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Abstract
The lack of visibility due to foggy conditions is known to cause of a lot of accidents every year in the United Arab Emirates,
eventually leading to fatal injuries. Yet, today’s technology can help to overcome these visibility issues by providing dynamic
information to the driver about the current weather and an appropriate speed limit. This paper explores four strategies, ranging
from static road signs to advanced inter-vehicular communication, to better warn the drivers and make them adapt their speed
depending on the weather. To evaluate the impact of each policy, agent-based simulations are designed and performed. The
results show that a dynamic communication about the weather conditions, supported by either an infrastructure-to-vehicle or
a vehicle-to-vehicle protocol, can reduce the probability of occurrence of accidents.

Keywords Agent-based simulation · Microscopic simulation · Traffic simulation · Foggy weather condition

1 Introduction

Based on historical records, driving in heavy fog conditions
is one of the most serious causes that lead to fatal accidents
onUAE roads in general andAbuDhabi andDubai highways
in particular. For instance, on October 2015, fog has covered
large areas of the UAE between 4 a.m. and 8 a.m. causing 88
accidents. Abu Dhabi police reported that on January 2015,
due to heavy fog conditions, dozens of vehicles collided on
the Abu Dhabi-Dubai road leaving 20 persons with minor
injuries from separate cases of collisions. Soon after, on Jan-
uary 2016, theMinistry of Interior announced that around 23
people were injured in four accidents involving a total of 96
vehicles on the Abu Dhabi-Al Ain road (see Fig. 1).

Moreover, on February 2016, a massive pile-up involving
around 40 vehicles brought traffic to a standstill on Sheikh
ZayedRoad, according toDubai Police.Accidents took place
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on the Abu Dhabi-Dubai border due to thick fog and caused
136 accidents. The Dubai Police partially closed the E11
highway to clear the road. A summary of additional fog-
related accidents on UAE roads for the period 2008–2016 is
shown in Table 1 (Source: http://www.rta.aewww.rta.ae).

All these massive accidents, and several other relatively
minor ones, were due to poor visibility conditions caused by
dense fog. Vehicles driving at high speed suddenly enter road
sectors covered by dense fog without warning and are then
involved in mass collisions. Driving in bad weather in the
UAE is often linked to fog, rain, or sand storms with low vis-
ibility being the common denominator. Every year, the UAE
suffer pile-ups, which are typically a chain reaction. One
accident occurs; sometimes just a small fender bender and
followingmotorists cannot avoid colliding with the obstacles
in front of them due to the lack of proper distance, lack of
attention, or excessive speeds.

Solutions for improving road safety when drivers face
poor visibility due to foggy weather conditions are multi-
ple. In the context of our project, we consider that the major
solutions are related to the application of

(i) crowd-sensing of visibility estimation and
(ii) vehicle-to-vehicle and vehicle-to-infrastructure com-

munication (V2x).
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Fig. 1 Ninety six (96) vehicles
involved in mass collision due to
fog (January 2016, Sources:
www.rta.ae, https://www.
spiegel.de/auto/aktuell/abu-
dhabi-massenkarambolagemit-
100-autos-a-1072435.htmlDer
Spiegel)

The participatorymeasures enable the diffusion of the knowl-
edge among the car drivers, and then adapt there behaviors
to the situation. However, this first solution needs to have an
active action from the drivers and a communication infras-
tructure. We consider that introducing V2x enables to build
an automatic system for managing the visibility issues par-
ticipates to the global solution. Therefore, this paper focuses
on this second point by providing a study of three strategies
including connected road devices and connected vehicles
in order to reduce accidents in foggy weather conditions.
The first point is outside the scope of this paper. These three
strategies are considered in this study in separated simulation
scenarios, as well as a reference scenario:

• No smart system: The drivers do not have a dynamic
information related to the fog situation. It is the reference
scenario.

• Smart devices:The drivers perceive the road signs (e.g.,
speed limit panels) that are able to adapt their screens to
reflect the foggy weather situation.

• Onboard notifications: Extends the previous scenario
with notifications to the driver of speed limits on the
vehicle’s board. The notifications are sent by the smart
devices.

• Connected vehicles: Extends the previous scenario with
vehicles that are able to exchange the speed limits through
vehicle-to-vehicle communication.

Table 1 Log of major fog-related road accidents across the UAE 2008–2019

Vehicles Crashes Injuries

March 2008 200 cars crashed due to poor visibility caused by the
thick fog on Abu Dhabi-Dubai highway. 25 vehicles
caught fire (see Fig. 2)

4 people died, 350 were injured

March 2009 Bus crashed into an outdoor advertising billboard on the
outskirts of Ras Al Khaimah

54 labourers and a driver were injured

October 2011 32-car pile-up on the Dubai Bypass Road just before the
Al Ain highway interchange

Not reported

February 2012 2 accidents near to Emirates Roundabout in Abu Dhabi 1 Asian woman was killed

February 2013 A bus and lorry collided in Al Ain’s Al Arrad region A 20-year-old emirati woman was killed, 6 other female
emiratis were injured plus the bus driver

