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Abstract— The Open Shortest Path First (OSPF) routing pro-
tocol performs inef ciently when operated over certain types
of mobile ad hoc networks (MANETS), such as those formed
by using IEEE 802.11 ad hoc radios. In 2003, the Internet
Engineering Task Force (IETF) OSPF working group solicited
proposalsto extend OSPFv3 for IPv6 to operate ef ciently in
MANET ervironments. During design team consideration, two
proposals were developed and discussed: Overlapping Relays
with Smart Peering (OR/SP) and MANET Designhated Routers
(MDRs). The two proposalsboth reduce OSPF overhead using
similar ideas,but there are a few key differences.In this paper,
we compare the design and operation of these two proposals,
and use a simulation-basedstudy to isolate several performance
characteristics. Using the results of this comparison, we explain
why we consider MDRs to be more suitable than OR/SP for
OSPFin MANET environments.

I. INTRODUCTION

Mobile Ad Hoc Networks (MANETS) are a classof com-
puternetworks characterizedy the useof wirelesscommuni-
cationsandthe presencef dynamicallychangingconnectvity
[1]. MANETSs can operatein the absenceof x ed infras-
tructure, but often are deployed as extensionsto more stable
network topologies.

OneMANET usecaseof interestis the provision of Internet
connectvity to mobile usersbeyond the radio range of a
x ed network accesspoint. There are a few possibilitiesfor
con guring a MANET in this case.One option is to con g-
ure the layer2 (link or subnet)protocol to perform routing
and bridging operations,such that the layer3 (IP) protocol
percevesthe MANET to be a single multi-accesdink. This
option has the bene t of shielding the rest of the network
from changesdue to mobility events, but can causea loss
of visibility of the underlyingphysicaltopology as obsened
by higher layer protocols,and requiressupportof MANET
protocols at layer2. Another option is to explicitly handle
the MANET at layer3, using routing and autocon guration
protocolsdesignedto handlethe dynamic, multihop, partial
mesh connectvity provided by the underlying radios. This
option is useful if the underlying layer2 protocol doesnot
supportrouting or bridging' or if layer3 is being usedto
interconnectmary heterogeneoufayer2 technologies(e.g.,
multiple radio networks).

There are a numberof possibilitiesfor routing protocols
used in layer3 MANETs. The Internet Engineering Task
Force(IETF) hasspeci ed a numberof experimentaMANET
routing protocolssuchas OLSR [2]. TheseMANET routing
protocols have focusedon optimizing MANET performance

le.g.,mostcurrentlEEE 802.11a/b/glevices operatingin IBSS mode

andhave not yet beenextendedto handlemore heterogeneous
networking ervironmentssuchasfoundin largerenterpriseslf

a MANET is usedin atransitnetworking scenario(i.e., other
networks usethe MANET as an intermediatenetwork), rout-
ing information must be redistrituted betweenthe MANET
routing protocol and other routing protocols. Redistrilution
is typically statically con gured and may be lossy if one
protocolis not capableof fully carrying anothers data. The
alternatve solution for such deploymentsis to try to reuse
an enterpriserouting protocol such as Open ShortestPath
First (OSPF)[3], [4], but previous experiencewith OSPFhas
shavn that the protocol doesnot have suitable mechanisms
for operatingwith high performanceover broadcast-based,
wirelessmultihop networks [5]—[7].

A natural questionis whetheran existing enterpriserout-
ing protocol could be extendedto operateeffectively over
MANETS. In 2004,the OSPFWorking Group at the Internet
EngineeringTask Force (IETF) considereda problem state-
ment describingissueswith integrating MANET extensions
for OSPH[8] andchartereca designteamto studyalternatves
for improving OSPF performancein such networks. During
the courseof the designteamactvities, the teamandlater the
working group have actively consideredwo proposals:

a proposalknown as Overlapping Relays contributed
by a team at Cisco Systems[9], and extendedwith a
proposalcalled Smart Peering [10], and

a proposal known as MANET Designated Routers,
contributedby RichardOgier [11].

