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Abstract—Effective inter-vehicle communication is fundamen- ~ Among all the research topics in VANETS, the performance
tal .tO a decentralized traffic information system based on of information propagation in the dynamic network scenario
Vehicular Ad Hoc Networks (VANETS). To reflect the uncer- which is fundamental to ITS, is always treated with a high

tainty of the information propagation, most of the existing L e . .
work was conducted by assuming the inter-vehicle distance priority. Generally, the difficulties for the informatiorrgp-

follows some specific probability models, e.g., the lognorah or ~@gation related studies come from the time varying vehicle
exponential distribution, while reducing the analysis conplexity. mobility, the burst-style data traffic loads, and the exegm

Aimed at providing more generic results, a recursive modetig  complicated radio environments. Regarding all these &sue
framework is proposed for VANETs in this paper when the 51 conducted numerous simulation studies for the infoiamat

vehicle spacing can be captured by a general i.i.d. distribtion. . . . . .
With the framework, the analytical expressions for a seriesof propagation distance. After that, the information propiaga

commonly discussed metrics are derived respectively, inofling iSsue was further studied inl[3] which developed numerical
the mean, variance, probability distribution of the propagation method to recursively calculate the probability of suctidss

distance, and expectation for the number of vehicles inclued propagation. With the similar idea of recursive analys#, [
in a propagation process, when the transmission failures & q,qied the feature of cluster size in VANETS, and proposed a

mainly caused by MAC contentions. Moreover, a discussion _. . " o
is also made for demonstrating the efficiency of the recursi time/location-critical framework specifically for the ergency

analysis method when the impact of channel fading is also Mmessage dissemination. In one of the most recent wark [5],
considered. All the analytical results are verified by extemive the information propagation issue was investigated when th

simulations. Vt:/? ?e“e(\j/e that éhis W?j'_( ifS able to potentiay reveal  vehicles in the network could be categorized into a number of
a more Insightful understanding of information propagation in ; H : H 1
VANETS by gllowing to evaluategthe effect of any 5ehri)clg headay speed distribution-determined traﬁlc streams. Althgugbhs
distributions. work advanced the understanding for the information propa-
gation process in VANETS, most of it were confined to the
condition that the vehicle presence on a road segment fsllow
some specific random processes, e.g., the commonly used
homogeneous Poisson point process. These carefully sglect
|. INTRODUCTION probability models can significantly reduce the analysisico
Due to the potential to disseminate the safety warnings apkéxity. However, it is often argued that they are in viaati
traffic information for significantly decreasing the numtoér of the realistic vehicle spatial distribution when sometdas
road accidents, the Vehicular Ad Hoc Networks (VANETs3uch as the driver behavior, traffic condition, and road type
are widely recognized as one of the few core components fare considered [6].
the next-generation Intelligent Transportation Systefi$) Inspired by [[7], this paper presents a recursive analytical
[1]. To further push forward VANETS' development, the USnodel for the information propagation process by lookirng in
Federal Communications Commission (FCC) has allocattte physical meaning of the expected propagation distamte a
75 MHz of Dedicated Short-Range Communications (DSR@)corporating the possible factors for a transmissiorufail
spectrum at 5.9 GHz to be used exclusively for Vehicle-tavhen the vehicle distance headway can be described by a
Vehicle (V2V) and Vehicle-to-Road Infrastructure (V2R)ao general probability distribution. Considering its genigya
munications. Besides, IEEE has also completed the standahis study would offer more insights and enable a more
ization process for IEEE 1609.1, 1609.2, 1609.3, and 1609abust design of VANETs-based ITS by allowing for analytica
for the Wireless Access of Vehicle Environments (WAVE)yerification of various different headway distributions sunc-
which utilizes IEEE 802.11p to handle the media accessssful information propagation. The remainder of thisguap
control issues uniquely happened in the VANET scenaris. organized as follows. The system model for our recursive
Moreover, a considerable amount of VANET-oriented pragecanalysis is given in Section Il. After that, the information
have been initiated by governments, automotive industgiy-h propagation distance’s stochastic characteristics aravetdke
way management authorities, and safety organizations, eig Section Ill. The verifications of our analytical resultea
the Vehicle Safety Consortium (VSC) in USA, the Car-toshown in Section IV. Moreover, a discussion is also made in
Car Communications Consortium (C2C-CC) sponsored by tBection V to briefly describe how the recursive model could be
European Union, and the Advanced Safety Vehicle Programed when the impact of channel fading is considered. Finall
(ASV) in Japan. Section VI concludes this paper.

