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Abstract . Broadcust is a common operation in mobile ad hoe networks {IMANETs). Many on-demard ad hoe
routing protocols resort o it to discover the route between any two nodes, It is also an imporiant means to dis-
seminate information in many MANET zpplications. An intuitive way for broadcast is flooding. However , with-
out well-designed control meehanisms, flooding will lead to seripus message redundaney. contention and colli-
sion. This paper proposes an efficient broadcast scheme based on the concept of connected dominating set (CDS)
in graph theory. The proposed scheme can reduce message redundancy significantly . while retaining the merits of
flooding. Simularion resulis show that the proposed scheme outperforms a distributed CDS-based algorithm and a
cluster-based approach.
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A mobile ad hoc network (MANET) is a wireless netwark self-crganized with mobile hosts communicating
over a shared wireless channel. Without the aid of fixed routing facilities, hosts in a MANET earc required to for-
ward packets for those located outside their radio coverage, thus forming a multi-hop network. Some characteris-
tics of MANETSs can be summarized as the absence of a wired hackhone or fixed infrastrucrure, dynamieally chang-
ing topelogy dus 1o unconstrained mobility, collision due to the broadeast feature of wireless communication, and
so on. Recent research efforts are mostly focused on the unicast and multicast routing in MANETs. The Interner‘
Cogineering Task Force (IETT) Las established » working group calied “manet”™- to study the network issues in
MANETs.

Broadeast is an important operation znd is expected to be performed frequently in MANETs, For exemple,
many on-demand Cor reactive) ad hoc reuting protocols (e, g, » DSREE, AODVE: , ODMRP!*') resort to hroadcast
to discover a Toute between rwo hosts or 1o update group membership and multicast routes, Broadeast is also a vi-
able vandidate for relisble multicast in MANETs with rapid changing 1epology™. Bruadeast will be a common op-
eration i1 many MANET applications that aceur in hattlefield nr major disaster areas.

Current approaches for broadeast in a MANET can be divided into three categories;

- Flooding and its variations, including the distance-based and Iocation-based schemes(®7.
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» Cluster or dominating set-based schemesl®593,

» Connected dumiuating sei-based schemes/"12],

Flooding is an inruitive way for broadeast. It requires minimal state retention except jor a mechanism te detect
duplicate messages (e. g. » by associating a sequence number with each broadcast message), Other merits of flood-
ing include minimal transfer delay because messages are propagated along the shortes1 pach from the source w eacl:
receiver. However, without an effective rontrol mechanism . flocding may result in serions redundancy . contention
and collisizn, which is reterred to as broadeast storm problem®™. In centrast with the [ormer two categories, the
schemes based an connected daminating ser (CDSY provide a most efficient way for broadeast becausce they attempt
to minimize the total number of wransmitted messages. The main point 5 current approaches is to construct a gun-
network called spine or virtual backbone thar approximates the minimum CDS of a network, Only the hosts in the
subnetwork are permitted to perform rebroadeast operations. Current approaches are costful in maintaming a hack-
hone structure in MANETs with frequently changing topology.

In this papers we propose an efficient broadcast scheme based on the distributed calculztion of & CDS in a net-
work., Assuming that radic propagation is omri-directional and each host has the same invariant transmission
range. a MANET can be represented by an unweighted, undirected graph. Given a graph G=(V,E), where V is
the set of mobile hoste and K is the set of edges, an edge (2,2) exists only if both host i and v arc within thesr ra-
dio coverage. Hosts u and v are said to be adjacent and called neighbors. A node set is a connected dominating set
il sach node not in the set is adjsceul to at least vue node in the set and the subgraph induced by the set is connect-
ed. Since it is an NP-complete prohlem to find a minimum CDS in a general graph™', we devalop a distributed al-
gorithm chat approximates the minimum CUS effectively, The algorithm starts from the broadcast source and se-
lects other hosts as dominating noces recursively. Only local tepology information is required in the calculation of
new dominating aodes. All the nodes picked out then fnrm a CDS of the network. Broadcast messages are propa-
gated in the network along with the calculadon of the CDS. Simulation results have showi that aur algorithm can
redice the broadeast redindancy significantly.

