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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 adiversity in node movement patterns, there is no single optimal
forward node set to carry out a broadcast process. Each node, . . . ! .
upon receiving a broadcast packet, determines whether to for- Sch?me for all situations in ad hoc networ.k; In a low mobility
ward the packet based on two neighborhood coverage conditions Environment, tree-based schemes sucimasmal 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 guaranteed 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 o hahility-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 largedbrward node set and may cause net-
work congestion and collision. Probability- and area-based
methods [4] are proposed to solve the so-caledadcast

. INTRODUCTION storm problem. In these schemes, each node will estimate

Recent advances in technoloay have provided ortaqifs potential contribution to the overall broadcasting before
vances n i gy have provi P &warding a broadcast packet. If the estimated contribution is
computers with wireless interfaces that allow network co

munication amona mobil rs. The resultin m tinT()wer than a given threshold, it will not forward the packet.
unication among moblie "USErs. € resuiting compu ese methods generate smaller forward node sets than simple
Il

environment, which is often referred to as mobile computin . . . X
o longer requires users to maintain a fixed and uni\?ersa? 'ooding. However, the estimation methods are inaccurate and
9 q J:\énnot ensure the full coverage.

known position in the network and enables almost non- Neighbor-knowledge-based methods are based on the fol-

restricted mobility. It is argued that future wireless Compu“n%wing idea: To avoid flooding the whole network, a small

will be converged to be more ad hoc and reconfigurable [1], : :
An ad hoc wireless network (or simply ad hoc network) et offorward nodes is selected. Basically, the forward node

. ; . . . . form nn minatin DS). An i
is a special type of wireless mobile network in which set forms aconnected dominating set (CDS) ode set is a

%ominating set if every node in the network is either in the set

collection of mobile hosts W.'th wweles; network mterface%r the neighbor of a node in the set. The challenge is to select
form a temporary network, without the aid of any establishe small set of forward nodes in the absence of global network

infrastructure (i.e., base stations) or centralized adminiStrati%ormation It has been proved that finding the smallest set
(i.e., mobile switching centers). The applications of ad ho :

networks range from civilian use to disaster recovery (searc f forward nodes with global network information is NP-hard.
g . . y the absence of global network information, this problem
and-rescue) and military use (battlefield).

js even more challenging. Heuristic methods are normally

_Broadcastlng IS more frequent in ?d hoc_ networks than liked to balance cost (in collecting network information and
wired networks, especially as the basic vehicle for on-dema decision making) and effectiveness (in deriving a small
route discovery. Broadcasting in ad hoc networks poses MQIE hected dominating set)

1This work was supported in part by NSF grant CCR 9900646 and grar]tNeig'hbor'khOWIedge'_base.d algorithms can be furt.her di-
ANI 0073736. vided into neighbor-designating methods andself-pruning

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



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 itatroduces our general self-pruning algorithm based on two
neighbors. Basically, the source node selects a subset of itsgighborhood coverage conditions. Section 3 reviews several
hop neighbors as forward nodes to cover its 2-hop neighboexisting broadcast algorithms as the special cases of this
This forward node list is piggybacked in the broadcast packefeneral algorithm. Section 4 compares the performance of
Each forward node in turn designates its own forward nod#fferent broadcast algorithms via simulation, and Section 5
list. Most neighbor-designating methods use similar heuristiosoncludes 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. Irdominant 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 @gtermine its own status as a forward node or non-forward
routing history information; nodes that are also the 1-h(§§)de (1) before a broadcast packet is received [9], [10], [14],
neighbors of the last visited node are excluded in the currek®) after the first copy of a broadcast packet is received [13],
coverage. This is also the case in AHBP [7]. A more efficierfftl (3) after several copies of a broadcast packet are received
algorithm is proposed recently by Lou and Wu [6], wherél1]. [12]. Algorithms in category (1) produce a relatively
not only the 1-hop neighbors but also some of the 2_ho<5able forward node set and can also be used in unicasting
neighbors of the last visited node are excluded from tHed multicasting. However, by neglecting the routing history,
current set to be covered. In self-pruning methods [9], uoLhey also produce the largest forward node set among the three.
[11], [12], [13], [14], each node makes its local decision orlgorithms in category (2) can produce a smaller forward node
forwarding status: forwarding or non-forwarding. Althoughset than algorithms in category (1) by considering the routing
these algorithms are based on similar ideas, this similarijstory. Algorithms in category (3) can further reduce the size
is not recognized or discussed in depth. Fair comparis@h @ forward node set at the expense of longer end-to-end
of these algorithms is complicated by the lack of in-deptAelay. In the following discussion, we assume that each node
understanding of the effect of the underlying mechanism&an determine its own status at any time.

