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STRAW - An Integrated Mobility and Traffic Model for VANETSs

David R. Choffnes Falin E. Bustamante
Department of Computer Science
Northwestern University
{drchoffnes,fabianp@cs.northwestern.edu

Abstract mobile nodes in infrastructureless environments. Ve-

hicular ad-hoc networks (VANETS) are a particu-
Ad-hoc wireless communication among highly dyarly challenging class of MANETSs characterized by
namic, mobile nodes in a urban network is a crithodes with relatively high mobility (speeds between
cal capability for a wide range of important applica® and 20m/s). In addition, unlike many other mo-
tions including automated vehicles, real-time trafftaile ad-hoc environments where node movement oc-
monitoring, and battleground communication. Whezurs in an open field (such as conference rooms and
evaluating application performance through simulaafes), vehicular nodes are constrained to streets of-
tion, a realistic mobility model for vehicular ad-hot¢en separated by buildings, trees or other obstruc-
networks (VANETS) is critical for accurate resultdions, thereby increasing the average distance be-
This technical report discusses the implementatitmeen nodes and, in most cases, reducing the over-
of STRAW, a new mobility model for VANETS in all signal strength received at each node. Connectiv-
which nodes move according to a realistic vehicity in this environment is essential for a wide range
lar traffic model on roads defined by real street map important applications including real-time traffic
data. The challenge is to create a traffic model thabnitoring, battleground communication and other
accounts for individual vehicle motion without invehicular distributed systems.
curring significant overhead relative to the cost of We argue that a more realistic mobility model with
performing the wireless network simulation. Wehe appropriate level of detail [9] for VANETS is crit-
identify essential and optional techniques for modétal for accurate network simulation results. With
ing vehicular motion that can be integrated into anlis in mind, we designed a new mobility model for
wireless network simulator. We then detail choic@ANETs, STRAW (STreet RAndom Waypoint), that
we made in implementing STRAW. constrains node movement to streets defined by map

data for real US cities and limits their mobility ac-

cording to vehicular congestion and simplified traffic
1 Introduction control mechanisms.

In a previous paper [5], we evaluated and com-

Communication in mobile ad-hoc wireless networkgared ad-hoc routing performance for vehicular
(MANETS) is the focus of extensive research due tmdes when using STRAW mobility in diverse ur-
its ability to enable distributed applications amonigan environments to the performance when nodes



move in an open field using the classical randome Nodes transmit signals that propagate with-

waypoint (RWP) model. We have shown thatthe per- out error to other nodes within a radius of

formance of wireless network protocols in urban en- 250 m [13].

vironments is dramatically different than that in an

open-field/RWP scenario and, further, that the typee Nodes move in an open field according to a ran-

of urban environment can have a significant impact dom waypoint model [26] or the Manhattan mo-

on the performance of a protocol. bility model [7] with arbitrary pause times and

In this paper, we discuss STRAW'’s design in  often with arbitrary speed distributions between

detail, describe a reference implementation for the 0and 20m/s.

SWANS [3] network simulator and detail the perfor-

mance of SWANS for several interesting cases. The® The number of nodes is small (i.€c,100).

following section motivates the need for urban mo-

bility models in ad-hoc networks. In Sections 3 and Such parameter settings are clearly inadequate for

4, we describe the features of a realistic vehiculsrany MANETS, and particularly for VANETSs for

mobility model. Section 5 details the implementdhe following reasons:

tion of STRAW. In Section 6 we discuss and evalu-

ate STRAW's performance and we conclude in Sec-e In [13], the authors have shown that the rela-

tion 7. tionship between distance and signal reception
between two nodes is, at best, weakly correlated
over large distances. It is also well known that

2 Background radio transmission range does not form a circle

_ . and, for commodity hardware, rarely achieves a
Routing messages in MANETS has become the focus 5509y, range in common environments.

of much research. Some of the routing protocols that

have achieved prominence include topology-based, Besides settings such as conventions in large
protocols (e.g., DSDV [19], DSR [10], AODV [18]  conference halls, it is difficult to imagine many
and MRP [17]) that rely exclusively upon IP ad-  scenarios in which nodes move in a open field.
dresses to locate nodes and location-based protocols |t is also rare that node mobility can be accu-
(e.9., DREAM [4], GPSR [11] and GLS [14] [16])  rately modeled by random waypoints. Specif-
that use geographical position for this task. ically in VANETS, nodes must be constrained

Proposed protocols are compared against com- to roads and adjust their velocities according
peting or ideal ones in terms of metrics such as to traffic control mechanisms, speed limits and
packet delivery ratio, throughput, latency and over- the behavior of nearby vehicles. Further, in
head. Due to the prohibitive cost and time constraints \VANETs, most vehicles attempt to follow paths
of evaluating ad-hoc network protocols in real-world  that minimize trip duration between origin and
deployments, most studies rely on simulators for ex- destination.
perimentation (e.g. [20, 27, 2]).

When analyzing different protocols, researcherse In VANETS, nodes in urban environments can
often adopt a common set of simulation parameters, easily number in the thousands or tens of thou-
such as: sands.



Recent interest in VANETSs [23] [8] has encourand repositioning the node on a field according to its
aged researchers to design experiments that bettebility model. Because wireless network perfor-
model real vehicular traffic scenarios. For examance and location are tightly coupled, one cannot
ple, [12] studies the behavior of the MAC layer imttain accurate wireless network simulation results
a vehicular environment using arbitrary road plansiless the underlying mobility model is sufficiently
while [25] and [24] use the CORSIM traffic mi-accurate. Unfortunately, all known vehicular traffic
crosimulator to provide mobility traces for the simusimulators model vehicular traffic according to traf-
lation. fic flows measured in number of vehicles per unit

A small number of researchers have accountahe. In these models, vehicles are treated individ-
for street-constrained motion using real road planally only when they enter or leave a segment; when
in their VANET simulations. In a closely relatednside a segment, all vehicles are indistinguishable
work, Saha and Johnson [22] incorporate real mapm each other. This critical design choice neces-
data into the NS-2 network simulator. A limitation ositates an alternate traffic model to ensure accurate
their work, however, is that cars do not interact witireless network simulation results.
one another and there is no notion of traffic control,
so each car consistently moves at or near the esti-
mated speed limit. Because nodes move at unrealls- Fundamental Abstractions
tic speeds, the interaction time between nodes in the
simulation can be significantly different from realityln this section, we describe the essential abstractions
As aresult, the wireless network interactions amoffgf enabling street-constrained mobility in a wireless
the vehicles are similarly invalid. network simulator. These abstractions represent el-

