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ABSTRACT

Inter Vehicle Communication (IVC) has become a maor topic during the last few years. Within the
FleetNet project a novel mobile ad hoc network will be developed — based on the UMTS Terrestrial Radio
Access Time Divison Duplex (UTRA TDD) air interface — to interconnect vehicles and roadside
gateways via a mobile Internet. In this paper we focus on the impacts of vehicular traffic dynamics on
protocols for ad hoc networks. Based on analytical distributions of vehicular traffic theory and on redlistic
traffic scenarios we develop requirements and dependencies of the developed protocols for ad hoc

networks.
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| INTRODUCTION

Inter Vehicle Communication (IVC) has become a major topic during the last few years. Within the
FleetNet project [1] a novel mobile ad hoc network will be developed to interconnect vehicles and
roadside gateways via a mobile Internet. Maor services, supported by HeetNet will be road traffic

telematics and communication for business and entertainment purposes. Especially, mission critica



services like emergency notifications and services for co-operative driver assistance put very high
demands on the air interface and the used protocols. High relative velocities up to 500 km/h between
oncoming vehicles in a highway scenario will lead to frequent topology changes, i.e. a very high network
dynamic. This high dynamics will cause much effort in devel oping appropriate protocols.

Intelligent Transportation Systems (ITS) have been found to be an attractive area of research many years
ago, e.g. within the framework of PROMETHEUS [2]. Current research on ITS concentrates on network
architectures where an infrastructure exists to connect vehicles with each other and with the Internet
(DRIVE [2], COMCAR [3], etc.).

Within this work we will describe and analyse the grade of topology changes in freeway environments
and its impact on the protocols of FleetNet, which will be introduced in Section Il. In this paper we will
concentrate on the protocols of the data link control (DLC) layer. However, impacts on the required
routing protocols will be sketched but not discussed in detail (for further information on activities on
routing with FleetNet cf. [4]). To receive estimations on traffic dynamics and protocol activities in
FleetNet, we will introduce the classic traffic theory in Section Il and present some analytical and

simulative resultsin Section V.

Il FLEETNET PROTOCOLS FOR THE AIR-INTERFACE

Mobile ad hoc networks do not depend on a given infrastructure. Thus, communicating devices cannot
rely on access points or base stations acting as central controllers. They have to build the network in a
self-organizing way. FeetNet has to use a decentralised Medium Access Control (MAC) protocol
together with a Radio Resource Management (RRM) scheme that is suitable for a scenario with frequent
topology changes. Because of high dynamics in the IVC scenario it seems not to be recommendable to
select a centralised MAC scheme with master-slave communication to avoid protocol overhead for

changes of the master role in case of topology changes.



Asthe basis for the FleetNet air interface, UTRA TDD low-chip rate has been chosen for various reasons
[5]. Because of its code division multiple access (CDMA) component together with its frame and ot
structure (MAC frame of 10ms), UTRA TDD offers a high flexibility for asymmetric data transfer and
granularity. It offers a communication range over 1km and supports high velocities. It has been shown in
[6] that UTRA TDD is suitable for Intelligent Transportation System (ITS) applications and operation in
ad hoc networks. As UTRA TDD is basically a technology for cellular mobile networks, most of the
protocol layers — like MAC and RRM — have to be modified or newly defined to support the depicted
challenges.

To provide different service classes with different requirements on Quality of Service (QoS) the FleetNet
MAC will provide different schemes of reservation of transmit capacity. Besides permanently assigned
parts of transmit capacity for high-priority services, resources can be dynamically reserved for services
with lower priority. For the latter reservations, an R-ALOHA scheme [7] is foreseen to constantly assign a
small portion of the available resources as a Circuit Switched Broadcast Channel (CSBC). This CSBC can
be either used for transmission of small data packages, or for signalling purposes to reserve additional
resources.

