Minimum Enegy ReliablePathsUsingUnreliableWirelessLinks

Abstract

We addresghe problemof enegy-efcient reliablewire-

less communicationin the presenceof unreliable or

lossywirelesslink layersin multi-hopwirelessnetworks.

Banerjeeand Misra had attemptedto addresshis prob-

lem in their prior work [1] but had provided an opti-

mal enegy-efcient solutionto this problemfor the case
wherelink layersimplementperfectreliability. However,

a more commonscenario— alink layerthatis not per

fectly reliable,wasleft asanopenproblem.In this paper
we rst presentwo centralizedalgorithms,BAMER and

GAMER, that optimally solvesthe minimum enegy re-

liable communicationproblemin presenceof unreliable
links. Subsequentlyve presenta distributed algorithm,

DAMER, that approximateshe performanceof the cen-
tralized algorithm and leadsto signi cant performance
improvementover bestknown single-pathor multi-path

basedexisting techniques.

1 Intr oduction

Wirelesscommunicatiometworks have beendeplo/ed at
anincreasinglyfastrate,andare expectedto reshapehe
way we live in this physical world. For example,wire-
less ad hoc networks combinedwith satellite data net-
works [15] areableto provide global informationdeliv-
ery servicedo usersn remotelocationsthatcannot have
beenreachedy traditionalwired networks. Meanwhile,
advancesin hardware technologyare constantlyprolif-
erating various wirelesscommunicationterminals(e.qg.,
smartphonesor PDAS) to an exploding userpopulation.
In mary scenariosgesignof wirelessprotocolsareguided
by two requirements— enepy ef ciency andresilience
to paclet losses. Ef ciently handlinglossesin wireless
ernvironments therefore, assumesigni cant importance.
Even underbenignconditions,variousfactors,like fad-
ing, interference multi-path effects, and collisions, lead
to heary lossratesonwirelesslinks [10, 9, 34, 7, 31, 33].
Dueto the end-to-endeliability requirementf mary ap-
plications,it is necessaryo studyhow suchreliability can
beguaranteeéh anenegy ef cient way in wirelesservi-
ronmentsln this papeme examinetheproblemof enegy
ef cient routingof traf c in amulti-hopwirelessnetwork
thatappropriatelyhandlegpacletlossesn thewirelessen-

vironment.

There are two well-knovn ways to achiere end-to-end
reliability on multi-hop paths. The rst approachem-
ploys hop-by-hopretransmissions— eachlink layerhop
retransmitdost framesasandwhennecessaryThe sec-
ond approachassumeshatlink layersareunreliableand
retransmissionare performedend-to-endlt is alsopos-
sible to considera mix of the above asa third approach,
wherelink layersperforma few retransmission& nec-
essary but perfectreliability is only guaranteedhrough
end-to-endnechanisms.

Traditional power aware routing schemeg22, 5] do not
take link lossratesinto accountwhencomputingenegy
ef cient paths.By ignoringtheimpactof suchlossesthey
implicitly assumehatevery link is totally reliable. That
paradigmis obviously too optimistic,andretransmissions
consumepower aswell. In orderto achieve betterenegy
efciency in realistic scenariosthe right metric should
be the cumulatve enegy consumptiordueto all paclet
transmissionincludingretransmissions.

Priorwork by BanerjeeandMisra[1] solvedtheproblem
of computingenepy ef cient pathsfor thehop-by-hopre-
transmissiormodelonly andhadleft optimalapproaches
for the end-to-encdtaseasan openproblem.However, all
practicalmechanismgo achieze perfectend-to-end-eli-
ability guaranteesely eitheron the end-to-endnodelor
on the mixed approach(combinationof hop-by-hopand
end-to-endetransmissions}or example link layertech-
nologiessuchasthe 802.11MAC protocol[16] typically
male a boundednumberof retransmissiorattemptsfor
a lost or corruptedframe. Furtherlossescan be recor-
eredthroughend-to-endretransmissionsThe following
are a summaryof exampleswhich underlinethe impor-
tanceof enepgy-efcient solutionsunderthe end-to-end
andthemixedretransmissiomodels:

2 Link layer technologiessuchas IEEE 802.11[16]
typically implementa limited numberof retransmis-
sions,which resultsin possibledelivery failure over
lossylinks.

2 Therearelink level technologieshatdo not provide
hop-by-hopretransmissioife.g. TRAMA [18]).

2 Givenlink layerreliability, pacletlossmaystill hap-
penatnetwork layerdueto variousreasonge.g.con-
gestionin WSNs[26]).



2 Nodesmay maove, sleep,or fail. In suchcaseshop-
by-hopreliability cannotbeassumedNotethateven
if a sleepingnodecanreceve paclets after waking
up, thetransporiprotocolmayhave timedout.

