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Abstract—In this paper, we addressthe Topology Con-
trol with Hitch-hiking (TCH) problem. Hitch-hiking [1] is
a novel model intr oduced recently that allows combining
partial messageso decodea completemessageBy effective
use of partial signals,a speci ¢ topology can be obtained
with lesstransmission power. The objective of the TCH
problem is to obtain a strongly-connectedtopology with
minimum total energy consumption. We prove the TCH
problem to be NP-completeand design a distrib uted and
localized algorithm (DTCH) that can be applied on top
of any symmetric, strongly-connectedtopology to reduce
total power consumption. We analyze the performance of
our approach through simulation.

Keywords: Ad hoc wireless networks, enemy ef ciency,
Hitch-hiking model, topology control.

. INTRODUCTION

Ad hoc wirelessnetworks consistof wirelessnodes
that can communicatewith eachotherin the absenceof
a x edinfrastructureWirelessnodesarebatterypowered
andthereforehave a limited operationalime. Recently
the optimization of enegy utilization of wirelessnode
has receved signi cant attention [8]. Different tech-
niquesfor power managementave beenproposecat all
layersof the network protocolstack.Paver saving tech-
niques can generally be classi ed into two cateyories:
schedulingthe wirelessnodesto alternatebetweenthe
active and sleepmode, and adjustingthe transmission
rangeof wirelessnodes.In this paper we dealwith the
secondmethod.

To support peerto-peer communicationin ad hoc
wireless networks, the network connectiity must be
maintainedat all times. This requiresthat there exists
for eachnode a route to reachary other nodein the
network. Sucha network is calledstrongly-connectedn
this paper we addresghe problemof assigninga power
level to every node suchthat the resultanttopology is
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Fig. 1. Three nodes Hitch-hiking example. (a) Initial power
consumptionbasedon MST. (b) Powver consumptionwith A as
source.(c) B is the source.(d) C is the source.

strongly-connectedandthe total enegy expenditurefor
achieving the strongconnecwity is minimized.

In orderto reducethe enegy consumptionwe take
adwantageof a physical layer designthat allows com-
bining partial signals containingthe sameinformation
to obtainthe completedata. This modelis called Hitch-
hiking and has beenintroducedrecentlyin [1]. By an
effective use of the partial signals,a speci ¢ topology
can be maintainedwith lesstransmissiorpower.

Figurel is a simple exampleto shov the conceptsof
Hitch-hiking and strong connectvity in a Hitch-hiking
model. We assumethe power to communicatebetween
two nodesto be the squareof the distancebetween
them. The numberon eachedgerepresentghe cover
age provided by that edgeto the destinationnode. In
Figurel (a), a minimumspanningree (MST) is formed
amongthe three nodes,where each undirectionallink



correspondgo two unidirectionallinks (also symmetric
links). Each node setsits power to reachits furthest
neighboron the MST. For example,node B must set
its power to 4° + 6° = 52 to reachnode C. Nodes
are strongly-connectedf with any one of them as the
sourcenode, all the otherscan get its messagadirectly
or by forwarding. In a model with Hitch-hiking, as
in Figures 1 (b), (c) and (d), communicationpower
can be reducedto partially cover some neighborsas
long as several partial messagesan be combinedfor a
successfumessageeceiptat thosenodes.n this model,
only the nodesthat have receved a completemessage
canforwardit. For example,in (b), nodeA hasa power
of 18 to fully cover B (18 = 3% + 3?) andto 31%
cover C (31% = 18=(72 + 3?)). SinceB hasreceied
the completemessagejt can forward the messageto
C, providing 69% coverage with power level set to
52£ 6% = 35:86. Thus C getsthe completemessage.
Using the sameidea, the other two nodescan be fully
coveredif we selectnodeB or C asthe sourcenodeas
in (c) and(d). Therefore the graphis strongly-connected
with Hitch-hiking.

Our contributionsin this paperareto:

1) de ne the Topology Control with Hitch-hiking

(TCH) problem,

2) prove that TCH is NP-completeand shav an
upperboundof the performanceatio betweenthe
optimal solutions of the TCH problem and the
topology problemwithout Hitch-hiking,
designa distributed and localized algorithm that
canbe appliedto arny strongly-connectetbpology
to reducethe overall power consumptiorandstudy
its performanceshroughsimulations,and
prove that an MST-basedtopology is an approx-
imation algorithm with ratio bound 2=k for the
TCH problem,wherek is a constantde ned in
sectionlll.

