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Towards Optimal Broadcast in Wireless
Networks
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Abstract— Broadcast is a fundamental operation in networks, especially in reconfigurable wireless ad hoc networks. For
example, some form of broadcasting is used by all on-demand mobile networks routing protocols, when there is uncertainty as
to the location of the destination node, or for service discovery. In this work, we present a new approach to efficient broadcast in
networks with dynamic topologies, and we introduce the Time Sequence Scheme (TSS), a new online local broadcasting
algorithm for such networking environments. TSS ranks by priority, in a distributed way, candidate broadcasting nodes so that
the overall number of re-broadcasts in the network is minimized. We evaluate TSS, showing that its performance comes
remarkably close to the corresponding theoretical performance bounds, even in the presence of packet loss due, for example, to
MAC-layer collisions. Furthermore, we compare our algorithm with a number of recently proposed schemes considering their
performance in various realistic network mobility scenarios. We demonstrate that TSS performance is robust in the context of
mobility induced topology reconfigurations — including temporal network partitioning — during propagation of the broadcast

message.

Index Terms— wireless communication, distributed broadcast, efficient flooding, stochastic routing, Connected Dominating Set

1 INTRODUCTION’

ROADCAST is a fundamental network operation allow-
ing a source node to send a message to all other nodes in
the network. In the context of networks where all communi-
cations are carried over a wireless medium and network
nodes are limited in energy and computational power (e.g.
sensor and mesh networks), an efficient broadcast mecha-
nism is exceptionally important for the overall network
performance. Similarly, a robust broadcast solution is re-
quired in networks where topology can change rapidly due
to nodes' mobility (e.g. networks of unmanned aerial vehi-
cles (UAVs), or interconnected devices attached to people).
For instance, among the various proposed wireless net-
work routing protocols (e.g.,, AODV, DSR, OLSR, TRBF,
ZRP), a prominent sub-group, referred to as on-demand or
reactive routing protocols, is designed based on the philos-
ophy that the discovery of a route in the network should be
done only when there is an actual need to route traffic. The
route discovery mechanism in on-demand routing protocols
relies on some variant of broadcasting to locate a path be-
tween the source and the destination nodes. Also, in highly
reconfigurable topologies, where the lifetime of network
routes may be shorter than the duration of a communication
(especially in the case of connection-oriented communica-
tion) broadcast, by itself, could be used as a routing mecha-
nism. Yet in other scenarios, data dissemination to all nodes
in a sensor network is needed and broadcast is an obvious
solution. Being such an essential network operation, it is not
surprising the importance of an efficient broadcast imple-
mentation has been widely accepted by the networking
community. (Section 7 provides more details and references
to a number of related works in the technical literature.)
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The main contributions of this paper include the design
of the Time Sequence Scheme (TSS), a novel broadcasting
algorithm that ranks and orders in time the transmissions of
broadcasting nodes, so that the overall number of re-
broadcasts in the network is minimized. TSS utilizes only 1-
hop topology information while simultaneously achieving
full coverage of the network with close to optimal number
of broadcast messages and with low delay.

Furthermore, the algorithm is robust to rapid topological
changes and network partitions. It retains its performance in a
full network stack implementation, where packet loss at
network and MAC layers, for instance, may be present. We
model, simulate, evaluate and compare the proposed
broadcast scheme with the most efficient schemes to-date in
the technical literature. We demonstrate that the proposed
scheme outperforms them in the metrics considered. Also,
TSS does not require positional information, as the latter is
infeasible or costly to get in many network settings.

In summary, the algorithm discussed in this paper is effi-
cient, distributed, performs well in highly dynamic network
scenarios, and relies only on local coverage information. To
the best of our knowledge, previously suggested schemes
have not satisfied all these desiderata for practical broadcast.

Next, Section 2 describes the broadcast problem we tack-
le and the related challenges to its solution. Section 3 pro-
vides the system model and assumptions. Section 4 explains
the basic intuition behind the TSS broadcast solution. More
details and an execution example of TSS are provided in
Section 5. Section 6 studies comparatively the performance
of TSS in various networking scenarios, including realistic
mobility models (e.g., both the Gauss-Markov [33, 34] and
the SLAW [35] mobility models are considered). To evaluate
the effects of noise, interference and practical MAC layer,
for instance, the results of a full network stack simulation of
the TSS are provided as well in Section 6. Sections 7 and 8



conclude the paper, placing it in the context of future and
prior work, respectively. In the Appendix, simple closed-
form bounds on wireless broadcast efficiency are derived
for completion, providing benchmarks for broadcast algo-
rithms.

2 THE EFFICIENT BROADCAST PROBLEM

Assume we represent the network as a connected graph
G=(S,E), where S is the set of all the network nodes and E is
the set of all the links. Given a source node s, € S that
transmits a broadcast message m, suppose it is desirable to
reduce the number of rebroadcasts of m required to propa-
gate m in the entire network. Consider the set of nodes Q c
S such that for each node v € S/ Q, v has a neighbor in Q. If
Qis a connected subgraph of G, Q forms a connected domi-
nating set (CDS). Notice that after the termination of any
broadcast scheme that propagates m to allnodes in S, the set
of nodes that the scheme has picked for broadcast forms a
CDS. For pure flooding [1] this is the trivial CDS: S.

A Minimum Connected Dominating Set (MCDS) of G is
a CDS in G with minimum cardinality. If just all the nodes
in a MCDS broadcast message m, all nodes in G will receive
m and the number of broadcast nodes is minimized. In the
context of wireless networks, we observe that, first, mini-
mizing the number of rebroadcasts (and rebroadcasting
nodes) would expend substantially less energy and band-
width especially as compared to flooding [45, 50]. Second,
recent practical variants of flooding, such as Glossy and
Flash [47, 50], can be very rapid and m reaches all nodes
with remarkably low latency sans finding MCDS. However,
as noted in [50], in many cases the design and application of
these flooding schemes is orthogonal to the task of finding
MCDS. L.e., the number of transmissions can be minimized
by, first, finding the set, Q, of network nodes forming a
MCDS; and, second, constraining the flooding only within
Q one can minimize latency. Such approach was shown to
significantly reduce the energy cost of the Flash flooding
protocol [50], for instance.

Challenges: We are not the first to note the importance of
MCDS to solving and modeling the wireless network
broadcast problem (the reader is referred to Section 7 for
related work). However, finding a MCDS of a graph G is an
NP-hard problem (even if G is a Unit Disk Graph (UDG)
[32]) and one needs to consider an appropriate heuristic
algorithm for only approximate CDS. The desired features
and challenges for a such practical and efficient algorithm for
dynamic wireless reconfigurable networks are that it should

(1) reach all the network nodes;

(2) transmit the broadcast message as few times as pos-
sible (or, equivalently, reduce the number of times
that the broadcast message is received by a network
node, optimally to only once);

(3) minimize delay (i.e., the time needed for the broad-
cast message to be received by the entire network);

(4) require only locally available information (e.g., only
knowledge of the 1-hop neighborhood topology);

(5) minimize the effects, on (1), (2), and (3) above, of
topological changes during a broadcast propagation
caused by mobility, and due to packet loss.
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Fig. 1: The output of four algorithms given a sample network on 5
nodes, where the source node is s,. The broadcast nodes in the
output CDS are in red. a) RBS and CCS output broadcast nodes
So, A, and B; b) Funke's algorithm outputs s, A, B, C, and D; ¢)
TSS outputs the optimum solution in this case which is s, and B.

Unfortunately, few of the so-far-proposed approaches to
the broadcast problem satisfy all the above desiderata. Pure
flooding protocols violate (2) above; furthermore, they may
lead to the notorious "broadcast storm" problem [1]. Proba-
bilistic schemes [3 — 9, 49] do not satisfy (1) above. To ensure
full coverage, stochastic schemes would need to transmit
with probability close to 1, whereby the scheme degrades to
flooding. Also, albeit simple, fast, and flexible they are not
as efficient in terms of finding small size CDS. Following a
different strategy, backbone-based algorithms have also been
proposed (e.g., the reader is referred to [44] for comparison
of such schemes). They rely on finding approximate MCDS
which are constructed by identifying dominating sets, max-
imal independent sets, or Steiner trees prior to broadcast.
While satisfying (1) — (3) above and often guaranteed to find
a CDS with size within a constant of the MCDS, such algo-
rithms do not tolerate dynamic topologies well [19 — 22].
Thus, they are incompliant with (5). Furthermore, some of
these algorithms are centralized [29, 30] and violate (4). Two
examples, [25, 45], of broadcast algorithms that satisfy (1) —
(5) have been described most recently. In [25] though, the
algorithm requires the knowledge of the nodes” geograph-
ical position, which is not always feasible. The proposed
algorithm in [45] requires only 2-hop local topology infor-
mation in lieu of geographical position and is thus more
closely related to the goal of our paper. However, as the
authors of [45] note, in highly mobile networks the algo-
rithm’s performance drops due to the 2-hop topology
knowledge requirement.

