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Abstract— Geographic forwarding has beenwidely studied as
a routing strategy for large wirelessnetworks, mainly due to
the low complexity of the routing algorithm, scalability of the
routing information with network size and fast cornvergence
times of routes. On a planar network with no holes, Gupta
and Kumar (2000) have shown that a uniform traf c demand
of is achievable. However, in a network with
routing holes (regions on the plane which do not have active
nodes), geographic routing schemessuch as GPSR or GOAFR
could causethe throughput capacity to signi cantly drop due
to concentration of trafc on the face of the holes. Similarly,
geographic schemescould fail to support non-uniform traf c
patterns due to spatial congestion(traf ¢ concentration) caused
by greedy “straight-line” routing.

In this paper, we rst proposea randomized geographicrout-
ing schemethat can achieve a throughput capacity of -
(within a poly-logarithmic factor) even in networks with routing
holes. Thus, we show that our schemeis throughput optimal
(up to a poly-logarithmic factor) while presewring the inherent
advantagesof geographicrouting. We also show that the routing
delay incurr ed by our schemeis within a poly-logarithmic factor
of the optimal thr oughput-delay trade-off curve.

Next, we construct a geographic forwarding based routing
schemethat can support wide variations in the traf ¢ require-
ments (as much as rates for somenodes,while supporting

~ for others).We nally show that the above two schemes
can be combined to support non-uniform trafc demands in
networks with holes.

|. INTRODUCTION

Geographidorwarding basedtechniqueshave beenwidely
suggesteasan ef cient routing methodfor wirelessandsen-
sor networks [26], [11], [14]. A key advantageof geographic
routingis thatthe nodesarenot requiredto maintainextensve
routing tables,and can make simple routing decisionsbased
on the local geographicposition of its neighboringnodes,
i.e., they can choosethe neighbor node that is closestto
the destinationand forward the paclet to it. As the nodes
only needto storethe location of the neighbors,the routing
informationgrows asthe densityof the network ratherthanthe
sizeof thenetwork [12], andhenceis scalableln non-uniform
networks, the geographicforwarding stratgjies may fail due
to circumstancesn which a forwarding node may not have
ary neighboringnodesthat are closerto the destinationthan
itself and may get stuckin routing “holes” or local minima.
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While routing protocolssuchas [11], [4], [14] overcome
the“hole” problemby switchingto a boundarytracingscheme
until geographicforwarding is possible,thesemethodstypi-
cally inducea large numberof paclet routesto sharethe same
spatialregion aroundthe holes,causingsigni cant congestion
along the boundariesand a consequentoss in throughput
capacity In fact, this phenomenonis common to routing
algorithmsthat computethe shortestpaths(w.r.t somemetric
of distance)betweenthe sourceand destinationnodes.Many
popularMANET algorithmssuchasDSDV[21], AODV[22] or
DSR[1(Q are basedon geographicallyshortestpathsor have
excessve communicationand paclet overheads.

Alternately routing algorithms designedfor maximizing
network throughputare typically dynamicalgorithmsinvolv-
ing someform of feedbackand load-balancingFor example,
in [27] a queue-statebasedpaclket forwarding algorithm is
shawvn to be provably throughput-optimalln [8], a distributed
Bellman-Fford like algorithmwith delaybaseddistancemetric
is proposedto improve the averagedelay However, a funda-
mentalissuewith loadbalancingbasedapproachess thetrade-
off betweenstability and corvergencetimes - the algorithms
may be slow to corverge to good solutions,or may become
unstablein the presencef delayedfeedbackinformation[2],
[3]. In the rest of this paper we restrict ourseles to static
routing schemegsuchasgeographidorwarding)that provide
x ed routesand are non-adaptre.

In the context of static routing, currently known schemes
[9], [17] only allow for small variations (within )
in node datarates.However, wirelessnetworks may demand
widely varying datarates,for example,in networks with a
mixture of video o ws and shortmessaging.

In this paper we constructa geographicforwarding based
routing schemefor networks with routing holes that can
supportwide variationsin the trafc requirements as much
as ratesfor somenodes,while supporting ~ for
others.To the bestof our knowledge, this is the rst static
constructve schemethat can support such wide variations
while simultaneoushbeingthroughputoptimal (up to a poly-
logarithmicfactor).

A. Main Contributions
We considera randomplanarnetwork in which  nodes,

eachwith circular radio range of — , are
uniformly and randomly distributed over a unit region. We
allow for a nite numberof constantarea“holes” to occur
on this network, removing ary nodesthat might fall within

the “hole” region. We assume randomlychosensource-



destinationpairs, and de ne a throughput-capacity as
the data-ratethat can be simultaneouslysupportedbetween
all the pairs,andthe delay asthe meantime taken for

a paclet to travel from the sourceto its destination Our main

contributionsare:

1) We study the throughput-capacityand delay perfor
manceof somegeographiaouting schemesn networks
with holes.We show that while an upperboundon the
throughput is — (seenotatiort) geographic
routing schemessuchas[11] cancausethe capacityto
dropto -

We devise a geographidorwardingbasedrandomrout-
ing algorithm(RANDOMWAY) thatachiezesathrough-
put — (lis optimalup to a poly-logarithmic
factor),with a favorabledelay scalingof

which lies on the optimal throughput-delaytrade-of
curve. We alsoshow that the routing informationin the
new algorithmis scalable.

