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Abstract ployed in the near future. The reasons for this are

twofold. First, vehicles can easily provide the re-
In this paper we investigate the use of ad-hoc routir@iired power for wireless communication, and adding
algorithms for the exchange of data between vehiclggme weight for antennas and additional communica-
There are two main aspects that are of interest in thisn hardware does not cause major problems. Further-
context: the specific characteristics of ad-hoc networksore it can be expected that vehicles will have an accu-
formed by vehicles and the applicability of existingate knowledge of their own geographical position, e.g.,
ad-hoc routing schemes to networks that display thesgmeans of GPS. Thus many problems making the de-
characteristics. In order to address both aspects we ggldyment of ad-hoc networks in other scenarios prob-
erate realistic vehicular movement patterns of highwamatic are not relevant here. Second, there is a wealth
traffic scenarios using a well validated traffic simulasf desirable applications for ad-hoc communication be-
tion tool. Based on these patterns we show that thgeen vehicles ranging from emergency warnings and
characteristics of vehicular ad-hoc networks are quigigstribution of traffic as well as road condition infor-
different from the frequently used random waypoirtation to chatting and distributed games. As a conse-
model. We then proceed to evaluate the performanggence many vehicle manufacturers and their suppliers
of a reactive ad-hoc routing protocol (DSR) and of gre actively supporting research on how to integrate mo-
position-based approach (greedy forwarding as doneife ad-hoc networks into vehicles [1, 2].

GPSR) in combination with a simple reactive location Whil ication b hicles is f |
service. Our analysis suggests that for vehicular net- lle communication between vehicles Is frequently

works where communication spans more than 2 Orn"glentioned [3] asa target for ad-hO(_: routing protocols,
hops position-based ad-hoc routing has significant éH?re have previously bee? noh_stlud|es on hf?w the Sﬁe'
vantages over reactive non-position-based approacﬁg'g movement patterns of vehicles may influence the

both in the number of successfully delivered packe%OtOCOI performance and applicability. Typically the
and in routing overhead. behavior of routing protocols for mobile ad-hoc net-

works is analyzed based on the assumption that the
nodes in the network follow the random waypoint mo-
1 Introduction bility model [4]. In this model each node randomly se-
lects a waypoint in the area that contains the network
Communication between vehicles is considered a priraed moves from its current location to the waypoint
area where mobile ad-hoc-networks are likely to be deith a random but constant speed. Once a node has ar-
“Holger FuBler and Martin Mauve are with the “Lehrstuhl ﬂJrr_IVed atthe Waypqlnt it pauses for a ran(_jom amount of
Praktische Informatik IV” of the University of Mannheim time before selecting a new waypoint. Since this move-
({fuessler, mauvg@informatik.uni-mannheim.de). ment pattern of nodes has no similarity to the behav-
THannes Hartenstein _and Michael Kasemann are with the NE&r of vehicles, the random waypoint model seems to
(N{itivr?ﬂ(eﬁbﬂiﬁos@z.snkl I\ellli?:ﬁlab;'.’gKaesem}a@mcrle_nec.de)_ bg inappropriate to investigate the character_istics of_ ve-
*Dieter Vollmer is with DaimlerChrysler. . hicular ad-hoc networks or to determine which routing

(Dieter.\ollmer@daimlerchrysler.com). protocols are suitable for vehicular ad-hoc networks.




In this paper we propose to make use of a detailédn 2 where we also describe the generated movement
model for vehicular traffic to investigate the use of aghattern for a highway scenario used in the remainder
hoc routing algorithms for the exchange of data bef this work. The characteristics of vehicular ad-hoc
tween vehicles. The model includes elements suchretworks are investigated in Section 3. In Section 4 we
vehicle characteristics (e.g., a car has a different moy@evide an overview of ad-hoc routing strategies and re-
ment pattern than a truck) and driver behavior (e.dated work in general and give a more detailed descrip-
when does a driver decide to change lanes). Models liken of the two candidate protocols we selected for the
this are used by vehicle manufacturers to determine tt@mparison. In Section 5 we report on the results of the
lifetime of parts of a vehicle, such as shock absorbesinulation of both routing protocols for the communi-
or turn signals. Thus, these models have to be very aation between vehicles. We then conclude our findings
curate. As an output highly realistic movement patterasd report on directions of future research in Section 6.
are produced.

