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Abstract 

 
This paper aims at presenting a web-based decision support system (DSS) with GIS capabilities that 
will aid transit operators in designing sustainable bus route networks. The authors address the Transit 
Route Network Design Problem (TRNDP) enhanced with environmental considerations. The DSS 
incorporates a TRNDP model and a genetic algorithm-based solver, while the design objectives of the 
model incorporate sustainability in the form of energy efficient routes. The DSS has been tested in the 
medium sized Greek city of Heraklion. A number of experiments indicate that the use of DSS for 
network design and vehicle scheduling creates a transportation network that is both operationally 
efficient and environmentally friendly. The DSS is also characterized by user-friendliness, adaptability, 
ability to support decisions and speed. The GIS based form of the system aids in (a) easy and 
straightforward problem setup (including parameters, assumptions and constraints), and (b) direct and 
clear depiction of results. 
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Περίληψη 
 
Στην παρούσα έρευνα παρουσιάζεται ένα διαδικτυακό σύστημα στήριξης αποφάσεων με δυνατότητες 
GIS, μέσω του οποίου είναι δυνατός ο βέλτιστος σχεδιασμός δικτύων αστικών συγκοινωνιών, 
λαμβάνοντας υπόψη περιβαλλοντικές παραμέτρους. Το σύστημα βασίζεται σε μοντέλο βέλτιστου 
σχεδιασμού δικτύων αστικών συγκοινωνιών, το οποίο επιλύεται με τη χρήση γενετικού αλγορίθμου, 
ενώ οι στόχοι σχεδιασμού λαμβάνουν υπόψη τη περιβαλλοντική διάσταση του δικτύου υπό τη μορφή 
ενεργειακά αποδοτικών διαδρομών. Το σύστημα δοκιμάστηκε με επιτυχία, στο σχεδιασμό δικτύου στην 
πόλη του Ηρακλείου Κρήτης και τα σχετικά πειράματα αποδεικνύουν ότι η χρήση του στο σχεδιασμό 
του δικτύου και στη δρομολόγηση οχημάτων οδηγεί σε ένα λειτουργικά αποδοτικό και περιβαλλοντικά 
βιώσιμο σύστημα συγκοινωνιών. Επιπλέον, το σύστημα στήριξης αποφάσεων χαρακτηρίζεται από 
φιλικότητα προς το χρήστη, προσαρμοστικότητα, ικανότητα στήριξης αποφάσεων και υψηλή ταχύτητα, 
ενώ ο συνδυασμός του με GIS επιτρέπει α) την εύκολη και άμεση διατύπωση του προβλήματος 
(παράμετροι, υποθέσεις, περιορισμοί) και β) την άμεση και σαφή απεικόνιση των αποτελεσμάτων. 
 
Λέξεις κλειδιά: Δίκτυο Αστικών Συγκοινωνιών, Βέλτιστος Σχεδιασμός, Γενετικός Αλγόριθμος, Σύστημα Στήριξης 
Αποφάσεων 
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1. Introduction 

Sustainability in transportation has been the main goal of decision makers and planners in recent 
years; environmentally friendly and energy efficient modes are promoted and efforts are made 
towards altering travel behaviour of passengers. Public transport is inevitably at the core of 
sustainability efforts: transit systems offer low cost, equitable and energy efficient 
transportation services. Efforts for encouraging shift to public transportation focus on 
improving operations and services such as capacity, frequency, schedule reliability and comfort 
(Vuchic, 2005). Bus systems in particular are the prevailing form of transit worldwide as they 
require limited investments and can be directly operated using existing highway infrastructures,  