The rest of this paperis organized as follows. In
sectionll, we overview topology control protocols.Sec-
tion Il describeghe Hitch-hiking modelandthe corre-
spondingnetwork model.Also, we presenthe Topology
Controlwith Hitch-hiking (TCH) problem,prove its NP-
completenessand showv the performanceratio between
TCH and topology control without Hitch-hiking. We
proposea distributed and localizedalgorithmin section
IV. SectionV presentsthe simulation results for the
DTCH algorithm,and sectionVI concludeshis paper

3)

4)

Il. RELATED WORK

Topology control has been addressedoreviously in
literature in various settings. In general, the enegy

metric to be optimized (minimized) is the total enegy

consumptionor the maximumenegy consumptionper
node.Sometimeghe topology control is combinedwith

other objecties, such as to increasethe throughputor

to meetsomespeci ¢ QoS requirementsThe strongly-
connectedopology problemwith a minimum total en-
ergy consumptionwas rst de ned and proved to be
NP-completein [2], where an approximationalgorithm
with performanceatio of 2 is given.In generaltopology
control protocolscanbe classi ed as: (1) centralizedand
globalvs. distributedandlocalized;and(2) deterministic
vs. probabilistic. The localized algorithm is a special
distributedalgorithm,wherethe stateof a particularnode
dependsonly on statesof local neighborhoodThat is,

suchan algorithmhasno sequentiapropagtion of state
information.

Most protocols are deterministic. The work in [16]
is concernedwith the problem of adjustingthe node
transmissiornpowers suchthat the resultanttopology is
connectedor biconnectedwhile minimizing the max-
imum power usageper node. Two optimal, centralized
algorithms,CONNECTandBICONN-AUGMENT, have
beenproposedor staticnetworks. They aregreedyalgo-
rithms, similar to Kruskal's minimum costspanningree
algorithm.For ad hoc wirelessnetworks, two distributed
heuristicshave beenproposedLINT andLILT. However,
they do not guaranteghe network connectyity.

Among distributed and localized protocols, Li et al
[10] proposea cone-basedalgorithm for topology con-
trol. The goal is to minimize total enegy consumption
while preservingconnectity. Each node will transmit
with the minimum power neededto reach some node
in every conewith degree®. They showv that a cone of
degree ® = 5Y#6 will sufce to achie/e connectvity.
Several optimized solutionsof the basic algorithm are
alsodiscussedswell asa beaconingbasedprotocolfor
topology maintenance.

Li, Hou and Sha[11] devise anotherdistributed and
localizedalgorithm(LMST) for topologycontrolstarting
from a minimum spanningtree. Each node builds its
local MST independentiybasedon locationinformation
of its 1-hopneighborsandonly keepsl-hopnodeswithin
its local MST as neighborsin the nal topology The
algorithmproducesa connectedopologywith maximum
nodedegreeof 6. An optional phaseis provided where
the topology is transformedto one with bidirectionl
links. An extensionis given in [12], where the given
network containsunidirectionallinks.

Among probabilistic protocols, the work by Santi,
Blough and Vainstein [17] assumesall nodesoperate
with the sametransmissiorrange.The goal is to deter
mine a uniform minimum transmissiomrangein orderto



achieve connectvity. They usea probabilisticapproach
to characterizea transmissionrange with lower and
upperboundsof the probability of connectiity.

Somevariantsof the topology control problem have
beenproposedvhich includeoptimizing otherobjectives
as well. Hou and Li in [5] presentan analytic model
to study the relationship betweenthe throughputand
adjustabletransmissionrange. The work in [6] puts
forward a distributed andlocalizedalgorithmto achiere
a reliable high throughputtopology by adjustingnode
transmissiompower. The issueof minimizing the enegy
consumptiorhasnot beenaddresseth thesetwo papers.
Jia, Li and Du [7] are concernedwith determininga
network topology that can meetthe QoS requirements
in termsof end-to-enddelay and bandwidth.The opti-
mization criterion is to minimize the maximum power
consumptiorper node.Whenthe trafc is splittable,an
optimal solutionis proposedusing linear programming.

Our work differs from these approachesby using
Hitch-hiking [1]. This model allows combining partial
signals containing the same information in order to
decodethe completemessageWe explore this feature
in minimizing total power consumptiorwhile achieving
a strongly-connectedopology with Hitch-hiking.

I1l. MODEL AND PROBLEM DEFINITION

In this section,we introducethe Hitch-hiking model
and the correspondinghetwork model. Then,we de ne
the Topology Controlwith Hitch-hiking (TCH) problem,
prove its hardnessand presenta performanceratio be-
tweenTCH and topology control without Hitch-hiking.

A. Hitch-hiking Model

Hitch-hiking [1] takesadwantageof the physicallayer
designthat combinespartial signalscontainingthe same
information to obtain completeinformation. By effec-
tively usingpartialsignalsa paclet canbedeliveredwith
lesstransmissiorpower. The conceptof combiningpar
tial signalsusingmaximalratio combiner[14] hasbeen
traditionally usedin physical layer design of wireless
systemsto increasereliability. The Hitch-hiking model
introducestwo parametergelatedwith SNR (signal to
noiseratio): °, which is the thresholdneedsfor success-
fully decodingthe paclet payloadand® 4cq Which is the
thresholdrequiredfor a successfutime acquisition.The
systemis characterizedy °acq < °p. We note with k
the ratio of thesetwo thresholdsk = °acq=°p. A paclet
receved with a SNR ° is:

2 fully receved,if °p - °

2 partially receved, if ®acq - ° < °p

2 unsuccessfullyeceved, if °© < °4cq

Considerthata wirelessnodei transmitsa paclet, the
coverageof anodej thatrecevesthe pacletwith a SNR
persymjol° is de ned as:

21 for >1

Cj = >_ fork< - 1

"0 forO< - Kk
where = °=°,. A channelgain is often modelledas
a power of the distance,resultingin = = r®=d® =
(r=d;)®, where ® is a communicationmedium de-
pendentparameterr is the communicationrange of
nodei, and d; is the Euclidian distancebetweentwo
communicatinghodes.For example,considerk = 0:125
and®= 2. For anodej with r=g; = 1=2, the coverage
is 0:25, whereador thecaser=d; = 1=3 thecoverageis
0. The basicideain the Hitch-hiking modelis thatif the
samepaclet is partially receved n timesfrom different
Beighborswith ®acqg © i < °p fori = Lin suchthat

L, °i . °p thenthe paclet can be combinedby a
maximal ratio combiner[14] and can be successfully
decoded.

B. NetworkModel

We consideran ad hocwirelessnetwork with n nodes
equippedwith omnidirectionalantennas.The nodesin
the network are capableof receving andcombiningpar
tial recevedpacletsin accordancevith the Hitch-hiking
model. We representthe network by a directed graph
G = (V;E), wherethe verticessetV is the setof nodes
correspondingo the wirelessdevicesin the network and
the set of edgeskE correspondgo the communication
links betweendevices.A symmetric,strongly-connected
graphis a specialtype of directedgraph,wherealink ij
exists if andonly if link ji exists. Thatis, connections
betweenwo nodesi andj aresymmetric,althoughthey
may have differenttransmissiomower levels.

Betweenary two nodesi andj therewill bealink ij
if thetransmissiorfrom nodei is receved by the nodej
with a SNR greaterthan® 5cq. Every nodei 2 V hasan
associatedransmissiorpower level p; = r®. Associated
with eachlink ij 2 E is the coverageprovided by node
i to nodgj, de ned asfollows:

6 = 1 for p=df , 1
J p=d® fork- pi=f <1
The casep; =q1® < k is not includedsincean edgewiill

exist only whenthe SNR of therecevedsignalis atleast
®acqs thatis pizoﬁ? . k. In this paperwe considerthe
casesvhen® equals2 and4, and°®p = 1.

C. Topolagy Control with Hitch-hiking (TCH)

In this section,we addresshe topology control prob-
lem using the Hitch-hiking model. The fully receved



paclet is de ned asfollows: consideringa transmission
from a nodei to a nodej, nodej is partially or fully

coveredby i if 1> ¢j , °acq andcj = 1, respectiely.

If, uponcombining paclets receved from one or more
neighbors,say k neighbors,resultsin a full coverage
of nodej, i.e. §kpk:o§?j . 1, thenthe paclet is fully

receved.

We then de ne strong connectivityunder the Hitch-
hiking model.Basically for ary nodes sendinga paclet,
thereshouldbe a “path” to every othernode,thatis, the
paclet shouldbe fully receved by all othernodesin the
network eventually The following rulesapply: (1) s has
thefull paclet,and(2) only nodesthatfully recevedthe
paclet areableto forwardit, includings. Eachnodethat
hasfully receved the paclet will forward it only once.
Now we canformally de ne the Topology Control with
Hitch-hiking (TCH) problemas follows:

TCH De®nition. Givenan ad hocwirelessnetworkwith
n nodesand using the Hitch-hiking model, assign a
power level to every nodesud that:

1) the suEgof the powerlevelsin all nodesis mini-
mized {L, pi= MIN, and

2) the resultant Hitch-hiking based topolayy is
strongly-connected.

Figure 1 shows the conceptof strong connectiity
underthe Hitch-hiking model,where® 5¢q = 0:2. Figure
1 (a) shavs the power level assignedto each node.
Figuresl (b), (c) and(d) respectiely shav that starting
from eachnode,all othernodesare fully covered.

D. NP-Completenessf the TCH Problem

In [9], Kirousis et al give a formal proof of NP-
completenes®f generalgraph version of the topology
control problem (GTC), without Hitch-hiking. In order
to prove that TCH is NP-completewe will shav that
TCH belongsto the NP-classand GTC is a specialcase
of TCH.

Theorem 1. The TCH problemis NP-complete.

Proof. It is easyto see TCH belongsto the NP-class.
Having assigneda transmissionpower for each node
in the network, it can be veried in polynomial time

whether the resultant topology is strongly-connected solution of the GTC problem,with OPT®TC .

with Hitch-hiking and whetherthe cost of this assign-
ment (sum of the powers of eachnode)is lessthana
x edvalue.

Next, we shav that GTC is a specialcaseof TCH.
Recall our previous descriptionof °,cq and °p in the
subsectiorll-A. When® a¢q = °p, we will have no case
of partial receptionof signals.Thusthe TCH problem
will be reducedto the GTC problem,wherea signalis

either fully received or the receptionfails. Hence,we
saythatthe GTC problemis a specialcaseof the TCH
problem,for ©acq = °p.