In Figure 1 the reservation of new resources is depicted when a new packet arrives.
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Figure 1. Reservation of transmit capacity by means of in band-signalling

In case there have been no resources reserved so far, except one sot every fourth frame for the CSBC, an

inband-signalling request is initiated within the CSBC. Within this request one free slot is reserved within



the next frame. By decoding the reservation request, the addressed station is aware of the slot to be
decoded and al other stations will mark the respective slot to be reserved. Thus, this slot can be used in
this and the following frames without contention and collisions can be precluded. Since a reservation will
refer to the next frame only, the respective station has to decode only all slots in the preceding frame to
avoid reservation conflicts.

A significant parameter for this kind of medium access is the grade of topology changes. The dynamics
will have impacts on various parts of the protocols. Statistical investigations on the traffic dynamics shall
give redlistic estimations on possible communication durations and speed of topology changes depending
on distributions of velocities and traffic densities. These distributions will have impact both on reservation
procedures within the MAC protocol and on means of RRM, e.g. Power Control (PC) and Dynamic
Channel Allocation (DCA). One of the basic tasks of the RRM protocol will be the self-organization of
the network which will be handled in a distributed manner. To achieve the self-organization RRM
signalling packets will be transmitted by each device periodicaly — the so called beacon. Besides data
identifying the node, i.e. its position, speed, etc., the beacon will contain information on used resources,
measurement data of interference and other information supporting the self-organization of the network.
Additionally, control information from the routing protocol can be included in the beacon as well.

The investigation of the dynamic of topology changes by means of vehicular traffic theory shall answer
two main questions: First, if it is sensible or not to reserve resources for a certain period of time, and
second what update rates for signalling purposes to maintain the self-organization of the network have to
be considered. The latter question will depend — amongst other things — on the path loss situation and its

impact on the RRM.



[11 VEHICULAR TRAFFIC THEORY

In the classical vehicular traffic theory (e.g.[8],[9]) freeway traffic is described by three elementary
parameters: traffic density gen in [veh/km], traffic flow q in [veh/s] and net time gap 7 in [s]. These
guantities can be related together by their average values [10] as shown in Equation 1. Herein |, is the
average length of vehicles, dp, the average distance between vehicles and v, the average speed in [m/s] of

vehicles:
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From Equation 1 we can calculate a possible maximum velocity v, if the average time gap 7 and traffic
density pen are given. Real average velocities, the so-called average free velocities Vinfree, are aways

below thislimit or equal to thislimit:
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If traffic density islow vehicles are assumed to drive with their free velocity Vimee. Additional vehicles do

not diminish the average driven velocity Vmgree, but only vp,. Thus additional vehicles result in an increase
of the traffic flow q and shorter time gaps 7. This traffic state is called undisturbed traffic. If traffic
density becomes higher, so that it isn’'t longer possible to drive by Vi fee, the driven velocity will reduce to
Vp and the traffic state is called disturbed traffic.

After introducing these vehicular traffic theory fundamentals we want to have a look on the statistical
distributions of velocity, time gaps and distances. These quantities are described by random variables v,
and d.

The value of velocity is assumed generally as normal distributed [8]. Therefore, to the probability density

function (pdf) and the probability distribution function (PDF) of velocity applies
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whereby 1 and & are average value and variance of velocity according to the usual notation. Later
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publications suggest more advanced distributions for the pdf of vehicles velocity, e.g. [10]. These
distributions include cars and trucks in one model. But for the easier use we remain with the older
distributions to get afirst and illustrative approximation of FeetNet dynamics.

The PDF cannot be solved anayticaly. Thus, the following results are obtained by numerical
computation with MAPLE V. In afirst step arealistic distribution for the velocity is to be found. To the
PDF applies P(v < 1 - 0) = 15,87% and P(v < i + 0) = 84,13%, i.e. approximately 15% of the vehicles
deviate more downward or above from the average speed than the value of the standard deviation is. At
traffic-technical analyses one operates simplifying with boundaries of 15% and 85% (V15 = &/ - ound Vgs
= [ + 0). The quantity Vis indicates the velocity, which 15% of the drivers do not exceed. Their size
characterizes the slow drivers. Vgs is the velocity that is exceeded by 15% of the drivers (high-speed
drivers) [8]. The definition of the velocity, that characterizes the high-speed drivers, can be used for the
calculation of the standard deviation of velocity in reverse.

