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Abstract—Vehicular ad-hoc networks have received increasing Section 4 proves that under certain conditions, most notably
interest in the last yearsfor their potential to support a variety of independent movement of vehicles at different but constant
services and applications in order to improve driving safety or ~ speed and initial spatidoissonplacement of vehicles on a
traffic efficiency and to provide information and entertainment 1-dimensional space, the process of meeting new direct
to the users. This paper focuses on the analyss of some  pejghbors is #oissonprocess, whose rate, can be expressed
connectivity charac_terlstlcsm dynamlcv_ehlcular communication as the product of the vehicle density and the expected vlue o
scenarios, that areimportant for the design and the performance  yhe gpsolute relative speed of the other vehicles. Section 5
Ll 7 i, discusses the consequences of the proven resul or singl
il ; . ) ; straight freeways with multiple lanes, in particular
between cars in single and multi-hop scenarios. Using analytical characterizing the impact of changing communication raius

roofs and simulation experiments, it is shown that under some T . . .
Eey assumptions on thepmovemersl,ts and the placement of the Deviations from thé?oissonproperty and the obtained relation

cars, this process can be approximated as a tationary or a  [OF the Poissonratea are then investigated for increasingly
nonhomogeneous Poisson process. Results are also provided ~ COmplex mobility models that deviate from the original

concer ning the duration of connections in the ad-hoc domain. assumptions of the proof in Section 4. In Section 3,
independent movement of vehicles on a finite long stretch of

Keywords: ad-hoc networks, vehicular networks, connectivity dynamics freeway are investigated, while in Section 6, traces from a
more complex mobility model that includes dependencies
1. INTRODUCTION between individual vehicles and varying speeds are

. - . ) investigated.
Vehicular communication scenarios are characterized by

high dynamicity and challenging propagation environments
while at the same time the communicating applications are 2. RELATED WORK
frequently having safety-critical nature and hence argesub Much of the existing work on connectivity analysis in ad-
to high availability and reliability requirements [1]. Ider to  hoc networks focuses on static snapshots of the node
provide and analyze the quality of service required by suchlacement: [5] analyses different connectivity metrics under the
applications, it is important to characterize the conuiégti assumption that the node placement can be described by a
between the highly mobile nodes. For static snapshots epatial renewal process. This setting is generalized ino[6]
certain mobility models in vehicular freeway scenarioscases of spatial correlation described by Markovian Arriva
Reference [2] develops solutions of stochastic models arn@rocesses [2]. The metrics thereby include distributioth an
discusses numerical results. Certain application type&s ammoments for the number of direct neighbors (single-hod) an
support functions, such as the Distributed black-box anébr the number of reachable nodes via multi-hop connections
dynamic data and service replication in the vehicular domaiFurthermore, spatial distances and hop-count distritsitéave
[3], can benefit from dynamic changes of the connectivity set.characterized and analyzed via numerical results. In
This paper focuses on the analysis of the stochastic procesamparison to this existing work, this paper focuses on Isode
describing the moments in time at which a particular vehiclghat describe the dynamics of the connectivity, spedyidcae
enters a nevik-hop connectivity relation with anotheehicle.  stochastic processes that describe the intervals betieen t
Due to requirements of route stability and low ém@&nd instances in which new nodes get into single or nmalfi-
delay, low values ok are of particular interest. Hence, large connectivityrange.
parts of the paper focus on direct neighborhood relations This problem has been seldom investigated in the context
(k = 1). Link-layer connectivity can thereby be established aof vehiailar adhoc networks. It is noteworthy that some recent
soon as the distance between two vehicles is below a certaiwmork has been done in this direction in the context of
valueR, called the communication radius [4], see Section 3 foencounteibased protocols. We can cite for example [7] which
more details. presents an analytical methodology for calculating a nuwibe
encounterrelated statistics including inter-encounter times and



encounter duration considering popular epoch-based itgobil into radio rangeR of the reference car. The mean time
models such as the Random Waypoint mobility model, and  between such encounters is represented bgnd a is
Random Direction mobility model. called the rate of the encounter process.

