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ABSTRACT

A timetabling problem of an educational institution involves scheduling a large number of
classes, teachers and courses to a number of periods while satisfying a set of constraints of
various types. The aim of this study is to find good and satisfactory solutions for the
timetabling problem of Turkish Military Academy in shorter time when compared to the
manual timetabling process. An integer programming model which has the appropriate
facilities for providing valuable help to the scheduler to implement a good timetable of
Turkish Military Academy and a solution strategy for this model is presented. The model
satisfies the teachers’ preferences to a sufficient degree by using suitable objective function
coefficients. These coefficients penalize the assignment of teachers to the periods which
they do not prefer. They also enable us to assign the part-time teachers at their available
periods prior to the full-time ones. In addition, the solution strategy proposed is based on
grouping sections and teachers, and on allocating teacher groups to section groups
iteratively in such a way that the output data of an iteration will be added to the input data
of the next one. This grouping strategy made it possible to decompose the problem into the
problems of smaller sizes. The solution found by the implementation of the model in this
study satisfies all problem requirements and minimizes the objective function. It is near-
optimal within the iteration limits and is found in several hours. The timetable constructed
has only one non-preferred period for only one teacher. Besides, the time consumed for
this model is very short when compared with the manual timetabling. Thus, it is said to be
“a good timetable” both for the teachers and the scheduler.
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OZET

Bir egitim kurumunun zaman gizelgeleme problemi, ¢esitli tipteki kisitlar1 saglayarak
bityiik miktarlardaki simf, 6gretmen ve dersleri belli sayidaki zaman dilimlerine tahsis
etmeyi gerektirir. Bu ¢alisjmanin amaci, Kara Harp Okulu’ nun ders g¢izelgeleme
problemine elle yapilan igleme kiyasla daha az zamanda daha iyi ve tatmin edici ¢oziimler
bulmaktir. Kara arp Okulu’ nun ders gizelgelerini ortaya koymak tizere bu igle gorevii
kisilere degerli bir yardim saglayacak olan bir tamsayili programlama modeli ve bu model
i¢in bir ¢dziim yolu sunulmugtur. Model, uygun amag fonksiyonu katsayilan kullanilarak
ogretmen tercihlerini belli bir seviyeye kadar tatmin etmektedir. Bu katsayilar
ogretmenlerin tercih etmedikleri zaman dilimlerine atanmalarina ceza puani vermektedir.
Ayrica, diger universitelerden kisitli bir zaman igin gelen Ogretmenlerin okulun kendi
ogretmenlerine nazaran Oncelikli olarak onlarin uygun olduklari zamanlarda atanmalarim
da saglamaktadirlar. Ek olarak, kisimlari ve dgretmenleri gruplara ayirarak her bir grubu
bir sira dahilinde birbiriyle eglestiren ve bir agsamadaki eslestirme sonuglarii bir
sonrakinin girdi verisi olarak kullanan bir ¢6ztim yolu 6nerilmigtir. Bu gruplama yontemi
problemi daha kiigiikk Olgeklerdeki alt gruplara aynigtirmamizi saglamaktadir. Bu
¢ahigmadaki modelin uygulama sonucu elde edilen ¢6ztimii tiim problem gereksinimlerini
karsilamakta ve amag¢ fonksiyonunu en az bir degere indirgemektedir. Sonug, modele
girilen tekrar kisitlamalan dahilinde en uygun degere yakin bir sonugtur ve saatlerle ifade
edilebilecek bir sirede bulunmugtur. Elde edilen ders gizelgesi sadece bir 6gretmen igin tek
bir tercih edilmeyen ders saati ihtiva etmektedir. Ayrica, elle yapilan cizelgelemeyegore bu
model i¢in daha azbir zaman harcanmigtir. Bu nedenle, hem O&gretmenler, hem de
planlayici agisindan “iyi bir gizelge” olarak nitelenebilir.



1. INTRODUCTION

A timetabling or course scheduling problem consists of fixing a sequence of meetings
between teachers and students in a prefixed period of time (typically a week), satisfying a

set of constraints of various types.

Among the constraints which have to be taken into account for a typical timetabling

problem are:
a. No class, subject, room, and teacher overlaps are allowed,
b. One has to take care of class, subject, room, and teacher availabilities,
c. Teachers may prefer to teach at certain times of the week,
d. Compactness constraints have to be regarded,
e. Frequencies of the subjects,
f. Distribution of the lectures of a subject over the week have to be considered,
g. Rule of consecutive lectures of a given subject have to be taken into account,
h. Pre-assignments of lectures must be possible,
i. Lunch breaks have to be observed, etc.

Note that compactness constraints typically require no free time (other than breaks or lunch
breaks) between lessons for the students.

Process of timetabling or course scheduling is a necessary and important activity for all
educational institutions including schools, universities, and colleges. The resulting weekly

schedules of the timetabling process have a great influence on the job satisfaction of the

teachers and the efficiency of the lessons.

It is not an easy task to construct a good timetable, but it must be done every year at every
school. The one who is responsible for scheduling the courses has to take account of the
characteristics of the school week, preassignments, availability of teachers and classes,
frequencies and frequency divisions (period blocks) of a course, and many other

constraints in order to obtain a good solution for classes and teachers.



School timetables have been constructed by hand for many years. But, the manual
construction of timetables is time consuming and tedious. The timetablers employ several
days of work to manually solve the problem, and a satisfactory solution taking account of
the availabilities and the preferences of the teachers is rarely achieved. Therefore, there

appear complaints from teachers to the manual timetable.

Timetabling and course scheduling models must accommodate the characteristics and
regulations of specific education systems. Therefore the problem varies from country to
country, and even from one kind of educational institution in a country to the other.
Depending on the specifications of the education system, the timetabling problem includes
a large variety of problems. There exist numerous timetabling problems differing from
each other based on the type of the educational institution involved and distinct constraints.
Each institution has different timetabling problem, so the modelling and solution methods
will be different.

For large institutions such as Turkish Military Academy (TMA), the timetabling problem
becomes more difficult due to the complexities of the Academy’ s curriculum structure and
the various constraints and objectives. TMA is a military institution where cadets have a
four-year academic and military education. Its mission is to educate, train and inspire the
Corps of Cadets so that each graduate is a commissioned leader of character committed to
the values Honor, Honesty, Affection, Duty, Country; professional growth throughout a
career as an officer in the Turkish Army; and a lifetime of selfless service to the nation.
Daily activities of the students are carefully regimented and balanced considering the

academic, military and physical requirements.

At the time being, the construction of timetables is being performed manually at TMA.
Timetablers of TMA employ several days of work to manually solve the problem, and a

satisfactory solution taking account of the availabilities and the preferences of the teachers

is rarely achieved.

In this study an integer programming model will be constructed for the timetabling
problem of Turkish Military Academy (TMA). Since the problem for the TMA’ s four
years as a whole is too large to deal with, the timetabling problem will be restricted with
the second-year cadets. But, the model can be iteratively applicable to the other years by

revising the data and making little modifications. Having decided to utilize integer



programming for building the timetabling model, a thorough and detailed set of variables
has been used in this study for the representation of the problem. This allows for the
modelling of a significant number of rules and regulations and provides the indirect
satisfaction of a large set of quality rules. The detailed and multidimensional nature of the

variables allows for building an efficient and compact model.

The thesis has been organized as follows: In Chapter 2, a literature review is presented to
introduce the modelling and solution approaches for several timetabling problems. In
Chapter 3; the rules and regulations of the timetabling problem for TMA are outlined, the
dimensions of all variables are defined, and a detailed presentation of the model including
the objective and the constraints is made. In Chapter 4, a complete formulation of the
timetabling problem for the second-year cadets of TMA has been presented and solved. In -

the last chapter, conclusions and implications for further research have been presented.



2. THE TIMETABLING PROBLEM: A LITERATURE REVIEW
2.1, Definition of the Timetabling Problem

Abramson (1991) states that the school timetabling problem involves scheduling a number
of tuples, each consisting a class of students, a teacher, a subject and a room, to a fixed
number of time slots. A number of such tuples may be scheduled in the same time slot

providing no class, teacher or room appears more than once in the time slot.

After defining teachers, classes, lecture halls, laboratories, pieces of equipment, etc. as
“participants”, and the collection of participants which have to come together and the
number of hours required for it as a “meet”; Schmidt and Strohlein (1980) state that a
timetable is a schedule assigning to all these meets the precise number of hours required,
so that these hours are available for all participants of the meets and such that, as a

fundamental requirement, none of the participants is scheduled twice in the same hour.

Birbas et al. (1997) state that the timetabling problem involves scheduling a certain number
of resources, such as classes, teachers, and courses to a number of time-periods on a daily
basis. The valid combinations for these resources are those that avoid conflicts among
teachers and classes.during all time-periods of the timetable, while obeying all rules and

regulations of the school system.

De Werra (1997) suggests that the timetabling problems should be considered as different.
One reason for this is that they differ from each other not only by the types of constraints
that are to be taken into account, but also by the density of the constraints. The other

reason is that the solution methods may be quiet different.

For the above reasons, a considerable attention has been devoted to automated timetabling.
During the last thirty years, many contributions related to timetabling have appeared,
several applications have been developed and employed, and it will probably continue with
the same rate for years. Because the problem varies from country to country, there are
several models and algorithms for schools in different countries, such as Australia
(Abramson, 1991), Great Britain (Wright, 1996), Spain (Alvarez-Valdes et al., 1996),
Switzerland (Chahal and de Werra, 1989), Greece (Birbas et al., 1997).



There is usually no clear distinction made between timetabling and course scheduling.
There seems to be confusion on the different topics of the former and the latter. Defining
the borderline between both categories as a function of the problem size is really not
sufficient. De Werra (1985) states that we are confronted with academic scheduling when a
university (or even a school) offers a collection of courses (each one consisting of a given
number of lectures) and there is no fixed curriculum: Each student may choose a certain
number of courses. His definition of course scheduling problem consists in assigning each
lecture to some period of the week in such a way that no student is required to take more

than one lecture at a time. He also states that the examination scheduling problem is quiet
similar.

Drexl and Salewski (1997) point out the differences between three important problem
categories, i.e. school timetabling, academic course scheduling, and other closely related
timetabling problems, respectively. In their article, after defining the process of teaching as
“job”, and the resources, such as classes, teachers, rooms, etc. as “item”, they compile the
issues which are “must” for any of the three problem categories and name them “necessary
issues”. Then, they list the optional issues, such as room categories, precedence constraints
between jobs, workload constraints, breaks, preferences for rooms and/or hours,
compactness constraints, etc. Finally, they categorize the problem with respect to the

presence/absence of the optional issues. Their definition of categories is as follows:

a. School timetabling. The timetable must satisfy compactness constraints for students
and for teachers. In addition the large teaching units have to be distributed over the
week in order to get acceptable timetables. Other optional issues might be
accommodated in specific situations. Aubin and Ferland (1989)’s work, which they
deal with a “large scale” timetabling problem, is an example for that category. Their
model includes two main components (the timetabling subproblem and the grouping
subproblem) that interact via the objective function. As another example; Abramson
(1991) considers pupils, teachers, subjects, and rooms as relevant items and examines

the use of simulated annealing to solve this problem.

b. Academic course scheduling: In contrast, at universities there do not exist compactness
constraints, neither for students nor for professors. In addition, the teaching units per

week are not that large that they have to be split into smaller pieces of work. But, a



timetable for universities will only be acceptable if and only if it takes care of the
professor’s preferences for rooms and/or hours. For instance; Tripathy (1980)
considers a course scheduling problem, which does not allow to take care of rooms of

different sizes, but which considers the professors’ preferences for periods.

¢. Other timetabling problems: No general guidelines can be established. It depends on
the specific timetabling problem under consideration which optional issues become
necessary. In this category the farmost relevant problem is the examination scheduling
problem which has been dealt with by Tripathy (1980) and by Dimopoulou and
Miliotis (2001). '

Burke and Elliman (1994) give a similar categorization. They point out some minor
differences between a school timetabling problem and a university timetabling problem
although they may at the first glagce appear to be the same problem. One such difference
they point out is that in a school it can usually be assumed that classes are roughly the
same size and that all rooms in the school are sufficiently large to house any class.

However, in a university, classes can range from 5 students to more than 200.

They also point out the differences of a course timetabling problem from an examination
timetabling problem. With examination scheduling, “student-conflicting” courses, i.e.
courses having a student in common, cannot clash and adjacent exams are to be avoided.
With course timetabling, it is desirable that courses do not student-conflict or that the
conflicts be kept to a minimum. However, in most situations a solution without some
student-confliction does not exist. This simply means that the student has to choose
between the conflicting courses. However, with examination timetabling, it is essential that
no two exams conflict. Examination scheduling is easier in the sense that an exam is a
“one-off” occurrence, whereas a course has to be offered two or three times a week.
Another difference they point out is that lecturer-confliction can be ignored in the

examination problem, but it is essential that it does not occur in the course problem.

Whatever its category is, timetabling/scheduling problems are problems of time-based
planning and combinatorial optimization that tend to be solved with a cooperation of
search and heuristic methods, which usually lead to satisfactory but sub-optimal solutions.

Fang (1994) gives some reasons for answering the question of “what makes the

timetabling/scheduling problems so difficult?”:



a. The space of possible solutions for most real problems is too large for search methods

to be feasibly applied.

b. Advanced search techniques using various heuristics to prune the search space will not
be guaranteed to find an optimal (or near optimal) solution. In other words, it is very
difficult to design effective heuristics.

c¢. Timetabling/scheduling problems are often complicated by the details of a particular
timetabling/scheduling task. A general algorithmic approach to a problem may turn
out to be inapplicable, because of the certain special constraints required in a particular

instance of that problem.

d. Real world timetabling/scheduling problems often involve constraints that cannot be

precisely represented or even precisely stated.
2.2. The Class-Teacher Model

Timetabling problem in its simplest form can be defined as a problem of assigning each
lecture to some period such that no teacher (resp. no class) is involved more than one
lecture at a time. Because of the reasons addressed above for the difficulties of the
timetabling problems, many approaches and models have been proposed for dealing with a

variety of timetabling problems and it will probably continue with the same rate for years.

In a review article, de Werra (1985) noted that there were two distinct stages to the

timetabling process:

a. First, the curricula are defined for each class or for each group of students and one has

to assign the various resources (in manpower or in equipment) to the classes.

b. Second, when an agreement has been reached concerning these assignments of
resources, then one tries to see whether a workable detailed timetable can be worked

out which is compatible with all the previously defined requirements.

Although some work has been done on the assignment problems implicit in the first stage,
the traditional timetabling problem is usually identified with the second stage, that of
ordering the various classes or groups over a specified period of time (usually a week)

subject to stated restrictions on the various resources involved. Indeed most of the



approaches described in the OR and computing literature relate to some aspect of this
second stage, usually in the context of a specific problem situation. (Johnson, 1993)

A timetabling problem can be suitably modelled in terms of a set of constraints. The
chosen method for problem modelling has a great influence on the solution search. Often
the success of the search depends directly on the chosen model. Furthermore, the

possibility for modelling depends on the chosen constraint solver. (Goltz et al. 1997)
2.2.1. A simple model

A class will consist of a set of students who follow exactly the same program. Let C =
{c1, ,cm}beasetofclasses and T = {t;, ,%,} a setof teachers. We are given an m x n

requirement matrix R = (r;) where 7y is the number of lectures involving class ¢; and -
teacher #. (de Werra, 1985)

It will be assumed that all lectures have the same duration (say one period). Given a set of
p periods, the problem is to assign each lecture to some period in such a way that no
teacher (resp. no class) is involved in more than one lecture at a time. More precisely, if x;
is defined to be 1 if class ¢; and teacher # meet at period £ and O otherwise, then the
problem CT1 below must be solved (de Werra, 1985):

P

Y oxu=r; (=1..,m j=1,..n), @.1)
k=1 :

n

Yoxgs<sl  (i=1,..,m; k=1,..p), 2.2)
=1

m

D X <1 G=1L...n k=1,...p), 2.3)
i=1
Xk =0or 1 i=1,...m; j=1,...n k=1...p), (2.49)

Till now, no distinctions between the daily and weekly scheduling problems have been
made. In daily problem, one has to assign each lecture to some hour of the day and R
represents all lectures that have to be scheduled on one day (de Werra, 1985).



