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Abstract|R esearth into the topology control of Wir elessSen-
sor Networks (WSNSs)is geared towards modeling and analysis
of methods that may be potentially harnessedto optimize the
structur e of connections. However, in practice, the ideasand
concefis provided by reseachers have actually been rarely
usedby network designers,while sensorsystemsthat have al-
ready beendeployed and are under continued developmentin
urban ervironments frequently dier from the patterns and
reseach models available. Moreover, easyaccessto diversi-
ed wirelesstechnologiesenabling new solutionsto be empir -
ically developed and popularized has also been conduciwe to
strengtheningthis particular trend.

Keywords|empir ical appmoacd, node deployment, sensor net-
work, topologycontrol, urban environment, WSN.

1. Introduction

Theneedto usedevicesthat provide measuremerdataand

thosethat transpot thus obtainedinformationto a degina-

tion point usualy located deepinside the network is an

inextricable elementde ning the operationof arny Wire-

lessSensoMNetwork (WSN) [1]. Hence,with referenceto

WSN, a sensoris typically undersood not only asa com-

ponentthat performs measurementdyut also as an entire

small-sizenetwork node. This smallandhighly specialized
microcomputeshouldbe ecquippedwith measuremergen-
sors,butalsowith its own power suppy, awirelesscommu-
nication module,a microcontrolleror microprocessoand

memoy [2]. In addition, other componentde ning the

applicationsarea,e.g.a GPSsignalreceiwer or relays that

male the control of extemal actuatorspossible[3], may be

required aswell.

Initially, work on sensometworks involved the individual

authors own hardware designs,mainly due to the ladk

of commercialavailability of dedicatedproducts. As re-

cently as5{10 yearsago,sensoiplatformsbelongingto the

MICA2, MICAz and TelosB families were consideredto

be the mod advancedand were mog widely acceptedoy

researhers. Over the pag few years,general-puposeem-

beddedlatforms, sud asthe Arduino UNO, equippedwith

the ZigBeemodule,or the Raspbery Pi 3 Model B which

providesIEEE 802.11b/g/randBluetooth4.1 wirelesscon-

nectivity, seemto be usedincreasingy frequently. Because
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of their easyavailability, a ordable pricing and numerous
con guration options,they enableresearbers,enthusiats

andinnovatorsalike to designand deploy sensometworks

or sensoilike networks [4]{[8 ].

Another factor that suppots the developmentand imple-
mentationof WSNsis the increasingcoverage ensuredoy
di erent wirelessaccessietworks[9]{[12] thatcanbeused
to transkr data. Moreover, Low-Power Wide-AreaNetwork
(LPWAN) technologiesthatsuppot long-range low bit rate
andenepgy e cient communicatiorin sub-1GHz frequen-
cies are being developed(e.g. by LoRa Alliance, SigFox
andWeightlessSIG). In urbanernvironments sud network
infragructure may be found, mog frequentl, on top of
high-rise structures(seeFig. 1), i.e. mountedon mags or
placedon rooftops of buildings, as well as at more un-
usuallocationssud as,for instance,on the brandesof an
arti cial treeon the slopeof a hill or in palm trees. Fur-
themore, componentsproviding accessto di erent local
(shot-range) wirelessnetworks are commoninside o ce
andapatmentbuildingsaswell.

What becomesmore and more apparentis the fact that
objectswhich at rst glancearea far cry from simplesen-
sor nodes, here undersood as devices with limited com-
putationalcapabilitiesand battey-basedpower suppl, are
now being equipped with integrated sensorcapabilities.
In real-life applications,sensorfunctions are performed,
ever more frequently, by vehiclesand consumerdevices,
sud asresidentialwatermeters,mobile phonesand spotts
watces. They are often called smat objectsand are con-
sideredo be capableof providing additionalfunctionalities.
Objectssud asthesemay be combinedto form an inte-
gratedsystem and are capableof cooperatingto complete
more complex and contet-relatedtasks[13], [14]. They

are often combinedwith additional anal/tical tools and
distributed resourcesprovided by cloud computing [15].

The everincreasingpotentialin terms of the range of ap-
plications for sensotbasedor sensoilike devices, which

are already perceied as one of the componentsof the
Intemet of Things (loT), is followed, within the domains
of researb and product marketing alike, by the needfor
their furtherdi erentiation. Subsegentsubcategdeswith

their patticular functionalitiesand purposescleaty iden-
tied emepe [16], [17], including Vehicular SensorNet-
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Fig. 1. A rooftop cellular and IEEE 802.11networks basegation (left) (Pozna«,Poland, July 2011),an arti cial tree usedasa base
stationon a hillside (middle) (SophiaAntipolis, France March 2016),a wirelessstation on a palmtree (right) (Athens,Greece October

2013).

works (VSNs), Body Area Networks (BANs), home au-
tomation,smat factory or smat city, just to namea few.
All of them, however, have one thing in common{ they
perform measurementand rely on wirelesscommunica-
tion solutions[18].

