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ABSTRACT

This research paper examines the usage of combining the meta-heuristic approaches for solving
critical real-world optimization problems due to the hard and soft constraints. For the last few
decades, developing an optimal solution for these problems were considered as a difficult task, and
manual timetabling required an excessive amount of effort and time to deliver the quality results.
This paper's objective is to address several approaches and develop a generic solution for solving a
wide range of timetabling and scheduling problems. Many techniques and benchmark instances
have been reviewed and presented to find a feasible solution in the literature section. This paper also
investigates the performance based on the combination of meta-heuristic approaches to solve the
problem and introduce the algorithm to allocate time slots to several resources according to their
constraints satisfaction and violations. However, this algorithm may consider as a comprehensive
benchmark instance and significant improvement for future researchers. Furthermore, the
computational and experimental results of the algorithm determine the feasibility, effectiveness,
robustness, and optimality of the proposed approach.
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1. INTRODUCTION

The main topic of this dissertation is to understand the limitations and challenges of
timetabling and scheduling problems (TSP) and to develop a generic optimal solution.

1.1. MOTIVATION AND OVERVIEW

On various real-world timetabling and scheduling problems (TSP) faced by every individual
and organization on an everyday basis which is described below in the problem statement
section. However, the tradition based timetabling approaches and methods intimately
related by hand; therefore, these methods are not sufficient to satisfy the constraints and
requirements. Also, the problems are hard to develop by using operation research
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approaches and knowledge-based approaches, because these approaches are not fast
enough and take more time in computation and they are also not flexible for different
problems (1).

In the past several decades, many research papers have been published on the various
timetabling and scheduling algorithms that have been proposed by researchers such as
constraint-based methods (2), meta-heuristic methods (e.g., tabu search (TS)(3), simulated
annealing (SA) (4) etc. In general, a population-based algorithm based on Genetic
Algorithm (GA) (5) is more powerful and efficient in solving timetabling problems because
of the searching capability within the whole space, but the drawback of population-based
algorithm is quiring more time that can be overcome by implementing ranking techniques
and Statistical Algorithm (6). Besides, by introducing a statistical algorithm, guided search
and ranking techniques to improve the performance of the genetic algorithm for
timetabling problems, and there is a possibility of future aspects and further advancements
after the completion of this paper.

1.2. SCIENTIFIC CONTRIBUTION & GOALS

This paper examines the effectiveness and efficiency of the combinations of metaheuristic
algorithms based on experimental analysis for the timetabling and scheduling problems.

The goal of the paper is to build an automatic, effective and robust timetabling and
scheduling system, which is used to monitor and allocate all the possible free slots to the
resources. Some obvious research gquestions to accomplish the goals are as follows:

e How to select the desirable approach and algorithm to resolve the timetabling and
scheduling problems?

¢ How to make a generic and efficient solution by using predefined algorithms?

e How to estimate the computational time and memory consumption?

e How to perform an algorithm to allocate all potential resources?

The overall research objective of the paper is to develop and implement the combinations
of meta-heuristic algorithms to construct an optimal solution for TSP problems. Numerous
points are defined as follows to achieve the aims, which are:

e To recognize the limitations and challenges of the following TSP and examine the
currently applicable algorithms from researchers.

e Investigating the capability and competence of the classical (manual) solutions for
the timetabling and scheduling problems.

e To implement the existing appropriate algorithms to obtain a generic solution,
using the PHP, MySQL and JavaScript programming languages.

e To review search and heuristic techniques to develop a solution that is healthy,
general and optimal for all real-world problems.

Furthermore, the other aim of the paper is to study the search approach and metaheuristic
algorithms, and how these approaches provide an adequate and optimal solution for the
timetabling and scheduling problems.
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2. LITERATURE REVIEW

The timetabling and scheduling problems arise in various areas, such as transportation &
logistics, training & education sector, health care organizations, etc. In contrast, some of the
basic terms which are used in timetabling and scheduling problems are given below in
Table .

Table 1. Basic terms used in timetabling and scheduling problems (7)

Terms Description

Activity An activity or event that needs to be scheduled.
Time Slot A breach of time.

