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Abstract

:

University course scheduling (UCS) is one of the most important and time-consuming issues that all educational institutions face yearly. Most of the existing techniques to model and solve UCS problems have applied approximate methods, which differ in terms of efficiency, performance, and optimization speed. Accordingly, this research aims to apply an exact optimization method to provide an optimal solution to the course scheduling problem. In other words, in this research, an integer programming model is presented to solve the USC problem. In this model, the constraints include the facilities of classrooms, courses of different levels and compression of students’ curriculum, courses outside the faculty and planning for them, and the limited time allocated to the professors. The objective is to maximize the weighted sum of allocating available times to professors based on their preferences in all periods. To evaluate the presented model’s feasibility, it is implemented using the GAMS software. Finally, the presented model is solved in a larger dimension using a real data set from a college in China and compared with the current program in the same college. The obtained results show that considering the mathematical model’s constraints and objective function, the faculty courses’ timetable is reduced from 4 days a week to 3 working days. Moreover, master courses are planned in two days, and the courses in the educational groups do not interfere with each other. Furthermore, by implementing the proposed model for the real case study, the maximum teaching hours of the professors are significantly reduced. The results demonstrate the efficiency of the proposed model and solution method in terms of optimization speed and solution accuracy.
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1. Introduction


Generally, scheduling can be described as allocating a number of events, each with its own characteristics, to the available resources, so that the provided solution does not violate the problem constraints. The major applications of the timetabling problem include educational scheduling, sports scheduling, hospital staff scheduling, and transportation schedules [1]. Nowadays, all universities and colleges around the world need to prepare their curriculum at the beginning of each academic semester through so-called university course scheduling (UCS). The UCS problem faces multiple constraints, such as the preferences of the professors, the requests and expectations of students, the policies of the educational calendar of the institutions, and the available equipment and facilities. Another issue that forces universities to use a method to find a timetable is the limited time for planning. Therefore, there is a need for an efficient method to create a weekly curriculum with high speed and quality in such a way that it meets the needs of professors and students while satisfying the UCS constraints [2].



The UCS problem has been defined as the process of assigning university courses to specific time periods and to classrooms that meet the conditions for a specific number of students and professors during the five working days of the week. Educational planners in universities are constantly faced with various resources and limitations in setting the timetable of classrooms, so preparing a timetable taking into account all these limitations in a short time and without interfering with the allocation of resources is not automatic. Moreover, it is not easily possible to apply the necessary changes due to the change in the time of access to resources or the change in the policies of the universities in relation to the laws and planning priorities [3]. On the other hand, with the expansion of the number of faculties in terms of the variety of educational fields, student acceptance, and study levels, it is necessary to provide optimization methods for the UCS problem [4].



The objective of this research is to develop an optimal planning method for creating the timetable of the courses that fulfill all the requirements for undergraduate and graduate programs within the faculty. In addressing the challenges of the real-world UCS problems, several new constraints are introduced. These constraints include considerations such as pre-determined course times, different education levels and corresponding curriculum planning, classroom capacity and equipment requirements, non-interference of optional courses, and scheduling courses within specific time periods. The key contributions of this research can be summarized as follows:




	
Mathematical modeling and exact optimizing of the UCS problem, taking into account professors’ preferences and minimizing the number of empty classrooms.



	
Determining suitable time intervals while ensuring a minimum gap between courses within each group.



	
Implementation of an exact search method to generate the most favorable course schedule, optimizing both timing and location of courses.



	
Successfully performing the proposed mathematical model and solution method for UCS in a real dataset from a college in China and comparing the obtained scheduling results with the current program in the same college.








The structure of this research is as follows. In Section 2, a theoretical foundation in the subject field and a review of the literature are presented. In Section 3, the proposed mathematical model is introduced. In Section 4, the evaluation of the results from different simulations is described. Finally, Section 5 concludes this research.




2. Theoretical Foundations of Research and Related Literature


In this section, the definitions of the timetabling problem are described. Moreover, the previous related works are reviewed and analyzed. The scheduling problem has attracted the attention of researchers since 1960, and work in this field is still ongoing [1]. This issue is particularly important in cases when resources are extensive and unlimited, and enough time is needed to prepare or update them. In general, the scheduling problem can be considered as an assignment problem, and the schedule is described by a set of sessions that must be assigned to several time intervals and classrooms subject to a group of constraints. Lü et al. [1] optimized the scheduling problem, allocating resources and facilities, and taking into account almost the entire set of constraints and desirable goals that have been determined in advance. Shobaki et al. [2] and Burke et al. [5] stated that the scheduling problem is a problem with four parameters: a finite set of times, a finite set of resources, and a finite set of sessions, so that a series of constraints can be observed as much as possible.



Among the different types of timetables, educational timetables are studied more from a scientific point of view. This issue is one of the most practical, significant, and time-consuming issues that takes place in all educational centers. As was noted previously, educational scheduling can be defined as an allocation problem that aims to allocate a set of resources (courses, professors, etc.) to a limited number of time intervals [2].



2.1. University Course Scheduling Constraints


Generally, in UCS problems, satisfying the soft constraints to some extent adds to the complexity of the problem, but the hard constraints should be satisfied to reach the desired final solution. For most of the UCS problems, researchers take into account both hard and soft constraints:




	
Hard constraints (HCs) are those constraints that should be followed and must not be violated. HCs guarantee the feasibility of the solution and are usually related to educational or administrative rules that are considered according to the university’s needs, the faculty’s requests, and the educational system.



	
Soft constraints (SCs) are those limitations that determine the level of efficiency and usefulness of the timetable, which are not required to be exactly applied, and they can be seen as options for building a high-quality timetable. SCs depend on the requests of the planners and can include the opinions of the university staff, professors, and students. It is clear that there may not be a feasible solution that satisfies all the soft constraints, so the optimization models seek to find a solution that minimizes the violation of the soft constraints.








