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Abstract—IoNT has recently gained attraction for its twenty-
four-hour capability in chronic disease monitoring as well
as fatal event prognostics such as heart attacks. In IoNT,
nanonetworks are connected to the internet via local gateways.
In this paper, we propose a rational data delivery approach
(RDDA) that addresses the challenges encountered in the IoNT
paradigm. Two major features have been considered while
realizing rationality (cognition) in this approach; these are
reasoning and learning. Reasoning is used to determine and
prioritize the characteristics of a given traffic flow and select the
next hop for data transmission along the direction of the data
flow. Whereas reasoning helps in realizing short term objectives
and helping the network improve its current status, learning
is used to accomplish long-term goals such as improving the
lifetime of the network. The response obtained from the history
of the network helps in the learning process and also helps
in planning preemptive feedback. Hence, the proposed RDDA
approach is energy efficient and is designed to enhance the
current status of the nanonetwork, and thus, assure quality of
information (QoI).

Index Terms—Internet of Nano-Things (IoNT), Energy-
efficient, Routing, Wireless Body Area Sensor Network
(WBASN) , communication layer stack.

I. INTRODUCTION

INl l l riskl management,l nanotechl hasl playedl al signif-
icantl rolel inl detectionl andl containmentl ofl disastersl

[1].l Inl chemicall engineering,l forl instance,l carbonl nan-
otubes havel beenl usedl tol sniffl outl dangerousl andl toxicl
gases;l al networkl ofl thesel sensors canl bel laidl outl andl

usedl tol monitorl thel motionl ofl toxicl gasesl overl al largel
areal [2]. Inl medicine,l thel existencel ofl al disinfectantl
thatl worksl betterl andl morel efficiently thanl conventionall
traditionall ones,l byl providingl long-lastingl anti-virall ef-
fect againstl majorl viruses,l hasl provenl thel importancel ofl
nanosensingl technologyl in disasterl managementl [3].l Thel
above-mentionedl examplesl arel justl fewl ofl thel many
areasl wherel nanosensingl technologyl hasl madel massivel
improvements.l However, thisl technologyl isl stilll sufferingl
extremel limitationsl inl termsl ofl connectivityl while collab-
oratingl inl wirelessl network-basedl systems. IoNTl standsl
outl inl termsl ofl itsl distinctivel featuresl relatedl tol limited-
energy constraints,l shortl communicationl rangel inl thel
THzl band,l andl lowl processing power,l andl needsl tol bel
assimilatedl intol thel routingl protocolsl tol realizel this newl
paradigm.l Differentl challengesl thatl facel thel data-routingl
processl inl IoNT arel stilll beingl lookedl into,l butl al
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complete,l effectivel solutionl hasl notl beenl developedl yet.l
Nanonetworksl consumel energyl onl alll levelsl ofl theirl
processes;l theyl consumel energyl whilel sensingl data,l
transmittingl data,l andl processingl data.l Wireless multi-
hopl networksl werel usedl tol achievel energyl efficiencyl
inl suchl networks;l consequently,l adequatel schemesl havel
beenl proposedl [4–7].l Nevertheless,l suchl schemes endl upl
beingl useless,l unablel tol bel usedl inl real-lifel scenariosl
becausel theyl assume al staticl networkl topologyl [10–12],l
whereasl nanonetworksl showl al haphazardl networkl topol-
ogyl duel tol thel mobilityl ofl thel nanosensors’l carrierl orl
becausel theyl are restrictedl tol two-hopl routingl schemes.
Designl andl implementationl ofl routingl algorithmsl arel
consideredl imperativel in nanonetworks.l Thisl isl becausel
nanonetworks’l sensorsl arel usuallyl restrictedl inl their
processingl power,l communicationl range,l andl energyl
aptitudes.l

Thel remainderl ofl thisl paperl isl organizedl asl follows.l
Sectionl 2l reviewsl previousl relatedl studies.l Sectionl 3l
discussesl ourl systeml models.l Sectionl 4l describes ourl
proposedl routingl approachl forl IoNTl paradigm.l Sectionl
5l providesl performancel evaluationl forl thel proposedl
approach.l Finally,l Sectionl 6l providesl thel conclusionsl
andl futurel directions.