Section | briefly reviews the related work. Section 2 presents our broadcast algorithm, Simulstion resulss are

given in Section 3 and we conclude the paper in Secrion 4.
1 Related Works

The bruadcast storm problem is idemified and analyzed in Rel. [6]. Several schemes are classificd, namely
prahabilistic. counter-hased. distance-hased, lacation-hased and cluster-based schemes. The probabilistic scheme
is the simplest way, while the counter-based one diminishes duplicativn by utilizing the statistcal information of
duplicate messages. Both can not guarantee a message to be delivered to each host even if all hosts are statically
connected and no loss occurs due to collision. Distance-based and location-based schemes try to reduce broadcast
redundancy by utilizing the geometric information of mobile hosts, They require additivnal facilites e, g. » pusi-
tioning devices) to perform the operatians. The cluster-hased approach uses only ropological information to im-
prove the performance of broadcast. It is also called dominating se1-based approach because the cluster heads (or
cores) form a daminating sct of the network. It is scalable and effective, but requires additional cost to maintain
the cluster structure. Besides, it is sub-optimal in terms of message redundancy.

Connected dominating sets have been used to solve the routing problem in MAINETs!' ", These schemes
have been reviewed in Rel. [12]. Their main principle is to construct a virtnal backbone that approximates the min-
imum CDS of the retwork. Due to the dynamic nature of MANETs, it i costly to update the CDS while the net-
work topology changes frequently. Wu's approach 'Y can generate a CDS quickly (in 2 rounds), but the CDS siac

is not optimized.
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Multipaint Kelaving (MR) is proposed to minimize the overhead of flooding throughout o MANETT, In MR
approach, each router independently selects irs MR set periodically and all MR routers can form 2 CDS of the net-
work. As control overhead expenditure is required to support MR, it is pronosed as an optioral mechanism vsed
only when sufficient flooding traftic exists. Ho et al. argued that flooding can be a viable candidate for mulricast
prutocals in very dynamic ad hue networks™, Their simulation results show that even flooding is insufficient for
reliable multicast when mobility is very high, We helieve that by reducing the broadcast redundancy, we can re-

duce the packet loss due to contertion or collision, and potentially enhance the reliabilisy of broadeast,
2 CDS-Based Broadcast Algorithm

2.1 Graph netation

Given an undirected graph G— (V3 EY, whore V is the node set and E [s the edge set, the neighbor set of
nodes « is denoted as N(w). The &-hop neighbor set of u, denoted as N., is the set of nodes which can be reached
by exactly £ hops from «. The distance of twe ncdes is the shortest path length between thein s denoted as iy o)
for nodes « and ». Hosts periodically exchange their neighhor sets with their neighhors. So. each host can obtaia
the loral tapology information i two hops. For host u, the two-hop neighbor graph of u is denoted ax GN(uy=
(VNLENY, where VN—{u! UNGOUN: Gy EN= {{w,o) [Gwvi £ and wi& Nu) b,

We denore 2 CDS of ¢; by C. Each node in € is called a dominating nade {abbreviazed to DNODE ia the follow-
ing text ). For brosdeast, we call the dominating node as broaceast relay gareway. Fach node o in G has a unique
dominator, dom («), which is a DNODE adjacent 10 «, or itself if « is a DNODE. I dom (z,) =1, dom () =
wzsr e sdomGe, )=,y and dom (z) =z, s then wyses.. . o ate said to te the upper DNODESs of u. The set of up-
per DNODEs of « is denoted by Uluy.

