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ABSTRACT

The object of study is the automated scheduling and optimization of class timetables. To study the operation
of various discrete optimization algorithms applied to the timetabling problem, as well as new algorithms a
mathematical model of schedules is used. For this model, the so-called selection sequence optimization
algorithm is characterized by the best indicators for the quality of the resulting timetable. The paper presents a
modification of this algorithm based on the multiple start method. The adaptation of the selection sequence
optimization algorithm directly to the timetabling problem at the university is proposed. The components of
the objective function for optimization of timetable, taking into account psycho-pedagogical requirements to
the educational process are considered. Such characteristic of the quality of timetable as the number of
unplaced man-hours is highlighted. The results of optimization using the above algorithm and the random
search method are compared in terms of time and quality of the obtained timetable. Numerical values of the
parameters of the above algorithm are proposed.

Keywords: timetabling, timetable classes, simulated annealing, discrete optimization, optimization algorithm,

objective function

1. INTRODUCTION

The university timetable has factors that can have a
negative impact on the mental performance of students [1].
Therefore, it is important to make such timetables as
optimal as possible. For this purpose, software packages
are used that use various algorithms that optimize the
quality of the timetable to one degree or another. The task
of such algorithms is to find the optimal timetables at the
admissible time among the vast number of possible
choices. These choices may include all or part of the
required events due to conflicting requirements and lack of
resources. In studies of various scientific teams on this
topic, metaheuristic algorithms are used, such as simulated
annealing (SA) [2], where, among other things, the number
of unplaced events is minimized, evolutionary algorithms,
for example, [3], where it is required that each event be
placed, the particle swarm method [4], etc.

An important stage of the study is modeling. So, in the
process of research, a mathematical model of the class
timetable was developed and a comparative assessment of
the effectiveness of the above and other, including new,
algorithms with this model was performed. The study
showed the indisputable advantage of the so-called
selection sequence optimization algorithm (SSO) [5]. The
next stage of the study is the adaptation of the SSO to the
real class timetable. Purpose of work: adaptation of the
SSO to the task of timetabling classes.

The paper considers the task of timetabling classes for the
university faculty for one semester (16 to 18 weeks). Such

a timetable is characterized by repeatability. Some events
are repeated every week, some once every two weeks,
others once every four weeks.

Timetabling classes involves a number of problems. Many
constraints and often conflicting requirements need to be
considered. Most of the events, as a rule, can be scheduled
using a computer without the approval procedure, and the
scheduling of the remaining events requires the
participation of a dispatcher or another person involved in
the timetabling. So, for example, the dispatcher can
contact teachers on the possibility of changing the time of
their classes. He may ask the educational-methodical
department of the university to allocate an additional room
for a small part of the time.

A computer program cannot violate specified requirements
on its own responsibility, as the dispatcher does. Requests
of the program to individuals may be unsuccessful due to
depersonalization. In addition, it cannot wait for several
days for answers from higher authorities, etc. As a result,
the timetable cannot always be fully scheduled
automatically. But then students will not fulfill the
curriculum and will have to graduate in violation of the
state standard on the number of hours of study, which is
unacceptable. In such conditions, the main priority of the
program for scheduling classes is to make it possible to
add the maximum number of classes to the grid of hours.
On the other hand, even a timetable that is not fully
scheduled should be the best possible, since its quality
helps to give learning competencies to one degree or
another. Therefore, it is also necessary to optimize the
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timetable using some objective optimization function,
which is an additional criterion of its quality.

Next, the model and algorithm used are considered, then
the transition to the real class schedule is performed.

2. METHODOLOGY

2.1. SSO and mathematical model of timetables

SSO is a discrete optimization algorithm. It is designed to
work with the following mathematical model of class
timetables, which is characterized by the indispensable
reachability of an acceptable timetable. In terms of
scheduling theory [6], events are jobs, which periodically
performed by computers. Each computer performs one job
for a period of time the same for all computers. The
resulting schedule is repeatedly used to repeat the jobs by
all computers.

