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distance-basedocation-basedand cluster-basedschemes, make such an assumption are (i) a host may miss a broad-
to facilitate MANET broadcasting. Simulation results are pre- cast message because it is off-line, it is temporarily iso-
sented to study the effectiveness of these schemes. lated from the network, or it experiences repetitive colli-
To the best of our knowledge, the broadcast storm problem sions, (ii) acknowledgements may cause serious medium
has notbeen addressed in depth for MANET before. Itis how- contention (and thus, another “storm”) surrounding the
ever worth summarizing some results for broadcasting that sender, and (iii) in many applications (e.g., route discovery
are for other environments. Works in [4,5,10-12,21] assume in [7,15,16,25]), a 100% reliable broadcast is unnecessary.
a packet-radio network environment. Most of these results . .
i - . . . In addition, we assume that a host can detect duplicate
rely ontime division multiple accef3 DMA, which requires o .
broadcast messages. This is essential to prevent endless ood-

timing synchronization) and certain levels of topology infor: . . :
95y ) pology ing of a message. One way to do so is to associate with each

mation. Their goal is to nd a slot assignment. Obtainin oadcast message a tuple (source ID, sequence number) as
an optimal assignment has been shown to be NP-hard [%Fat in [7,25] g P » S84

The broadcast scheduling problem studied in [9,17,26,2

. - . . "Finally, we comment that we do not con ne ourselves
although carrying a similar name, is not intended to solve .
S . . 16_the broadcasting of theamemessagé. What we fo-
the problem addressed in this paper. Its goal is to assign a

contention-free time slot to each radio station. Cus on in this paper is the message propagating behavior in

The rest of this paper is organized as follows. Section 2 dae—MANET — the phenomenon where the transmission of a

nes and analyzes the broadcast storm problem. MechanisF‘hakaet will trigger other surrounding hosts to transmit the

to alleviate the storm are proposed in section 3. SimulatiGg e (or modi ed) packet. We shall show that if ooding

. : . is used blindly, many redundant messages will be sent and
results are presented in section 4 and conclusions are drawn . g . . .
serious contention/collision will be incurred. Our goal is to

In section 5. solve broadcast with ef ciency in mind.
2 Preliminaries 2.2. Broadcast storm caused by Booding
2.1. Broadcasting in a MANET A straight-forward approach to perform broadcast iRbpd-

ing. A host, on receiving a broadcast message for the rst
A MANET consists of a set of mobile hosts that may contime, has the obligation to rebroadcast the message. Clearly,
municate with one another from time to time. No base st#his costsn transmissions in a network of hosts. In a
tions are supported. Each host is equipped with a CSMA/GASMA/CA network, drawbacks of ooding include:

(carrier sense multiple access with collision avoidan@®] o Redundant rebroadcast®Vhen a mobile host decides to

triﬂscel\;ﬁr. :jn sugh env |(rjc_)nmt|enti atEOTttrt'nay Commll;nlcate rebroadcast a broadcast message to its neighbors, all its
with another directly or indirectly. In the latter casemailti- neighbors already have the message.

hop scenario occurs, where the packets originating from the

source host are relayed by several intermediate hosts befdrd-Ontention.After a mobile host broadcasts a message, if

reaching the destination. many of its neighbors decide to rebroadcast the message,
Thebroadcast problemefers to the sending of a message these transmissiong (which are all from nearby hosts) may

to other hosts in the network. The problem considered here is SEVerely contend with each other.

assumed to have the following characteristics. e Collision. Because of the de ciency of backoff mecha-

nism, the lack of RTS/CTS dialogue, and the absence of

CD, collisions are more likely to occur and cause more

amage.

e The broadcast is spontaneousny mobile host can issue
a broadcast message at any time. For reasons such as ho
mobility and lack of synchronization, preparing any kind
of global topology knowledge is prohibitive (in fact this isCollectively, we refer to the above phenomena astitead-
at least as hard as the broadcast problem). Little or eveaist storm problemThe following discussion shows how se-
no local connectivity information may be collected in adrious the problem is through analyses.
vance.

