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ABSTRACT

ROBUSTNESS and STABILITY MEASURES for SCHEDULING
POLICIES in a SINGLE MACHINE SCHEDULING ENVIRONMENT

Selguk Goren
M.S. in Industrial Engineering
Supervisor: Prof. Thsan Sabuncuoglu
September 2002

Scheduling is a decision making process that concerns allocation of limited
resources (machines, material handling equipment, operators, tools, fixtures, etc.) to
competing tasks (operations of jobs) over time with the goal of optimizing one or more
objectives. The output of this decision process is time/machine/operation assignments.
In classical scheduling theory, the objective is generally maximizing some measure of
system performance. In addition to classical performance measures two new criteria are
used in modern scheduling literature: "robustness" and "stability”. In this thesis, we
propose several robustness and stability measures and policies. Two new surrogate
measures are also developed since the exact measures are difficult to calculate. These
surrogate measures are embedded in a tabu search algorithm to generate robust and
stable schedules for a single machine subject to random machine breakdowns. We show

that our surrogate measures are better than well-known and commonly used average

slack method.

Keywords: Robustness, Stability, Single Machine Scheduling
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OZET

TEK MAKINALI ORTAMDA CiZELGELEME POLITIKALARI ICIN
SAGLAMLIK ve KARARLILIK OLCUTLERI

Selguk Goéren
Endiistri Mithendisligi Yiiksek Lisans

Tez Yoneticisi: Prof. Dr. Thsan Sabuncuoglu
Eylil 2002

Cizelgeleme suurli kaynaklarin (makinalar, malzeme taginmasi donanimi,
operatorler, kesici uglar, vb.) aym kaynaklara ihtiyaci olan degisik islere tahsis
edilmesini ilgilendiren bir karar verme siirecidir. Cizelgeleme, bir veya daha fazla amag
fonksiyonunu eniyilemek igin yapilir. Bu karar verme siirecinin sonucu olarak zaman /
makina / i§ atamalari elde edilir. Klasik ¢izelgeleme teorisinde amag fonksiyonu
genellikle herhangi bir sistem performans 6l¢iitini eniyilemektir. Modern ¢izelgeleme
literatiirinde ise klasik sistem performans olgttlerine ek olarak iki yeni kriter daha ele
alinmaktadir: “saglamlk” ve “kararlilik”. Bu tezde saglamhk wve kararhlif
tamumlayarak gesitli oOlgltler ve saglam ve kararh ¢izelgeleme politikalart
gelistirmekteyiz. Cogu durumlarda bu 6lgitlerin tam olarak hesaplanmasi miimkiin
olmadig: igin bunlann yerine gegebilecek iki 6lgit gelistirildi. Bu olgiitler bir tabu
arama algoritmasi ile birlikte kullanilarak rassal arizalanmalara tabi olan tek makinali
cizelgeleme problemi i¢in saglam ve kararli gizelgeler olusturduk. Yeni dlgiitlerimizin,
literatiirde ayn1 amag igin sikga kullanilan “ortalama gevgeklik” yonteminden daha iyi

sonuglar verdigini gordik.

Anahtar Sozciikler: Saglamlik, Kararlilik, Tek Makinali Cizelgeleme
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Chapter 1

Introduction

Scheduling is a decision making process that concerns allocation of limited resources
(machines, material handling equipment, operators, tools, fixtures, etc.) to competing
tasks (operations of jobs) over time with the goal of optimizing one or more objectives
(Pinedo, 1995). The output of this decision process is time/machine/operation
assignments,

In classical scheduling theory, the objective is generally optimizing system
performance. The performance of a given schedule is generally assessed by some
measures based on completion times or due-dates of the jobs. Among these are
maximum flow time, maximum completion time (or makespan), mean flow time, mean
completion time, maximum lateness, total tardiness, mean lateness, mean tardiness, etc.
These performance measures are all regular. A regular performance measure is non-
decreasing in completion times; that is, if any job is made to finish later, the measure
stays the same or increases but never decreases. In classical approach, a schedule is
generated with the objective of optimizing one or more of these performance measures.

Recently, Kempf, Uzsoy, Smith, and Gary (2000) propose a different approach:
segmentation and then aggregation of the metrics that are used to measure the
performance of a schedule. Segmentation is specifying classes of scheduling objects
that form a meaningful unit (e.g. all drilling machines in a plant can form a segment).
Once the segmentation of the scheduling objects has been specified (i.e. the scheduling
systems is divided into several segments), the metrics for each segment (e.g.. utilization

of machines in that segment) can be aggregated into one segment-wide metric. The



authors propose to use different metrics for each segment, rather than using a single
metric for the whole schedule. For example, a schedule that maximizes utilization of
the machines throughout the whole system may be of poor quality, because this
schedule would increase work-in-progress inventory levels. Instead, a good schedule
should maximize utilization of only the bottleneck machines (where high utilization is
needed).

In practice due to unexpected disruptions (breakdowns, order cancellations, etc.),
schedules either become infeasible or invalid so quickly that they need to be modified
in an appropriate manner. In fact, the ignorance of these inevitable disruptions in
scheduling process can be viewed as the major source of the gap between scheduling
theory and practice. During the last decade, several authors investigate possible ways to
cope with disruptions in the scheduling process. In general, this approach is called as
reactive scheduling. In the reactive scheduling literature, in addition to classical
performance measures there are two new criteria used in scheduling decisions,
“"robustness" and "stability". A schedule whose performance does not degrade much in
the face of disruptions is called robust. The performance of a robust schedule should be
insensitive to disruptions. When evaluating schedules, performance of the realized
schedule is more important than planned or estimated performance of initial schedule,
because the former is the reality while the latter is just an anticipated course of actions.
A schedule whose realized schedule does not deviate from the original schedule in the
face of disruptions is called stable. Beside allocating machines to competing jobs, a
schedule also serves as a plan for other activities, such as determining shipments dates,
releasing orders to suppliers, planning requirements for secondary resources such as
tools, fixtures, etc. Deviations from the planned schedule disrupt these secondary plans
and create system nervousness. Thus, adhering to the original schedule during the
execution (i.e. stability of the schedule) is desirable.

In summary, random disruptions make two types of hazards to the schedules
‘during the execution: degrading schedule performance, and increasing system
nervousness by causing deviations from the planned schedule. In:the literature, there

are some researchers who have attempted to generate robust and stable initial schedules



when the response method to disruptions is known (Leon, Wu and Storer (1994), Mehta
and Uzsoy (1998), etc.). On the other hand, some authors have developed good
response methods to disruptions (Wu, Storer, and Chang (1993), Wu, Byeon, and Storer
(1999), etc.).

In this study, we propose several robustness and stability measures and policies.
Since the exact measures are difficult to calculate, we also develop two new surrogate
measures as an alternative to well-known and commonly used average slack method.
These new surrogate measures are embedded into a Tabu Search algorithm to generate
robust and stable schedules for a single machine subject to stochastic breakdowns. Our
extensive computational experiments indicate that the new surrogate measures are
better than the average slack method.

The remainder of this study is organized as follows: In the next chapter, we
provide some definitions and notations. Chapter 3 is devoted to an extensive review of
the literature. In Chapter 4 we consider the single-machine scheduling environment
subject to random machine breakdowns, and provide a solution methodology that
involves two new surrogate measures for this problem. In Chapter 5 we conduct
extensive computational experiments to assess the performance of our methodology,
whereas the last chapter is devoted to the concluding remarks and future research

directions.



Chapter 2

Problem Definition and Research

Methodology

2.1 Definition of Reactive Scheduling Problem, Notations and

Terms

Let Py be our original scheduling problem. Suppose we have m feasible solutions or
schedule alternatives, S; through S,. In most of the scheduling problems, m is quite

large (infinitely many). In classical scheduling theory, our aim is to find the optimal
schedule, S;, according to a performance measure such as maximum lateness,
maximum completion time, average flow time, etc. Let f{S) denote the value of this

performance measure for schedule S. Then, we select the schedule S§;such that

FS)<f(S,) fori = 1, 2. . .m, without loss of generality. In what follows, we
consider possible disruptions during the schedule generation process.

Suppose that there are 7 sceparios corresponding to possible disruptions in the
course of execution. The original problem P, changes into P; for scenario j with
probability a;. Accordingly, schedule S; changes into schedule S; under j/ scenario.
That is, Sy is the realized schedule of the initial schedule S;, if the disruptions in

scenario j occur. Let S be the optimal solution to the problem P;, with the objective

function value of f(S). Figure 1 illustrates all these ideas.
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If we knew that scenario j would occur, we would try to find schedule § ;

However, we do not know which scenario will actually occur. The problem is further

complicated by the fact that it may be extremely difficult to find § ; for P; due to the

complexity of scheduling problems. As explained before, there are numerous

performance measures used in the scheduling literature (tardiness, flow time,

makespan, etc.). In the next section, we introduce possible robustness and stability

measures.



2.2. Robustness and Stability Policies and Measures

2.2.1. Robustness Policies and Measures

Some robustness measures are based on the actual performances of the realized

schedules, f{Sy), and some are based on the differences between actual and optimal
performances, f(S;)- f (S}). The former aims at selecting a schedule with a good

realized performance, whereas the latter tries to select a schedule whose performance is

not bad relative to the best performance.

2.2.1.1. Robustness Policies and Measures Based on Realized Performances

1. Select S; that minimizes the expected realized performance, E[f(S;)], where
E[f (S,’)]zzzzoaj F(S,), for i=12,...m. This method selects the schedule

whose performance measure is the best on the average. This is a risk neutral
approach. (Wu et al., 1999)
2. Select S; that minimizes the worst-case scenario performance. That is select S;

such that max{f(S,)} is minimized over all / (1.e min{max{f(S;)}}). This
J 3 J :

policy selects the schedule whose worst-case performance measure is better
than all others' are. This is a risk-averse approach.

3. If the decision-maker can identify the worst case scenario, say Py, k € {1,2...n},
selecting the schedule that performs the best in P, can be an appropriate policy.

Thus, this policy selects §; with mfin{ f(S,)}where Py is the worst case

scenario.
4. Similarly, if the decision-maker can identify the most probable scenario, that is

the scenario P,, where m =argmax{a,}, for i = 1, 2, . . . n, then selecting the

schedule whose performance measure is the best under P,, can be an appropriate



policy. Thus, this policy selects S; with min{f(S,,)}where P, is the most

probable scenario.

. Another policy is to select the schedule such that expected deviation of realized

schedule's performance from the initial anticipated performance is minimized.
That is, select §; with minimum o, =| f(S;,)-E[f (S, fori = 1,2, . . . m.

This policy emphasizes the definiton "robust schedule is the schedule whose
performance does not degrade much in the face of disruptions".

Another policy is to select the schedule that minimizes a measure that is a
convex combination of aforementioned measures. For example, selecting the
schedule which minimizes r.E[f(S/)] + (I-r).ci, where r is a real number
between 0 and 1. The first part of above measure emphasizes that a robust
schedule should perform well in the face of disruptions. The second part
emphasizes that a robust schedule's performance should not degrade much in
the face of disruptions. By varying r between 0 and 1, different weights can be

given to these two points of view of robustness. (Leon ef al., 1994)

2.2.1.2. Robustness Policies and Measures Based on Differences between Actual

and Optimal Performances

First, construct the differences matrix, 4 = [/mm, where &, =| f(S;)— f (S;) |, fori =

1, 2.

..nandj =1 2...n The ij” element of this matrix is the difference between

optimal performance of /* scenario and the realized performance of i schedule in this

scenario.

L.

Select S; that minimizes expectation of differences, E/&/, where

E[é’,]zzz;l a6, ,fori=12 ... m This method selects a schedule whose

performance measure degradation is the least on the average. This is a risk

neutral approach.



2.

Select S; that minimizes the worst case scenario performance degradation, that is

select §; such that max{d,} is minimized over all / (i.e. min{max{d,}}). This
J ! J

policy selects the schedule whose worst-case performance measure degradation
is less than all others. This is a risk-averse approach (Daniels and Kouvelis,
1995).

If the decision maker may identify the worst case scenario, say Px, k& € {1,2...n},
selecting the schedule whose performance degrades the least in P can be an

appropriate policy. Thus, this policy selects S; with n1jn{6ik}, where Py is the

worst case scenario.
If the decision-maker can identify the most probable scenario, that is the

scenario P, where m=argmax{a,}, for i = I, 2, . . . n, then selecting the

scenario whose performance degradation is the least under P, can be an

appropriate policy Thus, this policy selects S; with min{5,,}, where P, is the

most probable scenario.

2.2.2. Stability Policies and Measures

Determining the impacts of schedule change is a difficult task. As often suggested in

the literature, we use completion time differences to account the impact of schedule

change (i.e stability). Let C° be the completion time of job k under schedule S. Let N

be the number of jobs. Construct the completion time differences matrix D = [d]
where d, =" [C ~Cft .

L.

Select schedule S§; that minimizes the expectation of differences, E[d;], where

Eld]= Z:;l a,d, . This method selects a schedule whose stability is the best on

the average. This is a risk neutral approach. (Mehta and Uzsoy (1998), Mehta
and Uzsoy (1999), O'Donovan, Uzsoy, and McKay (1999)). | o



2. Select S; that minimizes the worst case scenario completion time “differences,

that is select S; such that max{d,} is minimized over all i. This policy selects a
J

schedule whose worst case stability is greater than all ofhers. This is a risk-
averse approach.

3. If the decision-maker can identify the worst-case scenario, say Py, k € {1,2, . . .
n}, selecting the scenario whose stability is the best in Py. can be an appropriate

policy. Thus, this policy selects S; with min{d, }, where Py is the worst case

scenario.
4. If the decision maker may clearly identify the most probable scenario, that is the

scenario P, where m=argmax{a,}, fori = I, 2, . . . n, then selecting the
i

scenario whose stability is the best under P, can be an appropriate policy. Thus,

this policy selects S; with min{d,,}, where Py, is the most probable scenario.

If the number of scenarios is finite, then calculation of robustness and stability
measures, and thus application of the above policies is easy. However, in practice, the
scenarios cannot be easily defined, or known in advance. In addition, the number of
scenarios can be infinitely many. Moreover, the number of alternative schedules are too
many in practice. Thus, computational burden of calculating robustness or
predictability measures can be quite high. In this case one reasonable alternative is to
find a good surrogate measure and an efficient scheduling algorithm should be
constructed so that the selected schedule optimizes this surrogate measure. Sometimes,
although the number of the scenarios is infinitely many, a procedure to generate the
best/worst case scenario can be available. In such cases, there is no need to define a
surrogate measure (See Daniels and Kouvelis 1995, for such an example). Figure 2

illustrates these possibilities of number of scenarios.
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Figure 2. The Possibilities for Number of Scenarios
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2.3. Rescheduling Frequency and Methods of Scheduling

Schedules generated in practice cannot be used for a long time period because of
unexpected disruptions and random events. Thus, it is necessary to revise the existing
schedule at some points in time. Two immediate questions arise: when-to-schedule, and
how-to-schedule?

When-to-schedule decision determines the system responsiveness to various
kinds of disruptions. As scheduling frequency increases, the system responsiveness also
increases. There are several alternative ways to decide on timing of schedule decisions.
The first alternative is to schedule the system periodically; this is called as periodic
scheduling. Here, the period length can be constant or variable. In the constant case,
which is quite often used in practice, revisions are made at constant or fixed time
intervals. However, according to the variable time interval method, scheduling
decisions are made after a certain amount of schedule is realized (See Sabuncuoglu and
Karabuk, 1999). Another alternative could be to revise the schedule after a number of
events that change system state occur. For example, the schedule can be updated after
each machine breakdown, or a new job arrival, etc. This method is usually called as
continuous scheduling. Another method is adaptive scheduling, which may also be
called as controlled response. According to this policy, a scheduling decision is
triggered after a predetermined amount of deviation from the original schedule is
observed. For example, revisions can be made when completion time differences
between the initial and realized schedules exceeds a threshold value, say 30 minutes, or
a predetermined percentage of the assumed makespan. Similarly, the schedules can be
revised after a certain amount of deviation from the planned throughput, or flow time.
In addition, several hybrid methods, which are combinations of above, can be
considered. For example, Yamamoto and Nof (1985) propose a scheduling policy that
is called as the event-driven scheduling, where revisions are made at the end of fixed
time intervals (periodic scheduling), but scheduling is also triggered in response to

important events that changes the system state (continuous scheduling).

11



How-to-schedule decision determines the ways that the schedules are revised or
updated. There are also three related issues: The first issue has to do with the
scheduling scheme used. Off-line scheduling refers to scheduling all operations of
available jobs for the entire scheduling period, before execution of schedule, wﬁe;reas
on-line scheduling is to take scheduling decisions one at a time, during execution of
schedule (See Sabuncuoglu and Hommertzheim, 1992). A good example for on-line
scheduling is using well-known priority dispatching rules. Between these two‘ extremes,
another alternative could be quasi-online scheduling, in which a subset of the
operations of the job set are scheduled and the rest is left for future time periods.

The second issue is the amount of data used during the schedule generation
process. Kutanoglu and Sabuncuoglu (2001), define forecasting horizon (FH) as the
time span of job release data. It represents the maximum time period for which we have
enough information to generate the schedule. They define look-ahead window (LW) as
the portion of FH for which a new schedule is generated or a revision is made. It can be
smaller than FH or equal to FH. If it is smaller than FH, only a part of the available
information is used. This is generally due to low confidence about the accuracy of the
far-future information. In this case only near-future information is used. If LW is equal
to FH, all available information is used. The approach where LW=FH is called as full
scheduling. The other approach where LW<FH is called as partial scheduling. Full and
partial scheduling is illustrated in Figure 3.
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Scheduling

Figure 3. Full/Partial Scheduling

Note that if a full scheduling is employed with periodic review, and if FH is equal
to period length, this policy corresponds to doing nothing as type of the response (i.e.,
leaving the system alone and letting it the recover from the disruptions by itself).