BecauseGTC is NP-completeandis a particularcase
of the TCH problem,and TCH belongsto NP-classwe
concludethat TCH is an NP-completeproblem. 2

E. PerformanceRatio BetweenGTC and TCH Problems

In this section,we prove that the optimal solution of
the GTC problemhasa performanceratio of 1=k with
the optimal solution of the TCH problem,wherek was
de ned in sectionlll-A.

Theorem 2: The performanceratio betweerthe optimal
solutionof the GTC problemand the optimal solution of
the TCH problemis upperboundedby 1=k.

Proof. Let usnotethe optimalsolutionof the GTC prob-
lemwith OPTCT€ andthe optimal solutionof the TCH
problemwith OPTTCH | |t is clearthat OPTTCH .
OPTECTC since the solution set of the TCH problem
includesthat of the GTC problem.Next, we shawv that
OPTCTC . L¢OPTTCH,

Let us assumethere are n nodesin the network,
noted with 1;2;:::;n. Let us note node transmission
ranges associatedwith OPTTCH with rq;ro; .
ThenOPTTCH = rP+r$+ 4+ 1. Foranodei, we note
with N;TCH the setof nodespartially or totally covered
byi. Then8j 2 N,TCH, (dri_,-i)® ., k (seesectionlll-A),
wheredj is the distancebetweennodesi andj. Let us
considernow the casewhen eachtransmissiorrangeis
increasedby ki @. This correspondgo a solution SOL
with nodetransmissiorrangesr 9;r9; 1 r0:

1
SOL = E
(rp 6ki )@+ 1+ (rp ¢ki )@
o’ ®
For ary nodei = 1::n andfor ary nodej 2 N;"¢H, we
have (4)° = (#)(@ = ¢ ¢(g-)® . 1 Therefore,

all nodesthat were previously partially coveredin the
TCH solution are now fully covered and the strong
connecWity is presered. Therefore, SOL is also a

SOL.

¢cOPTTCH

0 0
o+ o+

This resultsin OPTSTC . 1 ¢OPTTCH,
To summarize,we have proved that OPTTCH
OPTCTC . leOPTTCH therefore, ORI - 1=k.2

V. DISTRIBUTED TOPOLOGY CONTROL WITH
HITCH-HIKING (DTCH) ALGORITHM

In this section, we proposea distributed topology
controlwith Hitch-hiking (DTCH) algorithmthatcanbe



TABLE |
DTCH NOTATIONS.

G Symmetric,strongly-connectedtartingtopology
fi 1if nodei decidedits ®nal power, otherwise0
pi Transmissiorpower level of nodei

N (i) | Setof 1-hopneighborsof nodei in G

P (i) | Setof transmissiorpower levels of nodei

g (p) | Gainof nodei at power level p

di Distancebetweennodesi and]j

appliedto ary symmetric,strongly-connectedopology
to reducethetotal power consumptionAny nodedecides
its nal power basedonly on local information from

its 2-hop neighborhoodTo be distributed and localized
are important characteristicof an algorithmin ad hoc
wirelessnetworks, sinceit will be ableto easily adapt
the algorithmto a dynamicand scalablearchitectureln

describingthe algorithm, we usethe notationsin Table
l.

A. Basicldeas

In DTCH, each node independently“locks” its 1-
hop neighborhoodo perform power adjustmento save
enegy. We take nodei asthe currentnodefor example
(seeFigure2). All the nodeson the inner dasheckircle
including j arei's 1-hop neighbors;the nodeson the
outer dashedcircle, such as k and I, are i's 2-hop
neighbors.The main idea of DTCH is to increasei's
power level to “contribute” the coverageof its 2-hop
neighborsso the rangeof i's 1-hop neighborscan be
reduced,and the overall power consumptioncan also
be reduced.To ensureconnecwity, 1-hop neighbors,
say |, shouldstill be able to reachi directly. Sucha
processs the 2-hoppowerreductionprocess Eachnode
performsthis procesoonceandgetsits nal power level.
In fact, in the 2-hop power reductionprocess; andits
1-hop neighborsare involved in an “atomic action”. To
implementsuch an atomic action, two approachegan
be used:

1) Badk-off scheme After nodei hasselecteda new
power level, it backsoff a periodof time inversely
proportionalto its calculatedgain. This will give
priority to thenodeswith highergain to setup their
nal power rst. If nodei recevesan updatedur
ing this interval, thenit recomputedts power level
and backs-of again. If the timer expires without
ary updatesthennodei considerghis power level
asits nal power, andannounceshis power level
togetherwith its neighbors'nenv power levels to
their correspondingl-hop neighborhood.The 1-
hop neighborsof i may have new power levels

Fig. 2.

lllustration of 2-hop neighborsetof i.

duringi's 2-hop power reductionprocesshut will
not nalize their power levels until themseles
performthis reductionprocess.

2) Loking scheme Node i needsto securelocks
of all its neighbors(in addition to its own lock).
Oncei completesits power reductionprocess,it
announceghe nal power level of itself and nenv
power levelsof its neighbordo their corresponding
1-hop neighborhoodandreleasests lock andthe
locks of its neighborsUnlike the back-of scheme
that may exhibit occasionalmis-coordinationthe
locking schemeguaranteeshat nodesexecutethe
2-hop power reduction processwithout con ict.
However, the locking schemeis more expensve
to implement.