3. FREEWAY MOBILITY AND CONNECTIVITY MODEL e The duration of the Connectivity Periodsvhich is the
random variable describing the length of the timterval
starting when another node enters ikfwop connectivity
range of the reference node and ending when this node
leaves k-hop connectivity. The mean duration of the
connectivity period is denoted By

Many of the futureTelenatics Applications[8, 9] are
particularly relevant in vehicular freeway scenarioshashigh
speeds together with the rather structured geographical
movements make safety applications relevant and feasible.
Figure 1 shows an abstraction of such a vehicular freeway
scenario, used in our context to analyze and estimate some In the following, we first prove that under certain
connectivity characteristics between the mobile nodes, ( assumptions, the nodes encounter proces®@ssonprocess
“vehicle¥). We consider a long straight piece of freewathwi with ratea and come up with relation to calculate. Then, we
movements in two directions. In the example of Figure 1, akkompare this result with simulations of more general nigbili
cars on the upper half of the freeway (with witlth move to  models as reflected by Figure 1, investigating first the cds
the right, while cars on the lower half move into the oppositéndependent movements of vehicles and then accounting for
direction. The considered piece of freeway has a finitetheng dependencies beeen movements of different vehicles.
of L » W. In order to avoid edge effects, we assume in
simulations that cars that leave on one side enter at the 4. PROOE OFPOISSONENCOUNTERPROCESS
corresponding point on the other side,, the long piece of . ) . .
road can be seen wrapped around a cylinder. The individual !N this section we show that under certain scenario
directions themselves may have multiple lanes, but as we f$SUmptions, the encounter process Rossonprocess with
large parts of the paper assume that cars move independently €S« that can be calculated from the car density and the
each other, the actual concept of lanes within the sanf&pected absolute value of the relative speed distribution.

direction is irrelevant. As a starting assumption, vehicles have a Assuming a quadratic connectivity range for the mobility
constant (absolute) speedwhich is assumed to kid.d. with  scenario with independent movements in Figure 1, the akrtic

probability density functiofv). dimension of the scenario is irrelevant and we can simplify t
RN e freeway model to a 1-dimensional movement scenario. We
- > - v now assume that the road is infinitely long and the initial
o8 ) ST R g b placement of the cars is a spaRalissonprocess. We place the
. LT / W oy [ reference vehicle at position O at all times, and let ther othe
Rt S RN ] 0% St ), vehicles, say, move with constant velocitiag drawn from a
—— RN T N, VR SR continuous distributio with densityf (i.e., we consider their
e M ("‘_/' ! =T T relative velocity to the reference vehicle). The following
/’ \‘ \:' A theorem then shows that the single-hop encounter praoefss
I W meeting new direct neighborns this case is Roissonprocess.
X S Theorem 1: Let X be a Poisson process with intengity)
===z i ~ for x € R, and ybe i.i.d. continuous random variables with
density f. Then the encounter process E is a Poisson process
Figure 1: The mobility model scenarios with intensity

In order to focus on understanding the impact of the )= 1"oR-vt) f/v)vdv— 0 _R—vt)f/v)vdv
geographic mobility model, we adopt the approximation that v J.Op( e Jloop( e

two nodes can communicate on a direct link when theiproyided o is locally integrable. In the case where X is
geographic Euclidean distance is less than a communicati tionary with intensity, the encounter process E is also
radius R, whereR is a constant for all nodes regardless Ofstationary and has intensity

speeds (so neglecting Doppler shifts). Hence, we assume a

homogeneous communication technology and avoid having to a=pEV| 1)

describe detailed influence of the communication ) . . . .
environment. In order to avoid technicaliies in theWhere Visarandom variable with density f providigu]<co.

derivations, we later on also utilize squared connectivity areas, proof: Let X, and X, denote the point processes of those
i.e.,two cars can communicate if their distance with respect tQ - X with v;> 0 andv; < 0, respectively. Since arei.i.d and
the supermormorm is lesshanR, i.e., max{X;-X, y-yi}<R. they are independent of, X, andX, are independent thinning
In order to define metrics to characterize connectivityof X, so they aréoissonwith intensitiespp(X) and (1p)p(x),
dynamics, we consider a reference vehicle located atqositi wherep = P(v;>0) (see e.g. [10]).
(X1, Y2). In this paper we analyze two metrics: Consider firstX;. Since the vehicles iX; have a higher
e The temporal Node Encounter ProcessE, which  velocity than the vehicle at zero, these will get into
descrbes the time instances at which other cars entafommunication range at positidR The time at which this
(singlehop ork-hop) connectivity to the reference car. occurs for a vehicle witpositionx at time zero is given by
For k=1, these moments correspond to new cars coming



