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Abstract. Used for topology control in ad-hoc wireless networks, Power
Assignment is a family of problems, each defined by a certain connectivity
constraint (such as strong connectivity) The input consists of a directed
complete weighted graph G = (V,c¢). The power of a vertex u in a di-
rected spanning subgraph H is given by px(u) = max,,¢cg(a) c(uv). The
power of H is given by p(H) =} .\ pu(u), Power Assignment seeks to
minimize p(H) while H satisfies the given connectivity constraint. We
present asymptotically optimal O(logn)-approximation algorithms for
three Power Assignment problems: Min-Power Strong Connectivity, Min-
Power Symmetric Connectivity (the undirected graph having an edge uv
iff H has both uv and vu must be connected) and Min-Power Broadcast
(the input also has r € V, and H must be a r-rooted outgoing spanning

arborescence).
For Min-Power Symmetric Connectivity in the Euclidean with efficiency
case (when c(u,v) = ||u,v|| (w), where ||u,v|| is the Euclidean dis-

tance, is a constant between 2 and , and (u) is the transmission
efficiency of node u), we present a simple constant-factor approximation
algorithm. For all three problems we give exact dynamic programming
algorithms in the Euclidean with efficiency case when the nodes lie on a
line.

In etwork Lifetime, each node » has an initial battery supply (u),
and the ob ective is to assign each directed subgraph H satisfying the
connectivity constraint a real variable (H) 0 with the ob ective of
maximizing Y., (H) subect to Y 5zp (uv) (H) (u) for each node
u € V. We are the first to study etwork Lifetime and give approxi-
mation algorithms based on the PTAS for packing linear programs of
Garg and onemann. The approximation ratio for each case of etwork
Lifetime is e ual to the approximation ratio of the corresponding Power
Assignment problem with non-uniform transmission efficiency.
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ner y e ciency hasrecenly eco eoneo he os criical issues in rou in
o ad hocne orks nlike ired ne orks or cellular ne orks, no ired ack

one in ras ruc ure is ins alled in ad hoc ireless ne orks A co  unica ion
session is achieved ei her hrou hsin le hop rans ission or yrelayin hrou h
in er edia e nodes o her ise n his paper e consider a s a ic ad hoc ne ork

odel in  hich each node is supplied ih a cer ain nu er o a eries and
an o nidirec ional an enna or he purpose o ener y conserva ion, each node
can adjus is rans i in po er, ased on he dis ance o he receivin node
and he ack round noise Our rou in pro ocol odel assu es ha each node
periodically re rans i he hello essa e o allisnei h orsin he prescri ed
rans ission ran e

or ally, le ea eiheddirec ed raph on ne ork nodes

iha unc ion de ned on he ed es Given
a unc ion , a direc ed ed e is

y i he suppor ed su raph so ei escalledin heli era

ure rans ission raph o consis s o suppor ed ed es e consider he
ollo in ne ork connec iviy cons rains so ei es called in he li era ure

opolo y re uire en s or he raph s ron connec ivi y, hen
is s ron ly connec ed sy  eric connec ivi y, hen he undirec ed raph
havin an ed e i has oh and us e connec ed roadcas
resp ulicas ro aroo , hen  con ains a direc ed spannin ree
roo ed a resp direc ed S einer ree or iven su se o nodes roo ed a n
his paper es ar yconsiderin he ollo in enericopi i aion or ula ion

b

Givena po erre uire en raph

and a connec iviy cons rain , nd po er assi n en o he

ini u oalpo er such ha he suppor ed su raph sais es
he iven connec ivi y cons rain

or si plici y o exposiion, e use osly he ollo in e uivalen de ni

iono he o erAssi n en pro le Given a direc ed spannin su raph

de ne he O a ver ex as ax and he
0 as o0 see he e uivalence, noe ha an opi al
po er assi n en suppor in direc ed spannin su raph  never has
ax hen he o er Assi n en pro le eco es ndin he
direc ed spannin su raph saisyin he connec ivi y cons rain ih ini
u Speci yin  he connec ivi y cons rain , eo ain he ollo in pro

le s in o erSron Conneciviy, in o erSy e ricConneciviy, in
o er roadcas ,and in o er wulicas