Another issue to be discussed is the type of response. One can identify the
following two extreme cases: 1) reschedule the operations of all the remaining jobs
from scratch, and 2) take no corrective action and let the system recover itself from the
negative effects of disruptions. Between these two extremes, one can prefer to repair
schedules. One method of repairing could be to generate a match-up schedule, where at
some point in future, the new schedule and the original one are the same (i.e. they
match with each other). Another method is right/left shifting the remaining jobs
altogether in the time horizon so that the disruption length is accommodated. This
method does not change the sequence of the jobs. Another minor revision could be to
change only a small number of jobs' positions in the schedule. All these when-to-

schedule and how-to-schedule alternatives are summarized in Table 1.
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Table 1. Scheduling Policics

When to Schedule (Type and Level of Responsiveness)

s Periodic Scheduling (Response)
e Fixed Time Interval

e Variable Time Interval (based on amount of the schedule realized)

e Continuous Scheduling (Response)
e Breakdowns (BR)
e Rush Orders (RO)
e Job Arrivals (ARR)
e Job Completions (JC)

e Adaptive Scheduling (Controlled Response)
e AS (Deviation from the previous schedule)
e absolute completion times deviations (percentage)

e throughput or flow time deviations

e Combinations of Above
¢ Event Driven Scheduling (Yamamoto-and Nof, 1985)

e Periodic (Fixed Time Interval) + Continuous

14



Table 1. (Cont’d)

How To Schedule(Type and Method of Response)

o Scheduling Scheme
e off-line
e quasi-online

e On-line(dispatching)
e Amount of Data
e Full

e Partial

e Type of Response

¢ Do nothing
e Rescheduling
o Repair

e Match-up

o Right-shift/Left-shift
e Other minor revisions (insert, append, etc.)
o Performance Metrics
o Planned (initial) performance measure
e Stability

¢ Robustness
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2.4. Disruptions and Possible Responses

In practice, there may be various random or unexpected events that can affect the
performance of system. These disruptions are: unexpected job arrivals, machine
breakdowns, processing time variability, due-date changes, order cancellations, ready

time changes, rush orders and scrap jobs.

In Table 2, we give a list of disruptions and possible responses that can be used to
cope with these unexpected events. The first column is the list of disruptions. We
classify responses in three categories: Do nothing - taking no corrective action,
Reschedule - rescheduling all operations of available jobs from scratch, and Repair -
making minor modifications on the existing schedule. In this table, we also present

response types for each disruption.

Table 3 cross checks these policies with when-to-schedule decisions. The "X"
entry in the cell means that this combination of when-to-schedule and response type can
be used together, otherwise the cell is left empty. For example, according to periodic
scheduling, revisions are made only after a fixed or variable time period pass after the
previous scheduling point. So, if some disruption occurs in between, we take no
corrective action and wait for the next scheduling point. Therefore, only ARR1 (Do
nothing) response is applicable if the when-to-schedule decision is periodic scheduling.
The corresponding cell has an "X" entry and other cells corresponding to responses to
unexpected arrivals (ARR2, ARR3 and ARR4) are left empty. As an another example
RO2 response inserts the rush order to the first available position in the existing
schedule. Again, if our when-to-schedule policy is periodic scheduling, we take no
corrective action and wait for the next scheduling point. Thus, RO2 cannot be used with
periodic scheduling, so the corresponding cell is left empty. However, if when-to-
schedule policy is continuous/RO scheduling (which responds to every rush order) or

adaptive scheduling (which reacts after a certain amount of deviation from the planned
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schedule is realized) RO2 can be used to react to rush order(s). Hence, the

corresponding cells are marked with an “X” character.
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Table 3. Cross Table for Type of Response/When to Schedule

Type of Response
How To

When To

Periodic

Adaptive

Continuous

BR

RO

ARR

JC

ARR1

X

X

X

X

ARR2

ARR3

ARR4

BR1

ol ittt tad ke

BR2

BR3

PV1

el ial kel ke

PV2

DD1

>

DD2

DD3

0Cl1

0C2

0C3

RC1

>

RC2

RC3

RO1

RO2

RO3

SW1

ol Eal Kl ke

SW2

SW3

SW4

ittt bl il tal Ll i tel bl taibel lal ol tel kel kel Ll ot ke
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Chapter 3

Literature Review

Aytug, Lawley, McKay, Mohan, and Uzsoy (2001) provides a literature review of last
decade on scheduling in the face of uncertainties. The authors begin by stating different
purposes scheduling. They continue by giving a four-dimensional taxonomy of the
uncertainty faced in scheduling environments: cause, context, impact, and inclusion of
disruptions. Cause can be viewed as object (e.g. machine) and sfafe (e.g. not ready).
Context refers to the environmental situation, that is the factors that can alter
expectations for processing time, yield, or any. other performance measure. Impact
refers to the result of the disruption. Inclusion refers to the type of handling the
disruptions; if the disruptions are considered while generating the schedule, the
inclusion is predictive. On the other hand, if the disruptions are responded after they
occur, the inclusion is reactive. On reviewing the existing studies, the authors make
some observations: in most of the existing literature, the cause is often machine
availability, and the confext is ignored. The inclusion is generally predictive/reactive.
The reconfiguration cost of the system after a disruption is not included. The authors
show inclusion of impact and context of uncertainty as well as estimation of
reconfiguration costs as future research directions. They also declare using available
information on the nature of disruptions, such as using distributions of machine
failures, as a fruitful topic for further research.

In what follows, we make our own brief review of the the relevant studies in the
literature. Table 4 is prepared to summarize these studies using our classification

framework.
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Wu et al. 's (1993) objective is to reschedule the system (a single machine) after
a single disruption (machine failure) such that makespan of the new schedule and
stability (e.g. deviation of new schedule from the original schedule in terms. of job
starting times) are optimized. The authors use pairwise swapping methods and a genetic
algorithm to obtain non-dominated solution sets (i.e. a set of non-dominated schedules).
Their computational experiments indicated that it is quite possible to improve the
stability substantially with slight increases in makespan. The details of this study are
given below:

Wu et al. (1993) study single machine rescheduling problem under machine
disruptions. They reschedule the jobs in response to each machine failure so that
minimum makespan is achieved with high schedule stability. Note that these two goals
often conflict; minimizing makespan usually requires some changes in the schedule, but
high schedule stability can be achieved by minimizing the number of changes. Unlike a
typical system performance such as makespan, measuring schedule stability is a
difficult task. They consider two criteria for stability. The first one is the deviation of
revised schedule in terms of job starting times. This criterion is useful if secondary
resources such as tooling, fixtures are delivered according to the original schedule. The
second one is the deviation of revised schedule from the original schedule in terms of
sequence of the jobs. This criterion is useful if there are sequence dependent tooling,
fixtures, set-ups, etc. The measure for the first criterion is the average absolute
deviation from the original job starting times, which can be easily calculated. However,
the second criterion is difficult to measure. One possible surrogate measure for second
criteria can be the sum of absolute deviations of job starting times from the right-shift
schedule. Recall that right-shift schedule maintains the original sequence and represent
minimal disruption to the original schedule when job sequence is important. Therefore,
they have two problem types that differ from one another with respect to the stability
criterion in use. Since the problem is NP-hard even without stability considerations,
they use some heuristic algorithms to solve it (i.e. generate a new schedule in response
to a machine breakdown). First type of heuristics is based on the pairwise swapping

methods. The second type is local search that utilizes genetic algorithms. All heuristics
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results in a list of non-dominated schedules. In pairwise swapping methods, they start
with an efficient schedule (that minimizes makespan) without taking stability into
account and a stable schedule (that minimizes cost impact of schedule changes) without
taking makespan into account. The aim is to find the schedules between these two
extremes, thus finding an efficiency frontier.

In the first one of pairwise swapping algorithms (called r-grid search), the
objective function is defined as a convex combination of makespan and the relevant
deviation measure. That is, the objective function is Z = (r).M(n) + (1-v).D(7), where 7
is a schedule, 7 is a real number between 0 and 1, M(7) is the makespan of schedule 7,
and D(7) is the deviation measure of schedule 7. They begin with the efficient schedule
by using Carlier’s algorithm (Carlier, 1982) and » = 0.05. At each step, they generate
neighbors from current sequence at hand by swapping places of two jobs. They find the
best neighbor and add it to global non-dominated schedules list if it is not dominated by
any schedule in the list. After that, any dominated solutions that are currently in the list
are deleted. The value of 7 increases by 0.05 at the next step and the neighborhood
evaluation is performed again. The procedure continues in this way until » = 1.0. Then
they start with the stable schedule and » = 0.95. At each step  decreases by 0.05, and
the neighborhood evaluation mechanism is the same. At the end, a list of non-
dominated schedules is obtained. The second algorithm of swapping methods (called
bicriterion steepest descent) uses a bicriterion objective function rather than the convex
combination of makespan and the relevant deviation measure. Here again, neighboring
solutions are generated with the same method as in r-grid search. However, due to the
bicriterion objective, it is not possible to identify the “best” neighboring solution.
Rather a set of non-dominated solutions is identified. Each solution in this set is a node
in a search tree that should be further expanded. The expansion stops when a node
dominates all its neighboring solutions. The leaves of this search tree are a list of non-
dominated schedules. The initial schedules for this algorithm are taken as the schedules

. in the list fourd by r-grid search method.
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For GA type local search, the initial population is generated by an algorithm,
which the authors call as a—¢ search procedure. Another alternative for the initial
population is the output list of r-grid search method. At each iteration, a number of
chromosomes are installed directly to the next population (asexual reproduction). The
rest of the next population is obtained by selecting the most-fit chromosomes. The
fitness measure of a given solution 7 is defined as follows:
PR V)
Z jeP lI ax —1 f]
Lo =[BM @ )] +[8M ()]
1, =\[gM @)Y +[pM )]

P and f3 are the normalization constants that unify the scale of the makespan and

where

relevant deviation measure; 7y, T, and 7; are the Carlier’s, the minimum deviation and
the i schedule, respectively; £ is a constant used for tuning purposes. For chromosome
encoding a string of "dummy tails" are used because this type of encoding ensures
feasible schedules result after mutations and crossovers.

For testing the performances of these algorithms, they commit two sets of
experiments. In the first set, they generate small problems and compare their solutions
with the optimal solution obtained by a mixed integer-programming model. In the
second set, they measure the effectiveness of their heuristics in large problems. As the
result of the first set of experimentation, all heuristics were able to find optimal
solutions. As a result of the second set of experiments, they confirmed that stability of
the schedules could be improved significantly with little sacrifices in makespan. No
significant difference is observed between algorithms but computational burden of-all
pairwise swapping heuristic is more than that of adjacent pairwise swapping heuristic
and genetic algorithm is in between.

Leon ef al.'s (1994) objective is to find an initial schedule for a job shop system
such that expected makespan and expected deviation from the initial ~makespan are
optimized under the machine breakdowns. They use a genetic algorithm to find the best

schedule. The authors also employ average slack in the system as a surrogate measure
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for expected deviation. Expected makespan is equal to makespan of the initial schedule
plus this deviation. The computational experiments indicated that the proposed method
is effective in the high processing time variability ‘and machine breakdéwns. The
uninterested user may skip the following paragraph, which gives the details of this
study,.w'ithout loss of continuity.

Leon et al. (1994) study robustness measures and robust scheduling in a job shop
environment. Their aim is to construct a robust initial schedule. Given a response
policy, an a priori off-line schedule that maintains high performance in the presence of
disruptions is said to be robust. They assume a "right-shift" response policy. In their
model, the disruptions are machine failures. The times to failure and repair distributions
are assumed to be known. The shop floor performance measure is taken as makespan.
The robustness measure for a given schedule is represented as a convex combination of
expected makespan of the realized schedule and expected deviation from the original
deterministic makespan. That is the objective is to find a schedule S, that minimizes
R(S) = r.E[M(S)] + (1-r).E[&(S)], where 7 is a real number between 0 and 1, M(S) is
realized makespan of schedule § and &(S) is deviation of realized makespan from
anticipated deterministic makespan. The authors calculate Ef&S)] analytically for the
single machine case with a single machine failure. Note that E/M(S)] can be calculated
easily if E[&(S)] is known, thus R(S) can be calculated. However, in a job shop
environment in the face of multiple machine failures, calculation of &(S) analytically is
intractable. Under the insight they gain for the single machine single disruption case,
they propose several surrogate measures for E/&(S)] for job shop systems. With a
correlation study, they determing the best surrogate measure for E[é‘(S) ] and hence
R(S). Then, they propose a genetic algorithm to minimize this surrogate measure of
R(S). They conduct two sets of experiments to test the performance of their algorithm
under disruptions. In the first set of experiments, they examine the effects of machine
breakdowns whereas under the second set of experiments, the effects of processing time
variability a.fe examined. The results indicate fhat under maChiﬁe rbreakdowns, rbbust

schedules oufperform the schedules that are generated to minimize makespan only. As a
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result of the second set of experiments, they find out that robust schedules are better

- than makespan schedules only processing time variability is relatively high.

Daniels and Kouvelis's (1995) objective is to find a robust job sequence for a
single machine under processing time variability such that performance measure
degradation under the worst possible scenario is the least. They use a branch-and-bound
method and two approximating heuristics to find such a schedule. The computational
experiments indicated that the proposed heuristics are efficient and the sequences found
by their algorithms are more robust than the sequences that are found by priority
dispatching rules that only consider system performance. Following two paragraphs
give the details of this paper.

Daniels and Kouvelis (1995) generate initial robust schedules to hedge against
processing time variability in a single machine environment. They argue that either
deterministic or stochastic models developed up-to-date fail to accommodate several
factors that are relevant in many scheduling environments properly. Deterministic
models assume all scheduling parameters can be specified precisely in advance of
scheduling, allowing the outcome of any scheduling decision to be determined exactly,
which is generally not the case in practice. On the other hand, stochastic models adopt a
probabilistic viewpoint and treat job attributes as independent random variables with
given distributions. In practice, distributions can only be specified imprecisely. They
state that a few factors determine the uncertainty of attributes of many jobs, so imposed
distributional independence assumptions for the sake of mathematical tractability are
not justified. Hence, they propose a scenario-based representation and analysis of
uncertainty rather than using stochastic models. They use second measure and policy of
section 3.1.2 for robustness. Recall that this policy finds the schedule whose
performance degradation under its worst case scenario is the least.

They study a single machine problem where the performance measure is total
flow time, and the source of uncertainty is processing time variability. They formulate
mathematical programs (called as absolute deviation robust scheduling pr‘bblem.

ADRSP and relative deviation robust scheduling RDRSP) whose solutions gives the
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robust schedules, when- the number of scenarios is finite (Policy.3 of Section 3.1.2).
ADRSP and RDRSP differ from one another only in the definition of robustness. The
first one measures the deviations from optimal absolutely, whereas the other measures
relatively (similar to percentage deviation). They prove that this problem is NP hard.
Besides, in practice, the number of scenarios is infinite, because possible processing
time values for jobs are given as ranges, for example processing time of job 1, P; € [a,
b]. Hence, this problem is expected to be more difficult. However, they prove that
properly selected finite set of scenarios are enough to determine the worst-case absolute
deviation of a given sequence and construct a procedure that does the worst case
evaluation in polynomial time. They develop a branch and bound algorithm and two
O(n log n) surrogate relaxation heuristics that utilize this procedure to generate a robust
sequence. They test the efficiency of these algorithms. As expected, computational
burden of branch and bound algorithm, which solves the problem to optimality, grows
rapidly with problem size. Still the number of sequences evaluated is small as
compared to total number of sequences, n/, where »n is the number of jobs. The
heuristics require far less computational time because they evaluate much less
permutations of jobs to determine approximate robust sequences. Their computational
burden grows only modestly as problem size increases. Moreover, they closely
approximate the optimal absolute deviations. They compare their solutions to SEPT
(shortest expected processing time) solutions, which is used in practice to generate
optimal sequence of jobs. They observe SEPT performs poorly in terms of robustness.

Similar to the study of Wu ef al. (1993), Mehta and Uzsoy (1998, 1999) work on
generating a stable schedule. Unlike the previous study, they use the maximum lateness
(instead of makespan) as a performance measure and apply their approach both to the
single machine and the job shop systems. Their major difference from the previous
study is that Mehta and Uzsoy aim at finding an initial stable ‘schedule before the
disruptions as compared to Wu ef al. (1993) find the new schedule after disruptions.
They generate the stable initial schedules by inserting idle times to the schedules that
optimizes sysytem performance. What follows is the details of these ‘studies. -
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Mehta and Uzsoy (1998, 1999) generate initial stable schedules under random
machine breakdowns. They call initial schedules as predictable schedules. Like Wu et
al. (1993), Mehta and Uzsoy argue that a good predictable schedule should not only
have a good shop floor performance, but at the same time should take predictability
(i.e. stability) into account. That is, deviations from the original schedule should also be:
at a minimum level, because many other decisions (such as purchasing, tooling, etc.) in
shop floor are planned according to this initial schedule. The authors use the term
"predictable scheduling" as an alternative approach to what is known as
scheduling/rescheduling in the classical scheduling literature. The objective of this
approach is to generate an initial schedule such that deviations from initial schedule
during execution is minimized while keeping shop floor performance degradation in an
acceptable level. The specific problem they study in the first paper is the single
machine scheduling problem where jobs have nonzero ready times and random
machine breakdowns are present. The time-to-failure and repair duration distributions
are assumed to be known a priori. In the second paper they study the job shop
scheduling problem with random machine breakdowns. In both studies, they use
maximum lateness as shop floor performance measure. Unlike Wu af al. (1993), they
consider the minimization of deviations while generating an initial schedule, not when
rescheduling after a breakdown. Deviations from the initial schedule is measured in
terms of expected absolute deviation of job completion times. The authors offer a two
stage approach: in the first stage a job sequence is determined to minimize the
maximum lateness. They use Carlier's algorithm and shifting bottleneck algorithm for
the single machine case and the job shop case, respectively. In the second stage, they
insert some idle times in this sequence. The amount of idle times are determined in
such a way that they are large enough to provide enough protection against machine
breakdowns but they are small enough so that maximum lateness does not increase
much. Since minimizing expected absolute job completion times deviations explicitly is
too difficult, they develop five alternative surrogate measures that are correlated with
the original objective. After a detailed correlation analysis, they choose the best

surrogate measure and use in the rest of the paper. The authors propose basically two
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algorithms to determine the amount of idle times. The first one is called as optimized
surrogate measure heuristic (OSMH). In this heuristic, the amount of idle times are -
determined as expected machine repair durations during the processing of an operation.
The second algorithm is a linear-program, where increase in maximum lateness is
restricted by adding it as a constraint to the program. The solution of this program gives
start time of each operation. This linear program (LPH) yields the same result as
OSMH if maximum lateness degradation level is not restricted. In the single machine
case, they also develop a tabu-search algorithm to determine the effects of changing job
sequence but found that changing the job sequence does not significantly improve the
performance. In the computation experiments, they compare OSMH and LPH
schedules with classical maximum lateness algorithms and conclude that predictability
is can be easily improved while slightly increasing maximum lateness.

