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ABSTRACT

ON CONSTRUCTION OF STABLE PROJECT SCHEDULES

GoOrmez, Baran
M. Sc. Department of Industrial Engineering

Supervisor: Assoc. Prof. Dr. A. Canan Sepil

September 2005, 101 pages

It is a well-known fact that project activities are subject to considerable uncertainty,
which may lead to multiple schedule disruptions during project execution. As a
result, the random nature of activity durations has been the subject of numerous
research efforts since the introduction of the initial PERT. A common problem which
arises in project management is the fact that the planned schedule is often disrupted
by several uncontrollable factors like weather conditions, other environmental
factors, additional time that might be required for rework and correction of detected

defects. As a result, project managers are often unable to meet the promised

iv



completion dates. It is therefore vital to take into account such possible disruptions
and their potential negative consequences at the project schedule design stage.
Hence, the ability of the pre-schedule to absorb disruptions may be very important in
such settings. At this point two new criteria are used in modern scheduling literature:
"robustness" and "stability". In this thesis, we propose several stability measures.
These measures are embedded in a tabu search algorithm to generate stable schedules

in a multi resource environment subject to random disruptions.

Keywords: Project Scheduling, robustness, stability, Tabu Search.
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KARARLI PROJE PLANLARI OLUSTURULMASI

GoOrmez, Baran
Yiiksek Lisans, Endiistri Miithendisligi Bolimii
Tez Yoneticisi: Dog. Dr. A. Canan Sepil

Eyliil 2005, 101 sayfa

Proje aktivitelerinin, proje uygulamalar1 sirasinda pek ¢ok program aksamalarina
neden olabilecek énemli derecede belirsizlige maruz kalmakta oldugu iyi bilinen bir
gercektir. Sonu¢ olarak, PERT’in ilk sunumundan bu yana aktivite siirelerinin
rastlantisalligl tizerine pek cok arastirma yapilmistir. Proje yonetiminde siklikla
karsilasilan bir problem de planlanan programin fark edilen hatalarin diizeltilmesi ve
yeniden yapilmasi i¢in ekstra ¢alisma zamani gereksinimi, iklim etkisi, ¢esitli digsal
etkenler gibi bircok kontrol disi faktor tarafindan sik sik aksatilmasidir. Sonug

olarak, Proje yoneticileri genellikle vaat edilen tamamlama siiresini karsilayamaz. Bu
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sebeple proje planlamasinda bu tiir aksakliklar1 ve neden olabilecegi olumsuzluklar
dikkate almak gereklidir. Dolayisiyla on-programlamanin aksakliklar1 absorbe etme
kabiliyeti cok onemlidir. Bu noktada, modern programlama literatiiriinde iki yeni
kriter kullanilmaktadir: “saglamlik ve kararlilik”. Bu tezde, birka¢ kararlilik Sl¢iisii
onerilmektedir. Bu Olgiiler rastlantisal aksamalara maruz kalan ¢ok kaynakli bir
ortamda kararli programlar {iiretebilmek ic¢in Tabu Arama algoritmasi iginde

kullanilmuastar.

Anahtar kelimeler: Proje Programlanmasi, Saglamlik, Kararlilik, Tabu Arama.
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CHAPTER 1

INTRODUCTION

Timely and cost effective production is becoming increasingly important in today’s
global competitive markets. Scheduling is an integral part of production systems
planning since the schedule serves as an overall plan upon which many other shop
activities are based (e.g. short-term labor planning, ordering and preparation of raw-
material, and planning for tooling and set-up activities) and it serves to maximize
performance of the manufacturing facility. Effective production scheduling is
particularly important in the large, complex manufacturing systems as in high-
technology industries that the simple manual techniques are inadequate to obtain
good results. By properly planning the timing of shop-floor activities, performance

criteria such as makespan, flow time, or tardiness can be optimized.

Project scheduling deals with the allocation of scarce resources to a set of interrelated
activities that are usually directed toward some major output and require a significant
period of time to perform. Since the early days of operations research, project
scheduling has attracted an ever growing attention. This interest is largely motivated
by its great practical importance in diverse industries for designing new production
processes, developing new products, setting up new facilities, and implementing new
information systems, to cite just a few applications. The two well-known network
techniques CPM and PERT, were both developed in the late 1950s to determine the
minimum completion time of a project in such a way that the precedence
relationships among activities are satisfied. However, in most practical situations the
activities of a project require several additional resources. These resources may

include manpower, machines, equipment, and capital budget.



Ignoring the resource constraints may result in an infeasible schedule with several
resource conflicts. During the last 20 years, Resource Constrained Project
Scheduling Problems (RCPSPs) have generated a great amount of research in the
operations research literature. Solving a RCPSP means providing an optimal project
schedule that not only satisfies the precedence constraints but also provide a feasible

allocation of the required resources (i.e., resolve resource conflicts).

It is a well-known fact that project activities are subject to considerable uncertainty,
which may lead to multiple schedule disruptions during project execution. As a
result, the random nature of activity durations has been the subject of numerous
research efforts since the introduction of the initial PERT. The issues of project
management under uncertainty and risk management have recently received growing
attention. Nevertheless, the development of a pre-computed baseline schedule (pre-
schedule) with the objective of assuring stability in the start times of the activities,
rather than the minimization of the expected project duration or some other regular

objective function, has been mostly overlooked so far.

A common problem which arises in project management is the fact that the planned
schedule is often disrupted by several uncontrollable factors like weather conditions,
other environmental factors, additional time that might be required for rework and
correction of detected defects. As a result, project managers are often unable to meet
the promised completion dates. It is therefore vital to take into account such possible
disruptions and their potential negative consequences at the project schedule design
stage. In a multi-project environment, it may be necessary to make advantage
bookings of key staff or equipment to guarantee their availability. Hence, the ability
of the pre-schedule to absorb disruptions may be very important in such settings.
Other sources of the need for such stability can be hard delivery dates of suppliers or
subcontractors, or in a larger sense, a hard due date for intermediate or final

deliverables, in other words any time restriction that is external to the project itself.



As a result, the performance of the schedule will degrade. It is therefore desirable to
generate schedules that are "robust" or “stable” within a reasonable range of
disruptions such as machine breakdowns and processing time variability. By robust it
is meant that the performance of the schedule remains high in the presence of
disruptions. Robust schedules are insensitive to disruptions. A stable schedule is the
schedule that the realized schedule is not deviated from the planned schedule. The
performance of the realized schedule is more important than the performance of the

planned initial schedule since it is reality not an anticipation as the other.

In this study, we consider project stability problem in a resource constrained project
environment. Moreover, we assume that there is a time window corresponding to a
time period in which there might be an anticipated disturbance affecting the duration
of a set of activities scheduling during that time window. We consider several
stability measures and use them in a Tabu Search algorithm that generates stable

schedules.

There are many studies related with robust and stable schedules in scheduling theory.
Wu et. al (1993) used pairwise swapping and Genetic Algorithm to optimize the
makespan and stability of the new schedule obtained after rescheduling a single
machine system subjected to disruption. Leon et. al. (1994) employed average slack
as a surrogate measure for expected deviation. They tried to find a preschedule that
optimizes the expected makespan and deviation from the preschedule under
disruptions. Daniels and Kouvelis (1995) aimed to find the least performance
measure degradation in worst possible scenario. Mehta and Uzsoy (1998) studied on
generating stable schedule. Their performance measure was maximum lateness.
O’Donovan et al. (1999) also worked on generating stable schedules. They used total
tardiness as performance measure. Sabuncuoglu and Bayiz (2000) study the reactive

scheduling problem. Their performance criteria are makespan and mean tardiness.



There are very limited number of studies in the literature considering project
stability. Herreolen et al. (2002, 2004) considered the construction of stable project
schedules with no resource constraints with the assumption that exactly one
anticipated disturbance will occur for the project, resulting with an increase in the

duration of a single activity.

The following parts of this study are organized as follows: In the next chapter a
literature review on the subject is given. Then we provide problem definition and
notations in Chapter 3. In Chapter 4 experimental studies are conducted on networks
generated by RanGen with the measures and algorithms explained in the previous
chapters. Finally concluding remarks and future research directions will be given in

the last chapter.



CHAPTER 2

LITERATURE REVIEW

There are a number of studies on robust and stable scheduling problems. Leon et. al.
(1994), developed a definition of schedule robustness which comprises post-
disturbance makespan and post-disturbance makespan variability. They have
developed robustness measures and robust scheduling methods for the case where a
"right-shift" control policy is used, which is on occurrence of a disruption; unfinished
jobs are delayed as much as necessary to accommodate the disruption. They derived
an exact measure of schedule robustness for the case in which only a single
disruption occurs within the planning horizon. A surrogate measure (Average Slack)
is developed for the more complex case in which multiple disruptions may occur and
then employed in a genetic algorithm to generate robust schedules for job-shops. The
experiments show that the robust schedule becomes superior only when processing -

time variability is sufficiently large.

Wu et. al. (1999), developed an alternative approach to the scheduling problem by
developing a decomposition for job shop scheduling problems based on an ordered
assignment of job operations to subsets. First, a critical subset of scheduling
decisions is determined and this subset is solved at the beginning of planning horizon
while the rest of the scheduling decisions are relegated to future points in time. The
method is called as “preprocess first schedule later (PFSL)” scheme. The crucial
decisions (preprocessing) are made through a branch and bound algorithm and
remaining scheduling decisions are made dynamically. They compared the model
with ATC heuristic. Computational experiments show that PESL scheme provides
more robust performance under a wide range of disturbances as compared to

traditional methods.



Daniels and Kouvelis (1995) formalized the concept of schedule robustness for
production environments with uncertain processing times. They study a single
machine problem where the performance criterion is the total flow time. They
defined two measures of robustness that focus on a given schedules’ worst case
deviation from optimality and developed a branch-and-bound approach for the
single-machine robust scheduling problem. The computational experiments indicated
that the schedules found by their algorithms are more robust than the sequences that

are found by SEPT (shortest expected processing time) heuristic.

Mehta and Uzsoy (1998) presented a predictable scheduling approach where the
objective is to absorb disruptions without affecting planned external activities such as
material procurement and preventive maintenance while maintaining high shop
performance. Scheduling with such dual objectives are called as predictable
scheduling (PS) and the scheduling which aimed to improve the shop performance
without considering the effects of disruptions, and react them as they occur, are
called as predictive —reactive scheduling (PRS) by the authors . They used the
available information on known uncertainties to generate a predictive schedule. The
effect of disruptions is measured by the difference between planned and realized
completion times and additional idle times are inserted into the predictive schedule to
reduce the completion time deviations. The experimental results show that significant
improvement provided in predicting by predictable scheduling with very little

degradation in realized schedule.

O’Donovan et. al. (1999) also present a predictable scheduling approach where the
effects of disruptions are measured by the deviations of job completion times as in
the study of Mehta and Uzsoy (1998). They aimed to minimize total tardiness on a
single machine with stochastic machine failures. They inserted idle times into the

schedule to absorb the impacts of breakdowns. After computational experiments it is



shown that it is better to consider predictability when rescheduling as opposed to just

optimizing the primary performance measure.

Bowers (1995) described a number of measures of an activity’s importance in a
network and compared in an application to an aircraft development. A quantitative
comparison of the measures is developed based on simulation of the process of
management identifying the key activities and directing their control efforts.

He used the resource constrained (RC) floats as scheduling algorithm which is

summarized below.

A conventional resource is employed first, using a minimum latest start (MINLS)
heuristic to decide priorities. During the construction of the resource constrained
schedule, the sources of each activity’s resources are noted and this information is
then used to create additional links explicitly representing the resource dependencies
in the network. A reverse pass of the network, incorporating the resource links then
provides a set of resource constrained latest start and finish times (LS and LF). The
earliest start and finish times (ES and EF) were derived as part of conventional

analysis and hence the resource constrained (RC) floats may be deduced.

RC float is just one possible measure of an activity’s importance and it is worthwhile
considering some alternative measures of importance such as conventional float,
based on a non-RC network analysis or resource equivalent duration (RED), which is
summarizing an activity’s demand for the key resources. Also combination of
conventional float and RED and the correlation of an activity’s duration with the
project’s duration derived from a perturbation analysis of the network could be
considered. However, the output from the resource constraint criticality analysis
seems to show more information about project and can be used in variable roles in

project planning and implementation.