Planning an efficient bus service is required for improving competitiveness and ridership; the 
problem that formally describes planning of a bus network is the so-called Transit Route 
Network Design Problem (TRNDP). TRNDP focuses on optimizing the performance of a bus 
network under operational and resource constraints, such as the number and length of routes, 
allowable service frequencies and number of available buses (Kepaptsoglou and Karlaftis, 
2009). Interestingly, while the TRNDP has attracted considerable interest from the research 
community, practitioners have been relatively reluctant towards adopting proposed models in 
their planning and design activities. Issues such as the inherent complexity of the TRNDP, 
which does not always allow for detailed problem representation (Kepaptsoglou and Karlaftis, 
2009), the need for planner – model interaction when designing bus networks (Vuchic, 2005), 
along with cumbersome mathematical formulations, often discourage planners from using 
TRDNP models, even in initial planning phases. Furthermore, in an era of informatics, 
introduction of TRNDP models is software packages has been extremely limited; with the 
exception of Hasselstrom (1981) over 40 years ago, to the authors’ knowledge, no dedicated 
software exists incorporating TRNDP models. While general purpose transportation software 
packages (such as TransCAD, Visum and Cube) include tools for evaluating alternative transit 
networks and calculaing their ridership and operation characteristics, automated optimal design 
is not offered as an option.  

In this context, this paper presents a web-based decision support system (DSS), which can aid 
transit operators in designing optimal bus networks with strong environmental considerations. 
The DSS incorporates a TRNDP model and a genetic algorithm based solver; design objectives 
of the model incorporate sustainability in the form of energy efficient routes. The rest of the 
paper is organized as follows: a short review of TRNDP studies is offered in section 2; 
afterwards, the TRNDP model (section 3) and the DSS elements (section 4) are presented. 
Finally, section 5 contains the conclusions of the study. 

2. The Transit Route Network Design Problem 

The literature exhibits a wide range of published work on the TRNDP (REF). Generally, the 
major elements of the problem are objectives, design environment and solution approach 
(REF). Among them, objectives and solution approach are key issues investigated in recent 
studies; on the other hand, TRNDP design environment (decision variables, assumptions and 
parameters) are mostly case specific and related to technical details considered for formulating 
the associated problem. Typical TRNDP objectives can be summarized as follows: (i) User 
benefit maximization, (ii) Operator cost minimization, (iii) Total welfare maximization, (iv) 
Capacity maximization, (v) Energy conservation - protection of the environment, and (vi) 
Individual parameter optimization. (Fielding, 1987; van Oudheudsen et al., 1987; Black, 1995; 
Kepaptsoglou and Karlaftis, 2009). Total welfare maximization is the most common objective 
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used in recent publications and combines factors such as operator and user costs, unsatisfied 
demand and external costs (Fan et al., 2008; Beltran et el., 2009; Mauttone and Urquhart, 2009a, 
2009b; Marín and Jaramillo, 2009; Shimamoto et al., 2010; Estrada et al., 2011; Gallo et al., 
2011; Blum and Mathew, 2011; Roca-Riu et al. 2012; Cipriani et al., 2012b). In other cases, 
only user cost minimization is considered, in the form of travel time, transfer and waiting time 
minimization (Zhao and Zeng, 2008; Fan and Mumford, 2010; Szeto and Wu, 2011; Shafahi 
and Khani, 2010; Nicolić and Teodorović, 2013). 

From a methodological perspective, approaches for solving the problem of TRNDP can be 
classified into two main categories: analytical or mathematical programming and numerical 
optimization methods (Kepaptsoglou and Karlaftis, 2009). The combinatorial nature of the 
TRNDP and the difficulty to formulate it realistically with mathematical programming 
approaches have resulted to gradually replacing the analytical methods with numerical 
optimization over the last years. There are only a few examples of analytical methods in the 
recent literature such as in Curtin and Biba (2011) and Estrada et al. (2011); the same applies 
to mathematical programming approaches, such as Marín and Jaramillo (2009). As for 
numerical optimization methods, the literature of the past few years exhibits a variety of 
techniques. These techniques determine the routes, frequencies and other network parameters, 
based on pre-set objective functions, which they seek to optimize. Relevant efforts include 
Genetic Algorithms (e.g. Shimamoto et al., 2010; Szeto and Wu. 2011; Cipriani et al., 2012), 
Simulated Annealing (e.g. Zhao and Zheng, 2008; Fan et al. 2008; Fan and Mumford, 2010), 
Tabu Search (e.g. Zhao and Zeng, 2008; Roca-Riu et al., 2012), Ant Colony Optimization, (e.g. 
Blum and Mathew, 2011) and Bee Colony Optimization (e.g. Nicolić and Teodorović, 2013). 

