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Abstract

We addresstheproblemof energy-ef�cient reliablewire-
less communicationin the presenceof unreliable or
lossywirelesslink layersin multi-hopwirelessnetworks.
BanerjeeandMisra hadattemptedto addressthis prob-
lem in their prior work [1] but had provided an opti-
mal energy-ef�cient solutionto this problemfor thecase
wherelink layersimplementperfectreliability. However,
a morecommonscenario— a link layer that is not per-
fectly reliable,wasleft asanopenproblem.In this paper
we �rst presenttwo centralizedalgorithms,BAMER and
GAMER, that optimally solves the minimum energy re-
liable communicationproblemin presenceof unreliable
links. Subsequentlywe presenta distributed algorithm,
DAMER, that approximatesthe performanceof the cen-
tralized algorithm and leadsto signi�cant performance
improvementover bestknown single-pathor multi-path
basedexisting techniques.

1 Intr oduction

Wirelesscommunicationnetworkshave beendeployedat
an increasinglyfastrate,andareexpectedto reshapethe
way we live in this physical world. For example,wire-
less ad hoc networks combinedwith satellite data net-
works [15] areableto provide global informationdeliv-
eryservicesto usersin remotelocationsthatcannothave
beenreachedby traditionalwired networks. Meanwhile,
advancesin hardware technologyare constantlyprolif-
eratingvariouswirelesscommunicationterminals(e.g.,
smartphonesor PDAs) to an exploding userpopulation.
In many scenarios,designof wirelessprotocolsareguided
by two requirements— energy ef�ciency andresilience
to packet losses. Ef�ciently handlinglossesin wireless
environments,therefore,assumessigni�cant importance.
Even underbenignconditions,variousfactors,like fad-
ing, interference,multi-patheffects,andcollisions, lead
to heavy lossratesonwirelesslinks [10, 9, 34, 7, 31, 33].
Dueto theend-to-endreliability requirementof many ap-
plications,it is necessaryto studyhow suchreliability can
beguaranteedin anenergy ef�cient way in wirelessenvi-
ronments.In thispaperweexaminetheproblemof energy
ef�cient routingof traf�c in amulti-hopwirelessnetwork
thatappropriatelyhandlespacketlossesin thewirelessen-

vironment.
There are two well-known ways to achieve end-to-end
reliability on multi-hop paths. The �rst approachem-
ploys hop-by-hopretransmissions— eachlink layerhop
retransmitslost framesasandwhennecessary. The sec-
ondapproachassumesthat link layersareunreliableand
retransmissionsareperformedend-to-end.It is alsopos-
sible to considera mix of the above asa third approach,
wherelink layersperforma few retransmissionsif nec-
essary, but perfectreliability is only guaranteedthrough
end-to-endmechanisms.
Traditionalpower awarerouting schemes[22, 5] do not
take link lossratesinto accountwhencomputingenergy
ef�cient paths.By ignoringtheimpactof suchlosses,they
implicitly assumethatevery link is totally reliable. That
paradigmis obviously toooptimistic,andretransmissions
consumepower aswell. In orderto achieve betterenergy
ef�ciency in realistic scenarios,the right metric should
be the cumulative energy consumptiondueto all packet
transmissionsincludingretransmissions.
Prior work by BanerjeeandMisra [1] solvedtheproblem
of computingenergy ef�cient pathsfor thehop-by-hopre-
transmissionmodelonly andhadleft optimalapproaches
for theend-to-endcaseasanopenproblem.However, all
practicalmechanismsto achieve perfectend-to-endreli-
ability guaranteesrely eitheron theend-to-endmodelor
on the mixed approach(combinationof hop-by-hopand
end-to-endretransmissions).For example,link layertech-
nologiessuchasthe802.11MAC protocol[16] typically
make a boundednumberof retransmissionattemptsfor
a lost or corruptedframe. Furtherlossescan be recov-
eredthroughend-to-endretransmissions.The following
area summaryof exampleswhich underlinethe impor-
tanceof energy-ef�cient solutionsunderthe end-to-end
andthemixedretransmissionmodels:

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

² Therearelink level technologiesthatdo not provide
hop-by-hopretransmission(e.g.TRAMA [18]).

² Givenlink layerreliability, packet lossmaystill hap-
penatnetwork layerdueto variousreasons(e.g.con-
gestionin WSNs[26]).
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² Nodesmaymove, sleep,or fail. In suchcases,hop-
by-hopreliability cannotbeassumed.Notethateven
if a sleepingnodecanreceive packetsafter waking
up, thetransportprotocolmayhave timedout.

As long asthereis somelink in the multi-hop path that
cannotguaranteereliablepacketdelivery, wewill haveto
rely onTCP-like transportprotocolsto initiateend-to-end
retransmissionsbackfrom thesource.
In this paper, we �rst solve the problemof computing
minimumenergy pathsfor reliablecommunicationin the
pureend-to-endretransmissionmodelwherenoneof the
links in awirelesspathguaranteesany reliability. Wenext
proceedto studythemoregeneralandrealisticmixedre-
transmissionmodelwheresomelinks may provide par-
tial reliable delivery while the othersmay not. For ex-
ample, even if the link level technologysupportshop-
by-hop retransmission,somelinks may still be unreli-
abledueto otherreasonsdescribedabove. TheBAMER
andGAMER algorithmsaredesignedfor computingmin-
imumenergy pathsin thesemodelsrespectively. Thehop-
by-hopmodelandthepureend-to-endmodelarejustspe-
cial casesof themixedmodel.Therefore,our algorithms
for themixedmodelcanbeusedto �nd minimumenergy
pathsin any network con�gurations.
For implementationin many practicalscenarios,we may
needa simple and light weight distributed protocol. In
this paper, we also proposea distributed routing proto-
col, DAMER, for energy ef�cient routing in the general
mixed retransmissionmodel. Clearly, DAMER can be
usedin any network con�guration, too. We show that
DAMER is ableto �nd the minimum energy pathin the
hop-by-hopretransmissionmodel.And simulationresults
demonstratethat DAMER also effectively improves en-
ergy ef�ciency over thebestknown existing techniquesin
thegeneralmixedretransmissionmodel.
While themainfocusof this paperis on single-pathrout-
ing, we alsoexaminethe problemof reliability through
utilization of multiple redundantpaths. Prior work has
examinedthe useof suchmulti-path routesin improv-
ing throughputor reliability [32, 23] mostlyat thecostof
increasedenergy consumption.To illustrate this aspect,
we performedsimulation-basedcomparisonsof our tech-
niquewith oneof theseprior techniques,GRAB [32] and
the energy consumptionof GRAB to achieve reasonable
reliability is ordersof magnitudelarger than that of our
schemes.Interestinglywe foundthatby carefullychoos-
ing multi-pathroutesfor datadelivery it is possibleto re-
duceenergy consumptionthanbestpossiblesingle-path
route. In particular, we formally analyzethe problemof
�nding the minimum energy multi-path routing scheme
andprove that it is actuallyNP-hard. To the bestof our
knowledge,this paperis the�rst to investigatethepoten-
tial of multi-pathroutingonenergy conservation.