Index Terms—Inter-vehicle communications, general vehicle
headway distributions, stochastic characteristics
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Il. SYSTEM MODEL of D from a recursive aspect. With the headway distribution,

In our analysis, the random distandé between direct the probability for the first recei\_/ing vehiele te be located
neighboring vehicles, which is termed as theadwaydis- at distanceq—.t(.) a tag.ged .transmitting \,’,Eh'de i1 (7) dr.
tance, follows a general distribution whose density forcti FO7 @ny receiving vehicle, it has probability to successfully
is denoted asfy (z) with expectationuy and variances?,. finish the mforrnation reception, and has the potential to
Without considering the impact of specific routing or trandurther relay the information forward for an expected dista
mission schemes on information propagation in VANETS, thi§P- Hence, we could have the following recursion:
paper focuses on the case that each vehicle only attempts to L
relay the received information via its direct neighbor. het HD = /0 (7 +pp) fu(r)psdr . 1)
trial failes after a certain retry limit or without retry due
broadcast, the entire transmission process is terminatedi,
the total propagation distande equals the distance from theTheorem 1. When the successful transmission probability
last receiving vehicle to the origin of the information. Dualetermined by the MAC contention can be presentegsby
to the space limit, in this work, we mainly consider the cagbe expected information propagation distance is given by
that the transmission failures are only caused by the MAC L
contentions. However, based on the proposed recursivgtanal — ZM 2)
ical framework, more general cases can also be investigated 1 —psFu (L) ’

To demonstrate the framework's effectiveness, a discnssiwhere F(-) is the cumulative distribution function (CDF) of
section is arranged at the end of this paper, which includg® headway distancs.

some brief results for the situation when the channel fading
becomes the major cause for the interruption of an inforonati.
propagation process. A comprehensive version of the md?le
general analyses will be finished as a follow-on work for thid

Based on[{1), it is easy to obtain the following theorem.

The proof of Theorem 1 is quite straight-forward, which
ignored here. An obvious but also interesting obsermatio
Theorentl is that, when the successful transmission prob-
paper in the near future. aiaility could be treated as independent of th_e transmissio_n
it gistance, the expected information propagation distasce i

When the MAC contentions are the only concerns, | t to th bability distributi ¢ vehicle h
common to assume that each vehicle has the identical trafisc cvant to the probabiiity distribution of vehicle ed)

mission rangd.. With this constant transmission range mode eyondthe transmission rangé. As will be seen later, the

a communication can be initiated if the distance between twa''2"¢€ of the propagation distance under this situateon i

vehicles is less tharl. However, due to the design of the Ot affected by the headway distribution beyondeither.

backoff algorithm in MAC schemes, it is possible that morzhIS feature would be useful when we are rying to acquire

than one vehicle may attempt to utilize the channel at theesatﬁi htegd;/vay déstfnbtuhtion fr_om .? ftremelnd;ni_s arlihountt O.fbf'etld
time, which will lead to a transmission collision if withima est data, and further using 1t for calculaling the stoabas

interference range. This is common when the network densﬁDaraCte”St'C of the information propagation distance.

or traffic load is high at some specific time or locations. Eher flézl)s cltta]erhthai tti:tere tsg” eX|ststanb|nteg|raI|||1 tge numerat
is a lot of existing work focusing on the reliability of VANEST 0  which might not be easy to be calculated whfer(-)

MAC, e.g., the packet reception rate in the IEEE 802.1{3 Involved with some complicated functions. To reduce the

based VANETs was derived inl[8], and the analytical mod (Fliance on numerical cal_cula_tions, some attempts can hlem_a

was further improved in[]9] for more accurately describing; develop a bound estimation of the expected propagation

the Frozen Period(s)in a channel contention process. Fo Istance.

this paper, the probability for a successful reception wheTorollary 1. The bound of the expected information propa-

the MAC contentions are the only concerns is denoted gation distance could be given as

ps, and treated as a known parameter. Moreover, once the 5 5

analytical expressions for the characteristics of therinfation s N oy + (L= pn)? — (L — )

propagation are obtaineg; could be replaced by the already 1= psFi (L) 2(1 = psFp (L))

derived closed-form or empirical expressions, which allesv < pp < PHH psL +psLFp (L) 3)

to reveal a more insightful understanding about the retatio - N 1 —pFu(L)

ship between the system parameters and the comprehensive proof: The left part of the inequality is based on the

network performance metrics. results in [10]: for any random variablg with PDF f(z),

meany, and finite variancer?, the following holds

[1l. THEORETICAL ANALYSIS oo 2+ (z— )2+ (2 — )

