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ABSTRACT
Recentadvancesin storagetechnologyhaveenabledsystems
like StorageArea Networks, wheredisks are attacheddi-
rectly to thenetwork, ratherthanbeingunderthecontrolof
a singleprocess.In suchanenvironmentthereis no a priori
boundon thenumberof processesthatmayaccessthe net-
work attacheddisks,andsouniformimplementationsarede-
sirable,thatis, implementationsthatdonot rely on thenum-
berof processes.Weinvestigatehow to usenetworkattached
disks,wheresomedisksmay crash,asa sharedcommuni-
cationmedium. To do so, we modeldisk blocksasMulti-
Writer Multi-Reader (MWMR) sharedmemory registers
that may fail by crashing.We studywhethera finite num-
berof suchfail-proneregisterscanbeusedto uniformly im-
plementvarioustypesof fail-free target registers:wait-free
atomic, atomic, andwait-free sequentiallyconsistent.For
eachof thesetypes,we determinethe implementabilityof
Multi-Writer Multi-Readerregisters,Multi-Writer Single-
Readerregisters(MWSR),Single-WriterMulti-Readerreg-
isters (SWMR) and Single-WriterSingle-Readerregisters
(SWSR).For example, we show that there is no uniform
atomic implementationof a MWMR registerusingfinitely
many baseregisters,evenif theimplementationneednot be
wait-free. On the positive sidewe show thatwith infinitely
many baseregistersthenall typesof registerscanbeimple-
mented.Thisopensthequestionof how to translateuniform
sharedmemoryprotocolsthat useMWMR registersto use
network attacheddisks.
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1. INTRODUCTION
Recentadvancesin storagetechnologyhave enabledsys-

temslike StorageArea Networks, which have network at-
tacheddisksor NADs. A NAD is a simpledevice that just
executesrequeststo readandwrite blocksof data.It canbe
accessedby any processin thesystem,sothattheNADs ef-
fectively becomea sharedstoragemediumthatcanbeused
to solve distributedproblemssuchasconsensus,asin Disk
Paxos[27]. Unlike message-passingsystems,which typi-
cally requirea majority of processesto be correctto avoid
partitioning, NADs allow protocolsthat can withstandthe
crashof any numberof processes.Therefore—likeconven-
tional shared-memorymodels—themodel allows uniform
protocols[13, 26, 30], i.e., protocolsthat do not requirea
priori knowledgeof or an upperboundon the numberof
processesthatmayparticipate.

One difficulty of this model is that a NAD can fail by
crashingand therebybecomeinaccessible.It is desirable
to masksuchfailuresandemulatetheconventionalshared-
memoryabstraction,in whichmemorydoesnotcrash.There
are many existing sharedmemoryalgorithms,particularly
uniform and adaptive [2, 3, 6, 7, 8, 9, 10, 11, 12, 14,
16, 17, 18, 19, 20, 22, 23, 28, 29, 33, 34, 35] ones,
that useMulti-Writer Multi-Reader(MWMR) registersto
solve known problems. As an example,considerMutual-
Exclusion(MX) [24]. Lamport’s fastMX [32]—thoughnot
a uniform algorithm—usesMWMR registers in its ‘f ast-
track’, while Attiya andBortnikov [15] proposea uniform
MX protocol,whichoutof necessityresortsto MWMR reg-
isters.We thereforeask:Canwe uniformly implementsuch
registerswith NADs? Suchanimplementationwould allow
anautomatictranslationof theseMX algorithms,andmany
others,to useNADs.

We modeleachdisk block of a NAD asa sharedregister
thatmayfail, andthegoal is to implementa sharedregister
thatdoesnot fail. While [4, 5, 31] do exactly that in a wait-
freemanner, thegivenimplementationsarenotuniform. The
numberof baseregistersrequiredgrows as the numberof
processesgrows.

In this paper, we study the uniform implementability
of fail-free sharedregistersin various settings. We con-
sider three types of registers: wait-free atomic, atomic,



and wait-free sequentiallyconsistent. For eachof these
types,� we consider Multi-Writer Multi-Reader registers
(MWMR), Multi-Writer Single-Readerregisters(MWSR),
Single-WriterMulti-Readerregisters(SWMR) andSingle-
Writer Single-Readerregisters (SWSR), and determine
whethereachonecanbe uniformly implementedwith a fi-
nite numberof fail-pronebaseregisters.

For example,weshow thatno suchimplementationexists
for a MWMR register, even if the implementationneednot
bewait-free. On theotherhand,thereis animplementation
of a SWMR register(whenprocessesarereliable). There-
fore,onecannotusethestandardtechniqueof implementing
a MWMR registerby first implementingSWMR registers:
doingsowould blow up thespacecomplexity. (This opens
thequestionof whetherthereis animplementationthatuses
infinitely many registerswith aconstantnumberof stepsper
operation.)Thus,at the currentstateof affairs, in orderto
translatea uniform shared-memoryalgorithm(suchasMX)
to useNADs, oneneedsto “openthebox”. This leavesan-
otheropenquestionof whetheronecanidentify larger“mod-
ules” in thesealgorithms,suchthat thesemodules—rather
than registers—canbe implementedwith NADs. Alterna-
tively, onemight realizethatthesealgorithmsdonot require
thefull powerof atomicity, andimplementaweakerregister.

On the positive side, we show that the three types of
MWMR, MWSR, SWMR andSWMR registershave a uni-
form implementationevenin theinfinite-arrival model[28],
if the numberof baseregistersis infinite. This implemen-
tationspreadsregistersacross�	��

� disks—eachdisk with
infinitely many registers—suchthat all registersof up to �
disksmaycrash.

In summary, the possibility and impossibility resultsin
this paperareshown in Tables1, 2, 3 and4.

Single-Reader Multi-Reader
Single-Writer Yes No
Multi-Writer No No

TABLE 1. Uniform wait-freeimplementabilityof atomic
registersusingfinitely manybaseregisters.

Single-Reader Multi-Reader
Single-Writer Yes Yes
Multi-Writer No No

TABLE 2. Uniform implementabilityof atomic registers
usingfinitely manybaseregisters whenprocessesare reli-
able.

