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Abstract

Routingprotocolsbasedon the distribution of link-state
information rely on sequencenumbersto validate infor-
mationthat a router receives. A fundamentabproblemis
to boundthe sequence-numbepace We proposea new
sequence-numbeesetalgorithm that needsneither peri-
odic retransmissionsior agefields. It is basedon a recur
sive query-esponseprocedue and is designedto handle
resouce failuresduring opemtion. This new algorithmis
applicableto routing protocolsbasedon bothfloodingand
selectivalistribution of link-stateinformation. Thecorrect-
nessof the algorithmis verifiedin the context of selective
disseminatiorof topologyinformation,and its compleity
analyzed. Becausethe resetalgorithm doesnot useany
aging, the distribution of new link-stateinformationor the
purging of old informationis alwaysdonein a time propor-
tional to thetimeit takesto traversethe network.

1 Introduction

Disseminatindink-state(topology)informationreliably
is essentiato mary internetrouting protocolsproposedr
implementedo date. This disseminatiorcantakethe form
of broadcastin which every network node (router) main-
tainsthesameopologymap[3], or selectve distribution,in
which eachnodemaintainsonly the subsebf thetopology
mapit needgo performcorrectrouting[7]. In averylarge
internet,network resourcesnust be aggrgatedinto clus-
tersor areado reducetheamountof informationeachnode
needgo storeandprocesshowever, becauseahe focusof
this paperis on the basicalgorithmusedfor disseminating
topologyinformationin a networka flat networkorganiza-
tion is assumed.

Broadcasof link statescan be accomplishedy flood-
ing or building a spanningtree over which link statesare
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distributed[8]. This paperfocuseson flooding becausef

its simplicity andpopularity Examplef standardnternet
routing protocolsbasedon the flooding of link statesare
OSPH10], IS-IS[9] andNLSP[11]. In addition,theinter-

domainpolicy routing(IDPR)architecturg6] andtheNim-

rod architecturefor scalableinternetrouting [4] are both
basedon flooding. Theseprotocolsand architecturesise
the samebasicapproactfor theflooding of topologyinfor-

mation,which we simply call intelligent flooding protocol
or IFPin therestof this papern(e.g.,see[12, 13]).

According to IFP, eachnetwork router ascertainghe
stateof its outgoinglinks andreportsthis in whatwe will
call a link-stateupdate(LSU); for simplicity, we assume
thatanLSU reportsthe stateof only oneoutgoinglink ad-
jacentto arouter whichwe call thesourceof theLSU. The
basicproblemthenbecomesneof broadcastinghe most
recentLSUs of eachsourceto every routerin the network.
Oncethisis accomplishedeachrouterhasatopologymap
fromwhichit cancomputehedesirecdpathsto destinations.
To flood LSUs, IFP usessequenc&umbergo validatethe
mostrecentSU; arouteracceptanew LSU only if it has
ahighersequencaumberthanthe onestored.

Becausehe sequence-numbepaceavailablein a rout-
ing protocaolis finite, IFP mustoperatewith finite sequence
numbers. To accomplishthis, a linear sequence-number
spaceis usedtogetherwith anagefield, andlarge enough
thatthemaximumsequencaumbershouldbereachednly
in very rarecircumstancesEachLSU specifiesa sequence
numberandan age. The sourcesendsa newv LSU with a
highersequencenumberafter eitherdetectinga changen
the stateof an adjacentink, or afterreachinga maximum
timewith no statechangesn adjacentinks. EachLSU sent
by thesourcespecifiedhecurrentsequencaumberandthe
maximumagefor thatLSU (in the orderof anhourin to-
day’s protocols).No moreLSUs from the samesourceare
acceptedvhenthe sequenc@umberreachests maximum
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value,until the LSU is eraseddueto aging. Aging means
that every router that acceptsan LSU decrementsts age
by at leastoneandalsodecrementshe agewhile the LSU

sitsin memory It mustbe ensuredthat nodesage LSUs
ata similar pace,andLSUs mustbe sentreliably between
neighbors.

The link-vector algorithm (LVA) introducedin [7] is
basednthe selectve distribution of topologyinformation,
ratherthan on flooding. The purposeof this algorithmis
to allow arouterto maintainonly thelink-stateinformation
it needgo reacha destinationratherthanthe entiretopol-
ogy map. Eachrouter maintainsa subsetof the topology
map correspondindo its adjacentinks andthe links that
its neighborroutershave reportedas being usedin their
pathsto destinations.The router usesthis informationto
computeits own pathsto destinationsand reportsto its
neighborghe statesof only thoselinks usedin the chosen
paths.In addition,theroutertells its neighborswhich links
it nolongerusesto reachdestinationsA basicassumption
for the correctoperationof the LVA implementatiorintro-
ducedn [7] is thatrouterscandeterminevhetheranupdate
containsup-to-datenformationusingthe sameupdateval-
idationschemausedfor LSUsin IFP.