Throughextensive simulations,we demonstratethat our
algorithms can signi�cantly improve energy ef�ciency
over bestknown existing techniques.Moreover, we care-
fully examinetheeffectsof a numberof network param-
eterson theperformanceof our algorithmsaswell asex-
isting techniques.This studyfurtherenhancesour under-
standingof energy ef�cient reliablecommunicationin the
presenceof lossylinks.
The restof the paperis organizedasfollows. Section2
reviews previous relatedwork. Our network modeland
problemformulationarepresentedin Section3. In Sec-
tion 4, we presenttwo algorithmsaswell asa distributed
routingprotocolfor �nding minimumenergy pathsin the
mixed retransmissionmodel. In Section5, we examine
multi-pathroutingasa potentialmeansof energy conser-
vation in the presenceof unreliablelinks, and formally
analyzeits complexity. An empiricalstudythroughexten-
sivesimulationsof ourschemesaswell asthebestknown
currentschemesis presentedin Section6. Finally, we
concludethepaperin Section7.

2 Relatedwork

Energy ef�cient routing has always beena central re-
searchtopic in wirelessnetworks,bothin theparadigmof
multicast/broadcast[28, 27, 2, 14, 30,29, 3, 8, 12] andin
theparadigmof unicast[20, 22, 21, 4, 5, 24, 23]. In both
paradigms,our objective is to designa routing scheme
suchthat the total transmissionpower is minimized. In
this paper, we studytheparadigmof unicastandrefer in-
terestedreadersto the literaturefor moreknowledgeon
energy ef�cient multicast/broadcastrouting.
By usingDijkstra's shortestpathalgorithm,PAMAS [21]
�nds aminimumcostpathwherethelink costis setto the
transmissionpower. If every link in thepathsis errorfree,
thenasingletransmissionovereachlink cansuccessfully
deliver a packet from the sourceto its destinationwith a
minimum energy consumption.ScottandBamboos[20]
studiedthecasewherelink costsincludepowerconsump-
tion on thereceiver side,andproposedto �nd energy ef-
�cient pathsusinga modi�ed form of the Bellman-Ford
algorithm[6].
Someresearchershaveconsideredpowerawareroutingin
analternativeapproach.Theresidualbatterpower is used
asa routing metric, in orderto achieve a morebalanced
distribution of power consumptionamongall the nodes
sothatthelifetime of thewholesystemmaybeincreased.
From our perspective, theseschemesmay result in less
energyef�cient routes.Wereferthereaderto theliterature
[22, 4, 5, 24] for detailedinformation.
Unfortunately, none of these previous papersconsid-
eredthe lossy propertyof wirelesslinks. Banerjeeand
Misra [1] exploredtheeffectof lossylinks onenergy ef�-
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cientroutingandsolvedtheproblemof �nd minimumen-
ergy pathsin thehop-by-hopretransmissionmodel.Let w
andp denotethetransmissionpower andtheerrorrateof
a hop-by-hopretransmissionlink, respectively. [1] pro-
posedthe link cost to be w

1¡ p , which is actually the ex-
pectedenergy consumptionon delivering a packet over
that link 1. For thehop-by-hopretransmissionmodelit is
thenstraightforward to usea traditionalshortestpathal-
gorithm,e.g. Dijkstra's algorithm,to computeminimum
energy paths.

Thesameis, however, not true in theend-to-endretrans-
missionmodel.Thereforetheauthorsin [1] onlyproposed
an approximateheuristicthat de�nes the link cost to be

w
(1¡ p) l , wherel ¸ 2 is someconstant,andusedDijkstra's
algorithmto computelow-energy paths.For simplicity, in
this paperwe denoteBanerjeeandMisra's algorithmby
BMA anddenoteBMA with l = k by BMA-k. In the
end-to-endretransmissionmodel,packet lossat interme-
diatelinks will abortthewholedelivery thusfarandincur
end-to-endretransmissionsbackfrom the source,which
meansmoretransmissionpoweris wastedthanin thehop-
by-hopmodel.Intuitively, l ¸ 2 makeslossylinks appear
to beevenmoreexpensive. BMA-l thuspreferslesslossy
links andreducestherisk of incurringend-to-endretrans-
missions.While sucha choiceis reasonable,clearly it is
not optimal. Additionally the moregeneralandrealistic
mixedretransmissionmodelis notexploredin [1].

Multi-path routing hasbeenproposedasa meansof im-
proving reliability aswell asthroughput.GRAB [32] for-
wardspacketsalonganinterleavedmesh,andcontrolsthe
width of the meshhencethe successratio by assigning
an appropriatecredit to eachpacket. We herepoint out
that the multi-pathschemeof GRAB harnessesthe high
redundancy andlargescaleof WSNs,andis notappropri-
atefor othernetwork models.In contrast,this papercon-
sidersa moregeneralnetwork model. Moreover, GRAB
providesonly robustdelivery insteadof reliabledelivery,
whichmeanspacketsarenotguaranteedto bedeliveredin
GRAB. SrinivasandModiano[23] investigatethe prob-
lem of minimum energy node/linkdisjoint pathsrouting
in multi-hopwirelessnetworks.Clearly, suchschemesre-
sult in increasedenergy consumption,comparedwith the
minimum energy single path. And they do not provide
guaranteeddelivery, either. Again, noneof themexplic-
itly considerslink errorrates.