ti = -(x - R/v;; denote the process of thdsby E;. Sincev; is and W = 15m; the car density ip = 1car/100m; the bounds
distributed with densityy(x) = f(x)/p on (00) (i.e., frestricted  for the wuniform distribution for the initial speed are
to the positive haffine), the conditional distribution dfgiven Vimin = 8kmth and vina =13knh; the communication radius
X has denity is R=25m and the initial placement of the reference car is
x—R x —R (X1, Y1) = (2500n, 22.5m) with speedv; =10&n7h. Note that
fl(_ v; ) V2 for this set of default parameters, the communication rahge
' the reference car covers the full width of the freeway in both
By Proposition 3.9 in [10]E is a Poissonprocess with  driving directions. Also, the expected absolute value ef th
intensity relative speed in comparison to the reference car results as
EVie1 = 31.287m/sec
)_ dx, The geographic movement of the cars is simulated
considering fixed time steps of granularity €e¢ Time steps
at whichk-hop connectivity relations to the reference car are
o established newly or vanishing are recorded. The resalts fr
= J.p(R_Vti)f (v)vdv the simulation model are used to investigate the distabuti

of the interencounter times. In the second part of this section,
we analyze the impact of the communication range on the

X;—R

t?

X;i—R
i

()= _[pp(Xi)fl(— .t
R

0

where the transformation= -(x - R)/t; has been used. encounter process rate both by detailing Equation (1) and by
Similarly it can be shown th&,, the process dfresulting  simulations. Finally, we analyze the distribution and efqu
fromx e X, is aPoissonprocess with intensity value of the connectivity periods. In most parts of the secti

we focus on singkaop connectivity K=1).

a,(t) = —R—vt;)f (V)(-v)dv
2(t) Jp( ') W) 5.1. Marginal distribution of singléhop interencounter times

Since X; and X, are independentE; and E, are also

!ndepgndent, so their superposition |§><azssonpro_cess Wlt.h 022 o= 1car/100m | Kolmogorov- | Chi-Square
intensitya(t) = a1(t)+ ax(t) (see e.g. [10]), from which the first 0.2 Smirnov Test Test
assertion follows. The stationary case follows directly by P-Value, . 0.79 0.32

. . . 18 Exponential
letting p be constant in the expression #gt). 32

-0.312t
10 \ f(t)Exponential =0.312¢
5. SIMULATION OF INDEPENDENT MOVEMENTS SCENRIOS

-
N

Exponential fitting
The rigorously proven theorem in the previous section S\
relies on three key assumptions: (1) infiniteditiensional
stretch of freeway, (2) initialPoissonplacement of cars, (3)
independent movements of cars over time at constant speecZ
selected from some given distribution. In this section, Wie w  ©0.06 Observed data
check the sensitivity of théoissonresult towards slight ®0.04
deviations from Assumptions (1) and (2) by investigating

between encounters
o o o o

e

S

o
o

o
£0.08

slightly more complex freeway mobility scenarios as 0.02
described in Section 3. The impact of mobility models b 5 10 15 %o >
deviating from Assumption (33 investigated in Section 6. time (sec)

Subsequently, we perform simulation experiments in ordegigyre 2: Empiric probability density function of the time between
to compare with th@oissonresult of the previous section and  single-hop encountersfor, car density p = 1car/100m: simulation
to validate to what extent Equation (1) provides a wisef resultsand comparison to an exponential distribution with itsrate
quantitative approximation even in more complex mobility computed from Equation (1)
models. We therefore consider the 2-dimensional spatial
scenario described in Figure 1. Vehicles move in two diftere for
directions with the following example selection of a unmor ¢, samples from 300 simulation runs, each entailings 5
speed d'S”'b“"f‘ and uniform initial placement: simulated time (approximately 600 encounter samples ih eac

e Each vehicle has a constant speed selected at then)  gtatistics forthe times between encountembserved

beginning of the simulation uniformly distributed from the simulation show mean= 3.34eccorresponding to a
betweenVmi, andvias: . rate estimatey = 0.295ecand a variance of int@ncounter

» Each vehicle is assignedcoordinate between (@) and  times = 10.38eé. The encounter rate value that results from

y coordinate between (09 according to a uniform Equation (1) isx =0.3126eg so rather close to the simulation

Figure 2 plots the empiric probability distribution fuwcti
the inter-encounter time in the single-hop case oldaine

distribution; estimate (see later for confidence intervals). Also, thgirim
e The reference vehicle at the beginning of the simulatiomarginal distribution represents a close fit to the expimalen
is assigned initial coordinates;(y;) and speed;. distribution with ratea =0.3126ec This is confirmed by

applying KomogorovSmirnov andy? tests for exponential
Unless specified differently, we use the following set ofdistribution. As shown in Figure 2, the P-Value for each of
default parameters: the freeway has a geometty=05000n  these tests is acceptable for confidence levels equal to 5%.