Similar to the study of Mehta and Uzsoy (1999), O'Donovan ef al. (1999) work
on generating stable schedules. Unlike the previous study, they use the total tardiness
(instead of maximum lateness) as a performance measure and beside generating a stable
initial schedule, they also work on rescheduling policies in response to machine
breakdowns. Another difference from the previous study is that O'Donovan et al.
(1999) also consider sensitive jobs. They develop a model where machine breakdowns
affects the processing times of jobs (the effect decreases gradually as time passes and
degree of the effect varies from job to job) and study scheduling/rescheduling policies
on this model. The details of this paper are as follows.

O’Donovan ef al. (1999) examine the scheduling/rescheduling policy using
stability and efficiency measures in a single machine environment. The schedule
efficiency is measured by total tardiness. The stability is measured by absolute
completion time deviations from the initial schedule. The system under study has
nonzero job ready times and random machine breakdowns. This study is similar to the
one by Mehta and Uzsoy (1999) except that total tardiness is used instead of maximum
lateness as the system performance measure. They consider ATC(1) and ATC(1) +
OSMH for initial schedule generation. According to the ATC(1) heuristic
(Rachamadugu and Morton, 1982), whenever the machine becomes free, the job with
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- the highest priority index is scheduled next, where the priority index of job i at time ¢ is
given by -
7;(#) = (1/ p,)lexp(-max{d, - (¢ + p,),0}/ kp,)]. "

Here p; is the processing time of job i, d; is the due date of job i, p,, is the average
processing time of all jobs (computed at the start of the procedure), and % is a look-
ahead parameter that governs how fast the job's priority increases as its slack decreases.
ATC(1) + OSMH heuristic generates initial sequence with ATC(1) and additional idle
times are inserted according to the OSMH heuristic described previously (Mehta and
Uzsoy, 1999). Rescheduling alternatives are ATC(1), ATC(2) and right-shift
scheduling. Instead of using due date as in ATC(1), ATC(2) calculates the slack of each
job based on its predicted completion time, Cy(S,). The priority index of job i is given
by

7;(¢) = (1 p,)lexp(-max{C,(S ) - (¢ + p,), 0}/ kp,,, )]

Experimental results indicate that ATC(1) + OSMH for scheduling and ATC(2) for
rescheduling is the best for stability. The authors also consider semsitive jobs. They
argue that in some production environments, jobs are sensitive to disturbances that have
just occurred, and the degree of sensitivity differs from job to job (the impact of a
disruption is not felt equally by all jobs). In their proposed model, they estimate
expected increase in job processing time as

E[p;]=1,p,[exp(-aE[T])],
where EfT] is the expected time between breakdowns, « is the recovery rate of
machine, and 7 is the impact factor of job . In this model, they again study scheduling
and rescheduling alternatives and propose ATC(1) + OSMH for scheduling and Smart
ATC(2) for rescheduling. Smart ATC(2) is similar to ATC(2), but it uses estimated
affected processing time instead of processing time for job i.

Finally, Wu et al. (1999) proposes a quasi-online method to generate robust
schedules. They study the job shop scheduling problem under disruptions (processing
time variability). Their approach (called.as PFSL - Process First Schedule Later -
approach) combines the global viewpoint of off-line methods and adaptability of on-
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line methods. A small number of major scheduling decisions are made by a branch-and-
bound algorithm and the rest of the schedule is filled dynamically by the' ATC heuristic
during execution. Their computational experiments indicate that their  quasi-online
method is superior to traditional off-line and on-line methods in terms of schedule
robustness. The following paragraph gives the details of this study.

Wu et al. (1999) propose a graph-theoretic decomposition to the job shop
scheduling problem to achieve schedule robustness. They use the schedule robustness
in the sense of adaptability to system disturbances. They state that off-line methods to
scheduling assume perfect information, hence the generated schedules are not adaptable
to external disturbances. On the other hand, on-line methods are very adaptive due to
their dynamic nature, but lack the view in a global perspective. In this study, the
authors combine good properties of both approaches and propose a quasi-online method
for the job shop scheduling problem. The robustness measure is expected average
weighted tardiness. They use graph representation of this problem, in which
conjunctive arcs represent precedence constraints and disjunctive arcs join the
operations competing for the same resource. They propose a branch and bound
algorithm that assigns directions some of these disjunctive arcs, and hence changing
them into conjunctive arcs, and effectively give some of the scheduling decisions. The
remaining scheduling decisions are made dynamically by applying ATC heuristic. In
their paper, this approach is called as process first schedule later (PFSL) scheme. They
compare their approach with the off-line algorithm (IATC) and online  algorithm
(ATC). Their computational experiments show that PFSL scheme yields more robust
performance under a wide range of disturbances (various levels of processing time
variability) as compared to traditional off-line and on-line methods.

In reactive scheduling literature, several other authors develop schedules in the
face of disruptions without considering disruption in the decision making phase. Here
we review some of the recent studies to give the reader a flavor of this line of research.
The interested reader is referred to Sabuncuoglu and Bayiz (2000) for a broader -

literature review.
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Church and Uzsoy (1992) analyze the performance of event-driven scheduling in
a single machine environment with dynamic job arrivals. They classify the events that
change the system state into two categories: 1) the events that require immediate
response (exceptions) and 2) the events that can be ignored until the next rescheduling
point. The schedule is revised periodically but scheduling is also triggeréd when an
exception occurs. In their model, the exceptions are arrivals of jobs with tight due dates.
For each job i arriving between times (k-1)T and 7, they calculate the slack

S =di-r

where dj is the due-date 7; is the ready time of job / and T is the period length. If this
value is smaller than a constant w (window length), then the arrival of job i is
considered as an exception and a scheduling decision is triggered. A schedule is also
generated at the beginning of each period (at the times £7). The authors use EDD
dispatching rule to generate schedules at each revision. The performance measure is
maximum lateness. Their computational experiments indicated that benefits of extra
scheduling diminish rapidly. They conclude a well-designed event-driven policy can
achieve good system performances with less computational burden as compared to
scheduling in response to every event that change the system state.

Akturk and Gorgulu (1999) study on the rescheduling of operations in a modified
flow shop environment in response to a machine breakdown. In a modified flow shop,
jobs can enter the system at one of the several machines, can progress through the
system by a limited number of paths and can exit the system on one of the several
machines. Hence, it falls somewhere between a flow shop and a job shop. The authors
assume that an initial schedule is available and it is followed until a single machine
breakdown occurs. . In response to the machine breakdown, they reschedule the
operations to match up with the initial schedule at a point in the future. In the first
stage, they determine a match-up point for each machine. Then the authors decompose
the rescheduling problem into three parts: 1) the scheduling of the down machine, 2)
the scheduling of the machines in the upward direction of the down machine and 3) the
scheduling of the machines in the downward direction of the down.machine. If a

resulting schedule is not feasible, then the match-up point is changed to enlarge the set
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of jobs that are rescheduled. Their experimental results indicate that the proposed
algorithm is very effective in-terms of schedule efficiency, computational times. and

schedule stability.

In another study, Sabuncuoglu and Karabuk (1999) investigate the
scheduling/rescheduling problem in an FMS environment. The authors propose a
filtered beam search heuristic for FMS environment. For several reactive scheduling
policies in response to machine breakdowns and processing time variability, the authors
compare off-line and on-line scheduling algorithms. The performance of the system is
measured in terms of makespan and mean tardiness. Their computational expefimenis
indicate that the proposed off-line algorithm performs better than on-line machine and
AGYV scheduling rules, under all experimental conditions for the makespan, mean flow
time and mean tardiness criteria. They also show that it is not always beneficial to
- reschedule the operations in response to every unexpected event. They conclude that
the periodic response with an appropriate period length can be effective to cope with
the interruptions.

Sabuncuoglu and Bayiz (2000) study the reactive scheduling problem in a job
shop environment. The authors measure the effect of shop floor configuration (system
size and load allocation) on the performance of the scheduling methods (off-line and
on-line). Their performance criteria are makespan and mean tardiness. In the first part
of the study, they compare a beam search based heuristic to other well-known
algorithms including Lawrance (1984), Adams, Balas, and Zawack (1988) and
Applegate and Cook (1990). In the second part, they study on different reactive policies
sﬁch as partial scheduling versus full scheduling, etc. Their computational experiments
indicated that beam search is quite promising for the job shop problem and partial off-
line scheduling can be a very practical tool in a highly dynamic and stochastic

environment,
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Chapter 4

Observations and Proposed Methods

4.1. Observations

On reviewing the existing literature, the following observations are made:

1. We know that in a static and deterministic environment off-line scheduling is
superior to on-line scheduling. In a static and dynamic environment, off-line
scheduling is still better, but the difference between the performances of off-line
and on-line scheduling is not as large as in the static case (Sabuncuoglu and
Karabuk, 1999). The comparison of off-line scheduling and on-line scheduling
methods is needed in a dynamic and stochastic environment.

2. It is also known that full scheduling is superior to partial scheduling in a static
environment, (Sabuncuoglu and Bayiz, 2000). The relative performance of full
scheduling and partial scheduling in a dynamic and stochastic environment is
also"an open research question.

3. The type of response issue (scheduling/rescheduling, or repairing) has not been
thoroughly studied in the literature. Even though there are some studies that
focus on rescheduling frequency, their relative weaknesses and strengths are not
generally known. -

4. When-to-schedule policies (periodic, continuous, or adaptive) needs a further
research. Specifically, we do not know the conditions under which each method

is better than others.
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5. Should practitioners consider robustness or stability or both? What is the trade-
off between these performance metrics (stability, robustness, and efficiency)? It
should also be investigated.

6. Along the same lines, can one develop a bicriterion approach that considers both
the stability and robustness measures simultaneously?

7. As stated in Mehta and Uzsoy (1998), can one develop better surrogate
measures for stability (and/or robustness)?

8. As also questioned by Leon ef al. (1994), can one extend the existing studies for
other performance measures?

9. As stated in Daniels and Kouvelis (1995), can one apply the existing concepts to
other realistic scheduling environments?

Each of these observations can be identified as a further direction of research. In
this study, we decided to focus on development of alternative surrogate measures for
robustness and stability (item 7 in the above list). The details of the proposed methods
can be found in the next section. Our computational experiments show that the
proposed methods are better than the average slack method, which is commonly used as
a surrogate measure in the literature. Moreover, as a by-product of our study, we also

obtained some partial answers to items 5 and 6 in the above list, as explained later.
4.2. Proposed Methods

From the viewpoint of robustness, what really matters is the performance of the
realized schedule rather than the performance of the initial schedule generated on a
piece of paper beforehand. In terms of stability, a good realized schedule should deviate
minimally from the initial (or planned) schedule. In a way, both measures (robustness
and stability) are the performance metrics on the realized schedule, which cannot be
known in advance. It seems that one can only predict the realized schedule and estimate
its performance by using surrogate measures. Most of the studies in. the- literature

eniplc)y average slack method to generate robust and/or stable schedules. This method
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is developed by Leon et al. (1994) to generate robust schedules for the job shop
scheduling problem. They use makespan as the performance measure. They estimate

the expected realized makespan of a schedule by E[f(S)]= f(S,)+E[6(S)] where"
E[f(S)] is the expectation of the realized performance measure; f(S,)is the initial (or

planned) performance measure (makespan) of S, and E[6(S)] is t@e degradation in the

performance measure because of the disruptions, which is estimated by using —(average
system slack) as a surrogate measure. For each operation the difference between the
earliest start time and the latest time at which that operation can start without causing
delay is called as the slack of that operation. Average system slack is calculated By
summing slacks of all operations and dividing that number to the total number of
operations. The authors’ experimental studies indicate that there is a high correlation
between the robustness of a given schedule and the average slack of the schedule.

The use of average slack method to generate stable schedules comprises similar
ideas: a stable schedule should have a large average slack value to increase the
probabilty that the schedule will absorb the negative affects of a disruption. The
experimetal studies indicate that there is a hihg correlation between the stability of a
given schedule and the average slack of the schedule.

In this study, we propose two new surrogate measures to estimate the realization
of a given schedule for the single machine system with random machine breakdowns.
We use an algorithm that is based on tabu search methodology to efficiently evaluate a
large number of sequences in search space. We assume that arrival times, processing
times and due-dates are known in advance. The distributions of busy time (f{?)) and

repair duration (g(?)) are assumed to be known a priori.
4.2.1. The Proposed Scheduling Algorithm

In this study, our objective is to construct robust and stable schedules. The robustness

measure is expectation of the realized schedule performance (Measure 1 of Section
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2.2.1.1 of Chapter 2). The stability measure that. we use is the expected absolute
deviation of job completion times (Measure 1 of Section 2.2.2 of Chapter 2).

In the propesed algorithm we start with an initial job sequence and use tabu
search to scan the solution space efficiently. At each iteration, we assess the quality of
a number of alternative sequences and adopt the best sequence as the current solution.
The details of the tabu search are presented in the next section. We use two surrogate
measures to assess the quality of a sequence. Instead of using an indirect surrogate
measure such as average system slack, we quickly estimate the performance of a
candidate sequence by two different methods. We use the values of the estimated
performance as a surrogate measure for robustness. Similarly, the sum of absolute
deviations of the job completion times in the initial sequence from the job completion
times in the estimated realization is used as a surrogate measure for stability. As
explained later in Chapter 5, we also include the average slack method and the classical
approach (which does not consider robustness or stability) to asssess the quality of a
given schedule as benchmarks in our experimental study. Note that the average slack
method for robustness is devised for the job shop scheduling problem and the makespan
criterion. We adopted the method to the single machine scheduling problem by
calculating the slacks of the jobs (rather than the operations) and taking the average.
We also included total tardiness and total flow time criteria to our study. The reason
why we use this modified method (and accept the risk of deteriorating the performance
of the original method) as a benchmark is that there is no robustness procedures
spesifically developed for the single machine problem in the literature.

The details of the estimation methods are presented in Section 4.2.3. Figure 4
illustrates the basic idea behind the proposed algorithm.
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Figure 4. Ilustration of Proposed Algorithm

4.2.2. Tabu Search

Tabu Search (TS) was developed by Fred Glover as a search technique for solving a
wide variety of combinatorial optimization problems. TS has been applied in'many
areas including scheduling, layout design and location, allocation, teleqommunjcations,
production, inventory and ‘investment, routing, and graph optimization (Glover and
Laguna, 1997).

Tabu Search method was partly motivated by the observation that human
behavior operates with a random element that leads to different courses of actions under
similar circumstances. The resulting tendency to deviate from a planned course might
leadvto errors but can also be source of gain. TS method operates in this way with the

exception that new courses are not chosen randomly. Instead, TS assumes that there is
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no point in accepting a new (poor) solution unless it is to avoid a path already
investigated. This insures new regions of a problems solution space are investigated
with the goal of avoiding local minima and ultimately finding the global minimum.

The search mechanism of TS is very similar to that of steepest ascend method: at
each step the neighborhood of the current solution is generated and the best one among
them is adopted as the new current solution. The neighborhood consists of all the
solutions that can be generated from the current one via a single move (pairwise
swapping, inserting, etc.). To prevent immediate backtracking, most recently executed
moves (i.e. tabus) are kept out of consideration for a certain number of iterations. This
number is called as tabu tenure. A move can be executed even if it is in zabu list if the
resulting solution is better than the best one found so far. This is known as aspiration.