In the weekly scheduling problem each lecture has to be assigned to some day of the week
and R represents all lectures that must take place during the week. In such a situation for
each class ¢; (resp. teacher % ) we have a positive integer a; (resp. b; ) representing the
maximum number of lectures in which ¢; (resp. ¢ ) may be involved during each one of the
p days. The assignment to days is now formulated as follows (xj will be the number of
lectures involving ¢; and #, which are assigned to day £): Find values of xy satisfying (2.1)
and the problem CT2 below (de Werra, 1985):

n
Yoxg <a  (=1l...m k=1_.p), 2.5)
=1
m .
> xw<b  (=1,...m; k=1_..p), (2.6)
i=1

X > Ointeger, (i=1,....,m; j=1,.....n, k=1...p), 2.7)

Clearly, if a; and b; are given, then the minimum number of days p needed is given by (de
Werra, 1985);

m n
p=max(max E ri /bj| , max 2 r;; /b; )
i li= i) =

where[ ¢ is the smallest integer not less than £

In most cases however, the number of days p is given and one wants to spread the lectures
involving the same class ¢; and the same teacher # as uniformly as possible throughout the
p days. The formulation is then the following: Find integer values xy satisfying (2.1) and
the problem CT3 below (de Werra, 1985):

n n — n ]
Zrij/p SZXiij Zrij/p i=1,..,m; k=1...p),. (2.8)
=1 i1 =1
m m B m ]
Z ni/p| < Z Xijk < Z 5/ p Gg=1,...n; k=1._..p), 2.9
i=1 i=1 i=1

_ —



| ni/p| Sxx < [5/p7] @i=1,.m; j=1,..n k=1,.p), (2.10)

Here | | is the largest integer not larger than 7. Constraints (2.8) and (2.9) simply express

that the daily loads of all classes and of all teachers are perfectly balanced over the p days
(de Werra, 1985, p153)

In the next part, the daily problem (xj = 0 or 1) will be reconsidered since in practice there

are additional requirements that have to be taken into account (de Werra, 1985).

2.2.2. Preassignments

Some pairs ¢; #, have to meet at fixed periods k; this means that for some triples i, j, & the

value of py will be 1. In CT1, new constraints will be introduced:

x,:,k Zpyk (21 1)

where p; will be 0 if there is no preassigned meeting of class c; and teacher # at period k&
(de Werra, 1985).

2.2.3. Unavailabilities

At some periods & a teacher # (or a class ¢; ) may be unavailable. Such constraints may be
reduced to preassignments by stating that if #; is unavailable at period %, there is a meeting
of £, with a dummy class ¢ at period k and similarly for a class ¢; which is unavailable at

some period (de Werra, 1985).

Instead of keeping constraints (2.11), a different formulation will be presented for the daily
problem with preassignments and unavailabilities. We define x = 1 if class ¢; and
teacher # meet at period & for a lecture which is not a preassignment and ;Eijk =0

otherwise. Then the following constraints CT4 will appear(de Werra, 1985).

P
Z §i5k= ;ij i=1,..m; j=1,..n), (2.12)
k=1
n
2 ;ijkﬁ b @i=1,..m; k=1...p), (2.13)
=1
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m
Z Xk S Cik " G=1,...m; k=1,..p), (2.14)
i=1
X =0or1 i=1,.m; j=1,..,n k=1..p), (2.15)
where;
p
5 =15~ 2 Pi,
k=1

b = 1 if ¢, is available and not preassigned at period &, 0 otherwise,

ci = 1 if t; is available and not preassigned at period , O otherwise.

As it stands, this is a feasibility (or satisficing) problem rather than an optimality problem.
The aim is to find a feasible or satisfactory resolution of the stated constraints rather than

to optimize a chosen objective function (Johnson, 1993).
2.2.4. Feasibility vs. optimality

Most timetabling problems discussed so far have been formulated as feasibility problems

(find a feasible solution) rather than optimization problems (find an optimal solution) (de
Werra, 1985).

In fact, both formulations are very similar since finding a feasible solution may be

regarded as minimizing a kind of “distance to feasibility” (de Werra, 1985).
2.3. Course Scheduling Models
2.3.1. Basic formulation

The course scheduling problem arises when a university (or even a school) offers a
collection of courses (each one consisting of a given number of lectures) and there is no
fixed curriculum: Each student may choose a certain number of courses. The problem
consists of assigning each lecture to some period of the week in such a way that no
students are required to take more than one lecture at a time. The situation is quite similar

to the examination scheduling problem. (de Werra, 1985)

11



For the course scheduling problem, the following graph-theoretical model is used: We
associate with each lecture I, of each course K, a lecture-node m,, for each course K, we
introduce edges between all pairs of lecture-nodes in K . Also whenever there is a student
taking courses K, and K 5 we introduce an edge between each pair of lecture-nodes 1,3,

m ;. (de Werra, 1985)

A feasible course schedule in p periods will correspond to a node coloring of the above
graph, with p colors: Each node receives some color and no two adjacent nodes are

allowed to have the same color. (de Werra, 1985)

Depending on the number p of periods, it will not always be possible to find a schedule in
p periods. In fact, deciding whether a graph has a node coloring with p colors is known to

be an NP-complete problem when p > 3 (de Werra, 1985).
2.3.2. An example for the formulation of course scheduling

In this section, a formulation given by de Werra (1985) that exploits the underlying
network structure of the problem presented in an article of Tripathy (1980) will be

considered:

Given a collection of g courses Kj,...., K;; course K; consists of k; lectures of one period
each. The total number of periods is p. The students are divided into » groups Sj,...., Sy
such that in each S; all students take exactly the same courses; /; is the maximum number
of lectures which can be scheduled at period £ (this may correspond to the number of

available classrooms) (de Werra, 1985).

Then define ys = 1 if a lecture of course K; is scheduled at period & and y; = O otherwise
(de Werra, 1985):

qQ p

Max 2 Z Cik Vi, (2.16)
i=1 k=1
P

s.t. D, yw =k (i=1,...9), (2.17)
k=1
q
vk Sk (k=1,..p), (2.18)
i=1
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Doy <1 (I=1,r; k=1,....0), (2.19)

i€S1
Yue =0 or 1, (2.20)

The costs ¢y occurring in the objective function (2.16) are the measures of the desirability
of y = 1, one can assign a higher value if it is desired to have a lecture of course K in
period %, or 0 otherwise. Applying a Lagrangean relaxation technique, the constraints

(2.19) are incorporated in the objective function below (de Werra, 1985);

q p
Max ), O, cayn + Zz Ek A, (1 -3 yik) 2.21)

=1 k=1 ie§

The constraints are now (2.17), (2.18), (2.20) so that one has a capacitated transportation

problem; the values A, were obtained with a subgradient optimization method combined

with a Branch and Bound procedure (de Werra, 1985).
2.4. Solution Approaches to the Timetabling Problem

Timetabling problems have attracted the continuous interest of researchers mainly because
they provide the opportunity of testing combinatorial solution methods in formulations that
represent difficult practical problems. For this reason, there has been an extensive study of
several timetabling problems throughout the literature and various approaches have been

adopted for their solution.

The computer-science and operations research approaches culminated with an extensive
review of the literature by Schmidt and Strohlein (1980). Of their 343 references, 274 were
in English, 57 in German, and 12 in various other European languages. Schmidt and
Stréhlein made several predictions of future trends that we can look back on after more

than a decade of additional experience. They predicted that:

“A major evolution will, therefore, come in the near future. Timetable programs will
probably move from remote handling in huge computing centers to minicomputer systems

owned by the school and handled directly by the teachers.”
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This did not happen in the near future but is happening now with microcomputers rather
than minicomputers. Schmidt and Strohlein also predicted that: “... software support by
database systems for bookkeeping will grow rapidly”. This has turned out to be more true
than they perhaps expected. Many modern school timetabling systems do not actually
timetable. Instead they provide data input facilities, arrange the data to make timetabling
easy, and produce reports; in other words, only the bookkeeping services envisioned by
Schmidt and Strohlein. This greatly eases the often enormous clerical burden on
timetablers. (Bezeau, 1993)

Timetabling models and methods known so far are closely related to one of the following

approaches:
2.4.1. Random and/or exhaustive search approaches

Most of the early techniques (see Schmidt and Strohlein, 1980) were based on a simulation
of the human way of solving the problem. That is, a partial timetable is filled in, lecture by
lecture, until either all lectures have been scheduled or no lecture can be scheduled without
violating the constraints (Schaerf, 1996).

The performance of random search methods on timetabling/scheduling problems will
typically be a function of what proportion of the space of solutions are actually good
solutions. This ratio is often very low, because such problems often have very tight
constraints. Therefore, looking randomly for a good timetable/schedule is like looking for a
needle in a haystack. Classical heuristic search-based techniques often perform adequately
on small timetabling/scheduling problems, but in larger problems the size of the search
space is such that we can expect classical heuristic search-based techniques to be very time
consuming. Classical heuristic search can be seen as very similar to the method used by
human experts. In the same way, it can be expectéd to find local minima often. Exhaustive
search is known to be infeasible for NP-Complete problems due to their immense search
space. Some of the constraint-satisfaction approaches treat any solution as a good solution;

they use no separate measure of quality in addition to the set of hard constraints (Fang,
1994).
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Due to vast search space traversed by exhaustive search and the limitations of exact
algorithms, the implicitly enumerative methods or more efficient heuristic methods are

usually employed to solve timetabling/scheduling problems (Fang, 1994).
2.4.2. Operations research approaches

2.4.2.1. Enumerative search

a. Mathematical programming : Mathematical programming is a family of techniques

for optimizing a function constrained by independent variables (Fang, 1994).

Linear and integer programming or Lagrangean relaxation are the examples to this
approach. Linear programming involves the optimization (maximization or minimization)
of a linear objective function subject to linear constraints. It has been widely used in
government and industry to solve problems associated with scheduling, transportation,
construction, and manufacturing. Objections to using linear programming in timetabling
have generally been based on concerns about the size of the problem but these are

becoming increasingly irrelevant as computers become more powerful and as computer

time becomes less expensive (Bezeau, 1993).

Schmidt and Strohlein (1980) discussed the “operations research approach” which
consisted essentially of linear programming. Like the others, they were not optimistic
about the future of linear programming in timetabling because the problems can become
large and complex very quickly and can consume large amounts of computer time. This, it
turns out, is also true of the other approaches. The consumption of large amounts of
computer time is no longer very relevant because costs have gone down by several orders
of magnitude and continue to decline. What has become important in its place is the effort

required to prepare the input for linear programming if the timetabling problem is large.

Tripathy (1980) has tried Lagrangean relaxation to solve either the course or exam
scheduling problem whose formulation has been presented in Section 2.3.2. Birbas et al.
(1997) and Dimopoulou and Miliotis (2001) solved the school timetabling and course

scheduling problem, respectively using integer programming.

b. Dynamic programming : Dynamic programming is an implicit enumerative search

method which can be seen as a kind of divide-and-conquer technique. In order to solve a
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large problem, we can first decompose it into several small independent subproblems.
Since it’s not known which subproblems should be solved first, all the small subproblems
can be solved and kept for later use (Fang, 1994).

¢. Branch and bound : Branch and Bound search is also an implicit enumerative method.
This approach consists of two fundamental procedures. Branching the process of
partitioning a large problem into two or more subproblems, and bounding is the process of
calculating a lower bound on the optimal solution of a given subproblem. (Fang, 1994).
Examples of this approach are Hultberg and Cardoso (1997) and Laporte and Desroches
(1986). The former first formulated the teacher assignment problem as a mixed integer
program and présented an equivalent alternative formulation of the problem. Then, they
outlined a branch and bound algorithm for its solution based on this alternative
formulation. The latter used branching and bounding processes at the first phase of their
algorithm.

2.4.2,2. Heuristic search

a. General heuristic rules : De Werra (1985) states that the only available methods are
heuristic procedures, which will try to produce a feasible solution but without guarantee of
obtaining one whenever a solution exists. He surveyed in his article many of the graph
theoretical and network models, and provided an introductory tutorial on the formulation
of simple timetabling problems. He mentioned that generally real timetabling problems
couldn’t be formulated with these simple models; however, many of the heuristic methods

are often derived and adapted from exact methods developed for the simple cases.

De Werra (1985) also states that most of these methods combine in a clever way the use of

combinatorial models for some structured subproblems with some more or less intuitive

decision rules.

In the case of de Werra (1985)’s daily problem CT1, for instance, one observes that if any
index is kept fixed in xy, then the determination of the values x; can be performed by
network flow techniques. For instance, if & is fixed, the problem of scheduling lectures at
this period % is simply a matching problem in a bipartite graph; one has to assign classes
which are available at period & to teachers who are available at period £. How de Werra

(1985) defines the graph (or edge) coloring and network approaches is summarized below:
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e Edge coloring approach: Bipartite multigraphs

De Werra (1985) states that one of the most preferred approaches is to associate a bipartite
multigraph, G = (V, E), with the formulation CT1 where V= (C, T) and E=R. Its vertices
are the classes (c;) and the teachers () where the vertices are connected by 7, parallel

edges. Now, if each period £ corresponds to a color then the problem can be restated as

follows:

“Find an assignment (a color) among p colors to each edge of G such that no two adjacent

edges have the same color; hence xy = 1 if some edge (c;, %) gets color £.“

This procedure includes p iterations (coloring p bipartite graphs) and the necessary and
sufficient condition for a feasible solution to exist has been stated by de Werra (1985) as a

proportion: There exists a solution to CT1 iff:

m
2 T <p G=1,....10),
i=1
n
2 <P Gi=1,...,m).
=1

It means that there is a timetable in p periods if and only if no teacher (resp. no class) is

involved in more than p lectures.

Hence it seems natural to try to construct a schedule period after period while trying to
schedule as many ‘urgent’ lectures as possible at each period. Such a method is heuristic
since one has no guarantee that after having scheduled lectures at some periods, the
remaining problem still admits a solution. At each step a maximum weight matching is

constructed with a network flow algorithm. De Werra (1985)
o  Path packing approach: Network flows

De Werra (1985) introduces network flows as another approach which can perform, for a
given class c;, the construction of a schedule consisting of all lectures involving c;. He
introduces one node £ for each period and one node # for each teacher; there is an arc (%, #)

if # is available for a lecture with class ¢; at period %. He also introduces a node s with
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arcs (s, £) and a node ¢ with arcs (¢, ¢ ); the capacities c(f, ¢ ) and the lower bounds I(z, 1)
are r; . For all previously introduced arcs (x, y) he set c(x, y) = 1 and I(x, y) = 0. Any
feasible integral flow will define a timetable for class c;.