In recentdevelopments,attentionis attaded not only to
functionality-relatedissues,but also to considerationge-
latedto the natureof the processeivolved andto system
of connections.The structureof connectionsand the way
they are useddependon the ernvironmentand the condi-
tions in which the network is operating,aswell ason the
assumptionsnadeand the tasksthat are to be performed.
Sud circumdancesareofteninvedigatedin simulationsof
the required type [19]. It may be stated,basedon the au-
thor's researh, that the implementatiorphaseis of a dual
nature. It is sometimesprecededby a long-tem researh
study (laging for years),but more often simply follows the
productdevelopmentstage. This leadsto a certain disso-
nancebetween researb and actual implementationprac-
tices. On the one hand, the resultsof novel researh re-
lated to optimization methodscan be relied upon [20].
On the other, however, in responsdo changablebusiness
needswell-egablishedtechnologiesand solutionsare con-
tinuousy used,while the very vision of the sensometwork
is either being simpli ed or modi ed so that it meetsthe
requirementof quick execution of ideasand commercial
adaptatiorof the productto the needsof the market.

The abore obsewation partly coincideswith the opinion,
as presentedn [21], that\althoughnew topologycontrol
algorithmsare presened on a regularbasis,topologycon-
trol hasnewer madethe breakhroughin real-world deploy-
ment$, and may be accompaniedy a statementthat the
obdaclesfacedinclude the following: unrealigic assump-
tions, unsuitablegraph structures,applicationagnosicism,
unclearrolein thestadk andinsu cient framework suppot.
The amgumentspresentedncluded insu cient utilization
of graph-basednethodsfor optimizationof the structures
of typical WSNs. In the authots opinion, with real-life
implementationsof sensottype networks, it is rather the
market situationandthe way in which innovative products
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andsewicesare createdthatis largely decisiw for the ap-
proat adoptedwith regardto topologyissues.As aconse-
guenceof this attitude,this paperprovidesa juxtaposition
betweentheoreticaland researh-basedviews on the man-
ner in which the structuresof WSNs are managd on the
one hand, and the empirical approab to deploymentand
implementationof sensotbasedsystems,as seenby a net-
work architectwith practicalexperience,on the othetr The
presentations basedon the authots experiencewith vari-

ousnetworks andhis involvementin teds pertainingto the
networks underscrutiny.

Section2 provides a de nition of the notion of topology
control, whereasSection3 presentswo typesof physical
arrangementof nodesthat may be foundin practice.Both

categores are illustrated with examplesof real systems.
Conclusionsare presentedn Section4.

2. GeneralObjectives of Network
Topology Control

Network topologyis typically undersoodto beamodelthat
descibesthestructureof connectiondbetweenthe elements
within a given network [22] andis frequently presentedn
theform of agraphG = (V ;E), whereV denoteghesetof
vertices(in otherwordsnodes sud assensors)whereas
is the setof edges(i.e. connectionshetweenvertices[23].
This notation may refer to both physical relations (rela-
tive arrangementof nodesand connectiondbetweenthem,
directy ssemmingfrom the propeties of the transmission
mediumapplied)andlogical relations(an operationakon-
guration basedmethodfor transmittingdatavia the net-
work from the starting point to the end point, betweenthe
elementsof the network's infragructure[24]. As a result,
physical and logical topologiesmay be distinguished[25].
Topologycontrolis a relatednotionandin generalencom-
passedi erent aspectsrelatedto planning, maintenance
andadaptatiorof the system of connectionswithin a given
network [26]. Topologymana@mentis analtemative term
usedon someoccasiong27], [28].
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In its broadesandthe mog diversescope topologycontrol
is closel connectedwith wirelessnetworks, not only due
to the variable characterof radio communicationsbut also
dueto thepatticularfeaturef devicesthatrely onwireless
transmission. Topology control is digtinctively illustrated
with regardto the ad-hocnetworks[29]{[31], andbecomes
of specialsigni cance within the WSN contet. As the
developmentof sensornetworks progressesthis issueis
gaining in importanceand re ects the increasingf more
detail-ofientedandextensiwe sciutiny of eat of theaspects
in uencing the network structure.