« The broadcast s unreliabfeNo acknowledgement mech-2-2-1- Analysis of redundant rebroadcasts
anism will be used. However, an attempt should be mad&Ve st use two examples to demonstrate how much redun-
to distribute a broadcast message to as many hosts as fB€ICy could be generated. In gure 1(a), it only takes two
sible without paying too much effort. The motivations tgransmissions for the white node to broadcast a message,
whereas four transmissions will be carried out if no attempt
1 A more strict one igeliable broadcas{1,24], whose goal is to ensure all is made to reduce redundancy. Figure 1(b) shows an even
hosts receive the message. High-level acknowledgements between hosts
are exchanged. Such protocols are typically accomplished at the applié&For instance, the routing protocols in [7,15,16,25] rely on broadcasting a
tion layer and are out of the scope of this paper. However, the result in thi®)DP packet calledoute_requesto search for a route from a source to a
paper may serve as an underlying facility to implement reliable broadcastparticular destination. When propagating such a request, a host generally
2The MAC speci cation in IEEE 802.11 [20] does not require acknowledge- appends its ID to the message so that appropriate routing information can
ment on receipt of broadcast packets. be collected.
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Figure 3. Analysis of the extra area that can benet from a rebroadcast:
A sends a broadcast packet @hdecides to rebroadcasts the packet.

(a) (b) |Se_al = |S8]|—|Sang| = 7r2—INTC(d), where INTGd) is

. . . . . .the intersection area of the two circles centered at two points
Figure 1. Two optimal broadcasting schedules in MANETS. Connectlvné. P

between hosts is represented by links. White nodes are source hosts, ﬁ}anCEd byi’

gray nodes are relay hosts. r
INTC(d) :4/ Vr2 —x2dx.
dj2

Whend = r, the coverage aredg_a| is the largest, which
equals

10

o] 7r? —INTC(r) = rz(% + ?) ~ 0.617r2.

e This shows a surprising fact that a rebroadcast can provide
4 only 0—61% additional coverage over that already covered by
the previous transmission.

B .
°d Also, we would like to know the average valueof? —
¢ @ INTC(d). Suppose thaB can randomly locate in any &'s
. transmission range; the average value can be obtained by in-

tegrating the above value over the circle of radiusentered
atA forx in [0, r]:

/r 27x - [7r? — INTC(x)] d
0

x ~ 0.417r2.

2
Tr
Figure 2. The signal overlapping problem corresponding to the scenario in )
gure 1(b). Thus, after the previous broadcast, a rebroadcast can cover

only additional 41% area on average.

more serious scenario: only two transmissions are suf cient Now consider the scenario of having received a broadcast
to complete a broadcast as opposed to seven transmissimessage twice: if ho€I decides to rebroadcast after it heard
caused by ooding. A’s andB’s broadcasts. The area that can bene t fr@s

The main reason for such redundancy is that radio sitpbroadcast iSc_aug). Through simulations by randomly
nals from different antennas are very likely to overlap witgeneratingh andB on C's transmission range, we found that
each other. Assuming that the area that can be covered byoaraveragéSc_aug)| ~ 0.197r2 (we remark that in the sim-
antenna forms a circle, we show in gure 2 the signal ovelations the calculation of coverage was not derived by formal
lapping problem corresponding to the scenario in gure 1(bgalculus, but by discrete estimation, where the area was parti-
The gray levels in the gure indicate the levels of signal ovetioned into ne grids for approximation). This shows an even
lapping. As can be seen, many areas are covered by the sainemer prospect of hoping that rebroadcasts propagate the
broadcast packet more than once. In the worst case, an ar@ssage to new hosts.
can be covered by the packet seven times. In general, we would like to know the bene t of a host re-

In the following we will show through analyses that rebroadcasting a message after hearing the medsdipees.
broadcasts are very costly and should be used with cautidine result can be easily obtained from simulation by ran-
First we consider the simple scenarioin gure 3, where Wostdomly generatinge hosts in a hosK’s transmission range
sends a broadcast message, and Bodecides to rebroad- and calculating the area covered ¥yexcluding those areas
cast the message. L&k and Sg denote the circle areasalready covered by the othérhosts. Denote this value by
covered byA’s and B’s transmissions, respectively. TheEAC(k) (EAC stands foexpected additional coveraperig-
additional area that can benet frof's rebroadcast is the ure 4 shows our simulation result (again by grid estimation).
shaded region, denoted 8s_a. Letr be the radii ofSa  As can be seen, whén> 4, the expected additional coverage
andSg, andd the distance betweeh andB. We can derive is below 5%.
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Figure 4. Analysis on redundancy: the expected additional coveragextAC

divided by r2) after a host heard a broadcast messatjmes. 8 8 No. of

( yrr) of hosts () content-free hosts (k)
2.2.2. Analysis of contention Figure 5. Analysis of contention: the probabilities of havingontention-
To address the contention problem, consider the situation free hosts among receiving hosts.

where hostA transmits a broadcast message and there are _ .

n hosts hearing this message. If all these hosts try to rebroad-The CSMA/CA mechanism requires a host to staraak-

cast the message, contention may occur because two or nfiffegProcedure right after the host transmitted a message, or
hosts aroundh are likely to be close and, thus, contend withvhen & host wants to transmit but the medium is busy and
each other on the wireless medium. the previous backoff has been done. To perform a backoff, a