Soft and hard constraints may be handled in different ways in the mathematical model. HCs change the solution space, while SCs cause trade-offs between different solutions. For this reason, considering the integrated soft and hard constraints makes the mathematical model’s optimization process more complex. In real-world UCS problems, soft and hard constraints are simultaneously effective [6,7,8,9,10].




2.2. Related Works and Research Gaps


The segmentation of the previous research items allows for a meaningful comparison of the most significant prior works. Table 1 presents a comprehensive comparison of 31 papers relevant to the current research, while Figure 1 provides detailed insights into the data. Through an examination of the research items listed in Table 1 and the graphical representations in Figure 1, the following research gaps become apparent:




	
In most papers, the number of hard constraints considered in planning the schedule of university courses is small. Many researchers have worked on the problem of scheduling university courses, and each of them considered constraints in the form of soft constraints. Moreover, the models usually do not take into account many of the constraints that exist in real-world UCS problems, and their results are far from the actual conditions.



	
According to the comparison of the research literature with the existing conditions in real-world universities, it is possible to find some constraints that have not been considered in the previous studies. Therefore, there is a need to efficiently consider these constraints and incorporate them into the problem model.



	
There are some challenging constraints in educational systems which are less mentioned in the literature. Moreover, most of the existing techniques focus only on satisfying the schedules of professors and courses, and less attention is paid to the preferences of the students.



	
In the past, few articles have dealt with the timing of predetermined courses, presenting them at a specific time, placing optional courses in a group, and not interfering with them. According to the conditions of most universities, some courses are shared between different disciplines, and the time of presentation of these courses is communicated. According to the time set for specific courses, their timing with other courses should also be examined.



	
In the case of the students’ constraints, more attention has been paid to the non-interference of the students’ programs. Accordingly, it is necessary to consider different levels of education, including holding prerequisite and post-requisite courses simultaneously.



	
In the formulation of the constraints related to the professors, more attention has been paid to non-interference with the professors’ schedules and the planning of courses based on their attendance. To focus on the preferences of professors and reduce their fatigue, some attention should also be paid to this point.



	
To reduce the interference of schedules between different groups of academic fields, the schedule of courses during the week should be compressed as much as possible. Therefore, more classrooms can be freed, and a certain number of classrooms are assigned to the specified group.








To address the aforementioned gaps in the existing literature, this study aims to tackle the university course scheduling problem by considering various constraints in the form of hard and soft constraints. These constraints encompass aspects such as professors, students, classrooms, and courses. To effectively solve the proposed UCS model, the objective is to identify an optimal solution considering the preferences of professors. To achieve this purpose, an exact solution method is employed to find the optimal solution. The subsequent section provides a detailed explanation of the proposed mathematical model and the solution method employed for the UCS problem.





3. Research Method


The UCS is a problem in which a weekly schedule is designed for university courses. The planning program should be such that the courses are placed in a certain number of classrooms and periods, so that no more than one course is placed in a specific classroom and time period. Different types of this problem exist in different universities according to their rules, requirements, and constraints. Due to the difference in the university standards, a single program cannot be applied to all universities. However, a remarkable issue is the presence of common characteristics for all of them. Among them, we can mention three effective factors in timing, including the professor, the course, and the classroom.



The assumptions of the UCS problem are very dependent on how the courses are presented in the university and how the university resources are used to schedule the classrooms. In order to explain the assumptions, the issue of scheduling classrooms, required resources, and periods to provide courses are examined. In the faculty investigated in this study, one-hour time periods were considered between 8:00 and 19:00. For each one-hour and two-hour period, 15 and 30 min breaks, respectively, were considered for students to rest and change classrooms. The number of units of each course determines the time required to present that course. One-unit courses are practical courses. For most of them, the schedule is determined in advance, and a period of time is considered for them. For two-unit courses, it is assumed that a two-hour period is needed. Three-unit courses require a one one-hour period and one two-unit period, preferably not consecutive.



3.1. Defining the Problem of Scheduling Classes


According to the assumptions presented in Section 2, the objectives, constraints, inputs, and outputs of the UCS problem are defined in the following.



3.1.1. Objectives


In the proposed mathematical model, various objectives can be considered, which are described as follows:




	(1)

	
Compression of the students’ schedule. One of the main objectives of the UCS problem is to minimize the distance between two consecutive classrooms and the minimum distance traveled by the students. In other words, the schedule of the students should be connected to each other as much as possible, which means that their schedules should have the least gap between courses.




	(2)

	
Compression of the classroom schedule. This objective is used to utilize as few classrooms as possible to minimize interference with the rest of the educational groups.




	(3)

	
Compression of the professors’ schedule. Another objective is to plan the courses according to the times that the professors have in mind to present the courses. Moreover, it tries to coincide as much as possible with the program of the professors in such a way that there is the least empty space possible in the schedule of each professor and a minimal distance traveled by the professors.




	(4)

	
Maximize the number of courses to be presented. According to this objective, all the courses should be presented in the semester, so that all students can choose their desired units.










3.1.2. Constraints


In the proposed UCS problem, the hard and soft constraints are related to the professors, the time of the courses, the students, and the classrooms, which are discussed in the following section. As different universities may have different requirements, these constraints can be different depending on the type of problem and the goals pursued in each problem. The problem constraints in this study are as follows:




	
Professors impose the following constraints on the program:




	
Each professor has the ability to teach a specific set of courses.



	
Each professor has specific time periods for giving courses.



	
The maximum allowed teaching hours of the professors must be respected.



	
The master programs should be as compact as possible.








	
The courses must be presented in one semester, considering the following constraints:




	
Each course should be presented to the students with unique entries.



	
Courses presented in two sessions must be given as far as possible one day apart.



	
For courses with more than two units, two sessions are held during the week.



	
The timing for predetermined courses has to be considered.



	
The number of class meetings should be held based on the relevant courses and their number of units.








