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Abstract

Underwater Acoustic Sensor Networks play a significant role in various underwater appli-
cations. There are several challenges in underwater communications like high bit-error-
rate, low bandwidth, high energy consumption, void-node during routing, etc. Handling
void-node during routing is a major challenge in underwater routing. There are well-known
void-handling protocols like Energy-efficient Void-Aware Geographic Routing protocol,
HydroCast, etc. However, these routing protocols require all neighboring nodes must be
a part of the cluster which increases the overhead on clustering, or void-node has a part
of the routing. This paper proposes an underwater routing protocol referred to as Clus-
ter-based Multi-Attribute Routing (CMAR) to overcome these issues. It is a sender-based,
opportunistic underwater routing protocol. CMAR uses the Technique for Order of Prefer-
ence by Similarity to Ideal Solution to evaluate the suitability of the neighboring nodes and
the basis for clustering process initialization. Through MATLAB simulations, the perfor-
mance of the CMAR is compared with HydroCast in terms of the number of nodes selected
in the forwarding set, number of clusters formed, number of times void-node becomes part
of routing and transmission reliability.

Keywords Underwater routing - Clustering - MADM - TOPSIS

1 Introduction

Water covers the majority portion of the surface of the earth. Exploring underwater is a
growing field of research in communication. Underwater Acoustic Sensor Networks
(UASNSs) are the technology that enables exploring of underwater. UASNs have several
applications such as underwater environment monitoring, underwater resource exploration,
detection of various underwater disturbances, underwater surveillance, the study of marine
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life, etc. [1]. On the other end, UASNs have challenges such as high bit-error-rate (BER),
low bandwidth, node movement, energy constraint, varying link quality between nodes,
and void-node during routing [2-5]. These challenges have a significant impact on routing.

In the literature number of wireless routing protocols exist. They are mainly classified
into proactive, reactive, and geographic routing protocols as shown in Fig. 1. The proac-
tive routing protocols aim at reducing end-to-end delay in delivering packets. It maintains
the up-to-date path from each node to all other nodes in the network. However, proactive
routing incurs overhead by transmitting control packets while establishing the path for the
first time and subsequently during changes in network topology. Updated information must
be propagated throughout the network when the topology is changed. The approach can
determine the path from one node to all other nodes in the topology. It is not required in the
case of UASNSs at the cost of transmission of multiple control packets, which consume the
number of resources of underwater nodes. However, in reactive routing, the path to the sink
(destination) is discovered when packets need to be delivered to the sink. Thus it results in
high end-to-end delay in delivering packets, which is not suitable for UASNs [4-6]. The
geographic routing protocols overcome the issues of the proactive and reactive routing pro-
tocols for underwater communication.

Geographic routing uses greedy forwarding. In the greedy forwarding technique, the
forwarding node finds only the next-hop node instead of finding the complete path from the
source to the sink. In greedy forwarding, a node forwards packets to a neighboring node
closest to the sink. The forwarding node is referred to as void-node if it is failed to find
the neighbor with positive progress [7, 8]. The lack of void-node handling capability of
the routing protocol creates unreliable forwarding, high end-to-end delay, looping during
routing, high-energy consumption, etc. [8, 9]. UASNs is deployed in a different environ-
ment than the terrestrial networks; thus, different void-handling techniques are used for
underwater networks. Some of the challenges of the void-handling in the UASNs are node
mobility, void caused by the environment, and the three-dimensional nature of the topology
[8, 10]. Therefore, designing an appropriate void-handling strategy is essential to mitigate
the void nodes’ impact.

Geographic routing protocols can be either opportunistic or non-opportunistic, as
shown in Fig. 1. In non-opportunistic routing, a forwarding node selects a single next-
hop to forward the received packets. There are high chances of failure of packet trans-
missions. In the Opportunistic Routing (OR) approach, a forwarding node selects a
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potential set of nodes referred to as a candidate forwarding set. Nodes in the candidate
forwarding set that receives the transmitted packet and coordinate among themself to
select the forwarding node. The advantage of OR is it improves the performance of rout-
ing [11-13].

Some of the state-of-the-art void-handling opportunistic underwater routing protocols
are HydroCast [14], Energy-efficient Void-Avoidance Geographic Routing (EVAGR)
[9]. These routing protocols use multiple attributes such as progress and packet delivery
probability with their neighbors to decide their candidate forwarding set. Normalized
Advancement (NADV) of all neighbors present at lower depth is calculated. Further,
the candidate forwarding set is determined based on forming clusters. All the neighbors
present at lower-depth must be a part of one of the clusters. Additionally, by comput-
ing Expected Packet Advancement (EPA), the best cluster is selected, and nodes of the
selected cluster form a candidate forwarding set. The significance of the clustering is
to overcome the duplicate packet transmission and hidden-node terminal issue. One of
the disadvantages of this approach is that even though data is forwarded to one cluster,
they are required to form many clusters. It increases the complexity of the clustering [9,
14, 15]. Further, to achieve coordination among nodes in the selected cluster, they must
compute the hold time. Hold time defines the waiting period of a node before forward-
ing the received packet. HydroCast and EVAGR require distance among nodes in the
selected cluster to calculate hold time. It introduces additional overhead on the nodes.

In the proposed Cluster-based Multi-Attribute Routing (CMAR) protocol, weights for
individual attributes are computed using entropy weight method [16]. Further, nodes at
lower-depth and non-void neighboring nodes are evaluated by applying the Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS). TOPSIS is a well-known
Multi-Attribute Decision Making (MADM) method used in decision-making in various
applications [17]. The TOPSIS method considers given input attributes of neighbor nodes
and generates the scores. The score indicates the preference of the node among neighbors.
The set of attributes that can be considered to evaluate the neighboring nodes are:

e Hop-count: Underwater routing protocols like LLSR [18], LFVAR [19], IVAR [20],
OVAR [15] uses hop-count as one of the metrics to select the next-hop or candidate
forwarding set. Lower the hop-count, better the node to be selected as next-hop.

e Path quality: 1t is the count of the redundant paths to reach the sink node. The LLSR
protocol [18] uses the path quality of neighboring nodes to select the next-hop. The
higher path quality of the neighboring node indicates that it has more paths to reach
the sink.

e Link quality: The link quality affects the performance of underwater routing. Link
quality is measured in received signal strength and error rate. The CARP [21] uses
link quality as one of the parameters to select next-hop. Lower the error rate or
higher the received signal strength results in improved link quality.

e Residual energy of neighbor: Energy is the major constraint in the underwater net-
work. Nodes drain their energy during trans-receiving activity. The residual energy
of the neighboring node plays an essential role in selecting the next-hop, as more
residual energy is preferred. The energy consumed to transmit n bits of data to a dis-
tance of d is given in the Eq. (1) [22].
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where E,,, is the energy consumed by the transmitter circuit, 7, is the bit duration while
transmitting the data, H is the water depth, a(f) is the absorption coefficient computed
as per Eq. (33), C is the empirical constant given by the equation,

C~ 271 % 0.67 % 10793 2
To receive n bit packet in underwater, energy consumption is given by the equation,
E. (n,d)=nx*E,|, 3)

Apart from the above attributes, further attributes like packet delivery probability the pro-
gress of the neighboring node with respect to the sender can be considered. In TOPSIS,
attributes of neighboring nodes are either benefit or cost attributes. The benefit attributes,
where the higher the value, is preferred. For example, residual energy, packet delivery
probability, node progress, path quality, link quality, etc., are considered benefit attributes.
In the case of cost attribute, the higher the attribute value, the lower the preference for
next-hop selection. Some of the examples are queuing delay, hop-count, etc. CMAR con-
siders void status as neither a benefit attribute nor a cost attribute. The void status of the
neighbor is used to filter out the neighbors.

