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Abstract—We proposea protocol that, given a communication network,
computesa subnetwork suchthat, for every pair

���������
of nodesconnected

in the original network, there is a a minimum-energypathbetween
�

and
�

in
the subnetwork (wherea minimum-energy path is onethat allows messages
to be transmitted with a minimum useof energy). The network computed
by our protocol is in generala subnetwork of the onecomputedby the pro-
tocol given in [12]. Mor eover, our protocol is computationally simpler. We
demonstratethe performanceimprovementsobtainedby using the subnet-
work computedby our protocol thr ough simulation.

I . INTRODUCTION

Multi-hop wirelessnetworks,especiallysensornetworks,are
expectedto be deployed in a wide varietyof civil andmilitary
applications.Minimizing energy consumptionhasbeenamajor
designgoal for wirelessnetworks. As pointedout by Rodoplu
andMeng [12], network protocolsthat minimizesenergy con-
sumptionarekey to low-powerwirelesssensornetworks.

We cancharacterizea communicationnetwork usinga graph	�

wherethe nodesin

	�

representthe nodesin the network,

andtwo nodes� and
 arejoinedby anedgeif it is possiblefor� to transmita messageto 
 if � transmitsat maximumpower.
Transmittingatmaximumpowerrequiresagreatdealof energy.
To minimize energy usage,we would like a subgraph

	
of
	�


suchthat (1)
	

consistsof all the nodesin
	�


but hasfewer
edges,(2) if � and 
 are connectedin

	�

, they are still con-

nectedin
	

, and(3) anode� cantransmitto all its neighborsin	
usinglesspower thanis requiredto transmitto all its neigh-

borsin
	�


. Indeed,what we would really like is a subnetwork	
of
	�


with thesepropertieswherethe power for a nodeto
transmitto its neighborsin

	�

is minimal. RodopluandMeng

[12] provide a protocol that, given a communicationnetwork,
computesasubnetwork thatis energy-efficientin thissense.We
call their protocolMECN (for minimum-energycommunication
network).

Thekey propertyof thesubnetwork constructedby MECN is
whatwecall theminimum-energyproperty. Given

	�

, it guaran-

teesthatbetweenevery pair ������
�� of nodesthatareconnected
in
	 


, the subgraph
	

hasa minimum-energy path between�
and 
 , onethatallows messagesto be transmittedwith a mini-
mumuseof energy amongall thepathsbetween� and
 in

	�

.

In this paper, we first identify conditionsthatarenecessaryand
sufficientfor agraphto havethisminimum-energyproperty. We
usethis characterizationto constructa protocolcalledSMECN
(for smallminimum-energycommunicationnetwork). Thesub-
network constructedby SMECN is provably smallerthan that
constructedby MECN if broadcastsatagivenpowersettingare
able to reachall nodesin a circular region aroundthe broad-
caster. We conjecturethat this propertywill hold in practice
evenwithout thisassumption.Oursimulationsshow thatby be-

ing ableto useasmallernetwork, SMECNhaslower link main-
tenancecoststhanMECN andcanachieve a significantsaving
in energy usage.SMECNis alsocomputationallysimplerthan
MECN.

Therestof thepaperis organizedasfollows. SectionII gives
thenetwork model(which is essentiallythesameasthatusedin
[12]). SectionIII identifiesa conditionnecessaryandsufficient
for achieving the minimum-energy property. This characteri-
zationis usedin SectionIV to constructthe SMECN protocol
andprovethatit constructsanetwork smallerthanMECN if the
broadcastregion is circular. In SectionV, we give theresultsof
simulationsshowing the energy savings obtainedby using the
network constructedby SMECN.SectionVI concludesour pa-
per.

I I . THE MODEL

We use essentiallythe samemodel as Rodoplu and Meng
[12]. We assumethat a set � of nodesis deployed in a two-
dimensionalarea,whereno two nodesarein thesamephysical
location. Eachnodehasa GPSreceiver on board,so knows it
own location, to within at least5 metersof accuracy. It does
notnecessarilyknow thelocationof othernodes.Moreover, the
locationof nodeswill in generalchangeover time.

A transmissionbetweennode� and 
 takespower ��������
������� ������
���� for someappropriateconstant
�
, where�! !" is the

path-lossexponentof outdoorradio propagationmodels[11],
and

� �#���$
�� is thedistancebetween� and 
 . A receptionat the
receiver takespower % . Computationalpower consumptionis
ignored.