Tavares et al. (1997) developed a model which deals with both the cost and the
duration of each activity and they studied the problem of project scheduling in terms
of the project’s discounted cost and of the risk of not meeting its completion time.
They stated that there have been a lot of research on uncertainty that has focused on
the issue of duration but not enough attention is given to the randomness of the cost.
They defined the project’s risk as a function of the uncertainty of the duration and the
cost of each activity and in terms of the adopted schedule which is considered the
major decision of this problem. They bring up the term “float factor” in order to
decrease the large set of variables into a single decision variable. The model is
studied the risk in term of float factor (risk function). The risk can easily be
estimated in terms of the float factor and its optimal value can therefore be

computed.

Jensen (2001) aimed to achieve schedule robustness and flexibility for job shop
problems. He used two methods for these purpose. The first way is the
neighborhood-based robustness measure technique. The second way is a simpler idea
applicable to tardiness problems; by minimizing a measure of lateness instead of
tardiness, the slack in the schedules can be increased, which may improve the
rescheduling performance of the schedules. The schedules were produced with a
Genetic Algorithm which optimizes cost, neighborhood-based robustness measures
and lateness robustness measures for the tardiness problem. After the computational
experiments it is found that the neighborhood-based robustness measures improve
schedule robustness for all performance measures tried in the study most of the time.
Schedule flexibility seems to be improved for maximum tardiness problems and
loose summed tardiness problems, however it does not seem to be improved for tight

summed tardiness problems and total flow-time problems.

Tavares et. al. (1997), states that the uncertainty of project networks has been mainly

considered as the randomness of duration of the activities. However, another major



problem for project managers is the uncertainty due to the randomness of the amount
of resources required by each activity which can be expressed by the randomness of
its cost. Such randomness can seriously affect the discounted cost of the project and
it may be strongly correlated with the duration of the activity. A model considering
the randomness of both the cost and the duration of each activity is introduced and
the problem of project scheduling is studied in terms of the project’s discounted cost
and of the risk of not meeting its completion time. The adoption of the earliest
(latest) starting time for each activity decreases (increases) the risk of delays but
increases (decreases) the discounted cost of the project. Therefore, an optimal
compromise has to be achieved. This problem of optimization is studied in terms of
the probability of the duration and of the discounted cost of the project falling
outside the acceptable domain (Risk function) using the concept of float factor as

major decision variable.

Sabuncuoglu and Bayiz (2000) study the reactive scheduling problems in a stochastic
manufacturing environment. They measured the effect of system size and type of
work allocation (uniform and bottleneck) on the performance of scheduling methods
(off-line and on-line). Their performance criteria are mean tardiness and makespan.
The authors also investigated a partial scheduling scheme under both deterministic

and stochastic environments for several system configurations.

It is seen that the system performance is more affected by the system load and not
significantly affected from the system size. Distribution of the load in the system
seems to have significant impact on the performance of the scheduling methods e.g.
the optimization based off-line scheduling method performs better than on-line
dispatching rules when the loads across the machines are not uniform. It is observed
that when there are stochastic disturbances such as machine breakdowns, the off-line

scheduling method is affected more than the on-line dispatching mechanisms.



Tsai and Gemmill (1998) proposed Tabu Search, which is a heuristic procedure for
solving optimization problems which decreases the likelihood of becoming trapped
at a local optimum solution, to obtain solutions to resource-constrained, randomized
activity duration project scheduling problems. Tabu search employs a set of moves
that transform one solution state into another and provides an evaluation function for
measuring the attractiveness of these moves. The form of the tabu search procedure
is highly flexible and often motivates the creation of new types of moves and
evaluation function criteria for different problems. They used multiple tabu lists,
randomized short-term memory, and multiple starting schedules for obtaining search
diversification. After the experiments, it is seen that tabu search is an efficient way to

find good solutions to both the deterministic and stochastic problems.

Verhoven (1998) proposed a tabu search algorithm for a resource-constrained
scheduling problem (RCSP) that generalizes the job shop scheduling problem. In this
scheduling problem machines are capable of processing several operations
simultaneously, and operations may require multiple resources for processing with
different processing times on each resource. The neighborhood used in this algorithm
is based on reinserting operations on possibly different resource sets such that
feasibility is maintained. The algorithm is tested on two types of instances, multiple
capacitated job shop instances and job shop instances with resource sets alternatives,
which are derived from well-known job shop instances and gave good-quality

results.

Artigues et.al. (2003) studied a model for the static resource-constrained project
scheduling problem. They proposed static and dynamic scheduling methods, based
on a new polynomial insertion algorithm taking advantage on the flow structure.
They also used the polynomial heuristic called INSHEUR included in Tabu Search
Method. The computational experiments show that the algorithm is of great interest

for robust rescheduling in a dynamic environment. The use of this algorithm has

10



been shown to be efficient, especially for highly cumulative instances compared to
single pass priority-rule based heuristics and for the largest instances of the literature
compared to recent sampling methods. The authors also believe that the tabu search
method could be highly improved by analyzing the connectivity of its neighborhood
and by adapting to the RCPSP the concept of blocks of critical activities that have

been shown to be useful for the generalized job-shop problem.

Al-Fawzan and Haouari (2004), addressed the issue of designing a project schedule
which is not only short in time, but also less vulnerable to disruptions due to reworks
and other undesirable conditions. To that aim they introduced the concept of
schedule robustness and they developed a bi-objective resource-constrained project
scheduling model. They considered the objectives of robustness maximization along
with makespan minimization. They developed a tabu search algorithm in order to
generate an approximate set of efficient solutions. The robustness of the schedule is
defined as the total sum of the free slacks. The objective of their model which was
called as Bi-objective Resource Constraint Project Scheduling Problem (BRCPSP)
was to maximize the robustness and minimize the makespan. A multi-objective tabu
search algorithm has been devised for solving the bi-objective resource constrained
project scheduling problem. Several variants of the algorithm were compared using
statistical design of experiments. The best variant was thoroughly tested on a large
sample of 480 benchmark problems and it proved to be robust and to generate in
most cases a moderately sized set of efficient solutions. Moreover, its performance
on the single objective makespan minimization is comparable to special purpose tabu

search algorithms.

Herroelen and Leus (2002), proposes a model for resource allocation for projects
with variable activity durations. The allocation is required to be compatible with a
deterministic pre-schedule and the objective is to guarantee stability in activity

starting times compared with the pre-schedule. Constraint propagation is applied

11



during the search to accelerate the algorithm. They concentrated on the case of a
single resource type, since this environment maps into a single resource flow

network.

Goren (2002) defined several robustness and stability measures and policies. He also
developed two new surrogate measures since the exact measures are difficult to
calculate. He used these measures in a tabu search algorithm to generate robust and

stable schedules for a single machine subject to random machine breakdowns.

Herroelen and Leus (2004) examined various procedures for the development of a
stable pre-schedule, which is unlikely to undergo major changes when it needs to be
repaired as a reaction to activity duration disruptions. They developed a
mathematical programming model to minimize the expected weighted deviation in
activity start times. They assumed that activities do not start before their pre-schedule
starting time and the model anticipates a single activity duration to be disrupted and

works with discrete disruption scenarios.

12



CHAPTER 3

PROBLEM DEFINITION AND RESEARCH METHODOLOGY

In project scheduling, project activities are subject to considerable uncertainty, which
results in various schedule disruptions during project execution. As a result, several
researches were done on the subject of the random nature of activity durations. A
great quantity of the studies can be classified in two groups. ‘“Proactive baseline
schedules” which are the schedules which are stable or robust that will change little
or not when uncertain events occur and, “reactive scheduling” which revises or re-

optimizes the baseline schedule when unexpected events occur.

A pre-schedule is robust if it is built with protection against the variabilities during
its execution. The term stability refers to the situation where there is little deviation
between the pre-schedule and the executed schedule. Reactive scheduling can be

done by schedule repairing, rescheduling and contingent scheduling.

Goren (2002) defined some robustness and stability measures; by defining S; through
Sm as m feasible schedule alternatives and f(S) as the value of the performance
measure for schedule S. If there are q scenarios corresponding to possible disruptions
in the course of the project, when the jth scenario occurs with probability a;, schedule
S; would change to S;; under jth scenario, i.e. S;j is the realized schedule of the initial
schedule S;, if the disruption in scenario j occurs. Let Sj* be the optimal solution with

the used performance measure. The robustness measures that can be used are:

13



= Robustness Policies and Measures:

1. Schedule S; that minimizes the expected realized performance, E[f(S/)],
is selected where E[f(S/)]= zzzoa‘if(Sij), for i=1,2,...,m. This is a risk neutral

approach which selects the schedule whose performance measure is the best on the
average. (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 i (i.e. min{max{f (Si,.)}} ). This
J i j !

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

3. If the worst case scenario can be identified, say Wy, k €{1,2... q},
selecting the schedule that performs the best in Wy can be an appropriate policy.

Thus, this policy selects S; with min{f (S, )}, where Wy is the worst case scenario.

4. Similarly, if the most probable scenario can be identified, that is the

scenario Wy, where m=argmax{qa,}, fori =1, 2, ... q, then selecting the schedule

4

whose performance measure is the best under Wy, can be an appropriate policy. This

policy selects S; with min{f(S,,)} where Wy, is the most probable scenario.

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

the realized schedule's performance from the initial anticipated performance is
minimized. That is, select S; with minimum o, =‘f(Si0)—E[f(S[ )], fori=12,...m.
This policy emphasizes the definition "robust schedule is the schedule whose
performance does not degrade much in the face of disruptions".

6. Another policy is to select the schedule that minimizes a measure that is a

convex combination of the aforementioned measures. For example, selecting the
schedule which minimizes (er[f(Sir )]+(1—r)xci), where r is a real number

between 0 and 1. The first part of the above measure emphasizes that a robust

14



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 et al., 1994) .

Similarly the stability measures are defined by Goren (2002) as:

= Stability Policies and Measures:

Completion time differences are used 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 DM = [dm;;] where

N
dm;; = Zk:l

1. Select schedule S; that minimizes the expectation of differences, E[dm;],

S, S.
o i0
C.' —CPol.

where E[dm; ] = z;\’:lajdmij . 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)).
2. Select S; that minimizes the worst case scenario completion time

differences, that is select S; such that max{dm,.j} is minimized over all i. This policy
J

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

3. If the worst-case scenario can be identified, say Wy, k ¢ {1,2... n},
selecting the scenario whose stability is the best in Wy can be an appropriate policy.

Thus, this policy selects S; withmin{dm, }, where Wy is the worst case scenario.

4. If the most probable scenario may be clearly identified, that is the scenario

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

4
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stability is the best under W, can be an appropriate policy. Thus, this policy selects

S; with, min{dm,,} where W, is the most probable scenario.

In defining stable project schedules, Herroelen and Leus (2004) considered a case
where exactly one anticipated disturbance will occur in the network, due to an
increase in the duration of a single activity. They develop a mathematical
programming model that aims at minimizing the expected weighted deviation of the
actual from the planned activity start times when exactly one activity duration

disruption is anticipated.

3.1. Problem Definition and Methodology

If it is considered to design a stable pre-schedule, it is important to obtain an initial
schedule which the realized schedule would deviate minimally from this planned
schedule. So it can be said that the stability measure is related to the realized
schedule, therefore it cannot be known at the beginning. So, the realized schedule
can only be predicted and by using surrogate measures its performance can be
estimated. Average or Total Free Slack method is used in most of the studies in

literature to generate stable schedules.

Total Free Slack measure is a measure of robustness used by Al-Fawzan and Haouari

(2004). The free slack si is defined as the amount of time that an activity i can slip

without delaying the start of the very next activity while maintaining resource

feasibility. Thus the robustness of the schedule is expressed as total sum of free
n

slacks and this value is tried to be maximized. TFS (Total Free Slack) = ¥’’s, (where
=0

n is the number of activities in schedule).

16



In this study the problem that is analyzed may be defined as follows: a project
consists of a set N of n interrelated activities. There are precedence constraints which
specify that activity i cannot be performed until all its predecessors defined by the set
pi have been finished. There are K renewable resources. A constant amount of CAPy
units of resource k (k=1,...,K) is continuously available from time zero onwards. The
duration of activity i is d; units of time. During this time period a constant amount of
rik units of resource k (k=I,...,K) is occupied. Preemption is not allowed. The
objective is to determine starting times for the activities in such a way that a
performance criterion is optimized, the precedence constraints are satisfied, and at
each unit of time the total resource requirement does not exceed the resource
availability for each resource type. Also a deadline DL exists which the schedules

are not allowed to exceed.