Alhou h he o er Assin en pro le or ulaion is uie relevan o
he po ere cien rouin i disre ards possi ly di eren nu er o a eries
ini ially availa le o di eren nodes and, orei por anly, he possi iliy o
dyna ic readjus en o he po er assin en n his paper e in roduce a
ne po erassin en or ulaion iha orerelevan o jeciveo axi iin
he i e period he ne ork connec ivi y cons rain is sa is ed
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or ally, eassu e ha eachnode isini ially e uipped iha a ery
supply hich is reduced y a oun o or each i e period durin
hich is assi ned po er A isase o pairs
0 po erassin ens and i e periods durin  hich
he po erassi n en isused esay ha he po er schedule is
i he oala oun o ener yused yeachnode durin he en ireschedule
does no exceed i s ini ial a ery supply ,ie, "
Given apo erre uire en raph ,
a a ery supply and a connec ivi y cons rain , nd a easi le
po er schedule 11 o0 he axi u oali e 1
such ha oreachpo erassi n en , hesuppor ed su raph sais es he

iven connec ivi y cons rain

sin  he e uivalen or ulaion, e ork 1ie pro le eco es he ol
lo in linear pro ra in pro le each direc ed su raph saisyin he
connec ivi y cons rain is assi ned a real varia le ih he o jec
iveo axi iin su jec o or each node

eno e ha an soluion 1ih only non ero varia les exis s,
sho ha e ork ieis hard under several connec ivi y cons rain s, and
ive he rs approxi aional orih s or e ork ie asedon he AS or
packin linear pro ra so Gar and Kone ann

he rela ed pro le considered y Cardeie al  hasunior unadjus a le

po erassin ens ih heo jecive o axi ienu ero disjoin do ina in
se sin a raph hedra acko his or ulaionis ha do inain ses are
re uired o e disjoin hile droppin hisre uire en ill ive e er solu ion
or he ori inal pro le S Slijepcevic and o konjak and Cardei and
u  discuss he cons ruc ion o disjoin se covers ih he oal 0o ex endin

heliei e o ireless sensor ne orks he se s are disks iven y he sensor
unadjus a le ran e, and heele ens o e covered are a xed se o ar es
A si ilar pro le u in a di eren odel has een s udied y Zuss an and
Se all heyassu e ha he os o ener yconsu piono irelessne orks
co es ro rouin he ra c,raher hanrouin conrol assa es heylook
or he es ra ¢ o roues ora ivense o ra cde andsusin concurren

o approaches or he case hen nodes do no have adjus a le ran es
esides he eneral case o he iven po erre uire ens raph , e con
sider he ollo in i por an special cases sy  eric case, here
uclidean case, here , here he wuclidean

dis ance e een and and is he si nal a enua ion exponen , hich is
assu ed o ein e een and andis he sa e or all pairs o nodes

sin le line case, hich is he su case o uclidean case hen all nodes lie on a
sin le line

e also consider he ollo in veryi por an ay o enerain an asy
e ric po erre uire en raph ro a ivensy ericpo erre uire en
raph e e he de ned on nodeso
henpo erre uire ens ihnon unior rans issione ciency
are de ned as his de ni ion is o iva ed y possi le
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co exis ence 0 he ero enous nodes and y our soluion ehod or e ork
iei e ealsoconsider he hreespecial casesa ove i hnon unior rans
ission e ciency, hile he asy e ricpo erre uire en scaseisno chan ed
y he addi ion o non uni or rans ission e ciency
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ab . Table of upper bounds (UB) and lower bounds (LB) on the Power Assignment
complexity. ew results are bold. Marked by are the folklore results, while references
preceded by  indicate the result is implicit in the respective papers.

epresen 0S o ourne resulson o erAssin en in a le , o e her
ihso eo heexisin resuls ora oreco prehensive survey o exis in

resul s, ereer o eo i he case o a sin le line hen all enlis ed
pro le s can e solved exac ly in polyno ial i e ore precise, ihou e
ciency, he al ori h s ere olklore or appeared in , and ih e ciency e
clai polyno ial i eal orih s

