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I. NOTATION

With reference to the vehicular traffic scenario depicte&igure 1, we define asthe vehicle whose behavior is
currently under investigation. At a given time instansuch vehicle is at a positian;(¢), and travels with a speed
v;(t), meaning that its instantaneous acceleration can be e;qfﬁmd”di—t(t). Indexesi — 1 andi + 1 identify the
back and front vehicles with respect towhich are located at;_;(¢t) andz;11(¢), and travel at velocity;_;(t)
andwv;11(t), respectively, at time. The front bumper to back bumper distance betweand: + 1 is identified as
Az;(t). Indexesj — 1 andj + 1 identify the back and front vehicles with respectitan a different lane, considered
for lane change. These vehicles are at positiops, () and z;1(t) and travel with speed;_(¢) andv;1(t),
respectively. Also, we denote input parameters for the ordair mobility descriptions with consistent notation in

different models. The symbols used are listed in Table I.
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Fig. 1. Vehicular traffic notation.

| Parameter | Symbol |

acceleration a
deceleration b
driver’s reaction time T

time step At
maximum (desired) speef vmaz
minimum speed Umin
safe time headway T

TABLE |

LIST OF SYMBOLS

II. STOCHASTIC MODELS

We classify as stochastic models all those mobility desiorig which constrain random movements of nodes on
a graph. The graph represents a road topology, and the mavésnendom in a sense that vehicles, individually
or with group dynamics, follow casual paths over the grapiially traveling at randomly chosen speed. Stochastic
models are the simplest vehicular mobility descriptionsdugh VANETS research, as they do not consider any
vehicular traffic theory result. Basic aspects such asa@agt interaction and intersection modeling are neglect
or tackled simplistically, with the result that fundamdmihenomena of vehicular mobility cannot be reproduced.
Stochastic models are often compared against fully randadility models, i.e., models that do not constrain the
random nodes movement over a graph, such as the Random Walktfie Random Waypoint [2]. However, such



(1.4) (3.4) (54)

1.3 (53)

(1.1 -
(1) A X A

0 1 2 3 4 5 6

Fig. 2. Example of City Section mobility, with Fig. 3. Freeway model topology, eachFig. 4.  Manhattan model topology,
dotted lines representingigh-speed roads. The line representing a single highway lane.each line representing a single-lane road.
simulated vehicle moves frorfi, 4) to (4,4) in ~ Vehicular movement occurs on the di- Vehicular movement occurs on the direc-
multiple steps. rection shown by the arrows. tion shown by the arrows.

tests can hardly validate the realism of stochastic models.

The City Section mobility model introduced by Davies [3] constrains nodesveroent on a grid road topology,
where all edges are considered bi-directional, single-larads. Vehicles randomly select one of the intersections
as their destination over the grid and move towards it withstant speed, with (at most) one horizontal and one
vertical movement. The speed depends on the road the véhickereling on: two road classes, high-speed and low-
speed, are considered, and each node sets its speed to ar highv@alue accordingly. Car-to-car interactions are
ignored, since all adjacent vehicles travel at the sameds@aal vehicles are allowed to overlap at road junctions.
No pauses at intersections, nor at the end of trips are speclfi Figure 2 an example of vehicle trip over with
the City Section model is provided.

Within the IMPORTANT framework [4], Baket al. adopt a Freeway mobility model and a Manhattan mobility
model to verify the effect of different mobility descriptis on several metrics of networking interest. THieeway
model uses the map in Figure 3, representing several kitdireal multi-lane freeways. The movement of each
node is restricted to the lane it is moving on, and the follayépeed rules apply to vehicle

vi(t + At) = vi(t) + na At;

IF v;(t) < Vpin THEN 0;(t) = Upmin;

IF v;(t) > Vymaz THEN v3(t) = Upmag;

IF Az;(t) < SD THEN v;(t) = viy1(t) - a/2;

whereSD is the minimum safety distance between two vehicles amla random variable uniformly distributed

n [—1,1]. The first rule adds some randomness to the update of vehgpeed, which is first selected as uniformly
distributed in an intervalv,,,;,, vmaz]. The second rule introduces a minimum safety distance reapeint between
vehicles. Each vehicle starts its movement at the beginofrg lane, and ends it once it reaches the end of the
same lane. Then a new movement, on a randomly selected tastried over.