	
The constraints for the students are as follows:




	
The program for incoming students of a particular year should be held in consecutive time periods as much as possible.



	
The students’ program must not be spread throughout the week as much as possible.



	
The senior students’ program should be scheduled as much as possible over two days.








	
The classrooms should be consistent with the following constraints:




	
Classrooms should be selected based on their capacity (number of persons).



	
Classrooms should be selected based on the required facilities of the course.



	
The time of the classes that are determined outside the faculty should be included in the schedule.



	
The schedule of the classrooms does not interfere with each other.














3.1.3. Inputs


The general information required to set up a schedule in the proposed UCS problem can be described by utilizing the following inputs:




	
Information about professors:




	
Number of professors;



	
The name of the courses that each professor will present;



	
The attendance times of the professors to present the relevant courses.








	
Information about classrooms:




	
Number of classrooms;



	
Classroom capacities;



	
Classroom facilities.








	
Information about study groups:




	
Number of working days per week;



	
Number of sessions per day;



	
Information about reasonable times for the formation of courses.














3.1.4. Outputs


The main output of the proposed UCS problem is a timetable that shows the course, professor, day, time, and place for each course. As a case study, this problem was implemented for the courses presented in the first half of the academic year 2021–2022, in which all the professors, the courses with their presentation time, and the classrooms in which they are to be held were specified.





3.2. Mathematical Model


The proposed UCS model is a timetable based on the characteristics and facilities of the educational institution. This model takes into account the special constraints of the studied university. To formulate the mathematical model subsequently, a list of notations, including sets, indices, parameters, and decision variables, is summarized in Table 2.



The objective function aims to maximize the weighted sum of allocating available times to professors based on their weights (   w r   ) and their preferences in all periods (   δ  r d t    ). More specifically, for each professor with a higher weight than others, the curriculum is included as much as possible. Taking the decision variables    X  c k t r     and    Y  c k t r     into account, the integer linear mathematical programming model for the proposed UCS problem can be formulated as follows:


   maximize    Z =   ∑  c    ∑  k    ∑  t    ∑  r     w r   δ  r d t      X  c k t r   +  Y  c k t r        



(1)







The problem includes 15 hard constraints, all to be fulfilled at the same time. The problem constraints can be formulated as follows:


    ∑   c ∈ C     ∑   k ∈ K    X  c k t r   ≤  a  r t     ∀ t ∈ T , r ∈ R    



(2)






    ∑   c ∈ C     ∑   k ∈ K    Y  c k  t ′  r   ≤  a  r  t ′      ∀  t ′  ∈  T ′  , r ∈ R  



(3)






    ∑   c ∈ C     ∑   k ∈ K    X  c k t r   +   ∑   c ∈ C     ∑   k ∈ K    Y  c k  t ′  r   ≤ 1   ∀ r ∈ R , 2  t ′  − 1 ≤ t ≤ 2  t ′   



(4)






    ∑   k ∈ K     ∑   t ∈ T    X  c k t r   +   ∑   k ∈ K     ∑    t ′  ∈  T ′    2  Y  c k  t ′  r   =  b c   β  r c     ∀ c ∈ C , r ∈ R    



(5)






    ∑   k ∈ K     ∑    t ′  ∈  T ′     Y  c k  t ′  r   ≤  β  r c     ∀ c ∈ C , r ∈ R  



(6)






    ∑   k ∈ K     ∑   t ∈ T    X  c k t r   ≤  β  r c     ∀ c ∈ C , r ∈ R  



(7)






    ∑   c ∈ C     ∑   r ∈ R    X  c k t r   ≤  f  k t     ∀ k ∈ K , t ∈ T    



(8)






    ∑   c ∈ C     ∑   r ∈ R    Y  c k  t ′  r   ≤  f  k  t ′      ∀ k ∈ K ∈  T ′   



(9)






    ∑   c ∈ C     ∑   r ∈ R    X  c k t r   +   ∑   c ∈ C     ∑   r ∈ R    Y  c k  t ′  r   ≤ 1   ∀ k ∈ K , 2  t ′  − 1 ≤ t ≤ 2  t ′   



(10)






   X  c k t r   ≤  P  c k    γ  c t     ∀ c ∈ C , k ∈ K , t ∈ T , r ∈ R    



(11)






   Y  c k  t ′  r   ≤  P  c k    γ  c  t ′      ∀ c ∈ C , k ∈ K ,  t ′  ∈  T ′  , r ∈ R  



(12)






    ∑   c ∈ C     ∑   k ∈ K     ∑   t ∈ T    h  t d    X  c k t r   + 2   ∑   c ∈ C     ∑   k ∈ K     ∑    t ′  ∈  T ′     h   t ′  d    Y  c k  t ′  r   ≤ m   ∀ r ∈ R , d ∈ D  



(13)






    ∑   r ∈ R     ∑   c ∈ C     ∑   k ∈ K    λ  c l    X  c k t r   ≤ 1   ∀ t ∈ T , l ∈ L  



(14)






    ∑   r ∈ R     ∑   c ∈ C     ∑   k ∈ K    λ  c l    Y  c k  t ′  r   ≤ 1   ∀  t ′  ∈  T ′  , l ∈ L  



(15)






    ∑   r ∈ R     ∑   c ∈ C     ∑   k ∈ K    λ  c l    X  c k t r   +   ∑   r ∈ R     ∑   c ∈ C     ∑   k ∈ K    λ  c l    Y  c k  t ′  r   ≤  1    ∀ l ∈ L , 2  t ′  − 1 ≤ t ≤ 2  t ′       



(16)







Constraints (2)–(4) ensure that each professor will teach only one course in one classroom in each time period. Constraints (5)–(7) guarantee that each professor r teaches    b c    hours per week for course c. Constraints (8)–(10) state that each classroom should be assigned to only one professor and one course in each time period. Constraints (11) and (12) state that each course should be taught only in classrooms that have appropriate facilities and at times that are possible. Constraint (13) provides the condition that the scheduled time for each professor is at most m hours per day. Constraints (14)–(16) have been included in order to prevent the simultaneous holding of courses related to the same study group. In the following, the simulation of the model and the evaluation of its results will be discussed to solve the problem of course scheduling.