Based on these movement patterns we are then able
to analyze the characteristics of the dynamic topolo@/ Simulation of Vehicular Traffic
formed by the mobile nodes. We show that the char-
acteristics this network is significantly different fromMehicular traffic simulations can be classified coarsely
those formed by using the random waypoint model. into microscopicandmacroscopi@pproaches [9].
particular we look at network partitioning aspects and When following a macroscopic approach, one fo-
want to understand whether oncoming traffic needs¢oses on system parameters likaffic density(num-
be used for the routing of packets. We employ tHeer of vehicles per kilometer per lane) taffic flow
network simulator ns-2 [5] and the accompanying Adnumber of vehicles per hour crossing an intersection)
Hockey tool [6] for this purpose. in order to compute a road’s capacity or the distribu-

Our focus is then on studying the applicability ofion of traffic in a road net. In general, from a macro-
two routing strategies to vehicular ad-hoc networks Isgopic perspective vehicular traffic is viewed as a fluid
means of ns-2 and the above mentioned movement gatmpressible medium and, therefore, is modeled as a
terns. The key question we want to answer is whetlggecial derivation of the Navier-Stokes equations.
the use of positional information in a routing approach In contrast, with a microscopic approach the move-
provides significant benefits for this kind of network. ment ofeachindividual vehicle is determined. In or-

As a representative of a reactive non-position-baseer to generate vehicle movement patterns for ad hoc
strategy we investigate the behavior of the well knowuting experiments one clearly has to follow a micro-
Dynamic Source Routing (DSR) [7] protocol. Asscopic approach, since the position of each individual
position-based strategy we build on the Greedy Perimeshicle is needed. Nevertheless, one also has to take
ter Stateless Routing (GPSR) [8] protocol. Most of theare that a microscopic simulation does not result in
previous studies on position-based routing are basedunealistic macroscopic effects. As the vehicle move-
the assumption that an ‘ideal’ location service is presemgents are generated by a ‘pre-process’ and complexity
which has an accurate knowledge of the positions of &ltherefore a minor concern, we decided to uBeiser
nodes at no cost. In order to prevent this unfairness fradehavior Mode[10, 11] for the microscopic traffic sim-
affecting our results, we implemented a simple reactiuation. Such a model not only takes the characteris-
location service inspired by the DSR route discovetics of the cars into account but it also includes a model
procedure. of the driver’s behavior, like lane changing and passing

The main contributions of this work are (1) a detailedecisions, traffic regulation and traffic sign considera-
discussion of the characteristics of vehicular ad-hoc néibns, or decreasing speed in curves, to name only a
works (2) the comparison of ad-hoc routing strategiéaw. Driver Behavior Models are known to be highly
for vehicular networks by means of realistic movementcurate and are therefore used by vehicle manufactur-
patterns and (3) the use of a location service in comlefs, e.g., to determine the lifetime of certain parts of the
nation with position-based routing such that the comar.
parison is fair in the sense that neither approach profitsAs a simulator we use the well validated
from perfect external information. DaimlerChrysler-internal driver behavior simula-

The remainder of this work is structured as followgion tool called FARSI. This simulator is regularly
we outline the model for vehicular movement in Se@mployed to generate traffic simulations for the product



Figure 1: A 500m highway segment with a traffic density of 6iekds per kilometer and lane taken from our
generated movement scenario.

development and evaluation of (company name). In 2s
particular FARSI simulations show realistic speeds,
distances, and macroscopic properties like traffic flow ,, |
and lane usage. Thus, FARSI guarantees that the
vehicle movement patterns forming the basis of ouf i
experiments are as realistic as possible. g
In this paper we investigate a typical highway sceé
nario of 30 km length with two lanes per direction and* *° [
with an average of 6 vehicles per kilometer and lane.
Furthermore, the so-called 50%-desired speed param- 5 |
etervi (the parametevs splits the the population of
vehicles into two halfs: the ones with a desired speed of O o 0 o Lo o 1o ;—‘;Fm
at mostvs and the ones with a desired speed larger than Kmih
vi) is set to 130km/h. We assume that 15% of all vehi-
cles are trucks. In FARSI the oncoming traffic is gener-  Figure 2: Distribution of initial desired speeds.
ated as a separate simulation for a single direction, i.e.,
both directions are independent. The positions of the
vehicles are recorded every half a second together with a German highway since vehicles are only allowed
current speed, lane identifier, and acceleration. Frdmpass on the left lane.
this file we generated our ns-2 movement file by taking
a 200 seconds slice of the scenario. :
The described scenario corresponds to weak day trgf- General Observations
fic on a German highway. In order to get an impression ] ) ]
of the topology of a highway scenario with such a traff? order to get a first understanding of a vehicular ad-
fic density, a snapshot with realistic proportions for B0C network’s topology and its dynamics we investi-
highway segment of 500 m is given in Figure 1. gated thg h|.ghway scenario fror_n the previous section
Since the topology and the topological changes ovBrd quglltatlve manner. Of particular interest was the
time are of utmost importance for our routing exper;_heoretlcal connectivity qf the ad-hoc network formed
ments, we present in the following some properties BY the cars. One question we wanted to answer was
the generated scenario with respect to the distributifiether or not it is necessary to route packets over on-
of velocities and lane usage. coming trafflc in Qrder to ge’; accepta_ble connectivity.
Figure 2 shows the distribution of the initial desired NS duestion is important since routing over oncom-
speeds for the simulation (we quantized speeds g traffic implies fast topological changes and poten-
10km/h bins). The corresponding cumulative distribi@! Problems on the physical level (doppler effect, etc.).
tion shown in Figure 3 matches very well the cumulds a simplification we first assumed that any two nodes