Jobs have options:

- for the i-th computer, the duration of the corresponding
job pi is determined,;

- each computer has its own constant significance t;.

The period is divided into m identical segments (discrete
time instants). The performing of some job begins at one
of these time instants and is not interrupted until its
completion. Set of such time moments forms a schedule.
The problem is that the more jobs are performed at the
same time, the greater the external overload. Overload
should be minimized in accordance with the following
objective function:

m n
C=>" > thitni (D)

h=1i,k=1
where m is the number of instants in a period, n is the
number of computers, ty; is a function that depends on the
operation of the i-th computer at the h-th instant of the
period; its value is either t; or zero, which depends on pi
and the beginning of work. Similarly, t, is defined.
The study was conducted mainly at n = 40 and m = 100, in
order to get closer to the values, respectively, of the
number of subgroups at the faculty and the number of calls
at the beginning of the event for two weeks.
The SSO algorithm for its work uses some starting point,
which is a list of computers ordered in some way. This list
is called a selection sequence (SS). It was revealed that
one of the quick and effective ways of ordering is sorting
computers in descending order of the t; -pi.
Distribution of job by time is carried out by sequentially
determining the start time for each computer from the SS.
The SS is then optimized by SA [7], and each time a
schedule is built and the objective function is calculated
for it.
The SSO has parameters:
- R is a distance in SS within which two computers can
mutually rearrange;
- X is the number of such permutations before constructing
a schedule once according to the resulting SS;
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- J is the maximum number of iterations.

The most effective is the modification of SSO using the
multiple start method [5]. The algorithm can be described
as follows.

0. Minimum is denoted by M; achieved schedule is
denoted by A; number of starting points is denoted by I.
1.1. Assign a large number to M, and an empty set to A.
1.2. Sort computers by any criterion, for example, by
increasing significance. The sequence of numbers of the
sorted list is designated as the starting point S in n-
dimensional space.

2. In the loop on i, execute | times:

2.1. Make schedule using sequence S (putting computers
in the schedule sequentially at the best moments of time,
which seem to be such at the time of placement, for this
purpose, reviewing each of the m moments for the next
computer).

2.2. Calculate the objective function C(S) by the formula
Q).

2.3. Set number of iterations j<1.

2.4. In a neighborhood of S defined by the spread of R,
choose a random point denoted by S; by a pseudo-random
permutation of X elements in S.

2.5. Make schedule A; using sequence S, like step 2.1.

2.6. Calculate C(Sy) in accordance with the schedule
received.

2.7. If C(S) > C(Sy), then:

2.7.1. Set S « Sy

2.7.2. Set M « C(Sy);

2.7.3. Set A « A..

2.8. Otherwise, with probability exp(|C(S) — C(Sy)|-(jJ)), if
|C(S)- C(S1)| less than some constant threshold, then
S(—Sl.

2.9. Set j « j+1.

2.10. If j<J, then go to step 2.4.

2.11. End of cycle by i.

3. Save A, display M. End.

2.2. Adapting the SSO algorithm to the class
timetable

Moving from the model to the real class timetable, it
should be noted that when calculating the values of the
objective function, as in [8], the weighted sum of its
components is used. The components of the objective
function are formulated taking into account the
psychological and pedagogical requirements for the
organization of the educational process in Russian
universities [1]. Some of these requirements are
formulated by a survey of participants in the educational
process at the university.

The objective function takes into account the following
parameters:

- planning a lecture in the phases of active efficiency of
students. This is also said in [9], where it is reported that
the morning classes are more effective than evening
classes;
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- continuity of classes for students. During the day, for a
particular subgroup, the number of gaps between classes
should be minimal;

- teachers' classes continuity. Such a criterion was reported
in [10];

- capacity of rooms. Obviously, the number of students in
a class should not exceed the number of seats in the
corresponding room. However, at the request of the
teacher, additional laptops can be allocated for laboratory
class in the computer class, and chairs from neighboring
classrooms can be brought in at the lecture. It happens that
a small proportion of students are absent for good reasons.
Therefore, exceeding the capacity of the room is
acceptable, but it worsens the value of the objective
function;

- students' fatigue during the day (see below);

- remoteness of educational buildings. Students must have
time to move from one audience, where they have a class,
to another, where they have the next class, during the
break, otherwise the value of the objective function
worsens. The importance of this parameter is drawn in [11,
12];

- uniformity of classes on the days of the week. Such a
criterion was reported in [13].

