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Absiract

Growy commmuotcillion Ix o Ingporken? eiradigne for
budlding diswribared appalicarions. Thiz pper discisser o
Fendrsleremy distiribited direckory service bised on
grouy commuotcalion, cmd conepaires IT with the previotnr
dlexign o Inpdementaton bused on remoke procedire
ceill. The growp direckory service lses oo aclive replice-
Hom schene camel, when frfalicered, coor homlle 627 Jookug
operclions per secomd e 88 wpadile operalions per
secomd (wsing momrokitlle BAM L Thir performumce is
berrer them the perfornumce for the RPC Inglementaton
cimed 0T {5 even betler Mo The perfornumce for direckry
operclicns wmdler Swr0S, which does mor provide oy
Jennlr rofercimce ar efl. The peiper comcliddes rhur rhe
Inplemeniciion using grouy commuotoition ix singler
el fein Beller performumce Fhen e ome beised on remok
procedire cll, mipporting the cladm thar o disribared
operaling svalem shouwld prondde both remoke procedire
ceil] cemal growy commmaicerion.

Feywouds: disttibuied (op=iafing) sysi=ms, gloup oom-
muhicion, molticas, distiiboled applications, faolt-
lol=ianee, dil=cioly m=ivice, Amoeba.

L Imrodunction

Many distiiboted opsidling sysi=mz suppoil ohly
poinido-poind commonication [1,2,3] Amos=ka [4,5], on
the cthet hand, iz a distiiboted op=iating system thal pio-
vides both poinio-poini communication and | 4e-n com-
muhicaioh (gioup commuhication). This papel discoszes
the de=igh ahd implkem=nimdion of a faoli-tol=iant disii-
boi=d dil=cioly s=1vice nzing 1=linble and iodally cid=i=d
gionp commohication ahd compaies it 1o the pl=vioos
implems=nizion bmed on  l=mete  plocednie  call
(RPC [6]. Although the gioup dilecioly s=ivice iz belisi
(i1 alzo loleintes hetvwolk paiiftions), we cohclods tha its
dezigh and implemenidicon aie zimplel and thal i hae
beti=i peifoimahos. The dil=cloly z=ivice is ah example
application thal iol=iaies faolis by osing active 1=plica-
tich. Ol besolz extend, in plinciple, 1o cthel ==ivices
tht aie bemed oh active i=plicstion. Bawsd oh ool expeii-
=nce with the dil=cioly ==ivice and 1on-fime zysi=me fo
diztiiboted paiallel piogiamming [7], we claim that a dis-
iiboied op=iating syst=m shoold piovide suppoit fo1 both
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l=mete plocesdole call and ictally-oid=1=d gloup com-
muhicion.

The Amoe=ba dil=cioly ==ivice has a long histoiy. The
velzioh ih nze fol the |l 1wo yenis iz baged on RBC. T
cohziziz of twe s=iveis, e=ach iohhing oh a ==paiate
machine [2]. Di=cioly opsidlicns thal do nol modify 2
dit=cioly cah be exe=coled by =ith=t of the {wo z=iveis,
withonl any communication with the cthel s=ivel, Dil=c-
ioly op=ialichs thal medify a dilecioly =50l in comimun-
icatioh belweeh the two s=iveis. Wheh ah opdate i=quest
comeszin o ohe z=ivel, if peifouns an RPC with the othe
seivel infoiming il of the intehded opdate. 1 the othei
z=ivel iz nod busy prifouning a conflicling ops=iation, i
zlol= the ini=hiioh= on dizk and send= an OK mes=oge
back. O i=emiving the 1=ply, the ctiginal seivel peifoums
ihe opdate and z=hds a0 teply back 1o the clisnl. To aveid
the costs of immedizt=ly cieating 1we copies oh ==paiate
dizks of a dit=cioly thal is updated, the dil=cioly s=ivics
uses Jeizy repdicarion. The z=ivel thal ploceszes the client
i=que=i clentes a copy on ils leeal disk, boi the ==cond
copy A the cthel 2=ivel iz ci=ated |Ael i the backgiound.
Az the dilecioly s=ivice iz only doplicated, il can het
goalaniss cohsist=ncy in the pr=ssnce of nelwolk paiti-
lioh=

Thiz pap=i dizcoszes an ali=inadive design and imple-
meniation of the dilectoly ==ivice nzing Amosba's plimi-
tives fol glonp communication (== Fig. 1) Thes= primi-
fives goalanies thal all plocesz=s cohstitoling a gloup s=e
=ach =venl ih the same= 1odal oid=1. Fandeoim mixinies,
whel= zome membeiz 2== filzi 1 me==znge ficm A and the=n
2 me=zage ficm B, while othel membeis == th=im in th=
l=vele oldel ale goalani=sd nei o happen. A plogiam-
el cah i=quest by specifying a resilience degiee, r, that
=veh in the face of i plecessol failoies each =oiviving
membe=t will === all mes=age= in the =me cidel. Fo
=xample, if 2 plogiammel specifies = 2 fol a gloop with
4 membeiz, the =ysi=m will goaani== thal =ven in the
face of 1 piocezzol failuies the lemaining membeiz will
imcmive mach mem=age in o ioial cider. By ==iting r, the
plogiammel cah iiade peifolmance against faoli iolei-
ance. The pictecok thal Amosba nzes 1o implement the
Zloup communication plimitives have been desciibed in
an =aili=t poblication [%]. The desigh of the dil=cioly
szivice depends on the ieial cideting of evenis, boi this



do= hod 1=2ilicd ool wolk io Amosba alon=. Chiher =ye-
i=m=, zoch == Iziz [10], Pzync [L1], =xi=nzichz 1o the
W [12] system [13], and Deha-d [14] plevide plimitives
with zitmilal g=mantice

| Primitive | Description

::Cn:meﬂ'n:-'up Create 2 new gromp

| JeinZomp | Makes 2 poce=s membet ofa gromp

| LeaveTmomp | Leave o gmomp

| SendToSomp | Send me=age foall members ofa gomp

| ReceiveFromSromp | Receive the neci message in saquence
| ResetSromp | Rebmild gronp afier a failoe
| CetlnfoGronp | G gronp information from Lernel

Fig. 1 Amoeba’s sysiem calls for gromp commnnication.

