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Abstract: When camera&nabled sensors are deployed for visual monitoring, a new

set of innovative applications is allowed, enriching the use of wireless sensor network
technologies. In these networks, eneedficiency is a highly desired optimization issue,

mainly because transmission of images and video streams over resousteined sensor

networks is more stringent than transmission of conventional scalar data. Due to the nature

of visual monitoring, that follows a directional sensing model, caieabled sesors may

have different relevancies for the application, according to the desired monitoring tasks and
the current sensorsdé poses and fields of vi
be associatetvitha pri ori ty | evel origins,Iwhithendy be o tutnh e p a «
mapped to an energy threshold level. In such way, we propose an-efferigynt relaying

mechanism where data packets are only forwarded to the next hop if the associated energy
threshold level is below the current energyeleof the relaying node. Thus, packets from
low-relevant source nodes will be silently dropped when the current energy level of
intermediate nodes run below the jolefined thresholds. Doing so, energy is saved
potentially prolonging the network lifetimdBesides the sensing relevancies of source

nodes, the relevance of DWT subbands for reconstruction of original images is also
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considered. This allows the creation of a second level of packet prioritization, assuring a
minimal level of image quality even ifahe least relevant source nodes. We performed
simulations for the proposed relaying mechanism, assessing the expected performance over
a traditional relaying paradigm.

Keywords: energyefficient packet relaying; sensing relevan@®NT coding; wireless
image sensor networks

1. Introduction

In recent years, Wireless Sensor Networks (WSNs) have raised a lot of atterttimth imidustry
and academic communitieSypically, WSNs are composed of selfganizing electronic devices
equigped with a shortange wireless transceiver, limited energy supply (usually batteries), a sensing
unity and processing and memory reses [L,Z], addressing applications as surveillance, tracking,
disaster monitoring, home automation, industrial conbrattlefield surveillance, among others.

The use of lowcost, lowpower and lowresolution cameras to retrieve visual information of an
area of interest can strongly enhance the monitoring capabilitfuch networks, allowing the
development of Visual Seor Networks (VSNSs|)3,4]. In general, VSNs are composedonie or more
cameraenabled source nodes farseries of innovative multimedia sensing functionkere vsual
information retrieved from the monitored field in the form of video streaming, canowahsnapshots,
infrared or thermal images can significantly enhance a large set of monitoring applicathrisue
to the stringent requirements video streaming over sensor nodes, transmission of still images will be
frequentlya more feasible optiomlefiningWireless Image Sensor Networks (WISINE)

Typically, much more energy is expected to be consumed in the transmissisnadfdatgpackets
over wireless links than in storing and processing operat&)8f [magescapured by visual sensors
are packetized and transmitted to the sink of the network, wiatiepackets are relayed by
intermediate nodes in a hdyy-hop manyto-one manner. As packet relaying consumes energy and
transmission paths may be disabled due toggneepletion of intermediate nodes, the total amount of
information transmitted over the network should baimized, saving energy witleduction of packet
relaying and potentially prolonging the network lifetime.

Energyefficient packet relaying is higpldesired in resoureeonstrainedsisual sensor networks. A
reasonable and feasible approach to achieve this goalinsitthe number of packets that may cross
the network. Besidesptimizations strategies thaarly discard packets in source nodd®,11],
packets may be discarded in interna¢el nodes in a controlled wagccording to sme prioritization
strategy. In 9], each intermediate node decidést has torelay image packets to the next hop
according to its residu@nergylevel andto the pa& e tprsofdties. Transferring thelroppingdecision
to intermediate nodeis a flexible solutiorthat does not require constant monitorofgthe network
condition by source nodeseducing the overall complexity.

The work in P] assigns griority levelto each data packetcording to the relevance of Discrete
Wavelet Transform (DWT) subbandstermediate nodesheck their residual energy to decide if an
incoming packet must be relayed to the next twopilently droppedbased oran optimization policy
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t hat associ at es enprgycthresholdddoing so,i thee rqualityi of isnagésaransmitted
from any source node will be#egradedvhen the residual energy of intermediate nodes runs bellow a
predefinedthreshold However energy saving is achied, potentially prolonging the network lifetime.
Such relaying approach especiallybeneficial forbraidedpaths,wherea single intermediate node
will relay packets from more than one soJt#. As hub nodes (which belong to more than one path)
will typically receive more combined upstream traffic than other intermediate rnbdes, nodes are
more critical for the network operation, demanding an enreffigient packet relaying approach as
presentedn [9].

We propose in this paper an enesrfficient packet relaying mechanisavherepackets are also
relayed to the next hop according to the reslicdenergylevel of intermediate nodeand predefined
energy threshold$However, and differently from the approach proposed®@jntfh e p a c kiest s 0
are assigned based on the sensing relevancies of the active sourge nddesst ead of t
relevancies for the reconstruction of the original visual.datanany cases, source nodes may have
different relevancies for the monitoring functiorfstioe applications, where the significanaieeach
source node is function of the expected targets to be monitoredat is being covered)nstead of
the depbyed network characteristi¢43]. In the proposed mechanisipackets originated from the
most relevant source nodes are more likely to be preserved, resulting in lower impact to the overall
monitoringquality but still saving energyin fact,as monitoring quality depends what is viewed by
sourcenodesinstead ofhow good is the received visual datayr proposedrelaying solution may
perform better thamechanismbaseda|l vy on payl oadfPp relevanci es,

Besides the exploitatiorof the novel concept of sensing relevance wireless imagesensor
networks, ve also consider 2D DWT coding over original raw images as a second levelof
prioritization. When incoming packstare originatedrom a souce node whose seng relevance
indicates that thosepackets must be silentlyroppedfor a determined residual energy level, packets
carrying he highest relevant DWT subbandlill be preserved, assuring a minimal quality for the
corresponding active source noédéthoughless energy savisgareexpected when compared with the
relaying appoach based only on sensing relevanggyal information from all source nodesll be
always receivedpotentially assuring higher overall monitoring qualiye perforned extensive
simulationsover both approaches in orderhihlight the expeed energy saving of the proposed
energyefficient relaying mechanismveratraditional relayingoaradigm.