II. RELATEDL WORK

Thel communicationl inl nanonetworksl canl utilizel onel
ofl thel followingl technologies; nanomechanical,l acoustic,l
electromagnetic,l andl chemicall orl molecularl communica-
tionl [8].l Mainlyl duel tol theirl tinyl sizes,l nanonetworksl
introducel difficultiesl in bothl hardwarel andl softwarel
design.l Especiallyl forl thel softwarel part,l thel communica-
tionl layerl stackl needsl fiel tuningl asl suchl tinyl hardwarel
imposesl criticall restrictions.l Knowingl thatl thel physicall
wirelessl signalingl isl performedl atl THzl bands, duel
tol thel restrictedl antennal size,l thisl necessitatesl speciall
routing/communication techniquesl [9].
Routingl protocolsl inl nanonetworksl canl bel classifiedl
intol simplel foldingl and randoml point-to-pointl protocols.l
Thesel protocolsl canl bel optimizedl andl customized forl
morel efficientl performance.l However,l severall designl
aspectsl shalll bel takenl in tol consideration,l suchl asl
thel nanonetworkl topology,l nodes’l mobility,l deployment
spacel (2Dl vs.l 3D),l andl energy.l Inl fact,l energyl isl
thel mostl significantl andl limiting factorl accordingl tol
currentl nanotechnologyl studiesl [2].l Inl thatl sense,l rout-
ingl protocols,l whichl optimizel thel energyl consumptionl
inl nanonetworksl whilel satisfying differentl constraints,l
arel expectedl tol havel al greatl influencel onl thel IoNTl
paradigm. Existingl routingl approachesl inl nanonetworksl
aiml atl extendingl thel networkl lifetimel byl minimizingl
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thel energyl consumptionl whilel consideringl traditionall
metrics whichl mightl notl bel effectivel inl practice.l Inl
[16],l authorsl proposedl al peer-to-peer routingl protocol.l
Inl theirl work,l 2Dl uniforml gridsl andl 2Dl uniforml
randoml topologiesl arel assumed,l inl whichl identicall
nanosensorsl arel deployed.l Packetl collisions andl redun-
dantl retransmissionsl arel thel onlyl twol metricsl thatl
havel beenl considered whilel optimizingl thel proposedl
protocol.l Inl thisl protocol,l nodesl arel classifiedl based onl
thel packetl receptionl statisticsl theyl havel logged.l Thel
routingl schemel exploits thisl classificationl inl optimizingl
energyl consumption.l Inl [17],l coordinate-based addressingl
schemel isl proposedl forl nanosensorsl distributedl uni-
formlyl inl al rectangularl 2Dl topology.l Thel proposedl
routingl protocoll triesl tol minimizel thel hopl countl ofl thel
packetl transmissionl byl placingl anchorl nodesl atl thel ver-
ticesl ofl thel grid.l This routingl protocoll isl assessedl byl
consideringl packetl retransmissionl rate,l successful packetl
receptionl rate,l andl packetl lossl rate.l Inl [18],l channel-
awarel routingl protocol isl proposed.l Authorsl consideredl
thel speciall attributesl ofl thel THzl bandl communication.l
Thel forwardingl isl optimizedl byl consideringl twol costl
factors:l namely,l avoidingl long-distancel regionl inl whichl
thel signall mayl sufferl thel pathl lossl andl avoiding short-
distancel regionl inl whichl thel numberl ofl hopsl canl bel
increasedl dramatically. However,l theirl achievedl resultsl
arel basedl onl simplel 1Dl simulations.l Authorsl in [19]l
focusedl onl thel physicall layerl partl forl theirl routingl
protocol.l Thyl proposed al physicall networkl codingl rout-
ingl protocoll byl extendingl al geographicall greedy routingl
algorithml forl nanonetworks.l Thel packetsl arel separatedl
intol twol partsl and transmittedl inl pairsl alongl pipelinedl
multi-hopl route,l whilel avoidingl groupedl weak nodesl
tol achievel energyl effectiveness.l Thel workl presentedl inl
[20]l proposesl al geographicl routingl protocol;l nodesl ofl
thel nanonetworksl arel assumedl tol comprisel two typesl
ofl anchors,l whichl havel higherl communicationl andl pro-
cessingl capabilities thanl thel edgel nodes.l NNAl assumesl
thatl ifl al packetl alwaysl followsl shorterl path,l it willl
usel thel shortestl pathl untill itl reachesl destinationl node.l
Inl short,l thisl algorithml uses four-directionl transmissionl
(left,l right,l up,l down)l onlyl inl virtuall gridl setups,l where
thel closestl vertical/horizontall butl notl diagonall relyingl
onl neighborl isl usedl tol sendl the datal packetl [14].l Asl
al result,l thel hopl countl canl unnecessarilyl increasel andl
alsol the energyl consumptionl isl negativelyl affectedl byl
increasedl hopl count.l Meanwhile,l in thel shortestl pathl
approachl (SPA),l whenl al datal packetl isl transmittedl
froml al nodel itl calculatesl thel shortestl pathl froml thel
senderl nodel tol thel destinationl insteadl of thel node-
to-nodel fashion.l Accordingly,l SPAl usesl eight-directionl
datal forwarding (up,l upper-left,l upper-right,l down,l down-
left,l down-right,l rightl andl left),l andl thus, itl considersl
thel shortestl pathl tol destinationl ratherl thanl thel short-
estl neighborl tol relay. Nevertheless,l nanosensorsl inl thel
targetedl IoNTl canl typicallyl followl al random behavior.l
Inl thisl research, wel proposedl al rationall datal deliveryl
algorithml (RDDA)l asl al distinguishedl routingl protocoll
forl thel IoNT.l Itl assumesl al multitierl nanonetworkl
andl cluster/tierwidel synchronization.l Moreover,l it’sl al
topology-independentl protocoll whichl copes withl thel ran-