Supposethereis somemaximumpower �'&)(�* at which the
nodescantransmit.Thus,thereis a graph

	 
 �+���,��- 
 � where������
��/.0- 
 if it is possiblefor � to transmitto 
 if it transmits
at maximumpower. Clearly, if �#���$
��1.!- , then

��� ������
�� �32�4&/(5* . However, we do not assumethat a node� cantransmit
to all nodes
 suchthat

��� ������
�� �62 �4&/(5* . For onething, there
may be obstaclesbetween� and 
 that prevent transmission.
Even without obstacles,if a unit transmitsusinga directional
transmitantenna,thenonly nodesin the region coveredby the
antenna(typically a cone-like region) will receive themessage.
RodopluandMeng [12] implicitly assumethatevery nodecan
transmitto everyothernode.Herewe takeafirst stepin explor-
ing whathappensif this is not thecase.However, wedoassume
that thegraph

	�

is connected,sothat thereis a potentialcom-

municationpathbetweenany pair of nodesin � .
Becausethe power requiredto transmit betweena pair of

nodesincreasesasthe � th powerof thedistancebetweenthem,
for some�7 8" , it may requirelesspower to relay informa-



tion than to transmitdirectly betweentwo nodes. As usual,a
path 9:�;�#�=<>��?�?@?5����A'� in a graph

	 �B���,��-C� is definedto be
an orderedlist of nodessuchthat ����DE����D�FHG@�I.J- . The length
of 9J�K��� < ��?@?�?@��� A � , denotedL 9ML , is N . The total power con-
sumptionof a path 9O�P��� < �$�=QR�TS�S@S5��� A � in

	�

is thesumof the

transmissionandreceptionpowerconsumed,i.e.,

U ��9��V�
ARWXG
DZYHG �#�[��� D ��� D�FHG ��\]%@��?

A path 9!�^�#�=<>��?�?@?��$��A4� is a minimum-energy path from �=<
to � A if

U �#9M� 2 U ��9 
 � for all paths9 
 in
	�


from � < to � A . For
simplicity, weassumethat %)_a` . (Ourresultsholdevenwithout
this assumption,but it makestheproofsa little easier.)

A subgraph
	 �b���,��-C� of

	�

hastheminimum-energyprop-

erty if, for all �#���$
��a.c� , there is a path 9 in
	

that is a
minimum-energy pathin

	�

from � to 
 .

I I I . A CHARACTERIZATION OF M INIMUM-ENERGY

COMMUNICATION NETWORKS

Our goal is to find a minimal subgraph
	

of
	�


that has
the minimum-energy property. Note that a graph

	
with the

minimum-energypropertymustbestronglyconnectedsince,by
definition, it containsa pathbetweenany pair of nodes.Given
sucha graph,thenodescancommunicateusingthelinks in

	
.

For this to beusefulin practice,it mustbepossiblefor each
of thenodesin thenetwork to construct

	
(or, at least,therele-

vantportionof
	

from their pointof view) in a distributedway.
In thissection,weprovideaconditionthatis necessaryandsuf-
ficient for a subgraphof

	�

to be minimal with respectto the

minimum-energyproperty. In thenext section,weusethischar-
acterizationto provide anefficient algorithmfor constructinga
graph

	
with theminimum-energypropertythat,while notnec-

essarilyminimal,still hasrelatively few edges.
Clearly if a subgraph

	 �d���,��-C� of
	�


hasthe minimum-
energy property, an edge ������
��e.f- is redundantif thereis a
path 9 from � to 
 in

	
suchthat L 9'L�_+g and

U �#9�� 2 U ������
�� .
Let

	�h�i j �f���,��- h�i j � bethesubgraphof
	 


suchthat �#���$
��k.- h�i j if f thereis nopath9 from � to 
 in
	�


suchthat L 9ML'_Pg andU ��9�� 2 U �#���$
�� . As thenext resultshows,
	 h�i j

is thesmallest
subgraphof

	�

with theminimum-energy property.

TheoremIII.1: A subgraph
	

of
	�


hastheminimum-energy
propertyif f it contains

	�h�i j
asa subgraph.Thus,

	�h�i j
is the

smallestsubgraphof
	�


with theminimum-energy property.
Proof: We first show that

	 h�i j
hasthe minimum-energy

property. Suppose,by wayof contradiction,thattherearenodes����
+.7� and a path 9 in
	�


from � to 
 suchthat
U �#9M�mlU ��9 
 � for any path 9 
 from � to 
 in

	 h�i j
. Supposethat 90���� < �@?�?@?���� A � , where�n�o� < and 
p�n� A . Without lossof gen-

erality, wecanassumethat 9 is thelongestminimal-energypath
from � to 
 . Notethat 9 hasnorepeatednodesfor any cyclecan
beremovedto giveapaththatrequiresstrictly lesspower. Since	 h�i j

hasnoredundantedges,for all q/�]`M�@?�?�?���NVrmg , it follows
that ����D��$��DZFHG@�s.o- h�i j . For otherwise,thereis a path 9tD in

	�

from ��D to ��DZFHG suchthat L 9tDuLH_vg and

U �#9tDw� 2 U �#��DE����D�F)G�� .
But thenit is immediatethat thereis a path 9�x in

	�

suchthatU ��9�xt� 2 U �#9�� and9�x is longerthan9 , contradictingthechoice

of 9 .

