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Abstract— We address the routing problem in multi-hop
wir eless networks and present a multipath delay-adaptive
loop-free protocol with low overhead and elegant imple-
mentability. In earlier work regarding Wardr op routing, a
distrib uted adaptive schemeusing delay feedback was pro-
posed and analyzed. In equilibrium, it results in all utilized
paths fr om source to destination having the samedelay, which
is lessthan that over unutilized paths.

In this paper, we attempt to reduce loops when Wardr op
routing is used. We also present a completely distrib uted
distance-vector lik e delay measurement schemefor Wardr op
routing. The result is a protocol that is completelydistrib uted,
delay-adaptive, and guaranteesloop-freedom.

Simulations indicate that the protocol is able to re-route
�o ws to “avoid” each other, and boosts thr oughput perfor-
mancein wir elessnetworks. A working implementation of the
protocol on the Linux 2.4.20-6kernel is undergoing testing.

I . INTRODUCTION

In this paper, we investigate multipath Wardroprouting
in wirelessnetworks.TheWardropequilibrium[1] was�rst
studiedin a transportationcontext:

1) Wardrop's �r st principle: Thepacket delaysalongall
usedpathsbetweensourceanddestinationare the same.

2) Wardrop's secondprinciple: The delay along used
pathsis smaller than or equal to the delaysalong unused
paths.

The protocolpresentedhereis basedon earlierwork for
multipath routing using the STARA routing algorithm [2],
where every node in the network maintainsa probability
vector for routing packets to the destinationthrougheach
of its neighbors.The probabilitiesareupdatedusingdelay
estimatesobtainedin packet acknowledgments.The proba-
bility updateschemeis statelessandfully distributed:nodes
updatetheir probabilitiesto a destinationindependentof the
sourceof the packet. In [3], the probability updatelaw was
modi�ed to preserve the sum of componentsat unity, and
Cesaroconvergenceto the set of (� -approximate)Cesaro-
Wardropequilibria wasproved.

The STARA algorithm presentedin both paperssuffers
from practical problemswhich render its implementation
dif�cult:

1. In equilibrium, STARA producesloop-free routes.
However, packetscan loop aroundbeforeconvergence.
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2. Theproposeddelaymeasurementschemerelieson the
useof per-packet ACKs to carry delaymeasurementsback
to sources(and intermediatenodes).Network layersin the
Internetdo not have end-to-endACKs.

We proposethe following modi�cations to STARA to
make it easierto deploy:

1. We proposefour variantsof STARA to provide better
control of packet pathswhile the algorithm is converging.
Thesevariantsprovide differentboundson the packet path
length and one of them is loop-free. All these variants
converge to the appropriatelyde�ned Wardropequilibrium.

2. We proposea completelydistributed delay measure-
ment mechanismto replacethe ACK-basedschemepro-
posedin STARA. The mechanismretainsthe immunity to
clock offsetspresentin STARA. It consistsof a light-weight
link delaymeasurementprotocolanda distance-vector like
neighborhoodbroadcastof averagedelay information.

To understandthe behavior of the protocol, we have
carried out extensive ns-2 simulationsof STARA and its
variants.In a broadcastmedium like wireless,contention
for the channel is the bottleneck to performance.Our
simulationsindicatethat in suchenvironments,STARA is
able to causeinterfering �o ws to “avoid” eachother and
boostsperformance.STARA is thusanattractive choicefor
large highly-utilized staticwirelessnetworks.

Finally, we have built a working implementationof the
STARA routing protocol as a userspacedaemonthat runs
on a custommodi�ed Linux 2.4.20kernel.

I I . RELATED WORK

A large numberof protocolshave beenproposedto �nd
loop-freeroutesto destinationsin mobileenvironmentswith
minimal routing overhead.Theseinclude pro-active [10]
andreactive ([8], [9]) routing protocols.

