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ABSLURALL

‘Iraditional mesaage passing basrd checkoninting sne sol hack rerrerery slgorithms
parforty vl for tiwhtly conplel svstemz, Toowide acen distribected sestarne thess alpo-
ritlius ousee gl Irown Incge: overliead e Lo cocssaes passioe delay and netaeork Leallic,
Mabile apenls oller au olleaclive aplion ler designicg chockpointing schowes o side
A, disteibuted Fpstaooz. Yovwork Lopalopy s assumed Lo be arniuracy. IProcrass ang
mabile agent, anablecl. When o process wants to take a chackpairt, 't jast creates e
mohile agent. Conrurtent initiations by roltipls proceares are elleed . Symckroriza-
tom and eeeaton of wconsisbent global stete (C05) for checzpointing v mannges e
L oeobsile sguenlds). I wliee worst case, Tor & concuereel il dalions aoene o procsss,
clicckpotobioe wleorithn reguires o Lotal ol €0k hops be all the ochile aocols, A
el sl eareies (LR Ton Wb avoraes) Sive daz.

Foywordey: Disleibute] syslom; Toall wlersoees; logical chockpoiol; sollback sovovory:
el e agnl.

1. Introduction

Tradivional checlkpointiog aud rollback recovery algoritlins work well in righitly
coupled svstere, Bul in wids area disueibaoed systerns like inlernel, 1hese alaorivhen
deprade syslew perlivmanes due o nelworle loallie ol messase passioe delas,
Muoldle agends can mprove syslem perloviaues lor checkpoiniing sleorichues on
witle wren disiriboded syalews like uerned.,
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A wnerbile agent is an eocecntable progra chat can antomarically enigrate among
provesses axoa messenger. e hales cweontion of the host, sseoentes at the hose
proscess, Lalies nevessiary aclions, and Onally dispatehes sell, togelher will regoived
informelion, to anolther bost, In wide area pelworls, o mobile apent can execle
wevnchrononsly amd aobomseieally winh e own condrol s omer & ismporaeily
disconnested from he petwork, the apent can 1ill carry oul the Lasks, 3obile seenl=
can reduce the network conpestion by reducing freguent rernole counmonnicealiouns.

A sel of checkpoius, with voe chedipoind for every process, 4 said Lo be s
Covuaislent (Flobul checkpointing Shade. (OGS, i does nol cowain any orploan
mekssige Or weissing weessege |6, 14, 14] Generation of missing iessages iy be
moeephable, 1 messapes sre logged |1, 6, % by sender, Tloweser, i the procesues are
o delerininistie, orphan messapes cannol be avoided Ty messape logeing. Tn case
ol i failure, the svsbewn tolls back to s consident sel of checkpoims and resuine
oo panteation,

To the example shown in Flgure 1, i o process Fails aller che globol sfoafe, Lhe
avaten rolls back vo whe global ofate. Wb respect Lo 1he glodal stode, g will
e su orplisg wessave aml e will be o missing message, This glebol sicle s an
trncenatstend plubal slale.
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Tig 1. A ceample showing orphan wessaee Gog)oand missine mossags O] with roespocl o e
sloba] siala,

Checkpainting algarithms may be classificd inte throe broad cotegorics (a) Smm-
chromous, (h) Asynehronous and (o) Quasi-synchronaus. In synchronaus A, 3, LD,
13, 14, 15, 19, 24| chockpointing, pracesses synchranize their chockpointing activitics
throngh control messages, sa that a glohally consistont seo of checkpoints is alwars
maintained in the systom. Symchronizing checkpainting actisity invalvos message
ovorhead. In some of the synchranizing checkpointing algorithms, all pracess ox-
routions may have to be suspended during the chockpointing coardination. Such
algarithms arc called Bocking |9, [TV algorithms. Blocking checkpointing algorithms
resnlt in performance degradation. In ner-Blocking [1, 3. 1D algorithms application
proceszes are not suspondod when checkpoints are being taken. In asynehrancus
2, 15, 23] checkpointing, proeesses tiske cheslepoints withaut uny coordination, They
prowides masimmm antonomy for procosses to take checkpoinrs howeaser, somme of
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ther checlopoints taken may nok e on any sonsistent global cheelpoine, chios malking
ther choeckpointing efforts waelesss Useleas chockpoints degrido systom porforemanee.
TIndilee uneoordinaled checkpointing coordinaied checkpoinling does nol geoerale
useless checkpoius |70 In asynehironous sheckpoinring Ooding a4 OGS cau be quils
trivks. The choice of checkpolnts for the dilferenr processes = influenced by 1heic
wona] esusad dependencies, The common approach Lo use rollbect dependend
groph or checkpoid graph |2, 5, 6, 19 25 . The nomber ol gselesy chedipoints in
wevnchronons checkpoinling, may be reduced Ty malidng processes Lale cormnerdon
ticn dnefuced chieckpoims besides Lhe asyochironons checlopoints. Snch checepoinding
wlgoribbus wre called guest syrefronens 14| checkpointing, This approach can be
aeenl iy i Lradeal betweso syoehrouons and asyochronows checlopotntiog.

