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Abstract. Sensor networks are characterized by
limited energy and processing capabilities. This be-
comes erncial in ease of event-based sensor nct-
works when multiple close nodes notify the sink
about the same event at almost the same time,
Propagation of this redundant highly correlated daia
would be costly for the system and result in energy
depletion and network overloading. In the literatore
data agpregation has been recently regarded as a
way to rednce energy consumpiion and also prevent
congestion, In this paper we derive some insight into
the data aggregation process, More specifically, we
first estimate under which conditions aggregation can
be a costly process with respect to non aggregation in
a realistic scenario where processing costs rvelated to
ageregation of data are taken into account, Also. we
consider that aggregation shonld preserve integrity of
data. To this purpose, the entropy of the correlated
data sent by sources can he considered in order to
both decrease the amount of useless data forwarded
to the sink and perform an overall loss-less process,
T this target. we develop an analytical framewark
aimed at evaluating the overall entropy of the joint
correlated information, This can be used to figure
out a tradeoff beitween the need o incresse data
aggregation for energy consumption reduction, and
the need to maximize information integrity. Perfor-
mancg rvesulis show that the agpregation process
can be effectively designed exploiting the possibilicy
to tine the transmission power so as o increase
the convenience of performing entropy-driven data
aggregation,

Key YWords: Wirsless Sensor Networks, faie Aggrega-
on, Fadeapy, fnergy Corswmpiion.

Lo TN RO L IEN
Wirgless sensor nelworks are composed ol devices

characterived by limiled ballery, processing and slorage
capahilities [ 17 This aspect becomes especially crucial in

case of event-hased applicatioms, where sensors monitor
a given phenomensn and send notifications and mca-
surcrnenta back o the sinla2), 8o, a b of redundant
data, especially in case of high density networks, go
hack e the sinkis), thus wasting precions bandwidrh and
cnergy resowces, As an example, in Tig, Tiby we shoaw
the porcenrage of residual cnergy in a sensor nersink
where newdes are Tocated according o e twopology shown
in Tig. Ta) after 600 s of simulaticn. Tn this seenarin
nondes in the periphery are suppoaed o send data oo the
sinke o advertise about an anomaloas event necencd.
Ir is cvident thar, due two the so called funineling effecs
[2]. the closer a newle @3 o the desrinarion, the more
stressed under the perspective of cnergy efficicncy i s
Anather problem, wsually related o the abewve ane, s
congestion which can be mat at nodes closer o the
sink which are likely fooclay a ot of data packets.
To this purpose aggregation has heen recently regarded
ag @ way e reduce energy conswnption [3]0 [8]. [9].
and also peevent eongestion [3] When portorming ag-
gregation, wsually the cost of processing 12 disregarded.
Tnsread., this coukl confibute 1o make the aggregation
proceds cien mone costly than ne aggregarion. 8a0an
investigatiom of the eomditions under which aggregation
can become cnergetically cheaper with respect o no
agpregation i3 necded. Also one can cxpect that, the
higher the namber of packers o be aggeegared, the
higher the advanfage of using aggregation with reapect
oy it wsing ic TTowever aggregation cannor be inereased
inclefinitely unless preciows information are missed. Se,
mueh attention should be paid t the way aggregation
i pursued. To make aggeegaticn more officient, in case
of cyvent-hased applications, spatial coreelation of data
metitwed by nodes in elode proximiry can he wsed.
MWore specilically, nsing enbropy considerations, o slucdy
an the Timit o the maximum amount of data which coubld
he ageregaled wilh no losses, s provided in Dhis paper.
Moreover, a lrudeall” belween aggregation. inlormalion
inlegrily, and energy consumplion minimizalion in spile
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ol the addilional processing required (o perlomm aggre-
galion 1% identficd. Hesults can be wsed Tor designing
cfficient data aggregarion protocols which exploit the
possibilite Lo lune the Uansmission power 4y available
in mnny sensor commercial devices o moke paprecylion
d succcs-lul ol clcap process.

1he resl ol s paper & orpanized as lollows, In Sec-
tiom e recall some related work in the ficld, In Scetion
HT a power consumplion analysis is developed which
allows 1o derive the comdilions when aggregalion is a
eolly process willl respect Lo no ageregalion, In Seelions
IV and W the waxnnn value ol e ageresalion lunelion
which guarantees to prosciye dara integrity at destination
is catimated. In Sectinn V1 seme performance results are
discussed and. [nally, o Section VT some conclusions
and considerations on [ulure worle are drawn.