Transportprotocols(e.g.PSFQ[25]) have alsobeenpro-
posedto provide reliablecommunicationover unreliable
wirelesslinks. Unlike routing protocols,transportpro-
tocols do not pay attentionto route selectionhenceare
beyondthescopeof thispaper.

1A similarmetric,ETX, wasproposedby DeCoutoetal [7] for com-
putinghigh throughputpaths.

3 Formulation

In our network model,eachnetwork nodeis assumedto
be equippedwith an omnidirectionalantenna. A wire-
lessnetwork is modelledasa directedgraphG = (V; A),
whereV is the setof nodesandA is the setof directed
links. Eachnodeis assigneda uniqueID i 2 [1::jV j] and
hasa maximumtransmissionpower of Pmax (i ). Each
directed link (i; j ) has a non-negative weight W (i; j ),
whichdenotestheminimumtransmissionpower required
to maintaina reasonablygood quality link from nodei
to nodej . Wirelesspropagation suffers severe attenua-
tion [13, 17, 19]. Let dij denotethe distancebetween
nodei andnodej . If i transmitswith power Pt (i ), the
powerof thesignalreceivedby nodej is givenby

Pr (j ) =
Pt (i )
c ¢d®

ij
;

where® andc arebothconstants,andusually2 · ® · 4
[19]. In order to correctlydecodethe received signalat
thereceiver side,it is requiredthat

Pr (j ) ¸ ¯ 0 ¢N0;

where¯ 0 is the requiredsignal-to-noiseratio (SNR)and
N0 is thestrengthof ambientnoise. Thus,theweightof
link (i; j ) is givenby

W (i; j ) = c ¢¯ 0 ¢N0 ¢d®
ij : (1)

Each link (i; j ) also has an error rate (or loss rate)
Er (i; j ), which is theprobabilitythata transmissionover
link (i; j ) doesnot succeed.If E r (i; j ) = 0, link (i; j )
is consideredreliable. G containslink (i; j ) if andonly
if W (i; j ) · Pmax (i ) andEr (i; j ) < 1. The expected
numberof transmissions(includingretransmissions)of a
successfuldeliveryover link (i; j ) is givenby

N (i; j ) =
1

1 ¡ Er (i; j )
: (2)

Eachnodeis capableof adjustingits transmissionpower
accordingto the outgoinglink weights,in order to con-
serve asmuchpower aspossible.Typically, energy ef�-
cient routing schemestendto choosepathscomposedof
a largenumberof shortdistancelinks sincelong distance
links aremuchmorepowerconsuminggiventhat® ¸ 2.
Link failure is presumedto be independentand unpre-
dictable,so the metric is de�ned to be the expectedto-
tal energy consumptionof asuccessfuldelivery. By mini-
mumenergypathfrom nodeu to nodev, wereferto apath
thathastheminimumexpectedenergy consumptionof a
successfuldelivery from u to v. Let Cmin (u; v) denote
theexpectedenergy consumptionof asuccessfuldelivery
alongaminimumenergy pathfrom u to v.
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We refer to thegeneralproblemof �nding theminimum
energy routingschemein themixedretransmissionmodel
as the MinimumEnergy ReliableCommunicationUsing
End-to-endRetransmissionsproblemandformally de�ne
it asfollows.
M INIMUM ENERGY RELIABLE COMMUNICATION US-
ING END-TO-END RETRANSMISSIONS

INSTANCE DirectedgraphG = (V; A). Link weight
function W : A ! R+

0 . Link error rate function
Er : A ! [0; 1). FunctionU : A ! f 0; 1g indicates
whetheralink provideshop-by-hopretransmission.Spec-
i�ed sources andsink t. Non-negative boundB .
QUESTION Is therea routingschemesuchthat theex-
pectedenergy consumptionof a successfuldelivery from
s to t is nomorethanB ?

4 Single-pathmin-energy routes

In thissection,wepresentanumberof algorithmsto com-
puteminimum energy pathsfor reliablecommunication
over lossylinks in multi-hopwirelessnetworks. We start
by studyingtheseeminglysimplerend-to-endretransmis-
sionmodel,for whichwepresenttheBasicAlgorithmfor
MinimumEnergyRouting(BAMER). Thenin Section4.2,
westudythemoregeneralandrealisticmixedretransmis-
sion model. The General Algorithm for Minimum En-
ergy Routing(GAMER)is proposedfor thatcase.In Sec-
tion 4.3,we show thatanappropriatepreprocessingstage
enablesBAMER to solve thesameproblemin themixed
modelaswell. While BAMER andGAMER arebothcen-
tralizedalgorithms,typically routing needsto be carried
out in adistributedfashion.Towardsthatend,wepropose
the DistributedAlgorithm for MinimumEnergy Routing
(DAMER)in Section4.4.

4.1 Basic Algorithm for Minimum Energy
Routing (BAMER)

We �rst presentBAMER andshow thatit �nds minimum
energy pathsfrom s to all othernodesin the end-to-end
retransmissionmodel(Table1).

Lemma 1 Let P(s; v) denotea minimumenergy path
from s to v, in which node u is the predecessorof v.
Thepre�x part of P(s; v) betweens and u, denotedby
P(s;u), hasto bea minimumenergypathfroms to u.

For any pathP(s; v), Let Cost(P(s; v)) denotethe ex-
pectedenergy consumptionof 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,assumethat P(s;u) is not a
minimum energy 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) Ã Á
3 C(v) Ã 1
4 C(s) Ã 0
5 S Ã f sg
6 u Ã s
7 while S 6= V(G) do
8 for eachnodev 2 V(G) ¡ S do
9 if N (u; v)[C(u) + W (u; v)] < C(v)

10 T(v) Ã T(u) [ f (u; v)g
11 C(v) Ã N (u; v)[C(u) + W (u; v)]
12 u Ã v 2 V(G) ¡ S s.t. C(v) is minimum
13 S Ã S [ f ug

Table1: Pseudocodedescriptionof BAMER. G is thedi-
rectedgraph.s is source.W andN arede�ned in Equa-
tions 1 and2 respectively. T containsthe edgeson the
minimum energy pathandC(v) is the costof the com-
putedpathfrom thesourceto thecurrentnodev.

