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Abstract. Two widely used problems are the Satisfiability problem
(SAT) and the Curriculum-Based Course Timetabling (CB-CTT) prob-
lem. The SAT problem searches for an assignment that make true a cer-
tain boolean formula. On the other side, the CB-CTT involves the task of
scheduling lectures of courses to rooms, considering teacher availability, a
specified curricula, and a set of constraints. Given the advances achieved
in the solution of the SAT Problem, this research proposes a SAT Model
of the CB-CTT problem, to aid in the construction of timetables. To
demonstrate that the model can aid in the solution of real instances of
the CB-CTT problem, a case of study derived from a university in Mex-
ico was considered. This special case of CB-CTT involves the constraint
where each teacher cannot teach more than one course in the same cur-
riculum, which is included in the set of 3 hard constraints and 2 soft
constraints analyzed in this research. According to the results obtained,
the considered complete SAT solver required a few minutes to find a
solution for the instance.
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1 Introduction

The Curriculum-Based Course Timetabling (CB-CTT) is a problem that oc-
curs at the beginning of each term in many universities. To solve this problem,
different constraints must be taken into account, and they can vary depending
of the considered particular case. Mainly, the constraints are associated with
the availability of classrooms, or teachers, or with the number of classes to be
assigned, etc. The general case of this problem is NP-Complete [1], which means
that trying to find the optimal solution involves the consumption of great amount
of computational resources. Despite of its complexity, it has been tackled with
many approximated strategies over the years [2].

At the Polytechnic University of Victoria (PUV), the CB-CTT problem in-
volves a complex combination of hard and soft constraints, that occurs at the
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beginning of each term. Currently, the problem is solved manually by the pro-
gram directors, requiring several weeks to get an initial solution based on existing
data.

This work presents a SAT model for the special case of the CB-CTT problem
found at the PUV, which includes the constraint that no teacher can teach more
than one course per curriculum. An instance derived from the problem was solved
using a complete SAT solver, reported in the literature. It is important to point
out that the approach reduces the time to construct the schedules from two
weeks to a couple of minutes; it also satisfies the 3 hard constraints, and the 2
soft constraints considered for this paper.

The remaining of this article is organized in the following way: Section 2
formally defines the special case of the CB-CTT problem that, to the best of our
knowledge, does not completely match its more general definition [3]. Section 3
presents the work related to the solution of similar scheduling problems. Section
4 shows the SAT model proposed for the solution of the special case of the CB-
CTT problem. Section 5 shows the results of the experiments performed over an
instance taken from the PUV. Finally, Section 6 presents the conclusions derived
from the research.

2 Curriculum-Based Course Timetabling

The Curriculum-Based Course Timetabling (CB-CTT) problem found at the
PUYV represents a special case of the CB-CTT problem. In order to define it, the
following basic elements are presented:

Time-slots. A day is split in a fixed number of non overlapping time slots,
which are equal to all the days.

Courses, and Teachers. Each course consists of a fixed number of lectures
(also denoted as classes) to be scheduled during the week. The course is taught
by a teacher. Each teacher specifies an availability chart, i.e. a daily set of the
time slots in which a lecture must be assigned to him/her.

Rooms, or Classrooms. There is a fixed number of classrooms in which the
lectures must be scheduled.

Curricula, Curriculum, or Groups. A curriculum is a group of courses such
that any pair of them cannot be schedule at the same time, because they share
common students.

Idle Time-slots. One unassigned time slot between two assigned time slots in
a curriculum daily schedule, or a teacher availability chart, is considered an Idle
Time slot (or IT).

Figure 1 presents an simplified entity-relationship model describing the data
in the PUV necessary to create an instance of the CB-CTT problem.

A feasible timetable for the PUV is one in which all lectures have been sched-
uled at a time slot and a classroom, so that the hard constraints { Hy, ..., H3} are
satisfied. In addition, a feasible timetable has some desirable conditions, which
are described by the two soft constraints {S1, ..., Sa} considered int he problem.
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Fig. 1. Information required to derive a PUV-CBCT'T instance

The three hard constraints (identified as H;) and two soft constraints (identified
as S;) are:

— H;. Lectures: All lectures of a course must be assigned to a particular
time slot, in a classroom.

— H,. Conflicts: Lectures of courses in the same curriculum, or taught by
the same teacher, cannot be scheduled in the same time slot. Moreover,
courses in the same curriculum cannot be scheduled with the same teacher.
Additionally, two lectures cannot be assigned to the same classroom in a
particular time slot.

— Hj. Avalilability: If the teacher of a course is not available at a given time
slot, then no lectures of a course can be assigned to that time slot.

— S7. Minimum Curriculum IT: Given that the curriculum is associated
with a group of students, this constraint means that the agenda of students
should be as compact as possible.