4. Numerical Results


In order to solve the mathematical model presented for the scheduling problem of university classrooms, the GAMS software (version 24.1) was used. This software was chosen due to its availability and high ability as a solution for integer programming models. In the following section, the results of solving the model are evaluated using the GAMS software. All simulations were carried out on a PC with 5 GB RAM and 2.6 GHz Core i5 CPU running on Windows 10. To validate the model, the parameters mentioned in the proposed model were selected according to the following specifications.



4.1. Number of Study Units


The parameter    b c    was used to check the study units. In the following section, a day of the week is considered, and scheduling is performed for nine courses ( C ), three classrooms ( K ), and three professors ( R ). The optimal timetables for all courses are provided in Table 3, Table 4 and Table 5. The number of hours that course c should be held per week includes a one-hour period for single-unit courses and a two-hour period for two-unit courses that must be two hours consecutively (without a break). Moreover, for three-unit courses, two time periods, which include two hours and one hour, are considered. All course units are presented in these intervals, and the time of holding classes and the schedules of the professors do not interfere with each other.




4.2. Maximum Allowed Teaching Hours


The parameter m was used to determine the maximum teaching time of the professors per day. This parameter was considered in the model due to increasing the productivity and lack of fatigue of professors. In this section, two days of the week are considered, and then scheduling is performed for 10 courses ( C ), 2 classrooms (K), and 2 professors ( R ). Courses (  C 1 , … , C 4  ) are taught by professor   R 1  , while courses (  C 5 , … , C 10  ) are taught by professor   R 2  . To check the sensitivity of the model, the professors’ allowed teaching hours were separately considered to be 10 h and 6 h, respectively. The optimal schedules of the model for the two professors are given in Table 6 and Table 7, respectively.



In Table 6, the total teaching hours of professor   R 1   are 3 and 8 h on the first and second day, respectively. Moreover, according to Table 7, professor   R 2   teaches 7 and 2 h, respectively. Therefore, in any case, the daily total teaching hours of the professors are less than 10 and 6 h, respectively. In Table 7, on the first and second day, the total teaching hours of professor   R 1   are 5 and 6 h, respectively, and professor   R 2   teaches 3 and 6 h, respectively. In this case, the total teaching hours of the professors did not exceed 6 h. As a result, with this parameter, it is possible to reduce or increase the hours allowed for the professors to teach per day.




4.3. Preparation Times of the Professors for Teaching


The parameter    a  r t     was used to determine the time periods when the professor is ready to present the course. In a university, most of the professors are ready to give courses at certain times for various reasons, such as teaching in other faculties, holding group meetings, etc., and they announce these times to the faculty before the start of the new semester. In this section, a day of the week is considered and scheduling is performed for nine courses ( C ), two classrooms ( K ), and three professors ( R ). It was assumed that courses   C 1   and   C 2   (three units) are taught by professor   R 1  ; courses   C 3  ,   C 4  , and   C 5   (two units) are taught by professor R2; and courses   C 6  ,   C 7  ,   C 8  , and   C 9   (one unit) are taught by professor   R 3  . Moreover, time slots were considered to be from 8:00 to 19:00.



In the results summarized in Table 8, we consider the professors’ teaching time as accessible during the day. Moreover, in Table 9, professors   R 1  ,   R 2  , and   R 3   can teach only in the time slots 13–19, 13–15, and 8–12, respectively. In Table 8, the curriculum of the professors is given without constraints. In Table 9, considering that the professors can be present at certain times, their curriculum is described as follows. Master courses of professor   R 1   are scheduled in the afternoon from 13:00 onwards. Master courses of professor   R 2   are not scheduled at 13–15 h, and all master courses of professor   R 3   are scheduled in the morning from 8:00 to 10:00. In this way, it is possible to easily add professors’ attendance hours for teaching to the model and change professors’ teaching time.




4.4. Course and Classroom Matching


The parameter    P  c k     was used to determine the classrooms according to the capacity and facilities and to check the feasibility of presenting the courses in them. Considering that some courses require a video projector and others are offered once every two semesters, such as optional courses, most students must take that course unit in the corresponding semester. Therefore, it is necessary to take these courses in classrooms with the capacity (number of persons) to be presented. For example, a day of the week is considered and scheduling is performed for nine courses ( C ), two classrooms ( K ), and three professors ( R ). We assumed that courses   C 1   and   C 2   (three units) are taught by professor R1, courses   C 3  ,   C 4 ,   and   C 5   (two units) are taught by the second professor   R 2  , and courses   C 6  ,   C 7  ,   C 8  , and   C 9   (one unit) are taught by professor R3. The professors and classrooms are available at all hours of the day, and time slots were considered to be from 8:00 to 19:00.



In the results reported in Table 10, all courses can be held in all classrooms without constraints, and in Table 11, courses 1, 2, and 3 must be held in the first classroom, courses 4, 5, and 6 should be held in the second classroom, and the rest of the courses can be presented in both classrooms. According to the obtained results in Table 11, courses   C 1  ,   C 2  , and   C 3   are planned only in the first classroom, and courses   C 4  ,   C 5  , and   C 6   in the second classroom due to the need for the special facilities and conditions of the classroom and the rest of the courses. Considering that there is no need for special classroom conditions and facilities for courses   C 7  ,   C 8  , and   C 9  , they can be planned in both classrooms. Therefore, by considering this parameter in our model, classrooms can be assigned according to the needs of the course.