The remainder of this paper is organized as follows. Section 2 presmnesrelaed works.
Section 3brings fundamentsof packet relayingand formulates the conceptf sensing relevance in
visual sensor networks. Thetatements and definitions of the proposeechanismare described in
Section4. Simulation resultsand performance analyzese presented in Section ®llowed by
conclusions andeferences.

2. RelatedWorks

The sensing relevancies of source nodes and optimizations based on such information are a nove
concept that can enhance the performance of visual sensor netatdtks cost o small monitoring
quality loss As energy is anajor optimization issue, the differentiation of source nodes based on
their monitoring importance for the application may allow the development of applickii@m
energyefficient solutions. However, practical exploitation of such concept is najldficward since
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many issues are related withe establishment of the sensing relevance of eative visual sensor
An extensive discussion over such issues and a novel specialized protocol to support the assignment «
sensing relevance indexae presented ifi3].

The innovative concept afensing relevanceas not been considerbg the academic community
for optimizations in visual sensor networks: most works have been concerned with optirsaatien
number, field of view and energygservation of active source nodes after deploymbhip and
optimizatiors in the way packets are treated by the network, exploiting only the relevhaneaaled
multimedia data]1,16,17]. Recently, we exploited this concept to propose different opditi@insto
reduce energy consumptiamwireless image sensor networkslaptingthe transmission frequencies
of source nodeslB] andthe retransmission of corrupted packédtd.[In this last case, thoggoposed
approachegndorsethe use of global and local relevancies as the basis for networkiQib®, same
way we support ithis work.

Many otherpaperson literature influence ounvestigation in different ways, especially when they
are related with network optimizations irsual sensor networkSensor nodes are expected to operate
using nonrechargeable batteries, thus the network lifetime is a direct funciiothe energy
consumption innodes.As we aim to reduce energy consumpfidinere are many aspects of the
network oration that can be optimized to achieve energy satAiogexample, Wwen network faces
congestion, thewrent transmission rate gsburce nodes may be reduced, relieving congested nodes
and indirectly reducing the energy consumption due to packet rglfydh Multiple paths from the
source to the sink may also be exploited to reduce the amount of information that some intermediate
nodes have to relay, as described2@].[ The work in [21]proposes amadaptive reduction of energy
consumptionexploiting image compression, according to the acceptaladity of the reconstructed
images at the destinatiorin that work, energy saving is achieved adjusting the source coding rate and
the error resilience scheme. Other recent works concerning zgdionis to reduce energy consumptio
also contributed to our investigation [6,17,22].

Packetsd pri or exploitedsto save energybwndiaiuced amipacon the quality of
received databut with small or absent concern with the overaliality of the visual monitoring
functions of the applicationsee and Jun[l] mitigate congestion byeducingdata transmission rate
with low impact to thequality of the received dataWhen necessary, fewer packets containing lower
relevant information for # decoding process are transmitted to the sink, reducing the overall
transmission rate of a particular source node and saving energy avoiding some packet relaying by
intermediate nodes. The work iB3 proposes the splitting of easlource stream in imagend audio
substreams, where each resulting substream receives a particular priority according to the applicatior
requirements and the current monitoring functighslifferent approach maglso reducehe average
number of packets to be relayedhen somecorrupted packets are not retransmittsahsidering the
relevance oDWT subband$24]. At last, as described earlier, the work in [9] exploit the relevancies
of DWT subbanddo establish priorities to image packets, using that information when dediding
packetscanbe relayed to the next hop toward the sink.

In this paper, we propose a packet relayapgroach based on the sensing relenssnaf source
nodes and DWT image coding. In a different way of previous wdré#) the residual energy of
intermaliate nodesandthep ac k et s 6 pansideredio decided incamirg packet must be
relayed to the next hop ailently dropped Moreover,andin a different way of9], we exploit the
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sensing relevanesof source nodes to assi gn pefficidntepacked pr
relayingmechanisnwith high accordance with applications monitoring requirements.

3. Fundamental Concepts

In this sectionwe present somef thefundamental conceptelatedto the propose@nergyefficient
relaying mechanismWe initially discuss packet relaying and energy consumption in wireless sensor
networks Then the concept o$ensing relevanae visual sensonetworks isdefined.

3.1. PackeRelayingand Energy Consumption

After networkdeployment, source nodes will transmit some type of data according égpbeted
monitoring functions of theconsideredapplication which may be visual (retrieving still images or
video streams) or scalar (as humidityegsureor temperature). The remaining nodes emgployed for
packet relaying, since the lesnge wireless hardware of sensor nodes and the expected lack of
communication infrastructure demand a multihop transmissework Packes have some sort of
destination address that is uskeg intermediate noteto forward (relay) them over the network
depending on theature of theadopted MAC(Medium Access ControBnd routing protocoldn fact,
the waypackets are relayed may vary calesably, dependingn the hardware resources and the
employed algorithms focongestion controand error recoveryl,2]. For examplea relaying node
may establista timeout and wait for an ACK message from the nextfbppvery transmitted packet,
while the receiving node may send baak ACK message for positive acknowledgment purpd3as.
the other hand, ACK messages may be leygul for block acknowledgement, altering the way
corrupted packets ateansmitted and possibhgtransmitted.