tive distribution taken from a ‘real’ measurement frorf@" COmmunicate when they are no more than 250 me-
a German highway. ters apart (approximating the behavior of IEEE 802.11).

The distribution of velocities in the simulated sceWith the given average density of nodes (6 per lane per

nario with 6 vehicle per km and lane is given in Figurkilometer) network partitioning should then be very rare
4 (percentage of total time spent in a specific velocitf/{he Positions of the nodes were equally distributed.
class). In order to determine the connectivity we followed a

The lane usage measurement for our highway sdgsignated node for 200 seconds on a 10 km path. For

nario ShOW$ 57.2% Usage_Of th? left lane and 42-8%_US'*One has to note that speeds and lane usage depend on national
age of the right lane. This is typical for weak day traffiesgulations.
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Figure 3: Computed vs. measured cumulative distribgig re 4: Distribution of speeds in the simulated sce-
tion of initial desired speeds. nario with 6 vehicles per kilometer and lane.

each node in a 3 km range of that node we calculated
which other node could be reached directly and visuahe figure: the dotted one indicates the number of par-
ized this using Ad-Hockey. This was done twice: in thitions when only vehicles driving in the same direction
first experiment there was no communication allowegte considered for fowrwarding while the other graph
between vehicles driving in opposite directions. In théescribes the situation where all vehicles are taken into
second experiment all vehicles on all four lanes weggcount. It can be seen that for the typical radio range of
allowed to communicate with each other. IEEE 802.11 (250 m) there are 7 partitions when only
The result was converted to an MPEG video whidhe vehicles driving in the same direction are taken into
can be downloaded from our web-server. A typicalccount. This is reduced to 2 partitions when all vehi-
example of the connectivity when the directions amdes participate in the mobile ad-hoc network. Further-
treated separately is given in Figure 5(a). This figuraore the graphs show that a communication range of
shows that both directions are partitioned. When i400 m would be desirable to completely eliminate par-
vestigating all 200 seconds of simulation time netwotkioning in this scenario when all vehicles are used or
partitionings are rather frequent, even though the av&®00 m if only vehicles driving in the same direction
age density of nodes is quite high. Clearly, the reaspatrticipate.
for this is that the position of vehicles is not equally Based on these qualitative observations it seems
distributed. This is caused by situations where one sldikely that it will be necessary to route data packets over
vehicle (e.g., a truck) overtakes another slow vehicle. dimcoming traffic even if the density of nodes headed in
these situations connectivity will often break when onhe same direction is quite high. If this is not done net-
coming traffic is not used to form the ad-hoc networkwork partitionings can be frequent and each partitioning
In contrast Figure 5(b) shows the same situatigrersists for a noticeable amount of time. Therefore an
when nodes on all four lanes are allowed to commaeequate technology for vehicular ad-hoc networks will
nicate with each other. It does show that partitioningiave to support the routing of messages over oncoming
of the network can be avoided by using oncoming trataffic.
fic. An investigation of the full 200 seconds shows that
most of the network partitionings can be alleviated in
this fashion. 4 Ad-Hoc Routing Strategies
In addition we were interested in understanding how
the amount of network partitions depends on the corRellowing the qualitative observations we now briefly
munication range. 6 shows the number of partitiossimmarize different known ad-hoc routing strategies.
on a 10 km segment with respect to the communicatidwo of them are presented in more detail in Sections
range of each individual node. Two graphs are given4n2 and 4.3. Both are then quantitatively evaluated for
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Figure 5: Analysis of connectivity.