As long asthereis somelink in the multi-hop paththat
cannotguaranteeeliablepacletdelivery, we will haveto
rely on TCP-like transporprotocolsto initiate end-to-end
retransmissionbackfrom the source.
In this paper we rst solve the problem of computing
minimumenegy pathsfor reliablecommunicatiorin the
pureend-to-endetransmissiormodelwherenoneof the
links in awirelesspathguaranteeary reliability. We next
proceedo studythe moregeneralandrealisticmixedre-
transmissiormodelwhere somelinks may provide par
tial reliable delivery while the othersmay not. For ex-
ample, even if the link level technologysupportshop-
by-hop retransmissionsomelinks may still be unreli-
abledueto otherreasonglescribedabore. The BAMER
andGAMER algorithmsaredesignedor computingmin-
imumenegy pathsin thesemodelsrespectiely. Thehop-
by-hopmodelandthe pureend-to-endnodelarejust spe-
cial caseof the mixed model. Therefore our algorithms
for themixedmodelcanbeusedto nd minimumenegy
pathsin arny network con gurations.
For implementatiorin mary practicalscenariosye may
needa simple and light weight distributed protocol. In
this paper we also proposea distributed routing proto-
col, DAMER, for enegy efcient routingin the general
mixed retransmissiormodel. Clearly DAMER can be
usedin ary network con guration, too. We show that
DAMER is ableto nd the minimum enegy pathin the
hop-by-hopretransmissiomodel. And simulationresults
demonstratehat DAMER also effectively improves en-
ergy ef ciency overthebestknown existingtechniquesn
thegeneraimixedretransmissiomodel.
While the mainfocusof this paperis on single-pathrout-
ing, we also examinethe problemof reliability through
utilization of multiple redundantpaths. Prior work has
examinedthe use of such multi-path routesin improv-
ing throughputor reliability [32, 23] mostly atthe costof
increasedenegy consumption. To illustrate this aspect,
we performedsimulation-basedomparison®f our tech-
niguewith oneof theseprior techniquesGRAB [32] and
the enegy consumptiorof GRAB to achieve reasonable
reliability is ordersof magnitudelarger thanthat of our
schemesinterestinglywe foundthatby carefully choos-
ing multi-pathroutesfor datadelivery it is possibleto re-
duceenepgy consumptionthan bestpossiblesingle-path
route. In particular we formally analyzethe problemof
nding the minimum enegy multi-path routing scheme
and prove thatit is actuallyNP-hard. To the bestof our
knowledgethis paperis the rst to investicatethe poten-
tial of multi-pathroutingon enegy conseration.

Throughextensie simulations,we demonstratehat our
algorithms can signi cantly improve enegy efciency
over bestknown existing techniquesMoreover, we care-
fully examinethe effectsof a numberof network param-
eterson the performancef our algorithmsaswell asex-
isting techniquesThis studyfurtherenhancesur under
standingof enepy ef cient reliablecommunicationn the
presencef lossylinks.

The restof the paperis organizedasfollows. Section2
reviews previous relatedwork. Our network modeland
problemformulationare presentedn Section3. In Sec-
tion 4, we presentwo algorithmsaswell asa distributed
routingprotocolfor nding minimumenegy pathsin the
mixed retransmissionmodel. In Section5, we examine
multi-pathrouting asa potentialmeansof enegy conser
vation in the presenceof unreliablelinks, and formally
analyzats compleity. An empiricalstudythroughexten-
sive simulationsof our schemesgswell asthebestknovn
currentschemesds presentedn Section6. Finally, we
concludethe paperin Section?.

2 Relatedwork

Enegy efcient routing has always beena central re-

searchopicin wirelessnetworks, bothin the paradignof

multicast/broadcag®8, 27, 2, 14, 30,29, 3, 8, 12] andin

the paradigmof unicast[20, 22, 21, 4, 5, 24, 23]. In both

paradigms,our objectie is to designa routing scheme
suchthat the total transmissiorpower is minimized. In

this paper we studythe paradigmof unicastandreferin-

terestedreadergo the literaturefor more knowledge on

enegy ef cient multicast/broadcasbuting.

By usingDijkstra's shortespathalgorithm,PAMAS [21]
nds aminimumcostpathwherethelink costis setto the
transmissiorpower. If everylink in the pathsis errorfree,
thenasingletransmissiorover eachlink cansuccessfully
deliver a paclet from the sourceto its destinationwith a
minimum enegy consumption.Scottand Bamboog20]
studiedthecasewherelink costsincludepowerconsump-
tion on therecever side,andproposedo nd enepy ef-
cient pathsusinga modi ed form of the Bellman-ford

algorithm[6].

Someresearchersave considereghower awareroutingin
analternatve approachTheresidualbatterpoweris used
asa routing metric, in orderto achieve a more balanced
distribution of power consumptionamongall the nodes
sothatthelifetime of thewholesystenmaybeincreased.
From our perspectie, theseschemeganay resultin less
enengy ef cient routes.Wereferthereadeto theliterature
[22, 4,5, 24] for detailedinformation.

Unfortunately none of these previous papersconsid-
eredthe lossy property of wirelesslinks. Banerjeeand
Misra[1] exploredtheeffect of lossylinks onenegy ef -



cientroutingandsolvedtheproblemof nd minimumen-
ergy pathsin thehop-by-hopretransmissiomodel.Letw
andp denotethetransmissiorpowver andthe error rate of
a hop-by-hopretransmissiorink, respectiely. [1] pro-
posedthe link costto be l‘l”—p which is actually the ex-
pectedenegy consumptionon delivering a paclet over
thatlink . For the hop-by-hopretransmissiomodelit is
thenstraightforvard to usea traditional shortestpath al-
gorithm, e.g. Dijkstra's algorithm,to computeminimum
enegy paths.

The sameis, however, not truein the end-to-endretrans-
missionmodel. Thereforegheauthorsn [1] only proposed
an approximateheuristicthat de nes the link costto be
ﬁ, wherel , 2issomeconstantandusedDijkstra's
algorithmto computdow-enegy paths.For simplicity, in
this paperwe denoteBanerjeeand Misra's algorithm by
BMA anddenoteBMA with | = k by BMA-k. In the
end-to-endetransmissiomodel, paclet lossat interme-
diatelinks will abortthewholedeliverythusfarandincur
end-to-endretransmissionback from the source,which
meansmoretransmissiompoweris wastedhanin thehop-
by-hopmodel.Intuitively, | , 2 makeslossylinks appear
to beevenmoreexpensve. BMA-| thuspreferslesslossy
links andreducegherisk of incurringend-to-endetrans-
missions.While sucha choiceis reasonableglearlyit is
not optimal. Additionally the more generalandrealistic
mixedretransmissiomodelis not exploredin [1].