We have developedan experimentaimplementatiorof each
proposalwith contritutedcodefrom both Cisco Systemsand
RichardOgier, and conducteccomparatre simulationstudies.
Our implementatioris an extensionof the quagga 2 OSPFv3
routing daemon.To supportboth experimentaland simulation
studieswe have developeda wrapperfor the quagga routing
daemonfor the Geogia Tech Network Simulator [12]; a
paclet-level, discrete-gent simulator that supportsdetailed
perpaclet tracing,and simpli ed 802.11or TDMA models.

We have previously publisheda technicalreport[13] that
containssimulationresultsand discussionof the two propos-
als. This paperprovides a summaryand further resultsthat
comparemore recentimplementationof eachapproach.

[I. OSPF AND MANETS

OSPFis arouting protocolthatusesdistributedcomputation
and network map disseminationto compute shortest path

2http://iwwwquagga.net



routesthrougha network. Eachrouterpublishesalocal mapof
its currentone-hopneighborhoodand oods this information
throughouthe network, generatinga new local mapwheneer
there is locally a topology change.By collecting current
copiesof the local mapsas adwertisedby eachrouterinto a
local databasea given router can assemblea global network
map, and can run a shortest-pathcomputationalgorithm to
determinea shortestpath to each destination.If all of the
database$n the network are synchronizedand eachrouter
executesthe same path computationalgorithm, then each
routerwill generatea consistentset of forwardingtablesthat
do not lead to forwardingloops.

Much of the compleity in OSPFderivesfrom the careful
protocol designto drive the network to a synchronizedstate.
Thereare a few processeshat collectively work on this. Any
local map (or Link State Advertisement,LSA) is initially
ooded throughoutthe network, to try to achieve the quickest
disseminatiorof theinformation.However, suchpaclet oods
do not guarantealelivery to all nodes,so OSPFrequiresthat
eachrouter retransmitits copy of the LSA until explicitly
or implicitly acknavledgedby all of its neighboringrouters.
Further whentwo routersdiscover eachother, they createwhat
is known asan “adjaceng,” usinga protocolthat ensuregshat
their routing databasebecomesynchronizedRetransmissions
occuronly alongtheseadjacenciesyhich arebidirectionaland
pairwise betweenneighboringnodes.

A. Limitationsof OSPFin MANET ervironments

Therearetwo basicoptionsfor adaptingOSPFto a layer3
MANET routing protocol:i) adaptthe broadcast-base@SPF
interfacetypeto allow for the partialmeshof connectvity that
canresultin a MANET, or ii) adaptthe Point-to-MultiPoint
OSPFinterfacetype to operatemoreef ciently in a MANET.
The rst approachrequiresa modi cation of the designated
router election protocol to handle partial mesh connectvity,
and is not further discussecherein. We focus insteadon the
secondapproach.

The OSPFPoint-to-MultiPointinterfaceallows for multiple
point-to-point OSPFlinks to be aggregatedon one physical
interface. OSPFPoint-to-MultiPointcanoperatecorrectlyover
MANETSs if the protocol is allowed to forward (re ood)
LSAs out of the sameinterface from which they have been
receved, but the protocol operatesnef ciently especiallyin
densenetwork scenarios.One easy modi cation is to allow
acknavledgmentsfor LSAs to be multicastto all one-hop
neighbors,but more is needed Although there are a variety
of optimizationsto the Hello protocol and databasedescrip-
tion procedureghat are possiblefor MANET, our previous
results[14] indicatedthat ooding overheadwas the primary
contributor to OSPFoverheadgrowth in MANETS. Therefore,
the OSPFMANET designteamat the IETF hasfocusedon
improving OSPFS ooding performanceasa rst steptowards
extending OSPFto work betterover MANETS.

B. OSPFoverheadreduction

Most of the OSPFoverheadobsened in layer3 MANETS
can be tracedto the ooding and retransmissiorof LSAs.
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Fig. 1. Overheadreductiondueto ooding reduction,topology control,and
adjaceng control (mobile simulationsdescribedn [13])

Three basic stratgjies can be combinedto reducethis over
head:

ooding reduction: Reducethe numberof transmissions
requiredto broadcasthe LSA,;

adjacency reduction: Reducethe numberof adjaceng
relationshipamaintainedby the protocol,without degrad-
ing synchronizatiorof the network; and

topology reduction: Reducethe number of available
links (neighbors)adwertisedby routerswithout reducing
the dataplaneforwarding performance.

