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Performance of Opportunistic Data Networks Based
on Public Transportation Systems

Eduardo R. Manika, Emilio C. G. Wille, Joilson Alves Jr

Abstract—Smart Cities are those that leverage technology
to enhance the welfare of their citizens, foster economic
development, and promote sustainability. The application of these
technologies in road transportation services has been conducted
within programs known as Intelligent Transportation Systems
(ITS). Vehicular Ad Hoc Networks (VANETs) are a key part
of the ITS framework. A Public Transportation System (PTS)
is a system of vehicles, such as buses, that operate regularly
on fixed routes and are used by the public. However, the
transportation literature does not provide acceptable models for
bus movements in an urban environment since they are affected
by vehicular and passenger traffic conditions, lane organization,
traffic signal management, company policies, etc. In this paper,
we are interested in assessing the performance of the data
network deployed on a real-world PTS with a view mainly
to real-time communications. Therefore, we use the Engine for
Map Matching to SUMO (EMMS) — a computational tool that
automatically imports the PTS characteristics into a simulation
environment — to study the system performance. Specifically,
geolocation data from public transportation buses in Curitiba
(Brazil) are used. The obtained results show that the formation
of small temporary networks is possible, allowing data exchange
between buses.

Index Terms—Smart cities, Public transportation system,
Geopositioning data, Map-matching, Statistical analysis.

I. INTRODUCTION

MART Cities are those which use technology to promote
the well-being of the population, economic growth and, at
the same time, improve sustainability. Besides technological
development, other sectors are involved, such as urban
planning, social housing, urban mobility, transportation,
energy, air pollution control, among others [1], [2]. As a
result of technological advances in electronic communication
and information equipment, the automation of transportation
and end-user information systems has been experiencing a
rapid evolution. The application of these technologies in road
transportation is being conducted within programs known as
Intelligent Transportation Systems (ITS) [3]. In general, ITS
must provide an intelligent connection between users of the
transportation systems, the vehicles, and the infrastructure.
Vehicular Ad Hoc Networks (VANETS) are an important
part of ITS and comprehend communication between vehicles
themselves and between vehicles and fixed components along
the way (routers, gateways, and services) [4]-[6]. Each vehicle
in the network is equipped with a wireless communication
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device that can communicate with other devices in other
vehicles via radio signals. Besides, vehicles can also act as a
routers, receiving and resending messages to their destination,
thereby passing on information.

In a Public Transportation System (PTS), vehicles (buses)
travel between stops according to a predetermined schedule.
Each vehicle has an itinerary, which is the ordered sequence
of stops that the vehicle traverses. A bus line corresponds to a
set of different vehicles with the same itinerary. Understanding
mobility of vehicles in PTSs is of utmost importance.
For example, the possibility of wireless communication
between buses (nodes) is strongly influenced by the vehicle
mobility [7], [8]. This provides a bus-based VANET; a kind
of opportunistic data network. However, the transportation
literature does not provide acceptable models for bus
movements in an urban environment since they are affected by
vehicular and passenger traffic conditions, lane organization,
traffic signal management, company policies, and others.

VANET-related research is deeply associated with the use
of mobility simulators, as real-world testing takes time and
financial resources. Among the mobility simulators frequently
mentioned in the literature, it is worth mentioning the
Simulator of Urban Mobility (SUMO) [9], which is an open-
source tool that provides functions that allow the generation
of vehicular traffic according to a probability distribution or
through external data inputs (obtained from actual traffic data
collections). Importing the actual maps of cities and their
characteristics is a task often performed manually. However,
manually creating such scenarios can make simulations
impractical and unreliable. Regarding scenarios involving
PTS in large centers, manual creation is still more costly
due to unique characteristics such as previously established
vehicle trajectories, specific bus stops, and defined departure
schedules. Accordingly, to perform the transcription between
actual (georeferenced) data and a digital map, map-matching
techniques (a part of the so-called trajectory data mining [10])
should be employed. However, when PTSs are considered,
employing incomplete models severely risks to produce
unreliable results.

