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Biosensor nodes of a wireless body area network (WBAN) transmit physiological parameter data to a
central hub node, spending a substantial portion of their energy. Therefore, it is crucial to determine
an optimal location for hub placement to minimize node energy consumption in data transmission.
Existing methods determine the optimal hub location by sequentially placing the hub at multiple
random locations within the WBAN. Performance measures like link reliability or overall node energy
consumption in data transmission are estimated for each hub location. The best-performing location
is finally selected for hub placement. Such methods are time-consuming. Moreover, the involvement
of other nodes in the process of hub placement results in an undesirable loss of network energy. This
paper shows the whale optimization algorithm (WOA)-based hub placement scheme. This scheme
directly gives the best location for the hub in the least amount of time and with the least amount of
help from other nodes. The presented scheme incorporates a population of candidate solutions called
"whale search agents". These agents carry out the iterative steps of encircling the prey (identifying the
best candidate solution), bubble-net feeding (exploitation phase), and random prey search (exploration
phase). The WOA-based model eventually converges into an optimized solution that determines

the optimal location for hub placement. The resultant hub location minimizes the overall amount of
energy consumed by the WBAN nodes for data transmission, which ultimately results in an elongated
lifespan of WBAN operation. The results show that the proposed WOA-based hub placement scheme
outperforms various state-of-the-art related WBAN protocols by achieving a network lifetime of 8937
data transmission rounds with 93.8% network throughput and 9.74 ms network latency.

Keywords Whale optimization algorithm (WOA), MADM, Wireless body area network, Routing protocol,
Clustering

A wireless body area network, also known as a WBAN, is comprised of multiple biosensor nodes that are capable
of measuring different physiological parameters of the human body'™*. Some of these physiological parameters
include body temperature, blood pressure, heart rate, etc. The WBAN biosensor nodes are implanted either
inside or on the skin of a particular body part as per the measured physiological parameter”. The biosensor nodes
send physiological parameter information in the form of digital data packets to the hub node®. The hub node
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Figure 1. A WBAN system.

uploads the physiological data to an internet cloud platform for the purposes of remote health monitoring and
telemedicine’. A conceptualization of the WBAN system is shown in Fig. 1.

WBAN biosensor nodes are typically built to be smaller in size. Therefore, they contain a small onboard
power source; most of that gets exhausted in routing the data packets from source nodes to the hub'. Hence, it
is important to implement the WBAN system along with an energy-efficient data routing protocol®®. With the
help of a data routing protocol, the WBAN selects the optimum data routing pathways. An optimal data routing
path offers high-throughput data transmission while consuming minimum node energy'’. The energy budget-
based multi-attribute decision making (EB-MADM) protocol makes use of the hierarchical clustering-based
methodology for the purpose of data routing in WBAN®. Here, the bio-sensor nodes transmit their data packets
to a cluster head (CH) node. The CH performs the process of data aggregation on the received data packets and
makes a single packet of them. Further, this combined packet is sent to the hub. The EB-MADM protocol uses
the cumulative performance rating-based multi-attribute decision making (CPR-MADM) scheme to select the
suitable bio-sensor node as CH. The DSCB®, EB-fg-MADM!, and MOOF"? protocols also incorporate cluster
routing in WBANSs. Two-hop data transmission along with data aggregation in a clustering approach saves node
energy, thereby increasing the network lifetime. The lifetime of a WBAN can further be considerably extended
if a data routing protocol is coupled with an effective hub node placement strategy*?.

A hub node within a WBAN acts as the receiver of the data packets that are transmitted by the source
biosensor nodes. Hence, the source node energy consumption in data packet transmission and the network
lifetime are substantially impacted by the variations in the location of the hub'%. In the Sub-Sect. “Problem
Statement and Contributions of the proposed work”, a simulation of the network lifetime metric of a WBAN is
performed by putting the hub node in four distinct locations on a patient’s body. According to the findings, it
has been discovered that shifting the position of a hub node can affect the lifetime of a network by up to 28.59%.
As a result, the placement of the hub-node in the optimal location becomes a crucial factor in determining the
minimized network power consumption of WBAN and its level of effective operation.

In this work, we have proposed a whale optimization algorithm (WOA)-based scheme that is used to place
the hub node at an optimized location on the patient’s body for the purpose of achieving minimal consumption
of WBAN energy in data routing operations. The whale optimization algorithm (WOA) is a bio-inspired global
search optimization heuristic that mimics the foraging behavior of humpback whales to solve diverse linear or
nonlinear optimization problems'>!°. The proposed hub-node placement scheme establishes an initial population
of random search agents in the solution space. Each search agent (also called a whale) is comprised of three
variables. The first two variables of the whale structure are the tentative “x and y coordinates” of the hub node
position within the WBAN while the remaining last variable indicates the ID of the CH node within the WBAN.
Therefore, each whale search agent in the WOA population characterizes a random WBAN topology. Thus, each
whale search agent in the WOA population provides an arbitrary solution for the problem of hub placement
within the WBAN. Further, the proposed WOA-based hub placement scheme estimates the fitness of each whale
search agent in its population. The implemented fitness evaluation operator considers the WBAN topology
characterized by a particular whale search agent and estimates the amount of energy consumed by the WBAN
nodes for data transmission. The estimated amount of WBAN energy consumption is considered to be the
fitness of that particular whale search agent. The proposed WOA-based hub placement method converges into
an optimal solution that determines the optimal placement of the hub node coupled with an optimal CH node.
The resultant optimal topology achieves a minimized consumption of WBAN energy in data routing operations,
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which ultimately results in an increase in the overall lifespan of the network operation. Moreover, the presented
WOA-based hub positioning scheme is integrated with a cluster routing protocol. The proposed method is
abbreviated as WHOOPH (whale optimization based optimal placement of hub). According to the findings of the
simulated performance results, WHOOP! attains a significant growth in network stability and lifetime periods
when compared to existing protocols that are considered to be state-of-the-art. Additionally, the WHOOP! offers
improved throughput and latency characteristics.