Thix work deweribes a non-blockiog syochronous eheckpoiniing aleerilbun com
Dinwed with cowmnnicalion indnced checkpoinring chiae pses intellipent: inehile seenl=
it s istribited systern over an arbiloay network topology, The mohile sgenl= o
tellipently 1nose lrom one process Lo auolber and Lale checlopoins B heost processes
withoul sy izeless chevlopotibs, To visil s eniive eraph ol v nodes, sooehile agea.
pesals 200 — 1) moves along g DS ures.

2. Related Works

Several sarlier works [4, 5] on soapsbol collection alporithms sesumes thal al any
puodt of irme only one snapshou colleclion process is aclive. Koo am] Toueg [100],
Sreinlendl aud Kearns [21], Pralssh and Singhal [20] and Maodal aud 3Tokbopml-
Livivyn [12, 15] have propose] medbisds o hamling concuresod, iniviauions of sospehaot
collection.

Aeecording bo oo and Touep's algorilhm, once 8 process Lakes a local cheekpoine,
ellher as an inilialor or on request {rom anciher proeess, I becomes tenwalling Lo
Lake a checkpoinl in response Lo anodher inlulsuwor’s requesl, The process sends an
funwilling response wo all subsequence requests, unlil ihe checkpaint it has taken,
15 made permanen aor vhe checkpoiniing colleclion s aboried. This algorithm is
blocking, Prakash and Sloghal have shown whan in this aleorithin all Lhe initiallons
may emd up aborling, leading 1o a wasiage af elfoel 20,

Epexialelu] and Kearos (5-K) algarivhm [21] [orees all process Lo Lake local check-
poui: similar w Chandy-Lamport checkpoinu collection algorithm 1. A proces
Lakes & local checkpolnt lor vhe lired request and lorwarnds thal requesl Lo ite nelgh-
bors,  All subsequent eeqguests ale collected in o list called forder_lict, Qnee a
process has received requesls alang all s incident edges, e checkpointing phase
15 complels, Then the process sends e Border_lst Lo vhe process [om which 1L
rocedved the fivst checkpoing roguest messape, o this way, mutually disjoint sets of
processes take their local checkpoinis in response to reguests from differont mitia-
tors. Finally, initiatars communicate with cach ather and ane cheekpoint for coch
process 13 selocted to build a COS, which i3 minimal 171].

On the other hand, the Prakash and Singhal (1*-5) algovithm [200 genorates a
COs, which iz maximal 11], Unlike 3-K algorithm the 1°-5 algorithm permits full
propagation of checkpomt requests penerated By all the concwrrent checlpaint initi-
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atlows, Thus Lhe P-5 alvorivhoe onlpuds 3 OGS wilhh more recend, checkpoines 1han
the 5-K sleoriluw, Tor & cowcurren inilisusrs, 8- alzorichen requires the Lrans-
mission of £¥n%) messazes Lo Lake the local checkpoinus and CE3n) messapes for
mlormalion dissemination phase with message siee Clw/E) -5 algorichm requires
(3 kn?) messages 1o Lake tentalive checkpoints. Another O30 messages of sl
£dind are eachanged [or establishing a COB, Allhough uhe number of messages re-
guired by I8 alporithm is higher, as chey are zenl coneurrently, the time o eollecy
Lenlalive checkpaoinls = comparable with Lhay of 5-K algorithmn. The algzarichen
proposad by Mandal and Mukhopadhvaya 13] can handle concureens iniviacions of
shapshol collection lor unidireclional and bidirectional rings, The warsl caze mes-
sage and lime complexiuies are (O(n?) and ©{n) respeciively. The message and lime
complaxilies of Lhis proposed algoriulun are bauk G,

Mol much is reporved in the lideratues [3, 127, on checkpoinling and recovery
wsing mahbile agents. Mozt ol vhe warks [oeus an the laull wolerance of maobile agems
wsing checkpointing. blany (aull Lolerance schemes [or mabile agent have heen
suggesled, which are silther replicating 1% the agenls or checkpointing [165, 28] the
arents. The performanees of the replication scheme and the checkpointing scheme
are cotpared W [22 and [17.

