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Abstract—We study an efficient broadcast scheme in mobile
ad hoc networks (MANETS). The objective is to determine a
small set of forward nodes to ensure full coverage. We first study
several methods to select a small forward node set assuming that
the neighborhood information can be updated in a timely manner.
Then we consider a general case, where each node updates its
neighborhood information based asynchronously on a pre-defined
frequency and node move even during the broadcast process. The
virtual network constructed from local views of nodes may not
be connected, its links may not exist in the physical network,
and the global view constructed from collection of local views
may not be consistent. In this paper, we first give a sufficient
condition for connectivity at the physical network to ensure the
connectivity at the virtual network. We then propose a solution
using two transmission ranges to address the link availability Fig. 1. Forward node set in a MANET.
issue. The neighborhood information as well as the forward
node set are determined based on a short transmission range

while t_he broadcast process is done on a Io_ng transmission range'sponding broadcast protocol is calleelf-pruning In Figure 1,
The difference between these two ranges is ba_sed on the updateblack (white) nodes are forward (non-forward) nodes. Each
frequency and the speed of node movement. Finally, we propose ™~ . :
a mechanism called aggregated local view to ensure consistencyCifcle corresponds to a one-hop neighborhood. Any source
of the global view. By these, we extend Wu and Dai's coverage node is a black node by default. Basically, forward nodes form
condition for broadcasting in a network with mobile nodes. The a connected dominating set (CDS), where each node in the
S|mulat|c()jn sthudy is conducted to evaluate the coverage of the system is either in the set or the neighbor of a node in the
proposed scheme. set. That is, each white node is adjacent to at least one black
Keywords: Broadcasting, localized algorithms, mobile ad hopeighbor. However, most existing broadcast schemes assume
networks (MANETS), mobility, simulation, system design. either the underlying network topology is static or semi-static
during the broadcasting process such that the neighborhood
information can be updated in a timely manner. The results
Broadcasting a packet to the entire network is a basic opera-[2] show that existing static network broadcast schemes
tion and has extensive applications in mobile ad hoc networkerform poorly in terms of delivery ratio when nodes are
(MANETS). For example, broadcasting is used in the routaobile. There are two sources that cause the failure of message
discovery process in several routing protocols, when advisidglivery:
an error message to erase invalid routes from the routing table, . . i o , ,
or as an efficient mechanism for reliable multicast in a fasgolllsmn: The message_lntende(_j for a destination collides with
moving MANET. In MANETSs with the promiscuous receiving""mth_er message. In Figure 1, if messages from nadead
mode, the traditional blind flooding incurs significant redur collide at nodey, nodey does not receive any message.

dancy as well as collision and causes the so-called broadqgglile nodes The neighbor in the neighbor set moves out
storm problem [1]. Efficient broadcasting in a MANET focuseg its transmission range (i.e., it is no longer a neighbor). In
on selecting a small forward node set while ensuring broadcggyure 1, when nodev moves out of the transmission range

coverage. S of u, the nodes along the branch rootedwabf the broadcast
In a broadcast process, each node decides its forwardifge will miss the message

status based on given neighborhood information, and the corre-

I. INTRODUCTION

1This work was supported in part by NSF grants CCR 0329741, ANI 2Nodes in the branch may still receive the message, if some adjacent nodes
0073736, and EIA 0130806. of the branch forward the message.



Results in [2] also show that the majority of delivery 3) Introduce a new controllable parameter to balance broad-
failures are caused by mobile nodes. Although many broad- cast efficiency and broadcast delivery ratio.
cast protocols have been proposed with different broadcas#t) Conduct a comprehensive simulation on the new ap-
redundancies (and collated broadcast delivery ratios), each proach, comparing with existing methods.

broadcast protocol has only its “fixed” broadcast redundancyThe remainder of the paper is organized as follows: Sec-
(and broadcast delivery ratio). It is in general hard to contrgbn || provides some preliminaries and related works, espe-
redundancy and delivery for a given broadcast protocol.  cjally Wu and Dai's coverage condition. Section Il proposes
The major challenges in designing a localized broadcagk mobility control method based on two transmission ranges,
protocol while ensuring broadcast coverage are the followinghd gives some analytical study and optimization techniques.

(a) The network topology changes over time, even duringmulation results are presented in Section IV. The paper
the broadcast process. (b) The local (1-hop) information ¢gncludes in Section V.