Let us analyze the simpler caserof= 2. Let hostsB and counter is rst set to an integer randomly picked from its cur-

C be the two receiving hosts. L& randomly locate within rent backoff window. If theshannel clear assessme(@CA)

A’s transmission range. In order f@ to contend withB, mechanism of the host detects no channel activity during the

it must be located in the are$a~g. So the probability of pastslot (a xed period), the counter is decreased by one.
contention is|Sangl/(7r2). Letx be the distance betweenwhe” the counter reaches zero, the backoff procedure is n-

A andB. Integrating the above probability over the circle ofShed-

radiusx centered af for x in [0, 7], the expected probability Now consider the scenario where several neighbor hosts
of contention is hear a broadcast from hoXt There are several reasons for

collisions to occur. First, if the surrounding medium Xf
" 2mx - INTC(x)/(rr?) dx ~ 59% has been quiet for enough long, all ¥fs neighbors may
/0 7r2 Y 2 have passed their backoff procedures. Thus, after hearing the
o . . broadcast message (and having passed the DIFS period), they
Clearly, the contention is expected to be highends- 1,y 5|l start rebroadcasting at around the same time. This
creases. We derived a simulation by randomly generatingg egpecially true if carriers can not be sensed immediately
hosts inA’s transmission range. We observel the probability,,e to such as RF delays and transmission latency. Second,
cf(n, k) thatk hosts among thesehosts experience no Con-pecayse the RTS/CTS forewarning dialogue is not used in a
tention in their rebroadcastingf(stands focontention-fre  yrgadcast transmission, the damage of collision is more seri-
The results are shown in gure 5. We can see that the profys. Third, once collision occurs, withosllision detection
ability of all n hosts experiencing contention (i.ef(n, 0)) (CD), a host will keep transmitting the packet even if some
increases quickly over.8 asn > 6. So the more crowded of jts foregoing bits have been garbled. And the longer the
the area is, the more serious the contention is. On the Oﬂﬁ%ket is, the more the waste.
hand, the probability of having one contention-free host (i.e., The apove problem is not addressed in the ordinary IEEE
cf(n. 1)) drops sharply as increases. Further, itis very un-gp2 11 MAC activities, possibly because the one-to-many
likely to have more contention-free hosts (i.€f(n, k) with  communication behavior is not considered therein. For all the
k > 2). Note that having = n — 1 contention-free Nosts ghove reasons, we believe that the broadcast storm problem
implies having: such hosts, sof(n,n — 1) = 0. deserves serious study in a MANET environment.

2.2.3. Analysis of collision

In a MANET, there is no base station or access point. Ther®- Mechanisms to reduce redundancy, contention, and

fore, in this paper we exclude the use of gwnt coordinate collision

function(PCF) described in the IEEE 802.11 MAC speci ca-

tion [20], and study mainly the behavior under thistributed One approach to alleviating the broadcast storm problemis to
coordinate functio{DCF). inhibit some hosts from rebroadcasting to reduce the redun-
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dancy, and thus, contention and collision. In the following, w@.3. Distance-based scheme

present ve schemes to do so. These schemes differ in how

a mobile host estimates redundancy and how it accumulateghe previous scheme, a counter is used to decide whether
knowledge to assist in making its decision. Except the latst drop a rebroadcast or not. In this scheme, we will use the
scheme, which relies on some local connectivity informatiorglative distance between hosts to make the decision.

all schemes operate in a fully distributed manner. For instance, suppose hdstheard a broadcast message
from Sfor the rsttime. If the distance, say, betweerH and
3.1. Probabilistic scheme Sis very small, there is little additional coveralgés rebroad-

cast can provide. I is larger, the additional coverage will
An intuitive way to reduce rebroadcasts is to use probabilistie larger. In the extreme casedif= 0, the additional cov-
rebroadcasting. On receiving a broadcast message for the eséige is 0 too. Earlier, we analyzed the relationship between
time, a host will rebroadcast it with probability. Clearly, the distancel and the additional coverage-? — INTC(d).
when P = 1, this scheme is equivalent to ooding. So this can be used as a metricthyto determine whether to

Note that to respond to the contention and collision prolbebroadcast or not.