The main assumptions for the problem are;

1. Activity durations are known, deterministic and integer.

2. All the predecessors of the activity must be completed before the activity can
be started.

3. Once an activity started, it must be completed within the specified duration.
No preemption is allowed.

4. There may be one or more types of resources available and each type of
resource has fixed amount of availability during the project duration.

5. The objective is to minimize (or maximize) the stability measure selected

subject to the activity relationships and resource constraints.

Under these assumptions, the mathematical formulation of the problem with the

objective of stability measure minimization (or maximization) can be given as:
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Minimize or Maximize (Measure of Stability)
Subject to

1. 0< Xi <1 (and by integer programming techniques, X is
constrained to equal either O or 1)

2. Activities will be performed

T
ZXiz:di i=1,...,n
=1

3. Resource capacities will not be exceeded

n
ZXit 1, SCABR k=12,...,K

i=1
t=0,1,....,T

4. No activity will be started before its predecessors are completed

t—1
dinz SZX]‘Z foralli € p;
=1

t=0,1,....,T
j=1,...,n
5. No activity will be split:
T
dX,—dX ., +122Xﬂ <d, i1 ..n
=+

6. Deadline should not be passed:

n
D X, <0 t=DL,...,T
i=1
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Where

Xit : activity of job i on time t, constrained to the integer values 1 (if job i is

active) or 0 (if activity i is inactive)

In our problem we have possible disruptions during the schedule generation process.
There is a time window (which may be related to an event like weather conditions or
contract negotiation times etc.) that the activities are under risk of disruption with a
certain probability. If the event occurs (with probability o) then may be the activities
extended at a certain percentage of their parts remained in the window. When the
event occurs, an activity may be delayed (with probability B) or not delayed (with
probability 1-f).

3.2.  Stability Measures

Three different stability measures are considered in this study. These are total free
slacks (TFS), expected total delay in the start time of activities (ETD), and total
delay in the start time of activities (TD). The details of the measures are explained

below;

a) Total Free Slacks (TFES);
This is the measure used by, Al-Fawzan and Haouari (2004). The free

slack s; is defined as the amount of time that an activity i can slip without
delaying the start of the very next activity while maintaining resource

feasibility.

TES (total free slack) = isi
i=0
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b) Expected Total Delay in start times of activities (ETD);

The stability measure selected is the total expected delays in the start

times of the activities after disruption from their original starting times.

TDy =Y (STd, - ST,)

i=0
E(Total delay in start time of activities) :
ss
ETD= ax I?’fxTDk
k=0
Where;
TDyg = Total delay in start times in scenario k of disruption scenarios.
ST; = Start time of activity i in normal (undisrupted) schedule.
STd; = start time of activity i in disrupted schedule
Py = Probability of occurrence of scenario k.
a = Probability of disruption event to occur.
B = Probability of disruption of an activity in disruption time window.

SS = Number of disruption scenarios

An example for computing Py.

Let’s say P chosen as 0,2 and there are 3 activities named a, b, c in the

time window in the selected schedule;

Then the possible disruption scenarios will be:

_ no activities will be disrupted, _aand b disrupted
_ only act a disrupted _aand c disrupted
_only act b disrupted _ b and c disrupted
_only act c disrupted _ all will be disrupted,
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The probabilities of these scenarios to occur are calculated as;

Prone = (0.8%0.8%0.8) =0.512
pa = (0.2%0.8%0.8) =0.128
po = (0.8%0.2*%0.8) =0.128
pe =(0.8%0.8%0.2) =0.128
Pab=(0.2%0.2*0.8) =0.032
Pac = (0.2%0.8%0.2) =0.032
Pb.c = (0.8%0.2*%0.2) =0.032
pan = (0.2%0.2*0.2) =0.008
1

c) Total Delay in the Start time of the Activities (TD);

This measure can be defined as

TD =Y (STd, - ST,)

i=0

In dealing with these stability measures; four policies are also tested:

1. Find a schedule that maximizes TFS

TFES (total free slack) = Zn:si
i=0

2. Find a schedule that minimizes ETD

SS
ETD = (a.* > P, xTD, )

k=0
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3. Find a schedule that minimizes TD

TD =Y (STd, - ST))

i=0

4. Another policy that is tested is the right shift of the activities in the time
window (RS). It is assumed that no work will be done in the disruption
time window when disruption occurs and all the activities corresponding

to the disruption window are right shifted in case of disruption.

3.3. A Numerical Example

As an example, a project consists of a set N of 15 interrelated activities. There are
precedence constraints which are shown in Figure 3.1. There is one renewable
resource with a constant amount of capacity 7 units that is continuously available
during the implementation of project. The durations of activities and amount of
resource occupied by activities are given in Table 3.1. (Note that activities 0 and 16

are dummy activities).

Figure 3.1. Precedence relations of activities
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Table 3.1. Durations and resource requirements of activities

Activity | Duration | Resource
(Weeks) | Requirement
0 0 0
1 8 2
2 8 3
3 4 4
4 14 4
5 4 3
6 12 2
7 4 3
8 12 2
9 8 3
10 13 4
11 5 3
12 4 3
13 4 3
14 4 2
15 3 3
16 0 0

There is a deadline for the completion of the project (chosen as 65 weeks in this

case) and the schedules completed after deadline are not considered as feasible.

There is a probability of disruption occurrence in the time window (chosen as
between weeks 40-45 in this case) which is a (0.3 in this case) and for the activities
in the window all disruption probabilities are considered as having the same
probability to occur B (0.2 in this case). The disruption lengths of the activities are
taken as a certain percentage (35% in this case) of their parts remained in the window

(The values are rounded to nearest integer value to simplify the calculations).

The initial schedule found is given in Figure 3.2.
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Number of activities in window = 3
Activities in window are: 6,10, 11,
In case of disruption new duration of activities will be:

Act 6=13 Act_10=15 Act_11=6

|
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Figure 3.2. Gannt Chart of the Starting schedule

For this schedule;
a) Total free slack of starting schedule is = 6
Sg =6

b) Expected total deviation in starting schedule = 0.852

For each scenario obtained values of start times and deviations in start

times are given in Table A.1 in Appendix A.
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So, the expected total deviations in the start times for the starting schedule

is computed as,

SS
ETD=a* ) (P, xTD,)

k=0

c) TD = total delays in start times of activities in starting schedule at average

conditions = 11

e  When we use the objective of maximizing the TFS of this problem the schedule

shown in Figure 3.3. is obtained.

i@ [ | [Ea]
BEEEE RN R RN N

[ [Ed]

Figure 3.3. Gannt Chart of the schedule found by TFS Policy
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Three objective function values are also calculated for this schedule as;

TFS =47
ETD =0.48
TD =8

For each scenario, values in Table A.2. in Appendix A are obtained for start times

and deviations in start times.

e When we use minimizing the ETD objective for this problem the schedule shown

in Figure 3.4. is obtained.
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Figure 3.4. Gannt Chart of the schedule found by ETD Policy

There are 4 activities (10, 11, 12 and 13) in disruption window and therefore
there are 2* = 16 different possible scenarios of disruption and at the moment

they have equal probabilities to occur.
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For each scenario values of start times and deviations in start times are obtained

is shown in Table A.3. (in Appendix A) .

Three objective function values are also calculated for this schedule as;

TFS =13
ETD =0.21
TD=6

¢  When we use minimizing the TD objective for this problem the schedule shown

in Figure 3.5. is obtained.

-‘5§5|L5_E3> IMEEE ENE
Sl | SR

50 ED

Figure 3.5. Gannt Chart of the schedule found by TD Policy
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There are 4 activities (6, 10, 13 and 14) in disruption window as in the above
schedule. For each scenario values of start times and deviations in start times are

obtained are given in Table A.4. (in Appendix A) .

Three objective function values are also calculated for this schedule as;

TFS =11
ETD =0.24
TD =4

¢  When we use minimizing the RS objective for this problem the schedule shown

in Figure 3.6. is obtained.
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Figure 3.6. Gannt Chart of the schedule found by RS Policy
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Three objective function values are also calculated for this schedule as;

TFS =15
ETD =0.27
TD =7

The stability measures for the best schedules of all four policies are given in the

below table.

Table 3.2. Stability measure values for best schedules

OBJECTIVE FUNCTION VALUES
RESULTS
TFS value | ETD Value | TD Value
TFS 47 0.48 8
N
?) ETD 13 0.21 6
g TD 11 0.24 4
~ | RS 15 0.27 7

After discussing the stability measures and policies, we decided to continue with;
_ Find a schedule that minimizes X(ETD); to reflect the average conditions and

compare this policy with widely used policies TFS and RS under the average

conditions (objective ETD) and worst case conditions (objective TD).
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Therefore the model to be solved will be:

SS
(P1) Min(a* ) P, xTD, )

k=0

S.T.

0< Xi<1

T
ZXit:di i=1,..,n
=1

n
> X x1, SCAP, (15 K t=0.1.....

i=1

-1
dinz SZle foralli € p; t=0,1,
I=1
T
diXit_dej(t+l)+ Zle de ji=1, ...
I=t+2

3.4. Proposed Methods

A number of exact methods have been proposed for scheduling a resource
constrained project, however, they become computationally impractical for problem
of a large size. Since obtaining the solution is restricted to small size projects, it is
gained more importance to develop heuristic procedures to obtain near optimum

solutions especially for the large size realistic projects. In this study we use a Tabu

Search methodology to solve P1.
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The algorithm starts with an initial schedule which is generated as earliest start
schedule and use tabu search to find new feasible schedules. At each iteration, the
performances of several alternative schedules are compared and the best is selected
as current solution. The details of the tabu search method and the algorithm used are

given in following sections.

3.5. Introduction of Tabu Search Algorithm

Tabu Search method was developed by Glover (1997), it has a wide application area
that includes scheduling, production, inventory and investment, routing, layout
design and location. Tabu Search (TS) is based on the premise that problem solving,
in order to qualify as intelligent, must incorporate adaptive memory and responsive

exploration (Glover and Laguna, 1997).

The Tabu Search is a metaheuristic that can be used to solve combinatorial
optimization problems. It is different from the well-known hill-climbing local search
techniques in the sense that it does not become trapped in local optimal solutions, i.e.
the tabu search allows moves out of a current solution that makes the objective
function worse in the hope that it eventually will achieve a better solution. New
regions of a problems solution space are investigated with the goal of avoiding local

minimum and finding the global minimum

In Tabu Search, tabu status of forbidden elements shift according to time and
circumstance based on an evolving memory. TS uses adaptive (flexible) memory
since it can be overruled for a preferable alternative. TS also uses responsive
exploration, i.e. exploitation of good solutions and exploration of new promising

regions.

31



The tabu search requires the following basic elements to be defined:

e (Configuration is a solution or an assignment of values to variables.

® A move characterizes the process of generating a feasible solution to the
combinatorial problem that is related to the current solution (i.e. a move is a
procedure by which a new (trial) solution is generated from the current one).

e Set of candidate moves is the set of all possible moves out of a current
configuration. If this set is too large, one could operate with a subset of this
set.

e Tabu restrictions: These are certain conditions imposed on moves which
make some of them forbidden. These forbidden moves are known as tabu. It
is done by forming a list of a certain size that records these forbidden moves.
This is called the tabu list.

e Aspiration criteria: These are rules that override tabu restrictions, i.e. if a
certain move is forbidden by tabu restriction, then the aspiration criterion,

when satisfied, can make this move allowable.

Given the above basic elements, the tabu search scheme can be described as follows:
start with a certain (current) configuration, evaluate the criterion function for that
configuration. Then, follow a certain set of candidate moves. If the best of these
moves is not tabu or if the best is tabu, but satisfies the aspiration criterion, then pick
that move and consider it to be the new current configuration; otherwise, pick the
best move that is not tabu and consider it to be the new current configuration. Repeat
the procedure for a certain number of iterations. On termination, the best solution
obtained so far is the solution obtained by the algorithm. Note that the move that is
picked at a certain iteration is put in the tabu list so that it is not allowed to be
reversed in the next iterations. The tabu list has a certain size, and when the length of
the tabu reaches that size and a new move enters that list, then the first move on the

tabu list is freed from being tabu and the process continues. The aspiration criterion
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could reflect the value of the criterion (objective) function, i.e. if the tabu move

results in a value of the criterion function that is better than the best known so far,

then the aspiration criterion is satisfied and the tabu restriction is overridden by this

(Al-Sultan, 1995).