constructed based on “Hello” intervals. Nodes start their in-
tervals asynchronously, making it difficult to ensure consistent Il. PRELIMINARIES AND RELATED WORKS
local/global views among nodes. (c) The collection processThis section starts with some related work on mobility
for k-hop information incurs delay which may not reflect thenanagement and, in particular, neighbor set management in a
current network topology when there are mobile nodes, evafbbile environment. Then an overview of broadcast protocols
for small% in localized solutions. As a consequence, the virtugd MANETSs based on self-pruning is given. The focus is on
network constructed from local views of nodes may not bg/u and Dai’s coverage condition and six existing protocols
connected ¢onnectivity issug its links may not exist in the as its special cases.
physical networkljnk availability issug, and the global view N
constructed from collection local views may not be consistefit Mobility management
(consistency issye The capacity of MANETs is constrained by the mutual
In this paper, we first give a sufficient condition for coninterference of concurrent transmissions between nodes. The
nectivity at the physical network to ensure the connectivityobility of nodes adds another dimension of complexity in
at the virtual network. We then propose a solution using twhe mutual interference. Several studies [4], [5] focused the
transmission ranges to address the link availability issue. Taffect of mobility on the network capacity. Camp et al [6]
neighborhood information as well as the forward node sgave an excellent survey on mobility models for MANETS.
are determined based on a short transmission range while Tieee popular mobility models include (Ipndom walk
broadcast process is done on a long transmission range. Wheéch is a simple mobility model based on random directions
difference between these two ranges is based on the updaid speeds, (2rndom waypointwhich includes pause time
frequency and the speed of node movement. The differencééween changes in destination and speed, andaf®om
also used as a negontrollable parameteto balance broadcastdirection mobility which forces hosts to travel to the edge
redundancy and broadcast delivery ratio. Finally, we proposefithe simulation area before changing direction and speed.
mechanism calledggregated local viewo ensure consistency In [7], a velocity-bounded modéfor pedestrians with mobile
of the global view. The simulation study is conducted taodes in a relatively small area), and acteleration-bounded
evaluate the coverage of the proposed scheme. Note thati@el (for vehicles of high speed) are given. Other mobility
forwarding probability in probabilistic broadcasting [1] is alsanodels are discussed in [7], and their impact on performance
a controllable parameter. However, it is difficult to establisbf routing protocols is discussed in [8].
a direct connection between parameter selection and nod#&fery little work has been done in maintaining an accurate
mobility. neighbor set in MANETS. One exception is [9], wherstable
By providing solutions to the above three issues, we alsoneand acaution zonef each node have been defined based
extend Wu and Dai’s coverage condition [3] for broadcastingn a node’s position, speed, and direction information obtained
in a network with mobile nodes. This coverage condition om GPS. Specifically, stable zone is the area in which a
a sufficient condition for a node to determine its non-forwanshobile node can maintain a relatively stable link with its
status based o®k-hop neighborhood information (for smallneighbor nodes since they are located close to each other.
k, say 2 or 3) only. However, the coverage condition waSaution zone is the area in which a node can maintain an
only suitable when the topology is static during the broadcaststable link with its neighbor nodes since they are relatively
process and neighborhood information is consistent with tf&r from each other. The drawback of this approach is that it is
current state. Simulation results in this paper show that tlBEPS-based, which comes with a cost. In addition, there is no
proposed scheme improves the coverage significantly. rigorous analysis on the impact of mobility on the selection
The main contributions of this paper are as follows: of these two zones.
1) Propose the first localized broadcast protocol that canSeveral papers [10] address the issue of the length of time
handle mobility while ensuring broadcast coverage. that two nodes will remain close enough in proximity for a
2) Systematically address the issue of inconsistent lodalk between them to remain active. Several routing protocols,
view caused by neighborhood information delay, asymssociativity-based routing (ABR) [11] and signal stability-
chronous “Hello” intervals, and node mobility. based adaptive routing (SSA) [12], have been proposed that



selectstable linksto construct a route. In [13], GPS infor-

mation is used to estimate the expiration time of the link

between two adjacent hosts. Recently, several studies have

been done on the effect of mobility on routing path [14].

However, no broadcast protocol uses the notion of stable link

to evaluate the stability of neighbor set in order to better x w
decide the forwarding status of each node. Although several @ ()

probabilistic broadcast protocols [1], [15] have been proposed

by trading between efficiency (simple design) and coveragg. 2. (a) Forward node set without history information (static). (b) Forward
(delivery ratio), it is difficult to establish a direct connectiomode set with upstream history information (dynamic) with nedgeing the
between forwarding probability and node mobility. source (visited node).

B. Broadcast protocols based on self-pruning A self-pruning protocol isstatic if it does not use visited

Wu and Dai [3] proposed a generic scheme that covers maside in the replacement path; otherwise, itdimamic pro-
existing self-pruning protocols. In the generic self-prunintpcol. In a static protocol, the CDS is constructed before the
scheme, each node builds ktshop informationby exchanging broadcasting process starts and, hence, is source independent.
(k — 1)-hop information with its neighbors via periodicalDynamic protocols are source dependent and usually have
“Hello” messages. Here we define thiehop neighbor set lower broadcast redundancy. For example, nede Figure 2
Ni(v) of node v as the set of nodes that is at mdst (a) is a forward node in a static protocol, as there is no node
hops away fromw, and the exack-hop neighbor sef;(v) with higher priority that connects neighbotsand y. When
as the set of nodes that is exactlyhops away fromv. nodev issues a broadcasting, the broadcast packet is sent three
That is, Ny (v) = Hy(v) U Ha(v) U...U Hy(v). The k-hop times by node®, w andy. In Figure 2 (b), the forward node
information of a nodey contains the topology information thatstatus of each node is determined during a broadcast process,
can be collected via rounds of “Hello” message exchangesand the upstream history information is piggybacked with the
including nodes inNg(v), links among nodes inV,_;(v), broadcast packet. Because nodesource) and; are visited
and links betweerH;,_;(v) and Hy(v). For example, links nodes, nodev can conclude that it can be a non-forward node
between two nodes exactly 2 hops away are included in dnce two of its neighbors can be connected using node
hop information, but not in 2-hop information. The “Hello”(a visited node). The broadcast packet is sent twice in the
messages also propagate pherity of each node, which could dynamic protocol, one fewer than in the static protocol.
be a permanent property (e.g., node id) or a dynamic one (e.g.n [3], it is assumed that local views of the broadcast specific
node degree). During a broadcast process, each node may ifrmation (i.e., visited node information) are dynamic but
extract from the incoming broadcast packets a lisvisfted safe, i.e., an unvisited node will not be mislabelled as visited,
nodesthat have forwarded the same broadcast packet. Usiaugd those of the broadcast independent information @-€.,
the k-hop topology, priority, and visited node informationhop information and priority) are static and accurate during a
each node decides its own status (forwarding/non-forwardingjoadcast process. However, in mobile networks, the “static”
based on the following coverage condition. information usually changes and causes inaccurate local views.
Based on these inaccurate views, full coverage (i.e., 100%
delivery ratio) is not guaranteed. The broadcast redundancy
Coverage Condition [3]: Node v has a non-forward node ang delivery ratio of a self-pruning protocol in a mobile