The inherentlimitation with the abose methodof vali-
datingLSUsis thatthe agefield mustbeverylongto avoid
situationsin which, dueto aging, routerslooselL SUs that
arestill valid. Furthermorepecausesvery LSU mustex-
pirein afinite time, thesourceof eachLSU mustretransmit
new incarnationgperiodicallyin the absenceof link-state
changesln practice agingof sequencaumbersntroduces
additionalcommunicatioroverhead Furthermoreafterre-
sourcdailuresthatisolateary portionof thenetworkfrom a
sourceof LSUs,old LSU informationcanbeeraseanly af-
terreachingts maximumage.We proposea new algorithm
thatachievesfastdisseminatiorof up-to-datdink-statein-
formationwithout periodicupdate®r agefields. Thisalgo-
rithmis basedn afinite andlinearsequence-numbspace
anddiffusingcomputation$s].

Our algorithmcanbe appliedto standardnternetrout-
ing protocolsbasedn flooding,eliminatesheneedfor pe-
riodic flooding of LSUs, and can dramaticallyreducethe
amountof time in which obsoletel SUs canbe erasedaf-
terresourcdailuresor new LSUscanbecopiedthroughout
the network after resourcerecoveries. The lateny of our
algorithmis boundedonly by thetime it takesfor anLSU
to traversethenetwork ratherthanby aglobaltimer, which
is thecasen all previousresetschemesisedor proposedo
date(e.g.,se€[13, 1]).

Thefollowing sectionstateghegoalsfor ourresetmech-
anism. Section3 describedhe new resetalgorithmin the
contet of floodingaswell asselectve diffusingof topology
information. Section4 verifiesthatthe new resetalgorithm

works correctlywithin the context of selectve dissemina-
tion of topologyinformation. We choseto addresgorrect-
nessin the contet of selectve disseminatiorbecauseas
wewill shawv, selectve disseminatiomepresents general-
ization of flooding. Section5 analysedhe compleity of

the selectve disseminatioralgorithm. Section6 summa-
rizestheapplicabilityof our results.

2 Objectivesof The Reset Algorithm
Theobjectie of theresetalgorithmis threefold:

e When a sourceof LSUs mustwrap aroundthe se-
guencenumberit uses,all the routersaffectedby the
LSU areforcedto synchronizewith the sourcein such
away thatall othersequence@umberdrom the same
sourcearepurgedandall routersaffectedby the LSU
resetits sequenc@umber

o After amalfunctionrouterscanforceeitherthe source
or anotherrouterto provide acorrectsequencaumber
for ary givenlink.

o After aresourcdailure, routerswith no physicalpath
to a sourceerasethe LSU from that sourcewithin a
finite time proportionalto thetime it takesto traverse
their connectedcomponents.

A resetalgorithmfor IFP with goalssimilarto theabove
threehasbeensketchedn [1]. Accordingto thisalgorithm,
wheneer the sequencenumberof an LSU reachests up-
perboundat somerouter, this routermakesaresetrequest.
Whenarequestreaches routerotherthanthe source that
routerresetdts sequencaumberto 0 andforwardsthe re-
guest.Whenthe sourceof the LSU recevestherequestit
setdts sequencaumberto 1 andbroadcastfts mostrecent
LSU. Thistype of resethastwo problems:erroneous SU
informationhasto propagateall the way to the sourcebe-
fore it canbeerased3]. Otherthanhaving a globaltimer,
thereis no provision for erasingan obsoletel SU afterthe
failure of the sourceof the LSU or the partition of the net-
work. The following sectionoutlineshow our resetalgo-
rithm supportghe threegoalsstatedabore.

3 Description of Reset Algorithm
Theresetlgorithmcanbeappliedto boththereplication
of thesamel.SU at every router, or the selectve dissemina-
tion of LSUs. ReplicatingLSUsat every routeris a special
caseof selectve disseminatiorof LSUs,andthereareonly
two importantsimplifications:Thefirst is that,becausev-
ery routermustreceve every LSU, thereis no needfor a
routerto requesits neighborgo deleteary LSU. Theother
simplificationis thatarouterdoesnot have to decidewhich
LSU to propagatedependingon the link constitueng of
its pathsto destinationsthe routersimply propagategach
valid LSU. A networkis modeledas an undirectedgraph



G = (V, E), whereV is thesetof nodes(routers)and E is
thesetof edgeqlinks). Links arebidirectionalwith a posi-
tive costassignedn eachdirection.An underlyingprotocol
assureshatevery nodedetectshangesn link stateswithin
afinite amountof time. All changesreprocessedneata
timein theorderin whichthey aredetected.