In the following we assume that the vehicles drive with an average speed of 130km/h on a motorway with
low traffic density (undisturbed traffic), whereby vehicles with a speed of 170km/h are considered as fast

driving. From this results the variance o of velocity of 1489,5(km/h)? which means a standard deviation

of o= 38,6km/h. As an approximation we chose o= Vg5 - 1= 0,3* 1. To keep the analyses more clearly

we proceed with the values presented in Table 1, with which also the figures were cal culated.



4 [km/h] Vs [km/h] o[km/h]
30 =40 9
50 65 15
70 =90 21
90 =120 27
110 =145 33
130 =170 39
150 195 45

Table 1: Typical values of velocity distributions

According to classical vehicular traffic theory literature, cars are assumed to have Poisson distributed

arrivals. This leads to time gaps between cars that are distributed with pdf and PDF [9]

p.(r) =ql&* and P(r>T)=e", (4)
respectively, wherein q is the traffic flow in vehicles per second. With the distribution of the time gap

between vehicles (Equation 4) we obtain the pdf of vehicles' distanced

gt P
py(d)= T e " = Lo glio” (5)
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To keep mathematics simple we neglected |, in Equation 5.

V

m

In this chapter the number of freeway lanes Niane iS neglected. Traffic parameters are assumed to be
measured for one direction of freeway traffic, not dividing single lanes. Regarding the real distance
between two vehicles on different lanes, we have introduced an error by our simplification that is caused
by the vertical shift of nlanes of width w. The correct distance d’ can easily be calculated as
d'=d? + (W)’ . (6)
Furthermore, it is assumed that there is aways enough room for vehicles to overtake without changing

speed or disturbing other vehiclesin another way. This assumption limits the possible traffic density.



IV ANALYTICAL INVESTIGATION OF TOPOLOGY DYNAMICS

Based on classical vehicular traffic theory, we try to answer the questions depicted in Section Il. In this
paper the following basic communication scenarios are considered:
For the two cases of a) only one considered driving direction and b) oncoming traffic, the possible
communication durations between two vehicles are calculated. This gives an idea if the topology is
approximately stable during a period of time that is long enough to make e.g. resource reservations
reasonable.
The dynamics of topology changes that are caused by vehicles joining or leaving communication and
detection radii is analysed.
The number of time slots of the FleetNet MAC-frame that are necessary to react on topology changes
or increase of interference and path lossis calculated.
A. Communication Duration
In the following two scenarios it is to be examined, how long a vehicle is within detection or
communication radius of another vehicle. The detection radius defines the area where a transmission of
any station can be detected, whereas the communication radius defines the area where a signal can be
decoded with high probability. We proceed with the assumption of undisturbed traffic. Velocity of both
vehiclesis constant, whereby the value of velocity is assumed generally as normal distributed.
a) All vehiclesaredriving in the same direction:
The probability of a velocity difference Av between two vehicles in same driving direction amounts to
P(Av) = P(v> — v1), wherein v; and v, are normal distributed random variables according to Equation 3.

Thus, Av is also a normal distributed random variable with ty = f6 - 14 and d®ay = 04 + d%. To the

distance d between vehicles as a function of the relative velocity Av and the time t applies d(t) =Avi.



Thus, disaso anormal distributed random variable. The velocity difference Av can be negative. That can
be interpreted in the following way:

1. Thereference vehicle is approaching another vehicle from behind (Av > 0).

2. Thereference vehicle is overtaken by another vehicle (Av < 0).
In practise, both cases are identical, of course. The further view can be limited thus to Av > 0, from which
it follows that pdf and PDF within the range of Av > 0 are to be multiplied by two. The distance between
two cars changes from d = -Reomm t0 d = Reomm, While they are able to communicate, wherein Reomm IS the
communication radius. Thus, the distance passed, while communication is possible, is d = 2* Reomm. We

can now cal culate the probability distribution function (PDF) of communication duration as