Mandal and Mulkhopadhyaye (M-M) 12 presented mobile apent based commu-
nication induccd checlpoincing and rellback recovery algotithims for an arbitTary
hamiltonian netwotk topology, The checkpointing algorithm 127 can handle multi-
plo comewrrent initiations. Processes toke lomical checkpoints, Wach processg suores
an most two checkpoints. The mobile agonts talke just one round along the hamil-
worian cycle for the chockpointing as woll the rocovery algorithm, For concurtenc
wilialions ameng « processes, mobile agenls need €212 moves, in the waorsy caze,

Caoel al [3] proposed o mabile apenl enabled hybeid algorichm combining asyn-
chronous and svnchronouws checkpoinuing, A mobile agent, called soordinelor agend,
i used Lo enlores Lt the number of checkpoins Lo he rolled back In case of recow-
ely will nol exceed a predelined vheeshold, DTeriodically, each process cakes ius loeal
checkpoines independently according Lo e own needs, The coardinator agent Lraw-
cla from one process ta anather. carrving updatod information of previonsly visined
provesses, Fach pracoss maintaing o Message-1lennive-Infarmation Tahle A5 {17
gtaring the header of the last messape reccived frotn cach remote process, When a
process 4 tales a cheekpoing, che 3 IEF will e saved wich the checkpoint. When
a conrdinator mobile ageng arrives at 4%, it reads che 270007 tor all the sased check-
points at £ and then usce these tables to update its owm Pependoney Fuble 37
chan containg the neecssary information abiout dependeney bemwroen thi chockpain
of 1% and those of othor processes. Baosod on the checkpaint dependency informa-
tion, che coordinator agent will calewlate che vamber of tollbacks which neod o
be porformed e the earrenc process it a fanlt g detecced at chac moment, [f the
coordinator agent dotecee chac the nwmber of Tollbacks cwoeoeds the throshold value,
a boreed contelinatod cheekpaincing pracecure will be initlated. The coordmatar
apent fivgt generates oo proup of CorstatontC!? agonts, one for cach site, and theon
dispatches them to their cortesponding gites. When o CensistontCF agent atrives
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b reroole site, L will exarmine he local process Lo dheck whelher there sre any
wieneaaes el qller e lasd chesdipoind, I s il will reguest vhe local process Lo take
a loreed checkpoinl, DBelore vhe oew local checkpoin, 1s laken, Lhe local process 1s
wol allewed 1o send oul any new messages. Aller Laking a [arced chieckpolnd, Lhe
Clongielent T agenl sends back a complele_messoge 1o Coordinavor agenl, The
Coordinawor agent will Lhen send sleel message 1o all remove slies atd processes
slart the normal execulion again,

3. Hystem Modol

W cansidler o distributed svstem congisting of R procosses, one PTOCCSS BOF PTO00S-
sor, denated by {1, 73, Th, oo I 9} and a set of bidirectional channels on an
arbitvary notworlk topalegy, Theove is na comman clock, sharcd memory ar contral
coordinater. Mossape passing is the anly mode of commmunication hetween ange padr
of procegses, The processes are non-deterministic. Thus, arphan messages can naot
be handled by merely lagming them.  Any pracess can initiate checkpointing,  We
agsume that thore is no link failure, only processes may fadl, The computation is
agynehronons: messapes are cxchanged with fnite but arbitrary delays,

In this paper, we congidor opical checkpoint 15, 24], which is a standard check-
point (e, snapshot of the process) plus a list of messages. which bove been sonc
by thig process bug are unacknowlodped at the time of taling the checkpoing, Mes-
goge lists arc mpdoted continuonsly. Oar algorithm allewss the meneration of missing
messaaes in case the gystom has to roll baelk fo its last choeckpont, Ac the time
of roskort aftor o tailare, proccgses retronsmit thelr unacknowled sod messages (nat
all of wham may be wissing messages!. There may b duplicate messages after
rocavery from o Baihire and that ie handled using message identificrs.

4. The Checkpointing Protoocol

In the proposce algorithm, far cach pracces, at most two chenkpoints may have oo be
stornd in the stakle soovage whon chockpointing procedure is running: otheraise one
checkpaoing por process is cnough to make o evstom consistent. Checkpoints have
a one-bin vorgion rombers (eonal, In the beginning all processes start by taking a
pormanent chockpoints with ©no — 0.