Single-Reader Multi-Reader
Single-Writer Yes No
Multi-Writer Yes No

TABLE 3. Uniformwait-freeimplementabilityof sequen-
tially consistentregisters usingfinitely manybaseregisters.

Single-Reader Multi-Reader
Single-Writer Yes Yes
Multi-Writer Yes Yes

TABLE 4. Uniform wait-freeimplementabilityof atomic
registersusinginfinitelymanybaseregisters.

Relatedwork
Uniform protocols,i.e.,protocolsthatdonot requireapriori
knowledgeof the numberof processesin the system,have
beenstudied(e.g., [13, 30]), particularly in the context of
ring protocols.Adaptiveprotocols,i.e. protocolswhosestep
complexity is a functionof thesizeof theparticipatingset,
have beenstudiedin [6, 7, 8, 16, 23, 33]. Long-livedadap-
tiveprotocolsthatassumesomehugeupperbound� on the
numberof processes,but requirethecomplexity of thealgo-
rithm to bea functionof theconcurrency have beenstudied
in [2, 3, 9, 10, 11, 17, 18, 19, 20, 29, 34]. A sharedobject
systemwherethebaseobjectscanfail wasfirst investigated
by [31], which studiestheimplementabilityof fault-tolerant
objectsfrom objectsthat canfail andit considersboth reg-
istersandconsensusobjects.For registers,it shows how to
implementafault-tolerantwait-freeMWMR atomicregister,
but thepaperdoesnot concernitself with uniformity and,in
fact,thegivenimplementationis not uniform.

Recently, ChocklerandMalkhi [22] gave an implemen-
tation of Disk Paxos[27] on a StorageArea Network us-
ing Active Disks [1, 36] that supportsunmediatedcon-
currentdataaccessby an unlimited numberof processes.
The implementationis basedon the use of read-modify-
write objects.Theseobjectsarereadilyavailablein Active
Disks. Since,however, it is impossibleto implementa reli-
ableread-modify-writeobjectfrom acollectionof fail-prone
ones[31], their implementationusesread-modify-writeob-
jects to emulatea new sharedmemoryabstraction,which
they call a ranked register. Sucha ranked register, asthey
furthermoreshow, cannotbe implementedin the givenset-
ting, usingjust read/writeregisters.

Our NAD model is different from the one in the Disk
Paxospaper[27]. In thatpaper, thesystemis synchronous,
so that if a processissuesa write requestandthedisk does
not respondwithin the expecteddelay, the processknows
that thedisk hascrashed.Thus,eitherthe requestwasexe-
cutedbeforethe crash,or it will never be executed.In our
paper, we assumeanasynchronousmodel,wheredisksmay
be arbitrarily slow in responding;while the disk doesnot
respond,a pendingwrite cantakeplaceat any time.

Theproofsof our impossibilityresultsusetheideaof cov-
ering registers,first proposedin [21] to show somebounds
on the numberof registersnecessaryfor mutualexclusion.
However, our situationis harderthanfor mutualexclusion:
with mutual exclusion, it is possibleto directly get a con-
tradictionby carefully runningconcurrent“get mutex” op-
erationssoasto coverbaseregisters,in orderto completely
hide some“get mutex” operation;oncesuchan operation
is hidden, one immediatelygets a contradictionby hav-



ing anotherprocesssimultaneouslyenterthecritical section.
With� registers,this is not thecase:thereis no contradiction
whenawrite is completelyhiddenwhile thereareconcurrent
writesbecauseit is possibleto linearizethewritesin any or-
der. Therefore,our proof argumentsaresignificantlymore
complicated.Furthermore,in additionto coveringwrites—
which areobtainedby freezinga processin themidstof its
operationwhentheprocessis aboutto write—wealsoneed
the notion of a pendingwrite—which is a write left in the
systemafter a processhasterminatedits operation. Such
writescanoccurin ourmodelbecausearegistermayappear
to havefailed.

1.1 Roadmap
This paperis organizedas follows. We explain our in-

formal modelof sharedobjectsin Section2. In Section3
we considerwait-freeimplementationsin systemswhere,in
addition to registers,processesmay also fail by crashing.
Then,in Section4 we considerthecasewhenprocessesare
reliable, and only the registersmay fail. We considerse-
quentiallyconsistentregistersin Section5. In Section6 we
considerthe caseof infinitely many baseregisters. Due to
spacelimitations,in this papertheproofsareabbreviatedor
omitted.Thefull proofscanbefoundin thefull version.

2. INFORMAL MODEL
We considera distributed systemwhereprocesseshave

sharedaccessto a setof network attacheddisks.
Processes.Processeshave uniqueid’s, but they do not

have any informationaboutthe numberof processesin the
system. In particular, the protocols cannot rely on any
boundson the maximumnumberof processesthat partici-
pate.For thestrongestresults,for impossibilitywe assume
the finite-arrival model[28], in which only a finite number
of processestake stepsin any givenrun,while for our algo-
rithmswe assumethe infinite-arrival model.

We considertwo casesregardingresiliency of processes:
in the first case,processesmay fail by crashing,andin the
secondcase,processesareassumedto bereliable(fail-free).
In theformercase,we areinterestedin wait-freeimplemen-
tations, i.e., implementationsthat guaranteethat a correct
processterminatesits operationin a finite numberof steps
regardlessof thefailureof otherprocesses.

Network attacheddisks. Processeshaveaccesstoasetof
network attacheddisks,andeachdisk is dividedinto blocks.
Wemodeleachblockasasharedregister, sothatadisk is an
arrayof sharedregisters.For someof our results,we view
thesystemasa poolof sharedregisters,andit doesnot mat-
ter how they areseparatedinto disks. The sharedregisters
supporttwo operations,readandwrite, whichmaybeissued
concurrentlyby many processes.Thecorrectnesscondition
for concurrentaccessis eitheratomicity (linearizability) or
sequentialconsistency.

The systemis asynchronous, meaningthat there is no
boundon the time it takes for registersto respondto op-

r 1

r 2

r 3

OPERATION

write(1)

write(1)

write(1)

p

Figure 1: Process� may complete its operation while
leaving a pending write on register ��� .

erations.Registersaresubjectto failures. A registercrash
occurswhenthe registerstopsrespondingto its operations
[31].1 We say a disk is faulty if it hassomecrashedreg-
ister. A full disk crashoccurswhenall the disk’s registers
crash.Our impossibilityresultsholdevenif asingleregister
may crash2, while our algorithmsallow a boundednumber
of disksto befaulty, possiblyexperiencingfull diskcrashes,
evenwhenthecrashof adiskaffectstheinfinitely many reg-
istersof thatdisk.

