considered digraphs,
while calculating the exact value of the stability radius. For the problems of the first level,
the diagrams for the percentage of the numbers v and for the percentage of the numbers
X for the problems of type EE are presented in Figure 5.6 (Figure 5.7) for criterion C,,q,
(for criterion Y- C;, respectively). In the front part of the diagrams in Figures 5.6 and
5.7, the minimal, average and maximal values of the percentages 100v/\ are presented,
while in the background of these diagrams the minimal, average and maximal values of
the percentages 100\ /A are presented. As it follows from Figures 5.6 and 5.7, the value
100y/\ may be smaller than 1 % and it is not greater than 73 % for C,,., and not greater
than 56 % for 3" C;.
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Figure 5.6: Percentage of the number «y (and X') of competitive (considered) digraphs for
the problems of type EE for gs(p)

Figure 5.7: Percentage of the number v (and \') of competitive (considered) digraphs for
the problems of type EE for o4(p)

It should be noted that for the case of a large number of machines and a small number
of operations (at the first level when ¢ = 12), there often exist only a few feasible semi-
active schedules which make the relative values of v and A rather large. Moreover, for
criterion C,,4., we have a relatively large number of optimal schedules which also enlarges
the relative values of v and X'. Thus, calculating the exact value of the stability radius
on the basis of bounds (3.35) and (3.64) may require to consider the whole set A(G) of
digraphs for the problems considered at the first level of our simulation study.

From Tables 5.2 and 5.3, it follows that the competitive digraphs are within 3.83 % of
the whole set of feasible digraphs for criterion C,,,, and within 0.35 % for criterion 3 C;,
and the percentage of digraphs which have been considered while calculating the stability
radius is no more than 18.38 % for criterion C,,4, and no more than 4.44 % for criterion
> C;. So, it is not necessary to construct the whole set of feasible digraphs for calculating
the stability radius of an optimal digraph for these types of problems.

After studying the obtained results at the first and second levels of our experiments,
we enlarged the size of problems, which are still suitable for calculating the exact value of
the stability radius (or at least its upper bound). For calculating the stability radius for
instances of larger size, we constructed for each of them only the k best schedules (with
k = 100 in most cases) by a direct enumeration of the whole set of feasible digraphs. Then,
considering only these k best digraphs, we intended to calculate the stability radius of
an optimal digraph (or optimal digraphs). If this process has stopped before the whole
k best digraphs were compared with the optimal one, we have obtained the exact value
of the stability radius due to the bounds (3.35) or (3.64), otherwise we have obtained at
least an upper bound for the stability radius. Moreover, to shorten the running time we
used the branch-and-bound method for calculating the k£ best digraphs.

How can one combine this approach with the branch-and-bound method? The fol-
lowing approach to stability analysis for scheduling problems seems to be practically
efficient. Using a branch-and-bound method (e.g. [BJS94, CP89]), one can construct not
only one optimal but the k best schedules. In particular, in our computational study
we used a branch-and-bound algorithm with the conflict resolution strategy. Due to an
implicit enumeration of the feasible mixed graphs G (p) = (Q, As), Es)), we construct
the k best ones and calculate the exact value or an upper bound for the stability radius
of an optimal schedule in the same manner as described in the above paragraph “How
much ‘best’ schedules do we need to consider?”. Note that, while an explicit enumeration
of the digraphs G1(p), Ga2(p),...,GA(p) gives the exact value of g4(p) for |E| < 30, the
branch-and-bound algorithm gives the possibility to calculate g;(p) for |E| < 100 (often
within the same CPU time).

In particular, at the third level of the experiments we considered the well-known
classical job shop problem from [FT63] with 6 jobs and 6 machines. The assignment of
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the operations @ = {O11, 012, ...,Ogs} to the set of machines M = {My, M, ..., Mg} is
as follows:

Q1 = {012, 025, O34, O3, O35, Ogs },
Q2 = {013,021, O35, Ou1, Os2, Og1 },
Q3 = {011,022, 031, 043, 051, Ogs },
Q4 = {O14, Oz, O32, Ou4, Os6, Oz },
Q5 = {016, 023, O36, O45, Os3, Ogs
Q6 = {015, 024, O33, Oy, Os4, Ogs }.

For this problem, each job has to be processed on each machine exactly once and hence
we have ¢ = 6 x 6 = 36 and |E| = 6 x (g) = 90. By the branch-and-bound algorithm
we constructed & = 150 best schedules: 22 of them are optimal with C,,,., = 55 and
54 other schedules have a makespan value equal to 56, and at least 74 schedules have a
makespan value equal to 57. We calculated an upper bound for g4(p) for each optimal
makespan schedule. It turned out that 14 of them have a zero stability radius and the
other 8 optimal schedules have an upper bound for g4(p) equal to 0.08333. The existence
of unstable optimal schedules for this test problem is implied mainly by the fact that its
processing times are integers from 1 to 10.

We also randomly generated 50 instances with 6 jobs, 6 machines and 36 operations.
Again each job has to be processed on each machine exactly once (i.e. we considered
classical job shop problems), but in contrast to the problem from [FT63], the processing
times were uniformly distributed real numbers between 1 and 10. For each generated
problem with 36 operations, we constructed 50 best schedules (for the makespan criterion)
on the basis of the branch-and-bound algorithm and calculated upper bounds for g,(p) for
each optimal makespan schedule which was constructed. Note that 45 of these instances
had more than one optimal makespan schedule and among them, 7 instances had 50 or
even more optimal makespan schedules. The average value of the stability radius gs(p) was
equal to 0.12939, and for all calculated optimal makespan schedules s the following bounds
were satisfied: 0.001 < g,(p) < 0.87455. We calculated also the differences between g4(p)
for different optimal makespan schedules s € S of the same instance (if this instance had
two or more optimal makespan schedules). The maximum of this difference was equal to
0.84636, the average difference was 0.11709 and some optimal makespan schedules had
the same stability radius. Among the 50 instances, there was no optimal schedule with a
zero stability radius.

To investigate the influence of the variability of the processing times p;; on the stability
radius, we considered again the test problem with 6 jobs and 6 machines given in [FT63],
but with different distributions of the processing times to the operations. More precisely,
the mixed graph G = (Q, A, E') was defined in accordance with [FT63], but the processing
times were randomly generated real numbers with the same lower and upper bounds for
all jobs (see rows 1 - 6 in Table 5.4) and with different lower and upper bounds for different
jobs (rows 7 - 10 in Table 5.4). Each row in Table 5.4 presents the results obtained for a
series of 10 instances. For each instance, we calculated the stability radius using 100 best
schedules generated by the branch-and-bound algorithm.

For row 7 in Table 5.4, the lower bound LB} and the upper bound U B} for job J; are
as follows:
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Table 5.4: Test problem J6/n==6/Cpq, with variability of p;;

Bounds for p;; RADIUS/parax RADIUS/pave \ NOS NMO DIFF
LB UB MIN AVE MAX MIN AVE MAX \AVE MAX AVE MAX
1 2 3 4 5 6 7 8 ‘ 9 10 11 12 13
Common bounds for p;; for different jobs
1. 10.| 0.0067 0.1843 0.8744 | 0.0138 0.3374 1.5340 |13.5 52 8 0.0106 0.0393
1. 100.| 0.0077 0.3265 1.2092 | 0.0163 0.6158 2.0630 [26.7* 100* 10 0.1705 1.1278
1. 1000. | 0.0749 0.6679 2.4344 | 0.1639 1.4461 5.1843 |31.5 90 10 6.3276 22.6764
10. 100. | 0.0440 0.7733 3.9813 | 0.0820 1.4277 7.4289 [17.5* 100* 9 0.5540 3.6507
10. 1000. | 0.0070 0.4436 1.7260 | 0.0116 0.8298 3.2587 |27.4* 100* 10 3.5290 10.9608
100. 1000. | 0.0308 0.5694 1.9779 | 0.0564 1.0109 3.8182 |17.0 54 10 7.2888 18.3886
Different bounds for p;; for different jobs
LBi1 UB} 0.0000 0.6429 3.9997 | 0.0000 1.1009 7.2044 |41.2* 100* 10 0.9175 3.1636
LBl-2 UBZ-2 0.0216 0.5046 1.3379 | 0.0383 0.8487 2.3764 |5.2 12 9 0.0000 0.0000
LB? UB;-O’ 0.0000 1.0051 4.2719 | 0.0000 1.7247 7.4870 |74.6* 100* 10 1.7654 4.1433
LB? UB;l 0.0031 0.9716 9.2608 | 0.0053 1.7292 16.4208 [82.2* 100* 10 2.1819 8.6476
LB} =10, UB; = 40;
LB} =20, UBj = 50;
LB} =30, UBj=60;
LB; =50, UB; = 80;
LB} =60, UB2}=90;
LB} =170, UB; = 100.
For row 8 these bounds are:
LB? =10, UB?=60;
LB2 =30, UB2=60;
LB2 =40, UB2 = 60;
LB? =50, UB?="70;
LBZ =50, UBZ? = 80;
LB2 =50, UB?Z=100.
For row 9 these bounds are:
LB} =10, UB3 = 40;
LB3 =20, UB3 = 50;
LB3 =40, UBS = T10;
LB3 =60, UB3 = 90;
LB2 =170, UB2=100;
LB} =10, UB=100.
For row 10 these bounds are:
LB} =10, UB} = 30;
LB3 =20, UB3 = 40;
LBj =30, UBj = 50;
LB} =60, UBj = 80;
LB2 =70, UB:=90;
LB} =80, UBg = 100.
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In Table 5.4, we marked the series of instances, for which the number of optimal schedules
is larger than 100 by an asterisk. Since we calculated only 100 best schedules for each
instance, we had not the exact number of optimal semiactive makespan schedules.

