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Abstract. The Labour Scheduling problem in the context of any transport
company is a complex optimization problem of that belongs to the class of NPHard problems. In these cases, it is not viable to try to find an exact solution
and therefore, they require methods that assure the optimal management of the
available resources in the tracing of the work calendars under the most suitable
criteria of economy of times and costs. The main purpose of this research is to
propose an efficient method to determine optimal shifts in a generic transport
company, using bio-inspired methods. This method employs a two-step
approach to obtain a solution. In a first stage, a Grasp algorithm is used to
generate a viable solution. Then in a second stage, this preliminary solution is
tuned, in order to obtain an optimal one, by using a Scatter Search algorithm.
Keywords: Bus Driver Scheduling Problem; Evolutionary Algorithm; N-P
Hard Problems; Grasp Algorithm; Scatter Search Algorithm
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Introduction

Personnel scheduling is the problem of assigning staff members to shifts or duties
over a scheduling period (typically a week or a month), so that certain constraints,
organizational and personnel related, are satisfied [1].
This process normally consists of two different stages:
1. Staffing: Estimation of the number of drivers needed to cover the needs of
working hours.
2. Scheduling: Construction of calendars of work to cover the estimation of drivers
obtained in the stage of the staffing.
This study presents a method for solving this problem considering the limited timeavailability of workers, among other constraints. Using the particular case of the
organization of a transport company, the final objective of this work is the generation
of calendars of shifts of work for drivers of a generic company, so the method used
should be as flexible and adaptable as possible for any change or incident. These type
of scheduling problems have been previously solved by means of metaheuristics
algorithms, and among them, the Scatter Search algorithm [2, 3]. This study considers
also a Scatter Search Algorithm to solve the problem while it also requires to adapt

the algorithm to the characteristics of the problem to be solved. The remaining of this
study is structured as follows: Section 2 summarizes previous efforts towards the
solution of the presented problem. Section 3 describes the analysis of the problem to
be solved. In Section 4, the method proposed for its resolution is presented. Section 5
includes the analysis of the results obtained. And, finally, Section 6 describes the
conclusions and the future lines for this problem.

2

Previous Work

There are many different research works in the literature for solving the bus driver
scheduling problem. Some of them [4, 5] use the set-covering formulation and Grasp,
Simulated Annealing, Tabu Search or Genetic Algorithms to achieve a solution.
Others [6, 7] present new mathematical models that represent all the complexity of
the problem; considering in this way, different mathematical programming
formulations for it.
Other works [8, 9, 10] apply different partitioning methods and set
partitioning/covering model, one after the other, to solve huge instances at once. A
common approach to deal with these huge instances is to split them into several
smaller ones. Others [11] can solve huge instances without splitting, and combining
Lagrangian heuristics, column generation and fixing techniques.
Some [12] consider a set of trips to be covered, and the goal consists in finding a
driver-vehicle schedule that serves the maximum workload and optimizes several
economic objectives while satisfying a set of imperative constraints. Other [13]
propose a hybrid solution method, using an iterative heuristic to derive a series of
small refined sub-problem instances fed into an existing efficient set
covering/partitioning ILP model.
Other [2, 3] propose a Scatter Search Algorithm to solve this type of problem,
because this algorithm is competitive and superior to other algorithms on most
instances, especially in large-sized problems.
This work differs from the works examined in the literature in the way of
constructing the final calendar, which minimizes the cost of the shifts programmed in
the temporary horizon previously considered and satisfies the required demand. To do
so, in a first step the construction of a preliminary solution is performed in a guided
way by means of two constructive algorithms, obtaining a good starting point and
satisfying a set of hard constraints. Later on, the Scatter Search Algorithm is applied
to this initial solution, in order to obtain the final solution by improving the
preliminary one.
The real number of resources is considered from the beginning, so the constructive
algorithms can include the satisfaction of the major number of restrictions as a main
goal. In this way, the set of solutions on which will be managed by the Scatter Search
algorithm is constructed in guided way with two constructive algorithms, observing in
the first phase all the hard restrictions and in the second phase the major possible
number of soft restrictions. This does not affect significantly the component of
diversification of the Scatter Search algorithm trying to improve the final solution.