To seethat
	 h�i j

is a subgraphof every subgraphof
	 


with
the minimum-energy property, supposethat thereis somesub-
graph

	
of
	�


with theminimum-energy propertythatdoesnot
containthe edge ������
��y.B- h�i j . Thus, thereis a minimum-
energy path9 from � to 
 in

	
. It mustbethecasethat

U ��9�� 2U ������
�� . Since ������
�� is notanedgein
	

, wemusthave L 9MLM_fg .
But then ������
��{z.|- h�i j , a contradiction.

Thisresultshowsthatin ordertofind asubgraphof
	

with the
minimum-energy property, it sufficesto ensurethat it contains	 h�i j

asa subgraph.

IV. A POWER-EFFICIENT PROTOCOL FOR FINDING A

M INIMUM-ENERGY COMMUNICATION NETWORK

Checkingif an edge �#���$
�� is in - h�i j may requirechecking
nodesthatarelocatedfar from � . This mayrequirea greatdeal
of communication,possiblyto distantnodes,andthusrequirea
greatdealof power. Sincepower-efficiency is animportantcon-
siderationin practice,we considerherean algorithm for con-
structinga communicationnetwork thatcontains

	 h�i j
andcan

beconstructedin a power-efficientmannerratherthantrying to
construct

	 h�i j
itself.

Saythatanedge������
��k.}- 
 is N -redundantif thereis a path9 in
	�


suchthat L 9MLe�KN and
U ��9�� 2 U �#���$
�� . Notice that������
��C.P- h�i j if f it is not N -redundantfor all N]_dg . Let -kQ

consistof all andonly edgesin - 
 thatarenot 2-redundant.In
our algorithm,we constructa graph

	 �~���,��-C� where -��-kQ ; in fact, underappropriateassumptions,-K�7-kQ . Clearly-kQ��3- h�i j , so
	

hastheminimum-energy property.
Thereis a trivial algorithmfor constructing-VQ . Eachnode�

startstheprocessby broadcastinganeighbordiscoverymessage
(NDM) at maximumpower �4&/(5* , statingits own position. If a
node 
 receivesthis message,it respondsto � with a message
statingits location.Let �!���V� bethesetof nodesthatrespondto� andlet � Q ���V� denote� ’s neighborsin - Q . Clearly � Q �#�k����!���V� . Moreover, it is easyto checkthat � Q �#�k� consistsof all
thosenodes
0.b�!���V� otherthan � suchthat thereis no ��.�!���V� suchthat

U �#���$�C��
�� 2 U �#���$
�� . Since� hasthelocation
of all nodesin �!���V� , � Q �#�k� is easyto compute.

Theproblemwith this algorithmis in thefirst step,which in-
volvesa broadcastusingmaximumpower. While this expendi-
tureof powermaybenecessaryif therearerelatively few nodes,
sothatpowercloseto �'&/(5* will berequiredto transmitto some
of � ’s neighborsin - Q , it is unnecessaryin densernetworks. In
this case,it mayrequiremuchlessthan� &/(5* to find � ’s neigh-
borsin -VQ . We now presenta morepower-efficient algorithm
for finding theseneighbors,basedon ideasdueto Rodopluand
Meng[12]. For thisalgorithm,weassumethatif anode� trans-
mits with power � , it knows theregion ����������� around� which
canbe reachedwith power � . If thereareno obstaclesandthe
antennais omnidirectional,thenthis region is justacircleof ra-
dius

���
suchthat

��� �� �}� . Weareimplicitly assumingthateven
if thereareobstaclesor the antennais not omni-directional,a
node � knows the terrain and the antennacharacteristicswell
enoughto compute����������� . If thereareno obstacles,we show
that - Q is a subgraphof what RodopluandMeng call the en-
closure graph. Our algorithmis a variantof their algorithmfor
constructingtheenclosuregraph.

Beforepresentingthe algorithm, it is useful to definea few



terms.
DefinitionIV.1: Givena node
 , let Loc�#
�� denotethephys-

ical locationof 
 . The relay region of the transmit-relaynode
pair ������
�� is thephysicalregion �����1� suchthatrelayingthrough
 to any point in �/�@�C� takeslesspower thandirect transmis-
sion.Formally,

���@�C�C�b�>�#�,�$����� U ������
[�T�������X�E� 2 U �#�������,�$�X�E�$���
wherewe abusenotationandtake

U �����T�#�,���X�u� to bethecostof
transmittinga messagefrom � to a virtual nodewhoselocation
is �#�,�$��� . That is, if therewerea node 
 
 suchthat Loc��
 
 �C��������X� , then

U �����T�#�,���X�u�k� U �#���$
 
 � ; similarly,
U ������
[�T�#�,�$���u�k�U ������
[��
 
 � . Note that, if a node
 is in therelayregion � ���1� ,

then the edge �#���$
�� is 2-redundant.Moreover, since %�_�` ,�����1���b� .
Givenaregion � , let

�{�0����
�.6�!� Loc�#
��k.6�e���
if � contains� , let

� � ���V�k� ���t�H  �$��������� &)(�* �[ra�/�@�C�/�$? (1)

The following propositiongivesa usefulcharacterizationof� Q ���V� .
PropositionIV.2: Supposethat � is a region containingthe

node � . If �¡��� � �#�k� , then �£¢  M¤ �@¥ ���sQ¦���V� . Moreover,
if � is a circular region with center� and ����� � �#�k� , then�{¢  �¤ �@¥ �o� Q ���V� .