Santi statesthat \ topologycontrol is the art of coordinat-
ing nodes decisionsregarding their transmittingranges,in
order to geneate a network with the desited propetties,
e.g.connectivity while reducingnode enegy consumgion
and/or increasingnetwork capacity® [26]. Labradorand
Wightmanpoint out, morebroady, that\topologycontrol is
thereorganizationandmanag@menibof nodeparameersand
modesof opemtion from time to time to modify the topol-
ogy of the network with the goal of exendingits lifetime
while presewingimportant characterigtics, sud as network
and sensingconnectivityand coverage" [32]. At the same
time, they emphasizethat the above de nition refers not
only to the control of the transmittingpower of sensors,
but alsoto turning on andshuttingo nodesdependingon
current needs.Aziz et al. provide the following de nition
\topologycontrol is a technique that usesany controlled
network parameer to geneilte and maintaina topologyfor
the bene ts of reducingenegy consumfion and achieving
a desied propetty for an entire network" [33]. Li et al.
presentjn turn, aview thattopologycontrolis afundamen-
tal benchmark\ which characterizeshow well a sensingeld
is monibred and how well ead pair of sensos is mutually
conneced in WSNS$ [34]. Consegently, studies related
to topology control may include invedigationsinto oper
ational managmentand transmittingpower control of ra-
dio moduledq35], [36], enegy-haveding [37], interference
prediction[38], aswell assensomplacemen{39], network
coverage [40], logical network structureand messag rout-
ing [41], [42], nodefunctionaldiversi cation andhierardy
(e.g.chaining[43], and clugering [44]).

Having closely examinedthe developmentof this partticular
domainand taking advanta@ of the de nitions presented
above, it canbe generalizedhat the term topologycontrol
covers all activities intendedto in uence the physical or
logical structureof a network in orderto optimize the way
the network executesits taskswhile retainingthe expected
propeties.

3. SensomModesDeployment

Node deplgymentis the basicelementthat in uences the
way thetopologyof asensomnetwork is controlled[1], [45].
Moreover, the empiiical practicesrelatedto topology con-
trol in commercialy-orientedventures asdiscussedn the
following sectionsseemto focus, rst andforemos, onthe
distribution of nodes.
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In real applications,dependingon patticular requirements
or ervironmentalconditionsin which a given sensornet-
work operatesrandom[40] or deteministic [46] distribu-
tion of network nodesmay be distinguished. This distri-
bution may be predictedat the designingstage, or canbe
partly or totally randomin a dynamicaly changingwork-
ing ervironment. In mary realapplicationst is di cult or
evenimpossibleto assigna giventype of nodedistribution
within a network (or a part thereof)to just one of two cat-
egoiies. One shouldnot forget that eat sensorstructure
is characteized by a cettain degee of deteminism (there-
forealsoa degeeof randomnessthatwill vary alongwith
changsin the extemal environment,thoughfrequently to
an extentthat canbe neglectedn a given application.
The following subsectiongliscussboth typesof nodede-
ployment schemesthat may be encounteredn urban en-
vironments,i.e. randomdeploymentand deteministic de-
ployment,and provide examplesof their implementations.

3.1. RandomDeployment

Sincethevery beginningof work on WSNs,a generalview
hasprevailedin theliteratureof the subjectthatrandomde-
ploymentof nodeq40] is thefundamentabpproab, seves
asthe point of depature while congructing WSNsandis
typical of this group. Oneof the basicareasof application
for sudh a network is monitoring the parametersof the
natural ervironment (e.g. temperatureor pressure)[47].
Much attentionhasbeenthengivento methodsfor random
deployment of sensorswhile one of the mog frequently
mentionedexamplesillustrating the above would be a situ-
ationin which sensordevicesaredroppedfrom an aircraft
over the areato be monitored[48].

The sheemultitude of potentialapplicationsof sensomet-
worksthathasbeenidenti ed over neaty two pag decades
hasled to numerouscomple conceptselatedto the con-
struction of the networks physical topologies. Many of
themdepat from randomnes®f nodedeplayment,under
stood in the direct and unconditionalmanney by introduc-
ing somekind of order In the authots opinion, one of
the mod intereding scenaios is a network in which the
sensoraredeplo/edin an unknonvn working ervironment,
with the processcaried out accordingto a prede nedal-
gorithm and basedon information obtainedduring actual
deployment[49].

Other networks that should also be notedwithin this con-
text include VSNs, in which a sensornetwork typically
covers the intendedarea{ a road and its close$ sur
roundings{ and may be spreadover tens or even hun-
dredsof kilometers.In the caseof sud networks, onemay
speakof a combinationof randomnesand deteminism,
i.e. a certain portion of the sensorsare deplo/ed perma-
nently alongsidethe road, while the sensorghat commu-
nicatewith them are thosethat may be deplo/ed in vehi-
cles. Their digtribution is randomin sud a caseand they
frequently remainbeyond the control of sensornetworks
operators[50]. Vehiclesmay be then viewed as mobile
agentsthatperform notonly tasksassignedo them,butalso
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additionalfunctionsthat relate to stationay sensorg51].

