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Scientific, commercial, exploration, and monitoring applications of
uncerwatersensometworkshavedrawnthe attentionof researchersoward
the investigationof routing protocolsthat are robust, scalable,and energy
efficient. This has brought significant researchin network layer routing
protocols.Irrespectiveof the field of applicationit is desirableto increase

network lifetime by reducing energy consumedby sensornodesin the
network or by balancingenergyin the entire network. Energy balancing
refersto the uniform distributionof then e t w oasitudlenergysud that
all nodes remain alive for a long time. It requires uniform energy
consumptionby eachsensomodein the networkinsteadof the samenode
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Energytax beinginvolved in everytransmissionin this paper,we discusstwo routing
LlVe_noide methodsfor threedimensional environmentsin which the water region
Multi-sink undermonitoris divided into subregion®f equalheightandeachsubregion

hasa sink. Nodesin the subregionsenddatato the sink designatedor that
subregion.The first methodcalled static multi-sink routing usesstatic sinks
andthe secondmethodcalled horizontaltrajectorybasedmobile multi-sink
routing (HT-MMR) uses mobile sinks with a horizontal trajectory.
Simulationresultsshowthatthe proposedHT-MMR reducesaveragesnergy
consumptionand averageenergytax by 16.69%and 16.44%respectively.
HT-MMR is energyefficientasit enhancesetworklifetime by 11.11%.
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1. INTRODUCTION

Approximately 70% of the e a r tsurféceis coveredby water. Underwatersensornetworks
(UWSNSs) find a wide range of applicationsin diverse fields. Observationsof temperaturepressure,
humidity, andsalinity aresome of the scientific applicationsof UWSNs.Explorationapplicationsncludethe
explorationof naturalresourcedike oil, minerals,and gas.UWSNs may be utilized for monitoring plastic
debris,acidification,andtoxins for pollution controlof the aquaic environmentMarine life monitoring, fish
farming, aquatic plants, and coral reef monitoring are some examplesof habitat monitoring applications.
UWSNs may be usedfor detectingand preventingnaturaldisasterdike floods, oil spills, tsunamisvolcaric
eruptions,and seaquakesMilitary applicationsinclude surveillance,enemymovementdetection,port, and
harbormonitoring. UWSNsare helpful in providing assistanceluring navigationby detectingobjects.Cable
monitoring and pipeline monitoring for leakageor oil spill are also somemore monitoring applicationsof
UWSNs.UWSNsdiffer in manyaspectsvhencomparedwith terrestrialwirelesssensometworks(TWSNSs).
Tablel givesthe comparisorof TWSNsandUWSNswith respecto variousparameters.
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Tablel. TWSN and UWSN comparison

Parameter TWSNs UWSNSs Parameter TWSNs UWSNs
Deployment region Land Underwater Latency Less More
Physical medium Air Water Node mobility Less High
Signal for communication Radio Acoustic Network 2D 1D, 2D, 3D, 4D
Speed of pppagation 3x1C¢m/s 1500 m/s Bandwidth High Low
Error probability Low High Sensor size Small Large
Propagation delay Low High Sensor cost  Low cost Expensive

Underwater routing protocols may be classified as vectorbased, depthbased, clusterbased,
opportunistic, and intelligencebasedunder water routing protocoldJWRPS). All vectorbasedrouting
protocols[1]i[5] are locationbasedprotocolswhich meansthat eachnodeis awareof its locationin the
network.Table2 givesthelist of abbreviation@ndexpansion®f variousprotocolsdiscussedn this section
Xie et al. [1] proposeda vectorbased forwardingBF) protocolin which a single vector pipe of length
equalto the distancebetweenthe sourceand destinationis used.Becauseof the fixed length and fixed
orientationof the virtual pipe, thereexistsa void problemandalsonodeswithin the pipe die faster.Nicolaou
et al. [2] improved the robustnesof the routing protocol by altering the routing pipe length insteadof
keepingit fixed to the distancebetweenthe sourceand destination.n hop-by-hop vectorbasedforwarding
(HH-VBF) the orientationof the vector pipe is dynamicfor everyhop. This reduceghe deathrate of nodes
lying insidethe virtual pipe. Pouryazdanpanaét al. [3] usedtwo sinksto improvethe packetdeliveryratio
in dual sink vectorbasedforwarding (DS-VBF). Zharg et al. [4] focusedon link reliability in reliable
hop-by-hop vectorbasedforwarding(RHH-VBF). Wu andSun[5] proposedeliableenergyefficient vector
basedorwarding (REEVBF)which is both a reliableandenergyefficient routing protocol. The reliability of
datatransmissions improvedby adoptinga routing confirmationmechanism.