2
[ ZDR;D"W _ﬂAv]

pt(t):%[-ll@_ 205 for t=0. "

o2t

Figure 2 shows pdf and PDF of possible communication durations teomm that are resulting from the values

presented in Table 1. For the communication range a value of Reomm = 1000m is assumed.
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Figure 2: pdf and PDF of communication duration teomm



b) Oncoming Traffic:
For the oncoming traffic scenario similar equations can be inferred. The probability of a velocity
difference Avy, between two vehicles in same driving direction amounts to P(Aven) = P(v2 +vi) with
Lnvon = fb + th and Payon = 0% + 0%. To calculate communication durations, one simply has to

substitute Av by Avn in Equation 7. From this we obtain pdf and PDF shown in Figure 3.
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Figure 3. pdf and PDF of communication duration teomm.on

With increasing speed the duration decreases as expected. Depending on the relative speed it can be seen
that communication duration can differ extremely. But even in the case of oncoming traffic and a high
average velocity of 130km/h the probability to have a communication duration less than thirty seconds is
about 0.1. Typical duration exceed 141 sec for arelative speed of 30km/h and 28 sec for 150km/h in 95%
of the cases if oncoming traffic is considered. This means, we have a high probability to have
communication periods with more than 3000 MAC-frames, which makes reservations reasonable from

our simple scenario.
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B. Freguency of Topology Changes

In the following the dynamics of topology changes, which are caused by vehicles joining or leaving
communication and detection radii, is analysed. Results on how many stations are leaving and entering
the communication or detection range within a period of time are presented. The calculation of joining or
leaving probabilities is based on the distributions of time gaps between vehicles.

We start our analysis with considering only one driving direction. One vehicle is considered as areference
vehicle and assumed to be in the centre of the detection range. Relative velocities are calculated with
reference to this vehicle. Let us now consider the point of time when one vehicle is just joining the
detection radius of the reference vehicle. Thus, this vehicle has exactly the distance Ryaec from the

reference vehicle. In Figure 4 we can see one car (“2”) joining the detection range of another (“P").
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Figure 4. Vehiclejoining Ryetec

The next following car (“3”) has got a distance d from car 2. Distance between two cars has got the pdf

0, () = Lot g ®
1000

according to Equation 5. Let us now assume that “P” a parked vehicle or a gateway station withv; = 0. In

this case car 3 has to pass the distance d before it joins the detection range of “P’. The point at Ryetec
where cars join the detection range of “P’ we can consider as a fixed observation point. This leads to pdf
and PDF of thetime gap 7 between two vehicles joining the detection range, which simply is

_Peen _Puen
p(0)=Lo Le ™ ang p(r<T)=e ™" ©)
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according to Equation 4.

Equation 8 can be generdized for a moving vehicle P with v; > 0. Then we have to work with a moving
coordinate system and a moving observation point at Ryeec. VelOCity differences between “P’ and the
approaching vehicles substitute for velocities in Equation 8.

We now have to determine a meaningful value for T. Let us assume that a reservation should be valid for
the transmission of an IP-packet of size 1500 Bytes, which is a quite usual value. Within the period of the
IP-packet transmission the topology must not change because otherwise the resources cannot be
guaranteed. The IP-packet has to be segmented over several MAC-frames each of which contains at |east
one time slot with about 100 Bytes of user data. Thus, the network topology should remain unchanged
during the period of 15 MAC-frames, which means a period of 150ms. Furthermore let us assume, one
fragment of the IP-packet is erroneous and has to be resend after a negative acknowledgement. Adding
some time for the reservation procedure we need atime period of approximately T = 200ms during which
the topol ogy has to be stable.

In Table 2 we present some numerical results for the PDF of the time gaps 7 between to vehicles joining
the detection range. Rows 1 and 2 with Av = 130km/h and Av = 100km/h represent cars passing a parking
vehicle or a gateway station, whereas rows 3 to 5 show numerical values for velocity differences between

two vehicles that have the same driving direction.