B. Detailed Algorithm

The TCH algorithmstartsfrom a symmetric,strongly-
connectedtopology G, assumedo be the output of a
traditional topology control algorithm. Two such algo-
rithms, DMST and LMST, are addressedater in this
section.

We assumethat each node i has all the distance
information within its 2-hop neighborhood.Note that
this kind of information is usually available after the
traditional topology control algorithm completes.Each
node also maintainsp; values for all the neighbors.
Whenever p; for a nodej changesnhodej broadcasts
this changeto its neighbors.

The goal of the DTCH algorithmis, by startingfrom
an initial power p° neededto reachits furthest1-hop
neighbor for each node i, to decide the nal power
assignmentby using the Hitch-hiking adwantagesuch
thatthe total power is minimized. Next, we describethe
mechanisnusedby eachnodein orderto decideits nal
power level.

The gain of nodei is computedn ComputeGain(i).
The gain gi(p) is de ned as the decreasen the total
power, obtained by increasingnode i's transmission
power level to p, in exchangeor a decreasef the power
levels of someother nodes.This is becausewhen the



power level of nodei is increasedj provides partial or
full coverageto morenodesin the network. For example,
if k is a 1-hopneighborof nodej, wherej 2 N (i) (see
Figure2), thenanincreasdn the partial or full coverage
of nodek may facilitate reductionof the power level of
nodej thatcan provide lesscoverageto nodek.

Eachnodei maintainsa variablef; which is initially
setto 0, meaningthat this node hasnot yet decidedits
nal power level. In orderto decideits nal power, node
i computeghe gain for variouspower levels andselects
the power level for which the gain is maximum. The
power levels in P (i) arethosepower levels for which
nodei couldreducethe powerlevel of ary of its neighbor
j to dij@, by providing the additionalcoverageneededo
a full coverageof the neighborsof j. This canbe done
in procedureComputeP(i).

The processof computingthe gain is performedfor
eachpower level p 2 P(i). Oncethe gain for all power
levelsin P (i) is determinedthe nodeselectsthe power
thatproducesa maximumgain, notedwith p'®". If there
is no power level p suchthatg;(p) > 0, thenp; will not
change.

Whennodei announcests newv power level through
Broadcas(), all its neighborg , with f; 6 1 will invoke
Reducd) to decreasdheir power levels and broadcast
the change,as a result of the additional coveragepro-
vided by nodei.

Algorithm DTCH(i)

1. pAp

2. fiA O

3. whilef;=0

4, ComputePFi(

5. ComputeGaini

6. prew A power level for which gain is maximum

7.  Startatimert A ﬁ

8. if broadcasimessageeceved from j beforet
expires

9. then pi A Reduce; p;;i)

10. elsep; A phew

11. fiA1

12. Broadcasi( p;;fi)

End_DTCH.

ComputeGain (i)

1. /*Find gain for all powerlevelsin P (i) */
2. forallp2P(i)

3. forallj 2 N(i)

4. py ed % Reduce(i; p;j)

5 gMA  onep®i A (Piopi)
End_ComputeGain.

Reduce(i; p;j)

1. /*Reducehe powerof nodej on the basisof
partial coverage providedby nodei with powerp */

2. if f; = 1thenreturn p;

3. forallk2 N(j)

4. k) A (Li ck) £ df

5. return maxf d; maxon ) P *%(k)g

End_Reduce.

C. Properties

Next, we shav that the compleity of the DTCH
algorithmrun by eachnodei is polynomialin the total
numberof nodesn. The complity of the Gain (i) pro-
ceduretakes O(jP (i)j £ j¢ j?), where¢ is the maximal
nodedegree.Thisis becausdor eachneighborj 2 N (i),
thei's coverageon each2-hopneighbork 2 N (j ) needs
to be computed.This processhasto be donefor each
power level in P (i). WhenjP (i)j = O(¢) , it is O(¢ 3).
Therefore,the compleity of the algorithm DTCH run
on eachnodeis O(¢ %) with anotherloop.

Theorem 3: The power level assignmentprovided by
the DTCH algorithm guaranteesa strongly-connected
topolagy with the Hitch-hiking model.

Proof. Initially, eachnodeis assignedthe power level
neededto reachthe furthest 1-hop neighborin G. The
starting topology G is strongly-connectedthat is, be-
tweenary two nodesthereexists a path.

First, we notethat therearetwo caseswvhena nodes
power level may changein the DTCH algorithm: (a)
in line 10, but herethe value is increasedso this will
not affect connecwity, and(b) in line 9, whena nodes
power level may be reduced.

Let us assumeby contradictionthat after applying
the DTCH algorithm, the strong connectiity is not
presered. Then,thereexist two nodesi andj suchthat
whenthe nodei is sendinga paclet, this paclet is not
fully recevedby j. The nodesi andj areconnectedn
G, andlet us note with ig = i, i1, i, im = | apath
betweeni andj. We shov by induction that i, fully
recevesthe paclet sentby io.

