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PROPOSAL SUMMARY

- A new modeling proposal for WSNs (Ad-hoc in general), in order to

consider them as CNs
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consider them as CNs

- Introduction of the hybrid model concept;

- Evaluation of the introduced enhancements in terms of Clustering

Coefficient (CC) and Path Length (L).
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WIRELESS NETWORKS
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WIRELESS NETWORKS

A brief overview of the technologies that have been considered in our

work
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WIRELESS COMMUNICATIONS

�� InIn wirelesswireless networksnetworks,, mobilemobile nodesnodes cancan accessaccess thethe availableavailable resourcesresources
withoutwithout needingneeding ofof cablescables,, onlyonly byby usingusing radioradio waveswaves oror infrainfra--redred
frequenciesfrequencies;;

�� AdvantagesAdvantages:: asas knownknown,, thisthis approachapproach leadsleads toto aa highhigh gradegrade ofof mobilitymobility
withinwithin thethe coveredcovered area,area, withwith aa consequentconsequent goodgood levellevel ofof flexibilityflexibility,, ifif
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Networks withinwithin thethe coveredcovered area,area, withwith aa consequentconsequent goodgood levellevel ofof flexibilityflexibility,, ifif
comparedcompared withwith wiredwired networksnetworks;;

�� DisadvantagesDisadvantages:: onon thethe otherother handhand,, exploitingexploiting radioradio oror infraredinfrared waveswaves bringsbrings
toto aa lowerlower transmissiontransmission raterate andand highhigh interferenceinterference levelslevels,, ifif comparedcompared withwith
wiredwired networksnetworks;;

�� TheThe mostmost knownknown WLANWLAN standardstandard hashas beenbeen introducedintroduced inin 19901990,, whenwhen thethe
IEEEIEEE createdcreated thethe 802802..1111 commiteecommitee..
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WIRELESS COMMUNICATIONS
(SHORT-RANGE)

� The term WirelessWireless SensorSensor NetworkNetwork (WSN(WSN)) isis referredreferred toto aa particularparticular network,network,

characterizedcharacterized byby aa distributeddistributed architecturearchitecture andand aa setset ofof autonomousautonomous devicesdevices,, ableable

toto communicatecommunicate withwith eacheach otherother,, whilewhile pickingpicking upup environmentalenvironmental informationsinformations..
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� ApplicationApplication fieldsfields:: Industrial,Industrial, agricultureagriculture,, healthhealth,, militarymilitary andand traffictraffic appapp..

��AdvantagesAdvantages:: ScalabilityScalability,, lowlow costscosts,, simplicitysimplicity ofof installationinstallation..

�� DisadvantagesDisadvantages:: ShortShort coveragecoverage rangerange,, energyenergy issuesissues..

��StandardsStandards:: ZigBeeZigBee ((fromfrom layerlayer 33)) andand IEEEIEEE 802802..1515..44 (PHY(PHY && MAC)MAC)..
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��ZigBeeZigBee isis aa standard,standard, forfor aa highhigh levellevel communicationcommunication protocolsprotocols usedused toto lowlow--

powerpower WPANWPAN communicationscommunications;;

��ZigBeeZigBee isis basedbased onon IEEEIEEE 802802..1515..44 standardstandard;;
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WIRELESS COMMUNICATIONS
(SHORT-RANGE)

��ZigBeeZigBee andand IEEEIEEE 802802..1515..44 operatesoperates inin thethe IndustrialIndustrial,, ScientificScientific andand MedicalMedical

(ISM)(ISM) radioradio bandsbands:: 868868 MHzMHz inin Europe,Europe, 915915 MHzMHz inin thethe USAUSA andand AustraliaAustralia andand

22..44 GHzGHz inin mostmost jurisdictionsjurisdictions worldwideworldwide;;

��ZigBeeZigBee networknetwork layerlayer nativelynatively supportssupports bothboth starstar,, treetree meshmesh networksnetworks;;

��ZigBeeZigBee transmissiontransmission distancesdistances rangerange fromfrom 1010 toto 15001500 ((ZigBeePROZigBeePRO)) metersmeters andand

lineline--ofof--sightsight;;
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WIRELESS COMMUNICATIONS
SENSORS NEW POSSIBLE APPLICATIONS (2 EXAMPLES)

��CreaturesCreatures trackingtracking,, inin underwaterunderwater sensorsensor networksnetworks::
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��ThroughThrough--wallwall watchingwatching,, onlyonly byby analyzinganalyzing EMEM fieldsfields::



�� HighHigh--SpeedSpeed PacketPacket AccessAccess ((HSDPAHSDPA)/)/LongLong TermTerm EvolutionEvolution (LTE)(LTE),, areare

mobilemobile communicationscommunications protocolprotocol;;