Variousmultipath extensionsof existing reactive proto-
cols have beenproposedin the literature([11], [12], [13],
[14], [15]). Packet delivery ratio is themostcommonlyused
metric and throughput-delayperformanceof the schemes
has not beeninvestigated thoroughly. On the other hand,
thereis a substantialbody of literatureon dynamicrouting
and its optimizationformulation ([5], [6]). An approxima-
tion approachto minimum delayrouting [7] providesloop-
free invariant conditionsand useslink-staterouting with a
multiple-pathtopologydisseminationalgorithmto discover
routeswhile distributing traf�c to approximatethealgorithm
in [6].

I I I . STARA

We modelthewirelessnetwork asa graphG = (V; E).
For nodei anddestinationd, let N (i; d) = setof neighbors



of i for destinationd. For j 2 N (i; d), pj
id [n] = probability

of routing packets at node i to destination d through
neighborj , D j

id [n] = averagedelayfor packetsfrom nodei
to destinationd throughneighborj , andD id [n] = average
delay from nodei to destinationd.

STARA consistsof two components[2], [3]: an iterative
delay averager, and an iterative routing probability update
schemethat usesrunning estimatesof averagedelays to
increasethe probability of using paths with lower than
averagedelay.

1) DelayEstimationScheme:Thesourcetimestampsthe
datapacket. On receiving the datapacket, the destination
sendsan ACK with the delayinformation.The sourceuses
the ACK to record the value D̂ j

id [n] = measureddelay of
the packet sentat time n. In order to producean averaged
estimateof the delay, STARA usesexponentialforgetting
(with 0 < 
 < 1):

D j
id [n] = 
 : D j

id [n � 1]+ (1 � 
 ) : D̂ j
id [n] 8 j 2 N (i; d):

(1)
2) Probability UpdateScheme: STARA usesthe proba-

bility updatescheme:

pj
id [n + 1] = [pj

id [n] + � [n] : qj
id [n] �

(D id [n + 1] � D j
id [n + 1])]+ 8 j 2 N (i; d); where

D id [n + 1] =
N ( i;d )X

j =1

(D j
id [n + 1] : qj

id [n]); and

qj
id [n] = (1 � � ) : pj

id [n] + � : 1=N (i; d) 8 j 2 N (i; d):

Whena packet for destinationd arrivesat nodei , the node
routesit to one of j 2 N (i; d) with probability qj

id . Thus,
the actual probabilitiesusedare a convex combinationof
pj

id 's and a uniform distribution on all neighbors.Observe
that the probability updateschemeonly usesthe difference
betweendelays(D id � D j

id ) alongdifferentneighborsfor a
source-destinationpair, therebyensuringthat it works even
whenclocks in the network arenot synchronized.

A. Equilibrium point and convergence

De�nition An allocationq = f qj
id g is Wardropif

qj
id > 0 ) D j

id =
X

j 2 N ( i;d )

qj
id D j

id

= min f j 2 N ( i;d )gD j
id 8 d; i; j 2 N (i; d):

If STARA converges,the steadystatevaluesatis�es the
above conditionwhich impliesa delay-equalizingpath-�ow
allocation from every sourceto every destination[2]. In
[3], the Cesaro-convergenceof the schemeto the set of
� � approximateWardrop equilibria for a modi�ed variant
of the schemeis proved.

IV. CONTROLLING THE PATH LENGTH

In equilibrium,STARA producesloop-freeroutes.How-
ever, packets can loop aroundwhile the algorithm is con-
verging. Theseloops are temporaryand the packet has a

�nite probability of escapingthe loop; nevertheless,we
would like a degree of control over packet paths during
convergence.To dothis,wecanusetwo degreesof freedom:

1) N(i,d): The network model in [3] allows us to
chooseN (i; d) differently for different destinationsand
still preserve the convergenceand equilibrium properties
of STARA.