Our previous results have indicated that these are com-
plementaryobjectives and that, when combined, signi cant
overheadsavings can be realizedwithout compromisingper
formance.Figure 1 summarizessome simulation results de-
scribedin moredetailin [13], for a 50-nodeMANET running
OSPFmodi cations over 802.11bradios. The data suggests
thatimproved ooding performancecanbe complementedyy
the use of both adjaceng and topology reduction. In this
paper we explore this resultin more detail by contrastingthe
designand performanceof OverlappingRelaysand MANET
DesignatedRouters.

C. Overviav of OverlappingRelays

Overlapping Relays (ORs) is a proposalfrom Cisco Sys-
temsto adaptthe optimized ooding techniquedevelopedfor
OLSR [2] to function in the reliable, acknavledged ooding
framework of OSPFE The basic proposalknown as Overlap-
ping Relaysis de ned in [9], and extendedwith a proposal
calledSmart Peering (SP)[10]. We abbreviate this combined
approachas OR/SP herein. OR/SP includes support for a
differential Hello mechanismand the use of LSA oods to
sene asacknavledgmentdo upstreammodesherein,we focus
on the following threecomponentsi) ooding reduction, ii)
adjacency reduction, andiii) topology reduction.

The main ooding reduction is adaptedfrom OLSR's
approachof adwertising 2-hop neighborhood(in this case,
adwertisedin a routerLSA) to all 1-hop neighboringrouters,
therebyallowing eachrouterto independentlyselecta subset
of its 1-hop neighborsto sene as ORs, or multi-point relays
(MPRs), for LSAs that it originatesor re oods. In terms
of graph theory the set of ORs forms a neighborselected,



source-dependerttonnecteddominatingset (CDS) of the 2-
hop neighborhoodThe heuristicusedfor OR selectioncanbe
variedto allow for certainnodesto be preferentiallyselected
on the basisof OR set stability, link quality, or redundany.
Note that OR relationshipsare not necessarilysymmetrical.

The main ooding reductionis augmentedy “non-actve”
Overlapping Relays. Although, in OSPFE LSAs sentvia the
ooding mechanismare retransmittedalong OSPFadjacen-
cies)if the downstreanmodefails to acknavledgethe ooded
messagen a timely manney non-actve ORs allow neighbor
ing nodesthat are not ORsto more proactiely retransmitan
LSA if they detectthat the recipienthasnot yet receved it.
All 1-hop neighborsthat are not selectedas ORs can sene
asnon-actve ORs. To avoid redundantretransmissionson-
active ORs must thereforeactivate before the expiration of
the senders retransmissiotimer, and mustcoordinateamong
themselesto avoid too mary duplicatetransmissionsNon-
actve ORs are an optimization and are not required for
synchronization.

Adjacencyreductionwasaddedto the original OR proposal
by an extension known as Smart Peering (SP). A goal of
adjacenyg reductionis to reducethe numberof OSPF ad-
jacenciesrequiredwhile still maintaininga high probability
of network connectvity via the set of adjacenciesthereby
preservingdatabasesynchronizationSP works by allowing a
routerto considerwhetherto bring up a new adjaceng based
on reachability among the set of existing adjacencieslf a
candidateneighboris reachablevia a path of adjacenciesa
directadjacenyg to thatneighborcanbe suppressedA shortest
pathtree(SPT)computatiorvia theexisting LSA databasean
be usedto determinesuchreachability Variousheuristicscan
be appliedto determinethe local densityof adjacencieshata
routerwill strive to maintain,aswell ashow close (in hops)
a neighbormustbe reachablevia existing adjacenciegi.e., to
reducethe diameteror "stretch” of the control plane).

Adjacenciessuppressedn this mannerare called “unsyn-
chronized”adjacenciesalthoughthe term may be a misnomer
because¢he neighborsaresynchronizedjust not directly), and
thereis not an adjaceng in the OSPFsense(in particular
retransmissionglo not occur along theseneighborrelation-
ships).Ogier rst introduceda similar concepicalled“routable
neighbor” prior to the SP proposal[11].