Laguna, Barnes, and Glover (1991) discuss the use of three tabu search strategies
for the approximate solution of a single machine scheduling problem with sequence
dependent set-up costs. The objective is to minimize the sum of set-up costs and linear
delay penalties for N jobs, all arriving at time zero. They first consider a TS method
that use the common approach of making swaps to move from one trial solution to
another. Next, they consider the use of insert moves. Finally, they construct a TS
method that employs both swap and insert moves. Computational experiments show
that there is an advantage of using this hybrid approach, but the improvement is not
substantial. In addition, our primary goal is to find out how different methods of
evaluating neighbourhood (using average slack, Method 1, and Method 2) compare
with each other. Therefore, in our implementation we stick to the common approach of
using swap moves, whose implementation is easier,

As stated before, in our implementation, we use swap moves t0 generate a
schedule in the neighbourhood of the current schedule, that is, the neighborhood of a

solution is generated by all pairwise swaps of jobs. Therefore, the neighbourhood of a

)

schedule with 7 jobs consists of E(nT—_l_ schedules. The performances of the sequences

in the neighborhood are evaluated by our proposed surrogate measures that we

calculate via Method 1 or Method 2, which are discussed in the next section. The
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neighborhood is then sorted according to their performances. Tabu list  consists of
triples of numbers (x, y, z), where x is the job identification number (id), y is the
position in the sequence-and z is the remaining tabu tenure. If (x, y, z)1s in the tabu list,
job x cannot move to position y during next z iterations. A swap is identified as tabu if
one of the corresponding moves are in tabu list. For example suppose our current
sequence is "a b ¢ d e...” The swap of job a with job e is tabu if one of (a, 5, .) or
(e, 1,.) is in the tabu list. Beginning with the best sequence in.the neighborhood,
corresponding swaps are tested. If the swap is not tabu, then it is executed. If the swap
is tabu but the resulting sequence performs better than the best sequence found so far, it
is still executed (this is known as aspiration). Otherwise, the swap that gives the next
best solution in the neighborhood is tested. Continuing in this way, if all possible swaps
are found tabu, the swap that gives the best one in the neighborhood is executed. After
execution of a swap, corresponding two moves are added into the tabu Hst, if they are
not already in. For example, assume that the current candidate is “a b cd e ... ”. If swap
of job a with job ¢ is executed, then (a, 1, .) and (c, 3, .) entries are added to the tabu
list. The sequence resulting after this swap is adopted as the new current solution. This
solution is compared with the current best solution found so far. If it is better, the best
solution found so far is set to the current solution. Tabu tenures in the tabu list are
decreased, and the moves with 0 remaining tabu tenures are deleted. If the stopping

criterion is not satisfied, the next iteration is executed.
4.2.3. Proposed Neighbourhood Evaluation Methods

4.2.3.1. Method 1

In our opinion, the well-known and commonly used average slack method fails to
incorporate the information that can be inferred from the probability distributions of
busy time and repair-time. In contrast, the proposed method, Method 1 estimates the
performance of the realized schedule using the relevant distributions themselves. This

is explained next.
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The essence of Method 1 is to quickly estimate the realized schedule that
corresponds to a given sequence. The related performance measure of this estimated -
realization is then used to measure the quality of a given sequence in the search space.

-Assume that the machine fails after every busy time period of length AL + (1-A)U,
where A is a real number between 0 and 1, and L and U are points on the left and right
tails of f(?), respectively. lAs shown in Figure 5, the probability that a machine
breakdown will occur between L and U is 0.95 (i.e, o = 0.05). We further assume that
the repair activity lasts Efg(?)] time units (i.e. the expectation of the repair-time

distribution).

>

f(t)

Figure 5: Parameters of Method 1

The parameter Ais to be determined from the correlation study, in which a
number of pilot schedules are to be estimated using A values of 0.2, 0.4, 0.6, and 0.8
along with the alternative of using E[f(?)] instead of AL + (1-4)U as busy time period.

Figure 6 illustrates the estimation of realized schedule.
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Figure 6. Estimation of Realization under Method 1

4.2.3.2, Method 2

Like Method 1, Method 2 estimates the realization of a given schedule. This approach,

however, assumes that there is only one machine failure during any scheduling period.

Because of this restrictive assumption, it is better to use this approach with a continuous

rescheduling scheme. Given a sequence of » jobs, S, and busy time distribution, f{%),

the expected realized performance is estimated in three steps:

1. Calculate the probability that the machine fails during the processing of i job. As
seen in Figure 7, a; is the probability that the machine fails during the processing of
i" job.

2. Determine the performance of the sequence assuming that machine actually fails
during the processing of job 7. Use Efg(?)] as the repair duration. Let f; be the value
of this performance measure.

3. Calculate the estimated realized performance measure of the sequence § as -

Z::l aif; ’
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f(t)
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Sequence Job 1

Job2

Job n-1
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Figure 7. Parameters of Method 2

4.2.4. A Numerial Example

In this section, we give a hypothetical example to clarify the mechanics of the proposed

scheduling algorithm.

Assume that we want to generate a robust schedule for the single machine

problem with 3 jobs, whose arrival times, processing times, and due-dates are given in
Table 5.

Table S. Job Parameters for the Numerical Example

Job | Arrival Time | Processing Time | Due Date
(hr) (hr) (hr)
J1 5 1 6
J2 2 1 5
I3 1 1 4

Assume that busy time distribution of the machine is Uniform(0, 3) and repair

duration distribution is Uniform(0, 2) for the sake of simplicity. Let total tardiness
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criterion be the performance measure. Thus, we want to generate such a schedule that
expected total tardiness of its realization is minimized.
Suppose our algorithm begins with the initial schedule “J1-J2-J3”. The algorithm

first generates the neighbourhood of this schedule by all-pairwise swapping. Hence,

there are 3TXZ =3 schedules in the neighbourhood of the schedule “J1-J2-J3”. These are

“J2-J1-J3”, “J3-J2-J1”, and “J1-J3-J2”. Let us call them as S1, S2, and S3
respectively. Next the algorithm evaluate the quality of S1, S2, and S3 by using the

3

appropriate surrogate measure according to the method in use:

Classical Approach: If the classical approach is in use, the algorithm calculates
the initial total tardiness of each candidate schedule (i.e., S1, S2, and S3). The initial
schedules are given in Figure 9-a. The total tardiness values of these initial schedules
can be found in the second column of Table 6.

Average Slack Method: As explained before in section 4.2, this method use
(initial tardiness — average system slack) as the surrogate measure for robustness. Third
column of Table 6 gives the values of this measure. The calculation of average system
slack can be found in Table 7.

Method 1: Method 1 calculates the total tardiness of realized versions of each
candidate schedule (i.e., S1°, S2’, and S3°). The L parameter of Method 1 is 0.075 and
the value of U'is 2.925 if we take a = 0.05 (See Figure 8). Assume that the value of 4 is
0.5. Then, as explained in Section 4.2.3.1, when estimating realization according to
Method 1, the algorithm inserts E/g(#)] = 1 hour of idle time as repair duration after
every 0.5%0.075 + 0.5*2.925 = 1.5 hours of busy time period. These estimated
realizations can be seen in Figure 9-b. Fourth column of Table 6 lists the total tardiness
values of these realizations.

Method 2: As explained in Section 4.2.3.2, Method 2 assumes a single machine
breakdown and calculates the expected total tardiness of the realization of each
candidate schedule. For each candidate, the probability that the machine fails during the
processing of any .job (31, J2, or J3) is 1/3. Method 2 first calculates the total tardiness

of the realized schedule assuming that single machine failure is during the processing of
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J1, and then J2, and finally J3. These total tardiness values can be found in Table 8. The
weighted average of these values (weights being the corresponding probabilities, all 1/3
in this case) gives us the surrogate measure of Method 2. The fifth column of Table 6
presents the values of this surrogate measure. Figure 9-c illustrates the above

calculation for candidate S1 as an example.

A1

1/3
0.95

~v

Figure 8. L and U Parameters of Method 1
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Figure 9. Illustration for Numerical Example
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Table 6. Evaluation of Neighbourhood

v Evaluated Candidate Qualities
Schedule in the . Average
neighbourhood | 1259141 |Sjcl Methoq| 1ot T Method 2
, pproach
J2-J1-]3 3 2.33 4 4
J3-J2-J1 0 -1.33 0 0.33
J1-J3-12 6 6 8 7
Table 7. Calculation of Average System Slack
Job S1 S2 S3
Earliest | Latest| Slack |Earliest| Latest| Slack |Earliest|Latest| Slack
J1 5 5 0 5 5 0 5 5 0
J2 2 4 2 2 4 2 7 7 0
13 6 6 0 1 3 2 6 6 0
Average Slack 0.67 Average Slack | 133 | Average Slack| 0

Table 8. Calculation of Robustness Measure of Method 2

Schedule| Total Tardiness of Realization
If Machine Fail Fails during E .
. Xpectation
Processing of ...
Jobl Job2 Job3
S1 5 3 4 4
S2 1 0 0 0.33
S3 9 4 8 7

Next, the algorithm selects the best schedule in the neighbourhood. As seen in Table 6,
S2 (J3-J2-J1) happens to be the best solution in the neighbourhood for all evaluation

methods. Therefore, S2 is chosen as the new current schedule. This move involves the

swap of J3 with J1. Assume that tabu tenure is 12. Then, (J1, 1, 12) and (J3, 3, 12)

entries are added to the tabu list (which was empty). The algorithm continues iterating

like this until the stopping criterion is satisfied.
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Chapter 5

Experimental Study

We have conducted extensive computational experiments to tune up and evaluate our
heuristic algorithm. We use an experimental design, whose details are given in the
following section, that involves a broad range of test problems. Then, we set the
parameters of our tabu search algorithm. Finally, we compare the proposed methods
with the other commonly used approaches. We assume a periodic scheduling scheme
and type of response is to right shift the remaining jobs (Response BR1 of Table 2),
unless otherwise stated. The scheduling program is coded in the C language, which
reads the problem parameters from an input file and generates desired schedules. The

program (schedule.c) can be found in appendix.

S.1. Experimental Environment

5.1.1. Problem Parameters

In this section, we present the data generation scheme, which is previously proposed by
Mehta and Uzsoy (1999), to create test problems

Number of Jobs (n): There are five levels for number of jobs (n =10, 30, 50, 70,
90). The number of jobs designates the size of the problem. As rfumber of jobs
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increases, computational burden, and hence time needed to find the optimal solution,
increases.

Processing Time (p;): Job processing times are generated from discrete uniform
distributions. There are two such distributions used — Uniform (1, 11) and Uniform
(4, B), which are referred to as P1 and P2, respectively. P1 and P2 schemes have the
same mean, but the variance of P1 is higher than that of P2,

Arrival times (a;): Job arrival times are generated from a discrete uniform
distribution between 0 and anE[p;], where E[p;] is the expected job processing time
(=6 time units). Therefore nE/p;] is the expected makespan of the schedule. A low level
for « makes the jobs arrive over a shorter time horizon. Note that if @ = 0 means all
jobs are ready at time 0.

Job due dates (d;): Job due dates are generated as d; = a; + yp;, where y is
generated from a continuous uniform distribution, between a and b. Different a and b
levels determines the tightness and the range of the due dates. Four levels of (a, 5) are
considered as shown in Table 9. D1 and D2 have tighter mean due dates than D3 and
D4 have. The range of due dates are higher for D1 and D4 and lower for D2 and D3,
Note that we have 200 possible combinations from the above parameters for test
problems (Table 9).
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Table 9. Test Problem Parameters

Parameter

Values used in experimentation

Total Values

Number of jobs (1)

10, 30, 50, 70, 90

5

Processing times (p;)

Uniform([1, 11]) (P1)
Uniform[4, 8] (P2)

2

Arrival times (a))

a; = Uniform (0, aax)
where max= QE[Ciax]
a =0.25,0.5,0.75, 1.25, 1.75

Job due date (d))

di=a;+ yp;
where y =Uniform [a, b]
where values of (a, b) are taken as
(-1,3) (D1)
(0,2) (D2)
2, 4) (D3)
(1, 5) (D4)

5.1.2. Breakdown Parameters

The scheme for machine breakdown generation is given in Table 10. In the
absence of real data, Law and Kelton (1991) recommends the Gamma distribution as a
busy time distribution with a shape parameter of 0.7, and a scale parameter to be
specified. The authors also state that the Gamma distribution with a shape parameter of
1.4 is appropriate for down time distribution. The scale parameter of the busy time
distribution is arranged so that the mean is 8.E/p;/. We consider &values of 10 and 3
(Mehta and Uzsoy (1999) use the same scheme with the exception that the distribution
is exponential instead of Gamma). The scale parameter of the down time distribution is
arranged so that the mean is B.E[p;]. We consider fvalues of 1.5 and 0.5.

Consequently our experimental design consists of 200 problem combinations (Table 9)

X 4 breakdown combinations (Table 10) = 800 problem classes as a whole.
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Table 10. Breakdown Parameters

Parameter - Values used in experimentation Total Values
Gamma distribution with a shape parameter
) of 0.7 and mean of 6.E/p;]
Busy time 6.= 10.0 (Long busy time) (B1, B2) 2
6.= 3.0 (Short busy time) (B3, B4)
Gamma distribution with a shape parameter
. of 1.4 and mean of B.E/p,]
Down time £ = 1.5 (Long repair time) (B1, B3) 2
£.=0.5 (Short repair time) (B2, B4)

5.2. Fine Tuning Algorithm Parameters

We conduct pilot runs to determine the levels of the following parameters of the
scheduling algorithm:

Stopping criterion: This parameter dictates when the algorithm should cease
searching the solution space. We decided to stop the algorithm when there is no
improvement for the last 20 iterations. This result will be explained by the help of
Table 11 later.

Tabu tenure: This parameter dictates the number of iterations for which a move
should remain in the tabu list after inclusion. We considered 5 levels of tabu tenure in
our pilot runs that are conducted for fine tuning purposes: 1, 5, 7, 10, and 15. '

We considered five objective functions in our pilot runs. Total tardiness, total
flow time, and total system slack of the initial schedule; total tardiness and total flow
time of the estimated realization of initial schedule by using Method 1. Note that
Method 1 uses the breakdown distributions. Instead of using the breakdown parameters
presented above, which would lead to four Method 1 variants, we used an average
breakdown scheme to keep the pilot runs simple: we set 8 =6 and § = 1. Similarly we
used just the expectation instead of uL + (I-g)U as busy time period, because the
optimal level for u is not determined yet (which will be done next).

We generate a single instance from each problem class, resulting in 5000 runs

(200 problem combinations (See Table 9) x 5 tabu tenure levels x 5 objective
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functions). We run the proposed tabu search algorithm on each problem for 1000
iterations. We deliberately did not include Method 2 in our pilot runs because the
numerical integration of the density function of Gamma distribution for a lot times
(needed to calculate relevant probabilities of Method 2) was too time demanding for
1000 iterations. We observed the number of iterations between best solution
improvements and recorded the maximum one (M) for each problem. We also observed
the best objective value attained for each problem. The results are presented in Table 11
and Table 12.

Table 11. The Maximum Number of Ierations between Best Solution Improvements

M Coverage Percentage
10 87.26
20 96.26
30 97.44
40 97.96
50 98.3
60 98.48
70 98.6
80 98.76
90 08.82
100 98.96
150 99.22
200 99.48

In Table 11, M column lists the maximum number of iterations between best
solution improvements. The coverage percentage gives the percentage of the problems
that reach the optimal solution (the best solution found so far at the end of 1000
iterations) for corresponding M value. For example, if we stop the algorithm when there
is no improvement for last 10 iterations, we still find the “so far best” solution (i.e. the
best solution obtained within 1000 iterations) for the 87.26 percent of the 5000 pilot
problems. Upon investigation of Table 11, we decided to use 20 iterations for the value
of M.
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Table 12. Tabu Tenure Comparisons

7 ___Objective Type :
Tenure Tardiness. Flow Time| Slack’ ('l{"?:tdhl:;slsL jg’ll(:ivt‘;l:::lle)
1 1873.985 2506.48 |3723.615 2543.03 3147.135
5 1879.59 2481985 |3816.555 2491.02 3071.08
7 1884.035 2482.245 |3963.945 2533.325 3164.69
10 1852.58 2502.47 |3999.325 2456.855 3105.915
15 1857.605 2447.335 | 4087.06 2495 .42 3076.48
Objective Type
Rankings Tardiness Flow Time| Slack’ g;:g::;sls) &l[:zlgglle)
1 10 15 15 10 5
2™ 15 5 10 5 15
3 1 7 7 15 10
4™ 5 10 5 1 1
5" 7 1 1 7 7

* = Higher slack values are better

First part of Table 12 presents the average value of the objective function used for
the tabu tenure — neighborhood evaluation combination. Second part ranks the tabu
tenures for each neighborhood evaluation mechanism, from the best to the worst. The
best two alternatives for the tabu tenure are 10 and 15. It is difficult to choose a clear
winner. Hence, we decided to use random tabu tenures that are uniformly distributed
between 10 and 15 for the future tests.

Determining the best A value: We generated five instances for each of the 800
possible parameter combination (Table 9 and 10) for determining A value of Method 1.
We have two objective functions in TS: total tardiness and total flow time of the
estimated realizations. We used 0.2, 0.4, 0.6 and 0.8 as candidate A values. We also
used E[f(?)] instead of. AL + (I-2)U as the busy time period of the machine, for the
sake of comparison. We simulated the “so far best” schedule for 5 times, and recorded
the average objective function values as well as the average of Method 1 estimates for
these values. We also conducted a simple linear regression analysis. The dependent
variable is average of average objective value of 5 simulation replications of 5 problem

instances that have the same problem parameters. The independent variable is the
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average Method 1 estimates of objective values. The R’ (coefficient of determination)-

values-are also recorded. Tables 20-21 (in appendix) and Tables 22-23 (in appendix)

present the results for total tardiness and total flow time, respectively.

Since coefficients of determinations are very close to 1.0 and to each other, we
focus on error percentages as we assess the quality of different A levels. The following
observations are true for both total tardiness total flow time, for all levels of A.

— The percentage errors for B1 and B3 (long repair duration) are greater than the
percentage errors for B2 and B4 (short repair duration). This means that the
estimation error is greater in the case of major breakdowns.

~ As number of jobs increases, the percentage errors decrease. This is an expected
result. As the number of jobs increases, we expect the number of machine failures
to increase, i.e., we get more observations from the breakdown distribution,
consequently variance of observations decreases and prediction quality increases
(similar to the notion of Law of Large Numbers).

— As arrival parameter o increases (as the range of jobs arrival times gets' wider) the
quality of prediction gets worse.

— As the processing time variability increases, the percentage errors also increase, but
the difference is not so significant.

— When the system performance of interest is total tardiness, due date schemes with
low tightness variation (D2 and D3) tend to increase the quality of prediction, but
the difference is not too much.

