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ABSTRACT Urbanization causes many problems to human mobility, since people living in the cities tend
to increase the vehicular traffic flow. City road infrastructure does not increase faster than the number
of vehicles, thus causing traffic congestion in dense urban centers. Besides travel delay, vehicular traffic
congestion results in serious problems to human beings (e.g., health problems due to stress), to the planet
(e.g., increase in pollution) and to the economy (e.g., waste of a large amount of money due to time
spent in traffic jams). In order to improve vehicular traffic flow in dense urban areas, this paper presents
a new Vehicular Traffic Management Service based on Traffic Engineering theory, called Re-RouTE. The
Re-RouTE service relies on the density of vehicles in roads and applies the flow-density macroscopic traffic
engineering model to identify congested routes. Roads are represented by a weighted graph, which is then
used to discover routes without traffic jams and with a small increase in the travel distance. The main
goal of Re-RouTE is to reduce traffic jams while increasing the global vehicular traffic flow of the road
network. Moreover, the service was designed to reduce traffic jams instead of moving them to a different
road/area. Simulation results show the ability of Re-RouTE to improve travel time, travel distance, speed
and the number of messages transmitted when compared to a literature solution.

INDEX TERMS Vehicular ad hoc network, re-routing algorithm, vehicular traffic management, traffic
engineering.

I. INTRODUCTION
With the industrialization of countries, there is an increase in
population living inmetropolitan areas. One of themain prob-
lems related to urbanization is vehicular traffic congestion,
since it causes disorganization in traffic flow andwasted time.
People living on the edge of cities use their vehicles to go to
work, which is usually located in city centers. In this scenario,
maintaining a good vehicular traffic flow has a great impact
on people’s quality of life and even safety [1]. There are a
number of issues related to traffic congestion and, in addition
to the impact on the delay, congestion affects people’s health.
The delay also causes the inability to estimate the travel
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time. Another issue is the fuel consumption, which increases
due to time wasted on traffic jams. Finally, vehicular traffic
congestion affects emergency vehicles, since they are unable
to perform the service in the expected/requested time.

Some cities around the world introduced management
schemes to overcome vehicular traffic congestion, such as
car-pooling by encouraging drivers to share available spots
in the vehicle, charging areas of the city, where drivers
have to pay to go in, bike lanes and intelligent park zones.
Although these solutions mitigate the problem, traffic con-
gestion tends to increase in urban areas. The UK Centre
for Economics and Business Research (Cebr) evaluates the
direct and indirect cost of congestion in British, French,
German and American scenarios [2]. The direct cost is
related to the fuel consumption and wasted time in traffic,
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where the indirect cost considers the cost of doing business.
The study was released in 2013 and forecasted the congestion
cost until 2030. The cumulative cost between 2013 and
2030, considering the four countries, reaches the amount of
US$ 4.4 trillion, where 2.8 trillion is theUSA congestion cost.
Considering specific cities, Paris had a congestion cost of
US$ 11.6 billion in 2013 and a projection cost of 18.7 Billion
in 2030, an increase of 60%. The total cost considering
the 17 years is US$ 266.9 billion. According to the study,
Los Angeles has the world’s biggest traffic congestion
(among the considered cities) related to traffic delays;
the traffic cost in 2013 was US$ 23.2 billion. In 2030,
the expected cost grows to US$ 38.5 billion, an increase
of 65% with a cumulative cost of US$ 559.1 billion.

Based on the report of the US Federal Highway Admin-
istration [3], vehicular traffic congestion has three main
sources: (i) Traffic-Influencing Events (working zone,
weather and traffic incidents); (ii) Traffic Demand (fluc-
tuations in normal traffic, special events); and (iii) Physi-
cal Highway Features (traffic control devices and physical
capacity). The city urbanization increases the working zones
as well as the traffic demand. Incidents and weather are
unpredictable and can affect instantly the traffic conditions,
and the road physical infrastructure demands cost and time.
In this scenario, technological solutions rise as an alternative
to reduce traffic congestion. In this technological scenario,
Vehicular Traffic Management Services (VTMS) play an
important role to improve driver’s mobility, quality of life and
security [1], [4]. A Vehicular Traffic Management Service
integrates user/road data, communication and computing to
improve various problems in the traditional transportation
systems of large cities. One of the goals of VTMS is the road
management and to achieve it, a VTMS uses Information and
Communication Technologies (TICs) to provide services and
convenient applications for users of transportation systems
to reduce traffic jams, increasing road capacity, reducing
accidents and travel cost [4].

AVTMS should consider the following tasks [5]: vehicular
traffic monitoring, congestion detection and routing sugges-
tion. To monitor the traffic, it is possible to use different
sensing solutions such as a sensor network, induction loops,
and cameras. However, due to the installation and mainte-
nance cost, these solutions have many drawbacks. Instead
of using a fixed infrastructure, it is possible to use the
capacity of communication and processing of a vehicular
ad hoc network (VANET) [6], [7]. Vehicles equipped with
wireless communication, GPS and a navigation system are
able to communicate among them and with the infrastructure
to notify the traffic management service and perform the
traffic monitoring. Roadside Units (RSU) and 5G cellular
communications are examples of an infrastructure that could
be used to exchange messages in real time due to the dynamic
topology of a VANET [8], [9]. The advent of 5G will facil-
itate continuous, ubiquitous and Vehicle-to-everything com-
munication. This scenario with high carrier frequencies and
massive bandwidths will introduce and create the basis for

the development of various applications, including vehicular
traffic management services that require ultra-reliable and
low-latency communication [10], [11].

Literature solutions for traffic jams in vehicular networks
are based on road/street features, specially travel time [5],
[12], [13], to manage the flow of vehicles aiming to decrease
traffic congestion. However, there are other important fea-
tures that could be considered by a VTMS solution if the
service designer considers the road physical features together
with the Traffic Engineering theory. Traffic Engineering
applies engineering principles to solve user transportation
demand and deals with the planning, geometric design
of streets, bridges, intersection and its relationships with
transportation models. Thus, an efficient solution for traffic
management in vehicular networks should consider general
vehicular traffic conditions, such as number of vehicles and
flow conditions to improve traffic congestion.

This work presents a new Vehicular Traffic Management
Service based on Traffic Engineering for VANETs, which
is called Re-RouTE. The proposed solution addresses all
aspects that should be considered in the design of a VTMS.
The Re-RouTE solution monitors the traffic conditions,
detects a traffic jam and suggests alternative routes to reduce
traffic congestion. Vehicles equipped with a navigation sys-
tem notify the Re-RouTE service regarding their location.
By locating the vehicle’s position within the city map, the ser-
vice builds a road graph representation, where the edges are
streets and vertices are the street junctions. The weight of
each edge represents the number of vehicles at each street.
The solution introduces the Traffic Engineering Theory to
classify if a specific street is congested or not considering
only the street density of vehicles. For this, we employ a
density-flow macroscopic model [14] to verify the vehicle
flow behavior at each street. When executed and a traffic
congestion is detected, the Re-RouTE service calculates a
new route of the vehicle and the new path is suggested with
the aim to reduce the traffic congestion and improve the
global traffic flow. An important feature of Re-RouTE is its
ability to reduce the traffic congestion instead of moving it to
a different area of the city. The proposed solution was evalu-
ated considering real-road scenarios of Paris and Los Angeles
metropolitan regions and compared to two state-of-the-art lit-
erature solutions that are the closest to our proposed solution.
Considering both scenarios and different number of vehicles
in the road network, Re-RouTE outperforms the literature
solution regarding travel time, travel distance, average speed,
transmitted messages and packet loss. We also evaluate
VTMS solutions considering different values for the driver
route acceptance, where only a fraction of all drivers accept
the route suggestion.

