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Abstract—We propose a general framework for broadcasting challenges than the one in wired networks for two reasons:
in ad hoc networks through self-pruning. The approach is based node mobility and scarce system resources. Because of the
on selecting a small subset of hosts (also called nodes) to form diversity in node movement patterns, there is no single optimal
forward node set to carry out a broadcast process. Each node, . . . ' e
upon receiving a broadcast packet, determines whether to for- sch_eme for all situations in ad hoc networ!«;_. In a low mobility
ward the packet based on two neighborhood coverage conditions €nvironment, tree-based schemes suchmasmal connected
proposed in this paper. These coverage conditions depend ondominating set(MCDS) [2] are better in reducing resource
neighbor connectivity and history of visited nodes, and in general, consumption. In a high mobility environment, simple flooding
resort to global network information. Using local information is the only way to achieve the full coverage; that is, the

such ask-hop neighborhood information, the forward node set broadcast ket i teed to b ived b d
is selected through a distributed and local pruning process. The Proadcast packet is guaranieed 1o be received by every node

forward node set can be constructed and maintained through in the network, providing there is no packet loss caused by
either a proactive process (i.e., “up-to-date”) or a reactive process collision in the MAC layer. Williams and Camp [3] divided

(i.e., "on-the-fly"). Several existing broadcast algorithms can be proadcast techniques into four categories: simple flooding,
viewed as special cases of the coverage conditions withhop 5 apility-based methods, area-based methods, and neighbor-

neighborhood information. Simulation results show that new - .
algorithms, which are more efficient than existing ones, can be knowledge-based methods. When a packet is broadcast via

derived from the coverage conditions, and self-pruning based on Simple flooding, it is forwarded by every node in the network
2- or 3-hop neighborhood information is relatively cost-effective. exactly once. Simple flooding ensures the coverage, but it

also has the largesbrward node setand may cause net-
work congestion and collision. Probability- and area-based
methods [4] are proposed to solve the so-caltedadcast
I. INTRODUCTION storm problem In these schemes, each node will estimate

Recent advances in technology have provided porta 'ﬁa potential contribution to the overall broadcasting before
computers with wireless interfaces that allow network co orwarding a broadcast packet. If the estimated contribution is

munication among mobile users. The resulting computiA wer than a given threshold, it will not forward the packet.

environment, which is often referred to as mobile computing, e;e mel_t|hods ger][ﬁrate fma:!er forvx;r;\lrddnode gets thantS|mpOIle
no longer requires users to maintain a fixed and universa oding. However, the estimation methods are inaccurate an

known position in the network and enables almost nof: Rln(_)thebnsulie thle (fjull ct())verzge. thod based the fol
restricted mobility. It is argued that future wireless computing '\ ' 1P0r-Knowledge-based methods are based on the 1ol

will be converged to be more ad hoc and reconfigurable [ _v;nn?f |dea:dT0 3VO.'d flolod;ng tge \.Nhﬁle trr:et\;vork, ‘3 smdall
An ad hoc wireless networKor simply ad hoc network et olforward nodess selected. basically, the forward node

is a special type of wireless mobile network in which et f_orm_s a:onnected domlngtlng S€CDS). A n(_)de S.E:t 'S a
collection of mobile hosts with wireless network interfaceS0m!nating set if every node in the network is either in the set

form a temporary network, without the aid of any established the ITe'S;’thk)]cofr of a godedm thetﬁet. ghe chalkfanci;eblsl to tseleckt
infrastructure (i.e., base stations) or centralized administratigp 12! S€t of forward nodes in the absence ot global networ

e i itchi “Th licati " h ormation. It has been proved that finding the smallest set
(le., mobile switching centers) e applications of ad S(Ef_forward nodes with global network information is NP-hard.

In the absence of global network information, this problem

Broadcasting is more frequent in ad hoc networks than Ii% even more challenging. Heuristic methods are normally

wired networks, especially as the basic vehicle for on—demaHaed to balance cost (in collecting network information and

route discovery. Broadcasting in ad hoc networks poses mgpedemsmn maIgng) and effectiveness (in deriving a small
connected dominating set).

1This work was supported in part by NSF grant CCR 9900646 and grant Neig_hbor'kr?OWIEdge'b_ased_ algorithms can be further di-
ANI 0073736. vided into neighbor-designatingmethods andself-pruning

Index Terms— Ad hoc networks, broadcasting, localized algo-
rithms, pruning. ?

and-rescue) and military use (battlefield).



