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Database Systems are expected to guarantee the con51stency of the
data f11es 1n sp1te of any £a1lnres. One m1ght s1mp1y construct

‘systems that preserw& cons1stency when there are no fallures and
a \ ~
d1ctate that no process1ng can be ﬁone—when a £a1lure occurs.”

3 ?

Thls s1mple-m1nded soluvﬁon is not acceptable 1n a dlstrrbuted ".“

S

envaronment for’ the obv1ous reasons.' We want the data at 51tes
' unaffected by the ﬁa1lure to: be ava1lable to access andeorklon.
In thlS thes1s,'we address th1s problem of max1mlz1ng the f}

ava11ab111ty of dlstr}buted databases in presence of” fallurés.

-,

We con518er two classes of fa11ures -Zsiﬁple (clean) site -

fa11ures and network part1t1on1ng.

/ . "
- Lo , o ) - L . N
. . S . < - . . Y

Transactlons deflned as atomic operatlons are the ba51c

tools to guarantee thexcon51stencyt In: a d1str1butedw g“

’

env1ronment uﬁé 51tes part1c1pat1ng hn a. transactlon ne%d to.

i ‘\~’ - 2

cooperate to decxde whether the transact1on can be qpmpleted or

\ v
is to be aborted. To preserve con51stency, they all need to take
S \

the same action. - Proxocols to- achleve this qoal are known as
commit protocols and oPr concern is to de51gn ﬁonblockrng ‘commit

protocols which’ can, termlnate all transact1ons 1pcomplete at the
st J "ﬁ
time of a fallure. .5n arly, the ava11ab111ty can” be max1mlzed

when such a protocol is followed If it 1s not p6551ble to find

S

“ a nonblocklng commlt rptocol, we- would l1ke to f1nd protocols

which’maxlmlze thWe availability. r‘;

: It 1s known that there 1s:go commit protocol nonblocking to

\
(arb1trary) network part1t1on1ng ~ In this case, we introduce the

"1V



notaon of non tr1v1al;term{natlon wh‘fh 19 slkghtly ~eake; thanﬁy

4.

N

one can have protocols that enﬁormjse

present & fundamental relat1bn between thése twé cld%ses=of o
o S

, fa1lureswis
k } SR,
equzvalent to the non- tr1v1al term1natlon pqoblem forig ‘
partltlonlng in a very strong sense. A 51mpla=comm1t protocol

fallurks, that the nonblocklng problem for szt

0

which allows non-trivial. termlnatlon 1s stud;ed aﬁ depth to, -
'obta rm1nat1on protocols optlmal under certa1n practlcal 2f£'f

measures ‘that reflect the ava11ab111ty of thé databases.ggzag
Y
.measures cons1dered are, a)\the ek%ected number Qf sﬁtes that

*,walt and b) the expected number of components that wa1t¢

lInltlally, we .Study thlS problem in a sllghtly restrlcted .
env1ronment and later E%neralxze to a cdse where dlffe?ent | ‘*Q%

4
“partitions could"have dlfferent probab111t1es of: ocourrence and
L]
the spec1fnc propertles of the protocol are alSo Qaken 1nto
account. But, ‘we present the surprlslng resQIt that the opt1mal
protocols in most cases do not depenﬂ on : thls statlstlcal
information - showlng that these protocols can- be un1versally
utilyzed. |
/\ v ¢ - .
As\a tool for deriving the exlstence results and lower

7

bounds on the message rounds for various classes oF protocols , we
develop an information-oriented model for dlstrlbuted
transaction-execution, which is extended to express protocols as

wdll. Predicate Calculus is used to formally expréﬁs'the“
' v
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1fffstatem;nts 1n¢thxs mode& Foundatxon for thls mod 1 's the fact-ﬁfﬁf

o that any transactzonkexecd%1on caa be cons&dered as-an’ ordered

b Pm“’,’

seq;ence of tnree aetxons fﬁanltlat1on, deéﬁ51on maklng and \;'

© S
3 o . Lo i s . “

completlon. ._?f:‘f.ff?f'fgg.ﬂ" oL »

;"' ‘f:; o e - L . 3

e

We study the speC1a1 cq;é ofcread-only t:ansactlons and
4y,
present q.,;ocOls nonblocklng to both s1te and network fallureso
Ty
Wé ;ntroduce &Mbounded—fafiure model for S1te fallures where not

u , ‘

» S
., more tﬂhn a flxed number of sites can fa11 31multaneously Under

th1s model, 1% 1s shown@that the ava1lab111ty can be greatly
11mproved in conjunct1on with s1te fallures.— F1na11y,,we explore
‘the‘recovery aspects gf failed 51tes.' Here, weestudy the
p0551ble recovery strategles and character1ze the commit

protocols that allow these strategles. wWe.show one of them,
Ayhere.a site can recOver»after>eommun1catirg to any operational
"site {that has partioipated in the'tranSactions incompiete at the
recovering site), to be'a_spperiorbstrategy. The relation

between commit, termination and- recovery protocols is also-

discussed.: - v’

i’

Vi
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. Chapter 1 : Int:OQQctton*w”*
,Conteqts.“
1.1, Métivation
. T1s 2, Some Basics . ol
1. 2. 1 Relrabrlrty of Databases ,
Intr'oductlon to thé Area of mter*est PR
| T
1. 3 1 Fault Toler*ance - o
y
1 3 1.1 Maximization of Avallabjlity
1.3.2 Anothen_Appnoach '
1.4, Overview of our work
1.1, Motivations, R L .”.”t :5/;-;"“v .ﬂ_'ﬁt.7=“h

.
>

'Have-youb:ownchmputeb'h— isjthe s109an'of the day.\

L
A}

The rapidly chang1ng world of hi- tech presents a p1cture of
the future that .was no more’ than sc1ence fiction a few years ago.-
A soc1ety in wh1ch people work communlcate and,depend completely
on_computers is not. far away. With individuals possessing
personal computers wh1ch cap do lot more than today S pr1m1t1ve
personal computers, and communlcatlng with each other on
commun1catlon networks,blt.would be a world of Dlstrlbuted

Computlng on a grand scale. Though the hardware tools toward
| this goal are becoming readily ava1lablen 2 affordable prlces,
the achlevement on the software front haé been less than | 0

spectacular. D15tr1buted~Computlngvhas brought wrth’}s several

) '_ 1



problems that aré entirely new and in many cases more ‘eomplex

than in a centralized envirdnment. ™

9

) ﬂser?eipectations &f a dfstn}bufég—;;;;em are also far more
_amSitiqpﬁ - shafing enormous volﬁmes of géog;aphicélly
' distribufed.informat{bﬁ; eaéy;prqgréamabilify, fast system
_respbnses, fransparency to'feéﬁhiéal details liké-the location of
P;beﬂ}pfo:?atigé, éﬁd,'abdve all; a high dégrqe of reliability

being a few among them. Each of these requirements opens up 'a

number of problems for the system designer-t& solve.
In this thesis, we address the reliability aspects ‘of
distfibuted systéms. Re is well known that in a distributed
-4",w ;‘“ L )

system, the probab1l)fv that S$ome componept bas fa1led 1s
Y

'relat1Vely high at any point of t1me On- the other.hand the
probabllty that some component 1suopenatronal is also very high.
The rellab111ty problem for distributed hardware systéms has been .
extenszvely studled for several years. Here, wevconsider only
the software systems and Jn'pmgtlcular, questions relatfﬁélto

‘database systems. Though our solﬁtionq are applicable to all
distributed software Lvétgw H;: are most ' ~levant in the

cAaptext ~f Aataba~re
1.2 Some Rasgics

In what follows, we hriefls introdvee 'he ialiability

problem of distributed datahace systems.

A database can be\COnsidered'as ~ rollection of entltles, an

entity being a ~vriahle ten-+rher wv \h 2 ent nf rplnoe Frrm ite

V.
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domain; There‘are cerfain consistency COﬁSf;afntS'restrlctlﬁg
the values a variable can take and relatlng the specific valuesr
- of dlfferent variables. These constralnts reflect the g
characterlstlcs of the physical entltzes that are belng modeled
in the database. Thus, we require. that these constralnts always
hold true in the database. As an example, let us COHSJdet a
banking environment with a SiMple database': each &record'
consists of- a transactlon of the .bank and the balance of the
account affected by - the transactlon. Thus, the record of a
transact1on consists of the account number,. deb1t/cred;t amount.
and balance. Sample consistency constralnts are, a) all balances |
:'hshould be - nohnegat1Ve, b) sum of the deblts, subtracted from- ‘the. »\\
sum of credits, should equal the balance forﬂéach acaount and

the like.

.

[y

An instance of a database is sald to- be consrstent 1f all
the con51stency constralnts are satlsfled in that 1nstance. Aéhd
these constraints reflect the phys1cal enV1ronment every
instance of a database should be a con51stent 1nstance. #We
assume that any process: acces51ng a database guarantees that the
instance of the database obtalned by completely operat1ng that .
process 1shcon51stent prov1ded the initial instance it had acted
on was consistent We further require that ‘the effects of a.
process on the database are either complete (ie., the process is
committed) or null (1e., the process 1s aborted) since the
con51stency is not guaranteed otherw&se. Such atemic pﬁ0cesses
>

are-called transact1ons,[Lampson 781, Glearly, th1s is the flrst

step towards ensuring that all instances are con51stent If



processes access1ng the database act on it sequent1ally, then the
con51stency 1s tr1v1ally guaranteed since each of them
.1nd1v1dually guarantees it. Concuxrent 1n£ormatlon shar1ng is
the ‘basic purpose of a database and should be prov1ded for. on
the other hand, it is easy to see that arbitrary concurrency does“

not ensure consistency.

The problem of achieving concurrency.among the transactions
uhileyguaranteeing the'cOnsistency is known as the concunnency
control problem for databases and has been exten51ve1y studied 1n.
- ‘'the llterature [BG 81, BG 82, EGLT 76, Gray 78, Kohler 80,
Lampson 78, TGGL 82, Thomas 79] We do not d1scuss this problem

»

here.

1;2,1 Reliability of Databases: We say a centralized‘database is
"reliable if its consistency is guaranteed in spite of any
combination‘of possiBle fgiiures.in-the system. .Since the
distributed systems involve a number of local databases, we
require an additional feature in that case: the database should
be avallable in spite of r<k 51mu1ataneously falled components,
for.some reasonably large k. Thus, we want to ensure'that the
system is not sensitive to the failure of a few comoonents.
Otherwise, the avaiiability of the system will be unsatisfactory,
counter_to the philosophy of distributed computing. In the event
of failures, we want the database to be available at least for
some transactions, probably exhibiting a lower level of

performance, rathér than being totally unavailable.

1.3, Ipntroduction to the avea of interest



Most articles in the l1terature have dealt with the
rel1ab111ty problem of dlstrlbuted databases in'a’ Tl
divide-and- conquer fash1on. ‘The approach taken is c
" a) solve'the concurrency control problem in a nocfailure
environment, | | -
b) devise means of con51stent1y updating the database in presence'
of failures (ﬁallure atomicfty)' assuming the exxstence of
concurrency control mechanlsms,vand f1nally,

c) maxlmlze the ava1lab111ty of the system in presence of

fallures.

We do not deal with the concurrency control problem here.
The 1nterested reader is referred to any of the several nice

survey.artfcles by Bernstein et al [BG 81, BG 82].
1.3.1 Fault-tolerance

Fault4tolerance'in central systems is easier to handle than

in dlstrlbuted ~systems. The p0551ble faults here are 11m1ted to

:a) processor/ma1n memory fallure,_b) secondary storage fallures
(eg., dlsk head crash), and c) software fa11ures such as
_unhandled exceptions The atom1c1ty of transactions can be
guaranteed as follows. the effects of the transaction are first.
vecorded temporarily and are'made permanent only when the
transaction can no longer*be aborted. If;tbe transaction is to
be aborted, the temporary record is then discarded. We can -see
that thlS solut1on works in presence of any of the above |

failures. "The key p01nt is that the effects are not made .

permanent unless it is guaranteed that an abort is impossible;,'
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There are several p0551ble fa1lures in dlstr1buted syj:eﬁs*
a) communlcatlon £a1lures, e. g., m1551ng/dup11cated messages and
‘llnk fa1lures,_b) node fallures, e. g., site fallures and
processor malfunctlonlng, and, c) network partitioning which
arises either -due to site failures, link failures or 'a
.combinatianqf both. Most of tnese failures can critically
influence,the)transactiOn atomicity. The simplesc is the link
failure thch poses no problem for communication among the sites
as 1ong as the network is connected The problem of missing
messages can be solved by repetltlve transm1551on of a message
until it 1ssacknowledged. This process 1Fse1f can give :T;e to —
dupiicate messages and several simple_soluticns are available to
, deal with dupllcated messages. For instance, each site records
" the 1dent1ty of the latest message received from each of the
other sites so that the earlier messages can be considered
dupiicates. A number of slidhtly more complicated and robust .

solutions also exist.

Tnebproblem of processor malfunctioning has been extensively
studied [DR 82, DS 82, DS 82a, DS 82b, DS 82c, LSP 82, PSL 80].
Cases of authenticated and forgeable messages have also been
explored in some of those articles. Optimal decentralized
algorithms are presented for a number of correctly function?ng
processors to reach consensus in the presence of several
malfunctioning prccessors. A special case is when some sites

fail while some others are malfunctioning.



Y

" when no. processor malfunctioning is/;:ssible, Qhe:SOlutionS'
of the general problem mentloned above are not very attractlve 1n'

the number of messages and message rounds.‘ Hence, this limiting

case 1s also wellvstudled in the ltterature. ,

Network partltlonlng has been found to be - the toughest of
all to deal with {ss 81] : The EXIStlng systems have aSsumed that

the network part1t10n1ng is a catastrophy and left it unhandled
[HS 80]. |

"1.3,1;1 Maximization of Abailability

As we have seen; transaction atomioity.requires
communication among the participatino sites. As a consequence,
when some components of the system fail, it may not be possible
for the operational components to proceed until some of the.
failed components recover. For instance,,if aitransaction_is_
aocessingva large fraction of the database entities and a number
of sites are participating in it, the failure of SOne of then at
a critical stage might require'that the operational sites wait
‘for some of the failed sites to recover. In this case, most of
the database entities are not available for any other transaction
unless this transaction is completed either by committdng or by g
abortlng 1t,,wh1ch can happen only after the recovery of some of
the falled 51tes. This unde51rable situation should be avoxded
We' wush to see that 1rreipect1vg of: whatéver components fall
the operatlonal components can complete all the pending
tﬂansact1ons and proceed with the other transactions. A protocol

with this property is known as a nonblocking'photocol. At the



reliabiiity : they tried to combine the problems of concurrency

<
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same tlme, we should ensure that the actlon of the operatlonal
v

components cannot be. 1ncon51stent with the ﬁalled ‘ones since the
commlt and abort act1ons are irPevePSIble. Suoh protocols are

known as nonbiockmg_ commlt. pr-otocols., | 4

( x

The problem of f1nd1ng nonblocklng commit protocols has
recelved attention only recently [Skeen 81, Ske%m°82 SS 81].
Nonblocking commit protocols have been developed f%r the case
when only site failures are allowed. On the other hand it has
been proved that there is no nonblochlng commit pr8tocol when

network partitioning involving more\than_two groups ofdggtes

occurs [ss 81]. o - e

?
S

1.3.2 Another approach: Some investigators have taken another
. . _ o

interesting approach to’the‘pqégIZ;\Bf distributed database

»

control and failure atomicity and find solutions for this
combined problem [BL 82, Gifford 79, LB 82, Skeen482a, Thomas

79]. ‘These techniques are expected to work irrespective of
, 4 . .t /,P

"whether there are any failures or not. Typically, the failures

anticipated‘are network partit&oning and site failures. A useful
consequence of this approach is that the occurrence of these
failures need not be.detected. Uﬁfortunately, such a technlque
shoufd.anticipate the worst failure and hence tends to be
pessimiatic, | |

©

‘Thomas has developed an interesting solution for database

updates utilizing the time=stamps, known as majority consensus

" [Thomas 79]. Typically, all participating sites vote, indicating



their w1lllngness'to commit or abort the‘transactlon.; The.
deczs1on of a major1ty of them is 1mplemented Thus, 1ndependent
of any failures, the transactlon execut1on contznues and the
cons1stency is guaranteed .as long as a majorlty agreement is
possible. This approach is very useful when deallng with e
multi-dopy updates. Later, Bru1twe1ser’et al [BL 82, LBv82] also
have used a 51m11ar i&ea SkeenahaS“generalized the'majorltys

concept to quorums and appl1e§89t in the failure atom1c1ty

problem [Skeen 82a]. ( : : ' o g :

1.4.' Overview of our work

v

4

We address the problem of max1m121ng the ava11ab111ty of
distributed databases in presence of site and network fa1lures.
Preservation of the con51stency of - the database is cons1dered as
of ‘utmost importance and hence cannot be glven ‘up even
temporarlly. &Atomlc transactlons are conv1n1ent tools to
preserve con51stency after actzng on a cons1stent 1nstance of the
database, so that guaranteeing the atomlc 1mp ’ entatlon of
transactlons in presence of faulures 1mp11es the con51stency. a
Hence, we are interested in protocols that guarantee the all or @
' none efgectiof transactions in distributed'databases. Since all |

b K : )
:A transactlons need not be committed, we need means of derivihg the

A

final decls1on on the mode of completion of a transact1on, which

Y

is obtalned by all the 51tes 1nvolved and 1mplemented 1n a

consistent fashion. We study two models for thls = the'byw}ﬁ»ii

s

Geﬂt&alAZeQ m°d%4a§§ere a spec1f1c site- dec1des*anﬁ=thef o

' I sl ST SRV

- decentral;zed model where each 51te votes according ‘to-its T - 7 ..
ce R e E R P \*‘ e ' . ‘ P
. VOOVER gt L, T ,,,,1»3.',\,,-:.;.': . ,,(F;mr../ii - 'P" a @ e
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preference. We propose an 1nformatlon oriented model for the.
executlon of a. dlstrlbuted transact;on, so that the protocols
lthat govern the completldh of transact1ons can also be s1m11arly
. modeled.‘wThe protocolS“can then be expressed u51ng f1rst-orderd
predicates deplctlng the 1nformat1on possessed by the 51tes"?
part1c1pat1ng in the protocol-. We can express varlous propert1es
of protocols by say1ng that a certain class of predlcates are or
are not among those realized under a given protocol We are
specifically interested in the nohblocking property ofdp;otocols '
wh1ch enhances the a(%glaballty of the database. We derive the
necessary and suff1c1ent cond1t10ns that a commlt protocol is

Vs

nonblocklng to site fallures, under the two modéﬂs for,reachlng\a
decision. - We: show ﬁhat, under the central model any‘éommit
protocol allowing aborts is nonblocking. This 1nteresting'facth
ican7hewattributedvprimarily:to the realization that, a) if the
supervisor ls‘operational then the failures of other sites”can
Jbe.easily taken care of , and b) when the superv1sor is down
the operatlonal sites can complete dependlng on. whether all
operatlonal’sites have received the transaction or not. For the
decentralized model, we?show that a commit protocol is
nonblocking 1£ and only if a site is not allowed ‘to commit unless
all sites know that the decision of all other 51tes is also
commit. We define the notion of a step tO-model the time
duration of a protocol and derive lower bounds for the different:
classes of commit protocols. The nonblocking commit protocols,
““in the decentral1zed model "are shown to be 1nherently more

\
R

expens1ve than the block1ng protocols.

PrIva " e e
% “ m“'x;a ey
B g U
. DB ve e



It . is known that no comm;t protocol is nonblock1ng to:

arb1trary part1t1on1ngs of a network. We 1ntroduce the notlon of

non- tn:vtad tenmrnation wh1ch is sl1ghtly weaker than the

ngnblocklng requ1rement but increases the ava11ab111ty

-

apprec1ably. We prove that ‘there is no comm1t protocol under the

“.central decision model, which allows non- tr1v1al term1nat10n.

This implies that the protocols employlng.the»oentrel.dec;saon

- model are totally ineffective in dealing with partitionlng, On

‘the. other hand we have a positive result when,the decision is

decentral1zed whlch says that a large class of protocols allow
non- tr1v1al termlnati!h. In fact, we prove an.1nterest1ng

relation between the 51te failures and the network part1t10n1ng,

v*

l‘hOWIDQ that a protocol allows non- tr1v1al term1nat1on,1f and

only if 1t is nonblock1ng to 51te fallures. This result thus N

br1ngs out the spec1f1c subproblem of the nonblock1ng problem ‘for

u

R

part1t1on1ng whlch is equlvalent to the nonblock1ng problem for

‘site fa1lures. _ o o - ' o : )

54

It is well- known that a. large number of transactlons on B
databases are read- only in nature., We consider thlS spec1al

class of transactions and present Smele ';ast protocols wh1ch

g

are nonblocklng to both site and networkefa1lures We show how",//”
-~ .

these protocols can be eas1ly extended to deal with the | ////;

hlerarchxcal-and nested models of dlstrlbuted transa onsj

_Maxlmum ava11ab111ty is achieved-in this case/b//observ1ng that

A

participating- ‘sites can un1lateraliz/;9mﬁit or abort such S

transact1ons.

