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Abstract

Flooding is a fundamental operation in wireless ad
hoc networks to propagate control messages in the entire
network. The traditional flooding scheme generates
excessive packet retransmissions, resource contention,
and collisions since every node forwards the packet at
least once. Several flooding schemes have been proposed
to avoid these problems. However, these unnecessary
forwarding nodes remain in these flooding schemes. In this
paper, we propose a novel flooding scheme termed Regular
Tiling (RT) Based Flooding to efficiently minimize the
number of forwarding nodes. It employs a regular tiling
method. RT Based Flooding, selects nodes that are located
closest to vertices of regular polygon, using location
information of 1-hop neighbor nodes, as forwarding nodes.
We also provide ideal forwarding models to minimize the
number of forwarding nodes and prove that our scheme
approaches the ideal model through detailed analysis.
Simulation shows that the performance of our scheme
outperforms recent noteworthy flooding schemes in terms
of the number of forwarding nodes, number of collisions,
and delivery ratio.

Keywords: Wireless ad-hoc networks, Flooding scheme,
Energy-Efficient, Regular Tiling (RT).

1 Introduction

Wireless ad hoc networks have been developed in
recent years that are self-creating, self-organizing without
a permanent network infrastructure. Common scenarios
for wireless ad hoc networks include survivable, efficient,
dynamic communication networks for emergency and
rescue operations, disaster relief efforts, and similar tasks,
where a fixed infrastructure is not always easily available.
In such networks, flooding is a fundamental operation to
propagate control messages to every node. Flooding (or
broadcasting) and its derivations are widely used in many
applications, routing algorithms, and service discovery
protocols, e.g., Dynamic Source Routing (DSR) [1], Ad hoc
On-demand Distance Vector (AODV) [2], Zone Routing
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Protocol (ZRP) [3], and Location Aided Routing (LAR)
[4]. Pure Flooding (or blind flooding) was first discussed in
[5-6]. In Pure Flooding [7-17], every node in the network
forwards the flooding message when it receives the flooding
message for the first time. However, this simple mechanism
generates excessive retransmission packets, resource
contention, and collisions in the network, because all nodes
need to forward the flooding message at least once. It is
referred to as the broadcast storm problem [18-21].

Several flooding schemes have been proposed
recently, which consider additional location information
of neighbor nodes, to reduce the excessive flooding traffic.
The goal of these flooding schemes is to minimize the
number of forwarding nodes in the entire network. One
of these flooding schemes, CDS Based Flooding [22-23],
uses a Connected Dominating Set (CDS) to propagate
the message efficiently. The basic mechanism of CDS
Based Flooding is to maintain the location information
of 2-hop neighbor to reduce the redundancy in flooding
operations. However, maintaining a CDS in the network is
costly. This makes it unsuitable for flooding operations in
highly mobile situations. In Edge Forwarding [24], every
node exchanges a HELLO message, attaching geographic
location information, to decide whether it should relay the
flooding message. Other noteworthy flooding schemes,
which also use only location information of 1-hop
neighbors, are 1-Hop Information (1HI) flooding [25] and
2-Hop Backward Information (2HBI) flooding [26-27]. In
these schemes, at each step of flooding operations, just a
subset of neighboring nodes is selected to rebroadcast the
flooding message. However, use of only 1-hop neighbor
information is insufficient to efficiently minimize the
number of forwarding nodes. Simulations show that these
flooding schemes considerably outperformance that of pure
flooding. However, an average of 68%, 82%, and 84%
retransmissions are wasted in 1HI, Edge Forwarding, and
CDS Based Flooding, respectively.

In this paper, we propose an efficient flooding scheme
termed Regular Tiling (RT) Based Flooding to minimize
the number of forwarding nodes. In our approach, each
node selects nodes, located at the vertices of a regular
polygon, as forwarding nodes. If no node is located at
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a certain vertex, the node closest to the vertex will be
nominated as the forwarding node. In such the way, the
flooding procedure is repeated hop-by-hop, until every node
receives the message. Based on this idea, our RT-Based
Flooding scheme can minimize the number of forwarding
nodes more efficiently than previous work does. RT-Based
Flooding has the following merits:

(i) RT-Based Flooding takes full advantage of the
geographic location information of 1-hop neighbors to
efficiently minimize the number of forwarding nodes
during the flooding process and to solve the broadcast
storm problem in wireless ad hoc networks.