Unfortunately, the developed software did not allow us to find g,(p) for most of the
above instances with 36 operations and 90 edges since the calculation of the stability
radius for the mean flow time criterion is essentially more time-consuming than for the
makespan.

How to use this approach for problems of practical size? For large instances, for which
a direct enumeration of all feasible digraphs was practically impossible, we constructed
only a subset of feasible digraphs, selected then the best digraph G among them and
calculated an upper bound for the ‘stability radius’ of G4 by a comparison with all other
digraphs that have been constructed. This variant of the implementation of the software
may be useful for some practical problems. Indeed, in reality OR workers have at most
one or only a few feasible schedules (usually without an exact information about their
quality). In the case when a set of feasible schedules is known, we can investigate the
stability radius of the best of them in comparison with the others at hand.

Even if we have not the possibility to find an optimal schedule by a branch-and-
bound method and only an approximate schedule (with information about its quality) or
a heuristic schedule has been constructed, we can investigate the ‘stability radius’ of this
schedule in comparison with the other £ — 1 schedules that have been constructed.

5.3 Remarks on the Stability Radii

The main issue from our experiments is that an optimal schedule is usually stable: Its
stability radius is not equal to zero and so there exists a ball with the center p of the
processing times in the space R% of input data, within which the schedule remains optimal.
Thus, such a radius may be useful as a measure of the stability of an optimal schedule.
Moreover, on the basis of the above computational experiments (though limited problem
sizes), one can make the conclusion that an optimal schedule for criterion Cy,q, is often
more stable than an optimal schedule for criterion }_ C; when the size of the problem is
small.

Moreover, our approach gives not only the exact value or a bound for the stability
radius but also competitive schedules (competitive digraphs) which along with an opti-
mal schedule have to be considered as candidates for the practical realization, when the
stability radius or its upper bound is less than the possible error of the processing times
known in advance.

Note that the problem of calculating the stability radius of the digraph G(p) is NP-
hard even provided that an optimal schedule s is known. It is even NP-hard to find the
‘tolerances’ of a single processing time p;;, which do not violate the optimality of the
optimal digraph. The latter result follows from [RC95] since the problem considered in
that paper may be presented as a special case of the job shop problem.

Another insight is that an optimal mean flow time schedule is usually uniquely de-
termined, while two or more optimal makespan schedules are very usual (at least in our
simulation study). So, in the latter case it makes sense to look for an optimal makespan
schedule with the largest value of the stability radius (the difference of the stability radii
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for different optimal schedules of the same problem may be very large for the makespan
criterion). Such a schedule has a better chance to be makespan optimal in its practical
realization. However, this is not valid for the mean flow time criterion, for which one
can be satisfied by the first constructed optimal schedule because even if there are two
or more optimal mean flow time schedules, they usually have the same value (or close
values) of the stability radii.

Moreover, there exist shops for which we can look for an optimal makespan schedule
with an infinitely large stability radius. In particular, if one can influence the properties
of the shop (i.e. technological routes of the jobs, the number of used machines and the
distribution of the operations to the machines, etc.), one can design a shop that has an
optimal makespan schedule with an infinitely large stability radius (see Theorem 1.3). In
this case the variations of the processing times have no influence on such a schedule to be
optimal. For some scheduling problems, such a property may be practically important.

Since a zero stability radius of the optimal schedule s is rather seldom, there exists an
€ > 0 such that s will remain optimal for any variations p;; + € of the processing times. In
particular, this is true for almost all problems with the mean flow time criterion, which
were considered in our experiments, since for these problems an optimal schedule is often
uniquely determined, and as a result, it has a strictly positive stability radius. On the
other hand, it has practical sense to make the error in the determination of the processing
times as small as possible in order to guarantee the real optimality of a schedule at hand:
Almost in all series there were schedules with very small (but strictly positive) values of
the stability radii.

After the analysis of the influence of possible changes of the given processing times
of the operations, i.e. the largest quantity of independent variations (stability radius)
within which an optimal schedule of problems J//Cy 0. and J// > C; remains optimal,
we make experimental investigations of job shop problems with uncertain processing times
J/a; <pi <b;i/Cprax and J/a; <p; <b;/ > C;, which satisfy Assumptions 1, 2 and 3 (see
Introduction). These computational results are described in Section 5.4.

5.4 Problems J/a;<p;<b;/®, ®€{Cpas,=Ci}

The algorithms derived in Section 3.6 were coded in Fortran-77 and were tested on a
PC 486 (120 MHz) for the exact solution and on a PC 486 (50 MHz) for the heuristic
solution of problem 7 /a; <p; <b;/> C; and on a PC 486 (133 MHz) for the exact and
the heuristic solution of problem J/a; < p; <b;/Cpa.. Here the term ‘exact solution’ is
used for indicating a set A*(G) which satisfies Definition 3.5 in contrast to the ‘heuristic
solution’ indicating a set A C A(G) which generally may not contain an optimal schedule
for each vector p € T.

The experimental design was as follows. First, we considered series of instances of
problem J/a; < p; <b;/> C; with small n and m for which an exact solution and the
exact minimal solution may be calculated within one hour on a PC 486 (120 MHz). After
finding upper bounds for such n and m, we started experiments with medium size problems
in order to find at least their heuristic solution. From this moment, the experiments were
continued simultaneously on both computers in order to find upper bounds on n and m
for a ‘good’ heuristic solution on a PC 486 (50 MHz) (see Table 5.9), and to increase the
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problem size for the exact solution on a PC 486 (120 MHz) (see Table 5.7).

Table 5.5: Types of problems considered in the experiments

Types of | Errors of the processing times | Types of
problems problems
Exact solutions: A 5%, 10%, 15%, 20%
sets B, A*(G) B 2%, 6%, 8%, 10% B Heuristic
and AT (G) C 1%, 3%, 5%, ™% C solution:
1%, 2%, 3%, 4% D set B
0.1%, 0.2%, 0.3%, 0.4% E

Table 5.6: The minimal lower and maximal upper bounds of processing times

Errors | Lower bound | Upper bound || The actual processing time py;
15% (1—-0.15)p;; | (14 0.15)p;; 0.85p;; < pi; < 1.15p;;
8% (1—0.08)p;; | (14 0.08)p; 0.92p;; < pj; < 1.08p;;
™% (1—0.07)p;; | (14 0.07)py; 0.93py; < pj; < 1.07p;;
6% (1 —0.06 Dij (1 + 0.06 Dij 094])” < p;‘j < 106])”
5% (1 —-0.05)p;; | (14 0.05)p;; 0.95p;; < pi; < 1.05p;;
3% (1-0.03)p;; | (14 0.03)p; 0.97pi; < pi; < 1.03py;
1% (1—-0.01)p;; | (14 0.01)p; 0.99ps; < pj; < 1.01p;;
0.4% || (1 —0.004)p;; | (14 0.004)p;; 0.996p;; < p;; < 1.004p;;
0.2% || (1 —0.002)p;; | (14 0.002)p;; 0.998p;; < p;; < 1.002p;;
0.1% || (1 —0.001)p;; | (14 0.001)p;; 0.999p;; < p;; < 1.001p;;

We tested the algorithms for the makespan criterion from Section 3.6 with all cor-
responding changes for criterion C,,,, for the same randomly generated test problems.
Heuristic solutions of problem J/a; <p; <b;/Cpnae are presented in Table 5.10 and exact
solutions are given in Table 5.8.