Resource Availability of materials, assets etc.

Constraint Limitations in organization or scheduling of an event.
Individual A person who is willing to attend the event.

Conflict A clash between two or more events.

2.1. TIMETABLING PROBLEMS

A timetabling problem is a specific type of problem in which the allocation of resources to
time slots concerning differing constraints. The approaches for solving a substantial
timetabling problem considering various constraints as a difficult job to be done. Due to
the fact, a timetabling of events or activities such as subjects, exams or classes, etc., have to
be organized in the form of time slots that satisfies all the limitations and restrictions. Let's
consider, | as lectures and t as time slots, and according to the constraints of the problem
is the potential timetable which means the most effective possible solution for a particular
situation or resources. Traditional approaches are responsible for finding the most
straightforward and shortest time slots that satisfy all the constraints, commonly used
graph coloring algorithm.

Many researchers since the beginning of the 1960s are working on solving the timetabling
problems, and till now, new researches are still emerging into this area (8). The most familiar
example of the timetabling problem is education timetabling problems, which can be
categorized in three different types based on their various constraints for each problem
such as, school timetabling, course timetabling and exam timetabling. Nonetheless, the
foundation of education timetabling is to assign the resources to time slots by reducing
the constraint breaching, in spite of that, these problems are different from each other due
to their constraints and existence.

2.2. SCHEDULING PROBLEMS

According to (9), a scheduling problem is a problem in which time must be allocated to
resources to fulfill the task. Moreover, a nurse scheduling problem (NSP) which is also
known as nurse rostering problem (NRP), is a problem of assigning the shifts to the nurses
in a most pleasant way that must satisfy the set of soft and hard constraints for the quality
of a solution (10). The assignment of nurses to shifts process is time-consuming, and the
NSP is NP-hard.
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2.2.1. Classical Solutions

A lot of time and effort requires to solve the timetabling and scheduling problems by using
classical methods. The world fastest and powerful computer also needs a few decades to
find all the potential combinations of the timetabling and scheduling problems solution
with certain constraints. Due to the fact, researchers are searching for improved and
optimal solutions methods, and mathematicians introduce the mathematical techniques
to discard some of the potential combinations which cannot be a good fit as a solution for
the particular problem. This research and implementations diminish the time
consumption of finding the solution but not enough, which considered as an optimal
solution. Therefore, to see the most elegant solution that takes inferior time and efforts, the
heuristics approaches are taken into consideration.

2.2.2. Meta-heuristics

In mathematical optimization and computer science, a meta-heuristics approach is
applicable for massive real-world problems. It is a general purpose approach to problem-
solving within a search space containing the best, optimal and logical solutions, and this
method can be applied in various optimization problems along with some modifications
based on the specific question.

OPTIMIZATION

CONTINUQUS [ »| COMBINATORIAL
e . ﬂ """" DIFFICULT OPTIMIZATION [ F """ R
v " A4
LINEAR NON-LINEAR APPROXIMATE i EXACT METHCD
PROGRAMMING PROGRAMMING METHOD (SPECIALIZED)

! !

LOCAL METHOD GLOBAL METHOD

v

CLASSICAL
(GRADIENTS)

HEURISTIC
(SPECIALIZED)

Fig.1. Meta-heuristics underneath optimization classification (11)

Nowadays, the meta-heuristics methods occupied most of the engineering sectors, and
the most known algorithms of meta-heuristics such as simulated annealing, ant colony
optimization, tabu search, genetic algorithm, etc. According to (12), the term "meta-
heuristic" was originally defined by (13).
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“An iterative generation process which guides a subordinate heuristic by combining
intelligently different concepts for exploring and exploiting the search spaces using
learning strategies to structure information in order to find efficiently near-optimal
solutions.”

2.2.3. Tabu Search
The basic concept of Tabu Search (TS) is used to solve the optimization problems.

“Tabu search is a meta-heuristic that guides a local heuristic search procedure to explore
the solution space beyond local optimality.” (14)

Tabu Search is based on a local search approach that leads a heuristic search to find an
optimal solution by using flexible memory (15). The Tabu Search approach iteratively finds
the neighborhood of the present solution which is an initial solution, and the next move
has chosen after checking all other solutions. This iterative process might repeatedly
execute in a cycle. TS approach uses memory function to avoid the cycling process and to
store a tabu list.