Similarly to the City Section model seen before, tHanhattan mobility model uses a grid road topology, as
shown Figure 4. This model was first introduced in [5] and sbaimplemented in the BonnMotion framework [6].
With respect to the City Section, the Manhattan model engpbpyrobabilistic approach in the selection of nodes
movements, since, at each intersection, a vehicle choosksep moving in the same direction with probability
1/2 and to turn left or right with probabilityl /4 in each case. In the IMPORTANT framework implementation,
the speed management is the same observed in the Freeway, mbubd adds realism with respect to the City
Section model, where all cars traveling on the same lane imstead an identical velocity.

Note that the randomness and safety conditions with redpettte ahead driver imposed to nodes speed by
the IMPORTANT implementation of the Freeway and Manhattasctiptions make these model fall somehow in
between random mobility and car following theory, discasgeSection V. However, we classify the Freeway and



———————
0.1 m/s”, v(0) = O mfs ===
0.1 m/sz, v(0) =10 m/s
0.6 m/s”, v(0) = 10m/s -

T

a=
18 - a=

a=

Speed (m/s)

VAR, SN
\ - P A .
. | IVRDVARVPR VAT LMl [PAL AR I (S e

0 100 200 300 400 500 600 700 800 900 1000

Time (s)

Fig. 5. Free flow speed versus simulation time obtained vighlMPORTANT speed rules, in the caBg,in, vma=] €qual to[0, 30] m/s.

It can be noticed that a comfortable real world value of theelration ¢ = 0.6 m/s*) causes unrealistic substantial fluctuations of the
speed. Reducing the acceleration value=(0.1 m/s?) determines a more stable curve. In any case, modeling peexdsdriven phenomena,
such as queues and traffic shockwaves, is prevented by tleecbhsf a desired speed target in the model: as a matter ofiffdbe car
stops for some reason, the speed tends to remain arounditihbzaro value ¢(0) = 0 m/s).

Manhattan models as random mobility models because thataction rules they employ are too simple and do
not reproduce a realistic drivers behavior. This is evidarfigure 5, where the time evolution of the speed of a
single vehicle in free flow conditions (i.e., with no vehi@bead) is depicted for the abovgt) expression.

Saha and Johnson [7] modeled vehicular traffic with a randaobility of nodes over real road topologies
extracted from the maps of the US Census Bureau TIGER dadBhsAn example of road graph obtained this
way is depicted in Figure 6. In Saha’s work, nodes select ai pver the graph as their destination and compute
the shortest path to get there. The edges sequence is abta@ighting the cost of traveling on each road on its
speed limit (which is recorded by the TIGER format) and onrthember of vehicles already moving on it, in a way
to reproduce the real world tendency of drivers to avoid ested paths. The speed of a node is set to a constant
value in the rangév,,q. — €, Vmaz + €], Wherewv,,,,. is the speed limit of the road the car is moving on. All roads
are considered bi-directional and single lane, and noaagt interaction is modeled.