Thiz algorithm i3 non-blocking, i.c.. cvon when a chockpainting praocess is rm-
ning, pracesses are froe to run their applications. Ta avaid arphan messages, cvery
process tags the o e of its latest chockpoint with cach application message headeor.
When o pracess recoives an applicarion message, It first compares application mes-
SO0 VoTsion N {mag ¢ kol with its awn current chockpoint o ko, If msg ¢ no —
fene o ) mad 2 and ekpt state — P thon the rocciver process decides rhar sendor
has token a now chockpoint hotore sonding the messape and the checkpointing pro-
coza i3 on. S0 the receiver first takes a chechpaint with # no — meq v no. hen ir
scts chpt state — Fand msg obpt — Yrue before processing the message. [nitially
mag olpt iz False for all procosses.

In one checkpointing ovele. o proccss takes cvactly anc checkpaing. This chook-
point oy be anincdoeed chockpoint talkon on receiving an application message with
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tagged wono one more than chat of the process. Alse it inay be tiken on roceie-
itz & checkpointing rogquest, after miaking sure that the sane bas not alroady hoen
taken hrongh vhe effec of au applivacion messoee, Ouee s checkpolnl 3 taken, ue
Dirther chedipoints are taken by Lhe process ou receiving applicalion messages or
checkpoiut regquesis, Bl chis whole chieckpointing cvels s over,

Biacl process his g lise of all s peighbors {Le., processes whichh are connected
with this process by direct comnnnioaiion linke), Fach process ey iniiae clecks
podring independently. The loikislor creales o mobile seent, which trovels aeross
the nelworlt aud creates o OGS, The mobile ageon (A AY id (ogesd_id] 1= the e
et Lhe proeess © of iy ceeator. The wobdle apent moves w other prooeesses Tollow
g an eweeulkion path of depdle forsd seacch, starsineg from s ereator. The ageon
wiainbwins 3 stack and wveo lists, The slack, Steek, b Ale path to Ale rool, ss
vecquired by Lhe DTS, The lise VL {Wisited List) v the 1 of processes which have
Desn visited by this apent hefore any other sgent o this chedopointing cyele. All
these processes wonld s lisve taken lemporaey checkpoins, Mols el some of
them sy hiave balen Lhe chieckpoius indueed by applicalion messapes, eveu helore
Lhis agent resched them., PET {Parlial Lish of coucurrens [niviawors? is a lisl of
processes whi bave wilisted dheckpoining, Tlowever, Lhis lizl is vov the complels
Lol o ipitistoors, I o process vhat has taken a checkpoint Lhrowsh aonouber speul, s
vidiled Ty o apenl, the wilistor of the olher geerd 2 oadded 1 20T

4.1, First phase

Suppose, Iy 1s g checkpoiniioyg wilislor, B, creales s moblle ssend wich agend o
— 4. The agent Lakes a lemporary checkpoinn fekpi_slele — T and v_re equal wo
fvoste - 10 mod @, The procsid of the current process, 4, ie pushed oo che Sloek;,
Then the agent leaves I and moves bo a nelghbar I,

When an agenl, M, visits & proeess I, iU halls uvhe applicalion of 1Y, adds
s agentdd () to PLI;. I v linds that the stale of vhe current checkpolnt of
Iy BP0 MA vakes a new checkpoine lor Iy owilh ehplistale — T and vone —
fvaie | 1) meod 20 I any neighbor of Ty le vel Lo be vizlied, Lthe agen, moves Lo
Lhat nelghbor and perlorms Lhe same aperalion. Delore leaving MYy, M, pushes §
ke Sfack;. I all nelghbors of £ have alresdy been visived, then M A; moves back
L the last process [rom which i came Lo Iy, The id of the lasu visited process is
avallable ot vhe lap of Stack; (Top_Slack;). Defore leaving My, MA; puls § in VL.

I 1% has already loken o Lemporary checkpoint {Le., ehpi_state — T then MA;
checks the [lag msgelpl. I i 1= True then vhe currenl checkpoine was Induced
by an applicacion message, M eele msgehpd — Folse and adds 7 1o VL, IF
shag, efkpt = Folse, then another ageng, tram a different intiator, has alrcady wisied
thig pracess. Tn bath the coses, the mfarmation about the list of mitiators availablc
with the agent in 250 and the information oo the same with Iy in PRI are
mergod and the updated information replaces bath PLE and 281 Finally, the
agent leaves £y and maves 1o cither a yob uovisited veighbor of £ 0f mag ckpt =
Trae and such a neighbar exists] ov do the process fram which it came.