To address these challenges and improve on the state-of-
the-art schemes, our TSS's design carefully avoids subtle
algorithmic inefficiencies that undermine the performance
of broadcast schemes in the current technical literature.
Ilustrating some of these inefficiencies, Fig. 1 shows a very
simple network topology that is input to three algorithms
we found to be among the top performing in the context of
reducing the number of broadcast transmissions and find-
ing small size CDS.

Fig. 1a shows the output of the position-aware Responsibil-
ity Based Scheme (RBS), suggested by Khabbazian and Bhar-
gava [25]. Per RBS a network node i receiving broadcast
message m transmits m if 1) among i’s neighbors there is a
node j that has not received m yet and 2) the Euclidean dis-
tance between i and j is smaller than the Euclidean distance
between j and any other of the neighbors of i that has al-
ready received m. Given source node s,, this broadcast rule
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requires the transmission of nodes A (since AC < BC) and B
(since D has not received m after A broadcasts).

Incidentally, Fig. 1a also shows the output of the more
recent novel broadcast algorithm utilizing only 2-hop topol-
ogy information (sans position information) developed by
Khabbazian and Bhargava in [45]. We here dub this scheme
the Coverage Condition Scheme (CCS). In a nutshell, each
node j maintains a list L; of neighbors. L,is gradually pruned
by j. Based on information piggybacked in each retransmit-
ted broadcast message and 2-hop neighborhood topology
knowledge, j removes nodes from L, According to j the
removed nodes have received or will receive m from a dif-
ferentnode in the network. Per CCS, only nodes selected for
broadcast transmit m. If L, is non-empty, node j is eligible to
select node i € L, to broadcast next only if j itself has been
previously selected for broadcast by a neighboring node k.
The selection of i by j is done at random from L, If at some
point L, is empty the coverage condition of j is satisfied, and j
does not need to broadcast if it has not been previously
selected to broadcast by k. Otherwise, if j was selected to
broadcast by k, j broadcasts but does not select a forwarding
node. Here s,’s list contains the nodes A and B. Node s,
selects node A to broadcast next (this happens with proba-
bility of 50%). Node C receives m from A, but node D has to
receive m from B. Thus again both A and B broadcast m.

To include an algorithm that constructs a backbone struc-
ture prior to the broadcast session, Fig. 1b shows the output
of the algorithm in [21] developed by Funke et al.. Funke's
algorithm provably obtains one of the best approximation
ratios to the MCDS. The algorithm is distributed and finds a
CDS with size guaranteed to be within 6.94 from the opti-
mum MCDS solution for UDGs. The algorithm has behavior
similar to the Wan-Alzoubi-Frieder's algorithm from [20].
Funke's algorithm finds a solution CDS, which is a union of
an independent set and a connected set in G. In the case of
this example topology, the algorithm needs to select all the
nodes in the network as a final solution.

Finally, Fig. 1c show the optimal solution given a source
node s,. In this case the MCDS consists only of node B. The
broadcasts of the source s, and node B would be sufficient to
cover the entire network. All of the three algorithms consid-
ered above miss the optimum solution. Notice that by de-
sign all of the three algorithms approach the goal of reduc-
ing the number of broadcast nodes somewhat implicitly.
RBS relies on expanding the area covered by the broadcast
nodes quicker. CCS relies on pruning redundant transmis-
sions, but the effectiveness of the selected broadcast nodes'
transmissions is not considered as much. Funke's algorithm
exploits interesting relationships between graph theoretic
properties of the independent and connected dominating
sets to provide a good theoretical guarantee for the final
solution. However, it does not necessarily target the mini-
mization of the number of broadcasting nodes locally at
each step, or the maximization of the number of nodes that
receive m for the first time.

Thus per all three algorithms the main utility of a broad-
cast node — the number of nodes that have not received
message m yet — is not explicitly pursued or maximized,
leaving room for inefficient broadcast decisions. In contrast,
TSS's target is to explicitly maximize the utility of each broad-

cast: every broadcast node i should reach as many as possi-
ble neighboring nodes that have not received m yet. If there
were a node j in the network whose transmission would
potentially reach fewer such neighboring nodes, j should
wait until i finishes its broadcast first. This principle and its
careful distributed implementation allow TSS to find the
optimum solution shown in Fig. 1c. Both nodes A and B
receive the message m from s, however node B has two
neighbors (nodes C and D) that have not received m at this
time, and node A has only one neighbor (node C). TSS thus
considers both A and B as broadcast candidates and assigns
them respective tentative broadcast times. B has higher rank
and receives higher priority than A. The broadcast time of B
is earlier than the broadcast time of A. B broadcasts and at
the time for broadcast assigned to A, A no longer has neigh-
bors who have not received m. Following TSS policy A does
not broadcast in this case. Thus TSS finds the optimal solu-
tion here: the broadcasts of the source node s, and B are
sufficient.

Although the optimal performance of TSS in this ex-
tremely simple example is not an accident, the actual dis-
tributed design and implementation of TSS of course re-
quires more care and justification. In the remaining of this
work we outline the algorithms behind TSS and some of the
unexpected benefits of the scheme in highly dynamic mo-
bile network scenarios. We start by providing a few defini-
tions to setup the system model and context next, which
will facilitate the description of the proposed scheme.

3 SysTEM MODEL

The network model consists of N equal-capability nodes
with unique IDs, randomly distributed in a 2D plane.
Though, the results in this paper apply to 1D and to 3D
networks, too. The transmission range of all nodes is r [me-
ters]. Two nodes are referred to as 1-hop neighbors (or simply
as neighbors) and can communicate directly if the Euclidean
distance between them is less than R [meters]. Thus, the
network is modeled as a Unit Disk Graph (UDG).

On the MAC layer, we consider two scenarios: a) a perfect
MAC layer to isolate other effects (e.g., collisions, links
asymmetry, etc.), so that the broadcast performance metrics
reflect only the algorithmic efficiency; and b) packet loss (at
the MAC and other network layers) to evaluate the perfor-
mance of the algorithm in practical network settings, where
collisions and links asymmetries, among other deleterious
effects, are present.

The system operation is time-slotted, and the network
nodes are assumed to be only coarse-grain synchronized.
The latter is a standard assumption of many distributed
algorithms and can be implemented in variety of ways. For
instance, distributed, control-message-based coarse-grain
synchronization in multi-hop wireless networks would
suffice; such schemes have been studied extensively in the
literature (e.g., [28]). Recent advances in radio technologies
could also be utilized (e.g., [27]).

Definition 1: A broadcast session is the operation (including
all related events) of delivering a message m, created at one
node — the source — to all the other network nodes.

Definition 2: A covered node is a node that has already re-



ceived the broadcast message in a prior transmission of the
broadcast session. To simplify notation, in what follows we
assume only a single message m needs to be propagated in
the network, during the duration of each broadcast session.
However, TSS can be trivially extended to handle the
broadcast of multiple different messages simultaneously
originating from different sources in the network.

The source node of a broadcast session is always cov-
ered. A node that has not received the broadcast message at
a particular time, ¢, is referred to as an uncovered node at t.

Definition 3: The residual coverage (RC) of a covered node s
(s€ S) at a particular time ¢, referred to as RC(s), equals the
number of its 1-hop uncovered neighbors at time .

Definition 4: We define C as the set of all covered nodes at
a particular time and Q as the set of nodes that have already
transmitted the message at a particular time. We further
define NE(s) as the set of all the neighbors of the node s
(s€ S). We note that at any time, Q c C c S and that | S|1=N.

Finally, we assume all nodes are cooperative.