The OR/SPproposalspeci esadjaceng reductionasstated
above; however, thereis anothermethodthat hasbeeninde-
pendentlysuggestedGiven that ORs exist among a subset
of the one-hopneighborsof a node, one may insteadelect
to form adjacenciesamong only ORs and their selectors
(and a few specialnodesneededto guaranteeconnectvity)
[15]. However, since OR and selectorrelationshipsare not
necessarilysymmetric, it has been suggested16] that the
numberof adjacenciesndrate of adjaceng formationwould
exceedthat of the SP approach.

Topology reductioncan occur with adjaceng reductionif
therouterelectsto only includeadjacenneighbordn its router
LSAs. However, this mayseverely constrainthe availablelinks
in the forwardingtable,causingdataplaneforwardingstretch.
To mitigate this, a router is allowed to adwertise unsynchro-
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Fig. 2. Overviev of OverlappingRelays

nized adjacenciesas links in its router LSAs, althoughthe
techniquefor selectingsuchneighborsis unspeci ed.Readers
may note, however, thatthis introducesa circular dependeng
in theabove adjacenyg reductionprocessif the LSAs areused
to determingeachabilityvia adjacenciedyut the LSAs contain
also unsynchronizedadjacenciesthe router may not have
enoughinformation to determinecontrol plane reachability
Solving this requiresthat these unsynchronizedadjacencies
be speciallymarked in LSAs suchthat they canbe excluded
from the SPT computationdescribedabove but usedin the
dataplane SPT The draft de nes a “U"-bit in the LSA for
this purposeithe U-bit is ignoredby legag routers.

In summary OR/SP uses ORs (multipoint relays) aug-
mentedby non-actve OverlappingRelaysto improve ooding
reduction,usesa secondSPTcomputatiorandmodi ed LSAs
to computeareduceccontrolplane(adjaceng) topologywhile
still maintainingconnectvity, andallows for adwertisemenof
non-adjacenneighbors(althoughthe algorithm for selection
of which non-adjacenteighborsto adwertiseis unspeci ed).
Figure 2 providesan overview of OR operationin which the
nodenumberingcorrespondso OSPFRouterID. Assumethat
Node 9 is the ooding sourceunder consideration.The SP
algorithm will selectadjacenciesdependingon the order in
which nodescomeup; in this example,assumehat the solid
lines arethe resultingadjacencieskirst, notethata nodemay
be two or more hopsaway from a physical neighboron the
adjacenyg subgraph(e.g.,nodes9 and 7). Node 9 selectsl,
8, and 10 asits ORs so that the 2-hop neighborhoodon the
adjaceng subgraphis covered. Node 9 may also adwertise
nodes?7 and 6 asunsynchronizecdjacencies.

D. Overviav of MANET DesignatedRoutes

In mary respectsthe OSPFMANET DesignatedRouter
(MDR) proposal[11] is similar to OR/SP Both approaches
use a connecteddominating set to reduce the number of
initial oods of a new LSA throughthe network, both pro-
vide a stratgy for adjaceng reduction,and both allow for
the adwertisementof links to non-adjacenineighborsin the
router LSAs. We focus hereinon identifying the differences
in the following key componentsi) ooding reduction, ii)
adjacency reduction, andiii) topology reduction.

For ooding reduction in contrastto the MPR approach
used by OR/SR MDR-capableroutersrun a distributed al-
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gorithm that determineswhetherthe router is includedin a
single,sharedconnectediominatingset(CDS)thatis usedfor
forwardingall LSA oods, regardlessof the previous hop of

this same ooding backboneas the framework for reducing
the control plane(adjaceng) topologywhile still maintaining
connectvity, and allows for adwertisementof non-adjacent
neighborswhile specifying several algorithms for their se-

lection. Figure 3 provides an overview of MDR operation.
Since MDRs are source-independentin contrastto ORS),

an example sourceis not shavn as in Figure 2. For equal

comparisorwith ORs,the gure shavs MDRs' optional uni-

connectedadjacenyg backboneThe nodenumberscorrespond
to RouterlDs in OSPFE Notethatthe formationof adjacencies
is time dependentso the adjacenciesvill vary basedon when

neighborrelationshipsare formed.