IT. REr.aTriD WoORK

aly agpregalion has been wsually regarded as oa
wuy o reduce energy consumplion in wirgless sensor
nelworks. To this purpose many papers dealing wilh Lhe
prohlem ol consiueting dala-nggregalon Irecs Loweards
he sink have heen proposed in the lileraure. As oan
example, in [7] the prohlem ol building oplimal aggre-
gatiom Irees has been considersd leading L the resall
hal it is MIP-hard and so an appropriate delay-energy
tracleall” shouhl he considerscd. D [9] Too, an appropriale
racleall” hetween delay and energy is invesligaled in the
comlexl ol a distribuled 2stimation algorithm where the

linal resull depends on be agoregalion perlormed by les
nodes, In (6] e Dmpact ol nodes” densily on <herpy-
cllicienl greremalion ree eonstiraetion is il considersd.
I [2] o amalytical sty ol howe partially comelated data
affect the performance of clustering algorithms is preo-
poged. Alae, in that work rate distortion considerariong
are used Lo sludy vnergy consumplion and Lildinee ol
the network, provided that some somelaion among the
data 13 available. Finally, in |10 an analvtical model
which chargclerizes the radeoll belween nggregnlion
and lopalogy conlnol o case o Wivial agprepalion te.e,
minfmian, verage, cle) through the use ol sleep-acive
schedules eroployed we reduce eneriy conmmnpliom 1=
propuosed. Inothat work e antlens ey e aninimizee
enetey consumplion, while preserving responsiveness
and lidelity in the aggregation process. Tn this paper
inslcad, the inain locus s on liguring ool a fradeall
belweon necd o reducs power consumplion Uwough ose
al aggregation, and lidelity in 1he ageregalion process.
More specillcally, considerige 4 pelwork where lew
minles porlfomn agpegation amnd assuming that ey wiork
independently from each olher, we investigale on Lhe
tradeoll belwoen aggrepation lor reduciion i he coeeey
consarmptiom and informarion inkegrity suppoit. Aceond-
ingly a set of conditions under which aggregation can
bz less expensive than no nzgreealion are identilied. The
latler can ke used by nelwork designers (o appropridlely
tlesian netaork protocels sooas 1o wune the ransuission
[ivwer in uowuy W merease reteork lifetime and Tulelily
in data delivers.

LHL 1w ER COMSURMITLILIN AN ALY SLE

Im order too aptimize the solation of the aggresarion
prablem, interactions among all nctwork noedes shiowld
b comzidercd. |owewer, this would mply an additional
overloading o the nelwork through sisnaling and a
consgquenl wasle ol evowrces. Accordinaly, o this work
wo dssume hal noddes cxploil omly lecal mlormation, thus
laking indepondenl soluliens whoen ageregaling based
omly om their know ledge of the loeal opology.

Lel us consider an evenl-based applicalion scenario.
In this case nodes are reguired o monilor unexpecled
evenls, eg. lemperaure, homidily or degree ol con-
lamminalion exceeding a given threshold and report the
monilored inlormation o the sink(s) which disseminaled
gueries throagh an inleresi-1ike approach. As an example
in Fig. 2 the relerence neltwork is shown, Tn this Bgure
sensors i the inlerest arega monilor dillerent variables
and. accordingly, seml dillerent melrics (o the sink. n
this cuse an aggregalor node shoonld implement dillerent
guenss per cach metric o he deliversd (o the sinl
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| &7 us suppose that a nedde, 3ay &, reecives traffic
from vy onc-hop neighbor nodes. This tratfic aceds to
be relaved lo olber podes lowards the Jeslination {soky,
In order o reduee voorgy consumplion, huy nersasiop
netwink lilctime. packets sent by these & nodes cowlld
he effecrively agercgated =0 as o rake advanfage of
the correlated trallic renerated by high densily sensor
neltworks when nodes are localed in the proximily of
sach ollier, In [hel, observe that the correlation coellicieul
hetween the waffic generad by a pair of modes s a
function ul their physical prosimity.

Iy nede & perlorms agpregation, 0 will be denoled
A% g PrEginn

Aggregation will clearly resule in a veduction in the
energy which is depleled by relaying redundant data
TTowrever, aggragation implics performing mons complex
aperations wilh respect o simply relaying ralfie: this
can lead moan inercase in the vverall encrgy consump-
liom!. Observe thul, when difforenl meides soe menitored
throughoeut e neltwoerk, only homogenzous data will be
agaregaled. Bo il an ageregalor node 1ike 1he one shown
in Fig, 2 opocvives Uweee Kineds ol dala wo gesume U can
apgregale ooly packels carrying e same dala. 2., ooly
pllutiom mauilications.