Zhou et al. [9] propose a Real Track mobility model, derived from thetd@l Track model [10]. Tha/rtual
Track model binds nodes movement over a graph, whose verticesfaread to as switch stations, and whose edges
are defined virtual tracks. The edges have a length, equbktdistance between the switch stations they connect,
and a width, which is user-defined. Thus, they can be gralphiepresented as rectangles more than lines. Nodes
moves in groups, according to the Reference Point Group IiofRPGM) model [11], which defines a common
direction for the group, and then adds some bounded randssringhe movement of the single nodes within the
group with respect to the common direction. Groups of nodesalowed to move following a Random Waypoint
model [2] from one switch station to another switch statiotyavithin the virtual tracks, and only in the direction
of the next switch station (i.e. the Random Waypoint is kdase that the next destination must be nearer than
the current position to the target switch station). At stvigtations, nodes may leave their current group and join
other groups. Th&eal Track model applies the Virtual Track model to real road topolegixtracted, as it was the
case for Saha, from the TIGER database. Road intersectiensapped into switch stations and roads into virtual
tracks, to which a fixed width is assigned. Figure 7 shows pleiraxample of a Virtual/Real Track topology. The
idea at the base of the Real Track model is to reproduce ttstecing of vehicles occurring at intersections and
propagating over the roads. However, the strategy choseatibased on any vehicular traffic theory result, nor it
is validated against other models or real world data. MogedSince this model bases vehicles movements on the
RPGM mobility model, the patterns are random and no car tantaraction is considered.
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Fig. 6. Example of map extracted from Fig. 7. Example of Virtual/Real Track mobility. Groups ofdes move within

a US Census Bureau TIGER database map, virtual tracks connecting five switch stations. Black dapresent mobile nodes
showing the Westwood area near UCLA in Los  which are unconstrained by the road topology, whose presisnallowed by the

Angeles, CA. model.

I1l. TRAFFIC STREAM MODELS

Traffic stream models look at vehicular mobility as a hydmayic phenomenon, and try to relate the three
fundamental variables of velocity(z,¢) (measurable in km/h), densify(z,¢) (measurable in vehicles/km), and
flow ¢(x,t) (measurable in vehicles/h). All of them are functions ofcgpa and timet, averaged over sufficiently
large regions. Since they regard vehicular traffic as a flin@sé¢ models fall into the category of macroscopic
descriptions. The basic equation comes from the idea tiana road section, the number of vehicles can vary
only due to cars entering or leaving the section. This leadfé following continuity equation

dp _ 9(pv)
b 1
ot oz @)
that is, the density over a small sectidn varies, during a small intervalt, according to the corresponding flow.
The simplest model of this kind was proposed by Lighthill &hitham [12], assuming the velocity to be a function

of the density 5 p 5
p %

ETil P (pv(p)) g 2)

which is capable of modeling kinematic waves. This model esn used along the last decades, but much more
complex formulations, always based on the same assumptiansbe found in traffic flow literature.

Traffic stream models can handle large quantities of vehielethe cost of precision. This makes them interesting
for high-level analytical studies of traffic behavior. Howee they cannot model each vehicle independently,
However, the study of VANETSs is largely based on simulatieviich can rely on fast hardware, overcoming
the problem of complexity. Moreover, in VANETs research thebility of each vehicle is fundamental, as it
dramatically impacts on key factors such as connectivity lmks duration. As a consequence macroscopic level
models are rarely found in communication networking litere.

A macroscopic approach is employed by Rudetcdd. [40], again for a highway scenario. In fact, after presantin
the fundamentals of traffic flow theory, the authors simplyplex common assumptions from the traffic flow
literature, considering the distribution of vehicular egeas normal [41] and the distribution of vehicles intexalri
times at the beginning of the considered road section asnexpial [42]. Since the goal of the paper is to determine
the duration of connections between traveling vehiclesfeved gateways along the highway, no higher detail than
the shape of these distributions is needed by the authors.



IV. CAR FOLLOWING MODELS

In car following models the behavior of each driver is ddsedi in relation to the vehicle ahead, and, as they
regard to each single car as an independent entity, theyntallthe category of microscopic level descriptions.
The first car following models date back 50’s and, since thieey represent one of the most common ways to
analytically represent vehicular traffic dynamics.