May 2013 140 crashes in the space of six hours in Dubai Not reported

January 2014 57-car pile-up Abu Dhabi and Al Ain road 14 people were injured

January 2015 Dozens of vehicles collided on the Abu Dhabi-Dubai
highway

20 people were injured

February 2016 136 accidents of the E11 near Jebel Ali No death were reported

February 2018 44 vehicles o a major event on Sheikh Mohammed bin
Rashid Road

22 people were injured

13 March 2019 3 accidents, in cluding one with 11 vehicles at Ghantoot,
Abu Dhabi and Sharjah

Minor injuries

15 March 2019 205 reports of accidents in Abu Dhabi, Al Ain and Al
Dhafra caused by morning fog (68 vehicles)

10 minor injuries
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Fig. 2 Twenty five (25) vehicles caught fire following the accidents
caused by the thick fog (March 2008, Source: www.rta.ae)

To provide accurate results, a high-resolution spatial
model was established in our previous research representing
the state of the traffic infrastructure and the driving popula-
tion [27]. It is based on an agent-based model (ABM) that
is a class of computational models for simulating the actions
and interactions of autonomous agents with a view to assess-
ing their effects on the systems as a whole [9, 26]. Many
research areas, such as transportation behavior modeling [3,
12, 13, 23], need to analyze and understand the complex
phenomenon of interactions between different entities. Con-
nected and autonomous vehicles, aswell as connected human
beings and Internet of Things objects, will be considered
as agents. The proposed ABM follows the latest advance-
ments in the fields of agent-oriented software engineering
and agent-based simulation. The Janus platform [11, 14, 15]
and its associatedSARLmeta-model and agent programming
language1 [6, 8, 10, 29] are used for building the simulator.
The source code of the simulator is published as open source
code on Bitbucket.2

This paper is structured as follows: Sect. 2 presents sev-
eral related works. The different agent behaviors for vehicles
and connected objects are detailed in Sects. 3 and 4, respec-
tively. The simulation of traffic in foggy weather condition
is described and discussed in Sect. 5. Conclusions and per-
spectives are provided in Sect. 6.

1 SARL: http://www.sarl.io
2 Bitbucket source folder: https://bitbucket.org/sgalland/zayed-
fogsimu

2 Related works

Several recent research works were focusing on the study of
foggy weather conditions on road traffic. [5] study the effec-
tiveness of fog warning systems in driving performance and
traffic safety in heavy fog conditions. This work provides a
multivariate analysis of variance for highlighting the effects
of drivers’ individual characteristics on driving behavior. The
implemented simulator is mesoscopic and not based on agent
paradigm. Authors found that On-Board Unit (OBU) had a
significant impact on individual speed adjustment. Therefore,
OBUwill be included in short-term in our simulation scenar-
ios and compared to the two scenarios that were described
here.

Tan [33] proposes a longitudinal driving model to inves-
tigate the impact of driver risk illusions on traffic flow. This
model is applied in scenario with foggy weather conditions.
Linear stability analysis and numerical simulations of the
proposed model are conducted, but they are not based on the
agent paradigm. The comparison between the longitudinal
driving model of [33] and RT-CVC [18] will be made in a
dedicated paper. [20] propose a study on adaptation effects
in the case of fog in relation to two longitudinal driving
behaviors (Helly [19] and IDM [34]). Authors show from
the experiments a significant decrease in speed and a signif-
icant increase in distance to the lead vehicle. Furthermore,
the results showed that acceleration significantly decreased.
The effect of fog on deceleration was not significant. These
effects have also been found in our experiments. [1] pro-
pose prediction models to perform numerical fog forecasts.
They couple the one-dimensional PAFOG fog model with
the three-dimensional Weather Research and Forecast mod-
eling system. The proposedmodel is used for implementing a
road trafficwarning system.Thesemodels are focusingon the
fog evolution on the map and not on the traffic model itself.
However, the model of [1] could be adapted and injected
into our model instead of the static definition of the foggy
weather area. Among several agent frameworks that are ded-
icated to traffic simulation, GAMA [17], MATSIM [21], and
SUMO [24] are widely used, especially in EU. All of them
are based on the agent paradigm with different and specific
meta-models. They provide features that enable to simulate
traffic flows under foggy weather conditions. However, the
meta-model of SARL is consideredmore generic and enables
the implementation of complex systems through both organi-
zational and agent modeling paradigms. Regarding the agent
paradigmand the agent environmentmodel, SARL/Janus fol-
lows strictly the definitions and principles from [25, 30, 35].
Moreover, the SARL/Janus model enables sub-microscopic
simulation of the vehicles, i.e., the simulation of the vehi-
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cle’s physical components [22]. Finally, because of its design,
SARL/Janus enables the distribution of the simulation over
a computer network with a small effort.

3 Driver models

Two types of drivers are considered: regular and connected
drivers. Both are detailed in the following sections. Section
3.3 is dedicated to the adaptation of these driver models to
consider foggy weather conditions for the agent decisions.

3.1 Regular driver

The behavior of a regular driver, e.g., a driver of a non-
connected vehicle, is based on the layered architecture
presented in Fig. 3, which decomposes the general driver
model into complementary modules. The modules used in
this research are described in the following sections.