First, ig hasthe full paclet. If iy did not changeits
power or hasincreasedhe power level, theni, is fully
coveredby ip andthereforerecevesthe full paclet from
ig. Let us considerthe casewhen ig has reducedits
power level. Then,in conformitywith DTCH, thecurrent
power of ig was updatedwhen one of its neighbors,
say k, hassetup its nal power. In that case,ig fully
covers k and ig togetherwith k fully cover all ig's
neighbors,including i;. So i1 also fully receves the
paclet. Applying the samemechanismwe can shav
that ary node on the path fully receves the paclet



sentby its predecessoreven if it is not fully covered
by its predecessorThus, node i, fully receves the
paclet, contradictingour initial assumptionthat strong
connectvity is not maintainedafter runningDTCH. 2

D. Two SpecialCases

We have appliedthe DTCH algorithmon two starting
topologiesoutputby two distributed algorithms:DMST
(Distributed MST) andLMST (LocalizedMST). Again,
a localized algorithm is a specialdistributed algorithm
without sequentiapropagtion. We notewith DMST the
Gallegar's distributed algorithm [4] for constructingan
MST, and with DMST-basedDTCH, the DTCH algo-
rithm startingfrom a topology G generatecdby DMST.

MST hasbeenconsidereceforeas a referencepoint
in designingtopologycontrolmechanismn the general
model (without Hitch-hiking) becauseof its important
propertiesand good performancesMST has the min-
imum longest link among all the spanningtrees [3],
therefore, if every node has assigneda power level
neededo reachthe furthestneighborthenthe maximum
power assignegernodeis minimizedfor the MST com-
paredwith other spanningtrees. This property results
in maximizing the time until the rst nodewill deplete
its power resourcesAnother important property of the
MST-basedtopologyin the generalcase(without Hitch
hiking) is that it provides an approximationalgorithm
with performanceratio of 2 [9].

Next, we prove that an MST-basedtopology has a
performanceatio of 2=k for the TCH problem.We refer
to the mechanisnthat builds an MST over all n nodes
in the network andthen assignsto ary nodethe power
neededto reachthe furthest neighborin the MST as
MST-basedtopology

Theorem4: An MSTFbasedopolayyis an approximation
algorithmwith ratio boundof 2=k for the TCH problem,
whee kK = °5="p is a constantk 2 (0;1], and
representsa characteristicof thewirelesscommunication
medium.

Proof. Let us note the optimal solution of the GTC
problemwith OP T®T € the optimalsolutionof the TCH
problemwith OPTTCH | and the MST-basedsolution
with M ST.

It is provedin [9] that an MST-basedtopology hasa
performanceratio of 2 for the GTC problem,therefore
MST - 2¢0OPTCTC, In Theorem2, we prove that
OPTCTC . 1 ¢OPTTCH, therefore, MST - 2 ¢
OPTTCH  Since OPTTCH M ST, we obtain that
OPTTCH . MST - 2 ¢OPTTCH andthe theorem
holds. 2
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Fig. 3. Examplefor topology control with and without Hitch-
hiking. (a) DMST and power consumption.(b) LMST and power
consumption(c) DMST-basedDTCH. (d) LMST-basedDTCH.

SinceDMST-basedDTCH startsfrom an MST-based
topologyandimprovesit, usingthe Hitch-hiking adwan-
tage,DMST-basedDTCH will alsohave a performance
ratio of 2=k for the TCH problem.

Secondlywe applythe DTCH algorithmto a symmet-
ric strongly-connectetbpology producedby the LMST
algorithm,andreferto this caseasLMST-basedDTCH.
LMST is alocalizedalgorithmintroducedby Li etal [11]
as discussedn Sectionll. As DTCH is alsolocalized,
the resultantLMST-basedDTCH algorithmis localized
and distributed. We presentthe simulation results for
LMST-basedDTCH in sectionV-B. Note thatif DTCH
is appliedon DMST or LMST, the compleity is O(1).
This is becausein LMST and DMST, the degree of
ary node in the resultanttopology is boundedby 6.
Therefore the numberof power level of nodei, jP(i)j,
in DTCH is constant.The compleity of DTCH in the
generalcaseis O(jP (i)j £ jN (i)j?), whichis O(1) here.

Let us now presentan example with a topology
consistingof six nodes,distributed asin Figure 3. The
numberon eachnodeindicatesthe power level usedby
that nodein maintainingthe topology basedon DMST
in (@) andLMST in (b). To simplify the picture,we use
undirectionallinks whenthe coveragein both directions
is 1, which refersto full coverage,whereasdirectional
links with values less than 1 indicate the amount of
partial coverage.

In Figure 3 (a), we presenta DMST-basedtopology



without Hitch-hiking. The power level assignedo each
nodeis the power neededo reachthe furthestneighbor
in DMST. In this case,we obtaina total costof 186 In

Figure 3 (b), we showv the topology obtainedafter using
theLMST algorithm[11], with atotal costof 287. LMST

usesa localizedway to generatehe MST; every node
decidests 1-hopneighborsndependentlyTherefore,in

a global view, the MST might be a graph.