(il)) RT-Based Flooding does not require any extra
communication overhead other than the exchange of
1-hop HELLO messages.

(iii)For each node, the number of forwarding nodes is
limited to the number of vertices of the regular polygon,
so that broadcast collision and congestion are reduced.

(iv) The time complexity of RT-Based Flooding to compute
the forwarding nodes in each step is linearly dependent
on the number of nodes. It is the lowest of the flooding
schemes considered in this work.

We implement our proposed scheme and other flooding
schemes; Pure Flooding, CDS Based Flooding, Edge
Forwarding, 1HI, and 2HBI, using the ns-2 simulator, to
evaluate performance. As Pure Flooding is used in most ad
hoc protocols, and the other four schemes perform the most
impressively of the previously studied flooding schemes,
they are good benchmarks for our novel flooding scheme.
Simulation is performed with various transmission ranges,
number of nodes, and network sizes to validate their effect
on performance. The simulations show that the proposed
scheme significantly reduces the number of retransmissions
whilst guaranteeing high message deliverability compared
to other work.

The remaining part of the paper is organized as follows:
Related work is given in the next Section. In Section 3, we
propose three ideal forwarding models based on a regular
tiling mechanism to minimize the overlapped areas of
forwarding nodes and present a coverage efficiency metric
to compare their efficiency. Section 4 describes regular
tiling flooding based on ideal forwarding models and
discusses the reliability issue to improve the regular tiling
flooding in terms of delivery ratio. Section 5 compares the
performance of several flooding schemes with RT-Based
Flooding via simulation. Finally, we conclude our work in
the last section.

2 Related Work

Most recent flooding protocols, particularly those
for wireless networks, have been carefully reviewed in
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[28-29]. They can be classed into three categories based
on the information each node keeps: (1) no need of
any information of neighbors; (2) 1-hop information of
neighbors; (3) information of 2-hop or more neighbors.
There are two strategies for choosing forwarding nodes:
sender-based, where each sender selects a subset of its
neighbors as its next hop forwarding nodes, and receiver-
based, where each receiver of a flooding message makes
its own decision on whether it should forward the message.
We focus on recent approaches to compare to our proposed
scheme.

Pure Flooding (or Blind Flooding) [5-6] is a typical
example in the first category and second strategy, which
do not need any information of neighbors. It has been the
most popular form of broadcasting due to its simplicity.
In pure flooding, every node in the network forwards the
flooding message exactly once after receiving it for the first
time. However, redundant transmissions in pure flooding
may give rise to the broadcast storm problem, which causes
contention and collision.

Edge Forwarding [24], which uses location information
of 1-hop neighbors is an effective receiverbased flooding
scheme by partitioning transmission coverage. In Edge
Forwarding, each node divides its transmission coverage
into six equally sized sectors. Upon receiving a flooding
message, a node decides whether it should relay the
message based on the availability of other forwarding nodes
in the overlapped areas. For example, node b in Figure
1, which has received the flooding message from node a,
does not forward the message if and only if nodes exist in
enclosed zones 4, B, and C, and any nodes in areas D and £
can be reached by the nodes in 4 and C, respectively. This
is due to the coverage area of node b being entirely covered
by either node a or the nodes in areas 4, B, and C. In this
manner, the number of forwarding nodes and the number of
collisions in the network are reduced.