Lel us now evaludle the power consumplion. Oy,
al nminle Foocomparing both the case when his noede
acte only as a lorwasder simply elayine obher nodes’

tIn tae folleweing of this worll we diavesard delav peoblem: 3ines
wr wesiree Ural dite pachets van be oggregited enly o olreacy
wviilable i the aperezatocs baller so Qal oo sdditieos] deloy, waitug
froe vackets o ormme, 1: considered.

packels, of as an aggregalor In the lesl case,

e
Co  IFrx+Fux)->_m+Pryve (]
il
where we Jenols
o g e packel emission rute al eachol e § th one-
hop neiphboers of the considered ageregalor node, &
w Ly oand £ e packel lansmission amd neecp-
HUm poweT, Te-pealively
v oo the e of dats generaed by noule &
In the case wehen nodde & s an ageregator, the power
eonsumption can be writhen as folloses

"

. W e e !
Co= { I3 1 P} (X0 45 1) 2)
| Prx - Z?‘;ﬂ,' | Diiee

wheere

o Sy, 15 1be power needed Lo keep on e agerega-
liom eircuitry independently of the mnount of daty
1w uggmgetlu-’.i

o [0 s e aggregation faretiom al node bowhere
a(td 2 10 The laller represents Lhe number of
packels whose inlormalion can e geerseaied by
newle Aot ome pachet anime L TAlTerent choiees
are possible. Cmothe one haml, g (0] conld renain
comstant and be not veactive o networle dynamics,
Le. e f1l or Oa the other hand, o (7 could be
varlahle n g aeconding o Qe currenl elsork
slatus amd e numher ol packets which should be
delivered Lo the sink.

o fing s the coding power emploved Tor coding
and processing a single packel lo perlorm dala
agpregalion.

In ‘Table N we show The wilues ol the cwrrent
drain Lo the ditTerent working moedes lor a MICAS
Crosshow device.

From =gs. (1) and {20 we observe that, when
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he process ol ransmission withowl aggregation resully

mwary cosstly L lerms ol enerey consumplion with resposl
foy e case when aperegrion is wsed.

(3

Fry Pro ey

Fast ws alser consicher e dotal puower conswptivn
Cr opor cach tramsmitied packel ot noudes upstrean an
agaregalor node in the sink direction. Nodes upsiream o
node boare nades met along the path 2zaing from onde
Eoap oo the sink. The aggregator nowde f i supposed mw
bz ff hops away fiom the sink, We consider that a free-
pradh Tronm each node to the sink s derived and in this
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scenario we ke inlo accounl bolth the case when there
ane uo ollicr apgrepalor nodes upsteam along ke path
1o the inko amd the ease when there are A aggnegator
mimdes, Inthie Lrst case, e 1otal power consumuplion jwr

cach puckel ransmitled by & can e eviloled as

Oy — [y By (H — ) {4

In the second case, inslead,
Co =% s | Iryy-(4 L AL .
l E:‘ | zll;-l:.l;.l"‘:'l -4 }2:.;" A 'r}f..'{.l'-" th}

Lrem cys, (4 and ¢33 we can pure oul sl when

1

) i L i) E Sl
= (i)
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s
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fuoo when no oiher wgaregulon. ane mel upsiream
towards the sink, the svstom cesults anore costly por
cach wansimed packet than when 1 aggresators can
be leund,

Accordingly, hased om (3] and (6, 1)

s e | | A I Ve

el 8 .4 —_ = - —_— —

. FoRet 11 A S Lo Ty !

-I | |I}.\_-_-:...,\_ :'_Ilr}
T Fogcir, T ;"_t- s

perlorming agaregalion s more conyvenient than nal
aegrogaling al #ll, Looking gl e above cyualions, il iy
ideol Unal b higher & Qwe aggproealion lunclion, Lo,
the nuinbwr of packets which are agaregated, the lower
is the amownt ol power necded o perfomn ransanission.
Hewever, i1 is inluilive that high aggregation could be
eostly i terms of ks of infomnwtion. Aceordlingly,
in the nest section we will analvee in detail (o wh
exlent aggregalion can he performed withoul loss ol
imlormation.

W TR TROPY RS IMA TN

I this seeton we Tocus on the agaregation process,
whiclh e be perlormied al an agpremdior wixle, = as
o reduee he duly avelinge ewardy e sok, while
preserving the integrity of e infvmiativn.