Most car following models compute the speed or acceleratiancar as a function of factors such as the distance
to the front car and the current speed of both vehicles. A ggrkelayed differential equation formulation, for a
vehicle, would thus be

dvi t
di ) _ fWi(t), vig1(8), wiga (1) — @4(t)) (3)
where a common expression f@r named GHR after Gazis, Herman and Rothery, who first prapadé3], is
dvi(t) o virr(t) —vi(t) (4)

e - 0) |

wherea, m and! are free parameter which can adapted to the traffic scen@ioniust be modeled. Note that
the computation of the derivative at time— = accounts for the finite reaction time of drivers. Many other
factors, characterizing both cars technical constraintsdrivers attitude, can be detailed in car following mogdels
increasing their level of realism. Also, car following mésleften include lane changing rules to regulate movement
of vehicles between lanes. Car following descriptionsgrdéed by lane changing rules can model the behavior of
vehicular traffic on individual multi-lane roads, and areghypically employed in highway mobility analysis. In
simulation, they can also be used to model vehicular dynamicindependent roads of an urban scenario. In that
case however, a proper accounting for interactions betwredfic flows at road junctions must be provided. That
is, rules for intersections crossing, in presence of staplfy signs and traffic lights, must be defined as well. The
same is hard to accomplish within analytical frameworksthasjoint complexity of the different acceleration, lane
changing and intersection management descriptions leaitidractable problems [14].

Compared to macroscopic descriptions, these models asdlysuore precise but computationally more expen-
sive, as their execution cost increases with the numbenailaied vehicles. For this reason, it is to be remarked that
differential formulations of the car following problem,duas GHR, are rarely used when large scale simulations
have to be run. Instead, discrete time models, as thosd listdhe remainder of this Section, are employed. For a
survey and comparison of car following models, along witscdssion on their implementation in traffic simulators,
the reader can refer to in [15], [16], [17].

In her thesis, Breisermeister [18] uses a microscopic ldestription for vehicular movements on a single-lane,
bi-directional straight road. The car-following model &kén from Krauf3 [19], [20]. The model takes four input
variables (the maximum velocity,,,.., the maximum acceleration the maximum deceleratiohand the noise)
that introduces stochastic behavior to the model), dieaethe time with steg\¢, and is built up by the following

set of equations
Al‘l(t) — Ui+1(t)7'

safe
; t+ At) = vt 5
U; ( + ) U+1( )+ (Ul(t) +Uz'+1(t)) /2b—|—7’ ( )
vdesired(t 1 At) = min [vmm, vilt) + alt, vPE (¢ + At)} (6)
it + At) = maz [o, vdesired(y 4 At) e a At n} @)

Equation 5 computes the speed of vehitlequired to maintain a safety distance from its leading slehiThe
reaction time of the driver is represented by the timé=quation 6 determines the desired new speed of vehicle
which is equal to the current speed plus the increment datedrby the uniform acceleration, with upper bounds
represented by the maximum and safe speeds. Equation ¥ filaéirmines the speed of the following vehicle, by
adding some randomness, in the measure of a maximum pegeerdtthe highest achievable speed incremedt

(n is a random variable uniformly distributed @, 1]). Also, note that in [18], only single-lane roads are sineda
thus no overtaking model is considered. However, in [20] taoddane changing rules extending the above car
following equations is proposed. Such rules determine \edsi willingness to change lane, as well as the safety
requirements that must be satisfied for the lane change tar.decparticular, the lane changing model distinguish



between two possible situations, namely a movement to findalee and a movement to the right lane. Different
rules are proposed in order to mimic the use of left lanes ¥ertakings and right lanes for free flow travel. In the
following, we use the notatioh |, and|- |, to indicate the value of the expression within bars, compaif the
vehicle was in the lane at its left and at its right, respetyivFirst, a traffic congestiorj condition is introduced as

IF (vf“fe(t) < vf“fe> AND (

vf“fe(t)‘L < vf“fe) THEN C:

safe

where v; is a threshold safe velocity, under which a lane is consitlemngested. Also, conditions for safe
lane changes to leftS) and right §r) lanes are formulated as follows