In Tabu search the important parameters are the tabu list size TL, Itermax , the

number of iterations before stopping, the neighborhood size NS; and the aspiration

criteria.

In this study we use swap moves to find a schedule in the neighborhood of the
current schedule. So, the neighborhood of a schedule with n jobs consists of

n(n—1)

schedules. Only precedence feasible moves are considered.

e Since a move consists of selecting a feasible pair, then the last performed moves
are stored in the tabu list. In order to override the tabu list when there is a good
move, an aspiration criterion is implemented: a tabu move is accepted if it
produces a solution which outperforms the best solution obtained so far. Other
aspiration criteria are possible, e.g. setting the tabu list size shorter for better
solutions.

3.6. Implementation of Tabu Search Algorithm:

Schedule representation:

A schedule @ is represented as an ordered list L = {0}, 0y, ..., 0,} of the n activities.

For the sake of simplicity, only precedence feasible lists are considered. Given a

precedence feasible list L; a corresponding precedence and resource feasible
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schedule can be built by using a Schedule Generation Scheme (SGS). This algorithm
starts from scratch and constructs in n steps a feasible schedule, so that at step i (i =
1,...,n) activity o; is selected and scheduled at the earliest precedence and resource

feasible start time. For that purpose, the following Forward Recursion Procedure is

used.

Notation

U : set of unscheduled activities

{0}  : dummy activity with zero processing time, no resource requirement and
precedes all activities.

K : number of resources

T : number of time periods

Ry . amount of resource k used at time t

Pij : set of immediate predecessors of activity i

ppi;  :setof predecessors of activity 1

ST; : earliest start time of activity i

C’/ : earliest completion time of activity i

EC :{C/:jeU}
d; : duration of activity 1
Xit (Lift€[S;, CF)
0 otherwise
Tk : resource k requirement of activity i
[Cylg=0.acT : list of the elements of EC ranked in non-decreasing order

CAPy : constant resource capacity

The SGS forward recursion algorithm for building schedules is given in part

Appendix B. This algorithm provides the earliest start and completion times for the

given list. The makespan of the project is C; (Completion time of last activity). In
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order to calculate the free slack times of activities, we need to compute the latest

feasible completion times C j (j=1,...,n). Hence, the free slack of an activity j is

sj= C;-C¢ (j=1,...,n).

While latest completion times are computed for each activity j (j=I,..., n) the

following properties hold:

¢ During the time interval [ST;, C;] the K resources are continuously available

with an amount > rjc

e [t is possible to complete activity j at time C} without delaying the start of

the very next activity (i.e. each successor could start at its earliest start time

that was calculated by the forward recursion).

In order to compute the latest finish times, the earliest completion times that were
calculated with the forward procedure are considered and an ordered list of the n
activities L = {uy, uy, ..., u,} are constructed where activities are ranked in a non-
decreasing order of their earliest completion time. A backward procedure is used so
that at step i (i =1,...,n) activity u; is included in the partial schedule and scheduled at
the latest precedence and resource feasible completion time while satisfying the
properties above. In addition to the previous notation below notations are added for

backward recursion procedure:

Sle : latest start time of activity j

Succ; : set of immediate successors of activity ]

{n+1}: dummy activity with zero processing time, no resource consumption, which
is preceded by all the activities

ES :{ST; ¢ U}

[STplp=1,acT+1 : list of the elements of ES ranked in non-increasing order
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The SGS backward recursion algorithm for computing the latest finish times of

activities is given in part Appendix B.

In order to compute the ETD and TD measure values the activities corresponding to
the disruption time window and the durations of these activities in case of disruption
must be calculated. After that the start times of activities in case of each disruption

scenario could be computed.

Neighborhood structure:

The same neighborhood structure as in Al-Fawzan and Haouari is applied. At a given
iteration, let @, be the current feasible schedule with a corresponding precedence
feasible priority list L = {0}, 0, ..., 05}. N neighbors generated by selecting feasible
moves. A move requires two activities to be swapped in the list L. Only precedence
feasible moves are considered. Obviously, considering only lists which are
compatible with precedence constraints reduce the computational burden, since in the
Forward Recursion Procedure the activities are simply scheduled according to the

ordering that is specified by the corresponding list.

Selection Strategy:

A precedence- feasible list of the n activities L is built and used to generate an initial
schedule. Assume that @, is the current feasible schedule. For each neighbor
schedule compute the stability (objective function) and makespan. If the stability
value of the selected neighbor is smaller than all other neighbor selections this
neighbor is selected as the best neighbor in this iteration. If two or more neighbors
have the same stability value then the makespan value is considered and the neighbor

with the smallest makespan is selected.
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Tabu list attributes and aspiration criterion:

Since a move consists of selecting a feasible pair; then in the tabu list the last
performed moves are stored. In order to override the tabu list when there is a good
move, the following aspiration criterion is implemented: a tabu move is accepted if it
produces a solution which outperforms the best solution obtained so far.

Tabu list size:

The tabu list embodies one of the functions of the short term memory, which enables
the algorithm to have some memory of the history. In this case, it tells the algorithm

not to reverse the last TL moves, where TL is the size of the tabu list.

Svynthesis of the TS algorithm

Initialization
Construct a precedence-feasible list L and generate an initial schedule @,
TL= O
For v =0 to Iter,x do
Repeat
Select N moves (non-tabu moves and/or satisfying the aspiration criterion)
Construct the set of neighbors NS (®g) = { ®":u=1, ..., N}
Compute for each ®" obj" (measure value) & ms" (makespan)
Select @ such that

Min,-; . N obj"

If there is equality Miny= equal neighbours MS"

Dy=D
Update the tabu list TL

37



CHAPTER 4

EXPERIMENTAL DESIGN

We will compare the ETD policy with the two widely used policies TES and RS
under two conditions:
_ Average conditions and

_ Worst case conditions.

For this reason, we conducted an experimental design that determines the
performances on different policies on different problem settings. Experimental
studies were conducted on networks generated by RanGen, which is a problem
generator developed by Demeulemeester et al. (2003) with the measures and

algorithms explained in above chapters.

RanGen is a random network generator for activity on the node (AoN) networks for
different classes of project scheduling problems. The objective of generator is to
construct random networks with prespecified parameters in order to control the
relation between the hardness of a problem instance and the logic of the underlying
network. Both parameters which are related to the network topology and resource-
related parameters are implemented. The network generator meets the shortcomings
of former network generators since the generator employs a wide range of different
parameters which have clearly demonstrated in former studies to have a relation with

the hardness of different project scheduling problems.
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4.1. Factor and Factor Levels

An experimental design is established in order to observe and identify corresponding
changes in the output response after making changes to the input variables of a
process. The independent variables (quantitative and qualitative) that are related to
the response variable are called factors. The effect of a factor is defined as the
change in response produced by a change in the level of the factor, which is the
intensity setting of a factor (i.e. the value assumed by a factor in an experiment). A
treatment is a particular combination of levels of the factors involved in an

experiment.

The number of activities and number of resources are estimated to affect the
objection function value and in order to see these effects the number of activities and
the number of resources are defined as factors of the design. Both of them are

examined in two levels such as small and large.

The OS (Order Strength) value is defined as the number of precedence relations
(including the transitive ones but not including the arcs connecting the dummy start
or end activity) divided by the theoretical maximum number of precedence relations
and it is also referred as restrictiveness. Restrictiveness, which is a measure of
network complexity for the resource constrained project scheduling problem is
therefore estimated to affect the objection function value and defined as a factor of

the design. It is examined in two levels.

Resource factor reflects the average proportion of resource types requested per
activity and concequently measures the density of the resource matrix. The resource
strength is used for determining the total avaibility of renawable resource for each
resource type. Therefore, resource factor and resource strength are taken as factors

and both are examined in two levels.
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It is obvious that the selected o and B values may have an effect on the output

response. So, they are taken as factors too and they are examined in three levels.

Finally the policies considered for schedule selection are taken as a factor. All the

factors and their levels are given at Table 4.1.

Table 4.1. Factors and factor levels of the problem

EACTOR Test Levels

Level 1 Level 2 Level 3
Number of Activities 30 60 -
Number of Resources 1 4 -
Resource Factor 0.5 0.75 -
Resource Strength 0.5 0.7 -
Restrictiveness (OS) 0.5 0.65 -
a 0.2 0.4 0.8
B 0.2 0.4 0.8
Schedule selection policy (SSP) TFS RS ETD

There are 2 x 2 x 2 x2 x 2 x 3 x 3 x 3 = 864 treatments in the design. In each case, by
using the first 5 factors, five networks were generated by RanGen. So 864 x 5 =4320

problems are solved and analyzed in this experiment.
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4.2. Response Variable

We are looking for the stability of the planned schedules for average conditions and
worst case conditions. Therefore, our response variables for this experiment will be
ETD and TD measure values for the schedules created by three policies explained in

Chapter 3.

The relative performance of the policies for average and worst case conditions are

obtained using the below formula:

BestOFV for thecondition- OFV for thispolicy <100
BestOFV for thecondition

% Deviationfrom the best OFV =

4.3. Problem Parameters

The time window that the activities are under risk of disruption is selected as the 1
10™ period of the starting schedule which is placed at the centre (which means the
window starts at the time when 45% of the starting schedule elapsed and ends when
55% of the starting schedule elapsed). Also a deadline is put for the neighbor
schedules which is %30 longer than the makespan of starting schedule. The amount
of increase in the part of the activity that remained in disruption time window is

selected as %35.

4.4. Fine Tuning Algorithm Parameters

The important parameters for TS algorithm used in this study are the Tabu List Size

TL, the number of iterations before stopping itery.x and the neighborhood size NS.
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All the neighbors of the schedules are taken into consideration, so a neighborhood
size is not defined. Some pilot runs were conducted to determine the levels for the
other two parameters of the scheduling algorithm. For the first 5 problems generated
by RanGen (30 act, 1 res, RF=0.5, RS=0.5, OS=0.5, a and = 0.2) five levels of TL
and 3 levels of Iterp, are conducted for both measures. The results are given in

Tables C.1 — C.5 in Appendix C.

As it is seen from the above tables the variation of the parameters TL and iterp,x does
not play any significant role. Hence we fixed the Tabu List Size TL = 5, and the

number of Iter,x = 100.

4.5. Design of Experimental Model

When there are several factors of interest in an experiment, a factorial design should
be used. By factorial experiment it is meant that in each complete trial or replicate of
the experiment all possible combinations of the levels of the factors are investigated.
The experiment that has every possible combination of multiple factors over each

test level is called a Full Factorial Experiment

In our experiment, there are eight factors. Five of the factors (number of activities,
number of resources, resource factor, resource strength and restrictiveness) have two
levels and remaining three factors (probability of disruption event to occur,
probability of disruption of an activity in time window and the schedule selection
policy) have three levels, and each replicate contains 25 x 33 (864) possible
combinations. The complete factorial experiment is the one that includes all possible
combinations of the levels of the factors as treatments. For each combination 5
problems generated so, 864 x 5 = 4320 problem instances generated by RanGen

using the control parameters.
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Statistical analysis has two main steps, factorial design to consider the factor effects,

and residual analysis to check the adequacy of the model.

The linear model for a factorial design includes the main effects (terms for each of
the factors in the experiment) and terms for the interactions. In general, a regression
model that is used to summarize the results of the experiment, is in an equation of the

form
y=pB,+0x +Bx, +..+ B.x, +€

where y is the response variable and the x's are a set of predictor variables, § values

are the regression coefficients, and ¢ is the usual NID ((),(52) random error term.

As explained above, in our model there are eight factors. The linear statistical model

for our design is described as:

Yisximnop :ﬂ+ﬂi+5j+7k+al+pm+wn+/10+wp+

(ﬁé)zj + (ﬁy)zk + (ﬂo-)il + (ﬂp)zm + (ﬁw)m + (ﬂﬂ)to + (lBl/j)tp +
(8y) +(60), +(p),, +(6w),, +(OA), +(Sy), +

(Y0 + () + (@), + A, + (W), +
(0P),, +(0®),, +(0A),, + (oY), +

(pa@,, +(PA),, +(PY),, +

(@A), +(@y),,+

(/uﬂ)pq + eijklmnopq
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where

1) : overall mean

Bi : effect of the number of activities factor i=1,2

9; : effect of the number of resources factor j=1,2

Yk : effect of resource factor factor k=1,2

o) : effect of resource strength factor 1=1,2

Pm : effect of restrictiveness factor m=1,2

Oy : effect of probability of dis. event factor 0=1,2,3

Ao : effect of probability of dis. of an activity factor p=1,2,3
WYp : effect of schedule selection criteria factor q=1,2,3

and

Eijkimnopq: the usual NID (0,02) random error term.