domnessl naturel inl nanonetworks.l Accordingl tol RDDA,l
thel system determinesl thel pathl froml thel routingl nodel
(RN)l tol thel destinationl nodel inl view ofl eachl node’sl
remainingl energy.l Thel remainingl energyl ofl recentl RN’sl
neighbors isl controlledl eachl timel beforel al datal packetl
isl sentl froml thel RN.l Ifl onel ofl these neighboringl
RNs’l energyl isl belowl halfl ofl thel initiall energy,l al
newl alternativel path willl bel determinedl andl thel datal
packetl willl bel forwardedl accordingly.l Although thisl canl
increasel thel hopl countl inl comparisonl tol SPA,l thel
energyl efficiencyl willl be improvedl andl networkl lifetimel
willl bel prolonged.

III. SYSTEML MODELS

IoNTl inl smartl environmentsl emergesl tol controll phys-
ical/chemicall changesl and passl thel informationl tol so-
phisticatedl datal centersl forl processingl [23].l Inl smart
environments,l manyl parameters,l suchl asl pressure,l tem-
perature,l sound,l etc.l Onel ofl thel mostl important chal-
lengesl isl energyl consumption.l Therefore,l anl energy-
efficientl routingl protocol isl al keyl factorl inl prolongingl
thel utilizedl nanonetworkl lifetimel dramatically.l Inl the
followingl section,l wel describel thel assumedl systeml
modell forl thel proposedl RDDA approach.

A. Networkl Architecture

Withl thel networkingl technology,l nanosensorsl havel
morel potential,l sincel theyl can cooperatel andl communi-
catel tol achievel morel challengingl tasks.l Figurel 1l shows

Fig. 1. Networkl architecturel andl mainl componentsl inl thel IoNT.

thel generall networkl architecturel tol bel assumedl inl
thisl paperl forl thel visionl of thel IoNTl paradigm.l Signifi-
cantl elementsl ofl thel nanonetworksl arel thel nanosensors,l
NRs,l andl cognitivel nanoroutersl (CNRs).l Nanosensorsl
arel thel smallestl and simplestl nanodevices.l Thesel devicesl
canl onlyl performl simplel computationl tasks andl canl
transmitl overl veryl shortl distancesl duel tol limitedl energyl
andl memory andl reducedl communicationl capabilities.l
NRsl havel slightlyl largerl computational resourcesl thanl
nanosensors,l andl thusl canl aggregatel information.l CNRs,l
alsol called nano-microl interfaces,l arel usedl tol furtherl ag-
gregatel thel informationl forwardedl by thel NRl andl sendl
theml tol al micro-scalel device.l Andl thus,l CNRsl arel
hybridl devices whichl canl communicatel inl thel nanoscalel
andl canl utilizel classicall communication paradigmsl inl
micro-l and/orl macrocommunicationl networks.l Thoughl
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GWsl these typesl ofl networksl canl bel connectedl tol
thel traditionall Internet. Thel communicationl rangel inl
IoNTl isl predictedl tol bel betweenl 1l nml andl 1l cm inl
terahertz-bandl [24].l Andl thus,l multi-hopl routingl isl anl
effectivel datal delivery style.l Moreover,l thel directionl ofl
al communicationl routel isl notl deterministicl and dependsl
onl thel driftl velocityl ofl nanosensors,l whichl mayl resultl
inl servicel disruption andl extendedl delaysl [25].