In [24], the authors use CORSIM to provide &ments that should be implemented in all simulators
highly accurate model of vehicular movement. Hoviattempting to include vehicular traffic mobility, inde-
ever, in this case, the vehicular network simulator ggndent of the traffic model.
detached from the wireless network simulator, mak-At the most basic level, the simulation must ac-
ing it difficult to close the feedback loop in applicacount for vehicles that are directly tied to the posi-
tions such as “traffic advisory,” where participatingjon of radios on the simulation field. Unlike radios
nodes may alter their routes based on real-time ab-most network simulators, where the size of the ra-
served traffic conditions. For example, in such an etios is considered negligible, the radios in a vehic-
vironment, the patrticipating nodes are likely to altedar network must be assigned to an object of some
their route to reduce travel time if there is congestid@ngth. Vehicular size can be uniform, as in the case
along their current routes. In this case, it is likely thaf using an average vehicle length, or vehicle sizes
the density of participating nodes along such “fastean vary according to an empirically-derived distri-
routes” will be higher than on slower routes, furthdyution. Further, these vehicles cannot be allowed to
altering network connectivity by increasing interfeicollide with one another, unless the resulting colli-
ence. sion is modeled appropriately.

Many accurate models for simulating vehicular We consider two approaches to modeling a sys-
traffic exist, so why build a new model? In wiretem in which collisions can occur. In the particle-
less network simulators, each node is treated indivieltstem approach, designers model a system that al-
ually for purposes of sending and receiving messades's nodes to move freely and use collision detection

3



to react to collision events. This reactive approachis sented by the posted speed limit for the seg-
appropriate for systems in which nodes are “dumb” ment.

in the sense that they do not attempt to alter their tra- . _
jectories according to environmental conditions. In ® Class-The type of road (e.g., divided highway,

our vehicular approach, we model a system of colli- local street, etc.).

sion avoidance. We assume that vehicles avoid col AddressEach road segment should be assigned

lisions if pOSSibIe. Further, we include traffic control start and end addresses for both sides of both
mechanisms that force drivers to follow a determinis-  segment endpoints.

tic admission control protocol when encountering an
intersection. This model does not preclude the oc-A related element is thintersectionabstraction.
currence of a collision event. A collision event cafAn intersection can be described by the location of
occur if one or more vehicles create a situation the center of the intersection, the list of road seg-
which another vehicle cannot avoid collision givefents that form the intersection and the traffic con-
its mobility constraints. Such a collision can be madel, if any, employed at that intersection. It may also
to impact the traffic flow in the vehicular network. be useful to include information such as the dimen-
Another essential element for modeling vehicions of the intersection, the number of streets at the
lar traffic is the notion of aoad segmentor link. intersection and the types of streets incident on the

Formally, a road segment is any portion of a rodatersection.
between two intersections. Road segments can be

described by the following vehicle-independent ajr Vehicular Mobility Models
tributes:

We now present vehicular mobility models that can
e ShapeThe road segment, if not a straight lingye included in a network simulator. Each model sup-
can be represented by two more more line sggsrts variable levels of detail according to the num-
ments described by three or more endpoints. Ry of parameters that are defined for the simulation.
these endpoints, exactly two unique points Mygtyned to empirical data, the parameters can im-
be indicated as endpoints for the entire road S§%ove simulation accuracy, often at the cost of in-
ment. creased simulation complexity and runtime.
For the purposes of this discussion, we divide mo-
ity models in our simulator into an intra-segment
mponent, an inter-segment component and a route
management and execution component (Fig. 1). We

e Width-The number of lanes in which vehicle§iscuss these components in order.
can move. The number of lanes for each direc-
tion of traffic may be different. 4.1 Intra-segment Mobility

e Length-The length of the road segment is d%-“
fined by the sum of the lengths of its line sed:
ments.

e Name-Each road segment should be assigned-F[Be intra-segment mobility model controls vehicu-
a street name. lar motion from the point at which a vehicle enters a

road segment to the point at which it exits the seg-
e Average maximum speethis is often repre- ment. For this component, we consider only the
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the car-following model, it accelerates at its speci-

TIGER Field Size Mobility . . . . , .
data settings fied rate until reaching the vehicle’'s maximum speed
for the current segment. The acceleration rate can

77777777777777 ~ be constant, dependent on the current speed or de-
STRAW Mobility Model I ” H P
S pendent on the “type” of driver (e.g., aggressive or

P
7/

/

R°“: MT"ageme"t& EX:“fi"”E)C"tf"p:"e”t o) defensive driver, hurried or “Sunday” driver). Simi-
mj -Destination . .

(tarn with s larly, a vehicle’s maximum speed can be set to the the
probability p)

speed limit of the segment being traversed, a value

|

|

|

: assigned according to some distribution around that
! speed limit or a value that is dependent on the afore-
: mentioned “type” of driver.
|
|
|
|
|
|

Inter-Segment Mobility Component

Stop Stoplights | | Access Other <:>
Signs Ramps

a)elS BpIYA-Iad

The intra-segment model must also specify how
non-following vehicles behave when encountering
traffic control. We consider two primary forms of
traffic control: stop signs and stoplights. Some forms

T 0
Tz

Intra-Segment Mobility Component of traffic control, such as railroad crossing gates, can

! (Car-following Model only) <:> / . . .
\ — be generalized to one of these types of traffic control;
S \g 7777777 Q 77777 7 others, such as yield signs and speed-limit changes
must be modeled differently. In the case of stop signs

{ Radio Placement Component ) or red stoplights, an approaching vehicle must come

to a stop. A yellow stoplight will cause a vehicle to
come to a stop only if it cannot cross the intersec-
tion before the light turns red. For all cases in which

a vehicle must come to a stop, the vehicle must de-
celerate to zero velocity before encountering the in-
tersection. This can be accomplished with a single,
qelfo_bal deceleration rate, a speed-dependent rate or a

vehicle moves at or near the same speed as the e ) . .
S o ) ) .. ._rate that varies between vehicles according to some
hicle in front of it, if there is such a vehicle Wlthmdistribution

sufficient range of the current vehicle. Two impor- her | fi
tant parameters for this model are the speed of thg nother important component of intra-segment

vehicle being followed and the space between tmﬁoml'ty IIS the not;or!fofr:ane.changes. Av_(laht;(I:Ie_can
followed and the the following vehicle. There aré angdg aTesdqny : f ere\':’/ spacgdaval aple In an
many ways to determine this intervehicle distancd'Me lately adjacent lane. We consider two reasons

though it is often modeled as a polynomial functiofr‘?r Iane_ chfmging: increasing SPeed and preparation
of velocity [21]. for turning: In the former case, if the average speed