We considernetworks with wide variationsin trafc
demandsbetweensource-destinatiopairs, where some
pairs require a rate of while other nodes re-
quire only  — . While currently known algorithms

[17] supportvariationsin trafc only up to  — ,
we formulate a randomrouting algorithm (RANDOM-
SPREAD)to distribute the trafc 0 ws uniformly over
the region and shav that the schemecan supportany
achievable trafc demand up to a poly-logarithmic
factor

Finally, we provide a schemeo combinethe two previ-
ous algorithmsto supportnon-uniformtrafc demands
in networks with holes.

2)

3)

4)

As our algorithmsare basedon geographicforwarding and
arestatic,the corvergenceimesarebetterthanload-balancing
basedapproachesuchas|8], [27].

B. RelatedWbrk

Geographicrouting for wirelessand sensornetworks has
beenwidely studied[4], [13], [1], [11], [14] in the literature.
In [26], [11], [14], [4], algorithmsfor routing aroundnetwork
holes as combinationsof greedygeographicforwarding and
perimeterrouting or “f acetraversal”arepresentedThe funda-
mentalideais of planarizationandfacetraversalwhengreedy
routing fails due to “holes” or routing local minima. While
in theseschemest is necessaryto maintain the underlying
planargraphstructure,in [6] an ef cient methodto identify
localminimaandconstructoutesaroundthe holesis provided.
In [7], a two phasealgorithmis proposed,n which regions
where greedyforwarding is possibleare identi ed and used
for routing in the next stage.

In the context of network holesandits effects,[23] analyzes
the connectvity of the network in the presenceof holesand
provides a condition on the topology that ensuressufcient
number of edge-disjointpaths betweennodes.In [12] the
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Fig. 1. Occurrenceof holesin WirelessNetworks

authors shav that non-uniform radio patternsmay induce
incorrectplanargraphsand can causethe routing to fail.

While the throughputcapacityof networks with holeshas
not beenexplicitly studied,the resultsin [9] provide anupper
bound on the throughput-capacityf arbitrary networks, and
optimal throughputdelay trade-ofs are characterizedn [25],
[16], [5], [19]. In recentwork, [17], [20] show thatthethrough-
put capacity of arbitrary networks can be studiedin terms
of the “min-cuts” of the network [15]. While therehasbeen
much study on ef cient geographicrouting methodsas well
ason throughputcapacityof wirelessnetworks, a systematic
investigation of the effect of geographicrouting stratejies
on network throughput and delay has not been explored
previously. In this paper we characterizéhe throughput-delay
performanceof somerouting schemesdiscussedabove and
demonstrata geographyasedoutingalgorithmthatis “near
optimal” in the presencef holesandcanbe readily extended
to non-uniformtrafc requirements.

Il. SYSTEM DESCRIPTION
A. NetworkModel

We considera two-dimensionalmodel of the network in
which static nodesare uniformly and randomly distributed
over a unit toroidal region (to avoid edgeeffects). The nodes
are assumedio have a uniform circular transmissionrange

of —— , where correspondgo the density
of nodesin the network. Thus, relatesthe scaling of
the transmissionradius to the growth in network size. The
connectvity amongthe nodesis regulatedby the transmission
radius,i.e.,anodeis assumedo be connectedo all nodesthat
lie within its radio range . It hasbeenshown [9] thata

transmissiorradius of is sufcient for
the network to be connectedn the large-noderegime, andthe
resultassureghat the numberof nodeswithin the radiorange
of any nodegrows to in nity asymptotically

To model the effect of network “holes” due to various
factors such as the presenceof physical obstaclesclusters
of failed nodesetc., we allow for the occurrenceof holes
of various shapesover the unit region where the nodesare
deployed. For our analysis,we considerthe class of hole
shapesand placementsas follows. ConsiderFigure 1.

Assumptior2.1: Hole placementsLet bethe sideof the
smallestsquarethat containsthe hole , and be



the side of a larger concentricsquarearoundthe hole. Then,
no other hole can be placedsuchthatits outer square
canintersectwith that of hole . Furtherthe outersquare
of any hole cannotintersectwith the boundarieof the unit
square.

Assumptior?.2: Hole shapes Considerthe tiling of the
unit region by squaretiles of dimension for somesmall

. Then the holes are measurableby thesetiles (they

arethe union of contiguoustiles). Further any node in the
interior of the -squarecanreachary pointin a squareof size
— in the annularregion betweenthe andthe -squares
by straightline not intersectingthe hole. For an illustration,
see gure 1.
Notethatthe fundamentaproblemof geographiaouting with
network holes(e.g.local minima) exists evenin this restricted
setof holeshapesWe allow for ~ suchholes( nite humberof
holes,thatdo not scalewith the network size)to be arbitrarily
placedon a unit region, andassumehat the nodesthatfall in
theinterior of the holesareremovedfrom the network. Notice
thatdueto therestrictionson the hole placement@andshapes,
thereis a non-vanishingfraction of the unit region thatis not
obscuredby the holes, and hencethe numberof remaining
nodesin the network is (with high probability). Also,
the radio rangeof as de ned earlieris still sufcient
for the connectvity of the surviving nodes(w.h.p).