their use in vehicular networks in Section 5. Position-basedouting algorithms require that infor-
mation about the physical position of the participating
4.1 Routing Protocols for mobile Ad-Hoc nodes be available. This position is made available to
Networks the direct neighbors in form periodically transmitted
beacons. A sender can request the position of a receiver
There are three general classes of routing protocols i means of a location service. The routing decision
mobile ad-hoc networksProactivealgorithms employ at each node is then based on the destination’s posi-
classical routing strategies such as distance-vector rdian contained in the packet and the position of the for-
ing (e.g., DSDV [12]) or link-state routing (e.g., OLSRvarding node’s neighbors. Position-based routing does
[13] and TBRPF [14]). They maintain routing inforthus not require the establishment or maintenance of
mation about the available paths in the network evéputes. Examples for position-based routing algorithms
if these paths are not currently used. The main draate face-2 [18], GPSR [8], DREAM [19] and termin-
back of these approaches is that the maintenance of ades routing [20]. As a representative of the position-
used paths may occupy a significant part of the availased algorithms we have selected GPSR, (which is al-
able bandwidth if the topology of the network changegorithmically identical to face-2), since it seems to be
frequently [15]. Since a network between cars is egcalable and well suited for very dynamic networks.
tremely dynamic we did not further investigate proadzxamples of existing location services which map the
tive approaches. ID of a node to its position are Homezone [21], Grid
Reactiverouting protocols such as DSR [7], TORALocation Service [22], and the location service part of
[16], and AODV [17] maintain only the routes that ar@REAM [19]. All of these location services are proac-
currently in use, thereby reducing the burden on the née in the sense that they continuously communicate to
work when only a small subset of all available routes Baintain the position of all nodes at all times. In order
in use at any time. It can be expected that communid¢a-enable a fair comparison with reactive ad hoc routing
tion between cars will only use a very limited number ditrategies we have developed a trivial reactive location
routes, therefore reactive routing seems to fit this appsiervice which causes communication only when the po-
cation scenario. As a representative of the reactive jtion of a node is actually requested. This location ser-
proaches we have chosen DSR, since it has been shaigg is used to determine the position of a destination in
to be superior to many other existing reactive ad-hotir experiments.
routing protocols in [4].
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e from the route caches of the intermediate nodes and of
one direction - the sender. The sender then performs a new route dis-
\ | covery to find a new route to the destination. As with
25 f‘:,l 1 route discovery the route maintenance is supported by
a number of additional algorithms that optimize the be-
havior of DSR. For a full description of DSR the reader
is referred to [7].
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4.3 Position Based Routing
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s00 600 700 800 900 1000 As mentioned above, position based routing consists
radio range m] two building blocks: a location service and the actual
forwarding of packets.

Figure 6: Number of partitions with respect to radio
range
4.3.1 Reactive Location Service

4.2 Dynamic Source Routing Our reactive location service (RLS) is inspired by DSR

. . . . route discovery: whenever the position of a node is re-
Dynamic Source Routing (DSR) is typically performe ired, the node looking for position information floods

in two steps: route discovery and route maintenance. i; - L .
a request containing the ID of the node it is looking for.
node that wants to send a packet to another node fﬁg d g 9
A

checks its local route cache. This cache contains € request contains the ID qnd position of th_e rgquest-
valid routes the node knows.about If no route to t _node._ When a node feceives a _reques_t_wnh Its own
A ) ' : B it replies to the node looking for its position.
destination is present in the cache, a route discovery _
is performed. Essentially the route discovery requiresIn Qrder to reduce _the range of the floodmg an ex-
that the node performing it floods the network with andlng ring search is perfqrmed: the ropdmg starts
route requesthat contains the 1D of the node it wants t&/Ith @ range of 2 hops and is repeated with a greater
contact. Whenever the route request is forwarded byH'9¢ when no response IS received QUnng a certain
node the forwarding node’s ID is recorded in the packé_'tr.ne' The range of Fhe flooding can be increased, e.g.,
When it finally is received by the destination the routdnearly or exponentially.
request contains a valid path from the source to the desWith the reactive location service there is only over-
tination. The destination then sendsoate replyback head when data actually needs to be transmitted. This
to the sender on the path contained in the route requédgkes the comparison with reactive ad-hoc routing
The sender and all nodes on the path from the destigiategies quite fair. Using one of the existing location
tion to the sender put the route in their route cache. $grvices would produce an overhead which does not
order to reduce the amount of flooding, DSR employdé@irectly) relate to the transmitted payload data. Thus
number of additional algorithms. For example interm@ny results would depend on how much payload data is
diate nodes that have a valid route to the destinationtiansmitted.
their route cache may answer the route request directlyClearly, the overhead of the reactive location service
with the information from the cache. In most situationsill be generally high if communication partners are
these additional algorithms can prevent a full floodinchanged frequently - and thus may be inferior to exit-
of the network. ing approaches in those situations. However, for com-
As long as two nodes communicate with each othparison purposes it seems to be more appropriate than
route maintenancmakes sure that a path between botiroactive location services. In addition the reactive lo-
nodes exists. When a path breaks, a packet that caroaiion service could be optimized, using caching and
be forwarded will generate @ute error which is sent prediction of a node’s future location based on its speed
back to the sender of the original packet. On its wand heading. This was not part of this study and is left
the route error causes the removal of the invalid roufter future work.