In Figure 3 (c), we shav the topology and power
assignmentafter running the DMST-basedDTCH al-
gorithm. We assume®,cq = 0:01 First, each node
computesits gain. As nodeF hasthe largestgain, it
increasesdts power to 34:56, and thus nodesA and C
decreaseheir power to 1 and34:23, respectrely. In the
secondround, node B setsits power to 4 and nodeE
decrease#ts power to 61:94. We obtain a total cost of
16073, and a 13:59% power reductioncomparedwith
the output of the DMST algorithm (in Figure 3 (a)),
while preservingthe strong connecwity. For example,
node A reducesits power to 1, which partially covers
its neighborD with 0:04, while node T provides the
additional 0:96 coverage.Thus, a messageentfrom A
is fully receved by F, andthen A andF cantogether
coverD.

Figure 3 (d) illustratesthe execution of the LMST-
basedDTCH algorithm.We obtaina total costof 2061
and a reduction ratio of 2819% comparedwith the
output of the LMST algorithm (in Figure 3 (b)), while
preservingthe strongconnectvity.

V. SIMULATION RESULTS

We presentthe resultsof our simulationbasedon the
size of the network. SubsectionV-A modelsthe TCH
problem as a minimization constrainedproblem and
presentsesultsof several“toy” examplesfor smallscale
topologies,with up to 8 nodes.SubsectionV-B showvs
resultsfor larger scaletopologies,when the numberof
nodesvariesbetween100 and 1000.

A. Small ScaleNetwork Topolagies

In this section,we formulate the TCH problem as
a constrainedminimization problemthat is solved and
implementedusing the optimizationtoolbox in Matlab
[13]. Then,we comparethe resultsobtainedby running
DMST-basedDTCH and DMST with the results ob-
tainedusing Matlab, for small scaletopologies.Results
obtained using Matlab are optimal solutions, so this
experimentwill be an indication of how DMST and
DMST-basedDTCH perform.

The parametersncludessetV of n nodesand their
locations,and pmax the maximumpower level that can

be assignedo a node.We alsoassume a¢q > 0, °acq !
Oand®p = 1. Assigningavery smallvalueto ° 5cq results
in having ary nodeparticipatingin the coverageof ary
othernode.Let p; fori = 1::n, p; 2 < , representhe
power level of every nodei. f”m for m;i;j = 1:n, are
binaryvariablesfi?"' = 1if any paclet sentfrom nodem
will befully recevedby nodei afterj steps;otherwise,
fiE“ = 0. In order to achiere strong connectvity with
Hitch-hiking we needto have a “path” from ary node
to ary othernode.Therefore,a paclet sentby arny node
mustbe fully receved by ary othernodeaftera number
of steps.The maximumnumberof stepsisnj 1, aswe
will ague later. Next, we presenfTCH asa constrained
minimization problem:

minimize pp+ p2+ i+ py
subjectto (1) Xp;(m = 1:n)
(2) pmax ., P> 0;(pi 2 <)
where X, is a setof conditions,de ned asfollows:

@) fh=fr=m=Ff=1

4) f7=0;(i= L:in;i & m)

(5) an:L: 1 m m m Y

© TGy - figiot o Ty S8
(i=2Lunj = 2:n)

(n) f"=0or1

The problem tries to minimize total power in the
network. Constraint(1) is furtherexpandedn conditions
(3) through(7) andbasicallyrequiresthatfrom ary node
m there should be a route to arny other node in the
network. Therefore,a paclet transmittedby m should
be fully receved by all othernodesin the network after
at mostn i 1 steps.For a variablefijm, m represents
the source node currently considered,i representsa
destinationandj is for the stepnumber A paclet sent
by a nodek is receved by nodei with fraction pc=d.

Let us assumenow thata nodem transmitsa paclet.
Then,for a strongly-connectetbpology ary othernode
should be able to fully receve this paclet in at most
ni 1 steps.Also, only the nodesthat fully receved a
paclet are able to forward the paclet. We also assume
that partial messagesre stored by the recever node.
fi" = 0 meansthat nodei doesnot receve the paclet
by stepj. fiﬁ“ = 1 meansthat node| fully receved
the paclet at stepj, and from condition (6) this will
resultin 7 ;) = 2= i = 1. As we canseein the
inequality 66), and becausevariablesf are binary, only
nodesthatfully receivedaframewill contritutein other
nodespartial framereceipts.

Condition (3) asksthat all nodesfully receved the
paclet after stepn, by askingf "' = 1, for ary i = 1:n.
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Fig. 4. Resultsfor topologieswith 3 to 8 nodes.

Conditions(4) and (5) statesthatinitially (stepl1, when
j = 1) only the sourcenodehasthe full paclet. Another
obsenation is that if all other nodeswill receve the
paclet, thenthis will happernwithin at mostn 1 steps.
This is becauseherearenj 1 nodesthathaveto receve
the paclet, andat every stepatleastonemorenodefully
receves the paclet, otherwise,there will exist one or
more nodesthat will not fully receve this paclet.

