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Abstract|R esearch into the topology control of Wir elessSen-
sor Networks (WSNs)is geared towards modeling and analysis
of methods that may be potentially harnessedto optimize the
structur e of connections. However, in practice, the ideasand
concepts provided by researchers have actually been rar ely
usedby network designers,while sensorsystemsthat have al-
readybeendeployed and are under continued development in
urban envir onments fr equently di�er fr om the patterns and
research models available. Mor eover, easyaccessto diversi-
�ed wir elesstechnologiesenabling new solutions to be empir -
ically developed and popularized has also been conducive to
strengtheningthis particular tr end.

Keywords|empir ical approach, node deployment, sensornet-
work, topologycontrol, urban environment,WSN.

1. Introduction

Theneedto usedevicesthatprovidemeasurementdataand
thosethat transport thusobtainedinformationto a destina-
tion point usually locateddeep inside the network is an
inextricable elementde�ning the operationof any Wire-
lessSensorNetwork (WSN) [1]. Hence,with referenceto
WSN, a sensoris typically understood not only asa com-
ponentthat performs measurements,but also as an entire
small-sizenetwork node.This smallandhighly specialized
microcomputershouldbeequippedwith measurementsen-
sors,butalsowith its own powersupply, awirelesscommu-
nication module,a microcontrolleror microprocessorand
memory [2]. In addition, other componentsde�ning the
applicationsarea,e.g.a GPSsignal receiver or relays that
make thecontrol of external actuatorspossible[3], may be
required aswell.
Initially, work on sensornetworks involved the individual
authors' own hardware designs,mainly due to the lack
of commercialavailability of dedicatedproducts. As re-
cently as5{10 yearsago,sensorplatformsbelongingto the
MICA2, MICAz and TelosB families were consideredto
be the most advancedand were most widely acceptedby
researchers. Over the past few years,general-purposeem-
beddedplatforms,such astheArduinoUNO, equippedwith
the ZigBeemodule,or the Raspberry Pi 3 Model B which
providesIEEE 802.11b/g/nandBluetooth4.1wirelesscon-
nectivity, seemto beusedincreasingly frequently. Because

of their easyavailability, a�ordable pricing andnumerous
con�guration options,they enableresearchers,enthusiasts
andinnovatorsalike to designanddeploy sensornetworks
or sensor-like networks [4]{[8 ].
Another factor that supports the developmentand imple-
mentationof WSNs is the increasingcoverage ensuredby
di�erent wirelessaccessnetworks[9]{[12 ] thatcanbeused
to transferdata.Moreover, Low-PowerWide-AreaNetwork
(LPWAN) technologiesthatsupport long-range low bit rate
andenergy e�cient communicationin sub-1GHz frequen-
cies are being developed(e.g. by LoRa Alliance, SigFox
andWeightlessSIG). In urbanenvironments,such network
infrastructure may be found, most frequently, on top of
high-rise structures(seeFig. 1), i.e. mountedon masts or
placedon rooftops of buildings, as well as at more un-
usuallocationssuch as,for instance,on thebranchesof an
arti�cial tree on the slopeof a hill or in palm trees. Fur-
thermore, componentsproviding accessto di�erent local
(short-range) wirelessnetworks are commoninside o�ce
andapartmentbuildingsaswell.
What becomesmore and more apparentis the fact that
objectswhich at �rs t glancearea far cry from simplesen-
sor nodes,here understood as devices with limited com-
putationalcapabilitiesandbattery-basedpower supply, are
now being equipped with integrated sensorcapabilities.
In real-life applications,sensorfunctions are performed,
ever more frequently, by vehiclesand consumerdevices,
such asresidentialwatermeters,mobilephonesandsports
watches. They areoften calledsmart objectsandarecon-
sideredto becapableof providing additionalfunctionalities.
Objectssuch as thesemay be combinedto form an inte-
gratedsystem andare capableof cooperatingto complete
more complex and context-relatedtasks [13], [14]. They
are often combinedwith additional analytical tools and
distributed resourcesprovided by cloud computing [15].
The ever-increasingpotential in terms of the range of ap-
plications for sensor-basedor sensor-like devices, which
are already perceived as one of the componentsof the
Internet of Things (IoT), is followed, within the domains
of research and product marketing alike, by the needfor
their furtherdi�erentiation. Subsequentsubcategorieswith
their particular functionalitiesand purposesclearly iden-
ti�ed emerge [16], [17], including VehicularSensorNet-
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Fig. 1. A rooftop cellular and IEEE 802.11networks basestation (left) (Pozna«,Poland,July 2011),an arti�cial treeusedasa base
stationon a hillside (middle) (SophiaAntipolis, France,March 2016),a wirelessstationon a palm tree(right) (Athens,Greece,October
2013).