4.3.2 Greedy Perimeter Stateless Routing 5.1.1 Communication Pattern

In Greedy Perimeter Stateless Routing (GPSR) a ndelar the selection of the communication pattern we used
knows the position of its neighbors by means of theiine following algorithm. At any time there are 10 pairs
beacons and the position of a packets destination withone sender and one receiver. These pairs are ran-
the help of the location service. domly selected such that they are no more than a max-
With this information a node forwards incomingmum communication distance (in meters) from each
packets to a neighbor located in the general directigiher apart. In addition they are guaranteed to be the-
of the destination. Ideally, this process can be repeag@tically able to reach each other during the time they
until the destination of the packet has been reached. g@mmunicate (i.e., they do not reside in different par-
fortunately it is possible that a node represents a lod#iions). The sender then transmits 4 packets per sec-
optimum and has no neighbor which is closer to the de¥d over a time of 5 seconds. The starting time is ran-
tination than itself. In this situation GPSR employs a#omized in order to prevent synchronization. Whenever
algorithm calledPerimeter Routingvhich uses an algo- & message is successfully delivered, the receiver sends
rithm for planar graph traversal to find a way out of tha reply. Thus we simulate typical bidirectional traffic
local optimum. The same algorithm was also proposég produced, e.g., by TCP. All packets carry a payload
for face-2 in [18]. Since the topology of a vehicula@f 64 byte. The maximum distance between senders
network on a highway is unlikely to encounter local op’ind receivers was varied from 500 meters to 4500 me-
tima, we have turned Perimeter Routing off during oti¢rs. Since the selection of partners is random (equally

experiments. distributed) among the nodes fulfilling the constraints,
sender and receiver can travel in the same or in different
directions.

5 Comparison of Routing Strate-
gies 5.1.2 A Note about Border Effects

. L . When simulating a linear street scenario, one has to
In the following we analyze the quantitative behaV|ch

f d f h lied " ?fnsider border effects. For instance, a node leaving
SerE)iiSsan GPSR/RLS when applied to a network @lg st gied area has to be deactivated, for its real posi-

tion is off scope of the simulation. To accomplish that,
we used the energy model of ns-2. If a node reaches the
border of the simulated area, it is deactivated and reac-
tivated (again) when it (re)-enters the scenario. In our
scenario, since no node is allowed to travel backwards,

The environment used for the simulation is based on . . :
each node is activated exactly and deactivated at most

the all-in-one distribution of ns-2.1b8a running undef ;o "¢ o rse when a node is deactivated, it stops

Linux. TheGPSR code of Brad Karp was ported to this )

platform. TheDSR code used is the one integrated iﬁendmgGPSR beacons.
the distribution. We took a time slice of 200 seconds

of the mlp_ut data and a reduced kllometer range of ¥ 3 psr Setup

km (Position from 10 km to 20 km of the original data).

This results in about 300 nodes in the scenario. The parameters originally set in the ns-2 implementa-
All experiments were conducted with two differention of DSR were kept for our simulation. The only
MACs. One was IEEE 802.11 as provided in ns-2. Theodification was done to increase the maximum hop
other one was an idealized MAC we implemented to atiistance that a DSR route can span from 16 to 32 so
stract from MAC-specific effects. Thi8-MACallows that it is possible to reach all destinations even in the
communication between two nodes if they are 250 mé500 meter communication pattern. For a deeper un-

ters or less apart and does not impose any upper limérstanding oDSR optimization, please refer to [7]. In
on the amount of transmitted data. Collision betwe@ur simulationDSR uses the promiscuous mode of the
distinct packets that are simultaneously transmitted detwork interface to investigate all packets receivable
not occur with the 0-MAC. regardless of the destination address.

5.1 Simulation Setup



5.1.4 GPSR and RLS Setup slower than the vehicles. We concluded that for vehicle
_ ) communication linear expanding ring search is not suit-

Greedy Perimeter Stateless Routing was set up as iglie a5 location service. Thus in the following we only
lows (for a more detailed description of the parameteggnsider exponentially expanding ring search.
please refer to [8]): the beacon information of a node,
i.e. its own position, is piggybacked on every packet One key performance metric for the suitability of
(data packets and location service packets) that it f@fgiven approach is the rate of successfully delivered
wards. When piggybacking a beacon the node resets fagkets. Figure 7 shows this metric for DSR and GPSR
timer for the scheduling of its next beacon. We varigglith increasing maximum communication distances.
the beacon interval betweg.25,0.5, 1,2} seconds to There is just one plot for GPSR since all tested beacon-
Study its influence on the rate of SUCCGSSfU”y denver% frequencies provided the same results in all ranges.
packet and routing overhead. We make use of the MAfjs is no surprise since the flooding for the location
callback feature, enabling a node to reroute packets siiirvice allows to piggy back the beacon information of
buffered by the MAC if a MAC link breaks. Althoughga|| nodes between sender and receiver at the beginning
this is a violation of the strict layer separation, the gaigf the communication. Furthermore the data packets
of it is remarkable according to [8]. sent will also be used for piggy backed beacons and