In order to facilitate the development of scenario simulations
involving a PTS, this paper presents a tool (developed by the
authors) called Engine for Map-Matching to SUMO (EMMS).
This tool automatically imports the following characteristics
of the transportation system into the simulated environment
(SUMO): bus line routes, bus stop locations, and bus departure
times. That allows for more agile, reliable, and realistic
simulations. Given the availability of this tool, numerous
studies can be conducted. We are interested in assessing
the performance of the data network deployed on the PTS
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with a view mainly to real-time communications. Real-time
communications offer some guarantee regarding the delay or
speed with which messages are delivered to their destination.
Moreover, we have considered actual data from the geolocation
records of public transportation buses of Curitiba (a southern
Brazilian city well-known for its bus-based transportation
system).

The main contributions of the paper are summarized as
follows.

o It describes a computational tool to automate and
facilitate the construction of scenarios for simulating
PTSs. It should be noted that manually creating scenarios
involving a large number of buses is very difficult.

« It considers actual bus geolocation data from a PTS to
conduct simulations. This leads to much more realistic
simulations than those based on classical randomness-
mobility models.

o It validates the proposed system by conducting a data
comparison between results obtained from simulations
and realistic data.

o It conducts extensive simulations considering a set of
metrics to analyze the data network deployed on a
real-world PTS.

The remainder of this paper is organized as follows.
Section II gives a review of related work. The description
of EMMS is given in Section III. Section IV presents the
study methodology adopted, and the results obtained through
computational simulations are given in Section V. Finally,
Section VI draws conclusions and future work.

II. RELATED WORK

One of the challenges related to vehicular network studies
is the definition of a suitable model that can provide an
accurate and realistic description of vehicular mobility.
A realistic mobility model should consider the following
characteristics [11], [12]:

« Realistic topological maps.

« Existence of obstacles.

o Departure and arrival points.

o Acceleration and braking.

o Day periods.

o Non-random vehicle distribution.
 Driving behavior.

Vehicular mobility models may be classified considering (a)
detailing level and (b) motion generating. According to the
level of detail they provide, a mobility model may be classified
as macroscopic and microscopic [12]. The macroscopic model
considers a more general approach, dealing with the road
topology and characteristics like lane speed and density.
These models are rarely used in network simulation, as
they cannot capture the individual node behavior [13]. On
the other hand, the microscopic model focuses on the
individual behavior of drivers when interacting with other
drivers or with the road infrastructure. According to how

vehicle movements are generated, a mobility model may be
classified as synthetic, trace-based, and simulator-based [14].
In synthetic type, the mobility is based on mathematical
models of the physical motion of vehicles. Trace-based models
depend on collecting motion traces employing communication
devices and then extracting mobility patterns from these traces.
In the simulator-based case, computer simulators are used to
model microscopic traffic over an urban map, thus restraining
the movement of vehicles and providing a more realistic
approach. The Random Way-point and the Random Direction
mobility models, in which the vehicles move in a purely
random motion, are examples of synthetic models [15]. The
SUMO software is an example of a simulator-based model.

Due to the particular characteristics of the movement of
the buses belonging to a PTS, randomness-based models turn
out inappropriate. The solution consists of simulating bus lines
using SUMO, which enables the simulations from the simplest
networks to more complex environments. The micro-mobility
presented in SUMO offers a collision-free system in which
a vehicle’s speed is determined by the speed of the vehicle
straight ahead. In a scenario with pathways with more than
one lane, this tool accepts the action of overtaking. Another
important feature of SUMO is the possibility of manually
creating simulation maps or importing accurate maps (road
scenarios from matching information previously obtained from
other services, such as OpenStreetMap [16]). In the latter
case, the map-matching method can come into play. The map-
matching method consists of identifying a match in a sequence
of points (geolocation coordinates) to a digital map [17], [18].
The material presented in [19] shows a literature review of
map-matching methods.

Some recent studies, mainly investigate bus-based VANETS,
are listed below. The study conducted in [20] investigates
whether a public transportation network used as a VANET
backbone can be a viable solution, as it presents a
large coverage area and pre-programmed paths (itineraries)
repeatedly run. This work aimed to compare the routing
performance of a distance-vector when applied to a more
realistic environment. Experiments were conducted using data
from a real-world urban area in Milan, Italy. A large number
of nodes were simulated at actual time-tables of the public
transportation.

In [21], the authors study how to perform efficient routing
in an urban architecture where buses and cars represent two
different tiers in the network. They propose a topology-based
routing approach, which utilizes buses as the mobile backbone.
The simulation area is based on the real map of a district in
Beijing, China. Mobility traces (based on synthetic bus routes)
were generated by MOVE.