IF, FOR EACH1, (IUz(t)IX —bAt <

vf“fe(t)‘x) THEN Sx WITH X € [L, R];

where the inequality guarantees that, is the lane changeriermed, each vehicle in the system is still able
to brake with a finite deceleratidnand avoid a collision with the vehicle ahead. Then, a lanegbas considered
favorable, with respect to a leftF{) and to a right £z) movement, under the following conditions

safe
IF v,

safe
IF v,

(t) < Umaz AND NOT C THEN Fp;
(t) > Umas AND S“fe(t)‘R > Uymaz THEN FR;

Y;

meaning that a lane change to the left can be operated onlyeifcurrent lane does not allow to reach the
desired speed and if the traffic is not congested, as in the#¢ changing lane would not increase the traveling
speed. On the other hand, a movement to the right is allowétkidesired speed can be reached on both lanes,
thus making occupancy of the left lane unnecessary. Thedharge algorithm is then

IF (Fx OR7 < Pchange) AND Sx THEN MOVE TO X, WITH X € [L, R},

which simply states that the movement can be performed ifctienge is favorable and the safety condition
holds. Some randomness is added to the process, by alloinéngehicle to change its lane even if not favorable,
with a small probabilityp.sange, @sn is a random variable uniformly distributed j, 1]. Finally, the model prevents
overtakings on right lanes, with the exception of those ooy in congestion regime, by means of the following
condition

IF v;(t) > |vf*f vie (1)

L

(t)‘L AND NOT C THEN v;(t) =

so that a vehicle in non congested traffic situation lowernoisuits speed not only on the safety speed evaluated
with respect to the front vehicle on the lane it is currentveling on, but also on that computed with respect to
the front vehicle on its left lane.

The same model by Kraul3 is employed within the Simulation didd MObility (SUMO) project [21], which
is developing an open source traffic simulation packageh#ét tase, both acceleration and lane changing rules
are adopted. The tool also uses a dynamic user equilibriymoaph by Gawron [22] to model realistic traffic
assignments, and an original intersection managemenirgtehandle vehicle movement through road junctions.
This tool is of interest for the VANET research community mpibecause Karnadét al. [23] developed the
Mobility Model Generator for Vehicular Networks (MOVE) thawvhich stands over SUMO and includes GUIs to
facilitate the process of road topology and vehicular nigbiefinition, as well as output traces converters for
network simulators as ns-2 and QualNet.

Haerri et.al [24] propose a vehicular mobility simulator for VANETS, el VanetMobiSim, which employs
a different car following model from Treibegt al. [25], defined Intelligent Driver Model (IDM). Such model
characterizes drivers behavior through the instantanaocsleration of vehicles, computed through the following



equations

) _, [1 (o )4 _ <A2<t>)2] ®)
§ = Atyin + [vi(t)T L ul) (”’;1\%_ vil) )] 9)

In Equation 8,6 is the so called desired dynamical distance, computed, @srsin Equation 9, as a function of
the minimum bumper-to-bumper distanger,,;,, the minimum safe time headway, the speed difference with
respect to front vehicle, and the maximum acceleration awtlératiorn andb. When combined, these formulae
give the instantaneous acceleration of the car, dividerlandesired acceleratidin— (v;(t) /vmaz )] ON a free road,
and a braking deceleration induced by the preceding veldglaz;(t))2. A lane changing model from the same
authors [26] is used to model overtakings in VanetMobiSitme Thodel, called MOBIL, follows a game theoretical
approach, and allows a vehicle to move to an adjacent lans/lidr advantage, in terms of acceleration, is greater
than the disadvantage of the back car in the new lane. Thelratsdeconsider a politeness factor and a right lane
advantage bias, which reproduce the real world behaviorieéid to stay on rightmost lanes. Adopting again the
convention that- |, and|-|, indicate the value of the expression within bars, computedf the vehicle was in
the lane at its left and at its right, and the concept of saféfamorable movement to the lef§f, F;) and to a
right (Sr, Fr), MOBIL allows a car to change its lane under the followindesa condition