A schedule for ¢; exists if and only if for any subset T of teachers, the number of periods
where at least one teacher in 7'is available is at least as large as the total number of lectures

involving class ¢; and teachers in 7 (de Werra, 1985)

The construction of the timetable class after class results in a heuristic procedure. In a
similar way one could consider a procedure where the timetable would be constructed for
each teacher consecutively. More generally methods have been devised which consist in
consecutively assigning lectures to some periods while trying to keep satisfied some

necessary conditions of existence of solutions for the remaining problem. (de Werra, 1985)

The process is continued until either all lectures have been assigned or until no more can
be assigned and some lectures are left unassigned. At this point, some methods will stop

and some others will cancel some of the last assignments and start again at this stage. (de
Werra, 1985).

The contribution of Chahal and de Werra (1989) is an example to the network flow

approach. Their model is based on a simple network and a timetable is constructed by

determining a collection of path packings in appropriate networks.

Another heuristic approach is the global approach that has been proposed by Aubin and
Ferland (1989). They formulate each subproblem as an assignment problem and use a
procedure that successively modifies the timetable and the grouping until no more

improvement of the objective function is obtained.

The solution method in the model of Aubin and Ferland (1989) is a heuristic procedure
where, at each iteration, one or two courses (resp. students) are reassigned to different

periods of the week. (resp. course sections). Such a model delivers a local (but generally

not global) optimum.

Aubin and Ferland (1989) first generate an initial timetable with an assignment of the

students to the course sections; then an iterative procedure is used which adjusts the
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timetable and the grouping successively until no more improvement of the objective

function can be obtained. At each iteration two procedures are used:

e given the grouping generating during the preceding iteration, the timetable is modified

to reduce the number of conflicts,

e with this new timetable, the grouping of students is modified to reduce the number of
conflicts.

Such an iterative descent procedure which Aubin and Ferland (1989) use for handling each

of these two subproblems stops when a local minimum is reached.

b. Simulated annealing (SA) . Annealing is a thermal process for obtaining low energy
states of a solid in a heat bath. The process contains two steps: first, increase the
temperature of the heat bath to a maximum value at which the solid melts; second,
decrease carefully the temperature of the heat bath until the particles arrange themselves in
the ground state of the solid. Basically SA is a local search method, in which one wishes to
choose a direction to move. Rather than always choosing the direction of best
improvement, which gives steepest ascent hill-climbing, SA initially chooses random or
semi random direction but over time comes to prefer any direction of best improvement.
Thus the direction selection process is controlled by some sort of temporal parameter,

which by analogy with real annealing is usually called ‘temperature’ (Fang, 1994).

There exist many SA applications in the Operations Research (OR) literature. For example,
Dowsland (1990) considers timetabling problems that have no valid solution and therefore
need to violate some constraints. She suggests three models to the problem, graph coloring,
set partitioning, and simulated annealing (SA), and discusses the advantages and

disadvantages of using each of these to find a satisfactory solution.

Abramson (1991) applied simulated annealing (SA) to a school timetabling problem using
both sequential and parallel machines.

Wright (2001) reports on experiments with ‘subcost-guided’ heuristic search procedures,
which are incorporated into a simulated annealing method and a threshold acceptance
method, for some modified school timetabling problems where several subobjectives are

combined into a single overall objective.
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c. Tabu Search (TS) : Tabu search is a metaheuristic designed for getting a global
optimum to a combinatorial optimization problem. Tabu search techniques have been
especially designed for avoiding being trapped in local minima and are generally much

more powerful than descent methods (Hertz, 1991).

Hertz (1991) produced a tabu search based timetable but only deals with restricted soft

constraints.

Schaerf (1996) describes a solution algorithm and its implementation based on tabu search.
His algorithm interleaves different types of moves and makes use of an adaptive relaxation

of the hard constraints.

Alvarez-Valdes et al. (1996) developed an algorithm with three phases. In the second
phase of the algorithm, a tabu search procedure starting from the solution of the first phase

obtains a feasible solution to the problem.

Wright (1996) presents a solution method to school timetabling which involves four phases
of heuristic search with little or no manual intervention necessary. In the first phase, a form

of tabu search is used in which the subcosts guide the search.

d. Genetic Algorithms (GAs) : Fang (1994) investigates the application of genetic
algorithms (GAs) to timetabling/scheduling problems. According to his definition; genetic
algorithms (GAs) are a group of methods that solve problems using algorithms inspired by
the processes of neo-Darwinian evolutionary theory. In a GA, the performance of a set
candidate solutions to a problem (called ‘chromosomes’) are evaluated and ordered, then
new candidate solutions are produced by selecting candidates as ‘parents’ and applying
mutation or crossover operators which combine bits of two parents to produce one or more
children. The new set of candidates is then evaluated, and this cycle continues until an

adequate solution is found.

Genetic algorithms provide a way of separating the optimization algorithm from domain
knowledge which has led to promising and wuseful results in the areas of
timetabling/scheduling, as well as several other areas. The trick genetic algorithms use is to
separate a roughly domain independent and very powerful optimization technique
(mutation and crossover operators applied to populations of chromosomes) from the

domain-specific aspects of a problem (the evaluation function for the chromosomes).
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2.4.3. Artificial intelligence approaches

Among artificial intelligence approaches that have been proposed in the literature for the

timetabling/scheduling problems, Fang (1994) lists the following ones. The discussion on
these is beyond the scope of this study.

a. Constraint satisfaction problem (CSP)
b. Knowledge-based systems

c. Distributed artificial intelligence

d. Rule-based expert systems

e. Neural networks
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3. TIMETABLING PROBLEM AT TURKISH MILITARY ACADEMY (TMA)

Turkish Military Academy (TMA) is a military institution where cadets have a four-year
academic and military education. Its mission is to educate, train and inspire the Corps of
Cadets so that each graduate is a commissioned leader of character committed to the values
Honor, Honesty, Affection, Duty, Country; professional growth throughout a career as an

officer in the Turkish Army; and a lifetime of selfless service to the nation.

The education at Turkish Military Academy (TMA) lasts for four years. Daily activities of
the students are carefully regimented and balanced by considering the academic, military
and physical requirements. Activities of each of these requirements are scheduled by the

special committees within their own departments.
In this study, the scheduling of the academic education will be considered.

At TMA, the cadets are divided into 24 groups each year. These 24 groups are allocated
into 4 different buildings equally. The cadet groups of the other years’ classes are allocated
to the buildings in the same manner. So, there are 6 cadet groups from each of the four

years in every building.

The weekly timetable of TMA provides for each cadet group a sequence of courses to be
taught every day of the week. The program for each year is fixed and all cadet groups at
each year, except the fourth year, have the same courses. In other words, there are no
elective courses in the first three years. Cadet groups of the fourth year are split and
merged again with others according to the military branches of the cadets in order to form
new groups for specific branch courses. This is done simultaneously and the number of

groups remains the same. For this reason, this situation does not modify the structure of the

timetable.

The timetabling problem at TMA is difficult due to the complexities of the Academy’ s
curriculum structure and the various constraints and objectives. At the time being, the
construction of -timetables is being performed manually in TMA. Timetablers of TMA
work for several days in order to manually solve the problem, but a satisfactory solution

taking account of the availabilities and the preferences of the teachers is rarely achieved.
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3.1. Definition of some concepts

At this point, some definitions necessary for the problem formulation will be presented:

a. Section : Group of cadets which follow the same program. As described above,

there is only one academic program for all sections in a year except for the fourth year

sections. There are no elective courses offered in the first three years.

b. Class : Group of sections of the same year at TMA. The 24 sections of the

same year form one of the four classes of TMA. Classes are named according to the

years; for example, group of the first-year sections is called the first class.

c. Week : The time interval of five days (Monday, Tuesday, Wednesday,

Thursday, Friday) for the scheduling cycle.

d. Period : Smallest unit of time in which the teaching activity takes place.

e. Course : Subject to be taught (for example Differential Equations). There are 8

courses for the second.class cadets.

f. Lecture . Teaching unit consisting of a course taught during one period (for

example one period of Differential Equations).

g. Frequency : The number of lectures that have to be taken (given) by a section

(teacher) in a week.

h. Curriculum : The program or the list of courses to be taught for each section with

their frequencies.

i. Availability : A Boolean days-periods matrix with value ‘true’ corresponding to days

and periods when a section or a teacher is available.

Compactness . The condition that there is no vacancy between lectures, except for

ten-minute breaks and the lunch break. Depending on whether compactness

requirements are satisfied for classes or teachers, timetable is called ‘section-compact’

or ‘teacher-compact’. If the requirements are satisfied for both, then the timetable is

called as ‘compact’. In the problem considered here, the timetable is ‘section-

compact’ because the sections are busy at each period with academic courses or with

other activities.
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3.2. Formulation of the model

The main objective of this study is to develop a mathematical programming model for the
timetabling problem at TMA, by considering the preferences of the teachers. In this
chapter, an integer programming model for the timetabling problem in Turkish Military
Academy (TMA) will be presented. The model will aim at minimizing the total penalty
cost of the meetings (assignments) between the teachers of the courses and the sections in
all periods. The penalty costs are derived by considering the preference levels of the

teachers. By the help of this model, it is aimed at the efforts and the time spent for

timetabling to be decreased.

Since the problem for all classes of TMA as a whole is too large to deal with, the
timetabling problem will be restricted with only one class. But, the model can be iteratively
applicable to the other classes by changing the data and applying little modifications.
Having decided to utilize integer programming approach for building the timetabling
problem, a thorough and detailed set of variables has been used for the representation of
the problem. This allows for the modelling of a significant number of rules and regulations
and provides the indirect satisfaction of a large set of quality rules. The detailed and

multidimensional nature of the variables allows for building an efficient and compact

model.

In building the model; a set of sections, a set of courses where each course has a set of
teachers, and a set of days with a set of periods have to be considered. The curriculum of a
class at TMA is fixed for a given section and the timetabling problem involves scheduling
of the various courses as frequently as needed in a weekly schedule, in accordance with the

particular educational system rules of TMA.

The educational system rules to be considered in the model are listed below:

a. Each section gets all courses in its curriculum with the appropriate frequency.

b. Every teacher gives all courses in his curriculum with the appropriate frequency.

¢. A combination involving a teacher is not scheduled at a period in which that teacher is
not available. There are some part-time teachers coming from the other universities.

Their available periods are limited with the ones that they have declared. So, the
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e.

i

assignment will be done to these periods. The penalty costs of the periods for part-time

teachers are set to zero.

The activities other than the academic courses are scheduled first by the responsible
departments. Thus, the periods of each section assigned to these activities are regarded
as unavailable periods for academic scheduling. As a result, a combination involving a
section is not scheduled at a period in which that section is not available. There are 11

periods in a week that are not available for each section and this leaves 19 available

periods per week.

The teachers have to be assigned to sections in the sense that a given course will be
taught to a given section by the same teacher. In other words, a section should take all

lectures of a course from the same teacher.

There are 6 periods in a day making a total of 30 in a week. The first four of the six

periods in the day take place before lunch, and the last two are in the afternoon.

The frequencies of the courses in the problem are 1, 2, 3, and 4 periods. For a given
section, a two-lecture course must be scheduled at consecutive periods on the same
day as a block. Similarly, a four-lecture course has to be given to each section on two
different days, and at two consecutive periods on each. Three-lecture courses have an
option. They can be given to the sections either a three-consecutive periods block on
one day, or as a two-consecutive periods block in a day plus one period on some other

day.

A two-consecutive periods block of a course cannot be divided by a lunch break. That
is, the second period of a block cannot be in the afternoon while the first one takes

place before tunch. This rule is invalid for three-period blocks.

The maximum number of periods assigned to a teacher must be less than or equal to
20. The remaining periods are left free for the research activities, projects, and other

extra duties of the teacher.

There are some teachers who attend an academic education program in the other
universities and also some teachers who have extra duties rather than teaching a

course. The penalty cost for assigning to the periods which they need for their
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academic education or their extra duties will be ranked as “high”. On the other hand,
the penalty costs for the periods other than the ones needed for academic education or
extra duties should be ranked as “low” or “medium” according to the preferences of

the teachers.

The following are assumptions made to simplify the problem and make it solvable:

a.

e.

Teachers have already been assigned to the courses and the number of courses they

have been assigned to is only one.

All the teachers will be assigned to the sections of only one class at TMA. If some
teacher is given the courses of different classes, then the periods he is assigned to one

class will be unavailable periods of him for the courses of the other classes.

It is assumed that there are enough teaching rooms available in total to accommodate
all sections. But indeed, there exist inevitable problems caused by the use of special-

purpose rooms such as laboratories or military workshops.

Some courses such as ‘Foreign Language’ are scheduled by their responsible

departments. These courses will be regarded as “other activities’.

Preferences of the sections, such as the undesired situation of having more than one

hard and difficult course on the same day, are neglected.

Assignment to sections which are located in different buildings in consecutive periods,
except for the ones that have lunch break in between, is not preferable for the

teachers. These quality constraints have been neglected in the model, for keeping the

model size in reasonable dimensions.

It is assumed that the data provided as input to the model will not change during the

semester.

3.3. Model

3.3.1. Decision variables

Before attempting any timetabling optimization all the decision variables must be

considered. The following sets have been considered as the basic structural elements for
the model:
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e Section = {Secl, Sec2,................... , Secl}
e Course = {Coursel, Course2, ....... , Coursel}

e Teacher = {Namel, Name2, ......... , Name K}

e Period = {Perl, Per2, ..................... , PerM}

A set of values for these five structural elements that covers every period of a week for
each section defines the timetable of a class at TMA. It is assumed that the value sets of the
structural elements Section, Course, Teacher, Day, and Period are finite and strictly
ordered. This structure is quite generic and can be applied to a number of timetabling and
scheduling problems. The number of combinations between the values of the elements and

the resulting complexity of the problem depend on the size of the value set of each

structural element.

Since there is an assumption that teachers have already been assigned to courses and the
number of courses they have been assigned to is only one; the subsets of the element
Teacher, formed by grouping the teachers giving the same subjects may represent the
element Course. Thus, the number of the elements needed for the formulation of the model

can be reduced to four.

The formulation of this reduced structure as a mathematical model is achieved by
introducing variables, y 4p, V abe, and X g5q4 Wwith the indices a, b, ¢, d. Each index of
the variables corresponds to a different structural element. Thus, the index a takes values
from the set Section, index b from the set Teacher, index c¢ from the set Day, and index d
from the set Period. However, since it is necessary for the indices to be natural numbers,
the value set of each element is required to correspond to a finite subset of the natural
numbers. Using a one-to-one mapping between the value set of each basic structural
element and a subset of the natural numbers, the variables y o5, v 45, and X gp0q are

transformed to the variables yss, vsza, and X .4p respectively, where
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° p€P={1,2, ....... ,pp},

with ss, #, dd, and pp corresponding to the cardinalities of the sets Section, Teacher, Day,
Period.

Note that, the elements of each subset of the set 7 teaching the same course, let us call
T1, T2, ..., TJ, represent the elements of the set Course = {Coursel, Course2,

Course]} respectively. Thus, the subsets of the set 7' corresponding to courses can be

shown as;

teTl={1, 2, ... , i1}, corresponding to Coursel,

teT2={1 2, .... , 2}, corresponding to Course2,

telJ={1 2, ... , I}, corresponding to CourseJ,

With the indices given above, we can define the decision variables s, v 4, and xseap:

. Yy s+ . A binary variable providing the assignment of teachers to sections,
independently from the days and the periods.

1 if teachert is assigned to section s,

0 otherwise.

. Vssa - A binary variable indicating the day on which a meet between a teacher and

a section takes place.
1 ifsections and teacher t meet onday d,

Vatd =
0 otherwise.

. Xstap - A binary variable indicating the period at which a meet between a teacher

and a section takes place.