Currently, it is rare that nodesin sud systemscommuni-
cate betweenone anothey becausaypically the exchange
of informationis performedwith a centralpoint only (e.g.
a control centeror a data collection software). Further

more, in the caseof VSN, it is commonto omit is-
suesrelatedto limitations of enegy sourcesor compu-
tational power { so important in traditional WSNs [52].

This is why the larges numberof implementedexamples
of sensoitypeandsensoilik e networks may befoundin the
group of systemsrelatedto transpot and presentedn the
subsegent subsections.It is worthwhile noticing, at this
point, thatthe larged systemsof this type, basedon smat-

phonesthat seve as mobile agents, form today's mog

widely usedsensornetworks and that their numberand
scopeof functionalitiesare depictedby a continuousup-
ward trend.

3.1.1.Mobile Measurement Agent within INEA
Network

Following the researh studiesinitiated by the authorand
caried out togetherwith the associatesrom INEA, a re-
gional Polish telecommunicationsperatoy it was possible
to pefform measurementselatedto the operationof ra-
dio networks that are basedon the IEEE 802.11family of
communicationstandards[53]. A detaileddesciption of
the teds and an anaysis of the resultsobtainedare pre-
sentedin [11], while the conclusionsfrom this work are
presentedelon.

The rst group of expelrimentswasperformedusingaccess
points providing wirelessIntemet accesswith the use of
the 2.4 GHz band, to the passengrs of 330 public trans-
port vehiclesin Pozna<andKonin, two citiesin the Greater
Polandregion. The movementof thoseagentswasbeyond
ary control of the telecommunicationsietwork operator
becauset was the transpot operatorthat decidedabout
the movementof the vehiclesinvolved, at the sametime
impactingthe topology of the network. By relying on de-
vices known as RouterBoardRB751U deplojed in trams
and busesand equippedwith a 2.5 dBi antennaand a 4G
cellular network modem-basediplink (providing Intemet
connection)a collectionof samplesvasperformedin ead
vehicle once every 15 minute. The important parameters
includednoise oor level (badgroundnoise),expressedn
dBm, and the valuesof the Received Signal Strength In-
dicator (RSSl)relatedto ead of the connecteduserswere
recorded. In this way, reliable around-the-clok distribu-
tions for the urbanernvironmentwere obtained thus allow-
ing a technical and a businessanaysis useful for INEA to
be performed.

The around-the-clok distribution of the average noise oor
thatoccuredover the period of onemonthwaspatticulay
intereging. In orderto verify the distributions obsewed,
they werecomparedwith the resultsobtainedwith the help
of 10 stationaty INEA accesgointsoperatingn the5 GHz
band,locatedon mags and on rooftops. It turned out that
both trendswere neaty identical, which is cleaty visible
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Fig. 2. Averag noise oor obseved with the use of INEA's
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in Fig. 2. Ead pointin the graphcorrespondgo the aver
ace valuefrom a givenmonth,whereacon denceintervals
comrespondto standarddeviation. Becausghe comparson
involved a mobile network and a stationay network, both
operatingin di erent ervironmental conditions and with
the applicationof antennaswith a much higher gain and
on otherfrequenciesthe conclusiondrawn is the changes
in noise oor weremainly causedoy extemal factorsand
were not typical of humanactivity. Further studieswere
conductedin 2017 with the use of a stationay 3.5 GHz
IEEE 802.16eWiMAX network, yielding similar charac-
teristics and suggeging that they may result, in addition
to otherfactorsthat areyet to be identi ed, from ambient
temperaturd54] changs.

The other group of expelimentsinvolved issuesrelatedto
theoperatiorof morethan20thousandx edresidentiaMVi-
Fi hotspotsj.e.IEEE802.11accespointsthatwerelocated
at INEA cudomer$ homes. Ead INEA subsciber takes
adwanta@ of a community Wi-Fi sewice basedon home
routersconnectedo the INEA _HotSpotWiFi network.
The expelienceof mobile userswasver ed usinga smat-
phone equipped with an IEEE 802.11a/b/g/n/ac(2x2
MIMO) radio module,GPSand GLONASS navigationre-
ceiver, as well as measuremenand communicationfree-
ware. The teg to be caried out involved measurementsf
signal parametersand extraction of technical information
for ead Basic Sewice Set Identi er (BSSID) obsewed.
During the ted, the userwasmoving, with the smatphone,
on the sidewvalk, betneenmulti-story apatment buildings
in council housingedatesbuilt in the 1970s. It was ob-
sewred that 313 out of 1874 BSSIDs used the Sewice
Setldenti er (SSID) with the nameINEA HotSpotWiFi.
The teds performed indicate that 59% of INEA residen-
tial hotspotscould have beenusedfor corversationswith
the use of Voice over IP (VolP), provided that the user
standingon a sidevalk was connectedo the accesgoint
andthat the strengthof the signal received was not lower
than 75dBm.