IF

d”f;—;(t)(x > —bsafe THEN Sx, WITH X € [L, R];
that is, is the back vehicle in the new lane does not have tkebraore than a safe deceleration vahigy.
after the completion of the maneuver. Lane change are cemesidavorable, as follows

dvj—1(t)

IF 7 ‘ ) + a; AND Sx THEN Fx, WITH X € [L, R];
X

dvg‘hgt)‘ _ dvcillgt) :]: Apias 2 p (dv]‘;ltl (t) -

where the left hand side of the inequality is the advantage the lane change would bring to the car under
study and the right hand side represents the disadvantaggtirby the same movement to the back car in the new
lane. Thus, the lane change is favorable only if the advantdghe current driver is higher than the disadvantage
of the new back driver. They,;,. acceleration term is subtracted when the movement is tcetheahd added when
the movement is to the right, so that vehicles tend to stayhein tight. Thep value models the driver’s politeness,
by weighting the disadvantage of the other drivers, while ¢h acceleration threshold avoids that lane hopping
phenomena occur in borderline conditions. VanetMobiSigo aldds to the acceleration and lane changing models
intersection management techniques in presence of stop aitd traffic lights, so to reproduce vehicular mobility
in urban environments.

The same model from Treiber is used by Jaaml. [27], but without considering lane changes and with a
simplified intersection management with respect to theiptsvywork by Haerri.

Recent works by Gorgoriet al. [28] and Bononiet al. [29] employ implementations of a particular category
of car following models, which is referred to as psycho-pégismodels [30], [31], [32]. These models divide
the bi-dimensional space of distander and speed differencAv with respect to front vehicle into several areas
corresponding to different driver behaviors. In Figure 8,shhow an example of space division and vehicle interaction
from [30], detecting the following four driving modes:

« no reaction. No influence is exerted from the ahead vehicdhéctwis too distant or traveling at higher speed

than the considered vehicle. The car under study is thustéreeach and keep the desired speed;

« reaction. The vehicle is approaching the car ahead, andhidmsi$o reduce its speed to keep at safety distance;

« unconscious reaction. The vehicle is in short distance vafipect to the car in front, the speed difference is

small and the two vehicle build up a cluster;

« deceleration. The distance is too small if compared to theeati speed difference, and the vehicle under

consideration is forced to brake.
These behavioral areas are separated by thresholds, wigiglrtconsistent acceleration changes. In the example of
Figure 8,AX and BX are the minimum and desired safety distanéd3)” andC' LDV are the distances at which
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Fig. 8. Example of psycho-physical vehicular interactivhe Ax axis divides positive (vehicle approaching front car) aedative (front
vehicle increasing its distance) speed differedce A possible trajectory is shown by the arrow: a vehicle,iatly in free flow condition
(i.e., in the no reaction zone), starts approaching a veliclront. As long as the distance is high enough, the drigaoiies the obstacle
ahead, keeping his/her pace. However, when the distancamasctoo small with respect to the current speed (i.e., thetimn zone is
entered) the driver starts slowing down. The braking predeigs the driver to match the front car speéd(= 0). Any increase in the
speed of the ahead vehicle is then matched by the back vehitiesome delay, due to the finite reaction time of drivefsy(< 0). For
the same reason, any reduction in front car's speed is nthtopehe back vehicle with delay as well (the last segment efrtiovement
curve, in theAv > 0, unconscious reaction area).

the driver perceives he is approaching a slower vehicleseawld the approaching proceduéeP DV and SDX
model the distances beyond which the driver understands fiee to accelerate. All these distances are obviously
functions of the speed difference. The main challenge of kivid of mobility models lies in the characterization
of such thresholds.