— So. Minimum Teacher IT: It is preferred that the agenda of a teacher
should be as compact as possible.

According with the information previously presented, the specialized case of
the CB-CTT problem mainly differs from others CB-CTT formulations, as the
one presented in [4], in which: a) it is scheduled in a daily basis; b) it does not
consider the room occupancy; and, ¢) it includes the additional constraint that
a teacher cannot teach more than one course per curriculum. A formal definition
for this problem, which will be named from now on as PUV-CBCTT problem,
is presented in the next subsection.
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2.1 Problem Formulation of PUV-CBCTT

Let’s define C' = {c1,ca,...,c} as the set of courses to be scheduled; P =
{p1,p2, ..., pu} as the set of time slots in which a day is split; T' = {t1,t2, ..., tm }
as the set of teachers; R = {r1,ra, ..., 7} as the set of available classrooms; CR =
{er1,erg, ... crs} as the set where each element crp,, 1 < h < s, is a curriculum;
TC = {te1,tca, ..., tem, } as the set where each element tc,, 1 < ¢ < m, contains
the group of courses that teacher ¢ might taught; and, TA = {taq,tas, ..., tam}
as the set where each element ta,, 1 < g < m, contains the time slots in which
teacher ¢ is available to teach a lecture. Then, the PUV-CBCTT problem can
be defined as the problem of finding a timetabling array M of size w x u, where
each cell m; ;, for 1 <i < w and 1 < j < u, contains a tuple (clg,ty) € C x T,
subject to:

L. U\ﬁ,j C(m;,;) = C;

2. CR(my, ;) CR(mi, ;) = @, for any iy # ip having fixed the time slot j;

3. T(ms, ;)T (mi,,;) = @, for any iy # is having fixed the time slot j;

4. T(ms, 5,) T (M, 5,) = o, for any different pairs (i1, j1), (i2,72), where
CR(mihjl) = CR<mi27j2);

5. C(my j) € ter(m, ), for any i, j;

6. pj € tag(m, ), for any i, j.

where cl}, ; stands for the lecture [ of course ci; C : m; ; — ¢, is a function that
obtains the course ¢, assigned to time slot j in classroom i; CR : m; ; — crp, is
a function that obtains the curriculum crj, associated with the course ¢ derived
from C(m; ;); and, T : m; j — t, is a function that finds the teacher ¢, associated
to the course ¢ derived from C(m; ;). Finally, it is important to point out that
the idle time must be minimized during the search for a solution. A summary of
the previously described sets is presented in Table 1.

Table 1. Different sets required for the formal definition of the PUV-CBCTT

Symbol Meaning
C ={c1,c2,...,cn} A set of courses to be scheduled.
P ={p1,p2,...,pu} A set of time slots in which a day is split.
T = {t1,t2,...,tm} A set of teachers.
R={ri,r2,...,mw} A set of available classrooms.
CR = {cri,cra,...,crs} A set where each element crp,, 1 < h < s, is a
curriculum.
TC = {tci, tea, ...,tem} A set where each element teq, 1 < ¢ < m, contains
the group of courses that teacher ¢ might taught.
TA = {tai,tasz, ..., tam } A set where each element taq, 1 < ¢ < m, contains
the time slots in which teacher ¢ is available to
teach a lecture.
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3 Related Work

Several authors, among them, Schaerf [5] and Werra [6], consider that the au-
tomatization of the Timetabling Problem (TTP) cannot be done completely.
The reasons they give are two: a timetable is not easily shown in an automated
system, and on the other hand, as the search space is enormous, human interven-
tion may be useful to guide the search to directions that the system alone would
not easily go. Due to these reasons, most systems allow human intervention to
adjust the final solution, and are called interactive timetabling.

Werra [6] formally explains several TTP problems and presents their respec-
tive formulations. He also describes the most important research in which graph
theory is applied. For the purpose of this research, the remaining of this section
presents some of the most representative works of the CB-CTT problem, that
has been developed in the recent years.

Lu and Hao [4] shows an approach based in Tabu Search that solves the
more general case of the CB-CTT. In this problem a set of lectures must be
assigned into a weekly timetable. The hard constraints considered are related
with those taken into account in this research, with the only exception of the
covering constraint, i.e. the problem studied does not involve the assignment of
courses to teachers.

Almilli [7] reports the use of a hybrid strategy for the solution of the Ed-
ucational Timetabling Problem. The approach combines Simulated Annealing
and Genetic algorithms to solve a problem where the entities considered were
courses, classrooms, students, and time slots. This problem differs from the case
of the CB-CTT in which several constraints are not considered, e.g. the inner
problem does not consider the assignment of teachers to courses and classrooms,
nor the availability of teachers.

