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Abstract

A centralproblemfor structuredpeerto-peernetworks is topology maintenancethat is, how to
properly updateneighborvariableswhennodesjoin andleave the network, possiblyconcurrently In
this paper we present protocolthatmaintainsRanch a structuredpeerto-peemetwork topologycon-
sisting of multiple rings. The protocol handlesboth joins and leaves concurrentlyand actively (i.e.,
neighborvariablesare updatedoncea join or a leave occurs). We usean assertionamethodto prove
the correctnessf the protocol,thatis, we rst comeup with a globalinvariantandthenshow thatev-
ery actionof the protocolpreseresthe invariant. The protocolis simpleandthe proof is rigorousand
explicit.
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1 Intr oduction

In astructuredpeerto-peemetwork, membergi.e., nodesor interchangeab)yprocesseshatbelongto the
network) maintainsomeneighborvariables. The neighborvariablesof all the memberscollectvely form
a certaintopology(e.g.,aring). Over time, membershipmay change:non-membersnay wish to join the
network andmembersmay wish to leave the network, possiblyconcurrently Whenmembershigchanges,
neighborvariablesshouldbe properlyupdatedo maintainthe designatedopology This problem,known
astopologymaintenances a centralproblemfor structuredoeerto-peemetworks.

1.1 Existing Work

Therearetwo generalapproacheso topologymaintenancethe passiveapproactandthe activeapproach.
In the passie approachwhenmembershighangesthe neighborvariablesare notimmediatelyupdated.
Insteadarepairprotocolrunsin thebackgrounderiodicallyto restorethetopology In theactive approach,
the neighborvariablesareimmediatelyupdated.Joinsandleaves may be treatedusingthe sameapproach
or usingdifferentapproachege.g.,passie join andpassie leave [13], active join andpassie leave [8, 14],
active join andactive leave [3, 15]).

Existingwork ontopologymaintenancéascertainshortcomingskFor thepassie approache.g., [13]),
sincethe neighborvariablesare not immediatelyupdatedthe network may diverge signi cantly from its
designatedopology And the passie approachs not asresponsie to membershigchangesand requires
considerabldackgroundrafc (i.e.,therepairprotocol). Onthe otherhand,active topology maintenance
is arathercomplicatedask. Someexisting work givesprotocolswithout proofs[15], somehandlejoins ac-
tively but leavespassiely [8, 14], andsomeusesa protocolthatonly handlegoins anda separatgrotocol
thatonly handledeaves|[3]. It is nottrue, however, thatan arbitraryjoin protocolandan arbitraryleave
protocol,if puttogethercanhandlebothjoins andleaves(e.g.,the protocolsin [3] cannot;seea detailed
discussiorin Section6). Finally, existing protocolsarecomplicatedandtheir correctnesgroofsareopera-
tionalandsketchedat a highlevel. It is well known, however, thatconcurrenprogramsftencontainsubtle
errorsandoperationateasonings unreliablefor proving their correctness.

1.2 Our Contributions

In this paper we presenta topology maintenanceprotocol for Ranch,a structuredpeerto-peernetwork
topologyconsistingof multiple rings. The protocolhandlesothjoins andleavesconcurrentlyandactiely.
The protocolspresentedn this paperare simple. For example,the join protocolfor Ranch,discussedn
Section4, is muchsimplerthanthe join protocolsfor othertopologies(e.g.,[3, 8, 14]). The protocolsare
basednanasynchronousommunicatiormodelwhereonly reliabledelivery is assumed.

We usean assertionamethodto prove the correctnes®f the protocols,thatis, we rst comeup with
a global invariantfor a protocolandthenshav that every action of the protocol maintainsthe invariant.
We shaw that,althoughatopologymay betentatvely disruptedduringmembershigghangespur protocols
eventuallyrestorghetopologyoncemembershighangesubside Our protocolsin factrestorehetopology
oncethe messageassociateavith eachpendingmembershigchangearedelivered,assuminghatno new
changesreinitiated. In practice,it is likely thatmessagelelivery time is muchshorterthanthe meantime
betweermembershighangesHence,n practice evenif membershighangesever subsidethe protocols
maintainthetopologymostof thetime. A shortcomingof our protocolshowever, is thatsomeof themare
notlivelock-free;seeadetaileddiscussionn Section5.3.



Unlike the passie approachwhich handledeavesasfail-stopfaults,we handleleavesactvely (i.e.,we
amguethatleavesandfaultsshouldbe handleddifferently). Althoughtreatingleavesandfaultsin the same
mannelis simplet in mary situations)eavesoccurmorefrequentlythanfaults. In suchsituationshandling
leavesandfaultsin the samemannemay leadto somedravbacksin termsof performancde.g.,delayin
responsesubstantiabackgroundraf c). In peerto-peernetworks, nodescooperatavith eachotherall the
time by forwardingeachothers messaged-ence,it is reasonabléo assumehata leaving nodeinvokesa
leave protocol,but not justleavessilently.

Therestof this paperis organizedasfollows. Section2 providessomepreliminaries.Section3 brie y
describeshe Ranchtopology Section4 discussesiow to handlejoins for unidirectionalRanch.Section5
discusse$iow to maintainbidirectionalRanch.Section6 discusseselatedwork. Section7 providessome
concludingremarks.

2 Preliminaries

We considera x edand nite setof processeslenotedby V. Let V°denoteV [ fnil g, wherenil is a
specialprocesghat doesnot belongto V. In whatfollows, symbolsu; v;w areof typeV, andsymbols
x;y;z areof typeV°. We useu:x to denotevariablex of processi, andwe useu:x:y to standfor (u:x):y.
By de nition, thenil processdoesnot have ary variable(i.e., nil :x is unde ned). We call avariablex of
typeV Caneighborvariable We assumehattherearetwo reliableandunboundedommunicatiorchannels
betweenevery two distinct processei V, onein eachdirection, thereis one channelfrom a procesgo
itself, andthereis no channefrom or to processiil . Messagdransmissionin ary channetakesa nite, but
otherwisearbitrary amountof time.

A setof processeS form a (unidirectional)ring via theirx neighborsf for all u;v 2 S (whichmaybe
equalto eachother),thereis anx-pathof positive lengthfrom u to v andu:x 2 S. Formally,

rng (S;x) = h&u;v:u;v2 S:ux 2 S” path™ (u; v;x)i;

where _
path* (u;v;x) = h9 :i > 0:ux' = vi

andwhereu:x' meansu:x:x X with x repeated times. We usebiring (S;x; y) to meanthata setof
processeS form abidirectionalring via their x andy neighborsformally,

biring (S;x;y) = ring (S;x) A ring (S;y)* h&:u2 S:uxy = Uu”™ wy:x = ui:
Someothernotationsusedin the paperareasfollows.

m(msg; u; v): Thenumberof messagesf typemsgin thechannefrom u to v. We sometimesncludethe
parameteof amessagéype. For example,m(grant(x); u; v) denotegshe numberof grant messages
with parametek in thechannefrom u to v).

m* (msg;u), m (msg;u): The numberof outgoingandincoming messagesf type msg of u, respec-
tively. A messagérom u to itself is consideredoth an outgoingmessag@andanincomingmessage
of u.

# msg: Thetotal numberof messagesf typemsgin all channels.

" #:1: Shorthand$or “beforethis action”, “after this action”, and“before andafterthis action”.



In this paper we write our protocolsas a collection of actions,usinga notationsimilar to Goudas
abstractprotocolnotation[6]. An executionof a protocolconsistsof anin nite sequencef actions. We
assume weakfairnessmodelwhereeachactionis executedin nitely often; executionof anactionwith a
falseguardhasno effect on the system.We assumewithout loss of generalitythat eachactionis atomic,
andwe reasomaboutthe systemstatebetweeractions.We now give a brief justi cation of the assumption
ontheatomicity of actions.Mcguire[18] givesa morecompletetreatmenbf thisissue.

Every action consistsof a numberof steps,which is one of the following three statements:a local
statementi.e., an assignmento a local variable),a sendstatementanda receivestatement.Note that a
receve statementanonly bethe rst stepof anaction. We assumehatevery stepis atomic. An execution
of a protocolis equvalentto a sequencef steps. Given an arbitrary sequencef stepswherethe steps
belongingto differentactionsmay be interleared, our goal is to establishthat this sequencecalled an
interleavingexecution is equivalentto somesequencevherethe stepsof every actionarecontiguouscalled
a sequentiakexecution Subsequentesultsof this paperhold for arbitrary sequentiakxecutions,andthis
theoremimpliesthatthoseresultsalsohold for ary execution,interlearing or sequential.

Theorem 2.1 Everyinterleavingexecutionof the protocolis equivalento somesequentiakxecutionof the
protocol.

Proof: It sufces to shaw thatthe non rst stepsof anaction,if separatethy stepsin otheractions,canbe
left movedto beadjacento the rst stepof theaction.Consideitwo adjacenstepss andt in theinterleaing
execution,wheres andt belongto differentactionsandt is notthe rst stepof its action. First notethat
s andt belongto differentprocessebecausea processcompletesan actionbeforeexecutinganotherone.
Our goalis to shav thatst = ts (i.e., executings rst andt next is equvalentto executingt rst ands
next). Considerthefollowing casegnotethatt cannotbeareceve statement)lf t is alocal statementthen
clearlyst = ts. If t is asendstatementthen: (1) If s is asendstatementsinces andt belongto different
processeghesetwo sendsaffect differentchannelsandhencest = ts. (2) If s is alocal statementthen
clearlyst = ts. (3) If s is a receve statementsincethe receve statementsuccessfullyreceves some
messageputtingt befores doesnot preventt from receving thatmessageandhencest = ts. Theproofis
hencecompleted. [

Thereis, however, oneexception.In orderto enableajoining procesdo nd anexisting processn the
peerto-peernetwork, we assumehat an externalmechanisnprovidesa contact() functionthatreturnsa
processn the network if thereis one,andreturnsthe calling processotherwise.Supposehatthering has
no processandif two processeg andq call contact() simultaneouslythencontact() returnsp andq to
them,respectiely, causingthe creationof two rings. Hence,we assumehattwo actionsdo notinterleae
if they bothcall thecontact() function.