Our Reactive Location Service was used first witkeep the information about neighbors up-to-date. We
linear expanding ring search and then with exponentiakted beaconing frequencies with up to 16 seconds be-
expanding ring search. The timeout value for triggeringieen beacons without major change in the outcome of
the flooding with an increased range was set to 100ghg experiment.
multiplied with the number of hops in the last cycle.
The maximum hop-count for the flooding was set to 32,
the same value used by DSR. This should enable us to
reach any node in the simulated area. Each data packet
and each reply sent in response to a data packet con-
tains the ID and location of its sender and its receiver. 100 y——
Thus the location information about a communicatiory T
partner is updated by the receipt of a packet from tha |
communication partner. g

80
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5.2 Simulation Results
5.2.1 0-MAC 60

GPSR—DRIS_FSz —
In order to gain an impression that is unaffected by the 50 ‘ ‘ ‘ ‘

. . . 500 1000 1500 2060 2500 3(;00 3500 4060 4500
properties of the MAC we started the simulations by us- maximum communication distance [m]
ing the 0-MAC. The first experiments were conducted
for the position based approach with a linear expangigure 7: Packet Delivery Ratio w.r.t. Maximum Com-
ing ring search (increase of 1 hop per cycle). Surprigiunication Distance using the 0-MAC
ingly we had many cases where a destination node was
not reached by the flooding. A more detailed analysis
helped us to understand the reason for this: the prob-
lem occurs when two vehicles want to communicate Figure 7 can be interpreted as follows: as expected
which drive in different directions. For the first floodthe rate of successfully delivered packets for DSR di-
ing a range of 2 was used while the vehicles wereminishes when the maximum communication distance
hops apartrf was greater than 2). Flooding with rangbecomes larger. This is caused by the fact the DSR
2 therefore remained without success. However, duringeds to maintain a route from the sender to the re-
the time required for the first cycle to time out, the carseiver which becomes harder when the length of the
moved in opposing directions so that they now were @tute increases. The position based approach stays at
leastn+ 1 hops apart: the expanding ring search wése perfect packet delivery rate of 100% for all dis-
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Figure 8: Analysis of communication costs.

tances! This can be explained by the properties of panunication distances. This is caused by the increase
sition based approaches: packet drops can occur oimlyoverhead for route establishment and maintenance
for one of the following three reasons: (1) if a localvhich are the main sources of packets for DSR (besides
maximum is reached. This is extremely unlikely in ouhe actual data packets). GPSR/RLS on the other hand
scenario. (2) If the information about the position ddtarts at a higher value and then increases more slowly.
the local neighbors is inaccurate. Again this is very ururthermore it can be noticed that the communication
likely since the flooding of the location service in comeverhead scales almost linearily with the beaconing fre-
bination with piggy backed beacons will provide nearlguency. The reason for this behavior is that beacons
perfect information about the neighbors. (3) If the imare the dominating source of one hop transmissions in
formation about the position of the destination is inaposition-based routing. These are independent of the
curate. This is also very rare, since using the 0-MA@aximum distance between communication partners.
the reply containing the position of the destination ré&ince the packet delivery ratio is almost independent of
quires only minimal time to reach the sender, thus it the beaconing frequency and since beaconing provides
very accurate when the data packet is transmitted. the dominating amount of one hop packet transmission
Besides looking at the delivery rate it is also impoft Seems appropriate to use a fairly low beaconing fre-
tant to investigate how many packets and how muéiency when employing GPSR/RLS for vehicular net-
data is required to transmit a certain amount of paylo#@®rks.
data. We therefore measured the total number of one

hop transmissions that occurred over the whole lifetime Figure 8(b) displays the total amount of data used in

of the simulation. This is shown in Figure 8(a). Botlym of single hop transmissions. It demonstrates that
unicast and broadcast messages are included in this figer needs significantly more data than GPSR for all
ure. For GPSR we show the communication costs f@¢amined maximum communication range values and
all beaconing frequencies. It can be seen that the vajye coning frequencies. This is caused by the size of
for DSR starts low when the maximum communicatiofe packets needed to establish and maintain routes in
distance is small and grows fast with increasing COrisR - since these packets need to carry a source route
from the sender to the receiver they can become quite

TIt should be emphasized that we did not try to “optimize” théarge. As a contrast the packet size of GPSR/RLS is
simulation to achieve this figure. In fact we would have prefé a very small: all that is required is the position informa-
somewhat less perfect result. We invite people to valideged results . . . e
and will therefore put up everything required to run the dation on  tioN and ID of the sender (and of the receiver if it is a
the web. data packet).