methods. In neighbor-designating methods [5], [6], [7], [8], The rest of this paper is organized as follows: Section 2
the forwarding status of each node is determined by iistroduces our general self-pruning algorithm based on two
neighbors. Basically, the source node selects a subset of its)éighborhood coverage conditions. Section 3 reviews several
hop neighbors as forward nodes to cover its 2-hop neighboesisting broadcast algorithms as the special cases of this
This forward node list is piggybacked in the broadcast packegeneral algorithm. Section 4 compares the performance of
Each forward node in turn designates its own forward nodifferent broadcast algorithms via simulation, and Section 5
list. Most neighbor-designating methods use similar heuristiegoncludes the paper.
In multipoint relaying[8], the complete 2-hop neighbor set
shall be covered, since it is independent of any particular Il. BROADCASTING THROUGH SELF-PRUNING
broadcasting. Idominant pruning[5], only a partial 2-hop ~ For broadcasting based on self-pruning, each node may
neighbor set shall be covered by taking the advantage @itermine its own status as a forward node or non-forward
routing history information; nodes that are also the 1-hdpde (1) before a broadcast packet is received [9], [10], [14],
neighbors of the last visited node are excluded in the currdsd after the first copy of a broadcast packet is received [13],
coverage. This is also the case in AHBP [7]. A more efficie (3) after several copies of a broadcast packet are received
algorithm is proposed recently by Lou and Wu [6], wher€l1], [12]. Algorithms in category (1) produce a relatively
not only the 1-hop neighbors but also some of the 2_h§F§abIe forward node set and can also be used in unicasting
neighbors of the last visited node are excluded from ti@d multicasting. However, by neglecting the routing history,
current set to be covered. In self-pruning methods [9], [1d]jey also produce the largest forward node set among the three.
[11], [12], [13], [14], each node makes its local decision oAlgorithms in category (2) can produce a smaller forward node
forwarding status: forwarding or non-forwarding. Althougt$et than algorithms in category (1) by considering the routing
these algorithms are based on similar ideas, this similarfistory. Algorithms in category (3) can further reduce the size
is not recognized or discussed in depth. Fair comparis6h @ forward node set at the expense of longer end-to-end
Of these a|gorithms iS Compncated by the |ack Of in_depmelay. In the fO!IOWing diSCUSSiOI’l, We.assume that eaCh node
understanding of the effect of the underlying mechanisnf@n determine its own status at any time.
such as .neighporhood information collection, .pi.ggybackinlg_ Neighbor set coverage and coverage conditions
routing history in broadcast packets, type of priority value to
establish a total order among mobile hosts, etc.

We propose a generic scheme for broadcasting based
self-pruning. In this approach, each node, upon receiving
broadcast packet, determines whether to forward the pac

based on a neighborhood coverage condition. Two now ) h ted dominati fi tructed
coverage conditions are proposed in this paper and b yramic approacn, a connected dominating set 1S constructe

will generate a connected dominating set. One conditi Er a particular broadcast request, and it is dependent on

will generate a smaller set than the other, but has a higﬁ ?Iocat\|/(\)/n of the S(:ﬁrie. atnhd t(;\e progress of thhe broe:]dca(sjt
computation cost. Using local information such ashop process YV assume that in the dynamic approach, each node

neighborhood information for a smal| the forward node set v d.etermtlntﬁs Its Stat\u; o?—the—fly Whﬁ? Eht(; brt?adc(:jast ?aCkit t
is selected through a distributed and local pruning process. TE)QVeS at the node. Ve aiso assume that the broadcast packe

Here we propose a simple distributed heuristic approach
t(()mdetermine a small connected dominating set used as the
f%(ward node set. Two approaches can be adopted: In the static
R roach, a connected dominating set is constructed based on
e network topology, but irrelative to any broadcasting. In the

forward node set can be constructed and maintained throJgft 2"1ves ab canies information oh most recently visited
either a proactive process (i.e., “up-to-date”) or a reactiV des for a smalk and the corresponding node set is denoted

process (i.e., “on-the-fly”). Note that in a reactive procesg:SD(v)' This assumption does not lose any generality, since

the decision at each node can be postponed so that it ggcan a_ssumé_ to be 0 when the packet does not carry any
higher chance of becoming a non-forward node by overheari ting history information. . . _
its neighbors’ forwarding activities. Different implementations n the proposed sglf-prunlng scheme, _each node decides its
of self-pruning based ork-hop neighborhood information V" status (forward-ing/non-forwarding) independently based
are discussed, and their performances are compared throﬂahthe following condition in the static approach.

simulation. The proposed scheme provides a general frame

work that includes several existing broadcast protocols. frPverage Condition I (static):

addition, the proposed framework is more powerful than anyNode v has a non-forward node status if for any two
of these protocols, which is confirmed by simulation result§€ighborsu and w, a replacement patfexists that connects
The simulation study also shows that the coverage conditiohs®nd w via several intermediate nodes (if any) with higher
achieve good balance between performance and overhead WfiRrity values than the priority value af.

2- or 3-hop neighborhood information, which happens to be

the settings of most existing algorithms. In this paper, we Note that “replacement” can be applied iteratively. To avoid
assume target networks with moderate mobility, where neg@essible “cyclic dependency” situations, a total order is defined
to-accurate normat-hop information can be maintained witha priori among nodes. A simple solution is to use node id
affordable cost, especially for a small to define the total order, although other measures such as
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Fig. 2. Maximal replacement path far; .
Fig. 1. A sample maximal replacement path.

Next we show that cannot be replaced. If is is replaced
node degree can also be adopted. Note that intermediate ndsiepath P, then MAXMIN(u, z,v), P, MAXMIN(z,w, v)) is
may not exist. In this case; andw are directly connected. another replacement path fer that connectsu and w (if
In a formal term, assume thatis a non-forward node. Let it is a walk with multiple occurrences of a node, multiple
N(v) be the neighbor set of node then for anyu,w € occurrences can be easily removed to form a path). Clearly,
N(v), a replacement patfu, uq, us, ..., u;, w) exists such that all the nodes in this path has a higher priority thamvhich
id(u;) > id(v) for 1 < i <. contradicts to the fact that is a max-min node. [ |
Next we define a special replacement path, catfekimal : .
replacement pathsuch that all intermediate nodes (if any) Figure 1 shows a sample maximal replacement path con-
st‘ucted from theMAx-MIN procedure by including andw

are forward nodes. That is, none of the nodes in the maximae% the two ends. In this example has a priority of 2. We use
replacement path can be replaced. ' pie, P y '

Definition 1: Max-min node fol(u, w, v): A minimum node node '? shas noile g”c:l”.t'et‘;’]' Nodes V.V'th p;o;;les Iow’zr t(?an
in a path is a node with the lowest priority. Assufig;} is are not shown. Node 4 s the max-min node(fojw, v). Node

the set of replacement paths for nodéhat connect: andw. 6 is the max-min node fofu, 4, v) and_node Bisthe max-min
A max-min noden {P;} is a node with the highest priority node for(u, 6, v). Therefore, the maximal replacement path is
among all the minimum nodes ifP; }. (u,8,6,4,v).