-
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.Site:failures studied till now aSgume thetvany'number of"

sites can fail simultaneously~ We propose a modelﬂrhere only a
bounded number of sites can 51multaneously fa1l Using the
notion of backups, the term1natlon and recovery aspects are

greately 1mproved under thlS model.

Sites r6co¥ering froﬁ failures need to complete the
trénsactlons'incomplete at the time of their'fallure; To achieve
higher avéilability, we require that they can do.so as soon as
they can. Hence, ye‘Study'the possible recovery strategiee that
could be used by the recovering sites wh1le guarantee1ng the
tcon51stency.“ We relate the_comm;t, termination and recovery
aSpects of protocols, showiné one of the recovery etretegies to
be the most appropriqte in conjunction with nonblocking ,

protocols. ' ' o . :

Sa

Hay{ngvseen that there'is‘a'large class of commit grotocols,
under the decentralized model of dec1s1on,'which allow
non—tr1v1al term1nat1on, we\probe further to f£ind what best we‘
can do to improve‘the databasé aVailability. Specifically, we
look for termlnatlon protocols optimal under certain measures of
Tpractlcal 1nterest First, we cons1der the sllghtzy simplistic
. environment where all partitionings are equelly'probable; The
meaoures we consider are, a) the number of”compénents (groups;
together with their states), and, b) the number of sites, that
wait under a termination protocol. he,develop the theory of

,term1nat10n protocols and derive the optlmal ones. |
Interestingly, we show that s1mple guorum-based termination

Ny 4

)
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' the central12ed and decentralxzed protocols and derlve the

opt1ma1 protocols. Flnally, wve general1ze our env1ronment by

]

cons1der1ng that dlfferent part1tmons could occur w1th d1f£erbnt_f”l
' probabzlltles and der1v1ng the probab111t1es w1th wﬁ1ch dlfferentt-
';components can occur under a g;ven protocol We produce opt;mal
"protocols under the generallzed measures, while prov1d1ng the
‘surprls1ng result that the ‘statistical’ 1nformatlon hardly makes'
any d1fference, ‘in that,'most of the protocols opt1ma1 in the'
51mpllst1c env1ronment still remain optlmal Th1s result can be
pr1mar11y attrlbuted to the fact that the probab111ty thh wh1ch :
a set of sites are all in a spec1f1c state is. very. large relative
‘to the probablllty with whlch they could be 1n dlfferent states.'
But, these results have the far-reaching consequence that the

o

optimal protocols can be used 1n any environment w1th equal

o

effectiveness.

protocols outperform most of the other protocols."we‘study;bpﬁhrw-<v.
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,.2.1,-,lntroduction

"

~ . . o »",.
In th1s chapter, ve formally descrlbe our worklng

.environment. Our notion of a dé§tr1buted system 15 presented-

through the definition of its components and the1r xnteractzons@

I b

The distributed database env1ronment and the user- 1nteract10n

‘with it ‘is then descrlbed The 1mportant notlon of transact1ons

and several models of. d1str1buted transactlons are presented

* Some detarls of transactlon execution and the not1on of commlt

the commun1cat10n network i

protocols are given, and, a: c1a551f1cat10n of commlt protocols

and a detalled description of a well-known commlt protocol 1s i

presented. _ L
2.2. The Distributed“System

A dastr1buted system consists of two components = nodes and

SITE

s\TE D‘ /——

’.Commuwtcwno~§gf\

y?t[};~<bt' NET WERk \g'”' SITE
. N\
: ‘\

siTE [}« : —) siTE

Any two nodes interact v1a messages, a message belng a bltstrlnge

transmltted through the communlcatlon network A node subm1ts a
v

Wi‘message accompanled by a valld dest1nat1on address to the

Y

_network We do. hot require the network’ to tell the node whether

the message has been de11vered to the dest1nat10n or not or,uto

-

¢/‘
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care whether the destinatibn node is operational or not- But, we

‘require that ,the network delivers messages from any node 1 to any
&

other node 3 in the order they are generated However, there is

no order-among messages genera 4 at different nodes, -

iy
9

A node is considered to hate failed if its processor fails,
The components of a network include a.number of communication
.
links, A link is said to have fajled if no bitstrings can be

transmitted over that link. Link failure is the only way a

network -can fail.

° We abstract a node as conéistang of a‘processnr and two
kinds of storage, the.volatile and the permanent: The processor
reads its instructions from the vnla*iie storage and performs 1/0
wirh the volatile storage and ‘or the network. When rhe proressor
;aiis, the foilowiné thinQS happren: a) the contents'of the 1
°.volatile storage are completaly wiped out, and,%b) all

1nput/outpur activity of the process~r comes to = complete stop

By definjtion, the perman: ' etorage rever faile,

2 3. The Da'.'abace Syetam

In a distrituted database, the files are distributesd am- g
the nodes of the distributed sys'em » nade can contain any
numher of files (iﬂfinding zere) and a file rcan be recident nt
any number of nndes. To r~nsure coangietrency of the databace it
shonld be guaranteed tha' a) all cepies of a given file are
mutually c~nsistent ( if the operstio"s on the database crme to 2

halt, rhan 211 enpies o' ' (7' - FAenticra)), anpd, k)

hat
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o o : . o
different flles are (1nternally) consistent , meaning that the

consistency constraints hold.
2.3.1 User Interaction.-'Transagtions:‘The user interacts with
the database by issuing commands that access the éatabase.‘ It is

easy to see that individual commands s ssued need not guarantee

3

~

the cons1stency of-the. database. As;an exa@ple, let us consider

~ the banking database mentroned in Chapter 1. éonsider the

.command | ” | |
Withc’lrawal"(Acc:v:--no)‘<~ 1000.

After the execution of thisréommand, the database is no longer

consistent since the value :of Balance(Acc-no) is unaltered while

the Withdrawal(Acc-no) is modified.

o

This example shows that a.Sequencesef database~atcess
commands is required to guarantee consistency. The sequence of
commands wh1ch constltutes a unit for database access, is called.
a transaction [Lampson 78]. A transaction is said to be ann
atomic action on the database since partiai transactions do not
quarantee eonsistency. Thus, we require that the erfeéts of a

\
transaction on a database are either comp%ete or void.

- . < e e ey s

) L . K o N 43'\;“ .

When' a numbetr of transactions access the database

concurrently, mechanisms should be used which guarantee that the
cumulative effect of all those transactions on the database

entities is equivalent to an execution where individual

.transactrons are run-in 1soiathn and_ip some sequence. . This is

known as the seniallzablllty prdblém for 1nterleaved sequences of
- o r\

‘tranrﬂctlon =uba ‘tions. Bernstein et aLt g1ve a qood expoSure to

>

Ny



“this problem in the distributed environment [BG 81, BG 82].
There are several papers dealing with this problem for
centralized databasés [EGLT 76]. Ifn this thesis, we do not

'Jconcern qurselves with thiS]aspect.

In a dlstrlbutedbenvtronment a transaction subnitted at a
node may requ1re database entities stored at other nodes in the
system,,requ1r1ng a cooperatlve execut1on at a number of nodés.
These/othér nodes w111 be referred to as the paFtICIpatIng sites
"Bf«that'transactlon. 1f a transact1on is executed toycompletlon
so that its effects are permanently incorporated into the
database, we say that the transact1on is commltted 1f one of
the part1c1pat1ng sites cannot complete the transaction, 1i. ei,
aborts it, then all other sites should abort the transaction.
Observe that 1ncon51stenc1es may be introduced into the databases
.if some sites abort. ‘and some ‘sites commit the ! transactlon. There
are several reasons why a transaction cannot be’ completed -
deadlocks and hardware fallures, for. 1nstance. In our example

H

with a banking database, a transactlon that tr1es to withdraw

e R S

PP

more than the current balance cannot be committed. ThUS;“a#g’;q- -

Y . -

R

7transact1on an1t1ated in7a" system*ls'pefmxtted to end only 1n two

'possxblevways - either ‘it is committed-or aborted.

2.4. Models-for Distributed Transactions
Depending 6n how the overall execntion of a transaction is
tontrolled, we have a number of modele for distributed

transactions.



2.4.1 Centrally controlled transaction [Gray 78] There.ieva.
‘designated 51te, called supervisor (or central site), to carry
out all the control functlons correspondlng to a transact:on
executlon, 1rrespect1ve "of where a transactron 1s subm1tted The

superv1sor analyzes the transaction and determlnes the
L

participating sites. It prepares a detailed list of all the
actions to be taken at each of the sites and sends out the
appropriate commands to them. The participating sites carry out

these commands.

This model is guite simple and hence makes-it eaeydto solve .
various associated problems 11ke concurrency control deadlock
handllng etc. On the other hand the ent1re system is threatened

to be paralyzed 1f the superv1sor falls. Further- th1s~mode1~-~‘

does not effectively support heterogeneous distributed databases,

where dlfferent sites may have d1f£erent kinds of database

-

management systems locally.

soe § e ) . .
) N W o e w1 ea  Ahau
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2.4.2 Relaxed central control transact1on [Gray 784.-1n the above

<

“model fallure of the supervusor is-- d1sastrous~-~We'can easlly

@, v .

-t e, e

relax thls s1tuat10n by des1gnat1ng a number of s1tes as

: y /,2—}/
superv1sors sn that each of them manages the transactlons o o
originated at a specific subset of sites.- This modification
reduces the sensitivity of the system to individual site
failures. SDD-1 is an existing system that employs this model

»

[HS BOTT © TN T e g ety

2.4.3 Hierarchical transaction {Gray 78): In this model, the
“- 2 reyarehyeas . ‘ : Ay L I Pe e e
tronsaction originated at a site, called the moet-transaction,
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creates. subtransactions at (péssiblY) some other 'sites. Each

subtransact1on can in turn create its own subtransactions, so
that thls process contlnues to. any depth At any level 1n th1s
hlerarchy, a transactron is aware of the process that has
genérated it (thé barent)-and the procgss(ea)Jit has generated
(sons), if any. As far as its effects at that node are
concerned, a subtransaction at a node is in no way different from
a transaction 6rig;hated at that node. If the execution of a
subtransactionh at a node requires the services of several systems
at that node (like file management system){ it would genérate

subtransactions to deal with each of«;hese services. Thus, this

model supports heterogeneous databases.
A transaction at any level in the hierarchy can decide to
commit only if all its subtransactions decide to do so and it °

should abort if any one of them aborts. Slmllarly, if a

- v a ey -

) transactlon aborts,_all 1ts subtransactlons abort. Thﬁs 1f any

'transactlon at any level 1n the hlerarchy aborts the whole

o .

h1erarchy should abort

] . ~»

* -

2,.,4.’4"N,evsted transaction [Moss 81, Moss 82, Reed 83, RS 821:
Observe that, in the hierarchical model, a transaction such that
two of its subtransdctions compete for resources at the same site

can never be committed. Since no transaction in the hierarchy

knows the details of all the other (sub)transactions in the

“

“hierarchy, thefe J§ nq way of ensuring. that such a 'situation does

hot arise, Thus, the hierarchical model needs enhancements to be

- géneral enough to deal with.such cases. We need some scheme for
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synchronization al@ng'thé t

-~

the same hierarchy

nsactioﬁélb
‘which makes the'ef%e cértain-t;ansactions“visible to dﬁhérs.
before the root-tfansaction decides to commit. The hierarchical
model with such a facility is known as.the'neSted tfansactfon

e -
model. .

We choose the Relaxed central-pontfol modél.j'sblufions in
this mbdel can be'directly extended to the other*médels.-‘This
model i§-the simplest to deal with andigiQes deep insights infp
the problem of“failure handling. We assume that each site in the

system.is the supervisor for all transactions originated at that

site [BG 81].
2.5. Models for Decision Making

In ea&h o¥ the tréﬁsaction,models, it is imperative'that_a
§ingle site first receives the transaction requeét from th§ uSef,
This site in turn may request some other sites to pa:ticipaté;

‘  §ince a trahsactidn can éventually be either committed o:'
aborted, there are two possible ways in which that.deciéion'%‘an
"be made - a) each participating site decides on its bart of the

transaction and the overall decision is derived from these

L2

N

individual decisions, or, b) a designated set of sites makeithe >

decision and the others obey it.: We call these models
Decentral ized Decision and Central ized Decisfon models
reépeétively; A limiting case of the latter model is the one in

which the designated set contains a single site. 1In this case,

the designated site decides whether tovéommifidf to ab6ff’thgﬂfj'f>ﬁ'“'

transaction in view of the database consistency. In our study,



“we con51der both of these models., For the. second model
consider the 11m1t1ng case of a single de51gnated 51te. ‘?

v

2.6. Protocols for Transaction Execution - RS

Let us recall that a distributed transaction can be

- »

sxmultaneously executed at a number of 51tes in the system, each

~—

site executing a parte of it. Since no site can always correctly
'guess.' the- status of the other sites, communication among the
sites‘is_required, possibly interleaved by.some local actions, to
ensure that atomicitybis guaranteed at all times. Such an
action communication pattern ?ollowed by the sites part1c1pat1ng
in a transaction.is known as\a protocol, and a protocel that
always guarantees atomicity.of transactions in the absence of any
failures 1s called a commit protocol [AD 76] When there are - |
failures, the commit protocol by 1tself may not be sufficient to
handle the exceptions. Some spec1a1.protocollmay be required‘tor
complete the‘procesSing of a transaction.. Tnese special |
protocols are known as termxnation protocols [SS 81]. Similarly,
after a failure has been repaired, the components of the system
recovering from the failure may have to take special actions to
deal w1th the transactions incomplete at the time of the failure.
Such protocols are called recovery protocols [SS 81]. Thus, a
commit protocol is normally assoc1ated w1th ~some termination

protocols and some recovery protocols.

. , L . o - s [EER INE
. oML e e o n L .

2.6.1 Classiticationzofncommit“ptotocols{f‘f‘ii“jffﬂif”' Sid e S0
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'vwhlch acts as the superv1spr?t

.23

Cons;der the decentra11zed dec1s¥ h‘hodei In our

,transact1on model ‘a transact1on is. submltted at one of the S1tes:_

, once a part1c1pat1ng 51te recezves;hnhn

B

“-?xa part1c1pat1on request. 1t executes 1ts part of the ttansact1on ﬁrtff?

_and makes a local deC1s1on.- All‘the partxelpating sites. now needlu..*

-‘“2 ,6.1: 1. Centra11zed commlt protocols {AD 76] The sxmplest way

W

L to. commun1cate and cooperate ine order to reachoa fanal deczsxon.uujt.h

Dependlng on th1s c0mmun1cat1on pattern, we can have dlfferent

,,,,,,,,

achlev1ng the- above goal is. to let one of the S1tes pool tqgether’

all the local decisions, derive the overall dec1sxonsand~pass.1t..
PRI

on to all the:others.' This solutlon clearly re uires the

smallest number of messages. Another central;z
: v

complet1ng the transaction is hierarchical. ‘Leaf™

hlerarchy initiate by sendlng the1r iecisions to their parents.

A parent sends out comm1t\or abort m ge to ‘'its parent
dependlng on its own decision and of 1tsvsons. The root of the

hierarchy, ‘after receiving the messages from its sons, makes the
. A
-

finaltdecisfon'and sends it out to its sons, propagating it down
the hierarchy. S R

2.6.1.2 Decentralized commit protocols [SS 81): In .the ahove

¢

class- of protocols, the role of all s1tes 1s not the same - there

.n.,

51tes equal-ln thelr status so that there 1s no master-slavei?:wﬁ”"”

a
o e .
ca e
o DRI DR .

relatlenshlp angng; the 51tes:¥f

any.other s1te., Protoools obta1ned thlS way are decentral12ed -5i“V'

-l

-
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ach 51te sends 1ts decision: to all other s1tes and hence

rece1ves the” 1sxon.from all other 51tes. It can s:mply

rmxne the f1nal dec1s1on and 1mplement 1t. , (

5

F 2 6 1.3 Des1rable propertles of commlt protocols* The notlon of-

S

comm1t protocols 1s-1ntroduced to guarantee the atom1crty of

,"-4

dlstr1buted transact1ons in the. absence of fa1lures. We would

l1ke to f1nd commlt protocols opt1m1zed fn the followlng

measures“'-a) number of messages trapsmltted b) amount of

24"

parallelzsm 1nvolved (reflected By the total amount of tlme fbrl"c

transactlon completlon) and. c) number of wrltes onto the

permanent storage.-

Though we4have‘consideredmcommlt'prot0colsfindfailUre~free 
. environments, no. system is. fallure free. Failures can o&cur any
time durlng a transaction execut1on and we requ1re that the
commit protocol does not. break down in. the event ‘6f some
fa1lures Hence, we de51re the ‘following additional properties
for comm1t protocols" | ’
a) If a partlcular 'kind of failure has occurred (say, some sites
have failed), the operational components of the system need not
wait for any of the failures to be repa}red. In our termxnology,

this implies that there are'terminationiprotocols (each possibly

associated with. 3 class of fallures) that ensure the completion

L

of anomplete transact1ons at all the operatlonal 51tes.. A

Corlr o

}
.

commlt protocol 1s nonblocklng tota class of fallures it there 1sﬂ

[

. \ s
ﬂ‘h""" U;‘b‘."lrw.v,(tw“‘av(:

class of fallures and has theaabovhaproperty I£ tnere 1s no

’ .

— h LS
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“nonblock1ng commat protocol tor a class,'we would lzke ‘to ~3Wfﬁ;“f~~

'_ Sl 2T
- .

conszder those, protocols that max1m1ze the the number of sztes

.- ‘«

that do not wa1t

b) We further requ1re that the commlt protocol fac111tates the :

RS

recovery of components that have falled earlier.v Ideally, we

, would 11ke to see that any component can recover on 1ts own

.', T e e ey .

. €., 1t need not commun:cate thh«any other“CDmpbnent to recover
completely (lndependent necovery [SS 81]) If Jt 1s not "
.poss&ble,‘Ve wdsh that the number of messages passed and“the"

total tlme for reqovery are mlnlmlzed : 'n

R .- PRI 1

.32'7; An Example

*

'As an example, we present a well known protocol the 4
Two phase commit pﬁotocol[Gray 78]. We analyze its costs in
‘terms of the various measures we . have llsted earller. ‘We. then

give term1nation protocols to deal with. the fallure ‘of ‘some- of 733i

the part1c1pat1ng s1tes andwcompute thelr costs. Flnally, we

give recovery protocols assoc1ated w1th these term1nat1on'

4 : : S
protocoIs : ‘ : o X

{3 . » : " . .
/ o 'k/C.‘ v
2 7.1 The Two-phase commit protocol [Gray 78] Assume that a

transactlon is presented at site i. We call i the sﬁ%@ﬁvison for

’

th1s transactlon;, Slte i sends tHe part1c1patlon requests for
: all part1c1pat1ng 51tes. After rece1v1ng*§uch a request,.the W
part1c1pat1ng 51tes process the request ang determine whether

. they can- commit’ the transactlon.or'not“ Such a site. flrst

records the transactlon 1dent;ty,hthe superv1sor s 1dent1ty and

‘)p-no.ﬁ,ﬁ‘.'v-w A

w Lo . '
2 e *t
e



1ts read1ness to- comm1t or. abort,'xnto the permanent storage It

. . ° . )
»‘va"- e ? r L - B e " o

t'then sends an. yes or. a- no“*message to the supervisorv “4' -w;f?fx'“

e 4

accordlngly. Hav1ng receaved messages from all the part1c1pat1ng

'51tes, the superV150r determlnes the f1na1 dec151on._ It farst

records’ the: transact1on identity, identities of all part1c1pat1ng
s1tes and the final dec151on, 1hto 1ts permanent storage. It

then sends out' comm1t"or abort' messages botall the’

- .,
',-»..-“’r“" et

2,‘«"“

'part1c1pat1ng sites dependlng on the dec151on ‘A part1c1pat1ng— e
site, after rece1v1ng the dec151on, records the transactlon ._._ 4
?1den%1ty and the f1nal dec151on 1n rts permarient- storage and-then 7
“completes the executlon of that transactlon by taking all the

requ1red act1ons llke relea51ng the resources. Then, it sends

out an ack' to site i and'removes a&l the information on that -
transactlon from its volatile storage, in effect 'forgetting'

about that transaction. Site 1, after rece1v1ng all the ack'sf

hrecords the completlon of that transactlon in 1ts permanent

-

storage.; when the 51te eventually records 1t 'ali 1nformatlon on

that transact1on is removed from vts volatlle storage..