The CMAR protocol uses a new clustering technique in which there is no need to cluster
all neighboring nodes. CMAR allows to specification of the Threshold Number (TN) of
nodes that must be clustered, and the clustering process continues until the TN of nodes is
clustered. Once clustering is completed, nodes in the cluster(s) are part of the forwarding
set. Further, achieving coordination among nodes in the selected cluster requires hold time
computation in opportunistic routing. Thus CMAR introduced a new hold time function
based on the priority of nodes. It doesn’t require obtaining the distance among the nodes in
the cluster.

Motivation: For underwater routing, different routing protocols are proposed. To pro-
vide improved performance, there are many opportunistic routing protocols proposed.
Most routing protocols use multiple attributes to decide on forwarding set or next-hops.
However, no protocols consider determining appropriate weights for the selected attrib-
utes and obtaining an overall score using TOPSIS. Further, existing opportunistic routing
protocols use clustering techniques, which need clustering of all neighbor nodes, increas-
ing overhead. The proposed CMAR underwater protocol overcomes these deficiencies.
The proposed CMAR determines weights to the attributes by applying an entropy weight
method, and the TOPSIS is used to find the suitability of neighbor nodes. The CMAR sim-
plifies the clustering approach by clustering only the TN of nodes. It results in a reduced
number of clusters and reduces the complexity of clustering. The significant contributions
of the paper are highlighted as follows:

e This paper designed a novel underwater routing protocol referred to as Cluster-based
Multi-Attribute Routing (CMAR) protocol.

e The candidate forwarding set is determined by forming cluster(s). It avoids the need for
clustering of all neighbors. It includes the specified Threshold Number (TN) of nodes
in the cluster(s). Thereby, it reduces the complexity of the clustering.
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e CMAR avoids void nodes as part of the cluster(s).

The organization of the paper is as follows: Sect. 2 elaborates on the existing underwater
void-aware routing protocol that exists in the literature. Section 3 describes the detailed
design of the CMAR protocol, and Sect. 4 discusses the implementation of the CMAR pro-
tocol. Detailed results and their analysis are carried out in Sect. 5. The paper is concluded
with the conclusion in Sect. 6.

2 Related Work

There are several underwater routing protocols in the literature. Most of the routing pro-
tocols make routing decisions which are relied on multiple attributes of the neighboring
nodes. Routing protocols are classified as void-ignorance or void-handling based on their
ability to handle void nodes. The void-ignorance routing protocols do not have any mech-
anism to address void-node issues. Void-handling routing protocols have mechanisms to
handle void nodes either by determining recovery paths through void nodes or avoiding
void nodes during routing. As illustrated in Fig. 2, void-handling routing protocols are
divided into location-based and depth-based underwater routing protocols.

e Location-based routing protocols: All nodes should be aware of their three-dimensional
coordinate information. It is achieved by using underwater localization algorithms [23].

e Depth-based routing protocols: These types of routing methods rely solely on node
depth information to route packets. A pressure gauge is placed on each node to deter-
mine its depth underwater [6].

2.1 Location-Based Routing Protocols

In this section, location-based void-handling routing protocols are elaborated with refer-
ence to their routing criteria and mechanisms used to deal with void nodes in the UASNS.
The Vector-Based Void Avoidance (VBVA) underwater routing protocol, proposed by
Xie Peng et al. [10], is a vector-based underwater routing protocol. It is a receiver-based,
opportunistic routing protocol. In the absence of the void nodes, the protocol operation of
VBVA is identical to VBF [24]. When a node receives the packet, it finds its desirableness
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Fig. 2 Classification of void-handling protocols for underwater
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factor. The desirableness factor is calculated based on the distance between the sender and
the node, the width of the virtual pipe surrounding the vector, the node’s projection to the
routing vector between the source and the sink, the transmission range, and angle between
sender and the source. A lower desirableness factor of the node indicates the more pre-
ferred node to forward the packet and has a lower holding time. VBVA uses vector-shift
to handle the convex void issue [8]. When a sender fails to overhear the forwarding of the
data packet by its neighbor, it broadcasts a control packet referred to as vector-shift. The
vector shift asks neighbors to change the forwarding vector and is involved in the forward-
ing of packets. The node will broadcast a back-pressure (BP) control packet when a packet
is stuck at a concave void. Upon receiving the BP packet, neighboring nodes shift forward-
ing vectors for that packet. Still, the node does not find any eligible nodes, the process of
broadcasting the BP packet continues until a node finds an eligible forwarding node [8, 10].
However, the void-recovery mechanism used in VBVA is too complicated, and recovery
from the concave node is time-consuming. VBVA does not prevent packets from trapping
at the concave void [8].

The issue of packets trapping at concave void-node in the VBVA is eliminated by the
Adaptive Hop-by-Hop Vector-Based Forwarding (AHH-VBF) [25]. It is a preventive void
avoidance routing protocol. Each node in the network is aware of three-dimensional infor-
mation of its own, neighbors, sink, and sender of the packet. To handle the void-node, it
uses two approaches: changing the virtual pipe’s direction and adjusting the radius of the
virtual pipeline between the forwarding node and the sink node. It helps find more candi-
date nodes in the sparse region, improving transmission reliability. AHH-VBF has a trans-
mission power adjustment feature. Each node knows the neighbor’s location, which helps
select the proper power level. In sparse regions, transmission power is increased to cover
more nodes, and in dense areas, it reduces transmission power to reduce energy consump-
tion. Even though AHH-VBF can adjust the radius of virtual pipe and transmission power,
it can handle only small void regions. Thus it will not always guarantee packet delivery. It
is not suitable in an environment where network topology is rapidly changing. To ensure
the guaranteed packet delivery and to handle the void nodes, Geographic and opportunis-
tic routing with Depth Adjustment-based topology control for communication Recovery
(GEDAR) is proposed [26]. It is a geographic and opportunistic routing protocol. GEDAR
uses complete location information of neighbors. The GEDAR protocol’s novelty is identi-
fying all void nodes in the network. Further, it uses depth adjustments to transform the void
nodes to normal nodes compared to traditional message-based void recovery mechanisms.