4.6. Model Adequacy Checking

For testing the hypothesis, the model errors are assumed to be normally and
independently distributed random variables with mean zero and variance o’. The
variance o° is assumed to be constant for all levels of factors. If these assumptions
are valid, the Analysis of Variance procedure is an exact test of the hypothesis of no

difference in the factor levels.

Generally these assumptions do not hold exactly. Therefore, it is not true to rely on
the Analysis of Variance until validity of these assumptions has been checked. By
examination of residuals, violation of basic assumptions can be easily investigated.

The residuals for the model can be described as;

Residual = response — fitted value
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If the model is adequate, the residuals should be structureless; which means that they
should not contain obvious patterns. In the following sections model adequacy

checking is shown for worst case and average condition values.

4.6.1. Worst Case conditions

Before adopting ANOVA to the problem, the adequacy of the model is checked

considering the data for the worst case conditions that is objective TD (Obj_TD).

The normal probability plot of residuals and histograms of residuals are given in
Figure 4.1. and Figure 4.2., respectively. Figure 4.3 shows the plot of residuals

versus fitted values.

Normal Probability Plot of Residuals

Dependent Variable: OBJ_TD
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Figure 4.1. Normal Probability plot of Residuals for obj_TD
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Histogram
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Figure 4.2. Histogram of Residuals for obj_TD
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Figure 4.3. Residuals vs. Fitted values for obj_TD
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From the figures it is seen that the residuals are not normally distributed. In order to
check the constant variance assumption residual versus each factor are plotted and
they are given in Appendix D in Figures D.1 — D.7. From the figures it is seen that
for the “number of activity factor” and “Resource factor” factor the variances differs
for each level. Therefore, it is necessary to make transformation on the obj_TD

response.

The log-it transformation can be useful for correcting both nonnormality in process

data and subgroup process variation that is related to the subgroup mean.

The log-it transformation is a particularly useful family of transformations. It is

defined as:

, y
-y

where y is the response variable.

Given a particular transformation such as the log-it transformation defined above, it
is helpful to define a measure of the normality of the resulting transformation. One
measure is to compute the correlation coefficient of a normal probability plot. The
correlation is computed between the vertical and horizontal axis variables of the
probability plot and is a convenient measure of the linearity of the probability plot

(the more linear the probability plot, the better a normal distribution fits the data).

Another way considerwed for normalization of residuals was taking the average
values of the responses for 5 replications. However results obtained by this method
didn’t satisfy a normal distribution. Therefore these calculations are not shown in

details.
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After transformation, normal probability of residuals, histogram of residuals and
residuals vs. fitted values plot are given in Figure 4.4., Figure 4.5. and Figure 4.6.,
respectively. The plots of factors vs response after transformation are also given in

Appendix D in Figures D.8. - D.14.

Normal P-P Plot of Residual

Dependent Variable: transformed obj_TD
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Figure 4.4. Normal Probability plot of Residuals for Transformed obj_TD
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Histogram

Dependent Variable: transformed obj_TD
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Figure 4.5. Histogram of Residuals for Transformed obj_TD

Scatterplot
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Figure 4.6. Residuals vs. Fitted values for Transformed obj_TD
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ANOVA table for the transformed obj_TD responses is the Table 4.2. All the main
effects of factors and all 2-way interactions of the factors are evaluated at 0,05
significance level. It is seen that all the factors except for alpha and beta factors have
significant influences in obj_TD measure. From ANOVA table it is clearly seen that
the interactions between factors number of activities, number of resources, resource
factor, resource strength and restrictiveness are significant except the case number of
resource-resource strength pair. Also, alpha and beta factors are not interacted with

any other factor.
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Table 4.2. ANOVA Table of Transformed obj_TD Values

General Linear Model: transformed Obj_TD versus Factors

Factor Type Levels Values

SSP fixed 3 TFS_Sch; ETD_Sch; RS_Sch

no of act fixed 2 30; 60

no of res fixed 2 1; 3

RF fixed 2 0,50; 0,75

RS fixed 2 0,5; 0,7

0S fixed 2 0,50; 0,65

alpha fixed 3 0,2; 0,4; 0,8

beta fixed 3 0,2; 0,4; 0,8

Analysis of Variance for transformed OBJ_TD, using Adjusted SS for Tests
Source DF Seq SS Adj SS Adj MS F p
SSP 2 12204,80 12116,04 6058,02 2572,75 0,000
no of act 1 2638, 14 2614,66 2614,66 1110,40 0,000
no of res 1 658,58 664,07 664,07 282,02 0,000
RF 1 845,73 818,66 818,66 347,67 0,000
RS 1 561,03 589, 36 589, 36 250,29 0,000
0Ss 1 739,69 731,80 731,80 310,78 0,000
alpha 2 0,00 0,00 0,00 0,00 1,000
beta 2 0,00 0,00 0,00 0,00 1,000
2-WAY INTERACTIONS

SSP*no of act 2 840,27 825,24 412,62 175,23 0,000
SSP*no of res 2 210,34 213,92 106,96 45,42 0,000
SSP*RF 2 54,31 56,68 28,34 12,04 0,000
SSP*RS 2 138,24 144,02 72,01 30,58 0,000
SSP*0S 2 114,59 115,59 57,79 24,54 0,000
SSP*alpha 4 0,00 0,00 0,00 0,00 1,000
SSP*beta 4 0,00 0,00 0,00 0,00 1,000
no of act*no of res 1 256,93 261,58 261,58 111,09 0,000
no of act*RF 1 54,22 50,79 50,79 21,57 0,000
no of act*RS 1 26,17 25,35 25,35 10,76 0,001
no of act*0S 1 381,34 389,29 389,29 165,33 0,000
no of act*alpha 2 0,00 0,00 0,00 0,00 1,000
no of act*beta 2 0,00 0,00 0,00 0,00 1,000
no of res*RF 1 23,73 24,17 24,17 10,26 0,001
no of res*RS 1 1,13 1,49 1,49 0,63 0,426
no of res*0S 1 28,41 27,76 27,76 11,79 0,001
no of res*alpha 2 0,00 0,00 0,00 0,00 1,000
no of res*beta 2 0,00 0,00 0,00 0,00 1,000
RF*RS 1 233,99 235,36 235,36 99,96 0,000
RF*0S 1 64,37 63,36 63,36 26,91 0,000
RF*alpha 2 0,00 0,00 0,00 0,00 1,000
RF*beta 2 0,00 0,00 0,00 0,00 1,000
RS*0S 1 87,74 87,74 87,74 37,26 0,000
RS*alpha 2 0,00 0,00 0,00 0,00 1,000
RS*beta 2 0,00 0,00 0,00 0,00 1,000
OS*alpha 2 0,00 0,00 0,00 0,00 1,000
OS*beta 2 0,00 0,00 0,00 0,00 1,000
alpha*beta 4 0,00 0,00 0,00 0,00 1,000
Error 4211 9915, 60 9915, 60 2,35

Total 4274 30079,33
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Mean of each factor level by using obj-TD responses before transformation is given
in Table 4.3. and Main Effects Plots and Interaction Plots of data means of each

factor for obj_TD are given in Appendix E.

Table 4.3 Factor Level Means for TD Objective

SELECTION POLICY
FACTORS LEVELS MEANS
TFS RS ETD
30 410 47 13 157,75
Number of Activities
60 637 114 98 285,58
Number of Resources 1 505 71 52 209,6
3 541 91 59 233,7
Resource Factor 0.5 370 46 34 150,33
0,75 678 116 77 293,64
Resource Strength 0,5 564 103 69 246,88
0,7 483 59 41 196,07
Restrictiveness (OS) 0.5 622 110 82 272,99
0,65 425 52 28 169,86
0,2 523.,5 81 55 221,53
o 0,4 523.,5 81 55 221,53
0,8 523,5 81 55 221,53
0,2 523.,5 81 55 221,53
B 0,4 523.,5 81 55 221,53
0,8 523,5 81 55 221,53
Total Mean for Obj_TD 523,5 81 55 221,53

The experimentation revealed the fact that the two commonly used stability policies

stated in the literature, the total free slack policy and the right shift policy produced
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poorer results compared to ETD policy in the case when we considered the worst

case condition, i. e. all the activities in the time window are delayed.

a and B having no significance is an expected condition for this case since we assume

that all possible delays are realized.

On the average, ETD policy gave the best results, right-shift policy is the policy that

gave better results compared to the total free slack policy.

As the number of activities, the number of resources and the resource factor are

increased the policies produced poorer results; whereas as the resource strength and

restrictiveness are increased the policies produced better results.

4.6.2. Average Conditions

Before adopting ANOVA to the problem, the adequacy of the model is checked
considering the data for average conditions that is objective ETD (obj_ETD).

The normal probability plot of residuals and histograms of residuals are given in

Figure 4.7. and Figure 4.8., respectively. Figure 4.9 shows the plot of residuals

versus fitted values.
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Normal Probabilty Plot of Residual
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Figure 4.7. Normal Probability plot of Residuals for obj_ETD response
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Figure 4.8. Histogram of Residuals for obj_ETD response
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Scatterplot
Dependent Variable: OBJ_ETD
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Figure 4.9. Residuals vs. Fitted values for obj_ETD response

From the figures it is seen that the residuals are not normally distributed. In order to
check the constant variance assumption residual versus each factor are plotted and
they are given in Appendix D in Figures D.15 — D.21. From the figures it is seen that
for all factors except for alpha factor the constant variance assumption fails.

Therefore, it is necessary to make transformation on the obj_ETD response.

The log-it transformation is applied for the responses in average conditions also.
After transformation, normal probability of residuals, histogram of residuals and
residuals vs. fitted values plot are given in Figure 4.10., Figure 4.11. and Figure
4.12., respectively. The plots of factors vs response after transformation are also

given in Appendix D in Figures D.22. - D.28.
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Normal P-P Plot of Residual
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Figure 4.10. Normal Probability plot of Residuals for Trans. obj_ETD response
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Figure 4.11. Histogram of Residuals for Trans. obj_ETD response
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Scatterplot
Dependent Variable: Transformed obj_ETD
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Figure 4.12. Residuals vs. Fitted values for Trans. obj_ETD response

ANOVA table for the transformed obj_ETD responses is the Table 4.4. All the main
effects of factors and all 2-way interactions of the factors are evaluated at 0,05
significance level. It is seen that all the factors except for alpha factor have
significant influences in obj_ETD measure. From ANOVA table it is clearly seen
that the interactions between factors “schedule selection policy - number of
activities”, “schedule selection policy — resource strength”, “number of activities-
number of resources”, “number of activities-restrictiveness”’, ‘“number of resources-

resource factor”, “resource factor-restrictiveness” and “resource strength-

restrictiveness” are significant.
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Table 4.4. ANOVA Table of Transformed obj_ETD Values

General Linear Model: Transformed obj_ETD versus Factors

Factor Type Levels Values

SSP fixed 2 TFS_Sch; RS_Sch

no of act fixed 2 30; 60

no of res fixed 2 1; 3

RF fixed 2 0,50; 0,75

RS fixed 2 0,5; 0,7

oS fixed 2 0,50; 0,65

alpha fixed 3 0,2; 0,4; 0,8

beta fixed 3 0,2; 0,4; 0,8

Analysis of Variance for Transformed obj_ETD, using Adj. SS for Tests
Source DF Seq SS Adj SS Adj MS F P
SSP 1 235,755 250,846 250,846 89,01 0,000
no of act 1 29,975 5,103 5,103 1,81 0,000
no of res 1 761,517 705,455 705,455 250,34 0,000
RF 1 510,692 456,116 456,116 161,86 0,000
RS 1 152,891 189,100 189,100 67,10 0,000
0Ss 1 58,765 71,424 71,424 25,35 0,000
alpha 2 0,011 0,014 0,007 0,00 0,997
beta 2 43,177 40,083 20,041 7,11 0,001
2-WAY INTERACTIONS