4.5. Determining the Time of the Courses


The parameter      γ  c t     was used to determine when the courses can be implemented. Since senior students are mostly working, the courses of these students should be defined as intensively as possible. Some courses, such as computing courses that require more concentration, can be planned in the morning. For example, 2 days of the week are considered and scheduling is performed for 12 courses ( C ), 2 classrooms ( K ) and 3 professors ( R ). We assumed that courses   C 1  ,   C 2  ,   C 11 ,   and   C 12   (3, 2, 1, and 2 units, respectively) by professor   R 1  , courses   C 3  ,   C 4  ,   C 5  , and   C 6   (2 units) by professor   R 2   and courses   C 7  ,   C 8  ,   C 9  , and   C 10   (3, 2, 1, and 1 units, respectively) are taught by professor   R 3  . Assuming that professors and classrooms are available at all hours of the day, the time slots are from 8:00 to 19:00. In this part, 3-course groups are considered. In the first group, there are   C 1  ,   C 2  ,   C 3 ,   and   C 4   industrial master courses. In the second group, the main specialized courses or computing courses include   C 5  ,   C 6  ,   C 7 ,   and   C 8  . Other groups include undergraduate courses from semester 1 to semester 8, including   C 9  ,   C 10  ,   C 11  , and   C 12  .



In Table 12, all courses can be held on all days and hours without constraints, while in Table 13, the master course must be held on the first day, and computing and specialized courses must be held on both days from 8:00 to 13:00. Moreover, the rest of the groups can be offered on both days and all hours. Therefore, the optimal schedule of the model changes as follows. Since the master courses should only be presented on the first day, as indicated in Table 13, the C1,   C 2  ,   C 3  , and   C 4   courses, which are related to the master level, are scheduled on the first day. Courses   C 5  ,   C 6  ,   C 7  , and   C 8   are also related to specialized or calculation courses, which should be presented in the first hours of the day in the morning before 13:00, and the rest of the courses,   C 9  ,   C 10  ,   C 11  , and   C 12 ,   can be held at any time. By using this parameter, it is possible to apply the time of workshop and laboratory courses, and other courses that are not held by the faculty. In this case, the general education determines the time of their holding and, in coordination with other disciplines in the model, ensures it does not interfere with the other courses of that group.




4.6. Classroom Access Time


The parameter    f  k t     was used to determine when the classrooms were available. For example, in some cases, the relevant classroom may not be available at a certain time due to the use of other educational fields and the holding of courses by other educational groups. Therefore, it is not possible to plan for that classroom at a specific time. For example, let us consider a day of the week on which scheduling is performed for nine courses ( C ), two classrooms ( k ), and three professors ( R ). Assume that courses   C 1   and   C 2   (three units) are taught by professor   R 1  ; courses   C 3  ,   C 4  , and   C 5   (two units) are taught by professor   R 2  ; and courses   C 6  ,   C 7  ,   C 8  , and   C 9   (one unit) are taught by professor R3. The professors are available at all hours of the day and the time slots are from 8:00 to 19:00. In Table 14, all classrooms are available during the day, and in Table 15, classroom   K 1   at 8–10 and classroom   K 2   class at 10–12 are already available for other educational groups. As seen in Table 14, courses are scheduled without classroom constraints. However, according to the obtained results in Table 15, due to classroom constraints at some times during the day, classroom   K 1   at 8–10 and classroom   K 2   at 10–12 are not available.




4.7. Determining the Groups


To determine the non-interference of the courses of each semester, the courses related to each educational level were planned in one group. Parameter    λ  c l     was utilized to determine the relationship between courses and groups. For example, the courses of the three semesters of bachelor students should not overlap each other so that the students of the third semester can take all of the courses during the semester. This parameter can also be used for the non-interference of optional courses so that the optional courses are considered as one group. Due to the non-interference of the courses of each group selected by this parameter, students can easily take more courses.



As an example, a day of the week is considered on which scheduling is performed for nine courses ( C ), two classrooms ( K ), and three professors ( R ). Assume that courses   C 1   and   C 2   (three units) are taught by professor   R 1  ; courses   C 3  ,   C 4  , and   C 5   (two units) are taught by professor   R 2  ; and courses   C 6  ,   C 7  ,   C 8  , and   C 9   (one unit) are taught by professor R3. The professors and classrooms are available at all hours of the day, and time slots are considered from 8:00 to 19:00. In Table 16, all courses are considered without limitations to the study group. However, in Table 17, the courses are in three groups so that courses   C 1  ,   C 6  , and   C 9   are of the same semester, courses   C 3  ,   C 7  , and   C 8   are optional, and the optional courses with the same semester (i.e., courses   C 2  ,   C 4  , and   C 5  ) should not overlap and are grouped. According to these conditions, the model’s optimal timetable can be shown in Table 17. Since the courses   C 1  ,   C 6  , and   C 9   belong to the same group, as shown in Table 17, these courses do not have overlapping times. These conditions are also applied to courses   C 2  ,   C 4  , and   C 5  , and courses   C 3  ,   C 7  , and   C 8  , and the optional courses and courses of the same semester do not overlap. This parameter can be used for any courses that need not interfere with each other.




4.8. Execution Time Analysis


The execution time of the GAMS software (in seconds) to derive the exact solution for different scenarios is provided in Table 18. The first four rows in Table 18 correspond to the obtained results in Section 4.1, Section 4.2, Section 4.3, Section 4.4, Section 4.5, Section 4.6 and Section 4.7, while rows 5–10 report the execution time for synthetic data by increasing the number of courses, classrooms, and professors. In all reported execution times, all the hard constraints are taken into account at the same time. The results show a considerable effect of the problem size on the required execution time for deriving the optimal solution.




4.9. Checking the Validity of the Solutions


By comparing the obtained results of solving the proposed model in this study by the GAMS software with the manual programs currently used in the same college, the following points are noteworthy:




	
Speed of obtaining solutions. One of the significant advantages of the proposed model is its computation time. According to the considered solutions, this model is solved in a short and reasonable time.