2.2 Depth-Based Routing Protocols

In this routing protocol category, routing takes place using the depth information of neigh-
boring nodes without knowing full geographical coordinates. It eliminates the need for
costly localization; thereby, it reduces the energy consumption of the nodes. This subsec-
tion discusses the depth-based, void-handling underwater routing protocols.

Void-Aware Pressure Routing (VAPR) is an opportunistic protocol [27]. A preventive
void-handling mechanism is used by routing the data packets away from void nodes dur-
ing routing. Its operation consists of two phases—enhanced beaconing and opportunistic
directional forwarding. The enhanced beaconing involves developing direction trails. The
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beacons are periodically generated from the sink nodes comprising attributes like hop-
count, packet sequence number, forwarding-direction, and depth of the node. The sequence
number and the hop-count information set the node’s data forwarding direction. Further, by
comparing the direction (up or down) from which it receives the beacon and by extracting
the sender’s data forwarding direction, it can differentiate normal and void and trap neigh-
bor. Thereby avoiding void and trap nodes. However, VAPR avoids the void nodes by hold-
ing information up to two hops, resulting in high overhead in the system.

However, the issue of high overhead is overcome by the Location-free Link State Rout-
ing (LLSR) [18], which is a void-avoidance routing protocol. A node chooses a next-hop
based on attributes like hop-count, path quality, and pressure attributes of neighbors. Ini-
tially, a sender or forwarding node considers the neighbor’s minimum hop-count as its
next-hop. In the case of a tie, the sender considers the path quality of the nodes among
those neighbors and selects a neighbor having the highest path quality. If the tie persists,
the node chooses a neighbor at the lowest depth as the next-hop. The attributes are dis-
tributed across the nodes in the network through the periodic beacons. The beacons are
originated from the sink and subsequently propagated by the other nodes in the network.
However, only one node is selected as the next-hop, which may result in a lower successful
packet transmission rate [8]. Further, the hop-count value depends on the beacon period.
The hop-count value may not reflect the up-to-date network topology if the beacon period
is too large. If the beacon period is too small, the network is loaded with beacons and con-
sumes more energy. LLSR will not consider the link quality between the sender and the
neighboring node when the next-hop is selected. There is a possibility of poor link quality
between the sender and the selected next-hop.

Stefano Basagni et al. [21] proposed Channel-Aware Routing Protocol (CARP)
addresses issues of LLSR by selecting next-hop based on goodness and hop-count. Good-
ness is the product of the two-hop link quality of the sender. The link quality between nodes
is measured using Exponentially Weighted Moving Average (EWMA). The hop-count in
CARP is more sensitive to the link quality than the actual hop distance from the sink. The
hop-count is computed by maintaining a variable referred to as L,,,, where i is the hop-
count. For every hop-count, i maintains the ratio of the number of packets acknowledged to
the total number of packets sent by the sender. Further, the sender will consider the mini-
mum hop-count such that L, ;, is above the threshold values. However, CARP is the non-
opportunistic routing protocol that chooses only a neighbor as its next-hop.

Inherently Void-Avoidance Routing (IVAR) is a depth-based, opportunistic underwater
routing protocol [20]. It has two phases, periodic beaconing, and routing. The main aim of
periodic beaconing is to generate hop-count awareness among nodes in the network. The
sink node triggers the beacons and progresses towards the leaf nodes. The beacons are gen-
erated periodically to reflect the changes in the topology. In the routing phase, the forward-
ing node broadcasts the data packet. The data packet consists of data, depth of forwarding
node, sender hop-count, source ID, and packet sequence number. When neighboring nodes
receive the data packet, they check whether it is a duplicate or a new packet. If it is a
duplicate packet, the neighboring node discards the packet. If the hop-count of neighbor-
ing nodes is smaller than that of the sender, then those neighboring nodes are considered
candidate forwarding nodes to further forward the data packet. Further, all candidate nodes
compute their hold time. A candidate node having the lowest hold time will first forward
the data packet. Other nodes overhear the transmission are suppress the transmission of
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the same data packet. Hold time is the function of hop-count, depth difference between the
sender and the receiver, and relative distance between the sender node and the candidate
node. However, even though IVAR improves transmission reliability by using an opportun-
istic routing technique, there are chances of duplicate packet transmission and hidden-node
problems in case of candidate nodes are out of communication range of each other [8].

Youngtae noh et al. [14] proposed HydroCast underwater routing protocol, which elimi-
nates duplicate packet and hidden-node terminal issues of IVAR. It makes routing deci-
sions based on local attributes such as progress and packet delivery probability. Normal-
ized Advancement (NADV) of all neighbors is computed. Using NADV & neighborhood
information of node, clusters are formed. Further, using cluster information and node pri-
ority within the cluster, Expected Packet Advancement (EPA) will be computed. A cluster
with maximum EPA is selected as the best cluster. The sender will forward the packet to
the chosen cluster opportunistically. HydroCast determines recovery paths to bypass void
areas during data forwarding. Thus, it leads to an increased end-to-end delay in encounter-
ing void-node in the network.

Opportunistic Void Avoidance Routing (OVAR) selects neighbors with a lower hop-
count than the sender to avoid void-nodes [15]. It uses one-hop neighbor information to be
aware of neighbor node information. The forwarding set is selected by computing Expected
Packet Advancement (EPA). The number of nodes in the forwarding set is adjusted to bal-
ance the trade-off between reliability and energy. Energy-efficient cooperative opportunis-
tic routing (EECOR) [28] is a single sink node routing protocol. Source node obtains depth
and energy information of the neighboring nodes. In EECOR, initially forwarding set is
established. Further, the best relay set is selected & forwarded packet to these nodes by
using fuzzy logic-based relay selection. By using coordination among selected best node
relay nodes, high priority node forwards the packets, and other nodes in the best relay set
on overhearing transmission suppress the transmission of the same packet.

Interference-Aware Routing (Intar) is a depth-based underwater routing [29]. Nodes in
the networks determine all the neighbors at lower depth are referred to as potential For-
warding Nodes(PFN). Further, the sender node computes the cost function of all the PFNs
and selects a PFN having the highest cost function value. The cost function depends on
the distance between sender and PFN, hop-count, and the number of neighbors of PFN.
Energy-efficient void avoidance geographic routing protocol for underwater sensor net-
works (EVAGR) [9] is selecting its candidate set by computing Expected Packet Advance-
ment (EPA) of neighbors in positive advancement. Further, by eliminating void nodes from
the candidate set, the weight of individual nodes in the candidate set is computed. Finally,
only half of the nodes from the candidate set having the highest weight are shortlisted as
forwarding set.

The Location-Free Void Avoidance Routing (LFVAR) protocol which is a sender-based
protocol [19]. It picks the best non-void node during routing. The selection of the best
node is done using the computation of the cost function. The cost function depends on the
progress and the hop-count of the neighbor. However, the LFVAR protocol uses a non-
opportunistic routing approach resulting in lower reliability of transmission.