I1l. COMPARISON

As mentionedabore, both the OR/SPand MDR proposals
beara lot of similarity, with respectto their goalsand high-
level designs.What are the main differencesbetweenthem,

the messageThatis, it is a self-selectedsource-independent and are they signi cant? Using referenceresearchimple-

CDS. The draft provides an algorithm that can be run, in

a distributed fashion,to selecta set of MDRs and backup
MDRs (BMDRs) that form the backbone.Conceptually this
approachgeneralizeghe notion of OSPF5 Designatedrouter
(DR) andBackupDR usedon the broadcasinterface although
no network-LSA is originated (routerLSAs as in a Point-
to-MultiPoint mode are originated). MDRs and BMDRs are
responsibldor re ooding all LSAs; MDRs provide the initial

ood, and(analogoudo non-actve OverlappingRelays)BM-

DRs may backup the MDR ooding by retransmittingbefore
the normal OSPFadjacenyg retransmissiomccurs.The set of

links betweenMDRs forms a CDS, and betweenthe set of

MDRs and BMDRs, a biconnectedCDS. Hello messagesare
usedto corvey the 2-hop neighborinformation necessaryor

MDR/BMDR election.

Adjacencyreductionis accomplishedby limiting adjacen-
cies to the MDR/BMDR backbone,and allowing all other
routersto form at leasttwo adjacenciewith the backbone,
similar to how the OSPF broadcastinterface works. This
ensuresthat the control plane is biconnectedand that ary
router is either on the backboneor is one-hopaway from it,
althoughtwo neighboringroutersmay be multiple hopsaway
from eachotherin the control plane.

The set of adjacencieslescribedabove is a much sparser
representatiorof the underlying physical network, for dense
topologies.Advertisedtopology reductioncould againjust be
limited to adwertisingadjacencieshut suchanapproachwould
incur signi cant routing stretch.Ogier introducedthe concept
of a“routableneighbor”,whichwasadaptedy CiscoSystems
in the form of the “unsynchronizedadjaceng” described
in the OR/SP approachpreviously. In Ogier's approach,a
router adwertisesall of its adjacenciegtherebyguaranteeing
reachability in the data plane) and a subsetof its other
(routable) neighbors.A number of algorithms are speci ed
for selectingtheseroutableneighborsto adwertise,including
algorithmsthat guaranteethat the resulting partial-topology
LSAs provide min-hop or min-costpathsin the dataplane.

In summary MDRs use a source-independentDS aug-
mentedby backupMDRs to improve ooding reduction,uses

mentationsof both proposals,we have conductedselected
simulationsof both approachesn a basic MANET setting.
We con gured a numberof variantsof the proposal,looking

to isolate performancecharacteristicof different aspectsof

the respectie designsWe have studiedthe core performance
(routing protocol overheadand data delivery ratio) as well

as additional statisticssuch as the size and stability of the

adjacenyg subgraphthe stability of the forwardingtable,and

stretch factors (control and data plane). In this section,we

summarizesomekey ndings. Spaceprecludesafull treatment
of theseresults,but we have made our simulation code and

scriptsavailableto the interestedreader®

A. Methodolgy

We brie y introducethe simulationmethodologywhich is
describednorethoroughlyin [13]. We developedextensiongo
thequagga opensourceroutingimplementatiorof OSPFv3.
Further we have instrumentedhe Geogia TechNetwork Sim-
ulator (GTNet$ discrete-gentnetwork simulatorto allow our
guagga extensionto run alsoin simulation. This extension
hasbeendevelopedwith the active participationof both OSPF
MANET draft authors(Richard Ogier and staf from Cisco
Systemspndbasicvalidationhasbeenperformedby studying
trace les of small samplenetworks instrumentedo exercise
portionsof the code.

Below, we summarize results from running the OSPF
MANET extensionsover a simulated single-channeB02.11b
(IBSS) network, in which all nodesuseda single broadcast-
capableradio interface. Nodeswere con gured to roam ac-
cording to a randomwaypoint mobility model; speci cally,
each node was con gured to move to a random point on
a squaregrid at a x ed velocity chosenfrom a uniform
distribution betweenzero and velocity_max , pausefor a
x edamountof time, andthenchoosea new randomlocation
and move again.