lems addressed in sections 2.2.2 and 2.2.3, we should insert &low, suppose that before a rebroadcast message is actu-
small random delay (a number of slots) before rebroadcastialfy sent, hosH has heard the same message several times.
the message, so the timing of rebroadcasting can be differ&et dmin be the distance to the nearest host from which the

tiated. same message is heard. Theis rebroadcast will provide
additional coverage no more tham? — INTC(dmin). In our
3.2. Counter-based scheme distance-based scheme, we will ukg, as the metric to eval-

uate whether to rebroadcast or not. diin is smaller than
When a host tries to rebroadcast a message, the rebroadsaste distance threshold, the rebroadcast transmission of
message may be blocked by a busy medium, the backoff pkbdis cancelled. The scheme is formally derived below. In
cedure, and other queued messages. There is a chance foséation 4, we will test several possible valuedof
host to hear the same message again and again from other re-
broadcasting hosts before the host actually starts transmittig: When a broadcast messagsgis heard for the rsttime,

the message. initialize dmin to the distance to the broadcasting host. If
In section 2.2.1 we have shown that EAG, the expected ~ dmin < D, proceed to S5. In S2, ihsgis heard again,
additional coverage after hearing the mesgagimes, is ex- interrupt the waiting and perform S4.

pected to decrease quickly Asncreases. We can prevent a52
host from rebroadcasting when the expected additional cov-"
erage of the host’s rebroadcast becomes too low. This is
what the counter-based scheme is based on. Speci cally,
a counterc is used to keep track of the number of times thgz e message is on the air. The procedure exits.
broadcast message is received. A counter threstigédcho-

sen. Whenever > C, the rebroadcast is inhibited. TheS4. Updatein, if the distance to the host from whichsgis
scheme is formally derived below. heard is smaller. lfimin < D, proceed to S5. Otherwise,
resume the interrupted waiting in S2.

Wait for a random number of slots. Then submig
for transmission and wait until the transmission actually
starts.

S1. Initialize counter = 1 when a broadcast messageg

is heard for the rst time. In S2, ifsgis heard again, s5. Cancel the transmissionmigif it was submitted in S2.
interrupt the waiting and perform S4. The host s prohibited from rebroadcasting the same mes-

S2. Wait for a random number of slots. Then submgg sage in the future. Then the procedure exits.

for transmission and wait until the transmission actually Below, we comment on how to obtain the distance infor-
starts. mation. One possibility is to estimate from the signal strength
S3. The message is on the air. The procedure exits. of areceived message. Speci cally, Btand P, be the power
levels at which a message is sent and received, respectively.
S4. Increase by one. Ifc < C, resume the interrupted wait- According to [28], P, = P;(c1/d)"c2, Wheren, c¢1, and ¢z
ing in S2. Otherwise = C, proceed to S5. are constants related to the physical environment, the carrier's
wavelength, and antenna gains, respectively. Shcand P;

S5. Cancel the transmissionmgif it was submitted in S2. b d. the distant b timated f thi
The host is prohibited from rebroadcasting the same m{?—n € measured, the dislante€an be estimated from Ihis

sage in the future. Then the procedure exits. ormulg. . . .
g P Having understood the relationship between the distance

Note that in S4, by “resume the interrupted waiting in S2'and the power, we can even directly replace the role of dis-
we mean that the host should go back to step S2 and wait fances by signal strengths by establishing a signal-strength
the remaining amount of time that it should have done aftthreshold. As a comment, we note that signal strength infor-
the point of interruption. mation was also used in [13] to facilitate routing in a MANET.
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Figure 6. Scenarios of using convex polygons to determine whether to rebroadcast or not. (é)itioside the triangle formed by three sending hosts.
(b) X is outside of the polygon. (c) Analysis of maximum loss of additional coverage on using the polygon test.

3.4. Location-based scheme when there are four circles. One possibility is to use a grid-
lling approximation to estimate its value.
Earlier we have used the number of times that a broadcastAn alternative is using a convex polygon to determine
message has been heard or the distances to sending hosishasher a rebroadcast should be carried out or not. For in-
our rebroadcasting metrics. If we can acquire the locatiostance, suppose hoXt received a broadcast message three
of those broadcasting hosts, it is even possible to estimate tinees from hostsA, B, andC. In gure 6(a), it shows that
additional coverage more precisely. Such an approach mayibX is inside the convex polygon formed by connecting the
supported by positioning devices such as GPS (Global Posénters ofA, B, andC, the additional coverage of’s re-
tioning System) receivers [18]. We note that location informdsroadcast is small or even none. On the contrary, as shown in
tion was also used to facilitate route discovery in a MANETgure 6(b), if X is not in the polygon, it is likely that the re-
[6,19]. broadcast will provide more additional coverage (the shaded
Without loss of generality, let a host's location b& 0) area). These observations suggest that we can allow the host
(here we usery-coordinates to facilitate our presentation; ino rebroadcast only if it is not located within the convex poly-
fact, devices such as GPS receivers can provide 3-D locatigus.
in longitude, latitude, and altitude). Suppose a host has re-The following justi es the reason for the above convex ap-
ceived the same broadcast message fkohosts located at proximation through geometry calculation. We show that if