Distance-Vector-based Opportunistic Routing (DVOR) is a receiver-based, oppor-
tunistic routing protocol [30]. The Data packet in DVOR consists of the source id, the
hop-count of the previous forwarder, and data. When the data packet arrives at the
nodes, only those nodes with a hop-count lower than the last forwarder are eligible
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to forward the data further. The hop-count information is propagated in the network
by periodic beaconing. Moreover, eligible forwarding nodes compute their hold time.
The hold time depends on the random number between O and the back-off window.
The major limitations of the DVOR are duplicate packet transmission and hidden-
node problems. The Reinforcement Learning-based Opportunistic Routing (RLOR)
Protocol can avoid void nodes during routing [31]. Void nodes are identified by the
number of neighbors above the node as a reward function. In the case of no neighbors
being present above the node, the reward is considered as 0. Thereby, the probability
of selecting a void node is too low. However, DVOR and RLOR protocols increase
the chance of duplicate transmission and packet collision during routing as receiving
nodes are not aware of each other’s data forwarding.

To per best of our knowledge, no underwater routing protocols are proposed that use
the Multi-Attribute decision-making (MADM) and weight for attributes approach. Thus
in this paper, weights of attributes are calculated, and the MADM approach has been used
to calculate the score of neighbor nodes. Further, cluster(s) are formed using the scores
of neighboring nodes. Additionally, a novel hold time function is proposed to coordinate
cluster nodes.

3 Cluster-Based Multi-Attribute Routing (CMAR) Protocol

This section elaborates on the design of the proposed CMAR protocol. The system model
is described in Sect. 3.1. CMAR consists of two phases, and they are described as follows:

® Phase - I: Score computation and cluster formation: Score computation and clus-
ter formation are the essential steps to determine the candidate forwarding set.
Formation of the cluster(s) is initiated based on the scores of the Potential Relay
Nodes (PRNs). The method to obtain PRNs is described in Sect. 3.1. Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS) calculates the
score. Steps in score computation are elaborated in Sect. 3.2.1. Further, clustering
is done to select the candidate forwarding set. A novel approach has been used to
form the cluster(s) in the CMAR. In the CMAR, the clustering process includes
the TN of nodes in the cluster(s). Section 3.2.2 elaborates on the clustering tech-
nique used in the CMAR.

e Phase - II: Forwarding of received data: As nodes in the candidate forwarding set
receive the data, further packet forwarding is coordinated by defining holding time. The
receiving node has to keep the received packet in its buffer until the hold time expires
or overhears the transmission of the same data packet by another node in the candidate
forwarding set. A new holding time function is proposed and elaborated in Sect. 3.3.

3.1 System Model
This section elaborates on the system model used in the CMAR. Assume that the source/

forwarder node i has a set of neighbor nodes j. Node i selects a suitable set of neighbors
referred to as Potential Relay Nodes PRN;. The PRN; is computed as per the Eq. (4).
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PRN; = {Vj € N,; && V; = 0 && Depth(j) < Depth(i)} )

In the Eq. (4), N; is the set of neighboring nodes of node i, V; indicates the void-status of
the node j, V; = 0 indicates node j is normal node and Vj = 1 indicates node j is void-node
and Depth(j) indicates the depth at which node j is deployed. The Eq. (4) indicates PRN
contains only non-void (normal) nodes present at a lower depth than the source/forwarder
node. The CMAR selects forwarding nodes from the PRNs of the source/forwarder node
by calculating scores and applying the clustering formation algorithm. The score calcula-
tion and clustering algorithm are elaborated in the following subsections.

3.2 Phase-l: Score Calculation and Cluster Formation

In this subsection, score calculation and cluster formation method is elaborated. TOPSIS
approach has been used in CMAR to calculate the scores of PRNs of the sender or forwarding
node. TOPSIS is the well-known & widely used technique in the MADM [32, 33]. A set of
attributes of PRNs act as the input to the TOPSIS. The sender or forwarding node computes
the scores of the PRNs.

3.2.1 Score Calculation Using TOPSIS

In the CMAR, PRN, is determined using the Eq. (4), and attributes of nodes in PRN; act as the
input to the TOPSIS. The steps involved in computing scores of nodes in PRN; by the source/
forwarder i are elaborated as follows:

Step 1: Construction of decision matrix of nodes in PRNs

This step involves the creation of a decision matrix representing » attributes (advancement
and PDP) of m nodes of PRN,. Nodes are represented in rows, and attributes of the corre-
sponding node are represented in columns. The intersection of x node with y attribute is
represented by DM[x][y]. Thus, decision matrix of nodes in PRN, are represented as per Eq.
®).

(DMIX]IY]) s &)

where DM [x][y] holds the y™ attribute of x" node in PRN,, m =| PRN; |, and n is the num-
ber of attributes to be considered, x € {1,2,3,..m},and y € {1,2,3,...n}

Step 2: Attribute normalization

This step involves normalization of decision matrix ((DM'[x] [YD,usn)- Normalization of
attributes involves the transformation of the attributes from dimension to dimensionless and
put into a common scale, so that they are comparable [34]. In CMAR, the sum normalization
method is used to normalize the attributes. The Eq. (6) indicates, normalization of attribute at
y column, corresponding to node at x™ row of the matrix given in Eq. (5).

; DM'[x][y]
RV = o
A= S Dviang ©
The normalized matrix is represented as shown in Eq. (7).
(R'IXIYD) e @)

Step 3: Weight computation
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Normalized matrix is obtained from the decision matrix of source/forwarder i. The attrib-
utes used in the decision matrix or normalized matrix do not have equal importance. Every
attribute has to have a different priority. The weight of the attributes indicates the importance
or priority. Thus, the weights of each attribute need to be determined. There are many tech-
niques to compute the weights; some of them are Simplified and Improved Analytical Hier-
archy Process (SI-AHP) [35], Entropy, Variance [36] etc. However, the Entropy weighting
method is appropriate for the TOPSIS when the Sum normalization method is used [33]. Thus
CMAR uses the Entropy weight method to compute the weights of the attribute. The compu-
tation of weight of the attribute at y"" column, W[y] using Entropy weight method is shown in

Eq. (8).

' 1 - E]

Wiyl = =——————
M YANTRZITS) ®

where E'[y]is the entropy of attribute at y" column, and computed using Eq. (9).

Zos (RXIY] * In(R'[x](y])

E'lyl=- 9
bl InGm) ©))

The weight matrix is represented as shown in Eq. (10).
WD 1 (10)

Step 4: Computation of Weight-Cost matrix
The Weight-Cost matrix is computed using a normalized matrix and weights of the

attribute. The Eq. (11) shows the Weight-Cost computation of y attribute of the node at

X" row.