Figure 1 Example of Edge Forwarding
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1HI [25] is another example of notable work of efficient
flooding that uses location information of 1-hop neighbors.
Its goal is to minimize the number of forwarding nodes. The
basic mechanism of 1HI is as follows. When a node (called
the source) has a message to be flooded, based on location
information of 1-hop neighbors, it selects the forwarding
set, which includes the next hop forwarding nodes, and
attaches this set into the forwarding message header. After
receiving a flooding message for the first time, every node
of forwarding set in the received message computes its own
forwarding set, exactly in the same manner as the source
node does. Then, based on the location information, the
receiver node optimizes its forwarding set by removing
the nodes covered by the sender node and other lower-
ID neighboring forwarding nodes. Then, it relays the
flooding message with the forwarding set attached. In this
manner, the message eventually reaches all network nodes.
The advantage of 1HI is that it is a sender-based flooding
scheme using 1-hop neighbor information; the protocol is
easy to implement and has a small overhead. This scheme,
however, has some disadvantages. First, the forwarding
set is only locally optimized based on 1-hop neighbor
information. Therefore, the number of forwarding nodes
are densely distributed along the network border, as shown
in Figure 2(a) (simulation parameters: the number of nodes:
1,000, transmission range: 250 m, network size: 1,000 m x
1,000 m). Most of the retransmissions broadcast from the
network border nodes are redundant since their neighbors
have already received the message from other previous-hop
forwarding nodes.

In [26-27], Le and Choo present an improved
scheme termed 2HBI for 1HI that used 2-hop backward
information. When a node has a message that needs to be
flooded to every node, it selects the forwarding nodes in the
same manner as 1HI. Next, the node further optimizes the
number of forwarding nodes based on three optimization
rules. Next, the node attaches this optimized list of the
forwarding nodes into the message and broadcasts it.
Consequently, 2HBI has fewer forwarding nodes than
1HI. Thus, it can more effectively reduce contention and
collisions than is the case for 1HI in networks. Figure
2(b) shows the distribution of forwarding nodes after the
source node floods one message using the 2HBI protocol in
the same network topology as shown in Figure 2(a). This
enables an easy comparison of the performance of the 1HI
and 2HBI by observing the distributions of the forwarding
nodes.

CDS Based Flooding, which uses Connected
Dominating Set (CDS), is popular flooding scheme that
uses location information of 2-hop neighbors. A node set
is a dominating set if every node in the network is either
in the set or the neighbor of a node in the set. A CDS is a
connected DS and any routing in wireless ad hoc networks
can be done efficiently via CDS [22-23]. In CDS Based
Flooding, a node marks itself as a member to the CDS if it
has two neighbors unconnected. Therefore, each node has
to know the network topology of its 2-hop neighbors. One
solution to obtain the information about 2-hop neighbors is
that each node exchanges the list of adjacent nodes with its
neighbors periodically. Generally, maintaining a CDS in the
network with high mobility and high node density is costly,
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Figure 2 Distribution of Forwarding Nodes in Two Recent Flooding Schemes
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and thus use of 2-hop neighbor information is not suited to
flooding operations.

3 Preliminary

We assume that all nodes in the network have the same
transmission coverage area R. Thus, the network can be
represented as a graph G = (V, E), where V' is a set of nodes
and E is a set of bidirectional links. For each node v, N(v)
= {u | (u, v) € E} denotes its set of neighbor nodes. That is,
nodes in N(v) are within the transmission coverage area of
v and can receive messages from v. Let F(v) denote the set
of forwarding nodes F of node v, which is a subset of v’s
neighbors that are selected to forward the flooding message.
A flooding of v is successful if every node in the network
receives the messages; that is, V' — F < N(F), where N(F) =
U,cN(v). We say a flooding protocol ensures the coverage
if it guarantees successful flooding, providing that G
is connected and there is no topology change or packet
loss during the flooding process. The problem is how to
minimize the forwarding nodes with successful flooding.

First, we try to minimize the overlapped areas of the
connected forwarding nodes to find the best positions of
forwarding nodes. Then we select nodes that are located at
the best positions as forwarding nodes, so that we minimize
the number of forwarding nodes. In Figure 3(a), with two
forwarding nodes, the overlapped area of their coverage
area is minimized, when the distance between them is
equal to 2R. With three forwarding nodes in Figure 3(b),
the overlapped areas are minimized when three forwarding
nodes form an equilateral triangle with an edge of
V/3R. With four forwarding nodes and six forwarding nodes
in Figure 3(c) and (d), the overlapped areas are minimized
when they form a square with an edge of v/2R and hexagon
with edge of R, respectively. Thus, we can know that the
overlapped areas of forwarding nodes are minimized when
forwarding nodes form a regular polygon.