Note that the actual simulated mobility model deviates e Vehicles have a smaller speed than the reference vehicle
from the assumptions of the proof in: (1) the road length is  and are in the same lane where the reference vehicle is.
finite; (2) the road width is not zero; however as cars keep | ot us denote byS,, the average relative speed
their y-coordinate during the simulation runs and the . .

S . . corresponding to this case.
communication range covers the full road width, there is no

expected impact on the results; (3) the initial placement is " \J""

using uniformly distributed coordinates, which however fo S=Jvfiv.dv

large number of cars converges to a spatisson ) ) 0

distribution. With decreasing node density, the |mpa(m_a)f e Vehicles are in the other lane where the reference
and (3) becomes stronger and deviations from Rbisson vehicle is. Let us denote I8, the average relative speed

properties othe encounter process become more pronounced.  corresponding to this case.

Vmax Vl
_ _ PZ
5.2.Impact of the communication radius R S = fv. f,(v).dv where, f,(v) = P+P, fans(V)

Note that the encounter rateas resulting from Equation Ymin T2
(1) does not show a direct dependence on the communication v v
radiusR. However, ifR is so small that it does not cover the  Taking into account the, < M and by combining
full width of the freeway, there is an indirect dependense,
not all vehicles driving in the opposite direction can conte i
range, hence both the effective vehicle densignd also the

athe three averaged, S, andS; together, the average relative
speed is obtained as follows:

expected value of the relative speed will depend on the V1=V Vinin £V Vimaxg V1 Vimax V1
communication radius in that case. In the following, we E|V|: f,(v).v.dv+ fL(v).v.dv+ J.v_dv+ f,(v).v.dv
quantify such dependence for the example case of a uniform 0 ViV Vimin 4 ——

speed distribution. The calculation can be performeonsidering the case of uniform distributed speeds
analogously for.any speed d|str|but|on._ N f(v) = — 1 forv. <v<v the average relative
Let us consider the reference vehicle at positiqn y;) Vimar ~Vmin min = %~

shown in Figure 1. As mentioned in Section 3, each vehiclspeed is given by:
has a connectivity range Let us denote bfp; the fraction of
the upper lane (in which the reference vehicle is placed) that i§|v| =— (

max

Vr%1a><+2vl (Vmax_vmin )_vﬁwin )PZ +((V1_Vmin )2 '*_(V:l_vmaxx)2 ) Pl

covered byR. The upper lane is completely coveréd £ 1), 2(Vimin =Vimax)(PL+P;)
wheny, satisfies the conditionR > max(2\- yi, yi-W). For
othgr caseﬂ?(l< 1), two situations should k?e distinguished: The same procedure can be appfiEtthe other case where
1) if the radio rang® of the reference vehicle does not cross > Vimax—Vmin
_ v, > e
the dher lane R<y;-W), B = W ! 2
R+(y,-W) Finally we get o(R) = p(R).E|V|from Equation (1).

2) otherwise,P, = W
Similarly let us define by, the fraction of the lower lane For thevrem:a\:nlng of this section, we will consider the case
covered byR It can be shown thaP, is obtained by: wherev, < ~max_min

. R+W—yl 2
P, = min(l, max(, w ) . ) ) Figure 3 plots the resulting(R) from this calculation for
As a consequence, the effective car density which onlgifferent values ofR and compares it to the estimated
_takes into account cars that can come into connectivityerangncounter rate from our simulations. Despite the small
IS: deviations of the mobility model from the underlying
o(R) = pPﬁPz ) as_sgmptions of Equati_on (), _calculated values are al\_/vays
2 within the 95% confidence intervals of the simulation
Given that the absolute speed of the cars is distribute@stimates. We can note that for radio ranges ®ith O the
according tcf(v), we need to go through some technicalities inencounter rate is increasing slowly then dramatically
order to compute the expected relative speed, which w@creases, during the peri®d> 0, until it reaches a saturated
illustrate here for the case of the uniformly distributed speed. State wherP; andP; are equal to one.