Sustainability concepts have rarely been included as an objective in the TRNDP. Among 
relevant studies Delle Site and Filippi (1995, 2001) incorporate fuel consumption minimization 
in designing a bus network. Beltran et al. (2009) consider a heterogeneous fleet of conventional 
and ecological buses with restrictions in the network for conventional vehicles and Gallo et al. 
(2011) offer a TRNDP approach in which minimization of external costs accounting for private 
vehicle traffic is incorporated as a design objective. In a more recent paper, Fusco et al. (2013) 
evaluate the effects of a natural gas and electric vehicle fleet to the network’s operating costs. 
Finally, Jovanović et al. (2014) propose a neuro-fuzzy approach for determining routes and 
allocating green buses, considering harmful exhausts and noise as environmental externalities. 

 

3. Model 

A model originally developed by Pternea et al. (2015) is incorporated in the DSS. The model 
attempts to design a bus network operated by different vehicle types (conventional and electric) 
by taking into account sustainability in terms of operator, user and external (environmental) 
costs. Design variables include route structure, frequencies and vehicle types. The major 
assumptions of the model are the following: 

 Vehicles for each type are of the same, constant capacity. 

 Demand is assumed fixed; no service impacts on ridership are considered. 

 Demand follows a "many-to-many" pattern, as the network is expected to connect 
multiple origins and destinations. 
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 A limited number of transfers between routes is acceptable, while direct connections 
are preferred. 

A generic representation of the proposed model is the following: 

 

Minimize (Passenger Cost + Operator Cost + External Cost) = f (Demand Satisfaction, 
Average T ravel Time, Pollutants Emitted, Charging Stations Required, Vehicle Types) 

 

under the constraints of 

 

Resource Availability (available vehicles per type) 

Operating constraints (minimum and maximum frequencies, capacity constraints, possible 
charging station locations) 

Line Structure Constraints (meaningful shape, minimum and maximum length) 

 

The objective function aims at minimizing the weighted sum of user, operator and external 
costs; it consists of six components: unsatisfied demand and average travel time (proxies of 
user cost), pollutant mass (external cost), charging stations, conventional vehicles and electric 
vehicles required (proxies for operator cost). Unsatisfied demand refers to the demand that 
cannot be satisfied neither directly nor through a single transfer. The average travel time per 
passenger includes both in-vehicle travel time and waiting time, while emissions refer to air 
pollutants emitted exclusively by conventional vehicles. A set of constraints and assumptions 
is defined as follows: 

 Electric vehicles can only provide service in pre-determined routes: since electric 
vehicles need to be regularly recharged during layover at terminals, a charging station 
is required in at least one terminal stop of a route. 

 Route length upper bounds are set for preventing delays and for minimizing the risk of 
energy depletion in case of delayed arrivals to charging stations. 

 Minimum and maximum route frequency values are imposed, as well as resource 
availability constraints, referring to the maximum number of conventional and electric 
vehicles. 

 The structure and directness of a route is controlled, by preventing the omission of 
neighboring bus stops, as well as route backtracks and u-turns. This constraint 
practically ensures that only neighboring bus stops can be placed in successive positions 
when constructing a bus route. 

A Genetic Algorithm (GA) is used for solving the model. GAs have been widely applied in a 
variety of optimization problems; their high efficiency and adaptability, combined with their 
ability of massive parallel computing make them suitable for non-linear combinatorial 
problems. Furthermore, GAs have been successfully implemented in a number of papers for 
tackling the TRNDP (Kepaptsoglou and Karlaftis, 2009). In the proposed approach the GA 
generates a predetermined number of feasible routes as sequences of bus stops, along with the 
bus type used in each route. Each set of candidate routes is evaluated using an external 
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procedure. The external procedure is used for calculating route characteristics (trip length, cycle 
time and so on), for assigning demand to routes and for estimating frequencies for each route. 
These outputs are used for calculating the objective function and possible penalties resulting 
from constraint violations; the final outcome of the external procedure is a fitness measure 
(augmented objective function), incorporating both the original objective function and 
penalties. Based on that fitness measure, the GA searches for an improved solution by applying 
appropriate crossover and mutation operators. The process is terminated after a pre-determined 
number of iterations or if there is no significant change of the objective function value. 