2.2 Broadeast algorithm

When a host s ettempts 10 broadcast a user message 1o all other hosts In a MANET , it propagates the message
alemg with the CDS caleulation. Quly the hasts in 1the CDS will rebroadease the message. Tao distinguish whether a
host is a DINODE ot not, we assign each host « & marker M(x), whichis 0, 1, or 2. Initially, €&ch marker 1s set
tc 0 and will be changed to 1 or 2 after the algorithm linishes. A host whose marker is 1is not 2 BNODE bu: adje-
cent 1o at least one DNODE. All Losts whose sarkers ave set to 2 make up a CDS of the network.

In cur algorithm, the host from which « receives the broadcas: message firstly is desigrated as the deminator
of . Threrefore, I7(«) is just the act of hosts in the message path from the source to 4. Local topelogy informa-
tion, that is, the two-hop neighbar graoh of . is urtilized by « to calculate new DNODEs, if w is a DNODE. U
{1 is used hy host « to get rid of the hosts that have been counted in previous calenlations. Then. like MR-,
new DNODEs are chosen from N () to caover the remaining nodes in N, {(u) so that a host in N, () will be adjacent
to at least one DNODE which is chosen previously o7 chosen by # Let the set of new DNODES chasen by « be DNV
(). After DN(u) is determined, u rebroadcasts the user message piggybacking with the information of DN (a)
and the upper DNODE set of the new DNODEs, The new DNODEs perform the same operations to select other
dominating nodes.

Assume the source ncde is 5. The algorithm consists of the folowing steps.

A. All markers are set to 0. U (s) is set to be an empty list.

B. Sel M) to % Lei sexecute the node operations in Steps (23~ (8) described below. New DNODE set DN
(s} wll be generated. (Note the operanians in Steps (2, 13 and (2. 2) will not be executed by 5. )

(. For each DNODE, let it execute she node operztions described below. Then new DNODLs will be picked
qut. This procedure is recursively executed until there is no new DNODE generated.

¢ Node operations

© B

KAFWFFOIT  hitp:/ www. jos. org. cn




332 Journal of Seftware $HFI  2001.12(4)

When host « receives a broadcast message from r, it knows DN (7) and its upper DNODE set U (2) deter-
mined by ». Then it performs the following operations.

) If M(G)=20, then stop; else, ler domte) —7, If « € DN (), then let M(u) =1, stop; else let MG =2,
DN{(u)=¢ (empty list}, continue the following steps.

(2> Reduce the two-hop neighbor graph CN;(u) according 10 the following rules:

{2.1) If a node is or is adjacent to a DNODE previously setected. then remove it. I'hat is, remove the nodss
in IJ (#) ; remove the nodes adjacent to any node in U(x); remove the edges associated with these nodes.

(2. 2) If a node is in XN (#) or adjacent to a node listed hefore u in DN (r}, then remove the node and remove
the edges associated with it.

£2. 3) Remove the edge berween two neighbors of «

{2. 4) Remove the node whose degree decreasss to zero.

‘ Denote the remaining graph as G,— (V,, F.3. Then we have V, SN GO UN G, E.= {{w,v) fwE Niw) and v
EN;(udi.

(3) Let §;=V,NCurs Sy=V. [N (u). If §;=¢, then goto (8); clse continue,

(4) Calculate the degrees of nodes in .. If there is 1 node in §; whose degree is 1, then ler the node in §; ad-
jacent to it be v; or else. let the node in 5, with maximum degree be v.

(5) Let DN{z>=DN(x)U {v}. Remove node v and any node in 5; adjacent to » from ,. Goto (3.

(6 Broadcast user message to all neigh3o1s of «, piggybacking the information of DN {z) and the upper domi-
nating node set which is U7 Cu) ) {u}. Stop.

By simple analysis, we obtain the following results.

Lemma 1. Given an undirected connected graph G, -he duminating node set computed by the above algerithm
forms a CDS of G.