As seen in the Tables 20-23, although A = 0.8 gives the best overall prediction
(both, in terms of coefficient of determination and in terms of percentage error) for both
objective functions, its quality is the worst in terms of realized schedule performance.
A = 0.4 for total tardiness and A = 0.6 for total flow time are the best in terms of
realized schedule quality. The performance of A = 0.6 for the total tardiness case is very

close to that of A = 0.4, so A = 0.6 is chosen as the overall best value.
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5.3. Comparison of Method 1 with Other Approaches

5.3.1. Robustness

We compared the performance of Method 1, from the viewpoint of robustness, to the
approach of using average system slack. We also used classical approach, which
minimizes planned (initial) performance measure, as a benchmark. Leon et al. (1994)

estimates the realized performance measure as follows:

E[f)]= f(S,)+E[5(S)where E[f(S)] is the expectation of the realized
performance measure (our robustness measure); f(S,)is the initial (or -planned)

performance measure of S, and E[J(S)]is the degradation in the performance measure
because of the disruptions, which is estimated by using —(average system slack) as a
surrogate measure.

We generated five instances for each of 800 possible problem classes (see Tables
9-10), leading to 4000 experimental design points. We run our TS algorithm with 3
different neighbourhood evaluation functions (classical approach, slack method, and
Method 1) for 3 performance measures (makespan, total tardiness, and total flow time).
This resulted in 4000 x 3 x 3 = 36000 runs. We recorded the estimated performance
measures, the realized performance measures (taken as the average of 5 Monte-Carlo
simulations), and stability measures (total absolute job completion time differences).
The results are presented in Tables 24, 25, and 26 (in appendix) for makespan, total
tardiness, and total flow time performance measures, respectively. Figure 10 is also
prepared to display estimated and realized performance measures for makespan, total
tardiness, and total flow time, respectively. Table 13 presents a summary of the results.
Note that the stability values are also given even though our objective is to optimize
robustness. The figures marked with + sign are the worst in their group, whereas the

figures marked with a * sign are the best according to the paired-t tests with o =0.05.
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Table 13. Summary Table for Robustness Results

Makespan | Total Tardiness | Total Flow Time
2 Classical Approach |  391.08 3134.52 3712.21
_‘g Slack Method 474.97° 3509.84" 4058.31
& 'Method 1 390.65 3083.87" 3697.60
B Classical Approach 1472.48 1316.40" 1338.23"
:.f‘-: Slack Method 1030.04" 1051.61 1054.15
5 Method 1 1452.09 104433 1035.42"

After careful analysis of the results presented in these tables and Figure 10, we
can make the following observations:

In terms of robustness, the average slack method is not good at all (it is
statistically significantly worse than Method 1 and classical approach) for all three
performance measures. The proposed method (Method 1) is better than both the
average slack method and the classical approach. However, the difference between the
proposed method and other two methods are significant for only the total tardiness
criterion (i.e., Method 1 yields smaller numerical values than these two methods but the
difference is not statistically significant for makespan and total flow time criteria).

In terms of stability the classical approach is the worst (the difference is
significant for total flow time and total tardiness criteria). In general Method 1 and the
average slack method are very competitive. Even though the average slack method is
better than Method 1 for makespan criterion, Method 1 is better when the other two
criteria are considered (total tardiness and total flow time). The improved performance
of the average slack method over Method 1 can be attributed due to the following fact:
as stated before, the average slack method estimates expected makespan (the robustness

measure) as E[f(S)]=f(S,)+E[5(S)]. The initial makespan of any acceptable
schedule (i.e., a schedule that does not keep machine idle when there is a job waiting in

the queue) is constant. Therefore, minimizing E [ f(S)]= f(S,)+ E[6(S)]is equivalent
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to minimizing E [§(S)], which is estimated by —(average system slack). As a result,

the average system slack method optimizes robustness by maximizing average system
slack for makespan criterion, which is exactly the same approach" that is used to
optimize stability by this method. This fact can be confirmed by comparing the average
slack method — makespan critetion cells in Table 13 with the ones in Table 14, which
presents a summary when the primary goal is to optimize stability. The average slack
method (hopefully) optimizes stability inherently while (hopefully) minimizing
expected makespan (robustness measure), whereas Method 1 does not consider stability
when it is used to optimize robustness. This is why the average slack method is better
than Method 1 in terms of stability for the makespan criterion when the primary
concern is robustness.

In short, we conclude that the proposed method (Method 1) is generally

competitive for both robustness and stability.
5.3.2. Stability

In this section, we compare the performance of Method 1 and the average system slack
method. Again, we used classical approach (which only minimizes planned or initial
performance measure, and does not consider stability) as a benchmark.

As in the case of robustness we have 800 possible problem classes resulted in
4000 design points. We run our TS algorithm for 3 different neighbourhood evaluation
functions (classical approach, slack method, and Method 1). We recorded the estimated
performance measures, the realized performance measures (taken as the average of 5
Monte-Carlo simulations), and stability measures (total absolute job completion time
differences). The results are presented in Tables 27, 28 and 29 (in appendix) for
makespan, total tardiness, and total flow time performance measures, respectively.
Table 14 presents a summary of the results. The figures marked with + sign are the
worst in their group, whereas the figures niarked with a * sign are the best according to

the paired-t tests with oo = 0.05. Figure 11 depicts estimated and realized pérformance
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measures for makespan, total tardiness, and total flow time. We make the following
observations from the results:

In terms of stability, which is the primary goal in these experiments, the
proposed method (Method 1) is significantly better than the average slack method and
the classical approach. Hence, it is the winner. When we look at the secondary goal
(robustness), however, the classical approach is significantly better than the other two
methods (the average slack method and Method 1). This can be explained as follows: as
it is discussed in the previous section, the classical approach performs well when the
primary objective is to optimize robustness. We see that the robustness performance of
average slack method and Method 1 deteriorate when we change the primary goal to
optimizing stability. However the classical approach does not suffer this deterioration,
as it does not consider stability at all. As a result, it keeps it high robustness
performance. These observations give us an evidence of the existence of a trade-off

between robustness and stability. This trade-off is further discussed in section 5.3 4.

Table 14. Summary table for stability results

Makespan | Total Tardiness | Total Flow Time
B Classical Approach |  391.13" 3131.31" 3713.44°
% Slack Method 478.05" 6843.11% 7400.27"
2 Method 1 408.36 4070.64 4614.69
B Classical Approach | 1480.48" 1321.59" 1320.97"
% Slack Method 1040.26 1040.26 1040.26
“ Method 1 916.03" 916.03" 916.03"
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5.3.3. Bicriterion Approach

In fact, the objective function that we minimize can be viewed as
w*robustness measure + (1-w)*stability measure, where w is a real number between 0
and 1 that represents the weight given to a particular measure. For section 5.3.1, wis
equal to 1 (pure robustness) and for section 5.3.2, w is equal to 0 (pure stability). We
set 'up an experimental study to check if it is possible to maintain good expected
realized schedule performance (robustness) while increasing schedule stability
significantly when w is close to 1. As Leon ef al. (1994) did for a similar study, we take
w = 0.85. Hence, we used 0.85*(Robustness measure) + 0.15%(Stability measure) as the
neighbourhood evaluation function of TS algorithm for both, slack method and Method
1. We also included classical approach in our study for the benchmark purposes.

We generated five instances for each of 800 possible problem classes. We
recorded the estimated performance measures, the realized performance measures
(taken as the average of 5 Monte-Carlo simulations), and stability measures (total
absolute job completion time differences). The results are presented in Tables 30, 31
and 32 (in appendix) for makespan, total tardiness, and total flow time performance
measures, respectively. Table 15 presents a summary of the results. Table 16 gives
(0.85 * robustness + 0.15 * stability) values. The figures marked with + sign are the
worst in their group, whereas the figures marked with a * sign are the best according to
the paired-t tests with o, = 0.05 in both tables. Figure 12 depicts estimated and realized

performance measures for makespan, total tardiness, and total flow time.
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Table 15, Summary Table for Bicriterion Approach Results

Makespan | Total Tardiness Tofal Flow Time
2 Classical Approach |  390.76 3116.18" 3718.98
:‘; Slack Method 475.08" 3590.70" 4144.817
= Method 1 392.64 3169.73 3728.50
& Classical Approach | 1473.71" 1312.24" 1333.37"
5.?: Slack Method 1023.92 1011.84 1012.18
2 Method 1 1033.53 1015.76 1010.21

Having carefully analyzed these results, we make the following observations:

In terms of robustness, the average slack method is statistically the worst for all
three performance measures. The classical approach is slightly better than the proposed
method (Method 1) for all three performance measures, but the difference is statistically
significant for only the total tardiness criterion (i.e., the classical approach yields
smaller numerical values for the makespan and total flow time criteria, but the
difference is not statistically significant).

In terms of stability, the classical approach is not good at all (it is significantly
worse than the average slack method and Method 1). In general, Method 1 and the
average slack method are very competitive. Even though the average slack method is
better than Method 1 for the makespan and total tardiness criteria, Method 1 is better
when the total flow time criterion is considered. The differences between these two
methods are not statistically significant for all three performance measures.

We see that the proposed Method (Method 1) is not better than the other methods
(the classical approach and the average slack method) if robustness and stability are
considered separately. However, when we look at values of composite objective
function (Table 16), we see that the proposed method (Method 1) performs well. It is
better than other two methods (the average slack method and the classical approach) for

the makespan and total flow time criteria, and the differences are statistically
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significant. Although the classical approach yields slightly better a numerical value for

total tardiness criteria, the difference is not significant.

Table 16. Composite Objective Function (0.85*Robustness + 0.15*Stability) Values

Makespan Total Tardiness | Total Flow Time
Classical Approach 553.20 2845.59 3361.14
Slack Methed 557.41 3203.87" 3674.92"
Method 1 488.77° 2846.63 3320.76°

To summarize, we conclude that Method 1 is generally better than the average
slack method and the classical approach when a bicriterion approach that considers
both the stability and robustness measures is used. Further, we see that it is possible to
maintain high realized performance values (robustness) while increasing stability
significantly by using a bicritetion approach that gives slight weights to stability. The

relationship between robustness and stability is further discussed in the next section.

5.3.4. Robustness vs Stability

In this section, we further elaborate (or discuss) the performance of Method 1 for
varying values of . Our experimental results indicate that Method 1 performs generally
better than the other methods the concern is to minimize (r * robustness + (1-r) *
stability) measure, for r=0, r=0.85, and r=1.0 (Sections 5.3.1, 5.3.2, and 5.3.3).

Tables 17-18, and Figure 13 summarize the experimental results.

Table 17, Robustness under Method 1 (Summary)

Robustness Values
r=0 r=0 r=0.85
Makespan 408.36 408.36 392.64
Total Tardiness | 4070.64 4070.64 3169.73
Total Flow Time| 4614.69 4614.69 3728.50
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Table 18, Stability Values under Method 1 (Summary)

Stability Values
r=0 r=0.85 r=1.0
Makespan 916.03 1033.53 1452.09

Total Tardiness 916.03 1015.76 1044.33
Total Flow Time| 916.03 1010.21 1035.42

Realized Performance Measures

—&— Makespan
—#—Total Tardiness
—A—Total Flow Time

a) Realized Performance Measures

Stability Values

—o— Makespan
—&—Total Tardiness

—A—Total Flow
Time

b) Stability Values

Figure 13. Robustness vs Stability

66



The following observations can be made from the results:

For the makespan criterion, realized performance measure (robustness) is fairly
constant, (i.e., the robustness curve. is nearly horizontal). That is, as we change the
value of 7, we do not affect realized makespan at all. Similarly as we examine the
stability curve, we see that it abruptly deteriorates at » = 0.85. |

For the remaining two performance measures (total tardiness, and total flow time
criteria) we see that the curves for both, robustness and stability are nearly linear. That
is, as we gradually increase r, we gradually improve robustness, whereas stability
gradually deteriorates. The absolute value of slope of robustness line (= 990) is greater
than the slope of stability line (~ 120). We see that robustness is more sensitive to the
changes in 7. Moreover, the lines are nearly parallel to each other; that is, the trade-off
between robustness and stability is independent from performance measures.

From the above two observations, we conclude that the practitioners should
emphasis on stability, rather than robustness for the makespan criterion. For the
remaining two performance measures (i.e., total tardiness and total flow time) there is a
linear trade-off (e.g., if we increase r by 4r, we gain 990A4r units of robustness, whereas

we loose 1204r units of stability for our problem set).
5.4. Comparison of Method 2 with Other Approaches

We compared the performance of Method 2, from the viewpoint of robustness, to the
average system slack and Method 1. We also used classical approach, which minimizes
planned (initial) performance measure, as a benchmark. As stated in Section 4.2.3.2,
Method 2 assumes a single machine breakdown for the whole scheduling .period.
Because of this restrictive assumption, we decided to use a continuous scheduling
scheme that reschedules the system from scratch after each machine breakdown
(Response BR3 of Table 2). .

We excluded 70-job and 90-job problems due to high computétiohdl burden of

Method 2. We generated five instances for each of the remaining 480 possible problem
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classes (see Tables 9-10), leading to 2400 experimental design points. We run our TS
algorithm with 4 different neighbourhood evaluation functions (classical approach,
slack method, Method 1, and Method 2) for 3 performance measures (makespan, total
tardiness, and total flow time). This resulted in 2400 x 4 x 3 = 28800 runs. After a
machine breakdown remaining jobs are rescheduled from scratch. We recorded the
estimated performance measures, the realized performance measures, and stability
measures (total absolute job completion time differences). The results are presented in
Tables 33, 34, and 35 (in appendix) for makespan, total tardiness, and total flow time
performance measures, respectively. Figure 14 is also prepared to display estimated and
realized performance measures for makespan, total tardiness, and total flow time,
respectively. Table 19 presents a summary of the results. Note that the stability values
are also given even though our objective is to optimize robustness. We compared the
best two methods with each other for each group of Table 18. If the difference is
statistically significant according to paired-t test with oo = 0.05, the figure that
summarizes the performance of that method is marked with a * sign. Similarly, if the
difference between the wost two methods is statistically significant, we marked the

corresponding figure with a + sign.

/

Table 19. Summary Table for Continuous Scheduling Results (Robustness)

Makespan |Total Tardiness [Total Flow Time

" Classical Approach | 232.81 1961.24° 1278.14
g Slack Method 262.86" 1026.97 1328.53
@

2 Method 1 234.21 1000.80 1317.87
& Method 2 237.61 1012.00 1296.14

Classical Approach | 487.06 414.10 455.25

£ [Slack Method 912.15 479.40" 481.08
§ Method 1 494.85 401.06 437.12
? |Methodaz | 1096.83° 426.03 439.19
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After careful analysis of the results presented in these tables and Figure 14, we
can make the following observations:

In terms of robustness, the average slack method is not good at all for all three
performance measures. It yields the worst numerical results, but this is statistically
significant for only the makespan criterion. The classical approach yields the best
numerical values for all the three performance measures, and it is statistically the best
for the total tardiness criterion. The performance of the proposed methods, Method 1
and Method 2, lies in between. Method 1 is better than Method 2 when the makespan
and total tardiness criteria are considered, whereas Method 2 is better than Method 1 for
the total flow time criteria. Nonetheless, the difference between Method 1 and Method
2 is statistically significant for only the makespan criterion. The performance
degradation of Method 1 and inefficiency of Method 2 can be attributed to the fact that
both methods inherently assume right shift response to machine breakdowns, whereas
in reality after each machine breakdown the system is rescheduled from the scratch.

In terms of stability, Method 2 and the average slack method do not perform well.
Method 2 is statistically the worst for the makespan criterion, and the average slack
method is statistically worst for the total tardiness criterion. The average slack method
is also numerically the worst for total flow time criterion, but this is not statistically
significant. Method 1 and the classical approach seem to perform well, and these two
methods are competitive. The classical approach is better for the makespan criterion
whereas Method 1 yields better numerical results for the remaining two performance
measures (total tardiness and total flow time). Nonetheless, none of these differences is
statistically significant.

In short, we conclude that the classical approach is better and the both proposed
methods are inefficient for continuous scheduling scheme. Thus, better surrogate
measures should be developed for continuous scheduling environment. Note that, as
Church and Uzsoy (1992) discuss, the benefit of extra scheduling diminish rapidly.
Moreover scheduling after each machine breakdown creates system nervousness. We
believe that continuous scheduling under an adaptive scheduling approach (where

scheduling process is triggered after a certain amount of deviation from the initial
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schedule) the proposed methods, especially Method 1, can maintain its high
performance. This topic requires investigation, and can be viewed as a further research

direction.
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Chapter 6

Conclusion

In this thesis, we first addressed the notions of robustness and stability. We defined the
reactive scheduling problem with our notations and terms. Then, we defined some
measures for robustness (and stability) and pointed out some possible policies. After
that, an extensive literature review takes place. On seeing the exact measures are
difficult to calculate, we developed two new surrogate measures. Finally, we embedded
these surrogate measures into a TS algorithm to generate robust and stable schedules
for a single machine subject to random machine breakdowns.

We compared Method 1 with the other approaches (the average slack method and
the classical approach) using a periodic scheduling where type of response to machine
breakdowns is to right shift the remaining jobs. We first compared the alternative
approaches for a viewpoint of robustness, taking stability as a secondary goal. Our
experimental results show that the average slack method is not good at all, and Method
1 is generally better than the classical approach. In addition, it yields significantly more
stable schedules than the average slack method for the total tardiness and total flow
time criteria.

Next, we compared the alternatives approach from a viewpoint of stability, taking
robustness as a secondary objective. We see that Method 1 generates more stable
schedules than its alternatives for all three performance measures. We also observed
that the classical approach does not perform well in terms of stability (statistically the

worst alternative), however it is statistically the best alternative in terms of robustness.
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Then, we wondered if it is possible to maintain high robustness and improve
stability significantly when we use a bicriterion approach that considers both robustness
and stability. We used 0.85 * robustness + 0.15 * stability as.the neighbourhood
evaluation function in TS algorithm. We observed that the classical approach is
generally better in terms of robustness and the average slack niethod is generally better
in terms of stability although in both robustness and stability Method 1 is competitive.
However, we observe that when we evaluate the composite objection function, which
considers both robustness and stability simultaneously, Method 1 is generally better. In
addition we found out that it is possible to maintain high robustness while improving
stability significantly by means of this bicriterion approach, even when the weight of
the stability is as small as 0.15.