To the knowledge of the authors, none of the previously presented methods include
this way of generating a solution: first generating a valid one and then refining it,
simplifying significantly the second phase, as non-valid solutions will no longer be
considered in this last one. In the rest of methods detailed, non-valid solutions can be
generated during the functioning of the evolutionary models; that have to be discarded
later on. In this sense, the proposed solution tries to favour the intensification over the
solution, trying to improve a valid one; rather than the diversification over it, trying to
obtain a novel valid solution.
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Analysis of the Problem to Solve

Bus driver scheduling problem is one of the most important planning decision
problems that transportation companies must solve and that appear as an extremely
complex part of the general transportation planning system [14].
The objective is to have a method to be used as an automatic tool to produce driver
schedules, generating real and useful schedules that can be implemented without
many manual adjustments or modifications. For this purpose, the formation of these
shifts must consider a group of rules that are specific to each organization. These rules
are usually derived from other national and local regulations, being obligatory or not.
Typically, there are constraints in the total time worked, in the total extension of
the shift (duration between the start and the end of the shift), etc. So the problem
involves several constraints related to labour and company rules and therefore can
also present different evaluation criteria and objectives.
On the other hand, it must consider three different aspects: it should try to
maximize the satisfaction of the drivers (Labour Agreement), optimizing at the same
time the resources of personnel of the companies, by minimizing their costs (Personal
Costs), and trying to cover the maximum demand required (Demand of Work).
3.1

Information Requirements

The information obtained about the needs of the real-life problem provides the initial
parameters for the creation of the calendar. First, it is necessary to establish the main
restrictions to be considered in this problem [13, 12].
So, there are various rules, preferences and requests to comply with when
allocating shifts. These constraints on the problem can be divided into two groups. In
the category of hard constraints there are those that must always be satisfied. Some of
the hard constraints considered in this work are: shift type requirements, maximum
number of assignments, maximum number of consecutive days, etc.
In contrast, it is also possible to consider a high number of soft constraints on the
personnel schedules. This kind of soft constraints must be preferably satisfied, but
violations can be accepted to a certain extent. It is highly exceptional in practice to
find a schedule that satisfies all the soft constraints. These constraints have an
associated penalty if not are satisfied, and this value would be added to the final value
of the objective function for the solution obtained. Some of the soft constraints

considered in this work are: minimum number of consecutive days, maximum number
of consecutive free days, minimum number of consecutive free days, etc.
3.2

Driver Scheduling Problem Modelling

In this study, this is considered a real-life problem, with multiple pieces of
information as data entries and multiple restrictions to satisfy. The solution must
satisfy two opposite points of view: that of the company and that of its employees.
The goal of the company is generating the work calendars with the minimum cost
possible, whereas the goal of the worker is to obtain the major level of service
possible respecting the highest number of soft restrictions as possible (which include
their collective agreement or work conditions). Besides, an equitable distribution of
the calendar of work with the rest of partners in the distribution of shifts of work is
necessary. This requires achieving a level of commitment between both opposite
goals.
For the transportation company, every driver has assigned a fixed cost per month. The
main purpose of this study is to minimize the cost of the shifts programmed in the
temporary horizon considered (day, week, month, etc.), with the restriction of having
enough number of drivers in all periods of times to can satisfy the demand required.
In the first stages of the solution, this problem is formulated as a minimization
problem whose objective is to determine the minimum number of driver shifts
necessary to cover the estimated demand in each line, subject to a variety of rules and
regulations that must be enforced. Once a minimum number of shifts is calculated, the
problem changes in order to determine the estimated cost of each of the potential
solutions.
Finally, the satisfaction of the drivers must be maximized by means of an equitable
assignment of working hours, and considering their preferences (normally they are
considered as soft constraints).
So, trying to satisfy the maximum required demand, the mathematic model [15]
considered in this study is presented as follows:
m

