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ABSTRACT

In recent years, genetic algorithms have be-
come a tendency to find solutions to com-
plex problems, such as the design and op-
timization of transport networks. During the 
optimization of the design of public transport 
bus networks by genetic algorithms, the way 
of generating the initial routes leaves us with 
many doubts, like the amount of routes and 
how to generate them before making the 
process of crossing and mutation to reach 
the network’s optimal performance. In this 
work, a method of comparison between the 
routes generated by the algorithms of Baaj 
& Mahmassani, and Ceder & Wilson is used, 
with the purpose of looking for the amount 
of optimal routes within each algorithm and 
comparing them: between algorithms and 
then with the existing routes. Since the rou-
tes generated by both algorithms are diffe-
rent and without a pattern, each one can be 
used as a parent or mixed for the application 
of the genetic algorithm to later analyze the 
results obtained. The two initial route gene-
rating algorithms reduce the travel time by 
8.80 % and 9.05 % respectively, and the tra-
vel distance by 17.63 % and 17.69 % respec-
tively of the existing routes in the Querétaro 
metropolitan area.

Keywords: optimization, transport bus 
network, initial routes, algorithms.

RESUMEN

En los últimos años, los algoritmos genéti-
cos han sido una tendencia para encontrar 
soluciones a problemas complejos, tales 
como el diseño y la optimización de redes 
de transporte. Durante la optimización del 
diseño de la red de autobuses de transpor-
te público mediante algoritmos genéticos, la 
forma de generar las rutas iniciales nos deja 
con muchas dudas, por ejemplo, la cantidad 
de rutas y cómo generarlas antes de realizar 
el proceso de cruce y mutación para llegar a 

la red óptima. En este trabajo, se utiliza un 
método de comparación entre las rutas ge-
neradas por los algoritmos de Baaj y Mah-
massani y Ceder y Wilson, con el propósito 
de encontrar y contrastar las rutas óptimas 
entre los algoritmos y, a su vez, compararlas 
con las rutas existentes. Como las rutas ge-
neradas por los diferentes algoritmos son di-
ferentes y sin un patrón, se puede usar cada 
uno como padre o mezclarlos para la apli-
cación del algoritmo genético, para después 
analizar los resultados obtenidos. Los dos 
algoritmos generadores de rutas iniciales re-
ducen el tiempo de viaje en 8.80 % y 9.05 % 
respectivamente, y la distancia de viaje  en 
17.63 % y 17.69 % respectivamente para las 
rutas existentes de la zona metropolitana de 
Querétaro. 

Palabras clave: optimización, red de au-
tobuses de transporte, rutas iniciales, algo-
ritmos.

INTRODUCTION

Human beings have basic needs, one of 
them is mobility, which allows the indivi-
dual to move from one point to another 
to carry out their daily tasks. Depending 
on these activities, purposes and hours, 
there are trips to meet these needs [1].

This research work is carried out conside-
ring the problems that exist when creating 
a public transport network in a metropolitan 
area, and when deciding the methods and 
tools that will be used to achieve the effecti-
ve layout of this network. The task of provi-
ding optimal composite structures is beco-
ming increasingly difficult. Lately, one of the 
trends is the use of algorithms to design and 
optimize public transport networks.

At the time of deciding the tools, authors 
[2], [3], [4] and [5] suggest the use of heuris-
tic and metaheuristic algorithms as a genetic 
algorithm in order to optimize and design an 
efficient network. The application of genetic 
algorithms to solve compound optimization 
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problems is increasing, especially in the last 
five years. The use of this algorithm raises 
doubts for the initial population generation, 
which is one of the basic components of this 
algorithm [6]. In this part, it only generates 
initial routes, but not a single criterion is es-
tablished to determine the number of routes 
to be generated [7].

The purpose of this research is to determi-
ne the criteria for the generation of the ini-
tial population of routes to optimize public 
transport routes in the metropolitan area of   
Querétaro with the application of genetic al-
gorithms. 

Various algorithms are used to generate 
routes and transport networks, such as those 
of Pattnk aik et al., where the ideal number 
of routes that will be in the solution is not 
easily known since this varies in each itera-
tion; Krishna Rao et al., that creates conflict 
by overlapping routes over short distances; 
Chien et al., where the number of feasible 
routes increases dramatically with the num-
ber of links, therefore it is not treatable for 
a realistic urban network; and Fan and Ma-
chemechi, which assumes that the bus fleets 
are uniform and standard parameters are 
used. The methods of Baaj & Mahmassani, 
and Ceder & Wilson are chosen because 
they give better results when used as criteria 
for the generation of initial populations for 
the application of genetic algorithms, and 
because they reduce travel time and travel 
distance. Ceder & Wilson use an algorithm 
that follows a heuristic path and determines 
the optimal development in their network. 
Baaj & Mahmassani use an algorithm that has 
the advantage of adding new routes to meet 
new demands, in addition, it can reduce the 
search space. [8]

Gurevich presents algorithms as essential 
elements to process data. Many programs 
contain algorithms that specify the specific 
instructions that a team must carry out (in a 
specific order) to perform a specific task [9].