The rest of this work is organized as follows. Section II
presents an overview of related VTMS solutions. Section III
proposes Re-RouTE VTMS solution. Section IV discusses
the simulation results for different scenarios. Section V
examines the applicability of the proposed solution. Finally,
Section VI presents the conclusion and future work.
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II. VEHICULAR TRAFFIC MANAGEMENT
Services such as TomTom [15] or Sygic [16] provide traf-
fic information, which allows drivers to find better routes
regarding the travel time. Waze [17], Google [18] and
Microsoft [19] navigation systems are able to merge multiple
and different data sources, including GPS enabled devices,
street sensors, mobile phone sensors, public transport and
social networks in order to forecast traffic jams. These ser-
vices typically use advanced statistical and traffic prediction
methods to provide real-time traffic information. However,
these solutions suffer from a similar problem: new routes are
suggested without considering the emergence of a new traffic
congestion in another road [13]. Another problem is how
to efficiently and effective perform the acquisition, manage-
ment and massive data processing from heterogeneous data
sources.

In the vehicular traffic management literature consider-
ing a vehicular network, there are a number of proposals
that study the causes of congestion and how to overcome it
[5], [20]–[22]. Some of these studies focus on V2V commu-
nication to collect and estimate the best route in congested
scenarios. Knorr et al. [20] proposed a beacon-based solu-
tion to warn drivers about changes in the flow of vehicles
when considering the perturbations caused by drivers during
vehicles’ movement. Wang et al. [21] proposed an adaptive
beacon-based system for unexpected traffic congestion avoid-
ance. These two solutions are effective to increase locally
the traffic flow, however, there are some issues to consider:
(i) a high number of transmitted messages among vehicles;
(ii) low quality in the traffic estimation of alternative routes;
and (iii) selfish decisions. It is worth noticing that, to esti-
mate traffic relying only on V2V communication, vehicles
need to send periodic beacons to their neighbors (every 1 to
10 seconds [5]). If a vehicle does not properly receive these
beacons, the traffic estimation of alternative routes may not
be accurate, which in turn will not decrease the travel time in
case a vehicle decides to take one of these alternative routes.
Therefore, hereafter, we only discuss solutions similar to the
proposed solution and focus on improving the global traffic
flow.

To overcome the high network overhead and improve the
global traffic flow, ICARUS [12] uses vehicles’ location
using the GPS coordinates. In this solution, all vehicles
send their position and velocity to a central service. When-
ever a vehicle enters a previously defined area of interest,
it receives congestion information regarding the roads it will
pass. The area of interest defines a specific region of the
city where vehicles should send their location. ICARUS uses
this approach to reduce the number of transmitted messages.
When a vehicle receives a congestion message, it forwards
the message to close vehicles that might use this information
to estimate alternative routes, based on three techniques:
Dijikstra, A∗ and Probabilistic k-shortest paths (PkSP). All
strategies are based on shortest paths, where the latter con-
siders more than one shortest path in order to balance the
traffic flow. However, based on the results, PkSP improves

only 5% of the travel time when compared to the other two
approaches.

Other solutions found in the literature also use k-shortest
path algorithms to achieve load balancing during alternative
route estimations. Hashemi and Khorsandi [23] argued that
the direct application of the shortest path can simply move the
traffic congestion from one road to a different one. Therefore,
they propose a VANET Load Balancing Routing (VLBR)
solution to overcome this problem. VLBR stores geographic
information of vehicles in a central server and employs a
k-shortest path algorithm [24] to find a load balancing when
alternative routes are created. In order to achieve a global
system load balancing, Bazzan et al. [25] proposed an evo-
lutionary solution to traffic assignment to reduce the travel
time. The proposed genetic algorithm computes different
k-shortest alternative paths of each vehicle and picks the best
one to improve the global system performance. However,
that solution assumes that the overall traffic condition is
previously known.

Pan et al. [26], [27] proposed three re-routing strategies
named Dynamic Shortest Path (DSP), Random k shortest
path (RkSP) and Entropy Balanced k Shortest Path (EBkSP).
The proposed solutions use the road segment expected travel
time to find alternative routes when the network is congested.
The travel time (Ti) of a road segment is computed by Ti =
Li/Vi, where Li and Vi are the length and expected speed
of the road segment i. To represent the network, the authors
created a directed weighted graph, where the weight of an
edge corresponds to the road segment travel time Ti. The
weights are periodically updated to represent the accurate
travel time of all road segments in the network. DSP selects
for each vehicle the path with the lowest travel time (used
in our comparison), and RkSP calculates k-shortest paths
to consider load balancing. Based on the vehicle’s urgency
(affected by congested roads), EBkSP selects some vehicles
to be re-routed first. In [13] the authors present DIVERT:
A Distributed Vehicular Traffic Re-Routing System for Con-
gestion Avoidance. DIVERT uses EBkSP, cellular communi-
cation and a central server to implement a Vehicular Traffic
Management service. DIVERTwas compared using a 75 km2

(Brooklyn) and 155 km2 (Newark) road network considering
1000 vehicles and a re-routing frequency of 450 seconds.
However, as the street average speed quickly changes with
time and number of vehicles, the re-routing period must be
large enough (450 seconds) to represent the characteristics of
the streets.

Congestion could happen due to peak hours or some
incident, such as a temporary street closure or an accident.
In these cases, Wang et al. [28] proposed the Next Road
Rerouting (NRR) solution based on Multi-Agent System
where each intersection or traffic light represent an intelligent
agent. NRR is able to operate in the presence of en route event
or to improve global road traffic. The proposed solution is
designed as a 3-tier architecture considering the Traffic Oper-
ator Center (central server), Regional Computers and intel-
ligent agents installed on traffic lights at each intersection.
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The traffic lights, also named as intelligent Traffic Light
(iTL), are equipped with communication capabilities in order
to perform V2I communication and an induction loop detec-
tor to verify the road occupancy. To improve global traf-
fic congestion, iTL sends to the central server information
regarding road occupancy and travel time.When necessary or
considering a re-routing frequency, the vehicles request alter-
native routes to iTL, which request information to other iTL.
The next road route is estimated considering four metrics:
road occupancy, travel time, geographic distance to destina-
tion and geographic closeness of congestion. The proposed
solution was evaluated considering a real-world and synthetic
scenario and is able to decrease and mitigate traffic conges-
tion. However, the demand to equip traffic lights with com-
munication capabilities and induction loops means that such
solution may lead to high installation and maintenance costs.