��HighHigh SpeedSpeed communicationscommunications protocolprotocol,, butbut requirerequire largelarge powerpower toto providesprovides highhigh--

speedspeed wirelesswireless traffictraffic transfertransfer toto thethe InternetInternet;;
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WIRELESS COMMUNICATIONS
(LONG-RANGE) – HSPA/LTE (3G/4G) OR Wi-Fi

speedspeed wirelesswireless traffictraffic transfertransfer toto thethe InternetInternet;;

��SupportSupport MIMOMIMO transmissiontransmission;;

��TheyThey areare widelywidely usedused today,today, soso theirtheir priceprice isis extremelyextremely lowlow;;

��WiWi--FiFi:: itit isis basedbased onon IEEEIEEE 802802..1111a/b/g/na/b/g/n standardsstandards..
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COMPLEX NETWORKS (CNs)
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A brief overview and why CNs in TLC systems
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COMPLEX NETWORKS
� Before giving a definition let us consider some network topologies:

�� RegularRegular NetworksNetworks:: eacheach nodenode isis uniformlyuniformly deployeddeployed intointo thethe networknetwork andand itit

hashas thethe samesame numbernumber ofof connectionsconnections (so(so thethe samesame gradegrade));;

��RandomRandom NetworksNetworks:: ConnectionsConnections betweenbetween nodesnodes areare createdcreated inin aa totallytotally

randmomrandmom wayway..
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randmomrandmom wayway..

��RealReal NetworksNetworks examplesexamples:: BiologicalBiological,, KnowledgeKnowledge,, Social,Social, NeuralNeural,, ArtificialArtificial;;

theirtheir naturenature isis differentdifferent andand theythey dodo notnot belongbelong neitherneither toto regular,regular, nornor toto randomrandom

networksnetworks..

��ThereThere isis notnot aa formalformal definitiondefinition forfor CNsCNs,, butbut thethe mostmost ofof thethe existingexisting ((realreal))

networksnetworks cancan bebe consideredconsidered asas CNsCNs,, withwith highhigh distributiondistribution degreedegree,, highhigh clusteringclustering

coefficientcoefficient,, nodesnodes associativityassociativity,, hierarchicalhierarchical structurestructure andand notnot--trivialtrivial topologytopology..

��InIn 19981998 WattsWatts andand StrogatzStrogatz introducedintroduced thethe SmallSmall WorldWorld (SW)(SW) networksnetworks:: theythey

havehave thethe samesame topologicaltopological propertiesproperties ofof thethe realreal networksnetworks,, suchsuch asas highhigh ClusterCluster

CoefficientCoefficient (CC)(CC) andand aa reducedreduced averageaverage pathpath lengthlength..
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COMPLEX NETWORKS
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�� CCCC ofof nodenode nnii:: indicatesindicates thethe tendencytendency ofof twotwo nodesnodes,, neighborsneighbors toto aa commoncommon

oneone nnii,, toto bebe connectedconnected eacheach otherother:: ccii==[e[eii//kkii(k(kii--11)/)/22]];; CCCC isis thethe averageaverage onon allall ccii;;

�� NodeNode’s’s gradegrade:: numbernumber ofof edgesedges connectedconnected toto thethe nodenode:: kkii==ΣΣiiaaijij;;

��AverageAverage pathpath lengthlength:: averageaverage lengthlength ofof thethe shortestshortest pathspaths,, evaluatedevaluated forfor eacheach

couplecouple ofof nodesnodes..
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COMPLEX NETWORKS

(Some real examples and topologies)
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Social Social networkingnetworking (FB)(FB)

Social Social networkingnetworking (TW)(TW)

GenericGeneric CN1CN1

GenericGeneric CN2CN2



COMPLEX NETWORKS

(BENEFITS)

ModelingModeling aa realreal networknetwork inin aa complexcomplex oneone hashas manymany advantagesadvantages::

-- AllAll networksnetworks presentpresent inin naturenature areare complexcomplex networksnetworks (so,(so, moremore realityreality isis givengiven toto
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-- AllAll networksnetworks presentpresent inin naturenature areare complexcomplex networksnetworks (so,(so, moremore realityreality isis givengiven toto

thethe model)model);;

--ScalabilityScalability andand flexibilityflexibility:: easyeasy additionaddition and/orand/or removalremoval ofof newnew nodes,nodes, alwaysalways

respectingrespecting thethe definitiondefinition ofof CNCN;;

-- FaultFault ToleranceTolerance:: CNCN areare stronglystrongly connectedconnected (C→(C→11),), soso thethe fallfall ofof aa linklink doesdoes notnot

changechange thethe performanceperformance ofof thethe networknetwork;;