Assumethat a protocol is usedfor the dissemination
of link-stateinformationand the maintenancef topology
androuting tables. This protocol,be it basedon flooding
or selectve disseminatiorof link states,mustusecertain
messagdormatsto exchangelink statesamongadjacent
routerg(LSUs). We assumehatanLSU specifiesvho orig-
inatesit, a sequenceaumber the stateof the link, andan
addor deleteinstructionin the caseof selectve dissemina-
tion. Sequencewumbersareassumedo be dravn from a
finite andlinear sequence-numbepace.Iln the sameway
thatsomeroutingprotocolsbasedn topologybroadcastio
(e.g.,OSPF)we assumeahat LSUs areexchangedeliably
betweemeighbors WhenaroutersendsanLSU in ames-
sage,it waitsfor acknavledgmentdrom all its neighbors,
andretransmitghe messagevith the LSU to a neighborif
it doesnotreceve anackafteratimeout. Connectvity with
a neighboris assumedost after a numberof unsuccessful
messagéransmissions.

In normaloperatiomnodesexecutethe floodingor selec-
tive disseminatiorprotocol by exchangingLSUs as sum-
marizedin Sectionl for IFP andLVA. In this caseanode
that originatesan LSU and sendsit to its neighborsonly
needsto receve acknavledgmentsrom them statingthat
they have recevedtheLSU.

Therearethreecasesn which a nodemustensurethat
all the nodesthat needto know aboutthe stateof a given
link receve the naw informationfor thelink andadaptthe
correctsequencaumber Thesecasesarethe following:

e Thenodeneeddo resetthe sequenc@umberfor one
of its outgoinglinks.

¢ Thenodedetectghefailureof oneof its adjacentinks.

e The nodedetectsthat it hasno physicalpathto the
headof a remotelink (i.e., the sourceof LSUs con-
cerningthatlink).

This is accomplishedy meansof two additionaltypesof
updatemessagentries:queriesandreplies Both arereli-
ably transmittecbetweenneighborsby meansof message
acknavledgmentand retransmissionsas are the LSUs.
Querieshave the samefields as an LSU. Repliesdo not
needto transmitlink information,but may carrya tagsig-
naling the possibility of an error Basedon thesequeries
andreplies,our resetalgorithmoperatesn a mannervery
similarto DijkstraandScholtens algorithm[5].

A node that needsto reliably distribute information
aboutalink throughthe networkanddetectthetermination

of this, sendsqueriesinsteadof LSUs to all its neighbors
andthenwaitsuntil it recevesareply from eachneighbor
A reply signalsthat a neighborand all nodesconnected
throughthat neighborthat needto processhe query have
doneso. A nodeis saidto bein activemode(or state)when
it is waiting for replies;otherwise,t is passive A passie
nodereceving a queryfor a given link follows the same
pattern,it forwardsthe queryto all its neighborswaits for
their replies,and,uponreceptionof the lastreply, sendsa
reply to its predecessoin the diffusing computationj.e.,
to thenodefrom whichit recevedthe querythatcausedts
transitionto active state.If anactive noderecevesanother
guery thenit simply sendsareply backto theneighborthat
sentthequery

An updatemessagéenay containqueriesandreplies,as
well as plain LSUs from the underlyingrouting protocol.
When an updatemessagds receved, the nodefirst pro-
cessesll thereplies,thenthe LSUs,andat lastthe queries
thatareincluded.Therepliesmustbeprocessedirst sothat
updatesanbebufferedif therespectie replyisin thesame
packet.

3.1 Reset for Flooding

In the caseof flooding, the completetopologyinforma-
tion needgo be replicatedat every node. Figuresl and2
giveaformalspecificatiorof theresetmechanisnfior flood-
ing.

A passve nodeprocesse$ SUs accordingto the rules
for intelligentflooding. If anactive noderecevesanLSU,
it mustcheckwhetherit alreadyreceved a reply from the
sendernf the LSU. If thisis the case thenthe updatemust
be buffered becausdt containsmore recentinformation
thanthequerydid. Theremustbeaseparatduffer for each
neighborbut only thelatest. SU mustbekept. In addition,
the buffer is flushedwhena queryis receved subsequently
overthesameink.