In [22], the authors presented contributions to enabling
vehicular network simulation by adopting more realistic road
traffic representations. These contributions provide a ready-to-
use realistic dataset that can be input to network simulators and
facilitate the generation and validation of vehicular mobility
traces for networking research. They consider as a scenario
a portion of the city of Bologna, Italy. The resulting dataset
represents the mobility of tens of thousands of vehicles in a
25-km area during one traffic peak hour in a typical morning.
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TABLE I: Main characteristics of the simulation models.

Paper | Detailing Motion Topological Vehicle Type Vehicle Route | Vehicle Real-time
Level Generating Map Scheduling Comm.
[20] microscopic trace-based real-world bus real-world time-table no
[21] microscopic simulator-based | real-world bus / car synthetic random no
[22] microscopic simulator-based | real-world car real-world real-world no
[23] microscopic trace-based / | real-world bus real-world / | real-world / | no
simulator-based synthetic synthetic
[24] microscopic simulator-based | real-world bus / RSU real-world random no
[25] microscopic simulator-based | synthetic bus / car real-world random yes
[26] microscopic simulator-based | real-world bus / car synthetic random no
[27] microscopic trace-based real-world bus / taxi real-world synthetic no

The study in [23] focuses on the geocast in bus-based
VANETSs and presents a geocast routing mechanism named
Vela. Vela exploits bus trajectories to build a probabilistic
spatial-temporal graph model and provides the available
routing paths with the best possible quality-of-service levels
for data delivery requests. Based on the real map of Haidian
district, Beijing, experiments with real-world and synthetic bus
trajectories were conducted. The results of the experiments
show that Vela performs much better in terms of delivery ratio
and delay and has more robust scalability than other solutions.

The authors in [24] propose GeOpps-N, a hybrid routing
protocol for communications between buses and operation
control centers in a PTS. They model the system as a VANET,
which includes buses and RSUs. GeOpps-N searches for
relaying nodes that can efficiently transport or relay the data
to the closest RSU. A vehicular traffic scenario using a
geographical area of the Transantiago (Chile) PTS was used
to evaluate the performance of GeOpps-N. SUMO software
was used to model the physical movement of buses.

In [25], the authors consider public transport buses
that travel through exclusive lanes with relatively regular
schedules. This fact was used to establish a cheap and
reliable wireless communication infrastructure (called MOB-
NET). The paper also presents the P-DSDV, a new routing
protocol that exploits the inherent connectivity of MOB-NET,
minimizing the effects of lack of connectivity and improving
network performance. A central avenue and neighboring
streets (in Curitiba, Brazil) were reproduced using the
VanetMobiSim software. The study also considered standard
vehicles. An extensive group of simulations has shown the
superior performance of the proposal.

The authors in [26] propose a new routing scheme
called Bus-based Routing Technique (BRT), which exploits
the periodic and predictable movement of buses to learn
the required time (the temporal distance) for each data
transmission to Road-Side-Units (RSUs) through a dedicated
bus-based backbone. BRT selects the best combinations of
buses and other types of vehicles to optimize packet delivery
ratios and end-to-end delays. The paper considers a topology
based on a real-world map generated from OpenStreetMap and
mobility traces (based on synthetic bus routes) generated by
SUMO.

The effect of several parameters (message copies, buffer
size, message interval, and node mobility) on the performance
of opportunistic networks is evaluated in [27] using simulation
and machine learning techniques. The authors collected data

from real-world scenarios in three cities using GPS coordinates
of taxis and buses. The ONE tool was used to simulate the
scenarios [28].

Table 1 summarizes the characteristics of the simulation
models presented in related works (i.e., what is the mobility
model used, the topology, and vehicle characteristics) and how
the system is evaluated (i.e., real-time communications or not).

Accordingly, the main shortcomings of the previous works
are as follows:

o The mobility models considered, although accounting for
real topological maps, make use of some synthetic or
random characteristic. Such incomplete models increase
the risk of producing unreliable results.

o In some cases, the network takes into account not only
buses but other vehicles (cars, taxis, and also RSUs). In
other words, it is no longer a purely bus-based network.
This significantly alters connectivity and, consequently,
network performance.

o These works do not
communications.

usually consider real-time

In this work, we conducted a comprehensive evaluation
study by developing more realistic simulation scenarios (using
the EMMS tool) and real-time communications metrics.