SC isused o ean as hard as Se Cover ased on he ei e resul
here is no polyno ial i eal ori h i h approxi a ion ra io In or
any unles S eans ha hepro le reduces approxi a ion
preservin o irec ed S einer reeand S eans irec ed S einer ree re
duces approxi a ion preservin o hepro le iven y hecell es kno n
approxi a ion ra io or irec ed S einer ree is or any and nd

in a poly lo ari h ic approxi a ion ra io re ains a ajor open pro le in
approxi aional ori h s
ian considered so e asy e ric po er re uire en s and presen ed,
a on oher resul s, he srai h or ard approxi a ion preservin reduc ion
hich e consider olklore, and is i plici , or exa ple, in o in o er
roadcas and in o er wulicas o ireced S einer ree ei prove he
approxi aionraio or in o er roadcas o In in o erSy
e ric Connec ivi yand in o erS ron Connec iviy ereno considered e
ore ihasy ericpo erre uire ens or in o er roadcas 1ihsy
ericpo erre uire ens ei prove heapproxi aionraio ro In o
o In ere ark ha he ehodo also orks or wul icas
ihsy ericpo erre uire ens, ivin a In approxi a ionra io, hile
ihasy ericpo erre uire ens, he pro le appears o e harder 1i is
S 0 e precise
he res o he paper is or ani ed as ollo s n Sec ion e use e hods
desi ned or ode e hedS einer rees o ive In approxi aion al o
rih s or in o er roadcas,and in o erSron Conneciviy,all ih
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asy ericpo erre uire ens in o erSy e ric Conneciviyiso i ed
due o spaceli iaions n Secion e ive cons an ac or approxi a ions
orsy ericconnec iviyin he wuclidean ihe ciency case Sec ion deals
ih he e ork iei eprole Secion lis s ex ensionso his ork and
so ere ainin openpro le s or o0 er Assin en ue ospaceli ia ions
eo i ourresul sonlo er ounds on he approxi aion co plexiy o he
o er Assi n en pro le and dyna icprora in al orih s or he case
o asin leline ihe ciency

n hissec ion eassu e hepo erre uire en sareasy e ricandar irary
epresen heal orih or in o er roadcas ihanasy p oicallyopi
al In approxi a ionra io, here 1is he cardinali yo he ver ex

se heal orih is reedyand eadop he echni ueused or ode ei hed
S einer rees y , hichin urnisusin an analysiso he reedyse cover al
orih di eren han hes andard one o Chva al heal orih a e ps
oreduce he sie o hepro le y reedily addin s ruc ures
he al ori h s ar s i era ion ih a direc ed raph , seen as a se o
arcs 1ih ver ex se he s ron ly connec ed co ponen s o hich do no
con ain he roo and have no inco in arc are called he
al ori h ssopsi nounhi co ponen s exis s, since in his case he roo can
reach every ver ex in O her ise, a ei hedsrucure hich e call

de ails elo is co pued such ha i achieves he i es reduc ion in he

nu ero unhi co ponen sdividled y he ei h o hespider heal orih

hen adds he spider seen as a se o arcs o 0 0 ain 1 Oor an arc
, euse 0 ean , he po erre uire en o he arc
spider head
le s
ee
ei h

See iure oranillusraiono aspiderandis eih he eih o he
spider can e hi her han here eassu e isase o arcs,as hele s
o he spider can share ver ices, and or hose ver ices hesu asopposed o he

axi u o hecosso ou oin arcsconri ues o ro every unhi
cO ponen O e ar i rarily pick a ver ex and ecalli a

shrink ac or
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. A spider with four legs, weight max 3, ,3, 6 1 2 ) 3 )=2
and power 2 .

t A complete directed graph G = (V, ) with power re uirement function c(u, v)
and a root vertex
t t An directed spanning graph H (seen as a set of arcs, with V(H) = V) such
that in H there is a path from the root to every vertex of V.

(1) Initialize H =

(2) While H has at least one unhit component
(2.1) Find the spider which minimizes ( ) ( ( )) with respect to H
(22) Set H H

. The Greedy Algorithm for Min-Power Broadcast with asymmetric power re-
uirements

Qur al ori h appearsin i ure e descri ela er he de ailedi ple en
aiono S ep o heal orih e e henu ero unhi co ponen s
o direc raph ue ospaceli iaions, eo i heproo o henex le a

ex edescri eho o nd hespider hich ini iesis el h divided

y i s shrink acor n ac, e search or spiders, hich esides head
and le s have a xed po er associa ed ih hehead he e h o he
po eredspider ,denoed y , e uals plus hesu o cosso hele s

here as eore hecos o ale is hesu o hecosso isarcs ihou he
arc leavin  he head Given a spider onei  edia ely o ains a po ered spider
o hesa e e h, hile ivenapo eredspider , hespider o ained ro
y keepin only he ed es o hus i norin he xed po er o he head
sa is es
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e ryall possi le heads ,and all possi le discre e po er or hehead here

are a os  such discre e po er values precisely he values or every
, here y conven ion e ne he o hehead o e he
ver ices i hin i s po er value here he head is also considered a child or
each represen a ive ,co pue heshores pah ro achildo o is
no reacha le ro heroo ,pariion herepresen aivesin oses 1 hich
canno reach and 5 hich can reach o her isele and o