works (VSNs), Body Area Networks (BANs), home au-
tomation,smart factory or smart city, just to namea few.
All of them, however, have one thing in common{ they
perform measurementsand rely on wirelesscommunica-
tion solutions[18].
In recentdevelopments,attentionis attached not only to
functionality-relatedissues,but also to considerationsre-
latedto the natureof the processesinvolvedandto system
of connections.The structureof connectionsand the way
they are useddependon the environmentand the condi-
tions in which the network is operating,aswell ason the
assumptionsmadeand the tasksthat are to be performed.
Such circumstancesareoften investigatedin simulationsof
the required type [19]. It may be stated,basedon the au-
thor's research, that the implementationphaseis of a dual
nature. It is sometimesprecededby a long-term research
study (lasting for years),but moreoftensimply follows the
productdevelopmentstage. This leadsto a certain disso-
nancebetween research and actual implementationprac-
tices. On the one hand, the resultsof novel research re-
lated to optimization methodscan be relied upon [20].
On the other, however, in responseto changeablebusiness
needs,well-establishedtechnologiesandsolutionsarecon-
tinuously used,while thevery vision of thesensornetwork
is either being simpli�ed or modi�ed so that it meetsthe
requirementof quick execution of ideasand commercial
adaptationof the productto the needsof the market.
The above observation partly coincideswith the opinion,
as presentedin [21], that \ althoughnew topologycontrol
algorithmsare presented on a regularbasis,topologycon-
trol hasnever madethebreakthroughin real-world deploy-
ments", and may be accompaniedby a statementthat the
obstaclesfacedinclude the following: unrealistic assump-
tions,unsuitablegraphstructures,applicationagnosticism,
unclearrole in thestack andinsu�cient framework support.
The argumentspresentedincluded insu�cient utilization
of graph-basedmethodsfor optimizationof the structures
of typical WSNs. In the author's opinion, with real-life
implementationsof sensor-type networks, it is rather the
market situationandthe way in which innovative products

andservicesarecreatedthat is largely decisive for the ap-
proach adoptedwith regardto topologyissues.As a conse-
quenceof this attitude,this paperprovidesa juxtaposition
betweentheoreticalandresearch-basedviews on the man-
ner in which the structuresof WSNs are managed on the
one hand,and the empirical approach to deployment and
implementationof sensor-basedsystems,asseenby a net-
work architectwith practicalexperience,on theother. The
presentationis basedon the author's experiencewith vari-
ousnetworksandhis involvementin tests pertaining to the
networks underscrutiny.
Section2 provides a de�nition of the notion of topology
control, whereasSection3 presentstwo typesof physical
arrangementsof nodesthatmay be foundin practice.Both
categories are illustrated with examplesof real systems.
Conclusionsarepresentedin Section4.

2. GeneralObjectivesof Network
TopologyControl

Network topologyis typically understoodto beamodelthat
describesthestructureof connectionsbetweentheelements
within a given network [22] andis frequently presentedin
theform of agraphG = (V ;E), whereV denotesthesetof
vertices(in otherwordsnodes,such assensors),whereasE
is thesetof edges(i.e. connections)betweenvertices[23].
This notation may refer to both physical relations (rela-
tive arrangementof nodesandconnectionsbetweenthem,
directly stemmingfrom the properties of the transmission
mediumapplied)andlogical relations(an operationalcon-
�guration basedmethodfor transmittingdatavia the net-
work from the starting point to the endpoint, betweenthe
elementsof the network's infrastructure[24]. As a result,
physical andlogical topologiesmay be distinguished[25].
Topologycontrol is a relatednotionandin generalencom-
passesdi�erent aspectsrelated to planning, maintenance
andadaptationof thesystemof connectionswithin a given
network [26]. Topologymanagementis analternative term
usedon someoccasions[27], [28].
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In its broadest andthemost diversescope,topologycontrol
is closely connectedwith wirelessnetworks, not only due
to thevariablecharacterof radiocommunications,but also
dueto theparticular featuresof devicesthatrely onwireless
transmission.Topology control is distinctively illustrated
with regardto thead-hocnetworks[29]{[31 ], andbecomes
of specialsigni�cance within the WSN context. As the
developmentof sensornetworks progresses,this issue is
gaining in importanceand re
ects the increasingly more
detail-orientedandextensivescrutiny of each of theaspects
in
uencing the network structure.
Santi statesthat \ topologycontrol is the art of coordinat-
ing nodes' decisionsregarding their transmittingranges,in
order to generate a network with the desired properties,
e.g.connectivity, while reducingnodeenergy consumption
and/or increasingnetwork capacity'' [26]. Labradorand
Wightmanpointout,morebroadly, that\ topologycontrol is
thereorganizationandmanagementof nodeparametersand
modesof operation from time to time to modify the topol-
ogy of the network with the goal of extendingits lifetime
while preservingimportant characteristics,such asnetwork
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 parameter to generate andmaintaina topologyfor
the bene�ts of reducingenergy consumption and achieving
a desired property for an entire network" [33]. Li et al.
present,in turn, aview thattopologycontrolis a fundamen-
tal benchmark\ which characterizeshow well a sensing�eld
is monitoredandhow well each pair of sensors is mutually
connected in WSNs" [34]. Consequently, studies related
to topology control may include investigations into oper-
ational managementand transmittingpower control of ra-
dio modules[35], [36], energy-harvesting [37], interference
prediction[38], aswell assensorplacement[39], network
coverage [40], logical network structureandmessage rout-
ing [41], [42], nodefunctionaldiversi�cation andhierarchy
(e.g.chaining[43], andclustering [44]).
Having closely examinedthedevelopmentof this particular
domainand taking advantage of the de�nitions presented
above, it canbe generalizedthat the term topologycontrol
covers all activities intendedto in
uence the physical or
logical structureof a network in orderto optimizetheway
the network executesits taskswhile retainingthe expected
properties.