Table2. UWSN routing protocolabbreviationandexpansions

Abbreviation ProtocolExpansion Abbreviation ProtocolExpansion
VBF Vectorbasedorwarding IHENPC Improvedhigh-enegy nodepriority clustering
HH-VBF Hop by hop vectorbasedorwarding EERCA Energyefficientroutingfor UWSNsA clustering
approach
DSVBF Dual sink vectorbasedorwarding EnOR Energyawareopportunisticrouting
RHH-VBF  Reliablehopby hopvectorbasedforwarding EBOR Evidencetheorybasedopportunistiaouting
REEVBF  Reliableenergyefficient vectorbasedorwarding EECOR Energyefficient cooperativeopportunisticrouting
protocol
DBR Depthbasedouting
EEDBR Energyefficient depthbasedouting QDTR Machinelearningbasedouting protocolfor underwater
delaytolerantnetworks
SMDBR Sink mobility in depthbasedrouting REBAR Reliableandenergy balancerbutingalgorithmfor
UWSNs
CDBR Forwardingnodesconstraintbaseddepthbased DDD Delay-tolerantdataDolphin
routing
LCDBR Link stateandforwardingnodesconstraintbased E-PULRP  Energyoptimizedpathunawardayeredrouting protocol
depthbasedouting
SEEC Sparsityawareenergyefficient clustering REEP Reliableandenergyefficientrouting protocol
CSEEC Circularsparsityawareenergyefficient clustering L2-ABF Layerby layeranglebasedlooding
CDSEEC Circulardepthbasedsparsityawareenergy BEER Balancecdenergyefficient rectangularouting protocol
efficient clustering
HENPC High-Energynodepriority clustering EVA-DBR Energyefficientandvoid avoidancedepthbasedouting

DepthbasedUWRPs [6]i[10] are locationfree protocolsthat utilize depthinformation of nodes
during the nextforwarding nodeselection.The depthof the nodefrom the water surfaceis the key attribute
consideredor the selectionof the nextforwarding node.The nodeswhich areat a lower depthcomparedo
the sourcenodedepthbecomemembersof the candidatesetof forwarding nodes.The selectionof the actual
forwarding nodefrom the candidateset dependson other factorslike residualenergy,depththreshold,and
signatto-noiseratio (SNR) of the sensomode.DBR is the most popularrouting protocolproposedy Yan
etal. [6] andit usesmulti-sink architectureWahid et al. [7] proposedenergydepth based routindcEDBR)
whereboth depthandresidualenergyinformationare consideredor choosingthe next forwarding node,to
improve networklifetime. llyas et al. [8] useda mobile sink with anelliptic pathfor gatheringdataanddepth
information for choosingthe nextforwarding nodein sink mobility in depthbased routing §MDBR), to
improve network lifetime and energyconsumptionMahmoodet al. [9] restrictedthe numberof neighbor
nodesreceiving data, to improve energyefficiency in the constraint based DBR (CDBRjrotocol. The
neighbornodesat a depthlessthanthe sendemodedepthare consideed and amongthesenodes,only the
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nodeshaving higher depththresholdwere selectedas nextforwardingnodes.In CDBR datais forwardedto
all membersf the next forwarding set. To further saveenergy,Kaur and Goyal[10] proposedhe selection
of a single optimal nextforwarding nodein link state andforwarding nodes constraiiased depthased
routing LCDBR). Hencesendemodesendgatato the nodewhich is at minimumdepthtowardsthe sink.