_ _ in an adjacent lane is higher than the current lane, it
The car-following model does not specify a vehi-

cle’s behavior when there is no other (nearby) ve- 'Arguably, a third reason for changing lanes could be de-

hi_CIe_ to fO_IIOW- We_ assume that if a_VEhiCI? IS NQfcribed simply as “personal preference;’ but we choose not to
within a window of inter-vehicle spacing defined byiscuss this model as it is difficult to implement accurately.

Figure 1: lllustration of vehicular mobility compo
nents and their interactions in STRAW.

well-known car-following modelof vehicular mo-
tion. At the simplest level, this model states that
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is likely that the lane change can occur. We contepdter the adjacent lane of the new road segment.
this is true because a higher average speed indicdteso, the vehicle may enter; otherwise, the vehi-
not only that the lane has less congestion, but that ttle must slow down until space becomes available.
inter-vehicle spacing is greater. Similar to the lane-changing component, this com-
For the purposes of changing lanes to executg@@nent should include a mechanism to prevent in-
turn, it is quite likely that the turning vehicle willdefinite postponement.
cause the average speed of the current lane to ddf stop signs are present, the admission control
crease. In fact, in a highly congested network, themechanism must consider the number of intersec-
may never be enough space to change lanes. To atmids containing the signs. For instance, if the in-
indefinite postponement, it is common for a drivdersection is an “all-way” stop, a vehicle is admitted
in one lane to allow space for a driver attemptingto the next road segment only if there is room in
to change to the current lane. One can model thf® next stop, and only after coming to a complete
scenario by implementing a “signaling” method thatop and waiting until its turn to advance. To pre-
causes a vehicle in the adjacent lane to make rogent indefinite postponement, one may assign a total
for the incoming vehicle with some probability.  linear ordering to streets in the intersection that de-
termine the order of release from the stopped posi-
tion. If there is one or more road segments without
a stop sign, vehicles at stop signs at that intersection
The inter-segment mobility model determines the bewst yield to vehicles without a stop sign; they can
havior of vehicles between road segments; i.e., at gross the intersection only if moving to the next road
tersections. The inter-segment mobility model caggment would not cause a collision with another ve-
classify intersections according to the number of ihicle (e.g., cross traffic). Note that this condition ac-
tersecting road segments, the types of road segmeadsints for the case where a vehicle cannot enter an
and the type of traffic control, if any, at the intersednatersection because the next road segment is already
tion. In essence, the inter-segment mobility modfill.
must perform admission control at each intersection.If the intersection uses stoplights for traffic con-
The traffic-control rules vary according to the intetrol, the inter-segment mobility component must
section type. For the purposes of this discussiaonsider three cases: green, yellow and red lights. Of
we assume that the Route Management and E#eese colors, there can be more than one type (e.g.,
cution component discussed in Section 4.3 has alguarded turn signal). When a vehicle approaches
ready selected the next road segment before the ar-intersection containing a red light, it should be-
hicle encounters the intersection and that the vehigi@ to slow down at the location where the vehicle’s
discussed is not currently following another vehiclgeceleration rate curve would cause the vehicle to
when it determines the action to take at the intersestep just before the intersection. Upon encountering
tion. a yellow light, the vehicle can cross the intersection
If there is no traffic control at an intersectiononly if there is room on the next segment and if the
we assume that there is a merging scenario (eghicle cannot safely come to a stop before the in-
from an access ramp onto a highway). In this casersection. Finally, upon encountering a green light,
the admission-control mechanism must determinetlife vehicle may cross the intersection without slow-
there is enough space for the incoming vehicle itog down, provided that the next road segment is not

4.2 Inter-segment Mobility
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full. If the light is green and the vehicle executesa  Vehicular Traffic Simulation Im-
turn, the vehicle may proceed only if the next road plementation
segment is not full and, in the case of a left turn,

there is no oncoming traffic; otherwise, the vehicllﬁ this section, we describe the implementation-

must come to a stop at the intersection. Assum'g\gecific elements to enable efficient interaction be-

that the vehicle can make make the turn, it must S_‘l ween the fundamental vehicular network constructs
down to the maximum turning speed for that vehic

) scussed in Section 3 and the mobility model dis-
before executing the tum. cussed in Section 4. Although our implementation
is written in Java, it can easily be ported to any lan-
4.3 Route Management and Execution guage supporting user-defined tygeSur vehicular

. mobility model extends interfaces provided by the
The Route Management and Execution (RME) CO'gYVANé [3] simulator in the i st . swgns. fiel Bé
nts

ponent determines the ordered set of road segme XRkage, including thei el d interface, which en-

that a vehicle will traverse during a simulation run, . . . .
capsulates functionality for mapping radios to loca-

It must ensure that the sequence of road segmen S . . . .
I0Nns, theMbbi | i ty interface, which provides in-

along a vehicles path are contmuous._ The_ SCIMERIR A ces for implementing the mobility model and the
along a path can be chosen deterministically,

. L ati al interface, which provides interfaces for
chastically or a combination of both. P ' P

: : . locating nodes in th&i el d. The classes that im-
In this paper, we discuss two RME implementa; g

: . I t hicul bilit del tained
tions for STRAW (STreet RAndom Waypoint). Thé) ement our vehiciar mobility moce! are containg
inthej i st.swans. fi el d. streets package.

first is a simple, modified random waypoint model Before di _ N Geular t hi

that requires no_origin-destination (OD) informa- € orc;_l_tlscussmg comtponen stsjpa_r icular otve Ic-

tion. Unlike traditional random waypoint modelslf ar mobility, we present Some basic concepts par-
ﬁular to our simulation environment. In all of our

this model determines a vehicle’s trajectory at eaE : R . ) "
) y %mulatlons, individual vehicles are identified by a

intersection; namely, a vehicle will make a turn at afl . int lue that directly to th q
intersection with a specified probability that can pique integer vaiue that maps directly fo the node

independently assigned to each vehicle id assigned to the vehicle’s radio. We have also ex-