Sor jand ssuch ha helen hso hepahs areinnondecreasin order
hen he es spider ihhead and he ivenpo ervaluecan eo ained y
ryin all 1 1 and 2 2 and akin he pa hs leadin o

he rs 1 represen aiveso 1 and he rs o represen aiveso o
he ollo in le asho s heexis ence o a ood spider i is acoun erpar

o e a and heore o e deno e hevalueo heopi u
solu ion

e e heopi u ar orescence ou oin ro heroo and he
se o represen a ives o ained ro raverse in pos order

and henever a ver ex is he ances or o a leas o represen a ives  here
y de aul every ver ex is an ances or o isel de ne a spider ih head
and le s iven y he pahs o ro o he represen a ives havin as
an ances or e ove and is descenden s ro , and repea he process
sopsi henu ero re ainin represen a ivesisless han o here is one
represen a ive le , de ne one las spider i h he head he roo and onele o
he re ainin represen a ive e , or e he spiders so o ained
isi ediae ha 1 5 is he
nu er o represen a ivesin spider , ehave ha 1 2
oe ha ,as excep or he spider ih heroo asis
head or hich e conclude ha
1 2 he spider 1ih hi hes ra io

In

e e henu ero unhi co ponen so here is he ini ial

raph ihnoed es, e he spider picked o e added o , ,
and

ro e a , ehave 1 Since he al ori h is reedy, y

e a ,— 2 lu in e uaion he a ove e ua ions in o each o her

and rearran in he er s ,i ollo s ha 1 5

. . . . 2
Assu in  here are s eps, his i plies ha 1

akin na urallo arih on o h sides and usin he ine uali y In
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eo ain ha In —— ——— O ever, 1 and so ha
In 2
he ei h o helas spider can e ounded as 1 ro e a
. . 1 .
inally, since , hich ollo s ro ac , ehave ha

In

n hissu sec ion euse heresul o he previoussu sec ion o ive an approx
i aional orih or he S ron Connec iviy pro le ihasy ericpo er

re uire ens e eanar iraryver ex Anopi u soluiono po er
con ains an ou oin ar orescence roo ed a SO and an
inco in ar orescence roo ed a SO
he roadcas al ori h in he previous su sec ion produces an ou oin
ar orescence roo ed a ih In d onds
al ori h producesa ini u cos ar orescence roo ed a ih
hen In
In here ore e have
In

e enion ha in o er nicas ihasy ericpo erre uire en sis
solved y a shor es pahsco puaion in o erSy eric nicas here
he oalis oo ain he ini u po er undirec ed pa h connec in o iven

ver ices 1hasy ericpo erre uire en s can also e solved in 21lo
y a shor es pa hs co pu a ion in a specially cons ruc ed raph descri ed in
Sec ion o Al orih s aser han 2 areno kno n or in o er

Sy eric nicas evenin hesi ples ine case

n his secion e presen a cons an raioal orih or in o erSy e
ric Connec iviy hen po er re uire en s are in he wuclidean ih e ciency
odel , here is he wuclidean dis ance and
he al ori h is very si ple or any unordered pair o nodes de ne
and co pueasoupu a ini u spannin ree

in heresul in ei h ed undirec ed raph

e prove heal orih a ove hich ecall he al ori h  has con
s an approxi a ion ra io usin only he ac ha isan ar irary eric as
or exa plein he hree di ensional uclidean case
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. An illustration of the transformation from (the dotted lines) to  (given by
solid lines).

or any ree ,le oe ha
ax
e e an ar i rary spannin ree o e ar i rarily pick a roo or
or each node ih children, e sor he children ; o such
ha 1 iha xedpara eer o echosenlaer, e
odiy ina o o up anner yreplacin , or each ,eached e
ih 11 1 see 1 ure edenoe y
he roo ed resul in ree Qur ainle a hoseproo eo i due o space
cons rain elo relaes he ei h o o hepo ero
1
oe ha _

here is he ini u po er ree

in 1
1
u ericallyo ained, hisapproxi a ionra iois i or , achieved
a ii or , achieved a iii or , achieved
a iv or , achieved a
n hissecion e rs sho ha he e ork iei e prole is ard