III. THE EMMS SOFTWARE TOOL

This section describes the Engine for Map-Matching to
SUMO (EMMS), a software tool that automatically imports
the characteristics of the actual vehicle mobility environment
to the simulated environment (SUMO), including the routes
of bus lines, the location of bus stops and the departure times.
The EMMS was developed using the Python programming
language [29], which allows the integration with SUMO
through a set of programming libraries called SUMOLib [9]
and is divided into four architectural layers:

« First Layer: Data entry and processing.

o Second Layer: Matching of bus itinerary maps.

o Third Layer: Matching of bus stops maps.

o Fourth Layer: Creation of configuration files for
execution in SUMO.

The flowchart in Fig. 1 provides an overview of the EMMS,
depicting the data processing carried out at each layer of the
tool.
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Fig. 1: EMMS flowchart.

A. First Layer: Data Entry and Processing

In this layer, data are entered and processed. The mandatory
data are:

o Unique bus line identifier (identifying code).

« File containing the topology of the area considered for
simulation (road network map), in the format already
converted for SUMO (net.xml).

« File containing the route coordinates of the bus in GPS
format, with latitude and longitude information.

« File containing the bus line departure timetables.

« File with the location of the bus line stops.

Input files must be in JSON format (text format), following a
predefined pattern. After validating the mandatory parameters,
the conversion of itinerary positioning and bus stops data
is carried out from geographical coordinates (GPS - latitude
and longitude) to Cartesian coordinates (X and Y). In this
conversion, SUMO libraries are used, taking into account
the file loaded into the data entry containing the area
topology. In order to increase the accuracy and improve
efficiency in matching maps, EMMS doubles the number of
positioning points for bus routes provided in the data entry.
This duplication increases the matching accuracy since urban
regions have a high density, and in some situations, positioning
points (GPS) provided present a significant dispersion. Such
duplication is carried out by calculating the midpoint between

two Cartesian coordinates. As a result, this layer generates
a conference file representing bus line routes (with the data
already duplicated). This file will be used by the other EMMS
layers.

B. Second Layer: Bus Itinerary Matching

The second layer deals specifically with matching bus
itineraries (routes). This itinerary is the trajectory of vehicles
(buses) on a particular bus line. In order to get this trajectory
in a virtual environment (such as SUMO), it is necessary to
detect the route segments (edges) in a digital environment,
which correspond to GPS coordinates (latitude and longitude)
for that route.

Fig. 2 graphically exemplifies the matching of SUMO maps
for a particular bus line. The red dots are positioning data
(GPS) of the buses, representing the itinerary of a particular
bus line. Each of the edges on the map has a unique identifier
(id), which represents a street segment and can be formed by
one or more pathways (called lanes). Map-matching consists
of identifying which id corresponds to the positioning data
point. Finally, a list of chained edges is generated (represented
in green in the figure), which comprise the bus trajectory,
i.e., the bus line itinerary within the simulation environment
corresponding to the actual data. This chain of edges depends
on a “physical” (interconnection between edges) and “logical”
(related to the direction of edges) interconnection.
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The physical interconnection refers to the connection of
the edges in the digital map, i.e., the end of a selected edge
must be the beginning of the subsequent edge. In SUMO,
this interconnection is validated through identifiers called
nodes, which represent the ends of an edge. The logical
interconnection, on the other hand, refers to the direction
and conversion permissions of the edge, i.e., it represents
traffic signs. In SUMO, the nodes are used to identify the
direction of the edges. During the edge configuration each
node receives a unique identifier, the source node (called from)
and the target node (called to) are specified. The configuration
of conversion permissions is performed through the element
called connection, which references the allowed edges.

Linha 617 — JD. Ludovica
Sentido Terminal Pinheirinho

Edge jg=.

i e Edge iq

10 504837265

406417555,

The edges are:

1st Point -> is the edge -504837265
2nd Point -> is the edge ??

3rd Point -> is the edge 40617558#0
4th Point -> is the edge ...

Fig. 2: Map-matching example (route edge determination).