In this paper, we propose a new vehicular traffic man-
agement solution using traffic engineering and transporta-
tion concepts. Instead of using periodic beacon messages,
street average speed, multiple data from heterogeneous
sources or intelligent traffic light to estimate features from
city roads, the proposed approach considers only the density
of vehicles in the street to classify and manage the traffic flow
of vehicles. Our simulation results show that relying only on
the street density of vehicles rather than on street average
speed, it is possible to reduce traffic jams in urban scenarios.
Conversely, the street average speed is related to the travel
time on the street and both need to be estimated considering
a time window. Moreover, the use of intelligent traffic light
may also increase its cost, where it should be deployed at each
road intersection to have accurate estimations. These issues
reduce the capacity to represent traffic flow in a dynamic
urban scenario.

III. RE-ROUTE TRAFFIC MANAGEMENT SERVICE
In this section, we propose a vehicular traffic management
service called Re-RouTE – Re-Routing based on Traffic
Engineering for vehicular ad hoc networks. The main goal
of Re-RouTE is to efficiently manage the global traffic flow
to reduce traffic jams. In the following, we describe in detail
the proposed solution.

A. SERVICE DESIGN AND FEATURES
Vehicles equipped with a navigation system can access the
Re-RouTE vehicular traffic management service to update
their route to avoid a traffic jam. The Re-RouTE service is
built considering three main assumptions. The first one is the
vehicle’s capability to determine the road/street identification
it is currently moving. This can be determined by mapping a
vehicle’s geographic position (GPS) with the city street map
stored in the vehicle navigation system. Second, the vehicle
is able to communicate with the traffic management service
using a communication network. Finally, each vehicle sends
to the traffic management service its initial path containing
the beginning and destination streets. Using the current street
and the final destination, the service is able to find alternative

routes to avoid traffic jams. The proposed vehicular traf-
fic management service could be implemented considering
a central cloud server or a decentralized service approach
running on RSUs deployed throughout the city. Section III-F
discusses the communication issues to execute the Re-RouTE
service in both scenarios.

The Re-RouTE service is divided into four modules/tasks:
(i) Location Information; (ii) Network Representation;
(iii) Network Classification; and (iv) Route Suggestion. Fig. 1
shows the Re-RouTE modules and the interactions among
them. The Location Information module is responsible for
receiving the vehicle’s information. Considering the received
information and the city map, the Network Representa-
tion module creates a weighted graph. Based on this graph
and considering the traffic engineering theory, the Network
Classification module classifies the road/street into con-
gested or not congested. Finally, theRoute Suggestionmodule
verifies alternative routes for vehicles that are stuck at a traffic
jam or vehicles that are about to reach a congested road.
As soon as the module finds a new route, the vehicle is noti-
fied and the driver may choose to accept it or not. The Route
Suggestion also computes alternative routes in such way to
not create new traffic jams in different regions/streets of the
city. The following sections present the proposed solutions
and specific features to address each traffic management task
in order to develop the Re-RouTE Service.

FIGURE 1. Re-RouTE service design.

B. LOCATION INFORMATION
During its trip, the vehicle moves through streets until it
reaches its destination. The vehicle route R is composed of
a number of streets S = [S1, S2, S3, . . . , Sn−1, Sn]. S1 is the
route origin and Sn is the route destination. Each vehicle sends
its location information using a communication protocol to
the Re-RouTE service as it moves through S. When a vehicle
travels from one street to another one, i.e., from Sj−1 to Sj,
it issues an update to the Re-RouTE service with its new
location by sending a message mid =

(
Vid , Sn, Sj

)
, where

Vid is the vehicle unique identification and Sj is the street
identification that the vehicle just entered.

The Location Information module stores all received mes-
sages m in a database. Since the Re-RouTE service is based
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on street density only, the database stores the street identi-
fication Sj that the vehicle is currently crossing and not its
actual geographic position. When the vehicle moves from Sj
to Sj+1, the vehicle updates its position by sending a new
message m′id =

(
Vid , Sn, Sj+1

)
. The location information

removes from the database the entry mid and stores m′id .
The Re-RouTE service is designed in such way to store the
minimum amount of information about routes to preserve the
vehicle’s (and driver’s) privacy. The number of messages to
update the Location information module of the Re-RouTE
service is directly related to the size (|S|) of the vehicle’s
route R.

It is important to highlight that if for some reason the loca-
tion information update fails (e.g., a message loss occurs),
as soon as the vehicle sends a newmessage, the location infor-
mation database is updated and errors in the counting do not
propagate. However, during a period, the location database
will be outdated and this might influence the Re-RouTE
performance. We evaluate the proposed solution under this
specific scenario in Section IV-D5.

C. NETWORK REPRESENTATION
The Network Representation module receives all the infor-
mation stored in the database to create a street density map
(Fig. 2). The density map is created by joining the city
street map and the location information (street) of vehicles.
Fig. 2(a) illustrates a typical street block with four intersec-
tions (Points A, B, C and D) and different number of lanes,
directions and vehicles.

A directed weighted graph G = (V ,E) represents the city
densitymap, whereV = {v1, v2, v3, . . . , vn−1, vn} corresponds
to the street intersections and E = {e1, e2, e3, . . . , en−1,
en} represents the lanes of all streets. Fig. 2(b) shows the
corresponding G = (V ,E) related to the density map shown
in Fig. 2(a). In this graph representation, V = {A,B,C,D}
and E = {AB1, AB2, BA1, BA2, AC , BD, CA, CD, DB, DC},
where AB1, AB2, BA1 and BA2 represent each lane in the
streets AB and BA, respectively. The weight of each edge in
G corresponds to the number of vehicles on the lane/street.
Each lane (i.e., graph edge) has a maximum allowed weight,
which is the maximum number of vehicles that could be on
the lane. For instance, edges AB1, AB2 BA1, BA2, CD andDC
have a maximum weight of 7 vehicles and edges AC , CA, BD
and DB have a maximum weight of 5 vehicles.

D. NETWORK CLASSIFICATION
Network Classification is not an easy task to perform due to
a number of conditions that affect the street flow. Accidents,
traffic light, weather and rush hours are examples of issues
that affect vehicle traffic. Even though it is a difficult task,
vehicular traffic flow has been investigated since 1950s and
can be divided into three models [14]: microscopic, meso-
scopic and macroscopic. The microscopic model investigates
the interaction between two consecutive vehicles. The meso-
scopic model describes the behavior of a group of vehicles.

FIGURE 2. Street representation.

The macroscopic model describes the behavior of a general
vehicle flow.