3. SensorNodesDeployment

Node deployment is the basicelementthat in
uences the
way thetopologyof asensornetwork is controlled[1], [45].
Moreover, the empirical practicesrelatedto topologycon-
trol in commercially-orientedventures,asdiscussedin the
following sections,seemto focus,�rs t andforemost, on the
distribution of nodes.

In real applications,dependingon particular requirements
or environmentalconditionsin which a given sensornet-
work operates,random[40] or deterministic [46] distribu-
tion of network nodesmay be distinguished. This distri-
bution may be predictedat the designingstage, or can be
partly or totally randomin a dynamically changingwork-
ing environment. In many realapplicationsit is di�cult or
even impossibleto assigna given typeof nodedistribution
within a network (or a part thereof)to just oneof two cat-
egories. One shouldnot forget that each sensorstructure
is characterizedby a certain degreeof determinism(there-
forealsoa degreeof randomness)thatwill vary alongwith
changes in the external environment,thoughfrequently to
an extent that canbe neglectedin a given application.
The following subsectionsdiscussboth typesof nodede-
ployment schemesthat may be encounteredin urban en-
vironments,i.e. randomdeploymentand deterministic de-
ployment,andprovide examplesof their implementations.

3.1. RandomDeployment

Sincethevery beginningof work on WSNs,a generalview
hasprevailedin theliteratureof thesubjectthatrandomde-
ploymentof nodes[40] is thefundamentalapproach, serves
as the point of departure while constructing WSNs and is
typical of this group. Oneof thebasicareasof application
for such a network is monitoring the parametersof the
natural environment (e.g. temperatureor pressure)[47].
Much attentionhasbeenthengivento methodsfor random
deployment of sensors,while one of the most frequently
mentionedexamplesillustrating theabove would be a situ-
ation in which sensordevicesaredroppedfrom an aircraft
over the areato be monitored[48].
Thesheermultitudeof potentialapplicationsof sensornet-
works thathasbeenidenti�ed over nearly two past decades
hasled to numerouscomplex conceptsrelatedto the con-
struction of the networks' physical topologies. Many of
themdepart from randomnessof nodedeployment,under-
stood in the direct andunconditionalmanner, by introduc-
ing somekind of order. In the author's opinion, one of
the most interesting scenarios is a network in which the
sensorsaredeployed in an unknown working environment,
with the processcarried out accordingto a prede�nedal-
gorithm and basedon information obtainedduring actual
deployment[49].
Other networks that shouldalsobe notedwithin this con-
text include VSNs, in which a sensornetwork typically
covers the intended area { a road and its closest sur-
roundings{ and may be spreadover tens or even hun-
dredsof kilometers.In thecaseof such networks,onemay
speakof a combinationof randomnessand determinism,
i.e. a certain portion of the sensorsare deployed perma-
nently alongsidethe road, while the sensorsthat commu-
nicatewith them are thosethat may be deployed in vehi-
cles. Their distribution is randomin such a caseandthey
frequently remainbeyond the control of sensornetworks'
operators[50]. Vehiclesmay be then viewed as mobile
agentsthatperformnotonly tasksassignedto them,butalso
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additional functions that relate to stationary sensors[51].
Currently, it is rare that nodesin such systemscommuni-
catebetweenone another, becausetypically the exchange
of informationis performedwith a centralpoint only (e.g.
a control centeror a data collection software). Further-
more, in the case of VSN, it is common to omit is-
suesrelated to limitations of energy sourcesor compu-
tational power { so important in traditional WSNs [52].
This is why the largest numberof implementedexamples
of sensor-typeandsensor-likenetworksmay befoundin the
group of systemsrelatedto transport andpresentedin the
subsequent subsections.It is worthwhile noticing, at this
point, that the largest systemsof this type,basedon smart-
phonesthat serve as mobile agents, form today's most
widely used sensornetworks and that their number and
scopeof functionalitiesare depictedby a continuousup-
ward trend.