P0(s;u) is a minimumenergy pathfrom s to u. We can
simply replaceP(s;u) in P(s; v) with P 0(s;u). There-
sultednew pathfroms to v, denotedbyP 0(s; v), will have
anexpectedenergy consumptionof

Cost(P0(s; v)) = N (u; v)[Cost(P 0(s;u)) + W (u; v)]

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

= Cost(P(s; v)) :

ThiscontradictsthefactthatP(s; v) is aminimumenergy
pathfrom s to v. Proofis completed.¤

Lemma 2 In BAMER,each timea nodev is addedto S,
links in T(v) form a minimumenergy path from s to v
henceC(v) = Cmin (s; v).

We prove Lemma2 by inductionon the orderof nodes
beingaddedto S. The basecaseis trivially true. Now
assumethatLemma2 holdsfor every nodealreadyin S,
anda nodev is thenchosento be addedto S. Consider
any minimumenergy pathP(s; v) from s to v.
If all previous nodes in P(s; v) have been in S, by
Lemma1 and inductive assumptionit is clear from the
descriptionof BAMER that

C(v) · Cost(P(s; v)) = Cmin (s; v):

If at leastonepreviousnodein P(s; v) hasnot beenin S
yet, let u denotethe �rst suchprevious nodein P(s; v)
(countingfrom s to v). And let P(s;u) denotethepre�x
partof P(s; v) betweens andu. By Lemma1, it is clear
from thedescriptionof BAMER that

C(u) · Cost(P(s;u)) = Cmin (s;u):
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Figure1: Illustrationof BAMER

GiventhatBAMER chosev insteadof u, it is thecasethat

C(v) · C(u) · Cmin (s;u) · Cmin (s; v)

sinceu is apreviousnodein P(s; v).
Let u0 bethenodealreadyin S thatassignsC(v) to v in
BAMER. By inductive assumption,links in T(u0) form a
pathfrom s to u whoseexpectedenergy consumptionis
C(u). Thus,T(v) = T(u0) [ f (u0; v)g form apathfrom s
to v, andtheexpectedenergy consumptionis C(v). Since
we have provedthatC(v) · Cmin (s; v), it hasto bethe
casethat C(v) = Cmin (s; v) and links in T(v) form a
minimumenergy pathfrom s to v. Proofis completed.¤

Corollary 1 For each nodev 2 V(G), BAMERcomputes
a minimumenergypathfroms to v.

We illustrateBAMER with the examplein Figure1. In
theexamplenetwork, eachlink (u; v) is labelledwith the
(W (u; v); N (u; v)) pair, andeachnodeu is labelledwith
its ID andC(u). x is the�rst nodeaddedtoS byBAMER,
followedby its successorsz andy in order. BAMER ter-
minatesafter choosingt, whosepredecessoris z. The
minimumenergy pathsareindicatedby thedashedlinks.
The minimum expectedenergy consumptionto deliver a
packet from s to t is 80. BMA-1 will choosethe path
s ! x ! y ! t andthe expectedenergy consumption
is 82. Withoutconsideringlink lossrates,anaiveshortest
pathalgorithm(e.g.Dijkstra's algorithm)will choosethe
paths ! z ! t, incurringanexpectedenergy consump-
tion of 86.

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

In Section4.1,wepresenttheBAMER algorithmfor �nd-
ing minimumenergy pathsin thepureend-to-endretrans-
missionmodelwhereno link guaranteesperhopreliabil-
ity throughhop-by-hopretransmissions.This is in con-
trastto priorwork (BMA) whichsolvedtheproblemin the

GAMER (G, s, W , Er , N , T, C)
1 for eachnodev 2 V(G) do
2 T(v) Ã Á
3 C(v) Ã 1
4 C(s) Ã 0
5 S Ã f sg
6 u Ã s
7 while S 6= V(G) do
8 for eachnodev 2 V(G) ¡ S do
9 if (u; v) provideslink layerretransmission

10 if C(u) + N (u; v)W (u; v) < C(v)
11 T(v) Ã T(u) [ f (u; v)g
12 C(v) Ã C(u) + N (u; v)W (u; v)
13 elseif N (u; v)[C(u) + W (u; v)] < C(v)
14 T(v) Ã T(u) [ f (u; v)g
15 C(v) Ã N (u; v)[C(u) + W (u; v)]
16 u Ã v 2 V(G) ¡ S s.t. C(v) is minimum
17 S Ã S [ f ug

Table2: Pseudocodedescriptionof GAMER. Parameters
sameasin Table1

idealizedmodelwhereeachlink is perfectlyreliable. In
realisticscenarios,wemayhaveto solvetheminimumen-
ergy pathproblemin themoregeneralmixedretransmis-
sion model, wheredifferent point-to-pointlinks are im-
plementedwith differentlink level technologies,or other
factorsmaymakesomelinks unreliablein thepresenceof
inherentlyreliablelink level technologies,etc. In thissec-
tion, we solve the minimum energy pathproblemin this
mixedretransmissionmodelwith our General Algorithm
for MinimumEnergy Path (GAMER), which is described
in Table2.
Weshow thatLemma1 alsoholdsfor GAMER. Thecase
where(u; v) doesnot supporthop-by-hopretransmission
hasbeenproved in Section4.1. Now considerthe case
where (u; v) supportshop-by-hopretransmission.The
observationis that

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

To prove by contradiction,assumethat P(s;u) is not a
minimum energy path from s to u, while anotherpath
P0(s;u) isaminimumenergypathfroms tou. Wecanre-
placeP(s;u) in P(s; v) with P 0(s;u). Theresultedpath
P0(s; v) will have anexpectedenergy consumptionof

Cost(P0(s; v)) = Cost(P 0(s;u)) + N (u; v)W (u; v)

< Cost(P(s;u)) + N (u; v)W (u; v)

= Cost(P(s; v)) :

ThiscontradictsthefactthatP(s; v) is aminimumenergy
pathfrom s to v. Proofis completed.¤
Lemma 2 and its proof in Section 4.1 also hold for
GAMER.This is easyto verify andweleavethedetailsto
thereader.
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Corollary 2 For each nodev 2 V(G), GAMERcom-
putesa minimumenergypathfroms to v.