3.1.2.Yanosik Driving Assistant and notiOne Location
Beacon

The developmentof mobile radio-locationsystems,aswell
asincreasingy commonpadet datatransmissiorhasled
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Fig. 3. Pozna«city centerroadtrac mappresentedy Yanosik(ver. 3.1.1.1),9 May 2017.

to widespreadise,amongdrivers,of sensorsystemsbased
on mobile agents. No datidical compaisons are avail-

able that would illustrate the populaity of paticular so-

lutions, but, basedon market obsewrations,one may come
to a conclusionthatthe Yanosikdriving assisant, operated
by a Pozna«-basedompary namedNeptis, is the leading
platform amongPolish drivers. On the global scale,sud

applicationsas Google Maps, HERE WeGo and Wazeare
basedon similar concepts.

The Yanosikdriving assisantis primarily a sysemusedfor
exchanginginformation and wamings betweendrivers, re-
lying on dedicateddevicesand smatphoneqa specialfree
apphasto beinstalled). Both devicesneedto be wirelessy
connectedo the Intemet (usualy via a cellular network)
to actasmobile agents.Vehicles(devices)do not commu-
nicate directly with other road usersbecausethe entirety
of the exchang of informationis performedon the cen-
tral operators hog platform. This network hasa dynami-
cally variable randomtopology of the logical star type, in
which the location of hodesdependson the situationon
the road.

Drivers who repott events, sud as road accidents,road
works or a police patrol, are the sourceof information.
Along with a repot, additionalinformation is forwarded
onthe usefs location. A smatphonewith the Yanosikapp
may bealsousedasa navigationsystemwith real-timetraf-
¢ sewice. As indicatedin a releaseissuedto the author
by Neptisin April 2017, at its peaktimes, the system is
usedby over 150,000concurent users,which meansthat
it compiisesthe samenumberof sensornodes. The fur-
ther processingof datamakesit possibleto develop real
time tra c intensitymaps(Fig. 3). In addition,the author
wasshawvn theresultsof aninvedigationthatdemongrated
the useof informationgatheredfrom sensoreembeddedn
smatphones(accelerometerand gyroscopes)n order to
evaluate the quality of roadsand driving comfort. This
enableddataon vibrationsexpetiencedby driversand ve-
hicles, while in motion, to be analzed. The smoothness
of trac ow andthe averag speedwere sudiedaswell.

112019

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

In more comple network topologies, smatphoneso er
wirelessinterfacesof di erent typesand make it possible
to connectwith devicesof othertypesto executeadditional
agentfunctions. This providesa basisfor the operationof
devicesknown asnotiOne,which arethe so-calledbeacons
(seeFig. 4). Thesesimpleandsmall-scalenobiletransmit-
ters broadcas signal that includesa device identi er and
may be received by smatphonesthat happento be in the
vicinity. In this way, the locationof the beaconis approxi-
matedbasedntheaccuratdocationof the smatphonethat
receivedthebeacors signal. E ectivenessandaccuracyof
sud geolocationdependn the numberof nearly smat-
phoneson which softwareco-operatingvith the systemhas
beeninstalled.

Vinnic
CR1632

notiOnecom

x}-

L))
Ox o
Sty js 5@

Fig. 4.
battey.

OpenednotiOne beaconwith a CR1632 button cell

The beaconmay be attadhed to a key pendantor a dog
collar, sothatif lost, it makesit possibleto easiyy obtain
information on its location by meansof a dedicatedapp.
The location highlightedon the mapwill indicatethe spot
where the beacofs signal was receiwed for the lag time.
The notiOnedevice is poweredby a buttoncell batter that
allows the device to work for neaty oneyear, with therange
up to 90 m using Bluetooth4.0 Low Enegy connectivity
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3.1.3.The Veniam System