3.1.1.Mobile Measurement Agent within INEA
Network

Following the research studiesinitiated by the authorand
carried out togetherwith the associatesfrom INEA, a re-
gional Polish telecommunicationsoperator, it waspossible
to perform measurementsrelated to the operationof ra-
dio networks that arebasedon the IEEE 802.11family of
communicationstandards[53]. A detaileddescription of
the tests and an analysis of the resultsobtainedare pre-
sentedin [11], while the conclusionsfrom this work are
presentedbelow.
The�rs t groupof experimentswasperformedusingaccess
points providing wirelessInternet access,with the useof
the 2.4 GHz band,to the passengers of 330 public trans-
port vehiclesin Pozna«andKonin, two citiesin theGreater
Polandregion. The movementof thoseagentswasbeyond
any control of the telecommunicationsnetwork operator
becauseit was the transport operatorthat decidedabout
the movementof the vehiclesinvolved, at the sametime
impactingthe topologyof the network. By relying on de-
vices known as RouterBoardRB751U, deployed in trams
andbusesand equippedwith a 2.5 dBi antennaand a 4G
cellular network modem-baseduplink (providing Internet
connection),a collectionof sampleswasperformedin each
vehicle onceevery 15 minute. The important parameters
includednoise
oor level (backgroundnoise),expressedin
dBm, and the valuesof the Received Signal Strength In-
dicator(RSSI)relatedto each of the connecteduserswere
recorded. In this way, reliable around-the-clock distribu-
tions for the urbanenvironmentwereobtained,thusallow-
ing a technical anda businessanalysis useful for INEA to
be performed.
Thearound-the-clock distributionof theaveragenoise
oor
thatoccurredover theperiod of onemonthwasparticularly
interesting. In order to verify the distributions observed,
they werecomparedwith theresultsobtainedwith thehelp
of 10 stationary INEA accesspointsoperatingin the5 GHz
band,locatedon masts andon rooftops. It turnedout that
both trendswere nearly identical, which is clearly visible

Fig. 2. Average noise 
oor observed with the use of INEA's
IEEE 802.11accesspoints.

in Fig. 2. Each point in the graphcorrespondsto the aver-
agevaluefrom a givenmonth,whereascon�denceintervals
correspondto standarddeviation. Becausethe comparison
involved a mobile network and a stationary network, both
operatingin di�erent environmentalconditionsand with
the applicationof antennaswith a much higher gain and
on other frequencies,the conclusiondrawn is the changes
in noise
oor were mainly causedby external factorsand
were not typical of humanactivity. Further studieswere
conductedin 2017 with the use of a stationary 3.5 GHz
IEEE 802.16eWiMAX network, yielding similar charac-
teristics and suggesting that they may result, in addition
to other factorsthat areyet to be identi�ed, from ambient
temperature[54] changes.
The other group of experimentsinvolved issuesrelatedto
theoperationof morethan20thousand�x edresidentialWi-
Fi hotspots,i.e. IEEE802.11accesspointsthatwerelocated
at INEA customers' homes. Each INEA subscriber takes
advantage of a communityWi-Fi service basedon home
routersconnectedto the INEA HotSpotWiFi network.
Theexperienceof mobileuserswasveri�ed usinga smart-
phone equipped with an IEEE 802.11a/b/g/n/ac(2x2
MIMO) radio module,GPSandGLONASS navigation re-
ceiver, as well as measurementand communicationfree-
ware. The test to be carried out involvedmeasurementsof
signal parametersand extraction of technical information
for each Basic Service Set Identi�er (BSSID) observed.
During thetest, theuserwasmoving, with thesmartphone,
on the sidewalk, betweenmulti-story apartment buildings
in council housingestatesbuilt in the 1970s. It was ob-
served that 313 out of 1874 BSSIDs used the Service
Set Identi�er (SSID) with the nameINEA HotSpotWiFi.
The tests performed indicate that 59% of INEA residen-
tial hotspotscould have beenusedfor conversationswith
the use of Voice over IP (VoIP), provided that the user
standingon a sidewalk was connectedto the accesspoint
and that the strengthof the signal received was not lower
than� 75 dBm.