The second model uses OD pairs and interarri\sgpded SWANS to incorporate a notion of a penetra-

tion ratio; i.e., a percentage of vehicles in the net-

times to drive the mobility in the network. In this . . . .
model, an OD pair is chosen for each each vehié’yé)rk that are equipped with radios. To enable inte-

. .gration with our n rk simulator, we represent ve-
and routes are initially calculated according to a mi ration with our network simulator, we represent ve

imum cost (e.g., fastest time, shortest distance). T fgles without radios S|mply as yehlcles with radios
at cannot send or receive. This enables us to map

model can be configured to recalculate a vehiclé ) . .
g ode IDs directly to vehicle IDs consistently, and al-

route if the cost of a path along or near its precalc chicles that are not participating in network
lated route significantly changes, thus enabling eadly> Ve t'S o0 int ¢ P 'trhl 'P t'l 9 It' Wh.
vehicle to react to traffic information. communication to interact with participating vehi-

Note that both models are independent of the U%I?S'

derlying vehicular mobility model. We detail the im- Note that the porting of our implementation is best accom-

plementation of these mobility models in the ne¥fished in an object-oriented language due to our reliance on
section. interfaces and hierarchies.




5.1 Model-independent implementation is small. To reduce memory consumption, only road
segments that contain one endpoint in the specified
This section details the implementation of modelagion are loaded into the simulator. Similarly, only
independent components of our vehicular mobiyreet names and shapes associated with these road
ity implementation. These components are e8agments are loaded.
capsulated in th&oadSegnent , Street Name,  after eachRoadSegnent is loaded into the sim-
Shape, | ntersectionandSpatial Streets jator, a reference to that object is placed ez -
classes. t or. TheRoadSegnent Vect or allows fast ac-
Before discussing the detailed implementation géss toRoadSegnent s identified by its index (an
these classes, it is important to describe how mpgt ). This is particularly useful, for example, when
data is loaded into the simulator. This is performefktermining initial vehicle placement using random
by theSt r eet Mobi | i ty abstract class, whichim-road segments and when determining random OD
plements thevbbi | i ty interface and is extendedyajrs. A reference to eadRoadSegment is also
by the RME models to determine the nextroad. |oaded into a quad tree, or hierarchical grid, con-
Upon initialization, theSt r eet Mobi | i ty class taining aLi nkedLi sts of I nt er secti on ob-
loads street information from files containing thigcts as leaves. Ahnt er secti on object con-
road segment information, road segment shape aaihs ali nkedLi st of RoadSegnents, a lo-
street name. Note that the following relationshipsition representing its center (in latitude/longitude)
hold: each road segment has exactly one street naine a count of the number of streets. Because map
and zero or one shape. Further, street names mayjf is often imperfect, RoadSegnent is added
assigned to one or more road segments, while shageain | nt er sect i on if one of its endpoints is
are assigned to exactly one road segment. If the ragithin a user-defined distance (5m is usually suffi-
segment has no entry in the shape file, the segmeieit) from an existind nt er sect i on. Thel n-
forms a straight line; else the points along the roaér sect i on class also provides fields and meth-
are described by information in the shape file. Thgls to facilitate the implementation of traffic control.
road segment, street name and shape data are stBegghuse Java 1.4.x does not include a quad tree im-
in flat files containing fixed-length records. Thuglementation, we use tigpat i al St r eet s class
each road segment entry contains a pointer to its c@in extension of théSpat i al class provided by
responding shape record (if any) in the shape file aBWANS) to maintain the quad tree. The degree of
each road segment contains a pointer to its cortRe quad tree can be specified by the user at runtime.
sponding street name record. After loading RoadSegrent s and completing
When the Street Mobil ity constructor is the construction of the quad tree bht er sec-
called, the user can specify, among other paranme-ons, theSt r eet Mobi | i ty constructor loads
ters, the latitude-longitude position of the bottonstreet names and shapes irffor eet Nane and
left (Southwest) and top-right (Northeast) corneBhape objects. Because the number of streets and
of the region to which vehicle mobility should besegment shapes actually used in a simulation may
limited. Although the implementation could simvary, but the street and shape indexes are constant
ply load all data in the files, for some municipalifor a particular countySt r eet Nanme and Shape
ties, the memory consumption due to unused mabpjects are placed irlashMap objects, where the
data can become significant when the target regigaiue of the index is the key and the reference to the
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object is the value. i nt streetlndex;

The RoadSegnent class includes the follow-
ing fields containing information provided by the
USCB’s TIGER data files [15]

i nt shapel ndex;
i nt sel flndex;

TheRoadSegnent class maintains several prop-

int startAddressLeft; erties that aid in vehicle management within and be-

int endAddresslLeft: tweenRoadSegrrent s, such as Ien.gth of the seg-
ment, the maximum number of vehicles allowed on

int startAddressRi ght; a segment, the average vehicle 8jznd following-
distance-related constants.

i nt endAddr essRi ght ; In addition to these constant values, tRead-

Segnent class contains properties for maintaining

Location2D startPoi nt; runtime state about vehicles on eaRhadSeg-

Locat i on2D endPoi nt : ment . These include the number of vehicles on the
road segment, the number of lanes in the segment

char roadd ass;? and a linked list of vehicles for each lane in the seg-
ment:

i nt nunber O LanesToSt art ;

i nt nunber O Car s;
i nt nunber Of LanesToFi ni sh;

Li nkedLi st carsToEnd [];
Note that thest ar t Poi nt andendPoi nt val-

ues are assigned arbitrarily from thRwadSeg- Li nkedLi st carsToStart [];

ment s endpoints, but the values are consistent for o ] ) ] )
the duration of the simulation and are used to de-The remaining classes mentioned in this section

termine the trajectory for each vehicle along tHd© Straightforward. Thet r eet Name class main-
segment. Also note that locations are currentl§inS @ Set 0Bt ri ngs containing the street's prefix
represented as two-dimensional points because @~ N: S, E, W), name and suffix (e.g., Ln, Bivd,
TIGER data files do not supply altitude informatiorfC-)- TheShape class represents a multisegment
Should such data become available, the system S&PE @s an array of latitude/longitude pairs.
be easily modified to support it.