For criterion ® = Y C; (Tables 5.8 and 5.10 for criterion ® = C,,4:), both Tables 5.7
and 5.9 present computational results for classical job shop problems only (see Table 1.1
at page 38). So, each randomly generated instance Jm/n=Fk, a; <p; <b;/® has |Q] = mn
operations and the corresponding mixed graph G has (m —1)n arcs and (g)m edges (note
that the latter parameter has the most influence on the running times of our algorithms).
For more than 700 classical job shop problems with different combinations of n < 10
and m < 8, we calculated the average number of all feasible schedules A, the average
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cardinality |B| of the set B, the average cardinality |A*(G)| of the set A*(G), and the
average cardinality |AT(G)]| of the set AT(G) for both criteria 3 C; and Cypaz-

For each combination of n and m under consideration, three types of series (called A,
B and C) of instances were considered for the case of an exact solution (see Table 5.7 and
Table 5.8). Each series consists of 10 instances with randomly generated technological
routes. The expected processing times, which form the input vector p, are real numbers
uniformly distributed in the segment [10,100]. In each instance of types A, B and C,
all operations are partitioned into four approximately equal parts with different maximal
errors of the processing times (see Table 5.5). For an instance of type C, these errors
are 1%, 3%, 5% and 7%, for an instance of type B, errors are 2%, 6%, 8% and 10%,
and for an instance of type A, errors are 5%, 10%, 15% and 20% (see Table 5.5). In
particular, the operations of the fourth part of an instance of type A have the most
uncertain processing times: If the input (expected) processing time is supposed to be
equal to p;;, then the lower bound for the actual processing time is equal to (1 — 0.2)p;;
and the upper bound is equal to (1 4+ 0.2)p;; (see Table 5.6). On the other hand, the
operations of the first part of an instance of type C have the processing times with the
smallest error: If the input processing time is supposed to be equal to p;;, then the lower
bound is equal to (1 — 0.01)p;; and the upper bound is equal to (1 + 0.01)p;;. Table 5.7
for - C; (Table 5.8 for C,,..) presents the results for the following three computational
schemes, in which Algorithms EX PL, B&B1 and B&B2 are used with ®? = LP (with
OP = [P respectively) for the mean flow time criterion (for the makespan criterion).

Scheme I:  Algorithm EXPL —
Algorithm SOL_Y" C; (Algorithm SOL Cypez) —
Algorithm MINSOL*_Y" C; (Algorithm MINSOL* Cpoz)

Scheme II: Algorithm B&B1 —
Algorithm SOL_Y"C; (Algorithm SOL_C,4.) —
Algorithm MINSOL*_Y C; (Algorithm MINSOL* Cp4r)

Scheme III: Algorithm B&B2 —
Algorithm SOL_Y"C; (Algorithm SOL_C,,4.) —
Algorithm MINSOL*_Y> C; Algorithm MINSOL* _C,qs

Each of these schemes constructs first a solution B, then a solution A*(G) by Al-
gorithm SOL_YC; (SOLC,.4,) and finally a minimal solution AT(G) by Algorithm
MINSOL*_YC; (MINSOL* Cppar). In Table 5.7 (Table 5.8), A denotes the average
number of schedules (third row in column 1), X' the average cardinality of the set B, A*
the average cardinality of the set A*(G), and AT the average cardinality of the set AT (G)
(first, second and third rows in column 2, respectively). Of course, for each instance
A, N, A and AT are integers, but their average values are real numbers given in Table 5.7,
Table 5.8 and the tables below with one decimal place.

The application of Scheme I to Example 3.2 of problem J3/n=3,a; <p; <b;/>C;
described in Section 3.4, gives the following sets of schedules. Firstly, Algorithm EX PL
constructs the set A(G) = {G1,Ga,...,Ga} of all schedules and set B C A(G) with
|B| = 12 (see Step 4, where sufficiency from Lemma 3.5 is used). Then using solution B,
Algorithm SOL_Y" C; constructs the set A*(G) = {G1, Gy, G5} which is also a solution.
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Finally, Algorithm MINSOL_Y" C; shows that solution A*(G) is minimal, i.e. AT(G) =
A*(G). Thus, for Example 3.2 we have A = 22, ) = 12 and \* = \T = 3.

The average CPU time (in seconds) for constructing set B, set A*(G) and set AT(G)
(first, second and third rows) are presented in columns 3, 4 and 5 for Schemes I, IT and
I1I, respectively. As follows from Table 5.7 and Table 5.8, in most cases for both criteria
> C; and Cpqz, Scheme III based on Algorithm B&B2 is the best for the problems of
type C, while Scheme I based on Algorithm E X PL is the best for the problems of types
A and B. As it was mentioned, Steps 8 and 9 for the branch-and-bound algorithm are
not so fast as Step 1 of Algorithm FX PL. Moreover, due to a large uncertainty of the
input vector p for problems A and B, Algorithms B&B1 and B&B2 have to construct
a lot of intermediate digraphs G in the branching tree which are not in the set A(G).
Unfortunately, the exact minimal solution was obtained within 1.5 hours by the worst of
the Schemes I, II or III only for some combinations of n and m with n < 4 and m < 8
and the exact solution was not obtained by Scheme I for some combinations of n and m
for the reason ‘not enough memory’ or ‘limit of time’ (such series are marked in the first
column of Table 5.7 and Table 5.8 by an asterisk).

To solve problems with larger size, we were forced to consider restricted variants
of the branch-and-bound algorithms: Algorithm B&B1* (Algorithm B&B2*) denotes
Algorithm B&B1 (Algorithm B& B2, respectively) without Steps 8 and 9. In general,
such modifications do not guarantee to obtain a solution B, but they are essentially faster.
Fortunately, for almost all problems presented in Table 5.7 and Table 5.8, the restricted
variants of the branch-and-bound algorithms still give a solution, i.e. for each p € T" the
set B constructed contains an optimal schedule. The main reason for this computational
result is that Steps 8 and 9 often generate only schedules which are dominated by other
ones. Therefore, it is possible to exclude these schedules due to Theorem 3.4. Columns 6
— 9 of Table 5.7 (of Table 5.8) present computational results on a PC 486 (120 MHz) (on
a PC 486 (133 MHz), respectively) for the following two computational schemes:

Scheme IV: Algorithm B&B1* with ®2 = LP (with ®F = [?) —
Algorithm SOL_Y" C; (Algorithm SOL _Cy4.) —
Algorithm MINSOL*_Y C; (Algorithm MINSOL* Cpaz)

Scheme V: Algorithm B&B2* with &2 = LP (with &P = [P) —
Algorithm SOL_Y C; (Algorithm SOL Cyp4z) —
Algorithm MINSOL*_YC; (Algorithm MINSOL* Cpoz)

More precisely, column 6 presents the average approximate values X" (first row), \* (second
row) and A7 (third row) calculated by Algorithm B&B1*, and column 7 presents the
average running times for constructing approximations of the sets B, A*(G) and AT(G)
by Algorithm B&B1*. Similarly, column 8 presents the average approximate values X', \*
and AT calculated by Algorithm B&B1*, and column 9 presents the average running times
for constructing approximations of the sets B, A*(G) and AT(G) by Algorithm B& B2*.
From Table 5.7 for criterion Y C; and Table 5.8 for criterion C,,4, it follows that Algorithm
B&B2* (with the corresponding criterion) in Scheme V is often faster than Algorithm
B&B1* in Scheme IV: Only for some series of type A, Algorithm B& B1* is, on average,
faster than Algorithm B&B2*. Note also that Algorithm B&B2* gives more often an
exact solution than Algorithm B& B1*.



5.5. REMARKS ON THE SCHEDULING PROBLEMS WITH UNCERTAINTY 277

As it follows from Table 5.7 and Table 5.8, even the heuristic Schemes IV and V require
rather large running times. So, for larger problem sizes, we used only Algorithms B& B1*
and B&B2* for constructing the sets B heuristically, i.e. without a guarantee that the
constructed set B is indeed a solution. Obviously, the cardinality of a solution increases
not only with increasing the size of the problem (which in turn increases the running
time), but also with increasing the uncertainty of the numerical input data. Therefore,
to reduce the cardinality of a solution, we consider along with instances of types A, B,
and C also problems of the following two types D and E with smaller errors of the given
processing times, namely: The problems of type D with the errors of the processing times
equal to 1 %, 2 %, 3 % and 4 %, and problems of type E with the errors of the processing
times equal to 0.1 %, 0.2 %, 0.3 % and 0.4 % (see Table 5.5).

Heuristic solutions are represented in Table 5.9 for problems J/a; <p; <b;/ > C; and
in Table 5.10 for problems J/a; < p; < b;/Cpar With the same structural and numerical
input data. Next, we describe the design of Table 5.9. The values of k used for criterion
> C; are given in column 2. Columns 3 - 6 (and columns 7 - 10) present computational
results for Algorithm B&B1* (and Algorithm B& B2*, respectively). Column 3 (column
7) gives the minimal value of the cardinality A" of the set B constructed, column 4 (column
8) the average value of A, and column 5 (column 9) the maximal value of \'. The average
CPU times are given in column 6 for Algorithm B& B1* and in column 10 for Algorithm
B&B2*. Table 5.10 has a similar design with the exception of the column with the values
of k used. For criterion C,,.., we set k = 150 for all computational results presented for
problems 7 /a; <p; <b; /Cinaz- As follows from Table 5.9 and Table 5.10, if the problems
have small size, Algorithm B& B2* is preferable to Algorithm B& B1* (in both running
time and the quality of the solution constructed). However, if the number of potentially
optimal schedules is large (due to a large problem size or due to a large uncertainty of the
numerical input data), then Algorithm B&B1* has a smaller running time, however the
quality of the solution constructed by Algorithm B& B2* remains still better. Moreover,
the value of k has a large influence on the quality and the running time of Algorithm
B&B1* in contrast to Algorithm B& B2* which is independent of k. In principle, we
use the parameter £ in Algorithm B& B2* mainly to have the same conditions for the
comparison with Algorithm B&B1*.