Clusterbased UWRPs [11]i [14] involved cluster formation as an initial step, followed by a
selectionof clusterheads(CH). CH receivesdatafrom respectiveclustermembergCMs) andreceiveddata
is aggregatedby CH andthensentto anotherc | u s @He Thépsocesss continueduntil the sink receives
data. Sheret al. [11] proposedsparsityaware energy efficient clusteringEEQ, circular sparsityaware
energy efficient clusteringQSEEQ, and CDSEEC protocolswhich differ in network architecture SEEC
divides networkareainto logical regions;CSEECdividesthe areainto concentriccircles,which in turn are
divided equally. The networkareais divided into two semicirclesn CDSEEC.The semicircleat the bottom
is further divided into concentricsenicircles. Sinks usedin networksare static and mobile in nature.CH
selectionis basedon the depthandresidualenergyof the node.Both SEECand CSEECemploymulti-hopor
singlehop routesfor the transmissiorof data.lf the sink is not within C H &ransmissiorrange,a multi-hop
route is used; otherwise,a singlehop route is used. Data transmissionin CDSEEC differs from data
transmissionin SEEC and CSEEC. CDSEEC consicers the depth of the node while selectingthe next
forwarding node.High-energy nde priority clustering HENPQ which is MI-basedUWSNswas proposed
by Wanget al. [12]. The hexagonahatureof clustersensureghat the numbersof membersin clustersare
equal. Every round of CH is updatedbasedon fixed radiusand CM residualenergy. AUV is usedfor
collecting datafrom CH. Improved highenergy node priority clusterindHENPC) was proposecby Wang
et al. [13] to addresghe energyhole problemof HENPC. In IHENPC, CH updateseveryround basedon
residualenergyand distanceof CMs. The jellyfish breathingprocessis followed for cluster formationand
basedon nodedensity, clustersize changesdynamically. The optimal clusteris determinedby the Voronoi
diagram.Khan et al. [14] presentedneqgy efficient routing for UWSNs clustering approace ERU-CA)
for routing in UWSNs. EERU-CA usesspecialnodeshaving high energyand transmissiorpower. Special
nodesaredeployedat different depthsandlocationsunderwaterSpecialnodesclosestto the sink cantransfer
datadirectly to it. All other specialnodesacting as CH involve in data collection and aggregation.The
aggregatediatais sentto specialnodescloserto the sink. The energyand distanceof specialnodesare
criteria for selectingspecial nodesfor forwarding data. The special node having maximum energyand
minimumdistancegowardthe sink is choserto saveenergy.

In opportunistic UWRPs [15]i[17], the node nearestto the destinationnode is chosenfor data
forwarding. It uses the broadcastingnature of UWSNSs. Coutinho et al. [15] proposedEnOR where the
forwarding candidatenodestransmissiospriority level is rotatedby taking link-reliahlity, residualenergy,
andpacketadvancemenio enhancenetworklifetime. EBOR protocolproposedoy Jin et al. [16] determines
the optimal next hop by consdering packet delivery probability and residual energy as evidence.The
participatingforwarding neighbornodescountis reducedon the computationof trust, which in turn reduces
energyconsumptionSourcenodeschedulepackettransmissiorbasedontheno d etréistvalue. It balances
energyin the network and therebyenhancesetwork lifetime. Rahmanet al. [17] proposedan EECOR
protocd in which the forwardingrelay-setis determinedby the sourcenode basedon depthand network
topologyinformation.In fuzzy logic-basedelayselectioneveryrelayn o d Bagketdeliveryprobabilityand
energyconsumptiornratio are usedto choosethe bestrelay node from the relay set. The forwarding relay
n o d édddmg timer is designedto schedulepackettransmissionso asto preventpacketcollisions and
retransmissions.