4 SoLuTION DEMYSTIFIED

The problem of finding the most efficient broadcast
scheme is equivalent to finding an approximation of the
MCDS, and satisfying (1) — (5) above. Since finding the
MCDS is an NP-hard problem [32], one needs to consider an
appropriate heuristic, with the centralized greedy algorithm
being one such an alternative (e.g., [31]). The basic idea of
the greedy algorithm finding the MCDS is to repeatedly
select nodes for transmission, such that in each round a
node whose transmission covers the largest number of un-
covered nodes is selected. Thus, each transmission '"re-
moves" the largest possible number of nodes from the set of
uncovered nodes and, eventually, results in covering the
whole network with a minimized number of transmissions.
However, such a centralized greedy algorithm violates the
requirement (4) of Section 1. Consequently, we propose in
this paper a particular distributed heuristic, which approx-
imates the operation of the centralized greedy algorithm.
The operation of this distributed greedy heuristics relies on
each node "scheduling" its transmission based on the value
of its RC — the larger the value of RC, the sooner the node is
scheduled to transmit.

To explain the operation of the proposed distributed
heuristic, we consider first the operation of the centralized
greedy scheme. We start with the initial set of covered node
C={s,} and Q=@. The source node transmits first, covering
its neighbors: C = {s,\U NE(s,)}, Q={s,}. An "oracle" greedily
chooses a node, s, from the set C\Q with the largest RC
value to broadcast next; i.e., Vse (C\ Q), RC(s) < RC(s;). Af-
ter s, transmits, C <~ CUNE(s;) and Q « Qu{s,}. Then, re-
peatedly, the next node with the largest RC is selected to
transmit from the set C\ Q, until all the network nodes are
covered; i.e., until C=S, at which time the algorithm termi-
nates. The total number of transmissions in a broadcast
session equals | Q| at the algorithm termination time. Fur-
thermore, the choice of node s, to transmit in the i iteration
allows maximizing the number of covered nodes during the
i" transmission. This intuitively only tends to minimize the
total number of transmissions during the operation of the
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algorithm. The algorithm does not guarantee such a mini-
mum, as in some cases choosing a node with smaller RC
value first could, in fact, result in finding nodes with much
larger RC values later, reducing the overall number of
transmissions.

Although in [31], the authors discuss the inefficiency of a
greedy scheme in finding MCDS in general graphs, the
above centralized greedy heuristic finds on the average a
rather close approximation of a MCDS in UDG as demon-
strated in Section 6. Of course, the challenge, similarly to
other efficient MCDS approximation schemes, is to imple-
ment the "oracle" in a distributed manner; i.e., ordering
nodes’ transmissions based on their RC values, while utiliz-
ing only local topological information. Surprisingly this
path towards optimizing broadcast in wireless networks has
not been investigated in previous works on the problem.

The following distributed Time Sequence Scheme (TSS) ap-
proximates the centralized greedy transmissions’ order in
time, by allowing nodes with larger RC values to transmit
before nodes with smaller RC values.

TSS's blueprint is given as follows:

e Upon network deployment each node runs Algorithm 1.
Algorithm 1 generates sequence T of time-slots spanning
the duration of the broadcast session.

e Source s, transmits message m and covers its neighbors.

e Each node i receiving m for the first time marks itself as
covered and computes RC(7). The local RC computation
by nodes is discussed later in the paper.

e Next, node i runs Algorithm 2 to schedule itself for later
transmission time-slot T, depending on RC(i).

e If node iis scheduled to transmit in some time-slot T, i
computes RC(7) in the beginning of T,. If the residual
coverage of i has decreased (but is still positive) since
the time-slot in which 7 has scheduled itself, i re-runs Al-
gorithm 2 and schedules itself for a new, later transmis-
sion time-slot. Else, still in T, and prior to broadcast, i
checks whether any of its 1-hop neighbors are scheduled
to transmit within T, as well. If more than one neighbor-
ing nodes are scheduled for T, the node with the largest
RC transmits in T,. The rest of the neighboring nodes
schedule themselves to transmit in the next time-slot.

Next, we describe the details of the time sequence T's struc-
ture as generated by Algorithm 1. We also discuss the sched-
uling Algorithm 2, and how it exploits the structure of T to
rank, prioritize and order nodes' transmissions in time.

5 STRUCTURE, SCHEDULE, SEQUENCE SCHEMES

The timing of nodes' transmissions is enforced by the
particular structure of the time sequence T of time-slots.
Each time-slotx, 0 <x < | T, is associated with a specific RC
threshold 1,. Only nodes with RC values greater or equal to
1, are allowed to transmit in time-slot x.

5.1 Time Sequence Structure and Algorithm 1

What is the rationale for determining the RC threshold 1,
at each time-slot x? Consider the following naive scheme,
which attempts to order the transmissions of the nodes, so
that nodes with larger RC transmit first. Let T be a sequence
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(u,u,u)

]

{level/epoch u: I = u}

(u,u,u-1) [(u u-1 u-l)} ---------- {level/epoch u-1: I =u-1}

(u,u,u-2) }‘ (u,u-1,u- 2}[(u u-2 u-Z)} -{level/epoch u-2: I =u-2}

[ (21) ]{ (w,1,1) ] =1

Fig. 2: Time Sequence T: output of Algorithm 1 with input u, arranged
in epochs to implement threshold resets required for node scheduling.

of time-slots and assume 1, < 7,,,, 0 <k< | T|-x. Namely,
each subsequent time-slot is associated with a strictly lower
threshold value of RC than the previous time-slot's thresh-
old. Upon receiving a broadcast message, node i marks
itself as covered, determines RC(i), and schedules itself to
transmit in a future time-slot T,. Since i can only schedule
itself for a time-slot T, such that T, < RC(i), the higher RC(i)
the earlier the scheduled T,. That is, nodes with higher RC
would tend to broadcast earlier than nodes with lower RC.
This simple scheme does not take into account the fact that as
scheduled nodes transmit, for instance in time-slot T,, the
set of newly covered nodes may contain nodes with RC val-
ues larger than 1,. In other words, the time-slots following
T, cannot be used to time-order the transmissions of such
newly covered nodes, since these nodes' RC values are
greater than the thresholds of all time-slots following T,.

To address this problem, we modify the time sequence T
utilizing Algorithm 1, so that T contains repeated reordering
of time-slots within epochs (also referred to as levels). Each
epoch now contains a sequence of time-slots, and each sub-
sequent time-slot within an epoch has RC threshold strictly
lower than the previous time-slot's threshold. However, at
the beginning of each epoch, the RC threshold is reset: the
first time-slot in each epoch has RC threshold equal to the
RC threshold 1, of the first time-slot in T. Suppose 1, = u.
Fig. 2 shows the structure of the resulting time-sequence T,
which is the output of Algorithm 1 with input u.

For example, consider the case of u = 4. At the top level of
T (level 4) only nodes with RC = 4 are allowed to transmit.
In the next level (level 3), first nodes with RC > 4 and then
nodes with RC = 3 will be allowed to transmit. In level 2,
first nodes with RC >4, then nodes with RC = 3, and finally
nodes with RC > 2 will transmit. In the last level, first nodes
with RC = 4, then nodes with RC > 3, then nodes with RC >
2, and finally nodes with RC =1 (all nodes with at least one
uncovered neighbor) will be allowed to transmit.

To unambiguously label each time-slot, instead of using
the threshold value only, we use a vector of three values:
(upper, middle, lower). The upper is simply equal to u: the
maximum value of the threshold, which is associated with
the first time-slot in T. The lower is the number of the lev-
el/epoch and equals the RC threshold of this epoch. Le.
nodes with RC less than lower cannot transmit in this epoch.
The middle is the threshold value of a time-slot. Le. nodes
with RC less than middle cannot transmit in this time-slot,
but they may transmit later in this epoch, given their RC is
greater than lower. Note that the values of lower and middle
for all time-slots in T depend only on upper, which is equal
to the parameter u. Hence, the number of timeslots | T lina

T,=u 1T,=u T=ul 1,=u 15;=u-1 Tira=2 Tip=1
(wuu) | (wuu-1) (u,u-l,u-1)| (u,u,u-2) ‘(u,u—l,u—2) (w,2,1) (u,1,1)
t

Source s,

broadcasts T, =(uuu-1);1,=u =(u21);154=2
N Preamble  Broadcast field Preamble.  Broadcast field
I/ \: - j broadcasts  §
% ," - RC computation - RC computation J
R - Scheduling - Scheduling

- Neighborhood check - Neighborhood check S0 -

CReq
1 “Rep = RCG) = 2 (no change)
] 'L\—'b - no broadcasting neighbors

Fig. 3: The output of Algorithm 1 with input u; temporal format of
timeslots and the temporal blueprint of TSS. Only nodes with RC great-
er or equal than a timeslot threshold 1, can transmit in timeslot x. Time-
slots in bold are called edge slots. Each timeslot comprises a Preamble
followed by a Broadcast Field. Control messages are exchanged during
the preamble of a timeslot. Nodes transmit a broadcast message during
the broadcast field of a timeslot. T is the current timeslot (jreceives the
broadcast message); T, is a later timeslot for which jis scheduled using
Algorithm 2, based on RC(j) computed during the Preamble of T In
this case RC(j) has not changed during the time between T and Ty; j
broadcasts during the Broadcast Field of Tp.

broadcast session is a function of u. The parameter u is fixed
and set up administratively and network-wide at the time of
network deployment.

