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ABSTRACT

Connectivity is an important property for information dissemination in a vehicular ad
hoc network. Basically, connectivity ensures that a message from a source can be spread to
reach all the vehicles in the network. Over the past few years, there have been a significant
number of studies on connectivity models for vehicular ad hoc networks. Most of them rely
on the key assumption that the inter-vehicle spacing distribution is exponential. However,
based on a new empirical analysis, it is shown that during most periods of the day the inter-
vehicle spacing distribution can better be described by other statistical distributions. This
certainly affects the connectivity analysis. In this research, we discuss how the connectivity
of a vehicular ad hoc network in a highway traffic scenario will change when the inter-vehicle

spacing distribution is not exponential.

Keywords : Connectivity, inter-vehicle spacing distribution, vehicular ad hoc networks
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Effects of Intervehicle Spacing
Distributions on Connectivity of
VANET: A Case Study from
Measured Highway Traffic
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ABSTRACT

Connectivity is an important property for
information dissemination in a vehicular ad hoc
nctwork. Basically, connectivity ensures that a
message from a source can be spread to reach
all the vehicles in the network. Over the past few
years, there have been a significant number of
studies on connectivity models for vehicular ad
hoc networks. Most of them rely on the key
assumption that the intervehicle spacing distribu-
tion is exponential. However, based on a new
empirical analysis, it is shown that during most
periods of the day the intervehicle spacing distri-
butjon can better be described by other statisti-
cal distributions. This certainly affects the
conncctivity analysis. In this article, we discuss
how the connectivity of a vehicular ad hoc net-
work in a highway traffic scenario will change
when the intervehicle spacing distribution is not
cxponential.

INTRODUCTION

Recent advances in computing and wireless tech-
nologics have paved the way for a new kind of
traffic information systems. As opposed to the
current systems where traffic data are mostly
collected from fixed sensors, it is envisioned that
a future traffic information system will be able
to usc vehicles as mobile sensors for collceting
and distributing real-time traffic information,
Equipped with communication and sensing capa-
bilitics, these vehicles can be exploited to
improve driving safety and comfort. An infras-
tructureless traffic information system in the
form of vchicular ad hoc networks (VANETS)
has attracted a great deal of attention from the
intelligent transportation system research com-
munity. In a VANET, vehicles can self-organize
and form a network to exchange information.
Messages from a source vehicle can be relayed
to a distant vehicle, which may be multiple hops

or several blocks away. This capability is particu-
larly useful for distributing traffic information,
such as safety alerts and navigation information,
without the need for expensive infrastructure,

Distributing traffic information in a VANET
requires network connectivity. Basically, connec-
tivity ensures that a message from one vehicle
can be relayed to reach all the vehicles in the
network. In order to achicve this connectivity,
however, the road must be sufficiently dense. In
other words, if the vehicles are too sparsely dis-
tributed, the distance between two consecutive
vehicles may exceed the radio transmission
rangc, making them unable to communicate.
This causes disconnectedness in the network. It
is a task of system designers to determine the
minimum number of vehicles (i.e., the minimum
penctration) necessary to form a connected net-
work as well as the critical transmission range
required to provide such connectivity. Thus,
many connectivity models have been developed
so that these key parameters can be determined
properly.

While there are many studies on the connec-
tivity of VANETS, most of them rely on the cru-
cial assumption that the intervehicle spacing, or
the distance between consecutive vehicles on the
road, is cxponentially distributed. Although an
cxponential distribution is a good approximation
for the intervehicle spacing distribution in
extremely light traffic conditions, a new empiri-
cal analysis suggests that in a moderate traffic
condition the intervehicle spacing can better be
described by other statistical distributions. In
fact, it is shown in this article that an cxponen-
tial distribution is a poor choice for modeling
the empirical traffic distribution in many hours
of the day. This rajscs an important concern. If
the intervehicle spacing distribution is not expo-
ncntial, how docs it affect the connectivity analy-
sis? To what extent would the density and the
transmission range required for network connce-
tivity change if the intervehicle spacing distribu-
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tion was not exponential? These are the key
questions that will be discussed in this article.
The main focus of this article will be on a high-
way traffic scenario. An urban traffic scenario is
left for future study.