Intelligencebased UWRPs [18]1[20] usal machinelearning, reinforced learning (RL), or deep
learning algorithmsfor the selectionof the next forwarding node. Hu and Fei [18] proposeda machine
learningbased adaptive routing nam@ELAR, which employsreinforcedlearning.Q-learningtechniqueis
used, and Q-value is computedfor each successfulpacket transmission.The a g e nperfdrsnancein
Q-learning dependson the value of the rewardwhich is basedon the a g e rattiénsFormulationof the
reward function in QELAR is doneusing energydistributionandthe n o d eeéidualenergy.QELAR has
achievedan enhancechetworklifetime. Hu and Fei [19] proposedmachine learning based routing protocol
for underwaterdelay tolerant networksQDTR) basedon RL using the Q-learningtechnique The reward
function is formulated by consideringsink distanceto node, residual energy of node, and density of
neighboringnode. QDTR improvesthe delivery ratio with less energy. Wang and Shin [20] calculated
Q-value on the basisof remainingenergyandtransmissiordelayin Q-learning based energlelay routing
(QL-EDR). The Q-learningalgorithmcomputesrewardsbasedon regulatoryfactorto balancetransmission
delayandenergyconsunption. Chenet al. [21] addressedeliability, energyefficiency, andvoid problemin
reliable and energy balanced routingtocol (REBAR). Magistretti et al. [22] focusedon energysaving
issuesin delayinsensitivenetworksin delaytolerant data DolphiiDDD) protocol. Sensorsexploit onehop
communicationwith dolphins. Gopi et al. [23] used a concentric spherelayering structure. Based on
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minimum overall energyand probability of successfulpackettransmissionthe radii of spheresand the
n o d gahamissiorenergyin eachlayer are chosen.Rahmanet al. [24] proposedreliable, scabble, self
organizing,and energyefficient reliable and energy efficient routing protoc®EEB. The ime of arrival
(TOA) conceptis adoptedfor calculatingthe distanceto sink. The forwarding pathis establishedasedon
sink distanceand residualenergyinformation. Ali et al. [25] addressedhe node swaying issueand node
energyconsumptionin the L2-ABF protocol. Angle baseflooding approactincreaseseliability andto save
power,flooding conelength,andpowerlevel areadjusted Abbasiet al. [26] addresse@nergybalancingand
energyefficiency problemsin the balanced energy efficient gangular routing BEER) protocol. Through
the mobility of the sink, the maximum network areais covered, network lifetime and throughputare
enhancedandthe energyconsumptioris reduced.Ghoreyshiet al. [27] addressedhe void problemin the
proposecenergyefficient and void avoidance depth based routing (H¥2R) protocol.

Nodemobility causeddueto water currents high error probability, low bandwidth,high delay,and
limited batterypower are challengesof UWSNSs. In this paper,the authorshave discussedwo methodsof
routing in UWSNSs viz static multi-sink routing (SMR), and horizontaltrajectorybasedmobile multi-sink
routing (HT-MMR). The mathematicamodelsare formulated,and routing algorithmsare devisedfor each
method.Therouting methodsaresimulatedusingthe NS-2.35simulator. The performancesvaluationof each
routing methodis carriedout by calculatingenergyconsumptiongnergytax, throughput,andthe numberof
live nodes.The performancemetricsobtainedare comparedand analyzed.To estimatethe true population,
meansof energyconsumptiongnergytax, andthroughput,confidenceintervalsare calculatedandtabulated.
The following assumptionsre madefor the work carriedout: i) UWSN is threedimensional(3D); ii) all
UW-sensorsare static and deployedlayerwise; iii) eachlayer hasa sink; iv) all sensorsncluding the sink
have the sameinitial energy;v) sink in SMR is static and sink in HT-MMR is mobile with horizontal
trajectory;vi) mobile sinksin HT-MMR movewith constantspeedandyvii) if datafrom sourcenodereaches
thesink designatedor the layerit is assumedhatdatais delivered.