status if for any two neighbors and w, a replacement path environment is affected by various implementation options,
exists that connects andw via several intermediate nodes (ifincluding:

any) with either higher priority values than the priority value
of v or with visited node status. Priority type : Each node is associated with a priority used
to break a tie in replacement. Using node id as priority has
o o o ~higher redundancy than node degree (node id is used then if
Assume node id is used as priority, nadén Figure 2 (a) is  there is a tie in node degrees) in relatively sparse networks. On
a non-forward node based on the coverage condition, becayge other hand, using node id as priority has higher delivery
its neighborsy andw, are connected via @placement path ratio than node degree in mobile networks. Node id also has
that contains only intermediate nodes (in this cagewith |ogg redundancy in dense networks.
higher node id tham, while nodey is a forward node, because
no such replacement path exists. It was proved in [3] that tfidello” interval : Using smaller “Hello” interval can provide
coverage condition ensures the coverage; that is, the forwénesher neighborhood information and improve the delivery
nodes, including the source, form a CDS and, therefore, ttaio in a highly mobile environment. However, small “Hello”
delivery of the broadcast packet to every node is guarantegstervals can only reduce, but not eliminate, undetected topol-
in a connected network, given that no packet is lost due egy changes. Furthermore, if “Hello” interval is too short, the
node mobility or MAC layer collision. overall broadcasting cost can be higher than flooding (i.e., the
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Fig. 3. Performance of various broadcast protocols.

Fig. 4. Forward node selection and forwarding process based on two different
transmission ranges; andrs.

factors including multipath fading, shadowing by obstacles,
and interference from other users.

Six existing algorithms, including static and dynamic proto-
cols, were shown to be special cases of the coverage condition.

- B s i They are: Wu and Li's marking process with Rules 1 & 2
% 90 r (static) [18], Dai and Wu’'s Rule k (static) [19], Chen et al's
8 8 _ ¥ Span (static) [20], Sucec and Marsic's LENWB (dynamic)
- Flooding - ) i i ic’
g o [ ruesSBA TETN, i [21], Peng and Lu’s SBA (dynamic) [16], and Stojmenovic’s
g 5y T span e 1 algorithm (hybrid) [17]. Details of these algorithms are given

0 Ewe L % in Appendix.

65 plomenovie —5 As shown in Figure 3, high delivery ratio can be achieved by

protocols with high broadcast redundancy, i.e., blind flooding,
SBA, and Rules 1&2. The new protocol (labeled as Generic)
has the lowest redundancy, but suffers from low delivery ratio
in highly mobile networks. One solution is to use location
information as in Stojmenovic’s algorithm, which achieves
higher delivery ratio with relatively low redundancy. How-

ever, using location information incurs extra cost and may

not provide accurate prediction on the existence of wireless
links. SBA achieves very high delivery ratio in highly mobile
networks, but it also has the highest percentage of forward
Backoff delay: Dynamic protocols use visited node informanodes. Note that the percentage of forward nodes in SBA is a
tion to reduce broadcast redundancy. A random backoff deléynction of its backoff delay. In networks with relatively low
the time between the first receipt of the broadcast packepbility, a longer backoff delay can be used to improve the
and the forwarding decision, can be used to discover ma#tficiency of SBA. However, this also incurs longer end-to-
visited nodes and further increase self-pruning efficiency. 8nd delay, which is undesirable under certain circumstances,
some protocols like SBA [16], using a large backoff delay i€.9., in route discovery and in applications with highly mobile
essential for the broadcast efficiency. However, a large backofides.
delay also causes large end-to-end delay. A random jitter delay

is also used by each node to avoid collision, but is usually too
short to affect the broadcast redundancy or delivery ratio.

network is flooded with “Hello” messages).

Ill. PROPOSED METHOD

Location information: A protocol using location information  This section proposes a mobility control method that ad-
obtained from a GPS device has smaller “Hello” messagdeesses connectivity, link availability, and consistency issues.
and fresher neighborhood information than other protocalsvo sufficient conditions, one on the connectivity of the phys-
[17]. On the other hand, GPS devices cause extra cost acal network that ensures connectivity of the virtual network
energy consumption. Location information obtained may kmnd the other on the bound of the range difference that ensures
inaccurate. In addition, neighbor set based on distance (frdimk availability, are given. Then we introduce methods to relax
GPS) may not be reliable, since it is well known that the timiiese sufficient conditions based on probabilistic analysis and
variation of the channel strength can be due to many othgstimization techniques.



A. Basic Idea

We propose a mobility management method without resort-
ing to location information. This approach is based on two

Wu & Dai’s
Coverage Condition

transmission ranges; andry, with r; < ro. 71 is used to application
collect neighbor set and-hop information through “Hello”

messages, whereas is used to perform actual transmission. Broadcast State
Specifically, the proposed method consists of two stages: (a) (space view)

forward node selection, followed by (b) forwarding process.