28



1if section s and teacher t meet at period p of day d,
X stdp,

0 otherwise.
In general the total number of each variable set for the timetabling problem equals the
product of the cardinalities of the index sets they have. For instance, the total number of

variables x:4p equals the product of the cardinalities of the sets, S, 7, D, P.
3.3.2. Constraints

The detailed nature of the variables y;;, v 14, and x4, allows for a convenient way to
represent all constraints and sensitivities of the timetabling problem. The model may then
be constructed using an integer programming approach, since all variables are binary and
take the values of one or zero. For instance, when the value of a variable of x 5;4, is equal
to 1, then the corresponding combination of section s, teacher t, day d and period p is
included in the final solution. Otherwise, feacher t will not be assigned to section s at
period p of day d.

Constraint Set 1: At most one teacher can be assigned to section s at a time (at period p of
day d). This constraint set also provides that there will be no assignment of section s to
period p of day d if it is unavailable. Let sav 54, be a Boolean days-periods matrix

representing the section availability;

D Xy S SV V seS, deD, peP (3.1)
teT

if section s 1 ilabl riod p of d
where sav 54, = { 1 if section s is available at period p of day d,
0 if section s is unavailable because of its activities rather than

academic education..

Constraint Set 2: Teacher t can be assigned to at most one section at a time. (at period p of
day d). This constraint set also provides that there will be no assignment of feacher ¢ to

period p of day d if he is unavailable. Let fav 4, be a Boolean days-periods matrix

representing the teacher availability,;
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D Xgpap S taviap V teT, deD, peP (3.2)
ses

where fav 4, = { 1 ifteacher t is available at period p of day d,

0 otherwise.

Constraint Set 3: This set of constraints ensures that, for each course, at most one teacher
will be assigned to section s. That is, all lectures of a course will be taught by the same

teacher.

Z‘ys,t = 1 T

teTll

XV =1 > V ses (3.3)
teE‘TZ

Zys,t = 1 W,

tel]

where 71 is the group of teachers teaching Coursel, T2 is the group of teachers teaching

Course2, and so on...

Constraint Set 4: This set of constraints ensures that any meet between a section and a
teacher will not take place on any day if that teacher is not assigned to that section.

Otherwise, there is no limitation.

Vistd = Ve V sé€S, tel, deD (3.4)
Constraint Set 5: This set of constraints ensures that any meet between section s and
teacher t will not take place on any period if feacher ¢ is not assigned to section s onday d..
Otherwise, there is no limitation.

Xstdp = Vsid V sé€S, tel, deD, peP (3.5)

Constraint Set 6: This set of constraints limits the weekly workload for a teacher.
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Z 2 E Xgtdp = wl Y tel (36)

seSdeD peP

where wl ; is maximum total number of periods that a teacher can be assigned to in a

week.

"Constraint Set 7: These constraints ensure that the teaching hours of feacher t in each
section must satisfy the teaching requirements from that teacher (the total number of

lectures in a week that a teacher has to give in a section).

2 2 Xudp = hyVa V s, teT (3.7)
deD peP

where 4, is the total number of lectures that feacher ¢ has to give in a section.

Constraint Set 8: These sets of constraints ensure that two-lecture and four-lecture courses
should be given in two-period blocks to each section. As explained previously, because of
the assumption that every teacher can teach only one course in a class, courses are

represented by teachers.

Let Trur be the combination of teacher groups of four-lecture courses and Tr, be the

combination of teacher groups of two-lecture courses.

a. Constraints that ensure the assignment of section s to feacher t of a four-lecture course

on at most two days:

Z Vstd < 2 VS&S, td}our (38)
deD

b. Constraints that ensure the assignment of section s to teacher t of a two-lecture course

on at most one day:

Z Vita < 1 V s€S, t€ltwo 3.9
deD
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c¢. Constraints that ensure the assignment of section s to feacher t of two-lecture or four-

lecture courses at two periods at most on day d.

D Xy S 2 V S€S, 1€Tur, Towo, dED (3.10)
p=P

d. These constraints ensure that the periods of a course block that teacher t gives in
section s be consecutive. At this point, the lunch break is taken into account that it can
not take place between two periods of the block. If it is assumed that, for example,
there are 6 periods in a day then the relationship between them for the consecutiveness

of the lectures is provided by:

Xstd']? = Xgta2r < 0 V sé€S, t€lur, Ttwo, dED 3.1)
Xstarr * Xgas <1 V s€S, t€Tur, Ttwo, AED (3.12)
Xstdrr + Xgawe S0 1 V s€S, t€ltur, Ttwo, dED (3.13)
Xstdr t Xgas 01 V s€S, 1€l rur, Ttwo, AED (3.14)
Xsta1r T Xgae £ 1 V s€S, t€Tur, Ttwo, AED (3.15)
Xsta2 t Xgqe £ 01 V sé&S, t€lur, Ttwo, d€ED (3.16)
Xstd2 T Xgas S 1 Y s€S, tE€Tur, Ttwo, AED (3.17)
Xstd2 * Xgrae < 1 V SES, t€Tfur, Ttwo, dED (3.18)
Xstdsr + Xgas <01 V S€S, t€Tsur, Ttwo, AED (3.19)
Xstds T Xgae S 01 V s€&S, 1€ our, Ttwo, dED (3.20)
Xstd4 t Xgas 01 V s€S, t€Tltour, Ttwo, AED (3.21)
Xstaw T Xsde <01 V s€S, t€lmur, Ttwo, AED (3.22)
Xstd’ss = Xgtae = 0 V s€S, t€T ur, Ttwo, A€ED (3.23)
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Constraint Set 9: These sets of constraints ensure that three-lecture courses should be
given to each section either in three-period blocks on just one day, or in two-period block
on a day and one period on another day. As explained previously, because of the
assumption that every teacher can teach only one course in a class, courses are represented

by teachers.
Let Tyree be the combination of teacher groups of three-lecture courses.

a. Constraints that ensure the assignment of section s to tfeacher t of a three-lecture

course on at most two days:

Z Vrda < 2 v SGS; t€lmree - (324)
deD

b. These constraints ensure that the periods of a course block that feacher t gives in
section s be consecutive. At this point, the lunch break is taken into account that it can
not take place between two periods of a two period block. If the course is given in
three-period block, then there are no rules about the presence of lunch break among
the periods. If it is assumed that, for example, there are 6 periods in a day then the

relationship between them for the consecutiveness of the lectures is provided by:

Xged 1 = Xseg2 T Xseas <1 V s€S, t€Ttree, dED (3.25)
Xgtd'1r t Xgras <1 Y s€ES te€lmree, dED (3.26)
Xorar X gas <1 Y SES, 1€Tpree, dED (3.27)
Xstd;r T Xgras <1 V s€S, 1€l nree, dED (3.28)
Xstd2 = Xstds T X <1 V S€S, 1€l pree, dED (3.29)
Xgtd2 T Xgras <1 V SES, t€ltnree, dED (3.30)
Xstd'22 T Xstd's < 1 V sé€S, t€Tyree, dED (3.31)
Xoeds = Xawaw + % <1 Y SES, 1€Tes, dED (332)
Xstdsr T Xsids < 1 Y s€S, t€lnree, d€ED (3.33)
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Xstdd' = Xsed'ss T Xgrads 1 V s€S, t€Tnree, d€ED (3.34)

=X std'3 + Xseds +Xx std’s’ = X std’6 <1 v SES, teTthree; deD (335)

3.3.3. Objective function

Given that some combinations of the indices s, £ d, and p are preferable to others, the

objective function for the timetabling model is defined as follows:

Min E Z Z Z P sap * X srdp (3.36)

s€S teT deD peP

where pm :4p is a set of penalty cost coefficients. These coefficients are designed to
penalize their corresponding variables in order to reflect positive or negative preferences.
For example, if it is desired that a lecture of the course of teacher 1 is to be placed at the

first period of the first day, then a relatively low value should be assigned to pm ;i

coefficient.
The determination of the penalty cost coefficients pm 4, has been performed as follows:

o The available periods of the part-time teachers coming from the other universities
will get no penalty and have a cost coefficient with value ‘0’ in order to provide them a

higher priority with respect to full-time teachers.

. The available periods of the full-time teachers will have a penalty cost coefficient

with value ‘low’ if they highly prefer to be assigned at that period.

. The available periods of the full-time teachers will have a penalty cost coefficient

with value ‘medium’ if they moderately prefer to be assigned at that period.

. The available periods of the full-time teachers will have a penalty cost coefficient
with value ‘high’ if they do not prefer to be assigned, or if they have any extra duty at that
period, or if they need that time for their own academic education. The penalty cost

coefficient with value ‘high’ prevents but does not prohibit the presence of its

corresponding variable in the final solution.
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4. IMPLEMENTATION OF THE TIMETABLING MODEL AT TURKISH
MILITARY ACADEMY (TMA)

In part three, a model for the timetabling problem of TMA was presented. But the
timetabling problem will be restricted with only one class for the reason that the problem
for all classes of TMA as a whole is too large to deal with. The model presented in the
previous part can be applied iteratively to the other‘classes by modifying the data and
making little modifications.

In this part of the thesis an application of the timetabling model for the second-year cadets
of Turkish Military Academy (TMA) is presented. In this presentation the related data sets
and model parameters are described first. Then, the model just presented is adopted for the
second-class of TMA. The hard and quality rules and the assumptions described in the
previous part afe valid for this application as well. Later, the timetabling model for the

second class of TMA is solved with the presented methodology and the results obtained

from the solution process are discussed.
4.1. The Data for the Problem

The Planning and Programming Department of TMA provided the data used for the
application of the model. They are mainly based on the real 2000-2001 data for the second
class of TMA. The teacher preference matrix is formed after applying little arbitrary

changes to the information obtained from an interview with that department.

At TMA, the second class consists of 24 sections (the same with the others) and is staffed
with the necessary specialized personnel that will cover the total number of periods in the
scheduling cycle. The scheduling cycle is a week and is composed of the days Monday,
Tuesday, Wednesday, Thursday, and Friday. Each section is required to attend 30 periods

(six on each day) in a scheduling cycle.

The number of courses that each section in the second class has to undertake is 8. Military
training, physical training, and some courses such as foreign language, which are
scheduled by the other departments, are not included in that number. All the courses are
compulsory, i.e. there are no electives. The assignment of the lectures of a course to the

days and periods of a week is subject to the constraints described in Part 3.2.
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The total number of periods where a section is unavailable because of the other activities,

such as military training, physical training, and courses of leadership and foreign language
is 11. Table 4.1 and Table 4.2 display the unavailable periods of each section of the second

class.

Table 4.1 Unavailable periods of sections occupied by military and physical training and
foreign language course.

Days (d)
Sections 1 2 3 4 S
®) Periods (p) Periods (p) Periods (p) Periods (p) Periods (p)
1-2 |34 |56 | 1-2 |34 |56 |12 |34{56|1-2]|34|56| 123456
1-3 F.L. P.T FL. |MT
4-6 FL. P.T FL.|MT
7-9 MT|FL. | PT. F.L.
10-12 M.T|F.L. P.T FL.
13-15 P.T M.T F.L. F.L.
16-18 M.T FL.|PT F.L.
19-21 M.T|F.L. P.T |FL.
22-24 P.T M.T | F.L. F.L.
Note : F.L..Foreign Language, M.T:Military Training, P.T.:Physical Training
Table 4.2 Unavailable periods of sections occupied by the course of leadership.
Sections 1-4 5-6 | 7-10 | 11-12 | 13-14 | 15-18 | 19-22 | 23-24
U dabl iod 1.1 24 3.1 2.4 4.4 34 2.1 44
e 112 | 25 | 32 | 25 | 45 | 35 | 22 | 45
(day.period) 13 | 26 | 33 | 26 | 46 | 36 | 23 | 46

The assignment of courses to the specialized teachers of TMA is achieved by applying the

specific rules referring to each teacher’s specialty, which is beyond the scope of this study.

Every teacher is required to undertake at most 20 teaching hours (periods) for courses

related to his/her specialty.

Frequencies of the courses and the number of teachers previously assigned to them are

shown in Table 4.3.

Table 4.3 Frequencies of the courses and the number of teachers previously assigned.

Courses 1 2 3 4 5 6 7 8
Frequency 4 2 2 2 2 3 3 1
# of Teachers Assigned 8 3 6 7 5 8 6 3
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As explained in Part 3.2., there are some part-time teachers coming from the other
universities. Their available periods are limited with the ones that they have declared. The

teacher availability matrix for the courses is shown in Table 4.4.

Table 4.4 Unavailable periods of teachers.

X : Unavailable DAYS (d)
periods 1 2 3 4 5
Course | Teachers | Periods (p) Periods (p) Periods (p) Periods (p) Periods (p)
(c) @ |1(2[314|5]/6]|1|2i3|4|5|6]1|2|3[4|5[6[112(3]|4]|5|6]1]|2]|3(4|5]6
1
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The cost coefficients pm ;4 in the objective function will take on the associated values
from the penalty matrix of Table 4.5 given above. This matrix reflects the preference
levels of the teachers for the various periods of the week. The values of the cost

coefficients are determined as follows:

o  pm.4p=0, for the available periods of part-time teachers coming from the other
universities in order to provide them a priority with respect to full-time

teachers.
o  pmqp=2, for highly preferred periods.
e  pm.4p=4, for moderately preferred periods.

e  pm.4p=06, for the periods which are not preferred, or the teachers have any extra

duty, or they need that time for their own academic education.

The maximum number of periods that are going to be assigned to a teacher is 20. The

remaining periods are left free for the research activities, projects, and other extra duties of

the teachers.