To prevent processesfrom blocking when a register
crashes,we allow processesto issuemany nonblockingre-
queststo differentregisters.For example,while runningthe
implementationof someOPERATION, a process� may is-
sueconcurrentwritesto registers��������� and ��� , asshown in
Figure1. Theprocessmaydecideto completeOPERATION
evenwhile thewrite to ��� is still pending.In fact,theprocess
mayberequiredto doso,because� � mayneverrespond.But
� � mayturnout to bejustslow, andthewrite maytakeeffect
far in thefuture.

Without lossof generality, we assumethata processwill
not attemptto executesimultaneousoperationson thesame
register. This assumptionis not restrictive anddoesnot af-
fectany of our impossibilityresultsor algorithms(if thepro-
cesswishesto invokemultipleoperationsonthesameobject,
it cansimply issueoneoperationand“remember”theother
operationsin its state,issuingthemat a later time. This of
courseimplies that implementationsmay leave somecode
runningin thebackground).

Wewouldliketo implementregistersthatdonotfail using
fail-proneregisters. In orderto differentiatethe baseregis-
ters from the desiredtarget registers,we denotethe oper-
ationson the former by readand write, and on the latter
by �����! and "#��$&%�� . In addition,we also usecapital
lettersto refer to the �����' '���)( and "#��$�%&���*( of tar-
get registers,and lower capitalsto refer to the readersand
writesof baseregisters.To getthestrongestpossibleimpos-
sibility results,we assumethatour baseregistersareMulti-
Writer Multi-Reader(MWMR registers),meaningthat they

1This correspondsto theunresponsive modein [31].
2Our impossibility resultswould alsohold in a modelwherewhole disks
crashatonce,thatis, it is notlegal for aregisterto crashwithoutall registers
of thatdisk crashingsimultaneously.



canbereador written by multiple processes(in fact,by all
processes+ in thesystem).We studythe implementabilityof
many typesof target registers,including not only MWMR
but alsoregistersthatsupportonly asingledesignatedwriter
but multiple readers(SWMR), a single designatedreader
but multiple writers (MWSR), or a singlewriter andsingle
reader(SWSR).

3. WAIT-FREE ATOMIC REGISTERS
We now considera systemwhereboth registersandpro-

cessesmay crash,and study the uniform wait-free imple-
mentabilityof atomicregistersusingafinite numberof base
registers,oneof which mayfail by crashing.We first show
that it is impossibleto implementa SWMR register. This
result impliesa fortiori that it is impossibleto implementa
MWMR register. It turnsout it is alsoimpossibleto imple-
menta MWSR register, andthis resultwill follow directly
from Theorem2 in Section4.1.

We thengive a simpleimplementationof a SWSRregis-
ter. Thustheimplementabilitysituationis theoneshown in
Table1.

3.1 Impossibility result
In thefull paper, weshow thefollowing theorem:

THEOREM 1. Let , be a finite set of wait-free atomic
MWMRregisters andsupposethat oneof themmayfail by
crashing. Thenthereis nouniformwait-freeimplementation
of anatomicSWMRregisterusing , .

3.2 Possibility result
It is very easyto implementa wait-free atomic SWSR

register with only threebaseregisters,by using sequence
numbersin the obviousway: To "#��$�%&� , issuea write to
all threeregisters3 and wait for two of them to complete.
To �����' , readfrom two out of threeandpick the largest
sequencenumberamong the read valuesand the largest
sequencenumberever seenbefore. This implementation
works because(1) the sequencenumbermakesit impossi-
ble to �����' valuesout of order, and (2) if a "#��$�%&�
completes,a subsequent�!���! will either seethe value
"-��$&%.%��0/ or a latervalue.

This implementationallowsonebaseregisterto fail, but it
is easyto extendit to allow � baseregistersto fail by using
�	�0
1� ratherthanthreebaseregisters.

4. ATOMIC REGISTERS
Evenin asystemwhereprocessesnever fail, it is impossi-

ble to implementa MWMR registerwith finitely many base
registers. In fact, we show that it is impossibleto imple-
menttheweakerMWSRregister. Curiously, it is possibleto

3If one of the registers has a pending write issuedduring a previous2436587:9
, then the

2436587:9;3
just forks a backgroundtask to issuethe

write assoonasall previouswriteshave finished.

implementa SWMR register(with finitely many baseregis-
ters), andwe provide the implementation.This is in con-
trast to the casewhen processesmay fail. Thus, the im-
plementabilitysituation for finitely many baseregistersis
shown in Table 2. Of course,if infinitely many basereg-
istersareavailable,we cansimply usethe implementation
of Section6, sincean implementationthat toleratesprocess
crashesworksfine in theabsenceof suchcrashes.

4.1 Impossibility result
We show thefollowing theorem:

THEOREM 2. Let , bea finite setof atomicMWMRreg-
isters and supposethat one of themmay fail by crashing.
Evenif processesneverfail, therearenouniformimplemen-
tationsof an atomicMWSRatomicregisterusing , .

To provethis theorem,supposethatthesystemhas < base
registers,one of which may fail. The proof is by contra-
diction: assumethat thereis a uniform implementationof a
Multi-Writer Single-ReaderatomicREGISTER.Weassume
that thesingle �����! =��� is differentfrom the "-�!$�%&���*(
(otherwise,justforgetaboutthefactthatthe ���0�! =��� is al-
lowed to "#��$�%&��� —we getoneless "#��$�%&��� , but there
arestill infinitely many).

Throughoutthisproof,weconsiderrunsin whicheachop-
erationonabaseregisteris linearizeddeterministicallywhen
the operationreturns. This is a valid behavior for atomic
registers,sinceoperationscanbelinearizedat any point be-
tweentheir invocationandreturn.