 

4. Decision Support System 

4.1 Architecture and Elements 

A DSS incorporating the TRNDP model and an optimization algorithm has been developed. 
The structure of the system is based on a presentation and business logic that essentially 
implements a two tier architecture. The outer presentation tier relies on web technologies, since 
they are easy to access by any type of device. The middleware tier implements the business 
logic of the DSS, which includes:  

 Processing logic that takes advantage of appropriate Application Programming 
Interfaces (API) offered by established Geographical Information Systems (GIS) that 
use the web for access, such as Google Maps. 

 The aforementioned optimization methods that estimate optimal sets of routes, starting 
from a fixed set of bus stops and an initial rational distribution over the map. 

The component architecture of the service is presented in Figure 1. The system relies on initial 
approximations of a solution that can be constructed by human logic without using detailed 
information about the structure of routes, distances or any supplemental data. If such an initial 
solution is not provided, the system is capable of producing random initial states for the problem 
or can alternatively retrieve the information from users by presenting them in an appropriate 
HTML form. The initial conditions of the problem, i.e. the graph of nodes take the form of 
readable comma separated values (CSV). 
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Figure 1: DSS Architecture 

 

The input bus stop sequences must be complemented with appropriate GIS coordinates for each 
node so that the presentation tier is capable to present the initial bus routes on the map, upon 
user request, and the logic tier may retrieve route information from the GIS. The system is 
capable of calculating the Cartesian distances among the stops or the real distances, i.e. the ones 
that take into consideration the graph of routes and travel parameters such as traffic, average 
travel time, type of vehicle etc. Users may draw the initial set of routes and visual objects such 
as legends, lines and bus stop icons. In addition, they may initialize the system with routes and 
execute the optimization. The DSS is developed by using the city of Heraklion, Crete in Greece 
as a case study. 

A sample solution that takes advantage of Google Maps is displayed in Figure 2. This 
initialization requires an interaction with the GIS that cannot be automated and, although 
simple, is only performed once per set of stops. The logic tier is initialized with all the initial 
parameters of the problem, i.e. route types, route frequencies, bus capacities, maximum number 
of stops per line, maximum walking distance, bus types and more. This input may also be 
provided in CSV form for simplicity and ease of use. The logic tier uses the API interface of 
the GIS to retrieve indispensable information. The latter may be specific to the GIS system and 
may depend on its features or services it supports, e.g. direction attributes for pieces of routes, 
estimated travel times, etc. Google Maps service has been selected for our system since it offers 
detailed and up-to-date information about the transport system of cities regarding feasible 
routes, road directions, traffic conditions, etc. Google Maps also offers an organized API in 
Javascript that can be easily used by the presentation tier of our system. 
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Figure 2: DSS Output 

 

The API provides useful services such as directions, distance matrix, elevation, geocoding, 
maximum zoom imagery and street view. The directions service is capable of calculating 
directions using a variety of transportation methods (travel modes) that include driving 
(default), bicycling, public transit or walking. The requests for this service may include location 
strings or coordinate values, series of waypoints, departure and arrival times, demand for 
shortest route optimization, for the accounting of traffic, for toll avoidance, highway avoidance 
and among other options and pieces of configuration. The distance matrix service computes 
travel distance and journey duration between multiple origins and destinations using given 
modes of travel. The elevation service offers information regarding altitude, while the 
geocoding service converts geographic coordinates to human readable addresses and vice versa; 
moreover, the maximum zoom imagery service returns information about the maximum 
magnification in the location of interest. Finally, the street view service provides panoramic 
views for designated locations. The aforementioned services are offered for free as long as the 
usage, typically measured in terms of requests per time unit, is kept within the fixed quota 
defined for each one. A client identification key is assigned to each user so that their traffic is 
identified. For instance, the quota for the directions service corresponds to 100,000 requests per 
24-hour period, a maximum of 23 waypoints per request and a rate limit of 10 requests per 
second. The development console of the GIS illustrates the usage for each key. Our DSS has 
been designed to comply with the needed quota. 