The value u should be judiciously chosen. A too small
value of u does not allow separating in time the transmis-
sions of nodes with different values of RC, thus losing the
ability to assign larger priority to nodes with larger RC
values, while a too large value of u results in many empty
time-slots, thus leading to an unnecessarily long broadcast
session (i.e. larger | T | and delay). Section 6.2.2 addresses
the choice of appropriate parameter u in more detail, dis-
cussing its effect on the scheme’s performance.

Fig. 3 shows the ordering of time-slots in time during the
duration of a broadcast session. Each "edge" slot (in bold)
demarcates the end of an epoch. The time-slot from the
uppermost epoch occurs first, followed by the time-slots in
the next, lower level. Also, in each level the time ordering of

Algorithm 1: Constructing the vector set T

Input: u

Output: ordered collection of vectors T={T,, T, ,, ..., T}
Algorithm:

1. T« O

2: upper < u

3: middle < u

4: lower < u

5: T, « (upper, middle, lower)
6: T«T,

7: while middle > 1 do

8 if middle == lower

9: lower « lower —1

10: middle « upper

11:  else

12:  if middle > lower
13: middle < middle — 1
14:  T,., < (upper, middle, lower )

150 T «TuUT,

next




the time-slots is from left to right. The uppermost epoch
(which contains a single time-slot) is associated with the
largest threshold of RC (which is set to u), allowing trans-
missions only of nodes with RC value of at least u. The se-
cond epoch is associated with the RC threshold of u-1, al-
lowing only nodes with RC values of at least u-1 to transmit.
However, notice that, as the transmission in the first epoch
might have revealed newly covered nodes with RC value
larger than u, the second epoch contains two time-slots: the
first allowing transmission of nodes with RC value of at
least u, followed by a time-slot allowing transmission of
nodes with RC value of at least u-1. This process continues
until the last epoch (associated with RC threshold of 1 and
containing u time-slots) allows ordered transmission of
nodes with RC values of at least u down to nodes with RC
values of at least 1.

5.2 Node Scheduling and Algorithm 2

Given the time-sequence (TS) structure described above,
each node locally schedules its time of transmission, after
receiving broadcast message m so that, overall, nodes with
higher RC transmit earlier than nodes with lower RC. The
TS serves as a common reference for all nodes.

The broadcast session begins when source node s, broad-
casts message m. As m propagates throughout the network,
any node j upon receiving m for the first time determines
the current time-slot T,, within the TS. This can be imple-
mented as in 5.3.1 below.

The TS schemes' temporal flow proceeds as shown in Fig.
3. Node j determines its residual coverage RC(j), as de-
scribed in 5.3.2 below. After determining RC(j), node j runs
Algorithm 2 to schedule its transmission for a future time-
slot. Given T,, and RC(j), Algorithm 2 schedules node j for a
transmission timeslot, T,, later in the broadcast session. T,
could be the next timeslot immediately after T, provided
RC(j) is large enough (i.e., RC(j)> middle,,). Otherwise, Algo-
rithm 2 attempts to schedule node j for a time-slot at the
current level, if RC(j) = lower,,. If the current time-slot is an
edge slot (see Fig. 2), Algorithm 2 attempts the next level of
the time-sequence. Else, node j is scheduled to transmit at a
later, lower level. In general, the larger RC(j), the earlier is
the level and the earlier is the scheduled transmission time-
slot T, within that level. If RC(j) = 0 the node is not sched-
uled for transmission at all.

It is important to note that the value of RC(j) can change
between the time at which j had scheduled itself for trans-
mission and the beginning of j’s scheduled-for-transmission
time-slot T,, due to transmissions of other nodes or due to
mobility. This may render j inadmissible in T,. To avoid
transmission in an incorrect time-slot, j re-computes its RC
value prior transmitting in T, and checks if it still can
transmit in T,. If so, j transmits the message in T,. Else, it
reschedules itself by employing Algorithm 2 again with in-
puts T, = T, and the latest recomputed RC(j).

5.3 TSS Protocol Details and Variants

In this section we discuss possible implementations of
the Time Sequence Schemes based on the algorithms de-
scribed above. We also provide details regarding implemen-
tations of procedures such as residual coverage computa-
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Algorithm 2: Node j self-scheduling

Input: RC(j); T,, = (u,, m,, 1,) / | vector associated with the
current time-slot

Output: transmission time-slot T, <> £,

Algorithm:

1: rc < RC;

2: upper < u,

3: middle « m,,

4: lower « 1,

/* if RC(j) is larger than the current value of middle, j

transmits in the next time-slot */

5: if rc> middle

6 T, T,

7: else

[* if RC(j) is larger than lower, T, is in the current level

depending on the value of RC(j) */

8: if rc <middle and rc = lower

9:  if(u, m,l,) isedge_slot

10: if lower >1

11: T, < (upper, rc, lower —1)
12: else

13: T, < (upper,rc, 1)

14: else

15: T, « (upper, rc, lower )

/* if RC(j)is even less than the value of lower, T, is ina
later level of the TS; the level depends on RC(j) */

16: else

17: if rc < lower and rc > 1

18: T, « (upper, rc, rc)

tion, determining the current time-slot, and checking if a
node has the largest RC in its neighborhood. We start by
defining a general temporal format of a time-slot and define
what procedures occur at different times in the time-slot.

As shown in Fig. 3, each time-slot consists of a Preamble
part immediately followed by a Broadcast Field part. The
Broadcast Field is fixed to the maximum duration needed to
transmit the broadcast message depending on the maxi-
mum message size. The Preamble is used to transmit short
control messages between adjacent nodes, and its duration
is small compared to the Broadcast Field length of the time-
slot. The timeslot duration f, equals the duration of the
Preamble added to the duration of the Broadcast Field and is
known to all nodes in the network at deployment time.

1) Determining the Current Timeslot

The source node transmits the message m at the begin-
ning of the Broadcast Field of the first time-slot in the TS. The
initial transmission's timestamp is piggybacked by the
broadcast message. Upon receiving m, node j computes the
current time-slot T, by subtracting the initial transmission
timestamyp from j’s current local time and dividing the differ-
ence by f, to obtain the number of elapsed time-slots since
the beginning of the broadcast session. Knowing the generic
TS structure as per Fig. 2, a node is able to determine the
vector of the current time-slot: T,, = (upper,,, middle,,, lower,,).

2)  Residual Coverage Computation

The RC value of a node is needed prior to the node's
scheduling (during the Preamble of timeslot T,) or resched-
uling (during the Preamble of timeslot T,), as noted in 5.2
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above and shown in Fig. 3. This is done by a locally execut-
ed protocol —a version of a "Neighbor Discovery" protocol -
where Coverage Request (CReq) and a Coverage Reply (CRep)
messages are exchanged between neighboring nodes.

This simple protocol can be further improved in a variety of
ways, but this is beyond the scope of this paper and is only
discussed briefly in the discussion section of the paper. In
Section 6.2, we simulate TSS over a full network stack and
demonstrate that a standard 802.11b MAC layer readily
handles all the control messages generated; as the network
density increases, the performance of the TS schemes re-
main robust (Figures 7, 8 and 9).