B. Trafc Model

Similar to the uniform trafc model proposedin [9], we
assume randomsourcenodesand randomly (uniformly
and independently)choosedestinationnodesfor eachtrafc
sourcenode.lf the sourceor the destinationnodeof a traf ¢
o w is removed dueto the occurrenceof a network hole, we
disrggardthetraf ¢ introducednto the network by such o ws.
We de ne the throughputcapacityof the network asfollows.

De nition 2.1: Thethroughputcapacity of a network
is de ned as the maximum data-ratethat is simultaneously
achievable by all surviving source-destinatiopairs.

Also, we considerthe protocolmodel[9] to capturethe inter
ferenceeffects of simultaneouslytransmittingnodeswhich is
recalledbelow.

De nition 2.2: A transmissionbetweena node and its
receving node is assumedo be successfuif
and for some for all

othertransmittingnodes

We de ne the pacletdelay asthe averagetime taken by
the routing algorithmto travel from the sourceto its destina-
tion averagedover all source-destinatiopairs. Since paclets
can travel only distancedesserthan the radio rangein ary
single step, communicationbetweenary source-destination
pair is through multi-hop paclet relaying. Thus, the average
delayfor a packet canbe seenasthe MAC delayat eachhop
summedover all hopsin the paclet-route.When the traf c
patternsare uniform over the network, the queuingdelay at
intermediatehopsis uniform for all o ws (andhops)andthe
paclet delaysare proportionalto the numberof hops.

Region B - destinations

Congested
region

L
Network Hole

Region A - sources

Fig. 2. Congestionaroundthe boundaries Effect of perimeterrouting.

I1l. LoSs OF THROUGHPUT WITH PERIMETER ROUTING

In this section,we studythe throughput-capacitproperties
of somelocation-basedouting schemesMany geographido-
cationbasedoutingschemesuchasGPSR[11], GOAFR[14],
GEDIR[2§ utilize perimeteror facerouting basedstrateies
to routearoundnetwork holes.The representatie ideabehind
theserouting stratejiesis describedbelow.

(i) Packets containingthe position of the destinationnodes
are forwarded greedily to neighboring nodesthat are
closerto the destination.

When greedygeographicforwarding fails due to nodes
thatdo not have ary neighbomodescloserto the destina-
tion thanitself (the nodeis a local minima), the routing
schemeswitch to a perimetefrouting mode.

In thismode,anodeA onreceving a pacletfrom another
nodeB, checksto seeif it is closerto the destinatiorthan

. If yes, it revertsbackto a greedyforwardingscheme.
Else,it sweepzounterclock-wisefrom thedirection
andidenti es neighbornode asthe rst nodefoundin
this searchlt thenchooses asits next-hop neighbor

Fundamentallythe basic stratggy commonto mary such
routing stratgiesis to follow the boundaryof the hole until
greedy forwarding is possible. While these stratgjies are
scalablewith respecto routing information (nodesonly need
to storelocationinformation of the neighboringnodes),they
causesigni cant amountsof network congestionalong the
boundariesof the network holes, since the routing scheme
requiresthat all o ws with the sourceand destinationacross
the network hole be routedaroundthe boundaryWe formally
shav that even with only one simple shapedhole in the net-
work, GPSRbasedface-routingstratgyiescausea signi cant
dropin throughputcapacity

Theoem 3.1: Considera singlesquarehole (asin gure 2)
at the center of the unit region, with nite area. Then,
under the protocol model and uniform trafc assumption,
the throughput that can be supportedfor GPSR-lile
stratgies is . Further the averagedelay

where is the sizeof the

paclet scalingwith the network size

Proof: Dueto spaceconstraintsye only provide a sketch
of the proof. We shav that a sizeablefraction of the trafc
have sourcesand destinationnodesare on the oppositesides
of the holesanddemonstrat¢hat GPSR-lile routing strategies
induceall pacletsto ow throughthe region in the vicinity
of the boundaryof a network-hole,causinga reductionin the
throughput-capacityConsiderthe subsef source-destination
pairs with sourcenodesin region  andtheir corresponding

(ii)

(i)



Field Name
WAYPOINT-NUM

Functionality
Numberof waypointsto traverse
beforereachingdestination

NEXT-DEST Location of the next waypoint
FINAL-DEST Locationof the original destination
DATA Messageo the destinationnode

TABLE |
FIELDSIN THE HEADER OF THE PACKET.

destinationdn region  (see gure 2). Sincethe regions
and have a non-vanishingfraction of area,the numberof
suchsource-destinatiopairsis (with high probability)
asthe sourceand destinationnodesare uniformly distributed
over the unit region.