Proof: Supposethat �P�f�/���#�k� . We show that �{¢  �¤ �@¥�§�sQ>�#�k� . Supposethat 
0.3�¨Q��#�k� . Then clearly Loc�#
��©z.ª ���t«O�/�@�C� andLoc�#
��¬.­���#���$� &/(5* � . Thus,Loc�#
��¬.­� � ���V� ,
so 
�.y�{¢   ¤ �@¥ .

Now supposethat � is a circular region with center� and�d�8� � ���V� . The precedingparagraphshows that �{¢  �¤ �@¥ ��sQ¦���V� . We now show that �{¢   ¤ �@¥ �¡�sQ¦���V� . Supposethat
®.7�£¢   ¤ �@¥ . If 
~z.§�¨Q��#�k� , then thereexists some � such
that

U �������C�$
�� 2 U ������
�� . Sincetransmissioncostsincrease
with distance,it mustbethecasethat

� �#���$�¯� 2 � �#���$
�� . Since
p.n�{¢   ¤ ��¥ �+� � and � is a circular region with center� , it
follows that �d.b� � . Since

U �#���$�C��
�� 2 U ������
�� , it follows
that Loc�#
��|.7� �@�C� . Thus, 
�z.8�������V� , contradictingour
originalassumption.Thus,
y.6� Q ���V� .

The algorithmfor node � constructsa set � suchthat �d�� � ���V� , andtriesto dosoin apower-efficientfashion.By Propo-
sition IV.2, the fact that �c�K�������V� ensuresthat �{¢  �¤ �@¥ �� Q ���V� . Thus,thenodesin �{¢  M¤ ��¥ otherthan � itself aretaken
to be � ’s neighbors.By TheoremIII.1, the resultinggraphhas
theminimum-energy property.

Essentially, the algorithm for node � startsby broadcasting
anNDM with someinitial power �¦< , gettingresponsesfrom all
nodesin ��������� < � , and checkingif ��������� < �m�°� � ¤ �'± �w² ¥ ���V� .
If not, it transmitswith more power. It continuesincreasing
the power � until ���#���$�[�£�§� � ¤ �'± � ¥ �#�k� . It is easyto seethat���������'&/(5*'���®� � ¤ �'± �@³�´uµ ¥ ���V� , so thataslong asthepower in-
creasesto � &/(5* eventually, then this processis guaranteedto
terminate. In this paper, we do not investigatehow to choose
the initial power ��< , nor do we investigatehow to increasethe

power at eachstep.We simply assumesomefunction Increase
suchthatIncrease

A �#��<��V���4&/(5* for sufficiently large N . An ob-
vious choiceis to take Increase���[�1�+"t� . If the initial choice
of � < is lessthanthetotal poweractuallyneeded,thenit is easy
to seethat this guaranteesthat thetotal amountof transmission
powerusedby � will bewithin a factorof 2 of optimal. 1

Thus,theprotocolrun by node� is simply

�O�}� < ;
while ������������¶��� � ¤ �'± � ¥ ���V� do Increase����� ;�|�#�k���3� ¢  ¦· ¸T¹ º¼»

A morecarefulimplementationof thisalgorithmis givenin Fig-
ure 1. Note that we also computethe minimum power ����½C�
requiredto reachall the nodesin �|���V� . In the algorithm, ¾
is the setof all the nodesthat � hasfound so far in the search
and � consistsof thenew nodesfoundin thecurrentiteration.
In the the computationof ¿ in the second-lastline of the algo-
rithm, we take À��t�tÁ}�����#���$� &/(5* �,rb�/�@�C�4� to be ���#���$� &/(5* �
if � �Â� . For future reference,we note that it is easyto
show that, after eachiterationof the while loop, we have that¿y�bÀ��t�tÃ/�����#���$� &/(5* ��r]���@�C�¦� .
Algorithm SMECN
�©��� < ;¾3�b� ;Ä1Å>ÆtÄ¯Ç@ÈÊÉ �����¿y�3��������� &/(5* � ;
while ������������¶�:¿ do�©� Increase����� ;

BroadcastNDM with power � andgatherresponses;�Ë�3�Ê
[L Loc��
���.6���#���$�[�$��
:¶.|¾s�$
p¶���k� ;¾b��¾ � ;
for each
©.|� do

for each�Ì.6¾ do
if Loc�#
���.����@�C� thenÄ¯Å�ÆRÄ1ÇTÈÊÉ � Ä1Å>ÆtÄ1ÇTÈÊÉ ��Í'� ;
elseif Loc�#�¯�k.|�/�@�C� thenÄ¯Å�ÆRÄ1ÇTÈÊÉ � Ä1Å>ÆtÄ1ÇTÈÊÉ ��Î¨� ;¿y�:¿ÏÀ �t�tÁ �����#���$� &/(5* ��r]���@�C� );�|�#�k���3¾pr Ä¯Å�ÆRÄ1ÇTÈÊÉ ;�[�#�k���]Ð¯ÑÓÒX���O�¦�������������:¿��
Fig. 1. Algorithm SMECNrunningatnode

�
.