In order to automate the matching of the bus itinerary
maps, EMMS takes the following three steps:

1) Listing of all candidate edges: The algorithm determines
a region of interest for each entry positioning point (GPS).
Such region corresponds to a perimeter with a known radius
(predefined in EMMS in 15 meters). The edges within this
region are selected as candidates [19]. The Euclidean distance
between the positioning point and the line drawn between the
nodes (“from” and “to”) of the edges is used to accomplish
this discovery.

2) Matching of the first edge: The matching of the first
edge is essential for the whole map-matching process. In this
situation, there is no previous reference point (like another
edge), thus requiring a specific treatment. Most of the time,
it is not possible to separately identify the initial direction
the bus will move, so it is necessary to consider the next
positioning point. It is known that the bus moves from the first
towards the second positioning point and that the sequence
is always from the node “from” (origin) to the node “to”
(destination). Therefore, it is possible to correctly map the
first edge by validating whether the edge direction corresponds
to the actual direction of the vehicle. One way of analyzing
the edge direction is by checking the Euclidean distances
between positioning points (first and second) against the nodes
(“from” and “to”) of the candidate edge selected. In general,
EMMS weighs the initial matching, first selecting the shortest
distance edge among the candidates. Subsequently, EMMS
verifies whether the positioning points are approaching or
moving away from the candidate edge node. If the selected

edge does not satisfy any of the conditions mentioned above,
the selected edge is discarded, and the process restarts with
the next candidate edge.

Fig. 3 shows one of the criteria analyzed, and if the second
positioning point is closer than the first one to the node “to”,
this represents a high probability that the edge corresponds
to the actual environment because the node “to” is always
the final destination of the edge. Another situation of correct
matching is presented in Fig. 4, where the first positioning
point is closer to the node “to” and the second positioning
point is moving away from the node “to”, also on another
edge. As a result of this step, EMMS returns the first matched
edge, which will be used to define the next matchings.

Candidate edge:
-504837265

+ 1st point next to "node to"
+ 2nd point near the "node to"

Fig. 3: Analysis for matching the first edge (first case).

Candidate edge:
504837265

V 1st point next to "node to"
v 2nd point near the "node to"
.and moving away from the edge

Fig. 4: Analysis for matching the first edge (second case).

3) Matching of the next edge, considering the previous
one: This step consists of matching all the other positioning
points, considering the edge selected in the matching process
of the immediately preceding positioning point. Notably, the
dependence between the edge connections, both physical and
logical, is one of the operational characteristics of SUMO.
Both conditions need to be met so that the simulation
will be performed successfully. For this reason, the manual
matching process is costly, sometimes making the generation
of simulations unfeasible. On the other hand, EMMS enables
the automation of these matchings, performing the necessary
validations (both physical and logical), making the whole
process more agile.

Thus, the logic of this stage is divided into two phases.
Firstly, the candidate edge with the shortest distance to the
positioning point is retrieved, and subsequently, the physical
and logical interconnections between the edges (candidate and
selected in the previous process) are analyzed. The physical
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interconnection is validated by comparing the ids of node “to”
of the matched edge of the previous positioning point and
the node “from” of the selected candidate edge. Once this
step is validated, the analysis of the logical interconnection is
performed, checking for connection registration on the digital
map (net.xml). If it does not exist, it means that although there
is a physical connection between the edges, the continuity
towards the candidate edge is not permitted, or conversion
is not allowed. Therefore, the selected candidate edge is
discarded, and the process restarts, seeking the next candidate
edge. If the logical interconnection exists (has a record), the
edge is added to the chained list of edges and will be used to
match the subsequent positioning point.

At the end of the matching process, the sequence of edges
representing the buses’ itineraries in the real environment will
be ready for SUMO. In addition, a file for manual conference
will be generated. Fig. 5 shows a comparison between an
actual bus line route and the same itinerary matched in EMMS.
It is noteworthy that the plotted coordinates (red points with
blue borders) are already duplicated in the actual itinerary,
considering the midpoint. Conversely, the coordinates plotted
as a result of EMMS consider the positioning of the nodes of
the matched edges.

C. Third Layer: Matching the Bus Stop Points

This layer consists of matching the bus stop points to the
corresponding edges of the itinerary matching process carried
out in the second layer, as well as locating the bus stop along
the edge matched.