Next we define a procedure calld@iaAXxMIN to constructa  Theorem 1:Given a graphG = (V, E) that is connected

maximal replacement path fer that connects, and w. but not a complete graph, the vertex subiget derived based
on coverage condition |, forms a connected dominating set of
MAXMIN (u, w, v): G
1 if w andw are directly connectethen return §. Proof: We first show thatl’’ forms a dominating set.
2: Find the max-min node: for (u, w,v). Randomly select a vertexin V. We show that is either in
3: return path (MAXMIN(u, 2, v), 2, MAXMIN(z,w,v)). V' or adjacent to a vertex iv". If v is a forward node, the

. theorem holds. For the remaining case, we will show that there
_ Lemma 1:The procedurddAXMiN(u, w, v) will complete o ;4o neighboring forward node. Sincds a non-forward
in a f|r.1|fce number of §teps and generate a replacement p Hde, for any two neighbors of there is a replacement path
In addition, any node in the path cannot be further replace r v that connects these two neighbors. There exists at least
Proof: If nodes v and 2 (and nodesx and w) are one neighbor: of v such that there isv € N(u), butw ¢

not directly connected, the max-min node far,z,v) (and N(v) U {v} (otherwise,G is a complete graph). Let be
the one for(z,w,v)) has a higher priority than the priority such a neighbor with the highest priority. Clearly, there is no
of x, because there exists at least one path freno = replacement path fox that connects and w and, henceyu
(and fromz to w) via intermediate nodes with higher pri-is a forward node.
orities than the priority ofz. Similarly, all nodes selected Next we show that’' is connected. Randomly select two
by MAXMIN(u,z,v) (and MAXMIN(z,w,v)) have higher nodesu andw in V'. Assume that(u, uy, ug, ..., u;,w) is
priorities than the priority ofz. That is, z does not appear a path inG that connects: and w. If u; is a non-forward
in eitherMAXMIN (u, z,v) or MAXMIN(z, w, v). node, find a maximal replacement path for that connects

To show that MAXMIN(u,z,v) and MAXMIN(z,w,v) u to us. AsSsume that; is the last intermediate node of the
have no common element, we assume tatx MIN(u, z,v) maximal replacement path (if andw are directly connected,

= UL, U2, ..., Uy aNd MAXMIN(z,w,v) = x1,22,...,2,. v1iSuitself). Repeat the above process(on, us, ..., u;, w) to
Supposeu; = xj, then (u,u1,...,u;, Tjq1,...,Zn,w) IS & replaceus (see Figure 2). Ifi; is a forward nodeys is skipped
replacement path for that connects: andw. The fact that and repeat the above process @n, ..., u;, w). Eventually,

all nodes in this path have a higher priority thaontradicts wuq,uo, ..., andu; are all replaced or skipped and the resultant
to the fact that: is a max-min node. Since each recursive caflath connects andw with forward nodes only (if it is a walk

of the max-min procedure selects a distinct node, this procegith multiple occurrences of a node, multiple occurrences can
will complete in finite steps. be easily removed to form a path). ]



9

10
AN 5 6
\ 7 8
2 5 2 5 2 3
4

(a (b)

Fig. 3. (a) Forward node set without routing history (static). (b) Forwarfid- 4. Node 4 satisfies coverage condition | but not coverage condition II.
node set with routing history (dynamic) with node 3 being the source (visited
node). Black nodes are visited nodes and gray nodes are forward nodes.

nodes or nodes with higher priorities thas priority. Clearly,

) ) all nodes inC(v) are within two hops ofv. Note thatC'(v)
When the network is a complete graph, there is no need @y include some neighbors of

forwarding node. One transmission from the source reaches

all the nodes. We can extend the static version of coverage

condition | to the dynamic version by including visited node€overage Condition Il (dynamic):

(i.e., nodes that have forwarded the broadcast packet). ByNodev has a non-forward node status if it has a coverage
treating all visited nodes as a regular forward node with tlst. In addition, the coverage set belongs to a connected
highest priority (i.e., higher than all forward nodes), all theomponent of the subgraph induced from visited nodes and
results for the static condition still holds for the dynami®odes with higher priority values than the priority valuevof
condition. Note that the static condition is a special case of

the dynamic condition (i.e., one without any visited node).