Multi-path routing hasbeenproposedas a meansof im-

proving reliability aswell asthroughput. GRAB [32] for-

wardspacletsalonganinterleavedmesh andcontrolsthe
width of the meshhencethe succesgatio by assigning
an appropriatecredit to eachpaclet. We herepoint out
that the multi-pathschemeof GRAB harnessethe high

redundang andlarge scaleof WSNs,andis notappropri-
atefor othernetwork models.In contrastthis papercon-
sidersa moregeneralnetwork model. Moreover, GRAB

providesonly robustdelivery insteadof reliabledelivery,

whichmeangacletsarenotguaranteetb bedeliveredin

GRAB. Srinivasand Modiano[23] investigate the prob-
lem of minimum enegy node/linkdisjoint pathsrouting
in multi-hopwirelessnetworks. Clearly, suchschemese-

sultin increasednegy consumptioncomparedvith the
minimum enegy single path. And they do not provide

guaranteedlelivery, either Again, noneof themexplic-

itly considerdink errorrates.

Transportprotocols(e.g. PSFQ[25]) have alsobeenpro-
posedto provide reliable communicatiorover unreliable
wirelesslinks. Unlike routing protocols,transportpro-
tocols do not pay attentionto route selectionhenceare
beyondthe scopeof this paper

1A similar metric, ETX, wasproposedy DeCoutoetal [7] for com-
puting high throughputpaths.

3 Formulation

In our network model,eachnetwork nodeis assumedo

be equippedwith an omnidirectionalantenna. A wire-

lessnetwork is modelledasa directedgraphG = (V;A),

whereV is the setof nodesandA is the setof directed
links. Eachnodeis assigned uniquelD i 2 [1::;jV]j] and
hasa maximumtransmissionpower of Pnax (i). Each
directedlink (i;j) hasa non-ngative weight W (i; j),

which denoteghe minimumtransmissiorpower required
to maintaina reasonablygood quality link from nodei

to nodej. Wirelesspropagtion suffers severe attenua-
tion [13, 17, 19]. Let d; denotethe distancebetween
nodei andnodej. If i transmitswith power Py (i), the
power of thesignalrecevedby nodej is givenby

. Pe(i)

P = — =
) =3 ¢d®

where® andc arebothconstantsandusually2 - ® - 4

[19]. In orderto correctly decodethe received signal at

therecever side,it is requiredthat

Pr(i). o SNo;

where ™ g is the requiredsignal-to-noiseratio (SNR)and
N is the strengthof ambientnoise. Thus,the weight of
link (i; j) is givenby

1)

Each link (i; j) also has an error rate (or loss rate)
Er(i; j), whichis theprobabilitythata transmissiorover
link (i; j) doesnot succeed.If Er(i;j) = 0, link (i; j)
is consideredeliable G containslink (i; j) if andonly
if W(i;j) - Pmax (i) andEr(i;j) < 1. The expected
numberof transmissiongincluding retransmission)f a
successfutlelivery overlink (i; j ) is givenby

W (i;j) = ¢ o ¢No ¢dy:

- 1
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Eachnodeis capableof adjustingits transmissiorpower
accordingto the outgoinglink weights,in orderto con-
sene asmuchpower aspossible. Typically, enegy ef-
cientrouting schemedendto choosepathscomposedf
alarge numberof shortdistancdinks sincelong distance
links aremuchmorepower consuminggiventhat® , 2.
Link failure is presumedo be independentind unpre-
dictable,so the metric is de ned to be the expectedto-
tal enegy consumptiorof a successfutlelivery. By mini-
mumenegy pathfrom nodeu to nodev, wereferto apath
thathasthe minimum expectedenegy consumptiorof a
successfublelivery from u to v. Let Cnn (u;Vv) denote
theexpectedenegy consumptiorof a successfutielivery
alongaminimumenegy pathfromu tov.




We referto the generalproblemof nding the minimum
enegy routingschemean the mixedretransmissiomodel
asthe Minimum Eneigy Reliable CommunicationJsing
End-to-endRretransmissionproblemandformally de ne
it asfollows.

MINIMUM ENERGY RELIABLE COMMUNICATION Us-
ING END-TO-END RETRANSMISSIONS

INSTANCE DirectedgraphG = (V;A). Link weight
functon W : A ! Rg. Link error rate function
Er : A! [0;1). FunctionU : A ! f0;1g indicates
whetheralink provideshop-by-hopretransmissionSpec-
i ed sources andsinkt. Non-neyative boundB .
QUESTION Is therearouting schemesuchthatthe ex-
pectedenegy consumptiorof a successfutlelivery from
stot isnomorethanB?

4 Single-pathmin-energy routes

In this sectionwe presenainumberof algorithmsto com-

pute minimum enegy pathsfor reliable communication
over lossylinks in multi-hop wirelessnetworks. We start
by studyingthe seeminglysimplerend-to-endetransmis-
sionmodel,for whichwe presenthe BasicAlgorithmfor

MinimumEnegy Routing(BAMER) Thenin Sectiord.2,

we studythemoregenerabndrealisticmixedretransmis-
sion model. The Genearl Algorithm for Minimum En-

ergy Routing(GAMERY)is proposedor thatcase.ln Sec-
tion 4.3, we shawv thatanappropriatgreprocessingtage
enableBAMER to solve the sameproblemin the mixed

modelaswell. While BAMER andGAMER arebothcen-
tralized algorithms,typically routing needsto be carried
outin adistributedfashion.Towardsthatend,we propose
the Distributed Algorithm for Minimum Eneigy Routing
(DAMER)in Section4.4.

4.1 Basic Algorithm for Minimum Energy
Routing (BAMER)

We rst presenBAMER andshaw thatit nds minimum
enegy pathsfrom s to all othernodesin the end-to-end
retransmissiomodel(Tablel).

Lemmal Let P(s;v) denotea minimumenegy path
from s to v, in which nodeu is the predecessonf v.
The pre x part of P(s;v) betweens and u, denotedby
P (s;u), hasto bea minimumenegy pathfroms to u.