From the constructionof the regionsandthe network hole,
it followsthatnoneof thetrafc o ws have greedygeographic
pathsto their destinations.Notice that in all schemesthat
utilize perimeterrouting, all the trafc o ws travel through
the narronv region (with a thickness of , the radio
range)aroundthe edgeof the boundaryin a counterclockwise
direction.As 0 ws have to travel throughthe boundary
assumeNLOG thatthe routespassthroughthe narrav
strip of length on the right (as indicatedin gure 2),
and considerary tile of size on this strip. As
the protocol model allows only one paclet within the tile to
transmitin ary giventime-slot,the bestachievablethroughput
capacityis  — . Further for non-vanishingfraction of the
trafc throughthe strip, the numberof hopsfor ary paclet
throughthis crowdedstripis —— andthe delayat each
hop is , Where is the paclet scaling. It
follows that the averagedelay —

. Thus,the delaydueto GPSRIike stratgjiesis
noton the optimalthroughput-delagurve (by setting
we can comparewith resultsin [5]). ]
Remark3.1: Note that the above resultcan be generalized
to ary holethat containsa squareregion of non-zercarea(this
includes“allowable” holesin Sectionll).

IV. RANDOMWAY ALGORITHM

In this section, we describe our randomized multipath
routing algorithm that can achieve nearoptimal throughput-
capacity evenin the presencef network holes.The algorithm
takesasinput the numberof nodesin the network, the paclet
to be sent,aswell asthe numberof holes.

The paclet, in additionto the datapayloadandthe destina-
tion location, is assumedo have a few extra elds for facil-
itating our algorithm. These elds are provided in Table IV.
Noticethatthe sizeof the packetdoesnot grow with thesizeof
the network. Considerthe rst pacletin all the sourcenodes.
The algorithmis asfollows:

1) Thesourcenodefor every trafc ow creates

copies of its paclet to send.It chooses in-
dependentand uniformly distributed points from the
unit region and setsthe NEXT-DEST eld to the ran-
domly generatedocation in eachof thesecopies.The
WAYPOINT-NUM s setto in all the paclet
copies.

R log(n) branches

Random Waypoint =1 Random Waypoint = 4K

Fig. 3. Thebranchingstructureof the paclet beforereachingthe destination.

2) The paclets are routed from the sourcein a
greedy geographicmannerto the location in NEXT-
DEST.

A node,on receving a paclet, checksif it is the NEXT-
DEST location.If it is notthe NEXT-DEST location, (i)
it searchesvithin its neighboringnodesfor the nodethat
is closestto the NEXT-DEST location,andforwardsthe
paclet to that node. (ii) If noneof its neighbornodes
arecloserto the NEXT-DEST thanitself, the nodedrops
the paclet.

If it is the NEXT-DEST location, (i) it checks if
WAYPOINT-NUM 1. If yes, it sets WAYPOINT-
NUM = WAYPOINT-NUM - 1, and makes
copiesof the paclet and again generatesuniform and
randomlychosenlocationsfor the NEXT-DEST in each
of the paclet copies,and forwards them greedily (ii)
If WAYPOINT-NUM = 1, the node setsNEXT-DEST
= FINAL-DEST, WAYPOINT-NUM = 0 and forwards
the paclet greedily (iii) If WAYPOINT-NUM = 0, the
paclet is recevved at the destination.

3)

4)

Thus,the algorithmcreates copiesof the rst paclet
at the sourceand sendseachof themto a randomwaypoint
by greedygeographicrouting. If the greedyforwarding fails
due to a network hole, the paclet is dropped.The paclet
on reaching the random waypoint node, creates

further copies and sendseach of them to their randomly
chosenwaypoints. Thus, we createa branchingtree of ran-
dom waypoints,of depth and degree (see
gure 3). Note that eachcopy of the paclet travels greedily
to intermediatedestinationsheforeit reachedts original
destination.Subsequenpaclets follow the sameroute asthe
rst paclet.

V. ANALYSISOF RANDOMWAY ALGORITHM

In this section,we shav that our algorithm achieves a
throughputcapacity that is only a logarithmic factor away
from the best-casecapacity for a network with holes. We
also shawv that our algorithm provides boundeddelay that
is comparableto the delay incurred in a network without
holesandwith straight-linerouting, i.e., it is orderwise delay
optimal. Further we shov that the routing information that
needsto be storedin the nodesdoesnot increaseappreciably
with the network size, i.e, the routing information remains
scalable.



A. ThroughputOptimality

In orderto comparethe throughput-capacitperformancef
our routing algorithm,we rst provide a generalupperbound
on the the best-caseapacityin networks with holes,andthen
shav that throughputachiezed by our schemeis only smaller
by a poly-logarithmicfactor

Theoem5.1: Considera uniform randomplanarnetwork,
with allowable holesin it and assumea uniform trafc
pattern(as describedn Sectionll). Then,underthe protocol
model for interference the best casethroughput-capacityf
the network satis es —

The above theoremis a restatemenbf the resultin Thm
2.1[9] whereit is shavn thatan upperboundon the transport
capacity of ary arbitrary network is " bit-metersper
second.Since by our uniform trafc model, the sourceand
destinationsare a non-vanishing distanceaway from each
other, it follows that by distributing this transportcapacity
to the o ws, the data-ratethat can be simultaneously
achieved by all the o ws canbe no morethan — .

We now demonstrate that a throughput-capacity of

— for some is achievable by our
algorithm. To avoid technicalcomplicationsdue to edgeef-
fects, we assumethat the network is a unit toroidal region.
Note that with this assumptionthe network nodes/tilesare
symmetricallydistributed with respectto the traf ¢ patterns.