According to these parameters, the analytical expression of
the objective function can be written as:

V= ikivi . (2)
i=1

Here vi is the component of the i-th type, taking into
account the following parameters:
- conducting classes in basic disciplines in the phases of

n
g
active efficiency of students: v; = Z w% 9j (5 —Cj ) ;

j=1
Mg
- continuity of classes for students: v, = Z wjzg i
j=1

Ny
- teachers’ requirements: V3 = ZW?I j ;
j=1
N9 tmax
- capacity of rooms: v, = z Z 9 (t);
j=1 t=1
Mg
- students' fatigue during the day: vs = ZW?g i

=l
Ng tmax
- remoteness of educational buildings: vg = Z S
=1 t=1

- uniformity of classes on the days of the
Ng

week: v; :Zw}gj .
j=1

The following notation is used in these formulas:
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ki is the coefficient of significance of the term, which is set
by the program user;

ng is the number of subgroups;

g; is the number of students in the j-th subgroup, where
j=1,...,ng

ni is the number of teachers;

lj is the weight factor of the j-th teacher, where j=1,..., n.
This refers to the level of professional training of the
teacher (academic degree, title, work experience); it is
determined by expert ball. Here, also the teacher’s
residence in another city is taken into account, since
nonresident teachers are asked to minimize the number of
days of their arrival at the university;

wY, where j = 1,..., ng, computed using a table function.
Class of the j-th subgroup, conducted at the k-th hour, adds
to the value wY; the value from the table corresponding to
the k-th hour, taking into account the shift in the start of
classes on the given day relative to the first hour. The table
contains  the  following values in  sequence:
4,2,0,0,1,3,5,55,55,55,5. Additionally, for the very last
hour of subgroup classes per day, the tabular value is
averaged with the number 1;

w? is the total duration of the "gaps" of the j-th subgroup,
j=1,...,ng

w?; is a function of the number of days of classes of the j-th
teacher, j = 1,..., n, the number of his "gaps" and the
number of his classes during the day more than 6 hours
without a break. The value w% summarizes the listed
factors with the given weighting coefficients;

wh; is calculated by the formula:

8
5 _ .
Wi —Z“k,J '
k=L

where ny, j is the total number of lectures for the j-th
subgroup, more than two or less than one per day;

Ny, j is the same for practical classes;

ns j is the total number of laboratory classes of the j-th
subgroup is more than 4 hours per day;

ns j is the total number of hours of situations, when any
classes are continuing more than 6 hours without a break
for the j-th subgroup;

ns, j is the sum of the days that the j-th subgroup has more
than 3 hours of identical classes per day, if this is not in
the plan;

ne j is the total number of absences of a combination of
different on profile disciplines in the schedule of one day
for the j-th subgroup. For example, technical and
humanitarian;

N7, j is the total number of situations “three lectures in a
row” for the j-th subgroup. In contrast to ny j, it takes into
account lectures that are not interspersed with classes of
other types;

ng j is the total number of lectures and (for the first two
courses in basic disciplines) practical classes in the
afternoon for the j-th subgroup, taking into account how
much they are later than the 6th hour, in the form of a
linear relationship;

w’j is calculated as the sum for the j-th subgroup of days in
which 4 hours or less or more than 10 hours of classes;
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t is the hour ordinal in the semester, t = 1,...,tnax
tmax= 18:(6-14 — 4) = 1440, where 18 is the number of
weeks, 6 is the number of school days per week, 14 is the
number of academic hours per day, and students do not
study in the last 4 hours on Saturdays;

X is the conditional distance between the current (at t-th
hour) and previous (at t — 1-th hour) classrooms where
classes of the j-th subgroup are held. x}j is determined by a
function that takes into account the time required for the
transition based on the Cartesian coordinates of the
classrooms;

g'i(t) is the number of students of the j-th subgroup left
without a seat, at the hour with number t;

¢j is the course number. The first course takes priority, as
students are not yet adapted to the university system of
education.