Assume the first stage is done dynamically during the broad- transmissions

cast process. local broadcast state (logical to logical)

Logical Network

o Forward node selection Select a small forward node (time-space view)
set using an existing method where each neighbor set is
based on transmission rangge transmissions

i . "Hello" message ; ;
« Forwarding process Whenever a node receives a mes- (logical to physical)

sage for the first time, if it is a forward node, it forwards _
the message using transmission range Physical Network

A node that is within the _range ofy of nOdEU_ IS Ca"e‘?' a Fig. 5. The mapping from the logical network and broadcast state to the
neighbor ofu and the collection of such nodes is the neighb@hysical network.

set ofu. The set of nodes that are reachable based,ois

called effective neighbor sefigure 4 shows the relationship

between these two transmission ranges. In this exampi®e, Broadcast state, defined as follows, is a snapshot of local

in w’s neighbor set (also in’s effective neighbor set), whereasviews. For a specific broadcast process, broadcast state forms

w is in u’s effective neighbor set (but not im's neighbor set). a virtual static network, upon which the coverage condition is
The idea of two transmission ranges is to use the “ring”, thapplied.

area bounded by two circles with transmission rangeand L i

14, as a buffer zone to nullify the various bad effects causedPefinition 1: A local broadcast statdor a broadcast is a

by node mobility and transmission delay. However, one bé%cal view at the t'lr'ne the forwarding/non-forwarding .deC|S|on

effect called inconsistent local views cannot be nullified n'G mad_e at an individual node. @lobal) broadcast _s_tates the

matter how wide the buffer zone is. Inconsistent local Viev\;sollectlon of all local broadcast states for a specific broadcast.

ultimately result in “bad decision” from a node. A decision is \we assume that each node has the same “Hello” interval

bad if a node that should forward the message decides ons& pyt each node starts its period asynchronously. In order

non-forwarding status. to build k-hop information, each node advertises (iks— 1)-

B. Physical and logical networks and broadcast states hop |nf.0rmat|on via “HeIIo’.’ messages. Each node updates its
local view based on received “Hello” messages. Because of

In'[3], 'the coverage condition was applied on a static %{synchronous periodic exchanges among neighboring nodes,
semi-static physical network. That is, the physical topology 1-hop neighbor set in a local view at a particular time

stops to change several “Hello” intervals before a broadcz%s oes not reflect the actual neighbor set at timéut the
process, and stays unchanged until the broadcast pro?@g

. o et is bounded by the “Hello” intervaf. In fact, k-hop
cqmpletes. For t.he sake of cla_nty, we assume node id is use Srmation is a set that consists of neighborhood information
priority, and define the local view of each node as a subgrap mpled at different times. In generdf, . (u) was sampled
of the physical topology (i.€-hop information). The correct- ne interval afterf,(u) for i — 1 2””. k — 1. Clearly
ness of the coverage condition is based on the assumption e '

) - . . tk-hop information at timet does not reflect the actual
every node decides its forwarding/non-forwarding status bas';? ghborhood topology at time and the offset is bounded by
on a “fresh” view. In MANETS, however, this assumption ca

%f. Suppose the speed of node movement is upper bounded by

,be easily violated due to the connn_upus mobility. In fa,Cts. Thensf is the maximum distance a node can move around
in order to apply the coverage condition on MANETS Wltfb fing a “Hello” interval. Themaximum relative distance

potentially obsolete local views, we introduce the concepts Qi can two nodes in such an intervaldis— % f
logical networkand broadcast stateAs shown in Figure 5. Consider the MANET in Figure 2 (a) and a broadcast

A logical network is the collection of all local views, "e"g[ocess, which is first from to z,y, and then fromy to

a super graph containing all the nodes and links in loc Figure 6 (a) shows the update of local views. We label
views. Note that the logical network is dynamic in a MANET " ™9 @ P '

When the physical topology Changes_v the Chan_ge is detectede congition can also be be relaxed in a controllable way, sudh as
by “Hello” messages and reflected in the logical network.25)f in AODV.



the time each node sends its last “Hello” message beford

the broadcasting as;, and the time for previous “Hello”
messages as_1,t;_2, and so on. Note that at each node

tico : Fhinl

may refer to different physical time. Here each node builds 2-
hop information. If node,'s “Hello” message is first received
by node v betweent; , and t;_; (the “Hello” message

propagation is shown in a dotted arrow line), it is added to ‘
Vo]

v's 1-hop neighbor set, which is advertiseduis next “Hello”

-2 i-1

message at;_;. That is, link (v,y) is added to local views
of nodesv and x. Similarly, link (w,y) is also detected and

ti—2

added to local views of nodes andz.
Recall in self-pruning, each node follows three steps: (a)
first receipt of broadcast message, (b) backoff delay, and

i-2

(c) forward/non-forward status decision and transmission (|f
needed). Abroadcast periodstarts from the source sending
out the message and ends with the last node deciding |ts
forwarding status. Like [3], it is assumed that the broadcast
message propagates quickly and its delay can be ignored.

eIl L
"Hello" message
—_— @ =
data transmission

Backoff at intermediate nodes are allowed, botumulative L
backoffalong each path of the broadcast tree is bounded by local broadcast state
b, called broadcast delay for each broadcast. Note that e e

may also include broadcast message propagation delay if su

ch

global broadcast state

delay cannot be neglected. In Figure 6 (a), the time that each
individual node makes its decision is marked with a black

dot. Note that local broadcast states are taken at the tim@S 6. The time-space view of the logical network of Figure 2 (a) space
marked by these black dots, and the global broadcast stateigw of an inconsistent global broadcast state, after node identified by
the collection of local broadcast states (marked by the dasHgge® as its new neighbor (b).

line connecting all black dots).