3) The Naive Time-Sequence Scheme

For clarity, we first summarize a basic TS-based broad-
casting scheme. Upon network deployment, all nodes run
Algorithm 1 to construct the TS. After a node transmits the
broadcast message, all of its previously uncovered neigh-
bors that receive the message mark themselves as covered,
compute their RC as in 2), and run Algorithm 2 to schedule
their transmission time-slots. Just before its scheduled time
to transmit (during the Preamble of T,), node j re-computes
and updates its RC(j), as per Fig. 3. After the update, if the
RC(j) has not decreased, j broadcasts during the Broadcast
Field of T,; if RC(j) has decreased (but RC > 0), the node
determines its new time-slot assignment by re-running
Algorithm 2. If, at any time, the computed RC value of a
node equals 0, the node will never be scheduled for trans-
mission in this broadcast session. We refer to this basic
scheme as the Naive Time Sequence Scheme (NTSS). As the
name indicates, the NTSS possess some important deficien-
cies, which will be cured by the other variant TSS of the
scheme presented next.

4) The Time-Sequence Scheme (TSS): Neighborhood Check

TSS operates as NTSS, but incorporates a 1-Hop neigh-
borhood check within the scheduled-for-transmission time-
slot T,. To accommodate that, each timeslot's Preamble is
splitin two parts: Preamble 1 and Preamble 2. Suppose node j
is scheduled to transmit in T,. During Preamble 1, j computes
its RC, by sending CReq and receiving CRep packets. Next, j
checks during Preamble 2 of T, whether any of its 1-hop
neighbors are scheduled to transmit within T, as well. This
check does not necessitate any additional transmissions.
Node j can determine whether a particular neighbor i is
scheduled to transmit in T, if j has received the CReq mes-
sage from i during Preamble 1. If more than one neighboring
nodes are scheduled for T,, the node with the largest RC is
selected to transmit in T,. In our implementation of TSS this
is done as follows. Immediately after Preamble 1, node j
picks a random time within Preamble 2 to send a RCPacket,
containing RC(j) (as found by j in Preamble 1) and j’s ID. If j
receives RCPacket; from a neighboring node i and if RC(i) >
RC(j), j does not send its RCPacket; and reschedules itself for
broadcast to the next timeslot. Otherwise, j sends its
RCPacket;. Since the set By, of all neighboring nodes broad-
casting in the same timeslot T, follows this protocol, it is
easy to check that at the end of Preamble 2 all but the node j*
with highest RC in By broadcasts in T,. The nodes in By, \ {j*}
are rescheduled for the next time-slot T,,,.

This 1-Hop check avoids redundant transmissions
whereby neighboring nodes i and j broadcast m to the un-

Scheduled RC/Scheduled Scheduled RC/Scheduled
Nodes Timeslot Nodes Timeslot
A 2/(422) C 0/411)
B 3/(433) D 1/4,1,1)
C 1/(4,11) F 0/41L1)
D 1/41,1) G 0/-
Step 1 H 0/-
E 0/-
K 2/(42,1)
Step 3
Scheduled | RC/Scheduled | Step 4: All nodes are covered
Nodes Timeslot after timeslot (4,2,1). The time-
A 2/(4,2,2) sequence is exhausted at (4,1,1),
C [0 iy | gl sl o nodes e
D 1/(411) terminates.
F 1/4,1,1)
G 0/-
H 0/-
Step2

Fig. 4: In the first timeslot, the source node s, transmits the
message m. Nodes A, B, C, and D receive m, mark themselves as
covered, compute their RC, and schedule themselves to broadcast
At Step 1, according to Algorithm 2, since node B has 3 uncovered
neighbors it is scheduled for timeslot (4,3,3). Node A is scheduled
similarly for (4,2,2), C, and D for (4,1,1). At Step 2, during the third
timeslot (4,3,3) node B transmits the message. Nodes G, H, and F
become newly covered and are added to the scheduled nodes list: F
is scheduled for (4,1,1); G and H have RC = 0 and are not
scheduled. Node B is removed from the list. At Step 3, in the sixth
timeslot (4,2,2), node A checks its RC. Since its RC remains the
same, node A transmits the message. Nodes E and K become
newly covered. Node K has two uncovered neighbors: /and J. Kis
scheduled for timeslot (4,2,1). Finally, at Step 4, during the
preamble of the ninth timeslot node K has not changed its RC and
transmits. All nodes are covered at this point. Hence, C, D, and Fdo
not transmit.

Fig. 5: A network topology example, where the TS-based scheme
picks {so,B,A,K} for broadcast and forms a MCDS of the particular
network graph. All nodes are covered after the broadcast session
completes.

covered nodes in their respective neighborhoods and the
shared neighbors of i and j receive m redundantly both from
i and j. The latter severely degrades the performance of
NTSS as we see in section 6.

5.4 Sample Execution of TSS
Consider the network of nodes shown on Fig. 5. Suppose



u =4 and Algorithm 1 constructs the TS as shown in Fig. 2.
The sample run of TSS is shown in Fig. 4, with the resulting
network coverage depicted in Fig. 5. Note that the TS struc-
ture allows Algorithm 2 to give priority to nodes with higher
RC, which could be covered and scheduled later during the
broadcast session. For instance, because of its larger RC
value, node K transmits before either of nodes C, D, or F, in
spite of the fact that C, D, and F received the broadcast mes-
sage and were scheduled earlier than K.

Ultimately, this eliminates the transmissions of nodes C,
D, and F. Fig. 5 shows the network state after the broadcast
session is completed. In this example, the MCDS (in red)
equals the nodes selected by the TS scheme.

5.5 Formal Properties of the TS-based Schemes

Here we derive more formally the properties of the TS
structure based on Algorithm 1.In 1), the correctness of the
TS-based schemes is proved. Algorithm 1's runtime is de-
rived in 2). In 3), we discuss why along with the scheduling
Algorithm 2, the TSS scheme emulates approximately the
behavior of the centralized greedy algorithm.

1) Correctness of the TS-based Schemes

In the following proof of correctness, the network topol-
ogy is assumed to be static' during the broadcast session
and the MAC layer to be perfect. The network graph is as-
sumed to be connected?.

The performance evaluation of the TSS in the next sec-
tion, demonstrates that even in the presence of high mobili-
ty and potential packet loss, the scheme achieves full or
almost full network coverage.

Proposition 1: The TS-based schemes terminate in finite
amount of time and guarantee full coverage of the network.

Proof: Per Algorithm 2, for all TS schemes, a node is not
scheduled to transmit unless its RC is strictly greater than
zero. Whenever a node n transmits, all of it neighbors re-
ceive the broadcast message and are marked as covered.
Hence, the RC value of node n decreases to zero, and node n
is not admissible in any future time-slot. Therefore, a node
does not transmit more than once during the execution of
the algorithm. Since the number of nodes in the network is
finite, the algorithm terminates in a finite number of steps.

Now, suppose that after the termination of a TS-based
algorithm there is at least one node, D, that is not covered.
Since the network graph is connected, there exist at least
one path from the source node, S, to the destination node D.
Because D has not received the message, there are at least
two neighboring nodes X and Y along this path, such that X
has received the message and Y has not received the mes-
sage (note: X mightbe S and Y mightbe D). Therefore, since
Y has not been covered, RC(X) > 1 at algorithm’s termina-
tion. This is a contradiction. Per both TS schemes, node X
computes RC(X), after receiving the broadcast message. Per
Algorithm 2 (lines 5-17), as long as RC(X) > 0, X is always
scheduled to transmit in a later timeslot T,.

Thus, the TS based schemes cover all the network nodes.
o

! For an arbitrary mobility model even flooding cannot ensure full net-
work coverage; similarly, this is true if package loss probability is positive.

*If the underlying graph of a static network is disconnected no broadcast
algorithm can ensure full network coverage.
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2) Algorithm 1's Complexity

Let T be an ordered collection of vectors {T,, T, ..., T}},
where T, = (u,, m,, 1), u,, m,, and [, e N*, and where the
parameters u, m, and [ are equal to the upper, middle, and
lower values. Let T be the output of Algorithm 1 with input u.

Proposition 2: The time complexity of Algorithm 1 is O(u’);
and the length of the generated time sequenceisx =IT | =
u(u+1)/2.