In the class timetable, there are values similar in their role
for the model with significance and duration. These are the
weight coefficient of the teacher, the number of students in
the set of subgroups in the same room, the percentage of
availability of the room during the week, and the
recommended duration of the class. With the sequential
placement of classes from the SS, the larger the above
values for the lesson, the more difficult it becomes to find
the possibility of its placement, since many resources
become occupied. Therefore, “significant” classes should
be placed firstly.

The initial ordering consists in assigning priorities to
classes, according to which they will be entered into the
grid of hours. Automatic prioritization takes into account
the above analogues of significance and duration. Initial
ordering sets the starting point for optimization. As
reported in [12], while providing a good starting point for
optimization by SA, productivity increases significantly.
According to the classification [8], the adapted OSS is
one-stage, that is, at the same time, minimization by strict
constraints and minimization of the objective function are
performed. If there is a shortage of the classroom fund, the
timetable is not fully scheduled to the end, unplaced events
remain, as in [12], where the timetable are not completely
scheduled, and the percentages of event placement using
different methods are given as results. The peculiarity of
OSS adaptation, in particular, is that it operates not only
with whole events in terms of “placed” and “not placed”,
but is also aimed at minimizing man-hours related to such
unplaced events, including students and the teacher. As a
criterion for optimizing the timetable, first of all, a
minimum of such man-hours is used, and only then (2).
The adapted SSO algorithm provides promising SS with a
second, and sometimes a third chance to get better
schedules, so that such SS is optimized, continuing from
the point reached. As calculations show, giving these
chances is often useful. Designations used in the
description of the algorithm:

H is the number of unplaced man-hours achieved since the
launch of the program;

E is a parameter set by the user (by default, E = 30),
subtracted from the achieved value of the quality criterion
and used when deciding on the second chance;
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N(S) is the number of unplaced man-hours obtained with
the current SS;

N(S1) is the number of unplaced man-hours obtained with
the suggested SS;

C(S) is the value of the objective function obtained with
the current SS;

C(Sy) is the value of the objective function obtained with
the suggested SS;

di, dz are the dividers set by the user of the program. By
default, d;= 3, d,= 1.

The SSO algorithm can be described as follows.

0. Minimum is denoted by the pair (N, C), achieved
timetable is denoted by A; number of starting points is
denoted by |.

1.1. Assign a large numbers to H, N and C, and an empty
set to A.

1.2. Set priorities for events: the more employment of the
laboratory, the teacher employment and his position, the
number of students and the duration of the event, the more
priority for the event. Priority list, i.e. SS, denote as the
starting point S in n-dimensional space.

2. In the loop on i, execute | times:

2.1. Create a timetable by selecting the events according to
the priority principle using S (putting events in the
timetable sequentially at the best moments of time, which
seem to be such at the time of placement, for this purpose,
reviewing each of the possible hours for a two-week cycle
for a newly placed event).

2.2. Calculate V using formula (1) and N(S). Set C(S) < V.
2.3. Set number of iterations j<1.

2.4. In a neighborhood of S defined by the spread of R,
choose a random point denoted by S; by the method of X-
fold pseudo-random change of the values of element
priorities in S. That is, an element is randomly selected and
changed to a random number within + R relative to the old
value, and the new value should remain in the range from
1 to 255. If the new value is less than 1, the element is
assigned the value 1, and if it is greater than 255, then 255,
respectively.

2.5. Create timetable A; using priorities from S; like step
2.1

2.6. Calculate C(S1) and N(S:) according to the obtained
timetable. Check condition U of the transition to the new
SS as follows:

2.6.1. Calculate A;= C(S) — C(Sy);

2.6.2. Calculate Az = N(S) — N(Sy);

2.6.3. If |jAql/(3d1)<10, then L1 < 1000-exp(-]jA1)/(3dy)),
otherwise Ly « 0;

2.6.4. If |jA2/(3d2)<10, then L, < 1000-exp(-]jA2l/(3d2)),
otherwise L, «— 0;

2.6.5. U is the value of the expression (N(S1) < N(S)) or
((NS) =< N(§) and (CE)y =€)
or(random(10000)< L3))) or ((N(S1) > N(S)) and
((C(S1) < C(S)) and (random(10000)< Ly))).