4.2, The Timetabling Model Formulation

a, Indices

seS={12, ... , 24} . The set of sections in a class. Each number in the set
corresponds to a section.

teT={12, ... , 46}  : The set of all teachers previously assigned to teach the sections

of the second class. Each number in the set corresponds to the
name of a teacher. Subsets of T are 71, T2, T3, T4, T5, T6,
17, 18.

deD={I 2, ... , 3} . The set of days whose elements correspond to Monday,
Tuesday, Wednesday, Thursday, and Friday respectively.

peEP={l2 ... , 6} : The set of periods on a day.
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teTl={l 2, ... , 8} represents Course 1 with a frequency of 4.
teT2={9 10 11} represents Course 2 with a frequency of 2.
teT3={1213....,17}  represents Course 3 with a frequency of 2.
teT4={18 19, ... , 24}  represents Course 4 with a frequency of 2.
teT5={2526,..... , 29} represents Course 5 with a frequency of 2.

teT6 = {30, 31, ....... , 37} represents Course 6 with a frequency of 3.

teT7={38 39, ... , 43} represents Course 7 with a frequency of 3.
t €18 = {44, 45, 46} represents Course 8 with a frequency of 1.
TI, 72, ............. JI8c T

b. Parameters
sav sqp . A Boolean matrix for the availability of section s at period p of day d.

savsqp = 1 ifsection s is available at period p of day d,

0 otherwise.
fav.qp : A Boolean matrix for the availability of feacher t at period p of day d.

tav.ap = 1 ifteacher tis available at period p of day d,

0 otherwise.

wl ; : Weekly load limit for teacher t.
wl, = {20,20,.....20} for the first solution stage.

h : Frequency of the course that feacher t gives. (t€T1, T2, T3, 14, 15, 76, 17, T8)
he = {44,...,422 ..,233, ...,3 11 ...,1}

pmap A penalty cost matrix for the preference of feacher t at period p of day d.
(see Table 4.5)
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¢.  Binary variables

¥se - A binary variable providing the assignment of teachers to sections, independently
from the days and the periods.
1 if feachert is assigned to section s,
Yar = .
0 otherwise.
Vsea . A binary variable indicating the day on which a meet between a teacher and a
section takes place.
1 sections and teacher t meet onday d,
Vstd =
0 otherwise.
X scdp - A binary variable indicating the period at which a meet between a teacher and a
section takes place.
1 sections and teacher t meet at periodp of day d,

Xstdp = )
0 otherwise.

d. Model formulation

24 46 S5 6
Min Z Z 2 PM 1ap * X sedp 4.1)
s=1 t=1d=1p=I
Subject to;
46
D Xanap S SAVp (s=1,..,24; d=1,...5; p=1,....6) (4.2)
=1
24
Y Xap S faviap (t=1,...46 d=1,...5; p=1,....6) (43)
s=1
8
E Vs = 1 (s=1,...,24) 4.4)
t=1
11
Z)"s,t = 1. (s=1,...,24) 4.5)
=9
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17

D Ve = 1 (s=1,...,24) (4.6)
=12

24

Ve = 1 (5=1,...,24) (4.7)
=18

29

Zys,: =1 (s=1,...,24) (4.8)
=25

37

Dy = 1 (s=1,...,24) (4.9)
=30 :

43

Zys,t = 1 (s=1,...,24) -~ (4.10)
=38

46

Zys,t = 1 (s=1,...,24) 4.11)
t=44

Vatd X Vst (s=1,...,24;t=1,...,46;d=1,...,5) (4.12)
Xstdp S Vied (5=1,...,24; t=1,...,46; d=1,...,5; p=1,...,6) (4.13)
24 5 6

2D xap < Wi (t=1,...,46) (4.14)
s=1d=1p=1

5 6

szs,t,a’,p = h*yr (s=1,...,24; t=1,...,46) (4.15)
d=1p=1

5

D Via S 2 (=1,...,24; t=1,...8) (4.16)
d=1

5

D Via S 1 (5=1,..,24; t=9,...29) (4.17)
d=1
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6

Xotap S 2 (s=1,...,24; t=1,...,29) (4.18)
p=1

Xstd1r = Xga2 < 0 (5=1,...,24; t=1,...,29; d=1,....5;) 419
Xgedrr * Xgap <1 (5=1,...,24; t=1,...,29; d=1,...,5;) (4.20)
Xspar v Xgaw < 1 (s=1,...,24; t=1,..,29; d=1,...,5)) 4.21)

Xstar * X5 S 1 (s=1,...,24; t=1,..,29; d=1,...,5)) (4.22)

Xsta1r + Xgae £ 1 (s=1,...,24; t=1,...,29; d=1,...,5;) (4.23)
Xstd2r ¥ Xgaqw 1 (5=1,..,24; t=1,...,29; d=1,...,5;) (4.24)
Xstd2r t Xgrase 201 (s=1....,24; t=1,...,29; d=1,...,5;) (4.25)
Xstd2r T Xsrae £ 1 (s=1....,24; t=1,...,29; d=1,...,5;) (4.26)
Xgdsr + Xgas <1 (s=1,..,24; t=1,...29; d=1,...5;) (4.27)
Xstd3 v Xgrae <1 (s=1,...,24; t=1,...,29; d=1,...,5;) © (4.28)
Xstaw + Xggs S 1 (s=1,..,24; t=1,...,29; d=1,....5;) (4.29)
Xstd4 t Xgrae < 1 (s=1,...,24; t=1,...,29; d=1,...,5;) (4.30)
Xsds = Xsede = O (5=1,...,24; t=1,..,.29; d=1,...,5;) 431)

5
D Vaa < 2 (s=1,...,24; t=30,...43) (4.32)
d=1

Xstdl’ = Xgrd2+ Xged3 <1 (5=1,...,24; 1=30,...,43; d=1,...,5;) (4.33)
Xstd t X 5444’ < 1 (s=1,...,24; t=30,...,43; d=1,...,5;) (4.34)
Xstdr t Xgras < 1 (5=1,...,24; 1=30,...,43; d=1,...,5;) (4.35)
Xstdl” t Xsids <1 (5=1,...,24;t=30,...,43; d=1,....,5;) (4.36)

Xstd2 = Xstay t Xgpaee <1 (5=1,...,24; 1=30,...,43; d=1,...,5;) (4.37)
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Xsea2 + Xseds < 1 (s=1,...,24; t=30,...,43; d=1,...,5;) (4.38)

Xstd2 b Xsrde <1 (s=1,...,24; t=30,...,43; d=1,...,5;) (4.39)
Xord3 = Xstdwr T Xgrasr <1 (s=1,...,24; t=30....,43; d=1,...,5;) (4.40)
Xgtd3 t Xgiae < 1 (s=1,...,24; 1=30,...,43; d=1,...,5;) (4.41)
Xotaw = Xgds ¥ Xeae <1 (s=1,..,24; t=30,....43; d=1,..5)  (4.42)

~X std '3’ +Xx std '’ +x std’5' = X std’6’ < 1 (S=1,...,24; t=30,,43, d=1,,5,) (443)

4.3. Solution of the Model

After modelling this problem as a binary integer programming model, an iterative solution
heuristic has been applied to the model in order to find a near-optimal solution. The reason
is that the size of the model as applied to the second-class of TMA is still too large to be
solved on a PC, with 39,745 binary variables and 110,316 constraints.

The solution process proceeds as shown in Figure 4.1. The characteristics of this process

is explained below :
a.  Grouping

First, group the 24 sections of the class into two parts. Each part contains 12 sections.
Then, group the teachers of the courses into two parts. The teachers of the courses which
have two-lecture frequency, i.e. teachers of Course 2, 3, 4, and 5, form the first teacher
group. The natural numbers corresponding to these teachers are {9, 10, ...., 29}. Similarly,
the teachers of the courses which have four, three, and one-lecture frequency, i.e. teachers
of Course 1, 6, 7, and 8, form the second teacher group. The natural numbers

corresponding to the second group of teachers are {1,.... ,8, 30,.....,46}.

b. Iteration-1

After grouping operations, take ‘the first section group’ and ‘the first teacher group’.
Develop the model again with these new sets. The size of the problem is now smaller,

with 9,073 binary variables and 28,025 constraints.
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Solve the model on a PC by using a Mixed Integer Programming (MIP) solver. In the
solution output, the periods where variable x 4, = 1 are the periods that a section and a

teacher meet. Take these periods as the input data for the next iterations.

Grouping Operations
1. Section grouping
2. Teacher grouping

3y

Iteration-1
Developing the model with the ‘first section’ and the ‘first teacher’ groups
Solution of this model

y

Iteration-2
Developing the model with the “first section’ and the ‘second teacher’ groups
Entering the results of Iteration-1 as unavailable periods of sections
Solution of this model
Results form the timetable of the first 12 sections

U

Iteration-3
Developing the model with the ‘second section’ and the ‘first teacher’ groups
Entering the results of Iteration-1 as unavailable periods of teachers
Applying manual adjustments
Solution of this model

U

Iteration-4 :
Developing the model with the ‘second section’ and the ‘second ‘teacher’ groups
Entering the results of Iteration-2 as unavailable periods of teachers
Entering the results of Iteration-3 as unavailable periods of sections
Solution of this model
Results form the timetable of the second 12 sections

Figure 4.1 Flowchart of the solution process.
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c. Tteration-2

Take ‘the first section group’ and ‘the second teacher group’ and develop the model again
with these new sets. The size of the problem is small enough again, with 10,081 binary

variables and 28,209 constraints.

Input the results found in Iteration-1; i.e. the periods where a section and a teacher meet,

as unavailable periods of the corresponding ‘section’.

Solve the model on a PC by using a Mixed Integer Programming (MIP) solver. In the
solution output, the periods where variable x ;;4, = 1 are the periods that a section and a

teacher meet. . Take these periods as the input data for the next iterations.

The results of Iteration-1 and Iteration-2 together form the timetable of the first 12

sections.

d. Iteration-3

Take ‘the second section group’ and ‘the first teacher group’ and develop the model again
with these new sets. The size of the problem is small enough again, with 9,073 binary

variables and 28,025 constraints.

Input the results found in Iteration-1; i.e. the periods where a section and a teacher meet, as
unavailable periods of the corresponding ‘teacher’. Also, examine the results of Iteration-2
and see whether there are any unassigned periods of any part-time teacher from the second
teacher group. If there exist any periods of this type, then set the corresponding periods of
any section in the section availability matrix to zero in order to keep them unoccupied for

Iteration-4. This adjustment enables us to fully assign the part-time teachers in the second

group at their available periods.

After the input and adjustment operations, solve that model on a computer by using a

Mixed Integer Programming (MIP) solver for the optimization.

In the solution output, the periods where variable x ,:4,= 1 are the periods that a section

and a teacher meet. Take these periods as the input data for the next iteration.
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e. Tteration-4

Take ‘the second section group’ and ‘the second teacher group’ and develop the model

again with these new sets. The size of the problem is small enough again, with 10,081

binary variables-and 28,209 constraints.

Input the results found in Iteration-2; i.e. the periods where a section and a teacher meet, as
unavailable periods of the corresponding teacher. Also input the results found in Iteration-3

as unavailable periods of the corresponding section.

Solve this on a PC by using a Mixed Integer Programming (MIP) solver. In the solution
output, the periods where variable x .4, = 1 are the periods that a section and a teacher

meet. . Take these periods as the input data for the next iterations.

The results of Iteration-3 and Iteration-4 together form the timetable of the second 12

sections.
4.4 The Results of the Solution Process

The iterative solution suggested in Part 4.3 decreases the dimensions of the problem to a
solvable size. This procedure is a heuristic, since one has no guarantee that after having
scheduled courses at some periods, the remaining problem still admits a solution. When
encountered with such a situation, one can solve the problem by making small manual
modifications in the problem parameters; i.e. by relaxing the availability and preferences
data of the teachers. For the problem considered in this study, we found feasible solutions
at each iteration. The solution obtained as a result of four iterations satisfied all of the
problem requirements and minimized the objective function. The solution was near-

optimal within the iteration limits and was found in several hours.

In Iteration-1, an optimal objective function value of Z = 160 has been found in
approximately 16 minutes and in nearly 10,000 iterations. In Iteration-2, a near-optimal
objective function value of Z =244 has been found (within the iteration limits entered into

the solver) in nearly 12 hours and in approximately 1,110,000 iterations.

Having completed the iterations 1 and 2, the teachers were successfully assigned to the

first 12 sections. The resulting timetable of the first 12 sections is shown in Table 4.6 and
Table 4.7.
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Table 4.6 The timetable for the sections 1-6

DAYS (d)

C:1T:3

C:4 T:19

C:7 T:41

C:1T:2

C.7T:40

C:7 T:40

C:4T:20

C:3T:14

C.5T:28

C:7 T:43
C:7 T: 43

C1T:2

C:5T:27
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: Dashed cells are occupied with other activities;

Note

sections.
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Table 4.7 The timetable for the sections 7-12

DAYS (d)

C:1T:5
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C:1T:2
C1T:2
C:4T:21
C:4 T:21

1

3

C:1T:5

C:7 T:39
C:1T:4

C.2T:10

C:3T: 14
C:1T:4

C:5 T:26

C3T:17
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SECTION-7
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SECTION-10
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11

SECTION-

(s)
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(

- Dashed cells are occupied with other activities; i.c. they are the unavailable periods of

Note

sections.
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Table 4.8 The timetable for the sections 13-19
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Table 4.9 The timetable for the sections 19-24

DAYS (d)

Ll Ran!
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O \O
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: Dashed cells are occupied with other activities; i.e. they are the unavailable periods of
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sections.

52



*0) POUSISSE ST MOJ 1By} UO ISYIL3] OY) JEy) SUOTIO0s O SIUSsoIdol [[99 Yors UF SIdQUINU SYT, :  ION

139

ET|eT(C1]TI L]L |44
81|81 TCiTT) €T
£C| €T 0C|0C| LT LI £l € (4
XiIx I x i xIxIXxIxiIxIxIxIxixIxix|{x|x|xX|x|x|xXix|x|x|xjcjzjorjorjsjsjpitj]v
s s Il v 1 P IXIXIXIXIX[XIX[ X X[ X| X XIX|X|X|X|X|X|X[X[X|X|X|X] 0T
61|61 6|6 I} 1T | 1¢ 128R 4! 91 |9T ST |ST| 61
919 |vT|¥T 81
AR A\ ST |ST[LT LI} L1
T|1I ST | ST €1 | €T {61 | 61 £C | €C (AN 44 91
¢l ¢c|oz|oT| 8| 891191 ye|vye] St ¢
11|11 2RI 4 9109 14}
6|6 |VL|PL]| €| € €1
11T L | L |0OT|O1 | C (4!
gl elerist 81 817C|T¢C 1|1 LT([LT 616 1A% 74 RXA R X4 9191 11
CI{Cl 61|61 81 (81|0C|0C §| < L] L £l | €1 149 R4} 01 | €
Vv |1T|1IC TT|ITjOT |01 | T | T |91]|91 6
X [ X[ XX I XIXIX|IXI[sT|sI[XIXIX[X|X[X|X|X[X|X|X|X|X|X|X|X|STI|ST|X |X]| 8
XX el e [ X1 XIXIXIXIXIXIXIX[X|X[X|[X|X]|X|X|e]le|X|X|X|X|X|X|X|X] L
XIX I xIxI X[ xIxIxIxXIx|x[xIX[X[XIX[X[X|X|Xjel|el | X|X|X[Xjel[el[|X[X] 9
81 |8I| v | v |TIT|I1}CC|TC IT({11; v | ¥ |TC|TT|9T1 |91 81 | 81 91 |91 & I
ozioTl ¢} ST {TLLL LY [4AR N4t 0c|oT| ¢ ¢ YCIyT LT LT YT | VT 14
LiL|8]8]|T]|T1 6|6 1 818 6|6 L|L] ¢
PL VL {OI|OT} 9|9 fAR 4 |99 148 R4! or(or)]
61 | 61 12| 1C| €T | €T €Tl eTjel |61 | 1C|1IC !
o|ls|vlclz|i1]ols|v|el|lz|[T1]o|s|v|ecjc|T]|o|S|{v|e|T | T]|9|S|¥v[€{T]T]" L D
spoLIdd
(d) spowag (d) spouag (d) spouiag (d) spouag (d) spoag aqe
S 14 € (4 | -[reAvu)
(P) SAVA ' X

$191083} JO S[qeISWN SYJ, 01 b S[qEL




125

*0] POUSISSE ST MOI 1Y} U0 ISYORS) ST} 1BV SUOTOSS o) SITasa1dax [100 YO8 UT SISqUINU SUT, . 9J0N
(44 1| ¥ 9%
or|si|et| ¢ 9 I o] 11 v |8 sv| 8
91 L 6 €1 | LT 61] Tl 81 €] ¢ 12| ¥
or]or|t1r|1rI 6 vI| S| s |vi]l 91 i S 6|6|¢ch
el L)L ala|st|el|v | v]ee ¥ 61| LI Al Kz
I EREN KK gc| o101 9 [et|ec|si|sI z Wl
ve|velet|er] e ¢ vT 3 £l IC 1z|1z NIERELE
1|11 0T 1t|ozfoz|oc]e€
X[ X[ XIX[X[XIX[X|X{XIX]XJe]elelsiferfsi| XXX X[X[X|X[X|X[X][X[X]8€
X[X|6[6]6 | X[X|X[X[X[X|X[X[X]|X|X[X[X[X[|X[X[|X[|[X|X]|X[|X|X|X[|[X]|X]LE
XX I X[ XX X[X[X[X[X[X[X]|X|[X[X][X][X[X]X[X[s1[SI|SI|X[X[X[X|X[X][X]9¢
0T v ¥ ozloz| ¥ [e1]61|61]SE
o1 [ o1 3 e[ eforfee]ee|ee 9 919 il vef
AEAEAEL HE v1 [ v1] €€
£C €l €| €C LU LT Lt e er |
8 |8 g [st]ic]1c ST SI T[] 17 1€
tlec]zclor|L]L L o1 | 91 A1 o€
XXX | X[ X[X[X|[X][X[X][X|X[X[X]e|e|e|o[X|X|[X[|X]|X|X]|X]|X[X|X]|[X]|X]6r
LUfLrfvi|vi|s| s A2 E EA
Llcficficfolo]lv|y velve| 1] 1 |st]sl Lzl s
|| s sferfer|erfzi|er|6rforforl 97
6|6 [cT]Tc 91 | 91 £C| €7 st
9ls|vlele[1]ols|vielec]|tlols|[viclelrfolsiv]ele|r]ols]vlelz]|Tn]:L]D
spoLdxd
(d) spoudg (d) spouag (d) sporrag (d) sporrag (d) spordg Jnqe-
S L4 € 1 [reAeup)
(p) SAVA D¢

(penumuoo) 01"y S[qeL,



When we constructed the teacher timetable after these iterations, it is seen that the
available periods of some part-time teachers teaching Course-1 (Teacher-6 and 8) and the
first three periods of part-time teacher teaching Course-7 (Teacher-38) remained
unassigned. In order to prevent the available periods of sections corresponding to the
unassigned periods of these teachers from being occupied at Iteration-3 and be able to
assign these teachers to the available periods of the second-group sections, we set the
corresponding periods of sections to zero before solving the model of the second section

group and the first teacher group at Iteration-3.