Definethe graph
	 �8���,��-1� by taking �#���$
���.f- if f 
�.�|�#�k� , asconstructedby thealgorithmin Figure1. It is imme-

diatefrom theearlierdiscussionthat -P�b-kQ . Thus
TheoremIV.3:

	
hastheminimum-energyproperty.

We next show thatSMECNdominatesMECN. MECN is de-
scribedin Figure2. For easiercomparison,we havemadesome
inessentialchangesto MECN to make thenotationandpresen-
tationmorelike thatof SMECN.Themaindifferencebetween
SMECN and MECN is the computationof the region ¿ . As
Ô
Note that, in practice,a nodemay control a numberof directionaltransmit

antennae.Our algorithmimplicitly assumesthat they all transmitat the same
power. This wasdonefor easeof exposition. It would be easyto modify the
algorithmto allow eachantennato transmitusingdifferentpower. All that is
requiredis thataftersufficiently many iterations,all antennaetransmitat maxi-
mumpower.



Algorithm MECN
�©�:� < ;¾3�b� ;Ä1Å>ÆtÄ¯Ç@ÈÊÉ �����¿y�3��������� &/(5* � ;
while ������������¶�:¿ do�©� Increase�#�[� ;

BroadcastNDM with power � andgatherresponses;�Ë�3�Ê
[L Loc��
���.6���#���$�[�$��
:¶.�¾s�$
:¶�:��� ;¾b��¾ � ;Ä1Å>ÆtÄ¯Ç@ÈÊÉ � Ä1Å�ÆRÄ1ÇTÈÊÉ Õ
;

for each
©.|� do Ö�×�Ø Ù���
�� ;¿6� �t� ¤ Ã W�Ú[ÛÊÜTÚ[ÝEÞàß ¥ �����#���$� &/(5* ��r]���@�C�4� ;�|�#�k���3¾pr Ä¯Å�ÆRÄ1ÇTÈÊÉ ;�[�#�k���]Ð¯ÑÓÒX���O�4���#���$�[�,�:¿��
ProcedureÖ�×�Ø Ù��#
��

if 
p¶. Ä¯Å�ÆRÄ1ÇTÈÊÉ thenÄ1Å�ÆRÄ1ÇTÈÊÉ � Ä1Å>ÆtÄ¯Ç@ÈÊÉ ��Í'� ;
for each�Ì.6¾ suchthatLoc�#�¯�k.|� ���1� doÖ�×ZØ Ù��#�¯� ;

elseif Loc�#
��{z. ªká �Tâ WXÚ[ÛÊÜ@Ú[ÝuÞàßEã�ä � á thenÄ1Å�ÆRÄ1ÇTÈÊÉ � Ä1Å>ÆtÄ¯Ç@ÈÊÉ r0��Í4� ;
for each�Ì.6¾ suchthatLoc�#�¯�k.|� ���1� doÖ�×ZØ Ù��#�¯� ;

Fig. 2. Algorithm MECN runningat node
�

.

we observed, in SMECN, ¿��åÀ��t�tÃ������#���$� &/(5* ��ro���@�C�4� at
the end of every iteration of the loop. On the other hand, in
MECN, ¿��fÀ��t�tÃ W�Ú[ÛÊÜTÚ[ÝEÞàß �$��������� &)(�* ��r0�����1�4� . Moreover,
in SMECN,anodeis neverremovedfrom

Ä1Å>ÆtÄ1ÇTÈÊÉ
onceit is in

theset,while in MECN, it is possiblefor a nodeto beremoved
from

Ä1Å>ÆtÄ1ÇTÈÊÉ
by the procedureÖ�×�Ø Ù . Roughly speaking,if

a node 
P.;� �@�C� , then, in the next iteration, if �æ.®� ���1ç
for a newly discoverednode

�
, but 
åz.P���@�Cç , node 
 will be

removed from
Ä¯Å�ÆRÄ1ÇTÈÊÉ

by Ö�×ZØ Ù��#
�� . In [12], it is shown that
MECN is correct(i.e., it computesa graphwith the minimum-
energy property)andterminates(and, in particular, the proce-
dure Ö�×�Ø Ù terminates).Herewe show that, at leastfor circular
searchregions,SMECNdoesbetterthanMECN.