In the belon, we consider simulations of the following
con gurations:

Shitp://hipserermct.phanbmworks.ow/ietf/ ospf



MDR.full.full MDR backboneusing full adjacencies
(i.e., disabling the adjaceng reduction componentof
MDR) and reporting full topology LSAs. This con g-
urationis not de ned in [11];

MDR.uni.full MDR backboneusing uniconnectedhdja-
cenciesand reporting full topology LSAs. This variant
uses the minimal set of required adjacencies,and it
isolatesthe effect of reducingadjacencieslone;
MDR.uni.min MDR backboneusing uniconnectedadja-
cenciesand reportingminimal (only adjacenteighbors)
LSAs. This variantprovidesthe lowestamountof adver-
tisedtopologyin the OSPFMDR framework;
OR.full.full ORswith full adjacenciegi.e., no SP)and
full topology LSAs (compae with MDR.full.full because
only ooding is optmized)

OR.sp.full ORs with SP-formedadjacenciesand full
topologyLSAs (compae with MDR.uni.fullbecauséoth
form minimal adjacencyconnectivity) and

OR.sp.min ORs with SP-formedadjacenciesand mini-
mal topologyLSAs (only the adjacenciesfcompae with
MDR.uni.min becauseminimal adjacenciesare formed
and minimal LSAsare created)

The above set of con gurations allow us to isolate the
effects of different aspectsof the OSPFMANET proposals,
andto permitfairer comparisondetweernthe two approaches.
However, MDRs are not limited to thesecon gurations. Two
other possiblecon gurationsare listed here:

MDR.bi.mincost MDR backboneusing biconnectecad-
jacenciedor redundang in the ooding planeandpartial-
topologyLSAs providing min-costpaths(arecommended
con guration for OSPFMDR by [11]);
MDR.uni.mincost MDR backboneusing uniconnected
adjacenciesand partial-topology LSAs providing min-
costpaths;
Our resultsbelov are excerptedfrom a set of simulation
runsthat variedthe following parameters:

number of nodes. We varied the number of nodes
betweenthe valuesof 20, 50, and 70.

density. In a givencon guration, we variedthe neighbor
density primarily by varying each nodes radio range.
Thisyieldeddensitiesof roughly 1 to 40 neighbors/nodes
(0.06to 0.8 neighbors/totahumberof nodes).

topology change rate. We primarily looked at two
con gurations.For a given numberof nodesanddensity
the changerate is most directly in uenced by the mo-
bility parametergvelocity, pausetime) and radio model
(communicatiorgray zone,controlledby “alpha” param-
eter). Our two mobility con gurations yielded average
2-Way neighborlifetimes of roughly 50 secondg“high”
mobility) and 90 secondglower mobility).

In evaluatinga routing protocol's performancethereare a
numberof statisticsthat can be consideredand some have
more relevancein certain ervironmentsthan others.For the
purposesof this study we have focusedon the parameters
describedin the sectionsbelow, which we believe provide a
sufcient rst-order assessmenvf how well the protocol is
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Fig. 4. Overheadasa function of physicalneighbordensity(50 nodes high
mobility)

performing. Spaceprecludesincluding numerical results for
all casessowe have tried to includethe mostinterestingones
for one scenario(50 nodes,high mobility) and just describe
the others.

B. Core performance

1) Overhead:In mary MANETS, thewirelesstransmission
capacityis bandwidthand/orinterferencdimited, soreducing
the number of transmissionsdevoted to control trafc is
critical. Here, we considerjust the raw overheadgenerated,
not the “total overhead”asde ned by Santivanez[17], since
we separatelyconsiderroute stretchbelow.

Figure 4 contraststhe overheadyielded by the various
approachesas a function of neighbordensity for a mobile,
50 node network. We obsened that full adjaceng and full
topology variantsgeneratedhe most overhead,followed by
full topology variantsof con gurationswith thinnedadjacen-
cies.The bestperformancevasobtainedby the MDR variants
we testedwith partial topology LSAs. MDRs consistently
performedbetterthan ORswhencomparingsimilar con gura-
tions of topology and adjacenyg reduction.The improvement
in MDRs was primarily dueto a large numberof re oods by
non-actve ORs.