Proof: The output, T, of Algorithm 1 can be arranged in an
isosceles triangle with sides u as shown in Fig. 2. The trian-
gle consists of u levels, where the last level (level 1) com-
prises u vectors. The number of vectors at the i"level equals
1 + u —i. The total number of vectors is then:

Zi=u(u+1)/2 .

i=1
At each iteration of Algorithm 1 there is exactly one vector
generated. Hence there are O(1/°) iterations and x = I T | =
u(u+1)/2. o

As discussed in Section 6.2.2, the value of u is rather low
(1 =7) in practice and does not depend on the network den-
sity. Hence, Algorithm 1 is not computationally expensive
and could be run on resource-constrained nodes.

3) Greedy Transmission Priority

Let A =(S,I) be a set system with ground set S={j:1<j<
N}, the set of all network nodes. Each node j has weight
equal to RC(j) at a given time . As time advances from time-
slot to the next, the values RC(j) may change. Let I={S,, S,
..., S,71} be the collection of subsets of S, where S,={j: RC(j) =
m, = I, = 1}, for given vector T, =(u,, m,, I,) € T. Note that

[Tl = ITI.

Definition 5: A network node j is called admissible in vec-
tor T}, iff j € S,.

Letx= | T |=u(u+1)/2. Every x consecutive time-slots (or-
dered in time as in Fig. 3) are mapped one-to-one to the
vectors in the ordered collection T above. That is, each time-
slot, f, is uniquely associated with a vectorin T: ¢, <> T, = (u,
uu), T =W uul),.. teT=wll).

Formally, a time-sequence TS is the ordered collection of
the time-slots together with their corresponding vectors in
T. A network node is admissible in time-slot ¢, if it is admis-
sible in vector T,,, . This association "wraps around"; i.e., in
general for k > 1, t, ¢ T,,,,, where d={ k/x |

(Revisited) Definition 1: A broadcast session consists of all
the events, starting from the transmission of the message m
by the source node and ending when the broadcast algo-
rithm terminates after | T'| time-slots.

Broadcast Rule: At every time-slot t,, a node considers
transmitting only if it has not transmitted earlier in this
broadcast session and if during the Preamble of t,, it is ad-
missible in T, .

It is easy to verify that Algorithm 2 complies with the
Broadcast Rule. For instance, if middle,, of the current TS time-
slot is lower than a node’s RC value, Algorithm 2 schedules
the node’s transmission for the next immediate time-slot.
Otherwise, a further future time-slot is assigned to the node.
A node is never scheduled to transmit if its RC = 0 (i.e., it is
not admissible in any time-slot).

Definition 6:j<1i, Vi, je S, iff RC(j) < RC(i).

Definition 7: A minimal admissible element min(T,) in vector
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T, is an element j €S such that j < i for all i admissible in
vector T,.

Consider the ordered collection T” of vectors at level g, q
ef{l, ..., u}, of T.

Definition 8: inf (T") is the smallest element among all
minimal admissible elements in the vectors at level 4.

Let L be the sequence (inf (T"), inf (T*"),..., inf (T")). Note
that the sequence L is decreasing, from definitions 6, 7, and
8 applied on the set system I described above.

Since L is decreasing, given the TS structure and schedul-
ing algorithm, covered nodes with low RC values would not
be able to transmit (i.e., be admissible) in earlier higher levels
of the time sequence TS, but will potentially be admissible
in later, lower levels. And reversely, only nodes with larger
RC values would be admissible and be able to transmit in
earlier higher levels of the time sequence. We next note thata
similar observation holds for the time-slots within each level
of the TS.

Let M be the sequence (min (T;), min (T,) ..., min (T})),
where vectors T, T, ,,..., T; are in collection T for a given
level q. The sequence M is decreasing again from applying
definitions 6, 7, and 8 on the set system L

Since M is decreasing, within level g of the TS, nodes with
smaller RC values would be admissible only in later
timeslots at level g, and nodes with larger RC values would
be admissible earlier at level 4.

In summary, the structure of the TS (implemented via Al-
gorithm 1) in conjunction with the Broadcast Rule (imple-
mented via Algorithm 2) has admissibility property allowing
for repetitive assignment of larger transmission priority to
nodes with larger RC values compared to nodes with small-
er RC values. Hence, by the virtue of the admissibility prop-
erty of the Broadcast Rule, the greedy "oracle" scheme is
emulated approximately.

6 PERFORMANCE EVALUATION

We investigate the performance, defined by a number of
metrics, of various broadcast algorithms in four distinct
network topology models. For a static network topology,
we consider the case of a perfect MAC-layer (no packet loss
due to collisions). Next, we implemented NTSS and TSS in
full network stack, discrete event simulator (JiST/SWANS
[26]), where packets may be lost at different network layers
(e.g. due to collisions, noise etc.). Finally, we consider two
types of realistic mobile models: one generating independ-
ent mobility patterns of the nodes; and another generating
correlated (group) mobility patterns.

We compared the performance of the TS-based schemes
against the most efficient schemes found in the technical
literature to the best of our knowledge. In particular, we
simulated the RBS ([25]). In [25] the authors show that RBS
outperforms a few well-known broadcast algorithms such
as the Edge Forwarding [13] algorithm, for example. We also
simulate the more recent CCS ([45]). Another broadcast
protocol we implement for comparison in this paper is Bor-
dercast: the route discovery mechanism in the Zone Routing
Protocol (ZRP) ([26]). Bordercast relies only on local topologi-
cal information to select the nodes, which forward the
broadcast message. Per ZRP a zone of node A in the net-
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Fig. 6: The number of transmissions in a static collision free network
(full coverage) of eight different broadcast algorithms.
work includes all nodes that are within k hops from A. Bor-
der nodes are those nodes in the zone whose minimum hop
distance from A is exactly k. According to the Bordercast
algorithm, the goal is to cover most efficiently only all of the
border nodes in its zone.

To include an algorithm that constructs a backbone struc-
ture prior to the broadcast session, we selected Funke's algo-
rithm [21], as it arguably provides one of the theoretically
closest constant approximation ratio to MCDS: 6.94. Finally,
for comparison, we also simulated Liu’s algorithm [11] — a
node forwarding algorithm that relies on 1-Hop positional
information.

In all the experiments, unless otherwise indicated, the
simulation area is a 200[m] x 200[m] square; the inner
square area is of dimensions (200 - r)[m] x (200 - #)[m] to
avoid edge effects. r [m] is the transmission radius of all
nodes and is set to r = 25[m]. The number of nodes in the
network varies from 200 up to 3000 nodes to investigate the
schemes’ performance at different node densities.

6.1 Static Network Topology with Lossless MAC

In this case the broadcast schemes performance reflect
only the algorithmic efficiency, without the effect of colli-
sions or noise in the environment.

The number of transmission (i.e., "transmission complex-
ity"), equivalent to the number of broadcasting nodes dur-
ing a broadcast session is a crucial metric for an efficient
broadcast algorithm, and is investigated in Figures 6 (a) and



(b). The performance of the centralized Greedy algorithm is
plotted in Fig. 6 (b) for comparison with the TSS. As ex-
pected TSS emulates well the centralized Greedy algorithm
and both generate similar number of transmissions. Interest-
ingly, without utilizing positional information TSS achieves
about 15% lower number of transmissions compared to RBS
and completes the broadcast session with approximately
67% fewer transmissions than CCS, while utilizing only 1-
Hop topology knowledge. As an additional benchmark for
transmission complexity, we calculated the number of
transmissions using the Linear Hexagon Coverage tech-
nique, which provides a very close approximation to the
minimum number of transmissions needed to cover the
entire network area, assuming sufficient node density (Fig.
6(b)). The upper bound of transmission complexity in Fig.
6(a) should be interpreted as the maximal number of trans-
missions that would be required by any broadcast algo-
rithm that avoids duplicate coverage of nodes and, hence, is
density-independent. More detailed discussion of these
bounds can be found in the Appendix.

6.2 Full Network Stack Simulation

We implemented TSS and NTSS in the JiST/SWANS
network simulator [26] to evaluate the effect of collisions,
noise, fading, link asymmetries, etc. inherent in practical
network scenarios.

The simulation parameters are given in Table 1. Figures
7,8, and 9 show the performance of the TS schemes in terms
of transmission complexity, delay, and fraction of network
covered. Since some packets may be lost, full network cov-
erage cannot be 100% guaranteed. However, the perfor-
mance of the TSS scheme is rather robust as node density
increases, despite more load at the MAC layer is present in
the form of control messages. For comparison, we have
implemented in JiST/SWANS the state-of-the-art RBS ([25])
and CCS ([45]) algorithms discussed above.