TheoremIV.4: If the searchregionsconsideredby the algo-
rithm SMECNarecircular, thenthecommunicationgraphcon-
structedby SMECNis a subgraphof thecommunicationgraph
constructedby MECN.

Proof: For eachvariable� thatappearsin SMECN,let � Aè
denotethevalueof � afterthe N th iterationof theloop;similarly,
for eachvariablein MECN, let � AÁ denotethe valueof � after
the N th iterationof theloop. It is almostimmediatethatSMECN
maintainsthe following invariant: 
�. Ä1Å>ÆtÄ1ÇTÈÊÉtéê if f 
�.0¾ Aè
andLoc�#
���. ª ���tÃ�ëì � �@�C� . Similarly, it is not hard to show

thatMECN maintainsthefollowing invariant: 
©. Ä1Å�ÆRÄ1ÇTÈÊÉ éí
if f 
p.n¾ Aè andLoc��
��¨. ª ���tÃ�ëî W�Ú[ÛÊÜTÚ[ÝEÞàßuïð ���@�C� . (Indeed,
thewholepoint of the Ö�×�Ø Ù procedureis to maintainthis invari-
ant.) Sinceit is easyto checkthat ¾ Aè �å¾ AÁ , it is immedi-
atethat

Ä1Å>ÆtÄ1ÇTÈÊÉ éê � Ä¯Å�ÆtÄ¯Ç@ÈÊÉ éí . SupposethatSMECN ter-

minatesafter N è iterationsof the loop andMECN terminates
after N Á MECN iterationsof the loop. Hence ¿ Aè �J¿ AÁ for
all N 2 Ð1Ñ�Ò,�$N è ��N Á � . Sincebothalgorithmsusethecondition�����������{�J¿ to determinetermination,it follows thatSMECN
terminatesno laterthanMECN; thatis, N è 2 NtÁ .

Sincethesearchregionusedby SMECNis assumedto becir-
cular, by PropositionIV.2, ¾ A ìè r Ä¯Å�ÆtÄ¯Ç@ÈÊÉ é�ñê � ÄCò �uó[� . More-
over, evenif wecontinueto iteratetheloopof SMECN(ignoring
theterminationcondition),then ���#���$�[� keepsincreasingwhile¿ keepsdecreasing.Thus,by PropositionIV.2 again,we con-
tinueto have ¾ Aè r Ä¯Å�ÆtÄ¯Ç@ÈÊÉ éê � ÄCò �uó[� evenif NO ôN è . That
meansthat if we wereto continuewith the loop after SMECN
terminates,noneof the new nodesdiscoveredwould be neigh-
borsof � . Sincethepreviousargumentstill appliesto show thatÄ1Å>ÆtÄ¯Ç@ÈÊÉ é ðê � Ä1Å>ÆtÄ1ÇTÈÊÉ é ðí , it follows that � Q �#�k�C�B¾ A îè rÄ1Å>ÆtÄ¯Ç@ÈÊÉ é ðê �aõ é ðí r Ä1Å�ÆRÄ1ÇTÈÊÉ é ðí . Thatis, thecommunication
graphconstructedby SMECN hasa subsetof the edgesof the
communicationgraphconstructedby MECN.

In the proof of TheoremIV.4, we implicitly assumedthat
both SMECN and MECN usethe samevalue of initial value��< of � andthe samefunction Increase. In fact, this assump-
tion is notnecessary, sincetheneighborsof � in thegraphcom-
putedby SMECNaregivenby �sQ¦���V� independentof thechoice
of ��< and Increase, as long as ����������<¦�b¶�Â���������'&/(5*M� and
Increase

A ���¦<��­ ;�4&/(5* for N sufficiently large. Similarly, the
proofof TheoremIV.4showsthatthesetof neighborsof � com-
putedby MECN is asupersetof �sQ¦���V� , aslongasIncreaseand��< satisfytheseassumptions.

TheoremIV.4showsthattheneighborsetcomputedbyMECN
is a supersetof �¨Q����V� . As thefollowing exampleshows, it may
bea strict superset(sothat thecommunicationgraphcomputed
by SMECNis astrict subgraphof thatcomputedby MECN).

ExampleIV.5: Considera network with 4 nodes
� ������
[��� ,

whereLoc��
���.}�����1� , Loc���¯�V.��/�@�Cç , andLoc��
��£z.}�����1ç .
It is not hard to choosepower functionsand locationsfor the
nodeswhich have this property. It follows that �sQ��#�k�C�8� � � .
(It is easyto check that Loc� � �oz.8� �@�C� ª � ���1� .) On the
otherhand,supposethat Increaseis suchthat

�
, 
 , and � are

addedto ¾ in the samestep. Then all of them are addedtoÄ1Å>ÆtÄ¯Ç@ÈÊÉ
in MECN. Whichonesaretakenoutby Ö�×�Ø Ù thende-

pendson the order in which they areconsideredin the loop 2

For example,if they areconsideredin the order 
 , � ,
�
, then

the only neighborof � is again
�
. However, if they are con-

sideredin any otherorder, thenboth 
 and
�

becomeneighbors
of � . For example,supposethat they areconsideredin the or-
der
�
, � , 
 . Then Ö�×ZØ Ù makes

�
a neighbor, doesnot make � a

neighbor(sinceLoc�#�¯�¨.n�/�@�Cç ), but doesmake 
 a neighbor
(sinceLoc�#
��Cz.a�/�@�Cç ). AlthoughLoc�#
��Cz.]�/�@�C� , this is not
taken into accountsince�d. Ä¯Å�ÆRÄ1ÇTÈÊÉ at the point when 
 is
considered.