(a) two forwarding nodes (b) three forwarding nodes

@ source node

Based on this, we propose three ideal forwarding
models to efficiently select the forwarding nodes. First,
ideal forwarding model with three forwarding nodes is
termed Model-3. As we can see in Figure 4(a), forwarding
nodes form several regular hexagons with the same size
continuously. The second ideal forwarding model, termed
Model-4, has forwarding nodes also form several equal
sized squares (Figure 4[b]). Model-4 has greater coverage
of its forwarding nodes than does Model-3; however its
overlapped areas also increase. In Model-6 which has six
forwarding nodes, forwarding nodes form several regular
triangles (Figure 4[c]). Such forwarding nodes selection
depending on these ideal forwarding models, is similar to
the Regular Tiling Mechanism [30]. This tiling is said to be
regular, if the symmetry group of the tiling acts transitively
on the flags of the tiling, where a flag is a triple consisting
of a mutually incident vertex, edge and tile of the tiling.
When nodes that are located at cross points of each regular
tiling are selected, we obtain the same results as forwarding
nodes selection, depending on the ideal forwarding models.

We define the coverage efficiency metric CE to
compare efficiency of these three ideal forwarding models.
We can say that the ideal forwarding model is the most
efficient when the total coverage of forwarding nodes is
maximized and the total overlap is minimized. Thus, we
calculate the coverage efficiency metric CE, as in Equation

().

CAmo el—n OAmo el—n
CEmodel—n = del n del (l)

where n is the number of forwarding nodes, CA4,,,,..-
. 1s the total coverage areas with n forwarding nodes, and
OA,,ou0r- 18 the total overlapped areas with n forwarding
nodes. For Model-3, the total coverage areas CA4,,,,, ; and
the total overlapped areas OA4,,,,,, ; are

(d) six forwarding nodes

(c) four forwarding nodes

O forwarding nodes

Figure 3 Minimizing the Overlapped Areas for Different Number of Forwarding Nodes
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(a) Model-3 based on hexagonal tiling

@® source node

(b) Model-4 based on square tiling

(c) Model-6 based on triangular tiling

O forwarding nodes

Figure 4 Three Ideal Forwarding Models Based on Various Regular Tiling

TR V3R
3 4
7R \/3R?

OAmodelf?) - G(T -

CAmoder—3 = TR + 3{mR* — 2( )} ~ 8.878R* (2)

)~ 0.542R*  (3)

Then the CE of the Model-3 is given by

8.878R% — 0.542R?

- ~2.7T9R? (4

CEmodel—?) ~

Similarly, the CE of Model-4 is given by

CAmoder—1 = 4R* + 27 R* ~ 10.28 R )
2 2
OAnodel-4 = 8(% - %) ~ 2.28 R* (6)
10.28R? — 2.28R?
C’-Emodel—él = 1 ~ 2R2 (7)

and the CE of Model-6 is given by

CAmodelf(i = CAmodelf?) + 7TR2 - OAmodeFS ~ 11476R2 (8)
OA odel—6 = 2T R? ~ 6.28R? )

11.476 R* — 6.28 R?

. ~ 0.866R% (10)

C’-Emodel -6 =

As one can see, Model-3 is the best with respect to
coverage efficiency. Obviously, the network can be fully
covered by coverage of forwarding nodes by these ideal
forwarding models, if forwarding nodes are located exactly
at the vertices of regular polygons. However, due to the
random deployment of the nodes in networks, this rarely
occurs. By selecting the nodes closest to the vertices of
regular polygons, we could approach the efficiency of
these ideal forwarding models based on regular tiling.
In such a way, Model-3 has more opportunity that has
more uncovered areas by forwarding nodes. We propose a
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receiver-based solution (Subsection 4.3) to prevent these
uncovered areas.

4 Proposed Scheme

In this section, we propose an energy-efficient flooding
scheme based on Regular Tiling to approach three ideal
forwarding models. First, we briefly summarize our
proposed flooding scheme and assumptions. This paper, for
simplicity, mostly describes our idea based on the best ideal
forwarding model, Model-3.