The cotline of the 1=51 of the papel iz = follows. In
Section 2 vwe will de=ciibe the functionality r=quitsd fiom
the dil=cioly ==ivice and ilz iole in the Amoska =ysi=m.
In Section 3 we will dizcos= in deiail the de=ign and
implem=nidich uzing gionp communication. In Section
4 we will compaie the dilecloly seivice nsing flonp com-
muonicalicn with the dit=cioly m=ivice nzing RPC and give
peifolmance meazolsimehts fol both. In the zme z=cticn,
we will also compaie the petfoumance of dilecioly opeia-
lichs nhd=i Amosba with zsimilal opsialions uhd=l SunSs
ahd compaie the peifoimanes of the glonp dilecloly ==i-
viom with the =ame z=ivice ozing nonveldile RAR
(HMVEARL In Seclion 5 we will dizscozs the i=zolz of the
compatisons and describe 1=loied weik. Tn Section & we
will diznw ool concluzionz.

2 A Fanlt-Tolerant Directory Service

The dil=cioly ==i1vice iz 2 viial s=1vice in the Amc=ba
distiiboted opsidling zyst=m [3]. W piovides, amohg
oth=t things a mapping fiem ASCIT names 1o capabili-
lies, A cepreiblliry in Amosba ideniifies and picteciz an
object(= 2., afile). A capability iz 123-bit stiing consizt-
ing of 4 paui= L) a pors thal identifies the z=ivice; 1) an
object monmber thal identifies ah object a1 the s=ivice
specified by the pout; 30 a righo field that specifies which
opeiatiohs the hold=i of the capabilily may peifoim; 4) a
check field1h=t det=iimines if the capakility iz valid o het.
The ==t of capabilitiez 2 nz=1 dete mine= which
objects he cah o=z, The dilecloly s=ivice allows the
uz=is 1o siole these capabilities onder ASCILD names 1o
make life eazi=i foi them.

A dir=cioly in Amos=ba iz aiable with #=veial colomns,
ohe fol mach pict=ction domain. Fol example, the fiist
column might stei= capabilities for the ownel (with all
ihe tighis bitz oh), the sscond might slol= capabilities foi
membeis of the owhel's gionp (with some of the Light=
itz fothed off ), and the thitd might siowe capabilities fou
=velyohs elz= (wilh only the 1=ad bil tnihed on). When
the ownel of a ditectloly gives away a capability fou i, the
capakilily iz i=ally a2 capakilily foi a single colomn, hot
foi the dil=cioly == a whole. When giving a dil=cloy
capability 1o an uni=lasd peizon, the ownel coold give a

capability fou the thild column. The =cipi=ni of this
capakility wouold have ho o=z 1o the mole poweiful
capakilities in the fisd 1we colomns.

The dit=cioly zelvice suppoiis the opsiations zhowh in
Fignie 2. Theis aie opmialions io manipolde dil=clolies,
iz manipulde a zingle 10w (i=., 2 {opls conzizting of a
stiing and a capabilityjof a dil=cioly, ahd 1o manipalte a
== of wws One of the most impoudant things 1o know
about the dilecioly ssivice is the fisquency of the i=ad
opsiations (=g, lid dilecloly) and wifle opsiaions (= 2.,
delete dit=ciciy], beconze ithe== hombeiz influshce the
desigh. Menzni=ments ovel thi=e weels zhowed th=d
98% of all ditecioly op=idlions ale t=ads. Thelsfols,
both the RBC dilectoly s=ivice and the gionp ditectoly
szivice oplimize 1=ad op=iations.

| O peration Diescription

:Cr\e:.'le dir Create 2 new dirsciory

| Dizled= dir Dielede 3 directary

| Li=1 dir Liz1 a directory

| Append mow Add 2 new row 1o 2 directory

| Chmod nony Change poieciion

| Dl ronw Cielete row of a dirsctory

| Looknp s= Looknp capabilifiesin 2 se of tows
| Rephce == Fephce capabilifies ina sel of rows

Fig. 2 Cipemtions supporied by 1he directory service.

In thiz papei, we focos oh the desigh and implem=hia-
fioh of the dil=cioly ==ivice and nol on the =monz why
thiz inl=iface waz chomen. Thiz ha besn dizcoz=ed by
Wan Renem= [2]. Fol othst pap=iz discossing the design
of 2 hatming ==ivice we 1=f=l the 1=ad=1 1o [15, 16, 17, 18]

The dil=cioly s=ivice muzi b= highly 1=liable and
highly available. Usz=iz p=ly on the ditecioly ==ivice io
siole capabilities withonl losing them and o=z muo=t
alwayz be able 1o accezz theil capabilities. To fulfill
theze demands the dil=cloly s=iviee l=plicsi=s (haine,
capability) paits on muoltiple machines, =ach with s own
dizk. If on= of the machin=z iz whnavaikble, ohe of th=
oth=t machines will be able 1o 1=ply foa nzet's 1=quesi. T
ohe of the dizks becomes nni=adable, ohe of the othet
dizks can be nzed 1o i=ply 1o a =i’z l=quest. The Ley
ploblem iz 1o kesp the 1=plicas of 2 name capability paid
cohzizt=hl in ah efficien way. An opdate 1o a ditecloly
muzl b= prifounsd quickly, becanze ciheiwiz= many
applications will ton le== =fficiently.

We 1=quite thal the dil=cioty s=iviee mainizins one-
copry serfeilizibdine [L9]. The execolich of opsialions oh
the dit=ctoly s=ivice most b= aquivalent 1o a s=iial execo-
tion of the op=ialions oh a nonteplicred diecioly == -
vioe. To achieve this goal, =ach opeigtion of the ditec-
loly m=lvice iz execoied indivisibly. The dilecloly s=ivice
dosz hol suppoll indivisible sxecolich of a == of opeia-
tiohs, 2= this =quil=s Aoimic tianmctions [20,21] T alze
dos= hol zoppolt failule-fise opsialions fol clishizs, 2= this



l=quites updaling a log fil= on =ach op=idlion. We fz=l
that the== s=mantics ale loo sxpehzive 1o soppoll, ahd,
mol=cryvel, ale pe=ldom necem=aly .

Ecth impleme=niations of the dilecioly z=ivice mzaime
clean failoies. A plocessol wolks ot dees netd wouk (ie,
fail-ztop failuie=), and i do== nod zend malicions o1 con-
ladicioly messages (i=, il do=t hol =xhibil By=antine
failuies). The BB implkmenidion also msomes that
nelwolk paitftions will het happen; the gloop implemen-
imlion, how=vel, goalaniess conzizi=ncy =ven in the com=
of cleah nelwolk paliflichs (=g., ahy iwo plocessols in
the zame= paitftich can commuohicate while any twe pio-
c=zzolx in diffs=ni paliflions cannod commuonicate) [22].
Stichgel failnie s=mantics coold have been implementsd
uzing i=chniques o desciibed in [23, 14,24, 25]. Again,
we fmel thal thezs sliohgel z=manticz ale iooexpehsive o
suppoil, ahd, mel=cvel, aie ovelilill foi ah applieatioh
like the dit=cioly ==ivice.