The activity of Veniamsewnesasa goodexampleof a suc-
cessfulimplementationof researb work on mobile sen-
sor networks in a commercial product. The compary's
founders,Barros, Cardote,and Sagento, were previously
involvedin researh on mobileandsensomnetworks,among
others[55]{[58]. In 2003,asa resultof their work, com-
missionedby city authoities, Veniam launded in Porto,
Portugal, a mobile wirelessnetwork targetingto collectthe
resultsof measurementperformedin the urban erviron-
ment and improving the operationale cacy of the city's
transpot andsewice utility vehicles.Recenty, the network
compiisedneaty 350 vehicles(busespolice cars,garbag
trucks, taxi cabs)[59]. Thesevehiclesare equippedwith
adevice thatsevesasanaccesgoint (with a network in-
terface,etc.) known asNetRider To provide connectivity
radio basestations are used, operatingin the bandwidth
of 5.9 GHz accordingto the IEEE 802.11pstandardfor
the mobile ervironment,in particular for the so-calledin-
telligent Transpot Systems(ITS) [60]. Ead accesspoint
servesasan|EEE 802.11gwWi-Fi hotspotandmakestheIn-
temetavailableto passengrs. Sensorareplacedinsideve-
hiclesto make ervironmentalmeasurement@ndto monitor
the eet. Thevehiclesmay communicatevith oneanother
andsere asmobiletransceiers(calledmobilerelays) [28],
makingindirect, realtime communicatiorbetweenthe con-
trol system andthe out of range vehiclespossible.In turn,
whencommunicatiorin realtime is not possibleor su ers
from delays, thusforming, in fact, a delay tolerantnetwork
(DTN), afunction of dataextractionandtemporay bu er-
ing, mog frequently calleddataMULE (Mobile Ubiquitous
LAN Extension)61], is performed. If avehiclethatpassed
neara stationay sensorocatedat the edge of the roadis
just outsidethe basestation coverage, the readingis taken
(receiving a portion of datausing IEEE 802.11or Blue-
tooth) by usingthe local memory of the mobile agent, with
dataforwardedto the centralrepositoy oncethe connec-
tion with the basestation hasbeenreesablished[62]. The
system emplgys a complex and variable topology of con-

nectionsthat is successfujl createdby meansof di erent
modelsand methodsfor wirelesscommunication.

The authorhashad a chanceto examinethe Veniamnet-
work's controlandmanagmentpanel.Thevirtual erviron-
mentsoftware makesit possibleto monitor the network in
real time andto store and anayze the dataextracted. The
locationof ary vehicleis presentedjust asaretheegimated
range of the hotspotand the live tra c intensity map for
the areacovered.

3.1.4. Automated Road Passengr Transport

Transpot automationis anotherareaof sensomapplications
that is cumrently under development. One of the leading
Europeanprojectsin this areawas CityMobil2, launded
in 2012 and concludedin Augug 2016, co- nancedunder
the Europearlnion's SeventhFrameavork Progamme[63].

The goal wasto createa pilot automatedpassener road
transpot platform with automatedand autonomousvehi-

cles,andto cary out teds in a numberof Europearurban
ervironments[64]. The platform was madeup of electic

vehicles,i.e. mini busesequippedwith wirelessinterfaces
for communicatiorwith the control center aswell aswith

sensorsnecessar for the unmannedvehiclesto operate.
The entire system useda central controller that gathered
datatransmittedby the vehiclesand controlledthe vehicle
movement, hencethe physical network topology In ad-
dition, the personnelwas capableof override the control
system.

In 2016, the author had a chanceto visit a demonsra-
tion route used by autonomousvehicles in the Frent

SophiaAntipolis technology park, and took a ride in the
EasyMile EZ10 autonomousrehicle shavn in Fig. 5. The
one-kilometerted lane with v e stops was usedby three
autonomousshuttle sewice vehicles,ead with the capac-
ity of 9 passengrs. By using a GPSreceiwer, proximity

detectorsand accelerometerghe vehicleswere capableof

adjuging the driving speedo otherroadusersandavoided
obdaclesor, altematively, stoppedbefore them if avoid-

ing the obdacle wasimpossible. When this wasthe case,

Fig. 5. EasyMile EZ10 (left), dedicatecbuslane (middle), and autonomousehicle precedencsign (right) (SophiaAntipolis, France,

2016).
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the vehiclesweresendinginformationto the control center
requeging operators intervention.

The primary reasonfor the operators presencen the au-
tonomousvehicle was, accordingto the operator the re-
griction imposedby applicable Frend legal regulations
that do not allow vehiclesto be admittedto streetsand
roadswithout a personauthoizedto drive themon board.
The other reasonwas the occurenceof a potentialy dan-
geroussituation, due to the pilot stage of the project. In
fact, this turnedout to be necessarwhen,for example,the
boardcomputercrashedwhena situationoccured on the
road that had not beenforeseernin the control algorithms
applied,or whenan uncontrollablepanicattadk took place
amongthe passeners.

During theteds, a collision of a cardrivenby a humanand
oneof theunmanned/ehiclesoccuredat the only crossing
of the dedicatedbus lane with a generaltra c road, and
asa resultthe presenceof the operatoralsoturnedout to
be necessar.  Following this accident,to make the ted
and demongration route more conspicuougo other road
users,it was additionaly marked with noticeablepoders,
anda STOPtra ¢ signwith avisible note\ priorite nawette
autonomé (Frend for \ priority for theautonomousshuttle
bus"), asshavn in Fig. 5, wasingtalled.