The tabu list contains the new solution which is called a tabu solution, and it is frequently
looking for the best solution until the search space comes to an end and finds the best
optimal solution (16). Besides, TS avoid searching for a duplicated solution within the data
structure or domain is known as tabu restrictions.

Algorithm: 1 Tabu Search Pseudo code
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1 // initial steps considered as an initial solution
2 bestSolution => b0
| candidate = b0
¢ list = []
pushed the initial solution into the list
6 list.push(bo)
specified condition for stopping the loop by a user
2 while (stoppingCondition())
/[# pet a list of candidates (neighbourhood) =/
setNeighbourhood = getNeighbours(candidate)
11 /# loop through the neighborhood candidates by checking the duplicated
entries in the tabu list =/
12 for (searchCandidate in setNeighbourhood)
if ( (not list.contains(searchCandidate)) and (fitness(searchCandidate)
> fitness(candidate)) )
candidate => searchCandidate
end
16 end
17 /# if best solution found then push it into the list =/
if (fitness(candidate) > fitness(bestSolution))
bestSolution => candidate

20 end

22 list.push(candidate)

23 /# if the size of the candidate tabu list is greater then the actual best
solution then remove it from the list =/

24 if (list.size > maxTabuSize)

25 list . removeFirstItem ()

26  end

27 end

28 return bestSolution

2.2.4. Genetic Algorithm

Mitchell et al, (17) has introduced a Genetic Algorithm (GA), which relies on theoretical
search approaches and based on the processes of Darwin's theory of evolution. Many
researchers had developed the optimization algorithms based on genetic and natural
selection approach (18), before J. H. Holland. As mentioned above, GAs were introduced by
Holland, and subsequently, it was broadly used in the various field to solve the optimization
problems, such as scheduling (19), engineering sector (20), astrophysics (21), and so on.

Genetic Algorithm (GA) derived from the branch of biology which deals with a function of
macromolecules, i.e., nucleic acids and proteins. The performance of GA solution is based
on the structure of chromosomes that contains good and bad phenotypes or individuals,
and the useful phenotypes consider as an optimal solution that uses the natural selection,
reproduction and mutation mechanism. In general, the selection of a set of chromosomes
toreproduce is based on iteration. Nevertheless, the offspring are produced by crossing the
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selected chromosomes, and then the mutation has applied to children chromosomes with
the help of a mutation operator. After fulfilling the complete mechanism, the
chromosomes can be inserted into the population, but after calculating the quality (fitness)
of the solution. Traditionally, the representation of a solution is in the binary form of Os and
1s, but according to (22), there are other possible encodings too.

Furthermore, GAs are a population-based heuristic approach that starts picking the initial
population as a random solution to the given problem. Every random solution throughout
the population is known as an individual, and individuals are explicitly assessed to the
problem which is called a fitness function.

Algorithm: 2 Genetic Algorithm Pseudo code

i Initialize population

2 Assess individual within the society

¢ while ( stoppingCondition() )
Selection of parent chromosome
Create offspring by crossover the parents
Mutation applied to children chromosomes
Replace old (bad) phenotypes with new generation from the population

9 end while

Later, the selection operator starts choosing the right individuals for the recombination
process, and mutation and crossover operators are used in the recombination that creates
new individuals to investigate the solution. The old unfortunate individuals have been
replaced by new individuals from the population based on their quality (fitness). As
mentioned, GAs are executed in the iteration, so once the stopping condition is reached,
the evaluation of an algorithm on the population is stopped.