The above procedure can be formalized as follows: Denote
N (v) as thek-hop neighbor set of nodeand N, (v), simply
gV(v), is the neighbor set of. C(v) is the coverage set for

neighborsu andw, a replacement patlexists that connects Y such thatC(v) € Ny(v) and for anyu & O&’)' either
andw via several intermediate nodes (if any) with either highéfl(“) > id(v) oru € D(v). For anyu, w € C(v), there exists

priority values than the priority value afor with visited node & Path (u, u1, uz, ..., u;, w) such that eitherd(u;) > id(v)
status. or u; € D(v). Note that ifC(v) is a coverage node set then

C(v)U{u} is also a coverage node set providétv) < id(u)
Figure 3 shows two examples of forward node set on ﬂg)ru is a visited node. Therefore, connecting nodes can be part

; : : the coverage set and many coverage sets exist. Extendin
same network: one without routing history based on the sta?c g y g 9
. . . . “the coverage set beyorid;(v), we have a connected coverage
coverage condition 1 (Figure 3 (a)) and one with routin

. . . . 1.
history based on the dynamic coverage condition 1 (Figure §
(b)). In the example with routing history, it is assumed that the Theorem 2:Coverage condition Il is stronger than coverage
up-stream routing history is piggybacked with the broadcastndition I.
packet. Because node 3 is a visited node, node 5 can conclude . _— . .
) . : Proof: When a nodey satisfies coverage condition Il, it
that it should be a non-forward node since any two ne|ghbor§ o I .
: alzo satisfies coverage condition I. Because the existence of a
can be connected using nodes 3 and 8. The forward node sée o .
. . : onnected coverage set implies the existence of a replacement
derived from Figure 3 (a) can also be interpreted as one fér .
. : L : ath for any two neighbors. [ ]
any broadcasting without considering the location of sourcé
To check coverage condition |, each node needs to checkdowever, the reverse situation normally does not hold as
every pair of its neighbors. There a@(A?) such pairs, shown in the example of Figure 4, where there is no connected
where A is the maximum vertex degree in the network. ltoverage set of node 4. The following theorem shows that
order to reduce the computation complexity at each nodmverage condition | is more costly than coverage condition

we consider in the following another pruning method, calleld

coverage condition Il, and show that coverage condition ITheorem 3:The computation complexity of coverage con-
covers coverage condition 1l (i.e., coverage condition Il '8 : 2 -
" . : ition | is O(nA*®) at nodev and that of coverage condition Il

stronger than coverage condition ). Simulation results show . .

o . ; IS O(nA), wheren is the number of visited nodes and nodes
that these two conditions are very close in reducing the numbeE ; e

with higher priority values tham.
of forward nodes.
A setC(v) is called acoverage sebf v if the neighbor set Proof: Let v be the current node, an@ (v) be the

of v can be “covered” by nodes ifi(v), i.e., N(v) —C(v) C subgraph ofG induced from visited nodes and nodes with

Uuec(v)N(u). In addition, nodes inC(v) are either visited higher priority values tham. For coverage condition |, first

Coverage Condition | (dynamic):
Node v has a non-forward node status if for any tw




decomposeG'(v) into connected componentg, V5,...,V;
(via depth-first search with a cost aP(nA)). For each
component/;, compute the set of covered neighbdfs$V;) =
Uwer, (N(w) NN (v)) (O(nA)). After the construction of the
new graphG” (v) = (V" (v), E" (v)), whereV" (v) = N(v)
andE” (v) = U._, (N(Vi)x N(V;)) (O(nA2)), since(u, w) €
E" (v) iff a replacement path exists that connects nodesid
w, coverage condition | is equivalent t6:* (v) is a complete
graph” (O(A?)). The overall complexity i€ (nA?).

For coverage condition Il, decompogg (v) and compute
N(V;) (i = 1,2,...,1) in the same way as for coverage
condition | (O(nA)), then check if there exists & such that
N(v) € N(V;) (O(nA)). The overall complexity i2(nA).

[ |

routing path to v
pruning candidate

coverage node

N V) O N

B. Neighborhood information Fig. 5. Self-pruning based ak-hop neighborhood information.

Ni(v), k-hop neighbor set of node deserves more discus-
sion. We assume thatknows neighbor sedV; (v) (or N(v)), ) ) o
but not connections of nodes in the skthop neighbor set BY applying Theorem 3 onk-hop neighborhood, it is
(Nx(v)) is collected by neighbor set distribution from node§traightforward to prove the following theorem on the compu-
within & — 1 hops. In this case, nodeknows connections of tation complexity of coverage conditions I and Il withhop

all nodes withink — 1 hops, but only partial knowledge of @PProximation.

connections of nodes ih hops. In fact, only the connections  Thegrem 4:The computation complexity of coverage con-
between nodes ik — 1 hops and nodes ik hops are known ition | with k-hop approximation iO(k2D?) and that of
atwv. coverage condition Il withk-hop approximation i) (k?D?),
where D is the density of the network; that is, maximum

Coverage Condition | (k-hop approximation): number of nodes per unit area.
Node v has a non-forward node status if for any two

neighborsu and w, a replacement patfexists that connects Proc2)f: Considering the two Qparametgzrs in Theorem 3,
u andw via several intermediate nodes (if any) & (v) with & < 77°D = ¢D andn < W(kg’)_ D = ck*D, wherer is
either higher priorities than the priority ofor with the visited the transmitter range and= 7= is a constant. That is, for

node status. coverage condition I, the complexity @&(nA?) = O((ck®D)-
(eD)?) = O(k?>D?) and for coverage condition 11 i©(nA) =
O((ck®D) - (¢D)) = O(k*D?). [ |