V. SIMULATION RESULTS AND EVALUATION

How canusingthesubnetwork computedby (S)MECNhelp
performance?Clearly, sendingmessageson minimum-energy
pathsis moreefficientthansendingmessagesonarbitrarypaths,
ö
Notethatthefinal neighborsetof MECN is claimedto beindependentof the

orderingin [12]. However, theexamplehereshows thatthis is not thecase.



but thealgorithmsareall local; thatis, they do not actuallyfind
the minimum-ener÷ gy path,they just constructa subnetwork in
which it is guaranteedto exist.

Thereareactuallytwo waysthat thesubnetwork constructed
by (S)MECN helps. First, when sendingperiodic beaconing
messages,it suffices for � to usepower �[�#�k� , the final power
computedby (S)MECN. Second,the routing algorithm is re-
stricted to using the edges

ª �¦�t«��|�#�k� . While this doesnot
guaranteethata minimum-energy pathis used,it makesit more
likely that the path usedis one that requireslessenergy con-
sumption.

To measurethe impactof focusingon energy efficiency, we
comparedtheuseof MECN andSMECNin a simulatedappli-
cationsetting.

Both SMECN and MECN were implementedin ns-2 [10],
usingthewirelessextensiondevelopedat Carnegie Mellon [3].
Thesimulationwasdonefor a network of 200nodes,eachwith
a transmissionrangeof 500meters.Thenodeswereplaceduni-
formly at randomin a rectangularregion of 1500by 1500me-
ters.(Therehasbeenagreatdealof work onrealisticplacement,
e.g. [13], [2]. However, this work hasthe Internet in mind.
Sincethenodesin a multihopnetwork areoftenbestviewedas
beingdeployed in a somewhat randomfashionandmove ran-
domly, we believe that theuniform randomplacementassump-
tion is reasonablein many largemultihopwirelessnetworks.)

We assumea gtz �@ø transmitpower roll-off for radio propa-
gation. The carrier frequency is 914 MHz; transmissionraw
bandwidthis 2 MHz. We furtherassumethateachnodehasan
omni-directionalantennawith 0 dB gain, which is placed1.5
meterabovethenode.Thereceivethresholdis 94dBW, thecar-
rier sensethresholdis 108dBW, andthecapturethresholdis 10
dB. Theseparameterssimulatethe914MHz LucentWaveLAN
DSSSradio interface. Given theseparameters,the

�
parameter

in SectionII is 101dBW. We ignorereceptionpowerconsump-
tion, i.e. %��]` .

Eachnodein our simulationhasan initial energy of 1 Joule.
We would like to seehow our algorithm affects network per-
formance.To do this, we needto simulatethenetwork’s appli-
cationtraffic. We usedthe following applicationscenario.All
nodesperiodicallysendUDP traffic to a sink nodesituatedat
the boundaryof the network. The sink nodeis viewed as the
masterdatacollectionsite. The applicationtraffic is assumed
to be CBR (constantbit rate); applicationpacketsare all 512
bytes. This applicationscenariohasalsobeenusedin [4]. Al-
thoughthis applicationscenariodoesnot seemappropriatefor
telephonenetworksandthe Internet(cf. [7], [8]), it doesseem
reasonablefor ad hoc networks, for example,in environment-
monitoringsensorapplications.In this setting,sensorsperiod-
ically transmitdatato a datacollectionsite, wherethe datais
analyzed.

To find routesalongwhichtosendmessages,weuseAODV [9].
However, asmentionedabove,werestrictAODV to findingroutes
thatuseonly edgesin

ª � �����V� . Thereareotherroutingproto-
cols,suchasLAR [6], GSPR[5], andDREAM [1], thattakead-
vantageof GPShardware.We usedAODV becauseit is readily
availablein our simulatorandit is well studied.We do not be-
lieve thatusinga differentroutingprotocolwould significantly
affect theresultswepresenthere.