	
The possibility of analyzing the solutions. In the cases when the program is performed manually, by making a small change in the conditions, such as a change in the schedule of the professors, the number of courses, or a change in the classrooms, it is necessary to revise the program again and thus, sometimes one is forced to re-prepare the weekly schedule of the courses, which requires a long time to complete. However, using the proposed model is easy and quick, and it can check different results together and then choose the best one.



	
Solution accuracy and error reduction. Considering that the designed mathematical model reaches an optimal solution and this means that all constraints are satisfied, if the data are entered correctly, the errors that may occur in manual programming will not occur.



	
Proper allocation of classrooms, courses, and time. Comparing the proposed model and the manual model, it can be seen that fewer classrooms have been allocated, and even some classrooms have not been used. For example, in class 10 and class 11, the courses are not offered during the week in these two classes, and the classes are free. Courses are assigned based on the capacity and equipment of the classrooms. The schedule of classrooms is compressed as much as possible during the week. Moreover, the days of the week decreased from 5 working days to 4 working days.



	
The quality of the obtained schedule. In addition to taking into account the conditions of the faculty of engineering, the designed model tries to reduce the time gaps between the professors, not provide same-group courses at the same time for students, compress the sessions of students, especially senior students, and limit the teaching time of the professors to 8 h. If the inputs of the model are entered carefully, the output solution will be very suitable. Therefore, it will lead to the maximum satisfaction of students and professors.










5. Conclusions


In this research, a comprehensive approach was presented to solve the university course scheduling problem. According to the implementation of the proposed method and the analyses that have been carried out, it has been observed that this method is very effective for solving the timetabling problem and accelerating the preparation of the program. It can be used weekly in the university environment, and all the constraints for creating a timetable considered by the university officials have been met.



The numerical results of this research showed that by presenting a linear model and implementing it in the GAMS software, an optimal solution could be obtained. Considering the constraints of the faculty, including the limited time of professors in the university, the compression of time planning for senior students in two days, the presence of pre-determined courses, etc., led to finding a solution that has considered all aspects of the university course schedule. The scheduling of university courses, i.e., the UCS problem, is according to the specific conditions of each educational center, which makes it impossible to use a general model in all university centers. For example, in a particular university, general and specialized classrooms may be held in nearby and distant buildings, or the time of group meetings or professors’ consultation time, etc., should be included into the model. According to the proposed model, such conditions can be easily applied to the model.



In the proposed model, while taking into account professors’ attendance hours and classroom availability, constraints such as minimizing the interference in students’ schedules and compressing sessions, reducing gaps in the schedules of the professors are considered. The presented results of the optimization of the proposed mathematical model have shown that the integration of decision-making regarding the scheduling of university courses can lead to the achievement of a solution that simultaneously considers the preferences of both of the professors and students and also has the highest level of satisfaction. This approach can be used in all universities and educational centers. In order to develop this research further, it is suggested that the uncertainty in the important parameters of the mathematical model and implement robust optimization [33] are considered to deal with such uncertainties. Moreover, due to the high complexity of the proposed mathematical model, it is suggested to apply efficient meta-heuristic algorithms, such as a firefly algorithm (FFA) [34], whale optimization algorithm (WOA) [35], or pareto-based metaheuristics [36], to handle the complexities of the mathematical model.
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Figure 1. Summary of related research items. 
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Table 1. Comprehensive survey of the measures taken in the previous studies.






Table 1. Comprehensive survey of the measures taken in the previous studies.





	
Reference

	
Year

	
F1

	
F2

	
F3

	
F4

	
F5

	
F6

	
F7

	
F8

	
F9

	
F10

	
F11

	
F12

	
F13

	
F14

	
F15






	
Lü and Hao [1]

	
2010

	

	

	

	
*

	
*

	

	

	

	

	
*

	

	
*

	

	

	




	
Burke et al. [3]

	
2010

	

	

	

	

	
*

	

	

	

	
*

	
*

	
*

	

	

	

	




	
Soza et al. [4]

	
2011

	

	

	

	

	

	

	

	
*

	
*

	
*

	

	
*

	

	

	




	
Shiau [5]

	
2011

	

	

	

	
*

	
*

	

	

	
*

	
*

	

	

	

	

	

	




	
Gunawan et al. [6]

	
2012

	

	

	

	
*

	
*

	

	
*

	

	
*

	

	

	

	

	

	




	
Cacchiani et al. [7]

	
2013

	

	

	

	
*

	
*

	

	

	

	
*

	
*

	

	
*

	

	

	




	
Basir et al. [8]

	
2013

	

	

	

	

	
*

	

	

	

	
*

	

	

	
*

	

	

	




	
Bolaji et al. [9]

	
2014

	

	

	

	
*

	

	

	

	

	
*

	
*

	
*

	

	

	

	




	
Fong et al. [10]

	
2014

	

	

	

	

	

	

	

	

	
*

	
*

	
*

	
*

	

	

	




	
Badoni and Mishra [11]

	
2014

	

	

	

	

	

	

	

	

	
*

	
*

	
*

	
*

	

	

	




	
Al-Yakoob & Sherali [12]

	
2015

	

	

	

	

	
*

	

	
*

	

	
*

	
*

	

	

	

	

	




	
Babaei et al. [13]

	
2015

	

	

	

	

	
*

	

	

	
*

	
*

	
*

	

	

	

	

	




	
Méndez-Díaz et al. [14]

	
2016

	

	

	

	

	

	

	

	

	
*

	
*

	

	
*

	

	

	




	
Vermuyten et al. [15]

	
2016

	

	

	

	

	
*

	

	
*

	

	
*

	

	

	
*

	

	

	




	
Soria-Alcaraz et al. [16]

	
2016

	

	

	

	

	
*

	

	

	

	
*

	

	
*

	
*

	

	

	