Traffic Engineering and Transportation researchers
showed that in the macroscopic model there is an empirical
relationship between density-flow of vehicles [14]. This
relationship represents the expected ideal vehicle flow when
the city streets/roads were planned. The proposed traffic clas-
sification method is based on the theoretical features of the
density-flow macroscopic model, which have the following
variables:

• q: flow
• d : density of vehicles
• v: speed
• dmax : maximum density of vehicles in the street
• vmax : speed limit of the street
• qmax : maximum flow of vehicles
• d0: density of vehicles when the maximum flow is
reached (qmax)
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• v0: vehicle speed when the maximum flow is reached
(qmax) and it is less than the average maximum speed of
vehicles

Given a lane segment (e.g., edge/lane AC in Fig. 2(a)),
the traffic flow q is a temporal variable and it corresponds
to the number of vehicles passing through an induction loop
on the lane when considering a given period of time. The
lane segment density d means the number of vehicles in the
lane extension and v is the speed of the considered vehicles.
Equation 1 defines the flow q, given d , v0 and dmax .

q = dv0ln
(
dmax
d

)
. (1)

The variable dmax can be estimated considering the
expected average vehicle’s length and the lane extension.
In the flow-density model, d0 can be estimated by doing
dq
dd = 0 (first derivative test equal to zero) and having
Equation 2, where e is the Euler number. As we can verify
in Fig. 3, the point (qmax , d0) is where the street/lane has its
maximum flow.

d0 =
dmax
e

(2)

Fig. 3 illustrates the relationship between density and flow
considering Equation 1. For values smaller than d0, the lane
is not congested. When d > d0, the lane becomes congested
and when d = dmax , the lane is completely congested. Each
lane has its own vmax , dmax , v0 and d0. Considering Fig. 2,
an illustration of vehicles and streets, the lane DC has a
maximum capacity of dDCmax = 7 vehicles and at the given
time, dDC = 2 vehicles. The density of vehicles to achieve
the maximum flow is dDC0 =

dmax
e =

7
e ≈ 2.57. In this case,

dDC < dDC0 and the lane is not congested. On the other hand,
considering the lane DB, dDBmax = 5 and dDB = 5, indicating a
fully congested lane. The laneAC has dACmax = 5 and dAC = 3.
In this lane, dAC0 = 1.83, indicating that the lane is congested
(dAC > dAC0 ).

FIGURE 3. Relationship between density and flow.

It is important to point out that each street in the city map
has its own vmax , d0 and dmax , which depends on the road
width or number of lanes. Based on these values, each road
has its flow-density function (Fig. 3). The length of vehicles
and driver imperfections, which also affect the flow function,

are described in Section IV-A and were considered in our
evaluations.

E. ROUTE SUGGESTION – RE-ROUTE ALGORITHM
When the Route Suggestion module is executed and detects
traffic jams, it sends a message to the vehicles so they can
update their routes accordingly. The service updates a vehi-
cle’s route only if it will reach congestion, i.e., if there is
a congested road in its route. Otherwise, the vehicle is not
notified. The new route is calculated considering the current
street where the vehicle is and its final destination. The main
goal of the traffic management service is to improve the
global road network flow.

Algorithm 1 shows the Re-RouTEmain steps and the route
suggestion module. After starting the algorithm, each vehicle
monitors, using GPS and the city map, if it is crossing a new
street. If yes, the vehicle sends the identification of the current
lane and the previous one to the location information module.
The module updates its database to represent the network
density at each street. Procedure LocationInformation of
Algorithm 1 illustrates the database maintenance task. In the
case where the vehicle reaches its destination, it notifies the
service and is not considered anymore.

A network classification is performed to find the net-
work density of each street/lane (ProcedureClassification of
Algorithm 1). The procedure uses the Location Information
(LocInfo) database to update each edge of the corresponding
graph G (lines 7 and 8). After the classification, the service
verifies the vehicles that will not pass through a congested
lane. In this case, it is not necessary to update their vehicles’
route. Otherwise, a new route is calculated and the network
graph is updated (Procedure RouteSuggestion). The new
route is calculated based on the minimum cost path and
considering the weighted density graphG (line 13). If there is
more than one minimum path, the proposed solution chooses
one path at random to improve the flow load balance. For each
street in the new route, the corresponding edge in G(V ,E)
is updated by taking into account that a new vehicle will
cross the considered street in the near future, according to
Equation 3, where f (d) is the edge weight function, d , d0,
dmax are the corresponding values of the considered street
(lines 14 – 22).

f (d) =


1, if d ≤ 0.5× d0
2, if 0.5× d0 < d ≤ d0
dmax , if d > d0

(3)

Equation 3 considers whether the street density (d) is less
than 0.5× d0 (i.e., 50% of the ideal street density d0). In this
case, a new vehicle may cross the street without decreasing
the street flow and the corresponding edge in the graph is
updated with 1. When the street density is in the range
0.5d0 < d ≤ d0, a new vehicle may decrease the lane’s
flow and the density graph is updated with 2. In the case the
density is greater than d0, a new vehicle will decrease the
flow andG is updated with dmax of the considered street/lane.
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Thereafter, the Re-RouTE service sends the new route to
the vehicle and the load balancing of flow is reached by
updating the graph density. It is important to point out that
procedure Classification is executed every time a new route
is assigned to a vehicle and before the procedure Route-
Suggestion. In the case of multiple vehicles crossing a new
street at the same time or within a short interval, the proce-
dure RouteSuggestion will be executed concurrently. This
scenario can lead to different route suggestions, once the
graph G is updated based on the newRoute and different
execution orders may result in different route suggestions.
The proposed traffic management service considers that the
execution order is performed considering the received order
by the RouteSuggestion queue.

The newRoute path contains all lanes (and their streets)
a vehicle should follow. It is important to highlight that a
specific street may have one (or more) congested lane and one
(or more) not congested. The newRoute will show the correct
lane to travel.

Algorithm 1 Route Suggestion Module
1: procedure LocationInformation(vehicleLane, vehicle-
LastLane)

2: LocInfo.vehicleLastLane−−
3: LocInfo.vehicleLane++
4: end procedure
5: procedure Classification(G(V ,E),LocInfo)
6: for all edge ∈ E do
7: edge.d0←

edge.dmax
e

8: edge.d ← LocInfo.edge
9: end for

10: end procedure
11: procedure RouteSuggestion(G(V ,E),LocInfo)
12: Classification(G(V ,E),LocInfo)
13: newRoute← MinimumCostPath(G(V ,E))
14: for all edge ∈ newRoute do
15: if edge.d ≤ 0.5× edge.d0 then
16: G.edge← G.edge+ 1
17: else if 0.5× d0 < edge.d ≤ d0 then
18: G.edge← G.edge+ 2
19: else
20: G.edge← G.edge+ dmax
21: end if
22: end for
23: return newRoute
24: end procedure

F. RE-ROUTE SERVICE IMPLEMENTATION
Considering the Re-Route service described above, a hybrid
architecture could by used to implement the proposed traffic
management service as shown in Fig. 4. The architecture is
composed of an on-board unit device (OBU) at each vehicle,
the network infrastructure (Road Side Unit and Cellular
Infrastructure) and a central server. The OBU is equipped
with processing, memory and it is able to communicate

FIGURE 4. Re-RouTE implementation.

with other vehicles and the Road Side Unit (RSU) using
the IEEE 802.11p protocol [29], [30], or using the 5G cel-
lular network infrastructure [31]–[35], which can be used
to increase the network capacity [8], [36]. In the case of
RSU usage, they are responsible for receiving messages from
vehicles in the crossing streets. However, if a vehicle is not
covered by a RSU, i.e., the vehicle do not have communica-
tion with any RSU, a V2I data dissemination algorithm [29],
[30], [37]–[39] can be used to send the location information
of the vehicles to the closest RSU or the vehicle can use
the cellular network. Some works employ V2X (Vehicle-to-
everything), where vehicles are able to communicate with
different devices, infrastructures and communication tech-
nologies [34], [35], [40], [41]. The problem of RSU deploy-
ment is investigated in [42], where the authors investigate
the trade-off between the number of RSUs and the com-
munication coverage. Antenna Placement and Performance
Trade-offs in 5G networks is investigated in [43].