We- see that this protocol,has two phaseswapart from the step . .

in which participation requests are distributed. The "

v

‘participating sites send‘their decisions to site i in the first
phase and recelve the final dec151on and send acks in the second

) The f1rSt phase con51sts of n messages if there are n

part1c1pat1ng 51tes and these mesSages are sent asynchronously

Assume t(]) is the local.processing t1me at 51te j and d(J)

’.',--a

the tlme taken for a message between sites i and j. Then the

' total t1me taken in- till the completlon of the first phase is

P



By

- max{t{§1+28(§)} (This “includes the ',ir?iﬂ; jalizati orf fa"l‘sd)f..' R

) t1me taken by 3 £0 1mplement the transactron completxon -this e

. U . A S e e
o= oo . . - -

. . . B R 4
N AN . . . -

3 g . .,~"

The’seconﬁ'phase~con$1sts of 2n messages. If the ngtwprkra«}fl T
- - e, - ol s

has broadcastlng fac111ty, n of“them can be sent s1multaneously.

o

Otherw1se, these n messages are to be sent sequentlally " The
), €
other n are sent asynchronously in bothvcases. Jf c(j) 1s the

e

T am e

phase takes max{c(j)+2d(j)}, assum1ng that i takes negl1glbly

small time to make the flnal dec151on. Each of the sxtes ” _ ‘ ;*i

(1nclud1ng 1T writes pne record on 1ts permanent storagg in this

phase. Site i wrltes one more record later

Thus, the Two phase protocol 1nvolves 3n messages, a. tzme'

span of max{t(])+2d(3)}+max{c(j)+2d(3)} and (2n+1) records ,;“st,';“'d
written 1nto the permanent storages. One addltlonal record is.

. »
e om Lol ’

eventually wr;gten by the superv1sor to mark the end of the

transactlon. , t,'w;,l:, T T

- he . . - - LI
o Do R . R . . . bt

v2.7-.2¢ Term1nat1ou psotocols' Let us a55ume that there are some

site. fallures durlng the executgon Qf -.a transact1on.'

R
e e o DN

-Case 1. when the supervisor has not falled If a fallure ‘has

. occurred before a 51te has sent 1ts dec1slon then the superv1soz
can assume .that the failed 51te wants to abort the transactxon
‘and direct others to abort . it. If the. sxte falls after sendlng

1ts dec151on then ‘the supervxsor can 1gnore the fallure and

1mplement the decxs1on it has made. IS
 Case 2 - When "thg ‘'supervisor fails: There are' two possible B
\

situatlons 1n-¢h15 case. If the part1c1pat1ng sites cannot

'

communlcate among - themselves, then they all have to walt unt11

R G
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“the’ superv1sor recovers. When the’ superv1sor recovers, they send-

! -

. querlgs on the dec151on for tha\ transact1on."If they can

- %, -
e

/;oﬁmun1cate, they elect a new superv1sor whlch collects the local
’ oeclsxons of the surv1v1ng 51tes. If one of them is abort, it
dlrects all of them to abort. If .one of the surviving sites has
.'alréady fecerved a rcommlt' Qar. aborx'nmessage ‘from the-old-
superv1sor, then thatvdec151on is carrled ‘but. ‘If all thev
surv1v1ng sites decided -to commit and no site has received the
“decision from thevold,superv1sor, the new superv1sor can direct
to commit onlyvit all_participating sjtes are operational (i.e.,

only the site i has failed.) Otherwise, they all wait.

L @
'..a -,‘-

Thus, lf the part1c1pat1ng sites cannot communlcate among

4
e . he e FRU AN -
S -

themselves, they wa1t 1f the superv1sor fa1ls ‘and thus neea no
extra messages. jBut, an 1ndef1n1te amount of time might elapse
before the supemv1soz ‘recoevers. .If-they .tcan communicate;-theyb*
have to eIect ‘a’new Superv1sor, wh1ch requxres O(n -logn? messages
[Garcia 823 »Even then 'the; may have. to wait as shown above.
?~In'both'the'cases, there are s1tuatuons where the operatlonal.
sites vait'for some falled 51tes to recover. In fact, it has.‘
been proved [Skeen 81] that it-is the case with any termination

Y Ry

protocol of any version of the Two-phase protocol.

2.7.3 ReCovery’protocols- From the above discussions, it is not

% hard to see that recovery protocols depend both on the commlt and

termlnatlon protocols used. Correspondlng to the two termination
protocols above, we g1ve recovery protocols here.

a) When part icipat ing sites cannot communicate among themselves:



o

By our definition, the volatlle storage is erased in the event of
'a s1te fa1lure.n When a site recovers from fa1lure, 1t first
reads the permanent storage and extracts all the 1nformat10n on
transactlons that were not completed Let us consider a
participating site first, ‘with a 51ngle record contalnlng the
transaction 1dent1ty, superv1sor s 1dent1ty and the local
- decision. If the dec1sxon is an abort it can complete by
'writing an 'abort' complet1on record and performzng other
actions., If it has recorded a comm1t' dec151on then it cannot
make a un1lateral completlon since some other 51te may have
aborted. Thus, it sends a query to the superv1sor of that"
4transactron; On rece1v1ng the answerw’lt completes the
‘transaction and sends back an 'ack'., T é-» ea
Now let us con51der the fa1lure of the superv1sor ‘Recall
. that 1t makes ‘the first. entry in the permanent storage only” aiter

o

rece1v1ng all-: local dec151ons. HenCe, it. may not have’ any ’
_1nformatlon on some of the transactlons it was coord1nat1ng

Since there 1s no p0551ble communlqatlon among the part1c1pat1ng
sites, all part1c1pat1ngj§1tes should have ‘been waiting for this
site to come up and those of them whose decls1on was commlt' now
send queries to the supervisor. If it does not flnd any \”%
1nformatlon omx the querled transactlon, it can safely direct them
to abort. Assume it has a sdhgle record on a.transaction. Then

it sends that decision to all participating sites (that 1ist is

available in the record) and proceeds exactly as in the normal

mode.

b} When participating sites can commun fcate among themselves: The

.,
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situation is the same as above for a participating site. The new

v
'

supervisor makes sure that the decisioo'it could take, if any,Ais
passed on to the old superv1sor as soon as the old supervisor
recovers. If the new supervisor falls before the old one
_recovers, the old supervisor waits until it hears from the new

_supervisor. (Observe that it cannot qguery the new superv1sor

oo

s1nce aﬁé identity is not known.)

'Thus; we see toat, under both of the recovery protocols,
reoovering sites in- general need to coﬁmunicate“with some other
s1tes and may have to wait for some spec1£1c failed sites to
recover in some 51rwatlons. TyDIPally, two messages are requ1red
for recovery and no extra actions are required. Time delays can

be indefinite in some cases.
2.8. Problems in-estigated ‘n this study

We study twe classes of failures - site fajlures and network
partitioning. We inveetigate the atomicity of dietribnted
transa~tions under these failn =e. Specifically, we consider the

problem ~f designing pr-'H>:clr that guarantee atpmicity in th-

presenre of these foailur~~. an' have the desirahle prope:tiecs
listed in Section 7./ 1 " " invegtigate the exiastence nf

o]
nonblocking ~rmmi’ proter 1s In the rnses where we have proved

the non existen~r ~f guch rr~tnonls, we Anf ne saveral mragu p&
that represent the maximiza ion ~f Aatabase ~vailasbility and 1 -
frr pvak"ﬂo]c ~ptimal under theer waagurer, The ""?DS"”V';’.‘"

merdel w' vte ig t'e relvwed nto:)l ~enpe ) m o Ade’ Yoo trudy bu

clrrnrpe o f ST B T ¢ e Vo SR Ve . N



consider two modes oi dec151on making - centralized and

decentralized

-

2.9. A formal modelvfof the protocols

o ) .
P . . 1

The model for protocols discussed here due to Skeen [ss 81]

and is -based on the finite’ state automata. A protocol to be
followed by each of the part1c1pat1ng 51tes,‘can be modeled by a

finite state automaton. .Thus, the collection of tbe automata at

all participating sites represents the execution of a distributed

transaction. The communicatlon network is the common

input/output tape shared by all sites. A site reads t&d?uwssages

addressed to it and writes messages with valid destYhation

addresses. A flnlte state automaton (FSA) in- a state reads a set '

of messages from the tape, possibly ‘daes certain 1nternal

computation and outputs a set of messages (posszbly null) and

changes its state. Output and state change are considered

instantaneous, but the internal computation can take a finite -

amount of time.

FSA Blldifferent sites need not be identical. But, all the
FSA share certain important restrictions ~ a) the’final'states of
An FSA are divided info two disjcint subsets denoted as, Com and
Ab, knrwn as 'commit' and 'abort' states, b) FSA is acyclic, c)
FSA is pondeterministic, and d) there are no transgggons from a

state in Com (Ab) to a state not in Com (Ab). Asggn example, wve

rerresent the Two- pbase conmit protdcol by FSA. 1-4"'; s

P ! !“' . .
. =1 vﬁ - g
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Fig. 1 : Two-phase commit proéocol

Let ‘'us notice that there are severe constraints on the
states that could occur concurrently with any given state. For

instance, if a participating site is in state g, no other

ﬁérfifipating site can he in state . Similarly., if the

supervisor is in state g, no other site can he in v, 1In

aeneral,

a state 1is concurrent to the states adjacent to it in the state

diagrams, for this protocol.

The site failures are modeled through the traditional

"time-out' te~hnigne. In terms of FSA, a failure is considered
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as a transition from the state before failure to a state it would:

enter into, after the faiiure recovery. A failing site;reaés all
the outéganding'messages destined to it, dbes no internal_-
.computat ion .and yfi}es.Ygipeﬁpgg}?mgs§aggs go;gll‘pphe;;éitesw*j;
Thus, failu:evcan also.be'expreSSEd consistently with the normal
operations.

Using FSA, whiﬁh depict the'behaviour 6f {ndividdai éite;(fv
globalubehayiour &n the transaction can be represénted as é‘ |
global 'state. A globél stété is the vector containing.all local
states and all outstandjng messages in the netﬁork.-‘Though the

fmconcept;of global time, and hence the global state; do not have

- physical realization, the constraints on the possible concurreney -

among the states make the idéa of (logical) global state useful
in studying the properties of commit protocols.  Several
interesting'results have been derived by Skeen uéing.thfsvméael:
[Skeen B1, Skeen Bla, Skeen 82a, SS 81]. We present some more
details of this quel in later chapters. The interested rea@gr

N

is referred to [Skeen B82]. -
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Chapter 3 : An Information- -based Model for Protocols

Contents™ * == 7 mre o

e

3.1. Introduct ion
*372. A global ‘model for t ransact.ion execution
- 3.2.1 Nonbloéking commit protocols |
3.3. Optimal nohblocking commit protocols
3;3.1‘Delayed-commit protocols under thé;
centnalized decision o
3.3.2 Delayed-commit protocols under
decentral ized decision
| 3.3.2.1 Fundamental relation among failures
3.4. Correspoﬁdence with the FSA model
1575. Reéd—only Transact ions

3.6. Summéry,

3.1. Introduction

In Section 2.9, ve have 1ntroduced a model for commit
'protocols, proposed by Skeen. Though this model is qu1;e
'general, there are certain aspects that are not easily
expressible. For instance, the concept of back-up Sites'~is one
of them. Introducing a new FSA cofresponding'to a back-up would
explosively increase the number of global stétes, and would
requ1re more complicated ana1y51s, while the concept of back-ups

'This concept will be dlscussed in Chapter 4,

- 1

- . . -
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is intuitlvely simple. Another aspect that 1s not explored is:

the Centrallzed Decision model [Section. 2 5], In_general g1ven*ﬁ

~the.FSA of<adprotocol cit-is not easy to Undéfstand how 1t works.;;‘_
,:5;;:;;ia;x.;,i,f:;35'“;21“Jffﬁflifﬁlf;Jé:l;°$f;:;1;‘QTJfﬁkail:a

In this chapté we propose a glebal information- based
nodel which represents a dlstrlbuted transactlon as a set of
act1ons that transform a system satxsﬁylng a specxixc ;~gfa~ . o
precondltlon 1nto ‘one that sat15f1es a speczfled post- condltlon.;‘A
Even though some of the results der1ved from this model have

~

appeared in other forms, our model glves the ‘exact 1nformat1on e e

requlred at each stage of theﬁprotocol durlng the executlon of a

o transact{on in an expl161t fash1on. ‘Lower bounds on the number

- of- message rounds can be ea51ly derived. under’ our model In

add1t1on this: model is conceptually simpler and more attractlve.f
than the existing ones. We gtudy the nonblocklng commit .
protocols under the central1zed and decentralized models of
Decision, cons1der 51te fallures and network part1t1on1ng and
present a un1f1ed approach to the nonblocklng propertles of
commlt protocols. Several exlstence results on the nonblockang
propert1es of commlt protocols and an 1mportant relat1on among

the two classes of failures will be presented.

T
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we. define the follow1ng predlcates ‘and’ functrohs. -»-@hf.;, f.fllan;_;m’

: -8
e .

3.2, K Global Model £or Ttansactxon Executlon'ym" o

A dlstrlbuted transact1on ‘may have many subtransact1ons, one:}_.:

jor each sxte. It 1s our 1ntgntlon that every 51te follows the

Ve w . -
"-.“ --4'¢ -W‘,a .- 'rvo, °'--. e

.~°'7 --..,,. . N

......

same declslon, i.e., e1ther commlt orT abdrf Its-sdbtranSadtlon._ .7'34.,-

Wlthout 1oss of genera11ty, assume that there are n part1c1pat1ng e

_ﬁsxtes and that they are numbered 1 to n. For any 51te i, 1<isn,

.-~.,,u

R e

‘I.P,'.' . - . . . PR .o .
L e Y . e o,
E o Co PR »

- - . L .. - z!_m i - . .‘ . s

SubtﬁansFL) - bhe*subtnapsact1on for 51te Rty contalned at-» -
- -one - of the sites with ¥ wh1ch 1 caﬁ commun1cate.- PR

@

..4,,,*-' e« e o oaa .
w B . o @ -

Transactlon(l) s1be 4§ is th posse551on of .the : R

' subtransactlon to - be executed there. " B Q,*&f:fza o

¥

- =Decisiond i Andicates what site i knows about the global
dec1s1on. - A g HF W O ﬂm st
. Decision & {1, 2,...,n} + {'commit', abort‘ 'hbne" }

_Decision(i)='none' means that site 'i has not. obta1ned any - .

',‘L’ @ w

global decision: at that p01nt of tlme. ‘

Complete@f) 1nd1cates the modé of the transactlon completlon
by site i. - . wwft B
Complete" {1, 2,...,n} ».{ commit', "abdrt', 'none"}. P
If its. valpe is 'none’ 51te i has not yet completed the -

transaction. - S ‘ o P

X i

'R call that, 51nce the ‘c0mm§t3/'ab0rt' of a transacticﬁ*is.«
IPPevePSib[e, the part1c1pat1ng sites should ‘either all commit or

all abort. in order to maintain the consistency-of the«database.

Definition 3.1: A Transaction-execution is any action that is .;,m““, )

comprised of the following sub- actlons, some of which can® . .

possibly be null: ' : : o
TPansactlon initiation is any action that transforms a system
satisfying the precondition C,: (Vi)(Subtrans{i)), into the

one satisfying the post condlt1on C,: (Vj)(Transactlon(j)) IR

‘ReaCh—Decfsion is any action that transforms a system
satisfying the precondition C, into ‘the one satlsfylng the
post-condition C,: (3k)(Dec151on(k)# none') .

~ . ) o
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TFansaCtJon-campIetlon is any action that transforms a - system
"lsatgsfylng the precondition. C; ifito one that is sat1sfy1ng o

thé\post—cond1t1on C.. (Vk)(Complete(k)#'none )

-

\\ .

Thas abtractxon of transactlon execut1on encompasses all the

\ i,

"models of transact1ons.v If the transaotlon 1s submxtted at a.

—on o

51te whlcﬁ fan he‘&ssumed to- befa eentrel 91teqothat»s;te sends

RURE R K I

. out the tran actlon components to the part1c1pat1ng 51tes,

',decisionlf In faét

\real1zlng the transactlon initiation step of our. abstractlon.

Also, our- abstr. ctlon pecmlts ar dlstr1buted transaotzon to be»

51mu1tane%usly s bmltted at. a number of 51tes.. For reachlng a e

global™ ‘déciBion’

L A

to~take»care-of'the\centrallzed and decentralxzed models of a

Yeave the Reach dec151on step general enough

Y B N

‘any po551ble form of 1nteract10n among the:

sites. to reach a global dec1510n is equally well expressed in

L;thls formalism. - Same ot mments hold for the'

& e

'ftransactlon-complet1dn t8o. Moreover, 51nge the spec1f1c forms

of 51te 1nteractlon/are not speclfled 1n our formallsm, our model
can represent the executlon of .a transact1on under any protocol
'Thls is in contrast to the other models where the dlstlnctlon
between the protocol followed and the transactlon executlon
process is blurred. Furthermore our model is hlghly flexible by~
allowxng different models at dlfferent stages of the

transactlon execublon. For 1nstance, one can have a

! ;’centrally controlled model*for transactlon 1n1t1at10n,

decentrallzed model for dec151on a h1erarch1cal model for“
_reach dec151on and a decentral1zed model for ;‘

transaction-completion.

s .
7

.-

-

-
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In the followlng, we study the consequences of all the

;o - - . o ® . -
/ K

d1fferent comb1natxons of these three actlons. Clearly,

-

-wTransactlon°1n1t1atron can never3be

ull.

Deflnltlon 3 2-~A pPOtOCOI P is’ set of rules for the above_l:.ﬁf“

*~‘~~three.actxons and is called a commlt protocol 1f when there““'

are no fa11ures, we have -

!' i . - - e @
A e . o P N - P .=
e w .

a x e w7 N o

(Vj k)(Complete(k) Complete(j)¢ ‘none' ) at the end of

s t;ansa;txon complet1on, for any transact1on¢execut10n.under P

'[AD 76, Gray 781+ oo .. .. ' | oo

.
.~ . - P PR . - s e

- . .

" We have establlshed .a natural correspondence between protocols

and the distrlbuted transaction-execution under them. The

RS

Two phase commit protocol descrlbed earlzer in Sectlon 2.7, can

be expressed as follows:
- Transaction-initiation : relaxed central control model

Reach~-decision : centrallzed model
‘Transaction-completion : centralized

Model of decision ¢ decentralized.

While:prOVing results on"protocols, we present the protocols

at a slightly lower level by explicitly stating the rules of

actions.

Notatxon- We ‘use the mathemat1ca1 1mp11catlon symbol I in
the followlng sense - A + B for any two predlcates A,B 1ff 1f A

' is. true (at tlme t), then B is also true (at time t, zt)
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'P1; 'TVR)(COmplete(k)- commlt' - Transact1on(k))
P2,

.are failures, 51nce a dlfferent protocol is 1nvoked after a

-fallure, whose act1ons would be dlfferent from those of the

-

E . 00 iy

.-

For any comm1t protocolgP and a d1str1buted transact1on, we

have the follow1ng p;opert1e5°'“

v ..

I3

(Vk)(Cbmplete(k)= commit! -+ Deeaslon(k)*'comm1t ) ~4¥3_

P3. (ik)(Complete(k)- commit ) + (VJ)(Dec1s1on(J)¢ abort )
o (ik)(Complete(k)= abort ). (Vj)(Declslon(J)# .commit ')

Intu1t1vely, these propertles assert that*,1l haylng rts

component of the transact1on is a prerequ151te for any Site to

,gomm1t a transactlon, 2) if a sxte completes ‘the . transactlon Jit

S

"

should have known the global decasxon and 39) no_slte can’ commit_.

"if any part1c1p?t(;a site’has a decision 'abort' and vice versa.