The following outline constitutes the organizational structure of further portions of the presented paper:
“Related works and problem statement” section provides a concise survey of the background literature along with
the research challenges, contributions of the proposed work, and an introduction to the Whale Optimization
Algorithm. “Models and assumptions” section discusses the different models and assumptions used for the
present research work. The proposed WOA-based hub placement scheme is explained in the “Proposed WOA
based hub placement scheme” section. “Data routing” section discusses the cluster routing protocol that has been
integrated into the proposed hub placement scheme. The evaluation of the performance outcomes can be found
in “Protocol simulation” section. The final conclusions on the present work are given in “Conclusions and future
scope” section, which also examines the potential research work that could be done in the future.

Related works and problem statement

This section provides a short overview of relevant state-of-the-art research works along with the problem
statement and the contributions that the present study makes. The section ends with an introduction to the
whale optimization algorithm.

Related works

The currently used WBAN topologies implement data routing techniques that are either multi-hop or hierarchical
clustering in nature. For instance, the EEPRS? is an example of a multihop protocol that makes use of intermediate
relaying nodes. A relay receives the data packet from a source biosensor node and retransmits the received packet
to the hub. Relays are selected from the nodes with the greatest residual energy. OCER® is another example of
a multihop data routing protocol for WBAN. OCER allocates a cost function (CF) value to each intermediary
WBAN node. The cost function value for a node is calculated based on the node’s residual energy, link reliability,
and link path loss. The WBAN node possessing the least CF value is chosen as the relay. OCER uniformly
distributes the relaying load across the nodes of the network and hence increases the overall lifetime of the
network. The CO-LAEEBA protocol'” utilizes cooperative multi-hop routing techniques for WBANSs. Here, the
emergency data is communicated via single-hop data paths, whereas the normal data is communicated using
multi-hop data paths. Minimum hop-count data paths, including high-energy intermediary relaying nodes, are
chosen for transmission. CO-LAEEBA offers enhanced network lifetime and throughput performance.

The EERP protocol®* makes use of the hierarchical clustering-based technique. Here, the biosensor nodes
transmit their packets to a node that acts as the cluster head (CH). The CH creates a single data packet by
aggregating the packets it receives. This aggregated data packet is subsequently sent to the hub in order to be
processed. EERP incorporates a cumulative performance rating-based multi-attribute decision-making (CPR-
MADM) technique that evaluates each WBAN node based on different node properties to select an appropriate
CH node. Here, a CPR value is estimated for every node, which is the ratio of node energy to the node’s distance
to the hub. As a result, the role of cluster head is given to the node that receives the highest CPR value. The
EB-MADM?* is another hierarchical clustering-based data routing protocol that incorporates the CPR-MADM
approach to elect the CH node. Here, the protocol assigns the CPR values to the WBAN nodes, which are a
ratio of the node’s residual energy divided by the predicted network energy loss. The WBAN node achieving the
highest CPR becomes the CH. The hierarchical clustering-based DSCB protocol® also utilizes the CPR-MADM
technique to select an appropriate CH node. Here, the node CPR values are the function of node energy, node
transmission power, and the node’s closeness to the hub. The WBAN node achieving the highest composite rating
value becomes the CH. Similarly, the other WBAN protocols, such as IM-SIMPLE!'8, RK-EERP'?, and MOOF"?,
apply the CPR-MADM-based clustering technique for node data transmission in the WBAN.

Problem statement and contributions of the proposed work

The WBAN data routing protocols discussed in the previous sub-section do not take into account any viable
method for the optimal positioning of the hub-node. However, the lifetime of a WBAN is significantly impacted
by shifts in the positioning of the hub node!>'. In order to demonstrate the precision of this assertion, we carried
out a simulation of the lifetime performance of WBAN by positioning the hub node in four distinct positions on
a human body during the test. The various hub positions in the WBAN are depicted in Fig. 2. Figure 3a represents
the WBAN lifetime performances for various hub node positions whereas Fig. 3b provides an in-depth look at
the simulation statistics.

Based on the findings, it has been found that a change in the positioning of the hub node can affect the lifetime
of the network by up to 28.59%. Therefore, it is established that the ideal position of the hub node turns out to be
a decisive factor that determines the optimal use of node power and the elongated lifespan of WBAN operation.
Following are the few studies that have implemented a dedicated technique for deciding the optimum location
of the hub node within a WBAN. The link reliability-based hub placement (LRHP) technique was developed by
Razavi et al.?®. As per LRHP, the hub is moved to various body locations, and the reliability of the link between
the biosensor nodes and the hub is evaluated in terms of BER. The hub site that provided the lowest BER was
chosen as the ideal location for the hub. Yong et al. developed an RSSI-based hub placement (RHP) technique?'.
In this strategy, the hub is repetitively moved to various positions on a human body. Further, the RHP estimates
the power of the received signal for every hub location. The hub position offering the highest receiving power
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Figure 3. (a) Network lifetime for different Hub positions (b) Simulated data.
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readings from WBAN nodes is the ideal position for the hub. Arora et al. developed a reflection coefficient-based
hub placement (RCHP) technique?. According to RCHP, the reflection coefficient (S11) is measured by putting
the hub transceiver antenna at different body locations, and the results are observed. The hub position that
recorded the lowest reflection value is chosen as the best possible position for the hub placement.

Huque et al.”® termed the hub node as body node coordinator (BNC) and offered three hub node placement
techniques. These techniques are referred to as position-aware BNC placement (PBP), distance-aware BNC
placement-iterative (DBP-I), and distance-aware BNC placement-fixed (DBP-F). When utilizing these techniques,
the hub node is initially positioned outside the WBAN boundary. Further, the hub node performs certain
computations based on the relative communication distances of the other nodes and searches for the ideal hub
position in an iterative manner.

The hub placement techniques discussed so far are straightforward in terms of computing, but they consume
more time as the hub node has to be moved to a variety of locations several times before reaching the optimal
location. In addition to this, the participation of the networK’s other nodes in the placement process results in
an undesirable loss of node energy. Hence, it is important for a hub placement strategy to find an appropriate
hub position in a small amount of operational time with minimal participation of WBAN nodes in the hub
placement process'>!%.

Choudhary et al."* utilized particle swarm optimization for hub placement (PSO-HP) in WBAN. The PSO-HP
technique requires minimal participation of biosensor nodes during hub placement operations and finds the
optimal hub location in the shortest operational time. However, the PSO shows the limitation of falling into local
minimum in case of high-dimensional solution space.