2

tf(t)dt < 4

According to the system model, it is clear that the informa-
tion propagation is a typical renewal process. In other woifd
the expectation of the propagation distari¢ean be obtained
as up, then each vehicle should have the same potential t L dr — > d >~ d 5
further propagatethe information forward with expectation %TfH(T) T /0 7fu(r)dr = /L mfu(r)dr ®)
up- Interestingly, this interpretation of the propagatios-di 0% + (L —pu)? — (L — pm)
tance’s expectation allows us to look into the characiesist 2 pH — B -(6)

Hence,




Besides, from[(b) it is also clear that estimated as

L o o 1— Fy(L) psLig — psL2 (1 — Fy(L))
| wtatar < / rfu(rar =L [ far)ar HDPs T e 1) S D S T T (D)
= st~ L1~ Fiu(L)) @) wibpp )

By combining the results of(6) andl(7), the bounds;of Proof: First, the inequality shown below is easy to be
could be obtained. obtained

The advantage of having such bounds relies on the fac L L
that, with an arbitrary headway distribution, the expected / 2 fy(r)dr < L/ T fa(r)dr
propagation distance could be easily estimated by the mean 0 ~—Jo
and variance of the vehicle headway, both of which can be

easily obtained with field data. This will be very helpful, if =Lpn—1L /L 7fu(r)dr

some rough and quick estimations are needed. _ < Luy — L*(1— Fy(L)) . (14)
Meanwhile, the variance?, of the successful propagation _ _ _
distance is measured as follows: Therefore, by replacing the mtegrﬁf 72 fy (1) d7 in @), the

right side of [IB8) is proved. The left side df {13) is obvious
according to[(B). Hence, the Corollary 2 is proved. [ ]
Besides the expectation and standard deviation of the in-
formation propagation distance, the numb¥r of vehicles
L 2 _ included in an information propagation process, which terof
b lfo_T ‘;H(L)dT 12 ps % (8) termed as th€luster Sizen the VANETS literature, can also
psFu(L) psFu(L) be derived by the recursive analysis. The recursion for the
Proof: According to the variance decomposition formul&xpectation ofV could be written as follows
(a.k.a. the Eve’s Rule), the recursion fop can be given as L
below conditional on the distance between the first trartemit UN = / (14 pn) fa(r)psdr (15)
and receiver ig 0

Theorem 2. Given the successful transmission probabitify
the variance of information propagation distanée can be
calculated by

o =

) and another new theorem can be obtained.
op = V(D) =VI[ED|")]+E[V(DIT)] . (9 o .
Theorem 3. The expected number of vehicles included in a
According to the mathematical definition of a random varkingle information propagation process can be calculatgd b
able’s varianceéV (X) = E [(X — ux)?], the first part in[(B) the successful reception probability and the headway ilistr
can be expanded based on its actual physical meaning astion as

psFu(L)
S ) v = TS (16)
V[E(D|r)] = / (E[E(D|r) — E(D)))*fu(r) ps dr L= psFu(L)
o Moreover, the recursive method can also be used to derive
- / (7 + pp — 1p) fu (1) ps AT the probability distribution ofD, as
R Theorem 4. Denote functionFp(s) as the CDF of the
+/ (0= pp)?fu(r)psdr information propagation distance, it can be recursively
;o calculated as
= Ps (/TQfH(T)dT—i—uD—uQDFH(L)) .(10) 1—psFu(L), s=0
0 1= psFu(L) = (14 ps)Fr(s)
Similarly, F = 5 , 0<s<L
Y o) + [ fulr)Fos = r)ar
L 0
E[V(D|r)] = /V(D)fH(T)ps dr = psV(D)Fy (L) . 1—-Fy(L)+ fOLfH(T)FD(s —7)dr ,s>1L
’ (11)
Therefore, the recursion il(9) can be simplified to Proof: The three cases listed in the piecewise-function

L need to be discussed separately. When0, it is easy to see
ah = Ds </7’2fH(7')d7’+uD—HQDFH(L)+0’123FH(L)> . that

0 (12) Ftp(0) = Pr{D < 0} = 1 — Pr{the ' trans. is successfjl
Finally, 0%, can be directly presented as shown[ih (8), hence =1—Fg(L)ps . a7