Notlce that the above propertles need not. hold after there

A

commit protocol.

e

3.2.1 Nonblocking commit protocols SRR

\

The fallure of 'a 51te ‘has- the follow1ng 1mp11cat10ns- a)
proce551ng at the site comes to a complete halt, and b) no .
messages are’ generated by the 51te. ~Network part1t1on1ng occurs

N

when the set of 51tes gets. part1t10ned into a number of mutually

rd15301nt subsets (called gPoups) such that a) sxtes w1th1n the

same group can communicate with each other, and b) Sites in

'dlfferent groups .cannot communicate. A group is active if the

¥

sites in it are operational. It is“inactfve~otherwise., In our

context, a useful Piece of information two sites in the same

-
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.active group-can share is the dec151on on a transactxon in wh1ch

\

they are part1c1pat1ng -iormally express th1s as,
"P4. - (Vles)(Subtrans(l) i Trgsactlon-h)) d-,
(31:8)(Dec151on(3)# none )»(Vles)(Dec1s1on(i)¢'none');
.,for“any'groupzs. - ‘

V‘Oneﬁcaniuiew site fellures also as partitioning - all
operat1ona1 sites . together form the only~act1ve group and each of

o BV

< the' failed sifes forms an 1nact1ve group by itself. By contrasth
in the event of a partitioning, there are more than one

¢

potentlally act1ve 9rogps, .Ia what~follows,<we view both these
'ffallures as two cases of a s1ngle type of fallure dividing the
set of 51tes into a number of grolips. The possible number of

N

active groups characterlzes “the two classes.

A commit~protocol is nonblocklng if, in the event of any
failure, all participatlng sites in the active.groups lto be
referred to as active SIteS) cons1stently complete KEE |
transact1ons whlch are 1ncomplete at the t1me of fa1lure.,ij an‘“
inactive site has“aborteds{commltted), thengnone’of the active_%
sltes oommit (abort). | |

It is easy to notice that not all possible conditions that
can be formed by the predicates-and functions defined earlier are
feasible underba given protocol. Assuming no failures, the
ve;ecutlon of a commit protocol can be depicted as a sequence of
condlt!ons, first of them being the initial condition

>

_(V1)(Subtrans(1)) iny condition C' following a condition C in ..

“this sequence 1s der1vab1e from C under the given protocol..

K ﬂ'
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'Formaliy;'fdf*éﬁ§1§r6ﬁ§'§ let C(S,P) denote the set of all
p0551b1e conditions satlsfled ‘by S under the'protocol P. For
"615301ntlgroops S,,S,,..r, satrsfy1ng the condltlons C.,C,,...,

| respectlvely, we say that-uszxs.reQIJzable under‘Aclplﬁuand only
_if-C,AC;AeLtrC(uS-P). Let 1 be'the‘Set of"all'Sites. A oo
part1t1on of 1 is a set of mutually dlSjOlnt groups S,,S,,.r'such'__
. that y§;l. A partitlon {S,,S,,...} 1n whlch Sosat1sf1es C is

'fealizéble under P if and on;y if uS;lS reallz%Ple under AC..

For a”oentraiized protocol P, con51der the - group S tha;
contalns all 51tes except the central 51te. Slnce the-s;ﬁes are’
seperated 1n-space, 1f there is~no preflxed orderlin which the
messages are sent to the sites, the following cond1tlons are in
cis,p) : ‘ '

Transactioh(i)A*Trahsactioh(j)

(Dec1s1on(1)¢ none' ADec131on(J)= none ) ahd,

(Complete(l)# none' AComplete(J)- none ), ‘for all i,jeS.

K} Y

h For a decentrallzed protocol P‘ the above’cond1t1ons are in .
C(I P). Thus, we have the followlng general property :
P5: ‘for any comm1t protocol P, and for any group S not conta1n1ng
the central 51£e, the condltlons,‘
(Transact10n(1)A"Transact1on(3))
(Decision(i)#’ none ADec151on(j)§ none'), and, '
(Complete(i)#'none'rComplete(j)='none') are in C(S,P), for

~all 1 ,j‘c‘S.

In the followxng, we spec1fy the propertles requ1red by

C(I P) in order to have a nonblock1ng protocol P.- The
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" » following convention is used in expressing the formulas: for
"} a bounded variable i, "active i' refers to a site which is
in an active group at- that time, 'inactive i' refers to a

~ ) “ : ' . T ) v A . ’ L3 v“ ' : - . 3 ‘.
\\\\J* site in an inactive group, while i can be any participating
~site, if unspecified.

Def inition 3.3: Let P be a commit protocol.. A termination
protocol (TP) [SS 81) of P is any rule of action that
transforms 'a realizable partition into a partition where

(#i,jel) (Completé(i)#'none'rComplete(j)# ' none' , ,
rComplete(i)#Complete(j)) is true. ‘

A termination protecol is nonblocking * if it transforms any -
‘""realizable partition into-a partition where s
~ (V¥ active ‘i, j) (Complete(i)=Complete(j)#'none’') is true.

A termination protocol which is not nonblocking is blocking.

" If a commit protocbl P has a nonblocking TP, then we say P

is nonblocking for failures [ss 81].
: | N \ ' |
The nonblocking problem for ‘a class of failures is defined

28

as 5." Find a’éomqit protocol nonblocking to the given Exass of

failures." Our basic concern. is to invesigate this problem and
FY . : : . :

to relate the complexities of this problem for site failures and

partitioning.

o
~

_ . R "
To start with, ‘we prove an important negative result ahout [

the existence of nonblocking commit protocols. Thic result has K

~ !

been dhtained earlier [SS 81].

v .

Following is the general approach we take while proving the

N v . . v . v .
nonexistence of a nonblocking TP in a given situation : We

*Our nonblocking TP is the same as Skeen's TP. We eneralize his
notion to investigat®e the Dropg&tties of TPe which afe nnt
_nonblocking. i



)

g
‘»
, <

produce a group S satisfying a certain céndition C and show that

there are two other groups S',S" thet‘¢ould co—exist with S
satisfying the conditions C' C“ Then,. we shall show- that . s

completes the transactlon by commxttxngwwhlle S" completes by

oY

~abort1ng, under any TP £. Hence,'lt-fOIIQWS'that“g cannot-

complete the transactlon, showlng that there is no nonblocklng

<

TP.

pa;titioniﬁg and site-faiiures: E
™

Proof: Let P be a commit protocol. By PSA
(3j,m)fComplete(m)="commit')A(Comp1ete(j)='none')).::The
partition-f{j},lf{j}}vwith this condition is reelizable‘unde:vP.

Now, Decision(j) 'is either 'hone' or 'commit' (by P3) 'Assume,

. \
thal®it is ‘none'. " Then, no TP can make j abort' since it leads

' to inconsistency. But, Comglete(j) cannot be 'commit' since

that i is not the supervisor. ‘The partltlon {{i}, {31}, 1-{i, j}} is

also reallzable with the cond1t1on

(Decision{(i)='none'ADecision(j)='commit') (by P5).: Since there
can be no communication among different groups,. a groﬁp'has no

way of knowing about the confiéuration of the other groups and

-

hence the action of a TP can depend only on the sites in a group '

and the conditions(satiSfied. Now, Complete(i) -cannot be
'commit'(by P2). Complete(j) cannot be 'abort' either (since

Complete(m)*'nqmmit') Thus, there is no nonblockiné'TP in this
@ N .
cnge alen, [N

Decisidn(j)='none' (by P2). Assume that Dec@éion(j)='commit;,and

L43.

-gTheo:em 3.1, There is no cemmtt?pfotqcoltnonblocking to both the .
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In the femainder of this_chépter;lwe answer the following

questions:

v

a) when are comm1t protocols nonblocklng to 51te failures?

'b)‘kre there 51mp1e commit protocols nonblocking to site failures

with very small costs? (We will define the cost measures later)

c@tcah we make some of the groups proceed in the event of

partitionfng?

3.3. Optimal NonblocﬁingiCommit Protocols

2
»

Let us examine nne of the simplest protocols, P, with the
v ’-assumption that site i has’ all the subtransactions [Gray 78]).

Transaction—-initiation rule:
Site i: Send the subtransaction ro all part1c1pat1ng
sites j, where j#i.
Site j: Receive the subtransaction, process and commit

it.
Reach-decision = Transactien-completion = Null,
It is not verv difficulr to see that P is a commit
protocol., .Commit protocels P', for which the rondition

kS i

(3i,jel) (~Transaction(i)aComplete(i)='commit’') is in C(I,¥').  are

known as énsfanr commit protorole. Observe that a parti' ipating

site commite unjles erally under thene preoterels, as with T ahk-

oy

However, ¥ ie » bhlorking pretoanl for =ite failures + Assums

that i fails befrre it sends out all the Flvbtra'\sactinn's. FThen

the sitee which have not received their sibtranecactians have t-

wait for the. recovery ~f i. (Assume that =ucrh sites would he

notified by ome of the cperatio »' sites which has received t} -
-

trangact ban ) T Foert |t hS ! rrue for mry drctoant mmin



protocol.
Theorem 3.2. There is po inStant-commit'proéﬁcol;hqhb&ocking to
site failures.

- Proof : Consider the condition

C =.(Si,jel)("Ttansaction(i)AComﬁlefe(j)='c6mmi;f)'anﬂ the -
partition {{i},Il{if} where” {i} is the on1§'act;y¢ groﬁp,_ By the
hypothesis,.this partifion with ﬁhe condition C is a fealizablé,

partition. But, Complete{i) carnot be 'commit? since , p

Complete(i)='qpmmft'»?ransaction(i? (by P1). It qanno%wbé

“

"abort’' either since Compléke(j)='éommit'f O

Definition 3.4: A commit protocol P is delayed-commit if, the
conditien L o s R
(3j,k) (Complete(j)='commit'- a H(Trahsactioan))
is not in c(1,P) . \ ' ' :

Obviously, any commit protocol which is not instant-commit is

delayed-commit,

f -
Y, N . v ¢ \
e

Now, we define a measure for the cost of commit protocols

2

which reflects the total time duration for the execution of a-
transaction under the given prdtocol.

Definition 3.5 : Let P be any protocol. Two messages in a .
transaction execution under P are independent if there is no -
causal dependency [Lamport 78] ‘between them® . N

We define a step of P as a set of independent messages under P,
The size of a step is the number of, messages in that set. -
.The number of steps in an executiofi of a transaction T under P is
the minimum number of steps ‘required for that- execution of T.

The number of steps in protocol P is.the maximum of the number of
steps of all transaction-executions under P. a

In our context, a message M, is causally dependent on another
message M; if and only if M, cannot be generated unless M, is
received by the site originating M,. A set of messages. is-

independent if none of them is causally dependeént on another,
even transitively. - ’



Note: Out'notlon of step clearly does not depend on the nature of
the protocol. It 1s equally appdlcable for central1zed

hierarchical, decentrallzed and any other k1nd of protocol
’ ~

It is now clear that 1nstant comm1t protocols typlcally are

single-step protocols. Here, we have a 51mp e 1ower bound on the’

cost of the delayed—tommlt'protocols:

Theorem 3.3. 'Any delayed-commit -protocol has at least two steps.

. 4 " .
Proof: 1t follows from the definition of delayed-commit protocols

that one step is needed to achieve (vj)(Transaction(3j))
(Transact1on initiation step) and one more. step to achieve
(vj) (Complete(j)="commit') (Transaction-completion step). [
Observe that the following 'two—phase"protocol is a
delayed—commit protocol :
Transaction-initiation rule: Central site sends
subtransactions of the transaction *to.each of the
part1c1pat1ng.51tes.
Reach-decision rule: Null.
Transaction- complet1on rule: After sending all the
subtransactions, the central site sends the decision to each
of the part1c1pat1nq sites; each participating site completes
accordingly.

" From Thenrem 3.3, we see that this protocel is optimal in

tHe number of steps.

-

.3.3.1 Delayed~-commit Protocols under the centralized decision

We have introduced the centralized decision model in Section
2.5.. Here, we express this notion formally under our model, We

say that the Decision Making rule for a crmmit protocol P i=

46
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central ized if the following condition holds. for all CéC(I,P)
under P: |

P6. (V k)(Transaction(k) - Decision(k)="'commit').

] . / . . ,
The participating sites, after receiving the transaction,

assume that the global decision is commit.

The centralized model of dec151on 1s very approprlate in the_
context of updates to replicated databases’ [Garc1a 80] where the
updates are normally computed at a s1ngle 51te and sent to the-
other sites which are npt involved in the decision making

process.

Theorem 3.4, Let P be a delayed-commit protocol in the
centralized model of decision. Then, P is nbnblotking'to site

failures.

Proof : For any realizable bartition of I under P, . ‘
(31:1)(Complete(i)='commit')*(VjeI)(Transaétion(j)) (since P is
delayed4commit). Define a TP, T as follows*:

Condition: (3 active 1)(“Transact10n(1))
Action: Make all active i abort the tﬁénsactlon.
Justificat fon:. (31)(*Transact1on(1))»(ij)(Complete(])- commit' ).

Condition: (V active 1)(Transact10n(1))
Action: Make all active i commit the transactlon.
dustiflcatlon° (# j)(Complete(j)="abort'). (by P3, P6) O

It is interesting that all delayed-commit protocols are

nonblocklng to site failures under the centralized dec1s1on. It
‘Note- While deflnlng a TP, we only present the actions and
ignore 'how' they can be reallzed. Thus, the actual TP may have
more number of steps than are indicated here since it needs to
worry about further failures during its own execution,
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(

is instructive to see how the’'participating sites can terminate a
transaction in the absence of the central site : Their action
critically depends on the assumption that a transaction can be

aborted only when it is impossible to commit.

jLer«ﬁs‘censider‘the netéork partitioning now. By allowing
soﬁerihdirecﬁ cqmﬁdhication'amehg groups and resfricting the
number of possible groups, we can improve.the situation for
netwo;k partitioning as-welll For ‘example, when the partitioning
involves exectly two groups and the undelivered messages are
_returned to the originéting sites, nonblocking TPs are natural to
eipect [ss 81] (Observe that this s1tuat10n is similar to the

no-failure 51tuatlon )

Normally, even though a protocol is blocking,{or
bartitioning, an active group with‘a siteé ﬁhose transaetion ﬁas
been completed can complete the transaction at all its sites. &,
Similarly, if there is a site that has not received the
transaction, all_sires in that group can abort that transaction.
Thus, we wish that there is at least one group such that
(Complete(j)="'none'aTransaction(j)) for all j in rhat group,
which can complete the transaction after a partitioning. |
Ideally, ohe would like to see that all such groups can complete
the transactlon after part1p1on1ng But, under the centralized
dec1saon model, thls 1s equ1valenr to the nonblocking problem and

hence has a neght1ve answer.

Definition 3.6: Let P be a delayed-commit protocol. A TP that
can transform some group § not containing the central




- site? and satzfylng A ERa
C =V 1<S)(Complete(1)-'none ATransactxon(l)) into S )
~satisfying C, = (V¥ jeS)(Complete(j)#'none )

is called a non- tmv:al TP for P.

PR N

-

We are 1nterested in the problem, " F1nd a commlt protocol
whlch has a ‘non- tr1v1al TP," refered to as the non-tPIVIaI
'telenation pPoblem for part1t10n1ng /«\hnce there are more than

one potentlally act1ve groups, ‘a group not havzng the central

‘Slte cannot make any assumptlons about the behaviour of the other

groups. Thus, the answer to this query is’ negatlve HES

Theorem 3.5. There’is no delayed-commit protocoi;P with a.

non-trivial termination protocol under the centralized decision

model.

EPP?of; Conslder,a_group S satisfying

c= (Vics)(Complete(i)='none'ATranaaction(i)). Consider two
groups S', S" with the conditions N | |
"'C' = (3 ieS' )(Complete(l)- commlt ) and c" =_(3 @

‘keS" )(“Transactlon(k)) The partitions {§,S'} and {s, s"} are:
realizable with the condltlons CAC' .and CaC" respectlvely

L4

Hence, there is no non- trivial TP for P. d

3.3.2 Delayed-commit protocols under Decentralized Decision.
. . . Y

If it is possible that certain~sites may not be able to

complete their components of va transactlon for whatever reasons,.

the transactlon as a. whole cannot be completed Thus, ve may be

forced to abort the transactlon and undo 1ts effects on the g

*This def1n1tlon holds for both the centrallzed and- decentrallzed
protocols. . . A



database to=en§ure the atomicity ‘ In this case, we heed‘to dee
the decentra11zed dec151on model .‘Here, the asymmetry betweeh
the commlt and abort de¢151ons is worth noting. Since the
' part1C1pat1ng sites. can- p0551b1y make 1nd1&1dual local’ decxslons,
the global decision can "be commlt' only if all local det151ons
are 'commit'; in contrast,ﬂgf any local dec151on is "abort', the
global decision shouid be'»abort"and the transactlonvcan
iﬁﬁb'lmmedlately be aborted at sites whose local dec151on is 'abort’'.
Formally, 1f P is a commit protocol such that the follow1ng
cond1tlon is true for‘ali CeC(1,P), th£n~we say that the decisioh
is decentral ized: T -

P7. (3k)(Dec151on(k)- commlt )
. (Vj)(Transact1on(j)

Wb

1f a site‘make51an abort,dec1s1on, then the transactlon cannot be
committed Hence, such a site can unllaterally abort the
transactlon before notlfylng 1ts dec151on. Thus, we have,

P8. (Vk)((Dec1s1on(k)- abort ) > (Complete(k)- abort')).

These -conditions formally depict the asymmetry between.the
,eommit'and abort decisions; Note that the receipt of the

transactlon component 1is not a prerequ151te for a site to abort

A

it. (In this case, there is no exp11c1t abort of the
transaction. By default, it is cons1dered to be aborted. ) Let
us extend the two-phase protocol by 1ntroduc1ng.the

Reach¥decision rule as follows: , .

- Reach- dec151on rule: Each part1c1pat1ng site sends its local

' decision to the central site, central site finds the global
decision. (Note that any part1c1p§t1ng site can abort. the
‘transaction immediately if its local decision is 'abort' ).

\\
~

50
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Thls 1s the central1zed vers1on of the Re;;h ded&slon rule.,

we can sxmllarly glve the decentrallzed versio where‘

achv

- sites -so that each site- can determlne the global dec151o after

:eceiving messages trom»all the other sites.

. This three step,protocol is the same as the two- phase

protocol 1n the centrallzed decision model “except that the:\

site here. It ‘has been shown tGarc1a 79, SS 81] that it R
nonblocklng TP " Let us con51der that. the central s:te and- som
“of the part1c1pat1ng sites fa11 s1mu1taneously during the

Transaction-completlon}actlon suqh_that

(V active k)(Dec151on(k)— none N Transaction(k)) holds"invthe

B
active group. The transactlon now cannot be’ completed at the'(\\\v—

active s1tes, hecause all the’ operat1onal 51tes have made commlt

/vdec151ons locally and the global d olszon is not known to them. o

‘Now, we present a set of”neoeSSari;andjsufficient .
conditions: o ‘ ' B =

Theorem 3.6. Let P be a delayed?commit protocol under the
decentralized decision mOdel Let the condition
(3 i, JcI)(Dec151on(1)- none AComplete(J)- commit' ) be denoted by

C. Then, there exlsts a nonblockzng TP of P for s1te fa1lures if

and only if-cgc(1,P). ’

]

Proof : Assume Cec(1,P)., From P5, the cond1t1on ‘

N

c, = (3 1, jeI)(Dec1s1on(1)= none ADeCISlo:(])' abort)eC(I,P).
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: Con51der the part1t1on {{1} I {1}} where {i} is the only act1ve
group Th1s part1tlon 1s reallzable under both c and C,. Then,

S~ ey

Complete(1) can nelther be commlt' nor abort"“m

Conversely, assume ClC(I P) ‘Thus, for any'realiZable 3

part1tlon of I- under P, by P8 and the fact that P 1s : ’\\
o _ o \
delayed comm1t ‘'we have . : _ ”~ . i"

'Cg'= (3 1)(Complete(1)= commlt ) (v j) (Decision(j)="commit').
Now, we can define a TP as - follows~ ' St
Condition: (3 active. 1)(Dec1s1on(1)— commlt ).
Action: Make all active s1tes .commit.
dustiflctzon. Property P7.

Condltion. (i actlve 1)(Dec151on(1)- commit').

Action: Make all active sites abort. - .
dustlfication' Condltlon C, above. [

These cond1t10ns are equlvalent to Skeegqg Nonblock1ng
'theorem [Skeen 81] If it is possible that two 51tes i,j coexist
such that' i has committed and 3 has nqt received the global
1dec151on, ] alone cannot dec1de whether the transactlon can be
' comm1tted or aborted Any pro‘bcol under whlch such a condltlonx
is reallzable is block1ng Now, looking back at the two phase
',protocol under the decentra11zed decision model it is easy-to

'see that such l,J.EXISt.