Whenapassie noderecevesareply, thisreplyis simply
discarded.An active nodereceving a reply checksif this
is the lastreply that it expects;if thisis the case the node
goesinto passve stateandsendsa reply to its predecessor

TTyx Topologytableatnodex, entries(z, 7, l;., sm, r, d), where
(i, 7) Link fromnode: to nodey
l; Lengthof link (i, 5)
sn Sequencaumberof link
d Statusfor diffusingcomputationsactive/passie,
setof repliesreceved, source predecessor
Ty Shortespathtreeatnodex.
Ng Setof neighborsaatnodex.
i Sequencaumberat node.
tj Lastsequenceumberof neighbory.

n

Messagesre(ordered)setsof updateof theform
(i, 7, l;, sn, type, ds) forlink (i, 7) with cosll;,where
sn Sequenc@umber

type Typeofupdate: updateguery reply
ds Sourceof diffusingcomputatior(if applicable)

Figurel: Notationfor Pseudo-Code



procedure processpacket(x, n, packet)
begin
processreplies(xz, =, packet)
processupdateqx, r, packet)
for all g € packet-—queryg
processquery(z, g)
end for
assembleandsendnev_packetyx)
end processpacket

procedur e processupdateqz, message)
begin
for all m = (i, 3, l;, sn, update) do
if TTy (4, 7).d = actvethen
if reply from message.sourcecevedthen
buffer m
else
discardm
end if
else—— passie
if (i, 5) € TTy then
if 7Ty (i, 5).smn < m.snthen
if m.1% < oo then

TTg(i,5)=m
else

TTy (s, 3) =0
end if
eseif 7Ty (1, j).s» > m.snthen
send(message.sourcél’ T (£, 7), update)
end if
end if
end if
end for
end processupdates

proceduresetentry(T Ty, ¢, 7, statussource}, s n)
begin
TTy (1, 7).d =status
T Ty (1, j).d.source= source
T T (3, j).l; =1
TTye (1, j).sm=sn
end setentry

procedurelink_change
begin
if TTy (x, y).d=actvethen
bufer update{(x, v, l“y3, sn, update}
else
processupdategz, {(z, vy, l“?j , sn, update})
end if
assembleandsendnev_packetyx)
sn=sn+1
end link_up

procedureprocessquery(z, g)
——queryq = (1, 7, l;-, sm, type, ds)
begin
if TTy (¢, 7).d = passiethen
ifx = ithen
send(n, (i, j, reply))
send(r, (T T (1, 7), update)
dseifg.ds = tor i & STy then
setentry(T' Ty, i, j, actie, 1, q.l;.,o)
T Ty (1, 7). d.predecessor n
foral k € Ny do
send(k, New_query)
end for
else
send(n, (i, 5, reply))
end if
else
ifg.ds = i then
if 7Ty (i, 5).d.source= i and T T (i, j).l;. = q.l;. then
send(n, (i, j, reply))
elseif TTy (1, j).d.sourceZ i then
setentry(T' T, 1, 7, actve, i, q.l;, q.sm)
TTg (1, 7).d.predecesser n
foral k € Ny do
send(k, New_query)
end for
updated- true
else
if x = ithen
send(n, (i, 5, reply))
send(n, (i, 3, l;, sn, update))
else
T Ty (1, 7).d = actve, tagged
send(n, (i, j, reply))
end if
end if
else
if TTy (¢, 7).d.source= 1 then
discardquery
send(n, (i, j, reply))
else
processipdatepart
send(n, (i, j, reply))
end if
end if
end if
end processquery

procedurelink_failure (=, y)

begin
Nz = Nz — {y}
message {(x, y, oo, t, update}
processupdategc, message)
assembleandsendnev_packetyx)
sn=sn+1

end linkfailure

procedure processreplies(x, =, packet)
begin
for all rep € packetdo——rep = (1, 3, 1)
if TT% (1, 7).d = actvethen
TTy (1, 7).dreceved=T Ty (1, j).d.receved Un
if ¢ =truethen
TTg (1, 7). .dtag=true
end if
if T (%, 7).d.receved= N then ——all repliesreceved
if £ = i then
if T (1, 5).d.tag=truethen
forall k € Ny do
send(k, (T Ty (%, ), update)
end for
end if
else
new_reply= (2, 7,TT (1, 7).d.tag)
send(T T (1, 7). d.predecesspnav_reply)
end if
TTg(t, 7).d = passie
if therearebufferedupdatedor (7, 5) then
forall m = (i, 3, l;., sn, update) inbuffer do
if m.sn > TTg (i, ). snthen
TTg (i, j) = m
foral k € Ny do
send(k, m)
end for
end if
end for
end if
end if
else
discardrep
end if
end for
end processeplies

procedur e assembleandsendnev_packetgx)
begin
for all (z, j) € TTy do
if T (%, 7).d = passieand i unreachabl¢hen
—— ¢ unreachablés thesameasi ¢ STy
TTy (1, 7).d=actve
T Ty (1, 7). d.source=
u_message u_messageJ (T T (1, 7), query x)
end if
end for
forall k € Ny do
message u-messageJ bufferedinformationfor k&
send(k, message)
end for
end assemblaind sendnev_packets

procedurelink_up (z)
begin
Nz = Nz U{y}
processupdatesz, {(x, y, l’;, s n, update})
assembland sendnev_packetyx)
sn=sn+1
end link_up