The actual energy consumption in each ndde to packet relayinfunctionsdepends on many
factors, as the employed radio, the transmission power and the physical and MAC protocels. In th
latter case, dutycycle MAC protocols are often used in wireleensor networks to avoid idle
listening, which play an import role ienergy wasting 45]. Completing such complex scerr
synchronization messages mayttasmitted among nodes to optimize the sleeping time. As a result,
mathematical formulations considng specific details of physical and MAC operations are very
complex, pushing mathematic models to incorporate some level of simplifEeafio6,27)].
Neverthelessnumeric analyses based on mathematical formulations are useful in initial verifications,
when the performance of protocols and algorithms need to be assessed cornberremgected
averageenergy consumption.

We consider a WSN composed Bfhop-by-hop wireless paths arllsource nodes. Each pagth
p= 1 ,P, cémprised) intermediate nodes, where data packets flow from the source mede) (
to the (unique) sink of the network { = Hy) + 1). Every source nodg, s= 1, S 6 ,a
cameraenabled sensor connected to the sink through at least one.patheach pathp will be
transmitted control and data packets. The size of the transmitted data packets may vary according t
the link layer technology and the application requirements, but we expect small data packets (reducing
the error probability [28]) with the same siz we consider that most wireless sensor motes
communicates through IEEE 802.15.4 wireless-lmjer technology2], the maximum frame size is
127 bytes, computinfoth useful payload andll packet overheaff8]. Excludingthe MAC header
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and the overhad for network, transport and/or application layer protocols, as well as the image
fragmentation header required for image decoding at the receiver size, the effective data size in eacl
packet may be lower than 90 bytes in this Jiajker technology 79]. In such wayiit is natural to
expect transmission of packets with maximum size to achieve minimal packet overhead. Thus, we
consider that every data packet has the same size ik, lmtsresponding to the entire packet, since all
transmitted bits shoulde considered whesstimatingenergy consumption.

Over the considered visual sensor network will be transmitiethges of the same size, where
eachimage, i =1, €&/, sizesB bits.If the packet header regarding all employed protocols sizes
X bits, x < k, the maximum effective payload size for every transmitted packétiisx] bits. As
By >> (k1 X) in most cases, the original imaigeill be fragmented, and a fragmentation header Wwith
bits containing information for the decoding at teeeiver side (at least the image id and the fragment
offset) will be added to evertyansmittedpacket. Moreover, an imagenay have an image header,
with o) bits, providing information as the width and height of the image and the number of bits used
to represent a pixel. Thus, an original imagéll be packetized inB; + 0p)/(kT X1 f) packets, with
packets carrying data information to their maximum payload excepting the last one, which may be
carrying less data than its capacity. We defiMg;) as the number of packets sizikgoits to be
transmitted in pattp, resulting from the packetization of imageThe last packet had; as the
payload sizekl, < (kT xT f). If we define the maximum packet payloadyay = (ki x7 f), we
achieve the values foW(p;) andklp,y as expressed iBquation(l).
w, =Rl

e Y u

. ) . (1)
Klipi) = %B(i) + °(i>)' y.g(B(i)ﬂ)(i))gg
C e y U=

Regarding that it is likely that all intermediate nodes of a paahe homogeneous (excepting the
source and the sink), we will assume that all nodes have same hardware characteristics and energ
consumption pattemaWe can defineDin) as the total amount of bits to be transmitted for image
from hop h to the hop if + 1) in pathp, as presenteth Equation(2). Due to packet loss and
retransmissiorproceduresPpin Mmay be different thaWVp .k for h > 0 andklpy = O, but we are
assuming a lossless communication scenario.

_F\/\/(p’i).k+(kl(p’i) +x+f)

b K k.. =0 (2)

(pih) ~ fW

(pii)* (pii)

The energy consumption is directly related with the transmissiarepof sensor nodg Pwip ),
the power for packet receptioRwrpn, and the time for transmission of one I ) [30,31]. We
defineEtp nas the energy consumption in joules for packet transmission frorh twopop 6 + 1) in
path p and Erppy as the energy consumption for packet reception in thap the same pathlhe
formulation inEquation(3) presents the energy consumption in eagh ho

_ D PWE 1y X o)

Et( oy T —
P [O ’h_(H(p) +1)
€D n.1)-PWp ) X1y

{0 ,h=0
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The values foPwfy n andPwrg ) can be easily computed in conventional sensor motes since most
of them are powered by two AA batteries (3.3 V) and the energy consumed to transmit éaeh bit
known characteristic depending on the desired transmission range. For example, the MICAz mote
draws 17.4 mA when the transmission power dBdn (57.42 mW), and 14 mA for the transmission
power ofi 5 dBm (46.2 mW). The value foxpn is also knowrdepending on the packet transmission
rate: for IEEE 802.15.4 sensors equipped with the CC24200 chigsgt 4 € s f o wsiont he
of a single bit 82].

In wireless communications, the radio of the sensor nodes will have to switch between at least the
transmission and reception modes. In etygle protocols, the radio may also be in the sleep mode.
We simplified considering that the radio may be only rem$mission or reception mo@# each
momentand for each packet transmission or reception it is required a mode switch operation. Our
resulted energy consumption modeBEquation(4) assume®ws, ) as the power for mode switching
andtsp,n as the tine required for aswitching operation (typically much lower than 0.1 ms).