2.7. If condition U is satisfied, then:

2.7.1. Set S « S;;

2.7.2. Set C < C(S1), N < N(Sy).

2.7.3.Set A < A,

2.8.Setj « j+1.
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2.9. If j<J, then go to step 2.4.

2.10. The second chance, subject to close to the achieved
and best results: if N(S) — E <H, then:

2.10.1. Set H <~ N(S).

2.10.2. Increase i by 1.

2.10.3. Repeat steps 2.3 - 2.9.

2.11. Third chance, subject to better results: if N(S) < H,
then:

2.11.1. Set H <~ N(S).

2.11.2. Increase i by 1.

2.11.3. Repeat steps 2.3 - 2.9.

2.12. End of cycle by i.

3. Save A, display C, N. End.

2.3. Random search method

For comparison, for scheduling, the random search (RS)
method was also used, which consists in the following.
Timetable is scheduled a specified number of times. From
the results, the best one is selected according to the quality
criterion, namely, the lowest N.

When using RS, a set of weeks can be randomly selected
to place laboratory work. This leads to different
possibilities for further filling the grid of hours and,
accordingly, to different timetables.

In addition, when analyzing the placement variants of an
event, sometimes the best variants are found, evaluated by
the same value of the partial objective function. The value
of the partial objective function is determined by formula
(2) for the timetable that was not built up to the end. The
choice of one or another best variant is made with some
probability.

2.4. Software package

To schedule classes using the above methods, a software
package was developed in the Turbo Delphi 6
environment. It is designed to work in operating systems
of the Windows family on personal computers and laptops.
The working version contains 18 files, the total size of
4.3 MB. The amount of memory (working set) when
working the program in Windows 8.1 is a maximum of
19.6 MB. On a laptop with an AMD processor and a
frequency of 1.5 GHz, the speed is 0.4 iterations per
second. An iteration is a single creation of an interim
timetable, its evaluation, and the accompanying actions to
modify the SS. The software package retrieves the source
data from the relational database. The data are placed in
the database from the information system "Kafedra-2",
implemented at Chuvash State University, then
supplemented by the user.
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3. RESEARCH RESULTS

3.1. Experimental part

The used source data set has the following characteristics:
- number of subgroups ny =33.
- number of classrooms with laboratories is 22.
- number of teachers n; =25.
- the number of lines of the training load, each of which
can contain simultaneously lectures, practical and
laboratory, which should be placed in the schedule, is 122.
To determine the optimal parameters of SSO, a number of
experiments were performed like [5]. The essence of these
experiments is as follows. Initially, the parameters were
set arbitrarily. Then one of the parameters changed in its
range of values. The value of this parameter was chosen at
which SSO created the best timetable with the remaining
parameters unchanged. Then another parameter was
selected and similar actions were performed for it with the
already new value of the first parameter. Such actions are
performed for all parameters. As a result, the following set
of parameters is defined: d; = 3, d,= 1, R =10, X = 5,
J =20, E=30, | = 25. Parameters | and J can be slightly
increased if it is only necessary to increase the number of
iterations.

In the first set of initial data, among other auditoriums,
three computer classes and two classrooms were initially
free all the time. The work of SSO for this case is shown
in Figure 1.

210000 - C

205000 -

200000 -

195000 -

150000 -

185000 -

180000 . . . N
1575 1600 1625 1650 1675 1700 1725 1750

Figure 1 Trajectories of transitions to the values of the
objective function and the numbers of man-hours not
included in the schedule, starting from various points

In figure 1 solid lines show the transition paths between
the achieved values in the coordinates (N, C). Several of
these lines of different colors illustrate the use of several
starting points. The lines are broken, since the transitions
are carried out spasmodically, from one break point to the
next.