TheRoadSegment class also contains the inde®.2  Initial Node Placement
of the street name index, shape index and indexé

re]n‘ore the simulation can start, vehicles must be
theVect or of RoadSegnent s as follows: '

placed on valid locations on the road plan for the

specified region. Currently, the simulator sup-
®Note that the Tiger data files do not contain informatioports a random placement model, implemented by

about whether a road segment is one way. Further, estimates

for the number of lanes and the speed limit for a segment are *Our implementation currently supports only average vehicle

inferred from its road class. lengths but can be extended to support a distribution of vehicle
“This assists in estimating the speed limit for the segmentlengths, should the data become available to us.




the St r eet Pl acenent Randomclass, which ex- equal to the speed limit for the current road plus
tends the SWANS simulator®l acement inter- a Gaussian distributed value with a zero mean and
face. This simple model selectRaadSegment at a 4 mph standard deviatidn.The car will alter its
random, then chooses a direction and a lane at rapeed according to the following rules:

dom. To simplify the implementation, the first vehi-

cleinalane is placed at the front of the lane and sub-q The car encounters an intersection and the next
sequent vehicles assigned to that lane are placed be- ypad segment on which it will travel is fulln
hind the last vehicle in the lane. All nodes start with s case, the car stops before the intersection
zero velocity. Though simple, this model of place-  and remains stopped until there is room in the
ment is sufficiently realistic if vehicles are provided  pext road segment.

a “warm-up” period during which vehicles move, but

no network traffic is generated. This allows the ve- ¢ There is a car in front of the current carln

hicles to acquire higher speeds and to change streets thjs case, the node will slow down to the speed
before network performance is measured. We rou- necessary to maintain a speed-based following
tinely include a warm-up time of at least 30 seconds  djistance between the current node and the node

in each of our simulation runs. in front of it. We use the simple formula cited
Future iterations of the node placement model will  jn [21]:

include support for traffic flows such that vehicles
enter and exit the field at various times during the
simulation run. This implementation will also in- S=a+pV+7V? 1)
clude support for incoming flow rates at various lo-

cations, if such data is available. where

« = the vehicle length

5.3 Intra-segment mobility implementation = the reaction ime (we use 0.75 seconds)

In this section, we detail the implementation of our

intra-_segment mobility mod(_al. _The implement_ation erage deceleration of the following vehi-
consists of theStreet Mbi ity class, which cle (we use the empirically-derived value,
implements theavbbi | i ty interface to provide a 0.007010452/m [21])

node’s position after each time step.

When the simulation starts, nodes move accord- | the car in front of the current car is moving
ing to thecar-following model such that nodes will  faster than the current car, no speed adjustment
attempt to accelerate at a constant rate of up to 5Smph i pecessary.
per second to move with a speed equal to the max-
imum speed for the current driver.This speed is  “According to the NHTSA [1], traffic engineers take drivers’
perceptions into account in setting speed limits. A posted speed

5We acknowledge that acceleration rates are hardly unifotimit is often set to the speed at which 85 percent of drivers travel
in real life, but this simplifying assumption reduces prograia or below. However, [6] reports that observed speeds are nor-
and computational complexity. Future iterations of the mobitrally distributed with a center at the posted speed limit. Un-

ity model will include more accurate acceleration curves whéortunately, we could not find a widely accepted mean for this
such data becomes available. distribution.

~ = the reciprocal of twice the maximum av-
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e The car encounters traffic controln this case, maintaining the location of the center of the inter-
the car will slow down (at a uniform accelerasection, thel nt er sect i on object also contains
tion) before an intersection with a red stoplighither state information, such as the listRéad-
or a stop sign; if the stoplight turns green, th8egnent s incident on the intersection, the number
car attempts to accelerate if possible. and index of unique streets incident on the intersec-

tion and the number of streets of each road class for

e The car turns onto a new streeh this case, the this intersection. This class also contains fields to
car slows down before the intersection to makggilitate the synchronization of nodes attempting to
the turn at a reasonable speed (5 mph), then gggss an intersection.
celerates, if possible, to the highest speed it canThe | nt er sect i on class performs admission
attain given the other constraints. control via theget PauseTi me method, which re-

turns the number of seconds for which a node must

Because nodes for our experiments (i.e., urban gause at the intersection. A nonzero value indicates

vironments) are constrained to roads in downtowhat a node must stop; a zero value indicates that the
urban environments and therefore exhibit averagehicle may cross the intersection.
speeds no larger that 12 m/s for our experiments, weBecause real-world, per-intersection traffic con-
update each node’s position once per second usingig$ information is unavailable, the simulator cur-
current speed and direction. We intend to incorporatntly assigns traffic control to intersections accord-
speed-based position updates, among other featuiig$.to the class of road segments at those intersec-
in future iterations of STRAW. It is also importantions. For example, access to the intersection be-
to note that lane changing has not been incorporatg@gen two local/neighborhood roads is controlled by
into our simulator at this point. a stop sign; access to the intersection between “sec-
ondary” roads and state highways is controlled by a
5.4 Inter-segment mobility implementation timed stoplight. The types of traffic control at vari-
ous intersections is given in Table 1. Our traffic light
This section discusses the implementation of omttodel currently supports only two streets (up to four
inter-segment mobility model. Our simulator supoad segments) at an intersection containing street
ports two levels of admission control at an interselights. Although the simulation will run if there are
tion. more than two streets in such an intersection, it will

The first form of admission control simulates comrot correctly ensure that traffic flows without colli-

mon traffic control mechanisms. Our simulator sugion.

ports stop signs and timed traffic lights. (Lights for If the light is red, theget PauseTi me method
guarded turns are not currently supported.) We arturns the number of seconds until the light turns
pect that future iterations of the model will includgreen; otherwise, thget PauseTi me method re-
triggered lights and guarded turns. Note that becadses zero, indicating that the vehicle may cross the
we do not currently support lane changing, we al§ttersection.

do not consider a vehicle’s current lane when it at- For simplicity, we used timed stoplights that turn
tempts to make a turn. red and green at regular intervals that are dependent

Thel nt er secti on class provides traffic con-on the simulation time. This means that all of the

trol functionality in our simulator. In addition tostoplights for intersections of the same type are syn-
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| Road Class|| Interstate | US Highway | Secondary | Urban/Rurall Ramp |
Interstate || stoplight (30)| stoplight (30)| stoplight(15)| stopsign | no pause
US Highway || stoplight (30)| stoplight (30)| stoplight (15)| stop sign | no pause
Secondary || stoplight (45)| stoplight (45)| stoplight(30) | stop sign | stop sign
Urban/Rural no pause no pause no pause stop sign | stop sign
Ramp no pause no pause no pause no pause | no pause

Table 1. Table of traffic control and pause times according to intersedtiegt $ypes. The column header
represents the current street type and the row header represemtethecting street type. The values in
parentheses represents the number of seconds per green lightiateitssction.

chronized, an assumption that is invalid in the resilich a reasonable manner, we believe that this model
world, in general. We used this technique for its sinis sufficiently accurate for modeling vehicle interac-
plicity. tions at stop-sign intersections.