4.2 Solving Module 

The problem-solving part of the DSS system is executed using the GNU Octave high level 
language for numerical calculations. The system is initiated by requests at the presentation tier 
that cause the execution of Octave scripts on the server side so that the problem is initialized; 
afterwards, intermediate variables, followed by the objective function, are calculated, and the 
optimization loop is executed. The system exploits dynamic server-side programming and the 
latest release of Octave that is capable of supporting the required Genetic Algorithm packages. 
The configuration of the algorithm depends on the mutation and crossover operators that 
produce candidate solutions, given the constraints of the problem; since the procedure in this 
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case is more complex than the respective one supported by typical GA packages, the solutions 
are evaluated separately after the calculation of the objective function. The applied mutation 
policy is designed to affect  a random part of the chromosome at each iteration. The probability 
that route types undergo mutation is proportional to the ratio of the length of this information 
to the length of the chromosome. This policy is applied for all parts of the chromosome in order 
to consider minimum differences during the mutation procedure and thus approach neighboring 
solutions. Crossover is applied so that for each solution the individual values for all fields are 
combined in order to produce the maximum number of solutions. For instance, solutions S1 = 
[gene-A-val1][gene-B-val1] and S2 = [gene-A-val2][gene-B-val2] are crossed to produce 
[gene-A-val1][gene-B-val2] and [gene-A-val2][gene-B-val1]. The output of the execution is 
collected by the logic tier and returned to the presentation of the DSS which is then capable of 
applying visual graphics and present it to users. 

4.3 Pilot Results 

DSS has been tested in the city of Heraklion, Crete, in Greece and is currently in its final 
implementation phase. Heraklion has a population of close to 180.000 inhabitants. Bus is the 
only public transport mode available and the relevant transit organization operates 40 bus lines. 
Heraklion has severe traffic congestion problems and quite high levels of pollutants emitted by 
cars. 

The experiments carried out to test the proposed system indicate that the use of DSS for network 
design and vehicle scheduling creates a transportation network that is both operationally 
efficient and environmentally friendly. The main advantages of the DSS are user-friendliness, 
adaptability, ability to support decisions and speed. In addition, the GIS-based form of the 
system aids in (a) easy and straightforward problem setup (including parameters, assumptions 
and constraints) and (b) direct and clear depiction of results. The GIS capabilities include (a) 
spatial data analysis and manipulation, and (b) graphical representation of data, parameters and 
results. Combining the above, the GIS-based DSS allows handling of large volumes of data, 
graphical intervention, analysis and manipulation of results, the generation of thematic maps 
with TRNDP results and the parallel examination of different scenarios. 

 

5. Conclusions 

Bus transit operators seek for tools and solutions that will enhance their sustainable profile and 
image. Clean vehicles, more effective intermodal public transport and environmental routing 
are within the solutions examined or adopted. From a research perspective, the Transit Route 
Network Design Problem (TRNDP) has been attracting the interest of the global scientific 
community for years. Therefore, proposing a solution to the TRNDP while addressing 
environmental considerations is a major challenge. In this direction, developing tools that will 
aid transit operators in designing sustainable bus route networks is an important step. 

In this paper, a web-based decision support system (DSS) aiming at assisting bus transit 
operators has been presented. The DSS uses a TRNDP model oriented towards sustainable bus 
network design. The application of the DSS in the city of Heraklion, a medium sized city with 
a moderately sized bus network demonstrated its operational performance. The demonstration 
of the system is in its final stages and it will be concluded with the testing of specific scenarios 
of different bus types and transit lines. 
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Public transport organizations in medium sized cities, like Heraklion with proven traffic 
problems, usually do not have the tools and know-how to perform complex transit choices, 
especially when these have to do with environmental considerations. In addition, public 
transport organizations usually do not possess advanced tools and software for network design 
and bus scheduling, as for example HASTUS, so the use of a system like the proposed DSS 
will facilitate their planning process while also incorporating environmental aspects. Therefore, 
planning optimal solution using the TRNDP is a critical step.  

Since the proposed network design based on realistic criteria and not on isolated and empirical 
actions, it is expected to provide attractive and efficient public transport systems, leading to 
increased public transit use, reduced environmental impact, and social, aesthetic and financial 
upgrading of urban spaces. 
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