The whale optimization algorithm (WOA) implements “Encircling the Prey” and “Bubble Net Feeding”
operators through which each whale search agent of the WOA population iteratively updates its position towards
the optimal solution. Thus, the WOA improves its solution quality iteratively. Further, the WOA performs the
global search by implementing a “random prey search” operator. The random prey search introduces diversity
into the WOA population and avoids trapping in the local minimum by preventing the population of whale
search agents from becoming too similar to each other. Hence, the WOA discovers the global optimum easily
and avoids trapping in the local optimum'>'%. The PSO does not incorporate a “random search” operator **.The
steps of Whale Optimization Algorithm have been discussed in following sub-section. Gou et al.** utilized the
Whale Optimization Algorithm for optimal positioning of nodes in general wireless sensor networks (WSNs).

Hub placement schemes
Abbreviation | Name Data routing type | Application Implementation Accuracy & limitation
Evaluation of BER by placing the
20 Link reliability-based Hub . . hub at multiple locations. Best- Limitations:
LRHP placement technique Multi-Hop Hub placement in WBAN performing location is selected for | Hub node have to be placed at
hub placement multiple locations before identifying
Evaluation of RSSI by placing glgeorggnmga;?(?cbell(frfli(s“:ime
RHP? RSSI’].)aSEd Hub placement Multi-Hop Hub placement in WBAN Hub at Mulnp le 1.0 cations. Best- consuming and requires technical
technique performing location is selected for knowledge
hub placement Involvement of other nodes in the
Evaluation of S,,by placing Hub at | process of hub placement results
RCHP2 Reflection coeﬂic_lent—based Hub Multi-Hop Hub placement in WBAN Mult}ple llocatlons. Best-performing | in an undesirable loss of network
placement technique location is selected for hub energy
placement
PBP" Position-aware BNC placement Single Hop Hub placement in WBAN Accuracy:
Distance-aware BNC placement- Hub is placed at multiple locations Minimal involvement of other nodes
DBP-1% . . W P Single Hop Hub placement in WBAN placed at P in the process of hub placement
iterative and node utility is computed based Limitations:
on residual energy and the relative :
o . Hub node have to be placed at
communication distance. Best- ltiple locati identifyine th
Distance-aware BNC placement- performing location is selected for mutiple locations to i entifying the
DBP-F! Single Hop Hub placement in WBAN optimal hub location
fixed hub placement o . -
perating procedure is time
consuming
Accuracy:
Operating period is minimal
Minimal involvement of other nodes|
PSO-HP™ Multi-objective optimization Clustering Hub placement in WBAN PSO algorithm dlr(?ctly suggest in the process of hub placement
framework optimal hub coordinates Limitations:
PSO shows the limitation of falling
into local minimum in case of high-
dimensional solution space
Accuracy:
Whicptmiionsgorigm | oL e
WHOOPH RK-energy efficient routing protocol | Clustering Hub placement in WBAN | directly suggest optimal hub in th ) v £ hub bl
coordinates in the process of hub placement
WOA avoids trapping in the local
minimum
Table 1. Comparison of various hub placement tecnique for WBAN.
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However, the Whale Optimization Algorithm has not been utilized for optimal hub node placement in a WBAN
system. Table 1 shows the comparison of various hub placement techniques for WBAN.

A whale optimization algorithm (WOA)-based optimal hub node placement strategy (WHOOP") is presented
in this paper. The following are the contributions that come with the suggested scheme for the installation of
the hub:

(a) WHOOPH swiftly converges to the optimized solution and directly offers the best location for the hub in
the shortest amount of time while still maintaining efficiency.

(b) WHOOP! does not require the participation of WBAN nodes during the procedure of hub placement.

(c) 'WHOOPH s able to explore an expanded solution space in comparison to existing optimization techniques.
This capacity allows the process to produce better results.

(d) WHOOP" is further combined with the CPR-MADM.-based cluster-routing protocol to enhance energy
efficiency.

According to the findings of our in-depth analysis, the integrated framework of WOA and the CPR-MADM
algorithm is being offered as a routing strategy for WBAN systems for the very first time. This marks a significant
milestone.

Whale optimization algorithm
A single objective optimization problem (SOOP) is defined as follows:

® Minimize or maximize f (y)
® Optimization may or may not be subjected toAj (y)>0,j=1,2...Jand B, (y)=0, k=1, 2...K

where f(y) is the objective function that needs to be maximized or minimized; v is a search agent which is the
vector of design variables &; i=1,2...01i.e. y= (§, £,... §); O is the total number of design variables; f3;; is the lower
bound and B, is the upper bound of the ith design variable ; i.e. B;,<& < B;.4; (y) is the jth inequality constraint;
J is the total number of inequality constraint functions; By () is the k" equality constraint; K is the total number
of equality constraint functions.

The whale optimization algorithm (WOA) is a recent bio-inspired global search optimization heuristic that
mimics the foraging technique of humpback whales to solve single objective optimization problems (SOOP)
i.e. minimize or maximize f (y)". The foraging behavior of humpback whales includes various maneuvers like
bubble-net feeding along with upward-spiral. Here, the humpback whales, after searching for the prey, dive
around 12 meters down in the water. After that, they create bubbles in a spiral shape and swim up toward the
surface to catch the prey. The WOA performs in the following phases:

Whale population initialization

Initially, the WOA generates a population of random search agents wp= (Y5 ¥ ¥3... ¥,) in the solution space.
Each search agent is termed the whale. Each whale search agent y; i=1, 2...1 of the WOA population comprises
6 number of variables i.e. ¥; = (§;;, §...&j5...&j0). The variables & i=1, 2...11; j=1, 2... fof a whale search agent y;are
initialized using Eq. (1).

&j =B+ p x (Buj — Bij) (1)

where the variable p is a random value in between 0 and 1; ;; and fjare the lower and upper bounds for the
variable &, respectively. The elemental variables of a search agent represent an arbitrary solution to the SOOP
under consideration. Hence, a search agent in the whale population is also called the candidate solution.

Initial fitness estimation
Further, the WOA estimates the fitness value F(i) of every whale search agent y;; i=1, 2...5of the whale
population. WOA uses the objective function f{y) for fitness estimation. The fitness F(i) of a search agent y; is
equal to f(y,) if the objective function f(y) is to be maximized. F(i) is equal to 1/f(y,) if the objective function
f(y) is to be minimized.