(x1, ¥1), (x2,¥2), ..., (xx, yv). We can calculate the addi-the polygon test prevents a hostfrom rebroadcastingX is
tional area that can be covered provided that the host rebrowdthin the polygon), at most 22% of coverage will be lost in
casts the message. LAC((x1, y1), (x2,¥2),..., (xx, yx)) the extreme case. Observe that the additional coverage will be

denote the additional coverage divided by?. Then we the largest wheiX is located on some boundary of the poly-
can compare this value to a prede ned coverage thresh@dn. LetA andB be the two end points of that boundary. We
A (0 < A < 0.61) to determine whether the receiving hossee that the additional coverage will be the large#t &nd
should rebroadcast or not. The scheme is formally deriv@dare each separated froxhby the transmission rangeas
below. illustrated in gure 6(c). Itis not hard to nd that the size of

the shaded area in gure 6(c) is
S1. When a broadcast messagsgis heard for the rsttime, g ©

initialize AC to the additional coverage provided by the r/2 2 Y
host's rebroadcast. KC < A, proceed to S5. In S2, if 4[/0 Ve —x2de — /r/Z Vre—x2dx
msgis heard again, interrupt the waiting and perform S4.

. = <J§ = z)ﬂ ~ 0.22172.

S2. Wait for a random number of slots. Then submgg 3

for transmission and wait until the transmission actuaIIMOW it is reasonable to say that if a host is in the convex

starts. polygon formed by the locations of previously sending hosts,
S3. The message is on the air. The procedure exits. the additional coverage that the host can provide is well be-
low 22%.
S4. UpdateAC. If AC < A, proceed to S5. Otherwise, re-
sume the interrupted waiting in S2. 3 5. Cluster-based scheme

S5. Cancel the transmissionmigif it was submitted in S2.
The hostis prohibited from rebroadcasting the same m
sage in the future. Then the procedure exits.

gde above schemes are basedstatistical and geometric
modeling to estimate the additional coverage of a rebroadcast.
In the following, we show how to develop an approach based
One obstacle to using the above scheme is the cost of aat-graph modeling. Speci cally, we will adopt theluster-
culatingAC, which is related to calculating many intersectioing concept of [2,16] to derive our scheme. Note that the
areas among several circles. This problem is dif cult alreadytustering technique has been used to solve other problems
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m head
o member
e gateway

through signals. A simpli ed version of the MAC speci ca-
tion in IEEE 801.11 is referenced to simulate the CSMA/CA
behavior among hosts.

The xed parameters in our simulations are the transmis-
sion radius (500 m), the broadcast packet size (280 bytes), the
transmission rate (1M bits per second), and the DSSS physi-
cal layer timing (PLCP overhead, slot time, inter-frame sepa-
rations, backoff window sizing, as suggested in IEEE 801.11).
Figure 7. A MANET with three clusters. A geometric area calledmapwhich contains 100 mobile
hosts is simulated. A map can be of size 1, 3x 3, 5x 5,
7x7,9%9,0r11x 11 units, where a unit is of length 500 m
(the transmission radius). Initially, hosts are randomly dis-
tributed over a map. To simulate host mobility, each host will
[Ram around randomly in the map during the simulation. The
1 f;\_ming pattern of a host is simulated by generating a series

mine its connectivity with other hosts on its own. Each ho turns. In each tum, a direction, a velocity, and a time in-

has a unique ID. A cluster is a set of hosts formed as follovx}fgrval are generated. Thg dir.ection Is u'niformly.dis'tributed
A host with a local minimal 1D will elect itself as aluster /oM O to 360, and the “”?e |.nterval uniformly distributed
head This head host together with its neighbors will form rom 1 to. 100 s. The velocity 'S rgndomly chosen from 0 to
cluster These neighbor hosts are calleémbersf the clus- O knyhin a 1x 1 map, and S|m|I§1rIy from 0 o 30 kph

ter. Within a cluster, a member that can communicate witfl & 3x3 map, from 0 to 50 knh in a 5x 5 map, from

a host in another cluster isgateway To take mobility into to 90 kmh in a 95 9 map, and from 0 t0 110kfh in a

account, when two heads meet, the one with a larger ID giv}e%x 11 map, respectively. The arrival rate for the Whole.map
up its head role. Figure 7 shows an example of a clustersPne broadcast request per second, and the broadcasting host
MANET Is randomly picked for each request. Recall that we need to