2.3. TECHNICAL APPROACH OF PROPOSED SYSTEM

The proposed system is based on a web interface and the objective of developing the web-
based application for solving the timetabling and scheduling problems by using the
combination of tabu search and genetic algorithm to provide a generic interface to the end
users. The system is a client-server architecture including different access layers such as
application, presentation and database layers. According to (23), this research area is a
decision support system which is based on mathematical programming approaches. The
system produces optimal timetables by satisfying the constraints on a web-based platform.
The main goal of the proposed system is to meet the users and resources or participants
(i.e., students, sports trainee, nurses) availability to the course time slots. The algorithm
must generate a weekly based timetable for users and participants. In addition, the system
can create a group of participants and allocate a slot to them automatically.
Aforementioned, there are some tools and approaches in order to solve the timetabling
and scheduling problems, but yet insufficient in finding an optimal solution for different
required scenarios and use cases. While considering those tools and approaches, this
research-based thesis has taken some critical use cases and problems to be able to find a
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robust optimal solution. The following possibilities are marked as necessary in timetabling

and scheduling problem by satisfying some general soft and hard constraints, which are:

All resources have to be scheduled and must be satisfied.

One time slot can be allocated to one resource and multiple units such as students,
customers, users, etc. cannot schedule at the same time slot.

The resource cannot be allocated to the slot where the resource is not available.

All resources have to be fulfilled the workload weekly.

The low number of availability of a user has to be scheduled first on the calendar.
Merge the availability of multiple users in order to make a group unit.

If there is an empty availability of a resource than for particular resource the
scheduling is not possible

Allow end user to Drag and Drop units to the calendar manually.

By implementing the proposed approach, we can develop a generic optimal robust

solution for more than one real-world timetabling and scheduling problems. We can set a

benchmark for other researchers in this area of the field, who are willing to contribute to

making an optimal solution. In addition, the system must be capable of solving the problem

with less computational time and maximize performance. Some features will be produced

at the end of this thesis which is as follows:

Conflict-free, robust and scalable timetables
Automated time slot allocation

Availability of users are taken into account
Intuitive and elegant user experience
User-friendly timetables

2.4. ARCHITECTURE

The system architecture design consists of different modules as seen in Fig. 2 such as client,

server, algorithm, database, and cache.
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Fig. 2. Architecture design diagram

The client-side represents a web page application which provides the user interface of the
system. In the user interface, users are allowed to enter their availability, courses
information and other parameters and constraints of the problem. Users can view the
timetable on a calendar, import data, and availability, export timetable as well as drag and
drop the event within the calendar, and timetable can be saved. The user interface is
developed mostly on jQuery 1 library and other JavaScript libraries to build some web
components such as Full Calendar 2, Data Tables 3, Draggable 4, etc. The two-way
communication with the server is based on AJAX 5. The second module is a database model
which stores the information that needs to create timetables. The database which is used
in this system is MySQL 6 which is a relational database. MySQL provides the high
availability, performance, and scalability for retrieval and storage of the data which makes
the data integration faster and easier.

The third module is the cache module which is contributing a big part in the application.
There are two types of cache that have been used so far; one is on the client side, i.e., local
storage or browser caching and another one is on the server side that holds or stores the
data. Whenever data is requested from client-side, the cache module responds instead of
requesting the database module all the time. The caches being used to faster the response
with less computation. The fourth is an optimization module that contains the algorithm
based on the combination of genetic algorithm and tabu search, which is used to create
an optimal solution (timetables) for various real-world problems.

In the end, the fifth module is the server side module which is implemented on a
framework of PHP 7. The PHP code is general purpose and programming language which
embedded in HTML (24), Using a PHP framework provides the scalable and fast web
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applications, and also helpful in creating representational state transfer (RESTful) APl which
is used to process the requests and responses to the application.

3. METHODOLOGY

It will describe steps to solve real-world timetabling and scheduling problems.
Furthermore, the fundamental idea of developing the algorithm is from the meta-heuristic
approaches. How meta-heuristic algorithm produces an optimal solution; therefore, the

construction of a proposed algorithm is based on those approaches, but, while making the
algorithm, we might have used different terminologies and combine different meta-
heuristic algorithms such as tabu search and genetic algorithm.