3.1.1 Path Selection module

In the “Path Selection” module, the agent chooses the route
to follow to reach its goal. A sequence of daily activities,
in which travel activities are involved, may be modeled and
used. In this paper, routes are precalculated and provided
to agents following a stochastic distribution, arising directly
from the results of transport demand simulations.

3.1.2 Desired/cruise speed selection module

The choice of the desired/cruise speed is achieved by modu-
lating the maximum speed v̇ allowed by the regulations and
expressed through road signals. Therefore, the model for tra-
jectory and speed computation analyzes the perception of
the agent to detect any change in this speed information. The
agent determines also the comfort speed to pass a road curve
according to (1) [32], where R is the radius of the curve.

Vd = 102

1 + 346
R1.5

(1)

Therefore, v̇′ is the desired speed after the adaptation to
the trajectory (see (2)) [27].

v̇′ =
{

θ.min (v̇, Vd) if P(change) ≥ pas
min (v̇, Vd) otherwise

(2)

θ ∈ R+ is the factor for modeling the approximate com-
putation of a speed that is done by a human. Each driver agent
has the choice to adapt or not its speed to the road trajectory.
This fact is modeled with a probability value that should be
greater than or equal to pas .

3.1.3 Collision Avoidance module with longitudinal driving
model

The “Collision Avoidance” module is responsible for issuing
the agent influences [25]—or actions—for the driver agent to
the simulated vehicle in the form of vehicle acceleration. To
compute the vehicle acceleration, several models were pro-
posed in the literature. They are named “longitudinal driving
models” or “car-following models.” In this research, three
models are used:

(i) Reaction Time-based Collaborative Velocity Control
(RT-CVC) [18];

(ii) Intelligent Driver Model (IDM) [34];
(iii) Intelligent Driver Model Plus (IDM+) [31].

A preliminary comparison is provided by [28]. Other lon-
gitudinal driving models can be found in the literature [2, 4,
16].

RT-CVC model [18] is developed to deal with the occu-
pancy of a conflict zone. From the point of view of car
following, the conflict zone could be considered as a location
on road before the following vehicle. This model is imple-
mented as a control algorithm for real autonomous cars [18].
The acceleration ar of a vehicle is provided by (3). This
acceleration is used by the following vehicle for braking or
acceleration during the next simulation step �t .

ar =
b f τ − 2v f ± 2b f

√
b f blτ 2 + 4blv f τ + 4v2l − 8bls

4b f bl

2τ
(3)

Fig. 3 General architecture of
the driver behaviors [27]
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s is the distance between the two successive vehicles. If s
becomes lower to the minimal safety distance for break-
ing s0, the vehicle starts its emergency braking behavior. v f

and vl are the current velocity of the follower and leader,
respectively. b f and bl are the maximum decelerations of
the follower and the leader. And τ is the reaction time of
the driver. In some unusual cases, the bumper-to-bumper
distance may be less than the minimal headway s0. Con-
sequently, the final control equation is given by (4) and (5).

ar =
⎧⎨
⎩
b f if s < 0
b f τ − 2v f − 2b f a∗

2τ
if s ≥ 0

(4)

a∗ =
√
b f blτ 2 + 4blv f τ + 4v2l − 8bls

4b f bl
(5)

IDM is a time-continuous car following model for the
simulation of freeways and urban traffic [34]. It describes
the dynamic of the positions and velocities of a vehicle, as
defined in (6) and (7).

dv

dt
= a ·

[
1 −

(
vα

v0

)4

−
(
s∗(vα,�vα)

s

)2
]

(6)

s∗(vα,�vα) = s + vαT + vα�vα

2
√
ab

(7)

a is the comfortable acceleration, vα is the current speed
for the vehicle α, v0 is the desired speed, and s0 is the mini-
mum headway (at standstill). T is the desired time headway.
�vα is the speed difference with the leader. s is the current
distanceheadway, andb is the comfortable deceleration. IDM
shows realistic shock wave patterns, but has a macroscopic
capacity of just below 1900 veh/h. In order to reach a reason-
able capacity, the desired time headway needs to be lowered
to unreasonable values.

IDM+ is a variant of IDM in order to focus on the traffic
flow stability [31]. To this end, a minimization over the free-
flow and the interaction terms of IDM equations is defined,
similarly to models based on [19] and [16], as described in
(8) and (7).

dv

dt
= a · min

[
1 −

(
vα

v0

)4

, 1 −
(
s∗(vα,�vα)

s

)2
]

(8)

By explicitly separating the free-flow and interaction
terms, the equilibrium fundamental diagram of the IDM
changes from a smooth topped-off shape to a triangular
shape. Unstable behavior in the IDM is largely dependant
on s∗ as this includes the exaggerated response to speed dif-
ference and deviation from the equilibrium headway. Strong

deceleration triggering traffic flow instability occurs with
s∗ >> s. This still holds for the IDM+ as long as v ≤ v0.
The maximum acceleration difference is equal to a.