WC'[x][y] = R'[x][y] * Wly] Y

The Weight-Cost matrix is represented as shown in Eq. (12).

WCTXI YD e 12)

Step 5: Computation of positive and negative ideal solutions for each attribute:

AT = (A[1]F, A2]T, A[3]", ..., A[n] "}
where A[y]* = {MAX(WC'[x][y]), Vy € benefit attributes} && MIN(WC'[x][y]),
Vy € cost attributes}
(13)
A = {A[1]7,A[2]7, A[3]™, ..., A[n]~ } where A[y]”
= {MIN(WC'[x][y]), V y € benefit attributes && MAX(WC'[x][y]), V y € costattributes}

(14)

The positive-ideal solution maximizes the benefit and minimizes the cost criteria. The pos-
itive ideal solution A[y]* of attribute y is calculated as per Eq. (13). The negative-ideal
solution maximizes the cost criteria and minimizes the benefit criteria. The negative ideal
solution A[y]™ of attribute y is calculated as per Eq. (14). In short, the positive-ideal solu-
tion is made up of all the best possible criteria values. In contrast, the negative-ideal solu-
tion comprises of all the worst possible criteria values.
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Step 6: Finding Euclidean distance from positive and negative ideal solutions for each
node in PRN

Euclidean distance of node at x" row, from positive ideal solution ED'[x]* is obtained
by using Eq. (15).

n
ED'[x]* = \J D (WCTxI[y] - AlyI*)? (15)
y=1
Matrix consists of Euclidean distance from the positive ideal solutions are represented by
Eq. (16)
(ED'IX]") (16)

Euclidean distance of node at x row, from negative ideal solution ED[x]" is obtained by
using Eq. (17).

n
ED'[x]” = | D (WCx][y] — A[y])? a7
y=1
Matrix consists of Euclidean distance from the negative ideal solutions are represented by
Eq. (18)
(ED'[X]7) 1 (18)

Step 7: Score computation of each node in PRNs:
Score of node correspond to x™ row is computed by the Eq. (19).
ED[x]~
EDi[x]~ + ED![x]*+

Score'[x] = (19)
The matrix consists of scores of all nodes represented, as shown in Eq. (20). The node that
has a high score indicates higher priority and is more preferred.

(Score'[x] )i (20)

In the state-of-the-art HydroCast, which is used to compare with CMAR, the suitability of
neighboring nodes is measured by computing the Normalized Advancement (NADV) of
the nodes present at the lower depth than the source/forwarder i. The NADV is calculated
by Eq. (21) [14].

NADV,; = ADV,; X P, 1)

where NADV, ; is NADV of neighbor j deployed at lower depth with reference to source/
forwarder i. ADV,; is the advancement of the node j with reference to source/forwarder
i and it is the depth difference between the source/forwarder i with node j. P, ; is packet
delivery probability between source/forwarder i and j [14].
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3.2.2 Cluster Formation

Algorithm 1 Cluster formation in CMAR at the node i

Initialization:

Number of clustered nodes of i (NC;) — 0

PRN; = {jl,jg,jgn ...jp}, where priority of J1>Ja >3 > . > jp
Threshold number of nodes to be clustered (T'N)

k" cluster of node i (Cluster; ;); k — 1

First node in the cluster CH

Distance between CH and node (D¢ node)

I*" index of the node in PRN; is not included in any of the cluster and it
is represented by V[I] = 0

9: End of Initialization

10: for (I=1to | PRN;|) do

11: V[i]=0

12: end for

13: while (NC; < TN && | NC; |#| PRN; |) do

14: for I=1to | PRN;|) do

I A S ol > v

15: if (V[l] ==0) then

16: Cluster; , < PRN;[l];

17: CH + PRN;[l];

18: V[l] = 1,

19: break;

20: end if

21: end for

22: for I=(+1)to| PRN;|) do

23: node = PRN;|l]

24; if (Dornode < 24294 & Vi) == 0) then
25: Cluster; i, < Cluster; ;, U {node}
26: Viil=1

27: end if

28: end for

29: k=k+1
30: NC; = NC;+ | Cluster; i, |
31: end while

Once the scores of PRN; are computed, the next step in CMAR is determining the candi-
date forwarding set, by forming cluster(s) of suitable nodes. The clustering approach used
in the CMAR requires only the Threshold Number (TN) of nodes from PRN; to be clus-
tered. Once TN number of nodes are clustered, the clustering process is terminated.

The process of clustering in the CMAR is described in Algorithm 1. The clustering
process is initiated by the source/forwarder i (line no. 1 - 9). The clustering process begins
with a node that has the highest priority and is not a part of any cluster; that node is referred
to as CH. Additionally, node CH is marked as included in the cluster (line no. 14 - 21).
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Further, i obtains the neighbors of node CH, which are at Euclidean distance < (M)

where Range is the coverage area. Finally, node CH, along with common nodes (not part of
any cluster) in the PRN; and neighbors of node CH at the Euclidean distance < ( M) are
included in the cluster (line no. 22 - 28). The cluster formation process is repeated until the
TN number of nodes is included in the cluster (line no. 13). In this way, node i generates its
clusters (Cluster; ;, Cluster; ,..., Cluster; ).

The cluster formation process with TN = 4, is explained with the example shown
in Fig. 3. The node i is the source/forwarder node. The node i computes its PRN, by
using Eq. (4) and subsequently determines their priority (or score), assuming that
PRN; = {j,Js,J3J4-J5.J¢ )}, are arranged in decreasing order of their priority using TOP-
SIS. Further, using the Algorithm 1, node i selects the highest priority node j, as the CH
and includes it in its first cluster (cluster; ;). Additionally, node i finds nodes that are com-
mon in its PRN; and nodes that are at a Euclidean distance of (Ra"ge) of CH (using two-hop
information). Accordingly, j; and js are included in Cluster; ;. Moreover no more nodes
are exist in the (*2%) of j, and Cluster;, = {ji,js,Js}. However, only 3 nodes are included
in the cluster, and TN = 4; thus, further clustering continues. Nodes j,, j4,js are not part of
any cluster, however, among these nodes, j, has the highest priority cluster. Further, node
i selects j, as CH in second cluster (Cluster;,) and subsequently includes j, in it. Further,
no more nodes exists in the (*2%) of j, and Cluster,, = {j,, j, }. Thus, the total number of
nodes included in the cluster is 5 (in both Cluster; ; and Cluster; ), satisfying TN = 4. Node
i forwards the data to nodes of the first cluster (Cluster; ;). In the case of none of the nodes
in the first cluster receiving the transmitted data from node i, data is forwarded to the sec-
ond cluster (Cluster;,). Likewise, in the case of none of the nodes in the Cluster; . receive
the data transmitted from source/forwarder i, it will forward the data to Cluster; ..