B. Lifetimel inl IoNT

Lifetimel inl thisl researchl isl defiedl asl thel timel orl
numberl ofl transmissionl rounds inl whichl thel nanonet-
workl canl nol longerl sendl usefull informationl tol thel
endl users. Itl isl reflectedl byl thel network’sl inabilityl tol
findl al pathl tol deliverl datal withl satisfactoryl valuesl forl
al numberl ofl QoIl attributesl suchl asl latency,l fairness,l
andl remaining energyl [21].Therefore,l wel canl evaluatel
thel lifetimel ofl thel nanonetworkl inl thel IoNTl byl eitherl
countingl thel alivel nanosensorsl [26],l checkingl thel ratiol
ofl still-coveredl areasl tol the uncoveredl onesl byl thel
nanonetwork,l orl basedl onl bothl [27][28][29].

C. Energyl Conservationl andl Deadl Nodel Issue

Energyl inl nanonetworksl canl bel al criticall factorl
towardsl realizingl thel mainl objective ofl thel emergedl
IoNTl paradigm.l Knowingl thatl majorityl ofl thel nanonet-
workl energy budgetl isl spentl onl routingl data,l wel focusl
thisl studyl onl thel NRl energyl expenditures.l Accordingl
tol [24]l thisl canl bel characterizedl byl thel followingl
equation.

ENlR = C (T l ∗ (ETlX) +Rl ∗ (ERlX)) (1)

wherel ETlX l andl ERlX l arel transmissionl andl recep-
tionl energy,l respectively.l Cl indicates thel costl functionl
ofl thel energyl consumed,l andl T l andl Rl arel thel numberl
ofl transmittedl andl receivedl packets,l respectively.l Asl
discussedl earlier,l thel mainl functionl of CNRl isl datal
aggregationl andl routingl ofl traffl receivedl froml thel
NRs.l Therefore,l it isl expectedl thatl CNRsl consumel
additionall energyl comparedl tol regularl NRs.l This energyl
consumptionl canl bel characterizedl asl follows:

EClNlR = C (T l ∗ (ETlX) +Rl ∗ (ERlX)) + C (Al ∗ (Ealg)) + C (Pl ∗ (Eclg − Eplm)) (2)

Inl Eq.l (2),l Al andl P ,l representsl thel totall num-
berl ofl packetsl thatl arel aggregatedl and processedl byl
thel cognitivel nanorouters,l respectively.l C (Al ∗ (Eez ))l
showsl thel energy costl duringl datal aggregation,l andl
C
(
Pl ∗

(
Eαg − Eplrlo

))
l revealsl thel energyl costl duel

to protocoll andl processingl overheadl whilel performingl
cognitivel (rational)l processes. Byl formingl Eq.l (2)l inl
termsl ofl thel energyl costl ofl NRsl wel obtain:

EClVRl ≥ lENlR + C
(
Al ∗ (Eg) + C

(
Eαg − Eplv

)
(3)

Ifl thel NRl andl CNRsl usel thel samel transmitl power,l thel
equalityl signl becomesl positivel inl Eq.l (3).l Inl thisl study,l
wel assumel multi-tierl NRs’l distribution.l Oncel alll thel
fistl tierl NRsl arel dead,l nol otherl nodel willl bel ablel tol
sendl datal tol thel GW,l and thel lifetimel ofl thel networkl
willl bel over.l