Proof. TFirsily., we note that if a node is chosen as DNODE, then it will exccute the node operations to se-
lect new DNODEs, The operations of DNODE # ensure that any node in GN;(z) will be a DNODE or is adjacent
tu at least one DNODE. Let C be the resultant DNODE set,

For any node u in &, we will prove that # is in C or adjacent ro at least one ncde in €. Assign the length of
each edge to be 1. Assume u is not in (. As the source 5 is the first DNODE, if d (.s)<C3, then « is in GN.(s]
and we come te the conclusion. Assume any node whose distance to s is less than K (X >>2) hops is in C or adja-
cent to at least one node in €. For node », where d(u,5}=K, we denote the next hop on the shortest path from
t0 s by 7. 1f o is in € then the conclusion is true, Or else, because d{v,5)<K, v will be adjacent to a DNODE a¢-
cotding 1o the assumption. Denote this DNODE as w, then » must be in GN,(w) and the conclusion is proved.

Because G is conuected, the distance [rom any node to 1 is {inite. Sos in summary, € will be a dominating set
of . Since a DNODE always chooses new DINODEs from its neighbor net, then € must be a CDS of G. 1

5/0\ Lemma 2. Assume all links have the same transfer delay
4 [ 0 DNGsy={Ah

o /’/’? DN(a) =g and al. hosts take the same time to process a broadcast message
N / ¢ /\d gﬁégig} and no loss oceurs due to eollision. Tn the above algorithm,
O/ h/ 'ﬂ""" CX— {5,a,b,c}

hroadeast messages are propagated along the shorrest path from

® Domizating node )
the source to any host in a MANET.

Fig.1 Sample CDS computed by the algorthm

Frouf. Fisily, we vole, by executing the operations de-
scribed above, a DNODE selects new DNODEs to cover all the nodes in its 2-hop neighbor set which are not cov-
ered by other DNODEs. If it takes % hops to transfer a broadcast message from sourec s to «, then the message
will be delivered to any host in less than &£+ 2 hops,

For the hosts in GN,{s), we come 1o the conclusion by considering the operations of 5. Assume the shortest
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path is taken to transfer a broadcast measage from 5 t0 any node whose distance to s is less than K hops (KX2>>2).
For node u, where d(u,5)=K , we denote the next hop on the shortest path from u to s as v. According to the as-
sumption, a broadeast message will ake K — | hops 10 arrive at v. If v is a dominating node, a broadcast message
will be propagated to = in K hops. Or else, « is in GN;{dom ()} and broadcast messages will be delivered to com
() in K—2 haps. (Nate that = receives a broadcast message from dom (2}, ) The message will be transferred to =
in no more than K hops. Therefore, it takes £ hops to transfer a broadcast message from s to w. [}

We can apply the following rule upon the resultznt £DS to reduce its size.

Rule 1. K ¢ is a dominaling node, but for each node w in N (), dom(ze)v75v, then set M(v) to 1.

After the broadcast algorithm finishes, a spanning tree rooted at s is formed according to the dominator rela-

tionship. By applying the above rule, the dominating nodes that are leaf nodes of the tree will be removed.
3 Performance Evaluation

To compare the performance of our algorithm with others, we adopt a cluster-based broadcast clgorithm
(CBBA) as follows. Clusters are [onned according 1o the algorithm in Ref. [§]. The cluster formation rules are;

+ If there is no cluster bead adjacent to host u, then set # to be the cluster head;

= If two hoads arc ncighbors, then change the one with lower ID or 1P address) to cluster member.

The hosts in the shortest path between two heads whose distance is at most 3 hops are designzsted as broadeast
relay gateways. Obwiously, the cluster heads plus these gateways constitute a CDS of the network,

Figure 2 is an example that illustrates the broadcast procedures in our algorithm, the CBBA and Wu's algo-
rithm (referred to as WL }%. Node 0 is the hroadcast saurce. The atrows show the directions of the data flows.
(Not all are shown.) Note, the ne:ghbors of a node can receive a messege in one transmission because of the

broadeast feature of wireless channel,

5
o8 o0
L] 8 Q
FAN 3 /ﬁ'\'\'\":-::p Vs
1 wxhn 1 H
A { 52 ///\:\%
2¢ AR B Sl 2¢ .
@ Deminating nede 0 Cluster head @ Droadcast relay gateway & Donunating node
(a) Our algorithm (b} Cluster Based broadcasr algorithm (¢) Wu's algonitdun