To illustratehow GAMER works, let us returnto to ex-
amplein Figure1. Now thelink from x to t hasbeenup-
gradedto supporthop-by-hopretransmission.This does
not changethebehavior of traditionalshortestpathalgo-
rithms andBMA. However, GAMER will �nd the mini-
mum energy paths ! x ! t andthe expectedenergy
consumptiongoesdown from 80 to 58.

4.3 BAMER for the mixed retransmission
model

Although BAMER is motivated by and designedfor
the pure end-to-endretransmissionmodel, it turns out
an appropriatepreprocessingstagewill enableBAMER
to solve the sameproblemin the mixed retransmission
model. To seewhy andhow, note that GAMER differs
from BAMER only in lines 9–12 of Table 2, i.e., the
casewhere link (u; v) supportshop-by-hopretransmis-
sion. Particularly, theonly differencethatmattersis line
12. Note that the right sideof line 12 canbe viewed as
[C(u) + N (u; v)W (u; v)] £ 1. Comparedto theright side
of line 11 in Table1, we canseethat link (u; v) canbe
treatedasareliablelink thatdoesnotsupporthop-by-hop
retransmissionandhasa new weightof N (u; v)W (u; v).
Therefore,we canpreprocessthe links that supporthop-
by-hopretransmissionasis describedabove. Then,apply-
ing BAMER on thepreprocessednetwork graphis prov-
ablycorrectto computeaminimumenergy pathfrom s to
eachnodein thenetwork.
To illustratehow BAMER worksin themixedretransmis-
sion model,we returnto the examplein Section4.2. In
the preprocessingstage,the point-to-point link (x; t) is
marked with (48; 1) asa link that doesnot supporthop-
by-hopretransmissionandhasa weight of 48. BAMER
is thenexecutedon the preprocessednetwork graphand
correctly�nds theminimumenergy paths ! x ! t.

4.4 Distrib uted Algorithm for Minimum
Energy Routing (DAMER)

BothBAMER andGAMER arecentralizedalgorithms.In
many applications,a routing algorithmhasto be imple-
mentedasadistributedroutingprotocol.Weherepropose
the DistributedAlgorithm for MinimumEnergy Routing
(DAMER)for suchapplications.A pseudocodedescrip-
tion of DAMER is presentedin Table3.

Observation 1 For any nodew 2 V(G), C(w) never
growsduring theexecutionof DAMER.

Observation 2 In thehop-by-hopretransmissionmodel,
DAMER�nds a minimumenergy path to 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) Ã 1
3 C(v) Ã 1
4 R(u) Ã 1
5 C(u) Ã 0

/* periodicrouteexchange */
6 for eachroundof routeexchangedo
7 broadcastR andC in a routeexchangemessageM u

8 for eachneighborv do
9 collecta routeexchangemessageM v from v

10 for eachnodew 2 V(G) do
11 if M v :C(w) + M v :R(w)N (u; v)W (u; v) < C(w)
12 N exthop(w) Ã v
13 C(w) Ã M v :C(w) + M v :R(w)N (u; v)W (u; v)
14 if (u; v) provideshop-by-hopretransmission
15 R(w) Ã M v :R(w)
16 elseR(w) Ã N (u; v)M v :R(v)

Table3: DAMER runningat individual nodes.u repre-
sentsthe local node itself. For any nodew 2 V(G),
R(w) recordsthe expectednumberof end-to-endtrans-
missions(includingretransmissions)requiredto deliver a
packet from u to w via N exthop(w). The expecteden-
ergy consumptionis recordedin C.

The veri�cations are easyand are omitted due to space
constraints.

Lemma 3 For any nodew 2 V(G), whenever v is a
downstreamnodeon the path from u to w, it has to be
thecasethatC(w) > Cv (w) whereCv (w) denotesC(w)
at nodev then.

By Observation1, it is clearfrom lines11 » 13of Table3
thatwhenever N exthop(w) = v, it mustbethecasethat
C(w) > Cv (w). Recursively applyingthis rule �nishes
theproofof Lemma3. Proofis completed.¤

Corollary 3 RoutesgeneratedbyDAMERare loop free.

Basedon theexamplein Section4.2,we illustratein Fig-
ure2 theroundby roundexecutionof DAMER in �nding
an energy ef�cient path from s to t. Although we only
illustratea singlesource-sinkpair here,we point out that
DAMER actually�nds sucha pathfor every source-sink
pair in thenetwork.

5 Multi-path min-energy routes

In Section4, we have proposedandprovedBAMER and
GAMER for computingtheminimumenergy pathfor re-
liablecommunicationin multi-hopwirelessnetworks. In-
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Figure2: Illustration of DAMER. Eachnodeis labelled
with a (R(t); C(t); N exthop(t)) tuple.