Figure2: Specificatiorof ResetAlgorithm for Flooding

in the diffusing computation(unlessit is the sourceof the
diffusingcomputationjn which casethe diffusingcompu-
tationis terminated).It thenprocessesufferedLSUs. In

thecasethatthe stateof thelink changedincethenodebe-
cameactive (i.e., thebufferedLSUs containednorerecent
information),LSUs are sentto all neighbors.If the reply
carriedanerrortag,all subsequentepliesfor this diffusing
computatiorthatthenodesendslsocarrysuchatag.

Thecoreof thealgorithmis thewayin whichqueriesare
handled.Whenthe nodethatrecevesa queryis in passie
state,it generallyacceptghe query goesinto actie state,
andsendgjueriesto its neighbors.However, therearetwo
exceptionsto this rule. First, if the sourceof the diffusing
computationis not the headof the link andthe receving
nodehasa pathto thelink reportedin the query the node
simply sendsareply. This preventsa diffusingcomputation
originatedby a nodeotherthanthe headof the link from
propagatingo partsof the networkwherea physicalpath

to the headof thelink is known. Secondijf the headof the
link reportedn thequeryrecevesit, thenodesendsareply.

If the contentof the queryit recevesis differentfrom the
currentlink information,the headof thelink alsosendsan

LSU with a highersequenc&umber;this ensureghatthe
correctinformationaboutthelink will beknownthroughout
thenetwork.

Figure 3 illustratesthe normal action for a diffusing
computationconcerninglink (i, j). First, i sendsqueries
to all its neighbors(Fig. 3(a)). Thesenodesgo into ac-
tive stateandforwardthe queryto its neighborgFig. 3(b)).
Sinceneighborw alsoreceveda queryfrom i, it is active
andimmediatelysendsareplyto x afterreceving thequery
from this node(andvice versa). y andz alsoforwardthe
gueryto their neighbors(Fig. 3(c)). After nodesy andz
alsoreceve repliesfrom eachother(Fig. 3(d)), they return
to passie stateandsendrepliesto their predecessoiis the
diffusing computationz andw, respectrely. After x re-



Figure 3: Normal action of resetalgorithm. Filled circles
denoteactive nodes

ceivesthe reply from y (Fig. 3(e)), it returnsinto passve
stateand sendsa reply to its predecessoin the diffusing
computation,nodei, asdoesw after receving the reply
from z (Fig. 3(f)). Whennode: recevesthe lastreply, it
alsoreturnsinto passie stateand the diffusing computa-
tion terminates.

In active state,the normal actiontakenby a nodeafter
receving aqueryis to sendareply. However, if thenodeis
active in adiffusingcomputatiorthatwasstartedat a node
otherthanthe headof the link, but the origin of the new
gueryreceved is the headof thelink reportedn thequery
thenthe new computatiortakesover. Thatis, the nodebe-
comesactive in the computatiorstartedoy the headof the
link, andsendsout new queriesto all its neighbors.These
guerieensurdghatthenew diffusingcomputatioralsotakes
over at all othernodesthatwereactive in the old diffusing
computation.

The otherexceptionto the normalprocessingf queries
occurswhena nodedetectsan erroneousituationwhenit
is active in a diffusingcomputatiororiginatedby the head
of alink andrecevesasecondjueryoriginatedoy thesame
nodefor thesamdink, but suchthatthequerycontaingdif-
ferentlink-stateinformation. This situationcanonly occur
afteracomponenbf the network,in which anold diffusing
computatiorhasnot terminated s reconnectedo another
component.This situationis illustratedin Figure4, where
nodez is shawn to receve two differentqueries.Because
nodez cannotdecidewhich of the two diffusing compu-
tationsis more recent,the situationmustbe correctedby
the headof thelink. Thereforethe nodesendsareply that

Figure4: Detectionof erroneougonditionat nodez

hasan errortag, andtagsits active state,meaningthat all

subsequentepliessentfor the computatiorwill be tagged
aswell. The propagatiorof the errortagsensureghatthe
headof the link will be notified of the erroneousituation,
unlessthereis no physicalpathto the headof the link; in

thatcasethe diffusingcomputationdothterminateandthe
informationaboutthelink will be erasedn this partof the
network.