5.5 Remarks on the Scheduling Problems with
Uncertainty

On the basis of the characterizations of a solution and a minimal solution derived in
Section 3.5, we have developed an explicit enumeration scheme for the flow shop and
for the classical job shop problems and branch-and-bound schemes for the general job
shop problem. Instead of Algorithm B&B1, one can use any known branch-and-bound
method developed for problems 7 //® (with fixed numerical input data) after a simple
modification with the aim to construct the k best schedules instead of only an optimal one.
However, the question which still remains open, is how to choose k£ to have a guarantee
that the k best schedules contain an exact solution of problem [J/a; < p; < b;/®. To
answer this question, we have available only experimental results given in Section 5.2 for
calculating the stability radius of an optimal schedule for randomly generated job shop
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problems with n < 10, m < 7 and small numbers of conflict edges in the mixed graph G.
In particular, in all experiments presented in Table 5.7 and Table 5.8, we used k = 150
which was sufficient to obtain an exact solution for almost all problems considered. For the
computational results presented in Table 5.9 for criterion Y C;, we used k = 150, k = 100
and k& = 50 depending on the problem size and on the uncertainty of the input vector of
the processing times (which is defined by the problem type A, B, C, D or E). As follows
from Table 5.9 and Table 5.10 (in which & = 150), these values of k were not sufficient
for some instances in the sense that the cardinality of the set of schedules which may be
optimal for some vectors p € T was larger than the value of k used. E.g., for each instance
of type C with n = m = 6, the number of such schedules was larger than 50 (although
k = 50 was used).

Algorithm B& B2 constructs the set of all ‘potentially optimal schedules’ for problem
JJa; <p; <b;/ > C; : If a schedule may be optimal for some feasible vector of the processing
times, it has to be contained in the set constructed by Algorithm B& B2. Thus, Algorithm
B& B2 guarantees an exact solution after a complete realization. Moreover, its running
time was often less than that of Algorithm B& B1. The ‘heuristic’ Algorithm B& B2* was
also often preferable in comparison with Algorithm B&B1* in both running times and in
the numbers of instances for which a better solution was obtained.

The comparison with Algorithm EX PL may be as follows. On the one hand, Algo-
rithm EX PL takes often smaller running times for problems of types B and C. On the
other hand, it is suitable only for a classical job shop problem (and for a flow shop problem
as its special case), while Algorithms B& B1 and B& B2 are suitable for the general case
of a job shop problem. Moreover, Algorithm EFX PL may be realized efficiently only in the
exact version in contrast to Algorithms B& B1 and B& B2 which have efficient heuristic
versions as well (namely Algorithms B&B1* and B&B2*). Note also that some advan-
tage of Algorithm EX PL is based on the fast generation of all digraphs GT, G, € A(G),
which have only dominant paths (see Steps 1 and 2). The dominance relation <7 between
digraphs is tested in Step 4 of Algorithm EX PL. In contrast to Algorithm EX PL, both
above branch-and-bound algorithms (and their four heuristic versions) first test dominance
relation <7 (see Step 5) and then use a more time-consuming procedure (but which is
suitable for the general case of a job shop problem) for excluding redundant paths from
the digraph G5 € A(G).

It should be noted that the software developed allows to solve within one hour problems
J/a; <p;<b;/ > C; exactly with n x m < 25 on a PC 486 (120 MHz) and with n x m < 50
heuristically on a PC 486 (50 MHz). The cardinality of the set AT(G) (and as a result
the running time of the above algorithms) grows very quickly with increasing the problem
size or/and the size of the polytope T. So, the software developed may be practically
efficient only if at least one of the above sizes is sufficiently small.

The developed approach seems to be useful for a preliminary analysis of a scheduling
environment with uncertain numerical data and fixed structural data. After calculating a
solution A*(G) or (what is better but more time-consuming) a minimal solution AT(G),
a decision-maker may quickly choose the best schedule if additional information on the
numerical data will be available at the stage of the realization of a schedule. To this
end, it is desirable to construct at the stage of scheduling a small number of schedules
which may be considered as possible candidates for a realization. Note that, for criterion
S C;, the average value of AT = |AT(G)| (see column 2) was equal to 8 for the instances
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presented in Table 5.7, and for the instances presented in Table 5.9, the average value
of N = |B| (see columns 4 and 8) was equal to 38. Unfortunately, in the latter case for
12 % of the instances under consideration, the number of potentially optimal schedules
exceeded the value of k used.

As it was noted in [Alt00a], “typically an optimal solution for a model of the problem
situation is generated (often by a computer), and this solution is translated back to
a solution for the original real world problem”. Usually, real world problems are of a
large size and with a large uncertainty of the numerical input data. Since algorithms
for constructing k& best solutions do not work in such cases, Althofer [AltO0b] presents
an approach where ‘true alternatives’ are generated one after the other by introducing
penalties. The development of such algorithms for scheduling problems may be a direction
of some future work.

Next, we discuss how it is possible to use the results of this dissertation for the following
two-stage practical processes. We propose to consider two sequential stages. At the first
stage (scheduling problem), a set of potentially optimal schedules has to be constructed
under the conditions of uncertain numerical input data. In other words, problem G/a; <
p; <b;/® has to be solved, i.e. a minimal solution AT(G) has to be found. Each schedule
from the set AT(G) is a potentially optimal schedule, and at the first stage, a decision-
maker does not know which schedule from the set A7 (G) will be the best in reality.

At the second stage (control problem), it is required to choose an optimal schedule
from the set AT(G) and to realize it taking into account the additional information about
the processing times of the operations. By a solution of the control problem, we mean
a digraph G, € AT(G), which is optimal for the vector p* = (p1,p5,---,0;) € T of
the processing times: ®° = min{® : G, € AT(G)}, where p! denotes the actual
processing time of operation ¢ € (). In the worst case, p; may become known only
after the completion of operation i € Q. The digraph G, € AT(G), for which equality
P = min{®? : Gj € AT(G)} holds, is definitely optimal.

The problem of the first stage (scheduling problem) and the problem of the second
stage (control problem) are distinguished by the time which is acceptable for the decision-
making: To solve the scheduling problem, it is possible to use essentially more time than
for the control problem, which has to be solved in a very short time as in on-line scheduling
(see [CVO7, HZ97, San95, Sei98]).

In contrast to the scheduling problem, which necessarily has a solution if digraph
(@, A, D) does not contain a circuit, a solution (i.e. a definitely optimal schedule) of the
control problem may not exist from some instant (i.e. an optimal continuation of a partial
schedule which was realized may not exist after previous false decisions).

Some more details about the above two-stage processes are given in [98, Sot00]. In
particular, sufficient conditions have been derived for some cases when control problem
has a solution.

5.6 Comments and References

In Section 5.1, we develop algorithms for calculating the stability radii gs(p) and o,(p)
on the basis of the formulas from [BSW96, Sot91b, SWW98|. The computational results
were also published in [LSSW98, SSW97, Sot99a].
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Table 5.7: Exact solutions of randomly generated problems J /a; <p;<b;/ > C;

nxm N CPU time for N CPU time N CPU time
type A* Scheme | Scheme | Scheme A* | for Scheme A* | for Scheme