3 The Ranch Topology

The Ranch(random cyclic hypercube)topology proposedn [12], is a structuredpeerto-peernetwork
topology with a numberof nice properties,ncluding scalability locality awarenessand fault tolerance.
Thepresentatiof Ranchin this paperis self-containedalthoughmary detailson Ranchareomitted.

In Ranch,every processu hasa binary string, denotedby u:id, asits identier. The rst bit of a
nonemptyidenti er of u is u:id[1]. We requirethat the rst bit of every nonemptyidenti er to be 0.1
Identi ers neednot be uniqueor have the samelength. Over time, identi ers may grow or shrink. We use

1This assumptioris solelyfor the convenienceof expressinghe propertiesof Ranch.
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Figurel: An Exampleof the Ranchtopology

V todenotethesetof processepre xedby . Everyprocessi useswo in nite arraysof typeV © u:r[0:]
andu:l[0:], to betheir right neighborsandleft neighbors> We requirethatu:r[0] = u:I[0] = u atall times.
TheRanchtopologyis informally de ned as: For every nonemptybit string , all theprocessepre xedby
form aring. Theringsin Ranchcanbe eitherunidirectionalor bidirectional. Formally, a topologyis a
unidirectionalRana if
U="h8 :ring(V ;r[j jDi

holds,andatopologyis abidirectionalRand if
B = h8 :biring(V ;r[j j;I[j jDi

holds. Hence,the key to maintainingRanchis the joining or leaving of a singlering. We call the ring
consistingof all theprocessesm V simplythe -ring. Figurel shavs anexampleof the Ranchtopology

In practice for goodperformancea processshouldjoin a sufcient numberof rings, but we do notim-
posethisrequiremenhereasit doesnotaffect correctnessTo go from oneprocesdo anotheramessages
forwardedalongtheringsandprogressiely correctthebits betweerthe currentprocessaindthedestination.
We referthereaderto [12] for moredetailsof the Ranchtopology

At ahighlevel, Ranchandskip graphgq3] sharesomesimilarities.But asfar astopologymaintenancés
concernedthey have two key differences(1) in Ranch,anew processanbeaddedo anarbitraryposition
in the basering (i.e., the 0-ring), while in skip graphs,a new processhasto be addedto an appropriate
position; (2) in Ranch,the orderin which the processesppearin, say the 0-ring neednot be the same
asthe orderin which they appeatin, say the -ring, while in skip graphsthey have to be. For example,
in Figurel, the orderin which the processeappeaiin the 00-ring is differentfrom the orderin which they
appearin the O-ring. Thesetwo e xibilities allow us to designsimple maintenancerotocolsfor Ranch,
while extra effort hasto bemadein orderto maintainskip graphs.

4 Joinsfor Unidir ectional Ranch

A procesgoins Ranchring by ring: it rst callsthe contact() functionto join the O-ring, thenafterit has
joinedthe -ring, for some , if it intendsto join onemaorering, it generateshe next bit d of its identi er

2Assumingin nite arraysof neighborss solelyfor the convenienceof expressinghe protocols.In practice,a sufciently long
arraysufces.



andjoinsthe d -ring. But how doesthe processnd anexisting processn the d -ring? Notethatwe can
no longerusethe contact() functionfor this purpose.

4.1 A BasicJoin Protocol

Theideato overcomethis dif culty is asfollows. Supposdhatprocessi intendsto join the 0-ring, where
j 0j = i. Process sendsajoin (u;i; 0) messagéo u:r[i  1]. Thisjoin messagés forwardedaroundthe
-ring. Uponreceving thejoin messagea procesp makesoneof thefollowing decisions:

1. If a= p(i.e.,thejoin messageriginatesfrom p andcomesback),thenthe 0-ring is emptyandp
createghe O0-ring by settingp:r[i] = p.

2. If pisinthe -ringbutis notinthe O0-ring, thenp forwardsthejoin messagéo p:r[i 1]
3. If pisnotinthe -ring, or pitselfis alsotryingto join the 0-ring, thenp sendsaretry messagéo a.

4. If pisinthe O0-ring, thenp sendsagrant messag¢o a, informinga thatp isits r[i] neighbor

Figure2 shawvs thejoin protocolfor unidirectionalRanch.Here,we assumehatthe contact() function
returnsa processis whereu:k & 0 if thereis sucha processandreturnsthe calling procesotherwise.The
proofsof the following two theoremsareomittedbecausehey aresimplerthanthoseof somesubsequent
theorems.

Theorem4.1 invariant | .

Proof: Recallthatpath® (u;v;x) denoteshd : i > 0 : u:xx' = vi. We let dist(u;v;x) to denotethe
smallesisuchi. Notethatby de nition, dist(u; v;x) > 0anddist(u; v;x) isunde nedif suchani doesnot
exist. We introducethefollowing de nitions.

f (u)
U

#join(u; ; )+ m (grant;u) + m (retry;u);
fu:u2V ~urfj j]6 nilg;

X if i=uwuk”m (grant;u) = 1" m (grant(x);u) =1
urfi] otherwise,

ur9i] =

8
3 Vuia \ fw:0< dist(u;w;rqu:k 1)) < dist(u;v;rqu:k  1])g
(u)= if #join(u; ; )=12m (join(u; ; );v) = 1~ path* (u;v;rqu:k 1])

2

' otherwise.
In the above de nitions, we use# join (u; ; ) to denotethe numberof join messages all the channels
with u asthe rst parameteandarbitrarysecondandthird parameter§ means‘don't care”). And we use
u:r[0::u:k) to meanthearrayfrom u:r[0] tou:r[u:k  1]. An invariantof this protocolis shavn in Figure3.

Sincel clearly holdsinitially, it sufces to shav thatevery actionpreseres every conjunctof 1. We

obsere thatthefollowing conjunctsaretrivially presered:

C1 Theonly actionthatsendsa grant messagés T,, andtheguardimpliesthatr[i] 6 nil .



pro cessp
var s:fin;jngg; fstate
id : array [1::] of [0::1]; fidenti er; k = jid], notexplicitly maintained
r :array [0:] of V© fright neighborg
a: Ve i:integer, d: [0:1]fauxiliary variableg
int k=07s=in"r[0]= p” r[l:] = nil
begin
s=in ! factionTy; initiateajoing
if k=0! a;d:= contact();0
k6 0! a;d:=r[k];random ;
id := grow(id; d);
if a=p! rlkl:=p
a6 p! s:=jng; send join(p;k;d) to a
rcv join (a;i; d) from q! fT,g
if a=p! rlk];s:= p;in
a6 pr((k<i~rlk]& nil) _(k i™id[i]6 d))! sendjoin(a;i;d)tor[i 1]
a6 pr((k<i™rkl=nil)_(k i~id[i]=d~r[i]=nil))! sendretry() to a
a6 prk iMid[il]=d”r[i]8 nil ! send grant(rfi]) to a; r[i] .= a
rcv grant(a) from q! fTsg
rik];s:= a;in
rcv retry() from q! fTsg
s;id := in;shrink(id)
end

Figure2: Thebasicjoin protocolfor unidirectionalRanch.

R1 The rst branchof thesecondf statemenin T, changes[k], andthegrownth of id impliesthatk 1.
The rst branchof T, changes [k], andC, impliesthatk 1. Action T3 changes [k], andA implies
thatk 1.

R, Theonly actionthatgrowstheid is T1, andthe rst if statemenimpliesthatif k 1, thenid[1] = O.

It thenfollows from | thatE : h8i:uk 1: ( u) = ;i ,becausdythede nition of ,if u:k = 0,
then( u) = ;,and

uk=1
) le;z; def. of rog

wid = 0~ wr[0]= u” wr90]= u
) fdef.of ¢

(u)=;:

flg T, flg: Supposdhatk = 0 andthena = p. [A] This actionestablishep:k 1. [B] This action
increases:k from 0 to 1 andestablishesi:r[1] 6 nil . [C»] This actiondoesnot falsify the consequent
becauséA impliesthat!l # join (p; ; ) = 0. [C3] This actiondoesnot falsify the consequenbecauset
grows p:id andestablishep:r9J1] 6 nil . [D1] By E, this actionpreseres ( p) = ;. [D2] Thede nition
of thecontact() functionimpliesthat” h8u :: u:k = Oi andE impliesthat" h8u :: ( u) = ;i . Hencethis



= AB~C~"D"R

= h&au:(us=jng fW=DD"f(u) 1~{F@W=0_uwk i

h8u :: (u:is=in  wru:k] & nil)~ wr[0:u:k) 6 nil ~ wr(u:k:]= nili

= h&u;v;j;e:C1™ Co ™ Cai

C, = #grant(nil)=0

Co, = #join(u;j;€9>0) j  17]=uwk” e= wid[uk]

Cs = m (join(u;j; );v)>0) virrq 116 nil » w:id[L:j) = viid[1:)* (U v_uk 2)
D = h8uv:iDi” Dol

D1 = u62( v)_v6e2( u

D, = v2 (u)*virQuk]6 nil ) how:w2 Vyig » w62( u):wirfuk] 6 nili
R = h&; :Ri1™R2” Rsi

Ry = uwr[0]=u

R, = uwk 1:uwid[1]=0

Rz = ring(U ;r9g j])