2. RESEARCH METHOD
2.1 Problem definition

In watermonitoringapplicationsof UWSNsasillustratedin Figure 1, sensorsaredeployedbothon
the surfaceand below the water surface.UnderwaterflUW) sensorssensedataand sendinformationto the
sink. The sink in turn will senddatato the onshorebasestation (BS). From on-shore BS via satelite
communicatiordatais sentto off-shoreBS for further dataprocessing@ndanalysis UW sensor$avelimited
energysourcesi.e., batterylife. Henceenergyof sensorshasto be usedmore efficiently. In the existing
systemsen®r nodessenddatato the sink by forwardingdatato a nodein a pathfrom sourceto sink in a hop-
by-hop fashion.Sensorenergyis consumedoth during the transmissiorand also the receptionof data.Due
to theinvolvementof morenodesin the pathbetweenthe sourceandsink energyconsumptiorof the network
is increasedWe proposean energyefficient routing methodwhere mobility is introducedto the sink for
reducingthe numberof hopsrequiredto transmitdatato the sink andtherebyenergyconsumpin of sensors
is reduced,and the lifetime of sensorsis increased.In existing, routing methodssensorsare deployed
randomly, and sinks are generallydeployedon water surfaces.Many routing methodsemploying layered
multi-sink architecturearealsoavaiablein theliterature.ln existingmethodsdatamay be sentto anyone of
the sinks, but the proposedmethoddiffers in providing a sink to eachlayer, and datais sentto the sink
designatedor thatlayer. This techniquehelpsin the uniformdistributon of load on everysink.

Off shore BS |¢— Satellite

On-shoreBS
e 4 [
@ t ° .
a e e ®  Source node
@ t . e Sensornode
e ® —» Radio Signal
° g " - Audio Signal
T ) Sink
@ @

Figurel. Underwatempplicationscenario

Horizontal trajectory based mobilaulti-sink routing in underwater sensor netwo(k§jayalaxmi R. Pati



3060 A ISSN 20888708

2.2. Mathematical model of proposedmethod

This sectiondiscussesnathematicamodelsof SMR andHT-MMR routing methodsLet the length,
breadth,and heightof the waterregionunder monitor be denotedasL, B, andH, respectivelyThe regionis
divided into subregionsof equalsizes.The surfaceof the subregionwhich extendsfrom the top surfaceto
depthD forms Layer1 (L1). The surfaceof the subregionwhich extendsfrom dept D to 2D from the
water'stop surfaceforms Layer2 (L2). Similarly, Layer3 (L3) is the surfaceof the water subregion
extendingfrom depth2D to 3D, andLayer-4 (L4) is the surfaceof the watersubregiorextendingfrom depth
3D to 4D. The samenumberof sensordgs deployedon eachof the layersand eachlayer hasone sink. M1,
M2, M3, andM4 denotesinksdeployedon L1, L2, L3, andL4, respectively Sinksare stationaryin the SMR
method.But eachsink is assumedo have a horizontaltrajectoryat a predefined speedin the HT-MMR
method.Eachhorizontaltrajectoryincludessink movementfrom the right-to-left endand from the left end
backto the right end of the layer of water. Always sensedlatais forwardedto a sink which is deployedon
thelayerwhere sensorarealsodeployed Eachsink speeds setto the specifiedvalueandis assumedhatall
sinksmovewith the sameconstantspeedirom right to left directionandthenfrom the left-to-right direction.
During this time if sensordhavedatato ser, they senddatato the sink. All sensomodesexceptsinksare
assumedo be stationary.

Let N denotethetotal numberof layersin the regionof dimensionLXBXH. InterlayerdistanceD is
givenby (1).

0 -0'Mi VAN WE NV 'QQBE QL 6 d GOV OO QI i (1)

Li representd.ayeri wherein phch8 R . MathematicallyUW sensor3D deploymentpositionon Li is
expresse@dsAx,y,z)where0 & andmr UBandzis givenby (2).

@ 'O Qpz00MIMW QR QD GL®D & GdE QOQE 00D WA 0 HEXHQ

The deploymentpositionof Layeri sink in 3-dimensionspaceis mathematicallyexpresse@sP(x,y,2 where
X=L; y=B/2 andz=H-(i-1)* Dwherei representtayernumberandD is interlayerdistance.