Pothitos et al. [8] describes the course timetabling problem in a similar way
than Lu and Hao do in [4]. The strategy followed to solve such problem consists in
mapping it to the domain of a Constraint Satisfaction Problem (CSP) instance.
There, a CSP solver is used to build a solution. The considered problem in that
work also lacks the assignment of courses to teachers in its definition.

Abdullah et al. [9] presents the solution of a similar CB-CTT problem like
the one presented here. One of the slight differences is that it does not include
the assignment of courses to teachers. The algorithm used was a combination of
the Great-Deluge strategy and an electromagnetism-like mechanism.

Finally, the more recent approach presented by Rues-Maw and Hsiao [10]
describes the use of a Particle Swarm Optimization approach for the solution of
another variation of the course timetabling problem. This case of the CB-CTT
includes tighter constraints, not considered for the special case at the PUV. In
addition, the constraint involving teachers and the curricula is not taken into
account in the work of Rues-Maw and Hsiao.

In summary, all the revised articles related with this research do not involve
the constraint where a teacher cannot teach more than one course in the same
curriculum. Because of that, the present document bases its study on the solution
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of that special case of the CB-CTT problem, which includes the commented
constraint.

The next section shows the methodology followed to solve the special case of
the CB-CTT problem at the PUV.

4 SAT Model for Solving the PUV-CBCTT Problem

The SAT model proposed for the solution of the PUV-CBCTT problem is formed
by seven diferent sets of restrictions with the following purposes: 1) to guarantee
that each class must be assigned to just one classroom; 2) to guarantee that each
lecture must be assigned to just one hour; 3) to avoid overlaps in classrooms; 4)
to avoid scheduling classes in hours were the teacher is not available; and, 5) to
avoid that two different classes of the same teacher or group be scheduled in the
same time slot.

In order to define the restrictions of the model the boolean variables depicted
in Table 2 are defined.

Table 2. Boolean variables used in the SAT model of the CB-CTT problem

1 if course ¢; is assigned to classroom r;
Xi’j <
0 otherwise

1 if course ¢; is assigned to time slot p;
Yij; <
0 otherwise

4.1 Restrictions to Guarantee a Classroom per Class

The first set of restrictions consists in the assignment of classrooms to courses.
For this purpose the sets defined in Equation 1 are proposed. There, while the
first set guarantees that at least each course must have a classroom assigned,
the second set assures that only one must be assigned.

(V Xij)
i=1 j=

A A 7\ (Xij V Xik)

i=1j=1k=j+1

(1)

4.2 Restrictions to Guarantee a Lecture of a Classroom is assigned
to just one hour

Once that a classroom is assigned, the following step to consider in the definition
of the SAT Model is the assignment of time slots to each lecture of a course. The
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sets of constraints shown in Equation 2 are defined for this purpose. The first
set assures that a lecture has at least one time slot assigned, while the second
complements the restriction to ensure that it has just one.

(V Yi;)
n u ! 1uj ! (2)
AN N YijVYig)

i=1j=1k=j+1

n u

4.3 Restrictions to Avoid Overlaps in Classrooms

In order to avoid that two different classes are taught in the same classroom
the set of restrictions shown in Equation 3 is considered. This set forms a single
clause for each different combination of two classes sharing the same classroom
and time slot, such that if both of them are true, then the clause will be false,
satisfying the required assignment.

w u n n

AN N N X VY VX i V Yoy ) (3)

i=1j=1mi=1mo=my+1

4.4 Restrictions to Assure Teacher Availability

The present restriction must assure that the courses are taught in time slots
where the teacher is available. For this purpose a set of unit clauses is formed
per teacher, through the set of boolean variables Y; ;. This set will contain a
clause with a single literal WJ for each course ¢; and time slot p; in which the
professor that teaches that class is not available.

4.5 Restrictions to Avoid Overlaps in Teacher and Curricula Time
slots

This subsection presents the set of restrictions shown in Equation 4. The purpose
of them is the assignment of classes to classrooms, considering the constraint
where a teacher cannot be assigned twice to the same curricula. The function
f + ¢c; = t; obtains the teacher t; that teach the course c;, and the function
g : ¢; — crj obtains the curricula cr; to which the course ¢; belongs to. The two-
literal clauses take into account each possible combination of undesired situations
for these restrictions, such that it will turn false the formula if one of them occurs.

u

/\ (Ymhi v sz,i)
V(ma,m2)|f(m1)=f(mz) =1 (4)

A Yy iV Y, i)

V(m1,m2)|g(mi)=g(ms) i=1
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4.6 Analysis of the Model

This subsection summarizes the complexity of the SAT model presented in this
section in Table 3. There, it is shown the approximated number of clauses and
literals per clause required to transform an instance of the PUV-CBCTT to a
SAT formula. The values n, w, u, correspond to the number of courses, rooms,
and time slots in the PUV-CBCTT instance.