Do PW oy Doy + Wiy -PWS 1y 1S

Eliom =1
kom j0  ,h=(H, +D)

Er . = \IeD(p,(h-l)rPWf(p,h) Xpm W) -PWS 1y tSpo)
(ph) =1

|0 ,h:O

(4)

As most energy consumption is expected in transmission and reception procedures instead of
processing and storage [B8], we can roughly state the total energy consumption in pats
expressed irEquation (5). The total consumed energy is the sum of the energy consumption in
transmission and reception in all intermediate notles 1€ ,H(y), plus the energy for transrsisns
from the source nodé & 0) and reception of data packets at the ki) + 1).

Hepy 1,

Ep = éo (Et(p,m + Er(p,h)) (5)

The basic formulation iEquation(5) could be even more extended to incorporatestiergy costs
for transmissiorand receptiorof 1-hop ACK messagedMoreover the average packet error rates and
retransmissiog could also be accounted, as expressedi24]. A useful approach to estimate the
average number of retransmissions ignworporatea Gilbert/Elliot error mode[34], as expressed
in [7]. In that model, the error probability is a function of the size of the packétough such
additional elements can improve the presented energy consumption model, the basic idea that mor
energy $ expected to be consumed wheare packets have to be relayed through more intermediate
nodes will not change. Analyzing the presented formulation, we can then conclueleciftpt saving
may be achieved when some packet relayopgrations aravoided reducing the value fdD,  n over
segments of the network.

Energy consumption isensorgdepend mostly on the time wireless radio is turned. dihereby
idle listening and sleeping tinteave a majorole whenestimatingthe energy consumptiommn such
way, analyses of the expected energy saving must consider a more realistic model, as provided by
discrete event simulator§ection5 presentssimulation resultfor the energy consumption when
employingthe proposed relayingiechanismconsidering a reatic dutycycle MAC protocol.
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3.2.SensingRelevance

For many applications, quality of the deployesiual sensor network will be a function of how well
an area of interest is viewed by source nodes. And such quality depends on the actual applicatior
requirements, which dictate what, when awth which constraints a set static or moving targets
must be monitored by the deployesimeraenabledsensorsThis is an innovative concepimed athe
guality of viewing of the visual sensor netwaqrldirecty related with theconcept ofQuality of
Experience (QoE)35. In fact, many works in the literature haveeen concerned witBensing
coverage, connectivity and energy preservat®fZ, but such issues have been treated in a generic
way, with small or absem concernon the application requirements in terms of the actual tartpat
need to be monitored ldeployedsensors.

In many cases, source nodes mayehdifferent relevancies for a particul@pplication, and such
notion of relevance is more evident when source nodes follow a directional sensingasiodesual
sensor networksln fact, neighbor nodes in scalar wireless sensor networks tend to csilheiir
information, but that is not wessarily true for neighbor camezaabled source noddS]. This
particularity makes the sensing relevance an inner characteristic of visualsstasas directed
related with the applications monitoring requirementsatever areheir current positios. Thus, at a
given time, source nodes with different relevancies for the application may be transmitting packets
with encoded visual information, and such relevancies may be exploited to optimize the network
operation[13]. Among the optimization strategs, the sensing relevancies may be used to prioritize
data packets, granting higher relevance to packets transmitted from more relevant visual sensors. A:
energy is a major optimization issue, low relevant packets may be discarded to save energygenhancin
the performance of the network lattll assuring that high relevant packets will (probably) reach the
sink. We presented aroad discussion aensing relevance iisual sensor networkand practical
exploitation of such concept [d3].

The sensing relevanad each source nodeis definedas a 4bit numeric value, referred dke
SensingRelevance index (SE) [13]. The sensing relevancies and, more precisely, the valuesgf SR
are assigned to each source node according to two gojup$ormation: the significance of the
retrieved visual data for the application and the available monitoring resources in the considered
source node. The significance of the retrieved visual data is used to classify each source node in ¢
Group of Relevace (GR)where theinal value of SR is computed using GR and information about
theavailablemonitoring resource§.he groups of relevance are describedable 1.

Considering the assigned GR, each source odemputes a final value for QR For such
computation, some parameters as residual energy, visual resolution and zooming capabilities can b
accounted, computing a final value for §Retween 0ad 15. As presumed, the sensing relevance is a
subjective concept that cannot be automaticattynputed only based on the network topology,
requiring identification of the groups of relevance for each source node. Automatic and manual
approaches to identify groups of relevance are described in [13], but we summarized the main
computing approaches irable 2.
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Table 1 Groups of relevance and the associ&edsing Relevance ind¢8R).

Group of Relevance SR Description

When the source node has no relevance for the application.
Irrelevant 0 Source sensors should turn off
acting only as relay nodes.
. Source sensors are transmitting complementary visual
Low relevance 1li4 . . . . L o .
information with low impact to the application monitoring quality.
This is the initial relevance group, when source nodes are turned on
Medium relevance 5110 The transmitted information is relevant, but some quality
loss can be accepted.
Some sensors will have higher relevance for the application,
High relevance 11714 requiring prioritizel treating in packet processing, congestion
control, error recovery and multipath selection algorithms.
This is the highest level of relevance that should be attributed
Maximum relevance 15 to a very small group of source sensors, if any. Monitayuragity is
highly dependent on visual data transmitted by these source nodes.

Table 2 Some approaches for computation of the groups of relevance.