A AT I IT 11 AT v AT A%

1 2 3 4 5 6 7 8 9
3x3 5.2 .6 7 .6 4.8 4 4.8 2
C 1.9 1.0 1.1 1.0 1.9 .8 1.9 .6
91.2 1.9 1.1 1.3 1.1 1.9 .9 1.9 7
3x3 9.3 .7 .8 D 6.1 2 6.6 2
B 2.9 1.2 1.3 1.0 2.7 .6 2.7 .6
90.7 2.6 1.4 1.5 1.2 2.4 9 2.4 9
3x3 16.5 .7 .8 .9 || 10.6 3| 11.3 3
A 3.3 1.5 1.7 1.8 2.9 1.0 3.0 1.0
77.4 3.3 1.7 1.9 2.0 2.9 1.4 3.0 1.4
3 x4 3.4 1.9 1.6 1.1 3.0 .8 3.0 3
C 1.7 2.2 1.9 1.8 1.5 1.0 1.5 .6
261.9 1.7 2.3 2.0 1.5 1.5 1.1 1.5 .6
3 x4 15.1 2.4 2.6 2.5 9.5 .9 | 10.0 .7
B 3.0 5.9 5.9 5.9 2.5 3.2 2.5 3.0
300.8 2.7 6.0 6.0 6.1 2.4 3.5 2.4 3.3
3 x4 32.5 2.7 3.2 3.4 || 15.2 8 ]| 16.8 9
A 5.1 12.0 12.1 12.3 3.8 5.6 3.9 6.4
276.8 4.1 14.1 14.1 14.3 3.1 7.5 3.2 8.3
3 x5 4.7 8.3 6.3 5.8 4.1 1.4 4.2 1.0
C 1.5 8.6 6.6 6.2 1.5 1.8 1.5 1.4
604.8 14 8.7 6.8 6.3 1.5 1.9 1.5 1.4
3 x5H 12.9 10.5 11.6 10.6 9.5 2.2 || 10.2 1.1
B 3.4 12.8 13.7 12.8 3.3 3.8 3.3 2.9
894.1 3.1 13.0 14.0 13.0 3.0 4.3 3.0 3.3
3 X5 77.6 12.9 20.8 21.3 || 30.5 2.4 || 33.0 2.8
A 11.9 63.4 68.9 70.1 8.7 19.4 9.0 27.1
896.7 10.8 96.5 100.6 102.2 7.7 40.5 8.0 52.8
3 X6 9.3 48.8 51.4 34.2 7.1 2.5 7.3 1.5
C 3.5 49.2 52.0 34.8 2.8 2.9 2.8 2.0
1555.9 2.7 49.5 52.8 35.6 2.1 3.2 2.1 2.3
3xX6 21.0 49.1 66.5 58.9 || 13.9 3.6 || 14.1 2.3
B 4.6 71.9 88.2 80.6 4.5 19.5 4.5 18.3
1760.9 4.2 77.2 93.2 85.7 4.1 24.7 4.1 23.6
3xX6 65.3 48.3 119.2 139.5 || 19.2 2.4 || 234 2.7
A 7.6 198.3 262.0 282.7 4.8 51.8 6.0 54.1
1559.0 7.0 476.0 526.2 548.3 4.5 111.5 5.6 289.4
3xT7 5.4 307.6 343.0 310.0 4.1 5.4 4.4 1.6
C 1.5 308.3 343.7 310.7 1.5 5.9 1.5 2.2
4611.1 1.5 308.4 343.9 310.8 1.5 6.0 1.5 2.3
3xT7 38.6 313.8 751.0 769.7 || 21.2 7.3 || 23.0 7.2
B 6.6 363.8 797.2 817.0 4.9 39.9 5.1 43.3
4805.1 5.7 371.1 804.1 824.0 4.3 45.3 4.5 49.3
3xT7 156.0 279.7 1319.0 1274.7 || 21.5 2.4 || 27.0 3.7
A 19.2 923.4 1934.1 1897.3 9.2 91.4 || 10.2 108.6
2742.8 17.9 1032.7 2038.5 2003.1 8.2 123.0 9.2 144.8
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Table 5.7 (continuation): Exact solutions of randomly generated problems [J /a; <p; <b;/ > C;

nxm N CPU time for N CPU time N CPU time
type ¥ Scheme | Scheme | Scheme A" for Scheme ¥ for Scheme

A AT I 11 1 AT vV AT \Y%

1 2 3 4 5 6 7 8 9
3x8 20.4 | 2338.2 | 2106.5 | 1935.0 15.7 19.7 15.8 7.1
C 4.7 2348.2 2115.2 1938.5 4.0 28.1 4.0 15.5
21923.1 4.6 2354.6 2121.7 1943.6 3.9 33.2 3.9 20.6
3 x 8* 28.7 | 2060.8 | 4192.0 | 4018.8 26.0 9.9 27.0 7.1
B 7.4 2172.5 4282.2 4107.4 7.2 57.5 7.2 55.4
8810.2 7.3 | 2196.4 | 4302.5 | 4120.9 6.3 80.3 6.3 78.2
3 x 8* 141.5 2054.5 4119.2 3742.9 56.3 9.0 59.2 12.7
A 17.3 | 3999.9 | 5938.1 | 5556.0 19.1 1477.5 21.0 1463.0
8059.0 16.3 | 4501.5 | 6039.7 | 5811.8 17.6 1952.4 19.6 1963.1
4x3 13.3 19.2 14.2 9.5 11.4 6.1 11.7 2.3
C 3.2 20.3 15.4 10.7 3.2 7.3 3.2 3.5
2906.6 2.8 21.0 17.4 12.7 2.8 8.1 2.8 4.3
4x3 38.9 17.5 27.8 28.8 29.9 5.4 30.7 3.4
B 6.3 41.4 50.8 51.9 5.5 24.5 5.5 22.6
2217.4 5.5 45.4 54.8 55.8 4.8 28.3 4.8 26.4
4x3 290.9 28.6 70.7 69.0 || 110.1 5.9 || 115.2 8.1
A 31.0 414.0 440.4 442.0 22.5 288.4 22.8 293.9
2990.2 27.7 688.6 699.1 703.9 19.6 501.9 19.9 509.8
4 x4 34.2 303.1 867.3 852.4 23.9 15.8 24.1 5.9
C 7.5 328.5 891.5 876.5 6.5 33.4 6.5 23.6
17159.1 6.3 330.5 893.0 878.0 5.5 35.1 5.5 25.3
4 x 4* 88.3 308.2 1501.2 1354.7 52.2 14.4 52.9 9.0
B 16.1 1293.8 2444.9 2297.2 13.5 782.8 13.5 780.5
17767.7 14.5 1574.0 2771.7 2580.5 12.0 999.6 12.0 997.6
4 x4 477.7 3194 2682.9 2505.1 || 131.7 154 || 132.0 23.8
A 30.8 3070.1 5355.7 5180.0 24.8 2680.7 24.8 2639.4
16142.6 30.1 3466.2 5771.4 5594.7 24.0 2905.8 24.0 2879.2
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Table 5.8: Exact solutions of randomly generated problems J /a; <p; <b;/Cmax

nxm N CPU time for N CPU time N CPU time
type A* Scheme | Scheme | Scheme A* | for Scheme A* | for Scheme

A AT I IT 11 AT v AT A%

1 2 3 4 5 6 7 8 9
3x3 4.2 17 31 .15 3.4 .22 3.4 .10
C 1.3 A7 31 .16 1.3 .26 1.3 .15
91.2 1.1 A7 31 .16 1.2 .26 1.3 .16
3x3 16.0 18 .28 .28 7.4 .14 7.8 14
B 2.6 18 .29 .30 2.0 .19 2.0 .19
90.7 2.4 .20 .30 .30 1.7 .20 1.6 .19
3x3 12.8 .14 31 .30 8.3 .19 8.5 A7
A 2.2 15 .32 31 2.2 .24 2.2 .23
77.4 2.0 15 .32 31 2.0 .25 2.0 .23
3 x4 7.0 .76 .86 .53 4.0 48 4.3 .22
C 1.5 7 .86 .54 1.5 .52 1.5 .25
261.9 1.3 77 .86 .54 1.3 .93 1.3 .25
3 x4 18.1 .85 1.0 .92 || 10.9 .05 || 11.0 42
B 3.0 .90 1.1 .95 2.5 .61 2.7 .49
300.8 2.2 .90 1.1 .96 2.0 .64 2.0 .01
3 x4 36.4 .80 1.22 1.14 || 13.6 46 || 15.0 .45
A 7.1 .85 1.27 1.19 5.1 .54 5.5 .55
276.8 5.8 .89 1.29 1.21 4.2 .07 4.5 .59
3 x5 8.0 4.05 2.87 2.24 5.4 .87 5.5 .40
C 2.2 4.06 2.88 2.25 1.9 .93 1.9 .45
604.8 1.6 4.07 2.89 2.25 1.7 94 1.7 .45
3 x5 11.8 4.79 4.48 3.22 7.2 1.33 7.6 44
B 3.1 4.83 4.50 3.23 2.4 1.41 2.4 .52
894.1 2.3 4.83 4.51 3.23 2.1 1.42 2.1 .52
3 X5 103.7 5.25 9.19 8.80 || 24.9 1.43 || 29.2 1.32
A 17.8 5.48 9.41 9.02 8.2 1.61 8.5 1.52
896.7 13.8 5.62 9.48 9.08 6.6 1.70 6.8 1.63
3 X6 7.0 25.98 20.83 11.42 4.1 1.49 4.7 b7
C 2.4 25.99 20.83 11.43 2.1 1.54 2.3 .62
1555.9 2.2 25.99 20.83 11.43 1.9 1.54 2.1 .63
3xX6 21.6 25.73 22.48 19.36 || 11.5 2.15 || 12.2 1.08
B 4.3 25.79 22.54 19.42 3.9 2.26 3.9 1.23
1760.9 3.5 25.83 22.57 19.43 3.1 2.31 3.1 1.29
3xX6 67.8 25.37 54.80 54.62 || 18.1 1.48 || 19.5 1.30
A 12.5 25.64 55.06 54.89 7.2 1.68 8.0 1.51
1559.0 8.8 25.78 55.18 55.01 4.8 1.83 54 1.68
3xT7 7.5 169.47 114.97 99.24 4.0 3.18 4.1 .60
C 1.7 169.51 114.99 99.26 14 3.26 1.4 .68
4611.1 1.5 169.51 115.00 99.27 1.3 3.28 1.3 .70
3xT7 42.4 180.42 264.59 261.54 || 17.8 3.93 || 19.7 2.29
B 7.1 180.65 264.80 261.74 4.4 4.17 5.3 2.55
4805.1 5.7 180.71 269.88 261.78 3.9 4.29 4.4 2.69
3xT7 90.4 152.22 604.40 523.97 || 16.6 1.39 || 19.2 1.66
A 17.7 152.76 604.89 524.45 7.6 1.59 8.6 1.91
2742.8 13.2 153.00 605.10 524.66 5.6 1.72 6.3 2.06
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Table 5.8 (continuation): Exact solutions of randomly generated problems J /a; <p; <b;/Cmax