Firstly, EMMS loads the bus stop location data (provided
in the first layer). Subsequently, it carries out a search of
the candidate edges within the region of interest, close to
each bus stop point indicated, considering the same radius
configured at the data entry (Section III-A). After the candidate
edges search, an analysis of the correspondence between the
candidate edges and the edges mapped in the bus line route
matching process (Section III-B) is performed. If there is
a correspondence between them, the bus stop is matched.
The configuration of the bus stop location within the edge
is performed by calculating the (Euclidean) distance from the
bus stop to the node “from” of the corresponding edge. Thus,
it is possible to identify the starting point of the bus stop in
the virtual environment.

D. Fourth Layer: Creation of Configuration Files for SUMO

The fourth layer is responsible for automating the generation
of configuration files required to run simulations in SUMO.
In that process, are generated two files: one is responsible for
setting up the buses in the simulation (rou.xml) and the other
is responsible for configuring the bus stops for the simulation
environment, in addition to the configuration of the specific
location of the stop point inside the edge (add.xml).

IV. METHODOLOGY

We adopted the following methodology to simulate more
realistically a data network deployed on a public transport

102

CAPAO RASO

(a) Actual itinerary of a bus line.
CAPAO RASO

(b) EMMS matched itinerary.

Fig. 5: Graphical comparison between a real bus route versus
a route matched by EMMS.

system. We have considered the city’s regions (urban areas)
with the most prominent bus terminals. All bus lines that serve
these terminals were simulated. We used EMMS to determine
the routes of all the buses. Finally, we performed simulations
and analyzed the results from the NS-2 software. Details
about the scenarios considered, the metrics, and the setting
of computational simulations are given in the following.

A. Urban Scenarios

The urban areas considered include the two largest bus
terminals in Curitiba. In the first area (the central one) buses
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depart from Rui Barbosa Square, totalizing 21 bus lines and
98 buses traveling in the morning and 100 in the afternoon
(Fig. 6). In the second region (the southern one) buses depart
from Pinheirinho Terminal, totalizing 18 lines and 53 buses
in the morning and 52 buses in the afternoon (Fig. 7). The
simulations were carried out using the actual geolocation data
of the public transportation buses of the city of Curitiba (these
data were made available by the public transportation company
— URBS [30]). The analyzed data refer to October 25th, 2022
(Tuesday) from 06:00 to 10:00 and from 16:00 to 20:00. These
are high-traffic periods, allowing us to evaluate the system in
the best possible condition.
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Fig. 7: Pinheirinho Terminal - Bus lines and itineraries.

For the validation of the mobility simulation environment,
compatibility analyses between the buses’ actual travel times
(made available by URBS) and the simulated travel times
(considering the mobility trace generated by SUMO) were
carried out. The bus routes (necessary for SUMO) were
obtained using EMMS. In general, the central region (Rui
Barbosa) presented a compatibility percentage of 90.56%,
while in the southern region (Pinheirinho), it was 91.62% in
the morning. In the afternoon, the compatibility percentage in
the central region was 95.24%, and in the southern region

it was 89.21%. In that way, the results obtained from the
simulation environment are considered reliable due to the high
degree of compatibility in varied cases.

B. Metrics for Evaluating Vehicle Communication

As stated before, the buses belonging to a PTS can be
seen as nodes of a kind of opportunistic data network. The
opportunistic nodes collectively form dynamic networks that
are built from short, unpredictable contact times as nodes
move in and out of connectivity. Each node participating in
the routing process is responsible for bringing the packet
closer to the destination. If no such neighbor exists, the
message is stored at the node until it enters into the direct
transmission range of the destination. These networks operate
with a best-effort paradigm, and leads to long delays due to
packet buffering [31].

However, in this study, we are interested in understanding
the performance of the network during the period in which
end-to-end communication is established, with a view mainly
to real-time applications. Accordingly, a set of conventional
metrics is evaluated regarding end-to-end communication.
A routing protocol is required to establish transmission
routes between source and destination pairs (we opted
for a conventional unicast routing protocol). Each source-
destination pair represents a direction in the bus route, i.e., the
bus departing from the bus terminal towards the neighborhood
or vice-versa. At the end of the journey, the source-destination
pair terminates, and a new pair is started. Let N be the
total number of source-destination pairs generated in the
simulation, then we can define the following metrics:

o Packet Delivery Rate (PDR): It is the average ratio
between the total number of packets received by the
destination (Nr) and the total number of packets sent by
the source (Ns). It is defined by

N NTZ’
(v) o

=1

1
PDR = —
N

o Average End-to-End Delay (AED): It is the average
end-to-end delay (in seconds) experienced by data packets
to propagate from origin to destination. It is defined by

1 N 1 NT’i
AED:N; m;(trj_tej) . ©

where fr is the instant of time the destination receives
the packet, fe is the instant of time the source sends the
packet and Nr is the total number of packets received
considering a source-destination pair.