At any point in a run, a configuration ,?>A@�,&BDCFEHGI�J,;KL�
,&B�MON�PRQ consistsof thestate ,&BDCFEHG of eachprocess,thestate
, K of eachbaseregister4, andtheset , B�MON�P of pendingoper-
ationsonbaseregisters,i.e.,operationsonbaseregistersthat
have beenrequestedbut have not yet beenexecuted.Note
thata processcannotobserve thewholestateof thesystem:
in fact, it doesnot know the stateof otherprocessesor the
setof pendingoperationsissuedby otherprocesses.Thus,
asfar asits executionis concerned,a processonly seesits
own stateandthestateof theregisters.

Elementsof ,SB�MON�P�TUNOV areof theform @J�W��XIYZQ meaningthat
� hasissuedoperationX�Y , where X�Y couldbeeitherareador
awrite for somevalueonsomeregister. In thisproof,weare
only concernedaboutpendingwrites,andwe will therefore
ignorethependingreadsin ,&B�MON�P�TUN�V .

Notethatapendingwrite is differentfrom acoveringwrite
[21]: thelatteris obtainedby freezingaprocessthatis about
to issueawrite, while theformeroccursif aprocessissuesa
write but doesnotwait for it to complete.

DEFINITION 2.1. We say that a configuration , >
@[,\K , ,&BDCFEHG , ,&B�MON�P�TUNOV\Q is

] possibly-no-pending if thereexistssomeconfiguration
(of somerun) that is identical to , except that any

4Thismakessensesinceweconsiderrunsin whichbaseregisteroperations
arelinearizeddeterministically.



subsetof its pendingoperations havebeendropped.
In other words, for every ^`_a,&B�MHNbP�TUNOV there exists
,dce>f@�,;KL�g,dcBDChEOG �[^iQ , where the statesin ,dcBDCFEOG are
identicalto , BDCFEOG exceptfor processeswith operations
in , B�MON�P�TUN�Vkj ^ ;5

] no-WRITE if no processesare executinga "#��$�%&�
(according to ,SBDCFEOG );

] deceiving if it is both possibly-no-pendingand no-
WRITE.

Notethatano-WRITEconfigurationmaycontainpending
operations,becauseaprocessmayhavefinishedits "#��$�%&�
while someoperationis still pending. Also note that if a
configurationis possibly-no-pendingthena process� is re-
quiredto completeits �����! or "#��$�%&� even if a single
baseregisternever respondsandno pendingoperationsare
flushed. In contrast,if a configurationis not possibly-no-
pending,thenanotherprocessl mayhave a pendingopera-
tion on someregister � c)m>n� , and � might wait for either �
to respondor for thependingoperationon � c to beflushed,
since� knows thatit is illegal for both � and� c to crash.

A no-WRITE configurationhasthe notion of a “current
value” of theREGISTER.This is a valuethatwe couldget
if we rana �����' from thatconfiguration.This valueneed
not beunique.

Wenow constructarunin whichweprogressivelygetinto
deceiving configurationsthathave an increasingnumberof
pendingwrites. We first gatherlots of pendingwritesto the
sameregister, andthenexplainhow to gatherpendingwrites
to moreandmoreregistersuntil all < of themhave at least
onependingwrite. Oncewe have donethat,we get a con-
tradictionasfollows: we executea solo "-�!$�%&� andthen
completelyeraseall the effectsof the "-�!$�%&� by flushing
all pendingwrites.

Sohereis therunconstruction.Wewill usethefollowing:

LEMMA 2.1. If , is deceivingthenwe can extend , to
anotherconfiguration , c that is deceivingandcontainsone
more pendingoperation than , .

PROOF. Startingfrom configuration, , for eachnew pro-
cess� (onethathasnotexecutedyet),consideraruncontin-
uationin which � attemptsto "-�!$�%&� a “new” value(i.e.,
a valuedifferentfrom a “currentvalue”of theREGISTER).
In sucha continuation,notethat � needsto attemptto write
to someregister(elseit is easyto get a contradiction)and
let �po be the register to which � tries to write first. Since
thereareonly < baseregisters,we canfind two distinctnew
processes� and l suchthat �	oe>q�	r . Now startingfrom ,
again,� executesthe "#��$�%&� until it covers�pr , i.e.,until it
is just aboutto write to � r but we stop � beforeit issuesthe
write. Now l executesthe "-��$&%&� to completionsuchthat
5Note that when we say “dropped” we do not meanthat the operations
have beenflushed,sinceflushingthemwould changetheregisterstate.We
requires;t to have exactly thesameregisterstateas s .

thewrite to � o is left pending.Finally, we let � completeits
"#��$�%&� (i.e., � writesto � o andthencontinuesexecutingits
WRITE codeuntil completion).Let ,dc betheresultingcon-
figuration.Notethat , c hasanew pendingwrite of processl
to �	o . In addition, , c is no-WRITE(since, wasno-WRITE
andboth � and l completedtheir "-��$&%&�'( ) andpossibly-
no-pending(becauseit is possiblein a differentrun that l
flushedits pendingwrite to �	o right before � wrote to it).
Thus, , c is deceiving.

We now constructa run u as follows. Start with the
empty run, and notice that the initial configurationis de-
ceiving. Now applyLemma2.1sufficiently many timesun-
til thereexists a single register � � with vbw x�ySz�{ � pending
writes,where vbw x�ySz�{ � is a largenumberwhoseexactvalue
is irrelevantnow. This getsus to a deceiving configuration
, � . We now show how to get to a largenumberof pending
operationsona differentregister.

LEMMA 2.2. Supposethat , is anydeceivingconfigura-
tion that containsa pendingwrite on someregister � . If
a new processexecutesa "#��$�%&� of a new valuestarting
from , then it mustattemptto write to a register different
than � .

PROOF. If the "#��$&%�� never writes or only writes to �
thenwecanflushthewrite to � afterthe "#��$�%&� completes
andthiswouldcompletelyhidethe "-�!$�%&� andwouldeas-
ily giveusa contradiction.

We now show how to extend , � to geta pendingwrite to
a registerdifferentfrom ��� .

LEMMA 2.3. If , is deceivingand contains|~}a<�
��
pendingwrites to someregister � thenwe can extend , to
anotherconfiguration , c that is deceivingandcontains(a)
a pendingwrite to a register different than � and (b) |L���
pendingwritesto � .