3.2 Connected driver

A connected vehicle is a vehicle that is equipped with com-
munication devices and usually with a wireless local area
network. This allows the car to share network access with
other devices both inside aswell as outside the vehicle.Often,
the vehicle is also outfitted with special technologies that tap
into the wireless network and provide additional benefits to
the driver.

The behavior of the driver agent is updated to include the
support of the different types of communications (vehicle-
to-vehicle and infrastructure-to-vehicle). In essence, the
communication model is based on the communication capa-
bilities of the agents and based on the messages that they
could exchange. As illustrated by Fig. 4, two new modules
(in red) have been added into the general architecture of the
driver agents, compared to the architecture in Fig. 3.

3.2.1 Communication Receiver module

The “Communication Receiver” module is in charge of
receiving and filtering the messages that are received by the
agent. Its role is to extract any relevant data from the mes-
sages in order to update the knowledge of the agent. The
messages that are considered in this project are as follows:

• Speed limit: This message contains a speed limit that
should not be overtaken by the receiving agent. When
an agent receives an occurrence of this message, it is
updating its knowledge about the maximal speed that it
could select.

• Dangerous situation: This message contains the position
and the type (accident, etc.) of a dangerous situation.
When an agent receives an occurrence of this message, it
includes the situation as a candidate for collision avoid-
ance.

3.2.2 Information Emitter module

The “Information Emitter” module emits messages into the
system to set up a communication between the agents. The
module is based on the algorithm in Algorithm 1.

The time t ′ at which the messages should be received is
randomly computed into the time windows [0; ρ], where ρ

is a parameter of the agent model, i.e., each agent could have
a different value for ρ. The agent a emits a SpeedLimit
message according to its probability psmax . This message
contains the known maximal speed limit v̇smax , the times-
tamp t ′, and the current position posa of the agent a. If
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Fig. 4 General architecture of
the connected car driver
behaviors [27]

Algorithm 1 Information Emitter Module.
t ′ ← t + random([0..ρ])
if P(p ≤ psmax ) then

emit SpeedLimit event with (v̇smax , t ′, posa)
else

if posdang 	= ∅andP(p ≤ pdang then
emit DangerousSituation event with (posdang, t ′, posa)

end if
end if

the agent a knows the position posdang of a dangerous sit-
uation, it emits with probability pdang a message of type
DangerousSituation with posdang , the timestamp t ′,
and its current position posa .

3.3 Support of the foggy weather conditions

Fog is among the most influential factors that impact road
traffic safety. Foggy weather conditions were included into
the simulation in two different modules.

First, fog has a real presence in the simulated agent
environment. Therefore, it is included into the agent envi-
ronment’s model itself, that is, the data structure from which
agents’ perceptions are computed. Consequently, the agent
becomes able to perceive fog by extractingFogWall objects
from the collection of objects that it is perceived around. The
position and distance to this wall could be used by the driver
agent to determine its best speed.

Second, assuming that the driver agents are able to per-
ceive fog as explained above, the driving behavior should

be adapted by considering the fog wall as a possible obsta-
cle. Consequently, only the Collision Avoidance module
is impacted by the foggy weather situation in our driving
behavior architecture. In this case, the “CollisionAvoidance”
module select themost dangerous object between a car to fol-
low and the fog wall. Dangerousity of the objects is based on
the distances to these objects.

4 Road signs behaviors

Vehicle-to-Infrastructure (V2I) communication is part of
Intelligent Transportation Systems (ITS) that is supported in
our study. V2I technologies capture vehicle-generated traf-
fic data, wirelessly providing information such as advisories
from the infrastructure to the vehicle that inform the driver
of safety, mobility, or environment-related conditions [7]

The behavior of an infrastructure component is directly
supported by dedicated agents and illustrated by the diagram
in Fig. 5. The “Data Extraction” module is dedicated to the
sensing of the environment and the extraction of raw data.
The role of this module is to specify the field of perception
of the sensor. The role of the “Data Filtering” module is to
discard the objects from the extracted data set that are not
relevant to the behavior of the infrastructure component. The
“State Change Computation” module is the key module of
the infrastructure agent. Its role is to update the variables
in the current object’s state � according to the filtered data.
For example, the state of a traffic light may be a value in

Fig. 5 General architecture of
the road signs’ behavior,
adapted from [27]
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the set {Pass, Prepare-to-stop, Stop} that is selected accord-
ing to the state of the traffic around. The “Physic State”
module is in charge of transforming the state � of the infras-
tructure component from actions provided by the simulated
agents to change the physical description of this compo-
nent in the agent environment. For example, the module for
a traffic light may transform the state value Pass to the
green color, Prepare-to-stop to orange, and Stop to red. The
“CommunicationEmitter”module is in charge to prepare any
communication with other infrastructure components (I2I),
the network (I2N), or vehicles (I2V). As for driver agents,
the communication is supported by agent messages.