terestingly, we herepoint out that in somecasesa multi-
pathroutingschemeactuallyminimizestheexpecteden-
ergy consumption. Traditionally, multi-path routing is
consideredbene�cial for improved throughputandrelia-
bility [32, 23]. Intuitively, improvedthroughputandrelia-
bility comeatthecostahigherenergy consumptiondueto
theuseof multiple (not necessarilydisjoint) pathssimul-
taneously. Therefore,it is not surprisingthat researchers
have beendesigningsingle path routing algorithmsfor
energy ef�cient one-to-onecommunication,aswe do in
Section4. In this section,we reveal the interestingand
counter-intuition fact that multi-path routing can poten-
tially reducetheexpectedenergy consumptionof one-to-
onereliablecommunicationin thepresenceof unreliable
links. Moreover, we formally analyzethe complexity of
�nding theminimumenergy routingscheme.To thebest
of ourknowledge,thispaperis the�rst to studyexploiting
multi-pathroutingto reduceenergy consumption.
With anomnidirectionalantenna,a singlewirelesstrans-
missionby a nodecanbe received by every nodewithin
its transmissionrange. This propertyof wirelessmedia
is referred to as WirelessMulticast Advantage (WMA)
[28]. WMA hasbeenextensively studiedin energy ef�-
cientone-to-many communication,e.g.minimumenergy
broadcastin wirelessnetworks [28, 27, 2, 14, 3, 8]. We
show thatWMA andtheuseof multiple pathsenableus
to reduceenergy consumptionin one-to-onecommunica-
tion over unreliablelinks aswell. Considerthe example
in Figure3, wheres needsto communicatewith t. Links
comingout of s have a lossrateof 1

2 anda weight of 1.
Links comingout of b1 andb2 arereliableandfree.Con-
siderthemultiple pathsroutingschemewhereevery link
participates.Theprobabilityof asuccessfuldeliveryfrom
s to t is 7

8 , andtheexpectedenergy consumptionof asuc-

s

b1 b2

t

Figure3: WirelessMulticastAdvantage(WMA)

cessfuldelivery is thus 8
7 . Ontheotherhand,theexpected

energy consumptionof any minimumenergy singlepath
is 2.
In amulti-pathroutingscheme,anintermediatenodemay
receivemultiplecopiesof thesamepacket from upstream
nodes.Beforewe canproceedto formally analyzemulti-
pathroutingschemes,aproblemthathasto beansweredis
“Should theintermediatenodeforward everycopyof the
packet?” We believe thecorrectanswershouldbe“No”.
Becauseforwardingthesamepacket morethanoncewill
incur unnecessaryadditionalenergy consumptionat the
intermediatenodeaswell asdownstreamnodes,without
knowing if thatreallyhelpsatall.
We formally analyzethecomplexity of �nding minimum
energy multi-pathroutesin theAppendixandshow thatit
is NP-Hard.

6 Simulations

We conductextensive simulationsin our empiricalstudy
in order to answerthe following questions. Compared
with thebestknown currentschemes,how effectively can
our algorithmsconserve energy in a variety of network
environments? How network parametersaffect the per-
formanceof existing algorithmsandours? Suchparam-
etersinclude link error rates,value of ®, percentageof
links supportinghop-by-hopretransmission,network size
(i.e., nodepopulation),andso on. Beforewe proceedto
presentthesimulationresults,westartby describingsome
technicaldetailsof oursimulations.
In our simulations,100 nodesof the sametransmission
rangearedistributedinto a10£ 10square�eld uniformly
at random. Two nodesare connectedif and only if the
distancebetweenthem is no larger than their transmis-
sion range. For eachdirectedlink, its link error rate is
chosenfrom [0; M axLE R] uniformly at random,where
0 · M axLE R · 1 representsthe maximumlink error
rate. Consequently, link (u; v) andlink (v; u) may have
different error rates. For eachparametersetting, 1000
suchtrial networks aregenerated.In eachtrial network,
we randomlypick a sourcenodeanda destinationnode.
Theaverageenergy consumptionof thepathscomputedin
all 1000networksis calculatedfor individual algorithms,
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Figure4: Energy ef�ciency of GRAB normalized with
respectto BAMER and GAMER.

respectively. To evaluatethe effectivenessof our algo-
rithmsin conservingenergy, wede�ne normalizedenergy
ef�ciency (NEE)of analgorithmto betheratioof its aver-
ageenergy consumptionto thatof BAMER andGAMER,
sinceBAMER andGAMER areguaranteedto �nd amin-
imumenergy path.
For singlepathrouting,we compareour algorithmswith
the best known BMA algorithm. For multi-path rout-
ing, we comparewith GRAB [32], asnode/linkdisjoint
paths[23] clearly consumemore energy than the mini-
mum energy single path. GRAB claims to be more ef-
�cient and�e xible thandisjoint pathsin that it forwards
packetsalonganinterleavedmesh,andcontrolsthewidth
of the meshby assigningan appropriatecredit to each
packet. We �rst conductsimulationsin theend-to-endre-
transmissionmodel to comparethe energy ef�ciency of
our algorithmsandGRAB, sinceGRAB assumestheun-
reliableCSMA MAC. Figure4 demonstratesthat theen-
ergy consumptionof GRAB is typically someordersof
magnitudeslarger, in orderto achieve a delivery ratio of
95%. For higherlink errorrates,thisdeliveryratioof 95%
is not evenachievable.Giventhis hugeperformancegap,
we only comparewith thebestknown singlepathrouting
scheme,BMA, in thesequel.

6.1 Effectsof ® and link error rates

We �rst examinethe effectsof link error ratesand® on
theenergy ef�ciency of thealgorithmswe study. To fully
understandthebehavior of thesealgorithmsin thegeneral
end-to-endretransmissionmodel,we hereinvestigatethe
casewherenoneof thelinks supportshop-by-hopretrans-
mission.We conductextensive simulationsfor a number
of differentvaluesof M axLE R, ®, andl, andpresentthe
simulationresultsin Figure5.
It is clearfrom Figure5 thathighlink errorratesgenerally

emphasizetheeffectivenessof our algorithms.Becausea
higherlink errorratemeansa higherprobabilityof abort-
ing theend-to-enddelivery donethusfar andrestartinga
new end-to-enddelivery backfrom thesource.Thus,the
performanceof the relatively lessintelligent BMA algo-
rithmsaremoresubjectto link errorrates.
Large ® valuesdemonstratethe sameeffect. Because
large ® valuesmake short distancelinks even cheaper.
Consequently, the algorithmstendto choosepathscom-
posedof moreandshorterlinks. Themorelinks a packet
hasto go through,the more likely that its delivery may
fail andabortatsomeintermediatelink. Thismeansmore
energy consumptiondueto deliveryabortionsandend-to-
endretransmissions.
Anotherclearmessagefrom Figure5 is that reasonably
large valuesof l consistentlyhelp BMA achieve better
performance.Becauselargel valuesmake lossylinks ap-
pearto beprohibitively expensiveto BMA. Consequently,
BMA prefersless lossy links and that reducesthe risk
of delivery abortion. We also conductsimulationsfor
l > 4, but typically thatdoesnot helpconserve moreen-
ergy. For eligibility, we only presentsimulationresults
for 1 · l · 4. We will seethe reasonunderlyingthis
decisionin latersections.
Finally, we point out thatDAMER performsconsistently
betterthanBMA in theend-to-endretransmissionmodel.