o Vmax—Vmin When extending our simulation analysis to also count
Considering the case wherg< ———5—"", we need t0 3 hop connectivity via relaying nodes, the empiric distién
distinguish the three following situations: of the time between encountering new (single-hop bof2-

* Vehicles have a larger speed than the reference vehicigighbors is shown in Figure 4. There is no theoretically
and are in the same lane where the reference vehicle oven result for this connectivity case, but as Feésson
Let us denote byS;, the average relative speed result in Section 4 is actually insensitive to the commtioica

. ; range (except for the artifacts for sm&ldiscussed in the
corresponding to this case. h . : .
VoV 5 previous section), the_rIF bIS some hé)lpe IthatP'aIJ:s_son .
_ P approximation may still be reasonably close. Figure
S= _fv.fl(v).dv where, 1, (v) = P+P, Faps(V) confirms visually the appropriateness of an exponential
0 approximatbn for the considered scenario



035 ' ' ' 5.4. Connectivity duration characterization

For many application cases, not only the process of
meeting new nodes in connectivity range is relevant, bot als
the duration of the connectivity period. For the sirgbg-
connectivity case with squared connectivity rangee.,(
whenever the distance of 2 nodes with respect to the
p=lear/100m supermormorm is smaller thanR, the two nodes can
— Anaiytically communicate), we again utilize the mobility model of the
® Simulation || previous sections. Under these assumptions, the random
variable T describing the connectivity duration results from:
T= 2R/N Hence, wherf(v) is the density function of the

rel‘ )
absolute value of the relative speed, the connectivitytidura
has density:

o
()
-

g(t) = f (2RI 2R ®
For circular connectivity range, the calculation of the
density becomes slightly more complicated as the disioibbut
of the vertical distance between the nodes has to be taken int
account. We skip the technical details here and focus on
Figure 3: Theimpact of the Radio Range on the encounter rate a squared connectivity ranges.

0 20 20 60 80
Radio Range ‘R’ (m)

5.3. Multi-hop connectivity dynamics 0.44 '
04l i p=1car/100m | Kolmogorov- Chi-Square
0.96 3 Smirnov Test Test
’ p=1car/100m | Kolmogorov- Chi-Square w0:36 P-Valueg, ponenia 0.201 0.1002
0.88 Two-hops Smirnov Test Test g
750'32 t =0.0.5226 -0.0.5226t
2 08 P-Valueg,ponensial | 0.392 0.286 So0s F O zgponeriar = 0-0- ©
Eo72 B
0.24
S0.64 z
>
§0°° 0.4421t g o2
@ — -0.
20.48 f(t)Exponentid =04421e £0.16 R
° 8 Exponential fitting
2 04 ‘50.12
£ b alt)
=0.32 Exponential fittin To.08
"' P & . Observed data
+0.24 0.04
20.16 Observed data o ,, ,, ,, ,,
10 20 30
0.08 time (sec)
0 o4 06 12 18 2 24 o 32 Figure5: Simulation results: p.d.f of connectivity duration
time (sec) Figure 5 plots the empiric probability density function
Figure4: p.d.f of time between encounters: smulation resultsand obtained from the same simulation experiments as used for the
curvefitting, p = 1car/100m and 2-hops connectivity encounter process; the histogram is based on 180000 samples

) ) ) The figure also plots the expected probability densitytfanc

_ The_ S|mulat|o_n estimate of thg encounter rate from th?esulting from Equation (3), whefév) is the resulting density
simulation data isz =0.445ec The increased encounter rate of the absolute value of the relative speed as computedefor th
for the 2-hop case results from the fact that: (jausly, any  case of uniform distributed speeds in Section 5.2. Also sBhow
car can only communicateith the reference car if its distance in the figure is an exponential fiting of the empiric
is below R; (b) while being in that distance range however, adistribution. This exponential approximation may be usefu
car can get into and out of connectivity to the reference caghen connectivity dynamics are reflected by Markov models
multiple times caused by relay nodes gaining or loosindesing in performance and dependability models, see e.g. [11]. The
hop connectivity. It is noteworthy that, for three and foops  estimate of the expected value of the connectivity duration
connectivty scenarios (not shown here), the exponentiafrom the simulation data is 2.046% so the exponential fit has
distribution is also a good approximation in the considereggte parametef; =T = 0.52268ec
cases, which led to estimated rate=3)=0.4585ec and
a (k=4)=0.5526e¢ respectively. With the analogous arguments
as for the 2-hop case, the meet rate increases slightly with