such as .neighporhood information collection, _piggybackinﬂ. 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 no
coverage conditions are proposed in this paper and b
will generate a connected dominating set. One conditi E
will generate a smaller set than the other, but has a hight
computation cost. Using local information such &shop

Here we propose a simple distributed heuristic approach
t8ndetermine a small connected dominating set used as the
fgrward node set. Two approaches can be adopted: In the static
roach, a connected dominating set is constructed based on
e network topology, but irrelative to any broadcasting. In the
Mnamic approach, a connected dominating set is constructed
r a particular broadcast request, and it is dependent on
e location of the source and the progress of the broadcast
process. We assume that in the dynamic approach, each node
v determines its status “on-the-fly” when the broadcast packet

neighborhood information for a smail the forward node set = ° t th de. We al that the broadcast ket
is selected through a distributed and local pruning process. Tf!ves at the node. YVe also assume that the broadcast packe
t arrives av carries information of. most recently visited

forward node set can be constructed and maintained throu : :
either a proactive process (i.e., “up-to-date”) or a reacti odes for a smalk and the corresponding node set is denoted

s D(v). This assumption does not lose any generality, since

process (i.e., “on-the-fly”). Note that in a reactive proces@, b 10 be 0 when th ket d t
the decision at each node can be postponed so that it i can assume o be L when the packet does not carry any

higher chance of becoming a non-forward node by overhearilrm‘(?.;u“ng history information. . . .
its neighbors’ forwarding activities. Different implementations In the proposed sglf-prunmg SCheT“e’ gach node decides its
of self-pruning based ork-hop neighborhood information own status (f_orward-|ng/no_n-forwardl_ng) independently based
are discussed, and their performances are compared throf,?&hthe following condition in ihe static approach.

simulation. The proposed scheme provides a general frame-

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

addition, the proposed framework is more powerful than any Node v has a non-forward node status if for any two
of these protocols, which is confirmed by simulation result§i€ighborsu and w, a replacement path exists that connects
The simulation study also shows that the coverage conditiotisand w via several intermediate nodes (if any) with higher
achieve good balance between performance and overhead irity 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 negressible “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 nopegath 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 far 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 pattu, u1, 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. ]

r '\Ilaeégrrvéﬁtdeaflme suzﬁetﬂglt rgl?lﬁliz:nnfgéigﬁéhﬁgj;:déﬂn ) Figure 1 shows a sample maximal replacement path con-
P parn, ystfucted from the Mx-MIN procedure by including andw

are forward nodes. That is, none of the nodes in the maxima 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 for (u, w, v): A minimum node node I(tj shas noile g”i”.t'ii' Nodes V.V'th pc?o;;?es IOWI(\EIY Zlhwan
in a path is a node with the lowest priority. Assuig;} is are not shown. Node 4 is the max-min node(fayw, v). Node

the set of replacement paths for nadéhat connect: andw. 6 '3 thfe ma>é-m|n %c:de ::O(r“’ ‘t’h“) and_no?e 8 IIS the m?x-n:;]n_
A max-min node in {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 calledaMMIN to constructa  Theorem 1: Given a graphG = (V, E) that is connected

maximal replacement path fer that connects: andw. but not a complete graph, the vertex subiset derived based
on coverage condition I, forms a connected dominating set of
MAXMIN(u, w,v): .
1 if w andw are directly connectethen return 0. 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 thaw is either in
3: return path(MAXMIN(u, z,v), z, MAXMIN(z,w,v)). V' or adjacent to a vertex ifr . If v is a forward node, the

X theorem holds. For the remaining case, we will show that there

_ Lemma 1. The procedure MXMIN(u, w, v) will complete  oiq 5 neighboring forward node. Sineds a non-forward

na f”.“_te number of s_teps and generate a replacement p de, for any two neighbors af, there is a replacement path

In addition, any node in the path cannot be further replaceqor v that connects these two neighbors. There exists at least

Proof: If nodesu and z (and nodesz and w) are one neighbon of v such that there isv € N(u), butw ¢

not directly connected, the max-min node for, 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 z, because there exists at least one path frorto 2 replacement path fou that connects andw and, hencey