The instantaneoupositionof Layeri mobile sink having speedViSkand horizontaltrajectoryfrom
right to left is mathematicallygivenby (3) to (5)

0o ® 0YROUMI AND QEBYQ T ( 3)
OO - T (4)
a0 'O QpzOP T (5)

wherei is layer numberandD is interlayerdistanceLet mobile sinks reach the left end of the region at time
t=T.. Onreaching the left end horizontal trajectory of tlayeri s iinstént@reeoupositionis definedby
(6) to (8),

®O ® 0YRO czUYDOMi &b QEBYTH YO (6)
®o -No YD (7)
a0 O QpzoOp YD (8)

wherei is layernumberandD is interlayerdistance.

2.3. Routing methods

In this section,we discusgwo routing methodsviz. SMR [28] andproposedHT-MMR. The sensors
may be deployedin 3D or two-dimensional2D) environmentsin a 2D environment sensorsare deployed
on the water sufface, whereas,in a 3D environment,sensorsare deployed at various depths. Hence
deploymentposition of sensordn the 2D environmentis representeds P(X, y), andin the 3D environment
sensolpositionis represente@sP(x, y, 2) wherez representshe depthof the sensorfrom the watersurface.
For sensorgleployedon the watersurfacez is zeroandfor the sensorsieployedon a waterbedz is the depth
of thewaterbedrom thewatersurfaceIn the presentedvork sensoraredeployedin the 3D environnent.
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2.3.1 SMR method

In this method all sinks are static. They collect data packets sent from UW sensors. SMR works in
two phases: the network initializatiophase and the data transmission phase. During the network
initialization phase sensors are degd layerwise and for each layer, a Ugihk is deployed. All UW
sensor nodes and UW sinks are assumed to be stationary and configured with the sanmeigigiaDering
the data transmission phase packet is sent to the sink either by single hop ditwppmbased on the sender
and sink position. If the sink is within transmission range of the sender, the packet is directly sent to the sink
otherwise sento the sink by multhop transmission. Figure 2 illustrates static rsiltk architecture. UW
sersor communication uses audio signals. UW sinks are equipped with both audio and radio modems. Hence,
sensoito-sink communication is through audio
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/: 1.-".'.“ e /
ig ® o & -
£ N Sanrce nade
r:I._',:.E"_"_'ir do-" @ <4 & Semsormods
‘a8 ep. 88 —+  Padiosizmal
‘oL po-" '"","W*# —»  Audio simal
- [ ) Staticsink
- P a (-] .’__'.l
W ool i

-
F
-

Figure 2. Network model of SMR

2.3.2. HT-MMR method

In this proposed method all sinks are mobile hade horizontal trajectories. HIMR works in 3
phases: i) network initialization phase, ii) sink mobility phase, and iii) data transmission phasetwan n
initialization phase is the same as the SMR method. During the sink mobility phase, the &loriafatory
is set to sink, and the sink moves with the predefined speed in right to left direction. On reaching the
predefined end of the deploymenggion sink moves in the lefo-right direction. During the data
transmission phase source sends theketato the sink either by single hop or by mulbp based on the
mobile sink position. If the mobile sink is within transmission range of the seheepatket is directly sent
to the sink otherwise sent to the sink by mhbtip transmission. SMR worke 2 phases and HWMMR
works in 3 phases. HWMMR is basically similar to SMR except for the sink mobility phase. It is this phase
that contributes to impvements in performance. Figure 3 illustrates network architecture and mobile sinks
which have horizotal trajectories. HIMMR architecture differs from SMR architecture in sink mobility and
its trajectory.

