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ABSTRACT

We introduce a geographical adaptive fidelity (GAF) algo-
rithm that reduces energy consum tion in ad hoc ireless
net or s GAF conser es energy vy identi ying nodes that
are e ui alent rom a routing ers ecti e and then turning
0 unnecessary nodes ee ing a constant le el o routing
fidelity GAF moderates this olicy using a lication- and
system-le el in ormation nodes that source or sin data re-
main on and intermediate nodes monitor and alance en-
ergy use GAF is inde endent o the underlying ad hoc
routing rotocol e simulate GAF o er unmodi ed A
and Analysis and simulation studies o GAF sho
that it can consume to less energy than an un-
modi ed ad hoc routing rotocol oreo er simulations
o GAF suggest that net or li etime increases ro ortion-
ally to node density in one e am le a our- old increase in
node density leads to net or li etime increase or to
times (de ending on the mo ility attern) ore generally
GAFisane am leo adaptive fidelity a techni ue ro osed
or e tending the li etime o sel -con guring systems y e -
loiting redundancy to conser e energy hile maintaining
a lication delity

1. INTRODUCTION

ultiho ad hoc net or ing has een the ocus o many
recent research and de elo ment e orts Wireless net or s
and multiho routing ha e a lication in military commer-
cial and educational en ironments including ireless o ce
A connections homenet or so de ices and sensor net-
or s

A num er o routing rotocols ha e een ro osed to ro-
ide multi-ho communication in ireless ad hoc net or s

his research is su orted y the eense Ad anced e-
search ro ects Agency ( A A) through the A
ro ect under A A contract A - - -
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raditionally these rotocol are e aluated in
terms o ac et loss rates routing message o erhead and
route length ince ad hocnet or s illoten e
de loyed using attery- o ered nodes com arison and o -
timi ation o rotocol energy consum tion is also im ortant
(as suggested or uture or y some researchers )

When ad hoc net or s are de loyed using attery- o ered
nodes the im ortant wuestion o ho limited energy re-
sources a ects system li etime and o erall er ormance e-
comes critical For scenarios such as sensor net or s here
energy use ma s directly to li etime and utility energy use
is the im ortant metric o understand energy e ciency
e e amined e isting ad hoc routing rotocols using mod-
els o ucent Wa e A direct se uence s read s ectrum
radio ith the - rotocol ith re resenta-
ti e models o energy consum tion and radio ro aga-
tion We rst only consider energy cost due to ac et
transmission or rece tion uch costs may also include en-
ergy dissi ation in A -le el retransmissions
etc We studied energy consum tion o our ad hoc routing
rotocols (A and A) ith asim le
tra ¢ model here a e mnodes send data o er a multi-

ho ath (Figure ) With this energy model e ound
that on-demand rotocols such as A and consume
much less energy than a riori rotocols such as (the

let dar arsin Figure ) A riori rotocols are constantly
e ending energy re-com uting routes e en though there
is no tra c¢ assing on these routes

n other ords on-demand rotocols y their ery nature
are more e cient in the energy consumed y routing o er-
head ac ets As aresult energy useis dominated y rout-
ing rotocol o erhead n act the ma or source o e tra-
neous energy consum tion as rom overheari g as re i-
ously o ser edin A A adios ha e a relati ely
large roadcast range All nodes in that range must recei e
each ac et to determinei itisto e or arded or recei ed
locally Although most o these ac ets are immediately dis-
carded they consume energy ith this sim le energy model

his o ser ation moti ates a roaches that a oid o erhear-
ing he A A rotocol suggests a A -layer a roach
to minimi e this cost A rotocols ould also e
a lica le(ore am le )

Actual adios consume o er not only hen sending and
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ad hoc routing protocol
recei ing ut also hen li te i g or idle (the radio elec-

tronics must e o ered and decoding to detect the res-
ence o an incoming ac et)  esearch sho s that
idle energy dissi ation can not e ignored in com aring to
sending and recei ing energy dissi ation temm and at

sho idlerecei e transmit ratios are y measure-
ment hile more recent studies sho ratios o
and n any o these cases energy dissi ation in

idle state can not eignored With such energy model all ad
hoc routing rotocols considered consume roughly the same
amount o energy ( ithin a e  ercent) as sho n in the
grey ars on Figure n the scenario ith modest tra c¢
idle time com letely dominates system energy consum tion

he studies ased on an energy model that considers en-
ergy dissi ation in sent recei ed ac ets and idle time sug-
gest that energy o timi ations must turn o the radio not
sim ly reduce ac et transmission and rece tion o ering
o radio conser es energy oth in o erhearing due to data
trans er and in idle state energy dissi ation hen no tra c
e ists We there ore e lore nodes that o er do n their
radios much o the time hisa roach is similar to the use
o A or o erconser ation or A A o -
e er unli e these a roaches e em loy in ormation rom
a o ethe A -layer to control radio o er (We ma e use
o the o er management controls in to control

o er ) hea lication- or routing-layers ro ide etter
in ormation a out hen the radio is not needed

su orts o er sa ing mode in oth in rastructure

net or and ad hoc net or ote that o ering on o
A is ust li e node mo ing in out communication range
ith other nodes is still used in unicast com-
munication to address hidden terminal issue sho s
that time or A on o isina e milliseconds =n
other ords o ering on o A does not a ect normal

o eration

o -

nominal radio range

n the other hand e o ser ed that hen there is signi -

cant node redundancy in an ad-hoc net or multi le aths
e ist et eennodes hus ecan o ero some intermedi-
ate nodes hile still maintaining connecti ity For e am le
n Figure i node isa a e nodes and aree trane-
ous or communication et een and Wede nero ti g
fidelity as uninterru ted connecti ity et een communicat-
ing nodes  hus routing delity (that and can commu-
nicate) can e maintained as long as any intermediate node
isa ae

hese o ser ations moti ate thet o rimary contri utions
o our design

heuseo a lication- and system-in ormation to turn
o node radios or e tended eriods time ode duty
cycles arein uenced ya lication end oints and node
mo ement atters to reser e communication delity

redictions a out nodeli etimes allo energy-conscious
load alancing

he use 0 ode deploy e t de ity to ada ti ely ad-
ust routing delity outing redundancy is correlated

ith denser node de loyment ( hen many nodes can
hear each other) Wesho ho to use thisin ormation
to increase node duty cycles and to e tend the li etime
o thenet or asa hole