Optimization techniques are widely used 
in many different disciplines. They are best 
used to provide innovative solutions or to 

obtain information on complex problems. 
Evolutionary algorithms is one of the most 
popular categories of optimization techni-
ques, especially in engineering design, as 
they are able to find solutions in large and 
complex search spaces. The genetic algori-
thms simulate the theory of evolution pro-
posed by Darwin, they were developed by 
Holland and are robust stochastic processes 
that can be used to solve search and optimi-
zation through a fitness function or objecti-
ve function. Genetic algorithms perform the 
search process in four steps: initialization, se-
lection, crossing and mutation.

The genetic algorithm is considered one 
of the pioneering algorithms to be used for 
the problem; it is a general algorithm that 
is usually implemented in problem solving 
intractable Operational Research [6]. The 
highest proportion of algorithms used are 
genetic algorithms, which occupy 56 % of 
applications, showing the continued popu-
larity of this type of optimization algorithm 
despite the increasing competition from 
other methods [10]. 

Genetic algorithms are based on the me-
chanisms of genetics and natural selection. 
As will be seen later, it is the only heuris-
tic goal that works simultaneously with two 
sets of feasible solutions, which will consider 
them as individuals from a population that 
crosses, reproduces and can even mutate to 
survive [11].

In order to apply the genetic algorithm, 
the following five basic components are re-
quired [6]:

- A representation of potential solutions to the pro-
blem.          

- A way to create an initial population of possible 
solutions (usually a random process).          

- An evaluation function that plays the role of the 
environment, classifying the solutions in terms of their 
“aptitude”.          

- Genetic operators that alter the composition of 
the children that will be produced for the following 
generations.          

- Values   for the different parameters used by the 
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genetic algorithm (population size, probability of 
crossing, probability of mutation, maximum number 
of generations, among others).       

The choice of the initial population of in-
dividuals is important because it determines 
the speed of the algorithm by making the 
convergence towards the global optimum 
more or less rapid. This mechanism must be 
capable of producing a heterogeneous po-
pulation of individuals.  

Then we have to randomly generate indivi-
duals by making random draws and ensuring 
that the produced individuals respect the res-
trictions. If, on the other hand, a priori infor-
mation on the problem is available, it appears 
to generate individuals in a particular subdo-
main to accelerate convergence [12].

For a problem NP-complete for optimi-
zing operating costs of electricity, the gene-
tic algorithms used give us different results 
that depend on the generation of the initial 
population and the type of genetic algorithm 
used [13].

In this study, the genetic algorithm that 
was used searches for the minimum number 
of solutions for each generation of time. In 
generating the initial population, the author 
defines a maximum number of solutions and 
a minimum number but does not specify the 
reason why he chose these numbers before 
determining the objective function, the ratio 
of mutations, the parameter p [14].

This article mentioned 321 articles publi-
shed between 2008 and 2017, 17 magazines 
covering structures and composite materials 
are reviewed to understand the technical 
challenges associated with the use of the 
genetic algorithms and determine the im-
plications for the future. Also included is a 
detailed review of the genetic algorithms in 
the evolutionary computing literature, with a 
description of their mechanisms and a pre-
diction of their suitability for different com-
pound optimization problems [10]. 

The analysis is available on an attached data 
sheet. A number of problems are presented in 
the literature and can be summarized as follows:

- Poor documentation of the genetic algorithms used.          
- Little focus on categorizing optimization problems.          
- A small range of genetic algorithms in computer 

science literature are compared.        
- A focus on simplifying problems.          

Importantly, there is no documentation 
linking genetic algorithm mechanisms for 
the type of problem, making it impossible 
to solve difficult and exciting problems of in-
terest to the industry. Therefore, a series of 
recommendations are listed in this review, 
categorized according to problems found in 
the literature, to help to improve compound 
optimization. They are summarized as fo-
llows [10]:

- A need for accurate documentation of parame-
ters and mechanisms in each document.          

- Treating genetic algorithms as a specialization, 
using the latest modern algorithms with sensitive pa-
rameters.        

- Conducting rigorous benchmarking of different 
algorithms to help characterize problem solving and 
generate a body of best practice.          

- Solving problems with multiple objectives, re-
ducing to a single objective and weighted objective 
instances.          