The teds have shavn how diversi ed problemsneedto be
foreseenand predictedwhile designingautonomoussys-
tems operatingin a dynamicaly changing ervironment.
Moreover, more integratedand complex informationis to
be extractedby meansof di erent sensorsegnablinga fag
andreliable interpretationof theroadtra ¢ situation.

3.2. Deterministic Deployment

Deteministic deployment of nodesin WSNs is the sec-
ond categoy identi ed in the processof creatingphysical
topologies.For example,someof indudrial WSNs are ca-
pableof using x edor controllablenodedeployment(distri-
bution) schemes.This type of a network would be tasled,
for example, with monitoring the vibration signaturesto
predictmaintenanceeedq65]. Manuall deplojedsensor
networks with camerasand microphoned66] are also be-

ing consideredor implementation.In addition,in various
researh projectsrelatedto natural environment monitor
ing, sensoraredeplojed manualy. This makesit possible
to adjug network topologyto the natureof phenomenab-
served andto the assumptiondasedon which the expeti-
mentsare to be caried out. As often as not the location
of nodesremainsdeteministic (in mod casesit changs
slonly or remains x ed) during their sewice life (e.qg. this
is the casewith invedigations concening volcanic phe-
nomenal45]). The deploymentof nodesor the range of
their relocationmakesit possibleto prolongthe operating
time of a network. This canbe alsoadieved, for example,
by secuing sud distancesbetweensensorghat would en-
ablethe routing medanismsappliedto remainoperablein
the mod e ective way, without the needto manipulatethe
power of transceiers[1], [39].

In consumeapplicationshomeautomatiorsystems(other
wise known as smat home systems)becomeincreasingy
popular Usuall, they have the featuresof a small-scale
sensornetwork and take advantag of wirelesscommuni-
cation protocols,sud as BluetoothLow Enegy, ZigBee,
Z-Wave and 6LOWPAN [67]. Their physical topology is
usualy detemined at the installation stage dueto the op-
erationalrange beinglimited to just one propety, whereas
network communicatiortakesplacepredominant} directly
betweenthe nodeandthe basegtation (control center),and
only occasionall with the use of intermediay network
nodes[68]. In multi-family housesradio-enablecklectic-
ity meters[69] or water meters[70] may also be found,
often placedinconspicuousl but e ective in performing
their measuing functions.

3.2.1.Sensor Network in Cisco openBelin Innovation
Center

The sensornetwork laundied in Berin, Gemary, at the
CiscoopenBelin Innovation Center is an example of the
deteministic deploymentscheme . Thenetwork is usedboth
asabadkboneof a smat homesystem andasatesbedon
which researh projectsof companiesa liated with open-
Bedin areevaluated[71] (Fig. 6).

Fig. 6. CiscoopenBelin Innovation Center(left) andBosch XDK110 basedsensometwork (right) (Bedin, Gemary, 2016).

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

112019

53



Bartosz Musznidi

The authorhada chanceto examinethe component®f the
ted anddemongationset,aswell asto verify thetopology
of the network deployed within the building that consised
of several hundrednodes. The nodehardwareis basedon
the Bosth XDK platform. The devices are locatedat dif-
ferent places, including cable suppot ceiling systemsin
the o ce sectionor nearceiling joists in the recreational
section,as shawn in Fig. 6, and are marked with dotted
circles. TheBosd XDK110 nodeis a hardwarecomponent
equippedwith a 32-bit ARM Cortex-M3 microcontroller
1 MB Flash memoy, 128 KB RAM, a Micro SD card
reader Bluetooth4.0 Low Enegy and IEEE 802.11b/g/n
modules 560mAh rechamgeablebattely andcontains8 sen-
sors: an accelerometera gyroscope,a magnetometeras
well as humidity, pressuretemperatureacousic and light
sensors. The network is usedas a sourceof datafor the
system developed by an IoT compaty known as Relayr,
and allows temperatureand lighting inside the building to
be controlled.

3.2.2.Fibaro Home Automation System

The Fibaro homeautomationsystem complisesa hog con-
troller thatwirelessy managsthe attahedsensorandac-
tuators(Fig. 7). The sensorsncludesmole, ood andmo-
tion detectorsdoor or window openingsensorsaswell as
a universaldevice thatallows ary sensomwith a binary out-
putto beaddedo thesystem. In addition,sud components
as a switch-key in the electic wall sodet enclosurewith
an enegy consumptionmeasurementunctionality, roller
andgate shuttersJighting controlleror relay switchesmay
also be used. The system is capableof co-operatingwith
a homeweatherstation, wirelessspealersor cameras.

Fig. 7. Component®f FIBARO homeautomationsystem.