4.1 Smart speed limit panel

In the context of this research, a single type of infrastructure
agent is modeled and implemented: smart speed limit panel.
The general behavior of this agent is to show up the current
speed limit at the location of the panel. This speed limit is
computed according to (9) [27], where v̇legal is the legal
speed limit (constant into the agent behavior) and v̇percept

is the speed limit, that is, the result of the data extracted by
the agent.

v̇max = min
(
v̇legal , v̇percept

)
(9)

v̇percept = min
(
v̇v2i , v̇ f og

)
(10)

According to (10), the perceived speed limit v̇percept

depends on two inputs:

• The speed limit v̇v2i that is embedded into a SpeedLimit
message, received by the agent; and

• The fog sensor that provides information about the fog
density at the place of the panel. This density is used for
computing the expected speed limit v̇ f og in the foggy
weather condition (see (11)) [27]:

v̇ f og =
⎧⎨
⎩

+∞ if no fog around
d f og.v̇legal

m f og
if fog

(11)

where d f og ∈ R+ is the current visibility distance into
the fog (representation of the fog’s density), andm f og ≤
d f og is the maximal visibility distance into the fog under
which the fog’s impact on the traffic exists.

Finally, the speed v̇max is displayed on the panel and sent
via a communication channel to the neighbor objects (vehi-
cles or other speed limit panels).

5 Application to highway under foggy
weather situation

In this section, the architecture and the models that are
described in the previous sections are applied on the sim-
ulation of four scenarios for highways in the United Arab
Emirates in foggy weather situation.

5.1 Environment description

Regardless of the simulation scenario, the agent environment
must be defined for enabling the comparison of the results.
The selected environment is a two-lane highway of 10km
long, without exit, entry, or interchange ramps. This portion
is a part of the E11 highway that is located in the United Arab
Emirates, as illustrated by Fig. 6.

The vehicles are injected into the simulation at the red
mark on the west part of the highway (vehicles follow the
west-to-east direction).A fog zone is represented and approx-
imated by a circle. Therefore, the fog circle is centered on
the yellow mark, and the radius of the fog area will be of
600m. Additionally, the density of the fog is represented by
the visibility distance inside this fog area: 40m.

5.2 Generation of vehicles

Vehicles are generated in the simulation with a uniform
stochastic law of 7200 vehicles per hour, with the maximum
number of generated vehicles set to 1000. This generation
rate was selected for producing a flow of vehicles that has
a similar density to those observed on the highway in the
UAE and illustrated by the population evolution obtained on

Fig. 6 OSM representation
(top) of a portion of the E11
highway (United Arab
Emirates). The bottom part is
the ESRI shape representation
of this highway, used for
simulation experiments
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Fig. 7 Scenario 1 includes
neither communication between
the infrastructure and the
vehicles, nor between the
vehicles

Fig. 11. When it is created in the simulation, a vehicle must
be assigned to a lane of the initial road segment following a
linear stochastic law with a slope of −1. The initial speed of
a vehicle is computed with a Gaussian law of average value
given by (12) and range [sm; sx ], where sm is the minimum
speed value, sx the maximum speed value, and i is the lane
index.

sm + i
sx − sm

L
(12)

Regardless of the initial speed that is assigned to a vehicle,
the initial acceleration is equal to 0 m.s−2.

5.3 Scenario 1: highway without communication

In this scenario, the drivers do not have a dynamic infor-
mation related to the fog situation. This scenario serves as
the reference in the analysis and discussions related to the
results.

Figure7 shows a simplified view of scenario 1. Speed
limit panels are regular panels, i.e., they are neither smart
nor connected. The car drivers perceive the objects in front
of their car with a maximum distance of 250m. The general
driver behavior is defined in Sect. 3. This general behavior is
adapted to this scenario at the following points:

• The preferred cruise speed selected by the driver is the
one at which the vehicle is created by the system. It is
close to the legal speed limit, more or less an approxima-
tion factor.

• The safety distance that is assumed by the driver to the
front vehicle is randomly selected in the range intervals
given in Table 2.

• The driver does not try to change lane.

Inter-vehicle distance is the distance between the current
vehicle and the leading vehicle. The safety distance is the
minimal inter-vehicle distance under which it is assumed to
be hard to avoid a collision with the front car. The safety
distance sd is evaluated by (13), where γr is the reaction
duration in seconds of the driver (usually 1 s), and γs is the
expected time for stopping the vehicle in case of emergency
(usually 5 s). v̇ is the current speed of the vehicle (km/h). α

is an approximation factor that is usually a constant.

sd = α (γr + γs)
1000v̇

3600
(13)

Table 2 shows the application of (13) on standard speed
ranges, with α = 1.

5.4 Scenario 2: highway with smart infrastructure
and I2I communication

In this scenario, the drivers are informed by road signs about
a foggy weather situation. This information is not done by
communication, but by visual perception of the driver.