Whenalink fails, the headof thatlink updatests topol-
ogy tableand sendsa queryfor this link to its neighbors.
If the nodeis active in a diffusingcomputatiorconcerning
anothedink andis still waiting for areplyto comeover the
failed link, thenthe nodeassumeshatthe reply hasbeen
receved, andthatthis reply wastaggedihis helpsprevent
deadlocks.

Whenthe costof alink change®r a new link is estab-
lished,theheadof thatlink initiatesthefloodingof anLSU
for thatlink if thenodeis passie. However, if the headof
thelink is alreadyactive for thelink whena changeof cost
or reestablishmerdf thelink is detectedthenthelink must
wait to distributethe LSU uponterminationof the diffusing
computation.

As describedabore, tagsin repliesareneededo signal
anerroneousituationto theheadof alink, who thensends
LSUswith highersequence&umberto its neighbors.Fig-
ure5 (a)illustratesthepropagatiorof taggedepliesbackto
nodei, thesourceof thediffusingcomputationThis exam-
ple assumeshat z receved the queryfrom w earlierthan
the queryfrom i andthat y and z are waiting for replies
from eachotherwhenlink (y, z) fails. After receving the
taggedreply from w andthereply from j, the headof the
link (node:) sendsLSUswith a new sequenceaumberto

Figure5: Propagatiorof taggedrepliesfor diffusingcom-
putationto resetsequencaumberof (z, j) afterlink failure



its neighborgFigure5 (b)).

Unfortunatelythetaggingmechanisnmayrequireextra
communicatiorin casesvhereit is not needed.In partic-
ular, whene&er a link with outstandingepliesfails, there-
ply is assumedo be tagged,causingan unnecessarpew
LSU to be generatedy the source(asin Figureb). It is,
however, possibleto usesomeothermeando signaltheer
roneoussituationto the headof the link. For example,a
differentdiffusingcomputatiorcould be usedto makesure
thattheinformationgetsto theheadof thelink. Thiswould
increaseheworstcasecompleity, but reduceghecomplex-
ity in the morelikely caseof alink failure. Moreover, the
correctnes®f the basicalgorithmwould not be affectedif
the new algorithmassureslelivery of the needednforma-
tion to the headof the link.

3.2 Reset for Selective Dissemination

To usetheresetalgorithmdescribedn the previous sec-
tion with LVA, someminor modificationsneedto be made.
Sincein LVA notall nodesneedto storeinformationabout
agivenlink, nodeghatdonothave informationaboutalink
(i.e. thelink is neitherin thetopologytablenorin thelist
of deletedlinks) neednot participatein a diffusing com-
putationconcerningthat link. Therefore,a nodewithout
informationaboutthe link (obviously, sucha nodeis pas-
sive) simply sendsa reply to the sendeiof the query if the
link-stateinformationin the querydoesnot causethe node
to storethelink.

In additionto sendinga reply, an active nodethat re-
ceivesa queryneedsto updatethe list of reportingnodes
keptin LVA. A nodethatrecevesthe lastreply for aquery
mustcheckfor changesn the stateof the link sinceit be-
cameactive. With LVA, suchchangeganbecausedy the
bufferedLSUsaswell asby otherinformationacquirecdur-
ing the active period;a changeof the stateof thelink here
includesmorerecentinformationaswell asa switchfrom
usedto notusedor vice versa.lf ary suchchangeoccurred,
theappropriateaddor deleteupdatemustbesent.

3.3 Fast Deletion of Old Information

An importantfeatureof our resetalgorithmis the fast
deletionof old information. This is important,becausee-
connectingpreviously disconnectegarts of the network
canleadto significantoverhead.For example,assumehat
somepartof anetworkis disconnectedwith aging,it takes
alongtime for theinformationaboutlinks in the othernet-
work componento be flushed. Thereforejf the sequence
numberof alink hasbeenresetusingprematureagingand
thenetworkis reconstitutedi is possiblefor olderinforma-
tion with a highersequenc@&umberto pollutethe network.

Figure6 illustratesthe above problem. In Figure6 (a),
anexampletopologyis shovn wherea sequencaumberof
20isknownfor link (4, 7) throughouthenetworkwhenlink
(z, y) fails. Figure6 (b) shavsthesituationafternodei ini-

@ (b) (© (d)

Figure 6: Exampleof polluting a networkwith old infor-
mation.

tiatedadiffusingcomputatiorto resethe sequenc@aumber
of (4, j) to 0. In Figure6 (c), thelink betweemodes: and
y is reestablishetdeforethe old informationwith sequence
number20 expiredin thedisconnectedomponentAs seen
in Figure6 (d), the obsoletenformationcannow be prop-
agatedn the otherpart of the networkaswell. Although
this situationwill eventuallybe notedandcorrectedoy the
headof thelink (nodei), it mayresultin temporaryrouting
loops.