A the ood of fitst phase, mobile agent ATA; returns back te M4 and scte Com-
pletedBirsti™ase = Trae. Initielly the flog was Foldse. The topalagy of the graph
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i clivided into chisties of processes wuch that processes in each elnsrer bave talon
choelpoines corresponding to one apent. 'he PLS of the azone, when it retoros to
ity Inilister, has the lisl of all the osighboring initiators. The VE of the apend, hus
the list of all the processes which have laken checkpoimey indoced by vhe spent,

Lemma 1. At the eng of first phase. tisited fists V1) of inftintars portition the
tepalony of e underbiing graph.

Proaf. Il s process is visived by ooe or more agenl s, v waould be lneluded in Lhe
¥ L ol only the lrs. ageni to visil il. Thus vhe VL' are guarancesd Lo be disjoine,
We only nesd 1o show thal every process belongs wo one VL, We show uhal every
won-inflistor process g visiled by al leas. one agenl.

Suppoge ihere are processes which are nol visled by any sgend. Sloee Lhe
wnder)ving topolopy i3 cannected. thove evists neighhoring procegees 7 and 14 such
that H, is in ¥ f; but £ is not visited by any agent. Binee M A; was che first o
visit 44, when i€ reached % cither 1% had ne temporary choeckpoint or it had a
application messape induced checkpaing. Tn the fitst case, A7 A is bound to explore
all neighbars and hence must wisit 1% oo, In the second case, since M, s the tireg
apent to visit 1t will find flag msg chpt oo be Pruc. Inchis case also, ATA; must
cuplore all neigphbors and hence visit 5. U

Lemuna 2. Al Lhe end of firsl phoase, svery proceszes hes one Lempanaey clieckpodnd
wille sevrce vong wned e sel iy consinlend,

Proof. Leminn 1 implies thal every process hos one lemporaey checlipoine,
Sinee, all the processes il the same wonn al the beginning of the checdepoinding
process, wll the agenrs will ciery the ideuaical walue of voes Sou vhe woios of Lhe
e set of dheclipoiris will be same foo, Application messaee uduesd chedipoinds
wiaranbee thal there sre no orphan messoes, M

Lemma 3. At the end of first phase. j 2 PLL =40 PLE.

Lemma 4. I the firsi phose, i the numder of conicurrent indlialions w &, the lotal
mrnber of moves by ofl The egends i (kn),

FProol. Sioce an apenl cocries vhe lise of visived processes, Lhe aeeo Leavels
along 1he edees of Lhe DS tree voly, and an edee of 1he Lree I Leaversed 4l mos.
pwice. Su, Lor esch agent, vhe number of hops traversed s Gind, Thos, vhee wal
punler of bops Leaversed by all the agenws is €0k, |

Tu sy T musleed Lhal e Loval number of hops eonmest be elalued o Le O ae
the procesqes visiled by ihe dillerenl sveonds are oot exelusive.

Algorithm: M A; On heing initiatod

Fretlicelos
i

credles o moblle apenl wich agerd dd — i
o
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AMobile AgontAd A;
Dy
sl 7 Into the Stoeks
Tuke Ty Checkpodnl (i)
while Stack; 7 cmpty Ao
i neighbor {F) of Top Sk, 7 nnll and
il is wel Lo be vieled by M Ay e
frenne tor thes Fy
Take TernporaryCheckpoind 143
if §% iz unvisited by any other agont ther
P j 1ote Steaed:,
el 4f
elae Pop Stk and oeone to opoStoek;
eretl 3
end while
eroid

Take T nporaryCheokpoind 4]
hagin o
if vivsgordpat 7 Meue Aoelpd_state S then
Lake & new checkpodod
chpt state o
vone —— (v — 1] rrend 2
PLI; . PLI; _ (i}
Fis s Wig{j}
else if tag_ehpl £ Tirae A okpl_slale — T [hen
P PLLUPLE
FPLI, — PLL
else {mag_ckp — True Achpl_state — T
meg ckpt . False
VI, —TLu{i}
Pl LU
e if
et §f
cnd

4.2, Hecond phose

In the second phase, vhe inlviator with the minimum id generates the complete list
of nitialors. When an ageny 3 4; comes back we lus initisdor 1Y, afver Lle Lreo
phase, il PLL has an enury less than &, My will remain an I I0 all endreies in
DL are grealer Lhan of equal Lo £, M moves 1o a pracess, I 1o the lisl PLE,

When 3 A;, reaches Iy, I pushes § into Slaek;, I i dinds thal Comyple fedfirs!-
Phase = Falze, then Tt waits far the vegurn of M AL After M A; returns, PPLY; and
L are mavged and the new list replaces both PAS and PAT I the news Jist
has an cntTy less than i then A7 A; b8 cesoraved, I all encricg in the list arc preator