Theoem5.2: Let bearandomnetwork over a unit torus
with (a nite number)allowable holes placedarbitrarily,
and uniformly distributedtrafc o ws. Then,the randomized
algorithm RANDOMWAY achieves (almost surely) a
throughputcapacity of — simultaneouslyfor
all source-transmitterpairs, under the protocol model for
interference.

Proof: The proof follows in three steps.(i) We shav
thatfor all sources andtheir correspondinglestinations
the algorithm ensuresthat at least one packet-route from
reacheshedestination viathe intermediatalestinations.
(i) We constructa tiling of the unit region with tiles of side

andshaw thatthe numberof paclet routesthroughary
suchtile is upperboundedby ~ . (iii) We demonstrate
a schedulingschemethat canachieve a throughputof ——
for eachsurviving paclet route.

Proof of (i): Considera tiling of the remainingareaof the
unit region (after the placementf the holes)by tiles of size
—. From Assumption2.1 on the placemenbf holes,we
seethatthetiled regionswill remainconnectedn the presence
of holes.That s, there exists a sequenceof contiguoustiles
to travel from ary tile to any other Since3 straight-linepaths
are sufcient to go aroundary allowable hole (see gure 1),
we have the following claim.

Claim 1: Givenary source anddestination , thereexist
tiles suchthat liesin , liesin
andtile is reachable(i.e., a straight-linepaththat doesnot
intersecta hole exists) from for all .
(Evenif therearelessthan holesin between|t is possible
to split a straight-linepath into smaller straight-linepathsso
that thereare exactly tiles betweenthe two nodes.)

From our assumptioron the hole shapegAssumption2.2)
thereis a — — tile suchthat can be reachedfrom
ary point within this tile. Similarly, thereis a tile suchthat
ary point within this tile can be reachedfrom . Without
loss of generality we assumethat the tiles are  and
respectiely.

From step 4 of our algorithm where a randomwaypoint
at depth depth greedily forwards the paclet to the
nal destination,t follows thatthe probability that no pathis
createdto the destination , No pathto

where is the event no surviving waypointsof depth in
(i.e, thosenot killed in Step3(ii)). Notice that
@
2
where is an upper bound on the probability that no
randomwaypointof depth waschosenn given
that therewas onein . Sincewe choose points
independentlyat random,the probability that was not
chosenj.e.,

— . 3

for some . Thus,
— 4

Note that as the bound on (similar to (3)) is

independenbf , we canrecursvely useEquation4 to shov
that — for some By a union bound
over all the sourcedestinationpairs, and for we see
that

No path between — (5)

andhenceby Borel-Cantellislemma  is almostsurelytrue.
Proof of (ii): We constructa tiling of the unit region by
tiles of size . Considerthe scenariovhereall the
nodesremovedby the hole placementarereintroducedn the
network, i.e, they areallowedto have their own traf c andalso
forward paclets from othersourcesThen,given ary tile, the
RANDOMWAY algorithmwould only createmore*“lines” (or
paclet routes)thanthe scenariovhenthe nodeswereremoved
by the holes. This occurs because(i) the number of tiles
coveredby a sources pacletis only increasedy removing the
holesas RANDOMWAY algorithm drops paclets on hitting
a hole, (ii) the reintroducednhodesoffer additionaltraf c that
increasethe numberof paclets. We shav that even in this
scenario,the number of pathsthat passthroughary tile is
boundedabove by .
Let be the
created betweenthe source
RANDOMWAY (n,K). Let be the line sggmentjoining
the points and . We dene as the set of all
line seggmentscreatedby our algorithm for routing paclets

between and . That is,

random waypoint at depth
and destination by




Let be a Bernoulli randomvariable with
if tile ——— was touchedby ary line
elementof 2, By symmetryof the

uniform traf ¢ patternassumptiorover the unit torus, all tiles

are equally likely to have beentouchedby . We

now constructa collectionof i.i.d Bernoulli randomvariables
_ with

w.p

w.p

where is chosento satisfy
Total tiles touchedby ary line in ©)
Total numberof tiles '
Sincethe and areBernoullirandomvariablesand
is lessthan (by constructionand
the de nition of ), we have that , for all

where denotesstochasticordering[24].
Observing that the total number of lines in
is and that no line can cover more than
~ tiles, Equation 6 is satis ed by choosing
Using the above constructionwe shav an upperboundon
thethe numberof pathspassinghroughary tile. Givenary tile
, let be the numberof source-destinatiopairsthatgen-
eratea line thattouchedile . Notethatfor arny givenconstant
, and

. Notice that for ary given

is a sumof independentandomvariables,and
thatfor each stochasticallydominates . From
Theoreml.A.3 of [24], stochasticallydominates
, andinequality (b) follows.
By the bound on sums of i.i.d Bernoulli random vari-

ables [18],

By our de nition of in Equation 6,
—————— andby choosing , we get

()

Thus, the probability that was greater than
" is exponentially small. Since the

total number of lines created between ary source
destination pair is , the
number of paths passing though ary tile is at most