Intermittent thin segments show the study of the
neighborhood of the break points. The first end of the
segment is the break point of the solid line, and the second
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end is the point in its neighborhood, for which a schedule
was drawn up, leading to unacceptably worse results.

In the second set of initial data, three computer classes and
two classrooms were initially occupied for 6.3% of the
time. For this set, the RS was performed five times by
1000 iterations. An average value of N = 2314 with a
standard deviation of 8.2 was achieved with an average of
C = 189411 with a standard deviation of 5160. The results
of SSO with the second data set for the same machine time
as for the RS are as follows: N = 1764.8 with a standard
deviation of 30.8, C = 192583 with a standard deviation of
9199.

Figure 2 illustrates the achievement of N depending on the
iteration number by both algorithms. Here, the iteration
number is plotted along the abscissa, and N is plotted
along the ordinate. The thick line shows the averaged
value for five experiments, and the thin lines show the
actual values of specific experiments.

2700 N

2600 |
2500
2400 TE’——

2300 L7

2200 {5

2100 v

2000 | L
1900 -

1800
1700 -

0 100 200 300 400 500 600 700 800 900 1000 1100

I

Figure 2 Reducing the number of unplaced man-hours
depending on the iteration number when using RS and
SSO

The upper group of lines shows the results of the RS
method, and the lower, respectively, the OSS algorithm.

3.2. Discussion of results

As can be seen from the graphs, OSS allows to get
significantly better results compared to RS.

During a series of experiments using OSS, the minimum
values are reached no further than at the 770th iteration.
On average, this is the 480th iteration with a standard
deviation of 303. Since 1000/480>2, on average there is
more than a double margin of the number of iterations
performed by OSS; therefore, the number of iterations was
chosen sufficient for analysis. Accordingly, for the RS this
is the 565th iteration with a standard deviation of 264 and
a maximum at the 798th iteration. This means that OSS
more quickly finds minimum values for itself than RS.

On average, for the entire duration of the process that
implements OSS, N = 2545 with a standard deviation of
295. Accordingly, for RS these values are 2486 and 64.
Therefore, the RS method finds values in a close vicinity
of the starting point, while OSS considers a wider area.
This allows OSS to find better schedules than the RS finds.
When performing OSS, significantly worse decisions are
considered than when performing a RS, since the
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maximum N with a RS is on average 2771, and with OSS
3797. This is due to the fact that with RS events are always
placed in the same sequence, whereas OSS, for example,
can sometimes try to place a stream lecture closer to the
end of the scheduling process, which is difficult.

With OSS, the value of C is on average greater than with
RS (respectively, 199015> 191274). This is due to the fact
that if less events are included in the timetable, as when
using a RS, then the C components become smaller:
students become less tired and less transfer from building
to building, teachers are more free. Some components may
increase, for example, technical and humanitarian
disciplines may cease to be present on the same day. But
nevertheless, the decrease of C prevails provided that the
automatically generated SS is used. If the SS is created
randomly, an increase in C prevails. For example, for the
above initial data with random SS and three iterations of
0SS, N = 8350 and C = 3091948 were obtained. This is
many times higher than the values shown in figure 2 and is
caused primarily by the influence of such factors:

- events for subgroups appear in the amount of zero per
day;

- an increase in the percentage of events that take place
only in the first two hours during the day (this is an
unfavorable time);

- the absence of a combination of disciplines of different
profiles in the timetable of one day.

The standard deviation C when using SSO is also greater
(13943> 4393). This is due to the same reasons that cause
a large difference in the maxima of N.

In terms of events, 1800 person-hours correspond to about
126 events, which depends on the size of subgroups and
their union in the events. A value of N = 1800 indicates
that about 21% of man-hours or about 20% of classes are
not scheduled.

4. CONCLUSION

An experimental comparison of the results of optimization
by random search and SSO shows that the proposed SSO
shows results that are better by 22-26%. Thus, SSO can be
successfully adapted to the task of timetabling classes at a
university.
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