RELATED WORK ON CONNECTIVITY

Connectivity is onc of the main topics of study in
mobile ad hoc networks (MANETSs) and
VANETSs. We bricfly discuss some of the related
work on connectivity in this section,

CONNECTIVITY IN MANET

Network conncctivity and the range assignment
problem have long been studiced in the past. In
the early work such as [1), an optimal transmis-
sion range, which maximizes a one-hop forward
progress toward thc dircction of the destination,
is investigated. The transmission range required
for network conneetivity was later explored in
[2-6], where a Poisson point process is used to
model the distribution of nodcs in a network. In
[2], network conneetivity is studicd in the context
of broadcast percolation. A stochastic model for
broadcast percolation is proposed, and the cffects
of nodec spatial density and transmission range on
the number of broadcast cycles are investigated.
However, an analytical expression of the eritical
transmission range for network connectivity is
not given. In [3], network connectivity is studied
as a covering problem, and analytical expressions
for the minimum transmission range required for
network connectivity are derived. The connectivi-
ty probability and critical transmission range in
two-dimensional networks as well as in higher-
dimensional networks are studied in [5, 6).

Although there are a number of studies on
the connectivity of MANETS, most of them are
not suitable for VANETS. This is due to the fact
that the topology of nodes in a VANET is differ-
cnt from those in a typical MANET. In fact,
nodes in a VANET are distributed on a struc-
tural road network, and they do not move as
freely as nodes in a MANET., In other words,
vehicles move in a more specific direction. More-
over, nodes in a VANET usually move at a high-
er specd than those in a MANET, Thesc factors
create topological and behavioral differences
between the two types of networks.

CONNECTIVITY IN VANETS

There arc a number of studies on thc connectivi-
ty of VANETS. The conncctivity probability of a
onc-dimensional ad hoc network and a vchicular
network are analytically studied in (4, 7-9]. Onc
of the main assumptions in these studics is that
the nodes or vehicles in a VANET are distribut-
cd on a linear line (c.g., a road scgment) accord-
ing to a Poisson point process. Note that a
Poisson assumption also implies that the inter-
vehicle spacing is cxponentially distributed,

The connectivity of a VANET depends large-
ly on how the vehicles are spatially distributed
on a road. One of the key assumptions that has
traditionally been used is the exponential distri-
bution. Although an exponential distribution is a
good assumption for describing the inter-vehicle
spacing in a very light traffic condition [10], it
will be shown in this article that in a moderate

traffic condition the inter-vehicle spacing can
better be described by other distributions.

CHARACTERIZATION OF
INTERVEHICLE SPACING
DISTRIBUTIONS

Among many parameters, conncctivity of a
VANET depends on two main factors: inter-vchi-
cle spacing and radio transmission range. To
achieve network conncctivity, the radio transmis-
sion range of cach vehicle must be set properly
based on the characteristic of the intervehicle
spacing. Intuitively, a VANET is connected if
there is a serics of links connecting a source from
one cnd of the network to a destination on the
other end. To ensurc this condition, the distance
between any two consccutive vehicles should be
less than the radio transmission rangc. Since the
distance betwcen cach pair of consccutive vehi-
cles on a road is a random quantity, it is not pos-
siblc to guarantce a “surely connccted” network.
Hence, statistical modcling is often used to assess
the likelihood that a network will be connccted
based on a given radio transmission range and
the statistical distribution of the intervehicle
spacing. In most reported connectivity models, an
exponential distribution is often assumed for the
intervechicle spacing, However, it nceds to be
investigated if the intcrvehicle spacing indeed fol-
lows this specific distribution. If the exponential
distribution cannot accurately represent the
underlying intervehicle spacing distribution, the
connectivity predicted may be invalid.