3.1. SOLUTION STEPS & REPRESENTATION

The algorithm to produce an optimal solution for timetabling and scheduling problems are
based on the set of parameters and decision making on those parameters. The algorithm
must be divided and explained separately in various steps because the algorithm depends
upon multiple parameters and constraints that need to be taken into account. The solution
is a combination of tabu search in which the list of the population makes a new list of a
feasible solution and genetic algorithm which is based on the selection of chromosomes
and generation of new chromosomes based on the solution by using crossover, mutation
and migration techniques. There are several prerequisites, which need to be finalized in the
first place, to execute the algorithm. These preambles are set as input and constraints to
the algorithm. This section will briefly explain the solution steps to store and retrieve those
points using flowchart diagram and example. Furthermore, the solution contains many
steps to fulfill the constraints and find a feasible solution by reducing time consumption.
Therefore, it is vital to split the solution steps by representing the flow of each phase, and
by breaking the steps, we may create sub-problems from the original problem which is
allocating the free time slots to the resources. However, the steps which are necessary to
execute the algorithm are as follows:

e How to create a resource and save that particular resource into the system?

e Once the resource has been saved, the way to ask for the resource and storing the
availability in the database.

e A possible way to display and retrieve the availability of chunks.

e Resources availability can be updated within the course.

e What are the requirements for creating a course?

e The default length of each unit within the course can be changed by individual
length.

e What are the challenges and possibilities to make a group of resources, and how to
store and retrieve them from the database?

e Is it essential to store everything in the database, or there is another approach to
increase the performance of the system?
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3.2. IMPLEMENTATION

According to the below Fig. 3, there are various block that represents the retrieval of
information such as resources availability, course available slots, group of resources
availability and length of each resource i.e,, the duration of resource that will be allocated
to the time slot. Once the above information is fetched then we will discuss each section
separately. Therefore, the following points may describe the flow of implementation which
is as follows:

e Course Slots are a raw data that we need to generate a proper set of course slots,
where resources will take place.

e Retrieving the unit availability from single and group of resources availability by
merging them.

e Need to normalize the length of each unit (single or group of resources).

e The availability enlistment block represents the reformation of unit availability.

e Correlation and sequencing of units are based on each unit availability in
comparison with length of that particular unit.

e Mapping takes place with the generated course slots and sequenced units.

¢ Once the mapping is covered meaning the algorithm has decided, where to
schedule the unit on the free time slot, the boxing further divided the final array into
pieces by moving each unit to each box as per unit's available ranking and counts.

e There are only possible three boxes, the box 1 contains all units whose count is just
one, meaning the unit is feasible to be allocated for once, box 2 is based on two
counts of availability and box 3 will contain the units which have three or more
possibilities to be allocated on the calendar.

e At the end of the algorithm, the shooting order takes place which will check if the
unit can be scheduled on the timetable or not, if in case the slots is not free or
occupied then algorithm will move that specific unit to the outside lane, from where
user is able to drag and drop unit on the calendar manually.

Furthermore, there is one more block that indicates the patching of chunks which is a
course slots. Before allocating the slots to the units, the course slots are occupying the slots
on the calendar with a gray color to represent the allocation will take place within this
frame, and no unit will be allocated outside the course slots as well as user cannot place
any unit outside the course slot by drag and drop.
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Fig. 3. Flow chart diagram of algorithm overview

4. RESULTS AND FINDINGS

This section represents the experimental results of the proposed algorithm which is
developed to satisfy different constraints and allocate time slots to multiple resources.

Mostly, algorithm has generated the feasible solution, but in some cases due to the conflicts

between resources or lack of availability of a resource ends in no feasible solution for that

particular resource, and for those resources, the proposed algorithm provided drag and

drop functionality.
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This section determines the measurement and performance for the allocation of resources

and the combination of availability of resources to time slots. According to the given below

Table 2, the performance has measured in time that how long algorithm took to compute

and allocate time slots to resources.

Table 2. Performance of resource allocation based on computational time

Number of Same Resources

Multiple Resource

Different Resource

Different Resource

Resources Lengths Available Days Lengths Lengths and Multiple Days
1 0.2s 0.41s 0.561s 1.67s

5 1.41s 1.54s 2.49s 3.44s
10 3s 4.69s 567s 5.61s
50 6.31s 701s 8.15s 9.14s
100 9.37s 10.41s 1M.73s 14.11s
150 14.19s 14.79s 16.96s 19.01s
200 17.51s 18.01s 21.11s 23.776s
250 2321s 2397s 25.61s 31.16s
300 26.58s 29.19s 3201s 3811s
350 29.24s 31Ms 36.11s 42.42s

Fig. 4 shows the performance in line graph that based on the experimental results of the

resources. There are four key parameters as per Table 2 such as all resources contain same

lengths, resources are available on multiple days, different lengths of resources, and

different resource lengths along with multiple days on which resources are available.