Tl informalion dpgnepalion process Wy pursus should
he sueh that rey infnmnation is lost even 1T redoacing the
amoant of data packets propagated from an aggregator
nivde (o the sink. Thus, on the one hand the agerega-
lion proeess should be loss-less beciuse no inlonnglion
should b Tost; vn the olber hand, he process should be
[ i e semse il wseless data packets will ot be
Forweamiledd.

Ty using agzregation, we expect that oode's o emis-
sion rate, w00, should be lower than ZE, (00 To
evaluate w0 ler us model the data gcncfatcd by cach
neizhbvor of aods & az a time-continucus randem vaviable
L

m order 1o approprialely design the dala aggregalion
prowcess ar a generic node fowe preliminarily cyalaare the
ditlerential joint entropy ol variable I° 0 Jx 00 N a1
Lo B = R{A L XA, which dilers Irom (he
entropy In that he random variables are ool reguioed
Uy b diservle bul are supposed Lo e conluous,

Agoa property ol the dilferential joinl entopy, i
follows Lhat |4

M
M X1, X)) RY) (8)
1-=1

Accordingly. In o loss-less process, a rale ¢ =
Y, A ) e osullicient o aceuralely reconsiruel
variables A, Aa o A a .

[elus estimale the joinl probabiliny distribuion lone-
Lo {pd ) ol variable | which can be writlen as [4]:;

1
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where s s the arcay ol the averase values Tor each
ol e Ay madow vacdubles, Lo, e = | Kowen s Y R
and ¥ iy the mateis ol e covariances, Maix Y can he
FTTLET A

-

t1th

where

o 52 Qs the varlanes of variable = [ X, X
e the covarianes ol variable [y, S0 and
Is given by oy, o,
—L. 1], We assume that e covariance ol variable
.0 2] s proportional ke proximily ol deviees,
T this purpose oy o, represents the correlalion
coetficient hetween variables S and s and depends
on e locations ol nodes | and 2 who generaled
variables S aod f; The highest (he nodes prox-
imity, the highest the correlation coellicienl and
VICCVETER,

Bl
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g T T wilh gy, F

Accordingly, the joint differential eatropy can he cyval-
vated as

i1l

W AGERECGATION FUNCTION MAXIMIZATION

The joinl dillerential enleopy can be wied W eslimale
the maxioum loss-less Improvemenl o lReoes ol redoc-
Lun in the amount ol useless data that have 1o be trans-
milled using aggregalion wilh respect Lo non aggregaling.
The impeevemcnt, J;., i3 given by the catio betscen the
ditforcnes in the daca t@ be relaved Ty node o when no
agarepalion is perlormed and when loss-less aogreaation
Iioapplicd and e wedal amount of data Lo berelayed
wilh no ayraregalion perlomned. More specifically. the
overall improvemen! achieved wsing ngeregation. can he
eviluuled ds
S R — R(X ) Xe L X

Zfi R X5

n order 1o undersiand how o ose the imlormalion

on the overall improvement £t appeopriately design

fh. (12

he nelwork aggregalion process lel us consider that,
whalever 1y e cholee in the agaregalion lunclion.
orcher ned Lo lovse any mlormation, (2 <hould be such
(et :

L m (13%
Aminerease im0 hevomd This threshold sould resal
in g losy of information. Therelore, in onder (o be wygres-
sive in the process so as 1o reduce energy consumplion
while alse preserving inlegrity of the infonwation, the
maximam valie of the ageregation function at node i
should be such (hal

" I
gpAs

A = {14)
Tinally, it follows that
"y
et (L =00 p(e) {13)
i

W Casn Sy

In thig sceticm w7 investigate on the joint ditferential
U'I'I1.T(]]._1}' d.'I'H.i L‘II]'I'IHEqLLI..','I'I”:_n." 1he TTIIi.I'i'IIILlTTI ERTISIEN ] ul" I.it___-
gregation which can he applicd compatibly with the need
lar minimiring energy consumplion while preserving
inlormation integrity, ‘o this purpose in Figs. 3 we
show the values ol the dillerential joinl entropy oblained
when considering a node & wilh a number of ooe-hop
neishhors ciual o0 %y, =% amld Y, = 30 rospeclivaely, n
Uiese ﬁng:r-; the mcan valoe of e sensor measuremenls
i7 denoted as wey and measwrements are assumed to
hawe a staodard deviation o+, equal for all aeighhbors,
Comwparing Figs, 2 G0 oamd o) owe observe ol ae
crpeeled, as =oon s the nunbor ol onc-hop aeighhor,
increases, the improvement By incrcases because the
difference berwecn the joint differcntial entropy and the
sum of the single sowres entropics az a fanction of the
fatio oy s Increases. This is alse evident loolking ar
Figs. 2 (i and {d) where the maximum value of the
aggregalion Tunclion is shown.