In order to model the intervehicle spacing
distribution accurately, we characterize it
through an cmpirical data analysis. The empiri-
cal data used in our study were providcd by the
Berkeley Highway Laboratory [11]. These data
were collected in June 2006 from the dual-loop
detectors installed along the I-80 Highway in
California. Each dual-loop detector is capable of
sensing the presence of a vehicle passing over it
as well as estimating the spced of the passing
vehicle. As a result, for cach vehicle arriving at
an obscrvation point, we have a record of its
arrival instant and its speed. The arrival instants
are accurate within 1/60 of a seccond. These two
pieces of information allow us to further com-
pute a headway distance betwecn two consecu-
tive arrivals or an intervehicle spacing. Basically,
an intervehicle spacing between consecutive
vehicles can be obtained from the product of
their interarrival time and instantancous speed.
Morc technical dctails on how to obtain the
intervehicle spacing from the arrival time and
specd data can be found in [10]. In this article,
we sclect the data on June 26, 2006 for presenta-
tion as they represent typical weekday traffic,
Naturally, the statistics of the intervchicle spac-
ing will vary based on the hours of the day. For
cxample, the intervehicle spacing during rush
hour, when vehicles arrive as a burst, is expeeted
to be drastically diffcrent from that in an off-
peak period where the traffic is light. Therefore,
we identify the exact statistical properties of the
intervehicle spacing on an hourly basis. More
specifically, for each hour of the day, a sct of

- |
Among many
parameters, connec-
tivity of a VANET
depends on two
main factors: inter-
vehicle spacing and
radio transmission
range. To achieve
network connectivity,
the radio transmis-
sion range of each
vehicle must be set
properly based on
the characteristic of
the intervehicle spac-
ing.
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A GEV distribution is
a flexible three-
parameter model
that combines a
family of common
distributions. Simifarty
to the case of the
exponential distribu-
tions, for each hourly
period, we fit the
empirical COF with
the dosest GEV
distribution.

! We have also experi-
mented with other types of
distributions (e.g., Gaus-
sian-Exponential mixture
distributions [13]). How-
ever, the generalized
extremne value distribu-
tions can better model the
empirical distribution.

2 The vehicle density in
each period can be
obtained from the recipro-
cal of the average inter-
vehicle spacing shown in
the second column of
Table 1.

intervehicle spacing samples from the raw data
are acquired and sorted based on their values to
produce an empirical cumulative distribution
function (CDF). This procedure is repcatcd to
obtain a complete set of 24 empirical CDFs.

Next, it is our task to find a suitablc analyti-
cal statistical distribution that can closely
describe each of the empirical CDFs. A common
approach, employed by many rescarchers, is to
hypothesize that an empirical CDF follows a
particular analytical distribution and thcn accept
or reject the hypothesis based on the Kol-
mogorov-Smirnov test (K-S test) [12]. Basically,
the K-S test helps determine whether one statis-
tical distribution can bec regarded as “closc
enough” to the other distribution. In our case,
we usc the K-S test to asscss how close the
hypothesized analytical CDF is to the cmpirical
CDF. In the K-S test, the diffcrence between the
two CDFs is mcasured through a metric called
D-statistic, which is dcfined as

D m;xx”H(x) Fex W
where H(x) is a hypothesizcd analytical CDF and
F(x) is an empirical CDF. The D-statistic can
then be used to calculate the critical level, which
is a quantity describing a level of similarity
between the two distributions. Generally, the
critical level dcseribes the probability that the
hypothesized distribution will be ablc to yield a
samplec value, which is as extrcme as a sample
randomly drawn from thc empirical distribution
when the hypothesis is true. The hypothesis that
the empirical intervehicle spacing follows the
hypothesized distribution will be accepted or
rejected based on the assessed critical level. If
the value of the eritical level is too small (e.g.,
less than 95 percent), then the hypothesis should
be rejected. Otherwise, it should be accepted. In
this study, the hypothesis will be rejected at the
95 percent critical level.

The K-S test is performed for each empirical
CDF in cach hour of the day. Note that the K-S
test is performed on the CDF rather than on the
order mcasurcs such as mecan and variance. Two
classes of distributions arc uscd as hypothesized
distributions: exponential distributions and gen-
cralized extreme value distributions.!