Theorem 1 poses a rather strict connectivity requirement

. . ) on the physical network. That is, if the physical network
Wu and Dai's coverage conditions can be applied 1o the ot meet the connectivity requirement, the virtual network

global broadcast state and ensures coverage, given thatfiig,; g aranteed to be connected and Wu and Dai's approach
following three conditions are met: will fail. We will discuss later an approach that relaxes the

Connectivity: The virtual network that corresponds to th&onnectivity requirement under the cost of pruning efficiency.
global broadcast state should be connected in order to apemk availability : Any link in the global broadcast state

Wu and Dai's condition. The following theorem shows they,, |4 sill exist in the physical network during the broadcast
density requirement at the physical network for ensuring p%riod (.e., a neighbor sampled with range is still a

connected virtual network. neighbor in the range af, during the broadcast period).

Theorem 1:If the physical network with transmission range Theorem 2:To ensure the link availability requirement,

ri — A" is connected under all time, whet® = 25(f +b),  should be set so thak” < vy — 1. where A’ = kA + A
then every virtual network induced from a global broadcag}1d k for k-hop information '

state is connected.

C. Proposed Methods

Proof A he alobal broad : Ken i Proof: (sketch) We need to show that any neighbor under
b r(()jo : Assume the g% a _roZS(_:ast s;ate IS Fa €N e transmission ranga when its state is sampled is still an
a broadcast process started at timesince the maximum e rjye neighbor under the transmission ramgevhen the
broadcast delay i$, all local states are taken within t'memessage is sent out. The total delay inclutidsop neighbor
period [t,¢ + b]. If the distance of two nodes: and v,  get cojlection that takek intervals, and f +b) broadcast and

d(u,v) <y —2s(f +b) at imet — f, thend(u,v) < ry synchronization delay. The former contributes a distance of
during [t — f, t+b]. Suppose: takes its local broadcast state al'A and the latterA’ -

t, € [t,t+D], it must have received ats last “Hello” message

in [t— f,t,]. Therefore, link(u, v) exists inu’s local broadcast  The above analysis provides some theoretical foundations
state. Since the global broadcast state consists of all links fréon ensuring full coverage. However, the analysis shows only
local broadcast state, and the network is connected atitinfe the worst case situation, which rarely occurs. Later we will
in the range ofr; — A/, the corresponding virtual networkshow that even when, — r1 is much smaller tham\”, the
induced from the global broadcast state is also connecmd. probability of a undetected link failure is very low. Since most



. | movement
>rl, <r2

S u
(a) "Hello" range rl causes partition (b) "Hello" range r2 causes link failure
X y w X \O X
w
Fig. 8. A network with one mobile node (a) before the movement and
@ © © (b) after the movement. Dotted lines represent undetected physical links. The

dashed line represents a undetected broken link.

Fig. 7. The physical network changes from (a) to (b). (c) collection of

aggregated local states. nodes inNy(u) N Ny (w). Figure 7 (c) shows the collection of
aggregated local views. In this case, nodeill still forward.
. , Intuitively, once a node» appears as a neighbor af(in the
self-pruning protocols have certain degrees of redundanpgnge ofry) during the recent intervals, it still has to be
it usually takes several undetected link failures to fail eated as a neighbor even if it curren'EIy moves oututsf

broadcast, '!'hat s, .the probapility is high that full coveragfiqiple range, but is still in/'s effective neighbor set (as shown
can be achieved with a relatively small buffer zone W|dtr?n Theorem 2)

T]:'e reisa W|gebrange Ot[ %otlentlal tr?deoffs between broadcas}knother form of inconsistency might occur if a nodeuses
efliciency and broadcast delivery ratio. the “Hello” message fronx sent afterz made its decision
Consistency Two local views of nodes, andwv areinconsis- (forwarding/non-forwarding). As shown in Figure 6 (b), node
tent if there exits a link(v,w) in u's k-hop information, but % 'S |n|t|aIIy“a nelnghbor ofw and later moves tar as its

v does not vieww as a 1-hop neighbor. For example, assunfighbor. If “Hello” message is sent fromto w afterz has

the physical topology in Figure 2 changes shortly before tfidade its decision, but before made its, thenu's decision is
broadcast. The broadcast may fail due to inconsistent vieWdade based upon information that is not available tehen it
Figure 7 (a) shows the physical network before the chand@‘?de its decision. Consider the following sequence of events
where noder is a non-forward node because its neighbo@S Shown in the Figures 6 (a) and (b): (2 )decides its non-

v and w are connected via a replacement pdthy,w). forwarding status, (2): is detected byr as a new neighbor,
Figure 7 (b) shows the physical network before the broadcat)  advertises its new neighbor set, and ¢4pelieves thai,
where y is a non-forward node because is no longer a S covered byr and becomes a non-forward node. In this case,
neighbor, and the remaining two neighberand are directly ¥ will never receive the broadcast packet. A simple solution
connected. Nodg detects the broken linky, w) before node is for each node that has made a decision on a broadcasting
x, sincey is adjacent to the link while: is 2-hop away from 0 Piggyback broadcast id (which is a tuple of source id and
the link. Both nodes may take a non-forwarding status in tf¢duence number) and timestamp (the time the decision is

broadcastz’s decision based on the outdated view ayisl made) to the “Hello” message. The receiver can then ignore
based on the updated view. Therefore, nademay never the “Hello” message of a sender sent after the decision is made

receive the broadcast packet. at the sender. Note that the broadcast period is boundéxl by
only recent broadcast id’'s withih need to be piggybacked