Weem loy locatio i or atio (suchas rom the Glo al
osition ystem G ) and acti e node communica-
tion to determine node density and redundancy (We
use G or other locali ation methods to determine
density e are also e loring density determination
through communications alone as uture or )

he GAF a roach is one e am le o adaptive fidelity
and ada ti e re uency techni ues GAF ee s
the delity o net or reacha ility constant hile ada ting
node eha ior to e tend net or lietime ther e am les
include eacon density or locali ation ore generally

e ish to design sel -con guring net or s that e loit re-
dundancy to conser e energy hile reser ing the delity o
net or a lications

2. ENERGY-CONSERVING ROUTING AL-
GORITHM



We ne t resent our energy-conser ing ad hoc routing al-
gorithm GAF  eographical daptive idelity ach GAF
node uses location in ormation to associate itsel itha ir-
tual grid here all nodes in a articular grid s uare are
e ui alent ithres ect to or arding ac ets odesin the
same grid then coordinate ith each other to determine ho

ill slee and ho long ( ection ) this determination
is moderated y a lication and system in ormation ( ec-
tion and ) odes then eriodically a e u and
trade laces to accom lish load alancing ( ection ) We
also consider ho GAF interacts ith the underlying ad hoc
routing rotocol in ection

2.1 Determining nodeequivalence

GAF uses location in ormation and irtual grids to deter-
mine node e ui alence ocation in ormation used in GAF
may e ro ided y G  or other location systems under
de elo ment (or e am le ) For our initial discus-
sion e assume that each node no s its current location
e actly relati e to other nodes n ection e rela this
assum tion and sho that GAF is not a ected y moderate
location error or e en y large correlated error

en ithlocation in ormation itisnot tri ialto nde ui -
alent nodes in an ad hoc net or odes that are e ui -
alent et een some nodes may not e e ui alent or com-
munication et een others For e am le in Figure nodes
are e uidistant wunit a art ith radio range slightly larger
than units For communication et een nodes and
nodes and are e ui alent hile et een and only
node is acce ta le

GAF addresses this ro lem y di iding the hole area
here nodes are distri uted into small irtual grids he
irtual grid is de ned such that or t o ad acent grids A

and  all nodes in A can communicate ith all nodes in

and ice ersa husall nodesin each grid are e ui alent or
routing 1n GAF nodes e change grid s to ad ust their
duty cycle For e am le Figure o erlays irtual grids on

Figure creating three irtual grids A  and  According

to our de nition o irtual grids node can reach any o

or and and can all reach here ore nodes
and aree ui alent andt o o them can slee

n the de nition o irtual grid e re uire that any node
in ad acent grid can co icate ith each other n real-
ity a node s radio communication range is not determinis-
tic or e en symmetric due to radio ro agation e ects such
as multi- ath re ection n our initial discussion e as-
sume that the communication range is deterministic (us-
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ing the t orayground ro agation model re uently used in

many ad hoc routing studies or e am le ) n ec

tion e com are the e ects o non-deterministic radio
ro agation using a shado ing model nding that shad-

o ing ro agation models do not change our com arisons
et een GAF and ad hoc routing rotocols

We si e our irtual grid ased on the nominal radio range
Assume irtual grid is a s uare ith r units on a side as
sho n in Figure n order to meet the de nition o irtual
grid the distance et een t o ossi le arthest nodes in
any t o ad acent grids such as grid and in Figure
must not e larger than For e am le node o grid
and node o grid in Figure are at the end o the long
diagonal connecting t o ad acent grids here ore e get

() ()

or

— ()

2.2 GAF statetransitions

n GAF nodes are in one o three states leepi g di covery
active A state transition diagram is sho n in Figure

nitially nodes start out in the di covery state When in
state d¢ covery amnode turns on its radio and e changes dis-
co ery messages to nd other nodes ithin the same grid

he disco ery message is a tu le o node id grid id esti-
mated node acti e time (e at) and node state Asdescri ed
a o e a node uses its location and grid si e to determine
the grid id



When a node enters di covery state it sets a timer or
seconds When the timer res the node roadcasts its dis-
co ery message and enters state active  he timer can also

e su ressed y other disco ery messages  his timer re-
duces the ro a ility o disco ery message collision

When a node enters active it sets a timeout alue to
de ne ho long this node can stay in active state A ter

the node ill return to di covery state While acti e
the node eriodically re- roadcasts its disco ery message at
inter als

A node in di covery or active states can change state to
leepi g hen it can determine some other e ui alent node
ill handle routing  odes negotiate hich node ill han-

dle routing through an a lication-de endent ran ing ro-

cedure descri ed in the ne t section ( oderan ingcan e

an ar itrary ordering o nodes to decide hich nodes should
e acti e or it can e selected to o timi e o erall system

li etime ) When transitioning to leepi g a node cancels all
ending timers and o ers do n its radio

A node in the leepi g state a esu ater an a lication-
de endent slee time  and transitions ac to di covery

2.3 Tuning GAF

GAF lea es choices 0 many arameters including e at

node ran to a lications n this section e de-
scri e ho and hy these arameters are chosen in the cur-
rent GAF algorithm A lications may ish to o timi e
these choices ore am le erha stradingincreased ac et
loss or greater energy sa ings

ti ated ode activeti e e at can esettothee ected
node li etime (e It) conser ati ely set y assuming the node

ill constantly consume energy at a ma imum rate until
it dies ather than this conser ati e e at GAF uses an
a roach descri ed in ection to alance energy usage
across nodes