PROOF. Takeasubset̂ of <�
�� pendingwritesto � and
for each����^ choosea distinctnew processl8� . Consider
the continuationfrom , in which we first flush � andthen
l�� executesa ��u��R�*� of a new value. Now we canapply
Lemma2.2 becauseif we take any deceiving configuration
andflush oneof its pendingwrites we still get a deceiving
configuration. So, by Lemma2.2, l � attemptsto write to
someregisterdifferentfrom � . Let � � bethefirst suchareg-
ister. Since � ^��\>q<�
i� andthereareonly < baseregisters,
we canfind distinct �Z���~��^ suchthat � � >��p� . Therestof
the proof is now quite similar to that of Lemma2.1. More
precisely, consideran extensionof , in which we (1) flush
� , (2) make l�� executethe "#��$&%�� of the new value,but
we suspendl�� whenit covers �	� , (3) flush � , (4) make l �
executethe "-�!$�%&� of thenew valueto completion,while
leaving the write to �	� pendingand(5) let l8� completeits
"#��$�%&� . Let , c betheresultingconfiguration.Thenclearly
, c contains(a) a pendingwrite to �p� m>�� and(b) two less
pendingwritesto � than , . Moreover, , c is deceiving.



We now continueconstructingour run u starting from
, � . We applyLemma2.3 sufficiently many timesuntil we
get vbw x�ySz�{ � writes pendingon a singleregister � � , where
vbw x�ySz�{ � is abig numberwhosevalueis now irrelevant.Let
, � betheresultingconfiguration.Notethat , � is now a de-
ceiving configurationwith many pendingwrites to both �&�
and��� .

We now explain how to proceedby induction. Sup-
posethat ,�� is a deceiving configurationwith many pend-
ing writes to ���g�g�g�b���[� � . We explain how to get to a de-
ceiving configuration , �8� � with many pendingwrites to
� � �g�g�b���[� �8� � .

LEMMA 2.4. Suppose, is any deceivingconfiguration
that containsat leastonependingoperation on each regis-
ter � � �g�b�g�d��� � . If a new processexecutesa "-��$&%&� of a
new valuestartingfrom , thenit mustattemptto write to a
registerdifferentthan � � �b�g�b���[� � .

PROOF. Similar to theproofof Lemma2.2.

LEMMA 2.5. If , isdeceivingandcontains�L���g�b�g�d��� � }<�
�� pendingwritesto each of registers �&�I�b�g�b���[� � , respec-
tively, thenwecanextend, to anotherconfiguration , c that
is deceivingand contains(a) a pendingwrite to a register
different than ���I�g�g�b�d�[� � and(b) �L�����;�g�b�g���[� � ��� pend-
ing writesto ���g�g�b�g���[� � , respectively.

PROOF. Createaset̂ of <R
)� vectorsof distinctpending
writes,whereeachvectorhasawrite to eachof theregisters
���g�g�g�b���[� � . For eachvector ����^ choosea distinct new
processl�� . Considerthe continuationfrom , in which we
first flushall � writes in � andthen l8� executesa "#��$�%&�
of a new value.Apply Lemma2.4andlet �p� betheregister
different than �&�I�b�g�b���[� � that l8� writes first. Since � ^���>
<Z
�� andthereareonly < baseregisters,wecanfind distinct
�Z�[� �~^ suchthat � � >i�	� . Consideranextensionof , in
which we (1) flush all writes in � , (2) make l � executethe
"-��$&%&� of thenew value,but wesuspendl � whenit covers
� � , (3) flushall writesin � , (4) make l8� executethe "#��$�%&�
of the new valueto completion,while leaving the write to
� � pendingand(5) let l � completeits "#��$�%&� . Let ,dc be
the resultingconfiguration. Thenclearly , c contains(a) a
pendingwrite to �p� m>n�&�I�b�g�b���[� � and(b) two lesspending
writesto �&�I�b�g�b���[� � than , . Moreover, ,dc is deceiving.

We now applyLemma2.5 @[<��i�;QH@Hv�w x:y;z�{ �8� � �¡�DQ�

�
times,so thatwe canfind someregister � �8� � m>����I�g�b�g�d��� �
with v�w x:y;z�{ ��� � pendingwrites. We let ,Z�8� � to bethe re-
sultingconfiguration,andnotethat ,Z�8� � is adeceiving con-
figurationwith many pendingwritesto eachof ���I�g�b�g�d��� �8� � .

We apply this inductive constructionuntil �e>¢<�

� and
we getourcontradictionbecausetherearenot <�
1� distinct
registersin thesystem.

It remainsfor us to give a precisevaluefor v�w x:y;z�{)£ for¤ >¥�	�b�g�g�W�b<!

� . We let vbw x�ySz�{-¦ � � >§� and v�w x:y;z�{*¦->
<;
�� . For �=¨�|.¨�<;�©� , wedefineit inductivelybackwards:

v�w x:y;z�{-ª¬« � >
¦ � �
£®­ ª � @[<.� ¤ �i�DQO@�vbw x�ySz�{ £ ���¯Qd
��

whereeachtermin thesummandis thenumberof timeswe
needto flushregister � ª®« � whencreating vbw x�ySz�{ £ pending
writeson register� £ . Then v�w x:y;z�{ ª >�°±@�< ¦ Q for every | .
4.2 Possibility result

We now providea uniform implementationa SWMRreg-
isterwith only threeSWMRregisters,oneof whichmayfail.
Our implementationcanbe easilygeneralizedto tolerate�
register failures,by using �p�!
�� ratherthanthreeSWMR
registers.

The "-��$&%&��� keepsa sequencenumber< . To "#��$�%&�
a value² , the "#��$�%&��� increases< , issuesa write of @J²��g<pQ
to all three baseregisters6, and waits for the completion
of two of them. The algorithmto �!���! a valuehastwo
phases,which we call “choose-value”and“wait” phases.In
the “choose-value” phase,the �����' '�0� issuesa readof
all threebaseregistersandwaits for two of themto com-
plete. Let @³²D´¯�b<8´RQ be thevaluewith largestsequencenum-
ber. Then,in the“wait” phasethe �����' '�0� keepsreading
all threeregistersuntil two of themhave a sequencenum-
berat leastasbig as <8´ . The ���0�! =��� thenreturns²D´ (the
valuechosenin the“choose-value”phase).