Fl

T
— -' .
) & Soufcenade
= - -'Ir Sensar nade
—1: Radia Signal
- . a Andio Simal
T .7,,;,& 8 Mobile Sink
- o o _a == Trzjectory
=t

Figure 3. Network model of HMMR

2.3.3 Algorithms of SMR and HT-MMR routing methods

The pseudacodes for the routing mechanism and data tréssion are given in Figure 4. In this
algorithm L1, L2 é LN, represent layers wherd represents the total number of layers in network
architectureMSkrepresents sink speed. For the static ditkkhas to be set to zero. All layers are deployed
with the same number of homogeneous sensor nodes meaning that they have the same igjtishgner
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Si2€é Siv, represent M sensors on layeandM1 is the sink designated for lay&r Similarly, $1, $26 S
are M sensors on laye2 and M2 is the sink desigriad for layer2. In general,Si, S, Su are sensors
deployed on layeki whereM is the count of sensors on layisrandM1, M2 é My are static sinks designated
for layersL 1, WNZespectively.Sij in the algorithm denotes a sensor that has sendedadd has a
packet to send. The first subscrigepresents that it B sensor belonging to layeand the second subscript
j represents the sensor number. As each layer has a tdthkehsorg may take any value in the range
1 éM.

The pseudaode algorithm for the routing mechanism and data transmission foiMNR are
given in Figure 5. In this algorithrh1, L2,é ,  flepdesent layers wheMerepresents total layers in network
architectureSil,Si 2, are seisorddeployed on layémwhereM is the count of sensors on Layér
M1, M2 € . NMrepresent Mobile sinks designated fod , L 2 respéctiveiiMSkrepresents MobilkSink
speed. All mobile sinks are set to move with the same speed and trajectory. Once the trajectory is set,
simultan@usly all mobile sinks start moving with constant speed along the set trajeifamthe algorithm
denotes a senstinat has sensed data and has a packet to send. The first subsepigisents that it is a
sensor belonging to layémand the secondubscriptj represents the sensor number. As each layer has a total
of M sensorg may take any value in the rangjeg M.

Input: N:Number of Layers (Sinks)
MSEk: Sink Speed
Step 1: Foreach Layer Ly, 1€1.2... N
Set zink speed MSk=0; //Sink iz zet to be static
// Data Transmission
Step2: If{ Sensor Sij of Lihas packet to send) then
Step3: IfiMi 15 within transmission range of Sij)then
[/ Single-hop transmission
Stepd: 5ij forwards packet directly tosinkMi
Else
//Multi-hop transmission
Step3: 8ij forwards packet to Mi via intermediate
nodes
End if
End if
Step 6: Bepeat steps 2 to stepS for specified time

Step7: Return

Figure 4. Routing algorithm for SMR

Input:N: Number of Layers { Mobile Sinks)
MSEk: Mobile Sink Speed
Step 1: For eachLayerLi, 11,2 . N
Set Mobile sink speed tolMSk;
Step 2: Trajectory <Right to_Left
Step 3: For each mobile sinke Mi<1,2. . N
Sink trajectory< Trajectory ;
Step 4: While (Sink Mi not reached other end )
/{ Data Transmission
Step 5: If ( Sensor Sij of Li has data packet to send) then
Step 6: If ( Mi 1s within transmission range of 34 ) then
/i Bingle-hop transmission
Step 7: 54j forwards packet directly to Wi
Elze
fiMulti-hop transmission
Step 8: 51 forwards packet to Mi via intermediate nodes
End if
End if
End While
Step O: Trajectory <Left to_Right
Step 10: Repeat steps 4 to step & for specified time
Step 11: Retumn

Figure 5. Routing algorithm for HMMR
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The complexity of SMR and HMMR algorithms may b analyzed as stated below. With the
assumption that at least one node is available for forwarding itvahgmission range, the best case occurs
when the forwarding node is situated at the outline of the transmission range in the direction towantls the si
position due to a minimum number of hops. The worst case occurs when no forwarding node lies within the
transmission range leading to a void problem. The average case occurs when the source successfully delivers
data to sink with a number of hops mohart the minimum number of hops. In the case ofMNIR best
case occurs when the mobile sink is within trensmission range of the sender as there is a single hop
transmission. The worst case occurs when the mobile sink is at the farthest end (subelssfulof data)
or there are no forwarding nodes in the transmission range leading to a void probikamtsi8MR. The
average case occurs when the source delivers data to the sink in 2, 3, and 4 hops depending on the vicinity of
the mobile sink.