2) Packet state: On the other hand, we might wish
to modify the neighborhoodset of node i basedon the
destinationas well as somestatevariablecontainedin the
packet (for example,the paththat the packet took beforeit
reachednodei ). If the statefor packetswith destinationd
takesoneof K (d) �nite valuesat any nodein the network,
theproblemcanbecastin termsof theoriginal problemby
replacingeachsource-destinationpair (s;d) with K (d) dif-
ferentsource-destinationpairs(s; (d;1)); :::; (s; (d;K (d))) .
We canthende�ne separateneighborhoodsetsN (i; (d;F ))
at node i for eachpossiblevalue of the incoming packet
stateF = 1; :::; K (d) at node i . Thus, at node i , we will
need to maintain separateprobability and delay estimate
vectors,parameterizedby the possiblevaluesof the packet
stateandupdatethemindependentlybasedon correspond-
ing delaymeasurementsfrom the network.

In both the above cases,the equilibrium is a delay
equalizingallocationwith respectto the restrictionof the
network to the appropriatepaths,given the ratesof each
source-destinationpair. Thus,in the secondcase,the delay
equalizationis with respectto each(source,(destination,
state))tuple.

Basedon theseideas,we have the following variants:

A. A-STARA(AdditiveSTARA)

Theadditive variant(A-STARA) guaranteesthatall pack-
ets from sourcei to destinationd follow pathswith length
upper-boundedby S(i; d) + k, whereS(i; d) = shortest-path
distancein hopsfrom nodei to destinationd.

When a source s transmits a packet p to destination
d, it marks a �eld F (p) in the packet with the value
F (p) = S(s;d) + k. Every node that receives packet p
decrementsthe�eld F (p) by 1. Thus,k representsa budget
of excesshopsthat the packet cantake alongits pathfrom
s to d. The basicideaof A-STARA is that whena nodei
receives a packet p with �eld F (p), nodei only considers
the neighborsj 2 N (i; d) which can reachthe destination
in F (p) � 1 hopsasactive for routing.

A-STARA consistsof a delay estimationschemeand a
routing probability updaterule:

1) DelayEstimationScheme:We maintaina list of delay
estimatevectors(D j

id )F [n], indexed by the possiblevalues
for �eld F (p) at nodei , F 2 f S(i; d); S(i; d) + 1; S(i; d) +
2; :::; S(i; d) + kg. Let (D̂ j

id )F [n] = measureddelayof the
packet that arrived at nodei with �eld F and was sentto
nodej at time n. Then,(D j

id )F [n]'s areupdatedas:

(D j
id )F [n] = 
 � (D j

id )F [n � 1] + (1 � 
 )( D̂ j
id )F [n];

8 F 2 f S(i; d); S(i; d) + 1; :::; S(i; d) + kg:



The delaymeasurementprocedureis cumbersomeandcan
be implementedusing protocol generatedprobe packets
(proposedin [4]). The probe packet mechanismcan be
appropriatelymodi�ed so that all intermediatenodescan
reconstructthe value of �eld at the time they had routed
the packet to the destination.This allows them to update
their correspondingdelayestimate.

2) Probability Update Rule: Every node i maintainsa
list of probability vectors(qj

id )F for destinationd, indexed
by thepossiblevaluesof �eld F (p), F 2 f S(i; d); S(i; d)+
1; :::; S(i; d)+ kg. In theprobabilityvectorcorrespondingto
F , we set (qj

id )F = 0 8 j 2 N (i; d) s:t: S(j ; d) > F � 1.
The remainingprobabilitiesareupdatedas follows:

N (i; d;F ) = f j 2 N (i; d) : S(j ; d) � F � 1g;

(pj
id )F [n + 1] = [(pj

id )F [n] + � [n] � (qj
id )F [n] �

((D id )F [n + 1] � (D j
id )F [n + 1])]+ ; (2)

(D id )F [n + 1] =
N ( i;d )X

j =1

((D j
id )F [n + 1] � (qj

id )F [n]); (3)

(qj
id )F [n] = (1 � � ) � (pj

id )F [n] + � � 1=N (i; d;F ); (4)

8 j 2 N (i; d;F ):

On receiving a packet for destination d with �eld
F (p), node i routes the packet to one of its neighbors
j inN (i; d;F (p)) using the probabilities (qj

id )F (p) , decre-
mentingthe �eld F (p) in the packet by one.