It should be stressedthat componentsof the Fibaro sys-
tems communicatevia the Z-Wave protocol, and not via
IEEE 802.15.4ZigBee [72] that is in commonusein re-
seart ervironments.The Z-Wave protocolwasinitially de-
velopedby the ZenSys, and was then largely usedby the
standardizatiororganizationITU-T for the developmentof
the G.9959 recommendatiorf73]. Radio communication
relying on the Z-Wave protocol uses,in Europe, primar
ily the 868.42 MHz frequencyband, but systemsfor the
2.4 GHz band are available as well. Data is routed be-
tweennetwork nodesby assigningidenti ers, whereashe
throughputis not more than 40 kbps [74]. For a com-
mercially available device to be capableof making use of
the protocol, it hasto be equipped by the manufcturer
with a Z-wave communicatiormodule,sold separatsf, and
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thencetti ed for interoperabilityto comply with thelicense
ageement.

4. Conclusions

Sensometworkscontinueto raisetheinteres of researbhers
who pursuefurtherimprovementgo comple problemsand
proposepotential innovative applications. Network tech-
nologies and hardware platforms are being developedin
parallel,while moreandmoretypesof devicesareequipped
with sensorcomponentsBY striving to optimizethe opera-
tion of WSNs, it is possibleto make useof or draw inspira-
tion from new ingeniousconceptsand products.However,
despitethe availability of a numberof new solutions,in
today's real-life sensometwork deploymentsthat enjoy an
egablishedreputationamongtheir usersand are commes
cially successfuin urbanervironments,onemay primarily
list only thosethat treatthe idea of WSNsin a rathersim-
plied manney or thosethat have beeneven developedin
isolation from elaborateand comple scienti ¢ researb.
Hence,sensotbasedsystemsand productsare often more
loosel termed as loT, smat home, etc. This is patticu-
larly visible in the areaof topology control that can be
analzed and executedas a complex and multifacetedre-
seart problem,while it is still hardto nd goodexamples
of its implementationsn which it would congitute one of
the main issues. It seemsthat, in practice,the prevailing
model of implementations empirical, i.e. dravs from ex-
petiments,pag experience,beg practicesandintuition. In
someimplementationspetwork topologyis even unknaw-
ingly or deliberatey pushedasidefrom the areasof interes
or remainsbeyond ary signi cant interes of network de-
signersinvolvedin a project{ asa componenbf indugry
standardsor licensed protocolsimplementedin building
blocks relied upon.

The primary or exclusive aspecbf topologycontrolis then
reducedin its essencenerey to the deploymentof nodes.
In applicationsrelatedto transpot, randomnessnd vari-
ability of nodedeployment,andhencehephysicaltopology
of thenetwork, gtill remainthedominantelement.In appli-
cationsencompassinpuilding automatiorsystems,in turn,
it is the deteministic and static distribution of nodeses-
tablishedduring the installation of ead of the components
that remainsdominant.

Although sensomproductsandsewicesavailabletoday till
remainat di erent, frequently eaty stagesof development,
they allow givenassumptionso beveri ed andlinesof ac-
tion to be comrected,so that they would meetthe expected
needsin the beg possibleway. This might be one of the
factorsfacilitating the introductionof sensoror sensoilike
networks into commonuse. This situationbrilliantly illus-
tratesthe often ovelooked signi cance of an appropiate
and fruitful combinationof researh activities and market
operability In the areaof sensometworks,a numberof re-
seart invegigationsoutpace by decadesthe currentmar
ket needsor the implementationcapabilitiesavailable. As
aresult,despitetheir researh excellence they might never
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be adoptedn practicein their full andextensiwe forms. In-
novative businesenteprisesmay not be ableto undetake
arisk or acceptcods of animplementatiorof too comple
andseemingy expendablédeas.No wonderthenthatthey
tendto choosereadymadeandeasiy availablecomponents
andprovensolutionsthatmale it possiblefor themto focus
onfunctionalityissuegatherthanon detailsof all-technical
aspects. This, however, is often done at the cog of get-
ting attahedto license-éepaying technologiesthatarenot
fully openand, more importantly, are developedby some
other companies. As a result, businessenteprises chose
to provide Minimum Viable Product(MVP) as quickly as
possible,i.e. sud a productthat would in the mod favor-
ableway satisfythe expectationf the rst group of users
andwould allow the productto be further developed[75].
It is importantthen that scientiss in their researh e or ts
are ableto follow the market developmentsandtry to un-
derdandcumrentandfuture needsof prospectie usersand,
wherever possible chek andstreamlinetheir new ideasin
close cooperationwith operatorsof already existing net-
works and systems[76]. Moreover, socially-orientedand
valuable results may be achieved when researh invegi-
gations provide oppotunities to transbrm them into real
systems. Then, by gaining practical relevance,they will
have a chanceto enterthe maingreamand be appreciated
by standardizatiororganizationsthus, at leag to a certain
degee,bein a positionto shapethe way sensometworks
areimplementedn the future.
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