¢ Throughput (THR): It is the average amount of data (in
bps) transferred between two nodes and the time interval
these nodes remain connected. It is defined by

N .
1 Ny
THR:7§ : flxpacketSzz.e y 8 |
N i—1 stopT'ime; — startTime; 1000
3)
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where Nr is the number of data packets successfully
received, packetSize is the size of the data packet (in
bytes), stopTime is the time the last (data) packet was
received by the destination bus, and startTime is the time
when the first (data) package was sent by the source bus.

« Normalized Routing Overhead (NRO): It is the average
ratio of the total number of routing packets sent by the
origin and the total number of data packets received by
the destination. It is defined by

N
1 NDSZ
NRO_sz_;(NW), (4)

where NDs is the total number of routing packets sent,
and Nr is the total number of data packets received by
the destination.

Each considered metric reflects a different aspect of the
network’s functionality and quality. Network efficiency is
measured through analysis obtained from PDR, THR, and
AED. Besides, the performance of a routing protocol over the
network is measured by NRO.

C. Simulation Configuration

For the evaluation of the network performance, simulations
were performed with the NS-2 software package, an open
source discrete event simulator [32]. For the configuration of
data transmissions, a stationary bus (node) was included in
each terminal (Rui Barbosa Square and Pinheirinho Terminal)
and their locations did not change throughout the simulation
period. Moreover, they acted as the destination in the data
communication.

Network performance was also analyzed, considering only
the vehicle-densest areas, i.e., around the terminals. Regions
between 2 km and 4 km radius were analyzed and simulations
considered the two mentioned time periods. The movements
of the vehicles were the same as used previously, but no
movements outside these perimeters were considered, that is,
when vehicles move out of these ranges (2 km and 4 km) they
leave the simulation.

The traffic pattern considered corresponds to User
Datagram Protocol (UDP) connections, with constant bit rate
(CBR - with 4 messages/s). The radio broadcast model is
the twoRay ground, and the MAC layer follows the IEEE
802.11p standard [33]. The routing protocol is AODV [34],
[35]. Simulations were carried out for 3,600 seconds (1 hour,
according to SUMO mobility trace). Of all the vehicles present
in this simulation, half of them were chosen as origin elements
in the formation of origin-destination pairs. The origin is
always chosen at random and the destination is always the
stationary node (bus) at the terminal, according to the region
analyzed. The radio transmission ranges used were 150, 250,
350, and 700 m [33]. All results presented are the averages of
35 simulations, and the confidence interval considered is 95%.

V. RESULTS

In this section, the results of simulations are presented with
the aim of evaluating the communication performance of data
exchanged between vehicles.

A. Scenario 1: Rui Barbosa Square

Figs. 8, 9, 10, and 11 show the results obtained for Packet
Delivery Rate, Normalized Routing Overhead, Average End-
to-End Delay and Throughput as a function of the variation of
the transmission radius, considering the Rui Barbosa Square.
Considering initially the morning period, Fig. 8a shows that
the PDR increases as the transmission radius broadens, as
expected. In this case, the PDR ranges from 7.4% to 38.5%.
Fig. 9a shows the results for the afternoon, where the PDR
varies between 4.3% and 35.3%.

Fig. 8b shows that the NRO for the 150 m transmission
radius is the largest because, in this case, the network
connectivity is low (many routing packets are sent, but few
data packets are received). The NRO significantly decreases
for 250 m and 350 m radius compared to the 150 m radius.
However, for the 700 m radius, the NRO increases because
by increasing the transmission radius, the number of routing
packets sent is not proportional to the number of data packets
received. When the radius goes from 350 m to 700 m, the
number of routing packets sent increases about three times,
while the number of packets received increases approximately
two times. Similar behavior is observed in the afternoon,
according to Fig. 9b.