Figure8 shows a simplified viewof scenario 2. Speed limit
panels are smart and connected to the other speed limit pan-
els. The maximum communication range of the smart panels
is 2500 m. Because of this coverage range, road sign panels
are put every 2km along the road. They are able to adapt their
display by showing the best speed limit in the current weather
conditions. The behavior of the smart panels is defined in
Listing 1 in the Appendix. It corresponds to the event han-
dler on SmartPanelBehavior that defines the general
behavior of the smart panel. When the panel detects fog, i.e.,
it is located in a foggy weather zone, it assumes that the max-
imum speed for a vehicle is the result of (14). At the same
time, the panel broadcasts a communication message to the
neighbor panels with its position.

speedLimit I nFog =√
62500γ 2

r μ2 + 12960μ × visibili t y I nFog − 250γrμ

7.2
(14)

Table 2 Safety distances according to the vehicle speed, α = 1

Vehicle speed (km/h) Safety distance (m)

[0; 30) [1; 50]
[30; 50) [50; 85]
[50; 90) [85; 150]
[90; 110) [150; 185]
[110; 130) [185; 215]
[130; +∞) [215; 250]
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Fig. 8 Scenario 2 includes I2I
communication between the
infrastructure components

The computation of the maximal speed in a foggy area
in order to avoid collision is based on the visibility distance
in the fog and the stopping distance, that is, the sum of the
reaction distance and the braking distance.3 γr is the reac-
tion duration in seconds of the driver. μ is the coefficient of
friction, approx. 0.8 on dry asphalt and 0.1 on ice.

When the smart speed limit panel is not in the fog zone,
it may have two different behaviors. First, if it does not have
received an message related the foggy weather condition
or the message is related to a too far fog zone (distance
greater than θi meters), it displays the legal speed limit.
Second, if such a message was received within a distance
lower than or equal to θi meters, it displays an interpo-
lated speed between the speedLimit I nFog and the legal
speed limit according to the distance to the initial fog source.
The function normalize applies a normalization rule that
approximates to the closest lower well-known speed, such as
{0, 30, 50, 70, 90, 110, 130} in France.

5.5 Scenario 3: highway with I2X communication

In scenario 3, the previous scenario is extended with I2V
communication: the vehicles are notified on-board by the
infrastructure about the foggy weather situation (infrastruc-
ture to vehicle communication).

Figure9 shows a simplified viewof scenario 3. Speed limit
panels emit signals to the vehicles in addition to the signals
that are emitted to the other smart panels. The maximum
communication range of the smart panels to send messages
to vehicles is 1000 m.

The infrastructure definition is extended to emit spe-
cific I2V signals to the connected vehicles. Listing 2 in
the appendix redefines the function emitI2Xsignals in
order to emit the I2I fog detection signals to the other smart
panels and the I2V fog detection signals to the connected
vehicles.

The I2VFogConditionDetected signal is emitted
at a given rate κ , which is the number of signals to be emit-
ted per second. TheI2VFogConditionDetectedsignal
contains the following data:

3 Source: https://korkortonline.se/en/theory/reaction-braking-
stopping/

• fogPosition: the position of the first smart panel that
has detected the foggy weather condition;

• signalSourcePosition: the position of the panel
that emits the signal;

• speedLimit: the speed limit that is computed in order
to avoid collision into the fog;

• speedLimitOnPanel: the speed limit that is dis-
played on the road sign that emits the signal.

The driver behavior in scenarios 1 and 2 is extended. In
order to support the receiving of I2V communication mes-
sages, only the “Communication Receiver” module should
be adapted. In this scenario, this module extracts informa-
tion about the foggy weather condition when it receives a
I2VFogConditionDetected message. This informa-
tion is used for updating the desired/cruise speed of the
vehicle.

Algorithm 2 Algorithm of the connected car with I2V com-
munication.
if I2VFogConditionDetected is received then

signalSourcePosi tion ← from I2VFogConditionDetected
event

speedLimitOnPanel ← from I2VFogConditionDetected event
d ← distance(posi tion, signalSourcePosi tion)

if d ≤ θiv then
f oggySpeedLimit ← speedLimitOnPanel

else
f oggySpeedLimit ← +∞

end if
end if
computeCruiseSpeed ← min( f oggySpeedLimit, legalSpeed
Limit)

In Algorithm 2, the driver agent determines the minimum
speed limit that is provided through the I2V communication
from the smart speed limit panel below a distance of θiv
meters (i.e., the maximal I2V communication range). The
speed limit that is notified to the driver is the one displayed
on the smart speed limit panel that is the source of the I2V
signal.

5.6 Scenario 4: highway with V2V communication

In this scenario, the drivers are notified through a local com-
munication between the vehicles.

123

https://korkortonline.se/en/theory/reaction-braking-stopping/
https://korkortonline.se/en/theory/reaction-braking-stopping/


Personal and Ubiquitous Computing

Fig. 9 Scenario 3 includes I2V
communication between the
infrastructure and the vehicles in
addition to the I2I
communication

Figure10 shows a simplified view of scenario 4. Vehicles
are equipped with on-board devices that permit to exchange
V2V signals between the vehicles. The maximum commu-
nication range of vehicles is 400 m.

The driver behavior of scenario 3 is extended. To sup-
port the V2V communication, the “Communication Emitter”
module should be implemented. In this scenario, this module
emits FogConditionDetected messages that contain
all information related to the known foggy weather condi-
tion.