Makale Agevef Doaed Shechpiindeeg wnth Sovewrrent fabisiomn. 1215

thaw or egqual 1o 4, and I Ghe s boae g mesaler so o oou visiied, A4 woves wo
it IT all meeedsers Lave aleesaly been visiied, I returos Lo Lhe process il Last cacoe
Lrom. Delore MA; leaves Iy, uhe Lop ol vhe Siack; is popped oll,

Lemuna 5. Afler zecond plose, Dhe dnilintor wilh moiireorn $f will fuoie e oorn-
plede Bial of driilialors,

FProol. The avenl wilhh minirmoen id will pou be desloseed and will go on
explocing Ll s PLT is exhaosled, Suppose we [oem o eraph oo vhe loilialor
provesses, will an edee between § aml §if PLE soulains §oaud PLL conlaios €
{Lemuna i eusures Lhal, 7 & PLE; = i £ PLE This graph chall Le referred woas
vhe reduced geepd,. The movemend of che mivimom ] spenl can e choughn of as
a DS oo vhiz redueed graph, 5o che minimormn id apent will 20 all the inidsuos
al Devee will come back wivh the commplews list, O

Lenuna 6. Affer second phase, only e agesd witly sndedmeene gl will redioen do iy
T

FProol. Tor an apenl Lo relion Lo ies seester, o wosed visil sll olber inicators,
So. 10 e does ol hawve miniooww id, il will visil aw infdislor having o lower id [or
au inilistor with lower value in ile PLTY and hence will be destroyed, O

Lemrna 7. In the seoond plose fhe tolol wuomber of wrooves Dy owll the agendy i

(k).

Proof. A mobile ageut travels aloog he teee edges of 5 DFS Leee oo e nodes
it. wisits in khoe roducesd graphe he DES freo on the reduesd graph can be hrolaon
down into (200 ] edges in thes original graph. Sa, she mnnber of moves for any agont
is D0n) Sumening ovwer & agonts wee b CEn ticses in total, mn

Aleorithim: A A; Building the list of initiators

AMA, at B
Dy
if A g e HAL, sneh that § = 4 then
wi L alewp
elaz maue to 4% such that 7 LY
DPhs=h @ ey ik,
cind if

Enitd
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A ot 1%
heyin
Pusk 7 inuo the Stack;
while ConnpletedFirstPlase False do
wedl for return of MA4;  Jon MASs relurn
[son ComplctedFirst Phase o True)
eneed bl
wiile Stock; = cmpty do
Tipwlerte The Lint 4,4
ehd while
crd

Upelente TheLinf i1
heyin
Pl 0 PR LD
PLi; — PLE,
if | au leasl one 5 © LI sueh Lhal 5 <7 4 Lhen
A A, is desgraved
else if Z a ko= PLT, such thal Py iz unvisiledd fhen
move ko M
elve Pop Stack, and mese o Fop_Stock;
sl i
e if

£roif

4.3, Vhivd phose

In the thitd phase, the comploto st of initiarors is communicared ta all arhor initia-
tors by the minitmam dd initiator. Uhew, o tumg now send apents ro the procosses
which took checkpointa induced by theit reapective agents. Soppose process B s
the ninitmm id initiator. & croates two different agent<. Uhe fivse one visies the
processes in Y Ly wned eonfitens the temporary choelkpaints, dedeting the old perma-
newrt choelpeitts, Uhe seeond sagent visits the processes in PLE Fp £ PLA when
visitewl b this secomd apent, activates M AL, which confitmes the tomnparary eheel-
pevrts for processes in VL Al gents return to their erentons and ane destrogped.

Lemnrna 8. o the thivd phaye the totel vmber of 1noves Jor e wgents & (3000,

Proaf. Al bul ane agenl ravel along DTS rees on disjoing parts of the nevwork
graph, The wolal number of moves o vhese agents iz Ofn). The other agen Lravels
along a DTS tree on the reduced graph and henee has Oin) moves, u

Theorem 1, Ad the end of third phase, cvery process fias one permanent checkpoint
ikl e o 0o and s set cstollishos o U0 of the spstewm,

Proot.  From lemma 2 we know that overy pracess has one tomporarty check-
poant writh the same ¥ e after che fitst phase. Lomma § onsures that all initiators
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are visited by su agenn brom Whe mivimnrn id nitialor aud e 1 guaraniees all
processes o b sysienn conficm Lheir chedipoints. S0 gl the end of Lhicd phase, ev-
ery process has conlicmed checkpoind generated in the [irsl phase. Since processes
Lake checkpolnls induced by application messages, the svelem will nol have any
orphan message, u

Theorem 2. Telel awnber of mreoves by all e agerds dn e cornplele clieeleoin Uy
process v Ok