0O ® > —
I

Figure3: An invariantof thejoin protocolfor unidirectionalRanch.

actiondoesnot truthify the antecedentSincethis actionaddsp to Vo andestablisheg:r[1] 6 nil , it does
notfalsify theconsequent.R 3] We obsere that

contact() returnsp
) f def. of contact()g
" h&u:uk=0i
) factiory
# pid = 0" pr[l]= p~A pis=in*h&:u6 p:uk=0i
) fdef.of ringg
# h8 :ring(U ;r9 jDi:

flg T1 flg: Supposdhatk = 0 andthena & p. [A] This actionestablishep:s = jng, f (p) = 1, and
p:k = 1. [B] Thisactionfalsi es p:s= in andit increasep:k from0to 1. It followsfrom B thatl p:r[0] 6
nil ~ p:r[1::] = nil. [C,] This actionestablisheg join (p;1;0) > 0, aswell asp:k = 1/ p:id[1] = 0.
[C3] Thisactionestablishesn (join (p; 1;0); a) > 0. Thede nition of thecontact() functionimpliesthat
| ack 1. Thede nition of r°andR; imply thatl a:r90] 6 nil. The guardimpliesthatp 6 a. This
actiondoesnot falsify the consequenbecausét grows p:id. [D 1] This actionpreseres ( p) = ;. [D2]
This actiondoesnot truthify the antecedenbecauseby thede nition of ,1 ( p) = ; » p 62( u) for
ary u. Thisactiondoesnotfalsify theconsequenbecausét increase¥, andestablishep:r[1] 6 nil . [R3]
Unaffected.

flg Ty flg Supposehatk 8 O0andthena = p. Let betheoldp:id. [A] Thisactionestablishep:k 1.
[B] Thisactionestablisheg:r[j dj] & nil . It followsfrom B that# p:r[0:;j j] & nil . [C>] It follows from
A thatl #join(p; ; ) = 0. [C3] This actiondoesnot falsify the consequentbecauset grows theid and
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establishep:r4j dj] 6 nil. [D4] Thisactionmayaddpto ( u) for someu, but D1 is presered because
( p) remains; . [D»] Sincethis actionpreseres ( p) = ;, it maytruthify theantecedenonly if v = p
and" u2V g™ uk=j djforsomeu 6 p. Butthisisimpossiblebecausé pir[j j]= p*p2 V ,and
Rsimpliesthat" u 62V _ urYj j] = nil . Thisactiondoesnotfalsify the consequenecausét increases
V 4 andestablishep:r[j dj] & nil . [R3] We obsere that

"prfj jl1=prp:s=in
) fA; def.ofr%

"prdiil=p
) fR3; B; def.of r%

U =fpgtUgq=;
) factiory

#Uq=fpg" prq dil=p
) fRag

# ring(U g;r9 dj]):

flgTi flg: Supposdhatk 6 0 andthena 6 p. [A] Thisactionchanges:s fromin to jng, increases
f (p) from 0 to 1, andincrements:k by 1. [B] This actionchange:s from in to jng andincreasep:k

by 1. It follows from A and" p:s = in that# p:r[0::p:k] 6 nil ~ p:r(p:k:;] = nil. [C,] This action
establishedt join (p;p:k;d) > 0, aswell as# p.k 1" d = pid[p:k]. [C3] It follows from B that
a 6 nil (i.e.,thejoin messagés sentto anonil process).Let ™ betheold p:k. This actionestablishes
m (join (p;” + 1;d);a) > 0. We obsere that

p:rr[[]= a” p:s= in

) fdef.of r%
"pr{l=a
) f R3; action;guardof thesecondf statemerg

| arQ]16 nil » pid[L:'] = aid[1::"] a6 p

This actiondoesnot falsify the consequenbecauset grows p:id. [D 1] This actionpreseres ( p) = ;.
Thus,evenif this actionfalsi es p 62( v) for someyv, it preseresv 62( p). [D»] Let betheold p:id.
This actiondoesnot truthify the antecedenbecauset p:rqj dj] = nil . This actiondoesnot falsify the
consequenbecausedt enlagesV 4. [R3] Unaffected.

flg T, flg Supposel, takesthe rst branch(i.e., self). [A] This actionchange$:s from jng to in and
decreaseb(p) from 1to 0. [B] This actionestablishebothp:s = in andp:r[p:k] 6 nil. [C5] Thisaction
removesajoin messagandpreseresp:id. [C3] Thisactionremoesajoin messagelt doesnot falsify
the consequenbecausét establishep:rdp:k] 6 nil. [D1] This actionestablishes( p) = ;. [D»] Let
p:id = d. We obsere thatbeforethis action

#join(p; ; )=12m (join(p; ; );p =1
) fB: def.of r® Rag

path* (p; p;r9i 1)
) fdef.of ;B:def.ofry

( p)=Vagnfpg
) fD19

h8u:u2V 4:p62( u)i:



Therefore this action doesnot truthify the antecedent.This actiondoesnot falsify the consequengither
becausdt establisheboth ( p) = ; andp:r[p:k] 6 nil . [R3] By thederivationfor D, above, we have
" (p) = Vpia nfpg
) fD,; A; def.of r%

" hau:u2 Vpig : urJpk] = nili
) factiorg

# ring (Upiia ; r Jp:K]):

flg T, flg: Supposerl, takesthe secondbranch(i.e., forward). [A; B; C,] Unaffected. [C3] Let w be
p:ri 1] ThenCsz andB imply thatp:k i 1~ w 6 nil (i.e., thejoin messages forwardedto
a nonqil process). This action establishesn (join (a;i; );w) > 0. It follows from C3 and R3 that
wir9i 116 nil A aid[L:i) = phid[L:i) A pid[1:i) = weid [1:0). It follows from R thatu:k 2. This
actiondoesnotfalsify theconsequen{.D 1] Thisactionpreseres ( a), dueto theguardof thisbranchand
thede nition of . [D»] Thisactionpreseres ( a). [R3] Unaffected.

flg T, flg: Suppos€l, takesthethird branch(i.e., retry). [A] This actiondecrements join (a; ; ) by
1 andincrementan (retry;a) by 1, preserving (a). [B] Unaffected.[C,.3] This actionremovesa join
message]lD 1] Thisactionestablisheq a) = ;. [D»] Thisactionestablisheq a) = ;. [R3] Unaffected.

f1g T, flg: Supposehis actiontakesthe fourth branch(i.e., grant).[A] This actiondecrement# join (a)
by 1 andincrementan (grant;a) by 1, preservingf (a). [B] This actionpreseresp:r[i] 6 nil, dueto
the guardof this branchandCj,, which impliesthata 6 nil . [C,.3] This actionremosesa join message,
truthi es a:r9i] 6 nil, andpreseresp:r4i] 6 nil. [D4] This actionestablishes( a) = ;. [D2] This
actionestablishedoth ( a) = ; anda:rJa:k] 6 nil . Hence,it maytruthify theantecedendnly if v = a
andu:k = ak, for someu 6 a. If p 62( u), thenp is thew thatsatis estheconsequentlf p2 ( u),
thenthereexists somew 6 p that satis es the consequenbecause 2 ( u) » p:ru:k] 6 nil. This
actiondoesnot falsify the consequenbecauset establishes( a) = ; andpreseresp:r[i] 6 nil. [R3]
This actionchangesa:r Ja:k] from nil to the old p:r9a:k] andchanges:rda:k] to a. Hence,it preseres

ring (Uaia ; rfacidj]).

flgTsflg: [A] Thisactionfalsi es p:s= jng anddecrease(p) from1to0bydecrementingn (grant;p)
by 1. [B] This actionestablishe®othp:s = in andp:r[p:k] 6 nil . [C2.3; D1] Unaffectedbecausdy the
de nition of r© thisactionpreseresp:rp:k], whichis nonil . [D,] Thisactionestablishep:r[p:k] 6 nil
andpreseresp:rJp:k] 6 nil . Henceit doesnottruthify theantecedentr falsify theconsequentR 3] This
actionpreseresp:rp:K].

flgT4flg: [A] Thisactionfalsi es p:s = jng anddecrease(p) from 1to 0 by decrementingn (retry; p)
by 1. [B] This actionchanges:s from jng to in andshrinksp:id by onebit. It follows from B andthe
actionthat# p:r[0::p:K] 6 nil . [C,] This actionshrinksu:id, but" m (retry;p) > 0 andA imply that
| #join(p; ; ) = 0. [C3] Thisactiondoesnotfalsify the consequenibecausé p:rp:k] = nil . It shrinks
p:id but A and" m (retry;p) imply thatl # join(p; ; ) = O.[D1.2] Unaffected.[R3] Unaffected.

Thereforenvariant | . ]

Theorem4.2 If joins eventuallysubsidetheneventuallyU holdsandcontinuego hold.

Proof: Similarto the proofof Theoremb.2. [



4.2 Avoiding Livelocks

Thejoin protocolin Figure 2, thoughcorrectlymaintainsthe Ranchtopology may getinto the following
livelocksituation.Supposehatprocesses andv arein the -ring andthey bothintendto join the 0-ring,
whichis empty Thejoin messagérom u andthatfrom v mayreacheachotherat the sametime andthey
arebothrejected.Thenu andv maytry to join the 0-ring again.This situationcanrepeatforever. Hence
a livelock. On the otherhand,we cannotforward both of the join messagebecausdhat may causethe
creationof two 0-rings.