For ary pathP(s;v), Let Cost(P (s;Vv)) denotethe ex-
pectedenegy consumptiorof that path. The key obser
vationis that

Cost(P(s;v)) = N(u;v)[Cost(P(s;u)) + W (u;V)]:

To prove by contradiction,assumehat P (s; u) is not a
minimum enegy path from s to u, while anotherpath

BAMER (G,s,W,Er,N, T, C)

1 for eachnodev 2 V(G) do

2 T(v)A A

3 C(v)A 1

4 C(s)A o

5 SA fsg

6 uAs

7 whileS 6 V(G) do

8 for eachnodev 2 V(G) | Sdo

9 if N (u;v)[C(u) + W(u;Vv)] < C(v)
10 T(V)A T)[ f(u;v)g
11 C(v) A N(u;V)[C(u) + W (u; V)]
12 UA v2V(G)j S s.t.C(v)is minimum
13 SA SJ fug

Tablel: Pseudaodedescriptionof BAMER. G is thedi-
rectedgraph.s is source.W andN arede nedin Equa-
tions 1 and 2 respectiely. T containsthe edgeson the
minimum enegy pathand C(v) is the costof the com-
putedpathfrom the sourceto the currentnodev.

PY(s;u) is aminimum enegy pathfrom s to u. We can
simply replaceP (s;u) in P(s;v) with Ps;u). There-
sultednew pathfrom s tov, denotedy P 4(s; v), will have
anexpectedenegy consumptiorof

Cost(PYs;V)) N (u; v)[Cost(PYs;u)) + W (u; V)]
N (u; v)[Cost(P (s;u)) + W (u; V)]

Cost(P(s;Vv)):

N

This contradictghefactthatP (s; v) isaminimumenegy
pathfrom s to v. Proofis completedn

Lemma?2 In BAMER,ead timea nodev is addedto S,
links in T(v) form a minimumenegy path froms to v
henceC(v) = Cpin (S;V).

We prove Lemma2 by inductionon the order of nodes
beingaddedto S. The basecaseis trivially true. Now

assumehatLemma?2 holdsfor every nodealreadyin S,

anda nodev is thenchosento be addedto S. Consider
ary minimumenengy pathP (s;v) fromstov.

If all previous nodesin P(s;v) have beenin S, by

Lemmal andinductive assumptionit is clear from the
descriptionof BAMER that

C(v) - Cost(P(s;V)) = Cmin (S;V):

If atleastonepreviousnodein P (s;Vv) hasnotbeenin S
yet, let u denotethe rst suchprevious nodein P (s;V)
(countingfrom s to v). And let P (s; u) denotethe pre x
partof P(s;v) betweers andu. By Lemmal, it is clear
from the descriptionof BAMER that

C(u) - Cost(P(s;u)) = Cnin (s;Uu):
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GiventhatBAMER chosev insteadof u, it is thecasehat
C(v) - C(u) - Cpin (s;u) - Cpin (S1V)

sinceu is apreviousnodein P (s; V).

Let u® bethe nodealreadyin S thatassignsC(v) tov in
BAMER. By inductive assumptionlinks in T (u% form a
pathfrom s to u whoseexpectedenegy consumptions
C(u). Thus,T(v) = T(UY[ f(u%v)gformapathfroms
to v, andtheexpectedenegy consumptiors C(v). Since
we have provedthatC(v) - Cnin (S;V), it hasto bethe
casethatC(v) = Cpn (s;Vv) andlinks in T(v) form a
minimumenegy pathfrom s to v. Proofis completed =

Corollary 1 Foreatnodev 2 V(G), BAMERcomputes
a minimumenegy pathfromstov.

We illustrate BAMER with the examplein Figurel. In

theexamplenetwork, eachlink (u; v) is labelledwith the
(W (u;Vv); N (u; v)) pair, andeachnodeu is labelledwith

itsID andC(u). x isthe rst nodeaddedo S by BAMER,

followedby its successorg andy in order BAMER ter-

minatesafter choosingt, whosepredecessois z. The
minimum enegy pathsareindicatedby the dashedinks.

The minimum expectedenegy consumptiorto deliver a

paclet from s to t is 80. BMA-1 will choosethe path
s! x! y! tandtheexpectedenegy consumption
is 82. Without considerindink lossrates,a naive shortest
pathalgorithm(e.qg. Dijkstra's algorithm)will choosethe
paths! z! t,incurringanexpectedenegy consump-
tion of 86.

4.2 General Algorithm for Minimum En-
ergy Routing (GAMER)

In Sectiord.1,we presentheBAMER algorithmfor nd-
ing minimumenegy pathsin the pureend-to-endetrans-
missionmodelwhereno link guaranteeperhopreliabil-
ity throughhop-by-hopretransmissionsThis is in con-
trastto prior work (BMA) whichsolvedtheproblemin the

GAMER (G,s,W,Er,N,T,C)

1 for eachnodev 2 V(G) do

2 T(v)A A

3 Cv)A 1

4 C(s)A 0

5 SA fsg

6 uAs

7 whileS 6 V(G) do

8 for eachnodev 2 V(G) | Sdo

9 if (u;Vv) provideslink layerretransmission
10 if C(u) + N (u;v)W(u;v) < C(v)
11 T(V)A T)[ f(u;v)g
12 C(v) A C(u) + N (u; V)W (u;Vv)
13 elseif N (u; v)[C(u) + W (u;Vv)] < C(v)
14 T(V)A T()[ f(u;v)g
15 C(v) A N(u;v)[C(u) + W (u; V)]
16 uA v2V(G)j S s.t.C(v)is minimum
17 SA SJ fug

Table2: Pseudaodedescriptionof GAMER. Parameters
sameasin Tablel

idealizedmodelwhereeachlink is perfectlyreliable. In
realisticscenariosywe mayhaveto solve theminimumen-
ergy pathproblemin the moregeneraimixed retransmis-
sion model, wheredifferent point-to-pointlinks areim-
plementedvith differentlink level technologiesor other
factorsmaymake somelinks unreliablein thepresencef
inherentlyreliablelink level technologiesetc. In thissec-
tion, we solve the minimum enegy pathproblemin this
mixed retransmissiomodelwith our Geneal Algorithm
for MinimumEnemgy Path (GAMER) which is described
in Table2.