GAF selects the di covery e age i terval () as a uni-
orm random alue et een and some constant his a -
roach a oids contention rom synchroni ed disco ery mes-
sages (asins ired y ) herangeo can also e
in uenced ymnoderan toencourage highly ran ed nodes to
su ress lo -ran ed nodes allo ing them to ra idly go to
slee odes in the active state may ish to chose a larger
to a oid and idth and energy o erhead

odes active d ratio ( )can eitse ectedlietime (e It)
GAF instead uses to accom lish load alancing as de-
scri ed in  ection

ode ra i g in GAF is chosen to ma imi e net or lie-
time y selecting hich nodes handle routing an is deter-
mined y se eral rules First A node in the active state has
higher ran than a node in di covery state  his rule tries
to uic ly reach the state each grid only maintains one ac-
ti e node For nodes ith the same state GAF gi es nodes

ith longer e ected li etime (e at) higher ran his rule

ut nodes ith longer e ected li etime into use rst Fi-
nally node ids are used to rea ties tis ossi le to let
a lications choose di erent node ran rules according to

theiro n ias or e am le a lication may a or the ac-
ti e nodes until they drain out energy in a sensor net or

ode leep d ratio () can e set tothe e at o the acti e
node since this is the conser ati e assum tion o its li etime
ue to node mo ility the active node may mo e out the
grid (o course there is chance that other nodes mo e into
this grid)  his can lea e a grid ithout any active nodes
although some nodes are slee ing reducing routing delity
nea roach that statistically reduces this ro lem is to set
as a uni orm random time et een and e at his large
range o may o ten ha e nodes a eu uite early n
GAF there ore  isuni ormly rom therange e at e at
We also consider an alternate a roach using node mo ility
in ormation in ection

2.4 Load balancing enemy usage

GAF em loys a load alancing strategy so that all nodes
remain u and running together or aslong as ossi le he
idea ehind this is that all nodes in the net or are e ually
im ortant and no one node must e enali ed more than
any o the others (An alternati e is to com letely e haust
the energy o each node in turn hile other nodes slee )

GAF uses the ollo ing load alancing strategy A ter a
node remains in the active state or time a it changes its
state to di covery to gi e a chance to other nodes ithin the
same grid to ecome active ( gure ) ecall that nodes are
ran ed according to their remaining energy le els When
the acti e node changes its state to di covery it is more
li ely that it has less remaining energy than its neigh or
nodes ecause resuma ly the neigh ors ere in the leep
¢ g state conser ing energy during the node s acti e time

onse uently the node that as acti e is less li ely to re-
main acti e a ter the disco ery hase

he acti e node sets a to the alue e at and ad ertises
e at in its disco ery messages he non-acti e nodes in the
neigh orhood use e at to determine their slee ing eriod
he acti e node sets e at to a alue less than the time to
useu all remaining energy (e /t) n our simulations e set
e at to e It so that the node consumes hal o its energy
e ore handing o to another node in the neigh orhood

o a oid thrashing hen e It ecomes less than a threshold
(say s) GAF sets e at to the ull e ¢

2.5 Adapting to high mobility

GAF tries to ada t the num er o nodes artici ating in
ad hoc routing to ee a constant le el o nodes that route
data  he ideal scenario ould e one acti e node in each
grid at any time o e er as nodes mo e the acti e node
may lea e its grid  his may lea e the rior grid ithout
an acti e node reducing routing delity n scenarios ith
high mo ility this ro lem can greatly increase ac et dro
rates

We can accommodate high mo ility y considering this system-

le el eha jor e licitly in GAF ach node estimates the
time it €  ects to lea e its grid (the e pected ode grid ti e
or e gt) and includes this in ormation in the disco ery mes-
sage When other node enter leepi g state they slee or
the smaller o e at and e gt to decide ho long it can stay in



leepi g state  his change does not change the node ran
nodes use the same ran ing rules to decide ho slee s ut
they slee or shorter time

A node can estimate e gt ased on itscurrents eed (s eed

can eo tained or estimated rom most G recei ers) and

the grid si e e gt his estimate or s ell or the

mo ility model e use (the random ay- oint model ith
auses) in systems here mo ement is less redicta le this
alue may e more di cult to estimate

n order to com are the e ect o the node mo ility ada -
tion e call the GAF ithout node mo ility ada tion as
GAF- asic (GAF- ) the GAF ith node mo ility ada tion
as GAF-mo ility ada tion (GAF-ma) and use simulation
to com are their er ormance GAF- and GAF-ma e-
ha e the same hen mo ility islo When mo ility is high
GAF-  ill tend to ha e e er acti e nodes and there ore
lo er energy consum tion ut higher ac et loss rates as
sho nin ection

2.6 GAF interactions with ad hocrouting

n rinci le GAF ill run o er any ad hoc routing rotocols
ecause it only uses a lication- and system-le el in orma-

tion to decide each node s duty cycle and since disco ery

messages are only roadcast to direct neigh ors n later
sections e e aluate GAF com ined ith A and
against unaugmented A and For re ity

e ill sometimes say e com are GAF and A in

lace o e com are A ith GAF ith unmodi ed

A

GAF decision to turn nodes on and o is inde endent o ad
hoc routing rotocols a node is acti ely routing ac ets

hen it is o ered o GAF de ends on the ad hoc rout-
ing rotocol uic ly re-routing tra ¢  his may cause some

ac et loss although most o ad hoc routing rotocols react
to changes wuic ly An o timi ation that e ha e not e -

lored is to ha e GAF in orm the ad hoc routing rotocol o
im ending sus ension allo ing it to reem ti ely re-route
any tra c¢

3. PERFORMANCE EVALUATION

o e aluate our schemes e rst useasim le mathametical
analysis to determine an ideali ed le el o energy conser a-
tion in GAF  ince analysis cannot ca ture the com le ity
in a ull GAF scenario e then use simulation to study
GAF e ects on net or lietime ho and hy it conser es
energy and hether or not it increases the num ero ac et
dro s Finally e sho that net or lietime under GAF
is ro ortional to the density o node de loyment and e
e amine the sensiti ity o our simulations due to error in
the radio ro agation model and uality o location

3.1 Analytic performanceanalysis
ogetanu er oundon ho much GAF may e tend net-
or lietime ene tconsidera erysim le analytic model
Assume that nodes are e enly distri uted in a area ith
to ogra hy si e ominal radio range or each node is
According to  uation the grid si e can e set as —
hich is the ma imum si e 0 a irtual grid he minimum

total num er o irtual grid cells ould e

= ()