4.1 Scheme Overview

The basic mechanism of our scheme is to guide the
flooding procedure propagating along the vertices of
regular polygons. In summary, when a source node has a
message to broadcast, it will attach the list of forwarding
nodes to the message. Upon receiving a flooding message,
the receiver drops the message if it has been previously
received; otherwise, it checks if itself is in the forwarding
list. If yes, it selects the next-hop forwarding nodes among
its neighbors and relays the message in the same manner as
the source node does.

Our flooding scheme requires each node to maintain
only 1-hop neighbor information, including their IDs and
their geographic location information. The 1-hop neighbor
information can be easily obtained from the HELLO
messages periodically broadcast by each node. The location
information of each node can be obtained via GPS or
various distributed localization methods [31-32] when GPS
service is unavailable. We assume each node in the network
has the same transmission range R and a unique ID.

4.2 Regular Tiling Based Flooding

RT-Based Flooding has three steps: (1) transmission
coverage partitioning, (2) forwarding node selection, and (3)
forwarding set optimization.
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Step 1: Transmission Coverage Partitioning
Each node divides its transmission coverage into three
equal-size sectors, denoted as P,, P,, and P,, respectively,
as shown in Figure 5(a). Let (x,, y,) denote the location
of node u. Since u is a neighbor node of node s, node s
determines the sector that contains node u, as follows:
® [fx,>x,and y, <y, then node u is in P if (x,— x,) / (v, —
¥,) <+/3; otherwise, node u is in P,

® [fx,>x, and y, > y,, then node u is in P,

® [fx, <x, and y, <y,, then node u is in P, if (x, —x,) / (y, — )
<+/3; otherwise, node u is in P,

® [fx, <x,and y,>y,, then node u is in P,

After partitioning the transmission coverage into three
sectors, each node computes the vertices of an equilateral
triangle inscribed in its transmission coverage. These
vertices are denoted as V,, V|, and V, as shown in Figure
5(a). A vertex of equilateral triangle V; is located at partition
P, where 0 <i < 2. For instance, in Figure 5(c), node a is
located in P, of node s, since x, < x,, y, <y, and (x, — x,) /
(v, — v)) <V/3. Node b is located in P, of node s, since x, >
X, Vs > ¥, In this manner, every node in the network can
determine the sector to which each of its neighbors belongs.

Two types of transmission coverage partitioning are
required to approach the hexagonal tiling for RTBased
Flooding based on Model-3. Figure 5(a) and (b) show these
two types of transmission coverage partitioning: TYPE-
1 and TYPE-2. Using these two types in turn, we can
select the forwarding nodes closer to the cross points of
hexagonal tiling. When a forwarding node receives a packet
with TYPE-1 partitioning, then the forwarding node divides
its transmission coverage using TYPE-2 partitioning.
Conversely, when a forwarding node receives a packet with

vl)
(b) [ @ source node O neighbor nodes

Figure 5 Transmission Coverage Partitioning Based on
Model-3: (a) TYPE-1 Partitioning and Naming of
Node s’ Transmission Range, (b) TYPE-2 Partitioning
and Naming, (c) Nodes a and b are Node s’ P, and P,
Neighbor Nodes, Respectively
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TYPE-2 partitioning, then the forwarding node divides its
transmission coverage using TYPE-1 partitioning.
Step 2: Forwarding Node Selection

Before flooding a message, the source node and every
intermediate node must select its next-hop forwarding
nodes from its neighbor nodes. For each partition, it selects
only the node that is closest to the vertices of the equilateral
triangle as the forwarding node. In an empty partition, no
forwarding nodes are selected.

For each partition of node s, Figure 6 shows an
example of the forwarding node selection step with TYPE-
1 based on Model-3. In this example, N(s) = {a, b, ¢, d, e,
/f} and nodes a, b, and c are located in P, of node s. In this
partition, s chooses node a, which is closest to the vertex
V,, as the forwarding node. In the same manner, s selects
the forwarding node d in P,. Let F(s) denote the set of
forwarding nodes of s; accordingly, F(s) = {a, d}. Notice
that node s does not select any forwarding node in P,, since
there is no neighbor of s located in this partition.