Exponential (EXP) distributions — For each
hour, we fit the cmpirical CDF with the closest
cxponential distribution, The K-S test results for
the inter-vehiclc spacing distributions with the
smallest D-statistic are summarized in the third
column of Table 1. The distribution with the
smallest D-statistic is cxpeeted to be the best dis-
tribution to mode! the empirical distribution in
cach period. It can be obscrved that the test can-
not reject the exponential hypothesis at the 95
percent critical level for the four 1-h periods
from 1 a.m. to 5 a.m. However, the test rejects
the exponential hypothesis for all the other peri-
ods. In other words, the tcst results suggest that
the exponential distribution functions can be
uscd to represent the empirical CDFs in the
periods between 1 a.m. and S a.m., but not oth-
crwisc. Note that the vehicle densities in these
periods are very small (c.g., all of the densitics in
these periods arc below 0.005 veh/m.2 This sug-
gests that the exponential distribution is suitable

for modeling the intervehicle spacing distribu-

tion in a very light traffic condition.

Generalized extreme value (GEV) distribu-
tions — A GEV distribution is a flexible three-
parametcr modcl that combines a family of
common distributions. Similar to the casc of the
exponential distributions, for each hourly period,
we fit the empirical CDF with thc closest GEV
distribution. The results of the K-S test for the
intervehicle spacing distributions with the small-
est D-statistic are summarized in the fourth col-
umn of Table 1. It can be observed that the test
rcjects the hypothesis in cight one-hour periods,
which are 7 a.m.-10 a.m. and 2 p.m.-7 p.m,, at
the 95 percent critical level. Thesc are the peri-
ods wherc the traffic densities are relativcly
heavy. In contrast, the densities in the periods
where the hypothesis cannot be rejected vary
from very light to moderate.

Based on the test results, we need to deter-
mine¢ which analytical distribution should be
used to model the empirical distribution in cach
hour of the day. The selected distribution for
each hour of the day is shown in the fifth col-
umn of Table 1. The distribution in each period
is sclected based on the following criteria:

* If both the exponential distribution hypoth-
csis and the GEV distribution hypothesis
arc accepted, the one with smaller D-statis-
tic will be chosen to model the intcrvehicle
spacing distribution in that hour.

* If one of the hypothesizcd distributions is
accepted and the othcr is rejected, the dis-
tribution with the acccpted hypothesis will
be chosen.

* If none of the hypothesized distributions is
accepted, neither of the two distributions
will be chosen, and the conncctivity in that
period will not be analyzed.

In summary, it can be observed from Table

that there are only two periods (i.e., between

1a.m, and 3 a.m.) in which the exponcntial

distribution is more suitable for modeling the .

intervehicle spacing distribution than the

GEV distribution. In thesc periods, the traffic

densities are very light. On the other hand,

the GEV distribution can model the intervehi-
cle spacing in a light as well as in a moderate
traffic scenario quite well, Note that there are
cight periods where the K-S test rejects both
the exponential distribution and the GEV dis-
tribution. This simply means that both types
of distributions are not good enough to fit the
empirical distributions at the desired level of
accuracy (95 pereent critical level). However,
had a lower level of accuracy been used, the
hypothesized distributions might not be reject-
cd and could be used to model the empirical
distributions. According to Table 1, it is evi-
dent that there are 22 periods where the inter-
vehicle spacing cannot be modeled accurately
by the exponential distributions. This could
scriously affect the conncctivity analysis,
which rclies on the exponential distribution
assumption. Out of the 22 periods, there are
only 14 periods where the intervchicle spacing
can be described by the GEV distributions.

Nonctheless, thesc are sufficient to illustrate

the cffects they have on the network connce-

tivity.

—_
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The following are the common assumptions
normally used in a network conncctivity model:

* It is often assumed that the vehicles are
randomly distributed along a road segment
of length L as illustrated in Fig. 1. The
intcrvehicle spacing between cach pair of
consccutive vehicles can be described by a
stochastic distribution. This stochastic dis-
tribution may be derived from thc empirical
data. In addition, it is normally assumed
that the distance between cach pair of con-
sccutive vehicles is independent and identi-
cally distributed (i.i.d.).