-- ItIt isis notnot soso easyeasy describingdescribing thethe interactionsinteractions betweenbetween nodesnodes onlyonly byby edgesedges andand

weightsweights (so(so byby aa traditionaltraditional graphgraph),), soso CNCN approachapproach isis suitablesuitable;;
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PROBLEM FORMULATION AND 
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PROBLEM FORMULATION AND 

MODELING

Description of the considered environment and proposal
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PROBLEM FORMULATION (MODELING)

�How to model an existing network as a SW network;

�Finding a new solution, based on the already existing studies;

�The known techniques are:
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-Data Mules (or ferries) introduction: with the main aim of introducing shortcuts;

-Link re-wiring: starting from a regular network, deleting existing edges by

creating random connections between other nodes;

-Kleinberg modeling: adding edges to each node, choosing the destination

randomly;

-Dual-radius modeling: considering special nodes with higher coverage range.

Our proposal: A New Hybrid modeling, based on Data Mules and Dual-radius.
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PROBLEM FORMULATION (MODELING)

�Our proposal tends to decrease the Average Shortest Path Length (L) and

increasing the Clustering Coefficient (CC) in a real telecommunication

network;

�L must be ≈ 6, according to Milgram’s Experiment;
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�CC must → 1, according to CN definitions.

WHY WHY HYBRID HYBRID MODELINGMODELING

-Data Mules introduces shortcuts, to decrease L parameter;

-Dual-radius creates links between geographically separated clusters to increase

CC parameter;

Our proposal: A New Hybrid modeling, based on Data Mules and Dual-radius.
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IN PARTICULAR:

--HybridHybrid nodesnodes combinecombine twotwo efficientefficient techniques,techniques, DataData MulesMules andand DualDual--RadiusRadius;;

--DataData MulesMules actact asas bridgingbridging nodes,nodes, allowingallowing twotwo oror moremore communicationcommunication networksnetworks

toto createcreate anan aggregateaggregate networknetwork;;
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PROBLEM FORMULATION (MODELING)

toto createcreate anan aggregateaggregate networknetwork;;

--DualDual--radiusradius,, inin thethe consideredconsidered case,case, consistsconsists inin ZigBeeZigBee andand 33GG (or(or 44G)G)..

WE EXPECT THAT:

--DataData MulesMules createcreate longlong--rayray ferriesferries forfor introducingintroducing shortcuts,shortcuts, withwith aa consequentconsequent

decreasingdecreasing ofof thethe AverageAverage ShortestShortest PathPath (L)(L);;

--DualDual--radiusradius createscreates linkslinks betweenbetween geographicallygeographically--separatedseparated clusters,clusters, withwith aa

consequentconsequent increasingincreasing ofof CCCC;;
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PROBLEM FORMULATION (MODELING)
An example

� Therehere areare manymany studiesstudies onon thethe developmentdevelopment ofof thethe connectivityconnectivity betweenbetween ZigbeeZigbee

(or(or IEEEIEEE802802..1111)) andand UMTSUMTS (or(or 33G/G/44G)G) networksnetworks andand thethe creationcreation hybridhybrid nodesnodes::
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��ThereThere areare somesome productsproducts onon thethe marketmarket alreadyalready (for(for

33G/WLANG/WLAN connectivity)connectivity) andand somesome prototypesprototypes forfor 44GG

andand ZigbeeZigbee interfacinginterfacing.. MoreMore detailsdetails cancan bebe foundfound atat::

--http://www.dlink.com/-/media/Consumer_Products/DWR/DWR%20730/Datasheet/DWR_730_B1_Datasheet_EN_EU.pdf/

--http://ijircce.com/upload/2014/icgict14/417_1712.pdf



PROBLEM FORMULATION (MODELING)

��InIn thisthis workwork wewe areare studyingstudying thethe effectseffects ofof thethe introductionintroduction ofof newnew hybridhybrid nodesnodes

intointo aa sensorsensor networknetwork;;

��NewNew addedadded nodesnodes cancan followfollow prepre--establishedestablished trajectoriestrajectories oror randomrandom onesones,, withwith

dynamicdynamic speedsspeeds;;
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��AsAs wewe willwill seesee,, therethere willwill bebe anan upperupper boundbound forfor thethe introductionintroduction ofof newnew nodesnodes,,

beyondbeyond whichwhich nono moremore enhancementsenhancements areare obtainedobtained;; thisthis limitlimit isis strictlystrictly relatedrelated toto

thethe extensionextension andand densitydensity ofof thethe graphgraph G=G=<V,<V, E>E>::