P(7< 200ms)
Av [km/h] Puen = 75veh/km | pen =20veh/km | pen = 6 veh/km
130 0,41822 0,13450 0,04241
100 0,34076 0,10516 0,03278
30 0,11750 0,03278 0,00995
20 0,07996 0,02198 0,00664
10 0,04081 0,01105 0,00333

Table2. Numerical resultsfor P(r<T) with T = 200ms

Table 3 shows the average time gap 7arg between two vehicles joining the detection range, which is

12



oy =2 =i, (10)
q pveh mv
Tavg [ 5]
Av [km/h] Pieh = 75veh/km | pen =20veh/km | pen = 6 veh/km
130 0,36923 1,38462 4,61538
100 0,48 1,8 6
30 1,6 6 20
20 2,4 9 30
10 4,8 18 60

Table3: Numerical resultsfor Tavrg

Even in the worst case, where vehicles pass parking cars or fixed gateways with velocities of 130 km/h
(row 1 in Table 2) in high traffic densities the topology remains stable in nearly 60%. If we consider
‘normal’ traffic scenarios (rows 3 to 5 in Table 2) the probabilities for a stable topology vary between 90
and ~100%; in other words — as shown in Table 3 - the topology remains absolutely stable for 1.6 seconds
in the case of high traffic density and higher relative velocities to up to 60 seconds in case of lower
densities and lower relative velocities.

As depicted in Section 11, regarding the protocols for the air interface, we can assume that every node has
reserved a CSBC, i.e. within a 40ms superframe approximately 52 nodes can have such a CSBC reserved
(1 time dot per frame is permanently reserved for high-priority services). If we would have a high
probability, that up to 52 nodes reach the communication range of the reference vehicle within 40ms, we
would have a real problem doing reservations, switching to different time slots and distributing status
information. The results show that we are quite far away from this worst case. On the other hand, if we
look from the point of a meaningful undisturbed communication range, we have a manageable situation if
merely one node reaches the communication range. Here the probability, that this reaching node occupies
a reserved resource is very low. As we can see from the tables above, the probabilities to have a stable

topology are quite high in the depicted scenarios.
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C. Impacts of Path Loss on RRM

In this section we present the calculation of the number of time slots of the FleetNet MAC-frame that are
necessary to react on changing propagation conditions like increasing path loss. Basis of the scenario is
the assumption that a change of 10dB in the receiver input level requires the transmission of a RRM
message as a reaction on the change of network state. E.g. power control information or a change of the
used time slot has to be communicated. A RRM message is assumed to occupy one time sot. The 10dB
limit is based on some early considerations of joint detection. Path loss is assumed to be caused be
changing distances between vehicles. The first question to be answered is on the distance that has to be
covered to cause a network reaction and if there will be enough time to communicate the change of
network status to other mobile stations. The relation between covered distance and received input level is
given by Equation 11

2

d
AP, =10Mog,, ar =100y tflog,, d, ~10g,, ;) . (11)

1

With the assumption of AP = 10dB follows

d, =d, %10 = 21578, with y=3. (12)
Thus, a decrease of 10dB in the received input level corresponds to doubling of vehicles distance.
Accordingly, an increase of 10dB corresponds to a reduction of distance to the haf. The absorption
coefficient is set to y = 3, which is between the two extremes y = 2 (line of sight) and y = 5 (high
absorption in municipa environment) and seemsto be arealistic value for our freeway scenario [11].
To continue our considerations freeway traffic is assumed with the vehicles having an initial distance R. If
the vehicles are departing, the distance d = R is covered, before the received input level is reduced by
10dB. If they are approaching, the distanceisd = R/ 2. Thus, the number F of MAC-frames that passed

during the time T;o4s Of the 10dB decrease is given by
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F = TlOdB R

= for departing cars and
TMAC AV EI_MAC

(13)

= for approaching cars.

TMAC 2 mv l_—TMAC

In Equation 13 Av is the relative speed of two vehicles and Tyac is the frame duration of the FleetNet-
MAC-frame, which is Tuyac = 10ms. The initial distance R of the two considered cars has a mgor
influence on the number of usable MAC-frames.