 Given a commit protocol, we can consider the following

"simple_procedure to determine whether it has a TP nonblocking to

site failures or not : -
/

\a7\§”:erm1ne if the protocol is delayed commlt or not. 1f

1nstant commlt it is blocking. -



‘decision is decentralized reach- dec1s1on takes at least one morei

b) Deterplngyaf the decision model 1é Centrallzed or o B

“nw;-decent iked JE: centralized, it is nonblock1ng'*

“c) erte the sequence of p0551b1e global condltxons under

., d). Otherw1se, 1t 1s‘nonblock1ng

. ) ,‘ o+

Since the site fa1lures are qu1te frequent 1n any"f 1st1c

environment ve cons1der the commlt protqcols nonblocklng to 51te

fallures here and derive a 1ower bound oidthe number of steps.

E

”Thedrem}3 7. [Skeen 81] Let P be a. delayed comm1t protocol under

the decentrallzed dec151on model If P‘1s nonblocklng for sxte

-fallures, then P requ1res at least 4 stepsg. 1f it is central1zed

and 3 if decentrallzed.

‘Proof : Transaction-initiation‘needs at least one step. Since the

.o

step. Let us assume that the dec151on 1s commlt By_the prqof*ﬂJ

)..Jn a

(ik)(Complete(k)= commlt ) » (Vj)(Dec1saon(J)# none'). Hence, it
requ1res two more steps for the Transactlon complet1on in the

centrallzed case and one in the decentrallzed O

Y

From_Theorem 3.6, we see‘that P can be nonblocking to site - -

failures only if the condition -

(3k)(Complete(k)='commit') »_(Vj)(Decision(j)#'none') is true.

Thus, it is not difficult to enhance any commit protocol not . . ©

satisfying this condition to make'it nonblocking to site

\.
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" failure€s. - We only need;to‘modify.the-Transaction-completion_rﬁle*:

as fciloﬁs-i”

Transact1on completlon rule: : - - ;
Cglltral site sends decision to all part1c1pat1ng sites. If
the decision is 'abort', the transaction .is abgrted at all the
part1c1pat1ng sites. I£ the decision is 'commit', the
part1c1pat1ng sites wait for another message, 'complete',
‘after receiving 'which they commit.

This protocbl.is the same as Skeen's three phase protocol

[Skeen 81] whoée decentralized cqunte}part can be'presented N

51m1larly. It is easy to check“that this is nonblocking for site

-failures and takes 4 steps, becomlng optimal under the

decentralized decision ‘model.

3,3.2.1 Fundamental relation among the failures

gr“. o . S . . %

Under the centralized decision”model, we have éef&ned-the
notion of non-trivial TPs.aé'a means of estimating the
effét}i&eﬁess of commit protocols jn'presence of partitioning.

_Heteralgd; we would like to define a reasonable notion of
noﬁ;trivial TPs. . We -wish to have aJl groups in which no site has
the glob&él decision to be able to éonsie;ently.complete the |
transaction. This can be_expfessed es follows:

¥ - v

"~ Definition ?;7:'Let P be a (delayed-)commit protocol. A TP that

cag;t{Ensform any group S not containing the central site
and satisfying

C = (VieS)(Decision(i)="noéne'rTransaction(i)) into S

satisfying the condition C, = (VieS)(Complete(i)#'none') is

called a non-trivial TP of P.
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Notice that this condition is not equivalent to the bl

nonhlocklng requlrement ' Spec1f1cally, we have left out the

a

R groups S satlsfylng the condition

(31cs)(Dec151on(1)::comm1t )A(VjeS)(Conplete(j)=lnone').

Now, we, der1Ve the cond1t10ns under whlch a commlt protocol
in this model has a non- tr1v1al TP ' Recall that in case of 51te
failures, the hardest cond1t1on\a TP could face waQ ]
w(V1<S)(Declslon(1)- none' A Transact10n(1)) where S is the only
actlve group. It can be nonblocklng only 1f it couid complete .
the transactlon for all such’ s., Irrespect1ve.of.whetheg any~o£
the falled sites have-recelved the‘global deciaion'or not, a TP
can complete in such cases if 1t is guaranteed that no falled
site has already comm1tted For‘part1t1on1ng, we requlteﬁthatbno'
site out51de the given greup is allowed to domm1t if there 'is to
‘be a non-trivial TP. This is equlvalent to the‘condltion that
a) no site outside the glven group has already committed'.and bl[
no site is allowed to co@ﬁit now. The second part of the’
condition gan be guaranteed by a.??tﬁleaving the first part to,he
handled by the commit protbcol.d'Thus, the follouino result

shoul¢ not be any surprise :

Theorem 3.8. Let P be a (delayed-)commit protocol with the

‘decentralized decision. Then, P has a non-trivial TP if and only

',fif the condition

cC = (3 i,ch)(Decision(i)='none’§Complete(j)='commitg)lC(I,P).

9

- Proof :

Necessity: Assume C is in C(I,P). As in the‘proof*of.TheoremAG,&
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we can easily produce a partitioning in which the transaction

cannot consistently be completed.

' Sufficiency . Assume CZC(I1,P). Now, we define a set of,actions

as follows::

Condition: (3ieS) (Decision(i)="none’)
AiVjcS)(Transaction(j)). |

Action: Make all sites in S abort. -
dustlflcation~ Since ¢/c(1,P), (5je1)(Complete(jf='commit')
at the time of part1t10n1ng We wilf'see below that there

can be no suth;j even after the partitioning.

Condltion' (VieS)(Dec151on(1)— commit AComplete(i)- none’' ).
Action: Wait until a reconfiguratxon

Just ificat ion: We cannot abort for trivial reasons. Noi can
we commit since it would‘confliét with the above abort

~ decision.

These two actions guarantee that there are no simultaneous
conflicting decisions, showing that it is a TF The firgt =2ctivon

proves that it is non-trivial. (]

Though the proof of this theorem is not inuvnlved, the
significance of this result is far reaching. Firstly, observe
that any protocol nonblocking to Sifé failures has a non trivial

termination as well. (This is because the conditions in Theorem=

2.6

d38 are jdentical.) Thus, it relates the site failures to
artitionyng in a very curious-and in a rather strong sense. V-

¥ can restate this thorem as the fo11owing hasic result:
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Fundamental'theorem on failures: The nonblocking'problem of \site
failures is equivalent to the non-trivial termlnat1on problem of

partitioning.

Thud{f;:;sgplution<to the nonblocking problem of site

failures is a solutlon to the: non-trivial term1nat1on problem of
part1t1on1ng and vice versa. It is a theor1t1cal proof that t@e
problem of 51te failures is properly embedded in the problem of'
partitioning 1n an expl1c1t form, showing that partltlonlng is
1ntr1ns1cally much harder than site failures. Our bas1c‘
contribution lies in demonstratlng the subproblem of the.ﬂ
parr1t1on1ng the site fallures are equ1valent to. Interestingly,
our notion of non tr1v1a1 TPs br1nqs out all the common aspects ¢

nof these two problems ‘ . .

Another useful _consequence of this result is that any commit

protocol satlsfflgg the cond1tlons of Theorem&B can be picked up
to study the non- tr1v1a1 TPs 1n the presence of partrt1on1ng
Several oonSPQUenPes of this result are explored in Chapters 6

and 7. =y oo .

R 'y

LI S Knrqsspondence with gsh mrdel

(9" =
The baslc structure of our model for commi t protocols-

e

corresponds to the basic structure of Skeen's FSA (finite state
automata) model: the c@ndltaons satisfied by 1nd1v1dual 51tes in
our model can-be matched w1th the states of FSA and v1ce versa.,n
The condition (*Transactlon(l)) corresponds to an initial state

q, *he ~andition ’Wranganraon(i)Anecision(i)='none') corresponds
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to a state v adjacgnf to q and the condition (Cdmplete(i)#'none')
corresponds to the ffﬂafsgtatesrc('cgmmit').and a('abort')
depending on the valuejbf Complete(i). Under the Decentralized
Decision‘moaelq the condition .
(Deéision(i)5'qommitFAGomplete(i)=;non%') corregpondé to a new
state p, adjaéent to wlénd c while the condition.
(Decision{i)='abo£t‘AComp‘ete(i)='none')~corresponds to a state
p;ﬁ/ln a similar‘féshioh. we can assign cond&tionq to each state

in an FSA,.

"Transaction(i)

- -

Transaction(i)-
Decision(i)="none’

. . o ¥
Necision(i)='commit o

Decision(i)="abort'
rComrlete(i)="none’

Complete('i Y- "nene !

""'p]ﬂte(i)r iy ¢ Co]nr]r\Oﬂ(:\ At o

* 8, 'Read only Tr» r~ac'‘ene

Her€ we try te ‘ake ad-antaqge of specia) preoperties of
trapsactiors to impreove the perfoarmance of the praterale. A
large fraction of the transactione that acress.the databasesg tr

5

to pe Aatabase quéribq. Theo "Yicee trancoot iong are Ry Ta BT VAR

in thejr ro*tyre.



A.readfonlyftransaction'expéctsstme informatiqaitd_bé
autput to the user anajbenée, can be ¢omp1étad only if the
originating site receives all ths requi;ed informatidn~from the
barti;ipatiag sites. As soon‘as a paftiéipatiﬂg sifa has‘sent'

»

its share of thé information, the participating site can consider

that transaction as 'commit“ted'asince4it is not affected even if

the global decision is abort. Thus, in case of read only

transactlons, s:tes can unilaterally commit the transactlonS and

the global decision is commit only if all the part1c1pat1ng sites

commit. Notice that the atomicity is maintained in this case

even if some sites:commit while others abort a transaction.  Now,

ve present a simple, nohplocking protocol té'déal with the

read-only transactions: K | o ’

.59

step 1: Central site sends out the participation reQuests,lQ .

Sites receiving the requests process them, commit or ab5f£¢"
unilaterally,,depénd}ng on the dutsome af the processing.
step 23 A participating site sends back thérrasult of the
processing if it.has %ommitted. Othetwise,'ii sends a 'no’

Vs

The central 51te, after rece1v1ng the responses, commlts if

211 of them have committed and aborts otherﬂ1se.

Correspondingly, we have a simple TP‘as follows:

1f the central site has received the information fg!m all

sites, it commits. Otherwise, it aborts.

Observe that the above TP can deal w1th the partltlonlng

alsn : participating sites unilaterally abort or commit while the



central site commits only if it has received the information from
all the,partigipaging sites.

s

This. is no céntradiction to our previous results - the '*f

(RN
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protocols we have given here are not 'commit'lin the sense of our

definition of commit protocols. But, 1mportantly, these K

protocols also guarantee the consistency of the databases.

Till now, we have,considefed only the ceﬁt:al control
transaction moéel.:%éxtenSion of the above arguments to the
hierarchical and nested;modeis.is not straight forﬁard. In the
hierarchical model, a (sub)transactibn‘is aware_of only_its'A'”
'1mmedxate predecessor and 1mmed1ate successors. ﬁe;know‘thapﬁén_
update ‘cannot be permanently 1ncorporated 1nto the database'
unless the whole hierarchy commits the transact;on. Hence, a
sub transactlon cannot be, unllaterally committed if orie of its
descendants is not‘read—only. But, there is no way of verlfylng
this fact at the time of transaction-initiation. Thus, the
problem is in determiﬁing whether a given sub-hierarchy is
read-only or not. If there is such a mechanism available to the
root of the sub-hierarchy, then tke root can behave exgctly‘as

the central site in the above protocol. )

A simple scheme is as follows: Leaves in the hierarchy
determine whether their subtransaction is read-only or net and
notify to their parents. A ﬁarenf who receives 'read-only’
_notifications from all its immediate succsesors thus knows that

its sub-hierarchy is read-only.



The complete protocol to be followed by a parent and its

descendents can now be given :.

sfeoll The parent sends. part1c1pat1on requests. The
chlldren determine whether- the1r subtransactions are.

read only or not. |
step 2: A child.sends back 1ts share of the 1nformatlon and
a 'read-only' message if 1ts sub hlerarchy is read- only.
Otherwise, it seftds its decision on the transaction. The
parent immedieteﬁy commits if it has received 'read-only’.

.messages from all its children.

Thus, in read-only sub-hierarchies, wé have allowed’

D [ a . St
unilateral aborts and unilateral commit, - This feature ob%iously

LIPS
w3
] .

reduces the nuhber of messageSfiﬂ the”protocol ‘ Specificarly;fat
least one set of messages,‘carry1ng the global de ision down the’
hlerarchy, are completely eliminated in the resgiinly
sub-hierarchies. | |

Y
oy

'Slte failures can aleo‘be,eesily handled : if a site fails
before it hae notified'ﬁhether it has.a read-only sub—hierarchyf
or ‘not, then the whole transaction is aborted. 1If a site fails
after notifying that it.has read-only sub-hierarchy, then its

failure is ignored. ‘ .

The same solutions work for the nested transaction model
also since the essential difference between hierafchical-apd
nested transactions is the synchronization,among.the

subtransactions.



 3;6. ‘Summary -
The reéults;dbtéinéd in this chaptér can be summarized as
.follow§#:

T T e e e e e e e e e e e e o e o e o e e o e e e e e o e o e e e - —

Commit protocol Nonblocking to| Has non-trivial| No. of steps
site failures termination pr. ' ‘

Instant~commit | No : No ’ 1

. . ¢
Delayed-commit, _ . . . S I
Centralized dec ~ Yes | . No fk;' 2
Decentralized :
decision, <4 'stp - No No . 3

Satisfying cond) .
of Th.3,6 : Yes ‘Yes 4

__———-‘—_—-—_-—-——_—————_—-_—————_.——-——_——.——_——-———_———-——_———_—__




Chapter 4 : Site failures and<Rec09eryt

.) o . ’ Contents
4.1. Introduction
4. 2 Bounded failure NetWoﬁks;,
4. 2 1 Nonblocking protocols ';' '

4,3. Fallune recovery

4.1. Introductieon - ’ . 'F'“ﬁﬂh‘

In the prev1ous.chapter we have: 1ntroduced a new
1nformat1on based model for commit protocols and derlved several_
ex1stence results on the nonblocklng aspects.- We have 1mp11c1tly
~assumed that a fallure ¢an affect any of the sites and any number

of the sites can be affected:at the same t1me¢ In th1s chapter,

we study the site fallure problem, restr1ct1ng the assumptlon of
arbitrary number of 51multaneous fallures. We do not consrder
restricting the simultaneous failure‘of Specific siteS'(of the
type, 'site i cannot fail if site j has already failed') 'since 1t
is very similar to the restr1ct10n on - the number and the results
similar to what we obtain here are:trlvrallybder1vable in that

case also.

We strongly feel that ‘the assumptlon of arbitrary number of

51te failures is not reallstlc, partlcularly with- tne grow1ng
: ' ©a
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sizesfof'networks and the,growlng reliability‘of individual ff7
nodes. For 1nstanee, if theretare 10 sites part1c1pat1ng in: a

transactzon, we do not expect 9 of them to fa1l”31multaneously

'N_Here,,we propose a ‘bounded- fa1lure netﬁork mOdel whidh. ve

v-belleve, 1s closer to reallty e w111 see that th1s model not
only reduces the number of me55ages in opt1mal nonblock1ng commlt
protocols, but also 1nduces definlte advantages in deal1ng with

the transact1on-comp1etron ‘and site recovery.
wran _ _ _ *
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WQ,then!study_the recovery:aspects-of sites.. We present?the

possible recovery strategies sites can use and characterize the
commit protocoﬁs into classes that allow these strategles. We.
shall present several problems that arise in ‘the context of these

recovery strategles.”ﬂ”
4.2, Nonblocking Protocols'ior Bounded-failure Networfs

~Definition 4.1[ amport'78] Two sites are said to have failed
simultaneously”if each of them falls before knowing about the
fa1lure of the other.

4
&

The extention of this.deflnition to k siffes is
straight-forward and the k bounded-failure model of networ'ks has

'the following propertles.

1) At most -k sites fail simultaneously, for k<<n, and,

2) 1f there are m > k failed-siteS'at some time t, then there

exists psk such that there was a duration for performing ané'

step between the failure of p th and p+1 th sites.
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T e,

i e e e i

We would l1ke to clarlfonur bounded faxlure concept
vis-a-vis k- re5111ency 1ntroduced by Alsberg et al [AD 76]
K- resil1ency is the proper\y of a commxt proﬁoéol whlle |
bounded fallure is a property of the network ﬂf'a'commrttw&

)

protocol is. k re5111ent 1t ensures that a\nonblock1ng TP ex1sts

et P e b 5 romp

as longdas not more than k 51tes fa11 durlng a critical stage of;'

the transaction- executlon.' In contrast if a network 1s of
k= bounded—fallure, no-more than k 51tes can fa1l s1mu1taneously,
however, any number of them can fall at any stage of the

transactlon executlon.

‘-4.2.1 NOanOCRing prOtocols_" .

)

Under the agynded fa1lure model, one can always take - ﬁ@

advantage of the fact that at most k 51tes can s1mu1taneously

fail to ensure that, for any. C.eC(P) C. conta;ns suff1c1ent

information for P to be nonblocklng 4~p scheme we can use for

. thls\purpose is similar to the SDD- 1 scheme[HS 80] Desagnate~k'

51tes as first-level backups to the coordlnator. (For an elegant

1mplementat1on of backups, see [ABG 81] ) The coordlnator sends

the necessary 1nformat1on to 1ts k hackups before commun1cat1ng

with any of the part1c1pat1ng sites’ and after any new 1nformat10n

point of.tlme, the coordlnator (1f operatlonal) or one of the
3
backups sends the necessary 1nformation as known to it to a set

of m second level backups and the list of these new backups' to

. the coordinator (if it is not down) Slnce k<<n, this can also

be carried out in parallel w1th the coordlnator s actlons and the .

- A

is obtalned If there are m fallures among the k+1 51tes at some



u‘transact1on executlon t1me would not be 1ncreased by any
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L apprec1ab1e amount [Hs 80]

Throughout thzs sect1on, we assume P to be a’ centra11zed
"commlt protocol : Observe that the bounded fazlure model 1s not

391;app11cable 1n the context of the decentrallzed protocols.:

It 1s easy to see that if the centrai site can send all the
subtransact1ons at the beglnnlng of the tranSactlon execut1on to
‘each of its backups, the bounded -failure model can glve us 51mple

ﬁcomm1t protocols nonblock1ng to site- fallures.'

Theorem 4 1. There 1s a two step comm1t ‘protocol nonblocklnaiﬁo
site failures under the k-bounded-failure network model, such
that the size of_gne of the stebs is b(h); ‘ |
Proof: With backups, we can ensure that all the subtransaCtions
are. contained~aMOng the active sites at any point of time, ie.,
(VC.cC(P))(C - (v actlve 1)(Subtrans(1))) Thus, in effect, the

— >
condltzon o '

Voo o :

(373, active i) (Complete(j)="commit'a-Transaction(i)) is not
realizable. This implies that the instant-commit protocol of
Section 3.3, with this modification, satisfies the property of a

delayed-commit protocol under centralized decision. By Theorem

3.4, it is nonblocking to site failures. 0

We should note that this‘protocol is very effic&ent,
particularly in the context of replicated databases.’ We consider
it to be much cheaper to send all the‘ﬁubtranséctions to the

backups (which are usually very few in number and need not be



vcommit protocol

We have the following 1nterest1ng result concerning the

delayed commit protocols-

!
v

: ,Theorem 4;2('[HS'80] Under:éhé;k*bounded-failurehnetuork model ;.

Aany:delayed—commit protocol with decehtraliZedKdeciSionfcanabeﬁ
modified so that it is nonblocking to site failures- WIth the B

1ntroduction of one extra step of size O(k)

Proof: 'Decision’' is the 1nformation that the coordinator would

send to its backups. Initially, the backups aSSume abort' as

‘the decision by default and when the coo:dina;or finds that the‘

transaction can be committed, they are informdd of the change.'

"giBy P4 of Chapterlﬁ, if there is an active 51te with the deca51on,-

it can be passed on to the other active 51tes. Thus, the‘

"conditions of Theorem 3.6 are easily satisfied, leading to a

nonblocking TP. The number of extra . ssages introduced is k;or
2k (depeqding on the dec1310n) 1f an;?:QEdgf/the k+1 sites
survive throughout the trah action- execution D ‘

‘Thé above results show that 1nexpen51ve commit protocols
nonblocking for 51te fa1l es can be designed under thev

bounded-failure model. _— _ '

The application of this model leads toiinexpensive
Termination Protocols as well. First, let us consider the
two- phase protocol under the decentralized decision. We

.designate k backups to the central .site in a predefined order.