3.1.2.Yanosik Driving Assistant and notiOne Location
Beacon

The developmentof mobile radio-locationsystems,aswell
as increasingly commonpacket data transmissionhas led
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Fig. 3. Pozna«city centerroadtra�c mappresentedby Yanosik(ver. 3.1.1.1),9 May 2017.

to widespreaduse,amongdrivers,of sensorsystemsbased
on mobile agents. No statistical comparisons are avail-
able that would illustrate the popularity of particular so-
lutions, but, basedon market observations,onemay come
to a conclusionthat theYanosikdriving assistant,operated
by a Pozna«-basedcompany namedNeptis, is the leading
platform amongPolish drivers. On the global scale,such
applicationsasGoogleMaps,HERE WeGoandWazeare
basedon similar concepts.

TheYanosikdriving assistantis primarily a systemusedfor
exchanginginformationandwarningsbetweendrivers,re-
lying on dedicateddevicesandsmartphones(a specialfree
apphasto be installed).Both devicesneedto bewirelessly
connectedto the Internet (usually via a cellular network)
to act asmobile agents.Vehicles(devices)do not commu-
nicatedirectly with other road usersbecausethe entirety
of the exchange of information is performed on the cen-
tral operator's host platform. This network hasa dynami-
cally variable randomtopologyof the logical star type, in
which the location of nodesdependson the situation on
the road.

Drivers who report events, such as road accidents,road
works or a police patrol, are the sourceof information.
Along with a report, additional information is forwarded
on theuser's location. A smartphonewith theYanosikapp
may bealsousedasa navigationsystemwith real-timetraf-
�c service. As indicatedin a releaseissuedto the author
by Neptis in April 2017, at its peak times, the system is
usedby over 150,000concurrent users,which meansthat
it comprisesthe samenumberof sensornodes. The fur-
ther processingof datamakes it possibleto develop real
time tra�c intensitymaps(Fig. 3). In addition,the author
wasshown theresultsof aninvestigationthatdemonstrated
the useof informationgatheredfrom sensorsembeddedin
smartphones(accelerometersand gyroscopes)in order to
evaluate the quality of roadsand driving comfort. This
enableddataon vibrationsexperiencedby driversandve-
hicles, while in motion, to be analyzed. The smoothness
of tra�c 
o w andthe average speedwerestudiedaswell.

In more complex network topologies,smartphoneso�er
wirelessinterfacesof di�erent typesand make it possible
to connectwith devicesof othertypesto executeadditional
agent functions. This providesa basisfor the operationof
devicesknown asnotiOne,which aretheso-calledbeacons
(seeFig. 4). Thesesimpleandsmall-scalemobiletransmit-
ters broadcast signal that includesa device identi�er and
may be received by smartphonesthat happento be in the
vicinity. In this way, the locationof thebeaconis approxi-
matedbasedon theaccuratelocationof thesmartphonethat
receivedthebeacon'ssignal. E�ectiv enessandaccuracyof
such geolocationdependson the numberof nearby smart-
phoneson which softwareco-operatingwith thesystemhas
beeninstalled.

Fig. 4. OpenednotiOne beaconwith a CR1632 button cell
battery.

The beaconmay be attached to a key pendantor a dog
collar, so that if lost, it makes it possibleto easily obtain
information on its location by meansof a dedicatedapp.
The locationhighlightedon the mapwill indicatethe spot
where the beacon's signal was received for the last time.
ThenotiOnedevice is poweredby a buttoncell battery that
allows thedeviceto work for nearly oneyear, with therange
up to 90 m usingBluetooth4.0 Low Energy connectivity.
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3.1.3.The Veniam System