In the =21 of thiz papei, we msome that the following
bmic quitsments for 3 faoli-iolemnd ditecloly seivics
aie me=l. Each dil=cioly s=ivel zhoold be locai=d on a
sepalate elzciiical gloop (with iis own fus=) and all the
dilecioly s=ivelz should be conhecled by muoltiple, t=dun-
danl, h=lwolls. Becans= the Amos=ba commuohication
plimitives ale implemenisd on fop of 2 newoll piciccaol
(FLIF) [26], the Idiei i=qoilemeni can be folfilled.
Although i could 1on on moltiple neiwolks withooi asin-
gle zofivale medification, the coliehl implem=hiaticn
luh= oh a single netwol k.

3. Using Group Commumnication

Unlike the RBC dilecioly ==ivice, the gloup imple-
mehiatioh is tiipliced (thoogh foul ol moie =plicas aie
alzo poszible, withool changing the piciccol) and ozes
acthve =plication. Also, it allows hetwolk paitftions. To
Le=p the copies consisi=ni, il uzes 2 modifisd veision of
the  i=ad-ohe wideall policy, called ccessible
copies [2T]. Recovely iz bosed oh the pictocol desciibad
by Ske=n [22]. In thiz ==ctioh, we will desciib= in deiail
the algoiithing oz=d in the implmenidion of the gioop
dil=cioly ==1vice.

The ciganiztich of the gioup ditecloly s=ivice iz d=p-

icl=d in Fignie 3. The dil=cioly ==ivice iz coti=nily boili
oml of thi=e ditecicly =eivelz, ithi=e Buoll=i file
peiveis [29] and thi=e dizk ==ivei=. Each dil=cloly s=ivel
ohly pz== on= Buollei z=ivel and one dizk ==iver, which
zhaie= the =zame dizk. Each dit=cloly s=ivel siol=t ohe
copy of mach dil=cioly ina ==pamie Buollei file.
The dit=cioly ==1ves initially fouma gloup with a2 =sili-
mhce degies, r, of 2. Thiz meanz that if Semd ToGroug
i=inins =ncce==folly, il i% goalani=ed th=t all thi=e hove
t=omived the mexzage and thos thal, =ven if ivo ploces-
sois fail, the message will still be plocessed by the thid
one. Foutheimets, it is goaaniesd thal =ven in the pres-
shce of commuohicatioh and piocessol failoies, each
meivel will l=omive all mes=ages in the =ame cide=i. The
sliohg ==manfics of Semad ToGrowy make the implemenia-
tioh of the gionp dilecloly z=ivice simple.

Tulls /" Tulle " Bullet
1 2 Vo3
& A [ -'}\-.
| [
(e iy i
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(o I | e A £ _ ::I
sk 1l (b} Disk 2| (b |Disk3] (b)
.I 1 k1
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; |
g Chit Dt Dir
1 | 2 | 3

Tig.3 Chganization of the directory service baed on gromp
commumcation. (a) Admimsimdive dxa; b)) Dhreclones; (o)
Files.

The sdminiztialive dria ale siolsd oh a2 1w dizk pauti-
tioh of n fined-l=hglh blocks. Bleck O coniainz global
infolmation aboni the dil=cicly s=ivice and blocks | io
i — 1 contain the capabilities of the Bullet fil=s stoting
the conients of a ditecioty, including the ==quoence
nombet of the |zl changs. Bleck O, the commii bleck fo
the gionp dil=cloly seivice is shown in Figoie 4. The
confignimion veciol is a bil veclol, index=d by s=ive
nombet. I seivel 2, fol example, iz down, bit 2 in the
veciol iz 2ol fo 0. T de=ciibes the |o confignision with
amajotily of which the s=ivel waza membei.

Confignniion vacior
1 np? | 2 np”

3 npT | Seqmence number Reconering”

Tig.4 Layom of the commii block.

Each tim= an update opmaion is pmfounsd, a
s=quehos hombel sloled with the dil=cloly iz inclemsed.
Duting i=covely, the ssquehos hombel is compoted by
iaking the mmximum of all the zequence nombs=lz =iowsd
with the dil=cioiy files and the s=qo=hos humbe=i sioied in
the commiil bleck. Af filzd =ighi il may s==m =liang= thai
assqu=hes hombel isalso sloted in the commit block, bot
thiz iz neaded fou the following caze. When o dit=ciowy is
delet=d, the 1=f=i=hce 1o the Bullei fil= cohiaining the
dil=ctioly ahd the s=quehcs hoimbei is deleted, bt the
s=ivel mos l=oold somewhel thadl i prifounesd an
update. The z=qu=nce hombel in the commit block iz
used fou this eaz=. 1 iz only updated when a dit=ciowy is
delet=d.

The recenering fied is n=eded io ke=p tiack whether 2
weivel cloazhed doling t=covely. If thiz fi=ld iz ==i, the



z=ivel khows thal this has happened. In this cose, if ==l
the z=qu=hcs hombel 1o z=lo, becanze itz siale may be
inconzizieni. W may have 1=c=ni veizions of some dil=c-
iotiez ahd old veizions of oth=l dilecioli=s. The z=qu=hoe
nombe=l isze io z=io 1o =nzole thol othel s=ivels will not
ity 1o npdate theil ditzcioti=s fiom o s=tvel whoss sl iz
ihoohsiztent.

AL Defsul Operation

The piecal fo Le=p the dil=ciolies consizi=ni and 1o
peifolm cohculishcy cohilel is given in Figoie 5. A
seivel in the gionp dilecloly s=ivice cohsists of s=veial
thi=ads: the zeivel thi=ads and one gioop thi=ad. The
seivel thizads ale waiting fol a t=quest fiom aclient. The
glonp thi=ad iz waiting =1 an ini=inal message ==ni ic the
gionp. Al sach s=ivel thei= can be moliple s=ivel
thi=ad=, bui thei= iz ohly ohe gioop thizad A s=ivel
thi=ad thod t=c=ives a l=quest and initintes a2 ditecioly
opsiatich iscalled the fmiturer.