According to our assum tion o e enly distri uted nodes
each grid ould ha e at most nodes or

nodes

At est assuming stationary nodes and no GAF o erhead
only one node in each grid ill eacti e hile the rest slee

ince uation gi es the ma imum num er in each grid
thenet or lietime ill ee tended at most ( ) ( )
times

he ormula asically re ects the act that ith GAF al-
gorithm the more nodes the longer net or li etime and
the e er num er o irtual grids the longer net or lie-
time  he num er o irtual grids mainly de ends on the
nominal radio transmission range and the to ogra hy si e
uation gi estheu er- oundo gridsie

he o erhead due to GAF disco ery message is small Al-
though GAF eriodically sends out disco ery message i the
node is in the di covery or active state the re uency ill e

ery lo ince the roadcast is limited in one ho around a
node such o erhead ill not a ect the hole system energy
dissi ation too much

n the ollo ing sections e use simulation to rela our as-
sum tions and e lore GAF er ormance in more realistic
conditions

3.2 Simulation methodology

t is di cult to ca ture the details o GAF er ormance

in an analytical model For that reason e im lemented
GAF in the ns- simulator e aluating ariations in node

mo ement tra c attern and energy model as descri ed
elo

n order to demonstrate the e i ility o GAF e im le-
mented GAF in a sna shot o ns- We use locally
modi ed and e tended ersion o ad hoc routing contri uted
y an im ro ed A im lementation rom
the A designers and a energy model descri ed e-
lo We attached GAF to A to get GAF A and
GAF to to get GAF We then run GAF A
A GAF on the same simulated scenarios to
com are the er ormance in terms o energy dissi ation and
data deli ery wuality We ha e eri ed that our integration
o the s ad hoc routing re roduces their results and
that our simulation results o unmodi ed ad hoc rotocols
are consistent ith other u lished results

also ro ided a alidated () A layer
simulation ith the simulation ac age



odes in the simulation

mo e according to the random ay- oint model used in

odes alternate et een ausing and then mo e

to a randomly chosen location at a ed s eed We con-
sider se en ause times and

seconds For each ause time e generate  sets o initial

lacements and random ay- oints We also e aluate t o

di erent node mo ement s eeds uniorm distri ution e-

t een and m s and uniorm distri ution et een and

ms odesmo ein a m y m meter area

n most scenario e use transit nodes (nodes running
ad hoc routing) and  tra c nodes acting as sources and
sin s When e e amine node density e ary the num er
o nodes rom to and hile ee ing area constant

imulation tra ¢ asgenerated y continuous it rate ( )
sources s reading the tra crandomly among tra cnodes

he acetsie as ytes he ac et rate as set to
three di erent alues ts ts s and ts s to
e aluate GAF sensiti ity totra cload en ith ts s

ac et rate the tra c load is still ell elo the net or
ca acity We chose to study light to moderately loaded sys-
tems ecause nodes in ad hoc net or s are e ected to e
energy constrained more so than and idth constrained

We model a radio ith a nominal range o meters ith

oth the t o-ray-ground ro agation model and a shado -
ing model

ur energy consum tion model is ased on

temm and at s measurements o an A S
Wae A ( re- ) ireless A hey measured
costs o W or transmit W or recei ing and W

or listening o this e add a cost o W hen slee -
ing We chose their model as re resentati e at the time e
egan this or Although this hard are is no some hat
old ne er e aluations o more recent ersions o the Wa e-
A card and com ati le hard are y other endorssho s

ery similar costs eci cally asten measured the ig-

itan S ireless A o ser ing costs o \W%

(transmit) W (recei e) W (listen) W (slee )

in and hen et al measured the wucent S

Wae A cards o ser ingcostso W (transmit)

W (recei e) W (listen) and W (slee )

all o these studies o hard are transmission is

more ¢ ensi e than listening hile slee ing is a tiny

raction o this cost

t is im ossi le to e aluate the eha ior o the net or as
holei tra cnodesrun outenergy e ore the transit nodes
o a oid this arti act ese arate the tra cnodes rom rout-

ing nodes and gi etra cmnodesin nite energy ra cnodes

ollo s the same mo ility model as transit nodes ut they

do not run GAF nor do they or ard tra ¢ ecause e

treat tra c nodes s ecially e do not count them hen

re orting the num er o nodes in the simulation ( or e am-
le our node simulation consists o nodes tran-

sit nodes and  tra c nodes) ote that our scheme does

not e clude the ossi ility o accommodating limited-energy

tra c nodes as ell n this case node in the active state
ould need to u er data or slee ing end nodes

We gi e each transit node enough energy so that it can listen

or a out seconds ince nodes in A and ha e
nodes listening constantly all nodes e ire a ter s e en
ithout tra ¢
ince e de end on G e must model G energy con-

sum tion We model G as consuming W in contin-
uous re orting mode ith o er conser ation modes that
consume W yre orting e ery second and W re-

orting e ery seconds ince GAF does not re uire
constant osition in ormation eadda G costo W
to GAF simulations (and not to sim le A or sim-
ulations) We do not turno G hen eturno radio to
a oid modeling satellite ac uisition time and ecause G

cost is uite small (a out e ual to radio slee cost)

We com ared GAF A ith normal A

and GAF ith normal We conducted our com-
arison into t o hases n the rst hase e simulated
nodes or s (t iceo A li etime) to see ho

GAF a ects net or lietime data deli ery and energy us-
age ur goal in this hase is to sho that GAF does not
reduce the uality o ad hoc routing and that it ill conser e
energy com ared to an unmodi ed ad hoc routing rotocol
We then re eat the same com arison arying the num er
o nodes ( and ) or s 0 simulation time to
o ser e hat illha en hen all nodesrun out o energy
n this second hase e study ho long GAF ill e tend
net or lietime

n each hase We consider simulations all com i-

nations o rotocols (GAF A A GAF
) mo ement atterns initial lacements

loads and mo ements eeds ( m sand m s)

tra ¢

he remainder o this section resents our simulation re-
sults  ections analy e GAF er ormance in terms
0 net or lietime energy conser ation and data deli ery
uality under lo mo ility ith arious tra c loads ec-
tions in estigate GAF sensiti ity to arious scenario
arameters namely high mo ility () node density ( )
shado ing ro agation model ( ) andlocation error ()