IV. RATIONALL DATAL DELIVERYL FRAMEWORK

Inl thisl sectionl wel proposel al novell rationall datal
deliveryl approachl (RDDA)l forl thel IoNTl paradigm.l
Assumel xl isl al randomlyl selectedl nanosensorl byl thel
GWl basedl onl thel requiredl datal inl al specificl IoNTl
application.l Thel randoml numberl ofl relaysl withinl thel
communicationl rangel ofl thel nanosensorl xl canl bel
modeledl byl al spatiall Poissonl processl X[30]l .l Assumel
thatl thel nanosensorl xl canl bel atl pointl zl ∈ lR2l andl
l(z, lX)l isl thel shortestl distancel froml zl tol thel nearestl
pointl ofl Xl suchl thatl l(z, lX)l ≤ lrl sincel Xl isl al
spatiall Poissonl process,l thenl l(z, lX)l ≤ lr,l ifl andl onlyl
ifl NR(d(z, lr)) > 0l wherel d(z, lr)l isl al discl ofl radiusl
rl centeredl atl zl.l Andl NlR(d(z, lr))l isl al Poissonl
randoml variablel denotingl thel numberl ofl nanoroutersl
withinl thel diskl d(z, lr)l withl remainingl energyl sufficientl
tol transmitl atl leastl once.l Consequently,l thel probabilityl
ofl havingl atl leastl onel NRl neighborl withinl thel trans-
missionl rangel ofl thel nanosensor xl isl givenl asl follows.

P (l(z, lX)l ≤ lr)l = P (NlR(d(z, lr)) > 0)l (4)

Inl thisl study,l itl isl assumedl thatl thel nanonetworkl isl
deadl whenl thel lifetimel ofl thel neighboringl NRsl isl
expired.l Thus,l assumingl f (xj)l isl thel costl functionl ofl
transmittingl froml NRjl tol GWl inl termsl ofl fairness,l
g(x)l isl thel energyl ofl neighboringl NRs, lb(x)l isl thel
minimuml distancel froml al neighborl NRjl tol GW,l i(x)l
initiall energyl ofl thel neighboringl NR.l Accordingly,l thel
RDDAl frameworkl assumesl threel mainl criterial forl datal
routing;l (1)l evaluationl criteria;l f (xj) =l cost(Neighborl
NRl tol GW)l andl b (xj) = min l (f (xj)) ,l thisl isl guaran-
teedl byl lines 11l tol 18l inl Algorithml 5.1,l (2)l selectionl
criteria;l g (b (xj)) > i (b (xj)) l∗l50l%,l isl foundl betweenl
linesl 19l andl 21,l andl (3)l terminationl criteria;l alll one-
hopl NRl sl arel deadl orl P (l(z, lX)l ≤ lr) = 0.
Inl Algorithml 5.1,l rationall (cognitive)l elementsl suchl asl
reasoningl andl learningl arel appliedl atl thel CNR.l Inl thel
followingl al detailedl descriptionl aboutl thesel elementsl isl
provided.

Fig. 2. (a) Typical routing and (b) rational routing in the IoNT.

A. Learning

Learningl isl usedl inl ourl RDDAl approachl inl
orderl tol identifyl thel mostl appropriate routesl towardl
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thel Internetl gatewayl whilel maintainingl severall QoIl
attributesl inl the nanonetwork,l suchl asl fairness,l delay,l
andl energy-efficiency.l Vial learning,l eachl time al CNRl
hasl tol choosel anl NRl onl thel route,l itl excludesl NRsl
whichl canl increasel the costl inl termsl ofl QoIl attributesl
betweenl thel currentl NRl andl thel gateway.l Positions
ofl thosel NRsl whichl bestl fil thel requiredl QoIl inl al
nanonetworkl arel savedl inl the CNRl forl futurel usel asl
well.l This,l thel direction,l alongl withl thel destinationl
feedbackl aboutl thel chosenl path,l helpsl thel CNRsl tol
learnl andl improvel pathsl toward destinationsl inl thel
IoNT.l Inl thel following,l wel elaboratel morel onl thisl
cognitive feature/elementl throughl anl illustrativel example.
Examplel 1l.l Let’sl assumel wel havel nl
nanorouter,l wherel thel ithl availablel routerl
Ril ∈ {RI , lR2, l . . . , lRn} l.lStl andl S2l havel al
datal packetl tol bel sentl tol destinationl devicesl D1l andl
Dz∗ l Outl ofl thesel relays,l itl isl determinedl thatl R5l
providesl thel lowestl costl tol Dll andl D2l asl shownl inl
Figurel 2(a)l.l Therefore,l SI l sendsl thel datal packetl tol
R5l.l And S2l sendsl itsl datal packetsl tol R5,l asl well.l
Asl al result,l thel routel throughl R5l becomesl congestedl
andl packetsl startl droppingl andl getl lost.l Butl withl al
rationall nanonetworkl employedl withl learningl elements,l
congestedl routesl canl bel identifiedl andl avoidedl byl
observingl thel aforementionedl Qoll attributes.l Itl canl
respondl tol undesiredl scenariosl proactively,l byl routingl
thel datal throughl al differentl pathl consistingl ofl R6,l
and Rg ,l asl shownl inl Figurel 2 (b).