We now presentsomepropertiesof A-STARA.
Claim: When packet p arrives at node i , S(i; d) �

F (p) � S(i; d) + k. Also, path P betweens and d is
consideredfor routing iff thepathlengthL(P) � S(s;d) +
k.

Proof: (Outline) Both proofsrely on the A-STARA rule
usedby nodesto decidewhich neighborsare ineligible as
next hop neighborsfor forwarding packets to a particular
destination.Combiningtherulewith theoptimalityproperty
of shortestpathsgivesboth results. .

Corollary: For all packetsfrom s to d, the lengthof path
taken by packets � S(s;d) + k.

B. M-STARA(Multiplicative STARA)

The A-STARA schemeprovidesa greatdealof freedom
in controlling pathselection,but is hard to implement:

1. Delay measurementprocedureis cumbersome.
2. The routing table and delay estimationcomplexity at

eachnodescalesby a multiplicative factork.
If simplicity of implementationis the key designparam-

eter, then the multiplicative variant of STARA should be
used.M-STARA simply setsthe neighborhoodsetN 0(i; d)
at node i for destinationd as N 0(i; d) = f j 2 N (i; d) :
S(j ; d) � S(i; d)g andusesSTARA onthis restrictedgraph.
Thus, we always make non-negative progresstoward the
destination.The advantageis that it canbe built on top of
STARA by running a distancevector protocol to produce
hop distances,andadjustingthe neighborhoodsetsallowed
for routing.

C. M-STARA� -variant

While M-STARA is simple to implement, it does not
provide any bound on the averagepath length. To obtain
sucha bound,we use the � � variant of M-STARA. Here,
whena packet arrivesat nodei , we �ip a biasedcoin such
thatwith probability� , weusetheneighborhoodN 1(i; d) =
f j 2 N (i; d) : S(j ; d) = S(i; d) � 1g, andwith probability
(1� � ), we usetheneighborhoodN 0(i; d) = f j 2 N (i; d) :
S(j ; d) � S(i; d)g. Since this variant usesan extra state
variableto decidewhich probabilitiesto use,theprobability
updateanddelayestimationrulesaresimilar to A-STARA
(2, 3, 4), exceptthatnow we only have two possiblevalues
for the packet state,with the correspondingneighborhood
setsde�ned above.

We can provide an upper bound on V(i; d), the mean
path lengthof packets from nodei to destinationd.

Claim: V (i; d) � 1
� S(i; d) 8 i .

Proof: (Outline)Theproof is by inductiononS(i; d). Let
(qj

id )1 and(qj
id )0 be the probabilitiesof routing packet for

destinationd at nodei throughneighborj , parametrizedby
the stateof the coin �ip, 1 or 0. Among all nodesi 0 with
S(i 0; d) = k, we considera node i with maximum value
for V (i; d). Then, the dynamicprogrammingrecursionfor
theaveragepathlengthat nodei canbecombinedwith the
inductionhypothesisto obtain the result.

D. P-STARA(Parity STARA)

None of the above variantsproduceloop-free pathsat
every instant,althoughA-STARA andthe � � variantof M-
STARA producepathswith boundedlengths.On the other
hand,both of them needcumbersomedelay measurement
using probe packets. The M-STARA variant is easier to
implement,but doesnot provide any guaranteeson path
lengths.TheParity variantof STARA thatwe describenext
is anattemptto obtainloop-freedomandpath-lengthbounds
while allowing the designof a delaymeasurementscheme
thatcanbeimplementedin acompletelydistributedfashion.

1. As in A-STARA, we includea �eld F (p) in thepacket
which is decrementedby 1 by every nodealong the path.

2. As in M-STARA (� -variant), we de�ne N 1(i; d) =
f j 2 N (i; d) : S(j ; d) = S(i; d) � 1g, andN 0(i; d) = f j 2
N (i; d) : S(j ; d) � S(i; d)g.