The state-of-the-art HydroCast routing protocol, which is used to compare with CMAR,
uses Normalized Advancement (NADV) of neighbors deployed at the lower depth.
Also, NADV is used to create a cluster(s). The major difference between the CMAR and

}

Fig.3 Example of the cluster ’.
formation of node i in the CMAR Clu'Ste7 3,1
Wit IV =4 S Cluster; o
’ eIl SUTTITIN 2,
A T . : “
:, o " O ' .72
'.,‘" ]3 js ! O d.
50 O . J4 '
2J6™ 5 \
i B M A
o @ oo ;
\ i :
. Range of
node 7,
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HydroCast is the inclusion of neighbor nodes into the cluster(s). In CMAR, only the PRNs
of the source/forwarder node are considered; thereby, it avoids the inclusion of void nodes
into the cluster. Further, in CMAR, only 7N number of nodes are clustered. However, in
HydroCast status of the neighbors is not considered. Void nodes can also be part of the
clusters, and subsequently, they may become part of the candidate forwarding set. Further,
HydroCast requires all neighbor nodes to be clustered and the Expected Packet Advance-
ment (EPA) of individual clusters is computed by using Eq. (22).

l

j—1
EPA(S) = ), ADV,;P; [ - P (22)
j=1 k=0

where S, is the set nodes of cluster having priorities n; > n, >... > n;, ADV,; and P, ; are
the advancement and packet delivery probability of node j, with reference to source/for-
warder i. Finally, a cluster that has the highest EPA is selected as its candidate forwarding
set. In conclusion, in most cases, HydroCast results in the formation of more clusters than
CMAR. Thus, HydroCast increases the complexity of cluster formation. However, only TN
number of nodes in the CMAR are clustered. The TN number of nodes is adjusted based on
the underwater condition/application.

3.3 Phase-ll: Data Forwarding

This section elaborates on the mechanism used in forwarding the received data in the
CMAR. Once data is delivered to the cluster, further forwarding of data by nodes of the
respective cluster is coordinated using hold time computation. Every node j belonging to
the respective cluster, which receives the data, computes its hold time T;-IOLD' Hold time
defines the duration of time the packet is held by the node j before it is further forwarded
to its cluster. If a node j overhears the transmission of the same data packet during the hold
time, it discards the packet from its buffer, to prevent duplicate transmission. In case the
transmission of a packet is not overheard before the expiry of the hold time T]H()LD’ no other
nodes forward the same data packet. Thus node j forwards the packet to its cluster(s). The
hold time T;,OLD computation for node j is given in the following section.

3.3.1 Hold Time Computation

The hold time computation by every node j in the respective cluster, which receives the
data, is computed using Eq. 23).

+T

J _ 7 J J
T =T +T, TrRans T TPROC (23)

HOLD PAUSE OVERHEAR

where 7, is the hold time of the node j in the corresponding cluster, 7, is the pause
period of the node j, which is used to achieve synchronization among all nodes in the clus-

ter. Further, lower priority nodes, within the cluster, delay their packet forwarding by over-

hearing time 79, ... . transmission time 77, .., and processing time T}, .. The pause
. R . .
time of node j (TPAUSE) is defined as in Eq. (24).
; Range — D, ;
j _ i
Toause = v (24)
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where V is the propagation speed of the acoustic signal underwater. The total overhearing
time of the node j (T]OVERHE " R) is calculated as per the Eq. (25).

J _
TOVERHEAR - (P.i - Dx

Range
v (25)

where P; is the priority of the node j in the corresponding cluster. Further, total transmis-
sion time of the node j (T]TRA ~s) 18 calculated as per the Eq. (26).
Trgans = P = D) X Trpans (26)

where T4y 1S the transmission time of a packet at the node. The total processing time of

node j (T{,ROC) is calculated as per the Eq. (27).
Throc = Pi X Trroc (27)

where Tpp,c is the packet processing delay at the node. As per the Eq. (23) through (27),
a higher priority node has a lower hold time, and a lower priority node has a higher hold
time.

3.3.2 Forwarding of Data

Once node j receives the packet, it has to forward it further, when the hold time ';IOLD

expires. However, there are some situations in which the TN nodes of source/forwarder j
may not be present in a single cluster and are distributed among more than one cluster. In
such cases, if nodes in the first cluster fail to receive a data packet, the forwarder j forwards
it to the next cluster. The overall process of the data packet forwarding is shown in Fig. 4.
The packet forwarding scenarios are explained as follows:

e Scenario 1: All TN nodes are in single cluster of source/forwarder j
If TN nodes are present in the single cluster, the forwarder j forwards the data packet
to its cluster and upon receiving, a node in the cluster further forwards the data packet.
If no nodes in the cluster receive the data, the transmission fails.
e Scenario 2: TN nodes are distributed among more than one cluster of source/forwarder
J
There are situations where TN nodes of j are distributed among more than one clus-
ter. In such cases, data packet forwarding takes place in the following way. Initially, the
data packet is sent to the nodes of the first cluster (Cluster; ). The forwarding node j
confirms the data reception by the cluster nodes using overhearing for further forward-
ing. Therefore, the forwarder j waits for the Timeout;, period to overhear further for-
warding. The Timeout;  is given in Eq. (28).

. R
Timeout;; =2 X v + T[{IOLD (28)
l . . . . h . .
where T}, - is the hold time of the least priority node / of k" cluster of j. During

Timeout;, duration, forwarding node j fails to overhear the further forwarding by any
of the nodes of Cluster; ;, and it is sent to its next cluster (Cluster;,). The same process
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Fig. 4 Packet reception and forwarding by node j in CMAR

continues until the forwarding node j overhears the transmission or all clusters of j fail
to forward the data further.

4 Implementation of CMAR

This section elaborates implementation details of the CMAR. The CMAR is implemented
using MATLAB. Even though CMAR can consider any number of attributes, to consider
similar attributes used in the state-of-the HydroCast, we are using progress or advancement
of the neighboring nodes and packet delivery probability with neighboring nodes. The
Sect. 4.1 describes the calculation of the progress or advancement attribute of the neighbor.
Section 4.2 elaborates calculation of the packet delivery probability in the CMAR.
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4.1 Progress of the Neighboring Node with Respect to the Source
PROG(n;,n;) = {D(n;, d) — D(n;,d),Vj € N;} (29)

When a node has a packet to forward, it will consider the progress of the neighboring
nodes as one of the attributes. The progress of the neighbor j with reference to the source
or forwarding node i is calculated by the Eq. (29). Neighbor with higher progress, a more
preferred node to be a part of the candidate forwarding set. The maximum progress of the
neighboring node j with respect to the source node i is equal to the communication range
(R). Thus the progress of the node j varies from 0 to R. As shown in Fig. 5, communica-
tion range (R) is equal to 1000 ms. For the given neighboring node, progress is considered
as 200, 400, 600, and 800. It means that each node considers 4 different values of pro-
gress. Suppose there are 10 neighboring nodes. They generate 4'° distinct combinations of
progress.