Thone ligures huve been oblained ssswimng that the
cormelation coellicient i~ o decreasing functivn ol the
disrance bergeen pairs of nodes, e

op g AemEd {16

A caproied, ax oo e e nwmber of neighbor nodes
increascs, g higher aggregation can be applicd which
allows o reduce the amount of redundant dala packels
aeml by e agpremaior miwdo 1o the ank, Ohserve thal
n inercase ol one in e norber ol neighbors, allows
o almost double the maximum valoe ol the aggregalion
funcrion as evident comparing Tige. 3 (b and (d). Onee



the muasimur value o the sggregation Tunction has been
derived, inorder ke west e power eomsumiplon cosl in
Fig. 4 we show the novmalized power cansumption at
aode f as a function of the normalized eoding power and
the nuinber ol nuighbors, Mo In bis digore, sliely e
boen oblained asewning gy = 2 phlsfe, L = S5
o= | pkisds oand rre(t) = 20w show the meprion
describad in ool 300 More specifically, the weinn whore
the light corve overcomes the dak carve is the ooo
whers perlorming agorecalion esulls oore costly (hao
ol aggreealing, Uhis repion s mel as soon as e malio
P Py o 15 approsimately ahove G This is because
wlen the coding cost becomies coriparable s about hall
Ihe Lransmission cosl, aggregalion heeomes a costly pro-
cess. When the aggregalion lunclon, o (7], inereases,
the rezion where ageregalion is meore conveniznl Lhain
e lion inereases @y wall This Hipure can be wsed
in conjuncion with Figo 3 lor design purpescs. n fact,
hased an (the numbzr ol neighbors that are coarrently
sendiog data oo node A, the joint differontial enteopy
can be estimaled and. conssguently, he maximum value
al the woerzeation [unclion which alows o pedarm a
loss-less process can be caleulated. Accordinzly, when
dillerent values ol the ansmission power, f4q, can be
exploiled, the ratir ey A5 can be chosen sooas o
make wggrezdalion more ellicient than ne aggregation. {n
the other hand the above ligure allows o undersland
ey what extenl, depending on the number ol neighbors,
N, and on the aggregation lunclion, <p(t), ageresalion
can e less expensive an no agaregalion, Por wonlh
al compleleness, in iz, 3 we show Lhe limil condilion
given in eg. (3% which represents the maximum value ol
the raticc 47 Fea as a lunction ol bath the number
al neighbors, N, and the ratio S A8 ey This curve
summarizes Lhe condilions when agaregpalion is more
convenlenl Lthan no azgrepation. inally, in Pig. 6 we
show the resull derived in e (7 when considering
thal it o T, I pkisfs, and ;2 plisds
T, Tamkine at the above fizuve we observe that, the
higher is the aggregaion value o, e hisher the rato
(v | P ey and, thus, e lower Lhe value ol
Hiog which allows o achieve balh energy comsumion
reduction wod decrease m e aneund ol daly aveling
througheat the network while preseiving integrity of
data.

WO MO TISITINE

I this papuer we invesligubed om the use ol dats
uopnegativn Tur imprisving energy elficieney in o high
density wircless sensar netagwks for esont-maonitoving
applications. n this case, nodes are expecled o send

e
e LG

Futmn a1 -n b o

a4 MNormadized power consmanption ar node & o case of

aperesalion ad e agprepation asoa Tucciec of the oombeer ol
neighbals and the pormalized cocing power when «~o — L opltals
r, — 2 pktafs T and o — 2 pkms

mulliple conrelated data o the sink, thus inplying prop-
azalion of redundant inTormation threaghout U netasrk,
which will lead m borh waste of cnergy resmueed, hand-
width and increase in network congestion. Aggregation
i however a costly mechanism becanse an additional
procedsing g reguired which could imply, inocertain
conditions, higher power consumprion with respect o
traditional forwarding of data. Alsn, agercgation shonld
he such that infegriry of data is presceved since the
higher is the aggregation, the higher is the peobahility
1o sy dmportant dats Accondingly, in this puper we
have developed some analysis for cyaluation of the
power cost of the aggregation process with respect o
e perfoiming aggregation. Then we estimated the joine
entropy of the coerelated information sent by ditferene
somees: this allowed us o figare our a tradaott hetween
maed e perform eneegy officient dara aggregation and
Iss-loss aggregation of data packets. Results can be ased
oy design appropriate aggregation prvweesses which hoth
preserve ety of the infomnation amld reduer energy
CONAAMTic.
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