* Each vehicle is equipped with a communica-
tion device, which has a finite radio trans-
mission range denoted by z. In other words,
it is assumed that two vehicles can directly
communicate if the distance between them
is Iess than or equal to z.

* It is assumed that a packet from vehicle A
can be forwarded to vehicle B if the length
of every intermediate link on the path from
A to B is smaller than the transmission
range.

Bascd on this set of assumptions, the connce-
tivity probability can be derived. In this article,

Ly % A
Mp——————
: : : : :
1 } T ; 1
— . . e T
] Vehicles t
Figure 1. An illustrative scenario where the vehicles are randomly distributed
along the road segment.
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Figure 2. The connectivity probability as a function of vehicle density. Three
values of the transmission ranges (100 m, 250 m, and 1000 ) are consid-

ered. The road segment length is L = 10 km. The results shown are obtained
based on the assumption that the intervehicle spacing distribution is exponen-

tial,

we mainly consider a unidirectional traffic flow,
which is a conservative assumption. Taking
advantage of a bidirectional traffic flow can
increase connectivity [9, 14]. Consider a road
segment where vehicles are modeled as points in
a one-dimensional network as shown in Fig. 1.
Thc network will be connccted if there is a path
connecting any pair of vchicles. This implies that
the distance between any two consecutive vehi-
cles must be smailer than the radio transmission
range. If the statistical distribution of the inter-
vehicle spacing is known, the connectivity proba-
bility can be calculated. An expression for a
connectivity probability in the scenarios where
the intervehicle spacing is exponentially dis-
tributed is presented in [9]. Moreover, following
the approach described in [9], the connectivity
probability in the scenarios where the intervehi-
clc spacing follows other kinds of distributions
can also be derived. Normally, the connectivity
probability is an incrcasing function of the vchi-
cle density. The relation between the connectivi-
ty and the vehicle density can be described more
clearly in Figs. 2 and 3.

In Fig. 2, the conncctivity probability is shown
as a function of the vehicle density. Three differ-
cent values of the transmission ranges (100 m, 250
m, and 1000 m) arc considered. The results shown
arc obtained based on the assumption that the
intervchicle spacing distribution is exponential,
Generally, it can be observed that for a given
transmission range, the conncctivity probability
incrcases as the vehicle density increases. In other
words, the higher the number of vehicles on the
road scgment, the higher the chance of having a
connected network. In addition, for a given vehi-
cle density, the connectivity probability can be
increascd by incrcasing the transmission range.
For cxample, at the vehicle density of p = 0.05
veh/m, the network is barely connected when the

uscd transmission range is z = 100 m. However, if
the transmission range is increased to 250 m, the
network will be conncceted with high probability.

In Fig. 3, the connectivity probability is shown
as a function of the vehicle density. The connce-
tivity probabilitics obtained under the exponen-
tial distribution assumption arc shown with solid
lines, while the connectivity probabilities
obtained under the GEV distribution assump-
tion are shown with dashed lines. It can be
observed that for a given vehicle density, the
connectivity probability obtained under the
exponential distribution assumption is gencrally
higher than that obtaincd under the GEV distri-
bution assumption. For example, in the scenario
where z = 500 m and p = 0.02 veh/m, the net-
work will be connccted with high probability if
the underlying intervehicle spacing distribution
is cxponential. On the contrary, if the intervehi-
cle spacing distribution is GEV, the network will

be connccted with relatively low probability (i.c.,

P. = 0.6). The rcason thc GEV-distributed inter-
vehicle spacings yield worsc connectivity proba-
bility is that their CDF, cvaluated at the edge of
the transmission range (z), is generally smaller
than that of the exponential distribution. In
other words, the probability that an intcrvehicle
spacing will be less than a transmission range in
the case with GEV distribution is generally
smaller than the casc with exponential distribu-
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tion. Since it is shown that in most periods of the
day the intervehicle spacing can better be
described by a GEV distribution, this seriously
affects the connectivity model. It suggests that
the connectivity probability will be overestimated
in most cascs if the traditional assumption about
the exponential intervehicle spacing distribution
is used. This has a significant implication. It
mecans that for a given density, the required
radio transmission range predicted under the
cxponential distribution assumption will be
smaller than that actually required in practice.
For example, in the scenario where p = 0.02
veh/m, using a radio transmission range of 500 m
will be sufficient to get the network connected if
the intcrvehicle spacing distribution is exponen-
tial. However, if the actual intervehicle spacing
distribution is GEV, the required transmission
range nccds to be much higher than 500 m.