Approach Advantages Drawbacks
I . . Useful only for
Deterministic establishment No computational costs. L
i deterministic deployment.
of the groups of relevance. Sourt Source nodes are statically
) i May not adapt to changes
nodes are assigned assigned to a group ,
in the network tpology
_ to a GR before deployment. of relevance. ) -
< and in the targets positions.
S Requires a human
= , i L Sensing relevancies of source operator to interpret the
Visual identification . . . .
nodes strongly reflect the visual information retrieved
of the groups of relevance L : ) _
application requirements. from the monitored field.
by a human operator. . , . .
Minimal computational costs. Subject to unconscious
psychological factors [35].
Computer vision algorithms
are employed to identify the i ) ) )
P y bt Automatic establishment High computational cost.
targets viewed by source ) _
o of sensing relevancies very clos  Depends on the nature of the
nodes. The GR is indirectly L , . '
: ) to the application requirements. targets and the monitored field.
L established according to the
g relevance of the targets.
o
E
Mathematicahnalyses and Groups of relevance may be  Depends on caeraenabled node
localization algorithms are used established for regions. localization algorithms.
identify areas of interest. The GF Provides a very acceptable More suitable for
is established if source nodes vie solution, with low cost. scene/area monitoring [5].

the defined area.

The sensing relevance is a global QoS param&eurce nodes are classified in groups of
relevance, which arendeed computed by the sink (or some element at the sink side), which has a
global view of the networKkn other works, the SR of each camerabled sensor has significance for
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the entirenetwork since it is computed based on the monitoring requirenoéajgplicatiors. Moreover,
it is easier to compute and implement, requiring only an specialized applttemrotocol to allow
the propercommunication between source nodes and the sink, as the one proposed in [13].
Figure 1 presenta practical exanlp of how the sensing relevaes of source nodes may be
establishecccording to application monitoring requiremeiio representationsf the exactly same
forest areshowed where the figures of animaladicatethe places where they are more likely to
appear.The field of view of source nodes is represented by a pyramidallareach of thepresented
monitoring scenariosa VSN is deployed for monitoring of blue macaws$e sources nodes will be
associated to a group of relevarazrording tothe viaving probability of blue macawsndsource
nodes that cover areadhereblue macaw$iaveneverbeenseen before are assigned to the irrelevant
group of relevanceNote thatthe GR could be computed using a deteistiapproach (if we already
knew the monitored fieldand the behaviors of the blue macawsing human operatorto visually
classify the retrieved visual informationprocessing a set of images in a period of timdind
visual patterns and thaetermine the relevance of visusensors gtatistic relevance) or identifying
regions of interest.

Figure 1.Di f f er ent r el evancies according to the a

@ Maximum Medium Irrelevant . Maximum Medium Irrelevant
@ High @ Low ® High D Low
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Considering that the deployed visual sensor network should monitor blue macaws, source nodes
that can entirely view them are assigned to the maximum group of relevance. If the remaining source
nodes are monitoring other kind of animals, they will have lower sensing relevancies. In fact, all
information is relevant for the application, but with differgmiorities (blue macaws may appear in
regions with low probability).

We are mainly concerned in this work in how the sensing relevancies of source nodes can be
exploited to save energy over the network with the lowest impaapplicationsmonitoring quality.

Thus, we assume herewith that caremabled source nodes are already assigned to a group of
relevance and that those nodes can compute a final SR. Moreover, we also assume that the
corresponding SR i s i n ofleved/gadsmiited datgacket.Addirgg khest s 6
additional information to every transmitted packet has iloywact to theenergy consumption of the
network, as investigated in [7].
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4. ProposedEnergy-Efficient Relaying Mechanism

In multihop wireless sensaretworks, packets are transmitted from sositoethe sinkfollowing
the ad hoc communication paradigmtermediate nodes are deployed to relay packets in-ayzbpp
fashion, especially due to the expected limited communication range imposed by tlogeempl
wireless radio hardware, the energy constraints of the nodes and the characteristics of physical an
MAC protocols. Incoming uncorrupted packets will be typically insertéd a FIFO queue and
processedor relaying purposedy different protocol lagrs or following a croskyer approach.
Commonly intermediate nodes will employ tisametechniquegor every incoming packet.

We proposeanenergyefficient packet relayingnechanismwhere intermediate nodes relay packets
according to their current energy resources i a ¢ k e t s 6 Thp proposed nmechangsm is
composed of two different approaches, according to the use of DWT coding as a local QoS parameter.

4.1. SRBased Paokt Relaying

After deployment andhitial configurationof a particularwireless image sensor netwopackets
carrying visual dataetrieved from the monitored fielill be transmitted from source nodes to the
sink through the multihop ad hagtructure oeated by the intermediate nod¥g¢e assume that ithe
initial configurationeach source node will compute a$BRnd thateachtransmitted datpacketwill
include theSR) of the transmittingourcesin its header as expressed before

In usualtransmission each packet may be acknowledged by-lsop ACK message during the
multihop communication. When a packet is successfully received and acknowledged by an intermediate
node, it is typically forwarded to the next hop in the path toward the siktken employing the
proposed relaying mechanisms, packets may be silently dropped in order to save enengyayirige
node andhroughout the remaining path. Although monitoring quaiitgty besomehow negatively
impacted dropping packets at intermediate nodes/ turn the network active for a longer time.

We proposea thresholebased droping scheme where the current eneilgyel of the relaying
nodes (referred ag indicateswhich packets canflow over the networkThe SRs) included in each
datapacket e f i nes t he ,wh&ltikcketkédsy rghaying oadesihen deciding if packst
will be forwarded or silently drgped Adopting energy thresholdand a SRbased dropping scheme
creats an adaptive behavior of the netwoplatentially enlarging the network lifetime.

Table 3. Energy thresholds for the Shasedelaying approach.