We shawv thatLemmal alsoholdsfor GAMER. Thecase
where(u; v) doesnot supporthop-by-hopretransmission
hasbeenproved in Section4.1. Now considerthe case
where (u; v) supportshop-by-hopretransmission. The
obserationis that

Cost(P(s;Vv)) = Cost(P(s;u)) + N (u; V)W (u;v):

To prove by contradiction,assumethat P (s; u) is not a
minimum enegy path from s to u, while anotherpath
P Y(s; u) isaminimumenegy pathfrom s tou. We canre-
placeP (s;u) in P(s;v) with PYs;u). Theresultedpath
PYs;v) will have anexpectedenegy consumptiorof
Cost(PYs;V)) Cost(PYs;u)) + N (u; V)W (u; V)
Cost(P(s;u)) + N (u; V)W (u;Vv)
Cost(P(s;Vv)):

N

This contradictghefactthatP (s; v) isaminimumenegy
pathfrom s to v. Proofis completeda

Lemma 2 and its proof in Section 4.1 also hold for
GAMER. Thisis easyto verify andwe leave thedetailsto
thereader



Corollary 2 For each nodev 2 V(G), GAMER com-
putesa minimumenegy pathfromstov.

To illustratehov GAMER works, let us returnto to ex-
amplein Figurel. Now thelink from x to t hasbeenup-
gradedto supporthop-by-hopretransmission.This does
not changethe behaior of traditionalshortespathalgo-
rithms and BMA. However, GAMER will nd the mini-
mumenegy paths ! x ! t andthe expectedenegy
consumptiorgoesdown from 80to 58.

4.3 BAMER for the mixed retransmission
model

Although BAMER is motivated by and designedfor
the pure end-to-endretransmissiormodel, it turns out
an appropriatepreprocessingtagewill enableBAMER
to solve the sameproblemin the mixed retransmission
model. To seewhy and how, note that GAMER differs
from BAMER only in lines 9-12 of Table 2, i.e., the
casewherelink (u;v) supportshop-by-hopretransmis-
sion. Particularly, the only differencethat mattersis line
12. Notethattheright sideof line 12 canbe viewed as
[C(u)+ N (u; V)W (u; v)] £ 1. Comparedo theright side
of line 11 in Table 1, we canseethatlink (u;v) canbe
treatedasareliablelink thatdoesnot supporthop-by-hop
retransmissiomndhasa new weightof N (u; v)W (u; v).
Therefore we canpreprocesshe links that supporthop-
by-hopretransmissioasis describedbore. Then,apply-
ing BAMER on the preprocessedetwork graphis prov-
ably correctto computea minimumenegy pathfrom s to
eachnodein the network.

To illustratehow BAMER worksin themixedretransmis-
sion model, we returnto the examplein Section4.2. In
the preprocessingtage,the point-to-pointlink (x; t) is
marked with (48; 1) asa link thatdoesnot supporthop-
by-hopretransmissiomndhasa weight of 48. BAMER
is thenexecutedon the preprocessedetwork graphand
correctly nds theminimumenepgy paths! x ! t.

4.4 Distributed Algorithm for Minimum
Energy Routing (DAMER)

BothBAMER andGAMER arecentralizedalgorithms.In
mary applications,a routing algorithm hasto be imple-
mentedasadistributedroutingprotocol. We herepropose
the Distributed Algorithm for Minimum Eneigy Routing
(DAMER)for suchapplications.A pseudocodedescrip-
tion of DAMER is presentedh Table3.

Obsewvation 1 For any nodew 2 V(G), C(w) never
growsduring the executionof DAMER.

Obselvation 2 In the hop-by-hopretransmissiormodel,
DAMER nds a minimumenegy pathto everynodet 2
V (G) asBMA-1does.

DAMER (G, W, N, N exthop, R, C)
/* initialization */

1 for eachnodev 2 V(G) do

2 R(v) A 1

3 C(vA 1

4 R(uA 1

5 C(uAo

[* periodicrouteexchange */

6 for eachroundof routeexchangedo

7 broadcasR andC in arouteexchangemessagé

8 for eachneighborv do

9 collectarouteexchangamessagd, fromv
10 for eachnodew 2 V (G) do
11 if My:C(w) + My:R(W)N (u; V)W (u; v) < C(w)
12 N exthop(w) A v
13 C(w) A My:C(w) + My:R(W)N (u; V)W (u; v)
14 if (u;Vv) provideshop-by-hopretransmission
15 R(w) A My:R(w)
16 elseR(w) A N (u;v)My:R(v)

Table3: DAMER runningat individual nodes. u repre-
sentsthe local nodeitself. For ary nodew 2 V(G),
R(w) recordsthe expectednumberof end-to-endrans-
missiong(includingretransmissiongequiredto deliver a
paclet from u to w via N exthop(w). The expecteden-
ergy consumptioris recordedn C.

The veri cations are easyand are omitted dueto space
constraints.

Lemma3 For any nodew 2 V(G), wheneerv is a
downsteamnodeon the path fromu to w, it hasto be
thecasethatC(w) > C,(w) wher C, (w) denotesC(w)
at nodev then.

By Obsenrationl, it isclearfromlines1l» 13of Table3
thatwheneer N exthop(w) = v, it mustbethe casethat
C(w) > Cy(w). Recursiely applyingthis rule nishes
the proof of Lemma3. Proofis completed =

Corollary 3 Routeggeneratedby DAMERare loop free

Basedon the examplein Sectiond.2, weiillustratein Fig-
ure2 theroundby roundexecutionof DAMER in nding
an enepy efcient pathfrom s to t. Although we only
illustratea singlesource-sinkpair here,we point out that
DAMER actually nds sucha pathfor every souice-sink
pairin the network.