Coverage Condition Il (k-hop approximation): e .
Node v has a non-forward node status if it has a coverage Similarly, we conclude that the size of each control packet
t is used to exchangé: — 1)-hop information among

set. In addition, the coverage set belongs to a connec g !
np_14A) = O(k*D?), where n;_, is the

component of the subgraph induced from visited nodes aﬂaigthFS isO( L=, h
nodes with higher priorities thaa's priority in Ny (v). number of nodes withirk — 1 hops. Obviously, the overhead

is higher with larger D. Although appropriate density is
. . . ) .. hecessary for network connectivity and redundancy, a very
Consider again the implementation of coverage conditiqunge network is inefficient in a shared media access scheme
I, we argue thatVs(v) is sgfﬁment to decide a coverage sety,.ase each node needs to contend @it) neighbors for
Although the complete neighbor set of a coverage node thal jinited pandwidth. On the other hand, the high density
is 2-hop away is missing\ (v) contains all connections that,ohiem can be avoided by techniques such as adjustable
eX|s_t betw_egr’vs _1-h0_p and 2-hop n_elghbors. Partial neighbqg,nsmitter range or clustering [15], [16] where a sparse graph
set is sufficient in this case for neighborhood coverage. O~ yerived consists of cluster heads and selected connectors.

viously, Nx(v) is not sufficient to determine the ConneCtiVityrherefore, both computation time and packet size will be
condition for coverage set, and we will resort A, (v), k- reasonably small

hop neighbor set as an approximation for global connectivity
checking. For coverage condition |, each replacement path is [1l. SPECIAL CASES
congtructed withiny, (v) aan(U)‘ . Here we consider several existing algorithms in the general
Figure 5 shows self-pruning based on coverage cond|t|onﬁ1(1Jl
S mework.
(k-hop approximation), where black nodes are coverage nodes
for pruning candidate. It is assumed that all coverage nodes Simple flooding Simple flooding can be viewed as a special
and connecting nodes are either visited nodes or nodes witdse of either coverage condition | or condition Il with O-
higher priorities than’s priority. hop neighborhood information. Because each node has no




neighborhood information, both conditions | and Il fail and no Y u
pruning can be accomplished. That is, every node is a forward w ,
node.

Wu and Li's algorithm: Wu and Li [14] proposed a ' ! ! !
marking procesgo determine a set of forward nodes (called @

gateway} that form a CDS: a node is marked as a gateway
if it has two neighbors that are not directly connected. These

y
gateways can be used as forward nodes in a broadcast proge
For example, node in Figure 6 (a) will not be marked as a v x
gateway, because all its neighbors are directly connected with s
(d)

® ©

each other. Obviously, when a neighbor f(e.g., nodeu) Y "
forwards a broadcast packet, it will be received by all other ’ "

neighbors (e.g., node). However, in Figures 6 (b) and 6 (c), ® 0
nodev will be marked as a gateway, because nodesdw u v

are not directly connected.

In Wu and Li's algorithm, two pruning rules are used u
together with the marking process to reduce the size of the v
resultant CDS. According to pruning Rule 1, a marked node

(i.e., gateway) can be unmarked (i.e., become a non-gateway)
if all of its neighbors are also neighbors of a coverage node,
which can be a neighbor or a neighbor’s neighbor, that has @ ®
a higher priority value. For example, nodein Figure 6 (b)
can be unmarked, because nodesand v are covered by a 6 S s that diff . _ hod v @ th .

: ; " : ; ig. 6.  Scenarios that different self-pruning methods apply: (a) the marking
gray node with hlgher priority thaa. ACCO_rdlng tQ prumng process, (b) Rule 1, (c) Rule 2, (d) neighbor elimination, (e) Ruyl€) the
Rule 2, a marked node can be unmarked if all of its neighbasighanced Span, (g) LENWB, and (h) an example that the coverage conditions
are also neighbors of two connected coverage nodes that hagemore powerful than the existing methods. The black nodes are visited
higher priority values. For example, nodén Figure 6 (c) can "°des and the gray nodes have higher priorities than
be unmarked, because nodeandw are covered by two gray

nodes with higher priorities. Note that two types of priority

can be used: node id and the combination of node degree &g further reduced by aeighbor eliminationalgorithm as
node id. follows: When a forward node receives a broadcast packet,

In order to implement the marking process and restrictdtead of forwarding the packet immediately, will wait
versions of pruning rules where the coverage nodes a{?é a packoff delay and monitor the forwarding activities of
neighbors only, 2-hop information is collected at each nodiS Neighbors. For each neighber that has forwarded the

That is, each node knows which nodes are its neighbors a@adcast packet, noderemovesN (u) from N (v). If N(v) is
neighbors’ neighbors. The computation complexitySigA?) not empty after the delay period, nodéorwards the broadcast

for the marking process an@(A?) for pruning Rules 1 and packet; otherwise, node becomes a non-forward node. For

2. If the coverage nodes are neighbors’ neighbors (the corf&@mPple, node in Figure 6 (d) can be eliminated, because
sponding implementation is non-restricted), 3-hop informatidl it neighbors are covered by two visited nodes. Note that
is collected at each node and the computation complexity” cannot be unmarked by Rule 1 or Rule 2, since there is no
of pruning Rules 1 and 2 becomé¥(n,A?), wheren, is Ccoverage node. _ _ _ _
the number of nodes within 2 hops and have higher priorities The Stojmenovic's algorithm can still be viewed as a special
thanv. Note that this computation happens only once as lo§Se qf coverage condltlon_ I.I, since all neighbors are covered
as the neighborhood topology remains the same. There ispVisited nodes and all visited nodes are connected (to the

extra computation for each incoming broadcast packet. ~ Source).
Wu and Li's algorithm is a special case of coverage condi- Dai and Wu's algorithm: Dai and Wu [10] extended

tion Il with 2- or 3-hop neighborhood information and no (i.e. . ; :
. X . the marking process by using a more general pruning rule.
0-hop) routing history. Furthermore, the size of the coverage . . 4
: . ccording to this pruning Rulek, a marked nodev can
set is restricted to be less than or equal to 2.