Table 3. Characterization of the clauses in the SAT formula resulting from the trans-
formation of an instance of PUV-CBCTT, following the proposed SAT model

Restriction No. of Clauses Literals per Clause

1 n w

n-w-w 2
2 n U

n-u-u 2
3 weu-n-n 4
4 n-u 1
5 n-n-u 2

Note that the overall formula require two sets of boolean variables, each
having n - w, and n - u clauses, respectively. The number of literals per clause
are mainly less than or equal to 4, and just a few of sizes n and u. In general, it
is possible to comment that the formula produced by the SAT model proposed
is simple, and only requires a number of clauses proportional to O(w - u - n - n),
and a number of boolean variables to O(n - w).

5 Experimental Results

In order to demonstrate the viability of the approach to solve the PUV-CBCTT
problem, the instance of it described in Table 4 was considered. This instance
was modeled using the SAT model presented in this paper, and solver using
The complete SAT solver used for this problem was the boolean satisfaction and
optimization library in Java, SAT4J!.

A summary of the results derived from the experimental design are shown in
Table 5; in this table, the symbol — means that the factor F' was not necessary
in the evaluation function. The time given is measured in milliseconds. The
configurations shown in bold are the best for each evaluation function. Note
that the SAT solver could find a solution for this instance in a few seconds,
which indicates that the model can be used to solve more complex cases of this
problem.

! http://www.sat4j.org/
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Table 4. Instance of the PUV-CBCTT problem, taken from a real case derived from
a Mexican University

(a) General Information

Information Amount Description
No. of time slots 12 A day has 12 non overlapping time slots
No. of courses 70 The courses to be scheduled during the day
No. of teachers 27 Each teacher is available in any time slot.
No. of classes per teacher 3 Each teacher can taught at most three classes.
No. of classrooms 17 Maximum number of classrooms available
No. of groups 14 The curricula that describes the instance

(b) Curricula Description

No. Curriculum Course Lectures Teacher

No. Curriculum Course Lectures Teacher

1 1 787 1 46 36 8 173 1 67
2 1 788 1 46 37 8 174 1 59,65
3 1 789 1 46 38 8 175 1 58
4 1 790 1 2,28 39 8 214 1 36,64
5 1 791 1 48,49,56 || 40 8 215 1 2
6 2 790 1 2,28 41 9 173 1 67
7 2 791 1 48,49,56 || 42 9 174 1 59,65
8 3 790 1 2,28 43 9 175 1 58
9 3 791 1 48,49,56 || 44 9 214 1 36,64
10 4 161 1 45,48 45 10 181 1 50
11 4 162 1 43 46 10 183 1 61
12 4 163 1 44,47 47 10 184 1 3
13 4 164 1 45 48 10 185 1 53
14 4 205 1 36 49 10 186 1 50
15 4 206 1 75 50 10 222 1 24
16 4 207 1 3,73 51 10 223 1 29
17 5 161 1 45,48 52 11 187 1 63
18 5 162 1 43 53 11 188 1 60
19 5 163 1 44,47 54 11 189 1 47,60
20 5 164 1 45 55 11 190 1 50,67
21 5 205 1 36 56 11 191 1 61
22 5 206 1 75 57 11 224 1 24
23 5 207 1 3,73 58 12 187 1 63
24 6 170 1 48,73 59 12 188 1 60
25 6 171 1 47,58 60 12 189 1 47,60
26 6 172 1 44,56 61 12 190 1 50,67
27 6 210 1 64 62 12 191 1 61
28 6 211 1 28 63 12 224 1 24
29 6 212 1 49 64 13 199 1 53,72
30 7 170 1 48,73 65 13 200 1 43,44
31 7 171 1 47,58 66 13 201 1 72
32 7 172 1 44,56 67 13 203 1 63
33 7 210 1 64 68 14 199 1 53,72
34 7 211 1 28 69 14 200 1 43,44
35 7 212 1 49 70 14 201 1 72
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Table 5. Summary of the performance of SA using each of the different configurations
considered

Number of Variables 3,594
Number of Clauses 841,550
Time to find a solution 3.726 seconds
Satisfiable YES

6 Conclusions

The research presented in this document involves the solution of a special case
of the Curriculum-Based Course Timetabling (CB-CTT), which can be found
in the Polytechnic University of Victoria (PUV), in Mexico, and has not been
completely addressed in the literature.

The special case of the CB-CTT problem involved the inclusion of the con-
straint of not assigning a teacher to more than one course per curriculum, and
the solution of the task that assigns courses to teachers. In this document it is
shown a formal definition for the problem.

A SAT model for the CB-CTT problem is presented, and a real world in-
stance is used to test its validity. The instance was solved using a complete SAT
solver, which could find a solution in a few seconds satisfying all the considered
restrictions, the 3 hard constraints and the 2 soft constraints.
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