In thefull paper, we show thatthis implementationis cor-
rect.

5. SEQUENTIALL Y CONSISTENT REGIS-
TERS

We now consideruniform wait-free implementationsof
a sequentiallyconsistentregister, rather than atomic. Se-
quentiallyconsistentregistersareeasierto implementthan
atomicones,but harderto show impossibleto implement.
This is becausethey do not requirea �����' to returnthe
latest "#��$&%�� if it completes. For example,if a process
"#��$�%&�'( 0 andthen "-�!$�%&�'( 1, andlateronanotherpro-
cess�����' -( , the latter neednot �����' 1: it is allowed
to �����' 0. Theonly requirementis that therebe anenu-
merationof theoperationsthatpreserveslocal order. In the
exampleabove, the enumerationis "-�!$�%&�¶µ , ���0�! ·µ ,
"#��$�%&�§� .

We show that it is impossibleto uniformly implementa
SWMR register (with finitely many fail-pronebaseregis-
ters), while it is possibleto implementa MWSR register.
Theseresultsimply a fortiori that it is impossibleto imple-
menta MWMR register, and it is possibleto implementa
SWSRregister, sothat the implementabilitysituationis the
onein Table3.
6As before,if oneof theregistershasa pendingwrite issuedduringa pre-
vious
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5.1 Sequentialconsistency
Roughlyspeaking,anexecutionis sequentiallyconsistent

if thereexistsanenumerationof its operations(���0�! #( and
"-��$&%&�'( ) that(1) is consistentwith thesequentialspecifi-
cationof the object (e.g., for registers,the specificationis
thata �����' alwaysreturnsthevaluewritten by theprevi-
ous "#��$&%�� ), and(2) respectslocal order(i.e., if thesame
process� executes ¸d¹ � before ¸d¹ � then ¸d¹ � is before
¸�¹ � in the enumeration).We call this enumerationa seri-
alizationof theoperations.An implementationof a sequen-
tially consistentobject is onethatalwaysproducessequen-
tially consistentexecutions.

Werequirethelatterdefinitionto holdevenfor executions
with infinitely many operations.For if werequiredit only for
finite executions,thentherewould exist a trivial anduseless
sequentiallyconsistentimplementationof a MWMR REG-
ISTER without any sharedregisters,as follows: eachpro-
cess� hasa local variable²Ro thatkeepsthelastvaluethat �
"-��$&%&�'( to theREGISTER(initially, ²Ro is theinitial value
of the REGISTER).To ���0�! the REGISTER,process�
simply returnsthevaluein ² o .

This implementationis uselessbecausea processnever
�����! #( a value "#��$&%L%&��/ by anotherprocess.Yet, any
of its finite executionscanbe easilyserialized,by ordering
initial �!���! #( that return the initial valueof the REGIS-
TER at the beginning, and then, for the other operations,
simply juxtaposingthelocal sequenceof operationsof each
process.

Now considertheinfinite executionin which ��"-��$&%&�'(
� and l repeatedlyforever �����' -(±µ , theinitial valueof the
REGISTER.Thenthereis no way to enumeratethe opera-
tions in a way that is consistentwith the sequentialspecifi-
cationof registers:in any enumeration,the "#��$�%&� needs
to be in a certainfinite position,say � , andso thereareat
most �º���*�����! #( that may return µ . Thus, the trivial
implementationabove is incorrectusingthe definition that
requiresinfinite executionsto be serializable. This defini-
tion requiresthefollowing livenesspropertyto hold: in any
executionwith a finite numberof "-�!$�%&�'( andaninfinite
numberof �!���! #( , eventuallyall ���0�! #( mustalwaysre-
turn the valuewritten by the last "-�!$�%&� to be serialized.
Our proofswill frequentlymakeuseof this property.

5.2 Impossibility result
In thefull paper, weshow thefollowing theorem:

THEOREM 3. Let , be a finite set of wait-free atomic
MWMRregisters andsupposethat oneof themmayfail by
crashing. Thenthereis nouniformwait-freeimplementation
of a sequentiallyconsistentSWMRregisterusing , .

5.3 Possibility result
Figure2 shows a uniform wait-free implementationof a

sequentiallyconsistentMWSR REGISTERthat usesonly
threeatomicMWMR registers���g�[���D� and ��� , oneof which

Initialization of sharedvariables:»R¼Z½¿¾JÀ&Á¬À�ÁhÀ�Â , »DÃ�½¿¾JÀ&ÁFÀ&Á¬À�Â , »pÄ0½¿¾JÀ�ÁhÀ&Á¬À:Â

WRITER processesÅ :
Initially: ÆOÇ�È¯É ½�À
To Ê#Ë�ÌgÍ\Î ¾³Ï&Â :
Æ�Ç�È É ½ ÆOÇ�È É6ÐÒÑ
issueÓ6ÔOÕ³Ö×Ç ¾ Å Á Æ�ÇOÈ¯É Á¬Ï&Â to »R¼�Á¬»DÃ and»pÄ
wait for two of thewritesto complete

READER processØ :
Initially: ÙÛÚ�Æ�Ö×Ü ½�À , ÆOÇ�È�ÆbÝ »IÞd½�À for all processes»
To Ë�Î6ß�à :

issueÔ®Ç�Ú�á to »R¼OÁ¬»DÃ and»pÄ
wait for two of thereadsto complete
let ¾³» ¼ Á�â ¼ ÁhÏ ¼ Â and ¾³» Ã Á�â Ã Á¬Ï Ã Â bethevaluesread
if âHã�ä Æ�Ç�È�Æ�Ý »	ãåÞ for someæ then

(* it doesnotmatterwhich æ we pick above *)
Æ�Ç�È�Æ�Ý » ã Þd½¿â ã
ÙÛÚ�Æ�Ö×Ü ½§ÏRã

return ÙÛÚ�Æ�Ö×Ü

Figure2: Uniform wait-fr eeimplementation of a MWSR
sequentiallyconsistentregisterusingthr eebaseregisters.

mayfail. It is easyto generalizethisimplementationto allow
� registerfailuresratherthanone,by using �p�.
�� registers
ratherthanthree.