be unmarked if all of its neighbors are also neighborsk of
Stojmenovic’s algorithm: Stojmenovic et al [12] improved connected coverage nodes that have higher priority values.

the Wu and Li's marking process in two ways: (1) By usingderek is not a exact value: it can be any positive integer. Rules

geographic information, only 1-hop information is used t& and 2 are special cases of Rélevherek is restricted to 1

implement the marking process and Rules 1 and 2. Theaid 2, respectively. For example, nodén Figure 6 (e) can

is, each node only maintains a list of its neighbors arte unmarked according to Ruke because nodes andv are

their geographic positions. (2) The number of forward nodesvered by three nodes with higher priorities. Nadeannot




be unmarked by Rule 1 or 2, or the neighbor elimination 100 T —

AA\‘.&:,A | j
process. An efficient algorithm based on depth-first search was / o/ ~ NormalNodes ¢ |
proposed in [10] to implement the restricted version of Rule \//‘A\\‘/ dNOdesg

k, where coverage nodes must be neighbors. The computa’[ior;30
complexity of the restricted Rules is ©(A?). Simulation
results show that the restricted Rulés almost as efficient as
the non-restricted one in reducing the forward node set. :
Clearly, Dai and Wu’s algorithm is a special case of cov- eo w TN N— ]
erage condition Il. The restricted version of Dai and Wu's X
algorithm is also a special case of coverage condition Il with
2-hop neighborhood information and 0-hop routing history, as
Wu and Li's algorithm is, except that there is no restriction or
on the size of coverage set.

X ’:"\{7(

Span Chen et al [9] from MIT proposed th&panprotocol
to construct a set of forward nodes (also calbedrdinatorg.

A node v becomes a coordinator if it has two neighbors
that are not directly connected, indirectly connected via one
intermediate coordinator, or indirectly connected via two inter- ‘
mediate coordinators. Before a node changes its status from ° 20 40 60 80 100
non-coordinator to coordinator, it waits for a backoff delay

which is computed from its energy level, node degree, amg. 7. A sample broadcasting generateddsywith 38 forward nodes and
the number of pairs of its neighbors that are not directf2 non-forward nodes.

connected.

Span cannot ensure the coverage since two coordinator, ) ) ) )
may simultaneously change back to non-coordinators and {A rmat|on'and Its C‘?mP“‘a“O” complexity Q(Wé)' )
remaining coordinators may not form a CDS. To provide a -ENWB is a special case of coverage condition Il with
fair comparison of Span and other broadcast algorithms tafioP neighborhood information. Unlike other algorithms,
guarantee the full coverage, we use in this paper an enhan ENWB uses 1-hop routing history (i.e)(v) contains ex-
version of Span. That is, a node becomes a coordinator ity Oné node where the broadcast packet comes from).

has two neighbors that are not directly connected or indirectly olthough all the above algorithms can be viewed as special
connected via one or two intermediate nodes with highggses of coverage condition I or II, none of these algorithms
priority values. For example, nodein Figure 6 (f) is a non- exhausts the potential capability of these two conditions. For
coordinator, because the three neighbors afe either directly example, nodev in Figure 6 (h) can be pruned according
connected with each other, or connected via a node withyg coverage condition II, if 2-hop history information is
higher priority. The computation complexity for the enhancegiggybacked in the broadcast packet. In this case, visited node
algorithm is©(n3A?) at nodev, wheren; is the number of ; carries the visited node status @{assumingy has a lower
nodes within 3 hops that have higher priority values than priority than v). The two visited nodes and two nodes with
Note that nodev in Figure 6 (f) cannot be pruned by pruninghigher priorities form a connected component that covers the
Rule k, because nodes, w andz cannot be covered by apther two neighbors: and w. Note that nodev cannot be
single connected coverage node set. pruned by Rulek, enhanced Span or LENWB, since nodes

The enhanced Span algorithm is a special case of covergggnd w are not connected via nodes with higher priorities.
condition | with 3-hop neighborhood information and 0-hofrhe neighbor elimination process does not apply either, since
routing history. nodesz andw are not covered by visited nodes.