The aforementionedivelock problempartly resultsfrom the symmetryof u andv: they have the same
identi er. To overcomethis problem,we useanideasimilarto leaderelectionon aring. We assume total
orderon the processesTherearemary waysto achie/e suchatotal order For example,the processesan
generata sufciently largerandomnumbey or they cangeneratén advancea sufciently longidenti er so
thatall identi ers areunique.We do not concernourseheswith the methodof achieving sucha total order
in this paper

With thetotal orderin place,uponreceving ajoin (a;i; d) messag®nthe -ring, if procesau is also
trying to join the d -ring, thenit comparestself with a basedon thetotal order If u < a, thenu forwards
thejoin messagandsetsu:c, alocal variable,to a (i.e., u recordsthata processwith higherorderis also
trying to join the d -ring). If u > a, thenu sendsaretry messagé¢o a. If thejoin (a;i; d) messageomes
backto processes, thena rst compares:c with a. If a:c > a, thena withdraws the currentattemptto
join. If a:c  a, thena formsasingletonring.

Figure4 shavs ajoin protocol,which we referto asthefangy join protocol,thatrealizeshisidea. This
protocolalso correctlymaintainsthe Ranchtopology but we omit its correctnesproofs. We remarkthat
this leaderelectionalgorithmis not a seriousperformancedravback: the algorithmis invoked only when
multiple nodesare competingto join anemptyring, which doesnot happenoften, becausen practice,to
achieve goodperformancdi.e., logarithmic network diameter),a procesgoins as mary rings aspossible
until the smallestring to which it belongsconsistof only a (small) constaninumberof processesHence,
only aconstannumberof processesompeteo join anemptyring.

Theorem 4.3 Thefancyjoin protocolis livelok-free

Proofidea: We obsere thatanattemptto join, say the 0-ring mayonly fail dueto oneof thefollowing
two reasons(1) the -ring is beingexpandedpr (2) thereis a processwith a higherorderalsoattempting
to join the O-ring. Sincethereareonly nite numberof processeandrings, attemptdo join aring leads
to the expansionof somering (althoughmaybea differentring). Hence the systemis livelock-free. [

5 Maintaining Bidir ectional Ranch

Similar to [11], our approacho designinga protocolthat maintainsbidirectionalRanchis to rst designa
join protocolandaleave protocol,andthencombinethem.

5.1 Handling Joinsand LeavesSeparately

The join protocolfor bidirectionalRanchis a simple combinationof the ideasin [11] andin Section4.
Figure5 shavs the protocol. We omit its correctnesgroofsasthey aresimplerthanthosein Section5.2.
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pro cessp
var s:fin;jnggfstatay
id : array [1::] of [0::1]; fidenti er; k = jid], notexplicitly maintained
r :array [0:] of V© fright neighborg
a;c: V% i :integer, d:[0::1] fauxiliary variableg
int k=0~s=in”~r[0]=p~r[l:]=c=nil
begin
s=in ! factionTy; initiate ajoing
if k=0! a;d:= contact();0
k6 0! a;d:=r[k];random ;
id := grow(id; d);
if a=p! rlkl:=p
a6 p! s;c:=jng;p; send join(p;k;d) to a
rcv join (a;i; d) from q! fT,g
if a=p~rc=p! rlk];s;c:= p;in;nil
a=p~rcé p! s;id;c:= in;shrink(id); nil
a6 pr((k<i™r[k]&nil) _(k i~id[i]6 d))! sendjoin(a;i;d)to r[i 1]
a>prk irid[il]=dMrfi]=nil ' sendjoin(a;i;d)tor[i 1];c:=a
(a6 prk<ifrrkl=nil)_(a<p™k inMid[i]=d~r[i]=nil)! sendretry() to a
a6 prk iMid[i]=d”r[i]8 nil ! send grant(r[i]) to a; r[i]:= a
rcv grant(a) from q! fTsg
rik];s;c:= a;in;nil
rcv retry() from q! fTsg
s;id; c:= in;shrink(id); nil
end

Figure4: Thefang join protocolfor unidirectionalRanch.

A procesdeaves Ranchring by ring, startingfrom the “highest” ring that it participates. The leave
protocolfor bidirectionalRanchis a straightforvard extensionof theleave protocolin [11]. Figure6 shavs
theprotocol. Again, we omit its correctnesgproofs.

5.2 Handling Both Joinsand Leaves

Designinga protocolthathandleshothjoins andleavesis amuchmorechallengingproblemthandesigning
two thathandlethemrespecitrely. In particular therearetwo subtleties.

The rst subtletyis asfollows. Supposédhatthereis ajoin (a;j 0j;0) messagén transmissiorfrom
u to v, both of which arein the -ring. Sincewe only assumeaeliabledelivery, whenthis join message
is in transmissiony may leave the -ring, andevenworse,v mayjoin the -ring again,but at a different
location. If this happensthenthe join messagenay “skip” partof the -ring, which may containsome
processein the O0O-ring. Therefore,if the join messageomesbackto processa, it causesa to form a
singletonring, resultingin two  0-rings,which violatesthede nition of Ranch.

The secondsubtletyis asfollows. Supposehatu andv belongto the -ring andw is the only pro-
cessin the 0-ring. Thenu decidesto join the O0-ring andsendsout a join (u;j 0j; 0) message.But
whenthis messagdaspassed/ but hasnot reachedv, v alsodecidedo join the 0-ring andsendsout a
join (v;j 0j; 0) messageSincewe only assumeeliabledelivery, thejoin (v) messagenayreachw earlier

11



pro cessp
var s:array [0::] of fin;out;jng; busyy f stateg
id : array [1::] of [0::1]; fidenti er; k = jid], notexplicitly maintained
r:1;t : array [0::] of V@ fright andleft neighborst areauxiliary varialeg
a: Ve i:integer, d: [0:1]fauxiliary variableg
int k= 0"s[0]=in"sg[l:]=out”r[0]=I[0]= p” r[1:] = I[1:] = t[0::] = nil
begin
s[k] = in I factionTy; initiate ajoing
if k=0! a;d:= contact();0
k6 0! a;d:=r[k];random ;
id := grow(id; d);
if a=p! rlk];I[K]; s[k] := p;p;in
a6 p! slk]:=jng; send join(p;k;d) to a
rcv join (a;i; d) from q! fT,g
if a=p! r[k};I[Kk];sk] = p;p;in
a6 pr((k<i~rlk]& nil) _(k i™id[i]6 d))! sendjoin(a;i;d)tor[i 1]
a6 pr((k<i™rkl]=nil) _(k i~id[i]=d~ g[i]6in))! sendretry() to a
a6 prk iMid[il]=d”Msli]=in! send grant(a;i) to r[i]; r[i]; s[i];t[i] := a;busy;rJi]
rcv grant(a;i) from q! fTsg
send ack(I[i]) to a; I[i] ;= a
rcv ack(a) from q! fTsg
r[k]; I[k]; s[k] := q;a;in; send done(k) to I[Kk]
rcv done(i) from q! fTsg
s[i]; t[i] := in;nil
rcv retry() from q! fTgg
s[k];id := out; shrink(id)
end

Figure5: Thejoin protocolfor bidirectionalRanch.

thanthe join (u) messageloes. Hence,v is grantedinto the 0-ring, but thenw may leave the 0-ring.
Therefore the join (u) message&loesnot encounteiary processn the 0-ring beforeit comesbackto u,
causingu to createthe 0-ring. This violatesthe Ranchde nition, becaus¢he 0-ring alreadyexists and
consistof v.

We usethefollowing ideato overcomethesetwo subtletiesWhenu decidedo join, say the 0-ring. It
changes:s[j j] (fromin) to wtg (waiting), a new state.Uponreceving ajoin (u; i; 0) messageprocess/
rst checksf v:s[i 1] = in. If so,v takesappropriatelecisionasbefore,andif it needdo forwardthejoin
messagey changew:s[i  1]towtg. If not,v sendsaretry message¢o u. After u receveseithera grant
or aretry message sendsanend messagewhich is forwardedon, to changethe stateof thoseprocesses
which hasbeensetto wtg by its join messagdackto in. Intuitively, changinga stateto wtg preventsa
processrom performingcertainjoin or leave operatiorthatmay jeopardizeanongoingjoin operation.The
combinedprotocolthatrealizeghis ideais shavn in Figure?.

Theoremb5.1 invariant | .
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pro cessp
var s:array [0::] of fin;out;Ivg; busyg f stateg
id : array [1::] of [0::1]; fidenti er; k = jid], notexplicitly maintained
r:1 : array [0::] of V@ fright andleft neighborg
a: V% i :integerfauxiliary variableg
init  s[0:k] = in ™ r(k::] = I(k::] = t[0::k] = nil
begin
slkl]=in~k>0! fT.g
if I[k]=p! r[k];1[k];s[k];id := nil ;nil ;out; shrink(id)
I[k] 6 p! s[K]:= Ivg; send leave(r[k]; k) to I[k]
rcv leave(a;i) from q! fT,g
if slij=in~r[i]=q! sendgrant(q;i) to a; r[i];s[il;t[i] ;= a;busy;r|i]
s[i]6 in _r[i]6 q! sendretry() to g
rcv grant(a;i) from q! fTsg
send ack(nil) to a; I[i]:= q
rcv ack(a) from q! fTsg
send done(k) to I[k]; r[k]; I[K]; s[k];id := nil ;nil ; out; shrink(id)
rcv done(i) from q! fTsg

slil; tfi] == in;nil
rcv retry() from q! fTgg
s[k] := i

end

Figure6: Theleave protocolfor bidirectionalRanch.