Packets that MUST be relayed to the next hop

Energy Level

Group of Relevance SR
el e All packets 1i 15
elUe<g Medium, high and maximum relevance packets 5i 15
sUe<e High and maximum relevance packets 11715
e<e; Maximum relevance packets 15

Three different energy thresholds are definegd: e, and e;. Each energy threshold will be
associated with one or more groups of relevance, indicating which packets must be forwarded to the
next hop, as described in Table 3. Wiegs below one of the thresholds, only a subset of packets will
be relayed, while theemaining packets are silently dropped. Considering that in the initial state of the
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network all intermediate nodes have a maximum energy level ) and that intermediate nodes
become inoperative when they runoutofenesgy ( 0) , we ees@eg@etO tlhat 0 O

All incoming packetsvill be forwarded to the next hayhene Oe;. Low relevance packets are the
first to be dropped, since th&yll not be forwarded whee < e;. Following this transmission scheme,
packets from the most relevant source nodes are the last to be discarded, inthreasipigbability
of successfully readhg the sink.As application monitoringquality is directly related t¢the sensing
relevancies of the nodes, the proposed relayiaghanisms expected to have a reduced impact on the
monitoring quality when compared with optimization algorithms basdéyl @m the relevancies of
packet sfasmPy | oads

Figure 2 showdwo examples bpacket relaying following the proposegproachConsider that
eachsquare representsdatapacketfrom a source nods with SRs) asrepresentedby theindicated
number The energy thresholds atide current energy levedf a hypotheticaintermediate node are
graphically presented in a vertical bar graduated from 0 Baded on the current energy level and the
values ofey, e, andes, only a subset oflata packets allowed to beelayed to the next hop.

Figure 2. Thresholdbased packeelaying regarding the sensing relevancies of source nodes.

Energy Energy

incoming - T incoming 1
2 || e || 13 ][ 15] [ 2 || e || 13][15] [”
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15 || 13 || 6 & 15 || 13 | [®
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It must be noticed thaach intermediate node takes ¢ieeision of relaying or dropping based only
on its residual energy, in an opEop manner. In such way, intermediate nodes do not need to know
the energy status of other nodespiding the transmission of dedback messageAs intermediate
fihulbd nodes(which belong to more than one active path)raided paths are crucial for network
transmssiors flows [36], the proposed relayingpproactshouldbeimplementednly by those nodes.
Such decision is motivated by the fact that the entire network may kenoperativeif hub nodes
run out of energy.Therefore, employing the proposed optimization approach in only critical
intermediatenodes turn®penloop processing a proper option.

As a final comment,heremight be different approaches &stablishthe energy thresholds, e,
andes. Besides configuration before deployment, the same SR assignment pprasmited in [13]
could be employed to define the energy threshtdse adopted bintermediate nodes, which would
read this information whiléorwarding control packets between source nodestesink.

4.2. SR and DWBased Packet Relaying

Besides exploitation of sensing relevancies energyefficient packet relayingvisual data
payloads may be also considered when defining thec kpeidrite®We consider that cameemabled
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source nodes are transmitting still images retrieved from the monitored field arehthaimage is
processed by 2D DWT before transmission.

Wavelet transforms provide data decomposition in multiple leveleslution, where DWT s
achieved discretely sampling the wavelets. DWT decomposes a signal by passing it through two
filters: a lowpass filter L and a highpass filter Bigital images are twaimensional signals, usually
represented as a matrix of pigelA 1-level 2D DWT processes such signal considering rows and
columns, generating four subbands: LL, LH, HL and HH. The LL subband represents the lowest
resolution and a halized version of the original image. In fact, it is the most significant inftwma
for the decoding process, while the remaining subbands contains vertical, horizontal and diagonal
details for the decoding process. Such processing produces two groups of relevance, but LL subban
can be transformed again to generate more levelssofuteon. Figure 3 presents an original image
that is processed by a DWT applied once and twice, resulting in two and three levels of resolution,
respectively from left to right.

Figure 3. Discrete Wavelet Transfor(DWT) processing generating two and gatevels
of resolution.

LL, | HL,
Original image LH,, | HH,

256 x 256
LH,, HH,, LH,, HH,,

We propose a SR and D\Wbasedpacket relayingpproachwheredata relevance is considered as
a second | evel Inadges qaauwek EFomdhe manitorea field areyencoded blgzel
2D DWT and transmitted (fragmented in many packets) to the sink of the neiwbédn incoming
datapackets have to be forwarded to the next bpm particular intermediate node that implatse
the proposed approach, the residual energy level ohtids iscompared with the threere-defined
energy thresholds to select packéiatwill be relayed according to the value of g the same way
as presented idection 4.1.However,if packes within a range of SRire selected to besilently
dropped packets carrying the LL subbaadealwayspreserved and forwarded to the next Hoping
so, it isensuredthat low-quality playableimages arestill received by the sink even from the leas
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sensingrelevant source noded/e can roughly expect that 25% of data packets generated for a single
imageafter a tlevel 2D DWTare transmitting the LL subband.

Int er medi ate nodes need t o,ikordenioperforen the gpprepriatef p
acton.A si mple way to provide such information |
headers. A it Data Relevance (DR) numerical value could be inserted just after thes 8&jned
in Table 4 A 4-bit DR allows16 different configurationsyhich could be extended to represeptto a
4-level 2D DWT (15 subbands).

Table 4. Data Relevance for alével 2D DWT.