	
Bellio et al. [17]

	
2016

	

	

	

	

	
*

	

	

	

	
*

	
*

	
*

	

	

	

	




	
Cavdur et al. [18]

	
2016

	

	

	

	
*

	
*

	

	

	

	
*

	

	

	

	

	

	




	
Fonseca et al. [19]

	
2016

	

	

	

	

	

	

	

	
*

	

	
*

	

	
*

	

	

	




	
Borchani et al. [20]

	
2017

	

	

	

	
*

	
*

	

	

	

	

	

	
*

	

	

	

	




	
Song et al. [21]

	
2017

	

	

	

	
*

	
*

	

	

	

	

	

	
*

	

	

	

	




	
Bagger et al. [22]

	
2018

	

	

	

	
*

	
*

	
*

	

	

	
*

	

	

	

	

	

	




	
Akkan et al. [23]

	
2018

	

	

	

	

	

	

	

	
*

	

	
*

	

	
*

	

	

	




	
Jamili et al. [24]

	
2018

	

	

	

	
*

	

	

	
*

	
*

	

	
*

	
*

	

	

	
*

	




	
Junn et al. [25]

	
2019

	

	

	

	

	
*

	

	

	
*

	

	
*

	

	

	

	

	




	
Müller et al. [26]

	
2019

	

	

	

	

	

	

	

	

	
*

	

	
*

	

	

	

	
*




	
Joolaei et al. [27]

	
2020

	

	

	

	
*

	

	
*

	

	

	
*

	
*

	
*

	

	

	

	




	
Tavakoli et al. [28]

	
2020

	

	

	

	
*

	
*

	

	

	

	

	
*

	

	
*

	

	

	




	
Kenekayoro [29]

	
2020

	

	

	

	
*

	
*

	

	
*

	

	
*

	
*

	

	

	

	

	




	
Al-Khanak et al. [30]

	
2021

	

	
*

	
*

	

	
*

	
*

	

	

	

	
*

	

	
*

	

	
*

	




	
Guerriero et al. [31]

	
2022

	

	

	

	
*

	

	
*

	

	

	

	

	
*

	

	

	

	




	
Savio et al. [32]

	
2022

	

	

	

	
*

	
*

	

	

	

	

	

	

	
*

	

	

	




	
F1: No interference with optional courses

	

	

	

	

	

	

	

	

	

	




	
F2: Providing courses at a specified time




	
F3: Considering the time of predetermined courses




	
F4: Planning of professors’ courses based on attendance hours




	
F5: No interference in professors’ schedule




	
F6: Compression of professors’ program




	
F7: Considering the maximum hours allowed for teaching




	
F8: Considering the equipment needed for each course




	
F9: Non-interference in the location of classes




	
F10: The capacity of the classrooms




	
F11: Compressing the classroom schedule during the week




	
F12: No interference with the students’ schedule




	
F13: Maximum number of courses for students




	
F14: Considering different levels of education




	
F15: Compression of students’ program
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Table 2. List of notations.
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	Sets/Indices
	Definition





	T
	Set of time intervals of weekdays on which course planning is possible, enumerated by the index  t .



	K
	Set of classrooms that are available for the weekly course schedule, enumerated by the index  k .



	R
	The collection of professors who teach university courses, enumerated by the index  r .



	C
	Set of courses that are planned for the group of students, enumerated by index c.



	L
	Set of study groups that become a special entry for students during a semester, enumerated by index  l .



	Parameters
	Definition



	    b c    
	The number of hours that the c-th course must be held per week (the number of units of course c).



	  m  
	The maximum time that can be scheduled for a professor on a day in hours.



	    a  r t     
	Binary parameter, which takes the value one if the r-th professor is ready to present the course in the t-th period, and zero otherwise.



	    β  r c     
	Binary parameter, which takes the value one if the r-th professor teaches the c-th course.



	    P  c k     
	Binary parameter, which takes the value one if the c-th course can be held in the k-th class.



	    γ  c t     
	Binary parameter, which takes the value one if the c-th course can be held at the t-th time.



	    f  k t     
	Binary parameter, which takes the value one if the k-th class is available at the t-th time.



	    λ  c l     
	Binary parameter, which takes the value one if the c-th course is in the l-th subject group.



	    h  d t     
	Binary parameter, which takes the value one if the t-th time interval belongs to the d-th day (d = 1, 2, 3, 4, 5).



	    w r    
	The weight of the professor r, which is a numerical value in the range [0–1], is determined based on characteristics such as academic degree, experience, etc.



	    δ  r d t     
	The weight of the time period that expresses the preference of professor r over the interval t from day d, which is a numerical value in the range [0–1].



	Decision

Variables
	Definition



	    X  c k t r     
	Binary variable, which takes the value one if the c-th course is scheduled in the t-th 1 h interval (  t = 1 ,   2 , …. , 50  ) in the k-th class and this course is presented by the professor  r .



	    Y  c k t ′ r     
	Binary variable, which takes the value one if the c-th course is scheduled in the t’-th 2 h interval (  t ′ = 1 , 2 , …. , 25  ) in the k-th class, and this course is presented by the professor  r .
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Table 3. Program of one-unit courses.






Table 3. Program of one-unit courses.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
C3

R1

	
C4

R2

	
C5

R2

	
C6

R2

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
-

	
-

	
-

	
-

	
-




	
K3

	
-

	
-

	
-

	
-

	
-
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Table 4. Program of two-unit courses.






Table 4. Program of two-unit courses.





	Classroom/Time
	8–10
	10–12
	13–15
	15–17
	17–19





	K1
	-
	-
	-
	-
	-



	K2
	C4

R2
	C7

R3
	C1

R1
	C2

R1
	C3

R1



	K3
	C8

R3
	-
	C9

R3
	C5

R2
	C6

R2
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Table 5. Program of three-unit courses.