Computational Time (seconds)

- Same Resource Lengths

?/‘» -

Muitpie Resource Days (- Diferent Resourcs Lengths
- Different Rescurce Lengths and Multiple Days

T

100 15( 200

Number of Resources

Fig. 4. Performance based on the experimental results of resources

However, with the help of the above graph, we can clearly see the performance of different

scenarios of allocation of resources. But, the fundamental concept of measuring the
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performance is if the number of resource increases, the computational time will also
increase. Basically, the graph illustrates that the number of resources and computational
time of the algorithm is directly proportional to each other.

The red line in the graph illustrates that every resource has the same length. For instance,
if the length is 30 minutes that means all resources have the same length of duration on
which they might schedule. The second line is in blue that shows the resources are available
on multiple days, but also possible that one resource is available on Monday and the second
resource is available on Monday and Tuesday.

Furthermore, there are two more lines in the graph; therefore, the green line indicates the
computational time based on different lengths for resources. For example, if the first
resource may schedule on 30 minutes slot then another resource contains 90 minutes of
length. In Fig. 4, the purple line represents the last scenario which means the resource may
contain different lengths and also available on different days in the week.

5. CONCLUSION

In the justification of an algorithm that we developed in this paper for solving the
optimization problem using mathematical computational programming, we have
discussed several systematic approaches and parameters and have analyzed the results
experimentally in order to maximize the performance of the algorithm. We have also
discussed other methods to solve the timetabling and scheduling problems in the
literature review and benchmark instances section in detail, but we have seen that the
other approaches are mostly specific to resolve an individual problem. Therefore, the model
that we designed is more concerned with solving various real world problems based on
several sets of requirements. In our model, we have combined the meta-heuristic
approaches such as tabu search and genetic algorithm to find an optimal solution for
different parameters and constraints. There are many researchers involved in developing
such a tool to solve these problems. Although, we have not found any generic tool which
might solve or cover more problems in just one algorithm; therefore, we don't have any
generic benchmark model. Moreover, we can consider this model as a generic benchmark
for different problems. During the development of this model, we came to know about a
lot of algorithms for the assignment of resources and finding an optimal solution, then
based on the experimental results and performance, we realized if we combined the
approaches of two different algorithms then the result will be more optimal. Therefore, we
picked the methods from genetic algorithm to map the resource on the time slots based
on different population size and tabu search for breaking the availability of resources and
course slots and made a new population by reducing the old population, the developed
algorithm provided possible results.

However, the complexity of the algorithm is already too high, but in case, if we add more
constraints to the algorithm, the complexity will increase more. In this paper, we have
investigated with three different sets of parameters only on serial computer to check the
results, and the experimental results were not that bad. Therefore, the recommendation
for improving the performance of the algorithm, if we check the same experiment on
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parallel or distributed computers then the experimental results will remain the same but
the performance will be increased, and the complexity level will be divided to computers.
Furthermore, the paper has stated on various techniques, and some experimental results
represent the potential usage of combining the basic concept of meta-heuristic
approaches to solving real-world timetabling and scheduling problems. Within this paper,
we have studied and performed some experiments on different parameters and
constraints, in order to obtain a feasible and robust solution. Based on the analysis and
performance of the algorithm, we can say the results were promising, and this paper can
lead to many future directions.

5.1. FUTURE ENHANCEMENTS

There are various possibilities to enhance this system; the first aspect is to introduce more
constraints on the algorithm and find the best possible solution. Usage of distributed
servers and high-performance data storage and cache can increase the efficiency of the
algorithm, which will also minimize the computational time. Introduce artificial intelligence
in the algorithm to collect availability from resources based on some patterns stored in the
system.
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