In an undergoing work to simulate a complete urban mobikiyn et al. [33] use a desired-spacing model.
Desired-spacing models perform car following between &ited vehicles by maintaining among them a given
space headway [16]. In [33], a simple desired-spacing mademployed, which computes the headway of a
vehicle: as a linear function of the current speed:

Azi(t) = a + Bu(t) (10)

wherea and 3 are two constants whose value is determined from real wdrgwations [35]. The same framework
implements a lane changing model, from [36], according tactvithe desire of a driver to change lane is modeled

as a probabilityp.,ange-
1

1+ eom +Bu (0—[0] )

Pchange = (11)
wherea), and 5y, are merging constants from real world measurements, whdad 0|, are the average speeds
of vehicles between the current node and the next intecseabin the current lane and on the lane considered for
change X € [L, R], according to the notation adopted for the lane change maledady presented), respectively.

In [43], a mobility model based on cellular automata [445][4s used. Cellular automata vehicular mobility
models discretize the road in cells, each containing at mostvehicle. Then, some rules are applied to determine
the speed of each car, according to nearby cells statushvd@pends on whether a vehicle is present in the cell
and, if so, on its current speed. Since the level of detailthisf category of models reaches the behavior of the
single vehicle, cellular automata descriptions belonghi® microscopic class. Also, it is the front vehicle that
constrains the speed of a driver, thus these models are atsofpthe car following descriptions.



(a) Subcritical density (b) Supercritical density

Fig. 9. Space-time plots of a cellular automata model. Edaracter represents one cell. Dots are empty cells, whilse cecupied by
cars show the speed of the car, from 0 (stopped) to 5 (max sp€kd left plot shows a non congested scenario, where \e=hate free
to travel at high speed. The right plot shows a congestedasicenn which typical traffic shockwaves moving againsfficadirection can
be distinguished.

In [43], one bidirectional highway is considered, with twanés in each directions. In the following, we define
as (i) the cell occupied by vehicle Nagel's model determines the speed,aiccording to the following algorithm:

IF 0;(t) < Umaz THEN v;(t + At) = v;(t) + 1;
IF v;(t + At) > (i + 1) — (i) THEN v;(t + At) = (i + 1) — (i) — 1;
IF v;(t + At) > 1 THEN WITH PROBABILITY p DO v;(t + At) = v;(t + At) — 1;

where the first line accounts for acceleration, the secomndbfaking induced by slower cars ahead, the third
introduces randomness in the process. Once the speed hasibesed, the vehicle movement is performed, by
changing its cell to(i) + v;(t + At). Examples of vehicular behaviors obtained with this model shown in
Figure 9. This model also includes lane changing rules, lwhitow a vehicle to move to its left lane under the
condition

vi+1(t) < vi(t) ORvj11(t) < vi(t)

that is, the lane change is granted if there is a slower frehioke on the current lane, or on the left lapeH1
refers to the front vehicle on the left lane in this case). $beond condition prevents that overtakings on the right
occur, by forcing the car to move left and to try an overtakirsing a lane further on the left. A movement from
the left to the right is permitted under the condition

Vi+1(t) > vi(t) + A AND v, 1 () > vi(t) + A
where j + 1 refers to the front vehicle on the right lane. Thus, a car maeeits right if the ahead vehicles

on the current lane and on the right lane are faster than 4 iis. a so-called slack parameter, modeling the drivers
tendency to stay on the left lane after overtaking anotheilmcéoth cases, the following safety conditions must hold

(1+1) = (@) Zvi(t)
<Z> - <j - 1> > Umag

meaning that there must be enough space on the new lane betine=back cay — 1 and the front cay + 1 for
the movement to take place. In particular, the front gap rbesat least the velocity af while the back gap must
match the maximum allowed speed.

Other related works in VANETS literature employing generar following models are those from Choffneis



al. [38] and Mahajaret al. [39]. In both cases, basic car following techniques are eywal jointly with intersection
management mechanisms, which reproduce stop sign and tigfft behaviors at intersections.