LENWB : Sucec and Marsic [13] from Rutgers proposed the
lightweight and efficient network-wide broadcg&tENWB)
protocol, which computes the forward node status on-the-fly. Our simulation study focuses on two aspects:
Whenever node receives a broadcast packet from a neighbor
u, it computes the se€ of nodes that are connected to
via nodes that have higher priority values thanlf N(v)
is contained inC, nodev is a non-forward node; otherwise,
it is a forward node. For example, nodein Figure 6 (Q)
is a non-forward node, because from the sendethe other
two neighborsr andw can be reached directly or via a node Parameters The general framework contains several con-
with a higher priority. Note that node is a forward node figuration parameters, such as type of coverage condition,
in all previous algorithms. LENWB uses 2-hop neighborhoaosize of neighborhood information that is collected at each

IV. SIMULATION

Efficiency: First we evaluate the performance of the cover-
age conditions in reducing the number of forward nodes. Be-
sides several special cases of the coverage conditions, MCDS
and a neighbor-designating algorithm are also simulated and
compared.



node ), size of routing history that is piggybacked in each Comprison with other methods, d=6

broadcast packeth, and type of priority value. Obviously, e e o p— ,
a weak coverage condition, largeand largeh will produce 8 S0 | | fase e Xx
a relatively small forward node set. On the other hand, they g 45|
also produce relatively high overhead. These parameters shall§ 40 XX e
be carefully tuned to balance the pruning efficiency and the & 357 e 1
overhead. % 30 ¢ e o
£ 25 T “ 1
The simulation is conducted with a custom simulatsr 2 0l e ¢ |
[17], which simulates several broadcast algorithms on random § 151 ) s i
ad hoc networks, including coverage conditions | and Il, < ;5| % ° |
marking process enhanced by pruning Rules 1 and 2, marking & .

process enhanced by pruning Rute enhanced Span, and 20 30 4 50 bﬁofh 0 80 %0 100
LENWB. Data for the enhanced neighbor designating algo- Number ofhosts
rithm is obtained from another simulator used in [6]. Unlike

Comprison with other methods, d=18
50

ns-2, where the entire network protocol stack is considered, as | BE;“SE fff:ff‘
ds considers only functions in the network layer, assuming an §  |LMCDS e o
ideal MAC layer without contention or collision. Simulations 5 __| < |
that cover the entire network protocol stack can be found £ | |
in [3]. To generate a random ad hoc network,hosts are “»é 25 | |
randomly placed in a restricte0 x 100 area. To study the 2l L |
behaviors of different algorithms under a given average node g il X e
degreed, the transmitter rangeis adjusted to produce exactly g ol e ' ] 4
%d links in the corresponding unit disk graph. Networks that 2 Al O @ ° |
cannot form a strongly connected graph are discarded. Figure 7 o e

shows a sample network generated dgy with 38 forward 20 30 4 50 60 70 80 90 100

nodes and 62 non-forward nodes. Every simulation is repeated Number of hosts

until the 90% confidence intervals of all average results are

within +£5%. Fig. 8. Performance of coverage condition | compared with other broadcast
methods.

A. Algorithm efficiency

The efficiencies of various broadcast algorithms are cornt-always hasn forward nodes. The probability- and area-
pared in terms of the numbers of forward nodes. We ségased methods are not considered, since we only compare the
an algorithm is more efficient than another algorithm if ialgorithms that ensure the coverage.
generates a smaller forward node set. For the sake of clarThroughout this section, we consider the performance of
ity, simulation results are organized into two groups: (1) each broadcast algorithm under two circumstances: relatively
“base” configuration of coverage conditions versus sevewsparse networks ¢ = 6, as shown in the left graph of
non-self-pruning broadcast schemes, and (2) the same biiggire 8), and relativelgensenetworks ¢ = 18, as shown in
configuration versus several existing schemes that are spethalright graph of Figure 8). In sparse networks, Base is about
cases of coverage conditions. One finding in our simulati®@®% worse than MCDS and 20% better than END. These
study is that the two coverage conditions have very similgatios maintain as the number of nodes increases from 20 to
properties and are hard to distinguish. Therefore, we omit [ing80. In dense networks, Base is about 40% worse than MCDS
representing coverage condition Il in most figures. and about 150% better than END. That is, coverage condition

Figure 8 compares efficiencies of three broadcast schemesith 2-hop approximation is closer to optimal than neighbor
The base configuration (Base) is coverage condition | wittesignating algorithms, and performs much better in dense
2-hop neighborhood information, 2-hop routing history, andetworks.
node degrees as priority values. The enhanced neighborFigure 9 compares several special cases of the coverage
designating algorithm (END) as described in [6] is the mosbnditions, including the same base implementation, Wu and
efficient neighbor designating algorithm. The third algorithrhi’s algorithm (Rules 1&2), Dai and Wu'’s algorithm (Rulg,
is based on Guha and Khuller’'s approximation algorithm tenhanced Span, and LENWB. For a fair comparison, all the
form a minimum connected dominating set (MCDS) [2]. Thispecial cases use 2-hop neighborhood information and node
algorithm is not localized, as it requires global informatiodegree as the priority value, except for enhanced Span, which
to compute the forward node set. However, it can produceuaes neighborhood connectivity as the priority value. Under all
near-optimal forward node set. Here we use it as a substitutiincumstances, Base is better than all existing algorithms. It is
of a “perfect” algorithm that produces the optimal result. Theot surprising, because Base combines the weakest coverage
simple flooding method does not appear in this figure, becauwsmdition (condition 1) and the longest routing history (2-hop).
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g. 9. Performance of severl special cases of coverage conditions. Fig. 10. Performance df-hop approximations of coverage conditions with
variousk’s.