When the model is solved in Iteration-3, an optimal objective function value of Z = 192

has been found in approximately 15 minutes and in approximately 10,500 iterations.

In Iteration-4, a near-optimal objective function value of Z = 260 has been found (within

the iteration limits entered into the solver) in nearly 6 hours and in approximately
1,000,000 iterations.

Having completed the iterations 3 and 4, the teachers were successfully assigned to the

second 12 sections. The resulting timetable of the second 12 sections is shown in Table 4.8
and Table 4.9.

At the end of the solution procedure, all sections have obtained their timetables without

any empty periods.

The model minimized the objective function value. The cost coefficients in the objective
function with value ‘medium’ and ‘high’ corresponding to moderately preferred and non-
preferred periods of teachers respectively, prevented but did not prohibited the presence of
their corresponding variables in the final solution. The available periods of part-time
teachers with penalty cost coefficient value of ‘0’ in the objective function were fully
scheduled in the final solution. There is only one non-preferred period scheduled for only
one teacher (Teacher #39 teaching Course-7). Teachers #1 and #2 teaching Course-1,
teacher #35 teaching Course-6 and teacher #40 teaching Course-7 were scheduled at 6, 2,
1, and 1 moderately preferred periods respectively. The ratio of non-preferred periods that
have been assigned to total non-preferred ones is only 0.95 % and the ratio of moderately

preferred periods that have been assigned to total moderately preferred ones is only 4 %.
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Therefore, the timetable in the final solution can easily said to be “a good timetable” for

the teachers. The resulting timetable of teachers is shown in Table 4.10.

When compared with the manual timetabling which lasts even a month, the time consumed

for this model is very short. Thus, this is also “a good timetable” for the timetablers.
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5. CONCLUSION AND RECOMMENDATIONS

In this thesis study, an integer programming model and a solution strategy was presented in
order obtain good solutions for the timetabling problem of Turkish Military Academy
(TMA). Although it was implemented on the sections of the second class at TMA, it is
iteratively applicable to the other classes by revising the data and making little

modifications.

The proposed model has the appropriate facilities for providing valuable help to the
scheduler to implement a good timetable of TMA. It can be easily said that it is “generic”
because it addresses most of the items that can appear in many schools: No section and
teacher overlaps are allowed; section and teacher availabilities must be taken into account;
courses have different number of lectures; the distribution of the lectures of the courses in
a week must be done according to the rules; lectures of a course on the same day must be

consecutive; lunch breaks have to be observed; etc.

The model satisfies the teacher preferences to a sufficient degree by using suitable
objective function coefficients. These coefficients penalize the assignment of teachers to
the periods that they do not prefer. These coefficients also enable us to assign the part-time

teachers at their available periods prior to the full-time ones.

The penalty cost coefficients in the objective function can take different values according
to the teachers’ preference intensity. For instance; if some periods are abéolutely not
preferred with respect to the others, these periods would have penalty cost coefficients with

very high values while the others have theirs with very low values. (Example: 0, 20, 30,
150)

In addition, the solution strategy proposed is based on grouping sections and teachers, and
on allocating teacher groups to section groups iteratively in such a way that the output data
of an iteration will be considered as an additional input data for the next one. This

grouping strategy made it possible to decompose the problem into the problems of smaller

sizes.

One strong point of the model is the fact that one can easily replace and/or create new rules
and constraints. For instance, a goal for not assigning teachers to sections of different

locations during the periods before noon and also during the periods in the afternoon may
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be added to the model. Also, the qualitative conditions that are in conflict can be handled
by properly adjusting parameters and/or objective function coefficients. As an example, a
part-time teacher inevitably may not be assigned fully at his available periods by the
model. If the scheduler wants to assign this teacher fully at his available periods, then he
can make little modification on the values of the section availability matrix regarding the
periods corresponding to the teacher’s available times. Similarly, the scheduler can modify
the penalty function values in the objective function in order to achieve better quality and

wider acceptance of the results.

The timetable constructed by the implementation of the model in this study has only one
non-preferred period for only one teacher. Besides, the time consumed for this model is
very short when compared with the manual timetabling. Thus, it is said to be “a good
timetable” both for the teachers and the scheduler.

This study creates a starting point to the contributions about the timetabling problem of
TMA. 1t is recommended that, in the future, a solution approach for solving the timetabling

problem of TMA at only one stage and with all its classes as a whole have to be improved.
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APPENDICES

‘Appendix A: The Computer Input of the Model for Iteration-1
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29.
variables
y(s,t)
v(s,t,d)
"~ x(s,t,d,p)

.Z, )
binary variables
y
\
X ;.
equations
ob

]
secavgs,d,pg
teaav(t,d,p
onetea2(s)
oneteaBgs
onetead(s
onetea5(s
oneday(s,t,d)
onedaytw(s, tl15)
oneteatwo(s,t,d,p)
mostper(t)
hours2(s,t15)
twohone(s.tls,dg
twohtwo(s, t15,d
twohthree(s,tl15,d)
twohfqur(s,tls,d;
twohfive(s,tl5,d
twohsix(s,t15,d)
twohseven(s,tls,dg
twoheight(s,tl5,d
twohnine(s,t15,d)
twohten(s,tl5,d
twohele(s,tl5,d
twohtwe(s,t15,d
twohthi (s, tl5,d
twohfourt(s,tl5,d) ;
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obj.. z=e=sum((s,t,d,p),pm(t,d,p)*x(s,t,d,p)) ;
secavE ,d, pg.. sum(t,x(s, ,d §§=1-sav(s,d,p
teaav(t,d,p).. sum(s,x(s, t,d,p =l=tav(t,d,p
oneteaZ(s .. sum(t2,y s,t2 =e=]1%

oneteaSE . sum(t3,y(s,t3))=e=1;

onetead4(s).. sum(t4,y(s,t4 =e=1'

onetea5(s).. sum(tS,y(s,t5 =e-1'

oneday(s, t, d) . v(s,t, d)-1-y(

onedaytw(s t15) . sum(d v(s, t15 d))=1=1
oneteatwo(s t,d,p).. x(s t.d,p)—1=v(s t, ) ;
mostper(t).. sum((s,d,p),x(s,t,d,p))=1=20

hours2(s, 1:15) . sum((d,p),x(s t15 d, g) hb*y(s t15) ;
twohone(s t15,d).. sum(p,x(s 15, .p =2;

twohtwo(s, tl5, d).. x(s,tl ,d.'l )—x(s,tlS,d,'Z')=1=0 ;
twohthree(s tlS d) x(s,tlS,d"1')+x(s,t15,di'3')=1=1 H
twohfourgs tlS d; Es,tls,d, 1'g+x€s,t15,d, 4'g=1=l H
twohfive(s,t15,d ;
twohsix(s, 15 d) x(s,tls,d, 1')+x(s t15,d, 6')=1=1 H
twohsevengs t15 dg x(s,t15,d,’ %+x(s ,t15,d, '4 3=1—1 H

twoheight(s, t15,d x(s,tl5 d‘ +x(s,tl15, d' =1=1 ;
twohnine(s, 15 d) . x(s t15,d '3 2 )+x(s,tls d' 6')=1=1 ;
twohten(s, 15 d) . x(s, tlS d "Y4x(s, t15 d 5)=1=1 ;
twohele(s,t15,d).. x s,t15,d,'3' +x(s,t15,d,'6' =]=1 ;
twohtwe(s, tl5, dy. . x s,t15,d,'4")+x(s,tl5,d, '5')=1=1 ;
twohthi (s, t15, 'dy. x(s t15,d, '4' +x(s t15,d,'6')=1=1 ;
twohfourt(s t15 d) . x(s t15,d,'S )-x(s tlS,d,'G')-e: ;

model esra /a / 3
OPTION OPTCR=0.0;
OPTION ITERLIM—llOOOO
OPTION RESLIM=700000;
OPTION SOLPRINT=0fTf};
OPTION LIMCOL=0;
OPTION LIMROW=0}
OPTION EJECT;

OPTION SYSOUT—Off
solve esra using mip minimizing z ;
display x.1



Appendix B: The Computer Input of the Model for Iteration-2
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,3,4,5,6,7,8!30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46/

1,2
AL
538*43/

/
tl(t
t6(t
t7(t

t

s /1*12/

. sets
t

) : O
OHOOCOOOOOOHFHOOHOOHHFHOOOHOOOOHOHOOOOHOHO-HOOO0OOOOOOOOO-HOOOOHMOOOOO
el
510000000010010011000100001.010000101010.0000000000110000100000 .
’ < i
<¢THONOHHOHOFHHHOOHHHOOHHOOOHOOOO-HOOHOOHO-HOHHOOHOOHHOH-HO-HOO-O OO
N

3001010010101001010011100101001000001000110001000011110011100

N el
5001010001100011001000011000101100111001010011100101000110011\m

d
..111
51001._010001100011001000011000101100111001010011100101000110011 4

n.w el e R R ke e L R A R R D D K I - I
t

[}
o

a
e tav(
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>
mebth
HNND DD NS
BN D DS
HNNDBNN
HNNDBNN

var1%b1e§

S, T

yEs t,d)
s,t,d,p)

z;
binary variables
Yy

v

X ;.
equations

ob) .

'secav(s,d,pg

teaav(t,d,p

oneteal(s

oneteab(s

onetea’(s

onetea8(s

oneday(s, t, dg

onedayf(s tl

onedayth(s t67)

~oneteatwo(s t,d,p)

mostper(t)

hours4(s,tl)

hours3(s,t67)

hoursl(s,ta)

twohone(s,tlS,dg

twohtwo(s, tl5,d

twohthree(s, tl5,d)

twohfour(s,tls,dg

twohfive(s,tl5,d

twohsix(s,tl5,d)

twohseven(s t15 d;

twoheight(s,tl5,d

twohnine(s, t15 d)

twohten(s, t15 d)

twohele(s,tl5, dg

twohtwe(s,t15,d

twohthi(s,tl15,d)

twohfourt(s tis ,d)

thrhtwo(s, t67 d)

thrhthr(s,t67,d)

thrhfour(s t67 dg

thrhfive(s,t67,d

thrhsix(s, 167 d)

thrhseven(s t67 dg

thrheight(s,t67,d

thrhnine(s, t67 d)

thrhten(s, t67 d)

thrhele(s, t67 dg

thrhtwe(s,t67,d) ;
obj.. z—e—sum((s t, d,p) pm(t,d,p)*x(s,t,d,p)) ;
secav(s,d 3;. sum(t x(s t,d,pgg sav(s,d,p ;
teaav(t, d, 4P).. sum(s,x(s,t,d,p))=1=tav(t,d,p) ;
oneteal(s) sum(tl, y(s t1 =e=1;
onetea6(s).. sum(t6,y(s,t6))=e=1;
onetea?E g sum(t7, ygs ,t7))=e=1;

onetea8 sum(t8,y(s,t8))=e=1;
oneday(s, t, d; . v(s,t, d)—1-y(s,t)
onedayf(s tl).. sum(d v(s,tl, d))= =2 ;

onedayth(s t67) . sum(d v(s

67,d))=1=2 ;
oneteatwo(s t,d,p).. x(s t,d,p

=l=v(s t,d) i

\J\|

mostper(t).. sum((s d,p ,x(s y ,p)g

hours4(s, tl) sum(( +P),X s, ti,d,p )—e-ha*y(s tl) ;
hours3(s,t67).. sum((d, ) (s,t67,d,p))= e-hc*y(s t67) 4
hoursl(s, t8) sum( ( ,pg ,t8,d,p)§ e=hd*y(s, t8) H
twohone(s t15, d) . sum p,x(s t15,d,p))=1=2;
twohtwo(s,tl15,d).. x(s,t15,d ,'1')—x(s t15,d,°'2')=1=0 ;
twohthree(s ti5 A x(s tlS "1')+x(s tl5 di 3')=1=1 H
twohfour(s, t15 dg.. x(s, t15 1'g+x(s t15 d g=1=1 H
twohfive(s,tl5,d).. x(s,tl5 dz'l +x(s,tl5, d' =1=1 ;
twohsix(s, t15 d) . x(s, t15 d 1’ )+x(s t15 d 6')=1=1 ;
twohseven(s t15 dg . x(s t15 d '2 %+x(s t15 d '4 g=1=l H
twoheight(s,tl5,d).. x(s,tls d‘ 2')+x(s t15 d '5')=1=1 ;
twohnine(s, t15 d) . x(s,tlS 2")+x(s, tlS gt )=1=1 ;
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twohten(s,t15,d).. x(s,tl5 d,'3' +x(s,t15,d,'5")=1=1 ;

twohele(s, t15 d). x(s,tlS,d,'B' +x(s,t15,d,'6' =1=1 ;

twohtwe(s, tl5, ). . x(s,t15,d,'4"' +xEs,t15,d,'5' =]=1 ;

twohthi (s, t15 ‘). x(s,t15,d,"'4")+x(s,t15,d,'6')=1=1 ;

twohfourt(s t15 d) . x(s,t15,d,'5')-x(s,t15,d, 6" )=e=0

thrhtwogs t67 d). x(s,t67,d,'1'g—xgs,t67 d,'i'3+x(s,t67 d,*3")=1=1 ;
thrhthr(s t67 d).. x(s,t67,d,'1')+x(s,t67,d,"'4"')=1=1 ;

thrhfour(s t67 dg x(s,t67,d,'1'3+x(s,t67,d,'5'3=1=1 ;
thrhfive(s,t67,d x(s,t67,d!'1' +x(s,t67,di'6' =T=1 ;

thrhsix(s, t67 d) x(s,t67,d. 2')-x(s,t67,d, '3")+x(s, t67 d,'4")=1=1 ;
thrhseven(s t67 dg . x(s,t67,d, '2';+x(s t67 d,'S'% =1=1 ;
thrheight(s,167,d).. x(s,t67,d '2')+x(s,t67,d,'6")=1=1

thrhnine(s, t67, d) x(s,t67,d,'3")=x(s, 167,d, ‘4')+x(s t67,d,'5")=1=1 ;
thrhten(s, t67 . gs t67 d i3l g+x(s t67,d, 6' 3 =1=1
thrhele(s,t67,d). s,t67, d '4')-x(s,t67,d,'s’ +x(s t67 d '6’ )=1—1
thrhtwe(s, t67 d).