5.2.2 |EEE 802.11

802.11

In a second round we repeated the experiments using

the default implementation of IEEE 802.11 in ns-2 as 100 ¢=——s——s=—t .
MAC. Given the results from the previous section we,
expected similar but somewhat less optimal results. 18 0 e

our initial experiments with IEEE 802.11 we were sur-2
prised to see that GPSR/RLS actually performed sing
ilar and sometimes worse than DSR in respect to th% 70 |
rate of successfully delivered packets. In particular thé GPSR0.25 ——
exponential expanding ring search frequently failed to | GPSR-L00 —x—

reach the destination node. Investigating this problem _ DSR - ‘ ‘ ‘ ‘
we noticed that the flooded packets tended to synchro- 500 1000 1500 2000 2500 3000 3500 4000 4500
nize themselves such that they cause collisions at the maximum communication distance m]

MAC layer. In IEEE 802.11 broadcast packets that ) ) )

are affected by such a collision are not retransmitt&ddure 9: Packet Delivery Ratio w.r.t. Maximum Com-
and remain lost. Thus the synchronized broadcastifiynication Distance using IEEE 802.11

of packets can lead to a complete whipeout of the af-

fected packet. As a consequence we introduced a jitter

when sending broadcast packets for the expanding riggre their overhead in terms of one hop transmissions
search. This solved the problem_. ~and transmitted bytes scales better than that of reactive
Figure 9 shows the packet delivery rate for the simgpproaches. The reason for this is that position-based

lation with IEEE 802.11. Genera”ythe outcome is Ve%uting does not have to maintain routes and instead
similar to the 0-MAC case. However, there is one mperforms forwarding ‘on the fly’.

nor detail that is worth mentioning: for GPSR/RLS we However, research in this area is far from being com-

had some runs where data packets got lost, even thowglhte. For example, reactive approaches such as DSR
the vast majority of runs did complete without a singlgight be improved by considering the movement of the
packet loss. The main reason for those losses was tRgfvidual nodes in the routing decision. This way they
beacons and broadcast packets from the location s&uld give preference to routes over vehicles driving
vice would still sometimes collide. Thus the informan the same direction and thus minimizing the number
tion about the position and availability of neighbors igf topological changes that might lead to link breaks.
less accurate in the simulation runs with IEEE 802.1%he trivial location service used for position based ad-
This sometimes causes a forwarding node to be ign@sc routing could be significantly optimized by us-

rant of the only neighbor with forward progress in thghg caching and prediction of a node’s future location,
direction of the destination. The cost for the communrased on its speed and heading.

cation remained very similar to that of the 0-MAC case gyrthermore there are many parameters in both re-

and is therefore not shown here. active and location based ad-hoc routing that could be

tuned to optimize the performance for vehicular com-
. munication. These include single hop radio transmis-

6 Conclusions and Outlook sion range, beaconing frequency, optimized flooding
strategies and many more. Finally it will be interesting

In the near future communication between vehicles with investigate and compare the behavior of the routing

increase the safety and the comfort of passengers. strategies when used in a scenario involving city traffic.

order to remain independent of a potentially very ex-

pensive infrastructure, routing approaches for mobile

ad-hoc networks can be used. In this paper we demdreferences
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be particular promising for communication in vehicular[1] Robert Morris , John Janotti , Frans Kaashoek ,

networks. They provide a very high rate of success- Jinyang Li, and Douglas S.J. DeCouto, “Car-

fully delivered packets even over many hops. Further- net: A scalable ad hoc wireless network sys-

80 - T

10



(2]
(3]

(4]

(5]

(6]

[7]

(8]

9]

[10]

[11]

tem,” in Proceedings of the 9th ACM SIGOPS
European workshop: Beyond the PC: New Chal-
lenges for the Operating Systetdolding, Den-

mark, September 2000, p. 127ff. [12]

“The FleetNet project,” http://www.fleetnet.de.

Jinyang Li, Charles Blake, Douglas S.J. De Couto,
Hu Imm Lee, and Robert Morris, “Capacity of ad
hoc wireless networks,” ifProceedings of the 7th[13]
ACM International Conference on Mobile Com-
puting and Networking (MobiCom 20Q1Rome,

Italy, July 2001, pp. 61-69.