As the vehiclemoves through the streets, it sends amessage
to an RSU/5G Cellular antenna and the message is forwarded
to the vehicular traffic management service. The service uses
the vehicle updates to build a global view of the network traf-
fic flow. When a street shows signs of congestion, the service
notifies the vehicles (new routes) using the RSUs or 5G com-
munication. Without loss of generality, the proposed traffic
management service is evaluated considering the 5G cellular
communication infrastructure.

IV. SIMULATION RESULTS
This section describes the simulation tools, parameters and
scenarios used to assess the proposed Re-RouTE traffic
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management service. The Re-RouTE is compared to
DIVERT [27] and NRR [28], as described in Section II,
since these solutions are the most similar traffic management
services found in the literature.We also compare the solutions
to the Original route, i.e., an approach where vehicles follow
the shortest path and do not employ any kind of vehicle
re-routing strategy to avoid congested roads.

A. SIMULATION SETUP
To evaluate the solutions, Re-RouTE, DIVERT, NRR and
the Original routing were implemented in the OMNeT++
network simulator [44], [45].We also used SUMO (Simulator
for Urban Mobility) [46], [47] to create and manage the vehi-
cles’ mobility, and the TraCI API from SUMO to change the
vehicles’ routes and to get the simulation results.We relied on
the OpenStreetMap Service [48], [49] to get the city roads of
the metropolitan region of Los Angeles, USA, and downtown
Paris, France (detailed in Section IV-B).

Based on the city roads imported from OpenStreetMap,
we used the SUMO’s tool NETCONVERT to create a
network input for SUMO considering all real features
from OpenStreetMap, e.g., length, width, number of lanes,
speed limit etc. Moreover, we used the DUAROUTER tool
from SUMO to generate random trips for each vehicle.
DUAROUTER is a static traffic assignment algorithm that
chooses at random two streets in the considered city map
as the beginning and destination of the route and applies a
shortest distance algorithm to create the vehicle trip between
the two streets. Hence, all vehicles start the simulation with a
predefined route. However, the VTMS solutions may change
the routes of vehicles during their trips aiming to improve
the overall traffic flow. Notice that, the solution ‘‘Original
route’’ corresponds to the routes initially assigned by
DUAROUTER, i.e., no re-routing is performed during the
simulation time. We created 33 different trip files using dif-
ferent seeds in order to have a confidence interval of 95%.
The number of vehicles in the network changes from 1250 to
6250, the former representing a network with a low num-
ber of congested streets and the latter representing a highly
congested network. We employed cellular communication to
update the location information in the traffic management
service and send new route suggestions for vehicles, as in
DIVERT [27]. For the NRR solution, we used the same
infrastructure as in [28], where each junction has a RSU with
a loop detector to estimate the street number of vehicles. The
length of vehicles were set considering a Gaussian Distribu-
tion with an average of 5m and standard deviation of 3m in
order to have vehicles with different sizes. We also set the
SUMO driver imperfection (Krauß model [50]) to simulate
drivers with different perceptions related to maximum speed,
acceleration and deceleration.

The performance analysis is divided into two classes of
traffic flow: (i) Fixed number of vehicles (Section IV-D),
and (ii) Fixed simulation time (Section IV-E). The first one
inserts a specific number of vehicles into the network; as
they arrive at their destinations, the number of vehicles in

the network decreases and the task of re-routing becomes
easier to perform. The goal of this scenario is to evaluate the
behavior of re-routing strategies to eliminate a network con-
gestion peak. In the second scenario, we keep the simulation
time in 1800 seconds and a constant number of vehicles in
the network, i.e., whenever a vehicle arrives at its destination
and leaves the network, we introduce a new vehicle into it.
The goal of this scenario is to evaluate the solution under
rush hours when the network is highly congested during a
period of time. In both scenarios, we introduce the vehicles
into the network at the beginning of the simulation at random
positions.

We evaluate all solutions considering different traffic flow
metrics: (i) Travel time – average travel time of all vehi-
cles; (ii) Distance – average travel distance of all vehicles;
(iii) Speed – computed based on the travel time and distance
traveled by all vehicles, including lost time at traffic lights
and congestion; (iv) Transmitted messages – average total
number of messages sent by each vehicle to update the traffic
management service and receive route suggestions, whenever
required; (v) Packet loss – the influence of packet loss on
the evaluated algorithms to decrease congestions. To better
represent the real world, we performed an analysis when
the vehicle’s driver does not accept the route suggestion.
We evaluate four different driver acceptances (25%, 50%,
75% or 100%), which mean that only a percentage of drivers
accept the service route suggestion. We also evaluate the
number of vehicles that arrived at their final destination.

B. SIMULATION SCENARIOS
Fig. 5 shows the evaluated scenarios obtained from the
OpenStreetMap, which provides the road map with the real
number of lanes, directions, traffic lights, speed limits, vehi-
cle preference in conversion etc. Both scenarios have 25 km2,
however they possess different topological features, such as
the number of streets, traffic lights and number of inter-
sections. Some streets have more than one lane (dark lines
in Fig. 5).The most important feature is the street map layout,
in which Los Angeles (Fig. 5(a)) is similar to a Manhattan
Grid and Paris (Fig. 5(b)) is similar to an Organic layout, with
bridges and squares.

Table 1 shows the topological features of the scenarios.
As discussed in Sections III-A, we assume the vehicle navi-
gation service contains the city map. Since in our solution the
central server is responsible for calculating alternative routes,
the city map stored in the vehicles could be as simple as the
one with street IDs and its geographical information to per-
form geo-referencing. For instance, if each street uses 1Kbyte

TABLE 1. Scenario topological features.
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FIGURE 5. Maps of los angeles and paris.

to represent its features, the considered Los Angeles and
Paris scenarios uses 5.1Mbytes and 9.3Mbytes. In the case
where the on-board unit does not have the necessary memory
space, the citymap could be downloaded as the vehicle moves
through its path. On the other hand, the central server must
have the city map with all features. Hence, the computational
and storage tasks can be performed in a Cloud server with
powerful resources. Let N be the number of vehicles and
G(V ,E) be the citymap used in Algorithm 1. Since procedure
RouteSuggestion is executed for all vehicles, its complexity
cost is O(N × V × logV ), which is the complexity of a
minimum path algorithm for all vehicles. Considering this

complexity cost, the central server is able to execute the
proposed algorithm under timing constraints.