67



68
The central s1te sends the transact1on components and the llSt of
backup sites to the part1c1pat1ng s1tes. When it dec1des to

commlt the transactzon, the decxslon is first sent to all the
fbackups and then to the part1c1pat1ng 51tes. If the failure of

1 esome s1tes is detected the central s1te (assumihg td be

| operatlonal) de51gnates an egual number of new backups, passes on
the-decision if it is made. If'theJcehtral site also fails, the
first backup to be operat1onal performs thls task Thus, 1if

vthere are fallures at any p01nt of tlme, (k+1) 51tes are first

ensured.to.have the decision if it is made. 1If npﬂdec1slon is

made, it is taken as abort.

‘The'a;bitear} failure model has a worst case bound of O(n?)
on the number of phaseé forgavﬁecentfalized TP eﬂd O(n) for the
,¢eﬁtralized [Skeen 81a].; (Reca;l that a phasé is almost equal-te
two steps.) Here, we see 'tﬁat atmost O(n) messages are

sufficient in a nonblocking TP for ahy'number of site failures,

Another benefit of our model is as follows!igge always
prefers that autransaction can never be-aborted if one of the
sites (evéﬁ a feiledieite) knows~of the global decision to be
commit. In éhe TPs-in Section 3.3.2, we?heve aborted the
transaction if none of the operatienai.partacipating,sites know
the global decision to be commit though some fa11ed\s1tes do.
‘Under'the beuhded model the backups are guaraqtee& to know the
global dec151on to be commit in such a case and hence can direct

to commit the transaction. Thus, more transactions can possibly

be committed under this model than in the arbitrary failure
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model.

It has been shown by Alsberg ét al [AD 76] that the‘

probablllty that more than two 51tes sxmultaneousl fail is

'negl1glble in most practlcal env1ronments. Thus, by chcbﬁ’ g
proper P one can reduce thlsﬁptobabﬂlty to- arb1trary sm{g.l

'IEVeis.. In fact the central szte, dependlng on the num 'ﬁcf

part1c1pat1ng 51tes and any stat15t1cal 1nformat10n avallm
the failure of these 51tes, can compute the value of k for each o

transaction at- the t1me of 1ts 1n1t1at10n, ensurlng the . o
probability that more than k sites fail 51mnltaneously is
negligibly small. Notice that our scheme fa1ls only if a) all
the back-ups and the central 51te fail s1mu1taneously, b) the
decision model is decentrallzed, and, c) none of the actlve
participating sites know‘thevglchai.dec151on. One would expect
. sUch a situaticn to be,non—existent'tor all Btactical\purposes.
-Hencc, when such an occassion arises, we can let#the sites wait
' 7
until the recovery of enough sites to proceed:

4.3. Failure Recovery &

In our formalism, failure recovery is equivalent to the

me;ging of d;fferent groups. If tno groups being. merged are both
active, twc‘possiblities arise - a) one of the groups has ‘
completed the transaction, or, b) both groups are waiting. In
‘the first case, the group that has not completed (if jpy)

- communicates w1th sites in the other group and completes the
transaction (by P4 of Chapter 3). __The latter case i!only an

instance of partitioning and thus, reqguires the execution of a TP
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for this new group Hence, we do not discuss thqareéovery_
\ o . . - -

aspects of part1t10n1ng here. 'On the other hand, recovery in' the

context of s1te_fa11uresa1s 1ntete§bing in itself.

Assumlng that sites do not lose 1nformat1on that they

possessed before fallure, when a falled Site recovers, it

'"conta1ns information regardlng the status of transactlons it was

partisipating in, at the time of its failure. Depending on the

commit protocol and the TP used, the recovering site can deduce

~ some information regard;ng the other sites' behaviour. According

to the information a s1te has to acquire from an external source

‘in order to‘complete the transaction, we can classify the commit

protocols as follows:.

Let P(i) denote the conditions satisfied by any failed site i at
: »
the time of its failure.
Deflnltion : A commit protocol is absolutely Pecoverable iff,
any- i and P(i), one of the follow1ng is true:
1) P(i) - (3 k) (Complete(k)='commit'),
. ii) P(i) ~ (3 k)(Complete(k)-"abort').
Itlls nelatlvely recoverable iff it is not absolutely

recoverable, and, if (3 k)(Complete(k)-'commit')’>then
P(i) » Transaction(i). :

It is restrictively recoverable iff it is not relatively
recoverable.

L Informally, a commit protocol is absolutely recoverable if a
failed site can reco;Ei without communicating with any other

site., . It 1s ‘relatively recoverable 1f a falleﬂ site can recover

E after eé/munleaz:ng with any other part1c1nat1ng site to fird rhe

decision takeh by the active sites. It is restrictively

recoverable if the failed site can rercover nnly after
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_cdnmuniéeting with a specific set of siées..'"' . S
The jndependent'necoveny [Ss 81], where a site can recover

without communicating with any other site, is simply the best

» A

possible strategy for recovery. Following is a characterization

. -

relating the commit, termination and,independent recoyery'aSpebts
of a protocol:

Theorem g,a’ A site i can recover 1ndependently under a commlt

/

protdéol P and a TP f of ‘P if and. only if f cannot successfully

/termlnate whenever P(l) (Complete(1)= none').

; ‘ , ,

Proof : Sufficienty is frivial since i can abort whenever
Complete(i)="none'. If f successfully terminates in absence of
ijfand (Dec151on(1)- commlt ), then 1~ha5'no way of 1nfer1ng'the
mode of termination (Note that i does not knOw wh1ch 51tes were

operational when. the transact1on was termlnated ) B .

. o
This result provides a natural trade-off between termination

and recovery. A simple but profbundlconsequence of this theotemf
is that no commit protocol-nonblocking to site failuree allows
any site to recover:independently. In other words,‘a<nonﬁlocking
commit protocol can either be employed in-.conjunction wifh a -
nonblocking TP and e11m1nate the p0551b111ty'of Independent
recovery for any site or a block1ng TP is used allow1ng p0551b1e”
independent recovery. But, observe that the central 51te only
(if it exists) can prssibly recover independently. Hence, the

following negative result is of no surprise :

Theorem 4.4. [SS R1] There is no absolutely recoverable commit



protocol, =

Proof: Recall t atian absolutely recoverable protoc#l allows all
siteswto'ﬁécoyeg indepéndeqtly.' Hence, a commit protocol is
absolutely recoverable if and only if it is nonblocking to

partitioning. [J ?

Relat ive recovery }s a rea{ighic strategy since'we can
‘expect to have at least one of thé:other pa:ticipat}ng’sites to
be operational when a site recovers from failure. A simple .
.observation on this strategy'is that a.recqvering site caﬂ/e#pect
to get only the global deéisibn fFOm other sites. IntuitiQer,
this‘means thaﬁ this st;étegz is nolveffective unger the |
centralized decision mddel. The result to follow formalizes

‘these observations.

i
- ~,

e

Theorem 4.5. Let P be a delayed-cemmit protocol under the
arbitrary failure model. 1If decidion méking is decentralized,
then P is relatively recoverable and otherwisé, it is v

restrictively recoverable.

Proof ¥ P can be rectrictively recoverable only if

(3 k)(Complete(k)='coqmi£’)«(3 failed.i)(~Transaction(i)) is true
(after the execution of the termination prﬁ'“coi). Howeve:[ if
the derisibn making is decentralized, ' -

[€! k)(rnmplefe(k¥='commir') + (v j)(Transacti~n(j)' (by P7 ~f

Chapter 3), cdntradidting the above ~ondition. [

Intrinsically. the relative recrovery requires that all

operational sites should 'remember’' the decision on any

72
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transaotion they ﬁavahpartitipatad until they are sure that alll
"other part1c1pat1ng s1tes have recemved the dec151on. Since this
.perlod can be 1ndef1n1£e, the s1tes need to retain the hlstorles
of past transactlons'long after they a;e completed, It is an
opan gqustion to:see if an.inexpensive'stsategy can be worked out

7

to deal with this problem.

From the above'théoremu it follows that the réstictive
racokery &s to be used only uhaa: the centraiizédtdeciS§on modelt
In this case, if there are a nhﬁberfof designated sitas,‘ahy
tecovering site has to commuqfcate with allef théh‘and has to
wait if any of them is not operational. This problem 9énnot'be
elimifated even if we insist that a new transact1on requ1r1ng a

falled s1te cannot be 1n1t1ated and/or that the network returns

messages to the originator if the destlnatlog351te is down.

The bounded-failure model can solve this problen in a

s

straight-forward fashion H

Theorem 4.6. Let P be a delayed-éommit protocol under the
bounded-fajlure model. Then P is relatively recoverable.

Proof: 1t is trivial when the decision is decentraliz&d (Theorem

4.5). Assume the decision is centralized. In a bounded—failoré

i

network, ' _ | y\\

(3 active k)(DeC1c1on(k)¢ none ') holds throughout the transact1on
exeoutlon. Hence, ve can always use a TP such that, if
(3 failed i)(ﬂTransactlon(i)),_then

(v active k)(Complete(k)="abort'). Thus, P’.cannot be



y - _ L o
réstrictivély recoverable. [0

These.rgSUlts,show that, any commit protocol ﬁngér the
'céntréiiied decision model can bé-made effective in its recerry |
éspécts by.sligﬁtly increasing its\zgst. But,‘pfotocols }n the |
deggntraliﬁed decision model do not gain anything in theig
recovg;& strategiés.‘ Thus, dhether the comdit prbtocol uéed is
- the Three-phase commit orithe Two-phase commjt with back-ups, the
recovery strategieslare identical : any failed site can/récover
by communiég. hgzﬁith'any one of'the:operational partﬁcipating

sites.



Chapter 5 : Network Partﬁtioningvb Preliminaries

Contents

5.1, ‘Intnoduction

5.2. Problem Spec if ication :
5.3. Two appﬁoaches to the pnoblem ‘
5.4. The stnuctune of FSA v_'

- 5.5, Termlnatlon pnotocols

5.5.1 Commrt protocols with several TPs

5.1. introduction

In a distributed system, nodés commun1cate v1a thel
commun1catlon network Typ1cally, each node can commun1cate wlth
all other nodes since there are paths in the network from a node
to all other nodes.' A message orlg1nated at a node i and
destlned to .a node ] normally goes through a number of other:
nodes on a path between i and 3 before 1t reaches j. If
.suff1c1ently many nodes or/and lxnks fall a subset of the no&es E
may not be able to communlcate w1th the other nodes. ‘This _
51tuatzon is knoyn as network paPtltIonlng. “We have shown 1n~
Chapter 3 that there is no comm1t protocol nonblocklng to
arb1trary partltlonlng Thus, glven a commlt protocol there'
exists a part1t10n1ng in’ wh1ch at least one group has to waat an

n 1ncomp1ete transact1on unt11 ‘some repalrs are made. - Later, we:u

w1ll prove even stronger result - for any comm1t protocol there

. ) - .75



is. 2 part1t1on1ng in whlch alI except poss1bly one, groups wa1t.

Thls ‘shows that the worst case behav1our of all commlt protocols

is equally unde51rable.‘ In Chapters 6 and 7 ve concentrate on

76

the expected case behav10urs and ‘show that we can do con51derably_

better.
'5.2r‘ Prbblem‘SpecificatiOn v } G \

"In the'context of'network“partitioning, we-ask'the following

guestions:

‘a) Can we make some groups complete the‘transaCtion in all cases?

-

(We ansver thls in the’ negat1ve)

b) What is the best we can ‘do 1n the average case7

We‘hnon thatl§.h | ‘nﬁf}“protocols~hnd-delayed—comnit
protocolsfin<the.Céhtrali;ed decision~modelAare‘incapable ot
deallng w1th the part1t1on1ng : we’consider.onlynthe<. |
delayed commlt protocols 1n the decentral1zed dec1s1on model 'We

refer to them simply as 'commit protocols in this and the next

" chapters. | _ : o }_dl

5.3. Two approaches to the problem

Assuming that two groups cannot make-inconsistent‘declsions,

;there are two poss1b1e approaches to solve our problems - a)

assumlng that there is a mechanism for detectlng the | : \7

partitioning, design techniques of'handl1ng 1ncomplete
transactions, and b) de51gn techn1ques to work 1rrespect1ve of

whether a part1t10n1ng is detected or not.. The flrst approach

env1sages the following ordered sequence of events - a) a commlt e



.'protocol 1s belng followed by the 51tes part1c1pat1ng~un a

”transact1on, b) SOme components fa11 and all unaffected 51tes are“;;?

,not1f1ed c) all not1f1ed 51tes sw1tch on. to a term1nat10n |
iprotocol and d) affected s1tes sw1tch on to a recovery protocol,
'afber recovery from fallune.' Under the second approach no S
fa11ures are- detected and no term1nat1on protocol 1s requ1redu
: Q'The regular commxt protocol is followed by all 51tes unaffected

"by theafallure and.the recoverrng»s1tes use.aqrecovery protocol.
N . SO e - .
As an example of the second approach let usfconSidervthe }:.}
;quorum -based" protocols proposed by Skeen [Skeen eza] :Quorum is_h
a generallzatlon of the major1ty consensus- two values a and c 4
are determlned e1ther by the system or the system adm1n15trator 9
such that thexr sum exceeds the total number of s1tes where the

'transact1on 1s executed To.start wath. 1f a 51te dec1des to

. abort,.the transact1on 1s,ahorted" 1f all s1tes dec1de to |

, commit,fthenvthey mobefintO'av prepare to commzt' state.. Each
participating\slteinow votes for commlt"or_ abort' accordlng to
the.rule.that it votesffor commlt' only if it is in. the preparejﬁ

to commit’ State. These votes are-collected (elther 1n»a

®

centrallzed,/hlerarchlcal or a decentrallzed fashlon) and a
§ Y

commlt' dec1s1on 1s made"1f the votes for commit' are no. fewer-

\

-

than «C. 'An abort' dec151on is made 1f there is no comm1t quorum,

-and the abort' votes are no fewer than a. If ne1ther dec151on

can be made, the S1tes have: to wa1t. The'key to the correctness.

A o
of- thlS scheme 1s the requ1rement that a+c > n where ‘n 15 the

Lnumber of part1c1pat1ng sxtes. Thzs makes sure that both

commat' .and abort' dec151ons can never ‘be taken sxmultaneously

A L Lo, : )

— { . \

1



"by dafferent groups, though 1t 1s p0551ble that more ‘than one-~H

e

ff]f'9f°u9 can complete the transact1on (maklng the same dec151on)

-

* ! 1' oY B

In th1s scheme, a deczsxon can be made as long as the votes e
| for one of comm1t' and abort‘ exceed c or. a respecthely " This -
can happen in splte of a number of 51te fallures or even

part1t1on1ng, the major advantage of such a scheme. Probably the~"

-

;-

'most 1mportant disadvantage of these protocols is that they

f
'cannot ta_ aﬂy advantage of fallures less serxous than

partltlonlng As we. have seen in Chapter 3 51te fa11 res are

comp X and more frequent than partltlonlng(and there are

\

1t ‘prototols nonblock1ng to site failures. \<;’ b
R S

sy .
In the rest of our. WOrk we. shall take the f1rst approach ’

and assume, that there are some- means of detectlng the classes of
fa1lures we ‘are 1nterested in. The model we use for commlt
protocols is the FSA model descrlbed ear11er. We denote the : '

'j1n1t1al states of . an FSA by QO; the set of states that lead only
=2
to states 1n Ab by Pa, the set of states that’lead only to states

in Com by Pc, and the set of those that lead to both by N

5.4. The stx:.‘i'.\cture”'c.'if'l“.'.;‘.‘A,'i - o . égu )

The FSA representlng commit protocols have tradltlonally
'been very restrlcted in thelr structure. In fact vall the

X 0

nprotocois that have appeared in- the 11terature can be tr1v1ally

o

'dmod1f1ed) if qecessary, to. make their FSA tree structured .Forﬁl“‘

-example, let us con51der a decengral1zed protocol represented by

the follow1ng FSA°



'The follow1ng tree structured FSA 15 equ1va1ent to 1t 1n thewf‘f

"convent1ona1 sense . that they both accept the same language'

A ]

"#Without loss of generality, we focus-our,attention'on.treeﬁFSAi

only, the. FSA correspond1ng to these protocols are fairly unlform f*f

' Slnce we deal. thh central1zed and deceptralized protocols

- they are "all identical for all 51tes An a decentrallzed

.'protocol and for all part1c1pat1ng 51tes~1n a- centrallzeq,

protocol. -We con51der the states in 1dent1cal PSA to be the sameb.'

/

'and say that the FSA in a protocol are synchronized withln a

o sfate 1f a state can be concurrent only q@th the states adjacent

to it in,the state dlagrams. Thus, 1f a 51te has reached a finalff}ﬁ
state, any other slte is elther 1n a flnal state or 1n a state

adjacent to a flnal state.



thheorem 5 1. ‘Let P be a comm1t protocol represented by tree FSA

Tf;and synchronxzed Wlthln a state. _Then,eall its FSA,are

'1somorph1c._;v'u‘ o

Proof' Let F.,F. be two FSA of P. For any path from the 1n1t1a1‘

/
state to a fznal state of Fy, there corresponds a path 1n F from

its 1n1t1al state toa f1na1 state, of the sam\\length 51nce'

they are synchronous w1th1n a state and both are trees. (For the

o central1zed protocols, such path lengths may d1ffer by one.,

\fiﬂowever, they can ,be made equal by 1ntroduc1ng a. dummy state, 1f
‘necessaryr) Furthermore, as there is a unlque ‘input assbc1ated
.withfeach tran51t1on in any FSA, for any two d1f§erent such paths
“in F,, there:correspond two different paths in F.. Hence E, ands
F, are lSomorphlc.'D‘v | |

o _

: /

W1thout loss of generallty, we assume that all FSA have the

~2

:°fsame states. - ' : ‘ —_
. 5.5.. Termination~Protocols

Given a protocol synchronized within a state, any two'sites

operatlng under that protocol, and that one of them is in a

o

-specxflc state, then the other site can onli be in one of a few

states in_ the FSA concurrently,,._
_ S : ot
R &

-

Def inition 5.1. Let_P be a protocol.’ The concurrency set of
state s at site i, denoted by R(i,s), is the set of ordered.pairs
-(j t) where site . §° can potentlally be in state t when srte i is

in state Se . ‘_v -

’
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P

.i

ulable 1n a component.; Intu1t1vely, we.can. seel

: the status of the transaction at each of the 51tes (tepresented

N

capturxng all the , ?«r;if;”

.'v" ~‘ ‘ . ".

by the states) | S1nce there 1s no - p0551ble commun1catxon w1th __h

.any 51te out51de the component no other 1nformatlon IS

avallable.

s

_ : 5 -
Let I be the set of sites in the network and Q be the set of

. states in the FSA. Let J denote the powerset of IxQ, Let D be

the largest subset of J such that a cOmponent CeD 1ff '_:,'fﬂr_-

i) (i,s)eC & (i, t)eC ‘implies s=t, and ”, . ;7: -‘]7 ;‘_ ;‘-)

i) (i,8),(3,t)eC implies (], t)er(, $) (i, S)ER(J,t) _ (That is,

¢

s t should be adjacent in the FSA) @E

Any set Ctsat1sfy1ng these cond1t1ons represents‘a
phy\}cally reallzable component in a part1t1on. _Furthermore, ail
the 1nformat10n ava1lable in-the physlcal Jomponent gas been"
extr%cted into the formallsm. Thus, we call’ D the set of all
Peallzable components in the system. For any C i# D, .
Slte(C)—{lI(l s)eC}, ang, state(C) {sl(l s)eC} Extendxng the_ B
above de£1n1t1on of concurrency, two components C C' can be o
concurrent only 1f s1te(C)ns1te(C )=¢ and the states have -

concurrency relatlons among themselves. " We' formallze thls v'

concept of . concurrency by requ1r1ng that s1te(C)nszte(C )*d and
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- A Teﬁmlnation pnotocél (TP) can be Giewed‘as a mechahism
"whose 1nputs are components and outpu€549re the dec151ons to be

: followed by those components._ It has to ensurevthat no two

'751 components th;k could potentlally occur concurrently in ac“~
L paﬁgltlon are ngen confllcting dec1s1ons.. Formally, ve see a TP_'

| .as a function whose domaln is the set of all phy51ally real1zab1e |

. [
components and co—dpma1n~1s the set_of,p0551ble decisions.

N
'.L

v In addltlon to the two modes of transact1on completlon,
. commit and abort, we have one more p0551b111ty here, - ‘wa1t1ng'.