The= initiaiot fid checkz if the colteni gioop ha 2
majotity (ie, A l=mst 1o of the thize s=ivelz most be
upl If net, the 1=qoesd iz 1=fossd; othel wize the 1=quest is
ploceszad. The l=mmon why even 2 l=ad =quesi l=quiles a
majetity is thal the hetvoll might become paitftioned.
Conzidel the following silpation. Two z=iveix and a
clishl ale oh ohe side of the hetwolk paitftioh and the
clizni delete=s the dit=cioly fow. Thizs opdate will be pei-
folmed, becanze the two z=iveis have a majolity. How
m=nme= ihal the iwo s=1velz ciash and thal the nsiwelk
pauifiion iz tepmited. I the clisni msk= the l=maining
zeivel lo ligd the dit=cioly foo, il wonld gei the conl=nts of
adil=cioly thal il soccem=folly del=ied =aili=i. Thep=ftoue,
i=ad l=quesis aie l=fused if the gioup of s=ivelz do== hot
hove a majority. (Theie iz an escape foo sysiem adminis-
liatols ih cage iwo s=ivelz |ome theil doia folevel doe o,
fol example, o head ciash.)

Az in the RPC implemenidion, iead opsialichs cah be
hahdl=d by ahy s=ivel withool the he==d o1 commuonica-
fioh betvwesn the ssiveis. When o =ad =qoesi iz
i=c=ived, the initiaiol checks if the Lein=l hos any mes-
magen boffeled oming Gerinfolirone. W =o, il blocks io
give the gioup thi=ad o chahce io plocesz the boffeisd
imezznges; befols peifoliming 2 t=ad op=idich, the initia-
o1 ham o be zoe thal it has peifouned all preceding wits
opsigtichs. B a client, foi example, deletes 2 ditectoly
and then itie= 1o =ad il bk, il has fo =c=ive an =iio,
=veh if the cliehl l=quesiz wele plocessed ol diff=ieni
dil=cioly ==iveis. Ax messag@es ale s=hil ozing 2 l=siliehos
degims 5 =2, il iz zoffici=ni iocheck if thei= 21= any me=-
sages boffeied oh ailival of the i=ad i=quest. Ohce thes=
buffeied memzages ale ploceszed, the inifiaiol can pei-
foim the i=ad i=quest, 2= it cah be 10O peiceit zoie that it
hoe m==h all pi=c=eding opdate opsiaichs.

Wiite opeidlichz l=quil= comimuohication amohg the
meiveiz. Filzd, the initialol geneintes o hew check feld,
beconze all the z=ivelz mozi opg= the =ame check fleld
when ci=ating o hew dil=cloly. The initinlol bioadezts
the t=qued iothe gloup using the plimitive Semd Toliroue

and blecks ontil the gioop thi=ad =oeived and execoied
the i=quest. Ohce it iz ohblocked, il s=hds the =soh of
the 1=quesd baclk o the cli=ni.

Inikiapoc:

it ¢ imajork 1§ remam fodloes;

it fo=od _opemoiond caguesi | | 7 rend caqesr? !
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burtieced se oy = barHecsd Sgooop ooes §;
walourell secno =buteesd s=gno;
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1
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remcve obd Bullkx Hiss;
I

Tig.5 Pmioml o emne consistency of the copies of o diteciory.

The gicup thi=ad i= continoonsly waiting foi 2 mes-
zage ==ni 1o the gloop (e, il iz blecked in Recedrel rom-
Grenp). I Recediel romGrony i=toins, the gioop thiead
filzd check= if the call 1o BecelieFomGrong =inined
gocceszfolly. I nol, one of the ==ivelz mo=i hove
cimhed. [h thiz case, il 1=boikds the gioop by ealling
RererGrowg. T il do=s nol soccesd in boilding a gloop
with a majetity of the membeiz of the cliginal gloup, the
l=maining dilecioly s=ivels 1on the 1=covely piciccel
de=ciibed inthe nexi z=cticn.

If RecelieFomGrong inins sncces=folly, the s=ive
updates iz cache, cleafes the new dileciolies ohilz Boll=t
s=ivel, opdates ils object 1able, and widles the changsd
=nily in the objeciiable foitsdisk. As soon s one s=ivel
hze wiftten the h=w enlly 1o dizk, the opsidlion iz com-
mitl=d. If no m=iver faik, =ach s=ivel will 1=o=ive all
i=que=iz ahd z=ivice all i=qoesiz in the same oid=l and
theietole all the copies of the dil=ciolies $iay cohsistent.
The=1= mighi b= a zmall d=lay, bol eveninally =ach s=ive
will 1momive all messages

When the cli=ni'= RPC p=ininz sncces=fuolly, the nz=
khows thal ohe hew copy of the dilecioly iz stol=d oh
dizk and thad o l=asi iwe othel s=ivez have =c=ived the
i=que=i ahd sloisd the hew dilecioly oh dizk, ioo, ol will
do =0 shoully. f ohe ==ivel failks, the cli=ni can =dill
acomex his dilsciolies,

L=t o= analyze the comi of a dilecioly op=idlion in
teiim of commuohication cost ahd dizk opeidlions. As in
the REC implmenimion, 1=ad opaialions do ned invelve



communication ol disk op=iations (if the =qoesisd ditec-
toly iz ih the cache). Wiite opsidlichs l=quil= che gioup
mezzage =i with r =2, a Bullei opmiation 1o stoie the
new dilecioly, ahd ohe disk opsidlion 1o zioi= the
changed =niiy in the objecttable. Compaied 1o the RBC
implemenimion, the numbel of disk op=ialions is small=.
The REC implemeniatich l=quites an additional disk
opsialion io siol= an imenlions lig with opdates. The
nombel of mez=ages in the gloop ==ivie, howevel, iz
high=i. A Semd ToGroug with =2 l=quiles 5§ messages,
whetenz an RBC in Amosba tequoitex only 3 meszages.
The coml of s=hding o mes=age, howsvel, iz an cidel of
maghitode === than the cost of peifouming a disk ope=ia-
tich. Thuos, ioughly, the peifoimance of the gioop imple-
mehidtioh is bette=l thah the peifoimance of the RBC
implem=niich, while pioviding mot=s fa0li foleianes and
2 highe=t zvailabiliy.

Thiz analy=zis iz not complet=ly fait, howevel,  the
RBC implkemenidion, like the gionp implkems=nimdion, had
sioisd the s=quence nomb=t with the dit=cioly fil=s and
th=ieby ovoided one dizk wife foo the commii bleck, the
peifoimance of the RBC implemenidtion wouold hoave
bem=n beli=l, = i1 woold s==nd f=we=l meszages. On the
othei hand, if the RPC s=ivice had besn fiiplicaed, it
would have been slowet than the gloup ==ivice, becans=
then it wonld hoave z=hi mole meszag=s (4 RPCs against
aihe Semud ToGiron).