1) Transmission Complexity

The simulation results in terms of number of transmis-
sions (Fig. 7), both for the TSS and NTSS algorithms, resem-
ble their respective performance trends in the case of ideal
MAC layer above. The number of transmissions is higher in
Fig. 7 since the average transmission radius is about 22[m]
here vs. 25[m] in the ideal MAC layer case. Also, some
broadcast messages may be lost, requiring further retrans-
missions. TSS generates 25-30% and 53% fewer transmis-
sions than RBS and CCS respectively. Notice however that,

TABLE 1
PARAMETERS OF THE JIST/SWANS SIMULATION

Number of transmissions
N
o

Fraction of covered nodes
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Fig. 7: Number of retransmissions (full network stack simulator).
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Fig. 8: Delay (full network stack simulator)
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Fig. 9: Network coverage (full network stack simulator)

2) Delay

50

simultaneously, TSS maintains higher network coverage
(Fig. 9): for instance, RBS leaves 25-30 uncovered nodes for
networks of average node degree about 40.

The delay - the time needed to complete a broadcast ses-

Simulator JiST/SWANS v1.0.6
MAC Layer IEEE 802.11b
Propagation Model Free Space

Packet Size 64 — 7081 bytes
Radio Frequency 2.4GHz

Area

Square: 200[m]x200[m]

Transmission Range

~22[m]

Number of nodes

[150-1000]

Time-slot duration

TSS/NTSS: 100[ms]

sion - is presented in Fig. 8. The delay performance of the
TS-based schemes was obtained with parameter u set to the
smallest value possible, so that the number of broadcast
transmissions is still minimized. Decreasing u further would
decrease the delay but would lead to more transmissions.
Setting the parameter u#: On one hand, the number of
timeslots would be lower if u is lower. However, smaller



Z.J. HAAS, M. NIKOLOV: TOWARDS OPTIMAL BROADCAST IN WIRELESS NETWORKS 11

—¥— 7SS o
wlk o O NTSS o
12 - o
10 [~ o
8 .__o""

Chosen parameter u (sequence upper value)

I RN R |
10 20 30 40
Average node degree

Fig. 10: The values of the parameter u determined via simulations

for NTSS and TSS, so that the trade-off between number of re-

broadcasts and delay is optimized.
number of timeslots allows for more nodes with different
RC’s being admissible and able to broadcast in the same
timeslot. Hence, nodes' transmissions greedy prioritization
could be coarser and less efficient. Larger values of u lead to
potentially better prioritization of nodes' transmissions.
However, the probability that a time-slot does not contain
any transmissions is increased, leading to unutilized time
and higher delay (quadratic in u as shown in Section 5.5.2).
For instance, initial time-slots go by empty since their corre-
sponding middle and lower values are too high compared to
the nodes with highest RC. Thus, very few broadcasting
nodes are admissible then.

Optimal value of parameter u is robust to network den-
sity variation: The optimal values of u for different network
densities were determined via simulations (Fig. 10). We
observed that beyond average node degree of 15, the opti-
mal u values for TSS remain essentially constant with re-
spect to the network density. Increasing u further, does not
lead to notable decrease of transmission complexity. Thus
the upper value could be fixed prior to network deploy-
ment, resulting in transmission complexity and delay that
are close to the TSS optimal performance. The results for
TSS hint that a good practice would be to set u to the aver-
age node degree for networks of node degrees up to 7. For
networks of larger node degrees, u is largely density-
independent and may remain fixed to 7. In our implementa-
tion, each node constructs a local copy of the TS that can be
extended if at the last timeslot of the TS, the node schedules
itself for transmission and its residual coverage is greater
than 0. The delay of the broadcast (Fig. 8) accounts for the
number of timeslots in the time sequence at the node with
the longest local time sequence (i.e. the time elapsed between
the first and last transmission).

The delay of TSS is comparable but slightly larger than
that of the RBS algorithm, which however relies on GPS
information and leaves larger number of nodes in the net-
work uncovered (Fig. 9). The delay of the TSS scheme is
about 50% lower compared to the CCS scheme, which uti-
lizes only topology information.

3) Network Coverage

The network coverage (Fig. 9) of the TS-based schemes
for lower node densities is ~96% since disconnections in the

TABLE 2
THE PARAMETERS OF GMMM
Velocity and position update interval 0.2 [s]
Velocity standard deviation 0.75 [m/s]
Velocity mean 1-20 [m/s]
Alpha 0.75

network are possible. However, at higher network densities
the TS-schemes performance remains robust and they
achieve virtually full coverage. The results indicate that the
MAC layer readily copes with the number of control mes-
sages, as density increases. For all network densities TSS
maintains higher coverage than both RBS and CCS.

6.3 Dynamic Network Topology

In addition to TSS, we evaluated two state-of-the-art
online, dynamic broadcast schemes (i.e. RBS, and CCS)
under two mobility models within JiST/SWANS. Under the
Gaussian-Markov Mobility Model (GMMM) ([33, 34]) each
node follows independent realistic trajectory of movement.
Under the Self-Similar Least Action Model (SLAW) model
from [35], subsets of the network nodes follow correlated
paths.

1) Individual Movement: Gauss-Markov Mobility Model

Per GMMM, time is split into time intervals (independ-
ent of the TS-based schemes time-slots). At the beginning of
the k" time interval, nodes’ velocity is updated according to
the following rule: v[k]=co[k —1]+(1-0)7 +(1-0*)**z[k —1]

Here, v[k — 1] is the velocity (speed and direction) of a
node in the [k —1]", time interval; z[k — 1] is the observation
of a Gaussian random variable at time interval [k - 1];7 is
the mean value of the velocity; and o is a parameter that
determines the degree to which the current velocity at step k
depends on the velocity at time interval [k -1]. As o ap-
proaches 1, nodes' motion becomes more constant; as «
approaches 0 nodes' motion becomes more random. Table 2
summarizes the values of the parameters we used.

The number of transmissions and the corresponding
achieved network coverage by the four algorithms at differ-
ent average speeds is shown in Fig. 11a. The TSS perfor-
mance is robust since each node checks its residual coverage
at least twice (at the time a broadcast message is received
and prior to transmission in the scheduled-for-transmission
time-slot). Notice also that TSS is partially resilient against
temporal disconnections of nodes from the network due to
mobility.

More specifically, suppose in the Preamble of timeslot T,
j has a relatively smaller number of neighbors compared to
the average node degree in the network. Respectively, j has
higher chance of being temporarily disconnected from the
network. In this case, it is likely that RC(j) would also be
lower in comparison to the RC of other nodes in the net-
work. Then, node j is scheduled for a broadcast time-slot T,
that is late in the TS. This gives j more time to potentially
move in areas with higher number of neighbors and increase
RC(j). Furthermore, even if meanwhile j becomes discon-
nected from the network at some timeslot between T, and
T,, that would not affect j’s decision to transmit or not dur-
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Fig. 13: Mobile network: a) Gaussian-Markov Mobility Model: N = 200 nodes. Num. transmitting and covered nodes (non-solid and solid color
respectively); b) Self-similar Least Action Model: N = 200 nodes; x-axis: varying number of fractal waypoints {5,10,15, and 20}.
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TABLE 3

THE PARAMETERS OF THE SLAW MOBILITY MODEL
Pause time 10-120[s]
Levy Exponent 1
)i 1
Cluster range 27.5[m]
Distance weight 3
Nodes velocities 0.5-2[m/s]
Waypoint ratio 5
Hurst Value 0.75
Number of Fractal Waypoints Varied: [5-20]

ing T,. Only RC(j) in the Preamble of T, determines whether
j would transmit or not in T,

In contrast, suppose node j has larger than average num-
ber of neighbors during the Preamble of timeslot T.,. In this
case it is likely that RC(j) would also be larger in compari-
son to the RC of other nodes in the network. Hence, j would
be scheduled to transmit sooner in the TS, thus reducing the
chance that the number of j’s neighbors would decrease due
to mobility.

As aresult, TSS generates ~15% fewer transmissions than
the position-aware RBS while achieving full network cover-
age. RBS leaves ~5% (8-10 nodes) uncovered. Furthermore,
TSS generates 50-60% fewer transmissions than CCS, while
the latter leaves up to 15% of the network nodes uncovered.