4.2 Packet Delivery Probability

This subsection describes the method to determining the packet delivery probability
p(d, m) between a pair of nodes, which are separated by distance d for m bit transmission in
the underwater. Further, discuss about the how Packet Delivery Probability (PDP) used in
the CMAR. PDP is given by the the equation as follows:

pd.m) =(1-p,d)" (30)

In the Eq. (30), p,(d) is the probability of the bit error over a distance d and it is calculated
by the Eq. (31).

Fig.5 Variation of the Packet
delivery probability with pro-
gress

1000m
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1, [ sve@
P =11 =\ T snR@) @D

where SNR(d) is the signal-to-noise ration over the distance d. The SNR(d) is computed by
the Eq. (32).

SNR(d) = —2bi__ (32)
Nydka(f)?
In the Eq. (32), E,;, is the average transmission energy per bit, N, is noise power density in
a nonfading additive white Gaussian noise (AWGN) channel, k is the spreading factor and
a(f) is the absorption coefficient a(f) in dB/km for the frequency fin kHz. a(f) is computed
by Thorp’s equation and it is calculated by Eq. (33)

f? f?
+44
+f? 4100 + f2

10oga(f) = 0.1 +2.75107%2 + 0.003 33)

The packet delivery probability is computed by using the Egs. (30) through (33). Consider
the Fig. 5, when neighbor node n; at the progress of 500 ms, with respect to the sender n,,
it indicates that the minimum distance between them is 500 ms. This is because progress
is the minimum distance between the sender and the neighbor. The actual distance is any-
thing between 500 and1000 ms. Thus for every combination of progress, two combinations
of PDP’s are generated as follows:

e Combination 1: By computing PDP of the corresponding neighbor by considering dis-
tance which is the same as progress.
e Combination 2: By halving the PDP of every node obtained in combination 1.

In this way, for 4! advancement combinations and for each advancement combina-
tion, 2 PDP combinations are generated. Thus totally the experiment is carried out for
2 x 419 = 2,097, 152 combinations. Thus exhaustive simulations are carried out. Further,
to analyze the performance of CMAR thoroughly, we varied TN from 3 to 8 nodes. The
performance of CMAR is compared with HydroCast in terms of the number of forwarding
nodes selected, % input combinations number of clusters formed, transmission reliability
in % input combinations, % input combinations nodes at priority 1 & 2. Further, for the
computation of the transmission reliability, the packet delivery probability (PDP) from the
neighbor node to the sink is taken as follows:

1. PDP from void-node to the sink is taken as 0.6 times that of the source to the correspond-
ing void-node. If the packet is stuck at the void-node, recovering from it and delivering
the packet to the sink results in a higher number of hops. Thus it results in lower PDP.

2. PDP from the normal node to the sink is taken as 0.75 times that of the source to the cor-
responding node. If a packet passes through normal nodes, it results in a lower number of
hops than void-node recovery. Thus we considered higher PDP than that of void-node.
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5 Results and Analysis

The section presents the simulation results of CMAR, and it is compared with the state-of-
the-art HydroCast. Section 5.1 presents the simulation parameters used for the evaluation
of CMAR and HydroCast. Section 5.2 presents the detailed analysis of the performance of
the CMAR in comparison with the HydroCast.

5.1 Simulation Setup

The implementation of CMAR and HydroCast is carried out using MATLAB. MATLAB
has emerged as one of the appropriate network simulation tools along with ns2, ns3, Qual-
Net, UnetStack, etc., because of its simple syntax and easier development through the
advanced library. According to the survey, many of the underwater communication contri-
butions are been justified using MATLAB [9, 37-41].

The simulation parameters are mentioned in Table 1. There is a source or forwarding
node and 10 neighboring nodes in the simulation. Out of 10 neighboring nodes, any 2
nodes are selected as void nodes. They have remained as void-node until the completion
of the simulation. As mentioned in Sect. 4, CMAR considers 2 attributes, the advancement
and Packet Delivery Probability (PDP). With the intention of performing exhaustive simu-
lations, 2,097,152 combinations of inputs are generated and executed.

5.2 Simulation Results

In this subsection, the CMAR is compared with HydroCast in terms of the number of for-
warding nodes selected, number of clusters formed, Average EPA, Nodes priority, and
transmission reliability.

5.2.1 Number of Forwarding Nodes Selected

This subsection shows the number of forwarding nodes selected in the CMAR and Hydro-
Cast for % of input combinations. The number of forwarding nodes selected indicates the
potential of the source node to forward the data successfully. Table 2 shows the number of
nodes in the selected cluster for CMAR and HydroCast with % of input combinations. As
more nodes are present in the selected cluster, there are high chances of successful data for-
warding. In the case of CMAR with TN = 3 through 8, there are high % of times 4 or more

Table 1 Simulation parameters S. No. Parameters Value

1 No. of neighbors 10

2 No. of void nodes 2

3 Communication range 1000

4 Variation of depth parameter 200-800 in
the step of
200

5 Packet size 1600 bits
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Table 2 Number of nodes in the selected cluster(s) in the CMAR and HydroCast

No. of nodes in the CMAR with Threshold Number (TN) of nodes HydroCast
selected cluster(s)*

TN=3 TN =4 TN=5 TN=6 TN=7 TN=38

% of input combinations

1 0 0 0 0 0 0 0.04
2 0 0 0 0 0 0 9.21
3 43.85 0 0 0 0 0 36.77
4 34.55 48.48 0 0 0 0 33.31
5 16.31 34.78 55.28 0 0 0 15.06
6 4.54 13.77 34.20 65.33 0 0 451
7 0.68 2.73 9.54 30.25 79.22 0 0.93
8 0.04 0.21 0.97 441 20.77 100 0.12
9 0 0 0 0 0 0 0.01
10 0 0 0 0 0 0 0.00
Total 99.97 99.97 99.99 99.99 99.99 100 99.96

*In the HydroCast, total nodes in the finally selected cluster, whereas other nodes in the other clusters are
not included. In the case of CMAR, other nodes not in the cluster

Table 3 Various scenarios of

cluster formation in CMAR with Scenario No. of nodes in the  Cluster 1 Cluster 2 Cluster 3

selected cluster

TN=3

1 3 3 - -
2 3 1 1 1
3 3 1 2 -
4 3 2 1 -
5 4 4 -

6 4 1 1 2
7 5 1 1 3
8 6 1 1 4
9 7 1 1 5
10 8 1 1 6

than 4 nodes are selected compared to HydroCast. It shows that CMAR provides increased
chances of successful packet forwarding from the sender to its neighboring nodes.

As shown in Table 2, for example, in the CMAR, even though TN = 3, the number
of nodes in the selected cluster(s) is 3 or even more. Consider TN = 3, a maximum of 3
clusters can be created considering 1 node each in the 3 clusters, and a minimum 1 cluster
is created so that all 3 may present in a single cluster itself. Various scenarios for the selec-
tion of nodes in the case of TN = 3 are shown in Table 3.