2) Delivery Ratio: This statistic (measureof the fraction
of datapaclets deliveredin the network) cornveys how well
the protocol nds goodroutesfor userdata.The statisticsare
someavhatdependenuponthetrafc matrix; we have assumed
low amountsof uniformly distributedtraf c herein.Reduction
of OSPFoverheads practicallylimited by the needto provide
working routesin the network. As we have shown in previous
work [13], in general, OSPFMANET modi cations do not
signi cantly impactthe userdatadelivery ratio. Similarly, our
simulationruns hereindo not shav an appreciabledifference
betweerthe performancef the approacheandthatof normal
OSPEF exceptthat for high mobility scenarioswe found that
the OR/SPwith minimal LSAs performeda bit worsethanthe
rest,becauseof the forwarding stretchwe discussbelow.

C. Adjacencystatistics

1) Adjacenciesper node: We measuredhow mary ad-
jacencies,on average,each node formed, as a function of
the numberof physical neighbors.Figure 5 shows that for
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full adjaceng variants of OSPF MANET, the number of
adjacenciesisesalmostlinearly with the numberof physical
neighborsas expected.MDR variantsare ableto control the
numberof adjacenciesrery well as the numberof physical
neighborsincreasesthe effect of uni- vs. biconnectedadja-
cencieds clearly seenin this plot. OR/SPvariantsexhibit low
numbersof adjacencieaswell, but the curvesdepartfrom the
comparableMDR uniconnecteccaseas the neighbordensity
grows; we believe that this is becausetopology changesin
OR/SPnetwork may resultin uncoordinatedadditionsof new
adjacenciedy several nodeswhen thereis a detectedneed
to repairthe connectvity of the adjaceng subgraphandthis
probability increaseswith increasecdheighbordensity

2) Stability of adjacencysubgiaph: One questionthat has
arisenwith respectto OR/SPis whetherthe adjaceng sub-
graphis stableor changesnorefrequentlythanthatof MDRs.
Our resultssuggestthat thereis not much differencein this
measurebetweenthe two approachesthe rate of changeis
stableas the neighbordensityincreasesand the comparable
curvesfor OR/SPandMDR (uniconnectedpverlap.

D. Stability of forwarding tables

1) Rateof LSAgeneation: Therateof LSA generationis
highly correlatedto the overheadobsened in the MANET,
but thereis an importantdistinction in OSPFE Since we are
motivated to use OSPF MANET for integrating MANET
subnetvorks with a larger OSPF network, we may in mary
casesbe concernedabout the total overheadgeneratedand
ooded outsideof the MANET subnet.Although it may be
possibleto apply OSPFsummarizatiortechniqueqareahier-
archy)to minimize this impact, the questionof whethersuch
additionalapproachearerequiredor not mustbe considered.
This parametelis also an indirect measureof the stability of
the forwardingtables.

We found that, in our high mobility scenariosthe LSA
generationrate (per node) bumped up againstthe OSPF
architecturatonstanMinLSInterval of vesecondsThis
meansthat the MANET LSA generationwas saturatedand
higher mobility would tend to result in worse corvergence
but perhapsnot much more overhead.Using OSPFMANET
techniqueswe were ableto reducethe frequeny with which

routersadwertisednew LSAs. All of the MANET approaches
wereableto rise above the ve secondimit, andall exhibited
betterperformanceasthe physicalneighbordensitygrew. The
bestperforming(moststable)variantthatwe testedwasMDR
uniconnectedhdjacenciesvith min-costLSAs.

2) Stability of unicastroutes: We measuredthe number
of route changeser node per second.The worst performing
variants were OR/SP and MDR using full adjacenciesand
full topologies,as expected(more adwertisedtopology leads
to more possiblechanges)Of the reducedadjaceng variants,
which weremorestableby at leasta factorof two overthefull
adjaceng variants,thosevariantsalsowith reducedtopology
LSAs consistentlyperformedthe best.

E. Stretch factors

1) Contwol plane ( ooding) stretch: Flooding stretchcon-
sidershow mary hops are necessaryto disseminaterouting
(LSA) updates.While the ooding path of LSA updates
througha network is affectedby variousfactors,approaches
thatlimit thetopologyof the ooding subgraphasboth OSPF
MANET approacheslo, for ef ciency purposesyun the risk
of lengtheningthe ooding pathof someupdates.