Fig. 3. (a)l Typicall routingl andl (b)l rationall routingl inl thel IoNT.

B. Reasoning

Inl thel RDDAl algorithm,l wel alsol employl thel reason-
ingl elementl forl morel rational nanonetworks.l Al modifiedl
versionl ofl thel analyticl hierarchyl processl (AHP)l [31]l
is consideredl inl orderl tol implementl thisl elementl ofl
cognitionl inl thel IoNT.l Thel reason wel choosel AHPl forl
reasoningl isl thatl itl supportsl multiple-criterial decision-
makingl whilel decidingl onl whichl pathl tol deliver.l Forl
example,l ifl wel havel imbalancel in selectingl thel nextl
hopl forl datal deliveryl inl energy-constrainedl nanonet-
work,l thel set ofl NRsl whichl providesl thel lowestl energyl
consumptionl whilel satisfyingl thel fairness attributel willl
bel chosenl evenl thoughl itl mightl degradel otherl metricsl
suchl asl thel networkl delayl orl cost.l Thisl meansl fairnessl
andl energyl arel prioritizedl overl costl andl delay inl thisl

situation.l Ifl twol alternativel pathsl canl guaranteel thel
samel inl termsl ofl fairness andl energy,l thenl thel nextl
attributel tol comparel willl bel delayed,l followedl byl thel
cost. Thel assumedl AHPl algorithml providesl al methodl
forl pairwisel comparisonl ofl eachl of thel aforementionedl
attributesl andl helpsl tol choosel thel nodel thatl canl pro-
videl thel best networkl performancel inl thel longl run.l

V. PERFORMANCEL EVALUATION

Inl thisl section,l wel evaluatel thel performancel ofl thel
proposedl RDDAl againstl the twol routingl categoriesl ofl
thel nanoroutingl approachesl inl thel literature,l namelyl
the SPAl andl NNAl algorithms.l Basedl onl thel afore-
mentionedl systeml models,l wel summarizel thesel twol
baselines’l asl follows.l This,l wel comparel ourl proposedl
RDDAl withl bothl NNAl andl SPAl inl thisl research. Al
detailedl descriptionl ofl ourl experimentall setupl isl givenl
inl thel followingl section.

A. Experimentall Setup

Inl thisl section,l al detailedl descriptionl ofl thel per-
formedl experimentl forl validation andl verificationl pur-
posesl hasl beenl introduced.l Inl additionl tol computer-
basedl simulations,l reall sensing/relayingl devicesl havel
beenl usedl inl al test-bedl forl practical verifications.l .l
Thel usel ofl TIl CC2530l programmablel motes [32]l hasl
enabledl al fie-tunedl programming,l withl al morel sophisti-
catedl basel for carryingl outl tasksl thatl requirel high-endl
processorsl andl devices.l
Wel usedl NS3l asl simulationl tooll forl thisl purposel asl
well.l Thel simulationl is processedl inl threel platforms,l
whichl arel Windows,l Linux,l andl OSX,l forl validationl
purposes.l Wel executedl ourl simulationl 100l timesl forl
eachl experimentl and plottedl thel averagel results.l Morel
detailsl aboutl ourl simulationl arel summarizedl in Tablel I.