Sdedulingscheme(iii): Considera time interval of length
. By our protocol model, a transmitting node in a tile
preventsonly at mosta x ed number of neighborsfrom
transmittingsimultaneouslyFrom the techniqueusedin [9],
each tile can be colored with one of colors such

2Although the randomvariable  is a function of the network size,we do
not explicitly denotethis, for notationalease.

that no two interfering tiles have the samecolor. Thus, each
tile can transmit for a x ed fraction of the
interval. Sincethe numberof paclet routesis no more than
- , eachroute can be provided a fraction
— of the time and hencea throughputof

_ is achievable. [ |

B. Delay Properties

In recentresearch,[5], [16], [19] have characterizedhe
best-achieable capacity-delaytrade-ofs for static wireless
networks. It is shavn that in networks without mobility,
the best achievable throughput-delaytradeof is

when paclet sizesscalesproportionally with the
throughput.We note that for network with holes, the above
relation provides an upperboundon the optimal throughput-
delay trade-of, as routing is restrictedto the classof algo-
rithms that do not allow pacletsto travel throughthe “hole”
regions.

Here, we shav that a delay
for some is achievablewith our algorithmfor paclets
of size , which is only a logarithmicfactor greaterthan
the optimal delay achievable when paclet sizesare scaledas
in [5].

Theoem5.3: The averagepaclet delay for a paclet

of size betweerary source anddestination is upper
boundedby , for some .
Proof: By (i) of Theorem 5.2, there exists a path

betweenevery sourceand destination.Since ary pathis a
concatenatiorof lines, the numberof tiles traveled
by a paclet is no more than ——. Also, by (ii) of
Theorem5.2the numberof pathsthroughary tile is no greater

than . Since each paclet needsto wait only for
N in eachtile and numberof tiles
to travel is at most—— it follows thatthe pacletis delayed

by no morethan seconds. ]

This resultshaws that the delay performanceof our RAN-
DOMWAY algorithm is away from optimal only by a poly-
logarithmicfactor

C. Scalability of routing information

In routing schemesthat operate with greedy forward-
ing alone (including boundarytracing/perimeterouting), the
amountof routinginformationthatis requiredat a nodeis only
the location of its neighboringnodes.In our network model,
thenumberof neighbomodesfor arny nodess atmost

as the radio rangeis —— . For the RANDOMWAY
algorithm,the requirementf routinginformationis increased,
as the nodesthat are way-points for ary paclet need to
remembethe correspondingiext randomway-points(

of them) for that paclet route. However, we see that this
increaseis not signi cant.

Notice that the total number (over all paclet routes) of
randomwaypointsare and are uniformly
distributed over the unit region. This implies that there are
no more than way-pointsin ary tile of side

. In the worst-casescenario,all the way-points might



be chosento be at the samenode,in which casethe routing
informationit needsto storeis

wherethe rst termis theroutinginformationto store
theneighborocations,andthe secondermthenext waypoints
for all the pacletsthat chosethe nodeas a way-point. Thus,
the routing informationfor ary nodeis

VI. ROUTING FOR NON-UNIFORM TRAFFIC PATTERNS

While the analysisin the previous sectionshad assumecda
uniform trafc pattern,in mary scenarioghe trafc demands
could be non-uniformand the requirementsnay vary widely
from onenodeto anotherFor example,suchpatternscould be
seenin alarge network wheretherecouldbe o ws demanding
much larger bandwidththan others(e.g., a mixture of video
o ws and short messaging)In recentresearchapproaches
have beenmadeto characterizeéhe traf c patternshatcanbe
supportedn arandomplanarnetwork. In [17], authorsdemon-
stratethat variationsin traf c demandof the orderof —
are supportable by using a Valiant-Brebner[28] schemeto
distribute a sources load to all other nodes,andthen solving
a uniform multicommodity o w (UMF) problem[15]. We also
notethatthe solutionto this problemis nonconstructie andis
basedon the dual graphof the network. We however notethat
the motivationin [18] is differentfrom ours. The objectie in
[18] is to study a wide class of networkmodelsby reducing
themto UMF problemsHowever, this approactonly supports
“small variations”in trafc rates.

On the other hand, we provide a constructve scheme
(RANDOMSPREAD)to distribute thetrafc o ws uniformly
over the region and shav that the schemecan supportany
achievabletraf c demandincluding variationsin traf c),
up to a poly-logarithmicfactor To the bestof our knowledge,
thisis the rst constructve schemehatcansupportsuchwide
variationswhile simultaneoushbeingthroughputoptimal (up
to a poly-logarithmicfactor).

Let be the traf c demandbetweensource and desti-
nation andthetrafc matrix de ne thetrafc demandof
the network. Then,we shaow thatif atrafc requirement is
feasibleunderary routing algorithm,the RANDOMSPREAD
algorithm can achieve the rate matrix (up to a poly-
logarithmic factor less). Also, the advantageousproperties
of the original algorithm viz. boundeddelay minimal per
noderoutinginformationandrobustnesgo locationerrorsare
presered.For simplicity in presentationwe usethe following
simpli ed two level traf c modelto analyzethe performance
and do not considerthe presenceof holesin the network.
Later, we shaw that this can be extendedto a generaltrafc
model.