Froofl. The resull [ollews Do lemowa 4, lemua 7, and leoes 2, O

Algorithrm: On epmpleting the nll st of initlators

MA, o B
Dy
Fsl @ into Steeek,
MA: mave w P such thal 7 © PLE;
create o clane of A7 A4;
cloms wove Lo By such that & & VL,
ot

MA, 2t P (e PLL)
hagin
Fust 3 it Stock,
whiile Slack, F erly do
wake up M A; i is azleop ov recreate AL A
if it s dostrowod
MA; wove W By gk thal & & VL
if —a &L L1 such that £ 1= unvsited then
o L
elze Mop Stock; and move Lo Top Siack;
et if
eveel wfuile:
ol
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MA, it P e Vi)
L alride)
Hieali § vt Stoek,
while Nlack; £ emply do
delote old pormancnt chockpoint
ekl _uterte e— F
-k OV osch that B is unvisited then
mow to My
else Pow Stack; and rmeove v Top_Sleck,
et if
vl wwbile
ot

1.4, An cieample

F,,f_“ 7 TS -
PLI[ML 78] = HHJ_':“-'?::-EE‘?:.
T WY
I'LLILTI
(B) Reduesd graph atter Fiest Phiose
Fie, An examinle showdogs mnlbinple closters of processed taking checlkpodcty for diferens

inilizalors.

Thee different phises of the proposed seheine 3= ilstrared sich the belp of anocame-
plo. Bignre 2 showrs s osystemn eonsiating of nine procoesses, S B B Hy - OBy
I the graph shown in the fgive, o workex roprosents s proecss and an edee Tep-
rosenta A cotmnntication Hnls Proeesses, B F P oand e initiate checkpointing
conemTently and ereate mobile agones, AT A, A A AT A wnd A7 Ay respestively.
Hao Fp Foand Fotake cheelqpodnks indneed by M A7 ML Fyoand By ko eheel-
pednks indneed by A7 A0 Hoand Fy taloe choclpeoints ndaeed by M Ay aned A7 Ay
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rospectively. Finally A A4, A A, & A7 und 304, rorurn haele to B, H, F5 oo
B with 2Lt — {0,7,8} and Viy — {0}, FLE — {17} and Vi, — {146},
PLE, 40, L7Thawd WL 42005, 7H PLE - -{0,5) and VE6e {8 respectively,

T the second phaee, both PR aond PLEG have i 0 io them, which is amaller
thiut el 7oand 8 So, peither of thewn niiiae anything in e secoud pluse, 344y
maed AL Ay will sl visiking other Iniiaoers, 4y viids P, Gnds 1wl 36 walus O
flese thiar 1) & present in PLI; {0,1,7h Since FLI: - {0, 1 7} in a0 superse,
of PR 41,7}, noion operation does wol. generate anything new for By Add,
destrogys aell wl Pro A Ay wisits By, Py and By. Thiring the weoe, Ay upcdaces
PLIy and PLI at F, Bor ¢ — 8,7, L Fionally, A An retorns bace to By wich vhe
complete lisl of oiliars, PLE 0.1, 7,835

T the thivd phaze. 38 Ay vivits By, Ir oand Fy alone 1the DTS free rooted st By,
M Ay coofirms By, By that PLT) awd PLI: are cownplewe, updates LI {08}
toy FLIg - - 0,1, 7, 8 i confinms, On gelting conficmation, 34y visits By, A4,
wioves tio By, Oy oand Py M A; mewves o By By By, and Pryoand AL Ay visits By
At oesery procesd, the visiling mobile aeenl deleies che old permanent checlipoine,
changes Lhe correnl checkpoiniing stabe lrom temporary Lo periwanenn, reloros back
L Ll pedpeciive wilialor and is deglooyed, Tlually, the syslem bas o CGS wilh o
checkpoint per process will same v,

b, Comparison with Fxisting Algorithmas

Tu this Section, Ll propose] sehieme = cormpared will Lhe exisiiny rmessags passing
prodocols where muduiple processes iniliale checkpoinling comcarreully 20, 21], The
melric lor message complexivy = the tolal number ol hops uraversed by all Lhe
messages, In Lhe proposed scheme, one hop movemenl by vhe agent iz consldered
one hop and tolal number of hops moved by all the agenls s uhe measure lor Lowal
message compledly,