3.3 GAF extensionof network lifetime

he rst uestion e e amineis ho GAF a ects net or
li etime We measure net or li etime as the raction o
transit nodes ith non- ero energy as a unction o time n
this section e the num er o nodes at and consider
the range o  ause times and the t o mo ility s eeds We

resent the results or A ith tra c loads at ts s
We also e aluated and other tra c loads e do not

resent those results as they ere similar ( ra c load does
not su stantially a ect net or li etime ecause the energy
used in ac et or arding is much less than the cost o idle-
time listening )

n Figure e resent the results or A and GAF-

ithmo emento m sandtra cloadsat ts s GAF-
and -ma are e ui alent at this mo ement s eed We lea e
the discussion o high mo ility e ect to section

he rst thing eo ser ein Figure isthat ith A all
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nodes run out 0 energy at the same timeata out s his
is a unction o the attery in each node and the act that
A does nothing to conser e energy his re resents the
cost o continuously listening

GAF e tends net or lietime considera ly a ter S
o nodes are still ali e de ending on mo ility attern
cenarios ith shorter ause times consistently ha e etter
net or li etime than those ith longer ause time hisis
ecause mo ing nodes are etter at load alancing on-
sider the e treme case 0 a s ause time (no mo ement
during the simulation) n this case grid cells ith a single
node must remain constantly acti e and so ill e ire at
s Grids itht o nodes ill last longer and then all die
at the same time roducing the stair-ste s at sand s
When nodes mo e ( ith ause times less than  s) they
ill sometimes mo e into these grids and share the load

thus roducing more gradual node ailure

3.4 GAF enemgy savings
ode li etime is a use ul measure ut it can e a crude
measure o actual energy consum tion ecause node li e is
inary so  a out-to-die nodes are considered as good as
resh nodes n order to uantiy ho much energy GAF
sa es e instead com ute the mean energy consum tion
er node

o de nethemean energy consum tion ernode e assume
that simulation starts ith nodes ith initial total energy
o  nodes as A ter time the remaining total energy
o  nodes is hen the mean energy consum tion er
node ( )is

()

We calculate or oth A GAF- and GAF-ma or
all di erent scenarios including node mo ing s eed mo e-
ment attern and di erent tra c load

As e did in section e only discuss the lo mo ility
scenario here We lea e the discussion o high mo ility into
section

he calculation o sho s that at lo node mo es eed
(ms) oth GAF- and GAF-ma ha e a out lo er
than A no matter hat mo ement atterns (di-
erent ause time) are  he di erent tra c load does not
a ect the a erage energy consum tion er node too much
he reason is although tra c load is increasing o er the
long simulation time idle energy dissi ation still dominates
the total energy dissi ation in the hole system

3.5 GAF effectson data delivery

While e ha e sho n that GAF conser es energy ecause
GAF causes nodes to slee it may reduce ho many ac -
ets are success ully deli ered reducing routing delity We
ha e designed GAF to maintain a constant le el o routing

delity ut ee ect some dataloss hen nodes go to slee
as routes change and e ha eidenti ed se eral cases here
node dynamics may cause unintentional data loss

We de ne t o metrics to measure data deli ery he rst
metric is the data deli ery ratio  hich is the ratio o the
num er o recei ed ac ets o er the total sent ac ets he
second metric is the a erage data trans er delay hich the
the mean delay or those recei ed ac ets

n this section e com are GAF and A during the rst

s o simulation hen all A nodes are ali e A ter
this time A ails to deli er any ac ets considering the
entire time ould there ore s e these measures in GAF s
a or ur goal here is to sho that GAF is not signi -
cantly orse than A hen A ise ecti e n the
section e ill e aluate these metrics o er the hole
li etime 0 GAF

We calculate the data deli ery ratio and a erage delay time

or oth A GAF- and GAF-ma or all di erent sce-
narios including node mo ings eed mo ement attern and
di erent tra c load

oth GAF and A ha e the
same data deli ery ratio o and the same mean delay
across all ause times hese results are ecause at lo
s eeds nodes rarely mo es out o their irtual grids

Atlo nodes eed ( m s)

We lea e the discussion on high mo ility to section

3.6 Effectofhigh mobility on GAF-b and GAF-ma

We summari e GAF- and GAF-ma er ormance in terms o
net or li etime e tension energy sa ing and data deli ery
uality under high mo ility in this section

We e aluated GAF ith a

higher mo ement s eed ( m s) With more mo ement e
e ect to see di erences in GAF- and -ma er ormance
n the scenarios o high node mo ing s eed GAF- and
GAF-ma should ha e di erent eha ior in net or li etime
ecause GAF-ma uses high mo ility ada tion to ee con-

ser ati e on o ering o nodes hile GAF- aggressi ely
o ers o nodes We thereore lot net or lietime o



GAF- and GAF-ma in high node mo ings eedint o di-
erent Figures Figure (a)is or GAF- and Figure ( )is
or GAF-ma

Figure (a) and Figure ( ) share the same characteristics
as e discussed in Figure First A li etime is not
a ected in all scenarios secondly GAF e tends the net or
li etime in di erent degrees the less ause time the longer
net or lietime and thirdly tra c load does not change
the net or Ili etime too much

he di erence et een Figure (a) and Figure ( ) is that
GAF- can ee more nodes ali e or a longer time es e-
cially in the high mo ility attern For e am le in Fig-
ure (a) there are still o nodes are still ali e at the
time s hen the ause time is here is only a out
sur i ed in GAF-ma in the same scenario ( ee Fig-

ure ( )) hereason as ediscussed e ore isthat GAF-
aggressi ely o ers node o or energy conser ation hile
GAF-ma conser ati ely o ers o the nodes in high mo il-

ity

At high node mo es eed ( m s)