Together with an analysis procedure and an 
improvement algorithm, this algorithm cons-
titutes one of the three main components 
of an AI-based hybrid solution approach to 
solving the transit network design problem 
[15]. Such a hybrid approach incorporates 
the knowledge and experience of transit 
network planners and implements efficient 
search techniques using AI tools, algorith-
mic procedures developed by others, and 
tool modules implemented in conventional 
languages. The route generation algorithm 
implemented by Lisp (RGA) is a design algo-
rithm that:

- Is strongly guided by the demand matrix.
- Allows the designer’s knowledge to be imple-

mented to reduce search space.
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- Generates different sets of routes corresponding 
to different compensations between conflicting ob-
jectives (user and operator costs).

Due to the large number of external and ope-
rational factors involved in the design of a bus 
network (for example, financial, socio-economic, 
and political, etc.), it is desirable to establish a 
planning process that incorporates alternative 
levels of complexity. The acceptability of this pro-
cess due to the properties of the bus depends on 
its simplicity, flexibility and practicality [16].

A two-tier methodological approach is propo-
sed in this section, based on five main objectives:

- Developing an algorithm for optimal network design so 
that routes provide service between all origin and destination 
pairs and meet operational and service constraints on travel, 
transfer and wait times.

- Developing performance measures from the passenger, 
operator and community perspectives.

- Combining other operations planning components 
(schedule construction and vehicle scheduling) with network 
design procedures.

- Developing sensitivity analyzes to determine solution 
tolerances due to possible demand changes and constraints.

- Developing an interactive human-machine system so 
that the planner can change constraints or routes during the 
design process.

MATERIALS AND METHODS

Generation of initial routes with Baaj and 
Mahmassani algorithms.

In this stage of population generation, the rou-
tes were built sequentially as mentioned by 
authors [7] and [17]. To start the generation of 
routes, an initial node was determined and from 
this node the succeeding node would be selec-
ted. The process continued until nodes should 
be selected or the individual was limited by the 
predefined maximum path length. The starting 
node and the selection of the following nodes 
were random or probability-weighted according 
to the demand that the selection could cover. 

The steps were performed using the hybrid pro-
gramming algorithm in C, and processed in rou-
te generation TransCAD implemented by Baaj 
and Mahmassani [15] for the initial generation 
of routes. The proposed methodology opera-
tes based on the generation, evaluation and 
improvement of routes. Initially, a set of routes 
is generated considering the origin-destination 
matrix as the main guide, and the two shortest 
paths are found among a subset of M pairs of 
high-demand nodes, considered in decreasing 
order of value. An input parameter specifies the 
proportion of demand that can be left unsatis-
fied. Additional nodes are inserted into this ini-
tial route skeleton, according to pre-established 
rules. The generation procedure is repeated 
with varying parameters to obtain solutions to 
different commitments between objectives. The 
main rule for assigning demand is the transfer 
minimization criterion; for each pair (i, j) of no-
des it is checked if it is possible to travel without 
transfer.

Figure 1. Some routes generated with the Baaj & Mahmas-
sani algorithm.
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Generation of initial routes with Ceder and 
Wilson algorithms.

To generate routes in this step, the algorithm 
developed by Ceder and Wilson, with the 
system existing streets and one origin-des-
tination matrix as input data; the existing 
bus stops collected data in the Institute of 
Transport of Queretaro (IQT). This algorithm 
allows the analysis of external and operatio-
nal factors and is developed in C and proces-
sed in TransCAD as a macro.

Figure 2. Some routes generated with the Ceder & Wilson 
algorithm.

Comparison of optimal results with exist-
ing network routes.

At this stage, data from the existing trans-
port network in table 1 was analyzed, as well 
as the current distribution and the demand 
for trips; then it was compared with the re-
sults of the network obtained between the 
algorithms of Baaj & Mahmassani and Ceder 
& Wilson. This helped us to confirm the al-
gorithm and the number of routes necessary 
to optimize the network with the genetic al-
gorithm.

Figure 3. Map of Routes of the existing IQT network.