DWT Subband DR
HH
HL
LH
LL

W N - O

The value of DRrepresents a local QoS parameter, since it is generated exclusively by the
transmitting source node and its significance is restricted to the transmission flows it belongs to. In
such way, putting together SR and DR creates global and local scopesvaheelevhich may be
exploited for network optimizations with high accordatm@pplicationsnonitoring requirements and
to the encoding relevance of parts of transmitted imf49]

Figure 4shows two examples of packet relaying following the propaggproachwhere DWT
coding isalsoconsidered o def i ne t he. Spndadyki@ thesstenapia repoesentediire s
Figure 2, sensing relevanciesre indicated by numerical valuesnside the squaregpackets)
Additionally, some packetsarry visual data of LL subbandgom transmitted imagesand those
packetswill always be relayetb the next hop

Figure 4. Thresholdbased packet relaying, regarding the sensing relevancies of source
nodes and DWT subbands.
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Preserving the most relevant data for the reconstructitimeadriginal images may enhanoeerall
monitoring quality, stillpreservingenergy over the network. When applyind-&evel 2D DWT, only
25% of the original data in average will reach the sidkpending on the current energy level of
intermedate nodes and the peoenfiguredenergy thresholdg:igure 5 presentghe reconstruction of
the same image when using differenbbandgenerated by a-tevel 2D DWT. In fact, applicatiors
may tolerate imges with poorer quality, allowing us to enhance the relaying optimizatiim more
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levels of DWT decompositian If a 2D DWT is applied twice over a single imagesubbands are
producedand intermediate nodes could consider the relaying of only tipgdibband (6.25% of the
original data).

Figure 5. Different reconstructed images according to the considerégvel 2D
DWT subbands.

Reconstructed with HH, Reconstructed with Reconstructed Reconstructed
HL, LH and LL. HL, LH and LL. with LH and LL. with only LL.
PSNR is undefined. PSNR is 31.71 PSNR is 29.26 PSNR is 26.99

5. Simulation Results

We expect thathe propose@nerg-efficient relaying mechanismman be employed to save energy
in realworld wireless image sensor networks, bringing valuable contributronis area.As the
sensing relevancies of source nodes exgloitedto assign relaying priorities to data packetse
network will preserve p&ets with higherimpact to the applicationsoverdl quality, potentially
performing better thaaptimization approaches basedyoonp ac ket s6 payl oads.

In order toassesshe propose@pproacksin whatconernsenergy consumptigrwe conducted a
seriesof simulations where source nodes with different sensing relevaareieeployedT he standard
relaying functionality in the framework Castalid7] was adaptedo executeour packet selection
algorithirs. Basically,theyreadthe SRy included in eacldatapacket to decide it will be forwarded
to the next hopor silently droppedaccording to the current energy level and predefined energy
thresholdsCastalia is a C+#liscrete event simulator based on the OMNet++ plat{&ih

Two different commumation scenarios wereconsidered for the simations, as presented in
Figure 6 Those networks are composed of few noftas simplicity, which are improbable for
realworld wirelesssensornetworks but are useful to verify packetlaying in braidegathssince
they follow the same principdeof large networksThe first scenariess composed ofwo source nodes
(s1 and s2)and one intermediate node that implements gheposedapproacks (nl), while the
Scenario 2 is composed ofsource nodesl, s2, s3, s4 and sapd5 intermediate nodesvhere the
proposed approhes are implementednly in noden2 The maximum distace between neighbor
nodes iestablishedn 20 meters.

For the experiments, we considered source nodes transmitting a single generic 64 x 64
uncompressed grayscale image snapshot every 10 s. For an effective payload size of 104 bytes, 40 da
packets are transmitted by source nodes for a single snapshot.istiaé sensor nodes will be
transmitting data packets in a maximum transmission rate of 250 kbps and with a transmission power
of 1T5 dBm. A simple interference model i'sS as:¢
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from neighbor nodes), where patkmllisions are handled by MA@yer protocols. In [37], the
packet reception probabilities are calculated based on the transmission power of the transmitting
nodes, keeping some level of similarity with raadrld communications. The MAC functionalitiese
supported by IMAC [25], a dutycycle protocol that dynamically adjusts the sleeping time for higher
efficiency (better adapting to higher transmission rates), also performing retransmission of corrupted
packets. Default MAC parameters were considdréor the experiments, according to the definitions

in Castalia WSN discretevent simulator (version 3.2).

Figure 6. Communication scenarios for the simulations.

Scenario 1 Scenario 2
O O O O
sink sink

O «0 O
O O On
: SZQ"" :
O O
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We defined different configuratiordifferent configuratios of sensing relevancies, agpicted in
Table 5. The SR-based{) and SRbased®) configurations are intended for simulations ovee
Scenario 1, while the renmng configurations are aimed &imulations over &nario 2 The
SR-based relayings concerneanly with the SR in each packeddction 4.1), while the SBWT-based
approachealso exploits DWT subbands relevancigsdtion 4.2).

Table 5. Sensing relevancies configurations.

Configuration of the Sources SR;) SRz SRs SR4  SRg

SR-based() 15 12 -

SR-based®) 15 3 - - -
SR-DWT-based(2) 15 3 - - -

SRbased(3) 7 15 11 15 8

SR-based(4) 2 6 3 1 15
SR-DWT-based(4) 2 6 3 1 15

SR-based(5) 6 9 15 8 7

We initially condwcted simulations comparing th8R-based relaying approach withtraditional
SR-unawarerelaying mechanisr{every incoming packet is forwardead astandardDatarelevance
approach where onl y (DWrleublpaadgdreocandidgeded for enempffi@entc i e s
relaying, in a similar way as expresseddh [n the latter the original imageare encoded by alével
2D DWT and packets anarioritized using only the value of DR, as defined in Table 6.
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Table 6. Packet forwarding for the Datalevance relaying approach.

Packets that MUST be relayed to thenext hop

Energy Level

DR DWT Subband
ell e 0,1,2and3 HH, HL, LH and LL
elUe<g 1,2 and 3 HL, LH and LL
ealUe<e 2 and 3 LH and LL
e<e; 3 LL

The energy consumptioim node nlafter 12 days of continuous transmissionScenario 1is
presented in Figure, Tor different configurationsf the threeenergy thresholds.