GAF- and GAF-ma ha e the same lo er than
A at long ause time (more than seconds) GAF-
and GAF-ma has incrementally reduced along ith shorter
ause time When ause time is GAF- has lo er
than A and GAF-ma has lo er than
A GAF- sho s its greater energy conser ation on the

high mo ility scenario hich con orms to our ndingsas e
ust descri ed a o e

At high nodemo ings eed ( m s)

e see some di erences et een GAF- and GAF-ma (see
Figure ) At long ause times (more than seconds)
GAF- GAF-ma and A continue to ha e the same
data deli ery ratio and mean delay At shorter ause time
(less than seconds) GAF-ma and A remain similar

ut GAF- has orse data deli ery ratio and longer a erage
delay At the most e tremecase itha  ausetime GAF-
has an data deli ery ratio hile GAF-ma and A
can reach he a erage delay or GAF- is second

hen oth GAF-ma and A are around second

GAF- s node slee olicy is the reason or its orse e-
ha ior under high or constant mo ility We address this
ro lem three ays rst GAF- may e unsuita le at
high mo ility under the current node density econd y
considering mo ility in the slee  olicy GAF-ma is more
a ro riate than GAF- in high mo ility scenarios  hird
so ar e ha eonly considered com arison ithin the A
li etime ince ty ically GAF has much longer li etime than
A o er this e tended li etime GAF can er orm much
etter than A We consider e tended li etimes in the
ne t section Finally e sho later (Figure (a)) that at
higher node density GAF- is more ro ust to ac et loss

3.7 How network density affects GAF

GAF e tendsnet or lietime yidenti yinge ui alent rout-
ing nodes and utting these e ui alent routing into di erent
duty cycles As node density increases e e ect GAF to
ta e ad antage o the additional e ui alent nodes to e tend
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net or li etime n thissection e usesimulationsto uan-
titati ely nd ho net or lietime changes ith di erent
node densities

We address this issue y introducing more nodes into the
same simulation scenarios used a o e We changed the node
num er rom  to and hile ee ing the area con-
stant Gi en our nominal radio range this corres onds to
or nodes in range ( ee i ra de nition later at
uation )  here are irtual grids in this area so the
mean num er o nodes er grid ill go rom a out to
and n order to ha e enough time to let all nodes
toe ire e e tend the simulation time to s We con-
sider only ause times o s and s since in ection
e sho ed that ause times o s and s ro ide lo er
andu er ounds or net or lietime so e consider only
those here We ha e e aluated oth A and at
nodes scenario and nd similar eha ior here ore e only
re ort A here

ur goal is to e tend the li etime o the net or asa hole
through energy conser ation Itimately the a lication

ants to no ho long the net or can deli er in orma-
tion or it n our simulation our tra ¢ ee s constant
We there ore can measure ho long the net or can deli er
in ormation y eriodically monitoring the ac et deli ery
ratio or e ery ed time rame We can also com are the

monitored ac et deli er ratio ith A ac et deli ery
ratio in its normal li etime  the monitored ac et deli ery
ratio dro s dramatically a ter time e can say that the
net or li etime ends at time n order to uantitati ely

nd the e can ar itrarily de ne that i the monitored

ac et deli ery ratio is less than the ac et deli ery
ratioo A ema eacut there noure eriment e

monitor the ac et deli eryratioe ery  sin the e tended
net or lietime

t is also interesting to no ho mnode sur i esin the e -
tended net or li etime We demonstrate the node sur i -
a ility y measuring node sur i al rates as a unction o
time  ote that the decrease o the num er o nodes ill
a ect routing delity ormally the less sur i ed nodes the
orse ac et deli ery ratio o0 e er e cant sim ly de-
cide a net or lietime y the raction o sur i ed nodes

he reason is that in high node density a small raction o
sur i ed nodes may still ea ignum ero nodes hich ill
deli er the tra c accordingly ithout losing routing delity

Figure (a) sho s our result o monitoring ac et deli ery
ratio ore ery s or GAF- and GAF-ma in a scenario o
nodes simulation ith ause time nodes eed m s

and tra c load ts s We also mar the oint here
the ac et deli ery ratio dro s more than o A
ac et deli ery ratio For com arison e utA ac et

deli ery ratio inside the gure too

From Figure (a) e nd that roughly GAF- uadru les
A li etime and GAF-ma tri les the A li etime

e ore the dro s the ac et deli ery ratio remains almost
constantly com ared to A ac et deli ery ratio  his
sho s that oth GAF- and GAF-ma are ery sta le in de-
li ering data during their li etime wuch sta ility also sho s
that the num er o acti e nodes is maintained at a constant
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le el y GAF to maintain routing delity

ode raction o er time is sho n in Figure () We can

nd that the total num er o sur i ed nodes are maintained
in the constant le el during most o GAF- and GAF-ma
li etime  his is mainly due to the load alance algorithm
used in GAF so that all nodes try to e enly share their
li etime

t is interesting to notice that rom Figure (a) GAF- hasa
ery good data deli ery uality in high node density hisis
ecause the high node density ro ides more nodes to co er
should an acti e node lea es the grid  hus at high node
densities GAF- may e suita le e en at higher mo ement
rates

Wene t er ormed similar analysis or net or lietime ith
nodes  hese results are similar in sha e to Figure
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and so are not resented here nstead e summari e the
scala ility o GAF as density increases in Figure he
y-a is sho s net or li etime as de ned a o e in multi les
o A li etime o sho the results inde endent o the
num er o nodes and the si e 0 to ogra hy and radio e
de nethe ode i o 4 al radio area or i ra as

1 ra ————— ()

here  is the nominal radio range is the total num-
er o nodes and and are the idth and length o the
simulation area

Figure sho sthat GAF e tendsthe net or li etime ro-

ortionally to the increase o node density regardless the
mo ility attern hile A s lietime ee s at or all
scenarios  he greater node density can e used to increase
net or lietime or a out to times (de ending on the
mo ility attern) ith a our- old increase in density —nder
high mo ility the sa ingreachestheu er oundo times
o mnet or lietime hile it only reaches its lo er ound

times o A net or lietime hen all nodes ee
still (As descri ed in ection mo ility allo s longer
li etimes )

3.8 Resultsensitvity to propagationmodel

o ar e ha esho n that GAF can ro ide longer li etime

ith minimal loss in data deli ery rates and that these en-
e ts are ro ortional to node density o e er these simu-
lation studies considered a deterministic ro agation model
(the t orayground model) n reality radio ro agation
is strongly a ected y multi- ath e ects ( ading) ( hese
models are descri ed in detail in ireless te t oo s such as

a a ort ) We ne t re isit our simulations using a
shado ing model to see i the results hold

he shado ing model consists o t o arts he rstoneis
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no nas athlossmodel hich redicts the mean recei ed

o er at certain distance he ath loss is usually measured
ind he second art o the shado ing model re ects the

ariation o the recei ed o er at certain distance he
shado ing model e tends the ideal circle model to a richer
statistic model nodes can only ro a ilistically communi-
cate hen near the edge o the communication range