6.2 Effect of hop-by-hop retransmission

We have discussedin Section6.1 that large l valueshelp
BMA conserve energy by avoiding lossy links. Clearly
therehas to be a cost to this trick. For example,con-
siderthe hop-by-hopretransmissionmodel. l = 1 �nds
minimumenergy paths,while largervaluesof l maygive
us lessenergy ef�cient paths. Intuitively, thereshould
be somecorrelationbetweenthe optimal valueof l and
the percentageof links supportinghop-by-hopretrans-
mission, which is denotedby UPGr ate. We here re-
veal this correlationby conductingextensive simulations
for a numberof different valuesof l , UPGr ate, and
M axLE R. We assumea moderatesettingof ® = 2,
which is in favor of BMA algorithmsasis shown in Fig-
ure5. Simulationresultspresentedin Figure6 leadusto
thefollowing conclusions.
First,largel valuesperformbetterin thepresenceof alow
UPGr ate, while smalll valuesperformbetterif asignif-
icantportionof links supporthop-by-hopretransmission.
Second,simulationresultsdemonstratethat l > 4 does
nothelpBMA. DependingonUPGr ate andM axLE R,
l = 3 or 4 turn out to bethebestchoice.Third, by com-
paringdifferentM axLE R values,we canseethat high
link error ratesarein favor of largevaluesof l . This fur-
therveri�es ourpreviousunderstandingof thereasonwhy
largel valueshelpBMA in theend-to-endretransmission
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model:“pessimistic”estimations(i.e., largel values)bet-
ter helpBMA avoid high risk links (i.e.,higherrorrates).
Finally, even with the optimal setting of l = 4 and a
moderate® = 2, BMA still consumesmoreenergy than
BAMER andGAMER by upto 43%, andconsumesmore
energy thanDAMER by up to 22%.
Hop-by-hopretransmissionconsistentlyhelpsDAMER.
In fact, we have discussedthat DAMER is able to �nd
minimumenergy pathsin thehop-by-hopretransmission
model,andthis is veri�ed by thesimulationresultsin Fig-
ure6.

6.3 Effect of network size

As we have discussedin Section6.1, the more links a
packet hasto go through,the more likely that its deliv-
ery may abortat someintermediatelink. Sincea larger
network size(i.e.,nodepopulation)leadsto longerpaths,
therisk of deliveryabortionwill goupwith network size.
Accordingly, BMA needsto bemore“pessimistic”ones-
timating link error ratessothat it will furtheravoid lossy
links to improve energy ef�ciency in the presenceof in-
creasednetwork size.Weherepresentanempiricalinves-
tigationof thecorrelationbetweennetwork sizeandl, as
well astheeffectof network sizeon theenergy ef�ciency
of DAMER andBMA. For consistency, we still assume
that® = 2. We conductextensive simulationsfor a num-
berof differentvaluesof network size,l , andUPGr ate.

Simulationresultsarepresentedin Figure7.
As is shown in Figure7, increasednetwork sizerequires
largervaluesof l . Meanwhile,increasednetwork sizealso
resultsin a lower energy ef�ciency of BMA. For exam-
ple, when we have 30 nodesin the network, l = 3 is
the bestperformingsettingand it consumesup to 34%
moreenergy thanBAMER andGAMER, andconsumes
upto 28%moreenergy thanDAMER. Whenwehave250
nodes,l = 5 is generallythebestchoice,whichconsumes
up to 60%moreenergy thanBAMER andGAMER, and
consumesupto 35%moreenergy thanDAMER. Thisfact
draws our attentionto anevenmorechallengingproblem
of BMA: withouta priori knowledgeof networksize, how
shouldBMA predetermineits optimal settingof l? As
is demonstratedby the simulationresults,inappropriate
l valuescanresultin signi�cantly lowerenergy ef�ciency
of BMA, while our algorithmsdo not have this problem.
For example,if BMA expectsthe network sizeto be 30
while the actualsize is 250, it will consumeup to 2.7
timestheenergy consumptionof BAMER andGAMER,
andconsumeup to 2.1timesthatof DAMER.

7 Conclusions

In this paper, we studythe problemof minimum energy
routing for reliable communicationin the presenceof
lossy links. BanerjeeandMisra [1] solved the problem
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250nodes,respectively.

in thehop-by-hopretransmissionmodel,whereeachlink
is assumedto supportlink layer hop-by-hopretransmis-
sionandguaranteereliabledelivery. However, link layer
retransmissionactuallycannot guaranteereliabledeliv-
ery, dueto variousreasons.In theend-to-endretransmis-
sionmodelwheresomelink in thecommunicationpathis
unreliable,werely onTCP-like transportprotocolsto ini-
tiate end-to-endretransmissions.We �rst studythe pure
end-to-endretransmissionmodelwherenoneof thelinks
guaranteesper hop reliability, andthenproceedto study
themoregeneralmixedretransmissionmodelwheresome
links mayguaranteereliabledeliverywhile theothersmay
not. TheBAMER andGAMER algorithmsaredesigned
for computingminimum energy paths in both models.
Thehop-by-hopmodelandthepureend-to-endmodelare
just specialcasesof the mixed model, so BAMER and
GAMER can be usedto �nd minimum energy pathsin
any network con�guration. For implementationin many
practicalscenarios,we also proposea light weight dis-
tributed routing protocol, DAMER, which can be used
for energy ef�cient routing in any network con�guration
aswell. DAMER is ableto �nd minimum energy paths
in the hop-by-hopmodel,andsimulationresultsdemon-
stratethat DAMER alsoeffectively improvesenergy ef-
�ciency over the bestknown existing techniquesin the
generalmixedmodel.Throughextensive simulations,we
alsocarefullyexaminetheeffectsof anumberof network
parameterson theperformanceof our algorithmsaswell
asexisting techniques.This study further enhancesour
understandingof energy ef�cient reliablecommunication
in thepresenceof lossylinks.
Traditionally, multi-pathroutinghavebeenutilized to im-
prove throughputor reliability, possibly at the cost of
increasedenergy consumption. Our anotherinteresting
�nding is that, in somecasesmulti-pathrouting may re-
ducetheexpectedenergy consumptionin thepresenceof
lossylinks. We formally analyzethe problemof �nding
the minimum energy routing schemeandprove that it is
actuallyNP-hard.To thebestof ourknowledge,thispaper
is the�rst to investigatethepotentialof multi-pathrouting
onenergy conservation.
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Appendix: NP-Hardness of Min-energy
multi-path Routes