Calculating the WOA Parameters
After initial fitness evaluation, WOA calculates various parameters such as a,A C l'and p. Equations (2) to (6)
are used for the calculation of WOA parameters.

2%t
a=2-"—, @)
tmux
-
A =247 —a, (3)
T =27 (4)
Scientific Reports |  (2024) 14:3422 | https://doi.org/10.1038/s41598-024-53889-1 nature portfolio



www.nature.com/scientificreports/

l= 13, (5)

p=rs 6)

where the variable ¢ denotes the iteration count; the variable t,,,, denotes the maximum iteration count of the
WOA,; the vectors 71> and 7; denote the random vectors in the range [0, 1]; the variables r; and r, are the random
numbers in the range [0, 1]. It can be seen that the parameter ‘a’is being decreased from the value of 2 to 0 over
the course of iterations.

Encircling the prey
Further, the WOA identifies the global best solution y,,, from the initial population. The best candidate solution
is the search agent y; that possesses the highest fitness value i.e. F(j)=max [F(i); i=1, 2...7].

Now from here onwards, the whale search agents y;;i=1, 2...n and the global best candidate solution ,,will
be represented as (1) and y,,.4(t), respectively where tis the WOA-iteration count.

The WOA considers the best search agent as the target prey. Now, if the value of parameters p< 0.5 and |A| <
1 then the WOA assumes that the prey is near other search agents and they start updating their positions toward
the best candidate solution. This behavior is termed as encircling the prey and is modeled by the Egs. (7) and (8).

B =[C V0 - V0], %

— — - =
1/, i(t + 1) = Wbest(t) — A.D, (8)

where E) pest (1) is the global best candidate solution i.e. the prey of " WOA iteration; g_h:»(t) is the ith search agent
of t" WOA iteration; ¥ ;(t + 1) is the updated ith search agent of (¢+ 1) WOA iteration.

Bubble-net feeding method (exploitation phase)

If the value of parameter p> 0.5 then the WOA implements the bubble-net feeding method of humpback whales
along with an upward spiral maneuver. In this case, other search agents update their positions toward the best
candidate solution using Egs. (9) and (10).

D = |V pea® = V300, ©)

N
Vit +1) =D ecos@rl) + U pogt (), (10)

Random search for prey (exploration phase)

If the value of parameters p< 0.5 and |A| = 1 then the WOA assumes that the prey is far away from other search
agents and they start searching for the prey, randomly. In this case, other search agents update their positions
toward the random solutions using Eqs. (11) and (12).

— — — —
D =\C.¥0a®— V(0| (11)
Vit +1) =V a(t) — A.D, (12)

-
where ¥/ ,,,4(t) is a random search agent of # WOA iteration.

Checking boundary conditions

After updating the positions of all search agents of the WOA population, if any variable §; of any search agent y;
violates the boundary conditions (i.e. §;< B;; or £;>B;) then the value of that variable is made equal to the related
lower or upper bound (i.e. §; = B;; if &;< B;; and &; =By if &;>Byy).

Fitness estimation and updating the best candidate solution
Further, the WOA again assesses the fitness of each whale search agent of the population and updates the best
candidate solution i.e. ¥ p, (f + 1).

Updating the WOA parameters N
Further, the WOA increments the iteration counter by 1 and updatesa, A, C, ] and p parameters.

The WOA continues to iterate the steps of Encircling the prey, Bubble-net feeding, Random prey search,
Checking boundary conditions, Fitness Estimation & updating the best candidate solution, and Updating
the WOA Parameters until the preset iteration count is over. During each iteration, the WOA makes minor
adjustments to its whale population to maximize the population’s mean fitness. Finally, the WOA develops an
optimized whale search agent ¥, = (§opers Sopra--- Eopro) that gives the optimal solution for the target optimization
problem. Figure 4a—c show the conceptualization of encircling the prey, bubble-net feeding, and random search
for prey maneuvers. Following is a pseudo code of WOA.
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Figure 4. (a) Encircling the prey, (b) Bubble-net attacking method (exploitation) (c) Random search for prey
(exploration).

Input data: tu, 4, 0, Brjp Bujs j=1,2..0

Initialize the \ Wgale population wp using equation-1.
Initialize @, 4, C,l and p using equations-2 to 6.

Estimate the fitness of each search agent ¥;; i=1, 2...n in wp.

Identify the best search agent: ¥,
While (¢<t,,4)
For each search agent 1);in wp
If (p<0.5)
If(Al<1)
Update the current search agent ¥;(t)by the equations-7 and 8.
Elself (|A| > 1)

Select a random search agent¥), 4.

Update the position of the current search agentai(t)by the equations-11 and 12.
End IF
End IF
If (p=>0.5)
Update the search agent ¥,(t)by the equations-9 and 10.
End IF
End For
Check and handle boundary conditions.
Calculate the fitness of each search agent again.

Update @best if there is a better solution.
t=t+1

Updatea, 4, C,/ and p.

End While

Returny),,,.

Algorithm 1. WOA.

Models and assumptions

The present work uses a WBAN model that comprises eight biosensors for implementing the proposed protocol.
Furthermore, the first-order radio energy consumption model® and the Log distance path loss model® are used
for protocol simulation. The utilized models are elaborated as follows:
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First-order radio energy consumption model
According to the first order radio energy consumption model, Egs. (13), (14) and (15) estimate the amount
of energy that a node consumes in the transmission, reception and aggregation of a data packet, respectively.

Er(w,d) = (Erx + Eampd” )w, (13)
Er(w) = Epxw, (14)
Ep(w) = Epaw, (15)

where w is the packet’s bit size; Epy is the energy that a node expends in the transmission of single bit data; Epx
is the energy that a node expends in the reception of single bit data; E, is the energy that a node expends in
amplification of single bit data; Ep,is the energy that a node expends in the aggregation of single bit data; d is
the transmission distance; y is the path loss index. Present work overlooks energy expended by the bio-sensor
nodes to sense and process the physiological data.

Path loss model
Equation (16) models the path loss induced to a propagating signal due to the 2.4 GHz on-body communication
channel in ISM band.