nxm N CPU time for N CPU time N CPU time
type A* Scheme | Scheme | Scheme A* for Scheme A* for Scheme

A AT I 11 1 AT IV AT \Y%

1 2 3 4 ) 6 7 8 9
3x8 19.3 | 1297.43 841.55 795.93 11.3 11.39 11.2 2.66
C 5.2 | 1297.54 | 841.65 | 796.02 3.9 11.53 4.3 2.83
21923.1 4.6 | 1297.58 841.68 796.05 3.4 11.60 3.6 2.92
3 x 8* 32.9 | 1190.78 | 1959.74 | 1938.03 13.5 5.74 14.4 2.10
B 7.2 | 1191.12 | 1960.05 | 1938.35 4.6 6.01 4.9 2.37
8960.8 4.4 | 1191.19 | 1960.11 | 1938.39 3.2 6.18 3.2 2.55
3 x 8* 160.3 | 1161.51 | 3411.75 | 3022.93 40.9 5.21 44.8 6.73
A 23.6 | 1164.83 | 3414.66 | 3026.13 12.2 6.39 13.1 7.99
8296.1 19.0 | 1166.78 | 3415.74 | 3027.31 9.9 7.69 10.2 9.42
4x3 18.1 8.47 6.35 3.93 12.1 3.47 12.4 1.11
C 3.3 8.55 6.41 3.99 3.1 3.56 3.1 1.20
2906.6 2.1 8.56 6.41 3.99 2.4 3.61 2.1 1.24
4x3 40.9 7.35 10.01 8.67 27.7 3.19 29.3 1.29
B 7.2 7.48 10.10 8.77 5.0 3.34 7.0 1.45
2217.4 4.2 7.50 10.12 8.78 2.0 3.39 3.8 1.53
4x3 286.4 8.94 23.07 21.36 92.3 3.50 96.3 3.64
A 24.8 9.61 23.64 21.95 17.2 4.08 16.3 4.25
2990.2 21.3 9.74 23.75 22.03 14.1 4.45 13.3 4.61
4 x4 41.8 164.20 199.87 201.76 19.9 7.84 19.9 2.53
C 6.4 164.41 200.05 201.95 3.8 7.99 3.8 2.67
17159.1 2.4 164.43 200.05 201.96 2.4 7.04 2.4 2.71
4 x 4* 79.0 | 169.08 | 199.25 | 190.39 27.1 7.52 27.3 2.47
B 14.7 169.58 199.69 190.85 7.2 7.79 6.9 2.73
17763.3 9.5 169.62 199.72 190.88 4.5 7.94 4.4 2.86
4 x4 434.9 164.40 729.63 638.22 || 104.2 8.27 || 112.8 9.52
A 43.5 165.76 730.90 639.48 20.5 9.34 25.7 10.74
16142.6 34.8 166.43 731.42 640.01 15.6 10.17 20.0 11.70
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Table 5.9: Heuristic solutions of randomly generated problems [J /a; <p;<b;/ > C;

n x m; type | k B&B1* B& B2*
A CPU by CPU
MIN AVE MAX | time MIN AVE MAX | time
1 2 3 4 5 6 7 8 9 10
4x4; B | 150 18 523 102 34.3 18 529 103 21.5
4x4; C| 150 4 224 53 35.8 4 226 53 13.0
4x4; D | 150 1 111 39 47.1 1 122 50 12.2
4x5; C| 150 5 358 140 | 102.9 5 37.0 145 41.3
4x5 D150 2 8.6 18 72.8 2 8.6 18 18.8
4x6; C | 150 15 33.8 78 | 148.5 15 35.6 78 63.1
4x6; D | 150 1 7.2 12 | 100.5 1 7.3 12 22.3
4x7, C| 150 6 520 134 | 170.6 5 546 136 98.9
4x7, D | 150 3 128 29 | 1773 3 129 29 56.4
4x8; C | 150 15 54.4 120 416.4 14 58.7 122 292.0
4x8;, D | 150 7T 275 57 | 287.8 7T 278 55 | 134.2
4x9; C | 150 6 780 150 | 495.1 8 80.3 150 | 335.6
4x9; D150 3 229 56 | 458.4 4 229 54 | 156.1
4x10; C | 150 25  86.6 150 | 682.9 24 878 150 | 852.5
4x10; D | 150 3 285 70 | 707.9 3 291 66 | 362.5
5x3; C | 150 19  62.0 146 85.9 19  62.8 147 65.2
5x3; D | 150 2 386 150 95.1 2 385 150 51.9
5x4; C | 150 11 63.1 150 | 191.8 11 64.3 150 | 154.0
5x4; D | 150 2 232 50 | 182.6 2 234 52 | 106.7
5x5; C | 150 63 114.5 150 | 500.5 62 116.2 150 | 854.6
5x5;, D | 150 11 36.9 133 | 499.0 11 374 139 | 291.1
5x5; E | 100 1 1.7 4|1 366.0 1 1.7 4 86.6
5x6; C | 150 15 814 150 | 862.3 16 82.7 150 | 1220.3
5x6; D | 150 7 49.0 89 | T761.5 7 486 88 | 493.6
5x7; D | 150 9 479 150 | 1390.3 9 489 150 | 1642.0
5x7, E| 50 1 2.6 7| 539.3 1 2.6 T 214.7
5x8;, D | 100 18 785 100 | 1803.5 18  80.5 100 | 2446.7
5x8, E | 50 1 3.2 6 | 1054.5 1 3.2 6 | 328.1
5x9; E | 50 1 2.5 6 | 1531.3 1 2.5 6| 653.4
5x10; E | 50 1 2.5 51 2071.7 1 2.5 51 617.9
6x3;, D | 150 19 101.3 150 | 538.4 19 100.3 150 | 621.4
6 x 3; E 50 1 4.2 18 456.8 1 4.2 18 309.8
6x4; D | 150 20 99.9 150 | 1197.8 18 813 150 | 1858.1
6x4; E | 100 1 2.3 6| 936.7 1 2.3 6 | 403.6
6x5 D | 100 6  90.1 100 | 1671.0 6 88.1 100 | 3022.7
6x5 E| 50 1 2.8 8 | 1382.4 1 2.8 8 | T724.1
6x6;, C | 50 50 50 50 | 2389.6 50 50 50 | 7350.4
6x6; D | 50 15 46.5 50 | 1997.6 15 46.5 50 | 5252.0
6x6;, E | 50 1 4.1 12 | 1997.6 1 3.5 12 | 1226.2
7x3; D 150 42 1225 150 | 1311.9 76 131.8 150 | 2302.3
7x4; E | 100 1 7.1 20 | 2204.5 1 7.0 24 | 3608.4
7x5 E| 50 1 8.4 39 | 3074.2 2 157 50 | 6139.9
8x3; E | 50 1 4.5 9 | 1781.5 1 5.1 11 | 3103.3
9x2; E | 100 1 141 100 | 1297.3 1 149 100 | 1958.7
10x2; E| 50 2 141 50 | 1651.6 2 9.3 50 | 2781.4
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Table 5.10: Heuristic solutions of randomly generated problems [J /a; <p; <b;/Cimaz