_ Let X y,w respectxvely'represent these three p0551ble actlonsi‘
: 1
".comm1t abort and- wa1t. Thus, a TP is a funct1on from D to

» {x,y;ﬁ}.- But not all such functlons can be ‘termination
o o | y
protocols._ IR ~ v 8 P

The‘przmary requlrement for a term1nat1on protocol is that
it con51stent1y termlnates a transactlon when fa1lures oc&ur.
Observe that a compohent can be mapbed to x or. y{as long 'as one
'of its. sztes s 1n a state from (ComuAbuPauQ ) “In fact) the

only4states,that requare attention are those_ln Pc‘adjaoent to.
-states;in ﬁ and those in N'adjaoent to stateS‘in ComuPc.
Deffnifjon:SQZ, Let P.be a commit protocol Let .Q = Q.u{ueN|u is
not adjacent to a state in ComuPc} and

Q' = {BePc|B is not adjacent to'a state in N}, Let f: D»{x Y., w}

be any :function. We say f has pPeseration property 1ff
for any CeD, ,

/-
i)state(C)n{ComuQ’ )¢¢ 5 f(C)=x, I . R
u)state(c)n(Abupau‘b)aegs > £(C)=y. ' oY
. : i Y .
f has cons:stency pmper‘ty iff for any two concurrent

'omﬁonents Cc,C'eD (ie., te(C)n51te(C )=¢ & CuC' ED)
{f(C) f(C )Y # {x v} §\

f is a ter'mlnation pr-otocol (TB) of P 1ff £ has both  ~#
'preservatlon and commlt propertxes. \ o

°© 1

y o
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5. 5 1 Commxt protocois thh sevesal TPs' Here, we. focus our

attentlon on non tr1v1a1 term1natlon protocols characterlzed by

- the followxnﬁ“def1n1t1on._'

v general1ty, that f(C)=x, S1nce |C|Sn 1 thereteiﬁsts afslte i

Definftfon.S 3. Let P be a commlt protocol f be a TP of P and n’

" "be the number of 51tes. We Say £ 1s non tPIviaI 1ff f(C)#w for

all CcD'SUCh-that '

"lC]sn—1, central site/site(C)¢, and,_state(clg{sISeN;and‘ism, :

adjacent to a state in PcuCom}.
w -

te gTESQIOWIng theoren is the counterpart of the Theorem 3 8,

- whidh e tabllshes the- relat1on between the nonblocklng problem of

site fallures and tho non- tr1v1a1 term1nat1on problem of

part1t1on1ng. Here, we present it in terms of the - s/ates of FSK

Theorem 5.2. eLet-P'be‘a commit protocol Then P hﬂs*a .

non- tr1v1al TP if and only 1f no state in N 1s adjacent to a

state in Com. : - , - - -
Proof :
NeCessity: Assume that'a; ' te'in-Nfis adjacent to a state‘in:COm

Astate(c) ={s, t} where s is adjacent to a state in Com and t is

adjacent to a state 1n AbuPa. Assume, wlthout.loss'of - >

L)

,such that *1 s)eC and a s1te

’ kls1te(C) such that (i, s) is concurrent wlth (k a) for some

.

acAbuPa.«'But, sxnce £ 1s a TP f({(k a)})-y, showxng that

'_'-u———-—- e o

h;‘Th&s deflnltlon is equally applxcable for centralxzed and
fﬁd}ceﬂ&tallzed protocols. '




f(C)#x.: S1m11arly, we can prove that f(C)#y.
f Suff1c1ency Assume that no state in N is adjacent to a state in.
‘Com. Then, ve defene f: D -» {x Yo w} as follows.

- _For CeD, f(C)-x if state(C)nCom¢¢ |

. f(C)=y if state(C)n(AbuPauNuQ )¢¢, and,

o f(C)=w otherwlse._

Cleerly, f has the preservation-property‘ ‘ y B .
Assume that 3C,C'<D such that (£(C),f(C’ ))-(x y). Since no.
member of Com 1s adjacent to any member of (AbuPauNuQ ), CuC'/D.

.:Hence,.f is a TP of P. £ is non- tr1y1e1,s;nqe, f(C)=y ‘whenever

statekC)nN¢¢. O ' B , | $

-

~ Thus, lf Pc ¢, then a comm1t protocol has no non- trivial TP,
~'Below, we see that the condltlon Pc=g has even stronger

" implications. Intu1t1ve1y, if £(C)=w for any f-dand CeD such that
»»central 51tetszte(C) and state(C) {Schs is adjacent to a state
in Com;,_then,lf(c )#w for any.C’ with similar cond;tlons.

Hehée, either f(C)#w for all such‘C or none of them. 1If f(C)=w
for ell such -C, then f satlsfles exactly the requ1rements in the

definition of a TP thus show1ng that there is only one TP. . The

followlng result shows that this argument holds both ways :
_ o

- h

Theorem §.3. Let P be a cémmit protefol. Then, P hasjonly &he

TP if and Snly if Pc=¢g. oo ) | | : *

Proof : | ' | L

Necéssity: Assume that Pc#g. Then, we can define f':D » {x,y,w} -
* : ) - /

as- follows: v , .
/'Fgr CeD,:f'(C)sxeiﬁ’giate(C)n(Comupd)ﬁﬁ, o /

B4



f state(C)n(AbuPauQ )¢¢' and L /

=W otherw1se. N et
As in‘the,proof'of Theorem 5.2, f'#f can be shown to be a TP
Sufficiency: AssUme that Pc=g. Then, weé can easxly show that any

TP £" coincides with f. []

<

Let us note the difference between Theorems 5 2 and 5 3 .f‘*"'
no state in N is adjacent to a state in Com, then Pc¢¢r But the

converse is false. For 1nstance, let us- cons1der the

~decentralized commit protocol defined by the ;ollowing”FSA,:
| . . . |

1

Here, Pc={p} “But, the state w, is adjacent to c.eCom ~as - well

For th1s commit protocol, it 1s¢§tra1ght forward to deflne a

second TP. ., ' o : ,', - e

It follows.that the class of protocols sat1sfy1ng the _
cond1t10ns of Theorem 5. 2 is a proper subset of the class of . .
+commit protocols that have more than"ne 'PP In the rest of our
dlscuss1on about TPs, wé shall consxder only those commit
protoc013'th¢t allow morefthan one TPs. The sxmplest such
protocol is the one with |Q |=1 |N|=1 1ch=1 Pa-ﬁ, |Com|-1 and
|Ab|=1 none other than the- three-phase commlt protocol ve have e

described in Sect1on 3.3.2. N={w}/ Pcs{p}& Pa=g, Com={c} and

Ab={a]} for this protocol. The FSA are’ synchronous w1th1n a

L
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state. If any site in a compbnent is inathexinitial'state, that
¢dmponent_can abort-the\transactién. Samilafly, if any siaé is .
in a final state, the component can move 1nto that final st4te.

The two states that need spec1al con51Qprat1on are W and p since

«

they are ad]acent and pcPc whlle weN,

In the context of partitioning, we ahall only consider £he
three-phase commit protocol and its TPs. This can be justified
as ‘follows: a) It is the simplest commit'protocal with que\than
one TP; In that sense, it is the canonical prototol in.this -
class. We will later see that it has a rich variety of TPs.‘B)
By ‘the definition of TP, the only states that need special

consideration are those in,N that are adjacent to states from

“omvPe and the states in Pec that,are adjacent to states in N.

The follovwing observationns regarding TPs are immediate :
ile ~tate(C)cN + f(C)wy,

b ctatalC)er » F()) vy, for any I'v f

Trform 1y, wra»o(r)SN impliee that nene of the sites in
citel(l) nrve sware ~f ‘he glokal Ae-~ieian on the transaction.

Thve, there ig glway- a rcssihility that a site in another group .
bt already abkarera Hen e. n” TP can map C to x. On the other

her A, avartelct)ep. irrlies that all the citee know the derisian +n

Veoceme oy Te th'e ‘age, » eita in avother group cou'd hara
T e ST e Vbt F(C) canint he y far any TE 4.
"ro thall wee tlece propecrt 'es of TPs in *he nex' two

v T ' Yo, e o~ n.r.‘.! ..... ' o Ty 4-°‘vp'=,;,\ nee food mMeaenres of



performance. The basic frame work,introduced‘}n this chapter
will serve as the foundation on which we build several

"
.interesting consequences there.

%
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Chaptefks : Optimal Terminatagn Qrotoéols for Pa}titioning -1

N

6.1.. Introduct ion

6.2. Penformqrr\cié meaéw-es |

6.3. Deoer)‘tpalizéd terminat ion protocols
6.3.1 Component opt imal DTPs
6.3;_12n5ivte optimal DTPs ,

6.4. Centralized terminat ion protocols -
6.4.1 A highly optimal ATP

6.4.2 CTP vs DTP

6.1. Introduction

{

In this chapter, we define certain simple measures for the

p;rformance of termination protocols (TPs) of the three-phase
commit protocol in the context of partitioning. 'These measures
do not make use of any statistical information on partitioning
but realisfirally fepresent the performance aspects of interest.
They are independent of any specific environmental
characteristicrs. In the next chapter, we shall prove that no
statistical information is of any significant consequence in
determining most of the optimal TPs. Here: we shall prove the
interesting result that, 'for any TP, there corresponds a
partitien in which all except at most one component aré\mapped

onte w'. Hence, every TP has a worst case partition in which

~Imoet all ~omponents wait, We concentrate on deriving TPs that

|]R
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have‘good‘average casé performance. Since groups repregs
maximal subsets of sites that can inter-éommunicate; it Vg
important that as hany such groups as possible are acti;é”in
spite of a“partitipning, to pfoceés new transactibns that

potentially access the databases at a number of sites. On the

‘other hand, when many transactions access only local databases,

the number of active sites determines the availability of the.

syEtém;,“Thus, we consider the number of waiting components and

the number of waiting sites per partition to be the basic factors

AN

that a desirable TP should minimize simul&aneoUSly if”possible.
o - ‘ .

L

In what follows, we first define ;ﬁe'measures for the
. ' w ot
performance .of TPs and then develop an optimality theory for the

decentralized and centralized versions.

6.2. Performance measures

We define two measure%mfo: the performance of TPs. 'The
first one measures the number ¢f components that would be left

waiting. 'The other measure represents the behaviour in terme of

4
the number of waiting sites.
Definition 6.1: Let(P be a commit protocol. A TP, f, is
component optimal i class of TPs F iff [{C<D su~h that
f(C)=w}]| is minimm in F,

Definition 6.2: A TP £ is site optimal in F iff ZF7 || ie

minimum in F, feedaw
In the rest of our discussion, we deal only with the
three-phase protocol and do not explicit~ ly mention 'r commjt

Co ,.,,..,,\,.,.‘1 imlpee 'r M fFeyr ot fy ~m &h¢e h"'”e"phn' t
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6.3. 'ﬁecentralizedfTerminationip:b¢5¢°;sffk;"1‘w LR R 1

. i . . Vo o ¢ - T iy
e . : . . Lo g L ‘ :

' “4.: D

.Here, we deflne the decentrallzed TPs ,der1ve several
properties regardlng our measurés and obtaxn the'optw

) PR R o S
results. : . IO R . .

_al1ty

s 1) ; ‘ oot
/Deflnltion 6.3: A commlt protocol is décentnalfzed 1ff all tge

'FSA are identical and each site comaunicates w1thmali other

i sites. &

K

The TPs of decentral1zed protocols w1ll be referred to[as

decentralized termznat1on prototols or, DTPs 1n wH%t follows.? The'

following lemma presents a necessary condltlon for a DTP ,f&

1§
' 1, b
©

Lemma 6.1.Let f be a DTP. Let C,C'eD’ such tha@z

state(CoC')n{c,a}=¢; Then f(C)-x and £(C' )§%;1mpl1es that .i
site(C)nsite(C/)ed. BT
Proof : Assume that the cla1m is false and there are C C'?. o
satisfying the above cond;t1ons. By Observat1ons 1 aﬁd 11 of
Section 5.5, 1 state(C)={p} and state(C’ H:{w} Thls,,togéther
with the hypothe51s that site(C)nsite(C')=g- means tgpt cuc eD o
thus violating the con51stency property of f and Lgad:ng to a
contradiction. [J ¢ : - diiﬁ';% 2 ‘»~.a.;:3‘
% -

We shall see later that a Centralized TP need fot sat1sfy 3

th1s condition. From the deflnltlon of TP this" COng1t1on 15;

s

]
e
"

&

-] “
e .

also sufficient for any TP. Hence we have

Theorem 6.1: The necessary and suff1c1ent conditions thatf
ey g
f:D+{x,y,w} is a DTP are

i) f =atisfies the preservation prozerty,'and,

7i) state(CuC')n(ComuAb)=g, £(C)=x £(C%-)=y implies that

I

4)}-_\' )



sxte<c)nswe(c>¢¢ rJ e
Two - 51mple but powerful propert1es of DTPs which follow from

'-Theorem 6'1 and Observat1ons A and ii of Sect1on 5.5 play a
{

bpromxnent role in she tema1nder of thlS chapter. o /?- 'ff'f '
o - L Y ~ »

i . @ et

& L

m Pﬁoperty 3- Let CeD such that - state(C) ={p}.: Coﬁst uct C' such
that state(c ) fw} and site(C')e I -sitedC), (comple_ent of -

sxte(C)). Then for any DTP;f,'elther,ﬁ(C)=w or.ﬁ(CJ)=w or both,

.w’
B

. S

PRoOf : “Assume that £ (C)#wv.and f(Cf)#w;'~Siheéjstate(C)=%g},

, f(C)#y by‘Obsetﬁgt;;;\(i) -Henée,4f(cghx.' Sinee;gféte(C')={w},
f(c )#x and hence, f(C Jey. But, si ee.site(C5h§ite$C')=¢, !

CuC!<D not p0551ble by Lemma 1. D

&%

»PPopéPty 2 Let C o €D such that 51te(C) s1te(C ) |
state(C)={w},state(C')={p}, £(C) 3y andiflC!)=x. Théf, fe“rﬁany
'C" such. that 51te(C")c I- 51te(C) and state(C") {pfﬁ}
£(C Ymw. L g e s

& e ::

PPoof : Assume £(C")¢w, and, spec1f1cally that f(C") x. Since
51te(C")nsate(C) £, CuC"cD‘as long as state(C") <{p,wl. .But,

f(C)=y by the -hypothesis- e S1m11arly, we can show that f£(c'")
3

cannot "be y elfher.iﬁ‘
7

6.3.1 Compoﬁbnt‘Optimgl DTPs:

2

To ' apprec1a@e the arguments to be presented in Lemma 6.2 and

-

»some more results to follow we first introduce an 1nformal,

1n£u1trve*representat1on for\fﬁe TPs. 'Let us consider a simple
N

?v
L
p 9
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B A Sl et e

| compOnents C with these s;tes such that-state(CQC{Q %}b ‘;7 j; “f55

ad

example‘of 3 sxtes 1 2 éland liSt down all p0551b1e*§rqqps and

Gz‘oups (1) (2) m (1, 2) L, 3) (249), ; S 5)
Components : ((1 w)) ((1,p)) ((2 w)) «(Z,p)%%“((B w)?
(3, ¥ 1,0 ,1(2, w)),wm w) (2 ,B¥). 2 (i,p), (2; »),
SR, (L, 3,0, (1) (3“%)),‘ (00, (3, w.n i
. ((1,p) 3,p), ((2 ), (3, W), ((2,w 4i)) ((2 p> (3 w))

((z (3, R \1

+ - X '_ g,
Now, we rewr1te the components in a- s1mple, tabular fash1on as
N . Y . vi‘v ".A o o )
_— - - ' . . . . S (_:‘]l._{ L 9 -
e S - sites t 1.2 3. ‘ T o
T, - Q‘; . fj %n f’ ...
‘ 6“ o s
2. - w - ’ . ) D
. - - o 'ﬁ 4.
. ‘3. ‘W -~ - . .
. 4. - w w ¢ Y "y b
5. w - w R, 4
o N
8, 6. w w -~ . 4

7. - - p | )%
8. - p - -
9. p - -
0. - p P

. ¢ -

! . p p %

\ 12. p-r p _ .
13. - w p (

’ ' 14, - p w

15. w p -



.me
r,

A
e

O S - St S , v
C e . 3 ) TvA :‘ < . ! ) .,.. a ’ ’
: L @%7 o ) £
o 1T oW S .
o . N )ﬁ P .. 0
S oL B S
R TS - EB.-p o W , C
t ] - ' 7 . - ’ ’ L3 . ’ .
! - .') & N '\‘. - ~ . ”

The f1rst row'in thls table represents the component

wr &

((3 w)) second row reprggents the component ((2, w)) and so on.

o,

A TP ri.i functlom mapplng the rows of this table to the three

%

‘_790551b1e acnaons.' Observation (1) vmp;1es that any row between 7

ng d--'. ' -

:and nz (both 1nc1u51ve) is mapped to. one of - X, W, Observation

ff(ll) 1mp11es that any row between 1 and 6 is mapped to one of vy,

w. : " o o ' o "

*

Now, let us con51der the rovws 1 and 12, . These correspond to
the components ((3 w)) and ((1,p) (2 p)) Clearly, these two

components are concurrent. Thus, at least one of "them should“be

ﬂmapped'to‘w under'any DTP. (1 Cangbe'mapped tp y or w and 12 can

be mapped to x or w. If 1 is mapped to'y, then 12 cannot be

e mapped to x. If 12 is mapped to x, then 1 cannot be mapped to

zy.) Slm1lar property can be seen to hold for the rows 2,

3,10; 4,9; 5,8; and 6,7. Thus, the rows from 1 to 12 are
effectiveli partitioned into disjoint pairs such that/at least
one in each pair is mapped to w by any DTP. The number of such
pairs is clearly 2"2;. For any number of sites n, ?t cdn be seen

to be two less than the number of possible binary strings of

length n (two less because the strings with all zeros and all

one's are not considered - all zeros correspond to the case of

empty group and all one's to the cace of no partitioning, both of

no interest.)
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We can now formallyibrove‘theQIQWer‘béhna 55 £6119Q5j£;

Lemma 6.2. . Let f;be‘a pTé.“Then j{cgpjf(cigw}1~zz“-é,fwhgré-n°
is the total numPé}-bf sites. o |
Proof: Let CeD such that state(C)={p]. Let C'¢D such that ‘
site(C')gI-sité(C) and state(C')={w}.. From'Propefty l.ébove,'
either f(C)=w or £(C')=w, vcléat;y, for.any CeD such that .’
state(C)={p} & |C|Sn-14 %hefe‘iqu1 such'that,eithq;.f(c)=ﬁ or |
-£(C")=w. The total_numbg%'ofvcéb‘spch that stéte(c)é{b} .
[Clsn-1 is 2"-2. Thus, . N |

\

[{c|f(C)=w}|22"-2 . O - - C | : o

Now we define a class of pTPs from'which we produce the
optimal DTPs. = The DTPs in this-clé§; are éhagéctegized by a pair
of nonnegative integers a, c éuch that a+czn+1 (where n is the
total number of sites). “

Definition 6.4: A quorum-based function characterized by a, ¢ is
a function f:D-{x,y,w} such that i) f has’ preservation property,
ii) state(C)nPc#gd & |C|2Cc implies £4C)=x, iii) for any C that
does not satisfy the conditions of (ij), if state(C)nN#g & |C|2a
then £(C)=y and iv) £(C)=w otherwise.'

Let C,C'eD aﬁd f(C)=x and f(C})=y‘under a quqrum—baéed.
function f. By the definition of f, |C]2c and |C'|2a. Since
c+a>n, this implies that site(C)nsite(Cﬁ}¢¢. Thus, f has the
consistency propertf. f has the preservatioﬁ.property by thé
definition. Hence, any ‘quorum-based function is a Tp.

[A] .
It is interesting to note that

94



e
Theprem 6.2 Let f be any DTP. Then there exists a'partit§On of °
-the‘networkain thth dll éomﬁonents‘extept at most one wait.

3 * Y

'PPoof Clearly, th1s is true for any quorum based TP. Using the
"Property 1 of DTPs, a part1t1on can always be constructed with

' £
all components except at most one mapped to w for the

non-quorum -baséd TPs. D

We.prove-that,the quorum-based protocol with a=1 and c=n, is

5

-

PR

‘component -optimal among all DTPs. -
[

Lemma"6 3. Let g be the guorum-based TP with a=1 and c n. Then

-

I{Clg(C)=w}|=2 -2. "

Proof : From the definition of g, g(C)=w iff state(C)={p} &

| Clsn-1. Hence, there are exactly E:("\ =2" -2 such C in D. [
k=)

Thus we have, -

Theorem 6.3. Let P be a decentralized commit protocol. Then

there exists a quorum-based TP which is component optimal. 0

Referring back o our example, we see that the enly
‘componehts mapped-to w by g are between the rows 7 to 12, both
inclusive. All other rows, since they contain at least one site
in state w, are mapped to y. New,.it is immediate to see that
the roles of i and y are interchéngeable, ie., we can safely map
the rows 3—6 to w and the rest to %x. This DTP is no other than
the quorum-based TP with c=1 and a-n which can also be shown to

be component eptimal.