We propose to use thaggregated local statéo address .
ito the “Hello” message.

the inconsistency problem. The main problem of the abo
example is that nodg removes link(y, w) in its local view
before noder does so. Note that any broken link is detecte
first as the loss of a 1-hop neighbor by the end nodes. ThisAccording to Theorem 1, full coverage is guaranteed only
link is not removed from local views of other nodes untivhen the network is dense enough. In the following, we
the link failure is advertised via “Hello” messages. When propose a mechanism that relaxes the connectivity requirement
hop information is used, it takes up t0“Hello” intervals for under the cost of pruning efficiency. In sparse networks, using
all related nodes to update their local views. The solution é&ssmall “Hello” transmission range may cause partition in the
that oncea node advertises its 1-hop neighbor set, it canndbgical network. As shown in Figure 8 (a), when the “Hello”
back away from it immediatelyThat is, each node keeps transmission range ig;, neither nodeu nor v view nodew

k recent versions ofV(v) advertised in its lask “Hello” as a neighbor, because they cannot receive “Hello” messages
messages. The local state used to make the forwarding/nfsrom w. Therefore, both, andv become non-forward nodes,
forwarding decision in a broadcast is thggregationof the 4 and nodew will not receive the broadcast packet. Simply
advertised local views. The aggregation takes 1-hop neighborsreasing the “Hello” transmission range #¢ cannot solve
from all k views, but other information from the last view onlythe problem. Since there is no more “buffer zone” that tolerates
The rationale is that node still views nodew as its 1-hop node before a topology change is detected and propagated
neighbor until link(u, w) is removed from local views of all to the neighborhood. As shown in Figure 8 (ln),becomes

Q. Implementation Details



a non-forward node, relying on to forward the packetv.
Meanwhile, nodav moves out of the transmission rangewof
and will not receive the packet from either. Here we have
a dilemma on the maximal distance between two neighbors
in the logical network. If two nodes are viewed as neighbors
only when their distance is less thap the broadcast may fail
due to partition. If two nodes with distance larger thanare
viewed as neighbors, the broadcast may fail due to the lack v
of buffer zone.
Our solution is based on maintaining two neighbor sets. Thg. 9. Calculation of the probability that a neighbor within the “Hello”
covered neighbor Sﬁ'Wc(U), of nodewv consists of all nodes transmission ranger{) moves out of the normal transmission range)(
within the normal (large) transmission, and theadvertised

neighbor setN, (v), consists of only nodes with distance less ihe largest value ofuve’ that satisfiesd(u,v') < 7o.

thanry. If v is a non-forward node, every pair of nodes ifpq o opanility thasiny node within the “Hello” transmission
N.(v) must be connected via a replacement path. In this case

— ; . nge ofu moves out of its normal transmission rangetat
nodewv in Figure 8 (a) viewsw as a neighbor and becomes g gen

forward node. On the other hand, onW,(v) is propagated ™ 2md ™ 2d 5
to neighbors to build theik-hop information. Therefore, link p(z) = A Silp(x’d) dd = /0 Ep(l"’d) dd  (2)

(v,w) in Figure 8 (b) is invisible to node:. Node v also here
forwards the broadcast packet and ensures the coverage. l\\f\{)te
that this method is conservative. If lirfke, w) is still available,
making nodeu a forward node causes extra redundancy. is the area within the “Hello” transmission range. The proba-
The dual neighbor sets are constructed via using tvadity that a node withany constant relative speed with respect
“Hello” transmission ranges: the normal transmission range to « moves out of the normal transmission range is
and the reduced transmission range This mechanism can 2s
be further improved, if each node can estimate its distance p= | Sy e(fy)dy 3)
to a neighbor based on “Hello” signal strength. In this case, . . - 0
“Hello” messages are sent via the normal transmission rangdiere V. =V, — V,, is the random joint mobility vector
r9. Each node constructs its covered and advertised neighbetween any two mobile nodesandv, whereV,, (V) is the
sets based on the estimated distances. random mobility vector of node (v). Note that equation (1)
E. Analytical Study ;till holds, as th direction of is also uniformly distributed
' in [0, 27], and is independent of the speediof|V|. We know
Based on Theorem 2, in order to guarantee that a neighlggat || is between0 and 2s; |V| = 0 whenV,, = V,, and
(within 1) att, is an effective neighbor (within;) at a time  |/| = o9 whenV,, = —V,, and V.| = |V,| = s. However, its
t1 = to + f, 1 must be smaller tham; — 2sf for a given propability function,f,; (¢), is unknown. McDonald and Znati
maximal node speed and time periodf. In this section, we [23] conducted a probabilistic analysis on the joint mobility
show that the probability, that a node within-, atty moves of two nodes, but their analysis is based on the random walk
out of ranger, att, is reasonably small with a much larger.  mobility model [6], where the mobility vector of each node
We assume a m0b|||ty model similar to the random d|reCt|q§ the sum of several epochS, each epoch has different Speed,
model [22], where each node is moving at a random spegflection, and duration. Li, Hou and Sha’s analysis [24] is
in [0, s] to a random direction iff0, 27]. This is a simplified pased on the same mobility model as ours, but their analysis
mOde| fOI’ ease Of pI’Obab”iStiC analySiS. In addition, th|$ modg S|mp||f|ed by the |mp||c|t assumption that nodeis fixed

usually represents the worst case in terms of relative distanggy |V'| is uniformly distributed in[0, s]. Here we calculate
between two nodes in a given interval. fIVI(t) at a givent as