Theorem 2 is proved. ] .
With the similar method we used for deriving,’s bounds, Fprthe_cas@ <8 < L, Fp(s) = 1_Pr{.D. > s}, AS shown n.
. . Fig.[d, if the distance between the origin and the first reaeiv
the following corollary could be obtained. c 2 . . : .
is within the rangds, L], the information propagation distance
Corollary 2. Givenp, and the vehicle headway distribution,will always be longer tham; however, if the first receiver is
the variance of the information propagation distance can Hecated at locationr € [0, s], then the information has to be
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TABLE | Normalized Traffic Load
BAsIC MAC PARAMETERS Fig. 2. Expected Information Propagation Distance vs. Ngizad Traffic
Bit Rate (R,) | 11 Mbps || Propa. Delay §) 2 us Load, while A = 1/5 (vehicle per meter)
Slot Time @) 20 us DIFS 50 us o
MAC Header | 224 bits Wo 32 BN fiiiﬁi:gii
PHY Header | 192 bits E[Lp] 8000 bits R ST b
h\ —A\=1/35,Q=3
\ — & -A=135Q=1

1000 ul

further propagated at least distance 7 to make sureD > s.
Therefore,

Fp(s) =1—-Pr{D > s}
— 1= (5o (FulD) = Fu(9) + [ Fu(r}Fo(s ~ 7))
= 1~ i (L) — (L+ po)Fi(s) 0
. /0 (P (s — 1) dr (18)

Fig. 3. Expected Information Propagation Distance vs. Ndizad Traffic
— . . . .. Load, with changec\
where Fp(-) is the complementary cumulative distribution

function (CCDF) of the propagation distante Finally, when In Fig.[d, both the analytical and simulation results for the
s > L, the first vehicle in the information propagation procesaxpected information propagation distance are demoassirat
should be located within the origin's transmission rarge with varying normalized traffic loads and queuing lengths at
and should relay the information with distance at leastL, each vehicle, while the expectation of the headway didiinbu

@
3
3

Expected Information Propagation Distance (m)

0.375 0.5

whose probability isf (s — L), hence, is fixed at 5 meters. As shown in the figure, the analytical
L results match the simulation results. With the analyse@jn [

Fp(s)=1-— / fa(r)Fp(s —L)dr . (19) the successful reception raigis expected to decrease with the
0 increased traffic load, which is mainly due to the signifigant

By combining all the above three parts of results, Thedremicreased channel contentions. Moreover, it is also known
is proved. m that a longer transmission queue also reduces the average

successful reception probability. This can be explainethas
a longer queue can buffer more packets for later transnmissio
) . therefore, the probability that a transmission queue istgiisp

To illustrate the effect generated by the MAC contentiongsqyced, which indicates that network nodes are more likely
the analytical results we obtained in [9] are directly a@pli giqy in the backoff stage rather than the idle states. Repres
here to calculate the average transmission successfubpraf the figure, the expected information propagation distasc
bility ps. In the simulation, the constant transmission rangg.creased with the increased traffic load and queuing length
L for each vehicle is set to 100 m, and all the vehicles agg.siqes, the upper and lower bounds estimated from Coyollar
randomly distributed along a road segment according togfor gifferent network scenarios are also illustrated ig. 2.
Poisson process with densily which means that the vehicle|; js ¢jear that the bounds are quite tight comparing with the
headway should follow an exponential distribution with meagqya1ly calculated results, which will be very useful whee
1/X and variancel /\*. To demonstrate the impact of MAC peagway distribution is complicated and difficult to be Hedd
parameters on information propagation, the lengttof the \\ith numerical calculations.
transmission queue in each vehicle is changed from 1 10 3, Fig [3, the expected information propagation distance
and the normalized traffic loads, which is definedsds / Rifl are illustrated with different traffic load and varied veiar

varies from 0 to 0.5. All the other basic parameters for thggiribution densityh. It is obvious that, when is decreased
IEEE 802.11-based MAC scheme are listed in Table I.  fom 1/5 to 1/20 vehicles per meter, which results in an

1According to the definitions in[]9]3 is the packet arrival rate at each increa;e of the. eXpeCted int_er'\/.ehi.CIe_qiStance.' the eapen
vehicle, Lp is the average packet length, afy is the bit rate. of the information propagation is significantly increaséHis