Fig. 10a shows that the 150 m transmission radius presents
a higher AED due to low network connectivity and a higher
number of routing packets, contributing to a higher delay.
The increase in the transmission radius contributes to an
improvement in delay time (with delays on the order of
seconds). Similar behavior is noticed in the afternoon, as
shown in Fig. 11a.

Fig. 10b shows that the THR does not change significantly
for transmission radii of 250 m, 350 m, and 700 m (in the
order of a few kbps), with a slight inferiority for 350 m and
700 m. For the 150 m radius, however, the THR is lower due
to a lower network connectivity and a higher NRO. Similar
behavior is observed in the afternoon, as shown in Fig. 11b.

B. Scenario 2: Pinheirinho Terminal

Figs. 12, 13, 14, and 15 show the results obtained
considering the Pinheirinho Terminal. Figs. 12a and 13a
illustrate a low PDR, ranging from 6.5% to 36.7% (morning)
and between 6.8% and 32.7% (afternoon), respectively. Fig.
12b shows the NRO, with the highest overload for the 150
m radius, while the other radii showed results very close to
each other, in the range of 1.66 to 1.75. Similar behavior is
observed in the afternoon, as shown in Fig. 13b.

Fig. 14a shows the AED and the radius transmission of
150 m presents a higher delay when compared to the other
values, as expected, due to the low PDR presented. Fig. 14b
shows that the THR remained very similar to each other in the
transmission radii of 150 m, 250 m, and 350 m, with a slight
superiority for 250 m. With the 700 m transmission radius, on
the other hand, the THR was in the 13 kbps range. Similar
behavior was obtained in the afternoon, according to Figs. 15a
and 15b.
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C. Scenario 3: Behavior Around the Terminals

The behavior of the network around the terminals,
considering an area with a radius of 2 or 4 km is analyzed in
this item. Because it is a denser region with a high number
of favorable nodes (vehicles) for route formation, the PDR
tends to offer better results compared to the other scenarios
analyzed. That is illustrated in Table II, where a comparative
study between the present case and the previous scenarios is
presented (Figs. 10a and 14a, respectively). The PDR (in the
vicinity of terminals and with a large transmission range) can
be as high as 80%, favoring communication between buses
and terminals.

TABLE II: PDR comparison (morning).

Transmission | Rui Barbosa Rui Barbosa

Radius 2 km 4 km

150 m 12.94% (increase 5.5%) 9.44% (increase 2.0%)
250 m 55.37% (increase 27.7%) | 38.06% (increase 10.4%)
350 m 59.55% (increase 31.8%) | 40.31% (increase 12.6%)
700 m 88.07% (increase 49.6%) | 57.61% (increase 19.1%)
Transmission | Pinheirinho Pinheirinho

Radius 2 km 4 km

150 m 13.32% (increase 6.7%) 8.84% (increase 2.2%)
250 m 31.72% (increase 16.3%) | 20.90% (increase 5.5%)
350 m 36.97% (increase 19.2%) | 23.97% (increase 6.2%)
700 m 77.40% (increase 40.7%) | 50.95% (increase 14.2%)

VI. CONCLUSION

This work proposed a methodology for modeling and
analyzing bus-based networks. Making use of EMMS, this
work conducted an exploratory study involving bus lines
belonging to the PTS of Curitiba, based in the central region
(Rui Barbosa Square) and in the southern region of the city
(Pinheirinho Terminal). Comparison between simulated and
actual data showed that EMMS was efficient in the process
of map-matching. The high degree of compatibility in varied
cases ensures that the results obtained from the simulation
environment are reliable.

The network simulations performed in NS-2 showed that the
formation of small temporary networks is possible, allowing
data exchange between buses. However, the packet delivery
rate presented low values (on the order of 10 to 30%). The
throughput found is quite low, about 10 to 12 kbps. The
average delay presented high values, on the order of 0.5 to 1.0
s. Finally, the routing overhead showed high values because
many routing packets were sent, and a few data packets were
received. These results are valid for both city regions (central
and southern) and in both periods evaluated (morning and
afternoon). All these results are explained by the high time
taken to re-establish communications after a link disruption, a
characteristic of bus-based networks.

Given the dynamic nature of the system studied in this
paper, it is possible to state that the potential types of
communication services allowed in such a network would be
classified as opportunistic and delay-tolerant. Accordingly, as
subject of future work, our model can be further considered
to analyze the performance of specific routing protocols for
opportunistic and delay-tolerant networks.
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