5 Multi-path min-energy routes

In Section4, we have proposedand proved BAMER and
GAMER for computingthe minimum enegy pathfor re-
liable communicatiorin multi-hopwirelessnetworks. In-
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Figure2: lllustration of DAMER. Eachnodeis labelled
with a(R(t); C(t); N exthop(t)) tuple.

terestingly we herepoint out thatin somecasesa multi-
pathrouting schemeactuallyminimizesthe expecteden-
ergy consumption. Traditionally multi-path routing is
consideredene cial for improved throughputandrelia-
bility [32, 23]. Intuitively, improvedthroughputandrelia-
bility comeatthecostahigherenegy consumptiordueto
the useof multiple (not necessarilydisjoint) pathssimul-

taneously Therefore|t is not surprisingthat researchers

have beendesigningsingle path routing algorithmsfor
enegy efcient one-to-onecommunicationaswe do in
Section4. In this section,we reveal the interestingand
counterintuition fact that multi-path routing can poten-
tially reducethe expectedenegy consumptiorof one-to-
onereliablecommunicatiorin the presencef unreliable
links. Moreover, we formally analyzethe complexity of
nding the minimum enegy routing scheme.To the best
of ourknowledge this paperis the rst to studyexploiting
multi-pathroutingto reduceenegy consumption.

With an omnidirectionalantennaa singlewirelesstrans-
missionby a nodecanbe receved by every nodewithin
its transmissiorrange. This propertyof wirelessmedia
is referredto as WirelessMulticast Advantge (WMA)
[28]. WMA hasbeenextensiely studiedin enegy ef-
cientone-to-mag communicatione.g. minimumenegy
broadcasin wirelessnetworks [28, 27, 2, 14, 3, 8]. We
shav that WMA andthe useof multiple pathsenableus
to reduceenegy consumptiorin one-to-onecommunica-
tion over unreliablelinks aswell. Considerthe example
in Figure3, wheres need¢o communicatewith t. Links
comingout of s have a lossrate of % andaweightof 1.
Links comingoutof b; andh, arereliableandfree. Con-
siderthe multiple pathsrouting schemewhereevery link
participatesThe probabilityof a successfutlelivery from
stotis %, andthe expectedenegy consumptiorof asuc-

Figure3: WirelessMulticastAdvantagg( WMA)

cessfukjeliveryisthusg. Ontheotherhand theexpected
enegy consumptiorof any minimum enegy single path
is 2.

In amulti-pathroutingschemeanintermediatenodemay
receve multiple copiesof the samepaclet from upstream
nodes.Beforewe canproceedo formally analyzemulti-
pathroutingschemesa problemthathasto beanswereds
“Should the intermediatenodeforward every copyof the
padcet?” We believe the correctanswershouldbe “No”.
Becausdorwardingthe samepaclet morethanoncewill
incur unnecessaradditionalenegy consumptionat the
intermediatenodeaswell asdownstreamnodes without
knowing if thatreally helpsatall.

We formally analyzethe compleity of nding minimum
enegy multi-pathroutesin the Appendixandshaw thatit
is NP-Hard.

6 Simulations

We conductextensie simulationsin our empirical study
in orderto answerthe following questions. Compared
with thebestknown currentschemeshow effectively can
our algorithmsconsere enegy in a variety of network
ervironments? How network parametersffect the per
formanceof existing algorithmsand ours? Suchparam-
etersinclude link error rates,value of ®, percentagef
links supportinghop-by-hopretransmissiometwork size
(i.e., nodepopulation),andso on. Beforewe proceedo
presenthesimulationresultswe startby describingsome
technicaldetailsof our simulations.

In our simulations,100 nodesof the sametransmission
rangearedistributedinto a10£ 10squareeld uniformly
at random. Two nodesare connectedf andonly if the
distancebetweenthem is no larger than their transmis-
sion range. For eachdirectedlink, its link error rateis
chosenfrom [0; M axLE R] uniformly at random,where
0 MaxLER - 1 representshe maximumlink error
rate Consequentlylink (u;v) andlink (v;u) may have
different error rates. For eachparametersetting, 1000
suchtrial networks aregenerated.In eachtrial network,
we randomlypick a sourcenodeanda destinationnode.
Theaverageenegy consumptiorof thepathscomputedn
all 1000networksis calculatedor individual algorithms,
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Figure4: Energy ef ciency of GRAB normalized with
respectto BAMER and GAMER.

respectrely. To evaluatethe effectivenessof our algo-
rithmsin conservingenegy, we de ne normalizedenegy
efciency (NEE)of analgorithmto betheratio of its aver
ageenegy consumptiorto thatof BAMER andGAMER,
sinceBAMER andGAMER areguaranteetb nd amin-
imum enegy path.

For singlepathrouting, we compareour algorithmswith
the bestknown BMA algorithm. For multi-path rout-
ing, we comparewith GRAB [32], asnode/link disjoint
paths[23] clearly consumemore enegy thanthe mini-
mum enegy single path. GRAB claimsto be more ef-
cient and e xible thandisjoint pathsin thatit forwards
pacletsalonganinterleaved mesh,andcontrolsthe width
of the meshby assigningan appropriatecredit to each
paclet. We rst conductsimulationsin theend-to-ende-
transmissiormodelto comparethe enegy ef ciency of
our algorithmsand GRAB, sinceGRAB assumesheun-
reliable CSMA MAC. Figure4 demonstratethatthe en-
ergy consumptionof GRAB is typically someordersof
magnitudedarger, in orderto achieve a delivery ratio of
95% For higherlink errorratesthisdeliveryratio of 95%
is notevenachievable. Giventhis hugeperformanceagap,
we only comparewith the bestknown singlepathrouting
schemeBMA, in thesequel.

6.1 Effectsof ® andlink error rates

We rst examinethe effectsof link error ratesand® on
theenepy ef ciency of thealgorithmswe study To fully
understandhebehaior of thesealgorithmsin thegeneral
end-to-endetransmissiomodel,we hereinvesticatethe
casewherenoneof thelinks supportshop-by-hopretrans-
mission. We conductextensize simulationsfor a number
of differentvaluesof M axLE R, ®, and|, andpresenthe
simulationresultsin Figure5.

It is clearfrom Figure5 thathighlink errorratesgenerally

emphasizé¢he effectivenesof our algorithms.Becausea
higherlink errorratemeansa higherprobability of abort-
ing the end-to-enddelivery donethusfar andrestartinga
new end-to-enddelivery backfrom the source.Thus,the
performanceof the relatively lessintelligent BMA algo-
rithmsaremoresubjectto link errorrates.