Table 5. Program of three-unit courses.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
C3

R1

	
C4

R2

	
C5

R2

	
C6

R2

	
C7

R3

	
C8

R3

	
C3

R1

	
C4

R2




	
K2

	
C4

	
R2

	
C7

	
R3

	
C1

	
R1

	
C2

	
R1

	
C3

	
R1




	
K3

	
C8

	
R3

	
-

	
C9

	
R3

	
C5

	
R2

	
C6

	
R3
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Table 6. The maximum allowed teaching time is 10 h.






Table 6. The maximum allowed teaching time is 10 h.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
Day 1

	
K1

	
C1

R1

	
C2

R1

	
C3

R1

	
-

	
-

	
-

	
C8

R2

	
C9

R2

	
C10

R2




	
K2

	
C6

	
R2

	
C7

	
R2

	
-

	
-

	
-




	
Day 2

	
K1

	
C1

	
R1

	
C2

	
R1

	
C3

	
R1

	
C4

	
R1

	
C5

	
R2




	
K2

	
-

	
-

	
-

	
-

	
-
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Table 7. The maximum allowed teaching time is 6 h.
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Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
Day 1

	
K1

	
C1

R1

	
C2

R1

	
C3

R1

	
-

	
-

	
-

	
C1

R1

	
C2

R1

	
C3

R1




	
K2

	
-

	
-

	
C4

	
R1

	
-

	
-




	
Day 2

	
K1

	
C1

	
R1

	
C2

	
R1

	
C3

	
R1

	
C5

	
R2

	
-




	
K2

	
C7

	
R2

	
-

	
-

	
-

	
-
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Table 8. Teaching time of freelance professors.






Table 8. Teaching time of freelance professors.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
-

	
-

	
C6

R2

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
C3

	
R2

	
C1

R1

	
C2

	
R1

	
C4

	
R2

	
C5

	
R2
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Table 9. Times when the professors are available for teaching.






Table 9. Times when the professors are available for teaching.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
-

	
C6

R3

	
C5

R2

	
C2

	
R1

	
C2

R1

	
C1

R1

	
C4

R2




	
K2

	
C8

R3

	
-

	
C7

R3

	
C9

R3

	
-

	
C3

	
R2

	
C1

R1
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Table 10. Conducting courses in all classrooms.






Table 10. Conducting courses in all classrooms.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
-

	
-

	
C6

R3

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
C3

	
R2

	
C1

	
R1

	
C2

	
R1

	
C4

	
R2

	
C5

	
R2
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Table 11. Holding courses in a number of special classrooms.






Table 11. Holding courses in a number of special classrooms.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C2

R1

	
C1

R1

	
C2

R1

	
C3

R2

	
C1

R1

	
C8

R3

	
C7

R3




	
K2

	
C6

R3

	
-

	
-

	
C9

R3

	
-

	
C5

R2

	
C4

R2
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Table 12. Presentation of free courses.






Table 12. Presentation of free courses.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
Day 1

	
K1

	
C1

R1

	
-

	
C4

	
R2

	
-

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
-

	
C12

	
R1

	
C1

	
R1

	
C2

	
R1

	
C3

	
R2




	
Day2

	
K1

	
C11

R1

	
-

	
C9

	
R3

	
C5

	
R2

	
C6

	
R2

	
C10

	
R3




	
K2

	
-

	
-

	
-

	
-

	
-
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Table 13. Presentation of courses with the constraint of study groups.






Table 13. Presentation of courses with the constraint of study groups.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
Day 1

	
K1

	
C1

R1

	
-

	
C4

	
R2

	
-

	
-

	
C10

R3

	
C11

R1

	
-




	
K2

	
-

	
-

	
C1

	
R1

	
C2

	
R1

	
C3

	
R2




	
Day2

	
K1

	
C7

R3

	
C8

R3

	
C5

	
R2

	
C6

	
R2

	
C9

	
R3

	
C10

	
R3




	
K2

	
-

	
-

	
-

	
-

	
-











[image: Table] 





Table 14. Available classrooms.






Table 14. Available classrooms.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
-

	
-

	
C6

R3

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
C3

	
R2

	
C1

	
R1

	
C2

	
R1

	
C4

	
R2

	
C5

	
R2
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Table 15. The optimal classroom availability in each hour.






Table 15. The optimal classroom availability in each hour.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
-

	
C2

R1

	
C1

R1

	
C7

R3

	
C8

R3

	
C1

	
R1

	
C5

	
R2




	
K2

	
C4

	
R2

	
-

	
C3

	
R2

	
C6

R3

	
C9

R3

	
C2

	
R1
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Table 16. Courses without being in a group.






Table 16. Courses without being in a group.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C1

R1

	
C2

R1

	
-

	
-

	
C6

R3

	
C7

R3

	
C8

R3

	
C9

R3

	
-




	
K2

	
C3

	
R2

	
C1

	
R1

	
C2

	
R1

	
C4

	
R2

	
C5

	
R2











[image: Table] 





Table 17. Courses classified into several groups.






Table 17. Courses classified into several groups.





	
Classroom/Time

	
8–10

	
10–12

	
13–15

	
15–17

	
17–19






	
K1

	
C3

	
R2

	
C7

R3

	
C1

R1

	
C8

R3

	
C9

R3

	
-

	
C6

R3

	
-




	
K2

	
C1

	
R1

	
C5

	
R2

	
C4

	
R2

	
C2

	
-R1

	
C2

	
R1
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Table 18. Execution time analysis.






Table 18. Execution time analysis.





	No. Courses
	No. Classrooms
	No. Professors
	Execution Time (Second)





	9
	3
	3
	38



	10
	2
	2
	40



	9
	2
	3
	37



	12
	2
	3
	48



	10
	3
	5
	63



	15
	3
	5
	148



	20
	3
	5
	412



	20
	5
	7
	637



	25
	7
	10
	1150



	25
	10
	10
	1533
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