3. We de�ne the packet stateX as X (F (p)) = (1 +
F (p)) mod 2. SinceX hasonly two possiblevaluesat any
node,we needto maintaintwo separateprobability vectors
anddelayestimatevectorsfor eachdestination.

4. F (p) is decrementedateachnode.Notethatsuccessive
nodes along a packet's path to the destination have a
differentvalueof stateX (F (p)) .

The probability updateand delay estimation rules for
P-STARA are similar to A-STARA (2, 3, 4), with two
possiblevaluesfor the stateX and neighborhoodsetsas
de�ned above. At this point, we have not justi�ed why P-
STARA allows us to implementa completelydistributed
delayestimationscheme.This will bediscussedin thenext



section.On the otherhand,we canshow that P-STARA is
loop-freeat every instant.

Claim: Let packet p with sources and destinationd
follow pathP with lengthL(P). ThenL(P) � 2S(s;d).

Proof: SinceF (p) is decrementedby oneat every step,
F (p) is alternatelyeven and odd at every node along P.
Thus,afterevery two hops,we arecloserto thedestination
by at leastonemorehop(weareforcedto chooseashortest-
path neighborat one of thesetwo hops). Thus, L (P) �
2 � S(s;d).

Claim: P-STARA producesloop-free pathsfrom every
sources to every destinationd, provided that the distance
estimatesS(s;d) areaccurate.

Proof: Let P be a path from s to d. P-STARA never
forwards packets upstream,i.e., from i to j if S(j ; d) >
S(i; d). Thus, if P contains a cycle (i 1; i 2; :::i n ), then
S(i 1; d) = ::: = S(i n ; d). However, if i 1; i 2; i 3 are three
consecutive nodesalong P, then S(i 1; d) � S(i 3; d) � 1.
This implies that P hasno cycle of sizen � 2.

We canmodify P-STARA to generateloop-freepathsby
using the sequencenumbertechniqueof [10] even if the
distancesS(s;d) arenot accurate.

Claim: P-STARA producesloop-free pathsfrom every
sources to every destinationd, even whenthe distanceac-
curateestimatesS(i; d) arenot accurateor areconverging.

Proof: (Outline) We de�ne the neighborhood sets
N 1(i; d) andN 0(i; d) in sucha way thatsequencenumbers
do not decreasealonga pathP to the destination.Thus,a
loop can be formed only if the sequencenumbersare the
same.In this case,we obtain a contradictionby using the
fact that the distanceestimatesS(i; d) decreaseby at least
oneafter every two hopsalong the pathP.

V. AVERAGE DELAY ESTIMATION

STARA andthe variantsdescribedabove rely on obtain-
ing delay measurementsusing ACKs (or probe packets).
This makesdelaymeasurementhighly impractical:

1) Architectural issues: The Internet was built on the
end-to-endprinciple, which conceived of the network as
merely providing a packet delivery service,while leaving
reliability (using ACKs) to higher layers.STARA requires
per-packet ACKs to update(network layer) delayestimates
atsources(frequently)androuting-protocolgeneratedprobe
packets to update delay estimatesat intermediatenodes
(infrequently).If we mustuseper-packet ACKs, thenthese
would have to be transport layer ACKs, meaning that
routingwill operatecorrectlyonly if all traf�c is (TCP-type)
reliabletraf�c which generatesACKs.Evenin this case,we
will needto add a TCP option to piggybackthe forward
delay to the source.Modifying transportlayer headersto
implement a network layer routing protocol violates the
architecturalseparationof functionality.

2) Routing Overhead: We could potentially do away
with per-packet ACKs and instead use routing protocol
generatedprobesto updatedelay estimateseverywhereon
a frequentbasis.This is impractical becauseof the extra

routingoverhead,somethingthat is even moreacutein low
bandwidthwireless802.11environments.