47md, d
pl(dB) = 20.log< T f) + 10y.1og<d—) + Xo (16)

c 0

where f, d, ¢, and x, refer to the operating frequency (in MHz), the reference distance (in meters), the speed
of light (in meters per second), and the shadowing factor of zero mean and o standard deviation, respectively.

WBAN model

The work being presented here makes use of a WBAN model that comprises 8 biosensors. The intended WBAN
is illustrated in Fig. 5 where Nodes S1 to S6 form a node cluster. The remaining nodes send their data packets
to the Hub in a direct connection.

2 - . Biosensor Nodes
®s!

—
N
T

s1@

@S5

S6

Y-Axis (m)
—
T

0 05 |

X-Axis (m)

Figure 5. WBAN model.
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Proposed WOA based hub placement scheme

The proposed WOA based optimization strategy (WHOOP!) is elaborated here as a viable solution for optimal
positioning of hub node within the WBAN. The steps involved in the suggested method take place in the sequence
as follows:

Population initialization

As stated in the “Whale optimization algorithm” sub-section, the WOA first creates an initial population of whale
search agents wp= (Y;; ¥ V... ¥,) where the each whale search agent y;; i=1, 2...7 includes three variables i.e.y;
= (&, &andE;). Here, (&), £,) represents the coordinates of an arbitrary hub node position within the WBAN.
Whereas, the third variable;;gives an arbitrary node-ID specifying the CH node in WBAN. The parameter #
determines the size of the population. The three variables of a whale search agent y; are initialized using Eq. (17).

;= Bij+ p x (Buj — Brj)s ifi = lor2
e {ﬂLf+R0u”d[p x (Buj = Bij)]:ifi =3 (17)

where f3;; and f;are the lower and upper variable bounds, respectively. As a result, each whale search agent in
the present population characterizes a random WBAN topology. The WBAN topology as specified by a random
whale search agent y; = (§;;, £, and &;3) = (0.65, 0.81, 3) is shown in Fig. 6.

Initial fitness evaluation

Next, the WOA estimates the fitness of every whale search agent y;; i=1, 2...5in the form of E;  ; which is
the amount of energy the network nodes consume for the purpose of sending their data packets to hub node.
The WOA considers the network topology characterized by the whale search agent y;= (§;;, £, and £;;) while
evaluating its fitness i.e. hub node position at (;, §;,) coordinates along with node id &;; as the CH node. The
E; s _is given by Eq. (18).

ELoss_i = E1_non—cH_i + EL_cH_i + ELyy,, (18)

The first term“Ey_non—cH i~ of Eq. (18) represents the amount of energy that the child nodes of the cluster
expends in order to communicate their data packets to CH. Ef,_on—cH i is given by Eq. (19) that is derived using
first-order radio energy consumption model.

EL non_cH_i = Z (Erx + Eamp % dj_cu”) x w, (19)
VieU;j# i3

¥i=({i iz and ¢i3) = (0.65, 0.81, 3)
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Figure 6. Network topology defined by a whale search agent.
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where U refers to the set of cluster nodes; d;_cy indicates the distance amid node-j and the CH that is estimated
using Eq. (20).

djcn = \/(X] _X‘//ia)z + (YJ - Y'/fia)z’ (20)

where (X}, Y)) denotes the coordinates of node-j; (X3 Yy;3) indicates the coordinates of the CH node.
The second term “Ej_cy _;’of Eq. (18) represents the amount of energy that the CH node consumesduring
data transmission. During a data transmission round, the CH expends its residual energy in following operations:

(i) The CH receives the packets from the child nodes of its cluster. The CH expends Egx (m — 1)w =~ Egxmw
energy in receiving the child node packets. Here, m represents the total number of nodes included in
cluster-U.

(ii) Next, the CH carries out the process of data aggregation on child node packets and its own data packet.
The CH expands Epamw energy in data aggregation.

(iii) Next, the CH transmits the aggregated data to Hub. The CH expands (ETX +Eapmpdcy— Hub") méw energy
on data transmission. Here, § specifies data compression ratio of aggregated data while dcp— ppyp is the
distance in between CH node and the Hub.

Integrating various energy expenditures of CH gives the second term “E; ¢y ;" EL_ch ;i is estimated using
Eq. (21).

Er_cH_i = (Erx + Epa) x mw + (Erx + Eampdch—puw” ) x Smw, (21)

where the distance dcp—pyp is estimated using Eq. (22).

dcH-—Hub = \/(X\//i3 —va) + Yy — vi2) > (22)

The third term “E}_girecr i 0f Eq. (18) represents the amount of energy expended by the non-cluster nodes in
order to relay emergency data directly to the Hub. Eq. (23) estimates the Ef,_girect -

EL direct i = Z (Erx + Eamp X dj_pp”) x w,

23
VjeV (23)

where Vindicates the set of nodes that are not part of a cluster; d; gy, indicates the distance amid non-cluster
node-j and the Hub. Equation (24) is used to estimate d;_ gy

di_Hub = \/(X; - 1/fi1)2 + (Y - 1//;‘2)2- (24)
The fitness of the whale search agent-y;; i=1, 2...xis given by Eq. (25).

Fitness; = .
Loss_i

Calculating the WOA parameters
After the initial fitness estimation, the WOA calculates various WOA parameters such as d X, 8 I'and p.
Equations (2) to (6) are used for calculating the WOA parameters.

WOA iterative steps

Now the WOA carries out the iterative steps of Encircling the prey, Bubble-net feeding, Random prey search,
Checking boundary conditions, Fitness estimation and updating the best candidate solution, and Updating the
WOA Parameters. The details of each of the WOA iterative steps is given in “Whale optimization algorithm
“sub-section. The WOA, during each iteration, makes minor adjustments to its whale population in order to
maximize the mean fitness and minimize the mean amount of energy used by the network. The WOA continues
to iterate until the preset iteration count has been reached.

Finally, the WOA develops an optimal solution i.e. the optimized whale search agent y,,= (§p1, &oprrr and
EOPB) for the placement of the hub node. This ideal solution provides the optimal coordinates for hub placement
i.e. (§opi Eopr2) and the optimized cluster head i.e. (,,;). The optimal hub coordinates minimize the amount of
total energy that is used by the nodes of the network when they transmit their data packets. Hence, the optimal
hub coordinates ultimately result in an increase of overall lifespan of the network operation. Thus, the presented
(WOA) based hub placement scheme directly gives the optimal hub coordinates and needs minimal involvement
of other WBAN nodes in hub placement process.