As mentioned in Table 3, suppose the number of selected nodes is 3; there are 4 possible
scenarios. In scenario 1, all 3 nodes are in the first cluster, the number of nodes chosen fulfills
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the threshold number (TN) requirements. Thus, the clustering process stops. In scenario 2,
the first cluster has only one node; therefore, it will continue clustering until a minimum of
3 nodes are clustered. Even the second cluster has 1 node; thus, it looks for the third cluster
and has one node. In this way, 3 nodes are distributed in 3 different clusters, as shown in
scenario 2 of Table 3. Similarly, in scenarios 3 and 4, the first cluster has 1 node, and the
second cluster has 2 nodes and vice-versa. The important aspect in CMAR is even though TN
= 3, even more than 3 nodes are also selected in the cluster. Consider scenario 5, in which 4
nodes are selected, and this is because the first cluster itself has 4 clusters as shown in Table 3.
In scenario 6, the first 2 clusters have 2 nodes. Minimum 3 nodes must be selected. Thus it
will make the third cluster, and it has 2 nodes. Thus 4 nodes are chosen from 3 clusters even
though TN = 3. Likewise, even though TN = 3, there are chances of even 5, 6, 7, and 8 nodes
being selected as shown in scenario 7 through 10 in Table 3. However 9 or 10 nodes will not
be selected because 2 nodes are void. The CMAR completely avoids void nodes, resulting in
CMAR selecting the maximum of 8 nodes.

5.2.2 Number of Clusters Formed
This subsection elaborates the number of clusters formed in the CMAR for TN ranges from 3

to 8 nodes and HydroCast. As more clusters are formed, the number of nodes in the individual
cluster decreases. Thus the construction of a minimum cluster is desired.

70 1

I CMAR, TN = 3
B CMAR, TN = 4
Bl CMAR, TN =5
EEEICMAR, TN = 6
ETIcMAR, TN = 7
[C_ICMAR, TN = 8
[__JHydrocast

% of input combinations

4 S 6 7 8 9
No. of clusters

Fig.6 Comparison of CMAR and HydroCast w.r.t. chances of forwarding packets
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The number of clusters formed in CMAR with TN = 3 to 8 and HydroCast is shown in
Fig. 6. In both CMAR and HydroCast, in the best case, 1 cluster is formed. In the worst case,
CMAR with TN = 3, 3 clusters are possible because cluster 1, 2, 3 contains 1 node each.
In this way, in the worst case, CMAR with TN =4, 5, 6, 7, 8 requires 4, 5, 6, 7, 8 clusters,
respectively. In CMAR number of clusters formed and nodes selected depends on the Thresh-
old Number (TN). However, in the HydroCast, each node must be part of one cluster.

max

N,.=N-C+1 (34)

In HydroCast, the Eq. (34) gives the maximum number of nodes part of the single cluster.
The N,,,, is the maximum number of nodes in the single cluster, N is the total number of
nodes present, C is the total number of clusters formed. For example, if there are 10 nodes
and 5 clusters are formed in HydroCast, the maximum number of nodes present in the sin-
gle cluster will be 6 as per Eq. (34). Similarly, for 6, 7, 8, 9, and 10 clusters, the maximum
number of nodes present in the single cluster will be 5, 4, 3, 2, 1, respectively. It indicates
that, as the number of clusters increases, the maximum number of nodes present in the sin-
gle cluster decreases in the HydroCast. The reduced number of nodes in the cluster results
in lower chances of successful transmission with its neighbor nodes.

In almost 95% of input combinations, forwarding nodes are accommodated within 1 to 3
clusters for CMAR with TN = 3. Similarly, in 97% of input combinations, CMAR with TN =
4 is accommodated in just 1 to 3 clusters. However, in just 6% of input combinations, Hydro-
Cast is accommodated with 3 clusters, and in 65% of input combinations, HydroCast forms
5 to 8 clusters. As explained in Sect. 3.2.2, in CMAR clustering process is initiated from a
neighboring node having the highest score. Once a cluster is formed, nodes present in it will
become part of the forwarding set, and the clustering process will be stopped once the Thresh-
old Nodes (TN) of nodes are reached. Thus in CMAR, all neighboring nodes need not be clus-
tered. It results in a lower number of clusters. However, in the case of HydroCast, clustering is
done until every node is part of the cluster. Further, by computing the EPA of each cluster, the
best cluster is shortlisted, and nodes present in it will be forwarding nodes.

5.2.3 Average Expected Packet Advancement (EPA)

EPA is the normalized sum of advancements made by the selected nodes in the cluster. EPA
describes how much closer a packet can be forwarded towards the destination during transmis-
sion. We compute the EPA to maximize the chance of successful delivery of a packet. The
EPA is computed by the Eq. 22). EPA of CMAR with TN = 3 to 8 and HydroCast is given in
Fig. 7. As discussed in the Sect. 5.2.1, CMAR results in more forwarding nodes than Hydro-
Cast. Thus, CMAR also results in a higher average EPA compared to HydroCast.

5.2.4 Nodes at Priority 1 and 2

This subsection discusses %ge of input combinations individual nodes are at priority 1 and 2.
Further, elaborate its impact on the performance. Figure 8a, b, shows %ge of input combina-
tions nodes are at priority 1 and 2. As shown in Fig. 8a, b, node Id 9 & 10 are not selected at
all as priority 1 or priority 2 nodes in CMAR. Howeyver, in the case of HydroCast, nodes Id 9
and 10 are selected as priority 1 & 2 nodes even though they are void nodes.
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We can conclude that CMAR completely prevents the void nodes from becoming clus-
ter members. Thereby void nodes are not selected as forwarding nodes. However, Hydro-
Cast will not avoid void nodes. The involvement of void nodes during routing has severely
impacted the network’s performance.
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5.2.5 Transmission Reliability

Figure 9 shows the transmission reliability of the CMAR and HydroCast. The transmission
reliability of opportunistic routing is calculated as per the Eq. (35), [42]

Tor=(1=((1 =Pp)x (1 = P )X (1 = Pp)..x (1 = Pp))" (35)

where P, P, Pp and Py represents the packet delivery probability between the source
or forwarding node to nodes in its candidate set and n represents the number of hops packet
has to travel.

6 Conclusions and Future Work

The paper proposed a CMAR protocol for underwater networks, mainly considering
multiple attributes of neighboring nodes and forming the clusters. Exhaustive simula-
tions are carried out using MATLAB to evaluate the performance of the CMAR by var-
ying the threshold number of forwarding nodes. Further, CMAR is compared with the
state-of-the-art HydroCast routing protocol in terms of the number of clusters formed,
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the number of forwarding nodes selected, the priority of the nodes in the cluster, and
transmission reliability. As a future work, the performance of the CMAR can be thor-
oughly evaluated and analyzed with testbed implementation.
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