Theactivity of Veniamservesasa goodexampleof a suc-
cessful implementationof research work on mobile sen-
sor networks in a commercial product. The company's
founders,Barros, Cardote,and Sargento, were previously
involvedin research onmobileandsensornetworks,among
others[55]{[58 ]. In 2003,asa result of their work, com-
missionedby city authorities, Veniam launched in Porto,
Portugal, a mobilewirelessnetwork targetingto collect the
resultsof measurementsperformed in the urbanenviron-
ment and improving the operationale�cacy of the city's
transport andserviceutility vehicles.Recently, thenetwork
comprisednearly 350 vehicles(buses,police cars,garbage
trucks, taxi cabs)[59]. Thesevehiclesare equippedwith
a device thatservesasan accesspoint (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 environment,in particular for the so-calledIn-
telligent Transport Systems(ITS) [60]. Each accesspoint
servesasanIEEE 802.11gWi-Fi hotspotandmakestheIn-
ternetavailableto passengers.Sensorsareplacedinsideve-
hiclesto make environmentalmeasurementsandto monitor
the 
eet. The vehiclesmay communicatewith oneanother
andserveasmobiletransceivers(calledmobilerelays) [28],
makingindirect,realtime communicationbetweenthecon-
trol systemandthe out of range vehiclespossible.In turn,
whencommunicationin real time is not possibleor su�ers
from delays, thusforming, in fact,a delay tolerantnetwork
(DTN), a functionof dataextractionandtemporary bu�er-
ing, most frequently calleddataMULE (Mobile Ubiquitous
LAN Extension)[61], is performed. If avehiclethatpassed
neara stationary sensorlocatedat the edge of the road is
just outsidethe basestation coverage, the readingis taken
(receiving a portion of data using IEEE 802.11or Blue-
tooth)by usingthe local memory of themobileagent,with
dataforwardedto the central repository oncethe connec-
tion with the basestation hasbeenreestablished[62]. The
system employs a complex and variable topology of con-

nectionsthat is successfully createdby meansof di�erent
modelsandmethodsfor wirelesscommunication.
The authorhashad a chanceto examinethe Veniamnet-
work's controlandmanagementpanel.Thevirtual environ-
mentsoftwaremakesit possibleto monitor the network in
real time andto store andanalyze the dataextracted.The
locationof any vehicleis presented,just asaretheestimated
range of the hotspotand the live tra�c intensity map for
the areacovered.

3.1.4.Automated Road Passenger Transport

Transport automationis anotherareaof sensorapplications
that is currently under development. One of the leading
Europeanprojectsin this areawas CityMobil2, launched
in 2012andconcludedin August 2016,co-�nancedunder
theEuropeanUnion'sSeventhFramework Programme[63].
The goal was to createa pilot automatedpassenger road
transport platform with automatedand autonomousvehi-
cles,andto carry out tests in a numberof Europeanurban
environments[64]. The platform was madeup of electric
vehicles,i.e. mini busesequippedwith wirelessinterfaces
for communicationwith the control center, aswell aswith
sensorsnecessary for the unmannedvehicles to operate.
The entire system useda central controller that gathered
datatransmittedby the vehiclesandcontrolledthe 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 demonstra-
tion route used by autonomousvehicles in the French
Sophia-Antipolis technology park, and took a ride in the
EasyMileEZ10 autonomousvehicleshown in Fig. 5. The
one-kilometertest lane with �v e stops was usedby three
autonomousshuttleservice vehicles,each with the capac-
ity of 9 passengers. By using a GPS receiver, proximity
detectorsandaccelerometers,the vehicleswerecapableof
adjusting thedriving speedto otherroadusersandavoided
obstaclesor, alternatively, stoppedbefore them if avoid-
ing the obstaclewas impossible.When this was the case,

Fig. 5. EasyMileEZ10 (left), dedicatedbuslane(middle), andautonomousvehicleprecedencesign (right) (SophiaAntipolis, France,
2016).
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thevehiclesweresendinginformationto thecontrolcenter,
requesting operator's intervention.
The primary reasonfor the operator's presencein the au-
tonomousvehicle was, accordingto the operator, the re-
striction imposedby applicableFrench legal regulations
that do not allow vehicles to be admitted to streetsand
roadswithout a personauthorized to drive themon board.
The other reasonwas the occurrenceof a potentially dan-
geroussituation,due to the pilot stage of the project. In
fact,this turnedout to benecessary when,for example,the
boardcomputercrashed,whena situationoccurred on the
road that had not beenforeseenin the control algorithms
applied,or whenan uncontrollablepanicattack took place
amongthe passengers.
During thetests, a collision of a cardrivenby a humanand
oneof theunmannedvehiclesoccurredat theonly crossing
of the dedicatedbus lane with a generaltra�c road, and
as a result the presenceof the operatoralso turnedout to
be necessary. Following this accident,to make the test
and demonstration route more conspicuousto other road
users,it was additionally marked with noticeableposters,
anda STOPtra�c signwith a visible note\ priorit �e navette
autonome" (French for \ priority for theautonomousshuttle
bus"), asshown in Fig. 5, wasinstalled.
The tests have shown how diversi�ed problemsneedto be
foreseenand predictedwhile designingautonomoussys-
tems operating in a dynamically changing environment.
Moreover, more integratedand complex information is to
be extractedby meansof di�erent sensors,enablinga fast
andreliable interpretationof the roadtra�c situation.