Next, we further analyze the performance of Method 1 with varying weights (r)
given to robustness. We observed that for the makespan criterion, the practitioners
should emphasize on stability because robustness is insensitive to the values of . We
also observed that there is a linear trade-off between robustness and stability (i.e.,
improving one deteriorates the other). Our experimental results show that stability is
less sensitive to the changes in  than robustness (i.e, the absolute value of the slope of
the line that plots stability values against varying values of 7 is less than that of
robustness).

Finally, we compared the performance of Method 2 with the other alternatives
(the classical approach, the average slack method and Method 1) from the viewpoint of
robustness, taking stability as the secondary goal. Since Method 2 assumes a single
machine breakdown through the whole scheduling period, we compared the alternatives
in a continuos scheduling environment where the whole system is rescheduled from the
scratch after a machine breakdown. Our computational experiments ‘indicate that the
performance of Method 1 deteriorates in a continuous scheduling environment, and
Method 2 is rather inefficient. In terms of robustness the classical approach yields the
best numerical values and this fact is statistically significant for the total tardiness

criterion. In terms of stability, which is the secondary goal, Method 1 and the classical
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approach are competitive. The classical approach is better for the makespan criterion,

whereas Method 1 1s better for the total tardiness and total flow time criteria.

We completed this study under a static environment with nonzero jobs arrival
times (can be called as semi-dynamic). We do not know the performance of our
proposed methods in a true dynamic environment. We also do not know the stability
performance of the proposed methods in a continuous scheduling environment, and
better surrogate measures for robustness should be developed for the same
environment. These three topics can be viewed as further research directions from

where we stand.
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SCHEDULE.C

#include
#include
#include
#include
#include
#include

#idefine
#define
#define
#define
/* type

typedef

typedef

typedef

typedef

<ctype.h>
<math.h>
<stdio.h>
<stdlib.h>
<string.h>
<time.h>

GAMMA 07 1.298055F
GAMMA 14 0.887264F
TAILL 0.00455F
TAIL2 3.02769F

definitions*/

struct
{

int id;

double completion time;
} schedule;

struct

{
int id;
int arrival time;
int process_time;
int due_date;

} job:

struct

{
int first job_id;
int first job from position;
int first job_to position;
int second_job_id;
int second_job_ from position;
int second job_to_position;

} movetype;

struct node
{
int job_id;
int to_position;
int remaining tenure;
struct node *next;
} tabu;
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typedef struct

{
movetype moves;
job *sequence;
double obj value;
} element;

/* global variables */

const char *program name; /*
FILE *f, *g; /*
int nremainingjobs; /*
int breakdown; /*
int tenure; /*
int objective; /*
int performance measure; /*
double best_obj; /*
double current obj; /*
double (*obj_array[l14]) (job *, int
int verbose = 0; 7S
int continuous = 0; /*
int improve = 0; /*
double lambda = 0; /*
tabu *tabu list = NULL; /*

tabu *tail = NULL; /*
job *jobs; /*
element *neighbourhood; e
job *current_solution; /*
job *best solution; /*
int iIter, counter; /*

double *cdf; /*
int interval = 0;

int last_improved = 0;
double mean_time to_failure
double mean_ repair duration
double stabil;

int weight;

0;
0;

name of this program

input and output file handlers

number of remaining jobs

breakdown scheme

tenure

objective function to be used
performance measure to be used

best objective value

current objective value

weight); /* objective function table
Shall we reveal details?

Reschedule after m/c breakdown?

Shall we prompt when current best improves
scale parameter of the gamma distribution
points to the head of the tabu list
points to the last element in the tabu list
job list

current solutions neighbourhood

current solution

best solution found so far

number of current iteration

cdf values for gamma distribution

/* function decleration of external getopt() */
int getopt(int argc, char * const *argv, const char *optstring);

double power (double x, double y)
{
if (x == 0) return 0;
else if (y == 0) return 1;
else return pow(x,y):
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int fread number (FILE * fp)
{

int number;
int sign;
int c;

do
{
c = getc (fp);
}
while (isspace (c));
number = 0;
sign = 0;
if (¢ == '-1)
{ .
sign = 1;
c = getc (fp);
}
while (isdigit (c))
{
number = number * 10 + ¢ - '0';
c = getc (fp);
}
if (sign)
number = 0 -~ number;
return number;

}

double integrate(double (*f) (double), double lower, double upper)
{

double increment = 0.01;

double sum = 0;

double index;

for (index = lower; index < upper; index += increment)
sum += (((f(index) + f(index + increment)) / 2.0) * increment):;
return sum;

}

double failure dist(double x)
{ )
return (power{lambda, 0.7) * power(x, -0.3) * exp(-lambda * x) / GAMMA. 07) ;
}

double repair dist(double x)
{

return (power(lambda, 1.4) * power(x, 0.4) * exp(-lambda * x) / GAMMA 14);
}
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double makespan(job *sequence, int r)

{

int *completion times;
int i;
int cmax;

completion_times = (int *) malloc(nremainingjobs * sizeof{int));
completion times[0] = sequence[0].arrival time + sequence[0] .process time;
for (i = 1; i < nremainingjobs; i++)

completion times[i] = sequence[i].process_time +

((completion times[i - 1] < sequence[i].arrival_time) ?
sequence([i].arrival time : :
completion times{i - 1]);

cmax = completion_times[nremainingjobs - 1];
free(completion_ times);
return cmax;

}

double tardiness(job *sequence, int r)
{

int *completion_times;

int i;
int tardy;
int sum = 0;
completion times = (int *) malloc(nremainingjobs * sizeof (int));
completion times[0] = sequence[0].arrival time + sequence[0] .process_time;
for (1 = 1; 1 < nremainingjobs; i++)

completion times[i] = sequence[i].process_time +

((completion_times[i - 1] < sequence[i].arrival time) ?
sequence[i]}.arrival time :
completion times{i - 11});

for (i = 0; i < nremainingjobs; i++)

sum += ((tardy = completion times[i] - sequence[i].due date) > 0 ? tardy : 0);
free(completion_ times);
return sum;

}

double flowtime(job *sequence, int r)
{

int *completion times;

int i;

int sum = 0;

completion times = (int *) malloc(nremainingjobs * sizeof (int));
completion times[0] = sequence[0].arrival time + sequence[O].process_time;'
for (1 = 1; i < nremainingjobs; i++)

completion_times[i] = sequenceli].process_time +

({completion times([i - 1] < sequence[i].arrival_time) ?
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sequence[i] .arrival time
completion times[i - 1]);

for (i = 0; i < nremainingijobs; i++)

sum += (completion times[i] - sequence[i].arrival_ time);
free(completion_times);
return sum;

}

int get total idle_time(double *start_times, double *completion_times, int index, int
job) :
{
int i;
double sum = 0;
for (i = index; i < job; i++)
sum += ((completion times[i] < start times[i + 1]) ?
(start_times[i + 1] - completion times[i]) : 0);
return sum;

}

double methodl stability(job *sequence, int r)
{
double *completion times;
double *completion timesl;
int i;
double tnow = 0;
int job_completed;
double busy time = 0;
double remaining process;
double mean busy time;
double sum = 0;
double taill, tail2;

il

taill (mean_time to failure / 0.7) * TAILl;

tail2 = (mean_time_ to failure / 0.7) * TAIL2;

mean_busy time = 0.6 * taill + 0.4 * tail2;

completion times = (double *) malloc({nremainingjobs * sizeof{double});
completion timesl = (double *) malloc(nremainingjobs * sizeof(double));

completion times([0] = sequence[0].arrival_time + sequence[0].process_time;
for (i = 1; i < nremainingjobs; i++)
completion times[i] = sequence[i].process_time +
((completion_times[i - 1] < sequencefi].arrival_ time) ?
sequence[i] .arrival time :
completion times[i - 1]);

tnow = sequence{0].arrival time;

for (i = 0; i < nremainingjobs; i++)

{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy time == mean busy time)

{
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tnow += mean_repair duration;
busy time = 0;

)
if (tnow < sequence[i].arrival_time) tnow = sequence[i].arrival time;
do -
{
’ if (remaining process > mean busy time - busy time)
{
tnow += (mean_ repair duration + mean busy time - busy time);
remaining process -= mean_busy time - busy time;
busy time = 0;
}
else
{

busy time += remaining process;

tnow += remaining process;
job_completed = 1;
}
}
while (!job_completed);
completion timesl{i] = tnow;
}
for (i = 0; i < nremainingjobs; i++)
sum += (completion times[i] < completion_timesl{i] ?
completion timesl[i] - completion times[i] :
completion_times[i] - completion_ timesl[i] };
free (completion_times);
free(completion timesl);
return (sum);

}

double method2 stability(job *sequence, int r)
{
double *start_times;
double *completion times;
double *stability values;
double *temp completion_times;
double *probabilities;
int i, j, k;
double idle;
double sum = 0;
int total_busy time before;

start_times = (double *) malloc (rremainingjobs * sizeof(double));
completion_times = (double *) malloc (nremainingjobs * sizeof(double));
stability values = (double *) malloc (nremainingjobs * sizeof(double));

temp_completion_times = (double *) malloc (nremainingjobs * sizeof (double)};

probabilities = (double *) malloc (nremainingjobs * sizeof(double));
start_times[0] = sequence (0] .arrival_time;
completion_times[O] = start_times[O] + sequence{0] .process_time;
for (i = 1; i < nremainingjobs; i++)
{ L
start_times[i] = sequence[il .arrival time < completion 'times[i-1] ?
completion_times[i-1] :
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sequence(i].arrival time;
completion times[i] = start times[i] + sequencel[i].process time;

}

for (i = 0; i < nremainingjobs; i++)

{
sum = 0;
for (j = 0; 'jJ < nremainingjobs; j++)
{

if (j < i) temp_completion times[j] = completion_times[j]:

else temp completion times[j] = completion times([j] +
{(idle = get_total idle time(start_times, completion times, i, j)) >
mean_repair duration ? 0 : (mean repair duration - idle)):

}
for (k = 0; k < nremainingjobs; k++)
sum += (temp completion_ times[k] - completion times{k]);
stability values[i] = sum;
total busy time before = 0;
for (k = 0; k < i; k++) total busy time before += sequencelk].process time;
probabilities{i] = cdf[total busy time before + sequence[i].process_tIme]

- cdf[total:busy_time_before];
}

for (1 = 0; i < nremainingjobs; i++)
sum += (probabilities[i] * stability values(i]);

free (start_times);

free (completion_times);

free (stability values);

free (temp completion_ times);
free (probabilities);

return (sum):;

}

double slack makespan (job *sequence, int )
{

int i, j;

int *completion_times;

int *start_times;

int sum, slack = 0;

start_times = (int *) malloc (nremainingjobs * sizeof(int));
completion_times = (int *) malloc (nremainingjobs * sizeof(int));
start_times[0] = sequence[0].arrival time;
completion times[0] = start_ times[0] + sequence[0] .process_time;
for (i = 1; i < nremainingjobs; i++)
{
start_times([i] = sequence[i].arrival_ time < completion times[i-1] ?
completion times{i-1] :
sequence[i] .arrival_time;
completion times[i] = start_times[i] + sequence[i].process_time;

}
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for (i

{

0; i < nremainingjobs; i++)

sum = 0;
for (j = 1 + 1; j < nremainingjobs; j++) sum += sequence[j].process_time;
slack += {completion times[nremainingjobs -1] - sum - completion times[i]);

}
free(start_times);
free(completion_ times);

return {(r * (makespan(sequence, r) - slack) / 100.0 + (r - 100) * slack / 100.0);
}

double slack_tardiness (job *sequence, int r)
{
int i, j;
__int *completi_gn_fi mes;
int *start_times;
int sum, slack = 0;

start_times = (int *) malloc (nremainingjobs * sizeof(int));
completion_times = (int *) malloc (nremainingjobs * sizeof (int));
start_times[0] = sequence[0].arrival time;
completion times[0] = start times[0] + sequence[0].process_time;
for (i = 1; 1 < nremainingjobs; i++)
{
start times[i]) = sequence[i].arrival time < completion times[i-1] ?
completion times[i-1]
sequence[i] .arrival_time;
completion times[i] = start times[i] + sequence[i].process time;
}
for (i

{

0; i < nremainingjobs; i++)

sum = 0
for (j i +1; j < nremainingjobs; j++) sum += sequence[j].process time;
slack += (completion_ times|[nremainingjobs -1] - sum - completion times[i]);

o~

}
free(start_times);
free{gompletion times);

return (r * (tardiness(sequence, r) - slack) / 100.0 + (r - 100) * slack / 100.0);
}

double slack flowtime (job *sequence, int r)
{

int i, j;

int *completion_times;

int *start_times;

int sum, slack = 0;

start_times = (int *) malloc (nremainingjobs * sizeof{int));
completion times = (int *) malloc (nhremainingjobs * sizeof(int));
start_times[0] = sequence(0].arrival time; .

completion_times[O] = start_times{[0] + sequence[O].process_time;
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for (1 = 1;.i < nremainingjobs; i++)

{

start_times[i] = sequence[i].arrival_time < completion times[i-1] ?
completion_times[i-1]
sequence(i] .arrival_ time;

completion times[i] = start_times[i] + sequence[i].process_time;

for (i 0; i < nremainingjobs; i++)

{

sum = 0
for (j
slack

i+ 1; j < nremainingjobs; Jj++) sum += sequence[]j].process_time;
(completion times[nremainingjobs -1] - sum - completion_times[i]);

I~

+
}
free(start_times);

_free(completion times);

return (r * (flowtime(sequence, r) - slack) / 100.0 + (r - 100) * slack / 100.0);
}

double methodl makespan(job *sequence, int r)
{
double *completion times;
int i;
double tnow = 0;
int job_completed;
double busy time = 0;
double remaining process;
double mean busy_ time;
double cmax;
double taill, tail2;

taill = (mean_time to failure / 0.7) * TAIL1;

tail2 = (mean_time to_failure / 0.7) * TAIL2;

mean busy time = 0.6 * taill + 0.4 * tail2;

completion_times = (double *) malloc(nremainingjobs * sizeof (double)):;

tnow = sequence{0].arrival_time;
for (i = 0; i < nremainingjobs; it++)
{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy time == mean_busy_time)
{
tnow += mean repair duration;
busy time = 0;
} .
if (tnow < sequence[i].arrival_time) tnow = sequence(i] .arrival_time;
do
{

if (remaining process > mean_busy_ time - busy_ time)

{ S
tnow += (mean_ repair duration + mean_busy time - busy_ time);
remaining process -= mean_busy time - busy time;
busy time = 0;
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else

{

busy _time += remaining process;
tnow += remaining process;
job_completed = 1;
} 1
}
while (!job_completed);
completion times([i] = tnow;
}
cmax = completion times[nremainingjobs - 1];
free(completion_times);

return (r * cmax / 100.0 + (100 - r) * methodl stability({sequence, r) / 100.0);

}

double methodl tardiness(job *sequence, int r)
{
double *completion times;
int i;
double tnow = 0;
int job_completed;
double busy time = 0;
double remaining process;
double sum = 0, tardy;
double mean busy time;
double taill, tail2;

taill (mean_time to failure / 0.7) * TAILL;
tail2 = (mean time to failure / 0.7) * TAIL2;
mean_busy time = 0.6 * taill + 0.4 * tail2;

completion times = (double *) malloc(nremainingjobs * sizeof(double));

tnow = sequence[0].arrival_time;
for (i = 0; 1 < nremainingjobs; i++)
{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy time == mean busy time)
{
tnow += mean_repair duration;
busy time = 0;

}

if (tnow < sequencefi] .arrival time) tnow = sequence[i].arrival_time;

do
{

if (remaining process > mean busy time - busy_time)

{

tnow += (mean repair duration + mean busy time - busy_ time);

remaining process -= mean _busy time - busy time;

busy time = 0;
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else,

{

}

busy time += remaining process;
tnow += remaining process;
job_completed = 1;
}
}
while (!job_completed);
completion_times[i] = tnow;
}
for (1 = 0; i < nremainingjobs; i++)
sum += ((tardy = completion_times[i] - sequence[i].due _date) > 0 ? tardy :
free(completion times);
return (r * sum / 100.0 + (100 - r) * methodl stability(sequence, «r) / 100.0);

0):

double methodl flowtime(job *sequence, int r)

{

double *completion_times;
int i;

double tnow = 0;

int job_completed;

double busy time = 0;
double remaining process;
double sum = 0;

double mean busy time;
double taill, tail2;

taill = (mean_time to_ failure / 0.7) * TAIL1;

tail2 = (mean_time to_failure / 0.7) * TAIL2;

mean_busy time = 0.6 * taill + 0.4 * tail2;

completion times = (double *) malloc(nremainingjobs * sizeof (double));

tnow = sequence(0].arrival_time;
for (i = 0; i < nremainingjobs; i++)
{ B
job_completed = 0;
remaining process = sequence(i].process_time;
if (busy_time == mean_busy_time)
{
tnow += mean_repair duration;
busy time = 0;
}
if (tnow < sequence[i].arrival_time) tnow = sequence([i].arrival_ time;
do
{
if (remaining process > mean busy time - busy time)
{
tnow += (mean_repair duration + mean busy time - busy_ time);
remaining process -= mean busy time - busy_time;
busy time = 0;
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else

{

busy time += remaining process;
tnow += remaining process;
job_completed = 1;
}
}
while (!job_completed);
completion_times[i] = tnow;
}
for (i = 0; i < nremainingjobs; i++)
sum += (completion times[i] - sequence(i] .arrival time);
free({completion times);
return (r * sum / 100.0 + (100 - r) * methodl stability(sequence; r) / 100.0);
) .