SSP*no of act 1 35,755 40,212 40,212 14,27 0,000
SSP*no of res 1 10,554 4,113 4,113 1,46 0,227
SSP*RF 1 1,954 0,135 0,135 0,05 0,827
SSP*RS 1 20,169 22,636 22,636 8,03 0,005
SSP*0S 1 1,747 0,191 0,191 0,07 0,795
SSP*alpha 2 0,006 0,013 0,006 0,00 0,998
SSP*beta 2 2,977 2,391 1,195 0,42 0,654
no of act*no of res 1 342,542 327,232 327,232 116,12 0,000
no of act*RF 1 6,019 5,089 5,089 1,81 0,179
no of act*RS 1 3,342 1,705 1,705 0,60 0,437
no of act*0S 1 25,698 31,949 31,949 11,34 0,001
no of act*alpha 2 0,025 0,032 0,016 0,01 0,994
no of act*beta 2 4,113 5,219 2,610 0,93 0,396
no of res*RF 1 68,342 64,4106 64,416 22,86 0,000
no of res*RS 1 0,836 1,208 1,208 0,43 0,513
no of res*0S 1 2,201 3,106 3,106 1,10 0,294
no of res*alpha 2 0,009 0,012 0,006 0,00 0,998
no of res*beta 2 0,478 0,615 0,307 0,11 0,897
RF*RS 1 4,854 6,055 6,055 2,15 0,143
RE*0S 1 108,128 103,653 103,653 36,78 0,000
RF*alpha 2 0,015 0,015 0,008 0,00 0,997
RE*beta 2 2,094 2,367 1,184 0,42 0,657
RS*0S 1 6,265 6,781 6,781 2,41 0,121
RS*alpha 2 0,013 0,012 0,006 0,00 0,998
RS*beta 2 6,401 6,258 3,129 1,11 0,330
OS*alpha 2 0,003 0,004 0,002 0,00 0,999
OS*beta 2 0,457 0,457 0,229 0,08 0,922
alpha*beta 4 0,011 0,011 0,003 0,00 1,000
Error 2243 6320,867 6320,867 2,818

Total 2296 8768,659

58




Mean of each factor level by using obj_ETD responses before transformation is
given in Table 4.5. and Main Effects Plots and Interaction Plots of data means of

each factor for obj_ETD are given in Appendix E.

Table 4.5 Factor Level Means for ETD Objective

SELECTION
FACTORS LEVELS POLICY MEANS
TFES RS
30 66,4 50 58,50
Number of Activities
60 49,7 333 52,60
Number of Resources 1 45.4 27 40,00
3 70,4 57,5 64,51
Resource Factor 0,5 44,8 30,6 38,50
0,75 69,8 51,8 61,37
Resource Strength 0,5 61,8 53,2 57,95
0,7 54 32 43,78
Restrictiveness (OS) 0,5 64,8 45 55,49
0,65 51 39 45,68
0,2 58 42,2 50,71
a 0,4 58 42,2 50,69
0,8 58 42,2 50,66
0,2 69 49,7 59,80
B 0,4 54 40 47,61
0,8 51,5 37 45,07
Total Mean for Obj_ETD 57,8 42 50,68

The experimentation revealed the fact that the two commonly used stability policies

stated in the literature, the total free slack policy and the right shift policy do not
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produce results as good as the ETD policy which tries to find a schedule that
minimizes the expected total delay in the start time of the activities for the average
conditions. Among the two policies, right-shift policy, in general, produced better

results than the total free slack policy.

As the number of activities, resource strength and restrictiveness increased the two
policies produced better results, whereas as the number of resources are increased,

the two policies produced poorer results.

The result of a and B values being not significant in the performance of these policies
is not intuitive. It may be explained as, as long as there is a delay, two policies which
does not take into account the deviations from the scheduled start times, provides the

same solutions.
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CHAPTER 5

CONCLUSION

Project scheduling deals with the allocation of scarce resources to a set of interrelated
activities that are usually directed toward some major output and require a significant
period of time to perform. The two well-known network techniques CPM and PERT,
were both developed in the late 1950’s to determine the minimum completion time of
a project in such a way that the precedence relationships among activities are
satisfied. However, project activities are subject to considerable uncertainty, which

may lead to multiple schedule disruptions during project execution.

In this study, we consider project stability problem in a resource constrained project
environment and also there is a time window corresponding to a time period in which
there might be an anticipated disturbance affecting the duration of a set of activities
scheduling during that time window. We consider three stability measures and three
policies. Since finding the exact solution to the problems in real life projects which
consist of a large number of activities is not possible, we use Tabu Search heuristic

to generate stable schedules.

Three policies (TFS, TD and ETD) are used to obtain pre-schedules and two stability
measures (TD and ETD) are used to compare the stability values of these schedules.
4320 problems are generated by RanGen algorithm by using eight different factors.
Factors used in the study are chosen by mainly two criteria. These factors reflect the
characteristics of the networks with respect to the activities, resource constrainedness
and precedence relations. These factors and factor levels are the ones that are largely

used in literature for the project scheduling problems. Number of activities, number
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of resources, resource factor, resource strength and restrictiveness are the factors that
are used in the phase of generating networks by RanGen algorithm. Other three
parameters probability of disruption event to occur, probability of disruption of an
activity in time window and schedule selection policy are used in solving the

problems and they are related with two separate objectives.

As a result of the experimental design, it is seen that probability of disruption event
to occur does not have a significant effect on the results. Mean deviations from the
best schedules are the lowest when ETD policy is used as the selection policy and the
highest when TFS policy is used as the selection policy. All factors except for alpha
and beta have influence on the worst case conditions objective and all factors except

for alpha have influence on the average conditions objective.

As mentioned in section 4.2 the percent deviation from the best solution is
considered as our response variable. Since alpha is a multiplier in the objective
function formula (Section 3.2) and it is placed in both numerator and denominator of
the fraction of the formula used for computing the response variable, the effect of
alpha factor is terminated. If we had considered the stability measure values as

response variables we could be able to see the effects of alpha factor on the results.
In future, as an extention of this study, problem solutions with other heuristics and

methods can be tried. Also some other stability measures or schedule selection

criterias can be tried.
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APPENDIX A

TABLES FOR NUMERICAL EXAMPLE

Table A.1. Values of start times and deviations in start times in starting schedule

f= number of disruption scenario

Sd = Start times of activities after disruption

dev = deviation in start times of activities

68

f=1 f=2 f=3 f=4 f=5 f=6 f=7 f=8
Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd_0=0 Sd_0=0 Sd_0=0
Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd_1=0 Sd_1=0 Sd_1=0
Sd2=8 Sd2 =8 Sd2 =8 Sd2=8 Sd2=8 Sd_2=8 Sd_2=8 Sd_2=8
Sd3=8 Sd3=8 Sd3 =8 Sd3 =8 Sd3=8 Sd_3=8 Sd_3=8 Sd_3=8
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd_4=16 Sd_4=16 Sd_4=16
Sd5=12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd_5=12 Sd_5=12 Sd_5=12
Sd6 =30 Sd6 =30 Sd6 =30 Sd6 =30 Sd6 =30 Sd_6=30 Sd_6=30 Sd_6 =30
Sd7=16 Sd7=16 Sd7=16 Sd7=16 Sd7=16 Sd_7=16 Sd_7=16 Sd_7=16
Sd8 =20 Sd8 =20 Sd8 =20 Sd8 =20 Sd8 =20 Sd_8 =20 Sd_8 =20 Sd_8=20
Sd9 =30 Sd9 =30 Sd9 =30 Sd9 =30 Sd9 =30 Sd_9=30 Sd_9=30 Sd_9 =30
Sd10 =38 Sd10 =38 Sd10 =38 Sd10 =38 Sd10 =38 Sd_10=38 Sd_10=38 Sd_10=38
Sdl1 =42 Sd11 =43 Sdi1 =42 Sd11 =43 Sd11 =43 Sd_11=42 Sd_11=42 Sd_11=43
Sd12 =47 Sd12 =48 Sd12 =47 Sd12 =48 Sd12 =49 Sd_12=48 Sd_12=48 Sd_12=49
Sd13 =51 Sd13 =51 Sd13 =51 Sd13 =52 Sd13 =51 Sd_13=52 Sd_13 =51 Sd_13=53
Sd14 =51 Sd14 =52 Sd14 =53 Sd14 =53 Sd14 =53 Sd_14=53 Sd_14=52 Sd_14 =53
Sd15 =55 Sd15 =56 Sd15 =57 Sd15 =57 Sd15 =57 Sd_15=57 Sd_15=56 Sd_15=57
Sd16 =58 Sd16 =59 Sd16 = 60 Sd16 = 60 Sd16 =60 Sd_16 =60 Sd_16=59 Sd_16 =60
dev0=0 dev0=0 dev0=0 dev0=0 dev0=0 dev_0=0 dev_0=0 dev_0=0
devl =0 devl =0 devl =0 devl =0 devl =0 dev_1=0 dev_1=0 dev_1=0
dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev_2=0 dev_2=0 dev_2=0
dev3=0 dev3=0 dev3=0 dev3=0 dev3=0 dev_3=0 dev_3=0 dev_3=0
devd =0 devd =0 devd =0 devd =0 devd =0 dev_4=0 dev_4=0 dev_4=0
dev5 =0 devS =0 dev5 =0 dev5 =0 dev5 =0 dev_5=0 dev_5=0 dev_5=0
dev6 =0 dev6 =0 dev6 =0 dev6 =0 dev6 =0 dev_6=0 dev_6=0 dev_6=0
dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev_7=0 dev_7=0 dev_7=0
dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev_8=0 dev_8=0 dev_8=0
dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev_9=0 dev_9=0 dev_9=0
devl0=0 devl0 =0 devl0 =0 devl0 =0 devl0=0 dev_10=0 dev_10=0 dev_10=0
devll =0 devll =1 devll =0 devll =1 devll =1 dev_11=0 dev_11=0 dev_11=1
devl2=0 devli2 =1 devl2 =0 devli2 =1 devl2 =2 dev_12=1 dev_12=1 dev_12=2
devl3=0 devl3=0 devl3=0 devli3=1 devl3=0 dev_13 =1 dev_13=0 dev_13=2
devl4 =0 devl4d =1 devl4 =2 devl4 =2 devld =2 dev_14=2 dev_14=1 dev_14=2
devl5 =0 devl5=1 devl5 =2 devl5 =2 devl5 =2 dev_15=2 dev_15=1 dev_15=2
devl6 =0 devlo =1 devl6 =2 devl6 =2 devl6 =2 dev_16=2 dev_16=1 dev_16=2
total =0 total = 5 total = 6 total =9 total =9 total = 8 total =4 total = 11
Where,