Applying the WHOOP" method to WBAN
The suggested WOA based hub placement method (WHOOPH) has been applied to the wireless body area
network shown in Fig. 5. Table 2 shows various parameters used for WOA based simulation.

Various generations of the WOA populations are represented by Fig. 7. Figure 8 depicts the WOA's final
generation population. The WOA suggests y,,= (&,,,,=0.4939, &,,,=0.7134, and £,,;=3) as the optimal solution
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Parameter Value
Number of WOA iterations a 100
Population size 1 100
Number of variablest 3

Variable lower bounds f;; (0.3,0.5, 1)
Variable upper bounds f; (0.6, 1.5, 6)

Erx 16.7E-09]/bit
Erx 36.1E-09 J/bit
Epp 1.97E-09 J/bit
Ep, 5E-09 J/bit
Packet sizew 4000 bits
Path loss index y 3.38 (LoS)
Data compression ratio d 0.4

Table 2. WOA parameters.
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Figure 7. Whale populations for different generations.
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for hub placement. Figure 9 illustrates the recommended optimal topology for the WBAN that was generated

by the WOA.
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Figure 9. WOA optimal topology of WBAN.

Complexity and convergence analysis

The computational complexity is based on the number of arithmetical and logical operations required to execute
an algorithm. WHOOP! carries out (180.17.a+12.7+113) operations where 7 is the population size anda is the
iteration count of WOA algorithm. Figure 10 demonstrates how the scalability of # and & inputs impacts the
computational complexity of WHOOP! algorithm. The blue-colored blocks indicate lower complexity levels
while the red blocks indicate increased complexity due to high-end inputs. Here the number of WBAN nodes is
taken as 8. Hence, the proposed scheme shows the complexity of O (4.«) level. The WOA convergence curve of
WHOOP! algorithm is shown in Figure 11.

Data routing

The WOA-based optimum hub node placement technique (WHOOPY) is paired with a hierarchical clustering-
based energy-efficient routing protocol. This protocol makes use of the WOA’s optimized network topology for
the initial round of node transmissions. After the first transmission round, the hub node will continue to be
located at the optimal hub position that was suggested by the WOA. However, the CH node will be dynamically
re-elected for each subsequent data transmission round. The utilized hierarchical clustering-based routing
protocol works in the following phases:
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Figure 10. Algorithmic complexity of WHOOP! algorithm.
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Figure 11. WOA convergence curve.

CPR-MADM based CH selection

The utilized routing scheme makes use of CPR-MADM algorithm for dynamic CH node selection. Here, the CPR
ratings are assigned to every cluster node. The CPR rating of a WBAN node is estimated as follows:

ERi

CPRj= — R
NcHi * Drotub_i

;VieU, (26)

where Ep; signifies the residual energy of node-i;Ncp; signifies that how many times the node-i has played the
role of CH before the current transmission round; Dy,pyp ; signifies the distance between node-i and the hub.

The WBAN node achieving the highest CPR value becomes the CH. Hub node intimates other WBAN nodes
regarding the selected CH node by broadcasting a “CH_SELECT” packet.

Data transmission

After CH selection, the physiological parameter data is recorded by the biosensor nodes. Each node in the
network receives the TDMA-based duty cycle schedule from the hub. The TDMA schedule is shown in Figure 12.
According to this schedule, a network node will stay in standby mode and will become active only during its
allotted TDMA slot. The active time period of a node is denoted by the symbol T,. “Standby to Active” and “Active
to standby” switching periods are referred to as “Tyyg0,” and “Tiya05> respectively. The beginning time instances
of node-i, CH, and Hub are denoted by the letters STi, STy, and STy, respectively. First, communication
occurs between the child nodes and the CH. After then, the CH initiates communication with the Hub. In the
end, nodes S7 and S8 that are not part of a cluster communicates to the Hub.

Protocol simulation

There are different performance parameters such as network stability period, network lifetime, network
throughput, and network latency that determine the efficiency of a wireless body area network. In order to
simulate these parameters, the WOA-based optimum hub node placement scheme (WHOOPY) is applied to
the WBAN system shown in Fig. 9. The performance of WHOOPH has been simulated using MATLAB (2008a)
tool. Table 3 illustrates the simulation parameters. Furthermore, the performance of the proposed WHOOP!
protocol is compared to the state-of-the-art data routing protocols for WBAN systems*®!81°, The superiority of
the suggested protocol is shown via these comparisons.
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Figure 12. Timing sequence (all nodes are alive).

Parameter Value

Erx 16.7E-09 J/bit
Exx 36.1E-09 J/bit
Ep 1.97E-09 J/bit
Epa 5E-09 J/bit
w 4000bit
Nodes energy | 0.6

d, 0.5m

F 2.4e09 Hz

9, 0,8 3.38, 1.5, 0.4 (LOS)
P, —5dBm

P —101 dBm

T, 1 ms

Tiranon 0.245 ms
Tiranoft 0.25 ms

Table 3. Simulation parameters.

Network stability and lifetime periods

Network stability and lifetime periods are indicators of the overall lifespan of a network’s operation. The stability
period is the time frame during which all of the nodes of the network are alive and successfully perform all of
their duties, such as sensing, processing, and data transmission. The network is considered to be stable during
this period of time.

The lifetime of the network is defined as the period of time after which all of the network nodes cease carrying
out sensing, processing, and data transmission operations. In this work, the stability as well as lifetime periods
of a WBAN have been measured by counting the number of transmission cycles that it successfully completed.
Figure 13 depicts a comparison of the lifetime curves of different data routing protocols.

According to the findings of the research, the RK-EERP" protocol, the EEPRS® protocol, and the proposed
WHOOP! protocol show network stability for 2136, 3037, and 6198data transmission cycles, respectively. Next,
the RK-EERP protocol, the EEPRS protocol, and the proposed WHOOPH protocol show the network lifetime of
8407, 8768, and 8937 transmission-rounds, respectively.