double method2 makespan(job *sequence, int r)
i
double *start times;
double *completion_ times;
double *makespan values;
double *temp completion times;
double *probabilities;
int i, j, k;
double idle;
double sum = 0;
int total busy time before;

start times = (double *) malloc (nremainingjobs * sizeof (double));
completion times = (double *) malloc (nremainingjobs * sizeof(double)):;
makespan_values = (double *) malloc (nremainingjobs * sizeof (double));
temp_completion times = (double *) malloc (nremainingjobs * sizeof(double));
probabilities = (double *) malloc (nremainingjobs * sizeof(double));
start_times[0] = sequence[0].arrival_time;

completion times[0] = start_times[0] + sequence[0].process_time;

for (i = 1; i < nremainingjobs; i++)
{
start times[i] = sequence(i).arrival time < completion times[i-1] 7
completion times[i-1] :
g sequence(i] .arrival_time;
completion times[i] = start_times([i] + sequence[i].process_time;
}
for (i

{

It

‘0; 1 < nremainingjobs; i++)

sum = 0;
for (j = 0; j < nremainingjobs; j++)
{
if (j < i) temp completion times[j] = completion_times[j]:
else temp_completion_times[j] = completion_times([j] +
((idle = get_total_idle_time(start_times, completion_times, i, j)) >
mean_repair duration ? 0 : (mean repair_duration - idle));
} .
makespan_values[i] = temp_completion_ times[nremainingjobs - 1];
total busy time before = 0;
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for (k = 0; k < i; k++) total busy time before += sequence[k].process_time;
probabilities[i] = cdf[total busy time before + sequence[i].process time]

cdf [total busy time before];
}

for (i = 0; i < nremainingjobs; i++)
sum += (probabilities[i] * makespan_values[i]);

free (start_times);

free (completion_times);

free (makespan values);

free (temp completion times);

free (probabilities);

return (r * sum / 100.0 + (100 - r) * method2 stability(sequence, r) / 100.0);
}

double method2 tardiness (job *sequence, int r)
{

double *start times;

double *completion times;

double *tardiness_values;

double *temp completion times;

double *probabilities;

int i, j, k:

double tardy, idle, sum;

int total busy time before;

start_times = (double *) malloc (nremainingjobs * sizeof(double)):;
completion_times = (double *) malloc (nremainingjobs * sizeof(double));
tardiness values = (double *) malloc (nremainingjobs * sizeof (double));
temp_completion times = (double *) malloc (nremainingjobs * sizeof(double));
probabilities = (double *) malloc (nremainingjobs * sizeof(double));
start_times[0] = sequence[0].arrival time;

completion times[0] = start_times[0] + sequence[0] .process_time;
for (i = 1; i < nremainingjobs; i++)
{
start times[i] = sequence[i].arrival time < completion times[i-1] ?
completion times([i-1] :
sequence[i].arrival_ time;
completion times[i] = start_timeS[i] + sequence[i] .process_time;
}
for {i = 0; i < nremainingjobs; i++)
{
tardy = sum = 0;
for (j = 0; j < nremainingjobs; j++)
{
if (j < 1) temp completion_times[j] = completion times([j];
else temp_completion_times[j] = completion times[j] +
({(idle = get total idle time(start times, completion_ times, i, Jj)) >
mean_repair duration ? 0 : (mean repair duration - idle});
} ‘
for (k = 0; k < nremainingjobs; k++)
sum += (({tardy = temp_ completion times[k] - sequence[k].due_date} > 0 ? tardy
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tardiness_values[i] = sum;
total busv time before = 0;

for (k 0, k < i; k++) total busy time before += sequencel[k].process time;
probabilities[i] = cdf{total busy time before + sequence(i].process_ time]
- cdf[total_busy time before],
}
sum = 0;
for (1 = 0; 1 < nremainingjobs; i++)
sum += (probabilities[i] * tardiness_values[i]);
free (start_times);
free (completion_times);
free (tardiness values);
free (temp_ completion_ times);
free (probabilities);
return (r * sum / 100.0 + (100 - r) * method2 stability(sequence, r) / 100.0);
}

double method2 flowtime (job *sequence, int r)
{
double *start times;
double *completlon times;
double *flowtime values;
double *temp_completlon_times;
double *probabilities;
int i, j, k:
double idle;
double sum = 0;
int total_busy time before;

start_times = (double *) malloc (nremainingjobs * sizeof(double));
completion times = (double *) malloc (nremainingjobs * sizeof(double)};
flowtime values = (double *) malloc (nremainingjobs * sizeof (double));

temp completion times = (double *) malloc (nremainingjobs * sizeof (double));
probabilities = (double *) malloc (nremainingjobs * sizeof(double});
start_times[0] = sequence([0] .arrival_ time;

completion times[0] = start_times[O] + sequence[0] .process_time;

for (i = 1; i < nremainingjobs; i++)
{
start_times[i] = sequence(i].arrival time < completion_ times([i-1] ?
completion_times[i-1] :
sequence[i] .arrival_ time;
completion times({i] = start_times[i] + sequence[i].process_time;

for (i

{

0; i < nremainingjobs; it++)

sum = 0;
for (j = 0; j < nremainingjobs; Jj++)
{

if (j < i) temp completion_times[j] = completion_times[]];

else temp completion_ times[j] = completion_times([]j] + :
((idle = get total_idle_time(start_times, completion_ tlmes, i, j)) >
mean_repalr_duratlon ?2 0 : (mean_repalr_duratlon - idle));

}
for (k = 0; k < nremainingjobs; k++)
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sum += (temp completion times([k] - sequence[k].arrival time);
flowtime values[i] = sum;

total busy time before = 0; -
for (k = 0; k < i; k++) total busy time before += sequencelk].process_time;
probabilities[i] = edf[total busy time before + sequence[i] .process tIme]
- cdf[total_busy time before]; B
}

for (i = 0; i < nremainingjobs; i++)
sum += (probabilities[i] * flowtime values[i]);

free (start_times);

free (completion times);

free (flowtime values);

free (temp completion times);

free (probabilities);

return (r * sum / 100.0 + (100 - r) * method2 stability(sequence, r) / 100.0);
}

double get failure()

{
double b, e, ul, u2, p, vy, X;

e = exp(l);
b= (e + 0.7) / e;
for (;;)

{
ul = (double) rand() / RAND_MAX;
p=>b* ul;
if (p > 1)
{
y = -log((b - p) / 0.7);
u2 = (double) rand() / RAND_MAX;
if (u2 <= pow (y, -0.3})
{
X = y;
break;
}
}
else
{
y = pow(p, 1.0 / 0.7);
u2 = (double) rand() / RAND MAX;
if (u2 <= exp(-y))
{
X = y;
break;

)
}

return ((mean_time to_failure / 0.7) * x);
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double get repair()
{

double a, b, q, teta, 4, ul, u2, v, y, 2z, W, X;

a=1.0/ sqrt(1.8);
b =1.4 - log(4);
q=1.4+ 1.0/ a;
teta = 4.5;
d =1+ log(teta);
for (;:)
{
ul = (double) rand() / RAND MAX;

u2 = (double) rand() / RAND MAX;

v=a®* log(ul / (1 - ul));
vy =1.4 * exp(v);
z =-ul * ul * u2;

w=b+qg*v-y:
if (w + d - teta * z >= 0)
{

X = ¥;
break;

}

else

{
if (w >= log (z))
{
X =y;
break:

}
}
return ((mean repair duration / 1.4) * x);

}

double simulate_makespan(job *sequence)
{
double stability_values([5];
double makespan_ values[3];
double *completion times;
double *completion timesl;
int i, counter;
double tnow;
int job_completed;
double busy time;
double remaining process;
double cmax = 0;
double next failure;

completion times = (double ¥) malloc(nremainingjobs * sizeof (double));
completion timesl = (double *) malloc({nremainingjobs * sizeof (double)):;
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for (counter = 0; counter < 5; counter++)
{

busy time = 0;
next failure = get failure();
tnow = sequence([0].arrival_ time;
for (i = 0; i < nremainingjobs; i++)
{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy_time == next failure)
{
tnow += get _repair();
busy time = 0;
next failure = get_failure();

if (tnow < sequence[i].arrival_time) tnow = sequence[i].arrival_ time;

if (remaining process > next failure - busy time)
{
tnow += (get repair() + next failure - busy time):
remaining process -= (next_failure - busy time);
busy time = 0;
next failure“= get_failure();
}
else
{
busy time += remaining process;
tnow += remaining process;
job_completed = 1;
}
}
while (!job_completed);
completion times[i] = tnow;
}
completion_timesl1[0] = sequence([0].process_time + sequence{0].arrival time;
for (i = 1; i < nremainingjobs; i++)
{
completion_timesl[i] = sequence[i].process_time +
(sequence[i].arrival time < completion timesl[i-1] ?
completion timesl[i-1] : sequence[i].arrival time);
}
stability values[counter] = 0;
for (i = 0; i < nremainingjobs; it++)
stability values[counter] += (completion times[i] < completion timesl[i] ?
completion timesl[i] - completion_ times[i] :
completion times[i] - completion_timesl[i] );

makespan_values[counter] = completion_times[nremainingjobs - 1};

}
stabil = 0;
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for (counter = 0; counter < 5; counter++)
{ .

stabil += stability values[counter];
cmax += makespan_values[counter];

)

free(completion_times);

free(completion timesl);

stabil = stabil / 5.0;

return (cmax / 5.0);

}

double simulate tardiness(job *sequence)
{
double stability values[5];
double tardiness_values[5];
double *completion times;
double *completion_ timesl;
int i, counter;
double tnow;
int job_completed;
double busy_ time;
double remaining process;
double sum, tardy;
double next failure;

completion times = (double *) malloc(nremainingjobs * sizeof (double));
completion timesl = (double *) malloc(nremainingjobs * sizeof(double));

for (counter = 0; counter < 5; counter++)
{ )
busy time = 0;
sum = 0;
next failure = get failure();
tnow = sequence[0].arrival time;
for (i = 0; i < nremainingjobs; i++)
{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy time == next failure)
{
tnow += get_repair();
busy time = 0;
next failure = get_failure();

}

if (tnow < sequence[i].arrival time) tnow = sequence[i].arrival time;

do
{
if (remaining_process > next_failure - busy time)
{
tnow += (get repair() + next failure - busy_ time);
remaining process -= (next failure - busy_ time);
busy time = 0; :
next failure = get_failure();
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else

{

}

}

busy time += remaining process;
tnow += remaining process;
job_completed = 1;
}
]
while (!job_completed);
completion times[i] = tnow;
}
completion_timesl[0] = sequence[0] .process_time + sequence[0].arrival time;
for (i = 1; i < nremainingjobs; i++)

{

completion timesl[i] = sequence[i].process_time +
(sequenceli] .arrival time < completion timesl[i-1] ?
completion timesl[i-1] : sequence[i].arrival time);
} .
stability values[counter] = 0;

for (i = 0; i < nremainingjobs; i++)
stability values[counter] += (completion times[i] < completion timesl[i] ?

completion_ timesl[i] - completion times([i]
completion times[i] - completion timesl[i] )
for (i = 0; i < nremainingjobs; i++)
sum += ((tardy = completion_times[i] - sequence([i] .due_date) > 0 ? tardy : 0)
tardiness_values|[counter] = sum;

stabil = 0;
sum = 0;
for (counter = 0; counter < 5; counter++)

{

}

stabil += stability values[counter];
sum += tardiness_values[counter];

free(completion_times);
free(completion_timesl);
stabil = stabil / 5.0;
return (sum / 5.0);

double simulate flowtime (job *sequence)

{

double stability values[3];
double flowtime values([5];
double *completion times;
double *completion timesl;
int i, counter;

double tnow;

int job_completed;

deouble busy time;

double remaining process;
double sum;
double next failure;

completion_times = (double *) malloc(nremainingjobs * sizeof (double));
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completion_timesl = (double *) malloc(nremainingjobs * sizeof (double)});

for

(counter = 0; counter < 5; counter++)

{

busy time = 0;
sum = 0;
next failure = get_ failure();
tnow = sequence[0].arrival time;
for (i = 0; i < nremainingjobs; i++)
{
job_completed = 0;
remaining process = sequence[i].process_time;
if (busy time == next failure)
{
tnow += get_repair();
busy time = 0;
next failure = get_failure();
}
if (tnow < sequence[i].arrival_time) tnow = sequence([i].arrival_ time;
do
{
if (remaining process > next_ failure - busy time)
{ .
tnow += (get repair() + next failure - busy time);
remaining process -= (next failure - busy time);
busy time = 0;
next failure = get failure();
}
else
{
busy time += remaining process;
thow += remaining process;
job_completed = 1;
}
}
while (!job_completed);
completion times[i] = tnow;
}
completion_timesl[0] = sequence[0].process time + sequence[0] .arrival_time;
for (i = 1; i < nremainingjobs; i++)

{

completion timesl[i] = sequence[i].process_time +
(sequence[i]. arrival _time < completion_ timesl[i-1] ?
completion timesl[i-1] : sequence[i] .arrival time);
}
stability values[counter] = 0;

for (i = 0; 1 < nremainingjobs; i++)
stability values[counter] += (completicn times[i] < completion_timesl[i] ?

completion timesl[i] - completion times[i] :
completion times[i] - completion_timesl([i] );
for (i = 0; i < nremainingijobs; i++)
sum += (completion times[i] - sequence[i].arrival time);
flowtime values[counter] = sum;

= 0;
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stabil = 0; .
for (counter = 0; counter < 5; counter++)

{
stabil += stability values[counter];
sum += flowtime values{counter];

}

free(completion times);

free{completion timesl);

stabil = stabil / 5.0;

return (sum / 5.0);

}

int is_tabu(int job, int position)
{

tabu *tp;

int found = 0;

for (tp = tabu list; tp != NULL; tp = tp->next)

if (tp->job_id == job && tp->to_position == position)
{

found = 1;

break:;

}

return found;

}

void generate_neighbourhood(void)
{

int i, j, k = 0;

job temp, *sequence;

sequence = (job *) malloc(nremainingjobs * sizeof(job));
for (i = 0; i < nremainingjobs; i++)
for (j =i + 1; j < nremainingjobs; j++)

{
memcpy (sequence, current solution, nremainingjobs * sizeof(job)):
neighbourhood[k] .moves.first job_id = sequence[i].id;
neighbourhood[k] .moves.first job_ from position = i;
neighbourhood[k] .moves.first job_to position = j;
neighbourhood[k] .moves.second job_id = sequence[j].id;
neighbourhood[k] .moves.second_job_from position = j;
neighbourhood[k] .moves.second_job_to_position = i;
temp = sequence(i];

sequence[i] = sequence[j]:;

sequence{j] = temp:

memcpy (neighbourhood[k] .sequence, sequence, nremainingjobs * sizeof(job));
neighbourhood[k] .obj value = (*obj_ array[ocbjectivel) (sequence, weight);
kt++;

}

free(sequencg);

"}
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int compar(element *i, element *j)

{

. return i->obj_value < j->obj value ? -1 : i->obj_value > j->obj value ? 1 : 0;

}

int compar id(jcb *i, job *j)
{

return i—->id < j->id ? -1 : i->id > j->id ? 1 : 0;
}

int compar_arr{job *i, job *j)
{

return i->arrival time < j->arrival time ? -1 : i->arrival_time > j->arrival_time ?
: 0;
}

int compar_edd(job *i, job *j)
{
return i->due date < j->due date ? -1 : i->due_date > j->due date ? 1 : 0;

}

int compar_ spt(job *i, job *j)
{

return i->process_time < j->process_time ? -1 : i->process_time > j->process_time ?
¢ 0;
}

void update(void)
{
tabu *tp, *ip;

for (tp = tabu_list; tp != NULL; tp = tp->next)
——(tp—>remaining_tenure);
tp = tabu_list;
while (tp != NULL)
{
if (tp->remaining tenure < 1)
{
if (tp == tabu_list)
{
tabu list = tp->next;

freeTtp);
}
else if (tp == tail)
{
for(ip = tabu_list; ip != NULL; ip = ip->next)

if (ip->next == tp)
{
tail = ip;
free(tp);
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else

{

}

for(ip = tabu_list; ip != NULL; ip = ip->next)
if (ip—->next == tp) :
{
ip->next = tp->next;
free(tp):;
}
}
tp = tabu_list;
} ,
else tp = tp->next;

void process_neighbourhood(void)

{

int i = 0;
int found = 0;

gsort (neighbourhood, nremainingjobs * (nremainingjobs -1 ) / 2, sizeof(element), (v
compar) ;

if

(verbose) fprintf (g, "\nSearching current neighbourhood...\n");

if (tabu list == NULL)

{

if (verbose)
{

fprintf (g, "Tabu list is empty now. Jumping to the best neighbour.\n");

fprintf (g, "\tSwapping job %d with job %d\n",

neighbourhood[0] .moves.first job_id,
neighbourhood[0] .moves.second_job_id);

}
tabu _list = (tabu *) malloc (sizeof(tabu));
tail = tabu_list;
tail->job_id = neighbourhood[0] .moves.first job_id;
tail->to position = neighbourhood[0] .moves.first job_from position;
tail->remaining tenure = tenure;
tail->next = (tabu *) malloc(sizeof(tabu));
tail = tail->next;
tail->job_id = neighbourhood{0].moves.second_job_id;
tail->to_position = neighbourhood[0] .moves.second job_from position;
tail->remaining tenure = tenure;
tail->next = NULL;
memcpy (current solution, neighbourhood[0].sequence, nremainingjobs * sizeof (job;
current_obj = neighbourhood[0].obj_value;
if (neighbourhood[0].ocbj value < best obj)
{

if (improve)

fprintf(g, "Iteration: %d, New best solution with objective %f\n"
, iIter + 1, neighbourhood[0].ocbj value);

if (iIter - last_improved > interval) interval = ilter - last_improved;

last_improved = iIter;

counter = 0;
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memcpy (best_solution, current solution, nremainingjobs * sizeof (job)):;
best obj = neighbourhood[0].obj value;

}
return;
}
else
{
for(i=0; i < nremainingjobs * (nremainingjobs - 1) / 2; i++)
{
if(is_tabu(neighbourhood[i].moves.first_job_id,
neighbourhood[i] .moves.first job_ to position)
| is_tabu(neighbourhood[i].moves.second_job_id,
neighbourhood[i] .moves.second job_to position))

if (neighbourhood[i].obj value < best_obj)
{
if (verbose)
{
found = 1;
fprintf(g, "\tSwap job %d with job %d\t(Tabu but better than the bes
"schedule found upto now)\n",
neighbourhood[i] .moves.£first_ Jjob_ id,
neighbourhood[i] .moves.second job_id);
}
break;
}
else
{
if (verbose)
{
fprintf(g, "\tSwap job %d with job %d\t(Tabu, skipping it)\n",
neighbourhood[i] .moves.£first_job_id,
neighbourhood[i] .moves.second job_id});
}
continue;
}
}
else
{
found = 1;
if (verbose)
{
fprintf (g, "\tSwap job %d with job %d\t(OK...)\n",
neighbourhood{i] .moves.first job_id,
neighbourhood[i] .moves.second job id);
}-
break;
}
}
if (found)
if(!is_tabu(neighbourhood[i] .moves.first_job_id,
neighbourhood[i] .moves.first_job_from position))
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{ .
tail->next = (tabu *) malloc (sizeof(tabu));

tail = tail->next;
tail->job_id = neighbourhood[i] .moves.first_ job id;
tail->to_position = neighbourhood{i].moves.first_ job_from position;
tail->remaining tenure = tenure + 1; -
tail->next = NULL;

}

if(!is_tabu(neighbourhood[i].moves.second_job_id,
neighbourhood([i] .moves.second job from position)) .