AL Recovery Frolocol

A gmlvel sializ ex=coling the t=covely piotocol when it
i% 2 membel of a goop that folims a minolity ot when it
comes op afiel having been down. The pictocol fou
ircovely of the gloup seivice i mols complicated than
the pidecal for the RBC ==ivice, becanze mois s=ivels
ale ihvolved. Considel the following s=quencs of eveniz
ih agioup of thize s=iveiz that is op and luhhing. Seivel
J cimshes Setveix Land 2 =boild the gioop, o theil con-
Jigunirion vectors have the valoe 11O (1 and 2 ate op; 3 iz
down). Mow, both 1 and 2 also cizsh. When s=iver L
comes up agaih, ils veciol l=ads 110, bol oh il own il
canhed foiin o gionp. To sxecole aclishl opdate =quest,
a majotity of the z=ivels most be op and folmone gloop;
othelwise, copiez of a dil=cloly couold become incoh-
sizi=ni, for example, in the caz= of a network pantition.

I z=ivel 3 also comes op, s vectoli=ads 111 A1 filst
sight, il may appeal thal | and 3 can foum a glowp, o=
iogeth=t they folm a majoiily. Howsvel, this iz not soffi-
ciehl Seivel 2, who iz 2till down, may have peifolined
the |mi==i opdate. To === thiz, cohzidel the following
sequehos of evenis jost befole | and 2 cimshed. A cliem
update =quesd is omived by L, i soccesafolly z=nds 1o
we=ivel L and 2. Mow both 1 and 2 have the message bof-
fri=d. T can happeh that | cioshes befois plocessing the
mezzage, while 2 ciashes afi=l ploceszing the mes=age.
Tn thiz cas=, s=ivel 2 hos the |A==1 veizgion of the di=c-
ioti=s and thos | and 3 cannod folm 3 new gloop and siand
aweepling lequestz.

MNow msome thal ==ivel 2 comes op instead of s=ivel

3. The configurunion 1ecrfor of both s=ives | and 2 1=ad
110, Fiom thiz infoumatioh the=y cah conclods tha 3
cimshed before | and 2 did. Foheumels, no opdate can
hove besn peifoimed afiei | ol 2 cisshed, becanzs theis
waz ho majolity. Seiveis | ahd 2 togethel aie theiefols
sole thal one of them has the et veision of the dil=e-
ioti==. Thuz, they cah 1=ccvel withool z=ivel 3 and oz
the seguemce menber o del=umine who acinally has the
|=md velzion.

In gen=ial, 1wo conditions have 1o be me= {o =covel:

L. The new gioop muozt have a majelily 1o aveid incoh-
siztzncies doling neiwelk paifions.

1. The new gioup muo=t cohtain the 21 of z=iveis tha
peezibly peifoumed the |fi=t opdate.

I iz the latt=i i=quoil=ment thal makes ecovely of the
glonp ==ivice complicated. Duting 1=covely the s=ivels
n==d an algoiflhm io d=i=imine which al= the z=ivez that
failed =i

Suoch an algoifthin exigis; i1 iz do= 1o Shes=n [23], and il
wolks = follows., Each ssivel kesps o mowrmed ser of
z=ivels thal ciozhed befols il. When o z=ivel siails =co -
sting, il ==z the new goop io enly iie=lf. Then, i
mxchanges with all ocithel alive z=ivelz iz mooined =i
Each tim= il i=c=ives 2 hew moolhed ==, il adds th=
ealvels in the mc=ived saowrred ser o il2 own mosomed
sef. Fontheimoie, it pols the z=ivel with whom it
=xchanged the monined ==t in the new goop. The alge-
lithm t=iminate= when all s=ivelz minos the soimed ==
aie a sobest ofthe hew gioop.

Figui= & gives the complei= i=covely piotocol. When
a selvel shlels i=covely mode, it fiist dlies 1o join the
goup. W thiz faik, i m=omes thad the gioop iz not
ciented yet ahd il cleates the gioop. I, aftel 2 o=iain
waiting peticd, an inzofficient nomb=t of membets have
joinsd the gioup, the s=ivel leaves the gloop and sias all
ovel again. W may have happened thal two s=ivels hove
cleated the gionp (=2, ohe ==ivel oh =ach zide of a n=t-
wolk patttion) ahd that they both cahhet acquile a majol-
ily of the m=mbeiz.

Ohee a s=ivel has cleated ol joined a gloop that con-
iminz a2 majoiity of all ditecioly seivels, i s=coles
Ske=h's algoifithin 1o del=imine the == of s=ive= tho
cimmhed i, the Jisr ser. 1 1his ==t iz nod 2 sobeei of the
hew gloop, the ==ivel slais all ovel again, waiting fol
seivels fiomm the fuist sef 1o join the gionp. W the fosr ser
iz 2 zobes of the hew gioup, the hew gloop has the me=t
i=c=hi veizioh of the dil=ciolie=. The s=ivel defeimine=
who in the gioop has them and geis them. Once i iz op-
io-date, il wifles the hew configoimion 1o dizk and eni=i=
nemal opsiaicn.

The i=covely pictocol can be impioved. Shesh'zalgo-
tithin mzuimes thal hetwoik paititiohs do het eccul. To
make hiz algoithm wolk ohdel ool s==amplioh tha net-
wolk paitftions can happeh, we folosd the s=iveis tha
folm a gloup witha minotity of the nombet of z=ivels 1o
fail. How the i=covely piotocol will fail in ceitain cozes
in which i1 iz actnally pessible io 1=covel. Consider the
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following s=quenos of svents. Seivel L, 2,and 3 aie op;
seivel 3 cioshes s=iver | oand 2 foum a new glonp; seivel
1 cimhes Mow a2 we waniio iol=iale helvolk paiiflions
coll=cily, we folo=d ==ivel | 1o fail Howevel, thiz iz oo
pliicl. If m=mivel | siaye alive and s=ivel 3 iz p=staiied,
seivel | and 3 can folm a hew gionp, becanze ==ivel |
muzl have availble all the opdates thal z=iver 2 couold
have peifolimed. The iole in geneial iz thal ivo s=iveis
cah i=covel, if the ==ivel thal did ned f2il hae a high=
z=qu=nce hombel, 2= in thizcase il iz cxtain that the new
membet has het folimed a glonp with the (how | ohavail-
able m=mkbe=l in the m=antime.

4. Experminental Comparison

Ecth the RBC and gioup s=ivice ale op=iatichal. The
RBC meivice has be=n in daily ns= fol ovel {wo yeais
The gionp dilecioly ==ivice has been uzsd in an expeii-
menial =hvilohme=hnl fol s=veial months and will =hoily
t=place the RBZ veision. Eoth ditecioly s=ivices ton on
the zame= haidwale: machines compaiable io a San3&0
cohhecled by 10 Wbits Eth=inei. When o mes=age i=
e=ni ozing Semd Tolrony, the Amc=ba Lein=l gz=x ihe
Etheinst moMicast capability 1o s=hd the meszage in ohe
pke 1o all membeis inthe specified gioup. The Bollet
seivelz loh oh Sond@0s and aie squipped with Wien IV
SCET dizks.