Josh Broch, David A. Maltz , David B. Johnson

, Yih-Chun Hu, and Jorjeta Jetcheva, “A perfor-
mance comparison of multi-hop wireless ad hdd4]
network routing protocols,” ifProceedings of the
Fourth Annual ACM/IEEE International Confer-
ence on Mobile Computing and Networking (Mo-
biCom '98) Dallas, Texas, U.S.A., October 1998,

pp. 85— 97. [15]

“The ns-2 network simulator,” http://www.isi.-
edu/nsnam/ns/.

“The cmu monarch wireless and mobility exten-
sions to ns-2,” http://www.monarch.cs.cmu.edu/-
cmu-ns.html. [16]

David B. Johnson and David A. Maltz, “Dynamic
source routing in ad hoc wireless networks,” in
Mobile ComputingTomasz Imielinske and Hank
Korth, Eds., vol. 353. Kluwer Academic Publish{17]
ers, 1996.

Brad Karp and H. T. Kung, “GPSR: Greedy
perimeter stateless routing for wireless networks,”
in Proceedings of the 6th Annual ACM/IEEE
International Conference on Mobile Computind8]
and Networking (MobiCom 2000Boston, MA,
U.S.A., August 2000, pp. 243-254.

D. Helbing, “Traffic and related self-driven many-
particle systems,’Rev. Modern Physi¢csol. 73,
pp. 1067-1141, 2001.

[19]
D. Vollmer, B. Balasubramanian, and E. Siegert,
“Fahrtsimulation unter realistischen Umfeldbe-
dingungen (in German),” VDI-Berichte, 1992.

T. Benz, L. Schéfers, C. Stiller, and D. Volimer[20]
“Feasibility study on truck planning on european

11

motorways,” Deliverable D08.1 of ITS project
PROMOTE-CHAUFFEUR, 1999.

Charles E. Perkins and Pravin Bhagwat, “Highly
dynamic destination-sequenced distance-vector
routing (DSDV),” in Proceedings of ACM SIG-
COMM’94 Conference on Communications Ar-
chitectures, Protocols and Applicatigri994.

Thomas Clausen , Philippe Jacquet , Anis
Laouiti, Pascale Minet, Paul Muhlethaler, Amir
Quayyum , and Laurent Viennot, “Optimized

link state routing protocol,” Internet Draft, draft-

ietf-manet-olsr-05.txt, work in progress, October
2001.

Richard G. Ogier, Fred L. Templin , Bhargav
Bellur , and Mark G. Lewis, “Topology broad-
cast based on reverse-path forwarding (tbrpf),” In-
ternet Draft, draft-ietf-manet-tbrpf-03.txt, work in
progress, November 2001.

S. R. Das, R. Castaneda, and J. Yan, “Simula-
tion based performance evaluation of mobile, ad
hoc network routing protocolsACM/Baltzer Mo-
bile Networks and Applications (MONET) Jour-
nal, pp. 179-189, July 2000.

Vincent D. Park and M. Scott Corson, “A highly
adaptive distributed routing algorithm for mobile
wireless networks,” irProceedings of IEEE IN-
FOCOMM, 1997, pp. 1405-1413.

Charles E. Perkins and Elizabeth M. Royer, “Ad-
hoc on-demand distance vector routing,” Rro-
ceedings of the 2nd IEEE Workshop on Mobile
Computing Systems and Applicatiprizebruary
1999, pp. 1405-1413.

P. Bose, P. Morin, |. Stojmenovic, and J. Urrutia,
“Routing with guaranteed delivery in ad hoc wire-
less networks,” inProc. of 3rd ACM Intl. Work-
shop on Discrete Algorithms and Methods for Mo-
bile Computing and Communications DIAL M99
1999, pp. 48-55.

Stefano Basagni, Imrich Chlamtac, Violet R. Sy-
rotiuk, and Barry A. Woodward, “A distance rout-
ing effect algorithm for mobility (dream),” in
ACM MOBICOM '98 ACM, 1998, pp. 76 — 84.

Ljubica Blazevic , Silvia Giordano , and Jean-
Yves Le Boudec , “Self-organizing wide-area



routing,” in Proceedings of SCI 2000/ISAS 2000
Orlando, July 2000.

[21] S. Giordano and M. Hamdi, “Mobility manage-
ment: The virtual home region,” Tech. Rep., Oc-
tober 1999.

[22] J. Li, J. Jannotti, D. S. J. De Couto, D. R. Karger,
and R. Morris, “A scalable location service for
geographic ad hoc routing,” iRroc. of the 6th
Annual ACM/IEEE Int. Conf. on Mobile Comput-
ing and Networking (MOBICOM) 200@oston,
MA, USA, 2000, pp. 120-130.

12