Proof: Weintroducethefollowing de nitions to beusedin this proof.

f(u) = #join(u; ; )+ m*(leave;u) + # grant(u; )+ m (ack;u) + m (retry;u);
g(u;i) = m*(grant( ;i);u) + m (done(i);u) + h(u;i);

m(ack; u:t[i]; w:r[i]) + m(ack; u:r[i]; u:t[i]) if u:t[i] & nil ~ u:r[i] 6 nil

h(u;1) = 0 otherwise,
; Y if usfi] = jng ™ #grant(u;i) = 1* m (grant(u;i);v) = 1
ur Qi) = Y if usfi] = jng ™ #grant(u;i) = 0 m (ack;u) = 1™ m(ack;v;u) = 1
' 3 nil if usfi] = Ivg” # grant(u;i) + m (ack;u) = 1
" ur[i] otherwise,
8 if uss[i] = jng ~ # grant(u;i) = 1~ m* (grant(u;i);v) = 1
if ussfi]= jng ™ #grant(u;i) = 0 m (ack;u) = 1 m (ack(x);u) =1
if u:sfi] = Ivg” # grant(u;i) + m (ack;u) = 1
wl9i] = if #grant(u;i) + m (ack;u) = 0 m (grant( ;i);u) = 1"
m (grant(x;i);u) = 1~ x:s[i] = jng
§ if #grant(u;i) + m (ack;u) = 0 m (grant( ;i);u) = 1+
m(grant(x;i);v;u) = 1" x:s[i] = Ivg

A[i] otherwise,
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pro cessp
var s:array [0::] of fin;out;jng;Ivg; busy, wtgg; f stateg
id : array [1::] of [0::1]; fidenti er; k = jid ], notexplicitly maintained
r:1;t : array [0:] of V@ fright andleft neighborst areauxiliary varialeg)
a: V% i:integer, d: [0:1]fauxiliary variableg
init k= 0"s[0]=in"sg[l:]=out” r[0]=I[0]= p~ r[1:] = I[1:] = t[0::] = nil
begin
slk] = in ! factionT}; initiate ajoin; letk®= k 1g
if k=0! a;d:= contact();0
k6 0! a;d:=r[k];random ;
id := grow(id; d);
if a=p! r[k};I[k];sk] = p;p;in
a6 p! s[kY;s[k] := wtg;jng; send join (p;k;d) to a
slk]=in~ k> 0! fT};initiatealeaveg
if I[k]=p! r[k];1[k];s[k];id := nil;nil ; out; shrink(id)
I[k]& p! s[k]:= Ivg; send leave(r[k]; k) to I[k]
rev join (a;i; d) from q! fT); leti®=i 1g
if a=p! rf;I[i];s[i9;s[i] := p;p;in;in; send end(p;i% to r[i9
aéprslid=inr(k<i_(k irid[i]6 d) ! s[iq:= wtg; send join (a;i; d) to r[iY
a6 pr(sfig6in_(si9=in~k i~s[i]6in~id[i]=d)! send retry() to a
a6 prslid=inrk inrgli]=in”id[i]=d! send grant(a;i) to r[i];
rli]; sli];t[i] := a;busy;r|[i]
rev leave(a;i) from q! fTlg
if s[ij=1in~r[i]=q! sendgrant(q;i) to a; r[i];s[i];t[i] ;= a;busy;r|i]
sli]éin _r[i]6 q! sendretry() to g
rcv grant(a;i) from q! fTasg
if I[il=q! send ack(l[i]) to a; I[i]:= a
I[i]6 g! send ack(nil) to a; I[i]:= q
rcv ack(a) from q! fTa; letk®= k 1g
if s[k]=jng! r[k];I[K];s[k9;s[k] := qg;a;in;in; send done(k) to I[K];
if k% 0! send end(a;k9 to r[k9
s[k] = Ivg! send done(k) to I[K]; r[K]; [K]; s[K];id := nil;nil ; out; shrink(id)
rcv done(i) from q! fTsg
slil; tfi] == in;nil
rev retry() from q! fTe;letk®= k 1g
if s[k]=jng! s[k9;s[k];id := in;out;shrink(id); if k6 0! send end(q;K) to r[k]
s[k] = Ivg! s[k]:= in
rcv end(a;i) from q! fT.g
if p6 a! sg[i]:= in; send end(a;i) to rJi]
end

Figure7: Thecombinedprotocolfor bidirectionalRanch.
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if ussfu:k] = jng A f(u) = 12 m (join(u; ; );v) = 1~ path* (u;v;r9u:k 1]
if uzsfu:k] = jng ~ f(u) = 1~ m*(grant(u; ):v) = 12 path™ (u;v;rqu:k 1))
if ussfu:k] = jng A f(u) = 12 m (ack(v);u) = 1~ path* (u;v;rqu:k  1])

if uzs[uzk] = jng A f(u) = 1~ m(retry;v;u) = 1~ path* (u;v;r9u:k 1])
otherwise,

X = fug[ fw:0< dist(u;w;r9u:k 1]) < dist(u;v;r9u:k  1])g:

(u)=

X X X X

Weuse and todenoteinstance®f theend messageand,with a slight abluseof notation,we use : 1to
denotethe rst parametenf andwe use: 2to denotethesecondbarametepf . Foreveryinstance of
theend messagewhere isbeingsenttouand: 1= v,dene ( ) tobe:

8
fug[ fw:0< dist(u;w;rq: 2]) < dist(u;v;r9: 2))g
_ if path®™ (u;v;r9q:2)~ ué6 v
()= s
' otherwise

An invariantof the combinedprotocolis shavn in Figure8. In theinvariant,j °denote§ 1. We remark
that, in orderto make useof the proofsin [11], we do not strive to simplify the invariantin Figure8. For
example,the C andF conjunctscanbe combined,but we do not do so becauseghe C conjunctis almost
identicalto the C conjunctof theinvariantfor the combinedprotocolfor a singlering presentedn [11].

It sufces to checkthatevery actionpreseresevery conjunctof | . We obsenre thatconjunctsD 1, Ry,
andR; aretrivially presered by every action. Also, by R; andthe de nition of ,wehae G : h&u :
uk 1:(u)=;i.

flg T{ flg: [A1] If ajoin messagés sentthenthis actionestablishefothp:s[p:k] = jng andf (p) = 1.
If nojoin messagés sent,thenthis actionpreseresbothp:s[p:k] = in andf (p) = 0. [A»] Thisaction
preseresp:s[p:k] 8 busy. [Az] This actionincrements:k by 1 and# p:g[p:k] = injjng. [B1] If a
join messageés sent,then# p:s[p:k] = jng » p:r[p:k] = p:A[p:k] = nil. If nojoin messagés sent,
then# p:s[p:k] = in »* prr[p:k] = p:l[p:k] = p. [B2] This actionincreasesp:k by 1 and preseres
p:g[p:k] & busy. [C] Similarto theproofin [11]. [Ejl] Let" betheold p:k. Supposehatajoin (p;” + 1; )
messagés sent. Thenthis actionclearlyestablishep:s['] = wtg”® pir['] = a,andif "+ 1 2, it follows
from R3 thatl path™ (p;p;rq']), where’ is theold p:k. And this actiondoesnot falsify the consequent
becausét establishep:g['] = wtg. Supposéahatnojoin messagés sent. Thenthis actiondoesnot falsify
the consequenbecauseét establishep:s['] = wtg» pir[ + 1] 6 nil » pr{ + 1] 6 nil. [E]] This
actionpreseresm™ (leave; p) = 0. [E2] This actionmay falsify the consequenonly if x = p. But A
impliesthat!l # grant(p; ) = 0. [EJ3] This actionmay truthify the antecedenor falsify the consequent
onlyif v = p. But A; impliesthatl m (ack;p) = 0. [Eg] This actionmay truthify the antecedenor
falsify the consequenbnly if v = p. But A; impliesthatl m (retry;p) = 0. [Eg] This actiondoes
not falsify the consequenbecausét doesnot falsify path* (u; v;r9j]) for ary u;v;j. [F1] This action
preseres ( p) = ;. [F2] Thisactiondoesnot generateor remove ary end messageit doesnot falsify
path* (u;v;r9j]) forany u;v;j. [F3] Thisactiondoesnotgenerat®r remove ary end messageat doesnot
falsify path* (u; v;r9j]) for ary u;v;j, andit preseres ( p) = ;. [F4] Thisactionpreseres ( p) = ;.
[F5] Thisactionpreseres ( p) = ; anddoesnotfalsify v:s[j] = wtg for ary vij. [Fg] Let" betheold
p:k. Thisactiondoesnottruthify theantecederbecauseif ajoin messagés sent,thenall ther ®valuesare
presered,andif nojoin messagés sent,thenaftertheaction,p is the only processvhoser " + 1] value
equalsp. This actiondoesnot falsify u:s[j] = wtg for ary u;j. [R3] If thisactiondoesnot senda join
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ANBANCA"D"E"F”"R

ha&u :: Ap ™ AN Asi

(usfuik] = jngjlvg - f(uw) =D~ f(u) 1

(usfj]= busy g(u;j)=1)"g(u;j) 1

u:s[0::u:k) = injbusyjwtg ® u:s(u:k::] = out

h&u : B,/ Bzi

(u:sfj] = injbusyjivgjwtg  u:r[j]16 nil » wl[j]6 nil) ™ (u:r[j]16 nil  wl[j]6 nil)
u:s[j] = busy u:t[j] 6 nil

hau;v;x;j : C} A CLA CLA CL A CLA Cyi

m* (leave(x; );u) > 0) u:s[uik] = Ivg” urfuk] = x

m(grant(x;j);u;v) > 0M x:s[jl=jng) uwt[jl=v~rvi[j]l=u

m(grant(x;j);u;v) > 0~ xis[j]=Ivg) uwtjl=x~uwrfjl=vAvi[jl=x~xI[j]=u
m(ack(x);u;v) > 0" vis[vik] = jng ) Xx:t[vik] = u” xir[vik] = v

m(ack(x);u;v) > 0~ vis[vik] = Ivg) x = nil » vil[vik]:it[vik] = v vil[vik]ir[vik] = u
m(done(j);u;v) > 0) v:t[j] 6 nil

h8u;j; e: D1 Dol

#grant(nil; ) =0

#join(u;j;e)>0) j 17j=uwk”e=uwid[]” uws[j]= jng " us]j 9= witg
hau; v;w;x; j; e : E} * EL A Ex” EL” EL A Egi

m(join (w;j; );u;v) > 0) us[9=wtg® uwr[j9=v~r(§ 2) path* (w;u;rq9))
m™* (leave(x;j);u) > 0) uk =j

m(grant(x;j);u;v) > 0) j =xk” (xs[j]=jng”™j 2) path* (x;u;r99)
m(ack(x);u;v) > 07 visfvik] = jng * vik  2) path® (v;x;rqvik  1])
m(retry;u;v) > 02 visfvik] = jng A vik  2) path™ (v;u;r9vik 1))

m (end(v;j);u)>0) j 17 (u6v) path™(uv;rql)

has;v; ; :F1” F2” F3" Fu™ Fs” Fel

uk=vik) (uw\ (v)=;

r2=:2) ()\ ()=

2=uk 1) (uw\ ()=,

(u\ Upig fug

v2 (u)) visfuk 1]= wtg

u2 ()) usl[:2]= wtg

h&; :R1" R2”" Rai

ur[0]=u

uwk 1) wid[1]=0

biring (U ;1% j])