Assumptiorb.1: Traf c Model: We considera network on
the unit torus, with  nodesuniformly and randomly dis-
tributedoverit. Thereareno holesin this network. Thetrafc
is generatecby — randomly chosensource-destinatiopairs
with the following properties.

1) Eachsource-destinatiopair is generatedy throwing a
line randomlyon the unit region, the length of the line
could comefrom ary arbitrary distribution on

2nd waypoint (randomly chosen)

Destination

1st waypoint (randomly chosen)

Fig. 4. Two way-pointrouting for non-uniformtrafc

2) Each sourcecould either be a Type-a sourcewith a
trafc requirementof = — or Type-b sourcewith a
requiremenif

3) Thedistribution of thetwo kindsof loadsoverthesource
nodesis arbitrary.

4) The distribution is such that there exists a feasible
routing schemethat supportsthe traf ¢ patterns.

RANDOMSPREAD(N,): Type-a nodes send their paclets
directly to the destinationby greedygeographicforwarding.
Dueto the absencef holesin this model, greedyforwarding
is successfulType-b nodescreate ~ routessimultaneously
to the destinationgachusinga threemeta-hoppath,asshovn
in gure 4. Thatis, for the rst pacletin eachroute,thesource
chooses 1standa2ndwaypointby throwing aline atrandom
andthe paclet is nally routedbackto the destinationfrom
the 2nd waypoint. Subsequenpacletsfollow the route of the
rst packet. We now shaow that the algorithmis optimal.

Theoem6.1: Let be a trafc matrix satisfying the

propertiesof our trafc model. Then, algorithm RANDOM-
SPREAD achieves a rate of (a.s), for all source-
destinationpairs
Proof: Theprooftechniqueas asfollows. We tile the unit
torusregion by tiles of side . We shaw thatthenumber
of paclet routesthroughary tile is no morethan ~ . By
the schedulingscheme(part (iii) in proof of Theorem5.2)
this allows a throughputof = — per each paclet route.
Sincethe RANDOMSPREADalgorithmincreaseshe number
of pacletssimultaneouslyransmittedby type-bsourceqby a
~ factor), the throughputachieved by the type-b sourcesis
T — . It remainsto be shavn that the number
of paclet routesthroughary tile is indeedupperboundedby

We now partition the paclket-routesin the network into 4
disjoint classes.

. Packet routesgeneratedby type-asourcenodesto their
correspondinglestinations.

: Outwardlinesradiatingfrom type-bsourcenodesto their
rst intermediateway-point.

. Inwardlines radiatinginto type-bdestinatiomodesfrom
their last intermediateway-points.

. Therestof the paclet routesgeneratedetweenthe rst
and the last intermediateway-pointsfor type-b source$
paclets.

The numberof routesthroughary tile is the sumof theroutes
of eachclass throughit.

Claim 2: and are -

(almostsurely).

, for some
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Fig. 5. Concentrictiles in the proof of Theorem6.1

Proof: For : Note that as the requirementof type-a
nodess — , only onepaclet (line) pernodeis sent.Since
the numberof type-anodesis lessthan , andthe source
and destinationnodesare randomly distributed, the load per
tile is obtainedby dropping lines (accordingto the traf ¢
model) randomlyon a unit torus. The boundon the number
of lines througha tile of , by dropping

linesis at most (from Lemma4.13 of [9]).

For : By the upperboundon the transportcapacity[9],
~, it follows that there can be at most ~ type-b
nodes.Eachof thesenodessendout ~ packetsand choose

a randomsecondand third waypoint (see gure 4) for each
paclet. Thesewaypointsarechoserby droppingarandomline
(with propertyl of Traf c model)andselectinghe endpoints.
Thus,the  trafc generatedby type-b nodesis equialent
to throwing lines randomly Again, by Theorem of [9] it
followsthatthe trafc pertile is nomorethan .
[ |
Noticingthat isanalogouso it isnow sufcient to shov
thatthetrafc in ary tile is ~ . Considerary tile and
constructtoncentricsquaresaroundit asin gure 5. We de ne

the following collection of setsasfollows. let tile
Neighborsof all tiles in (8)
Let bethe numberof type-bsourcesnside
Claim 3: ——, for some

Proof: From Assumption6.1 (property (1)), the des-
tination node for each type-b source within any box
is outsideit. Also, from (4) of Assumption6.1, since the
trafc distribution is achievable, the trafc demandof the

nodesinside  cannotexceedthe min-cut capacityof edges
leaving the . Sinceeachtile canat mostsupporta constant
throughputof andthe numberof tiles in the perimeter

is no morethan (thetiles on the boundaryof
arethetiles thatcantransmitacrosshe perimeter) Sinceeach
type-bnodehasa trafc demandof ~, the numberof such
nodesinside  cannotexceed for some .