C. RE-ROUTING FREQUENCY
As we described in Section IV-A, we assess different
vehicular flow metrics under two classes of traffic flow.
In both classes, we are interested in knowing the ability
of the re-routing strategies to reduce the traffic congestion
and, consequently, travel time, distance, etc. Fig. 6 shows
the average travel time when the network has 3750 vehicles
and considering a constant number of vehicles. Instead of re-
routing a specific vehicle that will cross a congested street
(greedy approach), we evaluate the strategies by considering
a pre-defined re-routing frequency. The re-routing frequency
specifies the time interval between two consecutive re-routing
processes. The algorithms were evaluated considering that a
re-routing is performed every 60, 90, 120, 180, 240, 300 or
360 seconds. Such an approach presented better results for
both strategies, since the main objective of the Re-RouTE
and DIVERT is to optimize the global traffic flow and not
only a vehicle travel time. DIVERT also uses a pre-defined
re-routing frequency in [13] and we employed re-routing
frequency in NRR.

FIGURE 6. Travel time for different re-routing frequencies. 3750 vehicles.

In both scenarios, Re-RouTE and NRR increase the
average travel time when the re-route frequency increases.
Considering Fig. 6(b) and when the frequency is 30 seconds,
the average travel time is 12.5 minutes for Re-RouTE and
15.2 minutes for NRR. When the frequency is 360 seconds,
the travel time is 15.7 and 20.1 minutes considering
Re-RouTE and NRR respectively. However, in many scenar-
ios it is not practical to have a re-routing process every 30 sec-
onds since it may annoy the driver. Considering the DIVERT,
the best re-routing results are achieved when the re-routing
frequency is 300 seconds for both LosAngeles and Paris. This
is due to the fact that DIVERT requires stable information
regarding the average travel time to improve its efficiency.

For the next sections, we set the re-route frequency of the
DIVERT in 300 seconds and 120 seconds for the Re-RouTE
and NRR. The frequency of 120 seconds does not lead to the
best performance of both solutions, however it is a reasonable
and fair re-routing frequency.

D. FIXED NUMBER OF VEHICLES
1) TRAVEL TIME
Fig. 7 shows the average travel time for Re-RouTE, NRR,
DIVERT and Original routing considering different number
of vehicles in the network. For all solutions, as the number
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FIGURE 7. Travel time.

of vehicles increases, the average travel time per vehicle
also increases, as expected. However, the increase is more
pronounced in the Original and DIVERT solutions. When the
network has 1250 vehicles, the network is not congested and
all solutions have similar travel times (≈ 6minutes) in the Los
Angeles scenario (Fig. 7(a)). Considering the Paris scenario
(Fig. 7(b)), which is not like a Manhattan grid, the travel time
of the Original Routing, DIVERT, NRR and Re-RouTE are,
respectively, 12.4, 10.8, 10.2 and 9.7 minutes.

When the network becomes congested (3750 vehicles),
the difference among the solutions increases. In the
Los Angeles scenario, the average travel time of the DIVERT
is 27% lower than the Original and is 21% higher than
the Re-RouTE solution. For the same number of vehicles,
NRR and Re-RouTE present similar results. Considering
6250 vehicles, the Re-RouTE is 53%, 42% and 30% lower
than Original, DIVERT and NRR, respectively. In the Paris
scenario, which has 11 bridges (congestion points), the effec-
tiveness of the re-routing strategies presents a greater impact
in the flow of vehicles when compared to the Los Ange-
les scenario. Considering 6250 vehicles, the travel time
for DIVERT is 39% lower than the Original routing. The
Re-RouTE solution is 65%, 42% and 35% lower than the
Original, DIVERT and NRR, respectively.

The density strategy, employed by Re-RouTE, proved to
be better when compared to the average travel time strategy,

employed by DIVERT. Moreover, the use of Equation 3
improves the global vehicle flow in the network, which also
has a positive impact on the other flow metrics presented
hereafter. NRR uses a set of traffic features (road occu-
pancy, travel time, geographic distance to destination and
geographic closeness of congestion) to minimize congestion.
The combination of these values presents better results com-
pared to DIVERT, but inferior results compared to the density
of vehicles in Re-RouTE. Thus, it is possible to verify that
the use of vehicle density can detect and minimize traffic
congestions.

2) TRAVEL DISTANCE AND AVERAGE SPEED
Despite different characteristics of both scenarios, the aver-
age travel distance of the Original routing is similar in
Los Angeles (Fig. 8(a)) and Paris, as depicted in Fig. 8(b)
(3.5–4 km), since both scenarios have 25 km2. In both cases,
the re-routing strategies increase the average travel distance,
since they try to avoid congested roads by finding new routes,
which are longer, though not congested. Such an increase is
greater in the DPS solution than in the Re-RouTE and NRR.
Considering the Los Angeles scenario with 3750 vehicles,
the travel distance for Re-RouTE and DIVERT are, respec-
tively, 9% and 12% greater than in the Original routing.
Re-RouTE and NRR present similar results. This is due to
the fact that both solution uses the number of vehicles in
streets. However, as the network becomes more congested

FIGURE 8. Travel distance.
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(6250 vehicles), DIVERT and NRR increase the travel dis-
tance compared to Original and Re-RouTE. Considering the
Paris scenario with 3750 vehicles, DIVERT increases the
travel distance in 45%, 41% and 39% when compared to
the Original, Re-RouTE and NRR strategies, respectively.
In both scenarios, DIVERT and NRR increase the travel
distance when the network becomes more congested, while
the Re-RouTE strategy maintains a small variation on such
an increase. Therefore, we can see that considering only
the street density rather than travel time considered by
DIVERT or a set of features considered by NRR, the propose
Re-RouTE finds routes with lower travel distances. We also
note that the proposed strategy does not increase considerably
the travel distance.

When the network has a few congested points (1250 vehi-
cles), the average speed of the Original routing is 33.9 km/h
and 17.8 km/h considering Los Angeles and Paris, respec-
tively. Despite not having many congested points, the re-
routing strategies increase the average speed by avoiding
such points. Even though the Re-RouTE algorithm does
not consider the street travel time to re-route vehicles, it is
able to increase in 10.5% and 9.7% the vehicle speed when
compared to the DIVERT solution in Los Angeles and Paris
with 1250 vehicles, respectively. When the network becomes
congested, NRR has the lower speed compared to DIVERT
and Re-RouTE. Despite the fact that the re-routing strategies

FIGURE 9. Average speed.

possess a longer travel distance when compared to the Origi-
nal routing, the average global travel time decreases (Fig. 7),
since the strategies increase the average speed.

3) TRANSMITTED MESSAGES
Fig. 10 presents the total number of transmitted messages
during the re-routing process considering the entire simula-
tion time. The goal of this evaluation is to identify the cost
(in terms of transmitted messages) of each strategy in the
re-routing process. Since the DIVERT algorithm considers
the average travel time of each street in the re-routing pro-
cess, each vehicle in the DIVERT was configured to send
information about the average speed of the vehicle in pre-
defined intervals that can be of 15, 30 or 60 seconds. For
the sake of simplicity and to perform a fair comparison, our
implementation of DIVERT considers the real average travel
time of all streets, which corresponds to the best case scenario
for this solution. When we increase the pre-defined interval,
the number of transmitted messages decreases. Notice, how-
ever, when the pre-defined interval increases, the information
sent by vehicles may not represent the real travel time of the
city streets. As a consequence, the performance of DIVERT
may decrease. The proposed Re-RouTE strategy updates the
traffic management service every time a new road is reached.
Thus, if the vehicle’s route passes through, for example,
20 different streets, the vehicle updates its position 20 times.