3.2. DeterministicDeployment

Deterministic deployment of nodesin WSNs is the sec-
ond category identi�ed in the processof creatingphysical
topologies.For example,someof industrial WSNsareca-
pableof using�x edor controllablenodedeployment(distri-
bution) schemes.This type of a network would be tasked,
for example, with monitoring the vibration signaturesto
predictmaintenanceneeds[65]. Manually deployedsensor
networks with camerasandmicrophones[66] arealsobe-

ing consideredfor implementation.In addition,in various
research projectsrelatedto natural environment monitor-
ing, sensorsaredeployedmanually. This makesit possible
to adjust network topologyto thenatureof phenomenaob-
served andto the assumptionsbasedon which the experi-
mentsare to be carried out. As often as not the location
of nodesremainsdeterministic (in most casesit changes
slowly or remains�x ed) during their service lif e (e.g. this
is the casewith investigations concerning volcanic phe-
nomena[45]). The deployment of nodesor the range of
their relocationmakes it possibleto prolongthe operating
time of a network. This canbe alsoachieved,for example,
by securing such distancesbetweensensorsthat would en-
ablethe routingmechanismsappliedto remainoperablein
the most e�ective way, without the needto manipulatethe
power of transceivers[1], [39].
In consumerapplications,homeautomationsystems(other-
wise known as smart homesystems)becomeincreasingly
popular. Usually, they have the featuresof a small-scale
sensornetwork and take advantage of wirelesscommuni-
cation protocols,such as BluetoothLow Energy, ZigBee,
Z-Wave and 6LoWPAN [67]. Their physical topology is
usually determinedat the installation stage due to the op-
erationalrange beinglimited to just oneproperty, whereas
network communicationtakesplacepredominantly directly
betweenthenodeandthebasestation (control center),and
only occasionally with the use of intermediary network
nodes[68]. In multi-family houses,radio-enabledelectric-
ity meters[69] or water meters[70] may also be found,
often placed inconspicuously but e�ective in performing
their measuring functions.

3.2.1.Sensor Network in Cisco openBerlin Innovation
Center

The sensornetwork launched in Berlin, Germany, at the
Cisco openBerlin Innovation Center, is an exampleof the
deterministic deploymentscheme.Thenetwork is usedboth
asa backboneof a smart homesystem andasa testbedon
which research projectsof companiesa�liated with open-
Berlin areevaluated[71] (Fig. 6).

Fig. 6. CiscoopenBerlin Innovation Center(left) andBosch XDK110 basedsensornetwork (right) (Berlin, Germany, 2016).
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Theauthorhada chanceto examinethecomponentsof the
test anddemonstrationset,aswell asto verify thetopology
of the network deployed within the building that consisted
of several hundrednodes.The nodehardwareis basedon
the Bosch XDK platform. The devices are locatedat dif-
ferent places,including cable support ceiling systems in
the o�ce sectionor nearceiling joists in the recreational
section,as shown in Fig. 6, and are marked with dotted
circles. TheBosch XDK110 nodeis ahardwarecomponent
equippedwith a 32-bit ARM Cortex-M3 microcontroller,
1 MB Flash memory, 128 KB RAM, a Micro SD card
reader, Bluetooth4.0 Low Energy and IEEE 802.11b/g/n
modules,560mAh rechargeablebattery andcontains8 sen-
sors: an accelerometer, a gyroscope,a magnetometer, as
well ashumidity, pressure,temperature,acoustic and light
sensors.The network is usedas a sourceof data for the
system developedby an IoT company known as Relayr,
andallows temperatureand lighting inside the building to
be controlled.

3.2.2.Fibaro Home Automation System

TheFibarohomeautomationsystemcomprisesa host con-
troller thatwirelessly managestheattachedsensorsandac-
tuators(Fig. 7). Thesensorsincludesmoke, 
ood andmo-
tion detectors,door or window openingsensors,aswell as
a universaldevice thatallows any sensorwith a binary out-
put to beaddedto thesystem. In addition,such components
as a switch-key in the electric wall socket enclosurewith
an energy consumptionmeasurementfunctionality, roller
andgateshutters,lighting controlleror relay switchesmay
also be used. The system is capableof co-operatingwith
a homeweatherstation, wirelessspeakersor cameras.