We assumedthat eachnodein our simulationhadan initial
energy of 1 Jouleandthenran thesimulationfor 1200simula-
tion seconds,usingboth SMECN andMECN. We did not ac-
tually simulatethe executionof SMECN and MECN. Rather,
we assumedthe neighborset �|���V� andpower �[�#�k� computed
by (S)MECN eachtime it is run weregiven by an oracle. (Of
course,it is easyto computethesetheneighborsetandpowerin
the simulation,sincewe have a globalpictureof thenetwork.)
Thus, in our simulation,we did not take into accountone of
thebenefitsof SMECNover MECN, that it stopsearlierin the
neighbor-searchprocess.Sincea node’savailableenergy is de-
creasedaftereachpacketreceptionor transmission,nodesin the
simulationdie over time. After a nodedies,the network must
be reconfigured.In [12], this is doneby runinngMECN peri-
odically. In the full paper, we presenta protocolthatdoesthis
moreefficiently. In our simulations,we have usedthis protocol
(andimplementedananalogousprotocolfor MECN).

For simplicity, we simulatedonly a static network (that is,
we assumedthat nodesdid not move), althoughsomeof the
effectsof mobility—thatis, thetriggeringof thereconfiguration
protocol—canalreadybeobservedwith nodedeaths.

In thissetting,wewereinterestedin network lifetime,asmea-
suredby two metrics: (1) the numberof nodesstill alive over
timeand(2) thenumberof nodesstill connectedto thesink.

Before describingthe performance,we considersomefea-
tures of the subnetworks computedby MECN and SMECN.
Since the searchregions will be circular with an omnidirec-
tionalantenna,TheoremIV.4assuresusthatthenetworkusedby
SMECNwill beasubnetwork of thatusedby MECN,but it does
notsayhow muchsmallerit will be.Theinitial network in atyp-
ical executionof theMECN andSMECNis shown in Figure3.
The averagenumberof neighborsof MECN andSMECN areù ? ú�û and"M? ü�` respectively. Thus,eachnoderunningMECN has
roughly 30%morelinks thanthe samenoderunningSMECN.
This makesit likely that the final power settingcomputedwill
behigherfor MECN thanfor SMECN.In fact,ourexperiments
show that it is roughly49%higher, somorepowerwill beused
by nodesrunningMECN whensendingmessages.Moreover,
AODV is unlikely to find routesthatareasenergy efficientwith
MECN.
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Fig. 3. Initial network computedby MECN andSMECN.

Asnodesdie(dueto runningoutof power),thenetwork topol-
ogy changesdueto reconfiguration.Nevertheless,asshown in



Figure 4, the averagenumberof neighborsstaysroughly the
sameover time, thanksto thereconfigurationprotocol.
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Fig. 4. Averagenumberof neighborsover time.

Turning to the network-lifetime metricsdiscussedabove, as
shown in Figure5, SMECN performsconsistentlybetterthan
MECN for both.Thenumberof nodesstill aliveandthenumber
of nodesstill connectedto thesink decreasemuchmoreslowly
in SMECNthanin MECN. For example,in Figure5(a),at timegÊ">`�` , ú>û¬þ of thenodeshavediedfor MECN while only "�"¬þ of
thenodeshavediedfor SMECN.
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Fig. 5. Network life timewith respectto two differentmetrics.

Finally, wecollecteddataonaverageenergy consumptionper
nodeat the endof the simulation,on throughput,andon end-
to-enddelay. MECN uses63.4%more energy per nodethan
SMECN.SMECNdeliversmorethan127%morepacketsthan
MECN by the endof the simulation,MECN’s deliveredpack-
ets have an averageend-to-enddelay that is 21% higher than
SMECN.Overall, it is clearthattheperformanceof SMECNis
significantlybetterthanMECN. Wedid notsimulatetheperfor-
manceof the network in the absenceof an algorithmdesigned
to conserve power (This is partly becauseit wasnot clearwhat
power to choosefor broadcasts.If themaximumpower is used,
performancewill muchworse. If lesspower is used,the net-
work may get disconnected.) However, theseresultsclearly
show theadvantagesof usinganalgorithmthatincreasesenergy
efficiency.

VI . CONCLUSION

We have proposeda protocolSMECN that computesa net-
work with minimum-energy thanthatcomputedby theprotocol
MECN of [12]. We have shown by simulation that SMECN
performssignificantlybetterthanMECN, while beingcompu-
tationallysimpler.

As we showed in PropositionIV.2, in the caseof a circular
searchspace,SMECN computesthe set - Q consistingof all
edgesthatarenot 2-redundant.In general,we canfind a com-
municationnetwork with theminimum-energypropertythathas
feweredgesby discardingedgesthatare N -redundantfor N¯_a" .
Unfortunately, for � to computewhetheranedgeis N -redundant
for N�_+" will, in general,requireinformationaboutthe loca-
tion of nodesthat arebeyond � ’s broadcastrange. Thus, this
computationwill requiremorebroadcastsandlongermessages
on thepartof thenodes.Thereis a tradeoff here;it is not clear
thatthegainin having feweredgesin thecommunicationgraph
is compensatedfor by theextra overheadinvolved. We plan to
explorethis issueexperimentallyin futurework.
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