Step 3: Forwarding Set Optimization

After selecting the forwarding set, every forwarding
node optimizes its forwarding set based on the two
following optimization rules:
® Rule 1: Each node removes from its forwarding set, the

nodes that are covered by its parent node. Using rule 1,
we can prevent the messages from propagating backward.
Let us consider, in Figure 7, the case of forwarding node
¢, which has just received a flooding message from node
s. Node c¢ selects its forwarding nodes that are closest
to the vertices of an equilateral triangle inscribed in its
transmission coverage. Thus, the forwarding set of node
cis F(c) = {d, e, s}. It is clearly shown that s and d had
previously received a flooding message from node s.
Thus, node ¢ no longer needs to consider the forwarding

@ source node O forwarding nodes

O non-forwarding nodes

Figure 6 Forwarding Node Selection with TYPE-1
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(. source node

0 duty abandoning nodes
O forwarding nodes

O non-forwarding nodes

Figure 7 Forwarding Set Optimization Based on Model-3

duty of nodes s and d. Consequently, by applying rule 1,
nodes s and d can be removed from F(c). Eventually, the
forwarding set of node ¢ contains only node e.

® Rule 2: Each node that is closer to the parent node
removes from its forwarding set the nodes that are in
the overlapping coverage area of its covering area and
covering areas of other forwarding nodes. This rule
prevents different forwarding nodes from selecting the
same node as their forwarding node. According to this
rule, node e is removed from F(c), because it is also in
the coverage area of forwarding node a, which is farther
from parent node s than node ¢, as shown in Figure 7.
Then, the forwarding set of node ¢ is now empty; this
implies that there will be no next-hop forwarding node
from node c.

After optimizing the forwarding set, the node, whose
forwarding set is empty, abandons its retransmission role.
Thus, node ¢ abandons its forwarding node role, since its
forwarding set is empty.

4.3 Reliability Issue

Nodes are deployed randomly in realistic wireless ad
hoc networks. Thus, it is difficult to select the forwarding
nodes that are exactly located at vertices of the regular
polygon inscribed transmission range in RT Based
Flooding. Therefore, nodes cannot receive a packet from
the source, even if they can. In this subsection, we propose
a receiver-based solution to enhance the reliability of RT
Based Flooding.

Figure 8 shows the example of reliability problem of
RT-Based Flooding with Model-3. Since nodes a and b
are selected as forwarding nodes of node s, node d cannot
receive the packet from s, even if it can receive the packet
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(. source node O forwarding nodes

O non-forwarding nodes

Figure 8 Reliability Issue of RT Based Flooding with Model-3

from node c. Therefore, in this case, we should additionally
select node ¢ as a forwarding node. Note that there is
probability of transmitting the packet by forwarding nodes
of nodes a and b. In such a case, it is an inefficient way to
additionally select node ¢ as forwarding node. We decide
whether node c is to be selected on this basis to enhance the
reliability of RT-Based Flooding efficiently.

After receiving the packet from the parent node,
neighbor nodes that are not forwarding nodes calculate the
distance between its neighbor nodes and forwarding nodes
of the parent node. If there is no neighbor node farther than
the transmission range R from the forwarding nodes of the
parent node, then drop the packet. Otherwise, the neighbor
nodes check the overlapped area between their transmission
coverage and the forwarding node’s transmission coverage
of the parent node. If there are nodes in the overlapped area,
then they also drop the packet. Otherwise, the neighbor
node is selected as a forwarding node by itself.