2) Group Movement: Self-Similar Least Action Model

Since independent individual node movement may be
unrealistic for certain scenarios (e.g. hikers, tour groups,
military platoon, etc.), we have also simulated a group mo-
bility model, which is based on the Self-Similar Least Action
Model (SLAW) model described in [35]. SLAW aims specifi-
cally at modeling realistically human mobility statistical
features and has been verified to match a number of traces
generated by real people's mobility. The simulation parame-
ters (such as f, Levy Exponent, Waypoint Ratio, Hurst Val-
ue, and node velocities) used here were borrowed from [35].
Table 3 lists the parameters’ values.

Figures 11 (b) depict the number of transmissions and the
corresponding network coverage for different number of
fractal waypoints governing the clustering in the network.
TSS achieves at least 90% network coverage. The perfor-
mance of the remaining broadcast algorithms degrades
substantially since the network tends to be temporally parti-
tioned. Here, each transmission covers larger number of
nodes (due to clustering) and fewer transmissions are re-
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quired to cover the network. TSS generates more transmis-
sions than RBS, however it covers substantially larger frac-
tion of the network nodes.

7 RELATED WORK

The problem of efficient broadcasting has been extensive-
ly studied in the technical literature. The initial simple con-
cept of flooding evolved into more sophisticated schemes
through building optimal network subgraphs. Among the
major shortcomings of pure flooding are the large transmis-
sion complexity and the notorious broadcast storm [1]. The
Scalable Broadcast Algorithm [2] alleviates somewhat this
problem utilizing 1-Hop neighbor information. All through,
the main algorithmic challenge has been to reduce the num-
ber of transmissions needed to reach all network nodes.

More recent work on flooding offers a different and in-
genious approach to circumvent the "broadcast storm" prob-
lem: Ferrari et al. ([47, 48]) design a system that harnesses
constructive interference of concurrent neighboring trans-
missions and achieves remarkably low broadcast latency.
Finding an approximation CDS to the minimum connected
dominating (MCDS) set first, as done by the proposed TSS
scheme, can significantly reduce the number of transmis-
sions generated by such novel flooding-based algorithms.
Constraining the flood to the nodes in the CDS could lead to
significantly reduced energy expenditure, for instance, as
observed in [50]. Consequently, these flooding-based ap-
proaches are orthogonal to the application of schemes such
as TSS in finding approximations to the MCDS.

A different approach is taken by probabilistic broadcast
protocols that associate some (re)transmission probability to
each node receiving the broadcast message. Schemes explor-
ing such mechanisms were suggested in [3-9, 49]. The inter-
est in probabilistic broadcasting schemes is due to their
inherent low transmission overhead, low processing com-
plexity, and high tolerance to frequent and rapid topological
changes. Balancing these benefits, though, is the disad-
vantage of inability to guarantee full network coverage and,
still, the presence of many redundant transmissions.

In contrast, deterministic broadcast algorithms innately
guarantee full network coverage (assuming ideal MAC
layer). In the deterministic scheme of Multipoint Relaying
proposed in [10], the set of retransmitting neighbor nodes is
reduced from the set of all neighbors to the minimum sub-
set of neighbors that cover the same area as that covered by
the original set. This approach is an example of the "mini-
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mum forward-node set" strategy, and works such as [11]-
[14] provide approximate solutions to this NP-hard prob-
lem. To avoid the transmission of the list of forwarding
nodes along with the broadcast message, the technique of
self-pruning [15]-[16] has been proposed.

The forward-node set and, consequently, the self-pruning
problems can essentially be viewed as the task of solving
the NP-hard "Minimum Connected Dominating Set"
(MCDS) problem [13]. Several studies ([18]-[22]) have at-
tempted to tackle the problem by constructing a communi-
cation backbone prior to the broadcast initiation. These
schemes can sometimes dramatically reduce the number of
transmissions. For instance, Funke's algorithm in [21] prov-
ably guarantees a 6.94-approximation ratio to the size of the
MCDS. Nevertheless, as shown in [23], such backbone
schemes do not tolerate well frequent network topological
changes. For volatile communication environments, an
approach to dynamically construct CDS is a better alterna-
tive. Works such as [24], [25], and [45] offer initial solutions.
However, [25] relies on positional information such as GPS,
and GPS is not always feasible. The algorithm in [24] does
not scale well for higher density networks. Finally, we show
that the TSS scheme proposed in this paper is significantly
more efficient in reducing the number of retransmissions
(i.e. finding better approximation to the MCDS) than the
CCS algorithm in [45].

Bounds on the size of IMCDSI in unit disk graphs
(UDG) have been studied extensively in the literature. Typi-
cally these bounds are given via ratio between the cardinali-
ties of the Maximal Independent Set (MIS) and MCDS. Let
M1 =IMCDS| and y = IMIS|. Wu et al. demonstrate that
x<4u+ [41]. Further improved band is derived in [42],
where y <3.43u+4.82. Finally, a tight (non-improvable)
bound is derived by Vahdatpour et al.: y <3u+3 ([43]).

A number of studies have attended to the theoretical
complexity bounds of broadcast and related information
dissemination mechanisms for topology (not area) bounded
networks. For instance, [37, 38] provide such complexity
bounds on gossiping, broadcast, and rumor spreading in
such networks. Also, influential works by Peleg et al. in the
spirit of [39] demonstrate important complexity lower
bounds on broadcast in radius-2 radio networks: the broad-
cast procedure requires Q(log” n) transmissions.

8 DISCUSSION

In this paper, we introduced a novel scheme, TSS, for
broadcasting in wireless networks based on finding a dis-
tributed approximation of the wireless network MCDS.
Through simulations and based on two metrics — the trans-
mission complexity and the delay — we compared the per-
formance of our schemes with other leading broadcasting
schemes. The TSS scheme outperforms all other schemes
with respect to the number of broadcast message transmis-
sions, without requiring additional equipment, such as GPS.
Furthermore, this performance is achieved with bounded
latency, and is independent of network density.

To evaluate the effect of collisions, environment noise, at-
tenuation, etc. on the performance of time sequence based
schemes (NTSS and TSS), we implemented them in the

JiST/SWANS full network stack simulator along with the
state-of-the-art CCS and RBS broadcast algorithms. In this
practical setting where control messages could be lost or
simply erroneous due to link asymmetries, TSS improves on
the performance of CCS and RBS with respect to number of
transmissions and network coverage, while achieving com-
parable or better delay than the two algorithms.

Next, we considered the performance of TSS in mobile
networks. We showed that TSS possesses network partition-
ing immunity and outperforms the other schemes with
respect to network coverage in all mobility models simulat-
ed, achieving almost full coverage. This feature makes TSS
one of the few broadcast alternatives to flooding in the con-
text of mobile networks.

Thus, we can conclude that TSS is among the first broad-
cast algorithms, satisfying the efficient broadcast desiderata
(1)-(5) in the introduction of this paper, and applying the
TSS scheme in various network scenarios such as deploy-
ment of UAVs and sensor networks is a practical option.

Limitations: We note that with the current implementa-
tion of the TSS broadcast algorithm, its deployment in ex-
tremely dense and dynamic networks may not be practical. The
number of control packets exchanged to compute RC in the
latter settings may be rather large. An alternate strategy of
estimating RC that reduces the number of control packets in
such cases may be needed. For instance, instead of replying
to a residual coverage request message 100% of the time,
only a fraction of the nodes may reply (depending on the
network density; the higher the density the smaller the frac-
tion). Thus, a node may only have an estimate of the RC. We
leave the implementation and study of such alternate RC
computation for future work. The TSS performance though
is robust both in mobile and static networks containing up
to a few hundred nodes.

Even though theoretical bounds have been suggested be-
fore in the literature, we derived in the Appendix of the
current study simple general upper and lower bounds on
the number of retransmissions of any broadcast algorithm
operating over a finite-area network. Not being the main
contribution of the paper, we note that the benchmark Line-
ar Hexagon Packaging lower bound on the number of
broadcast retransmissions we obtain is rather close to the
centralized Greedy performance and the TSS schemes for
that metric. This indicates that Greedy may be a suitable
candidate algorithm for theoretically low constant approx-
imation algorithm for finding MCDS in dense UDGs. We
leave the theoretical proof of this statement for future work.
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