IV. EVALUATION
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is easy to be explained as that, when the hop by hop communi- osf

cation can be carried out successfully with a high probigbili o1

increasing the per hop transmission distance will directly ol

increase the total propagation distance. However, whés

further decreased, the expectation of the propagatioardist

is decreased. This is due to the fact that, with a longer

headway expectation, the probability for a transmissidnria

is also increased, which might start to dominate the overall

performance of the information propagation process. Tindyst oxf TS e 1

of the turning point of\’s impact on the expected propagation % s 0 o5

distance is an interesting topic, and we will dig into it ireth _ o ememremenmeee ) .
. . . ig. 6. Cumulative Distribution of Information Propagatidistance vs.

near future. It is worth to mention that, to avoid t00 MUCRomalized Traffic Load, while\ = 1/5 (vehicle per meter)

overlapping between different data sets, only the resuwlts f

Q@ =1 and 3 are illustrated in the figure. The changing pattern

for Q = 2 is similar to the ones described above. V. DISCUSSION

The analytical and simulation results for the variamdg When the impact of channel fading is considered, the
of the information propagation distance for different netkv transmission range for each vehicle will be changed from a
scenarios are presented in Fig. 4, with the upper and lowgnstant to a random variable. However, with the recursion
bound estimations obtained by Corollaty 2. It is clear that t model described in this paper, similar analyses can also be
analytical results and simulation results match with eableo carried out, which will be breifly discussed in this section.
which validates the correctness of the newly proposed fecwith a specific channel model, given the transmission dis-
sive analysis method. However, comparing with the tiglgnegancer, the received signal power can always be described by
between..p and its upper or lower bounds demonstrated ia conditional probability distributiorf |z (¢|7). For example,
Fig. [2, op’s bound estimations are relatively loose. This i we assume that the channel fading follows the Rayleigh
mainly due to the simple mathematical relaxing techniquesodel, the reception power’s conditional PDF can be present
applied in [T4), which should be replaced by more sophigs
ticated inequalities for better tightness. This will be tew 1 "
follow-(.m work for t.hIS paper. . fpi-(tlT) = P (do/7)" exp ( P (do/T)a> ,t>0.

In Fig. @ and Fig.[B, the expected cluster size and the (20)
cumulative probability distribution are illustrated withiffer- where P; is the transmission powef{ is a constant deter-
ent network parameters, respectively. It is obvious that timined by the hardware features of the transceiverss the
analytical results fit the simulation ones well. The chaggirpathloss exponent, and, is the reference distance for the
pattern of the expected cluster size is identical to the dtieeo far-zone field. To reduce the complexity, here the condition
expected propagation distance, which is reasonable dus tofor a successful data transmission is simply set to that the
physical meanings. For the CDF of the propagation distanceceived signal power should be at least higher than the
it is clear that when the successful transmission prolighili system-determined minimum power threshdétg. However,
is high, which was presented as a shorter queuing leggththe case when a successful reception requires the Signal-to
in the figure, the corresponding CDF goes slower to 1, whidhterference-Ratio (SIR) to be higher than a threshold can
meansup will be increased. This is also coincident with thealso be investigated in a similar way. With this model, the
results demonstrated in Figl 2. successful reception probability needs to be revised to a
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transmission distance determined random variable as VI. CONCLUSIONS

ps(7) = /Oo frim(tr)dt . (1) In this \_Nork,_the stochastic char_acteri_stics of the infotiora
P, propagation distance were studied with a general headway
Then the expectation and variance of the information proE}StribUtion by a recursion model. Although this paper was
agation distance could be obtained with the following twiPcused on the scenario when the MAC contentions are the
theorems, respectively. major causes for a transmission failure, a discussion v&s al

iven to demonstrate the recursion model’'s adaptabilitgrwh

. . . . I
Theorem 5. When the impact of channel fading is conmderetﬁ,,e impact of channel fading is considered. As mentioned
the expected information propagation distancg is in the paper, a series of follow-on work for the recursion

o — [ Bo o tp g (t,7)dt dr model-based analysis will be conducted, including: 1)drett
b= 0 (}, P ’) ) (22) bound estimations for propagation distance’s variancey@g
Pitth detailed analysis when the SIR becomes the evaluationanetri

where fp x(t,7) is the joint probability distribution function o 5 successful reception. Moreover, we are also consigeri
of the received signal power and the transmission distangg, fyrther develop the recursion model for describing the
and Fp(-) is the marginal CDF of the received signal power.ynjque store-carry-forward transmission pattern of VANET
Proof: The recursion of the expected information propa¥hich should be another interesting topic.
gation distance can be written as
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By subsitituting the above two parts int (9), Theorem 6 is
proved. [ ]
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