If a vehicle encounters a stop sign at an intersec-Anothert e of admission control is requlated b
tion, theget PauseTi me method determines the yp g y

C . . .the capacity of the next road segment on which the
vehicle’s stop time according to the state of the in- . ; .

. . ) ehicle will travel. A node is not allowed to move to
tersection. In the simplest case, if there are no vefjI-

. : ) g e next segment unless there is enough room on that
cles currently in the intersection or waiting to cross

. ; . segment. This admission control is performed only
the intersection, the vehicle stops for one second an : o : :

. . . arter the traffic control admission permits the vehicle
crosses the intersection. If thet er secti on ob-

) . to move to the next segment.
ject has already selected a vehidlg,, to cross the 9

intersection and’y has not yet crossed the intersec- Tha RoadSegnent class'saddNode method
tion, a different vehicle on the same street, but on {3gforms admission control according to the capacity
opposite side of the intersection frofy, may €ross f |anes in that segment. In the current implementa-
the intersection. Otherwise, the vehicle is added gy, this method first finds the lane with the fewest
the list of waiting vehicles and pauses for three s&gspicles. If there is room for the incoming vehicle,
onds (allowingl’y to cross the intersection) before ifhe method adds the vehicle to the lane and returns
can attempt to cross the intersection by calye - 5 yeference to the linked list of vehicles in that lane,
PauseTi me again. for car-following purposes. If there is not room, the

To prevent indefinite postponement, thet er - method returnswul | . If a vehicle receivesiul |
sect i on object contains a field that specifies thitom anaddNode call at an intersection boundary,
identifier of the next street on which vehicles cabh remains at the intersection threshold until room
cross the intersection. The “next street” is changbdcomes available. In particular, the vehicle calls
after the previous street is serviced; the streetsaatdNode every 1/4 second of simulation time until
an intersection are serviced round robin. If theretise method returns a valid reference. At this point,
no contention at an intersection, however, the streéle¢ vehicle moves to the next segment on its path,
with one ore more vehicles is serviced immediatelgnd the intra-segment mobility module manages its
Although real drivers do not necessarily behave motion.
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5.5 Per-Vehicle State Information form of random waypoint mobilit§.

_ N - This component is implemented by tBer eet -
To manage vehicular mobility efficiently, each veypp; | j t yRandomclass, which extends tig# r eet -
hicle maintains state information ingt r eet M- \ppij | j ty abstract class by defining the inherited
bi I'i tyl nfo object. This state object allows thg et Next Road method. This method returns the
user to configure per-vehicle settings such as its M@kt segment on the same street in the current di-
imum speed, reaction time and acceleration rate, 3agtion of motion with probability () and a road
to maintain information vital to the car-following an%egment on a different street (chosen at random)
inter-segment mobility models, including the roa\ﬂ/ith probability p. The valuep for a vehicle is
segment that the vehicle is currently on, the diregyzintained by theSt r eet Mbbi | i t yI nf oRan-

tion itis moving, the next road segment it will travely o mclass. which extends tHgt r eet Mobi | i ty-
the vehicle that it is following, the current speed and,s g class.

the remaining distance to the end of the current road

segment. e - o ,
5.6.2 Mobility with Origin-Destination Pairs

This scenario models vehicles that move from a start
point to an end point along a path that approximately

This section describes the Route Management dRHlIMizes trip duration according to the speed limit
Execution (RME) implementations for our STRAV\Pf the available roads. This model currently supports

mobility model. We consider two models: statdl"€€ types of motion: a single origin and destina-

less intersegment mobility and mobility with origintion for the duration of the experiment, a sequence

destination (OD) pairs. In the former model, the ne®f randomly generated origin-destination pairs and a
segment to which a vehicle will move is determinegfduence of predetermined origin-destination pairs.
stochastically at each intersection. In the latter orl8,future iterations, we will extend the simulator to

the decision is based on the precomputed shorfedpport the abundance of existing empirical traffic

path between the vehicle’s specified origin and ddaformation that is expressed in flows of vehicles per
tination. unit time at a road segment.

When a vehicle is placed on a field and its initial

OD pair has been specified, the simulator computes
5.6.1 Simple Intersegment Mobility the shortest path between origin and destination. The

vehicle then follows the path until reaching the desti-
The simple intersegment mobility model maintainsrgation. If another OD pair is specified, then the new
single value to determine the next segment on whighth is calculated; otherwise, the node is considered
a vehicle will travel: the probability that it will turnto have finished participating in the simulation and
at any given intersection. This probability can bie moved off the map (with its radio turned off) to
shared among all vehicles, or can be assigned differ-
ently to different vehicles. Although this model does °We describe this motion as “weak” random waypoint be-

oguse the set of possible waypoints and the set of possible tra-

not represent any real car-driving phenomenon, Itjectories are constrained by the fixed street plan. This differs

simple to imp_lement and inCUTS negligib_le Storag®m the random waypoint model in an open field, where way-
and computation overhead while producing a wegkints and trajectories are chosen uniformly at random.