In the simulations,we consider8 nodesrandomly
distributed into an 1 £ 1 Km? area, as illustrated in
Figure 4 (a), using °acq = 0:0001 °p, = 1 and® = 2.
In Figure4 (b), we representhe total enegy consumed
for topologiesbetween3 and 8 nodesby usingthe rst
3 nodesof the 8 nodes,thenthe rst 4, the rst 5, and
so on. When the numberof nodesis between3 and 7,
Matlabcorvergesto the optimalsolution,whereador the
8 nodetopologywe shav the resultafter 643 iterations.
Consideringthis nodedistribution, DMST-basedDTCH
results are within 15% of the optimal solution and
provide an overall reductionin enegy consumptionof
up to 17:5% comparedwith the DMST-basedsolutions.

B. Large ScaleNetworkTopolagies

In this section,we evaluatethe DMST-basedDTCH
algorithm and LMST-basedDTCH algorithm for large
scale topologies, up to 1000 nodes. We set up our
simulationin a 100£ 100m? area.Nodesare randomly
distributed in the eld initially andwill remainstation-
ary once deplogyed. We use both DMST and LMST
algorithms in the simulation to generatethe starting
topologiesandto calculatethe initial power assignment.
Sincethe localized algorithm lacks global information,
the topology obtainedwhenrunning LMST will beless
efcient thanDMST. Therefore the power consumption
with LMST will be greaterthan that of DMST theo-
retically. In the simulation, we considerthe following
tunableparameters:

1) The nodedensity We changethe numberof de-
ployed nodesfrom 100to 1000to checkthe effect
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Fig. 5. Power consumptionof DTCH with DMST and LMST
(°acqg 2 £0:0001; 0:1; 0:29).

of nodedensityon the performance.

2) The index exponent®, which shavs the relation
betweendistanceand powver consumption.

3) Theparametef ¢4, Which dependon actualwire-
less communicationWe use 0:0001, 0:1 and 0:2
asits valuein the simulation.

Figures5 (a) and (b) shov the power consumption
dependingon the numberof nodeswhen® is 2. Figure
5 (@) illustrates DMST and DMST-basedDTCH, and
(b) LMST andLMST-basedDTCH. We obsene thatthe
overall pover consumptioncan be greatly reducedby
using the DTCH algorithm. The smallerthe °4cq, the
better the performancePaowver consumedby DMST is
smallerthanthat consumedy LMST. The nodedensity
doesnot have much effect on the power consumption,
especiallywhennodenumberis biggerthan200. Thisis
becausavhennodenumberbecomedarger, the average
distancebetweennodesis smaller and so is the aver
agecommunicatiorpower. Therefore the overall powver
consumptionchangesslightly.

Figures5 (c) and (d) shov the power consumption
dependingon the number of nodeswhen ® is 4. We
can see that the adwvantagein power efciency when
using DTCH still holds. The differencebetweenthese
two algorithms' power consumptionis lessdistinctive.

Figure 6 shaws the reducedratio of the consumption
power. Figure6 (a) shavs DMST-basedDTCH for ® =
2, and (¢) when® = 4. Figure 6 (b) representd MST-
basedTCH for ® = 2, and(d) when® = 4. We obsene
that LMST-basedDTCH with ® being 2 achieves the
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highestreductionin the power consumptionwhich can
beupto 18:5%, while DMST-basedDTCH with ® being
4 hasthe leastpower reduction.

Simulation results can be summarizedas follows:
(1) Using Hitch-hiking, the proposedDTCH algorithm
reducesthe nodes' enegy consumptionin topology
control by 7% to 19% The LMST-basedDTCH has
greaterenegy reductionthan DMST-basedDTCH. (2)
With ® = 2, DTCH achieves better performancethan
®= 4. Theformeris around17% andthe latteraround
9%. (3) The enepgy reductionratio is not sensitve to
the parameter 5cq When® o¢q is very small; thereis no
differencebetween0 and 0:0001 of °5¢q's value. With
increasingvalue of °4cq, the enegy reductionratio will
reduceslightly.

V1. CONCLUSIONS

In this paper we have addressethe TopologyControl
with Hitch-hiking (TCH) problemin an ad hoc wireless
network with an objective of minimizing the total en-
ergy consumptiorwhile obtaininga strongly-connected
topology Pawer controlimpactsenegy usagdn wireless
communicationwith effect on battery lifetime, which
is a limited resourcein mary wirelessapplications.We
have proved that TCH is NP-completeand proposeda
distributed and localized algorithm that can be applied
to ary symmetric,strongly-connectedopologyin order
to reducethe total power consumption.Our algorithm
usesa distribution decision processat each node that
makes use of only 2-hop neighbor information. We

0.16 £
100 200 300 400 500 600 700 800 900 1000

0.075
200 300 400 500 600 700 800 900 1000

10

have analyzedhe performanceof our algorithmthrough
simulations.Our future work is, by startingfrom DTCH

-1 algorithm, to designan ef cient topology maintenance

mechanismthat effectively adaptsto a dynamic and
mobile wirelesservironment.
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