Algorithm 3 Algorithm of the connected car with I2V com-
munication.
if V2VFogConditionDetected is received then

signalSourcePosi tion ← from V2VFogConditionDetected
event

speedLimit For AheadCar ← from V2VFogCondition
Detected event

d ← distance(posi tion, signalSourcePosi tion)

if d ≤ θvv then
f oggySpeedLimit FromOtherV ehicles ←

speedLimit For AheadCar
else

f oggySpeedLimit FromOtherV ehicles ← +∞
end if

end if
if f oggySpeedLimit FromOtherV ehicles 	= ∅ then

emit V2VFogConditionDetected event with:
f ogPosi tion ← f ogPosi tion in V2VFogConditionDetected
signalSourcePosi tion ← posi tion
speedLimit ← speedLimit in V2VFogConditionDetected
speedLimit For AheadCar ← min(
[4] f oggySpeedLimit FromOtherV ehicles,
[4] f oggySpeedLimit, legalSpeedLimit)
end if

In Algorithm 3, the driver agent saves any information
related to a detected foggy weather situation. When such
information is available, it emits a V2V communicationmes-
sage with this information.

5.7 Results and discussion

We have run one hundred different experiments for each sce-
nario and each type of the considered longitudinal model
(RT-CVC, IDM and IDM+). Figure11 shows the evolution
of the population during the simulation.

As expected, the number of vehicles increases and sta-
bilizes due to the interaction among the vehicles that limit
their speeds. The RT-CVC model enables all vehicles (1000
vehicles are injected into the simulation) to pass through the
highway section sooner than the IDM and IDM+models.We
could conclude that the RT-CVCmodel generates more fluid
flows.

Figure12 illustrates the evolution of the vehicles’ speeds,
whatever the position of the vehicles on the road (inside
or outside the fog). For the RT-CVC model, three different
stages could be shown. The average speed increases because
none of the vehicles has encountered the foggy weather situ-
ation. Then, around time 500, the vehicles start to enter into
the fog, that has the consequence to decrease the average
speed and make it stable until all vehicles have been entered
into the fog. Average speed increases again at the end of the
simulation because the drivers accelerate after exiting from
the fog. The speed profiles generated by the IDM and IDM+
models show two stages: the decrease of the average speed,
followed by a stage during which the average speed is sta-
ble. Congestion in fog appears around time 500, the profiles
of three models show an important decrease of the slopes at
this time. Figure13 shows the average speed of the vehicles
when they are inside the foggy weather zone. Its speed value
is stable around 17 m.s−1 that corresponds to the maximal
speed to reach to be safe with a maximum perception dis-
tance of 40m. The higher values at the beginning and at the
end of the simulation are explained by the small number of
vehicles into the simulation. Therefore, the individual impact
of each on the average speed is increasing. The drivers are
accelerating into the fog because they are perceiving the end

Fig. 10 Scenario 4 includes
V2V communication between
the vehicles in addition to the
I2I and I2V communication
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Fig. 11 Evolution of the population of cars on the highway over the
simulated time

of the fog wall, even if they are still physically into the fog
area.

One of the notable differences between the scenarios is the
travel duration that ismore important for IDMand IDM+ than
RT-CVC. Figure14 provides the simulation results related to
the travel time of the vehicles. The fact that the vehicles adapt
their speeds due to the connected speed limit panels could
be seen with slower vehicles, those with the highest travel

Fig. 12 Average speed of the simulated vehicles over the simulated
time into the entire road network

times, shifted in time. Additionally, for the four scenarios of
a longitudinal model, we could show local increases of the
travel duration that are shifted in time for the scenarios: the
more the scenario includes connected devices, the more the
travel duration increase comes early in time.

The probability to observe accidents, i.e., a vehicle that
is colliding with another vehicle, depends on the reaction
time and the perception distance of the vehicles. The number
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Fig. 13 Average speed of the simulated vehicles over the simulated
time into the foggy weather zone

of measured accidents for IDM and IDM+ follows P(0.27)
whatever IDM or IDM+ is used. The number of measured
accidents when all agents are using RT-CVC tends to be 0.
The RT-CVC driving behavior model is designed to be effi-
cient in extreme cases to be deployed in real autonomous
vehicles. The previous results were obtained with the con-
stants in the equations having fixed unique values, e.g., the
reaction time γr = 1, for all agents. When the reaction time

Fig. 14 Average duration for the vehicles to traverse the experimental
area

γr is randomly selected by each agent in [0.5; 1.5], then the
average probability to have accidents is given by Table 3
for IDM and IDM+ models. The RT-CVC model does not
generate a significant number of accidents again. The differ-
ence between these accident probabilities could be explained
by the fact that the vehicles are slowing down early in ITS-
based scenario due to the smart speed limit panels and the
connected vehicles, and the inter-vehicular distances, along
with the relative speeds that tend to be in the safe value ranges.
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Table 3 Average probability to generate accidents when simulating the
4 scenarios with a random driver reaction time in [0.5; 1.5]
Scenario 1 Scenario 2 Scenario 3 Scenario 4

0.27 0.23 0.21 0.20

Experiments are done on a computer with processor Intel
Bi-Xeon Platinum 8168 2.7 GHz and 3.7 GHz Turbo, with
512 Gb of DDR4 LRDIMM ECC (2, 666 MHz) of memory,
running Linux Ubuntu 16.02, SARL 0.10 (http://www.sarl.
io) and Open JDK 1.8. Figure15 provides the execution time
for each simulation step of 0.5 s simulated time.