Each "#��$�%&���çl keepsa sequencenumberin its local
variable è8é8ê r . To "-�!$�%&�¥² , l incrementsè8é8ê r , issuesa
write @�l	��è8é8ê r ��²dQ to �&���[��� and��� , andwaitsfor two of them
to complete7. The ���0�! =���q� keepstwo local variables:ëUì è�í®î andanarray è�é8ê�è indexedby processid (this is anin-
finite array, but it is not a sharedvariable). To �����' a
value,� issuesa readto � � ��� � and� � , waitsfor two of them
to complete,andchecksif it seesany readtriple @³� £ �g< £ �[² £ Q
is suchthat < £ is strictly greaterthan è8é8ê�è�ï � £8ð . If so, � picks
onesuchatriple (it doesnotmatterwhich),replacesè8é8êbè	ï � £8ð
with < £ , andreplaces

ëUì è8í®î with ² £ . Then � returns
ëUì è8í®î as

thevalue ���0�! .
In thefull paper, we show thatthis implementationis cor-

rect.

6. INFINITEL Y MANY BASE REGISTERS
Now supposethatthereareinfinitely many baseregisters,

of which up to someknown number� canfail. In this case,
weshow thatthereis auniformimplementationof any of the
threeregistertypes(wait-freeatomic,atomic,andwait-free
sequentiallyconsistent)for eitherSWSR,MWSR, SWMR,
or MWMR registers. We only give an implementationfor
thestrongesttype(wait-freeatomicMWMR register)since
it implies the rest. So the implementabilitysituationis the
7As before,if oneof theregistershasa pendingwrite issuedduringa pre-
vious
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oneshown in Table4.
Forñ the strongestresult, we considerthe infinite-arrival

model,whereaninfinite numberof processesmaytakesteps
in any run,while at thesametimetheconcurrency (thenum-
berof processesthat take stepssimultaneous)in any single
stateis finite. We saythat theconcurrency is unbounded,if
in eachprefix of a run u the concurrency is bounded,but
theremay be no finite boundover the infinite run u . Our
algorithmworks with unboundedconcurrency. It relieson
two building blocks,one-shotregister andnamesnapshot,
which we now explainandshow how to implement.

One-shotregister
Our algorithm usesa specialtype of Single-WriterMulti-
Readerregister that we call one-shotregister. As it name
implies,sucharegisterallowsavalueto bewrittento it only
once. Beforea value is written, the registerhasits initial
value,which is a constant.

It turnsout to bevery easyto implementsuchregistersin
our model. The implementationuses�	��
n� baseregisters
locatedin different disks, where � is the numberof disks
that can be faulty. Theseregistersare initialized with the
initial valueof theone-shotREGISTER.To "#��$&%��n² the
"-��$&%&��� writes ² to all baseregistersandwaits for �ò
��
of themto complete. To ���0�! , a ���0�! =��� readsfrom
��
¢� registers. If all readsreturn the initial value of the
REGISTER,the �����! returnssucha value.Else,let ² be
the valuereaddifferentfrom the initial value(therecanbe
only onesuchvalue² becausethereis atmostone "#��$�%&� ).
The �����! =��� then writes ² to �	�=
�� baseregistersand
waits for �'
�� of themto complete. The �����! =��� then
returns² asthevalue �����' .

Namesnapshot
Roughlyspeaking,namesnapshot[28] providesalist of pro-
cessesthatareparticipatingin the algorithm;differentpro-
cessesmay not exactly agreeon this list, but different lists
arealwaysrelatedby inclusion.More precisely, at any time
a process| may starta snapshot,andwhenit terminatesit
outputsa setof processes, ª , calledthesnapshotof | , such
thatthefollowing propertieshold:

] (Validity) Thesnapshotof | containsitself, that is, |'�
, ª

] (Total Ordering) Snapshotsform an inclusion chain,
thatis, for any | and

¤
either , ª _n, £ or , £ _¡, ª

] (Integrity) If
¤

doesnot startby the time | terminates
then

¤
is not in thesnapshotof | .

NotethatValidity, TotalOrderingandIntegrity imply that
if a process| terminatesbefore

¤
startsthenthesnapshotof¤

contains| .
An implementationof namesnapshotfor the infinite ar-

rival modelis given in [28]. We will not repeatthis imple-
mentationhere,but the importantpoint is that it usesthree

Codefor processØ :

To Ë�Î6ß�à :ó ½ Æ�ôRÚOõ&Æ�ö�÷�Ö ¾[Âø ½çù Åkú ó suchthat Ï Ý Å Þ�ûü~ý�þ
if
ø ü~ý then return initial value

Å ½ processin
ø

with largestÏ Ý Å Þåÿ Æ�ôRÚOõ&Æ�ö�÷�Ö
return Ï Ý Å Þ®ÿ Ü�Ú�Ù��pÇ

To Ê#Ë�ÌgÍ\Î ¾ Ü�Ú�Ù Â :ó ½ Æ�ôRÚOõ&Æ�ö�÷�Ö ¾[Â
Ö���õ ÿ Ü�Ú�Ù��pÇ ½ Ü�Ú�Ù
Ö���õ ÿ ÆOô¯ÚHõ&Æ�ö�÷�Ö ½ ó
Ï Ý Ø Þ�½ Ö���õ

Figure 3: Uniform wait-fr ee implementation of an
atomic MWMR register using infinitely many basereg-
isters.

infinite arrays of fail-free sharedregisters, è8y ì YZïJ�	�J�J��� ð ,
è8í ì�� í�ïJ�	�J� ��� ð , and

	 ì x6ï �p� �J��� ð . We now arguethat suchar-
raysare implementablein our model. Indeed, è8y ì Y ï | ð and
è8í ì�� í�ï | ð are one-shotregisters,which we have just shown
how to implement.And

	 ì x6ï | ð is abooleanMWMR register
that canbe written to multiple times,but if it is written to
morethanoncethenall writesarefor thesamevalue. This
type of registercanbe implementedwith the sameimple-
mentationgivenabovefor one-shotregisters.

Therefore,by pluggingin theseimplementationsof è8y ì Y ,
è8í ì�� í , and

	 ì x , wegetanimplementationof namesnapshot
thatworks in our model,whereup to � diskscanbe faulty.
This implementationrequires
#>��p�L
i� disks,whereeach
diskhasaninfinite numberof registers.