increasing number of hops. Analytic derivations for thiseca
comparable to Sectionate beyond the scope of this paper.
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that were produced by a more complex simulation model [12]
The traces describe a vehicular freeway scenario corgainin
also two driving directions, where each direction has eithe
two or three lanes. The dimensions of the freeway ama 2.5
per lane and arg gap between the two sets of lanes. Each
trace file contains 120 time steps of granularitysOvéhich is
coarser than in the earlier simulations.

As compared to the previous section, the car movement in
these mobility traces now shows variable speeds, cars tan ge
slowed down by slower cars in front of them, and they need to
change lanes and speed up in order to pass by. Hence, these
simulations show strong correlation between the trajectories of
different cars (except for sparse car densities when tlkere i
little mutual obstruction). Speed values thereby are in the
range of67.&km’h up to197kmh.

In contrast to the simulations in the previous section, the
freeway is now not considered wrapped around a cylinder, but
cars enter on one side and leave at the other end.

Figure 7 illustrates the changing speeds for a set of cars in
one of the traces. Since the absolute speeds are varyiog, als
the absolute value relative speed with respect to a reerenc

cari, Vi (t), is a function oft. Therefore the estimate of the
expected value of this relative speed (averaging over the
ensemble of carg#i is a function of time, illustrated for
As derived in Section 4, the expected value of the relativeifferent reference cars in Figure 7. As a consequencef thi
speed is a function of the connectivity radiRsas long as mobility model, both the car density and also the expected
R < maxy;, 2W-y;). The expected value of can then be value of the absolute value of the relative speed are time-

Figure 6: Theimpact of the Radio Range on the expected
connectivity duration

calculated as dependent.
E(T)= 4 .
()= EM “) o[ e
where both the enumerator and denornaneepend omiR. ol
s 0
0]
Figure 6 shows the evolution of the mean connectivity !
duration time for different values of the communicationgean e

R. This figure also plots the estimated values from simulatio
experiments with the following parameters=1car/100m,
Vmiri=80knthr,  Vipe=13Gkmthr,  vi=10&mhr, L=5000m,
W=15m, (x,y1) = (2500m,22.5m). The radio range in the
simulation is of circular shape, which shows its impact only
for small values ofR. It can be observed tha&(T) first 1
increases with the radio rangtill the radio range covers the o ™ ‘ ‘ ‘ w00 s
upper lane entirely, and decays subsequently (as vehiglas f Figure7: Vehicle speed aﬂd Speed relatlvetothe observed vehicle
the lower lane with high relative speed contribute to the (unit: m/sec)

connectivity events). Starting fronR(= y;), E(T) starts to
increase linearly withR.

cndaBR8RES
e e T

Hitogram of rescaled itarevent times and exponential pf wih mean 1

09
6. MOBILITY WITH DEPENDENCIES BETWEEN VEHICIES o8

One of the key assumptions in the simulation models of *
the previous section was that the cars move independently of
each other at fixed speed (though different between cadls) an . 08
they do not change lanes. As we saw in the simulation results, 04

06

we are in such settings close to the assumptions of the
mathematical theorem in Section 4, and hence a Poisson
process is a close approximation for the encounter process,
even in multi-hop connectivity settings. We could alsowteri
and analyze the distribution of the connectivity duratiod a

03

02

01

0

o 1 2 3 4 5

the impact of the connectivity range on the expected value qf,gureg Histogram of the rescaled interevent times, and a pdf of

both parameters.
In this sedbn, we remove the assumption of independence
between cars by utilizing publicly available mobility &ac

an exponential distribution with mean=1



6.1 Connectivity duration characterization Figure 9 shows a scatter plot the resulting goodness of fit

As both the vehicle density and also the average relati¥@lues for different simulation traces corresponding to
speeds are time-dependent, we cannot apply the results Here.nt car dens'ltles. Except for 'ghe cluster of tracethet
analysis approach of Sections 4 and 5 directly to this soenar VerY right side with goodness of fit values between 0.6 and
Insteadwe investigate the following conjecture: 0.65, the exponential distribution shows a tendency oeibett

The process that vehicle i meets new direct neighbors ¢ jt for increasing car densities. The outlier cluster onridyiet-

be approximated by an inhomogeneous Poisson process witgnd side is actually for a 2-lane scenario, in whick t
comparably high density and fewer lanes lead to more

ratec; (t) = p(t)V,e, (1) - clustering of cars on the road.