��ManyMany studiesstudies inin literatureliterature demonstratesdemonstrates howhow thethe insertioninsertion ofof newnew nodesnodes afterafter aa

thresholdthreshold dodo notnot bringbring enhancementsenhancements intointo thethe systemsystem ((MilgramMilgram’s’s experimentexperiment))..
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SIMULATION AND PERFORMANCE 
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SIMULATION AND PERFORMANCE EVALUATION

�A Multi-thread Java simulator has been developed, able to evaluate the

behavior of a WSN with and without special nodes;

�A local geographical area of south Italy has been considered (Corigliano

Calabro – South Italy), with different extenstions:
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� Different simulations have been performed in the scenario, evaluating the

density, the average path length (with and without special nodes) and the

clustering coefficient.
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SIMULATION AND PERFORMANCE EVALUATION

�Sensor nodes are placed randomly into the network and follow the available

roads; we hypotesize that they move with related cars;

�Special hybrid nodes are placed into buses and follow the red ring road; for

coverages, we considered 35 meters for sensor nodes, 150 and 35 meters for

hybrid nodes (results have been shown for IEEE802.11n for long-range
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hybrid nodes (results have been shown for IEEE802.11n for long-range

communications);

� Simulations have been carried out by varying: extension area and number of

hybrid data-mules (the number of normal sensor nodes has been fixed);

�Except for the path for hybrid nodes, sensors mobility has been generated

through C4R (City 4 Roadmaps) mobility generatore, based on OpenStreetMap

and SUMO (Simulator of Urban MObility);

�Paths are considered from one node to each other one.
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SIMULATION AND PERFORMANCE EVALUATION

��DifferentDifferent areaarea extensionsextensions havehave beenbeen consideredconsidered::
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Area 1: 500m x 500m Area 2: 750m x 750m

Area 3: 1000m x 1000m Area 4: 1000m x 750m



SIMULATION AND PERFORMANCE EVALUATION

This figure on the left represents only

the typical values of the average path

length (from 12 to 15 nodes) for each

considered scenario. No hybrid mules

are considered.
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The figure on the right shows that

there exists an upper limit of the

number of special nodes to be

included within a network of ad-hoc

sensors. It is clear, furthermore, that

the variation of the average paths L, is

very similar in the different scenarios.

Networks

Problem

Formulation

and 

Modeling

Simulation

Analysis

Conclusions
0

2

4

6

8

10

12

14

16

18

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Average shortest path

Area1

Area2

Area3

Area4

#HN



SIMULATION AND PERFORMANCE EVALUATION
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The same trend is obtained for the

maximum path length of the

considered scenario.

Special hybrid model, once applied,

tends to slightly increase this value

compared to the one of the original

network (blue). The change is about

one percentage point. As stated before,

a value of CC near to 1 indicates a

high connection between neighboring

nodes (obviously, in a fully connected

network, such value is equal to 1).
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CONCLUSIONS

--InIn thisthis paperpaper aa newnew modelmodel forfor WSNsWSNs andand CNsCNs hashas beenbeen proposedproposed;;

--ByBy consideringconsidering anyany existing,existing, realreal andand appropriatelyappropriately modeled,modeled, networknetwork thethe

hybridhybrid modelmodel significantlysignificantly reducesreduces thethe averageaverage lengthlength ofof thethe shortestshortest path,path,

andand increasesincreases (even(even ifif onlyonly slightly)slightly) thethe mediummedium clustercluster coefficient,coefficient, thusthus

obtainingobtaining thosethose characteristicscharacteristics thatthat markmark thethe complexcomplex networksnetworks asas smallsmall--
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Networks obtainingobtaining thosethose characteristicscharacteristics thatthat markmark thethe complexcomplex networksnetworks asas smallsmall--

worldworld;;

-- ModelingModeling aa networknetwork asas aa CNCN maymay bebe advantageous,advantageous, inin fact,fact, reducingreducing thethe

shortestshortest path,path, thethe communicationcommunication withinwithin thethe networknetwork isis faster,faster, reducingreducing

latencylatency andand vitalvital parametersparameters suchsuch asas RTTRTT;;

--DataData MulesMules areare alsoalso ableable toto performperform loadload balancingbalancing inin thethe variousvarious pathspaths ofof

thethe network,network, avoidingavoiding overloadsoverloads andand preventingpreventing anyany performanceperformance

degradationdegradation.. IncreasingIncreasing thethe clusteringclustering coefficientcoefficient alsoalso increasesincreases thethe

resistanceresistance toto networknetwork faults,faults, inin casecase ofof aa fallfall ofof oneone oror moremore linkslinks..
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