MWMR register
Thealgorithmthat implementsa MWMR registeris shown
in Figure3. To "#��$&%�� , we take a namesnapshot(asex-
plainedabove), and then storethe snapshotand the value
beingwritten to avector² of one-shotregisters.To �����! ,
wealsotakeasnapshotandthenremovethoseprocessesthat
have emptyentriesin the vector ² (theseareprocessesthat
have eitherpreviously �����' a value,or have startedtheir
"#��$�%&� but have not yet completedit). Among the pro-
cessesleft, we thenchoosetheonewith thelargestsnapshot
in inclusionorder(we breakties in any deterministicfash-
ion). We returnthevaluewrittenby sucha process.

Note that this implementationallows a given processto
"#��$�%&� to theMWMR registeronly once.As in [28], it is
easyto transformthis implementationinto onethatallowsa
processto "#��$&%�� multiple times,by assigningeachpro-
cessanamefor eachnew operation.Wedothisby reserving
infinitely many integernamesfor eachprocess.Whenevera
processperformsanother�!���! or "-��$&%&� , it usesa new
unusedname.

THEOREM 4. Let � ���b�g�b�d����
 beinfinitesetsof wait-free
atomicMWMRregisters and supposethat every register of



up to � of thesesetsmayfail by crashing, where 
)}��p��
�� .
Then� there existsa uniform,wait-freeimplementationof an
atomicMWMRregisterusing � � �g�g�b�d��� 
 .

We now show this theorem,by proving thatthealgorithm
in Figure3 implementsanatomic(linearizable)register. To
do so, we show how to assigneach �����' and "#��$�%&�
operationto a point in time betweentheoperation’s invoca-
tion andresponse,in sucha way that if we orderoperations
accordingto their assignedtime,wegetaconsistenthistory.
In what follows, we saythata "-�!$�%&� completeswhenit
writesa valueto ²dï � ð 8, andwesaythata �����' completes
whenit returnsa value.

Assignmentof ����������� : Consideranoperatioņd¹§>
"-��$&%&�©@Hî ìDë Q , andconsiderthe time when ¸d¹ completes.
At this time, therearetwo casesto consider:

] Case1: no other "#��$�%&�'( that havea larger snap-
shothavecompleted.In thiscase,weassigņ�¹ to the
time ¸�¹ completes.

] Case2: there are "#��$&%��=( with larger snapshotval-
uesthat havecompleted.Among such "-��$&%&�'( , let
¸d¹4� betheonewith largestsnapshot.We assign ¸d¹
to the time right before ¸d¹4� completes9. For this to
make sense,we needto show that this time � is be-
tweentheinvocationof ¸�¹ andits response.Suppose
it is not. Then� mustbeearlierthan ¸d¹ ’s invocation.
But ¸d¹ � takesasnapshotbeforetime � —andthusbe-
fore ¸d¹ takesa snapshot.Thus,thesnapshotof ¸d¹ �
doesnot include � . This is a contradictionto thedef-
inition of ¸d¹ � . Thus, � is betweenthe invocationof
¸d¹ andits response.

Assignmentof ��������� : Consideran ¸d¹ > ���0�! .
Let , bethesnapshotthat ¸d¹ obtainsandlet � bethesetof
processesin , from which ¸d¹ readsa non-emptyvaluefor
² . Notethatall processesin � have previously performeda
"-��$&%&� operation,sinceonly "#��$�%&�'( assignvaluesto ² .
Let �R� betheprocesswith the largestsnapshotin � andlet
¸�¹4� bethe "#��$�%&� performedby �R� .
] Case1: ¸d¹ � ’s assignedtime is before � starts ¸d¹ .

In this case,we assign ¸d¹ to the time it starts. We
claim thatno "-�!$�%&�'( areassignedbetweenthe as-
signedtime of ¸d¹4� and the invocationof ¸�¹ . In-
deed,in order to obtaina contradiction,supposenot.
Thenthereis a "-��$&%&� operation ¸d¹=� by somepro-
cess�:� , suchthat ¸d¹=� hasa largersnapshotthan ¸d¹4�
and ¸d¹4� completesbetweentheassignedtimeof ¸d¹4�
andtheinvocationof ¸d¹ . Then ¸d¹4� ’s snapshotdoes
not include� (since� only takesa snapshotlater),and
so ¸�¹ ’s snapshotincludes� � . Moreover, when ¸d¹

8In this terminology, the
2436587:9
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re-
turnssincetheprocessmayblock for arbitrarily long beforereturning.
9If other

243�5�7:9��
have beenassignedto the time “right before” �! Ã

completes,it doesnotmatterwhichoneis assignedfirst.

reads² , ¸d¹ � hasalreadycompleted,so ¸d¹ getsa
non-emptyvalue of ²dï � � ð . Thus, � � is in � . Since
¸d¹ � ’s snapshotis larger than ¸d¹ � ’s, thatmeansthat
� cannotchoose�:� astheprocessin � with thelargest
snapshot—acontradictionthatshows theclaim.

] Case2: ¸�¹=� ’s assignedtime is after � starts ¸d¹ . In
this case,we assign ¸d¹ to the time right after ¸d¹=�
is assigned.We claim that this time � is betweenthe
invocationandresponseof ¸d¹ . Indeed,� is after the
invocationby assumption.Moreover, if � were after
¸d¹ ’sresponsethen�R� only writesto ²6ï �:� ð after� com-
pletes ¸d¹ . Thus, � cannotreada non-emptyvalue
from ²dï �R� ð —a contradictionto thefactthat �R� is in � .

7. CONCLUSION
In this paperwe have studiedtheuniform implementabil-

ity of objectsfrom objectsthat may fail. We show than
anobjectassimpleasa Multi-Writer Multi-Readerregister
doesnot have a uniform self implementationusingfinitely
many baseregisters.Sucha result is applicableto systems
like StorageArea Networks, wherefail-pronedisksaredi-
rectly attachedto the network so that the set of processes
accessingthedisk is unknown andpossiblyvery large. An
interestingresearchquestionis whatproblemscanbesolved
in this setting.This paperhasshedsomelight on this ques-
tion.
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