5 Performance Evaluation

We implement, using the ns-2 simulator [33], and
compare RT-Based Flooding with five representative
flooding schemes in wireless ad hoc networks: Pure
Flooding, CDS Based Flooding, Edge Forwarding, 1HI,
2HBI. Table 1 lists the information of these schemes. Table
2 lists the simulation parameters. The popular two-ray
ground reflection model is adopted as the ratio propagation
model. The MAC layer scheme follows the IEEE 802.11
MAC specification. We use the broadcast mode with no
RTS/CTS/ACK mechanisms for all message transmissions.
Each data packet with attached information has a constant
length of 256 bytes. The bandwidth of a wireless channel
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Table 1 Comparison of Six Flooding Schemes

Algorithms Information Required Strategies Time Complexity
Pure Flooding None None O (1)
Edge Forwarding 1-hop information Receiver-based O xq)*
CDS Based Flooding 2-hop information Receiver-based O (n)
1HI 1-hop information Sender-based O (nlogn)
2HBI 2-hop backward information Sender and receiver-based O (nlogn)
RT Based Flooding 1-hop information Sender and receiver-based O (n)

* p and ¢ are the number of nodes in area D and 4, respectively, as you see in Figure 1.

Table 2 Simulation Parameters

Parameters Values

Simulator ns-2 (version 2.31)
MAC Layer IEEE 802.11

Data Packet Size 256 bytes
Transmission Rate 2 Mb/s
Transmission Range 100-300 m
Number of Nodes 200-1,000
Number of Trials 100

Size of Square Area 1,000 m x 1,000 m
Network Load 10 Pkt/s

is set to 2 Mb/s as the default. We consider the Minimum
CDS (MCDS) as a lower bound on the number of
retransmissions, since the number of forwarding nodes is no
fewer than the number of MCDS in the network. Although
computing MCDS is NP-hard, we can compute it using
the ratio-8 approximation algorithm [34]. The cost of the
HELLO message is ignored in our performance evaluation,
every scheme being considered requires nodes to send a
HELLO message to their 1-hop neighbors periodically.

The main objective of our scheme and those efficient
flooding schemes is to improve performance in terms of the
number of forwarding nodes, as much as the lower bound.
So, we use the metrics ratio of forwarding nodes, number
of collisions, and delivery ratio to evaluate the efficiency
of the flooding schemes. The ratio of forwarding nodes
is given by the total number of transmissions that every
retransmission node has taken to cover the entire network
over the total number of nodes in the network. The number
of collisions is defined to be the total number of collided
packets that each node experiences before it receives the
flooding packet correctly. The delivery ratio is the ratio
of the nodes that successfully received packets over the
number of the nodes in the network for 100 seconds. We
study how these metrics are affected by two parameters; the
number of nodes and transmission range, respectively.
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5.1 Simulation Results with Varying the Number of
Nodes
In this simulation, we vary the number of nodes
from 200 to 1,000 in an area of 1,000 m x 1,000 m. The
transmission range is fixed at 250 m. In the simulation,
nodes are placed at random locations in the network and
the results are computed as the average of 100 runs. Each
simulation is run for 100 seconds, as shown in Figure 11.
Our proposed scheme significantly outperforms Pure
Flooding, CDS Based Flooding, Edge Forwarding, and
1HI, and is slightly better than 2HBI in terms of the ratio
of forwarding nodes, as shown in Figure 9. The curve
of our proposed flooding scheme almost approaches the
lower bound, since we select at most two forwarding nodes
to forward flooding messages. The curve of our scheme
decreases, when the number of nodes increases, because
there is a greater chance of finding forwarding nodes that
are closer to the vertices of the equilateral triangular in a
flooding operation. As shown in Figure 9, when the number
of nodes in our proposed scheme reaches 1,000, only 2.2%
participate in forwarding, whereas in Edge Forwarding,
CDS Based Flooding, 1HI, and 2HBI, 51.1%, 69.5%,
16.9%, and 4.4%, respectively, participate in forwarding.
Figure 10 shows our RT-Based Flooding and 2HBI
to have a much lower rate of collisions compared to other
schemes. This means that the broadcast problem can be
alleviated in our proposed scheme, since it has fewer
forwarding nodes and the senders always select the farthest
forwarding nodes. In Figure 11, the delivery ratio of our
scheme is guaranteed to be 100 % when the number of
nodes varies from 200 to 1,000, whilst the delivery ratio
of other schemes is 52%-100%. Therefore, the delivery
ratio of RT-Based Flooding is significantly better than that
of other schemes. Note that although collisions can occur,
a node that misses flooding messages from a forwarding
node still has a chance to receive messages from another
forwarding node.
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5.2 Simulation Results with Various Transmission

Ranges

In this simulation, we vary the transmission range from
100 m to 300 m in each simulation run and randomly place
500 nodes in a 1,000 m x 1,000 m region. The network load
is set to 10 Pkt/s. We study the performance with respect
to the transmission range of each node. Figure 12 plots the
simulation results. Each simulation is run for 100 seconds,
as shown in Figure 14.