4.1. Perormance Experiments with Single Cliem

We have meazoisd the failuie-fiee peifoimanes of
thi== Linds of op=ialicns on an almeos qoist netwolk.
The i=zohs aie shown in Figoie 7. The filst expeiiment
meazoles ihe time= io append a new (name, eapability)
paii 1o a dilecioly and delete i zobssquenily (=g,
app=hding ahd del=ting 2 hame foi 2 t=mpoiaiy file). The
z=cond sxpriimeni measolex the time 1o clende o 4-byis
file, i=giste i i1z capability with the dil=ctloly s=ivice, look
up the name, 1=ad the file bk fiom the file ==1vice, and

del=t= th= name ficim the dil=cioly ==ivice. Thi=s
coliesponds 1o the usz of atempoialy file thal iz the ont-
pui of the fiizd phase of 2 compilet and then iz nz=d 22 an
inpoi fil= foi the z=cond phaz=. Thuoz, the fiisl sxp=iiment
me=azni== ohly the dil=cicly ==ivice, while the ==cond
=xpmlimeni measoles both the ditecioly and file s=ivice,
The thild expeiiment meazoles the peifoimancs of the
dit=ctoly z=ivel fol lookop opeiions.

Sun Growp+

0 peration Group RPC NES | NVRAM
L (#Fcopies) | 3 & (AN i3
| Appenchdelet= | 184 | 192 | 87 | 27
| Tmpfile L2157 1 52
| Dirsctory looknp | 5 | 5 | & | 5 |

Tig.7 Performance of three Linds of dirsctory opemtions for
three differem Amoesba implemenidions and for one LMY im-
plememation. All 1imes are in msec.

Feat the append -de=lei= == and for the imp file t==1, the
implems=hizich wsing gioup commuohication iz slighily
mole =tfici=ni than the che ozing RBC. Thos, althoogh
the gionp dilecioly ==ivice iz {tiplicai=d and the RBC
implemesntatioh iz only doplicated, the gionp ditectoly
m=ivice i% mole efficient The =mmon iz thel the RPC
implemsnidich wz= che additichal disk opsidicn 1o
siole int=niions and the new s=qoencs nombet. Foo =ad
opsiatiohs, the prifolimancs of all implemenizichs is the
same. Read opsidtions do hot invelve any dizk opeia-
fions == all implemenidions cache =eznily ozed ditec-
ioti== in AW, and involve only ohe s=ivel

Fol compatizon t=asons, we 1an the sme expelimeniz
uzing Sun ME5; the 1=2ulz aie listed in the thild colomn.
The meazni=me=nts wei= ton oh SonliS 411 and the fil=
uged was located in Aasidegy’. HES doss hol plovide any
fanli fol=iaho= ol consizi=ncy (= 5., if ahothe=i cli=hi ha
cached the dit=cioly, thiz copy will nol be updated con-
sistehily when the ciiginal iz changsd). Compaied 1o
MFS, previding high i=liabildy and availabilily cosiz a
faciol of 1.1 in peifolmancs foi the append-deleis f==i
ahd 1.9 ih peifoimance foi the tmp file ==t

The dominan cosi in ploviding a faoli-tol=iand ditec-
toly ==ivice iz the cosl fol deing the disk op=isicons.
Thei=for=, we have implemeni=d 2 thild velzion of the
dilectaly s=ivice, which do=s hot peifolm any dizk opeia-
tionzin thzcritical paih. Inst=ad of dit=cily sicling medi-
fied dil=ciotiez oh dizk, thiz impleme=hialich =ioies the
modifications 1o a dil=ciciy in a 24 Kbyle HonWVaohiile
RAM (MVEAM) When the =zeiver iz idle o1 the=
FWRAM is full, i1 applies the medificmtions logged in
MWRAM 1o the dil=ciolies sioi=d on dizk. Beconss
IWRAM iz a i=liable mediamm, thiz implkm=hidion pio-
vides the =mme degims of fanll iol=ionce o= the othe=t
implem=nidichs, while the peifoumancs iz moch betisi.
A simmilal optimization hos been osed in [24, 30,31,32].

Uzing MVEAM, =zome ssquences of dil=cioly op=ia-
tiohs do hot i=quoile ahy disk opsidtions o1 all. Cohsidel



the nze of /o, A file widid=n in S iz ofien dele=t=d
shouly aftel it iz osed. If the append opeidtion iz still
loggsd in FVRAM when the delete iz peifoumed, then
both the append and ihe del=te modifications 1o Aw can
be l=moved fiom MVEAM withool exe=cotling any dizk
op=ialions 2 all.

We have implementi=d ahd measnisd a veizioh of the
ditecioly s=ivics thal nses HVEAM. Using gioop oom-
muhication and HYRAWM, the peifoimanes implovement
for the expeiimenis ale shotmouns (z=e the fooith column
in Fig. 71 Thiz impleme=niation i=8.2 and 4.3 lilne=s mole
efficient thah the puie gioup implmentaich. The imple-
menizion bomed on NVREAM iz even fasi=i than Suon
HES, which piovides les= fa0lt toleiahos and has a lowet
availabilily. I the RBC ==ivice had besn implemeni=d
with IVRAM, ohe coold e=xpeci zimilal peifolmance
immpleyeine his.

4.2 Experiments with huliple Cliends

To det=imine the peifounancs of the ditecioly z=ivices
foi muoltiple clishis ve iah thi=e add ftichal expeliments.
The filsl expe=iiment meazoies the thiooghpot tor lookop
opeialichs; ils i=z0ls ale depicied in Figoie 2. The giaph
shows the iotal hombei of dilecloly lookup opsidtichs
thal wels ploceszsd by a dil=cioly ==ivice fol a valying
nombe=t of clisniz. A 1oogh =siima= of the mmximuom
numbet of lockup opsidlions thal, in pinciple, can be
ploceszad pel zecohd cah be azily compoted. The time
ne=ded by az=ivel io plocess 2 1ead op=imiion is woghly
=qual 1o 3 me==c (the fime foo a lookop opsidion minos
the titm= 1o peifoim ah RBC with the z=ivei). The mox-
imum nombet of =ad opsialions pei s=ivel iz thelefols
333 pei m=cond. Thos, the uppei boond oh i=ad opsia-
tions for the glonp s=ivice using 3 smivers iz 1000 pe
s=cohd and foi the doplicated RBC implem=nidion i iz
GO0 Pl m=cohd.