The proposed WHOOPH protocol incorporates the WOA-based optimal Hub placement scheme that decides
the optimized position for the hub node in WBAN. The optimal hub placement minimizes the amount of total
energy that is used by the nodes of the network when they transmit their data packets. Therefore, when compared
to the state-of-the-art RK-EERP and EEPRS protocols, the proposed WHOOPH protocol achieves a significant
increase in network stability and lifetime periods.
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Figure 13. Network lifetime.

Figure 14 shows the residual energy plots for the proposed WHOOPH protocol, RK-EERP protocol and
EEPRS protocol. The residual energy curves of various protocols demonstrate that the suggested WHOOP!H
protocol provides the slowest rate of energy depletion out of the three protocols. This is the case because the
WHOOP! protocol delivers the highest network lifetime. It makes the proposed WHOOP! protocol suitable
for use in a WBAN while also improving its energy efficiency.

Network throughput

A network’s throughput rate is defined as the proportion of data packets that are successfully delivered to the
hub within a certain time period. Figure 15 demonstrates the packet count successfully transmitted to the hub,
while using the RK-EERP protocol, the EEPRS protocol, and the proposed WHOOPH protocol. Figure 16 shows
the count of data packets that were lost while they were being transmitted.

Based on the findings, it has been observed that the proposed WHOOP! protocol is effective in transmitting
37080 packets to the Hub, whereas 2434 packets are lost in the process of making these transmissions. As a result,
the network throughput provided by the WHOOP! protocol reaches as high as 93.8 percent. Figure 17 illustrates
the network throughput rates achieved by using different protocols.
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Figure 14. Residual energy plot.
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Figure 15. Data packets delivered to hub.
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Figure 16. Data packets delivered to hub.
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Figure 17. Network throughput.

Network latency

The end-to-end delay that is seen during the transmission of data packets between the source nodes and the
hub is termed network latency. Figure 18 illustrates how different protocols affect the latency of the network.
During the stability period of the WBAN, the EEPRS protocol demonstrated a delay of 11.49 msec. EEPRS offers
an increased level of delay as it is a multi-hop protocol. The RK-EERP protocol exhibits a latency of 9.29 msec
whereas the proposed WHOOP protocol shows a latency of 9.74 msec. Both the RK-EERP and WHOOP™ are
clustering-based protocols, and both of them demonstrate lower latency than the multihop EEPRS protocol.
Table 4 shows the superiority of WHOOP! protocol by comparing its performance to the various state-of-the-art
data routing protocols for WBAN*&1519,

m
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Figure 18. End to end delay (latency).
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Performance parameter | Stability period | Network lifetime | Throughput | Network latency | Algorithmic complexity
RK-EERP" 2136 rounds 8407 rounds 64% 9.29 ms O(n?)
EEPRS® 3037 rounds 8768 rounds 86.20% 11.49 ms o(n?)
IM-SIMPLE'® 5300 rounds 7325 rounds 86.3% 11.49 ms o(n?)
EERP* 5315 rounds 6914 rounds 90.31% 12.73 ms o(n?)
WHOOP! 6198 rounds 8937 rounds 93.80% 9.74 ms o(n?)

Table 4. Summary of performance results.

Conclusions and future scope

The lifespan of the wireless body area network operation is significantly impacted by the changes in the position
of hub node. As a result, we suggested an optimal hub placement technique (WHOOP™) which is based on whale
optimization algorithm. The proposed optimal hub placement technique WHOOPH places the hub node at the
optimized location within the WBAN. The optimal hub placement minimizes the amount of energy that is used
by the nodes of the network when they transmit their data packets.

According to the simulation results, WHOOPH shows the network stability period of 6198 data transmission
cycles while the state-of-the-art EERP and the EEPRS protocols show network stability for 2136 and 3037
data transmission cycles, respectively. Similarly, the WHOOP! shows the network lifetime period of 8937
data transmission cycles while the EERP and the EEPRS protocols show network stability for 8407 and 8768
data transmission cycles, respectively. Therefore, when compared to the state-of-the-art relevant protocols, the
proposed WHOOP! protocol achieved a momentous growth in network stability and lifetime periods. A network
throughput rate of 93.8 percent and a network latency of 9.74 milliseconds are also displayed by the protocol.

In future, we want to develop a WBAN MAC protocol that will allow us to expand our work in case involving
multiple WBAN systems. This will prevent problems with interference on different channels.

Ethical approval

The author (Dr. Shubham Shukla) assures that this article accurately reflects the author’s own research and
analysis. Co-authors and co-researchers are correctly credited. The findings are correctly positioned in relation
to earlier and ongoing studies. Each and every reference is appropriately cited.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on
reasonable request.

Received: 27 February 2023; Accepted: 6 February 2024
Published online: 10 February 2024