In general, the execution performance of the model is
stable and low (0.08 milliseconds for simulating the micro-
scopic perception, behaviors, and actions for around 120
agents that is the average number of agents alive during
a simulation step). Four phases could be observed. First,
the number of vehicles that are generated in the simulation
increases. It causes the execution time to increase also.When
the number of vehicles into the simulation becomes stable,
the execution of the simulation decreases due to the usage of
hash tables and data binary trees for storing the perception
and action lists. The third stage is harder to explain. Indeed,
the linear increasing of the execution time could be explained
by the types of internal data structures into the simulator or
themanagement of the threads by the Janus framework.More
investigation is needed on that point. Finally, the decreasing
of the execution time reflects the fact that vehicles are going
outside the simulation environment.

6 Conclusion and future works

This paper studies four scenarios to reduce the number of
accidents on highways due to poor visibility conditions and
proposes a model for simulating them. These scenarios rely
on four different levels of communication about the weather
conditions and the speed limits: no dynamic information,
information provided by dynamic road signs, dynamic infor-
mation transmitted by the infrastructure and displayed by an
on-board device, and information exchangedwith vehicle-to-
vehicle communication. The information is then used by the
driver to adapt its behavior by adjusting the speed of the vehi-
cle. Simulations are then performed to identify the potential
benefits and drawbacks of each solution. These simulations
rely on 3 different car-following models: IDM and IDM+ to
reproduce the human behavior and RT-CVC which is more
oriented toward the simulation of vehicles equipped with an
adaptive cruise control.

From the simulation results, it can be observed that, with
RT-CVC, the probability of generating collisions tends to
zero, regardless of the simulation scenario; however, with

Fig. 15 Average duration of the execution of a single simulation step,
which includes the computation of the agent perceptions, the execution
of the agent behavior, and the application of the agent actions

IDM and IDM+, the probability of generating accidents
changes depending on the scenario. The average probabilities
to generate accidents are, respectively, 0.27, 0.23, 0.21, and
0.20 for each one of the scenarios (Table 3). Thus, a decrease
in the probability of generating accidents can be observed
when using more dynamic communication solutions. It can
also be noted that using RT-CVC for longitudinal control,
in addition to the decrease in the number of accidents, pro-
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duces a more fluid traffic (with a higher average speed and a
reduction of the travel time of the vehicles).

Like all models that cover real-world transportation prob-
lems, the simulationmodel proposed in this paper (i) requires
a large amount of detailed and accurate input data, includ-
ing the agent’s socio-economic attributes and road network
information, and (ii) has scalability issues that still need to
be solved.

Indeed, it is necessary to consider a sufficiently large
region to evaluate the impact of foggy weather conditions
at this scale. Apart from scalability issues, future research
will focus on enhancing the interaction between agents by
including more realistic communication models and include
them into a systematic comparison study.
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Appendix. Listings

on SmartPanelBehavior {
2 i f (panel.inFog) {

panel.display(speedLimitInFog)
4 emitI2Xsignals(panel.position, speedLimitInFog,

speedLimitInFog)
6 } else i f (I2IFogConditionDetected 	= ∅) {

var ds = distance(panel.position,
8 I2IFogConditionDetected

.signalSourcePosition)

10 i f (ds ≤ θi ) {
var sif = I2IFogConditionDetected.speedLimit

12 var fp = I2IFogConditionDetected.fogPosition
var df = distance(panel.position, fp)

14 var α = df / θi
var αc = min(1 , α )

16 var β = (legalSpeedLimit− sif) .abs ∗ αc
var s = min(legalSpeedLimit, sif) + β

18 s = s.normalize
panel.display(s)

20 i f (s < legalSpeedLimit) {
emitI2Xsignals(fp, sif, s)

22 }
} else {

24 panel.display(legalSpeedLimit)
}

26 }
}

28 def emitI2Xsignals(fogPos : Point2d, sif : double ,
sp : double) {

30 emit(new I2IFogConditionDetected => {
fogPosition = fogPos;

32 signalSourcePosition = panel.position;
speedLimit = sif

34 })
}

Listing 1 Algorithm of the smart speed limit panels, using the SARL
syntax

def emitI2Xsignals(fogPos : Point2d, sif : double ,
2 sp : double) {

emit(new I2IFogConditionDetected => {
4 fogPosition = fogPos;

signalSourcePosition = panel.position;
6 speedLimit = sif

})
8

every(1/κ seconds) [
10 emit(new I2VFogConditionDetected => {

fogPosition = fogPos;
12 signalSourcePosition = panel.position;

speedLimit = sif;
14 speedLimitOnPanel = sp

})
16 ]

}

Listing 2 Algorithm of the smart speed limit panels with both I2I and
I2V communications, using the SARL syntax
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