CONNECTIVITY UNDER REAL TRAFFIC

In this section, the connectivity probability will

be analyzed based on the intervehicle spacing

distribution obtained from the real traffic data.

The connectivity probability in each hour of the

day will be computed according to thc empirical

intervehicle spacing distribution described in

Table 1. The connectivity probability in each

hour of the day is shown in Figs. 4a, 4b, 4c, and

4d, assuming that the radio transmission range

of cach vehicle is 250 m, 500 m, 750 m, and 1000

m, respectively. In these figures, the height of

cach bar indicates the connectivity probability,

computed from the empirical distribution, ata
specific hour of the day. For comparison, the
connectivity probability obtained under the
assumption that the inter-vehicle spacing distri-
bution in every period is cxponential is shown
with an “x” mark. In addition, the connectivity
probability obtained under the assumption that
the intervehicle spacing distribution in every
period is GEV is shown with a diamond symbol.

Note that there are eight periods without bars.

These are the periods where the empirical distri-

butions arc neither cxponcential nor GEV.

The following observations can be noted from

Fig. 4:

¢ In the periods where the empirical inter-
vehicle spacing distributions are GEV, the
conncctivity probabilitics arc lower than
those obtained under the exponcntial distri-
bution assumption. This can be clearly
observed in the period from 10 a.m. to 2
p.m. and in the period from 7 p.m. to 12
a.m. It confirms that the connectivity prob-
ability computed under the exponential dis-
tribution assumption will be overestimated.

* During 10 a.m.-2 p.m. and 7 p.m.~12 a.m.,
the densities in these periods are moderate-
ly high. In these periods, the discrepancy
between the two types of distributions are
very notable. However, as the transmission
range increases, the discrepancy becomes
smaller.

* During 1 a.m.-4 a.m., the difference
between the connectivity probability
obtained from the empirical distribution
and the connectivity probability obtained
under the exponential distribution assump-

1
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0.4
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Figure 3. The connectivity probability as a function of the vehicle density. The

ial distribution

connectivity probabilities obtained under the expo

tion and those obtained under the GEV distribution assumption are com-
pared. Two different values of the transmission ranges are considered (250 m

and 500 m). The road segment length is L = 10 km.

tion is not significantly large across all the
transmission ranges. This is due to the fact
that the vehicle densitics in these periods
arc very light, and thus the cxponential dis-
tribution can mode! the empirical intervehi-
cle spacing quite accuratcly.

It is also important to sec how the connectivi-
ty is affected when the bidirectional traffic is
considered. Since we do not have logged traffic
data of the highway in the opposite direction, we
consider a scenario where the traffic in both
dircctions of the highway are distributed with
the same distribution. In other words, we assume
that the intervehicle spacings of the vehicles in
the opposite traffic direction have the same dis-
tribution as the one in the current direction.
This can be regarded as a symmetric traffic sce-
nario. To obtain the connectivity probability
based on the bidirectional traffic, we follow the
simulation approach given in [9].

In Fig. 5, the conncctivity probability in the
case where the intervchicle spacing distribution
in cach period is assumed to be exponential and
the connectivity probability in the case where the
intervehicle spacing distribution is modeled with
the distribution described in Table 1 are com-
pared. The transmission range in this case is
assumed to be z = 250 m. It can be observed
that even when bidirectional traffic is consid-
ered, the connectivity probabilities obtained by
assuming that the intervehicle spacing distribu-
tions are exponential tend to be overestimated in
many periods.

CONCLUDING REMARKS

In this study, we have shown that the intervehi-
cle spacing distributions in most periods of the
day do not follow an exponential distribution. In

(4
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