(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,us, us, .., u;,w) is

priorities than the priority ofz. That is,z does not appear a path inG that connecta, and w. If u; is a non-forward

in either MAXMIN (u, z,v) or MAXMIN(z,w,v). node, find a maximal replacement path for that connects
To show that MXMIN(u,z,v) and MAXMIN(z,w,v) u to us. Assume thaw; is the last intermediate node of the

have no common element, we assume thatxMiN(u, z,v) maximal replacement path (@if andw are directly connected,

= Ui, U,..., Uy and MAXMIN(z,w,v) = zi,x2,...,T,. v1 iSu itself). Repeatthe above process(on, us, ..., u;, w) to
Supposeu; = z;, then (u,u1,...,u;, Tjt1,...,Tn,w) IS & replaceus (see Figure 2). Ifi, is a forward nodey. is skipped
replacement path for that connects: andw. The fact that and repeat the above process @, ..., u;, w). Eventually,

all nodes in this path have a higher priority thamontradicts w1, us, ..., andu; are all replaced or skipped and the resultant
to the fact thatr is a max-min node. Since each recursive cappath connects andw with forward nodes only (if it is a walk

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



(@) (b)

Fig. 3. (a) Forward node set without routing history (static). (b) Forwafd9- 4. Node 4 satisfies coverage condition I 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 ofs. Note thatC'(v)
When the network is a complete graph, there is no need gy 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). ByNodewv has a non-forward node status if it has a coverage
treating all visited nodes as a regular forward node with theet. In addition, the coverage set belongs to a connected
highest priority (i.e., higher than all forward nodes), all the&eomponent of the subgraph induced from visited nodes and
results for the static condition still holds for the dynamigodes 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
Coverage Condition I (dynamic): N (v) as thek-hop neighbor set of nodeand N, (v), simply

Node v has a non-forward node status if for any twg'Y (V). IS the neighbor set of. C'(v) is the coverage set for
neighborsu andw, a replacement path exists that connects ¥ such FhatC(v) C Na(v) and for anyu € CE:))’ e|ther
andw via several intermediate nodes (if any) with either highérd(“) > id(v) oru € D(v). For anyu, w € C(v), there exists

priority values than the priority value ofor with visited node & Path (4, u1, uz, ..., u;, w) such that eithetid(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 providé) < id(u)

Figure 3 shows two examoles of forward node set on thoru is a visited node. Therefore, connecting nodes can be part
9 ) : be . bt the coverage set and many coverage sets exist. Extending
same network: one without routing history based on the sta%:e coverage set beyorid (1), we have a connected coverage
coverage condition 1 (Figure 3 (a)) and one with routin 9 y ' 9
history based on the dynamic coverage condition 1 (Figure 3
(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 broadcasbndition I.
packet. Because node 3 is a visited node, node 5 can conclude . - - .
. . ) Proof: When a node satisfies coverage condition I, it
that it should be a non-forward node since any two ne|ghbor? o i .
. also satisfies coverage condition |. Because the existence of a
can be connected using nodes 3 and 8. The forward node S€t o .
. . . connected coverage set implies the existence of a replacement
derived from Figure 3 (a) can also be interpreted as one fgr :
. : S : ath for any two neighbors. [ |
any broadcasting without considering the location of sourcep
To check coverage condition |, each node needs to checkHowever, the reverse situation normally does not hold as
every pair of its neighbors. There a®(A2) such pairs, shown in the example of Figure 4, where there is no connected
where A is the maximum vertex degree in the network. Ircoverage set of node 4. The following theorem shows that
order to reduce the computation complexity at each nodegverage condition | is more costly than coverage condition

we consider in the following another pruning method, called.

coverage condition Il, and show that coverage condition | ) : :
. . o . Theorem 3. The computation complexity of coverage con-
covers coverage condition Il (i.e., coverage condition Il is,... : 9 i
" . . dition | is O(nA?) at nodev and that of coverage condition Il

stronger than coverage condition [). Simulation results show . .

" . . IS O(nA), wheren is the number of visited nodes and nodes
that these two conditions are very close in reducing the number,, * . -

with higher priority values tham.
of forward nodes.
A setC(v) is called acoverage set of 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 irC(v) are either visited higher priority values tham. For coverage condition |, first




decompose? (v) into connected components, Vs, ...,V
(via depth-first search with a cost @P(nA)). For each
componen¥;, compute the set of covered neighbd?§l;) =
Uwev, (V(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 nadesd
w, coverage condition | is equivalent t6* (v) is a complete
graph” (O(A2)). The overall complexity i< (nA?).