~x(s,t67, d '3} %+x(s,t67,d,'4 JY+x(s,t67,d,'5')-x(s,t67,d,'6"')=1=1 ;
model esra /aT /

OPTION OPTCR=0.0;

OPTION ITERLIM=1100000

OPTION RESLIM=700000;

OPTION SOLPRINT=Off;

OPTION LIMCOL=0;

OPTION LIMROW=0;

OPTION EJECT;

OPTION SYSOUT—Off

solve esra using m1p minimizing z ;

d1sp1ay x.1
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Appendix C: The Computer Input of the Model for Iteration-3
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s /13*24/
t /9%29/
t2(1)/9*11/
t3(t)/12*17/
t4(t)/18%24
t5(t)/25%29/
t15(t)/9%29/
/1%*5/
p /1%6/ ;
parameter
" om(t)
/9 12
10 14
11 10
12 14
13 16
14 14
15 16
16. 18
17 18
18- 18
19 16
20 O
21 0
- 22 18
23 20
24 16
25 18
26 12
27 12
28 18
29 0 /
scalar
b

hb 72/ ; '
.tab1e/s£v(s,d,g)
13.
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oneteaZEs

onetea3(s
onetea4gs
oneteab
oneday(s,t,d)
onedaytw(s t15)
oneteatwo(s t,d,p)
mostper(t)

. hou;sZ(s t%i% d
twohone(s
twohtons t15, dg
twohthree(s tlS d)
twohfourgs tlS,d
twoﬂf1v% [ E%Sdg
twohsix(s,t
~twohseven€s ,tl5, dg
twoheight(s,t15,d
twohnine(s, tlS,d)
twohtengs t15 d
toneTe s,tig,g
twohtwe(s,tl5,
twohth1Es t15,d
twohfourt(s tlS d) ;

obj.. z=e=sum((s, ,P),pm t, ,P)*¥x(s, p
bj (Gs,t,d ) (t,d g)* ( t d )§

secavg ydy pg.. sum(t,x(s,t,d,p =sav s, P
teaav t,d,p . sum(s,x(s,t,d,p))=1=tav(t,d,p) ;
onetea2(s).. sumEtZ y S, ) =e=1;
onetea3(s sum(t3,y(s,t3))=e=1;
onetea4 (s sumgt4 ,Y(s,t4))=e=1;
oneteab(s).. sum(t5,y(s, t5 =e=1;

. oneday(s, t,d).; v(s,t,d)_1=y 5,t) 3
onedaytw(s tlS) sum(d, v(s,t15,d))=1=1 ;
oneteatwo(s t, ,p) . x(s t,d,p)=1=v(s,t d) o
mostper(t).. sum((s,d,p),x(s,t d,p))—1= g
hours2(s,tl5).. sum((d p) x(s, t15,d, % =e=| b*y(s t15) ;
twohone(s t15, d) sum(p, x(s, 115, d

) =2;
twohtwo(s, tl5, ).. x(s,tl5, d '1')-x(s,tl5 d.' ')~1—0

twohthree(s,tl d).. x(s tl ,d '1')+x(s t15 d '3 )—1—1
twohfour(s,tl5, d; x(s, t15 d, 1'3+x(s t15, , 3-1—1 c
twohfive(s,tl5,d).. x(s,tl5, d‘ 1")+x(s,tl5, d‘ 1=1 ;
twohsix(s, t15 d) x(s, t15, , ')+x(s t15,d,'6"’ )—1 =1 ;
twohseven(s t15 dg . x(s t15,d,'2’ )+ng ,t15,d,'4’ 3:1:1 H
twoheight(s,t15,d).. x(s,t15, d‘ 2')4x(s,tl5, d‘ 5")=1=1 ;
twohnine(s, tlS d) x(s t15 di 2")4+x(s, tlS,d, 6')=1=1 ;
twohten(s, tlS d S, t15 d 3' +xEs t15 d,'5")=1=1 ;
twohele(s,tl15,d). s,tl5, d '3')4+x(s,t15, d,'6' =1=1 ;
twohtwe(s,t15,d). s, tl5, d '4' +x(s,t15,d,'5' =1=1 ;
twohthi(s,tl5,d). x(s tl15, d 4' +x(s tl d,'6' =1=1 ;
twohfourt(s t15 d) . x(s tlS d,* )-x(s t15,d,'6")=e=0

model esra /a11/ H
OPTION OPTCR=0.0;
OPTION ITERLIM=110000;
OPTION RESLIM=700000;
OPTION SOLPRINT=0fT;
OPTION LIMCOL=0;
OPTION LIMROW=0;
OPTION EJECT;

OPTION SYSOUT=0ff;
solve esra us1ng mip minimizing z
display x.1
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Appendix D: The Computer Input of the Model for Iteration-4
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sets
s /13%24/
.tl/l,fizé;,5,6,7,8,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46/
t1(t
-1t6(t)/30%37/
t7(t)/38%43/
t8(t)/44*46/
tlSEt /1*8/
t67(t)/30%43/
d /1*5/
p_/1¥6/ ;
scg1a;z/
a
hc /3/
hd /1/ ;
parameter
m(t)
/1 20
2 8
3 4
4 12
5 12
6 4
7 0
8 4
30 11
31 14
32 20
33 17
34 8
35 17
36 3
37 0
38 17
39 17
40 14
41 11
42 14
43 11
44 15
45 13
46 20/ ;
table sav(s,d,p)
1 2 3 4 5 6
13.1 1-1 1 1 0 0
13.2 0 0 1 1 0 o
13.3 1 1 0 0 0 0
13.4 0 0 1 0 0 O
13.5 0 0 1 1 0 o
14.1 1 1 0 0 0 o
14.2 0 0 1 1 0 o
14.3 1 1 0 0 1 1
14.4 0 0 1 0 0 0
14.5 0o 0 0 O 1 1
15.1 0 0 1 1 o0 0
15.2 6 0 1 1 0 o0
15.3 1 1 1 0 0 o
- 15.4 o 0 1 1 0 O
5.5. 0 0 0 O 1 1
6.1 1 1 0 0 O ©
16.2 0 0 1 1 0 o
16.3 1 1 1 0 0 0
16.4 0O 0 0 0 0 o
16.5 0 0o 1 1 1 1
17.1 o 0o 1 1 1 1
17.2 i 1 0 0 0 0
17.3 1 0 0 0 0 O
17.4 0O 0 0 0 1 1
17.5 0 0 i 1 0 0
"18.1 0 0 0 0 1 1
18.2 1 1 1 1 0 o
18.3 11 1 0 0 o
18.4 0 0 0 0 0 o
18.5 e 0 0 0 1 1
19.1 1 1 1 1 1 1
19.2 0 0 0 1.0 O©
19.3 1 1 0 0 0 0
19.4 0 0 1 1 o0 o
19.5 0o 0 0 0 0 o
20.1 i 1 0 0 1 1
20.2 0 0 0 1 o0 0O
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vari%51e§

y(s,t

v(s,t,d)
x(s,t,d,p)

z
binary variables
y
v
X ;.
equations
obj

J
secav(s,d,pg
teaav(t,d,p

oneteal(s
oneteab(s
onetea7§s
onetea8(s
oneday%s,t,dg
onedayf(s,tl
onedayth(s,t67)
oneteatwo(s,t,d,p)
mostper(t)
hours4(s,tl)

- hours3(s,t67)
hoursl(s,t8)
twdhone(s,tls,dg
twohtwo(s,t15,d
twohthree(s,t15,d)
twohfgur(s,tls,d;
twohfive(s,t15,d
twohsix(s,tl15,d)
twohsevengs,tls,dg
twoheight(s,t15,d
twohnine(s,t15,d)
twohten(s,tl5,d
twohe1e€s,t15,d
twohtwe(s,tl5,d
twohthi (s, tl15,d
twohfourt(s,tl5,d)
thrhtwo(s,t67,dg
thrhthr(s,t67,d
thrhfour%s,tﬁ?,dg
thrhfive(s,t67,d
thrhsix(s,t67,d)
thrhseven(s,t67,dg
‘thrheight(s,t67,d
thrhnine(s,t67,d)
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83



thrhten(s,t67,d

thrhe1egs ,t67,d

thrhtwe(s,t67, 'd H
obj.. z=e—sum((s t,

d,p),pm(t,d,p)*x(s,t,d,p)) ;
secav(s g.. sumgt +X(s t,d,p3§—1=sav(s d p§ H
teaav(t, d p).. sum(s,x(s,t,d,p))=1=tav(t, d p)
oneteal(s sum(tl,y s, 1 =e=1;
onetea6(s).. sum(t6,y(s,t6))=e=1; B
onetea7(s sum(t7,y(s,t7))=e=1;
onetea8(s sum(t8,y(s,t8))=e=1;

. oneday(s t, dg . v(s, t.d)-1-y(s,t) ;
onedayf(s t).. sum(d v(s,tl,d))=1=2 ;.

onedayth(s t67) sum(d v(s t67,d))—1 =2 }

oneteatwo(s t, ,p) . x(s t, ,p)-1=v(s,t,d) H

- mostper(t).. sum((s, d p ( ,t,d,p))=1=m(t)
hours4(s, tl) sum((d 3 s,tl, d,p%):e:ha*y(s tl) ;
hours3(s,t67).. sum ,x(s,t67,d, ))—e—hc*y(s t67) H
hoursl(s,t8).. sum(( pg x(s,t8,d,p h *y(s t8) ;
twohone(s t15s d) sum(p x s,tlS,d.p
twohtwo(s,tl5,d).. x(s,tl15,d,'1')-x(s, t15 d 2')=1 =0 ;
,twohthree(s tis .. x(s t S,dl'l')+x(s tis d' )=1—1
twohfour(s,tlS,dg . x(s, t15,d, 1'3+x(s t15 d 4' g—1=1 H
twohfive(s,t15,d).. x(s,tl5,d '1' +x(s,tl5, d 5 =1=1 ;
twohsix(s,t15,d).. x(s, tl 1')+x(s t15 )-1-1

twohseven(s t15 dg . x(s tlS d '2 g+x(s t15 g ‘4’ 3=1=i H

twoheight(s,t15,d).. x(s,tl5 dg 2')+x(s,tl5, =1=1 ;
twohnine(s, t15 d).. x(s,t15, dI 2" )+x (s, tlS d )=1=1 H

twohten(s, t15 D x(s t15 d Y+x(s, tlS d i51y21=1 H
twohe1e(s,t15,d .e x(s,t S, d,'3' +x(s,tl5 d,'6' =1=1 ;
twohtwe(s,tl15,d).. x(s,tlS,d,'4' +x(s,tl5 d,'s' =1=1 ;
twohthi(s,t15,d).. x(s,t15,d,"'4’ +x(s t15,d,76')=1=1 ;

twohfourt(s t15 d).. x(s,tl15,d,'5")- x(s tlS,d,'G')=e-0

thrhtwo(s, t67 d% xEs,t67,d,'1' —x%s,t67,d,'2'3+x(s,t67 ,d,"'3")=1=1 ;
thrhthr(s,t67,d x(s,t67,d,'1')+x(s,t67,d, '4')=1=1 ;
thrhfour(s,t67, dg x(s,t67,d,'1'3+x(s,t67,d,'5'g=1=1 2
thrhfive(s,t67,d x(s,t67,d"1' +x(s,t67,d"6"=1=1 y
thrhsix(s,t67,d).. x(s,t67,d,'2')-x(s,t67,d, 3')+x(s,t67,d '4')=1=1 ;
thrhseven(s t67 dg . x(s, t67,d,’2'3+x(s,t67,d,'5'3=1—1 B
thrheight(s,t67,d).. x(s,t67 d,'Z' +x(s t67,d"6' =1=1 ;

thrhnine(s, 167 d) x(s t67 d 3') -x(s,t67,d ?')+x£s,t67 ,d,'5")=1=1 ;

thrhten(s,t67,d).. x(s,t67,d, '3’ g+x(s ,167,d, ! g

thrhele(s, t67 d).. x(s,t67,d,'4')-x(s,t67, d '5")+x(s, t67 d,'6')=1=1 ;
thrhtwe(s, t67 d).

-x(s,t67, d '3 %+x(s ,167,d,'4")+x(s,t67,d,'5')-x(s,t67,d,'6’)=1=1 ;
model esra /a1 / ;

OPTION OPTCR=0.0

OPTION ITERLIM-lOOOOOO

OPTION RESLIM=800000;

OPTION SOLPRINT=0fT;

OPTION LIMCOL=0;

OPTION LIMROW=0;

OPTION EJECT;

OPTION SYSOUT—off

solve esra using mip minimizing z ;

display x.1
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"OGAMS 2.50.094 DOS Extended/C_ '11/19/01 01:01:18 PAGE
General Algebraic Modeling Systen
Compi 1 ation

COMPILATION TIME - 0.020 SECONDS WAT-50-094
0GAMS 2.50.094 DOS Extended/c 11/19/01 01:01:18 PAGE
General Algebraic Modeling Systenm

Model Statistics SOLVE ESRA

MODEL STATISTICS

USING -MIP FROM LINE 360

-BLOCKS OF EQUATIONS 26 SINGLE EQUATIONS 28024
BLOCKS OF VARIABLES 4 SINGLE VARIABLES 9073
NON ZERO ELEMENTS 97333 DISCRETE VARIABLES 9072
GENERATION TIME = 1.000 SECONDS 4.4 Mb WAT-50-094
EXECUTION TIME 1.000 SECONDS 4.4 Mb WAT-50-094
DGAMS 2.50.094 DOS Extended/c 11/19/01 01:01:18 PAGE
General Algebraic Modeling System
SOLVE SUMMARY

MODEL ESRA OBJECTIVE Z

TYPE MIP DIRECTION MINIMIZE

.SOLVER XA FROM LINE 360

#%%% SOl VER STATUS
#u%% MODEL STATUS

1 NORMAL COMPLETION
1 OPTIMAL

*%%% OBJECTIVE VALUE 160.0000
RESOURCE USAGE, LIMIT 1226.130 700000.000
ITERATION COUNT, LIMIT 9955 110000

wekededefefh ke hfhh Rk hhdhkhhkhhdhiR kb hvehh ki hhh

* XA Professional Linear Programm1ng system
* Copyright 1991,92,93,94,95,96 by

* All Rights Reserved woridwide.
* ‘Phone 818-441-1565 FAX 818-441-1567

*************************************************************

Tolerances (OPTCA) O (OPTCR) O
‘k%% End Of XA Messages *******************************

*%%% REPORT SUMMARY.: 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED

Sunset Software Technology

1.000
1.000

1.000

1.000

DGAMS 2.50.094 DOS Extended/C 11/19/01 01:01:18 . PAGE
General] Algebraic Modeling Systemn
Execution :
——— 361 VARIABLE X.L
INDEX 1 =1
. 1 2 3 4 5
11.3 1.000
.16.5 1.000
19.4 1.000 1.000
27.2 1.000 1.000
INDEX 1 = 2

1 2 3 4 5
‘9 .2 1.000 1.000
12.3 1.000
21.1 : 1.000
29.3 1,000 1.000
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INDEX