Figure8: An invariantof the combinedprotocolfor bidirectionalRanch.
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messagethenit creategshe -ring, where isthenew p:id. If thisactionsendsajoin messagehenit does
notaffectRs.

flg Tl| flg: [A1] Similarto the proofin [11]. [A,] Similarto the proofin [11]. [A3] The rst branch
decreasep:k by 1 andestablisheg:g]j ] fromin to out, wheregj istheold p:k. Thesecondranchchanges
p:s[p:k] fromin to lvg. [B1] Similarto theproofin [11]. [B»] Similarto theproofin [11]. [C] Similarto
theproofin [11]. [D2] By Aq,l #join(p; ; ) = 0. [E’l] (rst branch)Let ™ betheold p:k. By R3, before
thisaction,p is theonly processvhoser '] valueis p. Hence this actionmayfalsify the consequenpnly if
u= p. But" p:g['] = in. (secondoranch)This actiondoesnot falsify the consequenbecausét preseres
p:s['] 6 wtg. [E'l] (rst branch)By A1, | m™*(leave;p) = 0. (secondoranch)This actionestablishes
m™* (leave(p; p:k); p) > 0. [E2] (rst branch)This actionmay falsify the consequenonly if x = p, but
A1 impliesthat! # grant(x; ) = 0. (secondbranch)This actionpreseresp:s[p:k] 6 jng. [E‘3] (rst
branch)This actionmayfalsify theconsequenonly if x = p. But A1 impliesthatl # ack(p) = 0. (second
branch)Thisactionpreseresp:s['] 6 jng. [Eg] (rst branch)This actionmayfalsify the consequenbnly
if u = p. But Ay impliesthatl m (retry;p) = 0. (secondoranch)This actionpreseresp:s['] 6 jng.
[Es] Thisactionmayfalsify the consequenonly if u = v = p. [F1] (rst branch)Let betheold p:id.
Sincebeforethis action,p is theonly proces®onthe -ring, remaving p fromthe -ring doesnotaffectary

value. (secondbranch)Unaffected.[F»] (rst branch)By Eg, if p hasary incomingend(u; ') message,
thenu = p. Henceremowing p fromthe -ring preserestheemptines®of the valueof thosemessages.
(secondbranch)Unaffected. [F3] (rst branch)As reasonedn F», this actionpreseresall the and
values. It maytruthify the antecedenonly if u = p, butl ( p) = ;. (secondoranch)Unaffected. [F 4]
Thisactionpreseres ( p) = ; andthe rst branchestablishet) = ; where isatheoldp:id. [Fs] This
actionpreseresall the valuesandpreseresp:g['] 6 wtg. [Fg] Thisactionpreseresall the values
andpreseresp:s[ ] 6 wtg. [Rs] (rst branch)This actionremoresp from the singleton -ring. (second
branch)Unafected.

flg Té flg: (self)[A1] Thisactiondecreaset(p) from 1 to O andestablishep:s[p:k] = in. [A2] This

actionchange®:s[p:k] fromjng to in andchange®:s[p:k 1] fromwtgtoin. [A3] Thisactionchanges
p:g[p:K] from jng to in andchange:g[p:k 1] fromwtgtoin. [B;] Thisactionchange:s[p:k] from

jng toin andtruthi es bothp:r[p:k] 8 nil andp:I[p:k] 6 nil . [B»] Thisactionpreseresp:s[p:k] 6 busy.

[C'l] By A; and" #join(p; ; ) > 0, we havrel m™(leave;p) = 0. [Cx3] This actiontruthi es

p:rip:k] & nil andp:I[p:k] & nil . Henceit doesnotfalsify ary of theconsequentdC,4] Unaffected.[D ;]

This actionremovesajoin messagandfalsi es bothp:g[p:k] = jng andp:s[p:k 1] = witg. [EJl] This

actionremoresajoin messagelt mayfalsify theconsequenonly if u = p andj = p:k. We obsere that

thereis no outgoingjoin (x; p:k; ) messagdérom p for somex becausetherwise by thede nition of

p2 ( p)*p2 ( x),contradicting-;. [E'l] Unaffected.[E2] Thisactiondoesnotfalsify theconsequent
becausét truthi es bothp:s[p:k] 6 jng andp:rJp:k] 6 nil . [Eg] This actionfalsi es p:g[p:k] = jng and

truthi es p:rqp:k] & nil . [EL] SameasE}. [F1] Thisactionpreseresp:k andtruthies ( p) = ;. [F2]

LetS betheold ( p). Thisactioncreatesanew instance of theend messageand ( ) = Snfpg. Thus,

by F3, thisactionpreseresF,. [F3] Similarto F». By F1, thisactionpreseresFs. [F4] Let bep:id.

By R3 andthede nition of ," ( p) = Vpid[pk)- Hence,” U = ;. Thisactionputsp into U but

establisheq p) = ;. [Fs] This actiondoesnot truthify the antecedenbecauset establisheq p) = ;.

This actionmayfalsify theconsequenbnly if v = pandu:k = p:k. But F1 impliesthatp doesnotbelong
to ( u) of ary u suchthatu:k = p:k andu 6 p. [Fg] This actioncreatesa new instance of theend

messagesuchthat ( ) = SnfpgwhereSistheold ( p). Hence,by Fs, this actionpreseresFg. [R3]

This actioncreatesasingleton -ring.
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fIgTé flg: (forward) [A1] This actionpreseresf(a) = 1. [Az] Unafected. [A3] Unaffected.
[B1] Unaffected. [B,] Unaffected. [C] Unaffectedbecausehis action preseres p:s[i9 6 Ivg. [D2]
This action forwardsthe join messagend truthi es p:s[i_‘] = wig. [E’l] This action establishedoth
m(join (a;i; );p;p:r[i9) > 0andp:s[if = wtg. By E}, " path* (a;q:rqi9) » qr9i9q = p. Hence,
#path* (a;p;r9i9). [E}] Unaffected.[E,; EL; EL] Thisactionpreseresp:s[i9 6 jng. [E¢] Unafected.
[F1] Thisactionaddspto ( a), andF1 is preseredby thisactiondueto Fs. [F2] Unaffected.[F3] This
actionaddspto ( a), andFs is preseredby thisactiondueto Fg. [F4] Thisactionaddspto ( a), butdue
to theguardof this branch,p 62U,.iq . [Fs] Thisactionaddspto ( a) andtruthi es p:gla:k 1] = wtg.
[Fe] Thisactiontruthi es p:s[i9 = wtg. [R3] Unafected.

fl gT% flg: (retry)[A1] Thisactionpreseresf (a). [A2] Unaffected.[A3] Unaffected.[B1] Unaffected.
[B2] Unafected.[C] Unaffected.[D,] Thisactionremoresajoin message[Ejl] Thisactionremoresa
join messagelE»; Ej3; Eg] Unaﬁected.[Eg] Thisactiontruthi es m(retry; p;a) > 0, andEj1 impliesthat
if azk 2, thenpath® (a;p;r9a:k  1]). [F] Unafectedbecause( p) is presered.[R3] Unafiected.

flg Té flg: (grant)[A1] Similarto theproofin [11]. [A2] Similarto theproofin [11]. [A3] Thisaction
changes:gfi] from in to busy. [B1] Similar to the proofin [11]. [B2] Similar to the proofin [11].
[C] Similar to the proof in [11]. [D2] This actionremovesa join messagend preseresp:sfi] 6 jng
andp:s[i] 6 wtg. [E‘l] This actionremoresa join messagelt doesnot falsify the consequenbecause
" p:s[i9 6 wtg andthisactiondoesnotfalsify path* (w; u; rJj 9) for ary w; u;j becausé changep:rJiJto
aandchangesi:rJa:k] fromnil totheold p:rgi]. [E'l] Unaffected.[E,] Letw betheold p:r[i]; B implies
thatw 6 nil . This actionestablishesn(grant(a;i);p;w) > 0. By D, i = a:k” a:s[i] = jng, andby E/,
if j 2 thenpath* (a;p;r99). This actiondoesnot falsify the consequenbecauset preseresp:k and
p:sli] 6 jng, andthis actiondoesnot falsify path* (x; u; r9j 9) for ary x; u;j . [E4] This actionpreseres
p:sfi] & jng anddoesnotfalsify path™ (v;x;j) forany v;x;j . [E‘5] SameasEg. [Es] Thisactiondoesnot
falsify path* (u; v;r9j]) forary u; v;j . [F1] Thisactionpreseres ( a). Since" p:s[i] = in*a:s[i] = jng,
by Fs, neitherof themis in ( w) wherew:k = i + 1. Hence,changingp:r i] anda:rqi] doesnot affect
ary value.[F2] Since" p:g[i] = in ~ a:s[i] = jng, by Fg, neitherof themisin ( ) where :k = i.
Hence changingp:rJi] anda:rJi] doesnotaffectary value.[F3] Similarto F1. Unafected.[F4] Let

be a:id. This actionpreseres ( a). It truthies a:rJa:k] 6 nil andhenceaddsatoU . [Fs] This
actionpreseresboth ( a) andp:s[i] 6 wtg. [Fg] SimilartoF,, all valuesarepresered,andthis action
preseresp:s[i] 6 wtg. [R3] Similarto theproofin [11].