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

[ |

. —#  routing path to v
© vO  pruning candidate

@  coverage node

O @

B. Neighborhood information Fig. 5. Self-pruning based akrhop neighborhood information.

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

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

connections of nodes ik hops. In fact, only the connections  Theorem 4: The computation complexity of coverage con-
between nodes ik — 1 hops and nodes ik hops are known ition | with k-hop approximation isO(k2D?) and that of
atv. coverage condition Il withk-hop approximation i€)(k2D?),
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 path exists that connects Pro<2)f: Considering the two 2paramet(;:rs in Theorem 3,
u andw via several intermediate nodes (if any) Wy, (v) with A< ar D_ =cD andn < w(k;). D = ck*D, where.r 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 |, the complexity @&(nA?) = O((ck®D)-
(eD)?) = O(k?D?) and for coverage condition Il ©(nA) =
O((ck?D) - (cD)) = O(k2D?). m

Coverage Condition Il (k-hop approximation):

Nodew has a non-forward node status if it has a covera
set. In addition, the coverage set belongs to a connec
component of the subgraph induced from visited nodes al
nodes with higher priorities thais priority in N (v).

e Similarly, we conclude that the size of each control packet
t is used to exchangé — 1)-hop information among

Rgighbors isO(ny_1A) = O(k?D?), whereny_ is the

number of nodes withik — 1 hops. Obviously, the overhead

is higher with largerD. Although appropriate density is

) ) , , .. hecessary for network connectivity and redundancy, a very
Consider again the implementation of coverage conditiofynge network is inefficient in a shared media access scheme

Il, we argue thatV»(v) is sufficient to decide a coverage sety,o.4,se each node needs to contend @ith) neighbors for

Although the complete neighbor set of a coverage node thal jimited bandwidth. On the other hand, the high density

is 2-hop away is missingV»(v) contains all connections that,splem can be avoided by techniques such as adjustable

exist between’s 1-hop and 2-hop neighbors. Partial ”e'ghbofransmitter range or clustering [15], [16] where a sparse graph

set is sufficient in this case for neighborhood coverage. Oy yerived consists of cluster heads and selected connectors.

viously, N»(v) is not sufficient to determine the connectivityrparefore. 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 I, each replacement path is I1l. SPECIAL CASES

constructed withinV (v) and D(v). . Here we consider several existing algorithms in the general
Figure 5 shows self-pruning based on coverage condition Pamework

(k-hop approximation), where black nodes are coverage noJes '

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 withse 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 failand no 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 process to determine a set of forward nodes (called @ () ©
gateways) that form a CDS: a node is marked as a gateway
if it has two neighbors that are not directly connected. These y y
gateways can be used as forward nodes in a broadcast proces
For example, node in Figure 6 (a) will not be marked as a v
gateway, because all its neighbors are directly connected wijth
each other. Obviously, when a neighborwof(e.g., nodeu) b Y "
forwards a broadcast packet, it will be received by all othe ’ "

© ®
y
()

neighbors (e.g., node). However, in Figures 6 (b) and 6 (c),

nodewv will be marked as a gateway, because nodesdw
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) x w
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 nodesndu are covered by a , , _ ,
gray node with higher priort than. According to pruning b9, . Scerero el cfernt<ekaruting methocs abey (@ the narin
Rule 2, a marked node can be unmarked if all of its neighbogghanced Span, (g) LENWB, and (h) an example that the coverage conditions
are also neighbors of two connected coverage nodes that hasgemore 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 41§ further reduced by aeighbor elimination algorithm as
node id. follows: When a forward node receives a broadcast packet,

In order to implement the marking process and restrictdgStead of forwarding the packet immediately, will wait
versions of pruning rules where the coverage nodes df¥f & packoff delay and m0|_1|tor the forwarding activities of
neighbors only, 2-hop information is collected at each nod&S Neighbors. For each neighbarthat has forwarded the