Large ® valuesdemonstratehe sameeffect. Because
large ® valuesmake short distancelinks even cheaper
Consequentlythe algorithmstendto choosepathscom-
posedof moreandshorterlinks. Themorelinks a paclet
hasto go through,the morelikely thatits delivery may
fail andabortat someintermediatdink. Thismeananore
enegy consumptiordueto delivery abortionsandend-to-
endretransmissions.

Another clear messagdrom Figure 5 is that reasonably
large valuesof | consistentlyhelp BMA achiere better
performanceBecausdargel valuesmale lossylinks ap-
pearto beprohibitively expensveto BMA. Consequently
BMA preferslesslossy links and that reducesthe risk
of delivery abortion. We also conductsimulationsfor
| > 4, but typically thatdoesnot help consere moreen-
ergy. For eligibility, we only presentsimulationresults
forl - | - 4. Wewill seethe reasonunderlyingthis
decisionin latersections.

Finally, we point out that DAMER performsconsistently
betterthanBMA in theend-to-endetransmissiomodel.

6.2 Effect of hop-by-hopretransmission

We have discussedn Section6.1thatlargel valueshelp
BMA consere enegy by avoiding lossylinks. Clearly
therehasto be a costto this trick. For example, con-
siderthe hop-by-hopretransmissiomodel. | = 1 nds
minimumenegy pathswhile largervaluesof | maygive
us lessenepgy efcient paths. Intuitively, there should
be somecorrelationbetweenthe optimal value of | and
the percentageof links supportinghop-by-hopretrans-
mission, which is denotedby UP Grate. We herere-
vealtthis correlationby conductingextensive simulations
for a numberof different valuesof |, UP Grate, and
M axLE R. We assumea moderatesettingof ® = 2,
whichis in favor of BMA algorithmsasis shawvn in Fig-
ure5. Simulationresultspresentedn Figure6 leadusto
thefollowing conclusions.

First, largel valuesperformbetterin thepresencef alow
UP Grate, while smalll valuesperformbetterif asignif-
icantportionof links supporthop-by-hopretransmission.
Second,simulationresultsdemonstratehat| > 4 does
nothelpBMA. Dependingon UP Gr ate andM axLE R,
| = 3or4turnoutto bethebestchoice. Third, by com-
paringdifferentM axLE R values,we canseethat high
link errorratesarein favor of large valuesof |. This fur-
therveri es our previousunderstandingf thereasorwhy
largel valueshelpBMA in theend-to-endetransmission
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model: “pessimistic”estimationgi.e., largel values)bet-
ter helpBMA avoid highrisk links (i.e., high errorrates).
Finally, even with the optimal setting of | 4 and a
moderate® = 2, BMA still consumesnoreenepgy than
BAMER andGAMER by upto 43% andconsumesnore
enegy thanDAMER by upto 22%
Hop-by-hopretransmissiorconsistentlyhelps DAMER.
In fact, we have discussedhat DAMER is ableto nd
minimum enegy pathsin the hop-by-hopretransmission
model,andthisis veri ed by thesimulationresultsin Fig-
ure6.

6.3 Effect of network size

As we have discussedn Section6.1, the morelinks a
paclet hasto go through,the morelikely thatits deliv-
ery may abortat someintermediatdink. Sincea larger
network size(i.e., nodepopulation)leadsto longerpaths,
therisk of delivery abortionwill go up with network size.
Accordingly, BMA needgo bemore“pessimistic’on es-
timatinglink errorratessothatit will furtheravoid lossy
links to improve enepgy ef ciency in the presencef in-
creasedetwork size.We herepresenanempiricalinves-
tigation of the correlationbetweemetwork sizeandl, as
well asthe effect of network sizeonthe enegy ef ciency
of DAMER and BMA. For consisteng, we still assume
that® = 2. We conductextensie simulationsfor anum-
ber of differentvaluesof network size,l, andUP Gr ate.

esrepresentM axLE R = 0:1;0:4; 0:7, respectvely.

Simulationresultsarepresentedn Figure?.

As is shavn in Figure7, increasedetwork sizerequires
largervaluesof |. Meanwhileincreasechetwork sizealso
resultsin a lower enegy efciency of BMA. For exam-
ple, whenwe have 30 nodesin the network, | 3is
the bestperformingsettingandit consumesup to 34%
more enegy thanBAMER and GAMER, andconsumes
upto 28%moreenegy thanDAMER. Whenwe have 250
nodes] = 5is generallythebestchoice which consumes
up to 60% moreenegy thanBAMER andGAMER, and
consumesipto 35%moreenegy thanDAMER. Thisfact
draws our attentionto an even morechallengingproblem
of BMA: withouta priori knowled@ of networksize how
should BMA predetermineits optimal settingof 1? As
is demonstratedby the simulationresults,inappropriate
| valuescanresultin signi cantly lowerenegy ef ciency
of BMA, while our algorithmsdo not have this problem.
For example,if BMA expectsthe network sizeto be 30
while the actualsizeis 250, it will consumeup to 2.7
timesthe enegy consumptiorof BAMER and GAMER,
andconsumeupto 2.1timesthatof DAMER.