RESULTS AND DISCUSSION

Table 1 shows the lengths of the routes and 
the travel time of some routes generated 
with the algorithms of Baaj & Mhamassani 
and Ceder & Wilson that we can compare 
with the lengths and the travel time of the 
existing routes in the metropolitan area of   
Querétaro. The lengths of the routes gene-
rated with the two algorithms vary randomly 
for each route without following a variation 
pattern and, in most cases, they are shorter 
than the lengths of the existing routes. The 
travel time follows the random variation of 
the lengths of the routes, although they are 
not proportional because the difference in 
length can be very small and the travel time 
varies greatly. Baaj & Mahmassani’s algorithm 
minimizes total passenger transfer times and 
the required fleet size, subject to frequency, 
load factor and fleet size restrictions. The 
main aspects of the problem are taken into 
account, as well as a variety of parameters 
and restrictions (load factor, for example). It is 
flexible, as it allows the incorporation of user 
knowledge; for example, restrictions on the 
minimum proportion of demand covered ba-
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sed on trips without transfers or with at least 
one transfer can be added when applying a 
resolution method; however, its main limita-
tion is that it does not propose a systematic 
way of varying the parameters to generate 
different solutions. The Ceder and Wilson 
algorithm solves the problems of designing 
routes and schedules simultaneously, and of 
non-linear mathematical programming with 
mixed variables and multiple objectives (mi-
nimization of travel times and minimization 
of fleet size). The algorithm of these authors 
has the advantage of providing a certain de-
gree of interactivity to define some restric-
tions and parameters; it is flexible due to its 
modularity, it allows both medium and long 
term planning. Considering the results in Ta-
ble 2, the two algorithms offer considerable 
percentages of reduction in a matter of time 
and average travel distance. The total time 
and total travel distance after the application 
of the algorithms decrease compared to the 
existing network and have a value. For Baaj 
& Mahmassani, Ceder & Wilson and IQT, 
respectively: 5867.00, 5863.00 and 9945.00 
min; and 1938.98, 1933.68 and 2968.38 km. 
The average time and the average distance 
of the algorithms and the existing network 
are closer but there is a reduction, expres-
sed as a percentage for each algorithm: 8.80 
% and 9.05 % respectively for the distance; 
and 17.63 % and 17.69 % for the time. Baaj 
& Mahmassani’s algorithm takes less execu-
tion time than Ceder & Wilson’s algorithm. 
In a matter of overlapping routes, coverage 
based on the kilometers traveled by the rou-
tes, the Baaj & Mahmassani’s algorithm has a 
better result because its coefficient is higher.

Table 1. Length and travel time of some routes generated 
with the two algorithms and the existing routes.

IQT Ceder y Wilson Baaj y Mahmassani

Número
 de 
ruta

Longitud 
(Km)

Tiempo 
de 

recorrido 
(min)

Longitud
 (Km)

Tiempo de 
recorrido 

(min)

Longitud 
(Km)

Tiempo de 
recorrido 

(min)

5 33.592 167 33.0898 100 33.1262 110

7 35.967 146 35.986 118 34.893 105

9 37.754 118 36.513226 110 35.9764 100

10 55.989 174 45.555031 136 46.8765 145

12 46.289 184 32.944081 99 32.5567 96

13 21.312 75 24.9875 70 25.061712 73

14 32.475 131 34.0765 94 32.5076 97

17 46.375 159 45.7843 125 47.949582 136

19 39.817 147 49.5674 148 49.27899 145

20 40.142 145 40.5654 125 39.332738 118

21 46.631 186 22.0543 70 21.701156 65

24 44.468 148 43.9867 130 43.18119 126

27 52.097 256 48.5786 144 49.47993 148

28 45.879 149 43.1224 160 42.515297 155

29 32.534 124 32.6554 97 33.402882 100

31 42.913 140 42.1324 128 41.590152 124

33 17.636 79 16.7654 48 17.640682 52

36 38.889 145 39.6543 117 38.348066 114

37 40.046 156 38.987 116 40.095405 120

38 31.605 124 33.5134 102 31.696159 95

Table 2. Summary table of the two algorithms.

Baaj and 
Mahmassani 

algorithm

Ceder and 
Wilson’s algo-

rithm
IQT

Total travel 
distance (Km) 1938.98 1933.68 2968.38

Average tra-
vel distance 36.58 36.48 40.11

% reduction 8.80 % 9.05 %  

Total travel 
time 5867 5863 9945

Average 
travel time 110.7 110.62 134.39

% reduction 17.63 % 17.69 %  

Km of routes 747.94 747.94 747.94

Route overlap 2.5924272 2.58534107 3.96874081

Computing 
time (min) 43 174  

CONCLUSIONS

Baaj & Mahmassani’s algorithm generates 
shorter routes between pairs of high demand 
nodes, it is an exhaustive algorithm and ge-
nerates many feasible routes. It also impro-
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ves route merging and splitting but there is 
no parameter domain exploration. Ceder & 
Wilson’s algorithm generates a set coverage 
and improves local search with cycle preven-
tion. Each of the algorithms used has its ad-
vantages, the Ceder & Wilson’s algorithm has 
a better application in terms of satisfying de-
mand and users of the service; and the Baaj 
& Mahmassani’s algorithm has a better appli-
cation in terms of the time the user spends 
in a unit and in the optimization of the travel 
distance. In this study, the results obtained 
are better for Ceder and Wilson’s algorithm 
because the reduction percentages are be-
tter than those of Baaj & Mahmassani’s, but 
these percentages are quite close to each 
other, which leads to say that the generation 
of the initial population can be done with the 
two algorithms and then apply the genetic 
algorithm and compare the results to be ob-
tained.
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