Table A.2. Values of start times and deviations in start times in schedule

f=1 f=2 f=3 f=4
Sd0=0 Sd0=0 Sd0=0 Sd0=0
Sd1=0 Sd1=0 Sd1=0 Sd1 =0
Sd2=8 Sd2=8 Sd2=8 Sd2=8
Sd3=8 Sd3=8 Sd3=8 Sd3 =8
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16
Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12
Sd6 =33 Sd6 =33 Sd6 =33 Sd6 =33
Sd7 =16 Sd7 =16 Sd7 =16 Sd7 =16
Sd8 =33 Sd8 =33 Sd8 =33 Sd8 =33
Sd9 =20 Sd9 =20 Sd9 =20 Sd9 =20
Sd10=45 Sd10=45 Sd10 =47 Sd10 =47
Sd11 =28 Sd11 =28 Sd11 =28 Sd11 =28
Sd12=34 Sd12 =34 Sd12 =34 Sd12 =34
Sd13 =30 Sd13 =30 Sd13 =30 Sd13 =30
Sd14 =58 Sd14 =58 Sd14 =60 Sd14 =60
Sd15=62 Sd15=62 Sd15 =64 Sd15 =64
Sd16 =65 Sd16 =65 Sd16 =67 Sd16 =67
dev0=0 dev0=0 dev0=0 dev0=0
devl =0 devl =0 devl =0 devl =0
dev2=0 dev2=0 dev2=0 dev2=0
dev3=0 dev3=0 dev3=0 dev3i=0
devd =0 devd =0 devd =0 dev4d =0
dev5=0 dev5=0 dev5=0 dev5=0
dev6 =0 dev6 =0 dev6 =0 dev6 =0
dev7 =0 dev7 =0 dev7 =0 dev7 =0
dev8=0 dev8=0 dev8=0 dev8 =0
dev9 =0 dev9 =0 dev9 =0 dev9 =0
devl0=0 devl0=0 devl0=2 dev10=2
devll =0 devll =0 devll =0 devll =0
devl2 =0 devl2 =0 devl2 =0 devl2 =0
devl3 =0 devl3 =0 devl3=0 devl3 =0
devl4 =0 devl4 =0 devld =2 devld =2
devl5=0 devl5=0 devl5=2 devl5=2
devl6 =0 devl6 =0 devl6o =2 devl6o =2
total = 0 total = 0 total = 8 total = 8
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Table A.3. Values of start times and deviations in start times in schedule

f=1 f=2 f=3 f=4 f=5 f=6 =7 =8
Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0
Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0
Sd2 =38 Sd2 =38 Sd2=38 Sd2=38 Sd2=38 Sd2=8 Sd2=8 Sd2=8
Sd3 =38 Sd3 =38 Sd3 =38 Sd3 =38 Sd3 =38 Sd3 =8 Sd3 =8 Sd3 =8
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16
Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12
Sd6 =48 Sd6 =48 Sd6 =48 Sd6 =48 Sd6 =48 Sd6 =48 Sd6 =48 Sd6 =48
Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28
Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16
Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32
Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10 =30
Sdl11 =43 | Sd11 =44 | Sd11=43 | Sd11=44 | Sd11 =44 | Sd11=43 | Sd11=43 | Sd11 =44
Sd12=44 | Sd12=44 | Sd12=44 | Sd12=44 | Sd12=44 | Sd12=44 | Sd12=44 | Sd12=44
Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13 =40
Sd14 =48 | Sd14=48 | Sd14=48 | Sd14=48 | Sd14=48 | Sd14=48 | Sd14=48 | Sd14 =48
Sd15=52 | Sd15=52 | Sd15=52 | Sd15=52 | Sd15=52 | Sd15=52 | Sd15=52 | Sd15=52
Sd16=60 | Sd16 =60 | Sd16 =60 | SA16 =60 | Sd16 =60 | SA16 =60 | Sd16 =60 | Sd16 = 60
dev0=0 dev0=0 dev0=0 dev0=0 dev0=0 dev0=0 dev0=0 dev0=0
devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0
dev2=0 dev2=0 dev2=0 dev2 =0 dev2=0 dev2 =0 dev2 =0 dev2 =0
dev3 =0 dev3 =0 dev3 =0 dev3 =0 dev3 =0 dev3=0 dev3=0 dev3=0
devd =0 devd =0 devd =0 devd =0 devd =0 dev4 =0 dev4 =0 dev4 =0
dev5=0 dev5=0 dev5=0 dev5=0 dev5=0 dev5 =0 dev5 =0 dev5 =0
dev6 =0 devo =0 dev6 =0 devo =0 dev6 =0 dev6 =0 dev6 =0 dev6 =0
dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0
dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0
dev9 =0 devd =0 devd =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9o =0
devl0=0 | devli0=0 | devl0=0 | devl0=0 | devl0=0 | devli0=0 | devl0=0 | devli0=0
devlil =0 | devil=1 | devlil=0 | devll=1 | devll=1 | devll=0 | devll=0 | devll=1
devl2=0 | devl2=0 | devl2=0 | devl2=0 | devl2=0 | devli2=0 | devi2=0 | devl2=0
devl3=0 | devl3=0 | devi3=0 | devl3=0 | devl3=0 | devli3=0 | devi3=0 | devl3=0
devl4=0 | devld=0 | devld=0 | devl4d=0 | devld=0 | devld=0 | devld=0 | devld=0
devl5=0 | devl5=0 | devli5=0 | devl5=0 | devl5=0 | devl5=0 | devl5=0 | devl5=0
devl6=0 | devli6=0 | devi6=0 | devl6=0 | devl6=0 | devi6=0 | devl6=0 | devli6=0
total =0 total = 1 total =0 total = 1 total = 1 total = 0 total = 0 total = 1
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Table A.3. (Continued)

=9 =10 f=11 f=12 =13 f=14 f=15 f=16
Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0 Sd0=0
Sd1=0 Sd1 =0 Sd1=0 Sd1 =0 Sd1=0 Sd1=0 Sd1=0 Sd1=0
Sd2=38 Sd2=8 Sd2=38 Sd2=8 Sd2=38 Sd2=38 Sd2=8 Sd2 =38
Sd3 =38 Sd3 =8 Sd3 =38 Sd3 =8 Sd3 =38 Sd3 =38 Sd3 =8 Sd3 =38
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16
Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12 Sd5=12
Sd6 =48 Sd6 =49 Sd6 =49 Sd6 =49 Sd6 =49 Sd6 =49 Sd6 =48 Sd6 =49
Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28
Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16 Sd8 =16
Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32 Sd9 =32
Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=30 | Sd10=130
Sdl11=43 | Sd11=44 | Sd11 =43 | Sd11=44 | Sd11 =44 | Sd11 =43 | Sd11=43 | Sd11 =44
Sd12=45 | Sd12=45 | Sd12=45 | Sd12=45 | Sd12=45 | Sd12=45 | Sd12=45 | Sd12=45
Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13=40 | Sd13 =40 | Sd13 =40
Sd14=48 | Sd14=49 | Sd14=49 | Sd14=49 | Sd14=49 | Sd14=49 | Sd14=48 | Sd14 =49
Sd15=52 | Sd15=53 | Sd15=53 | Sd15=53 | Sd15=53 | Sd15=53 | Sd15=52 | Sd15=53
Sd16=60 | Sd16 =61 | Sd16 =61 | Sd16=61 | Sd16=61 | Sd16 =61 | Sd16 =60 | Sd16 =61
dev0=0 devO0=0 dev0=0 devO0=0 dev0=0 dev0=0 devO0=0 dev0=0
devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0
dev2=0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2=0 dev2 =0 dev2 =0
dev3 =0 dev3=0 dev3 =0 dev3=0 dev3 =0 dev3 =0 dev3=0 dev3 =0
dev4 =0 dev4 =0 dev4 =0 dev4 =0 dev4 =0 dev4 =0 dev4 =0 dev4 =0
dev5=0 dev5=0 dev5=0 dev5=0 dev5=0 dev5=0 dev5=0 dev5=0
dev6 =0 devb =1 devb =1 devb =1 devb =1 devb =1 dev6 =0 devb =1
dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0
dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0
dev9 =0 dev9o =0 dev9 =0 dev9o =0 devd =0 devd =0 dev9o =0 dev9 =0
devl0=0 | devl0=0 | devl0=0 | devli0=0 | devl0=0 | devl0=0 | devl0O=0 | devli0=0
devlil =0 | devll=1 | devll=0 | devlil=1 | devll=1 | devll=0 | devll=0 | devll=1
devi2=1 | devi2=1 | devi2=1 | devi2=1 | devli2=1 | devi2=1 | devi2=1 | devi2=1
devl3=0 | devl3=0 | devl3=0 | devl3=0 | devl3=0 | devl3=0 | devl3=0 | devl3=0
devl4=0 | devld=1 | devld=1 | devld=1 | devld=1 | devlid=1 | devid=0 | devlid=1
devl5=0 | devl5=1 | devl5=1 | devl5=1 | devlS5=1 | devl5=1 | devl5=0 | devl5=1
devl6=0 | devlio6=1 | devl6=1 | devli6=1 | devl6=1 | devl6=1 | devl6=0 | devl6=1
total = 1 total = 6 total =5 total = 6 total = 6 total =5 total = 1 total = 6
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Table A.4. Values of start times and deviations in start times in schedule

f=1 f=2 f=3 f=4 f=5 f=6 f=7 f=8

Sdo =0 Sdo=0 Sd0o =0 Sdo=0 Sd0o =0 Sd0o =0 Sdo=0 Sd0o =0
Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0
Sd2 =8 Sd2=8 Sd2 =8 Sd2=8 Sd2 =8 Sd2 =8 Sd2=8 Sd2 =8
Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16
Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12
Sd6 = 43 Sd6 = 43 Sd6 = 44 Sd6 = 44 Sd6 = 43 Sd6 = 44 Sd6 = 43 Sd6 = 44
Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28
Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16
Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32
Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30
Sd11 =50 Sdi11 =50 Sd11 =50 Sdi11 =50 Sd11 =50 Sd11 =50 Sdi11 =50 Sd11 =50
Sd12 =55 Sdi12 =55 Sd12 =55 Sdi12 =55 Sd12 =55 Sd12 =55 Sdi12 =55 Sd12 =55
Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40
Sd14 =43 Sd14 =43 Sd14 =44 Sdi14 =44 Sd14 =43 Sd14 =44 Sd14 =43 Sd14 =44
Sdi15 =47 Sdi15 =47 Sd15 =48 Sd15 =48 Sdi15 =47 Sd15 =48 Sdi15 =47 Sd15 =48
Sd16 =59 Sdi16 =59 Sd16 =59 Sdi16 =59 Sd16 =59 Sd16 =59 Sd16 =59 Sd16 =59
dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0
devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0
dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0
dev3 =0 dev3=0 dev3 =0 dev3=0 dev3 =0 dev3 =0 dev3=0 dev3 =0
dev4d =0 dev4 =0 dev4d =0 dev4 =0 dev4d =0 dev4d =0 dev4 =0 dev4d =0
dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0
dev6 =0 dev6 =0 dev6 = 1 dev6 = 1 dev6 =0 dev6 =1 dev6 =0 dev6 =1
dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0
dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0
dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0
devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0=0 devi0 =0
devii =0 devili =0 devii =0 devili =0 devii =0 devii =0 devili =0 devii =0
devi2 =0 devi2=0 devi2 =0 devi2=0 devi2 =0 devi2 =0 devi2=0 devi2 =0
devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0
devi4 =0 devi4d =0 devi4 =1 devi4 =1 devi4 =0 devi4 =1 devi4d =0 devi4 =1
devi5=0 devi5 =0 dev15 =1 devi5 =1 devi5=0 dev15 =1 devi5 =0 dev15 =1
devi6 =0 devi6 =0 devi6é =0 devi6 =0 devié =0 devi6 =0 devi6 =0 devi6é =0
total =0 total =0 total = 3 total = 3 total =0 total = 3 total =0 total = 3
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Table A.4. (Continued)

=9 =10 f=11 f=12 f=13 f=14 f=15 f=16

Sdo =0 Sdo=0 Sd0o =0 Sdo=0 Sd0o =0 Sd0o =0 Sdo=0 Sd0o =0
Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0 Sd1=0
Sd2 =8 Sd2=8 Sd2 =8 Sd2=8 Sd2 =8 Sd2 =8 Sd2=8 Sd2 =8
Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8 Sd3 =8
Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16 Sd4 =16
Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12 Sd5 =12
Sd6 = 43 Sd6 = 43 Sd6 = 44 Sd6 = 44 Sd6 = 43 Sd6 = 44 Sd6 = 43 Sd6 = 44
Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28 Sd7 =28
Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16 Sd8 = 16
Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32 Sd9 = 32
Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30 Sd10 =30
Sd11 =50 Sdi11 =50 Sd11 =50 Sdi11 =50 Sd11 =50 Sd11 =50 Sdi11 =50 Sd11 =50
Sd12 =55 Sdi12 =55 Sd12 =55 Sdi12 =55 Sd12 =55 Sd12 =55 Sdi12 =55 Sd12 =55
Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40 Sd13 =40
Sd14 =43 Sd14 =43 Sd14 =44 Sdi14 =44 Sd14 =43 Sd14 =44 Sd14 =43 Sd14 =44
Sd15 =48 Sdi15 =48 Sd15 =49 Sdi15 =49 Sd15 =48 Sd15 =49 Sd15 =48 Sd15 =49
Sd16 =59 Sdi16 =59 Sd16 =59 Sdi16 =59 Sd16 =59 Sd16 =59 Sd16 =59 Sd16 =59
dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0 dev0 =0
devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0 devl =0
dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0 dev2 =0
dev3 =0 dev3=0 dev3 =0 dev3=0 dev3 =0 dev3 =0 dev3=0 dev3 =0
dev4d =0 dev4 =0 dev4d =0 dev4 =0 dev4d =0 dev4d =0 dev4 =0 dev4d =0
dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0 dev5 =0
dev6 =0 dev6 =0 dev6 = 1 dev6 = 1 dev6 =0 dev6 =1 dev6 =0 dev6 =1
dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0 dev7 =0
dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0 dev8 =0
dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0 dev9 =0
devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0 =0 devi0=0 devi0 =0
devii =0 devili =0 devii =0 devili =0 devii =0 devii =0 devili =0 devii =0
devi2 =0 devi2=0 devi2 =0 devi2=0 devi2 =0 devi2 =0 devi2=0 devi2 =0
devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0 devi3=0
devi4 =0 devi4d =0 devi4 =1 devi4 =1 devi4 =0 devi4 =1 devi4d =0 devi4 =1
dev15 =1 devi5 =1 devi5 =2 devi5 =2 dev15 =1 devi5 =2 devi5 =1 devi5 =2
devi6 =0 devi6 =0 devi6é =0 devi6 =0 devié =0 devi6 =0 devi6 =0 devi6é =0
total = 1 total = 1 total =4 total =4 total = 1 total =4 total = 1 total =4
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APPENDIX B