We select a set o ty ical outdoor alue ith athlosse o-

nent and the shado ing de iation in our simulation

to ndout ho GAF or sundershado ing model ue to

the athloss ee ecttoha e orsedata deli ery ratio
o e er normal ad hoc routing is also a ected y the ath

loss  ur goal is to match GAF ac et loss ratio ith that

o A under shado ing model hen net or li etime can
e e tended

Were eated our simulation y ustre lacingt o-ray ground
ro agation model ith shado ing ro agation model We
summari ed the result in Figure

he gure sho s that or A com ared ith the sim-
ulation ith t orayground ro agation model the ac et
deli ery ratio is a out orse under shado ing model
GAF sho s the the same do ngrade o e er under shad-
o ing model GATF still can match A ac et deli ery
ratio ithin A li etime With e tendedli etime GAF-
can maintain less than ac et deli ery ratio decrease

ithin  times o A net or lietime hile GAF-ma
can match the result ithin timeso A net or lie-
time  he result is the same as Figure

he result sho s that shado ing model does not change
the result on GAF hich e sho ed in the section he
shado ing model does a ect the ac et deli ery ratio ut
its im act is the same on A and GAF

3.9 Resultsensitvity to location error

any indso locali ation systems (including G ) include
inherent error We ouldli eto no ho this error ould
a ect GAF er ormance We do not elie e GAF ill e
a ected y moderate location error or y large correlated
error ecause o ho GAF uses location in ormation

First GAF ill ero ust to correlated error ecause it cares
only a out relati e node osition hen assigning nodes to
grids all nodes are accidently shi ted in the a e di-
rection grid assignment ill e consistently a ected  he
intentional error introduced in G is correlated ( or nodes
listening to the same satellites) so GAF should e ro ust
to G error

We ha e already sho n that GAF is reasona ly ro ust to
some hat inaccurate osition in ormation the scenarios ith
high mo ility ( m ss eedsor  ausetimes) n addition
the GAF algorithm does not de end on accurate location
in ormation For e am le hen a node A recei es a dis-
co ery message rom a node node may ha e let the
grid here node A resides ut the disco ery message sent

y node may still sho s that node is ithin the grid

here node A elongs to  ur simulation has sho n such
inaccuracy does not a ect GAF er ormance

Finally e arti cially introduced location error in simula-
tions We modeled error y randomly recoding the location
o each node in the range and
or o meters We then re eat our rst hase simula-
tion ith this error nodes do use these incorrect ositions
in lace o their real locations or the GAF algorithm We
study the same methodology used in ections and
to calculate the net or li etime energy sa ing and data
deli ery uality We ound no su stantial ariation in these
metrics For e am le in terms o the data deli ery ratio
under lo mo ility they oth reach nder high mo-
ility GAF- has data deli ery ratio and GAF-ma has
data deli ery ratio  he same is identical to that in
section

With uncorrelated error a roaching the irtual grid si e
GAF ill ailto or We elie ethat e could accommo-
date such error y arti cially reducing gridsi e ute lor-
ing o thisis uture or

4. RELATED WORK

ur or uilds on related or or radio energy mod-
els ad hoc routing rotocols and energy-a are A and
a lication-le el rotocols

A num ero routing rotocols
ha e een ro osed to ro ide multi-ho communication in
ireless ad hoc net or s raditionally these
rotocols are e aluated in terms o ac et loss rates routing
message o erhead and route length We e alu-
ate our rotocols y these metrics or com arison and e
add measures o 0 er consum tion and net or li etime to
consider o er consum tion as ell

oth hang and assiulas and ottie et al ha e
recently suggested that one might select routes in an ad
hoc net or ased on a aila le energy  he e ect o this



or ould elonger net or lietime wura roachis to
conser eenergy y o eringradioso rather than managing
a ed energy consum tion so our or com lements their
e ort

ein elman et al resent a set 0 rotocols or communi-
cation in sensor net or s ased on ooding hey e -
amine the energy consum tion o these rotocols and sho
that su ressing du licate transmissions o the same data
can sa e o er as calculated rom a sim le energy model
(not considering energy consum tion hile radios are idle)

nli e their or e consider more accurate o er models
and ad hoc routing rotocols rather than ooding  hese
di erences result in much di erent o timi ations We also
consider o timi ations ased on ada ti e delity that are
s eci ¢ to dense net or s

ome ad-hoc
net or routing a roaches em loy a cluster- ased
hiloso hy  hey structure the ad-hoc net or as at o-
le elnet or inthelo erle el nodesin geogra hical ro -
imity create eer-to- eer net or s n each one o these
lo er-le el net or s atleast one node is designated to ser e
as a gate ay to the higher tier hese gate ay nodes cre-
ate the higher-le el net or outing et een nodes that
elong to di erent lo er-le el net or sis through the gate-
ay nodes lustering schemes are o ten used itha A
A rotocol to reduce the cost o radio listening

luster- ased a roaches do not directly address the energy
dissi ation issues due to the cost 0o radio listening and o er-
hearing although a A rotocol hel s some n addi-
tion they introduce the ne cost o hierarchy ormation and
ossi ly additional cost y orcing communication through
gate ayse en or nodes that could directly hear each other

Although GAF nds redundant nodes ithin each irtual
grid GAF is not a cluster- ased algorithm y usinga li-
cation-le el in ormation GAF can ha e much lo er duty cy-
cles e en than clustering ith a A A GAF also
does not orce the ac ets rom the source nodes to go
through all re resentati e nodes in each grids in order to
reach the destination although it is u to the ad hoc routing
rotocols to nd the ath

oand aidya resented a

ocation-aided outing ( A ) a roach to utili e location

in ormation to im ro e er ormance o routing rotocols in

ad-hoc net or s hey use location in ormation to de-

crease o erhead o routing disco ery y limiting the search
s ace or a desired route

GAF is com ati le ith A as it is ith other ad hoc
routing rotocols GAF s a roaches to energy sa ings are
also com lementary ith thosein A A o timi ations
does not aim to reduce energy dissi ation