As cars enter and leave not exactly at the beginning and The causes of the deviations of the empiric pdf in Figure 8
end of the freeway, we adopt the following approach to obtaiwill require further analysis. Also, a cdf based goodnesi of
p(t)from the simulations: Leti(t) be the distance betwedmet metric may not be the best choice due to the deviations caused
last two cars at the beginning and end of the freeway stretchy the small samples. Nevertheless, it allows identifyingt fir
p(H)=N(t)/d(t) is then the number of cars on the freeway at timérends of influential parameters as observed in Figure %e Mo
t divided by this spatial distance. The mean relative speed igvestigations are planned in future work.
determined by averaging over the cars that are on the freeway
at timet, as illustrated in the lower part of Eig 7. 7. MOBILITY WITH DEPENDENCIES BETWEEN VEHICIES

In the following, we observe the inter-encounter times in  Vehicular ad-hoc networks have received increasing
tracedriven simulations with these mobility traces for whichinterest in the last years for their potential to supportretya
we assume a connectivity rangs100m. To check visudy  of services and applications in order to improve drivingtyaf
whetherthe inter-encounter times can bpproximated by a or traffic efficiency and to provide information and
inhomogeneou®oissonprocess, we plot the empiric density entertainment to the users. Connectivity between cars in
of the re-scaled inter-encounter time, where we rescalbeby tfreeway scenarios thereby influences the reliability and quality
rate g, (t) = p(t)V,.; ; (t) , and then compare to an exponential®f the communication applications. Most of the existing

T L i ] o connectivity analysis focuses on static snapshots of the
density with rate 1. This comparison is shown in Figure 8 geographic mobility. This paper investigates the stoihast
Except for the very first bin of the histogram (correspogdin process of encountering new nodes in communication range,
to small re-scaled inter-encounter times), the exporenti cusing to a large extend on single-hop (direct layer)
density shows a excellent match. connectivity.

When comparing the empiric Cumulative Distrilouti It is rigorously proven that under certain assumptions the
Function (cdf) of the rescaled inter-encounter times With aprocess of encountering new nodes in connectivity range is a
exponential cdf of rate 1F(t)=1-e’), the deviations with Poisson process whose rates can be calculated from the car
respect to the number of small samples in Figure 8 will lead tdensity and the average relative speed. Subsequently,
some initial vertical offset in the cdfs, which will only simulation experiments with more complex freeway mobility
graduallyreduce. In order to quantify the deviation from themodels are used to check the sensitivity of this result to the
inhomogeneou®oissonassumption, we define as goodness-underlying assumptions. It thereby shows that Buésson
of-fit metric the re-scaled distances between the empiric cdissumption is a good approximation in also more general

and the exponential cdf: scenarios of independent car movements, even in huyti-
1 Ioo A connectivity situations. The distribution of the connetti
GOF=¢% 0 F(t)_Fexp(t) dt times can also be computed. The influence of the

communication radius $R$ on the encounter rate and the mean
uration of the connectivity period is derived. Finalhgct
iven simulations of a complex freeway mobility simulatio
from [12] are investigated and the initial analysis resiitsw
‘ Dy that an inhomogeneou®oisson process whose rate is
o7f i calculated from the previous established relations presen
. good approximation in certain scenarios.
Lo . More detailed investigations of mobility models with
el ST 1 correlated movements as well as a mathematical treatment of
% simple multi-hop cases is planned as future extension ®f thi
osl work.

where C is chosen to renormalize the value to the rang
between 0 and 1; O indicates an exact fit, while 1 represen
the strongest deviation from the exponential distribution.

Goadness of fit
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Figure9: Scatter plot showing the goodness of fit against the car
density. The scenariosthat contain 3 lanes per freeway direction
are marked as diamonds, 2-lane scenarios ar e shown by crosses
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