We initially found OR/SPto perform much more poorly
than MDR variants,for the following reason.SP controlsthe
formation of adjacenciesn the network, and MPRs must be
electedfrom adjacentneighbors.SP thereforeintroduceda
sparsersubgraphfor MPR election,and consequentlyone of
the propertiesof MPR ooding ( ooding alongmin-hoppaths)
was eliminated and ooding paths actually could become
severalhopslongerthanminimum.We wereableto x this by
allowing nodesto “overhear” ooding transmission®f nodes
thatare not MPR selectors)eadingto ooding stretchresults
comparableao thoseof legagy OSPFand OSPFMDR. All of
our simulationresultsusethis modi ed versionof OR/SP

2) Data plane (forwarding) stretch: Beyond datadelivery
ratio, the ability of the routing protocolto nd efcient (low-
cost) routesis important. Techniquesthat limit the routing
topology(asboth OSPFMANET approachesanperform,for
overheadscalability improvement)run the risk of degrading
the path lengthsin the data plane. Figure 6 illustrates one
measureof forwarding stretch;the ratio of the sum of data
paclet forward and receive eventsto the numberof receve
events. A lower value of this statistic is better (reduced
stretch).

As Figure 6 shaws, the data plane route stretchis com-
parablefor all approachesxcept one: the OR/SP casewith
minimal LSAs. This is becauseSP does not control the
diameterof the underlyingadjaceng subgraphandad\ertised
links. In contrast MDR with minimal LSAs canachieve near
optimal forwarding stretch since the CDS is at most one-
hop worse than the shortestpath. This resultedin the poorer
datadelivery ratio for SP and minimal LSAs also mentioned
abore. We hypothesizethat partial topology techniquessuch
as Ogier's min-costLSAs could be addedto SR to improve
this performancemetric. In the low density scenarios,the
variationsbetweernthe approachearenot dueto longerroutes,
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but they are due to some scenariosgeneratingmore events
wherepaclets are sentand then forwardedbut not receved.

IV. CONCLUSIONS

Our recentsimulationresultssuggesthat, to rst order we
are ableto achiese similar performancewith variantsof both
the OR/SPandMDR proposalsn mary instancesWe believe
that each can be tuned to approximatethe performanceof
the other, within reasonablédounds;however, we consistently
obseredthatMDR producedessoverheadhana comparably
con gured OR/SPimplementation The decisionbetweenthe
two approacheshouldalsoreston issuessuchasimplemen-
tation compleity andarchitecturalt with OSPFE Here,there
seemto be a few key differences:

1) MDR providesanintegratedapproacho the problemof
ooding efciency, topology reduction,and adjaceng
reduction.OR/SR however, hasa separatesolution for
ooding reductionand adjaceng reduction,and proba-
bly needsto add an approachor topology reductionto
perform adequately Even though OR/SPwould likely
needto combine disparatepiecesto come closer to
MDR performancepne could argue that modularity is
not a bad feature of the design, unlessit introduces
unnecessargompleity.

SPhasno framework for controlling the graphstructure
of the adjaceng subgraphAs mentionedabove, MDR
ensureghat every nodelies on the adjaceng backbone
or is one-hopaway. The SPadjacenyg subgraphs more
arbitrary dependingon the order of events such as
neighbordiscovery, andleadsto considerabléorwarding
stretch unlessadditional techniquesare used. Further
more,thelossof connectvity of the adjaceng subgraph
may trigger several uncoordinatedcttemptsto repairthe
connectvity from nodesmary hops away, leadingto
more adjacencieshannecessaryMDR is lessproneto
this sincenodescanmake consistentlecisionsandknow
their rolesin the topology

MDR seemsto provide more e xibility in tuning both
the redundang of adjacenciesn the control planeand
dataplanetopology adwertised.It is possiblethat these
features(such as biconnectedSP) could be addedto

2)

3)

OR/SRhbutit is notclearhow muchmorethe compleity
might rise or the performancemight change.
Work is ongoingwithin the OSPFworking groupat IETF to
corvergeon anexperimentaktandardor MANET extensions.
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