FIGURE 10. Transmitted messages.
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The NRR solution uses loop detectors to estimate the road
occupancy, thus, it is not necessary the use of communication
to estimate congestion. However, each vehicle sends to the
central server a request at each re-route frequency to get alter-
native routes.

When the number of vehicles in the network is 1250,
the average transmitted messages per vehicle is reduced
(compared to 6250 vehicles), since there is a lower number
of congested roads and DIVERT takes advantage of this
feature. However, since the travel distance does not increase
significantly in the Re-RouTE (Fig. 8), when considering
different number of vehicles, the number of transmitted mes-
sages is practically the same in both scenarios. Considering
the Los Angeles scenario (Fig. 10(a)) with 1250 vehicles,
Re-RouTE sends about 41% more messages than DIVERT-
15s and 85% more messages than DIVERT-60s When the
number of vehicles is 6250, Re-RouTE sends 45% less
messages than DIVERT-15s and 56% more messages than
DIVERT-60s. However, the pre-defined interval of one mes-
sage every 60 seconds is infeasible to achieve a suitable aver-
age travel time representation. Considering the Paris scenario
(Fig. 10(b)), the results are similar. However, as the travel
time and distance increase, the number of transmitted mes-
sages also increases for DIVERT and Re-RouTE. In the NRR
solution, each vehicle sends a message to the central server
and receive alternative paths considering only the re-route
frequency. Thus, NRR needs a lower number of messages
compared to the other solutions.

4) ACCEPTANCE RATIO
Fig. 11 shows the average travel time when the vehicle’s
driver does not accept the route suggestion from the traffic
management service. The number of vehicles in the network
is 3750. Considering Fig. 11(a), Los Angeles scenario, as the
acceptance ratio increases, the average travel time decreases
for DIVERT, NRR and Re-RouTE. When the driver accep-
tance is 25% (i.e., only 25% of all drivers accept the sug-
gested route), the average travel time for DIVERT, NRR and
Re-RouTE have similar results. Even when a small fraction
of drivers accepts the suggested routes, the strategies are able
to significantly reduce the travel time. It is possible to verify
that NRR and Re-RouTE that use road occupancy and vehicle
density have better results compared to the use of travel time.

Fig. 11(b) shows the results for the Paris scenario. When
the acceptance ratio is 75%, Re-RouTE decreases in 45%,
27% and 11% the travel time when compared to the Original,
DIVERT and NRR, respectively. It is important to point out
that the DIVERT solution with a higher acceptance ratio
does not improve the travel time, as expected. As we can
see, when considering high values for the acceptance ratio,
DIVERT only moves the congestion to a different area in
the city. DIVERT-100% increases the travel time in 5% when
compared to DIVERT-25%. Thus, it is possible to verify that
the proposed Re-RouTE strategy is able to reduce a traffic
jam without moving it to a different area in the city. The same
behavior is observed in NRR.

FIGURE 11. Acceptance ratio. 3250 vehicles.

5) PACKET LOSS
Fig. 12 illustrates the influence of the packet loss in the travel
time considering DIVERT, NRR and Re-RouTE solutions.
The x-axis represents the probability of a packet loss and the
goal of this evaluation is to simulate, for instance, a noisy
wireless channel or a high network traffic load due to other
services using the wireless channel. On average, the packet
loss has a greater impact on DIVERT when compared to
Re-RouTE.

Fig. 12(a) shows the travel time for different values of
packet loss in the Los Angeles scenario. Considering a packet
loss probability of 10%, the travel time of DIVERT, NRR
and Re-RouTE increases in 8%, 5% and 3%, respectively
when compared to the results with a packet loss probability
of 0%. The same behavior is observed for a packet loss
probability of 40%. The travel time of DIVERT, NRR and
Re-RouTE increases in 26%, 24% and 20%, respectively.
Even considering a probability of 60%, (i) the travel time of
DIVERT, NRR and Re-RouRE are 6%, 15% and 25% lower
than the Original routes, and (ii) the travel time of Re-RouTE
is 18% and 12% lower than DIVERT ans NRR. We can
observe that the packet loss has a low impact in our proposed
solution. This is due to the use of a weight function (Eq. 3)
in the Route Suggestion phase of Re-RouTE. For a density
d greater than d0, the weight is dmax . When d ′ = d/2 (due
to 50% of packet loss containing the location information),
but still d ′ > d0, the weight is dmax and the proposed
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FIGURE 12. Packet loss. 3750 vehicles.

algorithm will work without interference. This is a feasible
scenario, since d0 =

dmax
e (Equation 2). For d ′ < d0,

the weight may change and for a packet loss probability
greater than 50%, the travel time of Re-RouTE increases fast.
The behavior of these algorithms are, on average, similar
when considering the Paris scenario (Fig. 12(b)).

E. FIXED SIMULATION TIME
1) TRAVEL TIME
The previous section showed the results when a given number
of vehicles is inserted into the network and decreases as they
reach their destinations. Here, we show the results when the
number of vehicles in the network is constant throughout a
fixed simulation time. In this setup, the average travel time
gain, when the vehicles are re-routed, is not greater than
15% in the Los Angeles scenario (Fig. 13(a)). When the
network has 1250 vehicles, the Re-RouTE travel time is 14%
and 3% less than DIVERT and NRR. In the Paris scenario
(Fig. 13(b)), the average travel time actually increases in 7%
for the re-routing solutions when the network has 6250 vehi-
cles. In this section, we forced the network to be con-
gested during the entire simulation time. By doing this, the
re-routing solutions are not able to decrease the travel time.

However, Fig. 14 shows the average travel time consid-
ering different moments of the simulation for 3750 vehicles.
The x-axis represents the simulation time interval

FIGURE 13. Travel time.

[Label 5 (0–5) minutes, Label 10 (5–10) minutes, Label
15 (10–15) minutes, Label 20 (15–20) minutes, Label 25
(20–25) minutes, Label 30 (25–30) minutes] and the y-axis
represents the average travel time of all vehicles that arrived
at their destinations in a specific time interval. Consider-
ing the Los Angeles scenario (Fig. 14(a)) and the interval
of 5 (0–5) minutes, the average travel time is similar for
all solutions, since the network is not congested yet. As the
simulation goes forward, the re-routing solutions decrease the
average travel time when compared to the Original routing.
Considering the interval of 30 (25–30) minutes, DIVERT
decreases the average travel time in 13% when compared
to the original routing. Meanwhile, Re-RouTE decreases
the travel time in 41%, 32% and 15% when compared to
Original, DIVERT and NRR, respectively. It is important to
notice that when the time interval is greater than 15 minutes,
the average travel time for Re-RouTE does not increase
anymore, differently fromDIVERT andNRR. This is because
the proposed solution is able to find streets that are not fully
congested. Moreover, the solution does not move the traffic
jam to a different area. The use of a set of features by NRR
decreases the travel time compared to DIVERT, however,
the use of travel time influences the solution and Re-RouTE
presents better results than NRR.

Considering the Paris scenario (Fig. 14(b)), all solutions
present similar results when the simulation time is up to
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FIGURE 14. Travel time over simulation time. 3750 vehicles.