Min ∑ c j x j

(1)

j =1

where
m

∑a
j =1

j ,i

x j ≥ ri

xj ≥ 0; xj ∈Ζ

(i=1... h)

h = Number of periods of time considered (normally hours)
m = Number of shifts allowed or possible shifts
1 if the period i is included in the shift j
a j,i = 
otherwise
0

cj = Cost of having a driver working during the shift j ;

(i = 1 ... h)
(j = 1 ... m)
(j = 1 ... m)

ri = Level needed of drivers in the period i ;
xj = Number of drivers being employed at the shift j ;

(i = 1 ... h)
(j = 1 ... m)

To obtain the total cost of the solution considered, it is necessary to add the
penalties for the soft restrictions not covered to the value obtained by this objective
function.
In computational complexity theory, this type of problem belongs to the class of
NP-complete problems [16]. Thus, it is assumed that there is no efficient algorithm
for solving it and, in the worst case, the running time for an algorithm for this
problem depends exponentially on the number of drivers, categories, shifts and so on,
so that even some instances with only dozens of drivers cannot be solved exactly.
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Proposed Method

The idea of this research is to construct an initial solution in a guided way,
considering all the input information available and all the hard and soft restrictions
previously defined. Once this initial process is finished, the solution obtained is
evaluated to test if it is a feasible solution to try to improve it on a subsequent phase.
Three different sources of input information of are considered: the Labour
Agreement, the Personnel Costs, and the Demand of Work to be satisfied; being the
last one the most important. Once these three sets of data are defined, the satisfaction
of the drivers must be maximized by means of an equitable assignment of working
hours, and considering their preferences (normally they are considered as soft
constraints). The two phases of construction of the calendar are initially applied, and
the yielded solution is hopefully improved through a Scatter Search Algorithm. This
last one is selected because the Scatter Search framework is one of the most flexible
algorithms, allowing the development of alternative implementations with varying
degrees of sophistication.
According to this, Fig. 1 shows the process of obtaining the final solution.

Functional Requirements
Information Requirements
Staffing

Labour Agreement
PersonalCosts (per hour and category)
Demand of Work

Level 1 of Resolution:

First Grasp: The constructive phase of list of
weeks with the sequence of the shifts

Level 2 of Resolution:

Second Grasp: The constructive phase of the
final solution: The calendar

Level 3 of Resolution:

Scatter Search Algorithm: Optimization of the
final solution

Fig. 1. The Process of obtaining the final Solution with two Constructive Algorithms and a
Scatter Search Algorithm

The construction of the solution consists of three different phases:
An initial constructive phase obtaining a list of weeks satisfying the conditions
related to the sequence of shifts and the hard constraints.
As a first step, it is necessary to generate the list of all the possible weeks that can be
obtained for a single driver. This is obtained by using a standard Grasp (greedy
randomized adaptive search procedure) algorithm.
As the output is composed of a high number of elements, a subsequent step must
be carried out to reduce the size of its elements, using a first group of restrictions.
This includes all the hard restrictions that are selected by the user at the beginning of
the execution.
The next step is to examine which weeks fulfil the sequence of shifts conditions to
be joined with other previously given, without violating some of the previous
restrictions. This will save computation time in a later phase.
The size chosen for the reduced list is the number of drivers working for the company
studied.
A subsequent constructive phase (from the results obtained in the previous
phase), considering the soft constraints and obtaining the final solution: a valid
calendar.
This stage is also composed by two different parts, again implemented by means of a
Grasp algorithm. The first one is the constructive phase of the calendar. In this phase,
an initial group of n weeks is extracted randomly from the results of the previous