n x m; type B&B1* B&B2*
N CPU N CPU
MIN AVE MAX | time MIN AVE MAX time
1 2 3 4 5 6 7 8 9
4x4; B 5 272 51 7.29 5 273 50 2.46
4x4; C 2 199 62 7.59 2 199 64 2.51
4x4; D 4 118 28 9.70 4 125 35 1.81
4x5, C 7 321 69 15.97 7 331 74 6.58
4x5 D 1 5.2 19 14.10 1 5.4 20 1.56
4x6; C 6 28.0 79 | 27.53 6  29.7 82 8.69
4x6; D 2 10.6 45 | 21.91 2 10.7 44 3.82
4x7 C 6  38.7 118 | 31.93 5 413 129 16.43
4x7, D 1 124 45 | 35.68 1 13.4 45 7.85
4x8;, C 14 60.6 143 | 63.53 18  66.0 134 38.91
4x8, D 3 183 45 | 51.04 3 185 45 13.59
4x9; C 8 551 145 | 76.46 8  60.6 150 42.13
4x9; D 1 245 101 74.88 1 258 109 25.55
4x10; C 16 74.9 150 | 100.86 17 82.3 150 78.79
4x10; D 5 29.6 81 | 95.54 5 31.8 86 51.35
5x3; C 22 101.0 150 13.06 22 1004 150 11.64
5x3; D 19 931 150 13.15 19 933 150 12.18
5x4; C 17 86.1 150 | 26.86 17 88.4 150 21.81
5x4; D 17 421 102 | 29.31 17 441 102 15.63
5x5b; B 57 133.1 150 | 46.29 60 136.4 150 128.36
5xb; C 86 142.2 150 | 55.33 88 143.3 150 125.10
5xb; D 13 59.7 150 | 55.67 13 60.7 150 31.70
5x5 E 1 14.6 84 | 55.43 1 151 89 12.20
5x6; C 19 913 150 | 83.44 23 959 150 94.73
5x6; D 7 49.8 104 | 88.35 7 54.0 131 52.46
5x7 D 35 103.9 150 | 148.23 35 104.6 150 | 364.76
5x7, E 1 8.2 24 | 112.03 1 8.2 24 21.18
5x8 D 22 921 150 | 211.49 21 919 150 | 331.82
5x8 E 2 113 58 | 179.53 2 109 58 49.70
5x9; E 1 8.9 57 | 233.89 1 9.1 57 49.22
5x10; E 1 5.9 21 | 309.72 1 5.9 21 53.87
6x3; D 25 132.7 150 | 57.70 25 1375 150 141.25
6x3; E 5 102.9 150 | 65.60 8 119.7 150 160.52
6x4; D 78  139.7 150 | 130.70 86 140.5 150 | 327.15
6x4; E 2 59.2 150 | 100.75 2 59.6 150 62.80
6x5 D 109 135.8 150 | 155.49 112 139.3 150 | 319.53
6x5 E 1 37.0 143 | 157.26 1 370 143 125.21
6x6; C 150 150 150 | 271.68 150 150 150 | 1136.78
6x6; D 25 110.0 150 | 255.49 42 126.3 150 | 550.78
6x6; E 1 17.6 43 | 255.48 1 17.7 43 133.24
7x3; D 150 150 150 | 169.66 110  146.0 150 | 414.17
7x4; E 4 871 150 | 268.30 12 96.2 150 | 505.38
7x5, E 5 871 150 | 342.51 2 124.7 150 | 1057.61
8x3; E 2 1344 150 | 234.02 36 138.6 150 | 585.55
9x2; E 150 150 150 | 157.68 150 150 150 | 416.59
10x2; E 150 150 150 | 209.69 150 150 150 | 606.73
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Table 5.11: Common notations

| Symbols Description
J Symbol for job shop (in the three-field notation)
F Symbol for flow shop
@ Symbol for open shop
g Symbol for general shop
M Set of machines: M = {My, Ms,..., M,,}
J Set of jobs: J = {J1,J2,...,Jn}
Ci(s) Completion time of job J; € J at schedule s
O(Cy,Co,...,Ch) Objective function of job completion times where C; = C;(s)
oy Value of the objective function calculated for digraph G € A(G)
(schedule k) with processing times given by vector p € R%
® Regular criterion

Cmam = max?:l C’L

Zci = Z?:l C;

Criterion of minimizing the maximum flow time (makespan)
Criterion of minimizing the mean flow time

Ci(s) Completion time of job J; € J at schedule s
|B| Cardinality of set B (number of elements in set B if it is finite)
5] Absolute value of real number b € R, i.e.,

lb| =b,if be RL, |b| = —b, if be R'\ RL
R" Space of n-dimensional real vectors with the maximum metric
Ry Space of non-negative real vectors with the maximum metric
d(p,p) Distance between vector p € R™ and vector p’ € R™ :

d(p,p') = maxi_, [p; — p;]
[a] The smallest integer greater than or equal to real number a
(1] + [v] ‘Symmetric difference’ of set [u] and set [v] :

W+ =W U]\ sy
G=(Q,AFE) Mixed graph defining the structural input data

G(p) = (Qp), A E)

Number of operations: ¢ = |Q”| =31, ni = > 1o, |Q]
Acyclic digraph generated from mixed graph G

Signature of schedule k with k£ € S and G, € A(G)
Weighted mixed graph with vector p of job processing times
Acyclic weighted digraph

Minimal subgraph of G containing all dominant paths
with respect to polytope T'

Set of acyclic digraphs generated from mixed graph G

Set of semiactive schedules

Number of semiactive schedules

Set of optimal semiactive schedules with respect to criterion ®

S
S

Nﬁ
R

LI RN e
= ==
~— N N

Stability ball of optimal digraph with radius ¢ and center p € Rj_

Stability radius of optimal digraph G for a regular criterion
Stability radius of optimal digraph G for makespan criterion
Stability radius of optimal digraph G for mean flow time criterion
Set of vertices (operations) which are contained in path p

Weight of path y in the digraph with processing times p € RS

Set of paths in digraph G ending in the last operation of job J;
Set of dominant paths in H}.




Conclusions

In spite of a large number of papers and books published about optimal sequencing and
scheduling, the utilization of numerous results of the scheduling theory in most production
environments is far from the desired volume. One of the reasons for the gap between
scheduling theory and practice is connected with the usual assumption that the processing
times of the jobs are known exactly before scheduling (for deterministic models) or that
they are random values with known probability distributions (for stochastic models).

In the first part of these Conclusions, we summarize what we have learned from
studying the scheduling paradigm when the processing times of the operations (and/or
other numerical input data) are uncertain before scheduling. In the second part, we
outline some topics for future research which follow directly from the above results. The
common notations used in this dissertation are combined in Table 5.11, see also special
notations for the general shop (Table 1.3 at page 65) and special notations for the job
shop (Table 4.34 at page 256).

1. In this dissertation, a model of more realistic scheduling scenarios was considered.
It was assumed that in the practical realization of a schedule, the processing time of an
operation may take any real value between lower and upper bounds (within the polytope
T), which are given before applying a scheduling procedure, and there is no prior infor-
mation about the probability distributions of the random processing times. For such an
uncertain scheduling problem, there does usually not exist a unique schedule that remains
optimal for all possible realizations of the processing times and a set of schedules has to be
considered which dominates all other schedules for the given criterion. To find such a set
of schedules, our idea was to use a stability analysis of an optimal schedule with respect
to the perturbations of the processing times (a survey of the main results on stability of
an optimal schedule was given in Chapter 1).

In Chapter 2 and Chapter 3, we introduced the notion of the relative stability radius
of an optimal schedule s as the maximal value of the radius of a stability ball (in the space
of real vectors of the processing times) within which schedule s remains the best among
the given set B of schedules (see Definition 3.2 at page 118 for the maximum flow time
criterion and Definition 3.6 at page 147 for the mean flow time criterion). The relativity is
considered with respect to the polytope T of feasible vectors of the processing times and
with respect to the set B of semiactive schedules for which the superiority of a schedule
s at hand has to be guaranteed.

We used the mixed (disjunctive) graph model which is suitable for the whole scheduling
process from the initial mixed graph G representing the input data until a final digraph
G s representing a semiactive schedule s. The mixed graph model may be used for different
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requirements on the numerical input data (see Table 3.1 at page 111). The most results
obtained in this dissertation (see Chapters 2 and 3) are formulated in terms of paths in
the digraphs G,.

In Chapter 2, we focused on dominance relations between feasible schedules taking
into account the given polytope T' (Section 3.2). We established necessary and sufficient
conditions for the case of an infinitely large relative stability radius of an optimal schedule
s for the maximum flow time criterion (Theorem 3.2 at page 124). Under such conditions,
schedule s remains optimal (has the minimal length) for any feasible perturbations of the
processing times.

We established also necessary and sufficient conditions for the case of a zero relative
stability radius of an optimal schedule s (Theorem 3.1 at page 121). Under such condi-
tions, the optimality of schedule s is unstable: There are some small changes of the given
processing times which imply that another schedule from the set B will be better (will
have a smaller length) than schedule s.

Formulas for calculating the exact value of the relative stability radius are based on a
comparison of an optimal schedule s with other schedules from the set B (Theorem 3.3
at page 126), and we show how it is possible to restrict the number of schedules from
the set B examined for such a calculation of the relative stability radius (Lemma 3.4 at
page 136). To this end, we considered the schedules from the set B in non-decreasing
order of the values of the objective function until some inequalities hold (Corollary 3.4 at
page 138).