15 minutes. Considering all intervals, the DIVERT solution
is not able to decrease the travel time when compared to
the Original solution. On the other hand, Re-RouTE reduces
the travel time when the interval is greater than 20 minutes.
Considering the last 5 minutes of the simulation (25–30),
Re-RouTE decreases the travel time in 25% when compared
to the Original and DIVERT solutions and 15% compared
to NRR. After 20 minutes of simulation, the travel time of
Re-RouTE does not increase significantly. When compared
to Los Angeles, Paris has different characteristics, such as
small street length, squares and bridges. In spite of that,
the proposed solution is able to find streets not congested,
thus increasing the global network flow.

2) NUMBER OF VEHICLES
The re-routing solutions do not reduce the global average
travel time, but they increase the number of vehicles arriv-
ing at their destinations. Fig. 15 shows the number of cars
that were able to finish their route during 1800 seconds.
In the Los Angeles scenario (Fig. 15(a)) with 2500 vehicles,
DIVERT, NRR and Re-RouTE increased the number of vehi-
cles that arrived at their destinations in about 30%, 45% and
54%, respectively, when compared to the Original routing.
Moreover, the solutions were able to reduce the traffic
jam even when the network has a small number of con-
gested roads. As we increase the number of vehicles,

FIGURE 15. Number of vehicles.

the performance of DIVERT decreases. Considering
6250 vehicles, DIVERT is only 9% better when compared
to the Original routing. For the same number of vehicles,
Re-RouTE doubled the number of vehicles that arrived at
their destination compared to Original and DIVERT. It is
important to note that when considering 6250 vehicles,
the Original and DIVERT solutions were not able to have
more than 5500 vehicles arriving at their destinations. Using
a set of variables, NRR is able to increase the number of vehi-
cles arriving at their destinations. Here we can verify that the
proposed network classification and route suggestion algo-
rithm are in fact able to efficiently re-route vehicles. When
the number of vehicles is greater than 3750 and the network
becomes congested, the performance of Re-RouTE and NRR
does not decrease, as observed in DIVERT, which uses the
travel time to determine whether a road is congested or not.

In the Paris scenario (Fig. 15(b)), DIVERT presents similar
results when compared to the Original routing, surpassing it
only when considering 6250 vehicles, while Re-RouTE out-
performs DIVERT and NRR in all results. When the network
has 6250 vehicles, DIVERT increases the number of vehicles
that arrive at their destinations in 17% when compared to the
Original routing, while Re-RouTE increases such number of
vehicles in 136%, 99% and 45% when compared to Original,
DIVERT and NRR solutions, respectively. In the Paris sce-
nario, the total number of vehicles that finished the route is
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smaller than in the Los Angeles scenario, since the former has
bridges and squares, which make the task of re-routing more
challenging and, in some cases, infeasible (the vehicle must
pass through a bridge to reach its destination).

Fig. 16 shows the number of vehicles that reach their des-
tinations at different simulation moments. In the Los Angles
scenario (Fig. 14(a)), DIVERT, NRR and Re-RouTE out-
perform the original routing when the simulation time is
greater than 10 minutes. Notice that, Re-RouTE outperforms
DIVERT and NRR in all moments. When the simulation time
is up to 15 minutes (considering the vehicles that arrived
at their destinations between 10–15 minutes), DIVERT
increases the number of vehicles in 32% when compared to
the Original routing while Re-RouTE increases such number
in 79% and 25% when compared to DIVERT and NRR.
As the simulation time goes forward, Original routing and
DIVERT are not able to maintain good results. In fact,
instead of decreasing congestion, DIVERT creates new con-
gestion points and decreases the number of vehicles that
arrived at their destinations. On the other hand, Re-RouTE
and NRR are able to keep high values of vehicles reach-
ing their destinations even when the network is congested.
DIVERT presents similar results when compared to the
Original routing in the Paris scenario (Fig. 14) and Re-RouTE
is able to improve the number of vehicles finishing their trips.

FIGURE 16. Number of vehicles over simulation time. 3750 vehicles.

V. APPLICABILITY
There are a number of factors that can be considered in the
design of a vehicular traffic management solution, such as,
time spent in traffic lights, accidents or streets with more than
one lane. The latter issue is addressed by the Re-RouTE as
illustrated in Fig. 2. For each lane in the street, we create an
edge in the corresponding graph G(V ,E). The total number
of vehicles in the considered street is the sum of each lane
capacity. A natural driving behavior is to choose the lane
with fewer vehicles and the SUMO Urban Mobility used in
our performance analysis simulates this behavior. SUMOalso
simulates driver imperfections, where there is a difference
among driver choices, such as acceleration, deceleration,
maximum speed, gap between vehicles, lane changes, etc.
It is important to highlight that Equation 3 defines different
density intervals to calculate the weight of the edges (roads).
Such an approach mitigates wrong estimations caused by
different vehicle’s sizes (motorcycle, trucks, buses etc) and
packet losses.

The proposed Re-RouTE solution uses only the road den-
sity and does not directly consider the traffic light influence
on the street flow. The scenario where some vehicles stop at
a traffic light may happen and the solution will detect this
as a free flow if the number of stopped cars is less than d0.
However, if the traffic light only induces a small number of
stopped vehicles, then the lanes after the traffic light are not
congested and the vehicles are stopped only because of the
red signal. Otherwise, vehicles stopped at traffic lights would
not continue their trajectory (congested lanes after traffic
light), increasing the number of stopped vehicles. In this case,
the number of vehicles would be greater than d0, indicating a
congested road.

In case of an accident, the vehicle may send a notification
to the traffic management service, which can immediately
update the corresponding edge on G(V ,E) or temporarily
remove the specified edge. Thus, new routes will not pass
through the street with an accident. After an accident reso-
lution, the service does not need to be notified about it. When
monitoring the number of cars that send information while
crossing the lane which had the accident, the service is able
to detect that the accident has been resolved and the routes
can again consider such lane.

VI. CONCLUSION AND FUTURE WORK
This work proposed Re-RouTE, a novel Vehicular Traffic
Management Service to reduce traffic congestion in dense
urban scenarios. Re-RouTE employs the concepts of flow-
density model of Traffic Engineering theory to classify net-
work congestion. Instead of using street travel time or average
speed, Re-RouTE considers only the street density of vehi-
cles, which turn out to be effective and simple to implement
in a real-life vehicle network. The street density can be
used to detect, classify and suggest new routes by avoiding
congested points and, at the same time, load balancing the
road traffic without creating new congestion points. We have
conducted an extensive simulation analysis, considering real
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street scenarios, to illustrate the ability of Re-RouTE in
reducing traffic jams and increasing the global traffic flow.
Re-RouTE outperforms the closest literature approach
regarding the travel time, travel distance and average speed.
As a consequence, the proposed solution is able to reduce
traffic congestion and allow more vehicles to reach their
destinations. Even in scenarios where drivers do not accept
route suggestions, Re-RouTE is able to reduce traffic jams.

As future work, we plan to extend Re-RouTE to perform
traffic prediction, and, eventually to act proactively rather
than reactively when making route suggestions.
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