Heth=i s=ivice achizves the uppei bonnds, becanz= the
clishl i=quesiz ale hel evenly diztiiboled ameng the
z=ivels, The fitd fime a clisnd peifoums 2 RBC with
zoime z=lvice, ii% beihel locates the ==ivice by ==nding a
bieadenst mesaage coniaining the ponl @ fo1 the 1=quesied
seivice. Ewely z=ivel thal lislens {o the poil @ answels
with an RBC HERE1S mes=age. The cli=hi's Leine=l siop=
the neiwolk addiss= for =ach s=ivel thal anzw=s in il
poit cache ahd z=hds the i=quest 1o the fiist z=ivel that
i=plied. If ol some poinlons of the ==ives is bosy and is
netl lis=hing 1o @ wheh a l=quesi comes in, iz Leinel
w=hd= 2 1IGTHERE bock 1o the cli=hi's L=ine=l. The cli=ni's
Leinel 1= moves the zeivel’s nelwolk addiess fiom iz poit
cache and selectz ahothel z=ivel fiom its poil cache ot
locates the ==ivice again if iz pold cache do=s no contain
ah ali=l hative.

Thiz hentigic foi choosing a s=ivel is not optimml.
Same clisniz may pick the same s=iver, while ancihel
seivel iz idle. Fiom ihe giaph ohe cah == thiz happeh.
Thiz poesibility was also i=flect=sd ih ool meazol=me ns.
The hombeiz depicted ale avelages ovel a lage noumbet
of 1onz, bol the =iandaid deviation i= high. Th =oime 1on=,
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Tig.8 Thromghpm in 1oial nomber of lookmpe per second for in
creasing numbers of cliems.

the =iandaid deviation waz almeosi 100 opsidlions pei
wecohd. The henligic, howsvel, iz good shongh thai with
high=t lood the clisnis t=quesiz aie evenly disttiboted
amohg the s=ivelz. Ohe cah also cohclude fiom the giaph
that the RPC dit=cloly s=ivice cah soppoil f=wel clisnis
than the gioup ==ivice. The RBC dil=cioly ==ivice gei=
ovelloadesd with 520 i=quests pei z=cond, whel=s the
gloup seivies geis ovellonded with 852 i=quesiz pmi
z=cond.

Figniz 9 shows the thioughpoi fou the append-delei=
te=1. This expeliment meazole=s the maximom hombel of
paits of append d=lei= opmialions thal the z=1vice can sup-
poil pei s=cond. Agaih, ah appel boond cah easily be
estimed foi each s=ivice. Plocessing a pail of append-
del=te op=ialions iakes tooghly 22 me=c in ths gioop
IWRAM s=ivice, 179 mz= foi the gloup z=ivice, and
187 fou the RPC s=ivice. As wifle opmislions canned be
peifoimed in paiallel, the oppei boohds pel z=ivice ale
45, 5, and 5. All thize impleme=himtichs t=ach the uppei
bonnd.

5 Discussion and Comparikon

Making 2 fail compatizon beiwesn the gloop ditecioly
seivice ahd the RPC dilecioly s=ivice is haidly possible,
m both m=ivices mzome diffei=nl foilole modes. The
RBC z=ivie iz doplicated and does hol piovide con-
sist=hcy ih the fac= of hetwolk paitftions, whel=s the
gloup =ivice is lliplicoied and do=s plovide cohsist=ncy
in the face of hetwolk paitflions. Foitheimoie, the BB
implemsnidion employs lazy =plieation, whei=s the
gioup implemshidion smploys aclhve 1=plicalion, =sol-
ing in a2 highel degime of 1=liabiliy and availabiliy f=u
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Tig.9 Thromghpm in ioial number of append-del=te opemtions
pet second for increasing numbers of cliems. As append and
deleds opemtions am both write opemtions, the actnal write
thronghpm is{wice as high.

the gionp dit=cioly seivice. Afiel the RBC dileclony == -
vioe has peifoumed an opdate oh a dilecioly, the new
ditecioly iz dil=cily zici=d oh only ohe Bollei file. Tf the
Buollei m=ivel siciing thiz file ciozhes befol= the ==scond
i=plica iz geheiated, the ditecioly will become ohavail-
able. Tn the gionp dilecioly s=ivice this canned happen,
becanze the s=ivices cleates all t=plicas o aboud the saime
titn= befole the clisnt iz told that the opdate has soe-
cemded.

Although the gioup s=ivice plovides a highet i=liabil-
ity and mvailabilily, iz pioiccols fou nounal opstation (no
failniez) ale o= simple 2= the RBC pictocok. The gioop
lmcovely ploiccok ale meols complex, boi thiz is do= io
the fact tha the gloup s=ivice is boili ool of thize s=ivels
ingtead of onl of tvo. A thize s=ivel implemshidion of
the RBC zeivice wouold =quoite a simila piotocol fou
imcovely 2% nzed ih the glonp s=ivice.

The pmifounance of the gioop ditecioly =sivice iz
betimi than the RBC ditecicly m=ivice. Thiz iz, howesvel,
mainly do= io the faci thal the gieop implemeniation
moids ohe dizk wifle. The RBC dil=cioly ==ivice conld
hove besh implemented in soch 2 way thal it alzo aveids
thiz addflional dizsk wifte. Soch an implemenidion iz
likely 1o have the same peifolmahcs o the gioop imple-
meniation. On the othet hand, if the RBC dit=cioly == -
vioe had been liiplicaied, il would have had io impleiment
iwo-phass locking [313], i=zolting in high=i communica-
tich evelhead compated with the gioop implem=hizicn.

Summalizing, the glonp dil=cioly ==ivice iz had 1o
compate  with the RBC dilecloly seivice do= 1o

diff=i=ne=s in the failoie s=mantics and diff=1=nc== in th=
implems=niztichs thal aie het 1=lated 1o wsing gloup coim-
municaicn ot nxing RBC. Howevel, we balisve thal the
compatizon gives shough insight in all the desigh choices
and implemeniation issoes that ah RBC dilecloly s=ivice
with the same specification a5 the gloop dilecioly s=ivics
will be mole complicated and have a wolse peifolmancs
than a gioup implemenimicn.

Thei= iz an exi=hzive liteimiole on deigning and boild-
ing fanli-ioleiant sysiems, coveting both pactical and
thsoistical iez=aich. U iz ooizide the zcope of this papel,
how=vel, 1o =view all thizs weolk. Thed=ad we foco= on a
nombet of acioal implmenidicns of faoli-olemn file
ahd ditecioly ==ivices in zy=i=msz similal lo Amcsba.