V. QUEUE MODELS

Recent work from Baumangt al. [46], [47] present very large scale (i.e. on a whole coun&IN¥Ts performance
evaluations, using a vehicular traffic simulator from ETH][4In such tool, queue models are employed.

| Fifo queue |

Priority queue |

| Fifo queue |

FASTLANE-representation

An outgoing link is chosen

according o lhc_ roulq_wl:m Al the output queucs,
and the \'eluclc. is put into capacily constraints
the corresponding output are enforced

queue

Travel time for each
vehicle is calculated

Fig. 10. Queue model of a two-lane road section with one exitp.

Queue models for were first introduced in the vehicular tditld by Gawron [49]. According to the queue
paradigm, each road is modeled as a FIFO queue, and eacHeveki@a queue client. Each road queues
characterized by its lengt and a maximum flow;* ., determined by the number of lanes. Every time a vehicle
enters a road, a travel time is computed, depending on theeddsee flow speed of the driver,,..., on the number
of vehicles on the road* and the road length. It has been shown in [49] that even a simxbression of travel
time ¥ /v,.q2, Which neglects the effect of vehicular density on the spésatis to very good approximations of
results obtained with much more complex microscopic mgbitiodels. The car is then enqueued in the priority
gueue of the road, according to the travel time calculatddrbe At every time step, vehicles whose travel time
has expired can be removed from the head of the queue andeishgeto the queue representing the next road
in their trip. However, when multiple choices are availatweexit a road, an intermediate step in necessary, and
first-in-first-out queues are added for each outgoing flowslaalvn in Figure V. In that case, vehicles at the head
of the priority queue are moved to one of the FIFO queues,ri#ipg on their destination. The FIFO queues have
a finite capacity, meaning that only a certain number of Jebiper second can access them. Since the movement
from one road to another is constrained by the capacity df siext road, which can be, a vehicle at the head of
an output queue can join the following queue only if therepiace on the following road. The capacity of a road
is easily modeled ag® = n* q"m , Wherexz,,,;,, is the distance between the front of two adjacent vehiclgsnm
conditions. Thus, if the new road hals cars already queued, it will not accept further vehicles| drivers willing
to enter the road will have to wait until a spot is freed. Ndtattmore complex expressions for the travel time
and capacity can be easily implemented, and realisticsat¢dion management can be modeled [48], e.g. giving
different priorities to multiple queues accessing the saoael.

Since queue models describe the movement of each vehicle independent way, but also with a minimal
level of detail, they fall into an intermediate categorytwitspect to macroscopic and microscopic descriptions,
which can be referred to as mesoscopic. Queues models hgvwecomputational cost, because they update the
status of a vehicle only when a vehicle enters a new prionitifFl&6O queue. This allows to model very large road
topologies, up to hundreds of thousands of vehicles. Theltheak is the reduced realism of the outcome, which
is less precise than that obtained with other models (ewpug models do not reproduce shockwaves caused by
periodic perturbations, a common phenomenon in vehicuddiid).
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Fig. 11. Mobility engine for vehicle: independent acceleration vectors, modeling differefiabimral rules, are combined and result in
an acceleration request. The request is converted into ammwement vector, through a mobility engiog, A = v; + dAt

VI. BEHAVIORAL MODELS

In [50], [51] Legendreet al. introduced a novel approach to the problem of modeling humability, which can
be applied to vehicular traffic as well. The approach is daliehavioral modeling and is borrowed from the fields
of biological physics and artificial intelligence. The kelea is that every movement is determined by behavioral
rules, which are imposed by social influences, rationalgiecs or actions following a stimulus-reaction process.
These rules can be modeled as attractive or repulsive foircéise case of vehicular mobility, the next intersection
towards the trip destination wields an attractive force loa tehicle, whereas other vehicles or obstacles in general
exert a repulsive force on it. The result from the compositid these forces determines the acceleration vector
which drives the car movement. An example of force-comppsiodel is illustrated in Figure V. However, this
model is especially expensive under the computationaltpdfitview, as every movement require the elaboration
and composition of multiple inter-object forces.
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