To get a very ssimple estimation of how often network reactions have to be communicated, consider

Figure 5.
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Figure 5: Communication distances during crossing a par ked vehicle

We assume that in the area of d = [-10m, 10m] no network reactions have to be communicated. This
assumption is just to keep calculations ssmple and is not based on network physics. If a car is departing
from the parked vehicle “P’ then it has to send a message at d = 10m the first time, followed up by a
message each time the distance is doubled. The last network reaction happens, when the departing car is
leaving the detection range. This communication pattern is repeated with every car that is passing. We
now have to analyse how often cars pass those “ communication points” at 10m, 20m, etc.

We describe the traffic stream by a chain of equidistant cars with gaps of dy, = ¢* 1000/ gen. Here the ratio
@ of HeetNet equipped vehiclesisintroduced to take into account only vehicles with FleetNet equi pment.
Distance between cars is passed in the time 7, = dn/Vim. Thus, after every time t,, the chain of cars looks
the same. This means that every time 7, one car of the chain is passing one of the communication points.
The communication points directly neighboured to the parked vehicle are lying very close together, so the

distance between them is passed in less than 7, To correct this we simply assume that the communication
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points at 10m and 20m are passed within 7, Therefore the number of network reactions within 7, has to
be increased by one. Now we only have to calculate the number of communication points Ncp within the

detection range to get an estimation of necessary network reactions. The position of the communication

points can be determined by d, =10m[2". From thisfollows

Nep = Llog2 Tg)—ar:J (14)

and for the number of network reactions per second

N _1+ NCP +1:(NCP+2)@veh |Svm ]

(15)

Row = 100009
We can argue on the same way for approaching traffic and obtain N, = N4, and therefore
- (NCP +2) |$veh wm in [1/3] (16)

Roe 500(¢
If we relate Equation 16 to the duration Tyac of a MAC-frame, we obtain the number cyac of MAC-

Frames during which one network reaction has to be communicated:

_ 1 _ 5000¢
Cvac = - :
TMAC DNR,g&s TMAC [GNCP + 2) |$veh |]/m
Numerical results obtained by Equation 17 are presented in Table 4:

(17)

CmAC
LPueh [veh/km] Vi = 130km/h; Ryeec = 2000m; Vi = 30km/h; Ryeree = 2000m;
$=05 $=05
6 128,2 555,6
12 64,1 277,8
25 30,8 133,3
75 10,3 444

Table 4: Number of MAC-frames cyac between RRM messages

The values presented in Table 4 show, that even in scenarios with high traffic densities and relatively high
velocities, the number of available MAC frames is sufficient to react on increasing or decreasing path

loss, e.g. allocating a more suitable time slot, solving a collision, etc.
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V SUMMARY AND CONCLUSION

In this paper we focused on the impacts of vehicular traffic dynamics on protocols for ad hoc networks.
Based on analytical distributions of vehicular traffic theory and on realistic traffic scenarios we devel oped
reguirements and dependencies of the developed protocols for ad hoc networks.

In Section IV.A we investigated possible communication durations between two vehicles for the two
cases of @) only one considered driving direction and b) oncoming traffic. We showed, that even with
oncoming traffic and high relative velocities, we have a high probability to have communication periods
with more than 3000 M A C-frames, which makes reservations reasonable from our simple scenario.

In Section IV.B we anaysed the dynamics of topology changes that are caused by vehicles joining or
leaving communication and detection radii. In ‘norma’ traffic scenarios the probabilities for a stable
topology vary between 90 and ~100% and the topol ogy remains absolutely stable up to 60 seconds in case
of lower densities and lower relative velocities. Even in cases of high traffic densities and high relative
velocities the topol ogy remains stable in nearly 60% which should be not too hard to handle.

In Section IV.C we calculated the number of time slots of the FleetNet MAC-frame that are necessary to
react on topology changes or increase of interference based on a changing path loss. The values presented
show, that even in scenarios with high traffic densities and relatively high velocities, the number of
available MAC frames is sufficient.

Although, running an ad hoc network in a inter vehicle communication scenario seems to be very
challenging, regarding the very high dynamics and frequent topology changes, the use of UTRA TDD as
the air interface for FleetNet gives us enough flexibility to handle theses dynamics. The presented
calculations and distributions are suitable to adapt the developed protocols to redlistic traffic scenarios in

freeway environments.
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