2.4. Experimental setup

Thei multactwisoédndtrheex p e r ii Bh®2n. ta & v ednrti » € h wsoir mku IFaotrb e .
per f oremaan cueatt lipey o p bl TMMRmMe t hagd it MEWMRne t hloodime t hroaedasd
bei muli aitdeednh & tc webnrkd n meHretnsn.et whirrke nemn @emg gye s e n saorrds
ot lsd@ rmu lpaatriaomeds édbro mb t hroudstk e p hsea Mieh.€i mul abo &8M& nd
HFMMRpr ot aveatesnduwcd ietdgea meei mul parn amenhdes woekl pe
perforimawnalkuat edonfper f ormeatnraecesr @armgercyn s umph e d K ,

t hr ougmhaghwtmodri vedld SMMRa nSIMR esailtéthsampamadal yzed.

I n heex per isnectratepaisaodesp | opedgo ikhmwi e nt edli sy@inc e
25Mm.Eadf yhearsa |5h o deersaimo h h eomreo dve & ¢atss i Mkn o diemssc| sdhk g
arset at ii mrh@ eV Bne t hboudth hHEFMMRme t hsoidmkseo n f itgtua vea b i Wii & hy
hoi zdamntag leEcatado d/enc | sd nbh gleasnienaead Y ou Eag cgyns umed
transmingddeceptiaamsedt@an@. Wattespedtdihesl gpeopvaes s i fgore d
ceanlmdad GnidmW,r es peclthiev albyhdecapacke® dKbTher ans miasnsgieo n
us & dsri mu liastOioRe s wlrdelst awinte iSeMRne t tbokde e pailsliga g e e d st aol
zerHoFMMRs i muliag aromiut dtrwdi f f moeiBli spe &0/ sactd0OM/ sec.
Dur ismgnulnaotb oind b r i zt ormatj alc teforraymenaft hlea yt edbrhoet lreen t h e
| ayaen@!| badld hoer i gpionsa I$ii mul atdearnsiultalyvd rs e p a rf eobr g D1y5
andthod®ismuil mar a nerntdhresat arses mma i imabédl.e

Table 3. Parameter description

Parameter Value Parameter  Value Parameter Value Parameter Value
Dimension 3D Sinks per 1 Power for 0.1W Transmission 100 m
layer reception Range
Terrain 1Km? Initial energy 50 J Sleep Power 10mW Packet size 1KB
Inter layer 250 m Power for 2w Idle Power 1 mw Traffic CBR
distance transmission

I n the first ex pelr iameent che p Isoeyteudp onno dtdlsen ovdlaetse ra ss u
il lausetdr in Figure 6. thNheade mbvies a nmabihloer i iomk al traj

carried out with noHesSidmpl atyieadn omé yulotns |ialylewustr at e
by sinks with the aodbvialnec esmiemk mov esi meeo marthegbe dt of | &
then from left to right with the s#&me ©aehnospisd ttio stpheee
mobile sink as illustrated in Fiagwer edef.l olyre dt lhen e d @l
04 aepel adyed-loanta9Qedes Hepl-dyedodbeas |[Ayamd 9 dre mobi
and RPayeespectively. Both mobile sinks move in a hor
asllustrated in Ftiguirlel st rSatmau ltalh e odi frfeesrudnt positic
advancement of time. Thepdahampisktior aesmiect édei modi h e

I n the third expeerideemltoayle ds eadnu4@3 Imogdeersa d®d Nodde s |
104 ar4d4,!| 2pgrand®@ havers, respectivel y. Nodesl, 4, 9, é
| a2er an@®, |l agspecti vieKy . mAVv ¢ imobal bomsai zcoonnt satl a nttr as peecet
100 m/ sec as illustrated in Figure 8. Simul ation r e
sinks with the advancement of timestméotae¢eldlheopt edatgd e
mu thtoip pectiege mobile sinks. In the | ast experiment

15859 are added to thé podesoudodetdpP as Lagemobile
carried outarnadrt Rd mesuled ionbtRiigiwerde a%.e THd ushawaa p
by setting the mobile sink speed to 50 m/sec.
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