Maizollo and Schmuock dexciibe 2 faoli-iol=iani imple -
menimdich of Son's Metwolk File S ysem (HFS) ozing the
Ixiz doolkil [34]. A= the anthoiz did net wani 1o change
the cli=ni zide hol the z=ivel zide of TES, they inflodoced
ah exiia level of inditsction. Cli=hi plocesses de hot 1alk
div=cily with the fil= ==ivice, boi go thiongh an int=ume=di-
e plocess, called an wgenr. The agenis hide fiom the
cliznis thai the file s=ivice is=plicaisd and oz= int=nally
ohe of [ziz's bioadcast plimittves 1o kesp theil 2ioe con-
sist=hl. The agehis update the =plicas of a file wsing =g-
ular Sun RBC, becanze {o smploy bieadeast would have
me=ani changing the file s=iveis 1o no= Iz

Haip iz ancthel appieach 1o inclemme the faoli lol=i-
ance of MF5 [31]. Unlike Maizollo and Schimock, the
anthols of Halp decided o change the file s=ivel io avoid
an exiia level of inditectioh. Haip iz baszed oh a plimaiy
copy pictocal [15]. Cli=ht comimuohicate with ohe desig-
ntled m=ivel, called the prinuiy, o peifoun opsidicns.
The othe=l ==ivelz o= i=im=d secomdiries. On a wifle
op=ialion, the plimay fisd ==nds the =zohs 1o s=con-
daliex befole z=hding a i=ply 1o the clisnt. All s=iveis
siole the w=soh in MVEAM and copy the mzoh lazily 1o
dizk 1o impiove peifoimancs. If the plimaly ciashes, the
secohdalies electa hew plimaly.

Ancthet faoli-toleiani file zyzi=im iz Coda [38]. Coda
i=plicles fil=z o the z=ivel side and also caches files o
ithe cli=ni =mid=. The= cli=hiz cache whole files, so =ven if
all w=iveiz fail, the cli=hiz aie able 1o conlinne wollking
with th= cached file=x. If cli=ni and s=iveis 2= con heci=d,
callbacks aie nzed 1o keep the cachesz of the cli=hiz and
z=ivels cohzisi=hl. The ==ivelz th=mz=lves oz= octiive
t=plication and an oplimiztic vatiani of the t=ad-one
wifteall policy 1o kesp i=plicas consistent. The imple-
meniation iz bes=d on a pmallel RBC mechanizm tha
=xploiis the molticast capability of a netwolk [37].

Ancthel appiexch 1o a fauli-oleiant distiiboled file
systein is Echo [33]. Like Haip, Echo uses a piimaiy
copy echeme. Unlike Haip, il do= nod peifoun 1eplica-
fioh o1 the file l=vel bol o the level of an atiay of disk
blecks. One of the t=mons foi doing =0 isthal Echo nzes
mudtiperkd disks, which can be xcomszed by multiple
seiveiz. The multipoited dizks and i=pliction = the level
of dizk bleck= allow a plimaly o contlinne wolking =ven
if all =condaiies have failed. The piimaly can ditectly



witle 1o all disks withool having 1o goihioogh the ==con-
il e

A fol-iol=iant dilecloly s=iviee iz desciibe=d by
Mizhin, Pet=izon, and Schlichiing [39]. Thiz ditecioy
seivice also nzes active w=plicion, bot it is bazed on the
mzomplioh thal opsimichs ale idempoieni. [ ozes
Payhe's pictocok 1o ehfolce ah oideling oh the messages
w=ni by the s=ive= [11]. To =nhaneo= concoliency of the
dilecioly s=ivice opsiatiohs, the dilecloly s=ivice ns=s the
pattial cudeting and the plope=iy thol =ome opsiations ae
commuiive (=g, lid dilecioly and lookopeniiyl To be
able 1o 1=covel, the s=ivels checkpeint theil stat= 1o hoh-
voldile =oinge. Using the checkpoini and the paitial
oldel amohg meszage=, the ==ivice ch =cohzitoei the
sinle befoi= a failote.

Daniels and Speciol desciibe ah algoifthin desighed
for 1=plicried dit=ciovies [40]. Thei algoiihm is based
oh  Giffoid's weighied woling[41]. The algoiihin
=xploits the obs=ivation thal mahy op=idichs oh a singlk
dit=cioly =nity can b= peifouned in paiallel if the opsia-
liohz acomex diff=ei=ni =hiti=z. Simolddichs done by the
anthois show thal the add flicnal comt fo1 theit algoithm is
low, while ii plovides betiei peifolmancs.

Bakel =t al. have simolated and analys=d the peifol-
mahce impact of NVRAM in iwo configuialions: file
cache== in cli=ni wolksiatiohs and wifle boffeiz in fil=
seivelz [32]. The lsitel appioach iz compaiable 1o oo
nze of IR AWM in the dil=cloly ==ivice. Theil me=aznie-
meniz indicoie thal the additicon of one-half megabyte of
MWRAM can deci=aze the hombel of dizk acoszes by 20
1o 90% (in exii=me= cazes). The 1=zol= =nggesi thod even
A foday's plices of WRAM (fool 1o six lime=s mole
expehzive than DRAWM) the use of NWRAM in file
s=ivels can b cosiefiectlive. A mimplemenistion of
Amoeba's Bullet file ssivice using gioop commuhicaticn
o= well o VR AM imcmuainly feamibly.

6. Conchsion

We have ilied 1o zoppoil the claim thal a diztiiboted
syztein should het only zoppoit RBC, botl gioop comimun-
ication o well. Glonp commuonication allows simplet
and mole efficient implemenidtichzs of a laige class of
dizttiboted applications. Az an example io demonsiine
the claitn vwe looked in defail A the de=igh ahd implemen-
imlich of a fanli-ol=ianl dit=cioly ==ivice. Althoogh a
complet=ly fail compatizon iz nod possible, doe 1o diff=i-
ehces ih failuie z=mantics ahd diff=i=hoes in the imple-
meniations uni=laisd 1o n=ing gloop communication and
RPC, we neveithelez= claim tha the dil=cioly =eivice
usihg gloup communicatioh is het ohly =izl o imple-
me=ni, boi alzo mow= =ffici=nl

Ancthet impodant conclusion of ool =tody ix thal disk
opsialichs ale the majol peifolmance bolikeheck in pio-
viding fanll icl=ianc=. By ozing a e=ldively new boi
alieady wide-zpi=ad iechhology, HVRAM, the peifol-
mahce of the dil=cloly ==ivice fol opdate opsidlichs
imploves by an cid=1 of magnitode. The gioop diteciowy
seivice allows foi 617 lookop opsialiohs pei s=cond and

23 update op=idions pel z=cond.
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