Fig. 2  An example

Random graphs are generated in maps with sizes of 106X 100, 300 100, and 500X 100 units. Mobile hosts
are placed in the map randomly. For each host, its position in the map is assuried as (r.y). The value of » coordi-
rate is a random number distributed uniformly berween 0 and the map lengta, while that of y coordinate 15 dis-
tributed uniformly between 0 and the map width. There is a link between two hosts only if their geometric distance
is leas than the wireless tranamission range. If the gencrated graph is cisconunected s we simply discard it and re-
generate a graph with the same parameters. Given the experiment pasrameters, we generite a random connected
graph 100 rimes., For each case, we run our algorithm, Wu's algorithm ard the CBBA and take the average.
Movement of mobile hosts is not considered here, for we arc focused on the broadeast redundancy in this paper.

“he experiment parzmeters are swnmarized in Table 1. The experiment results are shown in Figs. 3~5.
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Table 1 Experiment parameters
Para. Value Description
L 160, 36C, 500 Map lengta
w 100 Map width
N 20,40, .., 160 Number of moaile kosts
Fid 20,30,...,10C Wireless transmission range
&0 —6—CBBA
—B—WL
50 F =—&r—PL MIN
—¥—PL_MAX
240 —¥—PI_AVE
g —6—PL_MIN(rule 1}
w 30 F —+—PL_MAX(rulc 1)
—=——PL_AVE(1ule |
Yoot AR [)
10
0
a0 40 50 60 T 70 80 90 10K}
Transmission range
L=300, W=100. N=100
Fig.3 CDS size vs, wireless transmission range
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Fig.4 Saved rebroadesst vs, wireless transmission range
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04 . 4 ., —®—PLAVE 08 L TECPLAVE
20 A0 60 0 100 120 140 160 20 40 6 &0 100 120 140 160
Number of nodes

Number of nodes
(a) L=100, W= 100, R=§0
Fig. 5

(b) £L=1300, W=140, R=8D

Saved rebraadcast vs. node number

Figure 3 shows the CDS size obtained from these algorithms. DBecause our algorithm is source-dependent, it is

tested with each node as 2

source. Then we caleulate the minitnal, maximal and average CDS sizes, which ate

shown by the curves PL_MIN, PL._MAX and PL. .AVE. Applying rule 1 to optimize the results in our algorithm,
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we get other three curves, From Fig. 3, we can see that the CDS size of all approaches decrcases with the increas-
ing of wireless transmission range. As we note, large transmission range will result in dense networks with rich
connections. So, the network diameter is expected to decrease and the CDS size will decrease also. While the per-
formance of CBBA and Wu’s scheme is close to the worst case in our algorithm (curve PL_MAX?), our algorithm
gets smaller CDSs on average, especially with small radio coverage. Optimizing with rule 1, we can reduce the
CDS size further. Figures 4 and 5 itlustrate the saved rebroadcast ratio with respect t¢ map size. network size and
transmission range. The saved rebroadcast ratio is defined as (N—TX)/N, where N s the total number of mobile
hosts and TX is the number of hosts that actually rebroadcast the messzge, Similar results van be observed [rom
these figures. The broadcast redundancy is reduced significantly. Our algorithm outperforms the CBBA and WL in
each case. Wu's scheme achieves slightly better performance than CBBA ., which essures us of the superiority of

CDS-based approaches over cluster-based appreaches.
4 Conclusions

In this paper, an efficient broadceast algorichm for mebile ad hue nerworks is proposed. In the algorithm, =
broadrast message is propagated to every host along with the distributed calculation of a CDS of the network. Only
local topelogy information is required and no backbone or cluster structure shonld be maintained. The simulation
results show that the proposed scheme can reduce the broadcast redundancy significantly. Future work includes

producing a refined broadcast protocal for MANETSs and the simulation involving the movement of mobile hosts.
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