Ontheotherhand,if ourresetmechanisnis usedrather
thanaging,the obsoleteinformationin the componenthat
wasdisconnectedrom the headof thelink will very likely
be erasedby the time networkreconststutioroccurs,be-
causesucherasurewill occurin amatterof afew minutes.
This alsoreducedhe probabilityof temporaryloops.

4 Correctnessof Reset Algorithm

In this sectionwe presentanoutlinefor the proof of cor
rectnesf the resetschemefor the caseof selectve dis-
seminatiorof link-stateinformation,whichis a generaliza-
tion of flooding. A subsebf the sameproof appliesto the
broadcasbf link states.

Messagdransmissionsveranoperationalink aremade
reliable (i.e., messagesire receved without error and in
the orderin which they aresent)by meansof a correctre-
transmissiorstratgy betweerary two nodesacross link.
With this assumptionthe proof of correctnesgansimply
assumewithoutlossof generality thatLSUs, queries,and
repliesarealwayssentreliably over anoperationalink. We
alsoassumehattheroutersperformLVA errorfree. There-
setalgorithmis correctif, afterafinite sequencef topology
changesary diffusingcomputatiorstartedatsomenodefor
agivenlink, terminateswithin afinite amountof time, and
upontermination,the network hasconsisteninformation
aboutthelink.

Consistentnformationherehasthe following meaning:

o If the diffusingcomputationwasinitiated by the head
of the link, then all nodesthat have ary notion of



thelink have the sameinformationaboutit, andonly
nodeghatusethelink or whoseneighboruseghelink
have a notion of thelink.

¢ If the diffusing computationwas initiated by a node
otherthanthe headof the link, thenthe information
aboutthis link hasbeenerasedrom thosenodesthat
cannotreachthelink.

Thefirst stepin proving correctnesss to shaw thatthe
resetalgorithm terminates. Under the conditions stated
above, we have thefollowing:

Theorem 1 Any diffusing computationfor a given link
(4, ) terminateswithin a finite amountof time

Proof: There are two possiblescenariosfor a diffusing
computatiomotto terminate:

1. Deadlockcouldoccur
2. An infinite amountof queriescouldbegenerated.

To shaw terminationof thealgorithm,we needto show that
neitherof thesescenarioganoccur

The proofthattherecanbe no deadlockis by contradic-
tion. Considerfirst a networkwith a statictopology As-
sumethatthereis somenodez at which deadlockoccurs.
This implies that z doesnot receve a reply from at least
one of its neighbors,sayy. Nodey musthave someno-
tion of (7, j) andy cannotbein active statewhenit receves
thequeryfrom z, otherwisey would have senta reply im-
mediatelyafterit recevedandprocessethe queryfrom z.
Hencey becomesctive with z’s queryandit mustwait for
areply from a neighborotherthanz, because: mustsend
areplyto y. Following thisline of agumenttheremustbe
aninfinite numberof nodeswaiting for repliesfrom nodes
other than the node from which the query was receved.
This is not possiblebecausédhe networkis finite. There-
fore, z cannotbein a deadlocksituation.

Note that deadlock cannotoccur even in a dynamic
topology This is the casebecausewhena link adjacent
to z fails (or is established)thenz simply assumeshata
reply hasbeenreceved over thatlink.

The proof that only a finite numberof queriescanbe
generateds alsoby contradiction.Assumethatthe diffus-
ing computationdoesnot terminate. Sincethereare only
finitely mary nodestheremustbe a nodex thatproduces
an infinite numberof queries. However, = cannotbe the
headof thelink, which producesxactly onequery There-
fore, nodex mustreceve a query sendits own queriesto
all its neighborsandsendareply infinitely often. Hence at
leastoneof its neighboramustdo the same.Furthermore,
w.l.0.g.,thisnodemustreceve its first queryearlierthanz.
In otherwords,theremustbe eithera cycle of nodeswhich

alternatelygo into active andpassve state,or aninductive
amgumentshaws that theremustbe an infinite humberof
nodesin the statedsituation. Thefirst casecanonly occur
if two partsof thenetworkbecomalisconnectedndrecon-
nectafter the diffusing computatiorhasterminatedn one
componenbut notin the other Sincethereis only afinite
sequence®f changesn the network, this cannotgo onin-
definitely. Obviously, the secondpossibilitycontradictghe
assumptiorof afinite network.

This concludeghe proof of Theoreml. g.ed.

The algorithm works correctly if, after terminationin
a connecteccomponent,all the nodesin that component
thathave ary informationabouta givenlink have thesame
sequence-numbéandthe samelink information)for that
link. In addition,the informationmustbe consistentsre-
quiredby theunderlyingroutingprotocol,i.e.,it mustbeup
to dateand,for LVA, correctlyreflectwhetherit is usedby
theneighbomodes.