Grid location ser ice (G ) ro ides location ser ices
y du licating a node s location in a small su set o other
nodes With the hel o G a node can geogra hically
or ard data to the destination ith the destination loca-
tion A node chooses its location ser ers in a hierarchy o

grids ith increasing si e wuch grid- ased artition is ery
close to the grid used in GAF ince GAF is not a geogra h-
ical routing rotocol there is no need or GAF to ro agate
location in ormation to other nodes Grid system ith ge-
ogra hic in ormation has di erent usein G and GAF it
hel s choosing location ser ers in G hile it hel s nding
node co erage in GAF

A A isa A -leel
rotocol here radios o er o  hen not acti ely trans-
mitting or recei ing ac ets A A a oids the
o erhearing ro lem e discussin ection ut it does not
address the ro lem o energy consum tion hen nodes are
idle  olutions to o erhearing are rele ant ut or radios
ith high idle o er consum tion or suchas e ro ose
ill e necessary

A rotocols ha e een ro osed to reduce energy con-
sum tion in sensor net or s y reducing the duty
cycle these rotocols can trade idle-time energy consum -
tion or latency We elie e A A rotocols ill

ery im ortant or o er-constrained net or s Although

eha enot yet e amined useo oura roacheso er A

rotocols our use o a lication-le el in ormation and node
density can urther im ro e o er conser ation

am amanathan and egina osales- ainin estigated the
ro lem o creating a desired ro lem y ad usting transmit
o erin ad hoc net or deally the to ology control
can reduce energy use in dense net or y controlling the
num er o neigh ors o each node and im ro e connecti -
ityinas arsenet or tst omo ile rotocols and
use similar a roach in AF A to collect neigh-
or in ormation collecting y routing rotocols and attem t
to ee some le el 0 num er o neigh ors o each node
While e elie e that the transmit o er control can ada -
ti ely conser e energy ( resuma ly the idle energy cost can
e reduced too) i the hard are ro ides enough su ort
e are concerned ith the im act on the ad hoc routing
rotocols ntuiti ely the ho - y-ho transmission ith re-
strained transmit o er may lead to ragile route due to
mo ility he a er does not gi e ac et dro s com ari-
son ith e isting ad hoc routings nor does the com arison
under di erent mo ility model

su orts ad hoc net or con guration
mo ile nodes are rought together to orm a net or on the
y also ro ides o er management controls
to allo disa ling the transcei er to conser e energy Al-
though they s eciy ho to turn o the radio they do not
discuss s eci ¢ olicies We ro ose these olicies assuming
the resence o -li e controls or asic and ada ti e
cases

ico et ro oses an integrated design o ra-

dios small attery o ered nodes and A anda lica-
tion rotocols that minimi e o er consum tion hey
reduce o er consum tion ith a ery lo a lication-
de endent duty cycle (their a er doesnots eciy ut re-
sentations suggest intermittent olling ith eriods o to
s o seconds) hey rimarily use local ase stations in-
stead o multi-ho  ireless routing and assume re uent or



continuous node mo ement  heir a roaches are romis-
ing ut e are not a are o a detailed study i ico et

o er consum tion ur or di ers rom theirs y uild-
ing on e isting ad hoc routing rotocols and y ma ing use
o ada ti e delity to reduce o er in dense node con gu-
rations

We ha e re i-
ously descri ed t o algorithms that a 1ly ada ti e delity
to ad hoc routing nli e GAF oth these rotocols
re uire integration ith the underlying ad hoc routing ro-
tocol A o erso nodesinde endent o density hile
AF A sam lestra c toe aluate node density and im le-
ment ada ti e delity We ha e ound that ith location
in ormation GAF is a le to ro ide much etter energy
sa ings that either Aor AF A

A has the same goal as GAF and AF A to con-
ser e energy and increase system li etime y turning o re-
dundant nodes ithout su stantially a ecting the connec-
ti ity o the net or ach A node decides hether to
slee or oin the ac one ased on local to ology in or-
mation A selects coordinators using net or to ology
in ormation ro ided y a geogra hically-in ormed ad hoc
routing rotocol n this sense oth A and GAF ta e
ad antage o geogra hic in ormation ho e er A does
so indirectly

ulusu et al are in estigating the use o ada ti e delity
or locali ation systems Gi en a eld o energy-constrained
eacon nodes she is e amining hat duty cycle o timi es
net or lietime

5. FUTURE WORK

We ha e identi ed a num er o areas or uture or Al-
though e ha e studied GAF under se eral loads and sce-
narios additional sensiti ity analysis o the results is desir-
a le We ouldli etoe aluate GAF sensiti ity to mo ility
models other than random We studied GAF under a rel-
ati ely small num er o tra ¢ nodes wuture or might
consider hea ier tra ¢  arger ranges o location error are

ro a le or some locali ation schemes so studies o larger
error are a ro riate n the other hand e aree loring
algorithms to identi y node redundancy ithout re uiring
location in ormation Finally e only use a set 0 arame-
ters or shado ing models di erent shado ing models are
also ossi le

Additional e loration o net or eha ior as nodes ail
is im ortant When does the net or artition o do
mi eso nodes ithdi erent o era ect theresults hese
results are li ely sensiti e to tra ¢ mi

Finally e erimentation is needed to alidate these results
ith hysical hard are in actual scenarios

Follo ing AF A this is the second ada ti e delity

algorithm e e a lied to ad hoc routing ore or is

re uired e loring the conce t o ada ti e delity in other

conte ts For e am le e ould li e to understand the
er ormance di erence o sensing in dense sensor net or s
hen sensors are only ena led ith some duty cycle

6. CONCLUSIONS

We ha e demonstrated our a roach to energy conser ation

or ad hoc routing o er consum tion in current ireless
net or s is idle-time dominated so GAF ocus on turning
the radio o as much as ossi le

GAF ada tsslee time ased on node location scaling ac
node duty cycles (and so reducing routing delity ) hen
many interchangea le nodes are resent We ha e sho n
that it er orms at least as ell as an normal ad hoc routing
rotocol or ac et loss and route latency and yet it can
su stantially conser e energy allo ing net or li etime to
increase in ro ortion to node density  his sim le add
more to im ro e ser ice eha ior o GAF and ada ti e -
delity are articularly im ortant as the num ers o em ed-
ded de ices and the ratio o de ices to humans increases
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