Figure 7. Energy consumption for Scenario(d) e; = 0.9,e, = 0.7 andz; = 0.3. p) e, = 0.95,
e =0.8andk;=0.7
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As expected, the worseesults in terms of energy consumptiare achieved whertraditional
SR-unaware relaying mechanism is employBoie that the same energy is consumed whatever the
values ofe;, e, andes. In a different waythe SRbased approacperforms differently depending on



J. Sens. Actuator Net®013 2 441

the sensing relevanciesf the source nodes1 and s2)The Datarelevancerelaying approach has a
good performance concerning enegpnsumptionpeingslightly betterin Figure b. Note, however,
that all snapshots alewer-bounded when the Datalevance approach is employed, whatether
relevanciesof the source nodes. la differentway, the SRoased approach will always delivery
high-quality images for the highest relevant source nodes, potentially enhancirgataqums overall
monitoringquality.

A visual scheme of thexpectedquality of the receivedmages at the sink sides represented in
Figure 8 High-quality images will be always delivered fartraditional relaying approach, while
images with decreasing quality will reach the sink for the DDallevance approach according to the
energy thresholds and the current energy resources of intermediateFardde. SRbased approach,
only images fronthe maximurarelevant source node (gR= 15) will alwaysreach the sink without
loss of quality.

Figure 8. Average quality of the images that reach the sink for different transmission
configurations.

Energy
1 Traditional Data-relevance SR-based(1) SR-based(2)

- re s*')f

The monitoring quality when employing the proposedifsRed relaying approach will decrease
along the time, according to the energy level anddefened thresholds. In initial states of the
network, images from all source nodes will tbensmittedto thereceiving end, but the amount of
visual information that will reach the sink will decreasleng the time However, imags from
maximum relevace sourcenodes will bealwaysrelayed without interference, preservidgta with
highest significance for the plication.

The energy consumptiaosf noden2 for transmissions ovescenario 2is presented in Figure for
the soure nodes configurations Siased8) and SRbasedd).

Once more, the energy consumption of the proposet&SRBd relaying approach is highblated
to the sensing relevancies of source nodes. When all source nodes have maximum relevance, th
performance is similar to a traditional relaying paradigm. However, energy savings are achieved when
low-relevant sources nodes are identified. Visugh deansmitted from those source nodes are indeed
important, but applications can afford some data losses if visual data frorrelegant source nodes
are received for longer time.
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Figure 9. Energy consumption for Scenario(d) e; = 0.9,e, = 0.7 ande; = 0.3. p) .= 0.95,

e=0.8 and=0.7.
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Figure 10. Relation between energy consumption and the defined energy thresholds.
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Figure 10 relates energy consumption with the energy threskglds and e; for node n2 in
Scenario 2, for the source nodes configurationsbh&ed(3) and SBased(5) and 12 days of
transmissions. We defireg = 0.95 ande; = 0.05, varying the value @.

There is a tradeoff between enemggrvingand monitoring quality, when enqying the proposed
energyefficient relaying mechanism. In factnergy consumption is inversely proportional to the
values of the energy thresholds. Higher valuestli@m incur in earlier dropping of lowrelevant
packets reducing energy consumptiohhus, when we achieve higher energy sayithg monitoring
quality is somehow prejudiced, since loelevant packets are dropped in initial stages of the
network lifetime.

We also assessed the energy consumpgtionode n2, when the SFODWT-based approacts i
employedin Scenario 2 We presenéd in Figure 11lthe energy consumption after 12 days of
image transmissions.

Figure 11 Energy consumption after 12 daya) e;= 0.9,e,= 0.7 and=0.3. p) e,= 0.95,
e=0.8 and;=10.7.
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The SRDWT-basedapproactconsumes more energy thdre SR-based relayingpproachfor the
same configuration of sensing relevancisace at least data packets carrying LL subbands from all
source nodes will reach the si(&nd all packets from source nodes with SR5). However, higher
monitoring quality is expected for the SRNT-based approach. In general wordsapplications
require low-quality versions of the imagesansmitted byall source nodes, the SRNT-based
approach should be employed. One should also note that, as in previous experiments;réhevBata
approach may not be the best enegfficient relaying approach, depending on the sensing relevancies
of the source nodes.

Figure 12presents a visual Beme for the received images at the sink side, but now considering the
SR-DWT-based relaying approacNote that the optimal monitoring configuration is achieved when
the proposed SBWT-based relayings employed.Although the Dataelevance relaying appach
achieves some energy savings, the qualitgllofeceived images decreases along the time, uniformly
prejudicing the quality for all visual source nodes.

Figure 12 Average quality of the images that reach the sink for different transmission
configurations and also considering the-B®R/T-based relaying approach.

The expecte@nergysaving when employing the proposed relaying approacesignificant. If
source nodes are powered by two AA battepiewiding 20,000 J or more, theensometworklifetime
couldbe 3 days longer thathe traditional SR-unaware relayingaradigm depending on source nodes
and network configuratia However, the networknonitoring quality is somehow harmed when
comparing with traditional relayingn fact, he innercharacteristics of visual sensor networks impose
the need for a new understanding of QoS guararmiegsnonitoring qualityWe canexpectthat the
visual monitoring qualitydepends on the compliance of the performed monitoring with the application
requirements, and such requirements are defined by U$ers,. he monitoring quality is related with
the Quality of Experience [35] of the deployed wireless image sensor neMmproposed the concegit
Quality of Viewing (QoV) as a metric to assess the loss of monitoring quality when exploiting the
sensing relevance concdpt network optimizations [38but it is also a subjeiet concept.