That is, each node knows which nodes are its neighbors appadcast packet, nodeemovesy (u) from N (v). If N(v) is
neighbors’ neighbors. The computation complexitydiéA 2) not empty after the delay period, nodéorwards the broadcast

for the marking process an@l(A3) for pruning Rules 1 and packet; otherwis_e, n_ode becomes a non—f_oryvard node. For
2. If the coverage nodes are neighbors’ neighbors (the corf@@mple, node in Figure 6 (d) can be eliminated, because
sponding implementation is non-restricted), 3-hop informaticfl! 1t 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 becomén,A?), wheren, is COverage 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 lorfgse of coverage condition |1, since all neighbors are covered
as the neighborhood topology remains the same. There is % Visited 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-
tion Il with 2- or 3-hop neighborhood information and no (i.e.
0-hop) routing history. Furthermore, the size of the covera
set is restricted to be less than or equal to 2.

==

(d)

Dai and Wu’'s algorithm: Dai and Wu [10] extended

the marking process by using a more general pruning rule.

g}Eccording to this pruning Rulek, a marked nodev can

be unmarked if all of its neighbors are also neighborg; 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 td and 2 are special cases of Rélevherek is restricted to 1

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

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

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



be unmarked by Rule 1 or 2, or the neighbor elimination 100
process. An efficient algorithm based on depth-first search was
proposed in [10] to implement the restricted version of Rule
k, where coverage nodes must be neighbors. The computation8
complexity of the restricted Rulek 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- o id N RT—R A
erage condition Il. The restricted version of Dai and Wu’'s
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 “°[
on the size of coverage set.

N

]
Al

Span Chen et al [9] from MIT proposed th&an protocol
to construct a set of forward nodes (also calbedrdinators).
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, angy. 7. A sample broadcasting generateddsywith 38 forward nodes and
the number of pairs of its neighbors that are not directl§2 non-forward nodes.
connected.

Span cannot ensure the coverage since two coordinators i ) ) i
may simultaneously change back to non-coordinators and #fiermation and its computation complexity @&(n;A). _
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 th1°P Nneighborhood information. Unlike other algorithms,
guarantee the full coverage, we use in this paper an enhan&&gV B uses 1-hop routing history (i.e)(v) contains ex-
version of Span. That is, a node becomes a coordinator ifd€ty One node where the broadcast packet comes from).

has two neighbors that are not directly connected or indirectly Although all the above algorithms can be viewed as special
connected via one or two intermediate nodes with high@gses of coverage condition | 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, nodey in Figure 6 (h) can be pruned according
connected with each other, or connected via a node withig coverage condition I, 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 p{assuming 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 node in Figure 6 (f) cannot be pruned by pruningnigher priorities form a connected component that covers the
Rule k, because nodes, w and z cannot be covered by a gther 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 coverag@nd«w are not connected via nodes with higher priorities.
condition | with 3-hop neighborhood information and 0-hoprhe 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 broadcast (LENWB)
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, nodewv 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 neighborse 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 neighborhoosize of neighborhood information that is collected at each

20 ; ‘ i

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, R e o p—— ]
a weak coverage condition, largeand largeh will produce 8 80 || Rase = *
a relatively small forward node set. On the other hand, they g 451 T
also produce relatively high overhead. These parameters shall § 40 /X/‘X' .
be carefully tuned to balance the pruning efficiency and the £ 35| -
overhead. 5 T o :
s 25 | >< B T =
The simulation is conducted with a custom simulatisr § 20l Pt o
[17], which simulates several broadcast algorithms on random € ;5| e e
ad hoc networks, including coverage conditions | and I, < ;5| & °
marking process enhanced by pruning Rules 1 and 2, marking .

process enhanced by pruning Rute enhanced Span, and 20 30 40 50 beofh 70 80 %0 100
LENWB. Data for the enhanced neighbor designating algo- Number of hosts

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, sl BE;\‘SE ff:f’:‘
ds considers only functions in the network layer, assuming an g o |LMCDS e
ideal MAC layer without contention or collision. Simulations 5 | 7

that cover the entire network protocol stack can be found g w0l

in [3]. To generate a random ad hoc network,hosts are % o |

randomly placed in a restrictel)0 x 100 area. To study the 2,0 < ]
behaviors of different algorithms under a given average node 5 5l /’”X
degreel, the transmitter rangeis adjusted to produce exactly g ol P D