B. Simulationl Results

Accordingl tol ourl previousl discussion,l wel assume,l asl
seenl froml Figurel 4l thatl wel havel 36lNRsl andl 1lGWl
inl anl areal ofl 1000lnml×l1000lnm.l Eachl RNl isl linkedl
tol al setl ofl adjacentl RNs,l whichl arel connectedl inl
alll directions.l Inl Figurel 4,l wel canl seel smalll andl bigl
circlesl denotingl thel NRs’l andl GW’sl range,l respectively,l
wherel thel GWl canl scopel anyl NRl whichl existsl inl
itsl circle.l Moreover,l thel connectionsl betweenl GWl andl
NRsl arel bidirectional.l Accordingly,l thel GWl inl Figure
5 has

bidirectionall connectionsl withl thel closestl NR14,l
NR15,l NR20l andl NR21;l additionally,l thel GWl hasl
unidirectionall connectionl withl thel otherl NRsl whichl are
locatedl inl itsl vicinity.
Thel comparisonl betweenl thel twol mainl baselines,l SPAl
andl NNAl againstl RDDA approach,l isl depictedl inl Fig-
urel 6.l Pathsl whichl connectl NRsl tol thel GWl changes
overl thel lifespanl ofl thel nanonetworkl basedl onl thel
remainingl energyl inl eachl NR. Consequently,l thel averagel
hopl countl changes,l andl it’sl importantl tol notel thatl this
numberl ofl hopsl isl proportionallyl relatedl tol thel averagel
packetl delay.l Therefore,l the higherl thel numberl ofl hopl
count,l thel higherl thel delay.l Inferringl froml thel graphs
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TABLE I
SIMULATIONL PARAMETERSL ANDL VALUESL BASEDL ONL [26]

l Parameterl l Valuel

l Targetl areal l 100lnml × l100lnml

l Numberl ofl nodesl l SNs:l 1500,l NRs:l 36,l GW:l 1l

l Communicationl Rangel l SN:l 130lnlm,l NR:l 200lnlm,l GW:l 400lnlml

l Initiall Energyl l SN:l 31000l ,l NR:l 110000l ,l GW:l Unlimitedl

l Energyl Consumptionl l SNl andl NRl (Receiving):l 31.2l uJ/bitl SNl andl NRl (Transmitting):l 53.8l uJ/bitl

Fig. 4. Assumedl nanonetworkl topology.

inl Figurel 6,l wel observel thatl thel numberl ofl hopsl hasl
anl inversel relationshipl with thel lifetimel measuredl inl
rounds.l Thel morel roundsl al nanonetworkl experience,l the
fewerl hopsl itl shouldl use.l Byl comparingl SPA,l NNA,l
andl RDDAl inl alll instances, thel numberl ofl hopsl isl
alwaysl lessl whenl RDDAl isl applied,l whichl isl al desiredl
feature towardl reducingl delayl andl energyl consumption.

Fig. 5. Numberl ofl hopsl vs.l lifetime.

Froml Figurel 5l wel canl alsol deducel alsol thatl whenl
lifetimel isl relativelyl long (morel thanl 6000l rounds),l
RDDAl approachl becomesl morel effective. Froml Figurel
6,l wel canl clearlyl seel thatl thel latencyl forl SPAl isl
higherl thanl any otherl approach.l Thisl isl becausel itl
determinesl thel pathl tol bel followedl byl packets usingl
thel energyl levell ofl thel nearestl NRsl (orl nextl hop)l only.l
Onl thel otherl hand, RDDAl hasl thel leastl delay.

Fig. 6. Comparisonl ofl latency.

Figurel 7l showsl thel averagel energyl levelsl perl round.l
Wel canl concludel froml thel figurel thatl RDDAl isl thel
bestl andl mostl efficientl inl termsl ofl energyl comparedl
tol thel otherl baselines.l RDDAl savesl 5l%l morel thanl
SPA,l andl 16.85l%l morel thanl thel NNAl algorithml inl
termsl ofl energy.

Figurel 8l showsl thel lifetimel ofl thel networkl forl
thel threel baselinel algorithms.l Thel X-axisl showsl thel
differentl typesl ofl thel networkl algorithms,l whilel the Y-
axisl showsl thel lifetimel inl seconds.l Froml thel graph,l
wel observel thatl RDDAl has extendedl lifetime,l whilel
NNAl andl SPAl achievel almostl thel samel lifetimel span.
RDDAl exceedsl thel otherl twol algorithmsl byl 562100l
seconds. Figurel 9l showsl howl thel lifetimel ofl thel systeml
isl affctedl byl thel requests madel byl thel GW.l Thl X-
axisl showsl thel requestl timel inl seconds,l whilel thel Y-
axis showsl thel networkl lifetimel inl seconds.l Froml thel
figure,l wel canl seel thatl thel lifetime ofl thel systeml
increasesl withl thel increasel ofl requestl time.l Obviously,l
thel lifetimel ofl bothl SPAl andl NNAl arel lessl thanl thel
achievedl lifetimel byl RDDA.l Hence,l we concludel thatl
thel increasel inl requestl timel ofl thel GWl canl increasel
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Fig. 7. Comparisonl ofl averagel energyl levell atl NRsl vs.l transmissionl
rounds.