This meanghat, in ary partof the networkthathasno
connectiono a givenlink, the informationaboutthat link
mustbe completelyremored. In the part of the network
thatusesthelink, thenodeghatdo have informationabout
thelink (this setis determinedy the basicalgorithm)have
thelatestsequencaumberfor thelink reportecby thehead
of thelink andthe othernodeshave erasedary information
aboutthelink from theirtopologytable.

With the assumptionstatedabore, the following theo-
remapplies.

Theorem 2 Upon terminationof a diffusing computation
for agivenlink (7, j), theinformationaboutthelink is con-
sistenthroughouthenetwork,.e., anynodein thenetwork
hasthecorrectinformation.

Theproofof thistheoremis basednaseriesof lemmas
[2] shawing that

e Any nodewith informationaboutthelink will receve
aquery

o After termination,all nodeshave consisteninforma-
tion about(z, j).

¢ All informationabout(i, j) will beremovedin adis-
connectedomponent.

o A diffusingcomputatiorstartedn aseeminglydiscon-
nectedpart of the networkdoesnot produceinconsis-
tentlink information.

« No permanentnconsisteny is causedby the tempo-
rary disconnectiorand reconnectiorof the network
while a diffusingcomputatioris goingon.



5 Complexity
5.1 Communication Complexity

For a singlediffusing computationthe numberof mes-
sagegyenerateds O(|E£|). In theworstcase two queries
are sentover eachlink, onein eachdirection. Note that
thereis exactly onereply sentfor eachquery which does
not changethe order of magnitudefor the communication
compleity.

Thesourceof thediffusingcomputatiorobviously sends
exactly onequeryover eachoutgoinglink, becausé must
receve repliesfrom all its neighborsbeforeit cansenda
secondquery which is the conditionfor the computation
to terminate. Now consideran arbitrary node other than
the sourceof the diffusing computation. Whenthis node
recevesa query it eithersendsa reply to the senderor it
sendsexactly one query over eachoutgoinglink. Before
it cansendmorequeries,it mustfirst receve repliesfrom
all its neighborsandthenreceve a new query Hence,it
mustbecomeactive morethanoncefor the samediffusing
computationThisis not possiblen theconnectegartof a
network.

If IFPis usedasthe underlyingprotocol,the numberof
gueriescaneasilyberestrictedto oneperlink by not send-
ing aqueryto thepredecessdn thediffusingcomputation.
With LVA, this extra queryis usedto updatethe setof re-
porting nodesat the predecessanode. On the otherhand,
with IFB, the worst casealwaysoccursbecausahe whole
networkis floodedwith the information, while LVA pro-
ducesfewer messagem the averagecasd7].

5.2 Timeand Storage Complexity

In the connecteccomponenbf the network,the worst-
casetime compleity is O(z), wherez is the numberof
affectedrouters. With IFB, = obviously is the numberof
nodedn thenetwork,while with LVA it canbesignificantly
less.Thequerieswill travel to all nodesthatdo requirethe
information, beforethe repliesare sentback on the same
pathsandwith thesametime compleity. In theworstcase,
all affectedrouterslie alonga single path, causingO(z)
communicatiorsteps.

Computationakcompleity at routersis determinedby
compleity of underlying protocol, for eachquery only
constanivork is added.

Theextrastorageequiredwhile anodeis passieis con-
stant,only anextratagindicatingthe stateis neededWhile
anodeis active, in additionto someextra stateinformation,
O(| N, |) storaggwhere| N, | is thesetof neighborf node
z) is requiredto keeptrack of the receved repliesat node
z, andto buffer LSUs.

6 Conclusions

We presentedh new algorithmto resetsequencenum-
bers in routing protocols basedon link state informa-
tion. This resetalgorithm, which is basedon a recursve

guery-responsprocessinakest possibleto usea bounded
sequence-numbspacevithoutaneedfor periodicretrans-
missionsor aging. Thus, its time compleity is determined
entirely by thetime it takesto traversethe network,andit
doesnotrely onary globaltimers.

The resetalgorithm canbe usedwith routing protocols
basednfloodingaswell asselectve disseminatiorof link-
stateinformation to speedup their convegence. For in-
stance,usingour resetalgorithmin OSPFE even whenre-
sourcesfail, all link-state informationwill be distributed
in time proportionalto the time neededo traversethe net-
work, which shouldtakein theorderof minutesatthemost.
A versionof intelligentfloodingbasedn thisresetmecha-
nismwasintroduced.

We have shawvn that the resetalgorithmleadsto a cor
rectrouting protocolwhenappliedto the selectve dissem-
ination of link-stateinformation,which is a generalization
of flooding.
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