Fig. 7. Componentsof 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-
search environments.TheZ-Waveprotocolwasinitially de-
velopedby the ZenSys, and was then largely usedby the
standardizationorganizationITU-T for the developmentof
the G.9959 recommendation[73]. Radio communication
relying on the Z-Wave protocol uses,in Europe,primar-
ily the 868.42MHz frequencyband, but systems for the
2.4 GHz band are available as well. Data is routed be-
tweennetwork nodesby assigningidenti�ers, whereasthe
throughput is not more than 40 kbps [74]. For a com-
mercially availabledevice to be capableof makinguseof
the protocol, it has to be equipped by the manufacturer
with a Z-wave communicationmodule,soldseparately, and

thencerti�ed for interoperabilityto comply with thelicense
agreement.

4. Conclusions

Sensornetworkscontinueto raisetheinterest of researchers
whopursuefurtherimprovementsto complex problemsand
proposepotential innovative applications. Network tech-
nologiesand hardware platforms are being developedin
parallel,while moreandmoretypesof devicesareequipped
with sensorcomponents.By striving to optimizetheopera-
tion of WSNs,it is possibleto make useof or draw inspira-
tion from new ingeniousconceptsandproducts.However,
despitethe availability of a numberof new solutions, in
today's real-life sensornetwork deploymentsthat enjoy an
establishedreputationamongtheir usersand are commer-
cially successfulin urbanenvironments,onemay primarily
list only thosethat treatthe ideaof WSNsin a rathersim-
pli�ed manner, or thosethat have beeneven developedin
isolation from elaborateand complex scienti�c research.
Hence,sensor-basedsystemsand productsare often more
loosely termed as IoT, smart home, etc. This is particu-
larly visible in the area of topology control that can be
analyzed and executedas a complex and multifacetedre-
search problem,while it is still hardto �nd goodexamples
of its implementationsin which it would constitute oneof
the main issues. It seemsthat, in practice,the prevailing
modelof implementationis empirical, i.e. draws from ex-
periments,past experience,best practicesandintuition. In
someimplementations,network topology is even unknow-
ingly or deliberately pushedasidefrom theareasof interest
or remainsbeyond any signi�cant interest of network de-
signersinvolved in a project { asa componentof industry
standardsor licensedprotocols implementedin building
blocks relied upon.
Theprimary or exclusive aspectof topologycontrol is then
reducedin its essencemerely to the deploymentof nodes.
In applicationsrelatedto transport, randomnessand vari-
ability of nodedeployment,andhencethephysicaltopology
of thenetwork, still remainthedominantelement.In appli-
cationsencompassingbuildingautomationsystems,in turn,
it is the deterministic and static distribution of nodeses-
tablishedduring the installationof each of thecomponents
that remainsdominant.
Although sensorproductsandservicesavailabletoday still
remainat di�erent, frequently early stagesof development,
they allow givenassumptionsto beveri�ed andlinesof ac-
tion to be corrected,so that they would meetthe expected
needsin the best possibleway. This might be one of the
factorsfacilitating the introductionof sensoror sensor-like
networks into commonuse.This situationbrilliantly illus-
tratesthe often overlooked signi�cance of an appropriate
and fruitful combinationof research activities and market
operability. In theareaof sensornetworks,a numberof re-
search investigationsoutpace,by decades,the current mar-
ket needsor the implementationcapabilitiesavailable. As
a result,despitetheir research excellence,they might never
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beadoptedin practicein their full andextensive forms. In-
novative businessenterprisesmay not be ableto undertake
a risk or acceptcosts of an implementationof too complex
andseemingly expendableideas.No wonderthenthat they
tendto chooseready-madeandeasily availablecomponents
andprovensolutionsthatmake it possiblefor themto focus
on functionalityissuesratherthanondetailsof all-technical
aspects.This, however, is often done at the cost of get-
ting attachedto license-feepaying technologiesthatarenot
fully openand, more importantly, are developedby some
other companies.As a result, businessenterpriseschose
to provide Minimum Viable Product(MVP) asquickly as
possible,i.e. such a productthat would in the most favor-
ableway satisfytheexpectationsof the �rs t groupof users
andwould allow the productto be further developed[75].
It is important then that scientists in their research e�or ts
areable to follow the market developmentsand try to un-
derstandcurrentandfutureneedsof prospective usersand,
wherever possible,check andstreamlinetheir new ideasin
close cooperationwith operatorsof alreadyexisting net-
works and systems [76]. Moreover, socially-orientedand
valuable results may be achieved when research investi-
gations provide opportunities to transform them into real
systems. Then, by gaining practical relevance,they will
have a chanceto enterthe mainstreamandbe appreciated
by standardizationorganizations,thus,at least to a certain
degree,be in a position to shapethe way sensornetworks
are implementedin the future.
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