fl gT2I flg: [A1] Similarto theproofin [11]. [A2] Similarto the proofin [11]. [A3] (rst branch)This
actionchange9:g[i] fromin to busy. (secondbranch)This actionpreseresp:sfi]. [B1] Similarto the
proofin[11]. [B,] Similartotheproofin [11]. [C] Similartotheproofin [11]. [D 2] Eitherbranchpreseres
p:gli] & jng andp:s[i] 6 wtg. [E‘l] (rst branch)This actionmayfalsify theconsequenonly if u = por
u= a. But" p:g[i] 6 wtg and" a:s[i] 6 wtg. (seconobranch)Unaﬁected.[E'l] This actionremoresa
leave messagelE»] (rst branch)Letw betheold p:r[i]. Thisactionestablishesn(grant(q;i); p;w) > 0.
By E!, wehavei = qk. This actionmay falsify the consequenbnly if u = q andj 0= gk. ButA;
andC'2 imply thatl m* (grant( ;qk + 1);q) = 0. (seconobranch)Unaifected.[E’3] (rst branch)This
actionpreseresp:si] 8 jng. It may falsify the consequenonly if x = q. But Az andcg imply that
| #ack(g) = 0. (secondbranch)Unaffected. [Eg] (rst branch)This actionpreseresp:g[i] 6 jng. It
may falsify the consequenbnly if u = q for someu. But if the antecedenholds after this action, then
" p:gli] = wtg becausé p 2 ( V), contradicting' p:s[i] = in. (secondoranch)This actionestablishes
m(retry;p;q) > O, but g:s[g:k] & jng. [Eg] (rst branch)This actionmay falsify the consequenbnly
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if v=gandj = gk. If " m (end(qg;gk);w) > 0 for somew, thenby Fg, " p:s[gk] = wtg because
"p2 ( )forsome , contradicting" p:s[g:k] = in. (secondboranch)Unaffected. [F1] (rst branch)
Since" p:gi] = in ™ q:gfi] = Ivg, by F5, wehavep 62( w) andq 62( w) for ary w suchthatw:k = i+ 1.
Hence this actionpreseresall the values.(secondoranch)Unaffected.[F»] (rst branch)By Fg, we
obsere thatthis action preseresall the values. (secondbranch)Unaffected. [F3] Similarto F; and
F». Thisactionpreseresall the and values.[F4] (rst branch)Thisactionpreseresall the values
andremaovesq from Ug:iq . (Secondoranch)Unaffected.[Fs] (rst branch)This actionpreseresall the
valuesandpreseresbothp:g[i] 6 wtg andq:s[i] 6 wtg. (secondoranch)Unaffected.[Fg] Similarto Fs.
[R3] Similartotheproofin [11].

flgTz flg: [A1] Similarto theproofin [11]. [A2] Similarto the proofin [11]. [A3] Unaffected.[B]
Similar to the proof in [11]. [Bo] Similar to the proofin [11]. [C] Similar to the proof in [11]. [D ;]
Unafected.[E}] Unaffected.[E!] Unafected.[E,] This actionremoresagrant message[EL] (rst
branch)This actionestablishesn(ack(q); p;a) > 0. By E,, we have " path™ (a; g;r9a:k  1]). (second
branch)We obsere that" a:g[i] = Ivg. [Eg] Unaffected. [Eg] Unaffected. [F] Unaffected. [R3]
Similarto theproofin [11].

flgTsflg: (rst branch)A1] Similarto theproofin [11]. [A2] Similarto theproofin [11]. [A3] This
actionchange®:s[p:k] from jng to in andchange®:s[p:k 1]fromwtgtoin. [B1] Similarto theproof
in [11]. [B2] Similar to the proofin [11]. [C] Similar to the proofin [11]. [D,] This actionmay falsify
the consequenonly if u = p. But A1 impliesthatl #join(p; ; ) = O. [E‘l] This actionmay falsify
the consequenonly if u = pandj = p:k. But p hasno outgoingjoin (w; p:k; ) messagdor ary w
becausghatmakesp 2 ( p) andp 2 ( w), violating F1. [E'l] Unaffected. [Eo] This actionfalsi es
p:s[p:k] = jng. [EJ3] This actionremoresanack messagandfalsi es p:s[p:k] = jng. [Eg] This action
falsi es p:g[p:k] = jng. [Eg] Letw bep:r[p:k 1]. Thisactionestablishesn(end(a;p:k 1);w) > 0. If
a6 w, thenbyE, and" p:rp:k 1]= w, wehave# path* (w;a;r9Jp:k 1]). [F1] Thisactionestablishes

( p) =;.[F2] LetS betheold ( p). Thisactioncreatesaninstance of theend messageuchthat
( ) = Snfpg. Henceby F3, thisactionpreseresF,. [F3] By Fi, thisactionpreseresFs. [F4] This
actionestablisheg p) = ;. [Fs] Thisactionestablisheg p) = ; andfalsi es p:g[p:k 1] = wtg. By

F1, we obsere thatp 62 ( w) for any w suchthatw:k = p:k. [Fg] By Fs, thisactionpreseresFg. [R3]
Similarto theproofin [11].

flgT4flg: (secondoranch)A;] Similartotheproofin[11]. [A2] Similartotheproofin [11]. [A3] This
actionchangeg:s[p:k] from lvg toout. [B 1] Similartotheproofin [11]. [B,] Similarto theproofin [11].
[C] Similar to the proofin [11]. [D2] This actionpreseresp:s[p:k] 6 jng. [E’l] This actionpreseres
p:s[p:k] & wtg. [E'l] This actiondecreasep:k by 1, but A1 impliesthatl # grant(p; ) = 0. [E2] This
actionpreseresp:g[p:k] 6 jng. [E’3] This actionremoresanack messagandpreseresp:s[p:k] 6 jng
anddecreasep:k by 1. [Eg] Thisactionpreseresp:g[p:k] 6 jng. [Es] Unaffected.[F] Unaffected.Note
thatthisactionpreseresp:s[p:k] 6 wtg. [R3] Similarto the proofin [11].

flgTsflg: [A1] Similartotheproofin[11]. [A2] Similarto theproofin [11]. [A3] Thisactionchanges
p:g[i] from busytoin. [B1] Similarto theproofin [11]. [B»] Similarto theproofin [11]. [C] Similarto
theproofin [11]. [D,; E; F] Unaffected.[R3] Similarto theproofin [11].

flg Te fl1g: (rst branch)[A;] Similar to the proofin [11]. [A2] Similar to the proof in [11]. [A3]
This actionchange9:s[p:k] from jng to out andp:s[p:k 1] fromwtg toin. [B1] Similarto the proof
in [11]. [B»] Similarto theproofin [11]. [C] Similarto theproofin [11]. [D ] Thisactionmayfalsify the
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consequentnly if u = p. ButA; and" m (retry;p) > Oimply thatl #join(p; ; ) = 0. [E’l] Let" be
theold p:k. Thisactionfalsi es p:s[| 1] = wtg. We obsere thatp hasno otheroutgoingjoin (w;~; )
messagbecausetherwise' p2 ( pp*p2 ( w),violatingF. [E'l] Thisactiondecreasep:k by 1. But
A impliesthatl m* (leave; p) = 0. [E»] Thisactionmayfalsify theconsequenpnlyif x = p. ButA; and
"'m (retry;p) > Oimply thatl # grant(p; ) = 0. [E‘3] This actionfalsi es p:s[p:k] = jng. [E!S] This
actionremovesaretry messageandfalsi es p:s[p:k] = jng. [Ee] Let™ bethenew p:k andletw bep:r[’].
This actionestablishesn(end(q; *);w) > 0. If g6 wand" 1, thenby E., we have path™ (w; q;rT']).

[F1] Thisactionestablisheq p) = ;. [F2] LetS betheold ( p). Thenthis actioncreatesaninstance
of theend messagesuchthat ( ) = S nfpg. Thenby F3, thisactionpreseresF,. [F3] By F1, this
actionpreseresFs. [F4] Thisactionestablisheq p) = ;. [Fs] Thisactionfalsi es p:§['] = wtg. ButF;

impliesthat" p 62( w) for ary w suchthatw:k = * + 1. [Fg] Thisactionfalsi es p:9['] = wtg. ButF3
impliesthat" p62( ) forary suchthat:k = ".[Rg3] Similartotheproofin [11].

flgTe flg: (secondoranch)A1] Similartotheproofin[11]. [A2] Similartotheproofin [11]. [A3] This
actionchange®:s[ ] from Ivg to out, where" is theold p:k, andthendecrementg:k by 1. [B1] Similar
to the proofin [11]. [B,] Similar to the proofin [11]. [C] Similar to the proofin [11]. [D2] This action
preseresp:s[p:k] 6 jng andp:s[p:k] 6 wtg. [E’l] Thisactionpreseresp:g[p:k] 6 wtg. [E'l] Unaffected.
[E2] Thisactionpreseresp:s[p:k] 6 jng. [E’3] This actionpreseresp:g[p:k] 6 jng. [Eg] This action
preseresp:s[p:k] 6 jng. [Es] Unaffected.[F] Unaffected.[R3] Similarto theproofin [11].

flgT;flg: If p= a, thenl istrivially preseredbecausehis actiononly remoresanend messageSup-
posethatp 6 a. [A;B] By Fg, thisactionchange®:s[i] fromwtg to in. [C] By Fg, thisactionchanges
p:sli] fromwtg toin. [D,] Thisactionfalsi es p:s[i] = wtg. But A1 impliesthatl #join(p; ; ) = 0.