SOLUTION ALGORITHMS

SGS — forward recursion procedure

Initialization: All S; =0; EC={0},q=0,Cy=0

Fori=1tondo
Select the activity j = o;
Set U=U\{j}
For all t € EC do
Fork=1..., K do
Compute Ry
ST; = Max;epij{ ST + di}
Let q be the index with ST; = C,
While (V te [ST,,ST, +d,|, Vk =1,...K, R,, 2 r,) is False do
q:=q+l
STj=Cq
End (While)
C: :=STj+d;
EC=EC uU/{ C;’ }, Update C

End for 1
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SGS — backward recursion procedure

Initialization: ES={Cyx}, q =1, ST; = Cpax

Fori=ndownto 1 do
J=y
Set U=U\{j}
For all t € ES do
For k=1..., K do
Compute Ry

Cj = Min hi€Succj{ SThl }
Let q be the index with C ; = ST,
While (V te [ST,,C!|, Vk =1,..,K, R, >r,) is False do
q:=q+l
Cj. = ST,
End (While)
1. 1
ST, :=C; -4
ES =ES U {ST;}, Update ST
End for 1
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Extra Notation for algorithms for finding the best schedules for measures

Wilgown © start of disruption time window

wing, : end of disruption time window

h : number of activities that corresponds to the time period which disruption
may occur.
D¢ : Activities in time period, f =1,...,h

d_ratio: % increase in the duration of activity for the part remained in dis. Window

d_part; : Part of activity i remained in disruption window

dd; : new durations of activities in case of disruption, i =1,...,h
Sd; : Starting times of activities after disruption,i=1,...,n
SS : number subsets for possible disruption probabilities

SSs  : total amount of right shift after disruptions for each subset
Devgi : deviation at start time of activity 1 in scenario q

Py : probability of each scenario to occur

Devtot, : total deviation at start time of activities in scenario q

Obj_metd : objective function value calculated for starting schedule

Algorithm for finding the best schedule with ETD policy

Initialization: h=0, dd; = d; (for all i=1,...,n),
Repeat SGS
Fori=1tondo
If (Wingown < ST; < winyp)

h=h+1,

Dy =1,

if (C; < winyp)

d_part; = d;

else
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d_part; = winy, - STj;
dd; = d; + (d_part x d_ratio)
End (if)
If (Wingown < C; < winyp)
h=h+1,
Dy =1,
d_part = C; - wingown
dd; = d; + (d_part x d_ratio)
End (if)
If (Wingown > STi & C; > winyp)
h=h+1,
Dy =1,
d_part = winy, - Windown
dd; = d; + (d_part x d_ratio)
End (if)
ss = 2"
For q = 1 to ss do (for each q take one subset of all possible disruptions)
Repeat SGS (with dd; values instead of d; for Dy, in subset q)
Devg = STd; — ST;, 1= 1,...,n (activities can not start before their original

start times after disruption)

An
devtoty = Zdevqi
i=1

Z (P, *devtot )
obj_ETD = ———
2P,
g=1
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Algorithm for finding the best schedule with TD schedule
Initialization: h=0, dd; = d; (for all i=1,...,n),
Repeat SGS

Fori=1tondo
If (Wingown < ST; < winyp)
h=h+1,
Dy =1,
if (C; < winyp)
d_part; = d;
else
d_part; = winy, - STj;
dd; = d; + (d_part x d_ratio)
End (if)
If (Wingown < C; < winyp)
h=h+1,
Dy =1,
d_part = C; - Wihgown
dd; = d; + (d_part x d_ratio)
End (if)
If (Wingown > STi & C; > winyp)
h=h+1,
Dy =1,
d_part = winy, - Wildown
dd; = d; + (d_part x d_ratio)
End (if)
Repeat SGS (with dd; values instead of d; for all Dy)
devg; = STd; — S;, 1 = 1,...,n (activities can not start before their original

start times after disruption)
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obj_TD = > dev,,

i=1

Algorithm for finding the best schedule with RS policy

Initialization: h=0, dd; = d; (for all i=1,...,n),
Repeat SGS
Fori=1tondo
For all activity in window
dd; = d; + (winyp - Wingown)
Repeat SGS (with dd; values instead of d; for all Dy)
devg; = STd; — ST, i = 1,...,n (activities can not start before their original

start times after disruption)

obj_RS = > dev,,
i=1
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APPENDIX C

TABLES FOR FINE TUNING ALGORITHMS

Table C.1. Results of Fine Tuning run for problem 1

TLS Ttermax Obj_TD Obj_ETD
50 8 6,20
1 100 8 6,20
200 8 6,20
50 8 6,20
5 100 8 6,20
200 8 6,20
50 8 6,20
7 100 8 6,20
200 8 6,20
50 8 6,20
10 100 8 6,20
200 8 6,20
50 8 6,20
15 100 8 6,20
200 8 6,20
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Table C.2. Results of Fine Tuning run for problem 2

TLS Ttermax Obj_TD Obj_ETD
50 9 6,64
1 100 9 6,64
200 9 6,64
50 9 6,64
5 100 9 6,64
200 9 6,64
50 9 6,64
7 100 9 6,64
200 9 6,64
50 9 6,64
10 100 9 6,64
200 9 6,64
50 9 6,64
15 100 9 6,64
200 9 6,64
Table C.3. Results of Fine Tuning run for problem 3
TLS Ttermax Obj_TD Obj_ETD
50 10 6,64
1 100 10 6,64
200 10 6,64
50 10 6,64
5 100 10 6,64
200 10 6,64
50 10 6,64
7 100 10 6,64
200 10 6,64
50 10 6,64
10 100 10 6,64
200 10 6,64
50 10 6,64
15 100 10 6,64
200 10 6,64
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Table C.4. Results of Fine Tuning run for problem 4

TLS Ttermax Obj_TD Obj_ETD
50 15 10,83
1 100 15 10,83
200 15 10,83
50 15 10,83
5 100 15 10,83
200 15 10,83
50 15 10,83
7 100 15 10,83
200 15 10,83
50 15 10,83
10 100 15 10,83
200 15 10,83
50 15 10,83
15 100 15 10,83
200 15 10,83
Table C.5. Results of Fine Tuning run for problem 5
TLS Ttermax Obj_TD Obj_ETD
50 12 9,19
1 100 12 9,19
200 12 9,19
50 12 9,19
5 100 12 9,19
200 12 9,19
50 12 9,19
7 100 12 9,19
200 12 9,19
50 12 9,19
10 100 12 9,19
200 12 9,19
50 12 9,19
15 100 12 9,19
200 12 9,19
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APPENDIX D

RESIDUAL VS FACTOR LEVEL GRAPHS

Residuals Versus no of act
(response is obj_TD)

Residual
n
GERINED © 600 O o

T
30 35 40 45 50 55
no of act

Figure D.1. Residuals vs. # of Activities for obj_TD response
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Residuals Versus no of res
(response is obj_TD)

Residual
n
. ] o0 680 ¢ 000

-2_
T T T T T
1,0 1,5 2,0 2,5 3,0
no of res
Figure D.2. Residuals vs. # of Resources for obj_TD response
Residuals Versus RF
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Figure D.3. Residuals vs. Resource Factor for obj_TD response
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Residuals Versus RS
(response is obj_TD)

Residual
n
[ ax ] oD 000

-2_
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0,50 0,55 0,60 0,65 0,70
RS
Figure D.4. Residuals vs. Resource Strength for obj_TD response
Residuals Versus OS
(response is obj_TD)
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Figure D.5. Residuals vs. Restrictiveness for obj_TD response
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Residuals Versus alpha
(response is obj_TD)
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Figure D.6. Residuals vs. Alpha for obj_TD response
Residuals Versus beta
(response is obj_TD)
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Figure D.7. Residuals vs. Beta for obj_TD response
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Residuals Versus no of act
(response is trans. obj_TD)
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Figure D.8. Residuals vs. # of Activities for Transformed obj_TD response

Residuals Versus no of res
(response is trans. obj_TD)
3_
I ]
1 _
®
3
.g 0+
(4
_1 . .
(] [ ]
Y : :
)
-3- T T T T T
1,0 1,5 2,0 2,5 3,0
no of res

Figure D.9. Residuals vs. # of Resources for Transformed obj_TD response

87



Residuals Versus RF
(response is trans. obj_TD)
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Figure D.10. Residuals vs. Resource Factor for Transformed obj_TD response

Residuals Versus RS
(response is trans. obj_TD)
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Figure D.11. Residuals vs. Resource Strength for Transformed obj_TD response
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Residuals Versus OS
(response is trans. obj_TD)
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Figure D.12. Residuals vs. Restrictiveness for Transformed obj_TD response
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3 ]
2 -
1 .
®
]
.g 0+
[
_1 -
[ ] 0 [ ]
L0 0 0
¢ ¢ ]
° ° °
_3 h T T T T T T T
0,2 0,3 0,4 0,5 0,6 0,7 0,8
alpha

Figure D.13. Residuals vs. Alpha for Transformed obj_TD response

89




Residuals Versus beta
(response is trans. obj_TD)
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Figure D.14. Residuals vs. Beta for Transformed obj_TD response

Residuals Versus no of act
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Figure D.15. Residuals vs. # of Activities for obj_ETD response
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Residuals Versus no of res
(response is obj_ETD)
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Figure D.16. Residuals vs. # of Resources for obj_ETD response
Residuals Versus RF
(response is obj_ETD)
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Figure D.17. Residuals vs. Resource Factor for obj_ETD response
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Residuals Versus RS
(response is obj_ETD)
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Figure D.18. Residuals vs. Resource Strength for obj_ETD response
Residuals Versus OS
(response is obj_ETD)
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Figure D.19. Residuals vs. Restrictiveness for obj_ETD response

92



Residuals Versus alpha
(response is obj_ETD)
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Figure D.20. Residuals vs. Alpha for obj_ETD response
Residuals Versus beta
(response is obj_ETD)
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Figure D.21. Residuals vs. Beta for obj_ETD response
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Residuals Versus no of act
(response is Tarns. obj_ETD)
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Figure D.22. Residuals vs. # of Activities for Transformed obj_ETD response
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Figure D.23. Residuals vs. # of Resources for Transformed obj_ETD response
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Residuals Versus RF
(response is Tarns. obj_ETD)
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Figure D.24. Residuals vs. Resource Factor for Transformed obj_ETD response

Residuals Versus RS
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Figure D.25. Residuals vs. Resource Strength for Transformed obj_ETD response
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Residuals Versus OS
(response is Tarns. obj_ETD)
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Figure D.26. Residuals vs. Restrictiveness for Transformed obj_ETD response

Residuals Versus alpha
(response is Tarns. obj_ETD)
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Figure D.27. Residuals vs. Alpha for Transformed obj_ETD response
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Residuals Versus beta
(response is Tarns. obj_ETD)
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Figure D.28. Residuals vs. Beta for Transformed obj_ETD response
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APPENDIX E

MAIN EFFECT AND INTERACTION PLOTS

Main Effects Plot (data means) for obj_TD
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Figure E.1. Main Effects Plot — Data Means for obj_TD response
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Figure E.2. Interaction Plot (data means) for obj_TD




Main Effects Plot (data means) for obj_ETD
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Figure E.3. Main Effects Plot — Data Means for obj_ETD response
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Figure E.4. Interaction Plot (data means) for obj_ETD
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