This is a Llwee phase algorithm similar 1o the {wo phaze algorithm ol Speslaleiti-
Kearns [21 and Trakash-Singhal algorithm [206, Table 1 compares of the pro-
posed alporithm with Lhe Spervialeuti-Kearns, the Prakash-5inghal, and the Mandal-
MMukhopadhyaye [1% algorithm. In ue lirsu phage, uhe mobile agent created by vhe
checkpoiniing initiatar visilg olher processes along o DTS Lree rooled al ite crealor,
wetend of dillu=ing the checkpolnl request, as proposed by Spesialelti-Ivearns, Tar
k concurrent Inilialors, SpevialelLi-Kearns aleorithm requires £2n?) messazes and
Trakazh-Singhal algorilthm requires ((kn®) messages lo lake lentalive checkpoints
w liest phase, For vhe same number of initiators, In vhe gl phase of the proposed
algorithm, the wial number of meves by all Lhe agenus is O kn,

In the Wmformation disseninacion phase (.o, sccond phase) of Spezialetti ancl
Kearnz alporithm, the initiators communicate with ather initiatars severnl times.
Far & concurrent initiatars among n pracesses, O0k%n) contral messapes, of size
Cin/k) coch, are roguited. In the sceand phase of Prakash and Singhal algorichm,
£ &7 n} messages of size Qin) arc exchanged for cetablishing a ©G9. While in the
goeondd phase of the proposcd elgorichm: not all agents mosve. The aponts which
movn, fallow the same 12ES troe like the first phage,. The number of hops crasorsed
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Tahle |. Parfirmancs of the propnaend algorithm and other exiating messnse-pussing algorithims,

S5-I P52 K- 13] [*ronnscd
Algorithem

Networle (remoral (General [Tnilienisg  General
Lrpilogy
Waorst, e | O0n®) Oin® £2ind) £3{n?) moves
ﬂlEﬁﬂgE‘E:"‘ oy es messnges ITRSEAE R TS
complewity
Time complesity || (Nn) Lhin; (3] (3w
Conlrol message || n/k) £hin; gl Ciniki
size for & concur- || [averams) [ Hveriage
rerth il ialions
Moo of check- || one [MT- Il PECLUA- UL PRLHM- L prer-
poinls [sach pro- || manenu, one  aent, £ onomt,  one manont, one
cess) stored for & || temporary COULMMALY  LeIOPOUACY  [SILporary
cOnGIr et
initiations
Maximom no. of || one & onc tompo- one Temo-
choclpoints rall- || tomporary TOULMMALY Iy LT
Taele  aller w || chedipoiot checkpainue:  checkpainl  checkpoint

failurn

l'akle 2. Performance of The proposed alporthon aed other esiacicg sgeas-busesd algoritane,

Netwank  Aluorithm Dawa Checkpaints No, ol
Loy earricd storesd by a0 rallbacks
by ek
ARCHTS
Caoetal [3 || General  Hybrid & €3(a¥s) * ¢
baloweking
Proposcd {zoneral  Svnchronous Gl ome peruts al most ous
Alzorithin &, Ko nent  ane  chechpoint
Iloclking LTI OTITY
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Ly aw aeenn is €n), Tor & coucurrent initiations, vhe sowplexily = Q&) The
secund pluse converpes in (r) Lims. The (hird phase of our aleorithon is also 000,

A meobile agenl n the algorithm propozed by Cao el al [3] carries the maleix DT
ol sie nx i (where & — lhreshold value), Eachelement of 2T is alist of lengeh fn 1),
Yo Lhe mobile agent carries (2(n°t} dava. Each process has ue suore § checkpolnls
in slable slorage. A mobile agend ol Lhe proposed aleorithm carries Ofn /R dava
{on the average) and swores al most bwo checkpoinws [or & concurrent iniviators.
Clne permananl and one wmporary checkpoints are slored when Lhe clieck poloting
alzorithm is running, (Hherwise one permanend checkpoln 1s sullicient lor complete
recavery, Table ® compares ol the propozed checkpoiniing algorivhm with Cao en al
3] algorithm,

6. Conclasion

Tn this paper, we hove proposcd oo mabile apent-bascd checkpainting protacol for
arbitvary notwotk topolopy, Processes tale Iopical ehenkpoints. The protacel can
handle rmultiple initiations of checlpainting. At mast two-cheokpoints (one porma-
nent and other termporary] have ta be saved in the stable stotage of a process. Fach
initintar creates o mobile apent. An apent moves along o TIFS troc rootod ac the ere-
ator of the apent. In worst case a tatal of O(n) moves and Qind time are required
by all the apents in the complete chockpointing process. This is an improscmens
ovor O] messages in Spezialetti-Kearns as well as Prakash-3inghal algorithms,
The Mandal-Mukhapadhyaya alzorithm alsa has Q") maves, it that works only
tor Homiltomian topolopics,
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