5.6 Route Management and Execution
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prevent interaction with other nodes. 6 Performance
This component uses th&* shortest pathalgo-

rithm to find a near-optimal shortest path while siqh this section, we provide a brief summary of
nificantly reducing the range of the problem spa RAW’S perfc;rmance. For all of our figures, we

explqred by using a heuristic function that eSti_matgﬁnulated a 16-minute experiment that included a
the distance to the goal. For the purposes of this CORY_second warm-up time and a 30-second resolution

ponent, we use thilanhattan distanc.e., sum of time typical of network performance experiments.

the distances along the two orthogonal axes betw I data point represents the average of five sim-

origin and destination) between the current Iocat'(gi'ation runs, and error bars representing the standard

and the destination as the heuristic for computing t 8viation are included if significant. We used the

EStlm;‘il;ed ren:alnmg dlst:]ance(.j tTo_ reduce t?ﬁ '}yrﬁhdom placement model described in Section 5.2 to
er obturns along a paih, and fo increase the Ik(?('etermine initial node placement. For STRAW mo-
lihood of a fast route, the algorithm penalizes tu”ﬂ)sflity with OD pairs, each time a node reached a des-

and non-interstate routes by increasing the costy iﬂ];ition, we chose a new destination at random and

. . t
paths r_n_eetln_g these Cn.tenfa' . computed the shortest path to that location. These
Mobility with OD pairs is implemented by the

St t Mbbi i tvOD cl hich imol i simulations were run on a server equipped with an
ree I EYDD class, which IMPIeMents, o) xeon 2 GHz processor. The simulation ran con-
the Street Mobi | ity abstract class by defin-

. . current with other applications that consumed ap-
ing theset Next Road method, which returns the PP P

S moximately 50% of the CPU.
next road segment along the vehicle’s current path.

The state for each vehicle is represented by theFigure 2 illustrates simglation runtimes accord-
Street Mbbi | i tyl nf oOD class, which extendsiNd 0 numbers of nodes in the system. We com-
the St r eet Mobi i tyl nf o class to include the Pare the performance of STRAW in Boston, MA and

destination location and the path (a linked list of roddhicago, IL to that of the random waypoint model

segments) from origin to destination. in regions of similar size. As discussed in Sec-
The A* search is implemented with thaS- tion 5.6.1, the “simple” STRAW mobility model in-

t ar Sear ch class, which uses th€egment N- CUrsa small (approximately constant) factor of run-

ode class to represent road segments as nodedifi¢ overhead compared to the random waypoint
a graph. TheSegnent Node class implements themodel. The STRAW mobility with OD pairs model

ASt ar Node abstract class to provide definitions fofeduires a significantly longer execution time, which
the heuristic and cost functions. In the current inks due to the high cost of computing shortest paths.
plementation, the cost of a particular road segment§j&s important to note that runtimes for this mobility
the estimated speed limit for that segment. In futufddel eventually decreased as the number of nodes
iterations of this component, we will include othehcreased. This occurs because there is significant

sources for cost analysis, such as current road &epgestion in the network (i.e., a traffic jam), mean-
traffic conditions. ing that each node covers less distance per unit of

It is important to note that the A* search is by fggimulation time and thus will require fewer shortest

the most computationally intensive part of our m@ath searches.
bility model. In the future, we will implement route Figure 3 demonstrates how the simulation’s mem-
caching to improve performance in this area. ory consumption varies according to the number of
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Figure 2: Effect of humber of nodes on runtimeigure 3: Effect of number of nodes on memory con-
for STRAW and a simple random waypoint modedumption for STRAW and a simple random waypoint
(RWP). model (RWP).

nodes in the systefhWe include the same mobilitywas approximately 92 MB. Although the size of the
models as in the previous figure. In this case, the ratata structures supporting STRAW varies during the
dom waypoint model, which does not load any magxecution, the 92 MB value yields approximately 58
data, provides a baseline for the memory consumnip#es of memory peRoadSegnent , on average.

tion in STRAW. Notice that the number of nodes in The results of our experiments demonstrate that,
the system has much smaller effect on memory can-general, one can successfully model large-scale
sumption than it does on the runtime. This indicatesalistic vehicular motion on commodity hardware.
that memory is not a significant factor when scalinglthough STRAW with OD pairs does not scale as
the system to large numbers of nodes. In fact, thell as other mobility models, its worst-case perfor-
most significant factor for memory consumption isiance is bounded by the finite capacity of the under-
the number of road segments in test region, whithng road plan.

is directly correlated to the size of the region. For

the portion of the Chicago region used in this ex- )

periment (approximately 2 square miles, 370 se§- Conclusion and Future Work

ments), total memory consumption was between 2. ) o )

and 5 MB. When loading map data for the entire city!iS Paper described the principles and implementa-
of Chicago (230 square miles containing 157’1ﬂ9n of a realistic vehicular mobility model for use in

road segments, not shown), memory consumpti‘aﬁf"ireless network simulator. We discussed the mo-
' ' tivation for including a realistic mobility model for

°Note that we use the Java API's memory reporting functiog®rrectly evaluating the performance of vehicular ad-
to determine memory consumption. Due to Java's garbage q9hc networks. Then we identified implementation-

lection implementation, it is difficult t rmine how much al- . -
ection implementation, its difficult to determine how much ali, yo henent features of vehicular mobility models
located memory is actually being consumed. We attribute anom-

alies in the memory consumption graph to this property, notf*?cnd proposed three components of vehicular mOb_”'
any intrinsic properties of STRAW or the SWANS simulator. ity models that can be developed and enhanced in-
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C3 - Car-to-Car Cooperation

* An opportunity
— Computers everywhere - ~100 in a BMW 7x
— Increased interconnectivity (adv. in wireless communication)| ¢
— A large & well spread platform — growing vehicle population | |
— Good & accessible location information

Distributed systems based on car-to-car cooperation

* Some example applications
— Traffic advisory
— Mobile sensor network for recognizance
* A few key properties
— Self-organizable & infrastructure independent
— Natural scalability
— Highly resilient to failure
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A challenge for experimenters

*» C3 — a mobile ad-hoc network over vehicles
— Infrastructureless networks (ad-hoc networks)
— Nodes act as routers finding/maintaining routes to others
— Nodes are capable of movement & can be connected
dynamically in an arbitrary manner (MANETS)

* The challenge - How can we play with our ideas for

such systems?
— Real-world experimentation
» Currently no test-bed available
« Hard to explore scalability
» Classical problem with repeatability
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An experimenters’ challenge

* Emulation
— Uses real sw/hw in simulated environment to ensure accuracy
— Higher scalability, but still limited
* Network simulation (e.g. NS-2, GloMoSim, SWANS)
— Scalable to large number of nodes
— Easy to vary system configuration
— Repeatability
* Desirable simulation characteristics
— Close correspondence with real world - trace-based simulation? ...
— Generalizable - should enable a wide range of scenarios
— Feedback loop - enable self-steering (e.g., traffic advisory)
— Scalability - interesting problem instances
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Outline

* C3 motivation & approach

* Mobility models for MANETs

* STRAW design and implementation
* STRAW performance

* Conclusion and future directions
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The importance of a mobility model

* Mobility — key component of MANET simulators
& emulators

— Mobility constraints (e.g., streets)

« Affects velocities and distances between cars, which
affects radio transmission

— Nodes should physically interact with one another iiiiiié
» E.g., avoid collisions .