Consider two neighboring nodes and v (as shown in
Figure 9). Nodev is within u's “Hello” transmission range

2
S1 =i

F|\7\ (t+ot) — FIV\ (t)

(the shadowed area) at timg and moves to position’ at ;. f Vi () ~ ot “)
Assume that their distance &t is d, andv moves a distance P(t < |17| <t 4 6t)
of  with respect tou at¢;. The probability that moves out = 5t
of the normal transmission range ofis @ms) rCmS) ROV Vot 46t o
o _ % Voo Vo 11 408) g7 g7
(9 L <rg— d (0,0) (0,0) (27'('5) ot
= —a —d<z< . N . . "
p(z, d) 1=% remdszsretd () e (t) is the distribution functionjt is a small positive
1 T >re+d V]
value, and
where 7 17
2?4 d? g2 I 1T s a<< |V, =V <b
= COs 1(T2) R(VIM Vi, a, b) o { 0 : otherwise



TABLE |
SIMULATION PARAMETERS

s=1m/s
Parameter Value
Network area 900 x 900 m?
Number of nodes 50, 100
ES Average moving speed 1-160m/s
g Pause Time 0s
2 Normal transmission range 250 m
= “Hello” transmission range| 100-250m
g “Hello” interval 0.75-1.25s
a Priority type node id
Backoff delay N/A
Location information N/A
Simulation time 100 s
- ; : Number of trials 20
0 05 1 15 2 Confidence level 95%
Velocity (m/s)
(a) The probability functionf‘v‘(t) of the random joint
mobility vector. IV. SIMULATION

Simulations are conducted to evaluate the proposed method
and explore appropriate “Hello” transmission ranges that

o 2= 250m achieve high delivery ratio with low broadcast redundancy un-
045 | r1=250m ——— | der various mobility levels. We also evaluate the effectiveness
€ oal o1%om ] of two implementation options that use dual neighbor sets to
Z oasl | improve the delivery ratio under various environments.
£ o
[
g A. Simulation environment
2 ' [ /“// ) i . .
& o2l | The proposed mobility management method is simulated
5 ot on ns-A1b7a) [25] and its CMU wireless extension. We
g oaf 4 extend the Wu and Dai’s coverage condition by using two
005 e transmission ranges; (for “Hello” messages) and- (for
o b= T iy actual transmission). When; = 73, the new algorithm
0 20 40 60 80 100 120 140 160 . . .. . .
Velocity (mis) is equwale.nt to the original generic self-pruning protocol.
We also simulate the dual neighbor sets enhancement for
(b) The probability that a neighbor within a given “Hello” sparse networks. The configuration of mobile networks and the
transmission range; moves out of the normal transmission implementation parameters of the extended coverage condition
rangers.

are listed in Table I. Since our purpose is to observe the
behavior of self-pruning protocols under mobile environments,
Fig. 10. Calculation results. all simulations use an ideal MAC layer without contention
or collision. If a node sends a packet, all neighbors within
its transmission range will receive this packet after a short
Figure 10 (a) shows the distribution ﬁf’| calculated from propagation delay. We assume that accurate location informa-
(4), whens = 1m/s and 6t = 0.001m/s. Note that the tion is either unavailable, or unable to predict the existence
probability that|\7\ > 1.5s is small € 5%). Based on this of wireless links due to the irregular variation of transmission
distribution, we calculate the probabilipythat any node within range. It was shown in [2] that the contribution of a backoff
the “Hello” transmission ranger{ = 100, 150, 200, and delay to the protocol efficiency is trivial except for SBA.
250) of w moves out of its normal transmission rangg & Therefore, our implementation of the proposed method does
250m) during a “Hello” interval (f = 1s), when the maximal not use a backoff delay.
single node speed varies from 0 to160m/s. As shown in The mobility model used in the simulation is the random
Figure 10 (b), we can use an that is much larger than direction model [22]. In this model, each node heads in a
ro — 2sf, and still expect a low probability that an effectiverandom direction and moves at a random speed until it reaches
neighbor moves out of the normal transmission range. Rtwe boundary of the area, where it selects new direction and
example, whenr; = 200m and s = 80m/s, the probability speed and keeps moving. Our mobility pattern generator is
of losing an effective neighbor is less tha@fic. Note that from [6], which has a parameter called average moving speed
the corresponding; that guarantees the availability of link(V,.4). For a givenV,,,, the speed of each node is randomly
(u,v) at timet; is r, — 2sf = 90m. Whenr, = 100m and selected from the rangé,2V,,,|. Note that the random
s = 160m/s, the probability of losing an effective neighbordirection model usually yields sparser networks and higher
is about the same. On the other hand, there ignthat can mobility than the commonly used random waypoint model
guarantee the link availability, & f = 320m > rs. [6]. Therefore, a reliable protocol in this simulation study is
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(b) Broadcast redundancy. (b) The dual neighbor set enhancement.
Fig. 11. Simulations in relatively dense (100 nodes) networks. Fig. 12. Delivery ratio in relatively sparse (50 nodes) networks.