As the transmission range increases, the number
of neighbors of each node increases. This has the same
effect on the increase of network density, as the increase
of nodes in a fixed square region does. Similar to the
influence of varying the number of nodes, the performance
of RT-Based Flooding is significantly better than that of
all other schemes shown in Figure 12. The curve of our
scheme approaches the curve of the lower bound, as the
transmission range increases. When the transmission range
reaches 300 m, only this also means that the flooding
operation can be done in fewer steps due to the large
transmission range of nodes.

The curves in Figure 13 show similar trends to Figure
10. When the transmission range increases, there is a
higher chance of collisions. Conversely, the curve of RT-
Based Flooding decreases, since the forwarding nodes
are selected to be as far away as possible. The delivery
ratio of all compared flooding schemes increases when the
transmission range increases, as shown in Figure 14. The
delivery ratio of our scheme is slightly worse than for 1HI
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and 2HBI, when the transmission range varies from 100 m
to 150 m. Beyond a transmission range of 200 m, however,
the performance of our scheme is better than that of 1HI,
2HBI in terms of the delivery ratio, since a node selects at
most two forwarding nodes, so the connectivity between
nodes is weaker than that of other flooding schemes, in
which the senders can select 20 more forwarding nodes.

5.3 Simulation Results with Various Network Sizes

In this study, we increase the area of the network
region from 200,000 to 1,000,000 m’, in each simulation
run and fix the node density at 1 node per 1,000 m’. For
example, there are 200 nodes randomly placed in the
network with size 200,000 m?. The radio transmission
radius is fixed at 250 m. Figure 15 plots the simulation
results. We observe that RT-Based Flooding, 2HBI, 1HI,
and Edge Forwarding are all highly scalable with respect
to network size. In contrast, the performance of the CDS
Based Flooding is better in smaller networks, and becomes
worse when the network size increases. Thus, we know that
it is not a scalable flooding scheme. Our proposed flooding
scheme performs the best of these schemes.

For example, with 2HBI, when the network area
is 200,000 m* (i.e., 200 nodes), only 3.4% of nodes
participate in forwarding; and when the network area
increases to 1,000,000 m” (i.e., 1,000 nodes), about 3% of
nodes participate in forwarding. The curve of RT Flooding
resembles the curve of 2HBI and the lower bound, as the
size of the network increases, while the performance data
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of schemes 1HI and Edge Forwarding show a different
trend with the lower bound due to the dense distribution
of forwarding nodes at the network border, which is
problematic, and the nature of the sender-based schemes.

6 Conclusion

Traditional approaches to the implementation of
flooding suffer from excessive redundant messages,
resource contention, and signal collisions. In this paper, we
proposed an efficient flooding scheme based on a Regular
Tiling mechanism to minimize the number of forwarding
nodes and to cover every node in the network. RT-Based
Flooding achieves its aim of minimizing the number
of retransmission nodes in the network. Furthermore,
it requires exchanging only 1-hop HELLO messages.
RT-Based Flooding has the lowest time complexity for
selecting the forwarding nodes, which is linear with respect
to the number of nodes; it is of the order of O(N), where
N is the number of neighbor nodes. Simulations show RT-
Based Flooding uses fewer transmissions and incurs fewer
collisions than other flooding schemes, yet maintains a high
deliverability of the flooding message. RT-Based Flooding
provides up to 32.1% and 52.7% improvement compared
to the newest version of flooding scheme, 2HBI, in the
number of forwarding nodes and the number of collisions,
respectively. In conclusion, RT-Based Flooding is also
suitable for wireless sensor networks to achieve a superior
flooding performance, since it has better performance in
dense environments.
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