7 Conclusions

In this paper we studythe problemof minimum enegy
routing for reliable communicationin the presenceof
lossylinks. Banerjeeand Misra [1] solved the problem
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in the hop-by-hopretransmissiomodel,whereeachlink
is assumedo supportlink layer hop-by-hopretransmis-
sionandguaranteeeliabledelivery. However, link layer
retransmissioractually can not guaranteegeliable deliv-
ery, dueto variousreasonslin the end-to-endetransmis-
sionmodelwheresomelink in thecommunicatiorpathis
unreliable we rely on TCP-like transporfprotocolsto ini-
tiate end-to-endetransmissionsWe rst studythe pure
end-to-endetransmissiomodelwherenoneof the links
guaranteeper hop reliability, andthenproceedo study
themoregeneramixedretransmissiomodelwheresome
links mayguaranteeeliabledeliverywhile theothersmay
not. The BAMER and GAMER algorithmsare designed
for computing minimum enegy pathsin both models.
Thehop-by-hopmodelandthe pureend-to-endnodelare
just specialcasesof the mixed model, so BAMER and
GAMER canbe usedto nd minimum enegy pathsin
ary network con guration. For implementatiorin mary
practical scenarioswe also proposea light weight dis-
tributed routing protocol, DAMER, which can be used
for enepgy efcient routingin ary network con guration
aswell. DAMER is ableto nd minimum enegy paths
in the hop-by-hopmodel,and simulationresultsdemon-
stratethat DAMER also effectively improves enegy ef-
ciency over the bestknown existing techniquesn the
generaimixed model. Throughextensie simulationswe
alsocarefullyexaminethe effectsof a numberof network
parametersn the performanceof our algorithmsaswell
as existing techniques. This study further enhancesur
understandingf enegy ef cient reliablecommunication
in the presenc®f lossylinks.

Traditionally, multi-pathroutinghave beenutilized to im-
prove throughputor reliability, possibly at the cost of
increasedenegy consumption. Our anotherinteresting
nding is that,in somecaseamulti-pathrouting may re-
ducethe expectedenegy consumptiorin the presencef
lossylinks. We formally analyzethe problemof nding
the minimum enegy routing schemeandprove thatit is
actuallyNP-hard.To thebestof ourknowledge this paper
isthe rst to investicatethepotentialof multi-pathrouting
onenegy conseration.
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Appendix:  NP-Hardness of Min-energy
multi-path Routes

We formally analyze the complity of nding the
minimum enegy multi-hop routes. We prove that it is
NP-hardby reducingfrom the 3-dimensionalmatding
(3DM) problem,which is known to be NP-hard[11] and
formally de ned asfollows.

3-DIMENSIONAL MATCHING (3DM)
INSTANCE SetM = fmgy;mg;:::;mpg 4 W £
X £Y, where W = fwy;wy;iii;wgg, X =

setshaving the samenumberq of elements.
QUESTION DoesM containa matching,i.e., a subset

Givenaninstanceof 3DM, we constructagraphasshavn
in Figure 8, wherenodesare distributedinto four layers
and edgesexist only betweennodesin adjacentlayers.
The graphin Figure8 is constructedrom the following
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Figure8: Reductionfrom 3DM

instanceof 3DM.

W = fwiiwag X = fX15%20,Y = fyi;y20:
M = fmg1; my; m3;mug:

my = (W1; X2, Y2); M2 = (W1; X1;Y1);

M3 = (Wa2; X2;Y2); Mg = (W1;X1;Y2):

The top layer containsonly the sink nodet. In the
secondlayer, thereare threedisjoint groupsof element

spectvely. Eachelementnodeis connectedo t with an
edgewhoseweightis 0 anderrorrateis p = el 1739, In
the third layer, therearea setM =
of triplet nodesrepresentinghe n elementsf M. Each
triplet nodeis adjacentto the three associatecelement
nodes. Edgesbetweenelementnodesand triplet nodes
have aweightof 1 andanerrorrateof 0. Thebottomlayer
containsonly the sourcenodes, which is adjacento all
triplet nodes. Edgesbetweentriplet nodesands have a
weightof c= (e 1)qandanerrorrateof 0.
Thetransformatioris polynomial,andwe hereshav that
M containsa 3-dimensionaimatchingof sizeqif andonly
if theminimumexpectedenegy consumptiorto delivera
pacletfromstot is

eq

ej 1

c+q _

1i p¥ ©

We startwith the “only if” direction. If M containsa
matchingof sizeq, we canroutea pacletfromstot as
follows.

2 s transmitsthe paclet to all the g triplet nodescon-
tainedin the matching.

2 Eachtripletnodein thematchingforwardsthepaclet
to its adjacentlementodes.

2 Eachelementodeforwardsthepaclettot.

The enepgy requiredto routethe paclet from s to the 3q
elementnodesis deterministicallyc + g. The probabil-
ity thatat leastoneelementodesuccessfullydeliver the
paclettotis1j p%d. Thus,theexpectedenegy consump-
tion is givenby (3).

We thenprove the “if ” direction. In particular we shov
that the schemedescribedin the proof of the “only if”
direction is the only schemethat can successfullyde-
liver the paclet at an expectedenegy consumptionof
(3). First of all, we point out that ary routing scheme
canbe denotedy its numberof forwardingtriplet nodes
1. ng - nandits numberof forwardingelementnodes
1- o - min(3qg;3ng). We prove by contradiction as-
sumingthatM doesnot containa matchingof sizeq.

2 |If ng > q, theexpectedenegy consumptioris
c+ ng ctq _ c+q.
1i p*  1j p% 1j p%

2 If ng = q, it hasto bethecasethatgy < 3qg sincewe
assumehatM doesnot containmatchingof sizeq.
Thus,theexpectedenegy consumptions

c+q ct+q .
1j p* 1 p3’

2 If np < qtheng - min(3q;3np) = 3ng. The
expectedenegy consumptions thus
c+ ng c+ng |
1j p% > 1j pno’
To concludeour proof by contradiction,it only re-
mainsto prove that,

C+ Ng
1j pno
Ononehandforary x , 1,

c+q .

forary1- no < g 1; pa’ (4)

£
PP (c+ )P = § (Inp)?(c+ )p™ < O
Ontheotherhand,
p¥ i (c+ x)p**Inpjx=q
= (¢ %)% [(ei 1)g+ q(e 37)¥In(e' )3
1
= —+1

e
> 1
Thereforefor ary x suchthatl - x - q,
p>X i (c+ x)p>Inp® > 1
1i p* + (c+ x)p*Inp®

() R VY <0
3 C+x(1’I0pX)
() 11 p™ <0

This completegheproofof (4). o
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