main step. In the second stage, a post-processing phase is performed over the result
obtained in this way in the previous part, examining if the list chosen fulfils a second
block of restrictions composed of the soft restrictions determined by the user. In case
that these restrictions are satisfied, such list is stored. Otherwise, one of the weeks that
form this solution is rejected, substituting it by other one obtained from the postprocessing phase. Again, it is analysed to check if it fulfils the requirements. This
way, possible combinations are generated and rejected in an iterative way.
Finally, a study of improvement of the obtained solution is carried out, looking for
some other combinations in the environment of the solution that can improve the
solution considered.
Finally, the optimization of the preliminary solution is constructed using a
Scatter Search Algorithm.
Scatter Search is a population and evolutionary method. In contrast to other
evolutionary methods like genetic algorithms, scatter search is mostly based on
systematic designs and methods with the purpose of creating new solutions. It uses
strategies for search diversification and intensification that have proved effective in a
variety of optimization problems.
This study makes use of this algorithm, because it has demonstrated to solve
efficiently this type of complex problem, even for instances of the problem of great
size. It operates with a set of reference of the population. In SS it is possible to
generate a very significant number of combinations with few individuals. SS
systematicly introduces diversity in the set reference.
To apply a Scatter Algorithm [14, 17, 18] to this Scheduling problem, first the
problem must be represented as a genome. To make sure that a certain genome is a
feasible solution, it must be checked if it obeys the precedence constraints previously
indicated. The fitness function of a solution considers the number of penalties and the
value of each one of the restrictions previously considered, as well as the number of
restrictions not met by this solution.
The algorithm proceeds to initialize a population of solutions considering the
solution generated by the second constructive phase as an entry. All the solutions in
the population are generated from that initial solution, and the evolution happens in
generations.
In each generation, the fitness of every individual in the population is evaluated,
multiple individuals are selected in a guided way from the current population (based
on their fitness), and modified (recombined and possibly mutated) to form a new
population. The new population is then used in the next iteration of the algorithm.
Thus, each generation consists on updating the population of individuals, using for it a
new population obtained by recombination of the characteristics of some selected
individuals.
The algorithm ends when, either a maximum number of generations have been
produced, or a satisfactory fitness level has been reached for the population. Among
the different final solutions obtained, the solution that is closer to the ideal value or
that is in the environment of the ideal solution will be selected.

5

Analysis of Results

This section includes a description of a very simple generic problem, along with the
solution found. The calendar generated in the application for every driver is a
succession of days, and the temporary horizon can be a week, a month, a semester or
a year.
The constructive phases have been used to identify the lists of feasible weeks,
yielding a list of shifts for each driver. Afterwards, the final annual calendar has been
constructed from these feasible lists of shifts in the 4 weeks.
The following is only an explanatory example, considering only 4 drivers. For
every day of the week, working place and shift, a cost is defined by hour and a cost of
overtime. The restrictions considered in this example are showed in Table 1.
Hard Restrictions

1.
2.
3.
4.
5.
6.

Soft Restrictions

7.
1.
2.

3.
4.
5.
6.
7.
8.

The shifts of work to be considered: 2 (M, A)
The hourly ranges indicated in the shifts. The hourly ranges
cannot be overlapped between shifts: 8 hours per shift
Types of days of work considered (TC: complete time, TP:
partial time…): Only TC.
The number of drivers: 4
Different categories in which the drivers are grouped: Only one
category.
Different groups of days defined: Labour days, weekly days of
rest and days of annual vacations
Maximum number of consecutive days: 6
Maximum number of days worked in a year: 247.
Holidays and days off in the calendar of work: 1st January, 25th
December (complete day, all the shifts), 24th and 31st December
(only night shifts).
Preferences of the drivers to not to be employed at a certain shift:
Driver 4 prefers not to work in Afternoon Shift.
Restrictions about labour days, shift and days of rest: All drivers
prefer not to work on Sunday
Maximum number of a shift type per week: 1
Maximum number of assignments per day of the week: 6
Maximum number of assignments for each shift type: 6
Maximum number of consecutive working weekends: 2

Table 1. Lists of hard and soft restrictions to be considered

Considering a section composed by only 4 drivers, the cycle of this section or
department will be constituted by 4 weeks.
In the results showed next; the temporary horizon has been considered as a year, only
two shifts have been considered (M = Morning, A = Afternoon, B = Break), and the
schedule includes only 4 drivers. To obtain the annual solution, is necessary to extend
the 4 solutions obtained until this moment to the 52 weeks of the year. The final
solution satisfies all of the hard restrictions and most of soft restrictions, with the
exception the one marked with 3 on Table 1.