or sy ericpo erre uire en s and each considered connec ivi y cons rain
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s ron connec ivi y, sy e ric connec ivi y and roadcas hen esho ho
he Gar Kone an AS AScan eused orreducin e ork iei e o
o erAssin en n he ollo in edrop enionin hespeci cconnec iviy

cons rain  hen he discussin applies o all possi le connec ivi y cons rain s

ecall ha he e ork iei eprole hasasinpu apo erre uire en
raph and a a ery supply vec or Ase o direc ed

spannin su raphs o is iveni plicily y he connec ivi y cons rain s n
eneral, isexponen ial in hen e ork iei eis he ollo in packin

linear pro ra axi ie su jec o ,

enoe ha anopi u ver ex solu ion only uses non ero varia les

i h po en ially exponen ial nu er o colu ns,i is no surprisin he

ollo in heore , hose proo uses an idea ro and is o ied due o
space li i a ions, holds

he e ork iei e linear pro ra a ove is a packin n eneral, a
packin is de ned as
ax
here and have posi ive en ries e deno e hedi ensionso as x n
ourcase henu ero colu nso isprohi iivelylar e exponen ialinnu er
o nodes and e ill use he approxi a ion Gar Kone an al ori h
he al orih assu es ha he isi plicily iven y a vec or
and an al ori h hich nds he colu no ini iin socalledlen h he
o colu n i hrespec o in ua ion and non ne a ive vec or

is de ned as
e canno direc ly apply he Gar Kone anal ori h  ecause,as eno ice

elo , heprole o ndin he ini u len h colu nis ard in our
case, and e can only approxi ae he ini u len h colu n or una ely,
i isno di cul o see ha hen he Gar Kone an approxi a ion

al orih uses approxi aion ini u len hcolu nsi ivesan
approxi a ion solu ion o he packin !
he Gar Kone an al ori h ih approxi aecolu nsis presen ed in

i ure hen applied o he e ork iei e ,i iseasy osee ha he
pro le o ndin he ini u len hcolu n,corresponds o ndin he ini
u po erassin en 1ih rans issione ciencies inverse propor ional o he
ele enso vecor ,ie, or each node , his i plies
he ollo in eneral resul

! Although this complexity aspect has not been published anywhere in literature, it
involves only a trivial modification of 3 and will appear in its ournal version 1
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t Avector € 0, and an -approximation algorithm for the problem of
finding the minimum length column  ( y of a packing LP max ¢ | , 0
t t A set of of columns of : e each supplied with the value of the
corresponding variable | such that | for € | are all non-zero variables in a
feasible approximate solution of the packing LP max ¢ | , 0
(1) Initialize: = (1 )(1 )n) ' ,for =1, ,n () —, n,
(2) While 1
Find the column ( = ()) using the -approximate algorithm
Compute p, the index of the row with the minimum %
if € —((L) else —((L)

For =17 » 1, () () 1 L

. The Garg- oneman Algorithm with -approximate minimum length columns

he a ove heore i plies approxi aional orih s or he e ork ie
i epro le in he cases or hich e developed approxi aional orih s or
he o er Assi n en pro le i h nonunior e ciency see a le

e elieve he ollo in resul s hold, u heir exposi ion ill co plica e his
lon paper oo uch

in o erSeiner Sy ericConneciviy ihasy ericpo erre uire
ens,in hicha ivense o er inals us esy e rically connec ed,
can also eapproxi aed iha lo ra io usin a spider s ruc ure si
ilar o he one used or roadcas, u iha sy eric e h,anda
reedy al ori h

heal orih s or ode ei hedS einer reeo Guha and Khuller can
also eadaped wu ina oreco plicaed ay, as hey are oreco pli
ca ed han 00 ain, or any ;al orih s ihapproxi aionra io
o In or in o erSy ericConneciviy, in o erS einer

Sy  eric Conneciviy, in o er roadcas ,and in o erS ron Con
neciviy ihasy ericpo erre uire ens



12 G. Calinescu, S. apoor, A. Ishevsky, and A. elikovsky

e leave open he exis ance 0 e cien exac or cons an ac ors al ori h
or in o er roadcas or in o er Sron Connec iviy in he wuclidean

ihe ciency case e also leave open he ardness o e ork iein
uclidean cases
Ano her special caseis hen nodes have non uni or  sensi ivi y ven
in he ine 1ih sensiiviy case, hen , edono kno
al orih s e er han he eneral lo al orih s ro Secion Addin

non uni or sensiiviy osy ericpo erre uire ensresul sin o er As
sin en pro le s ashard asse cover
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