N
Nwp=
Rwu

29.3
INDEX

9.5
14.4
205

27.3

INDEX

10.3
15.5

28.5
INDEX

11.1
14.1
0GAMS
Gen
EXxe

INDEX

18.5
27.4

INDEX

1.000
1.000

1=5

1.000

2.50.094 DOS Extended/C
eral Al i

cution

1.000

1.000
1.000

1.000
1.000

2
1.000

g e.b raic

361 VARIABLE X.L

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000
1.000

1.000

1.000

1.000

1.000

1.000
1.000

1.000

87

1.000

1.000

1.000

1.000
1.000

1.000
1.000

6
1.000
1.000

1.000
. 11/19/01 01:01:18 PAGE
Modeling

1.000

1.000

1.000

1.000
1.000

1.000

systenm

1.000

5
1.000 °

6
1.000

6
1.000

11



26.2 1.000 1.000

INDEX 1 = 11

1 2 -3 4 5 6
9.3 1.000 1.000
14.4 1.000 1.000
20.5 1.000 1.000 .
26.4 1.000 1.000
OGAMS 2.50.094 DOS Extended/C 11/19/01 01:01:18 PAGE 12
General Algebraic Modeling System
Execution

361 VARIABLE X.L

INDEX 1 = 12
1 2 3 4 5 = 6

10.5 1.000  1.000
17.4 1.000 1.000
24.5 1.000 1.000
26.3 1.000 1.000
EXECUTION TIME = 0.090 SECONDS 2.8 Mb WAT-50-094
USER: Nijaz Bajgoric (PC system #1) G981007:1547AS-WAT

Bogazici University DCl736

*%%% FTIE SUMMARY

INPUT C:\GAMS\ESRAL.C
OUTPUT C:\GAMS\ESRAL.LST
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Appendix F: The Computer Qutput of the Model for Iteration-2
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OGAMS 2.50.094 DOS Ext ended/c 11/19/01 02:00: 05 PAGE
General Algebraic Modeling System
Compilation ’

‘COMPILATION TIME 0.020 SECONDS 0.1 WAT-50-094
0GAMS 2.50.094 DOS Extended/c 11/19/01 02:00:05 PAGE
General Algebraic Modeling Systen

Model Statistics SOLVE ESRA USING MIP FROM LINE 431

MODEL STATISTICS

BLOCKS OF EQUATIONS 40 SINGLE EQUATIONS 28208

BLOCKS OF VARIABLES 'SINGLE VARIABLES 10801

4
NON ZERO ELEMENTS 106513

GENERATION TIME

EXECUTION TIME .
0GAMS 2.50.094 DOS Extended/C
General Al

SOLVE
MODEL ESRA
TYPE MIP
SOLVER XA

**%% GOLVER STATUS
®#u¥k MODEL STATUS

0.870 SECONDS

0.880 SECONDS 5.0 M

gebraic

DISCRETE VARIABLES 10800
5.0 Mb WAT-50-094

WAT-50-094

11/19/01 02:00:05 PAGE

Modeling Systen

SUMMARY

OBJECTIVE Z
DIRECTION MINIMIZE
FROM LINE 431

2 ITERATION INTERRUPT
8 INTEGER SOLUTION

%%¥%% OBJECTIVE VALUE 244.0000
RESOURCE USAGE, LIMIT 42807.1607 700000 000
ITERATION COUNT, LIMIT 1100365 110000

*************************************************************
* XA Professional Linear Programm1ng System
Y

%

* Phone 818-441-1565

* Coqyr1ght 1991,92,93,94,95,96
Rights Reserved wor1dwwde
FAX 818-441-1567

Sunset Software Technology

VedededededefedededededededrdededodohNe hh v d kR kR hhhhh etk hhkhdkhhhddk

Note 1. XA terminated for other reasons than
reaching an optimal solution.

Tolerances (OPTCA) O

(OPTCR) O

Vel o End of XA Messages dedekdedecdk e hddhhdkdddhddh kil

%%%% REPORT SUMMARY : 0 NONOPT

’ 0 INFEASIBLE

0 UNBOUNDED

0GAMS 2.50.094 DOS Extended/C 11/19/01 02:00:05 PAGE
General Algebraic Modeling sSysten
Execution
——-- 432 VARIABLE X.L
INDEX 1 = 1

1 2 3 4 5
3.3 1.000 1.000
3.5 1.000 1.000
31.1 1.000 1.000
43.3 . 1.000
43.5 1.000 1.000
45.3 1.000
INDEX 1 = 2

1 2 3 4 5
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vIiNN VU
HNRENRRUTW

moghabbhwwonun
xn g

o3W0n

INDEX

b bk )

W w
BN NTW

INDEX

HWwwww

oRR
RAWUIN

anoN

1.000

1.000

1.000
1.000

1.000

1.000

1.000

1.000
1.000

1.000

432 VARIABLE X.L

5

1.000

1.000

1.000
1.000

1.000

1.000
1.000

1.000
1.000

1.000
1.000

1.000

1.000
1.000

1.000
1.000

1.000

1.000

1.000
1.000

1.000
1.000

1.000
1.000
1.000

1.000
1.000

1.000

1.000

1.000

91

1.000

1.000
1.000

1.000
1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000
1.000

1.000
11/19/01 02:00:05 PAGE
Modeling

1.000
1.000

1.000

1.000

1.000

1.000
1.000

System

1.000

1.000
1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

13



45.1 1.000

INDEX 1 = 9

1 2 3 4
3.1 1.000 1.000
3.4 1.000 1.000
O0GAMS 2.50.094 DOS Extended/C 11/19/01 02:00:05 PAGE 14
General Algebraic Modeling System
Execution :

432 VARIABLE X.L

HDDDDMWWNN
1%, ]

INDEX 1 = 9
1 2 3 4
37.5 1.000 1.000 1.000
43.1 1.000 1.000 '
43.5 1.000
44.3 1.000
INDEX 1 = 10
1 2 3 4 5 6
.1 1.000 1.000
.5 1.000 1.000
4.3 1.000
4.4 1.000 1.000
1.4 1.000 1.000
1.5 1.000
.5 : 1.000
INDEX 1 = 11
1 2 3 4 5 6
5 .3 1.000. 1.000
5.5 1.000 1.000
34.1 1.000 1.000 1.000
39.1 1.000 .
39.5 1.000 1.000
45.2 1.000
INDEX 1 = 12
1 2 3 4
4 .4 1.000 1.000
4 .5 1.000 1.000
30.1 1.000 1.000 1.000
42.1 1.000 )
42.3 1.000 1.000
44.2 1.000
EXECUTION TIME 0.100 SECONDS 2.9 m WAT-50-094
NGAMS 2.50.094 DOS Extended/c 11/19/01 02:00:05 PAGE 15

General Algebraic Modeling System

USER: Nijaz Bajgoric (PC system #1) G981007: 1547AS-WAT
Bogazici University DC1736

#*%%% FILE SUMMARY

INPUT C:\GAMS\ESRA1G.C
OUTPUT C:\GAMS\ESRA1G.LST
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Appendix G: The Computer Output of the Model for Iteration-3
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0GAMS 2.50.094 DOS Extended/c 11/23/01 17 16:14 PAGE
General Algebraic Modeling System
Compilation

COMPILATION TIME = 0.020 SECONDS 0.1 WAT-50-094
IGAMS 2.50.094 DOS Extended/C 11/23/01 17:16:14 PAGE
General AlTgebraic Modelidin System

Model Statistics SOLVE ESRA USING MIP FROM LINE 383

MODEL STATISTICS

BLOCKS OF EQUATIONS 26 SINGLE EQUATIONS 28024

BLOCKS OF VARIABLES 4 SINGLE VARIABLES 9073

NON ZERO ELEMENTS 97333 DISCRETE VARIABLES 9072

GENERATION TIME = 0.910 SECONDS 4.4 Mb WAT-50-094
EXECUTION TIME 0.910 SECONDS 4.4 Mb WAT-50-094
0GAMS 2.50.094 DOS Extended/C 11/23/01 17:16:14 PAGE

General Algebraic Modeling Systenm

SOLVE SUMMARY
MODEL  ESRA OBJECTIVE Z
TYPE MIP DIRECTION MINIMIZE
SOLVER XA FROM LINE 383
*%%% SOLVER STATUS 1 NORMAL COMPLETION
*¥%% MODEL STATUS 1 OPTIMAL
¥%%% OBJECTIVE VALUE 192.0000
RESOURCE USAGE, LIMIT 1040.000 700000.000
ITERATION COUNT, LIMIT 10530 110000

*************************************************************

* XA Profess1ona1 Linear Programm1ng System

* ?yr1ght 1991,92,93,94,95,96 by Sunset Software Technology
* hts Reserved Worldwide.

w Phone 18-441-1565  FAX 818-441-1567

dkkkhdhkhhhhhhhhkRbhhhhhddihddhkhhddhkdhhdhdhdddhdddiddidddiis

Tolerances (OPTCA) O (OPTCR) 0O
k22 End Of XA Messages ftdedhhd R R v Rk R hdhdhh ket hid

#*%%% REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED

0DGAMS 2.50.094 DOS Extended/C 11/23/01 17:16:14 PAGE
General Algebraic Modeling System
Execution
——— 384 VARIABLE X.L
INDEX 1 = 13

1 2 3 4 5 6
16.3 1.000 1.000
24.5 1.000 1.000
10.2 1.000 1.000
26.3 1.000 1.000
INDEX 1 = 14

1 2 3 4
13.3 1.000 1.000
19.2 1.000 1.000
10.1 1.000 1.000
28.5 1.000° 1.000
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INDEX 1 = 15

1 2 3 4 5 6
16.4 1.000: 1.000
19.1 1.000 1.000
11.5 1.000 1.000
27.2 1.000 1.000
INDEX 1 = 16

1 2 3 4 5 6
15.4 1.000 1.000
19.1 1.000 1.000
9 .2 1.000 1.000
25.1 1.000 1.000
INDEX 1 = 17

1 2 3 4 5 6
17.1 1.000 1.000
22.2 : 1.000 1.000
11.3 1.000 1.000
28.5: 1.000 1.000
INDEX 1 = 18

1 2 3 4 5 6
17.1 1.000 1.000
23.5 1.000 - 1.000
0GAMS 2.50.094 DOS Extended/C 11/23/01 17:16:14 PAGE 12
General Algebraic Modeling Systenm
EXxXecution -

384 VARIABLE X.L

INDEX 1 = 18

1 2 3 4 5 6
10.4 . 1.000 1.000
28.1 1.000 1.000
INDEX 1 = 19

3 4 5 6
16.3 1.000 1.000
19.5 1.000 1.000
10.5 1.000 1.000
26.2 1.000 1.000
INDEX 1 = 20

3 4 5 6
15.5 1.000 1.000
22.2 1.000 1.000
10.4 1.000 1.000
28.1 1.000 1.000
INDEX 1 = 21

’ 3 4 5 6

19.2 1.000 1.000
g9 .5 1.000 -1.000
12.5 1.000 1.000
27.4 1.000 1.000
INDEX 1 = 22

1 2 3 4 5 6
16.1 1.000 1.000°
23.1 1.000 1.000
11.4 : 1.000 1.000

95



25.5 -1.000 1.000

INDEX 1 = 23

) 1 2 5 6

16.2 1.000 1.000

22.5 1.000 1.000

11.1 1.000 1.000

25.1 1.000 1.000

0GAMS 2.50.094 pDOS Extended/C 11/23/01 17:16:14 PAGE 13
General Algebraic Modeling Systenm
Execution . . . '

384 VARIABLE X.L

INDEX 1 =
" 1 2 3 4 5 6
15.1 1.000 1.000
18.5 : 1.000 1.000
11 2 1.000 1.000 ’
27 1.000 1.000
EXECUTION TIME = 0.100 SECONDS 2.7 Mb ‘WAT-50-094
USER: Nijaz Bajgoric (PC system #1) G981007:1547AS-WAT
Bogazici University. DC1736

#*¥%k ETLE SUMMARY

INPUT C:\GAMS\ESRAMC.C
ouUTPUT C:\GAMS\ESRAMC.LST
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0GAMS 2,50.094 DOS Extended/C 11/23/01 19:31:09 PAGE
General Algebraic Modeling System
compilation

" COMPILATION TIME 0.020 SECONDS 0.1 WAT-50-094
OGAMS 2.50.094 DOS Extended/c 11/23/01 19:31:09 PAGE"

‘General Algebraic Modeling Systen
Model Statistics SOLVE ESRA USING MIP FROM LINE 458 .

MODEL STATISTICS

BLOCKS OF EQUATIONS 40 SINGLE EQUATIONS 28208
BLOCKS OF VARIABLES 4 SINGLE VARIABLES 10801
NON ZERO ELEMENTS 106513 DISCRETE VARIABLES 10800
GENERATION TIME = 0.770 SECONDS 5.0 Mb WAT-50-094
EXECUTION TIME 0.780 SECONDS 5.0 m WAT-50-094
DGAMS 2.50.094 DOS Extended/c 11/23/01 19:31:09 PAGE
General Algebraic Modeling System
SOLVE SUMMARY
MODEL ESRA OBJECTIVE 2z
TYPE MIP DIRECTION MINIMIZE
SOLVER XA FROM LINE 458
*%%% SOLVER STATUS 2 ITERATION INTERRUPT
¢ %u%¥ MODEL STATUS 8 INTEGER SOLUTION
w%%% OBJECTIVE VALUE 260.0000
RESOURCE USAGE, LIMIT 21638.280 800000.000
ITERATION COUNT, LIMIT 1001239 1000000

Fededrdekdddddddddhdehddhveh bk n ekt hdkhdhlhh vkt hhd ikt hhhhhk Rk

* XA Profess1ona1 Linear Programm1ng System

* gyr1ght 1991,92,93,94,95,96 by Sunset Software Techno]ogy
hud hts Reserved worlidwide.

%* Phone 18-441-1565 FAX 818-441-1567

*************************************************************

Note 1. XA terminated for other reasons than
reaching an optimal solution.

Tolerances (OPTCA) 0 (OPTCR) 0O
L°2.2 -3 End of XA Messages LA 2312 2 2 222122 2 1 2 20 22 20 22 22T Y

*%%% REPORT SUMMARY : 0 NONOPT

. 0 INFEASIBLE .

. 0 UNBOUNDED .
O0GAMS 2.50.094 DOS Extended/C 11/23/01 19:31:09 PAGE
General Algebraic Modeling Systenm
Execution

———- 459 VARIABLE X.L

INDEX 1 = 13

1 2 3 4
6 .1 1.000 1.000 -
6 .2 1.000 1.000
32.1 1.000 1.000
32.4 1.000
40.3 1.000
40.5 1.000 1.000
44.3 1.000 4,
INDEX 1 = 14
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APWWOO
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459 VARIABLE X.L
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1.000 1.000
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1.000
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1.000 1.000
1.000 1.000
= 20
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39.3 1.000
45.2

INDEX 1 = 21

1 2
1.1
1.3
31.1 1.000
0GAMS .2.50.094 DOS Extended/C_
General Algebraic
Execution

INDEX 1 = 21

1 2
31.3 1.000 1.000
20.1
40.
44.1 1.000
INDEX 1 22

1 2
5.2
5 .4 :
34.3 1.000 1.000
42.2
42.5
46.3
INDEX 1 = 23

1 2
1.2 1.000 1.000
1.3 1.000 1.000
32.2
32.5
31.3
41.4
45.5
INDEX 1 = 24

1 2
4.1
4.2
33.3 1.000
30.4
40.5
46.3 1.000

EXECUTION TIME
0GAMS 2.50.094 DOS Extended/c
General Alg e braic

USER: Nijaz Bajgoric (PC system #1)

Bogazici University
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