— Central to “feedback loop” in many scenarios
« Cars can change trajectory in response to data

— What’s commonly used?
« Random waypoint, Mobility traces, ...
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Random Waypoint considered harmful

* Random Waypoint (RWP)

— Benefits . .

« Simple

« Common . I

 Low overhead

— Disadvantages

* NOT representative of
mobility for worst-case or
general-case performance ‘

 Nodes cannot interact wrt .
mobility
» Encourages use of open ‘
field simulation

Dept. of Computer Science
Northwestern University
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. L e
RWP effects on wireless communication

* Every position on map is a waypoint with
equal probabillity
— Average number of neighbors is relatively uniform
over the field

* Nodes generally cannot leave the field
— Routes generally live longer

* Arbitrary stopping points and stopping times
— Affects route lifetimes arbitrarily

* Arbitrary speeds and speed distributions
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Mobility traces

* Advantages
— Represents real motion
— Little overhead in simulation

* Disadvantages
— Difficult to obtain
— Rarely distributed (legal issues)
— Difficult to generalize
— Does not allow feedback loop

Dept. of Computer Science
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Vehicular motion
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Car mobility & wireless communication

* Nodes tend to spend more time at intersections
— Increases interference in this region
— Increases number of unconnected pairs

» Buildings further reduce connectivity between nodes
on different streets -

* Nodes often traveling in opposite or orthogonal llll
directions
— Short interaction time window

* Vehicular congestion slows nodes
— Can stabilize topology, but can reduce overall connectivity

* We need a new mobility model: STRAW
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Outline

* C3 motivation & approach

* Mobility models for MANETSs

* STRAW design and implementation
* STRAW performance

* Conclusion and future directions
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STRAW (Street Random Waypoint)

* Node movement incorporates
— Car-following model
— Speed limits
— Traffic control
— Multiple lanes

* Loads free map data for entire US (easily extended
to load data from other map sources)

* Low overhead
— Insignificant for “simple” model

— Bounded by vehicular capacity of region for shortest-path
origin-destination (OD) calculations

* Easy to configure
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Basic abstractions for vehicular motion

* Vehicle (containing finite length)

* Road Segment
— Shape
— Length
— Width
— Name
— Average maximum speed (speed limit)
— Class
— Address

* Intersection
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Some implications of STRAW

Packet Delivery Ratio for DSR in Boston, Chicago and an Open Field (100 nodes)
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STRAW organization
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STRAW Initialization

* Loads road segments, names & shapes for
rectangular region

— Organized into a quad tree, with intersections at
the leaves
* Intersections contain a list of associated road segments
* Manage inter-segment mobility

— Number of lanes, speed limit, traffic control
inferred from “road class”

* Nodes placed on random streets & lanes

— If a node is already in that lane, put new one
behind last node in the lane

— All nodes start with zero velocity
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Intra-segment mobility

» Car-following model
— Speed-based following distance
* Cruising speed

— Each vehicle moves at a speed distributed about
the speed limit for the current segment

* Acceleration/Deceleration

— Currently linear, can be extended to any curve
made available
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Inter-segment mobility

» Precondition for all segment changes - there
IS capacity on the next segment

* Timed stoplights

— Wait times inferred from road classes
» Stop signs

— Drivers take turns crossing the intersection
* Highway merge

— No need to stop if there is room

* Nodes gradually slow down to a stop before
the intersection if they cannot cross it
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Route management & execution

* Simple STRAW

— Turn with certain probability
— Insignificant overhead

* STRAW with OD

— Pick a series of origins and destinations
— Overhead scales with size of region
— Uses efficient A* shortest path search

— Supports flows of vehicles from an origin to a
destination

* Vehicles removed from communication participation
when they leave the map
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Outline
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STRAW current implementation

* Implemented as part of SWANS (Scalable
Wireless Ad-hoc Network Simulator)

* SWANS features
— Built atop Java iIn Simulation T|me (J|ST)

simulator
— Very efficient and scalable discrete event sim
— Natural programming model

— Very modular and extensible, supports all
important MANET abstractions
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A sample of SWANS performance

Simulation event throughput
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From: BARR, R. An efficient, unifying approach to simulation

using virtual machines. PhD thesis, Cornell University, 2004.
Dept. of Computer Science

Northwestern University
Aqualab




How much does STRAW cost?

*» Reasonable runtime overhead

Runtime vs. Number of Nodes in Chicago and Boston (~5,000,000 m"2) Runtime vs. Size of Region in Chicago and Boston (100 nodes)
10000 T T T
RWP (5,000,000 m"2) —+— ' STRAW Simple Chicago —+— i
STRAW Slmsle Chicago —=— STRAW Chicago e
imple Boston 8- " ) . ston g
. 10000 .
STRAW Varying field size
1000 - Varylng nodes . 9
1000
o @
a @
£ E
@ 7= 100
10 |
_ _ IR ERITE
1 1 1 1 I 1 1 1 1 1
50 100 200 400 800 1600 32 10.0 50.0 100.0 200.0 300.0
Number of Nodes Size of Region (millions of m*2)

Runtime overhead (log-log scale)
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How much does STRAW cost?

* Reasonably small memory overhead

Memory Consumption vs. Number of Nodes in Chicago and Boston (~5,000,000 m"2) Memory Consumption vs. Size of Region in Chicago and Boston (100 nodes)
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* Greater Chicago’s Cook County = 92MB
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Conclusion & Future directions
* Summary
— Mobility significantly impacts network perf.

— Performance varies with road plan

— STRAW models VANET mobility with low
overhead

* Future directions

— STRAW implications on the effectiveness of
location-based, mobility-aware communication
protocols

— Middleware for VANET applications
— Content distribution on VANETSs
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