a reliable protocol under the random waypoint model, but ngpeed increases. Using a larger buffer zone widthn( or
vice versa. 100m) improves the delivery ratio under high mobility level,
but performs poorly under low mobility level. The delivery
ratio is low (85% and 70%), even with trivial mobilityt«:/s).
Figure 11 shows simulation results in relatively dens@ne reason for the low delivery ratio in sparse networks
networks (100 nodes), with buffer zone width (i.e;,— ;) IS the relatively low redundancy. Simulation results in [2]
varying from O to 100m. As expected, high delivery ratio Showed that all self-pruning protocols have lower delivery ratio
(> 98%) can be achieved with large buffer zone width@r) N sparse networks than in dense networks under the same
in highly mobile networks (with average sped@0m/s). Mobility level. Another reason is that when the network is not
The only problem is the high broadcast redundaney6(% dense enough, the connectivity requirement in Theorem 1 is
forward nodes). If the network mobility level is known, wenot satisfied, and therefore, cannot guarantee the coverage.
can select the buffer zone width based on the mobility level This problem can be solved with dual neighbor set enhance-
to balance the delivery ratio and redundancy. For example,ragnt introduced in subsection IlI-D. Figure 12 (b) shows the
average speed20m/s, we can use a buffer zone width ofdelivery ratio of the enhanced scheme, where all neighbors
50m, which achieve5% delivery ratio with40% forward within the normal transmission range are put into the
nodes. At average sped@m /s, a 10m buffer zone achieves covered neighbor set, and only neighbors within the reduced
the same delivery ratio with onl§0% forward nodes. transmission range, are put into the advertised neighbor set.
Figure 12 (a) shows the delivery ratio of the proposedith this enhancement, high delivery ratio 00%) can still
method in relatively sparse networks (50 nodes). Whéma be achieved under the highest mobility level.
buffer zone is used, the delivery drops rapidly as the averageOverall, Simulation results show that balance between de-

B. Simulation results
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(a) Marking process (b) Rule1

(e) Span (f) LENWB (g) SBA (h) Coverage condition

Fig. 13. Nodeu in the center of each subgraph can be self-pruned by the corresponding protocol. Nodes in the transmission range (tfienodshed
circle) are neighbors of.. Gray nodes have higher priorities (e.g., higher id’s) thaBlack nodes are visited nodes that have forwarded the broadcast packet.

Dai and Wu’s algorithm (static): Dai and Wu [19] extended nodes. As in LENWAB, the status of a forward node is com-
the previous algorithm by using a more general pruning rupeited on-the-fly. When a nodereceives a broadcast packet,
called Rulek: a gateway becomes a non-gateway if all of it;istead of forwarding it immediately, will wait for a backoff
neighbors are also neighbors of any one:afther nodes that delay. For each neighbar that has forwarded the broadcast
are connected and have higher priority values. Rules 1 angacket, nodev removesN (u) from N(v). If N(v) does not
are special cases of Rulewherek is restricted to 1 and 2, become empty after the backoff delay, nodebecomes a
respectively. forward node; otherwise, nodeis a non-forward node.

Span (static): Chen, Jamieson, Balakrishman, and Morris [2@tojmenovic’s algorithm (hybrid): Stojmenovic, Seddigh, and
proposed theSpan protocol to construct a set of forwardZuinic [17] extended Wu and Li’'s algorithm in two ways: (1)
nodes (calleccoordinatory. A nodev becomes a coordinator Suppose every node knows its accurate geographic position,
if it has two neighbors that are not directly connected, indenly 1-hop information is needed to implement the marking
rectly connected via one intermediate coordinator, or indirectyocess and Rules 1 and 2. That is, each node only maintains
connected via two intermediate coordinators. Before a noddist of its neighbors and their geographic positions (connec-
changes its status from non-coordinator to coordinator, it wattens among neighbors can be derived). (2) The number of
for a backoff delay which is computed from its energy levefprward nodes are further reduced by a neighbor elimination
node degree, and the number of pairs of its neighbors that atgorithm similar to the one used in SBA.

nqt directly connected. The backoff delay can be viewed as rhe difference among above special cases is illustrated by

Y—ﬁl‘gure 13. To have a fair comparison, each node is equipped
with only 2-hop information. Node: in subgraphs (a), (b),
LENWB (dynamic): Sucec and Marsic [21] proposed thand (c) can be pruned by Wu and Li's algorithm. Nadén
Lightweight and Efficient Network-Wide Broadc8lsENWB) subgraphs (a) to (d) can be pruned by Dai and Wu'’s algorithm.
protocol, which computes the forward node status on-the-fijode « in subgraphs (a), (b), (c), and (e) can be pruned
Whenever node receives a broadcast packet from a neighbdwyy Span. Nodeu in subgraphs (a) to (f) can be pruned by
u, it computes the sat’ of nodes that are connecteddovia LENWB. Nodew in subgraphs (a) and (g) can be pruned by
nodes that have higher priority values thanif v’s neighbor SBA. Nodewu in subgraphs (a), (b), (c), and (g) can be pruned
set, N(v) (i.e., N1(v)) is contained inC, nodewv is a non- by Stojmenovic’s algorithm. Node in all subgraphs can be
forward node; otherwise, it is a forward node. pruned by the coverage condition. A static protocol has only

ray nodes, whereas a dynamic protocol has both gray and
%ack nodes.

a higher chance of becoming coordinators.

SBA (dynamic): Peng and Lu [16] proposed the Scalab
Broadcast Algorithm (SBA) to reduce the number of forwar