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

3-DIMENSIONAL MATCHING (3DM)
INSTANCE Set M = f m1; m2; : : : ; mn g µ W £
X £ Y, where W = f w1; w2; : : : ; wqg, X =
f x1; x2; : : : ; xqg, andY = f y1; y2; : : : ; yqg aredisjoint
setshaving thesamenumberq of elements.
QUESTION DoesM containa matching,i.e., a subset
M 0 = f m0

1; m0
2; : : : ; m0

qg µ M suchthat jM 0j = q and
no two elementsof M 0 agreein any coordinate?
Givenaninstanceof 3DM, weconstructagraphasshown
in Figure8, wherenodesaredistributedinto four layers
and edgesexist only betweennodesin adjacentlayers.
The graphin Figure8 is constructedfrom the following
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Figure8: Reductionfrom 3DM

instanceof 3DM.

W = f w1; w2g; X = f x1; x2g; Y = f y1; y2g:
M = f m1; m2; m3; m4g:
m1 = (w1; x2; y2); m2 = (w1; x1; y1);
m3 = (w2; x2; y2); m4 = (w1; x1; y2):

The top layer containsonly the sink node t. In the
secondlayer, thereare threedisjoint groupsof element
nodes, W = f w1; w2; : : : ; wqg, X = f x1; x2; : : : ; xqg,
andY = f y1; y2; : : : ; yqg, representingW , X , andY , re-
spectively. Eachelementnodeis connectedto t with an
edgewhoseweight is 0 anderror rateis p = e¡ 1=3q. In
the third layer, therearea setM = f m1; m2; : : : ; mn g
of triplet nodesrepresentingthen elementsof M . Each
triplet node is adjacentto the three associatedelement
nodes. Edgesbetweenelementnodesand triplet nodes
haveaweightof 1 andanerrorrateof 0. Thebottomlayer
containsonly the sourcenodes, which is adjacentto all
triplet nodes. Edgesbetweentriplet nodesands have a
weightof c = (e ¡ 1)q andanerrorrateof 0.
Thetransformationis polynomial,andwe hereshow that
M containsa3-dimensionalmatchingof sizeq if andonly
if theminimumexpectedenergy consumptionto delivera
packet from s to t is

c + q
1 ¡ p3q =

e2q
e¡ 1

: (3)

We start with the “only if ” direction. If M containsa
matchingof sizeq, we canroutea packet from s to t as
follows.

² s transmitsthepacket to all theq triplet nodescon-
tainedin thematching.

² Eachtripletnodein thematchingforwardsthepacket
to its adjacentelementnodes.

² Eachelementnodeforwardsthepacket to t.

Theenergy requiredto routethepacket from s to the3q
elementnodesis deterministicallyc + q. The probabil-
ity thatat leastoneelementnodesuccessfullydeliver the
packetto t is 1¡ p3q. Thus,theexpectedenergy consump-
tion is givenby (3).
We thenprove the “if ” direction. In particular, we show
that the schemedescribedin the proof of the “only if ”
direction is the only schemethat can successfullyde-
liver the packet at an expectedenergy consumptionof
(3). First of all, we point out that any routing scheme
canbedenotedby its numberof forwardingtriplet nodes
1 · n0 · n andits numberof forwardingelementnodes
1 · q0 · min (3q; 3n0). We prove by contradiction,as-
sumingthatM doesnot containamatchingof sizeq.

² If n0 > q, theexpectedenergy consumptionis

c + n0

1 ¡ pq0
>

c + q
1 ¡ pq0

>
c + q

1 ¡ p3q :

² If n0 = q, it hasto bethecasethatq0 < 3q sincewe
assumethatM doesnot containmatchingof sizeq.
Thus,theexpectedenergy consumptionis

c + q
1 ¡ pq0

>
c + q

1 ¡ p3q :

² If n0 < q then q0 · min (3q; 3n0) = 3n0. The
expectedenergy consumptionis thus

c + n0

1 ¡ pq0
¸

c + n0

1 ¡ p3n 0
:

To concludeour proof by contradiction,it only re-
mainsto prove that,

for any 1 · n0 < q;
c + n0

1 ¡ p3n 0
>

c + q
1 ¡ p3q : (4)

Ononehand,for any x ¸ 1,
£
p3x ¡ (c+ x)p3x lnp3¤0

= ¡ (lnp3)2(c+ x)p3x < 0:

On theotherhand,

p3x ¡ (c + x)p3x lnp3jx = q

= (e¡ 1
3q )3q ¡ [(e ¡ 1)q + q](e¡ 1

3q )3qln(e¡ 1
3q )3

=
1
e

+ 1

> 1:

Therefore,for any x suchthat1 · x · q,

p3x ¡ (c + x)p3x lnp3 > 1

( )
1 ¡ p3x + (c + x)p3x lnp3

(1 ¡ p3x )2 < 0

( )
³ c + x

1 ¡ p3x

´ 0
< 0:

Thiscompletestheproofof (4). ¤
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