Now back to our broadcast storm problem. We assurﬁigferentiate the timing of rebroadcasting. A small random
i gelay ranging from 0 to 31 slots is inserted before each at-

that clusters have been formed in the MANET and will b broad ing (for i f S2 of th
maintained regularly by the underlying cluster formation prc;?mpt at rebroa castlng (for mstance, refer to step ofthe
&unter-based scheme in section 3.2).

tocol. In a cluster, the head’s rebroadcast can cover all ott% Th ; trics 1o be ob d are:
hosts in that cluster if its transmission experiences no colli- € performance metrics o be observed are-
sion. Apparently, to propagate the broadcast message to hogtREachability(RE): the number of mobile hosts receiving

in other clusters, gateway hosts should take the responsibility. the broadcast message divided by the total number of mo-

But there is no need for a non-gateway member to rebroadcashjjle hosts that are reachalfielirectly or indirectly, from
the message. Based on these observations, our cluster-basegle source host.

scheme is formally developed as follows.

in MANETS (e.qg., traf c coordination [14], routing [14], and
fault-tolerance [1]).

We rst summarize thecluster formation algorithrpro-
posed in [16]. It is assumed that a host periodically sen
packets to advertise its presence. Thus any host can de

e Saved ReBroadcaéSRB: (r — t)/r, wherer is the num-
S1. When a broadcast messagsgis heard for the rst time, ber of hosts receiving the broadcast messages amthe
if the host is a non-gateway member, the rebroadcast is number of hosts that actually transmitted the message.

prohibited and the procedure exits. Otherwise, the host s Average latencythe interval from the time the broadcast
either a head or a gateway. Proceed to S2. was initiated to the time the last host nished its rebroad-

S2. Use any of the probabilistic, counter-based, distance- casting.

based, and location-based schemes to determine whether o
to rebroadcast or not. 4.1. Performance of the probabilistic, counter-based,

distance-based, location-based, and cluster-based
Note that the above scheme is derived by incorporating any schemes

of the schemes developed earlier into it. Step S1 is to prevent

non-gateway members from rebroadcasting. As a cluster metye simulation results of the probabilistic, counter-based,
still have many gateway members, step S2 then further udistance-based, location-based, and cluster-based schemes
lizes other knowledge (such as additional coverage) to reduge shown in gures 8, 9, 10, 11, and 12, respectively. Each
the number of rebroadcasts. value in these gures is obtained through a simulation run of

10,000 broadcast requests.
] ] Figure 8(a) shows the observB& and SRBwhen apply-
4. Performance simulation ing the probabilistic scheme. In a small map (which implies

a dense host distribution), a small probabilityis suf cient

We have developed a simulator using C++. Central t0 the 5 hieve high reachability. But a largeris needed if the
simulator is a discrete event-driven engine designed to simu-

late systems that can be modeled by processes communicatinigs is to take the network partitioning problem into account.
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Figure 8. Performance of the probabilistic scheme. (a) Probalfiligersus reachabilitRE (shown in lines) and saved rebroadc&&B(shown in bars).
(b) Probability P versus average latency.
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Figure 9. Performance of the counter-based scheme. (a) Counter thréshetdus reachabilityRE (shown in lines) and saved rebroadc&&B(shown in
bars). (b) Counter threshold versus average latency.

host distribution is sparse. The amount of saviBB de- scheme can offer 8—20% 8RB When the map is very sparse
creases, roughly proportionally {d& — P), as P increases. (say 11x 11) andC is very large (say 6), the amount of sav-
Also, note that the performance of broadcasting by oodinigpg decreases sharply, because the number of neighbors of a
can be found at the position where the probabilty= 1. hostbecomes very small (2.4 neighbors per host in an 111
Figure 8(b) shows the broadcast latency at variBuslues. map in average). Under such conditions, it is less likely that
Interestingly, a MANET with sparser hosts tends to completehost will receive the same broadcast message moreithan
broadcasting more quickly than one with denser hosts. Thimes. We recommend that a thresh6l@f 3 or 4 is probably
reason is probably due to the heavier contention on the chareasonable choice.
nel in denser networks. The performance of the distance-based scheme is shown in
Figure 9 shows the performance of the counter-basepire 10. Note that the values of threshaltlin the gure are
scheme. From gure 9(a), we see that the reachaliiin chosen purposely to make a reasonable comparison between
fact reaches about the same level when the counter threshbleldistance-based scheme and the counter-based scheme. For
C > 3. Note that whert is large enough (such & = 6), instance, whei = 2, we know that EAQ@) ~ 0.187 from
the network’s behavior is very close to one using ooding tagure 4. So we choose @ to match this value of addition
broadcast. However, various levels ®RBcan be obtained coverage, i.e (mr2—INTC(D))/(nr?) ~ 0.187. This gives a
over the ooding scheme, depending on the density of hosis = 147. The otheD values along the-axisin gure 10 are
in a map. For instance, in denser maps (e.gx, 1, 3 x 3, derived in a similar way. Note that whah is small enough
and 5x 5) this scheme can offer 27-67% 8RBat C = 3, (such asD = 11), the network’s behavior is very close to one
whereas in sparser maps (e.gx 7, 9x 9, and 11x 11) the using ooding to broadcast.
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Figure 10. Performance of the distance-based scheme. (a) Distance thiesheislis reachabilitfRE (shown in lines) and saved rebroadc8&B(shown
in bars). (b) Distance threshold versus average latency.
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Figure 11. Performance of the location-based scheme. (a) Coverage thrashaislis reachabiliRE (shown in lines) and saved rebroadc8&B(shown
in bars). (b) Coverage threshaldversus average latency.