%d links in the corresponding unit disk graph. Networks that £ sl . B @ °

cannot form a strongly connected graph are discarded. Figure 7 o e

shows a sample network generated dy/with 38 forward 20 3 40 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 corit- always hasn forward nodes. The probability- and area-
pared in terms of the numbers of forward nodes. We sdased 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 clar-Throughout 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 severglarse networks § = 6, as shown in the left graph of
non-self-pruning broadcast schemes, and (2) the same b&sgure 8), and relativelgense networks ¢ = 18, as shown in
configuration versus several existing schemes that are spettia right graph of Figure 8). In sparse networks, Base is about
cases of coverage conditions. One finding in our simulatid®0% worse than MCDS and 20% better than END. These
study is that the two coverage conditions have very similaatios maintain as the number of nodes increases from 20 to
properties and are hard to distinguish. Therefore, we omit lin@90. 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 schemkwith 2-hop approximation is closer to optimal than neighbor
The base configuration (Base) is coverage condition | wittlesignating 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 mostonditions, including the same base implementation, Wu and
efficient neighbor designating algorithm. The third algorithnii’s algorithm (Rules 1&2), Dai and Wu'’s algorithm (Rule,
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 informatiomlegree as the priority value, except for enhanced Span, which
to compute the forward node set. However, it can produceuses neighborhood connectivity as the priority value. Under all
near-optimal forward node set. Here we use it as a substituticincumstances, 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, becausendition (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 of-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 (abBlft converging speed. k-hop information is collected at each
10%) and significant in dense networks (about 20%). This fde, the size of control packets for exchangihg- 1)-hop
also understandable because Rules 1&2 and Rusge not information between neighbors 8(k*D?), and it needsk
specifically designed for broadcasting and, therefore, cand@tinds of information exchange to converge after a change
take the advantage of routing history information. Overall, all network topology. Figure 10 compares four configurations:
special cases exhibit quite similar efficiencies, and the genefar & = 2 (2-hop),k = h = 3 (3-hop),k = h = 4 (4-hop),

framework is more efficient than any existing algorithms. a@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 dift0% less efficient than 3-hop, which in turn is slightly worse
ferent implementations of our generic self-pruning broadcatttan 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 overheadsop information is relatively cost-effective for dense networks,
fine tuning of configuration paraments may achieve loweand 3-hop information is relatively cost-effective for sparse

overhead without losing much efficiency. Here we considaretworks.

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 irbroadcast packet increases®yh). Figure 11 compares three
each broadcast packet, which consists of the id’s of recenttgnfigurations: no routing history (0-hop), one hop routing
visited nodes, (3) type of coverage condition, and (4) typeistory (1-hop), andc 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 broadetworks with 100 nodes»(= 100), with & varying from 2

cast packets, amount of computation, and converging speed@®f. 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, 1-priority 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) igjifferent 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 computatiopy and degree have similar efficiencies. Degree is better with
Coverage condition | consumes more CPU time than conditi@mall %, and id is better with largé. Connectivity is the
II. Figure 12 compares four configurations: coverage conditiqost efficient priority under all circumstances. There is no
I with node id (I(id)) and node degree (I(deg)) as the priorityyptimal choice of the priority type. Node id is the best for
value, and coverage condition Il with node id (li(id)) and nodeninimizing the converging time. Neighborhood connectivity
degree (li(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(idbre desirable when the computation power of each node is
is only slightly more efficient than 1i(id), and no differencejjmited and longer converging time is tolerable.
is observed between I(deg) and li(deg). We conclude thatQyerall, a cost-effective configuration shall be with 2 or 3-

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

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 oasting in ad hoc networks that uses self-pruning techniques
extra computation. Using node degree as the priority value reduce the number of forward nodes. The proposed scheme,
causes a relatively slow converging speed, because it takesnamely neighborhood coverage conditions | and I, is the su-
extra round of information exchange to obtain the accurateerset of several existing neighbor-knowledge-based broadcast
node degree value. Neighborhood connectivity, defined as takgorithms. The general framework is more efficient in reduc-
ratio of pairs of directly connected neighbors to pairs of aning the forward node set than the existing ones. Furthermore, it
neighbors, is used in Span. The node with the lower neigprovides better perception on the critical mechanisms behind
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Performance of coverage conditions with various types of prior'[ty3]
values.

[14]
the self-pruning algorithms; e.g., neighborhood information,
routing history, coverage conditions, and priority functions.

A comprehensive simulation study reveals that: (1) The self-]
pruning scheme in general is more efficient in reducing the
forward node set than several existing schemes that enspeg
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 betwegen
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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