In Chapter 3, analogous results were obtained for the mean flow time criterion, and
the focus was on the dominance relations between feasible schedules taking into account
the given criterion (Definition 3.5 at page 140). Formulas for calculating the exact value
of the relative stability radius were given in Theorem 3.6 at page 151. A possibility to
restrict the number of schedules under consideration has been discussed in Section ?77?.
We established necessary and sufficient conditions for an infinitely large relative stability
radius of an optimal schedule for the mean flow time criterion (Theorem 3.7 at page 152)
and necessary and sufficient conditions for a zero relative stability radius of an optimal
schedule (Theorem 3.8 at page 153).

Using these results, we developed several exact and heuristic algorithms for construct-
ing a solution and a minimal solution (see Definition 3.1 at page 110) of a scheduling
problem with uncertain processing times. The developed software was tested on randomly
generated job shop problems, and the computational results were discussed in Chapter
4. For the maximum and mean flow time criteria, we calculated the stability radii of the
optimal schedules for more than 10,000 randomly generated instances. For a randomly
generated uncertain scheduling problems with the same criteria, we constructed solutions
and minimal solutions as well. In the experiments both the numbers of jobs and machines
were restricted by 10. The most critical parameter for the running time of the programs
was the number of edges E in the mixed graph G = (Q, A, E).

2. In conclusion, we present some topics for future research. We can note that the most
part of this dissertation (Chapters 3, 77 and 5) is devoted to the scheduling problem (with
uncertain numerical input data) for the criteria C,,,, and > C;. Other regular criteria for
the scheduling problem may be the subject of further research.

In Section 5.5, we introduced the control problem (when uncertain numerical data are



289

realized), which follows after the scheduling problem. For the control problem, only very
preliminary results are known, however the control problem seems to be very important
for practice. The control problem (in the setting presented in Section 5.5) may be a
subject for future research.

The next important direction for further research is to construct more efficient al-
gorithms for the scheduling problem, in particular, to use this approach for scheduling
problems whose deterministic versions have polynomial algorithms for constructing opti-
mal schedules.

Another direction of future research may be connected with the consideration of a
minimal solution of an uncertain scheduling problem with respect to the cardinality of the
solution obtained (the minimal solution A”(G) was determined with respect to inclusion).

After carrying out the computational experiments with the calculation of the stability
radii of an optimal schedule (see Chapter 4), we can select the following topics for future
research. For practical aims, it is useful to develop further a branch-and-bound algorithm
for constructing the k best schedules (instead of one, which is usually constructed) and to
combine such a calculation with a stability analysis on the basis of the results discussed
in Chapters 1 and 4.

Another possible topic is to improve the bounds (3.35) at page 136 and (3.64) at
page 167 in order to restrict the number of digraphs G, with which an optimal digraph
has to be compared, while calculating its stability radius.

A more complex question is to find simpler (practical) formulas for calculating the
stability radius or at least lower and/or upper bounds for it (without considering the
paths of the digraph Gj).

If the calculation of a bound for the stability radius will be simplified considerably,
it seems to be useful to calculate this bound within a branch-and-bound framework.
One can obtain a new type of stopping rule (or some other advantages) due to a possible
connection between the stability radius of the best constructed schedule and its proximity
to the optimum.

Sections 4.1 and 4.2 were basically devoted to an overall enumeration scheme for
calculating the stability radii, and an implicit enumeration scheme was only used before
performing the stability analysis (i.e. for calculating optimal and near optimal schedules).
The application of the stability analysis within an implicit enumeration framework should
have practical utility and it may be a topic for future research, too.

The scheduling problem with uncertainty remains an interesting and challenging sub-
ject for the studies, which may combine some theoretical results with practical problems.
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Zusammenfassung

Scheduling ist ein bedeutender Bestandteil des Decision-Making in Unternehmen vieler In-
dustriezweige. Jedoch ist die Nutzung verschiedener Resultate der klassischen Scheduling-
Theorie bei praktischen Problemstellungen aus der Industrie bisher sehr begrenzt. Ins-
besondere schrankt die in der Scheduling-Theorie iibliche Voraussetzung, da die Bear-
beitungszeiten der Operationen vor Nutzung eines Scheduling-Algorithmus bekannt sind,
die praktische Anwendung ein. Diese Dissertation ist ein Versuch, einige theoretische
Resultate fiir breitere Anwendungen nutzbar zu machen.

Neben den iiblichen Voraussetzungen, da die strukturellen Daten fixiert sind und da
zu jeder Zeit eine Maschine nur einen Auftrag bearbeiten kann und jeder Auftrag auf
hochstens einer Maschine bearbeitet werden kann, wird in dieser Dissertation die folgende
Annahme getroffen: Die tatsichliche Bearbeitungszeit p; einer Operation ¢ kann jeden
reellen Wert zwischen einer gegebenen unteren Schranke a; und einer gegebenen oberen
Schranke b; annehmen. Ein Job-Shop Problem mit derartigen Unsicherheiten in den
Eingangsdaten wird im Fall der Minimierung der Gesamtbearbeitungszeit (Makespan)
mit J/a; < p; <b;/Cpnar bezeichnet. Gilt fir jede Operation ¢ € Q = {1,2,...,q} eines
Problems J /a; < p; < b;/Cpnas die Beziehung a; = b;, so liegt ein deterministisches Job-
Shop Problem vor, andernfalls ein stochastisches Problem ohne a priori Information tiber
die Verteilungen der Zufallsgroen der Bearbeitungszeiten.

Fiir Problem J/a; < p; < b;/Cpar mu nicht notwendig ein eindeutig bestimmter
Plan existieren, der fiir alle moglichen Realisierungen der Bearbeitungszeiten optimal
bleibt. Daher mu fiir ein Problem mit unsicheren Eingangsdaten eine Menge semiak-
tiver Plane konstruiert werden, die die Menge der restlichen Plane fiir das gegebene
Zielkriterium dominiert. Um eine solche Menge von Planen zu bestimmen, wird eine
Stabilitatsanalyse eines optimalen Planes beziiglich der moéglichen Storungen der Bear-
beitungszeiten durchgefiihrt. Es wird der Begriff des relativen Stabilitatsradius eines
optimalen Plans eingefiihrt. Dabei wird die Relativitét beziiglich des Polytops T' = {p’ =
(P), Dy, p,) + i < pi < byyi € QF der zuldssigen Vektoren p' der Bearbeitungszeiten
und beziiglich der Teilmenge B von semiaktiven Planen, fiir die die Uberlegenheit eines
verfiigharen Planes garantiert werden mu, betrachtet. In der Arbeit wird das gemischte
(disjunktive) Graphenmodell benutzt, welches fiir den gesamten Scheduling Proze von
dem gemischten Ausgangsgraphen bis zum Graphen G, der einen vollstandigen semiak-
tiven Plan s reprasentiert, geeignet ist.

Die formale Definition des relativen Stabilitdtsradius ist wie folgt. Sei O,(p) eine
abgeschlossene Kugel im Raum R? der g-dimensionalen reellen Vektoren. Angenommen,
der Plan s € B habe fiir jeden Vektor p’ € O,(p)UT von Bearbeitungszeiten eine minimale
Gesamtbearbeitungszeit (Makespan). Dann wird der maximale Wert des Radius g einer
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solchen Kugel als relativer Stabilititsradius bezeichnet und mit o?(p € T) abgekiirzt. In
der Dissertation werden notwendige und hinreichende Bedingungen fiir den Fall oZ(p €
T) = 0 und fiir den Fall eines unendlich groen Wertes von ¢?(p € T') abgeleitet.

Die abgeleitete Formel fiir die Berechnung des exakten Wertes von o2 (p € T') basiert of
dem Vergleich des Planes s mit anderen zulassigen Planen von der Menge B, und es wird
gezeigt, wie man die Anzahl der zu betrachtenden Digraphen der Menge B bei diesem
Vergleich reduzieren kann. hnliche Resultate wie zuvor fiir das Makespan-Kriterium
beschrieben wurden fiir den Fall der Minimierung der Summe der Bearbeitungsendter-
mine der Auftridge (Mean Flow Time) erhalten. Insbesondere wurden notwendige und
hinreichende Bedingungen fiir einen unendlich groen Wert von o?(p € T) im Fall des
Mean-Flow-Time Kriteriums abgeleitet.

Auf der Grundlage dieser Resultate wurden exakte und heuristische Algorithmen zur
Loésung der Job-Shop Probleme J/a; < p; < b;/Cpnaz und J/a; < p; < b;/ > C; und des
General-Shop Problems G/a; <p; <b;/Cpq. abgeleitet. Die entwickelte Software wurde an
zufallig erzeugten Job-Shop Problemen getestet.
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