Now we considerthe load due to
on tile , i.e., we countthe numberof lines (paclket-routes)
through dueto all thetype-bnodeswithin . (We shall
shawv later that the load due to all type-b nodesoutsidethe

___ is alsoof the sameorder).

Recall that there are  nodes uniformly distributed in
the network. We constructsectorsof angularseparation—

aroundeachnodewith a common  angle (x-axis) for all
nodes(i.e., thereare ~ sectorsfor eachnode). Consider
ary node , andsuppose ~ randomlines radiateoutwards
(i.e., the destinationend of each of the lines is uniformly
random).We obsene that the probability that thereare more
than lines in ary one of the sectorsis exceedingly
small (  —). Since there are only a total of  nodes
(and thus, at most  type-b nodes),and eachnode has
sectorsjt now follows (usinganunionbound)thatthe number
of lines radiating outwards from ary of the (type-b) nodes
and through ary of its correspondingsectorsis uniformly
boundedby , with a probability that decaysat least
as fast as Choosing and from Borel-
CantelliLemma,we have the above propertyholding almost
surely Thus, without loss of generality in the rest of the
proof, we will assumethat the maximum number of lines
radiatingoutwardsfrom ary type-b nodeandthroughany of
its correspondingectorsde ned above (eachof angle —) is
no morethan

Now, considera type-b nodeat a distance from the tile

(i.e, a node in but not in ) and let be the
numberof linesthroughtile dueto this type-bnode(i.e, the
numberof outward radiatinglines from this type-b nodethat
intersectgile ). Then,from thediscussiorabore andstraight-
forwardgeometricargumentgessentiallycountingthenumber
of sectorsof the type-bnodeat distance thatcan“cover” tile

),

— C)
for all —— for some( nite) x ed
Let bethenumberof type-bsourcesn . Then,
. The total numberof lines throughtile due
to type-b sourcenodeswithin box s lesserthan
s.t. (10)

We provide an upperboundon the numberof lines through
a tile by maximizingthe sumin Equation10 asfollows.

s.t

(11)

Using standardoptimization techniques,we can bound the
above ILP (by anLP relaxation)to obtainthe following result
(we skip the proof due to spaceconstraints).

Claim 4: The solution provides
an upperboundfor the costfunctionin Equationl11.
Substitutingthis optimalsolutionin Equationl1 andobserving
that the cost function grows as the sum of a harmonicseries
(andhence ), the numberof lines throughtile due
to sourceswithin ___ canbe no morethan  (a.s).

We now considetrthe effect of all type-bsourcesoutsidethe

_ box.Let bethenumberof type-bsourcesoutsidethe
box. By [9], the transportcapacityfor ary arbitrary network
is no morethan ~ ,andhence ~. By Equation9,



it follows that for ary sourceoutsidethe
of linesthroughtile canbe no morethan
contrikution of type-bsourcesutsidethe box is
By utilizing a schedulingschemesimilar to proof of (|||)
in Theorem5.2, eachline can be provided a throughputof
— , andhenceall the traf c demandsf both type-aand
type-bnodesare satis ed. ]
Remark6.1: The above proof can be generalizedo showv
thatary achievableratematrix , with uniquesourcedestina-
tion pairs ( ) can
be supported(up to a poly-logarithmic factor) by our algo-
rithm. The RANDOMSPREADalgorithmis modi ed so that
all sourcesaretype-b,andary source sends
pacletsout at ary instant.By reformulatingthe optimization
problemof (11) with  equalto the numberof padets/lines
generatedy type-bsourceswithin a similar bound
on the numberof pacletsthroughary tile canbe shown.

__, the number
. Thus,the

A. ExtendingNon uniform trafc to Networkswith Holes

In Section IV, we demonstrateda randomizedrouting
algorithmto supportuniform traf ¢ in the presencef routing
holes,and in SectionVI a methodto supportnon uniform
traf ¢ in uniform randomplanarnetworks. Here, we provide
an algorithmto combinethe two scenariodo provide routing
support of non-uniform trafc demandsin networks with
holes.Considerthe following scheme.

Extended RANDOMWAY (n,K): The modi cation to the
RANDOMWAY (n,K) is only at the sourcenodes.The be-
havior of the forwarding nodesor the intermediaterandom-
waypointsis unchangedIf the sourcenodeis a type-anode,
the algorithmis unchangedi.e, the sourcecreates
copies of the single paclet and sets the variablesin the
paclet headeras describedin SectionlV. If a sourceis a
type-b node with trafc requirement,then the source
transmits paclets simultaneouslyby executingthe
RANDOMWAY algorithmfor eachpacletindependentlywith

_ waypoints.Thatis, for eachuniquepaclet
the sourcecreates copiesand forwards
themto random-vaypoints.

The above algorithm can be shavn to supportarny achiev-
able non-uniform rate matrix, even with network holes. A
formal proof is omitted due to spaceconstraints.The algo-
rithm's operationis similar to the RANDOMSPREAD,where
nodeswith highertrafc requirementsendout more paclets
in proportionto their demandsTo facilitate the point-to-point
routing (required by RANDOMSPREAD), the intermediate
nodesusethe RANDOMWAY algorithmto get aroundpossi-
ble holes.

VIl. CONCLUSION AND FUTURE WORK

In this paper we presentedalgorithmsfor throughputop-
timal routing in networks with holesand non-uniformtrafc.
Our algorithmspresere theinherentadvantage®f geographic
routing suchas scalabilityandfastcornvergencewhile provid-
ing betterthroughput.n future,we will extendthe analysisto
networkswith alargerclassof holesandalsowill characterize
the performanceaundererroneousggeographidnformation.
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