Fig. 8. Comparisonl ofl averagel energyl levell atl NRsl vs.l transmissionl
rounds.

thel lifetimel of thel nanonetwork.
Figurel 10l depictsl thel comparisonl ofl al one-hopl energyl

levell froml thel GW. Thel X-axisl showsl thel GWl nearbyl
NRs[13],l whilel thel Y-axisl showsl thel energyl levell ofl
a givenl NRs.l NR[14],l NR[15],l NR[20],l andl NR[21]l
arel chosenl specificallyl becausel theyl havel bidirectionall
connectionl withl thel GWl andl willl bel thel mostl stressed
nodesl inl thel nanonetworkl asl theyl arel thel closestl tol
thel GWl andl mustl bel usedl in anyl communicationl withl
it.l Comparingl thel energyl levelsl underl thel threel different
routingl approaches,l wel noticel thatl althoughl thel energyl
levelsl forl NNAl andl SPAl are thel samel inl NR[14],l
NR[15],l NR[20],l andl NR[21],l RDDAl isl diffrentl andl
outperformsl alll ofl them.l Andl thus,l RDDAl increasesl
thel networkl lifetime,l andl itl isl much betterl inl termsl ofl
energyl saving.
Inl Figurel 11l wel examinel thel fairnessl levell in eachl
ofl thel appliedl routingl approaches.l Wel definel fairnessl
asl thel abilityl ofl the systeml tol echol thel energyl ex-
haustionl ratel atl eachl nanosensorl byl redistributingl thel
loadl overl alll thel availablel NRs.l Thatl isl becausel thel
IoNTl paradigml is supposedl tol handlel multiplel resourcesl

Fig. 9. Comparisonl ofl networkl lifetimel accordingl tol GW’sl requestl
time.

underl differentl restrictionsl andl energy constraints.l Inl
thisl figure,l wel observel thatl thel fairnessl ofl RDDAl isl
morel than thatl ofl thel otherl twol alternatives.l Thel mainl
reasonl forl thesel resultsl isl that RDDAl usesl thel afore-
mentionedl learningl andl reasoningl elementsl inl deciding
thel nextl hop,l andl hence,l thel processedl requestsl arel
evenlyl distributedl among thel availablel NRs.

Fig. 10. Comparisonl ofl one-hopl NRs’l energyl level.

VI. CONCLUSIONS

Inl thisl research,l wel examinedl twol differentl cat-
egoriesl ofl routingl methodsl inl the IoNTl paradigm,l
namelyl thel SPAl andl NNA,l inl termsl ofl energyl con-
sumption, delay,l andl fairness.l Wel proposedl thel RDDAl
approach,l whichl isl uniquel inl prolongingl thel nanonet-
workl lifetimel withoutl violatingl otherl QoIl attributesl inl
IoNT.l We concludedl thatl RDDAl canl savel al significantl
amountl ofl energy.l Additionally,l this approachl reducesl
thel numberl ofl hopl countsl byl roughlyl 23%.l Thisl isl al
significant achievement,l especiallyl whenl wel learnl thatl
nanonetworkl lifetimel hasl anl inverse relationshipl withl
thel hopl count.l Furthermore,l wel explainedl howl thel hopl
countl can bel usedl tol showl on-spotl andl averagel delaysl
atl NRs.l Moreover,l wel demonstrated howl thel RDDAl
approachl providedl thel longestl networkl lifetime.l Evenl
thoughl both SPAl andl NNAl demonstratel thatl theyl arel
efficientl inl termsl ofl transmissionl rounds andl energyl
consumption,l thel generall resultsl showl thatl RDDAl out-
performsl both ofl them.
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Fig. 11. Comparisonl ofl thel threel datal deliveryl techniquesl basedl onl
total numberl ofl transmissions.
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