By comparing gures 9(a) and 10(a), we observe that thaf D in gure 10). Clearly, as compared to the counter-based
distance-based scheme can provide better reachability. Buat distance-based schemes, the location-based scheme has
not many rebroadcasts are saved -SRBvalues are worse the best reachabilitiRE and the best savin§RB Because
than those of the counter-based scheme. Also, its broadthe saving, the broadcast latency is also the best among all
cast latency is higher than that of the counter-based schesehemes. The reason is that the location-based scheme uses
as shown in gures 9(b) and 10(b). The reason that ttthe most accurate information (i.e., locations of the transmit-
distance-based scheme saves less among of rebroadcaststthgmosts) to determine the additional coverage of a rebroad-
the counter-based scheme is as follows. In the distancast.
based scheme, a host may have heard a broadcast messagégure 12 shows the performance of the cluster-based
many times but still decide to rebroadcast the message beheme where the location-based scheme is incorporatedin its
cause none of the transmission distances are below the ditep S2. Compared to the original location-based scheme, the
tance threshold, whereas the rebroadcast may be canceletlister-based scheme apparently saves much more rebroad-
if the counter-based scheme is used. casts and leads to shorter average broadcast latencies. Un-

Figure 11 illustrates the performance of the location-baséattunately, the reachability is unacceptable at sparser areas
scheme at various threshold valuesdofNote that the values (such as 7x 7, 9 x 9, and 11x 11 maps). This is prob-
of A in the gure are chosen purposely to make a fair comably because when the number of hosts participating in re-
parison with the distance-based and counter-based schebmesdcasting is reduced (mostly by its step S1), the collisions
(recall the earlier discussion about how to choose the valuzsused by the hidden terminal problem will signi cantly re-
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Figure 12. Performance of the cluster-based scheme by applying the location-based scheme in its step S2. (a) The coveragevbraestoihchability
RE (shown in lines) and saved rebroadc8&B(shown in bars). (b) The coverage threshdldersus average latency.

In gure 14, we show theRE and SRBoffered by the
- counter-based, distance-based, and location-based schemes at
different threshold values in various map sizes. These data are
redrawn from gures 9(a), 10(a), and 11(a) throughy scat-
ter graphs. The-axis indicates th&E and they-axis indi-
cates theSRB So the parts closer to the upper-right corners
of these graphs are more desirable.
' 7 m head Figure 14(a) shows that in axd 1 map, botrREandSRB
e .- e gateway approach toward the upper-right corner of the graph as a “less
strict” threshold value is used in each of these three schemes
Figure 13. An example of the hidden terminal problem in the cluster-bas¢tless strict” in the sense that it is easier to satisfy the condi-
scheme. Hosta, C, andD are gatewaysi andE are cluster heads. iy to prohibit a broadcast packet from being rebroadcast).
For instanceC = 2 is less strict thart = 3, D = 147 is
duce the chance of successful transmissions. For exampes strict thanhD = 72, andA = 0.187 is less strict than
gure 13 illustrates an interesting scenario where a broadcast= 0.09. Since a 1x 1 map indicates a more crowded sce-
packet was propagated through gateway headB. AfterB  nario, this actually justi es the severity of the broadcast storm
rebroadcasts the message, gatewaymndD will try to re-  prohlem when mobile hosts are close to each other, and thus,

broadcast the message. Unfortunately, bec@uaadD can yeqycing the possibility of rebroadcasting is very important.
not hear each other, the two rebroadcasts fo@ndD are oyerall. the location-based scheme with= 0.187 is the

very likely to collide atE. Such problems of message corpagt choice.
ruption may signi cantly reduce the reachability, especially Figure 14(b) shows the same simulation results in a

in Sparser maps. - . . 3x 3map. The least strict threshold valu€s<£ 2, D = 147,
It is also worth mentioning thatlln gure 12(b) there IS an, g4 — 0.187) no longer offer the higheRE now. However,
anomaly that the broadcast latencies in-allmap are partic- the RE’s offered by all schemes at all threshold values are