[E‘l] Thisactionfalsi es p:g[i] = wtg. But F3 impliesthatp doesnot have arny outgoingjoin (w;i + 1; )

message.[E'l] Unaffected. [Ez;Eg;Eg] This actionpreseresp:s[i] 6 jng. [Eg] This actiones-
tablishesm (end(a;i);p:r[i]) > O. If a 6 pir[i], thenEg impliesthat# path* (p:r[i];a;r9i]). [F1]

Unaffected.[F»,] This actionremoresaninstance , andcreatesaninstance 0 of theend messagesuch
that ( )= ( Y[ fpg. [F3] SimilartoF,. [F4] Unafected.[Fs] Thisactionfalsi es p:g[i] = wtg. But

F3 impliesthatp 62 ( w) suchthatw:k = i + 1. [Fg] This actionfalsi es p:s[i] = wtg. But F, implies
thatp 62( ) suchthat :k = i. [R3] Unaffected.

Thereforejnvariant |. ]

Theorem5.2 If joins andleaveseventuallysubsidethenB eventuallyholdsand continuego hold.

Proofidea: We usethetechniquesn [19] to prove the progresgproperties.Let Q (quiescentpeaglobal
boolearvariablecontrolledby the ervironmentbut not the protocol. We assumehatQ is initially falseand
Q remainstrueonceit is truthi ed. We modify the protocolby adding: Q asanadditionalconjunctto the
guardsof T} andT}. HenceonceQ holds,T{ andT] aredisabled.Our goalis to shav thatQ 7! B. The
discussiorbelav applyto the systenstateafterQ is truthi ed.

We rst obsenre thateventually# leave = 0 becaus&) preventsnew leave messageffom beinggen-
eratedand the existing leave messagesvill eventually be either grantedor declined. Similarly, all the
messagegeneratedlueto a leave requestwill eventually be delivered. We thenobsere that after those
messageareall delivered,eventually# join = 0. To seethis,letJ bethesetof all thejoin messagem the
network atthattime. Considerajoin (u; i; d) messageyherei is the smallestsecondparameteamongall
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themessagem J. The programtext andthefactthatall the messagerelatedto leavesaredeliveredimply
that
#join (u;i;d) = 17 j( u)j=" co#join(uii;d) = 0_j( u)j="+1

Sincei is the smallestamongall the messagef J andajoin( ;j; ) messagenayonly causea -ring,
wherej j = j, to grow, andsince ( u) consistsof processesn aring of lengthi 1 andhence ( u)
doesnot grow, eventually# join (u;i; d) = 0. Therefore by a simpleinductve agumentoni, eventually
#join = 0.

We then obsere that, onceQ " #leave = 0" #join = 0 holds, it follows from the program
text that all the messagestherthanend messagesvill eventually be delivered. Therefore,Q 7! Q~*
(thereargonly end messaggs Whenthis holds,let S bethesetof all theend messaged.etM = |Sj and
letN = »s] ()i- Whenthereareonly end messagedyy the programtext, we have

M=m~A"N=n7'M=m 1I"N=n_(M=m”~"N=n 1)

HenceM = m 7! M = OandthereforeQ 7! Q” (nomessagé thenetwork). If therearenomessages
in the network, thenu:r9i] = w:r[i] andu:19i] = w:l[i], for all u;i, by thede nitions of r¢ % Therefore,
Q7'B. [

5.3 Discussions

A desirablepropertyfor atopologymaintenancerotocolis thata procesghathasleft the network doesnot
have ary incomingmessageelatedto the network. This property however, is not provided by the protocol
in Figure7 if we only assumeeliable,but not ordereddelivery. Onthe otherhand,if we assumeeliable
andordereddelivery of messageandwe extendthe protocolusinga methodsimilar to the onesuggested
in [11], thentheextendedcombinedprotocolprovidesthis property

Thiscombinedorotocolin Figure? is notlivelock-free.In fact,aspointedoutin [11], theleave protocol
for asinglering is not livelock-free.We remarkthatthis propertyis not provided by existing work either;
seea detaileddiscussionn Section6 andin [11]. Lynchetal. [15] have pointedout the similarity between
this problemandthe classicaldining philosophersgproblem,for which thereis no deterministicsymmetric
solution that avoids stanation [10]. However, one may use a probabilisticalgorithm similar to the one
in [10] to provide this property or, asin the Ethernetprotocol,a processmay delaya randomamountof
time beforesendingout anothelleave request.

6 RelatedWork

Peerto-peernetworks belongin two catejories, structuredand unstructureddependingon whetherthey
have stringentneighborrelationshipgo be maintainedby their members.Topology maintenanceés thusa
non-issudor unstructuregbeerto-peemetworks. In recentyears numerougopologieshave beenproposed
for structuredpeerto-peernetworks (e.g.,[3, 7, 12, 16,17, 20, 23, 21, 22, 24]). Many of them, however,
assumehatconcurrenmembershighange®nly affect disjoint setsof the neighborvariables.Clearly, this
assumptiordoesnotalwayshold.

Chord[23] takesthepassie approacho topologymaintenanceliben-Nowell etal. [13] investigatahe
bandwidthconsumedy repairprotocolsandshav that Chordis nearlyoptimalin this regard. Hildrum et
al. [8] focuson choosingnearbyneighbordor Tapestry[24], atopologybasedon PRR[20]. In addition,
they proposea join protocolfor Tapestry togetherwith a correctnesproof. Furthermorethey describe
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how to handleleaves (both voluntaryandinvoluntary)in Tapestry However, the descriptionof voluntary
(i.e., active) leavesis high-level andis mainly concernedwvith individual leaves. Liu andLam [14] have

alsoproposedinactive join protocolfor atopologybasedn PRR.Theirfocus,however, is on constructing
a topology that satis esthe bit-correctingpropertyof PRR;in contrastwith the work of Hildrum et al.,

proximity considerationarenottakeninto account.

Thework of AspnesandShah[3] is closelyrelatedto ours. They give a join protocolanda leave pro-
tocol, alongwith two tersecorrectnessirguments.The correctnessigumentss a steptowardsassertional
proofsbecausehey reasomaboutan invariantthat captureghe de nition of a skip graph. But their work
hassomeshortcomingskFirstly, theinvariantdoesnot capturethe systemstatewhenmessagearein trans-
mission. As we have seenin this papey reasoningaboutthe systemstateduring messagéransmissions a
mainpartof the proofs. Also, theagumentsof [3] areoperationahndmainly reasoraboutindividual joins
or leaves, but the reasoningon concurreng is sketchy Secondlythe join protocolandthe leave protocol
of [3], if puttogethercannothandlebothjoins andleaves. (To seethis, considerthe scenariovherea join
occursbetweeraleaving procesandits right neighbor) Thirdly, for theleave protocol,aprocessnaysend
aleaverequesto aprocesshathasalreadyleft thenetwork. As we previously discussedhisis undesirable.
The problempersistsvenif ordereddelivery of messages assumedanda methodlike retry doesnot x
theproblem.lIt is assumedh [3] thata processioesnot leave the network if it is waiting for somemessage
associatedvith a leave. This assumptiordoesnot solve the problem,though,becausevenif a procesau
doesnothave anincomingmessagérom v ata givenmoment processy may laterforwarda messagérom
w to u. As aresult,a processnay never knov whenit canleave the network. Moreover, in practice,it is
likely to bedif cult for aprocesdo detectif it hasanincomingmessagefourthly, the protocolsrely onthe
searctoperationthe correctnessf which undertopologychanges not established.

Awerluch and Scheidelef4] proposethe hyperring,a low-congestiordeterministicdynamicnetwork
topology The focusof [4] is on the performancebounds(e.g., messagéounds)of hyperrings,andthe
maintenancef hyperringss only brie y discussed.

In their positionpaper Lynchetal. [15] outlineanapproacho providing atomicdataaccessn peerto-
peernetworks andgive the pseudocodef the approachor the Chordring. The pseudocodegxcludingthe
partfor transferringdata,givesatopologymaintenancerotocolfor the Chordring. However, although[15]
provides someinterestingobsenrations and remarks,no proof of correctnesss given, and the proposed
protocolhasseveral shortcomingssomeof which aresimilar to thoseof [3] (e.g.,it doesnotwork for both
joins andleavesanda messagenay be sentto a processhathasalreadyleft the network).

Assertionabroofsof distributedalgorithmsappeatn, e.g.,Ashcroft[2], Lamport[9], andChandyand
Misra[5]. It is notuncommorfor aconcurrentalgorithmto have aninvariantconsistingof anumberof con-
juncts. Our work canbe describedy the closureandcornvergenceframeavork of AroraandGouda[l]: the
protocolsoperateundertheclosureof theinvariants,andthetopologycorvemesto aring oncemembership
changesubside.

7 Concluding Remarks

We have shawn in this papersimple protocolsthat actvely maintainthe Ranchtopologyunderbothjoins
andleaves.Numerousgssuesneritfurtherinvestigation.It would beinterestingo developmachine-chead
proofsfor theprotocols;investigatdf certaintechniquesanhelpto reducetheprooflengths;designsimple
protocolsthatprovide certainprogresspropertiesgextendthe protocolsto faulty environments.
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