Span and LENWB are very close to Base. Rules 1&2 is worse

than Rulesk, which in turn, is worse than Span, LENWB, and Parameter (1) is related to the size of control packets and
Base. The difference becomes small in sparse networks (abig\g converging speed. k-hop information is collected at each
10%) and significant in dense networks (about 20%). This @de, the size of control packets for exchangikg- 1)-hop
also understandable because Rules 1&2 and Ruee not information between neighbors 8(k*D?), and it needsk
specifically designed for broadcasting and, therefore, canrﬁ@%‘”ds of mformauon_exchange to converge after a change
take the advantage of routing history information. Overall, dff network topology. Figure 10 compares four configurations:
special cases exhibit quite similar efficiencies, and the genefar 7 = 2 (2-hop),k = h = 3 (3-hop),k = h = 4 (4-hop),

framework is more efficient than any existing algorithms. @ndk = h = 5 (5-hop). All these configurations use node
degree as the priority value. This is also the default setting in

B. Configuration parameters subsequent comparisons. In sparse networks, 2-hop is about
Simulation results in the last subsection show that dit0% less efficient than 3-hop, which in turn is slightly worse
ferent implementations of our generic self-pruning broadcastn 4-hop and 5-hop. In dense networks, all configurations
scheme have similar efficiencies. Since different configuratiohave almost the same efficiency. We can conclude that 2-
have different communication and computation overhead®p information is relatively cost-effective for dense networks,
fine tuning of configuration paraments may achieve lowand 3-hop information is relatively cost-effective for sparse

overhead without losing much efficiency. Here we consideetworks.

four parameters: (1}, the “radius” of the neighborhood that Parameter (2) is related to the size of each broadcast packet.
each node considers in the coverage conditions,i(2)he By piggybackingh-hop routing information, the size of each
maximum length of the “trail” that can be piggybacked ibroadcast packet increases®yh). Figure 11 compares three
each broadcast packet, which consists of the id’s of recentlgnfigurations: no routing history (0-hop), one hop routing
visited nodes, (3) type of coverage condition, and (4) tygestory (1-hop), and: hops routing history ¥-hop), wherek

of priority value. These parameters determine not only the the neighborhood radius. This simulation is conducted on
number of forward nodes but also sizes of control and broagktworks with 100 nodes(= 100), with & varying from 2

cast packets, amount of computation, and converging speedm5. In sparse networks, 0-hop is about 5% less efficient than
neighborhood information. 1-hop andk-hop. In dense networks, 0-hop is about 10% less
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Fig. 11. Performance of coverage conditions with various lengths of routing Fig. 12. Performance of different coverage conditions.

history.

borhood connectivity has the higher priority. Connectivity as

efficient than 1-hop and-hop. Under both circumstances, 1priority is the hardest to compute and needs two extra rounds
hop andk-hop have very similar efficiency. Therefore, usingo converge. Figure 13 compares three configurations with
1-hop routing history (i.e., the id of the last forward node) igifferent priority values. In sparse networks, id is the worst,
more cost-effective. and degree and connectivity are very close. In dense networks,

Parameter (3) is related to the amount of computatiop and degree have similar efficiencies. Degree is better with
Coverage condition | consumes more CPU time than conditi@fall &, and id is better with largés. Connectivity is the
II. Figure 12 compares four configurations: coverage conditigRost efficient priority under all circumstances. There is no
| with node id (I(id)) and node degree (I(deg)) as the priorityptimal choice of the priority type. Node id is the best for
value, and coverage condition Il with node id (lI(id)) and nodginimizing the converging time. Neighborhood connectivity
degree (ll(deg)) as the priority value. All these configurationg the best for relatively stationary networks. Node degree is
use no routing history. In both sparse and dense networks, I(iflyre desirable when the computation power of each node is
iS Only Sl|ght|y more efﬁcient than ”(|d), and no diﬁerencqimited and |Onger Converging Ume is to|erab|e.
is observed between I(deg) and li(deg). We conclude thatoverall, a cost-effective configuration shall be with 2 or 3-

coverage condition Il is a good approximation of coveragep information, 1-hop routing history, and coverage condition
condition | and, considering the computation overhead, mojje

cost-effective than coverage condition I.
Parameter (4) is related to both converging speed and V. CONCLUSION

computation complexity. Using node id as the priority value This paper aims to provide a general framework for broad-
contributes a relatively fast converging speed and requires ecasting in ad hoc networks that uses self-pruning techniques
extra computation. Using node degree as the priority valtereduce the number of forward nodes. The proposed scheme,
causes a relatively slow converging speed, because it takesiamely neighborhood coverage conditions | and I, is the su-
extra round of information exchange to obtain the accuraperset of several existing neighbor-knowledge-based broadcast
node degree value. Neighborhood connectivity, defined as tilgorithms. The general framework is more efficient in reduc-
ratio of pairs of directly connected neighbors to pairs of aring the forward node set than the existing ones. Furthermore, it
neighbors, is used in Span. The node with the lower neigbrovides better perception on the critical mechanisms behind
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[14]
the self-pruning algorithms; e.g., neighborhood information,
routing history, coverage conditions, and priority functions.

A comprehensive simulation study reveals that: (1) The selt3]
pruning scheme in general is more efficient in reducing the
forward node set than several existing schemes that ensueg
the broadcast coverage, and new algorithms can be derived
from the proposed framework that outperform several existing
self-pruning schemes. (2) To achieve a good balance betweemn
efficiency and overhead, 2- or 3-hop neighborhood informa-
tion, 1-hop routing history, and coverage condition Il are
appropriate as configuration parameters. There are no obvious
answer on the type of priority function that should be adopted.
Node id, node degree and neighborhood connectivity shall be
selected in a sensitive way to achieve a better tradeoff between
pruning efficiency and converging speed. Our future work
includes enhancement of the general framework to interpret
other existing neighbor-knowledge-based broadcast schemes,
including neighbor-designating methods.
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