A. Distributed Delay Measurement for STARA and M-
STARA

We wish to design a distributed delay measurement
schemethatmeasuresend-to-enddelayby usinglocal delay
measurementsand local information exchange.Let [qj

id ]
be the quasi-staticrouting probabilities in effect during
somephasewhen we wish to estimatethe averagedelays.
Supposethat the link delaydij from nodei to its neighbor
j is available. (In practice,we have to run a link delay
measurementprotocolto obtainthedij ; see[16] for details).
Weobserve thattheaveragedelayfrom nodei to destination
d through j 2 N (i; d), D j

id , and the averagedelay from
nodei to destinationd, D id , satisfy the equation:

D id =
X

j 2 N ( i;d )

qj
id (dij + D j d): (5)

This suggestsa rather simple distributed techniqueto
obtain the delay estimatesfrom the measurementsof the
link delaysdij . On a periodic basis,nodei broadcastsits
averagedelay to a destinationD id [n]. On receiving the
valueof the averagedelay to d from nodej , D j d[n], node
i updatesits estimatesas:

D j
id [n] = dij + D j d[n]; (6)

D id [n] =
X

k2 N ( i;d )

qk
id D k

id [n]: (7)

Claim: If the destinationalways advertisesits average
delay to itself as 0, i.e., D dd [n] = 0 8 n, then all nodes
obtain the correctdelay estimatesto the destination.That
is, 9 n0 s:t: D id [n] = D id 8 n > n0, signifying that the
delayestimatesconverge to the correctvalues.

Proof: Theproof of convergenceis a standardadaptation
of the proof of the asynchronousBellman-Ford iterationin
[5]. Observe that the delay estimationiteration satis�es a
monotonicity property, i.e., if D̂ j d and ~D j d are such that
D̂ j d � ~D j d 8 j 2 N (i; d), then

X

j 2 N ( i;d )

qj
id (dij + D̂ j d) �

X

j 2 N ( i;d )

qj
id (dij + ~D j d): (8)

B. DistributedDelay Measurementfor P-STARA

The P-STARA variant requiresus to separatelymeasure
andestimatedelaysfor packetsarriving at nodei with odd
and even value of �eld. Let de

ij and do
ij be the measured

(quasi-static)valuesof link delaycorrespondingto evenand
oddvaluesof �eld in incomingpacketatnodei . Then,since
packetswith even �eld at nodei have odd �eld at the next
downstreamnode j and vice versa,the averagedelaysat
node i throughneighborj for even �eld D j ;e

id [n], for odd
�eld D j ;o

id [n] andthecorrespondingaveragedelaysD e
id and

D o
id mustsatisfy:



D e
id =

X

j 2 N ( i;d )

qj ;e
id (de

ij + D o
j d); (9)

D o
id =

X

j 2 N ( i;d )

qj ;o
id (do

ij + D e
j d): (10)

This provides a rather simple distributed techniqueto
obtain the delay estimatesgiven the measuredlink delays
do

ij . On a periodicbasis,nodei broadcastsits averagedelay
to adestinationfor even�eld, D

e
id [n], andodd�eld, D

o
id [n].

On receiving thevalueof theaveragedelayto d from node
j for even �eld D

e
j d[n], nodei updatesits estimatesas:

D j ;o
id [n] = do

ij + D
e
j d[n]; (11)

D
o
id [n] =

X

k2 N ( i;d )

qk ;o
id D k ;o

id [n]: (12)

On receiving the value of averagedelay to d from nodej
for odd �eld D

o
j d[n], nodei updatesits even estimatesas:

D j ;e
id [n] = de

ij + D
o
j d[n]; (13)

D
e
id [n] =

X

k2 N ( i;d )

qk ;e
id D k ;e

id [n]: (14)

C. Immunityto Clock Offsets

We can show that the distributed delay measurement
proceduredetailed above retains the immunity to clock
offsetsof the original STARA routing algorithm.Consider
a singledestinationd. Let f i be theoffsetof nodei 's clock
from somereferenceclock.