References
1. Cavallari, R. et al. A survey on wireless body area networks: Technologies and design challenges. IEEE Commun. Surv. Tutor. 16(3),
1635-1657 (2014).
2. Khan, R. A. et al. An energy efficient routing protocol for wireless body area sensor networks. Wirel. Pers. Commun. 99, 1443-1454
(2018).
3. Yi, C. et al. Energy efficient transmission approach for WBAN based on threshold distance. IEEE Sens. J. 15(9), 5133-5141 (2015).
4. Choudhary, A. et al. Energy budget based multiple attribute decision making (EB-MADM) algorithm for cooperative clustering
in wireless body area networks. J. Electr. Eng. Technol. 1(1), 421-433 (2019).
5. Ullah, Z. et al. DSCB: Dual sink approach using clustering in body area network. Peer-Peer Netw. Appl. 12(2), 357-370 (2017).
6. Kaur, N. et al. Optimized cost effective and energy efficient routing protocol for wireless body area networks. Ad Hoc Netw. 61,
65-84 (2017).
7. Wu, T. et al. An autonomous wireless body area network implementation towards IoT connected healthcare applications. IEEE
Access 5,11413-11422 (2017).
8. Yang, G. et al. Energy efficient protocol for routing and scheduling in wireless body area networks. Wirel. Netw. 26, 1265-1273
(2020).
9. Maskooki, A. et al. Adaptive routing for dynamic on-body wireless sensor networks. IEEE J. Biomed. Health Inform. 19(2), 549-558
(2015).
10. Zhen, B. et al. Body area network (BAN) technical requirements. IEEE Submission, ID: 1508-0037-01-0006 (2008).
11. Choudhary, A. et al. A hybrid fuzzy-genetic algorithm for performance optimization of cyber physical wireless body area networks.
Int. J. Fuzzy Syst. 22, 549-569 (2020).
12. Choudhary, A. et al. Multi-objective optimization framework complying IEEE 802.15.6 IEEE communication standards for wireless
body area networks. Wirel. Netw. 26, 4339-4362 (2020).
13. Huque, M. et al. Body node coordinator placement algorithms for wireless body area networks. IEEE Internet Things J. 2(1), 94-102
(2015).
14. Choudhary, A. et al. Body node coordinator placement algorithm for WBAN using multi-objective swarm optimization. IEEE
Sens. J. 22(3), 2858-2867. https://doi.org/10.1109/JSEN.2021.3135269 (2022).
15. Mirjalili, S. et al. The whale optimization algorithm. Adv. Eng. Softw. 95, 51-67. https://doi.org/10.1016/j.advengsoft.2016.01.008
(2016).
16. Sharma, R. et al. WOATCA: A secure and energy aware scheme based on whale optimisation in clustered wireless sensor networks.
IET Commun. 14, 1199-1208. https://doi.org/10.1049/iet-com.2019.0359 (2016).
17. Ahmed, S. et al. Co-LAEEBA: Cooperative link aware and energy efficient protocol for wireless body area networks. Comput. Hum.
Behav. 51(1), 1205-1215. https://doi.org/10.1016/j.chb.2014.12.051 (2015).

Scientific Reports |

(2024) 14:3422 | https://doi.org/10.1038/s41598-024-53889-1 nature portfolio


https://doi.org/10.1109/JSEN.2021.3135269
https://doi.org/10.1016/j.advengsoft.2016.01.008
https://doi.org/10.1049/iet-com.2019.0359
https://doi.org/10.1016/j.chb.2014.12.051

www.nature.com/scientificreports/

18. Nadeem, J. et al. iM-SIMPLE: iMproved stable increased-throughput multi-hop link efficient routing protocol for wireless body
area networks. Comput. Hum. Behav. 51(B), 1003-1011. https://doi.org/10.1016/j.chb.2014.10.005 (2015).

19. Khan, R. A. et al. RK-energy efficient routing protocol for wireless body area sensor networks. Wirel. Pers. Commun. 116, 709-721.
https://doi.org/10.1007/s11277-020-07734-z (2021).

20. Razavi, A. et al. Node positioning and lifetime optimization for wireless body area networks. IEEE Sens. J. 17(14), 4647-4660.
https://doi.org/10.1109/JSEN.2017.2710350 (2017).

21. Yong, F etal. Sink node placement strategy for wireless body area networks. In 12th International Conference on Signal Processing
(ICSP), 2247-2250, (2014). Doi: https://doi.org/10.1109/ICOSP.2014.7015394.

22. Arora, N. et al. An approach to investigate the best location for the central node placement for energy efficient WBAN. J. Ambient
Intell. Hum. Comput. 79, 1-12. https://doi.org/10.1007/s12652-020-01847-w (2020).

23. Kennedy, J. et al. Particle swarm optimization. Proc. ICNN’95 Int. Conf. Neural Netw. 4, 1942-1948. https://doi.org/10.1109/ICNN.
1995.488968 (1995).

24. Gou, P. et al. A node location algorithm based on improved whale optimization in wireless sensor networks. Wirel. Commun.
Mobile Comput. https://doi.org/10.1155/2021/7523938 (2021).

25. Heinzelman, W. et al. Energy-efficient communication protocol for wireless microsensor networks. In Proc. of the 33rd Hawaii
International Conference on System Sciences- (HICSS ’00), 2, 10 (IEEE Computer Society, 2000).

Acknowledgements

The authors acknowledge the Krishna Institute of Engineering and Technology, Ghaziabad, India for providing
the lab facilities that greatly assisted this research work. All the figures are our own. Not a single image is taken
from other source. Figures 1, 2, 4, 5, and 6 are drawn using paint by co- authors (Amit Chaudhary). Rest of the
images are generated using the proposed technique in MATLAB.

Author contributions

Dr. S.S. developed the theory and performed the computations while Dr. A.C. helped in performing the
simulations of the proposed work. Dr. S.K.P. verified the analytical methods. Mr. A.S. reviewed the research
article. Dr. V.K.S. supervised the findings of this work, Dr G.M.R. helped incorporating the Whale Optimization
Technique to the proposed work, Mr. B.T. helped in the literature review, M.A.S. helped in the final editing of
the paper and corrected the errors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:3422 | https://doi.org/10.1038/s41598-024-53889-1 nature portfolio


https://doi.org/10.1016/j.chb.2014.10.005
https://doi.org/10.1007/s11277-020-07734-z
https://doi.org/10.1109/JSEN.2017.2710350
https://doi.org/10.1109/ICOSP.2014.7015394
https://doi.org/10.1007/s12652-020-01847-w
https://doi.org/10.1109/ICNN.1995.488968
https://doi.org/10.1109/ICNN.1995.488968
https://doi.org/10.1155/2021/7523938
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	WHOOPH: whale optimization-based optimal placement of hub node within a WBAN
	Related works and problem statement
	Related works
	Problem statement and contributions of the proposed work
	Whale optimization algorithm
	Whale population initialization
	Initial fitness estimation
	Calculating the WOA Parameters
	Encircling the prey
	Bubble-net feeding method (exploitation phase)
	Random search for prey (exploration phase)
	Checking boundary conditions
	Fitness estimation and updating the best candidate solution
	Updating the WOA parameters


	Models and assumptions
	First-order radio energy consumption model
	Path loss model
	WBAN model

	Proposed WOA based hub placement scheme
	Population initialization
	Initial fitness evaluation
	Calculating the WOA parameters
	WOA iterative steps
	Applying the WHOOPH method to WBAN
	Complexity and convergence analysis
	Data routing
	CPR-MADM based CH selection
	Data transmission

	Protocol simulation
	Network stability and lifetime periods
	Network throughput
	Network latency

	Conclusions and future scope
	Ethical approval

	References
	Acknowledgements