;{/a;i IZV\gn-lrhE (I:Slut; fg?rl:z;a\c;l; Ov%?ﬂﬂﬁf?éﬁf rir‘]’éerré; | pretty satisfactory (all above 99%). So one could choose
9 y ) y a’scheme that offers the beSRB Overall, the counter-

;hoegb;fe%s;;q will be completed very quickly because thereb'gsed scheme witi = 2 and the location-based scheme with

A = 0.187 are better choices.
Figures 14(c)—(f) show the results in larger maps. Gen-
erally speaking, in all three schemes, the relationship be-

In the previous section, we have shown the reachabilityyeenRE and SRBshows a tradeoff: a highdXE will lead

(RE) and the saved rebroadcas&RB offered by different to a lowerSRB and vice versa. Thus, it really depends on
schemes at different threshold values. Apparently, it is desivhether one would emphasiRE or SRBwhen choosing
able to have higlRE as well as higtSRB In this section, we an appropriate threshold value. As to the performance of
try to establish the relationship between these two metridbese three schemes, the location-based scheme is still the
In addition, we also provide a comparison among differebest choice as its curve is closest to the upper-right corners
schemes. of these graphs.

4.2. The relationship between RE and SRB
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Figure 15. The effect of load dREandSRBin a 1x 1: (a) probabilistic scheme, (b) counter-based scheme, (c) distance-based scheme, and (d) location-based
scheme.

To conclude this section, observe that in each graph in der load actually means more contention and collision among
ure 14, there is a point “P1”, which indicates tREE and broadcast packets. The effect is more serious in denser maps
SRBoffered by the probabilistic scheme with = 1 (i.e., than in sparser maps. We believe that this can justify the
the ooding scheme, so itSRB= 0). As can be seen, ex-severity of the broadcast storm identi ed in this paper.
ceptin a 5x 5 map, it is always bene cial to adopt our pro-  Second, to increase the reachabiRty, a less strict thresh-
posed schemes as one can always nd a scheme which offgk$ value should be used in smaller maps, whereas a stricter
a higherREwith a non-zer&sRB threshold value should be used in larger maps. Taking
the counter-based scheme as an example, in gure 15(b), a
thresholdC = 2 will offer the highestRE in a 1 x 1 map.

In all previous simulations, we have used an arrival rate §fN€N @ larger 5< 5 map is considered, gure 16(b) shows
one broadcast request per second. We have also increasedf}fibthe counter-based scheme with= 2 is no longer the
arrival rates to 10, 20, 30, 40, and 50 broadcast requests ppt When the load is below 20 broadcast requests per second.
second to observe the effect. Four schemes, the probabilis#@Wever, it still has its advantage when the load is above 20.
counter-based, distance-based, and location-based scheM@¥ing to a much larger & 9 map, gure 17(b) shows that
were tested. The simulation results are shown in gures 16, = 2 Will offer the lowestRE The same scenario can be
16, and 17 for maps of sizex1L, 5x 5, and 99, respectively. observed in other schemes too. This observation also implies
Note that the value appended at each scheme indicatesttr alarger map can distribute the broadcast requests to larger
threshold value used. physical areas, and thus lower the severity of contention and
From these gures, we make three observations. First, wellision caused by rebroadcasting.
see an interesting fact that a heavier load will result in a lower Third, we observe that for all schemes, tBRBwill de-
reachability. This is true for all schemes, because a heavease as the load increases in & 1 map. This trend is

4.3. The effect of load
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Figure 16. The effect of load dREandSRBin a 5x 5: (a) probabilistic scheme, (b) counter-based scheme, (c) distance-based scheme, and (d) location-based
scheme.

very unfavorable because this means that there are more htstshost distribution is dense. The distance-based scheme
trying to help rebroadcast the broadcast packets, but the leliaks higher reachability than the counter-based scheme, but
of RE keeps on going down as load increases. Fortunatdlye amount of saving (in terms of the number of saved re-
in larger maps, such as6 5 and 9x 9, theSRBremains broadcasts) is not satisfactory. Among all, the location-based
almost unchanged as load increases. This again justi es tlsaheme is the best choice because it can eliminate most redun-
the more crowded the area is, the more serious the broadaistt rebroadcasts under all kinds of host distributions without
storm is. compromising reachability.
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