{
tail->next = (tabu *) malloc (sizeof(tabu));
tail = tail->next;
tail->job_id = neighbourhood[i] .moves.second_job_id;
tail->to_position = neighbourhood[i].moves.second job_from position;
tail->remaining tenure = tenure + 1; -
tail->next = NULL;

}

memcpy (current_solution, neighbourhood[i].sequence, nremainingjobs *

sizeof (job));

current_obj = neighbourhood[i].obj_value;
if (neighbourhood[i].obj_value < best obj)
{
if (improve)
fprintf(g, “"Iteration: %d, New best solution with objective %£f\n"
, iIter + 1, neighbourhood[0].cbj value);
if (iIter - last_improved > interval) interval = iIter - last_improved;
last_improved = ilter;
counter = 0;
memcpy (best_solution, current sclution, nremainingjobs * sizeof(job));
best obj = neighbourhood[i].ob]j_value;

if (verbose)

fprintf (g, "All neighbouring solutions move involves tabu moves so"
" jumping to the best neighbouring sclution.\n");
fprintf (g, "\tSwap job %d with job %d\n",
neighbourhoed[0] .moves.first job_id,
neighbourhood[0] .moves.second job_id);
}

memcpy (current_solution, neighbourhood[0].sequence, nremainingjobs *

sizeof (job));

current_obj = neighbourhood[0].obj_value;
if {neighbourhood[0].obj_value < best_cbj)
{
if (improve)
fprintf (g, "Iteration: %d, New best solution with objective $f\n"
, iIter + 1, neighbourhood[0].ocbj value);
if (iIter - last_improved > interval) interval = iIter - last_improved;..
last_improved = iIter;
counter = 0;
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memcpy (best_solution, current _solution, nremainingjobs * sizeof(job));

best obj = neighbourhood[0]. obj value;
) .
}
update () ;
} )
}

void print_usage (FILE *stream, int exit_code)

{
fprintf (stream, "Usage: %s [-hivc] [-o <filename>] <input file>\n", program name);
fprintf (stream, "where available options are:\n"

" -h Display this usage information\n"

" _o <filename> Write output to file\n"

"o-i Prints a message when current best is improved\n"

" -y Print verbose messages.\n"

" -c Continuous scheduling (after every m/c breakdown).\n");

exit(exit_code);

}

job *ts(job *sequence)
{

job *arr;

job *edd;

job *spt;

tabu *tp;

int i;

arr = (job *) malloc(nremainingjobs * sizeof (job));
edd = (job *) malloc(nremainingjobs * sizeof(job)):
spt = (job *) malloc(nremainingjobs * sizeof(job));

memcpy (arr, sequence, nremainingjobs * sizeof(job));
memcpy (edd, sequence, nremainingjobs * sizeof(job));
memcpy (spt, sequence, nremainingjobs * sizeof(job));
gsort (arr, nremainingjobs, sizeof(job), (void *) compar_arr);
gsort{edd, nremainingjobs, sizeof(job), (void *) compar_edd);
gsort (spt, nremainingjobs, sizeof(job), (void *) compar_spt);
current_solution = (job *) malloc (nremainingjobs * sizeof(job));
memcpy(current solution, sequence, nremainingjobs * sizeof(job));
current_obj = (*obj array[objectlve])(current solution, weight);
memcpy (best_solution, sequence, nremainingjobs * sizeof(job));
best_obj = current_obj;
neighbourhood = (element *) malloc(nremainingjobs * (nremainingjobs - 1) *
sizeof (element) / 2);
for (i = 0; i < (nremainingjobs - 1) * nremainingjobs / 2; i++)
neighbourhood{i].sequence = (job *) malloc(nremainingjobs * sizeof (job));
ilter = 0;
for (counter = 0;; iIter++, counter++)
{
if (verbose)
{
" fprintf(g; "ITERATION %d\n", iIter+l);
fprintf(g, "\nCurrent sequence: "};
“for (i = 0; i < nremainingjobs; it++)
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fprintf(g, "sd ", current solution([i].id);
fprintf(g, "\tObjective: %£.\n", current obj);

}

generate neighbourhood();
process_neighpourhood();
1f (verbose)
{
fprintf (g, "\nCurrent tabu list:\n");
for(tp = tabu_list; tp != NULL; tp = tp->next)
fprintf(g, "\tJob %d to position %d for %d %s.\n",
tp->job_id, tp->to position + 1, tp->remaining tenure,
tp->remaining tenure > 1 ? "iterations"” "iteration");
fprintf (g, "\n");
}
if (counter >= 20) break:;
)

memcpy (current solution, arr, nremainingjobs * sizeof(job));
current obj = (*obj arrayl[objective]) (current_solution, weight);

for (counter = 0;; ilter++, counter++)
{
if (verbose)

{
fprrintf (g, "ITERATION %d\n", ilter+l);
fprintf (g, "\nCurrent sequence: ");
for (i = 0; i < nremainingjobs; i++)
fprintf(g, "id ", current solution[i].id);
fprintf(g, "\tObjective: %f£.\n", current obj):;
}
generate neighbourhood() ;
process_neighbourhood() ;
if (wverbose)
{
fprintf (g, "\nCurrent tabu list:\n");
for(tp = tabu_list; tp != NULL; tp = tp—>next)
fprintf(g, "\tJob %d to position %d for %d %s.\n",
tp->job_id, tp->to_position + 1, tp->remaining tenure,
tp->remaining tenure > 1 ? "iterations" : "iteration");

fprintf(g, "\n");
}

if (counter >= 20) break:

}

memcpy(current_solution, edd, nremainingjobs * sizeof(job)):;

current obj = (*obj_arraylobjective]) (current_solution, weight);

for (counter = 0;; iIter++, counter++)
{
if {verbose)

{
fprintf(g, "ITERATION %d\n", iIter+l);

fprintf (g, "\nCurrent sequence: ");

for (i = 0; i < nremainingjobs; i++)
fprintf(g, "3d ", current_solution([i].id);

fprintf (g, "\tObjective: %£.\n", current obj);
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generate_neighbourhood()}
process neighbourhood() ;

if (verbose)
{
fprintf (g, "\nCurrent tabu list:\n");
for(tp = tabu_list; tp != NULL; tp = tp->next)
fprintf(g, "\tJob %d to position %d for %d %s.\n",
tp->job_id, tp->to_position + 1, tp->remaining_tenure,
tp->remaining tenure > 1 ? "iterations" : "iteration");
fprintf(g, "\n"):;
}
if (counter >= 20) break;
}
memcpy (current solution, spt, nremainingjobs * sizeof(job)};
current_obj = (*obj_arrayl[objective]) (current_solution, weight);
for (counter = 0;; iIter++, counter++)
{
if (verbose)
{
fprintf (g, "ITERATION %d\n", ilter+l);
fprintf (g, "\nCurrent sequence: ");
for (i = 0; i < nremainingjobs; i++)
fprintf(g, "3d ", current_solution[i].id);
fprintf (g, "\tObjective: $f£.\n", current obj};
}
generate neighbourhood() ;
process_neighbourhood () ;
if (verbose)
{
fprintf (g, "\nCurrent tabu list:\n");
for(tp = tabu_list; tp != NULL; tp = tp->next)
fprintf (g, "\tJob %d to position %d for %d %s.\n",
tp->job id, tp->to_position + 1, tp->remaining tenure,
tp—>remgining_tenure > 1 ? "iterations™ : "iteration");
fprintf(g, "\n");
}
if (counter >= 20) break;
}
for (tp = tabu_list; tp != NULL; tp = tp->next)
tp->remaining tenure = 1;
update () ;
free(current_solution); a
free(arr);
free(edd):;
free(spt):
for (i = 0; i < (nremainingjobs - 1) * nremainingjobs / 2; i++)
free (neighbourhood[i] .sequence);
free (neighbourhood) ;
return (best_solution);
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int main({int argc, char *argvl[])

{

double yedek;

int c;

int totalproc = 0;

extern char *optarg;

extern int optind;

const char *output_filename = NULL;
schedule *initial schedule;
schedule *realized schedule;

job *alias, *head;

job *temp sequence;

int i;

double sum, tardy;

int ntotaljobs, next one;

double tnow, busy time, next_ failure;

srand (time (NULL) ) ;
program name = argv[0];
while ((c = getopt(argec, argv, "hivco:")) != EOF)
switch (c)
{
case 'h': print usage(stdout, 0);
case 'i': improve = 1; break;
case 'v': verbose = 1; break;
case 'c': continuous = 1; break;
case 'o': output filename = optarg; break;
case '?': print usage(stderr, 1);

}
if (argv[optind] == NULL) print usage(stderr, 1);

if ((f = fopen(argv[optind], "rt")) == NULL)
{
char buffer[80];
sprintf (buffer, "Cannot open %s", argv[optind]);
perror (buffer);
exit(l);
}

if (output filename == NULL) g = stdout;
else if ({(g = fopen(output filename, "wt")) == NULL)
{
char buffer[80];
sprintf (buffer, "Cannot open %s", output_filename);
perror (buffer) ;
exit(1l);
}

/* memory initializations */

obj arrayl[0] makespan;
obj_array[l] = tardiness;
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flowtime;
slack makespan;

obj_arrayl2]
obj array[3]

obj_arrayl[4]
obj_arrayl[5]
obj_arrayl[6]

slack_tardiness;
slack_flowtime;
methodl makespan;
obj arrayl[7] methodl tardiness;
obj arrayl[8] methodl flowtime;
obj_array[9] = method2 makespan;
obj_array[10] method2 tardiness;
obj_arrayl[ll] method2 flowtime;
obj_arrayl[l2] methodl stability;
obj_array[13] method2 stability;

I n

nremainingjobs = fread number(f);
ntotaljobs = nremainingjobs;
jobs = (job *) malloc(ntotaljobs * sizeof(job));
for (i = 0; i < ntotaljobs; jobs{i].id = ++i)
jobs[i] .process_time = fread_number(f);
for (i = 0; i < ntotaljobs; jobs{i].id = ++i)
jobs[i].arrival time = fread number(f);
for (i = 0; i < ntotaljobs; i++)
jobs[i] .due_date = fread number(f);
objective = fread number (f);
performance measure = fread number(f);
weight = fread number (£f);
tenure = fread number(f);
breakdown = fread number (f);
fclose(£);
switch{breakdown)
{
case 0: mean_ time to failure = 60.0;
mean_repair duration = 9.0;
break;
case 1l: mean_time to_ failure
mean_repair duration
break;
case 2: mean_time_to_failure = 18.0;
mean_repair duration = 9.0;
break;
case 3: mean_ time to_failure = 18.0;
mean_repair duration = 3.0;
break;

60.0;
3.0;

}
lambda

Il

0.7 / mean_repair_duration;

for (i = 0; i < ntotaljobs; i++) totalproc += jobs[i].process_ time;

cdf = (double *) malloc((totalproc + 1) * sizeof(double));
best_solution = (job *) malloc(ntotaljobs * sizeof (job));
if (continuous && (objective > 8))
{
cdf[0] 0.0;
for (i 1; i <= totalproc; i+t++)
cdf[i] = cdfli - 1] + integrate(failure dist, i --1, i):

rn
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/* main work */

alias = ts(jobs);

if {!continuous)
{
fprintf(g, "%s\t%£\t%£\t", argv[optind],
(*obj_array[performance_measure])(best_solution, weight)
: { {(performance measure == 0 }? simulate_makespan(best_solution)
: (performance_measure == 1 )? simulate tardiness (best_solution)
simulate_flowtime(best_solution)));
fprintf (g, "%f\n", stabil);
free(jobs);
free (best_solution);
free(cdf) ;
return 0;
)
yedek = (*obj_ array[performance_measure]) (best_solution, weight);
initial_schedule = (schedule *) malloc(ntotaljobs * sizeof(schedule));
initial_schedule[0].id = best_solution[0].id;
initial_schedule[O].completion_time = best_solution{0].arrival time +
best_solution[O].process_time; ’
for (i = 1; i < ntotaljobs; i++)
{
initial_schedule[i].id = best_solution(i].id;
initial_schedule[i].completion_time = best_solution[i].process_time +
((initial_schedule[i-1].completion_time < best _solution[i].arrival_ time} ?
best_solution[i].arrival_time : initial_ schedule[i-1].completion_time);
}
realized schedule = (schedule *) malloc(ntotaljobs * sizeof(schedule));
tnow = best_solution[O].arrival_time;
busy time = 0;
next one = 0;
while (nremainingjobs > 0)

{

if (tnow < alias->arrival_ time) tnow = alias->arrival_time;
next_ failure = get failure();
while (nremainingjobs > 0)

{

if (tnow < alias->arrival_time} tnow = alias->arrival time;
if (busy time + alias->process_time < next_failure)
{
busy time += alias->process_time;
tnow += alias->process_time;
nremainingjobs——;
realized_schedule[next_one].id = alias~>id;
realized_schedule[next_one++].completion time = tnow;
alias++;
}
else if (busy time + alias->process_time > next failure)
{ .
tnow += (next failure - busy time + get_repair());
(alias->process_time) -= (next_failure - busy_ time);
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busy time = 0;
head = alias;

for {1 = 0; i < nremainingjobs; i++)

{

alias->arrival time = (alias->arrival time < tnow ? 0 : (int)
(alias->arrival_time - tnow)); '
alias->due_date = tint) (alias->due_date. - tnow);
alias++;
}
temp sequence = (job *) malloc (nremainingjobs * sizeof(job));

memcpy (temp sequence, head, nremainingjobs * sizeof(job));
free(best_solution);

best solution = (job *) malloc(nremainingjobs * sizeof(job));
if (nremainingjobs > 1) alias = ts(temp_sequence);
else

{
alias = best_solution;
memcpy (best_solution, temp sequence, sizeof(job));
}
for (i = 0; 1 < nremainingjobs; i++)
{
best_solution[i].arrival_time = jobs[best_solution[i].id—l].arrival_ti
best_solution[i].due_date = jobs[best_solution[i].id—l].due_date;
}
free (temp_ sequence);
break;
}
else
{
tnow += alias->process_time;
busy time = 0;
nremainingjobs--;
realized schedulelnext one}.id = alias->id;
realized_schedule[next_one++].completion_time = tnow;
alias++;
head = alias;
for (i =0; i < nremainingjobs; i++)

{

alias->arrival_time = alias->arrival time < tnow ? 0 : {int) (alias-
>arrival _time - tnow);
alias->due_date = (int) (alias->due_date - tnow);
alias++;
}
temp_sequence = (job *) malloc (nremainingjobs * sizeof(job));

memcpy (temp_sequence, head, nremainingjobs * sizeof(job));
free(best_solution);

best _solution = (job *) malloc(nremainingjobs * sizeof{job));
if (nremainingjobs > 1) alias = ts(temp_sequence);
else

{ :
alias = best_solution; :
memcpy (best _solution, temp_sequence, sizeof(job));
}

free(temp_sequence);
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for (i = 0; i < nremainingjobs; i++)

{

best_solution[i].arrival_time = jobs[best solution[il].id-1].arrival_ti

best_solution[i].due_date = jobs[best_solution[i].id-1].due_date;
}.A

break;

}

sum = 0;
switch (performance_measure)

{

case 0 : sum = realized_schedule[ntotaljobs - 1] .completion time;

break;
case 1 : for (i = 0; i < ntotaljobs; it++)
sum += ((tardy = realized schedule[i].completion_time
- jobs[realized_schedule[i].id-1].due_date) > 0 ? tardy :
break;

case 2 : for (i = 0; i < ntotaljobs; i++)
sum += (realized_schedule[i].completion_time -
jobs[realized_schedule[i].id—l].arrival_time);
break;
}
stabil = 0;
qsort(initial_schedule; ntotaljobs, sizeof(schedule), (void *) compar_id);
gsort (realized schedule, ntotaljobs, sizeof(schedule), (void *) compar_id);
for (i = 0; i < ntotaljobs; i++)
stabil += (realized_schedule[i].completion_time >
initial_ schedule[i].completion_time ?
(realized_schedule[i].completion_time -
initial_schedule[i].completion_time)
(initial_schedule[i].completion_time -
realized_schedule[i].completion_time));
fprintf(g, "%s\t%£\t%$f\t%f\n", argv[optind], yedek, sum, stabil);

/* memory clean-up before exit */

free(jobs);
free(best_solution);
free(cdf);
free(initial_ schedule);
return 0;
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