The list of shifts to complete in 4 weeks for each of the 4 drivers considered is shown
in Table 2.
WEEK 1

WEEK 2

Driver 1 M M M M M B B A
Driver 2 A

A

A

A

A

A

A

A

A

A

A

A

A

A

A B

A

A

A

A

B B

A

A

A

A

A

A

B B

B B M M M M M B B

Driver 3 M M M M M B B A
Driver 4 A

A

WEEK 4

Driver 1 B M M M M M B A
A

A

B B M M M M M B B

WEEK 3
Driver 2 A

A

A B B M M M M M B

Driver 3 B M M M M M B A
Driver 4 A

A

A

A

A

A

A B

A B B M M M M M B

Table 2. Lists of shifts to be worked by 4 drivers in 4 weeks

The solution obtained satisfies all the hard constraints and 89% of the soft constraints
previously considered to generate the calendar of work; such as labour days, shift and
days of rest, and some restrictions about intervals of the vacations and about days of
local or national holiday.
The final solution considers the extension of these lists through the 52 weeks in the
year. As Table 3 shows, the final results include a very similar number of worked
days and shifts in a year for each driver, applying this pattern of solution.
Drivers\Shifts
Driver 1
Driver 2
Driver 3
Driver 4

Morning
130
129
128
133

Afternoon
143
144
145
140

Total
273
273
273
273

Table 3. Final results of the number of worked days in a year

As it can be observed in Table 3, the differences between the drivers are not relevant,
and taking into account that the rest of restrictions were satisfied, it can be concluded
that the application of the constructive method and optimization algorithm previously
described are considered as satisfactory to solve this problem. Both the requirements
of the company (minimization of the costs to cover all routes) and those of the
workers (almost no differences in working hours and most of other constraints
covered) have been observed.
For this solution the execution time is 4915 ms, the best solution has a cost of
138350 and the worst solution has a cost of 273725.
As additional remark, it has been observed that if the number of hard restrictions
increases, the execution time reduces and the obtained solutions deteriorate
significantly. This is due to the fact that there are few possibilities of finding solutions
that satisfy many hard restrictions (normally if there are a lot of hard restrictions they
have opposite interests). This makes the execution to stop sooner, as no improvements

are made during a determined number of iterations. On the contrary, if the number of
hard restrictions decreases, the time of execution increases and the obtained solutions
are better.
Based on results obtained with greater instances, with this way of solving this
problem of driver scheduling when the size of the problem increases, advantages of
using this method become clearer, as it obtains optimal results without the
computational complexity of other methods, which have to manage invalid solutions.

6

Conclusions

In this work, the Bus Driver Scheduling Problem, which is an important aspect of the
Transportation Planning System, has been analysed. The presented model for
obtaining the final calendar has been designed trying to achieve simplicity, solution
quality and applicability, as its main characteristics.
Its main characteristic is the partition of the main problem of calendar construction
in three different stages. That way, first an initial solution is constructed and then the
solution is improved to obtain the best solution possible. This guided approach avoids
the pitfalls of other, more random, solutions; in which more computing time to get to
a correct solution would be higher. It also favours the construction of solutions that
comply with the majority of the restrictions that the problems require. As results
prove, this method ensures that all hard restrictions are satisfied, while it helps to
fulfil also with the majority of the soft ones.
Future lines of work include the consideration of extending its use to another
Scheduling Problems, the consideration of others constraints, and the consideration of
uncertain data using the Fuzzy Sets Theory to solve the Scheduling Problem.
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