Let D i be the equilibrium measuredaverages,D j
i be

the equilibrium measuredaveragesthroughneighborj and
let dij be the correspondinglink delayswith clock offsets
present.Let D r eal

i , D r eal ;j
i and dr eal

ij be the correspond-
ing quantitiesif clocks were synchronizedthroughoutthe
network Then,D r eal ;j

i ; D r eal
i anddr eal

ij satisfy(6) and(7).
Similarly for D j

i ; D i anddij . Furthermore,theseparameters
are relatedasdij = dr eal

ij + f i � f j .
Claim: For j 2 V (G), theestimatesD i andD j

i areoffset
from their real valuesby the differencebetweenthe clock
at nodei and the clock at the destinationnoded, f i � f d.
Hence,theSTARA algorithmwhich relieson thedifference
betweenthesetwo terms is immune to clock offsets (as
before).

Proof: (Outline)By inductionon thesizen(G) = jV (G)j
of the graphcontainingthe destinationnoded. We know
that the link delaydij is offset from its real valueby f i �
f j . We combinethis with the observation that node j is
in G0 = G � i with n(G0) = k � 1 and thus, (by the
inductionhypothesis)D j differs from its realvalueby f j �
f d. Thus, the estimateD j

i differs from its real value by
f i � f d, proving the result for nodesin a graph of size
n(G) = k.

VI . SIMULATION RESULTS

In this paper, we only presenta few illustrative plotsfrom
an exhaustive ns-2simulationanalysis(the detailedresults
will be separatelyreported).

A. Flow “avoidance”

The primary metric we use to evaluaterouting perfor-
manceis thethroughput-delaycurve.In abroadcastmedium
likewireless,transmissionsfrom neighboringnodescontend
with eachother for access,placing an interferencebound
on performance.Furthermore,a �o w traversing multiple
hopssuffers from “self-interference”,i.e., its transmissions
on adjacenthops interfere with eachother. It is intuitive
that routing performanceover wireless networks will be
improved if the routing protocol generatesroutesthat are
two-hop separatedfrom eachother, i.e., �o ws stay away
from each others' two hop neighborhoodsto the extent
possible.

To test if this is true, we comparedthe performance
of a shortest-pathprotocol (DSDV), manualrouting (pre-
con�gured routing so that one �o w routesaroundanother)
andSTARA for two scenarios(seeFigure1):

1. 2lines inter: consistsof two intersectinglines, 24-39
and28-36.

2. 2linesA: consistsof two one-hopseparatedparallel
lines, 3-59 and4-60.

In the 2lines inter scenario,shortest-pathrouting forces
the�o w from 24 to 39 andthe�o w from 28 to 36 to usethe
middleof thenetwork. Thethroughput-delaycurve for �o w
24-39 is shown in Figure 2. As expected,(shortest-path)
DSDV performspoorly comparedto manual routing. On
the other hand,STARA routesthe longer �o w aroundthe
bottleneckandmanagesto improve performance(although
it doesnot out-performmanualrouting).

An examinationof ns-2 trace�les reveals why STARA
is unableto out-performmanualrouting in this scenario.
As the input rate increases,STARA switchesfrom using
the shortestpathfrom 24 to 39 to usingmultipathsthat are
two-hopseparated.However, at high input rates,nodesnear
the sourceanddestinationarecongestedandthe link delay
measurementprotocol at thesenodesis not successfulin
obtainingaccuratedelay estimates.Thus,STARA endsus
using multiple nodesin the neighborhoodof the destina-
tion (and source),causingintra-multipathinterferenceand
preventing it from outperformingmanualrouting.

While attemptingto equalizedelayalongutilized multi-
paths,STARA can cause�o ws to avoid each other. For
example, in scenario2linesA, where we have two �o ws
3-59and4-60parallelto eachotherandDSDV is forcedto
usetheseparalleladjacentshortestpaths.STARA discovers
andusestwo-hopseparatedpaths(exceptat the sourceand
close to the destination),outperformingDSDV as can be
seenin Figure3.

A more exhaustive simulation analysisof STARA and
its variantsalong with a descriptionof the working Linux
2.4.20implementationis detailedin [16].
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