- L e 95
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‘and a=3,

3 N . . RIS o LI <2
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::ﬁut. not all quorum based TPs .are. COmponent'%ptimal ;In,’-

“rffgeneral for the quorum-based TP £ given by C*k and a-m assuming R

STRTRRRE 4.8 .
“v-.'?kZm we: have, |{C|f(C) w}|=22"' ”\-*Z ( ') ‘I‘he first term 1n_

.

| :this expre551on*g1ves the total number\of sets (o8 such that
:ﬂlc|<m-1 while the second term gives the number of ‘seéts C such

. -that m5|C|5k 1 and state(C) {p} For 1nstance, for £ with c=n 2

{£|f(C) w}l-Z -2+(n’-n) and 1ncreases with the :

incre values of a until a—n/2 Then it sta?&s decrea51ng SO

' ¢
that i ttains the least Value for ‘a=n. At the ‘same time, we

can notice that, I{le(C) w}|=2" -2 if c=n- 1 and a- . By‘

-

symmetry, the DTP WLth a=n-1 and c=2 is also component optimal

Not all component optrmax TPS -are quorum-based as well We
can produce a protocdl In between two optima;/éuorum based TPs,‘f'"

with c=n, a=1 and c-n—1 and a-2, which is ;ot quorumeased

" follows "Con51der a spec1f1c site 1, ‘map the set {(i, w)} onto w

0
and C' with site(C')=1-{i} .and state(C )={p} onto X, while all

other sets are mapped as with the quorumﬁbased\ P with a=t, c—n.
Looking back at our example, let 1 be the de51gnated 51teiv Then
the rows mapped to w by this DTP are 3,7 3 9 11 and 12. The row
10 is mapped to x and all others are mapped to y. Clearly this
is component optimal and is not quorum-based The construction
of this protocol suggests that there are a number of such

non- quowum-based DTPs which are component optimal DTPs of this
kind can ‘be called for when certain sites are found to haue high
availabilty ( or, low failure rate). Then, no component
1nvolv1ng those sites w1ll be mapped to w 1f possible. ‘But,

depending on the‘number of such sites, the corresponding DTP may



73“or'may”ﬁbt_renainfcomponent optimal. . i o -

. LU
e Y ¢

N
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-

6.3.2 Site optlmal DTPS' Flrst, let us note that there‘are'

component opt1ma1 TPs that are not 51te opt1mal ﬁbr n>9*’the
quorum based TP w1th a=3 and c=n-2 is better in the site measure
than the one w1th a-2 and c=n~ -1 whxch in tu;n, is always better
than the one WIth a=1 and c=n. As,an ekample, let n=9. Let the
above DTPS be respectlvely derioted by f,, £, and f,. ﬁe can
check that (ZICl =1cl ) = 36 and K Z|c| f_lCI ) = 63 in
C hidw  ferrw HhEhw faersw

this case. Th1s is an interest1ng observation’ slnce it leads us.

towardéﬂan optimal.TP by suggesting that we might keep increasing

the value of a and decreasing the value of c to reduce the total

vbnumber of'wa1t1ng'51tes. But obv1ously we cannot make a=n and

o«

cé1;' Thus there is a b01nt where the 'number of wa1t1ng sites is

m1n1mlzed. . ' ' o \J

In general the total number of waiting sites for t'“
quorum based TP with ¢=k and a=m (with the assumpt1on that k2m)
is given by P (") +Z r (7) . The derivation of this

'h. yien
express1on is straight forward : con51der the corresponding
expre551on for the total number of waiting components and
1ntroduce a new factor which represents the sizes of the
components. The values of ¢ and & that minimize this expression
will give us the optimal TP among the quorum-based TRs. But we
shall prooeed throudh a more intuitive path to find these values.

As an example, let us start with the quorum-based TP with a2 and

c=n-1 and see how to improve upon it. Under this TP, all

\8

_components of size n-1 in state p are mapped to x, all components

s
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o . S S
of 51ze 22 in ,State w are mapped to Y and no component wt&h

u

states from both is. mapped gg w. Thus, any component of size

-
. .
L

Sn 2 wh1ch has all sites 1n p is mapped to w. Now consxder a p
component C of size n-2 w1th all 81tes in p."  Lét us map C to x.;
By performlng the mapplng,_we reduce the total number of waitzng

sztes by n-2 but ow;ng to Property 2, also 1ncrease them by

2(2’-1)-6, Thus, if n29 the net effect is a reductlon in thé

total number of. waiting 51tes.' By the same argument ve, see,. that

oo

ye can furthur reduce the total number of wa1t1ng s1tes if we map
all components of size n-2 with all 51tes in p to x. Here, the

gain is (n-2)( ) ;_) while the loss. 1s .
2 ( 24)(2‘-1). We generallze this angument to- find thejoptimal’
point. '. | »y;-«',ﬁ

-
a

Let ko be the smallest number k such that kZ(n k)(Z"& -1)
Denote- by u the quorum—based TP w1th a=ko and c=n- ko+T and by q
the one w1th a=n- ko+1 and c-ko. Clearly the total number of

waiting sites is the same for the twd TPs. ' This development

R

P

, :
shows that they are site optimal among all quorum- based TPs JAn -

fact, we can further show that these are also opt1ma1 among all

DTPs.

Lemma 6.4. Let f be any DTP. Then there exists”a quorumcbased
TP s such that “
ZiICI s Z|c| . L L
$cr:w b ’ : o

LN

Proof :

d
e - J

Case 1: There are no C,C' such that site(C)= 51te(C ),

state(C)={w}, statexc )={p}, f(C)=y and £(C')=x. '

3



This implies that for any subset‘M of ‘sites T, éither U or
VvV, where 51te(U);51te(V)=M, tate(U) {p}, state(V)-{w} is mapped
to. w, wsﬁnée'there are!(ﬂ) subsets of sites with size r, for any

r, this implies that §i|C|2 EL r (7).
' : )W
Con51der the quorum ~based TP 5 wlth a=2 aqg c=n-1.

¢ |Cl=2n +Zr( ) S Zr(-r)

Al
implies $ [C{« .
: o A)g;:)-w }(c):w » “ .
1Case 2 There exist C,C' such that site(C)=gite(C"),

state(C) {w} state(C y={pl, £(C)-y and ~f(C?)=x.
7w
. First, we look at an exampie. Let n=8. The ﬂmai]e;t m suerh
that mZ(n-m)QZ;“ ~1) 3¢t 7 .o Let Qs denote by ES(T‘ the total
number of sites waiting uné;r the guorum~baseAR ;t with c=m and .
a=n-m+1,i-Tﬁéh; we can calcn1atq‘that Eﬁ(B? - F§'7) = 3§ gnd -
ES(6) - ES(7) = 1260. - (e havr nmed the nepernl ~wmessions for

9 4
ES ‘under any quorum Kased TF.)

¢

Formally, fir~=t we prove that, the Tf with ~-m and a=n 141 ir
site optrimal among the quorvm-based  'Pe, hy “hewing that ES'm’ <

ES(m'1) and ES(m) - "S(m-1"), fer. the mhnve m apA that it is '

only valve for hi b th;ﬂp ineqn 1jites ‘hal ', "hi'e, we are
éhowing that i+ & » p-irt wher~ the FL hae the min'‘mm vylue
over the range [n ™ n V] for (. Tn the other ran~e [1,0 ~ '} v
will have a simi‘=v nrTe, "‘-’.‘"‘"‘J b Fhe evmm-tyrw in o and n

Wrifir\g RO »tpreseions for RS(m', RElv 1)V and wafp: 1) e
can see that, N

Eg(v' ‘) me ) ('\ {4 l')‘? v V\m \ Nt [ TR A N Y

o
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if S| <k, for some S*in T. (and |S| )LpVQI.);'then'pick‘the

‘%0, by the definition of m.
ES(m-1) - ES(m) = ((n- m+1)2"""" n) ().
But, .since m is the smallest with the given

Remot

property, (m-1) < (n-m+1)(2
"ES(m-1) - ES(m) > 0. i
Conversely, we éan show thatbthe smallest m with‘ths given
property is the only value of ¢ in the range [nVZ,n-1] such that
ES(m)<ES(m+1) and ES(m)<ES(m-1). Hence, it‘isfsptima;hamong the‘”

quorum-based TPs.

S [

‘ i)
Assume that f is a non-quorum-based TP.

100

-1). It follows that .

case a). Assume that, for any group S, there is a C with site(C)=S

and f(C)=w. Then, clearly, ES(g)SES(f). .

-

4~case'b) Assume that there are groups S such that for all C with

s1to(P) -S, f(F) is x or y. Let s be ‘the smallest such group If

ISt [n/2] , then it is easy to see that ES(g) - < ES(f). Assume

that IS| > (n/2] . Now, we show that ES(f))ES(u).

l.et T he the gset ofss'satis}fing the above property. If
IST >k, for some S'not in T, then pick ahy maximai group S'not in
T and put 't inte T Mearly, this does not increase the és(f),
e tp‘thﬂ definition of ¥, . Thus, 1n'genéfa]. ail groupszs'notAin

T. with sizes larger than k., can be placed into T without

incresing ES(f), so that f coinrides with u(q). On the other hand,

minimal such $ in T and delete it from T. Again, due to the

definition of k., this cannnt increase ES(f). Repoat1ng this

El

process for 211 aunh S . f eoincides with u or q. 0
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Theoréh 6.4. Tﬁere are at most two quorum-based TPs which are

site optimal and these are the only site optimal TPs. [

" Cor. 6.1: For n29, no component optimal TP can be site optimal

R

and vice versa.

) . yhe) v N [ahaael l .
Proof: We know that ES(m)=3 r.2° (%) +2 r(%). 7Tn the proof of
. e Y1
Lemma 6.4, we have derived the expression

EStm-1) - ES(m) = (@mmni)'2”M*;n) (Z.y). This is nonnegative

nem#+|

only if {n-m+1)2 >n. For nZQ, this is possible only when

msn-2. [

6.4. Centralized Termination Protocols

Here, we present a slightly generalized version of
centralized protocols. We first need a partial ordering on the
states of FSA'és : tss iff the distance of s to its nearest final
state is no more than the distaﬁce of t to its nearest final
state. We say a set of sites L is a leading sét iff for CeD,
(i,s8),(j,t)eC and ielL implies t<s.

Deflnftion 6.5: A commit pfo;pcol is centnalizea iff it has 2
leading set and the sites in the leading set can communicate with

all other sites while the non-leading siter ~ammanjgate only with
the leading sitec.

We call the TPs of a centralized commit protocol Central jzed
Terhinatiﬂb Protocnls(CTPs). Since mnet nf the existing commit
protncels are centralized, this rlass is ~f great practical
importance, In this smction, we study the termination protocols
for centra'ized commit protocols. We prove that the performanre

P A N VN TR JEAs B It

) hétter than Aany nPTR, Phus prnv?"ﬂnw
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a theoretical justlflcatlon for the use of centrallzed commlt and

term1nat1on prot0cols ih ‘the context of network part1t10n1ng..

First we should note that one can also useHDTPs for
terminatinngentralized comﬁit protocols. ‘In th%s sense,;DTEs
form a proper subset of CTPs. This is not surprising since the
commit pﬁopenty of TPs holds even if the funct1on i restricted
over a proper subset of its doma1n while the presenvation “
property is satisfied by all TPs. Next we observe ;hat.there is
a natunal class of céntralized TPs which is most interesting.
These TPs try to exploit the leading set property of the
rentrallzed commit protocol in an explicit fashion. Observe
that, if a leading site is in w, all sites in the network are in
stetes from {w,q.}. We call these TPs Ieading set TPs or LTPs.
While looking for CTPs opt1ma1 in component and 51te measures, we
deal only with LTPs and restrlctlons of DTPs.

Definition 6.6: A CTP f is an LTP iff for all CeD, site(C)nL#g
implies £(C)#w where L denotes the leading set.

Cor. 2. 1In abseoce of the simultaheous‘failure of all leading
sites, there is a component of any partition that can
successfully terminate under an LTP.

Though it is possible to .abort a transaction in all cases in
which the transacs4on is not yet committed?and it is known that
no other component can commit it, we consider thls approeeh to be
very COQSefvative. Tnstead, we. 1n51st that a transaction should

be c~mmitted if it 5s prssible to do SO consistently. -Clearly, - T

thie rannpot degrade thae per formance of an LTP. Thus, we assume

s
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that, for any LTP f, there is CeD §uch’that-state(c)g{p;w} &

f(C)=x. ‘

Lemma 6.5. ‘Let f be an LTP. Then, site(C)nL=¢.& state(C)={w]

implies that f(C)=w.

Proof: Note thaf,iif‘fhere.are C', C'' such that C'uCeD, C''uCeD,
(site(C')usite(C"T)nsite(C5=¢, f(C')=x, and f(C'"')=y, then
f(C)=Q since f is a TP. It is easy to see that one can produce
c', C'' with thé above property since f is an LTP and |
gite(C)nL=g. For instance, take site(C'')=site(C')=L, ~

'state(C")={w},and state(C')={p}. O
6.4.1 A highly optimal LTP

Based on the definition of LTP and the above Lemma, we can

construct an LTP h algorithmically as follows:

i) If state(C)n(Comu{p})#g, then h(C)=x.
ii) If state(C)n(AbuQ.)##, then h(C)=y.

iii) If site(C)nL#g, then h(C)=y; iv)h(C)=w otherwise.

It is ;asy to see that h satisfies the preservation and
commit propérties. Thus, it is an' LTP. We can also observe that
h does not satisfy the conditions specified in Lemma 6.1, that ,
is, h(C)~x and h(C')=y does not ne&essarily imply that
site(C)nsite(C')#g. In the following, we show that h iﬁ‘also-
somewhat quorum-based and is highly optimai among the LTPs.
Definition 6.7: A quorum-based TP f is weighted if, in the

definition of the quorum-based TP, each site is assigned a weight
and the size of a set is replaced by its weight, i.e., sum of the
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veights of its constituent sites.

Observe that, by;assigning weights to sites as u(i)=h'if‘ieL
and 1 otherwise, h coincides with the weighted gUorum-based TP
with ¢=1 and é=n. ‘We can furthur show that h 15 ‘the 'bestf‘among

the LTPs in the following strong sense s

for

Theorem 6.5. Lét f,be.Any LTP. Then, h(C)=w implies f(C)=w

-any CeD.

. "Proof: By definition, h(C)=vw implies that w(C)sn-1

étate(C)={w}. Thus, f{C)=w for any LTP f, by Lemma 6

It is now straight forward to show that h is compone

site optimal among the LTPs :°

Theorem 6.6. The weighted quorum-based TP h is both'cqmpohent

and site optimal among the LTPs.

Proof: Since h(C)=w implies f(C)=w for any LTP f and CeD,
[{C | h{C)=w}| < [{C | £(C)=w}|. By the same reason, = |c|

ey 25
=z Icl. O
Efedvw

Thus, we have produced a CTP which.is both site and

¢

component optimal among thé the -'proper' CTPs. It still remains
to see :if the same CTP is better than the restrlctlons of DTPs

‘that c¢an be used in cOnjunctlon with the centrallzed comm1t

protocols., “

”

M4

6.4.2 CTP vs DTP: In the following section, we shall prove that

the weighted quorum based TP h performs better than any



restr1cted DTP in both component and s1te~measures. FirSt, let

us note that ‘the opt1mal DTPs reported 1n Lemmas 3 and 4 remam

optlmal even atter restnctmg the1r domam’%;ﬂo the centralxzed

'cas-e._ (The proof of LemmaG.B remazns unchanged hile the

arguments given in the proof of -.-Lemma 4 rema'-ln,.;:v lid.)
Theorem 6.7.Let f be a'ny restricted DTP. Then“p-f’;

T ICl< S |C| for sufficiently large n.
Ao w C fér:w K .

: . : . . SR . o
Pr'oof : It has been shown that the quorum-based TP 'q.,ad'efined- by

- a=n r+1 and c=r where r is the smallest 1nteger such @hat
“r2(n-r).(2"™ -1), is site optimal among all DTPs. Thus):.
q

Z|c|sZ|c| for all DTPs f. Now it remains to be shown that .
Qeedze £z e

= |ci<¥jc], thus provmg that h is better than any DTP. By
LY {25 LY ’

definition, q(C)=w 1mp11es that either i) {C|2n-r or ii)
state(C)={p} & n-r<|C|<r. Note that, due to the restriction of
the domain, the total number.of waiting sites is 'sl_i'ghtly less
than'tﬁat in the 'unrestrict‘ed case. In the -unrestric»ted qése,

2|C|=Zk 7 (")+Z k(..) The first term in this expression is

’ RIS xr| wrnet
different in the restricted cpase smce, if a site in L is in w,

no other site can be in p state. It is .easy to see that the

-

followmg 1nequa11ty holds in this case:

Zicl2Fk 2NN E K ()

1(C) red kzl . th-Yot

-ik( )+£k 12“““‘ -1) () - Z(kfr 1) () -

") " we

On the other hand, Z |C|= T k ("‘""') since ¢c=1., " For |L|21,
LY CEH IR

Zzlc|s }:k(‘“ ‘). For suff1c1ent1y 1arge n, Tlcl< g]|c].
hetizw NS hLﬂ w ‘l(c>=w
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Theorem 6.8. Let-f.be;definednas in thevﬁreceding‘thepfem.'
rhen. | ”_i 5 | o E 7 |

."|{~ceu‘|h<¢’>.=w}r<|{ceb'|f(-c>»=1w}|,. N o
Proof: I{CIh(C)-w}I- ("-"W) by the definitien‘of'h;j , |
For |L|21, I{Clh(C)--w}IS s_ (n-')< i ( .‘) sl.{le(C)éw}Hby Lemma 6.
2.0 . | | )

These results clearly show théil‘good protocols handl1ng

network part1t1on1ng are, afterdall not as expens1ve as they
first appeared to be. Thzs is part1cular1y so, because, one
‘needs to invoke a termmatlon protocol for network partltmnmg

only when a partitioning is detected, which-is guite 1nfrequent‘.
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_Chapter'7 : Optimal Termination Protocols ior\igrtitioning - 11

i

Contents

7.1. Introduction

yl . 7.2. Analysis of the commit protocols
~ 7.3. partitions and probabilities )
'7.4&r Measung§ foh,TPs . |
7.5. Decentralized TPs - = -
7.5.;w§omponentAoptfmality
7.5.2 Site optimal ity
7.6.. Central ized TPs
7.7. Selection of the coordinator: :

7.8. Conclusion

7.1. Introduction

In’the previous chapter, we have studied the terminatidn
protocols and der?ved TPs oﬁtiﬁal under two important measures -
component and site optimality measures. Thesé’meésures: as
“defined there, have implicitely ‘assumed that: - a) the
probabilities of occurrence of all possible components are

identical, and, b) the probability of finding a site in state w

«.. ) 1is the same as that of finding it in state p at any point of

time. We can'seg;that~thgse,assumpfiéns do nofnhold’in certain
- e SHpE A pot.

uu,greg}istig;environmenxs. In this chapter, we generalize our

.
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a
!

: measpfes of T?s by considerino‘the pro?abilities:of'occnt;ence'of
difFerent partitions to be potentially different.and the
probab%&1t1es of flnding sites in w and p states to be posszbly
dlfferent. We first analyze the decentrallzed and centrallzed
versions of the three- phase commit protocol and der1ve the
probab111t1es of various components. We then present our notionsi

"~ of part1t1ons, and the probab111t1es assoc1ated with them. We

T

genera11ze our measures to take all the available 1nformat10n

<
2

into account and develop the opt1mal1ty theory in the cent:allzed.

and decentralized cases.

Several results in this chapter have their counterparts in

¢ a

Chaptgr 6. Hence, we do not present the detailed proofs here

unles’s they are éppreciably different.

7.2. Analysis of the commit protocol

Decentral ized three-phase commit. (Fig. 1) .

Phase 1: A site in state q receLves a transact1on request, sends,
the subtransactions to the part1c1pat1ng sites. and moves into
the state 'w'; each participating site in g, decides twhether
the subtransaction can be committed :or not.. If the
subtransaction is to be aborted the site aborts the : )
subtransaction, sends a 'no'’ message to all other - g
part1c1pat1ng sites and moves into a. final state 'a'.

Otherw1se, it sends an 'yes' and moves into a. state-ﬁw‘; :

e

Phase 2: Each site rece1ves messages from all other 51tes.‘ 1f °
any of them is 'no', it aborts, sends an 'abort' message to
all others and moves into 'a'. Otherwise, it sends a _
'prepare.to commit' message and moves into 'p', . ‘ a

Phase 3: Each site comm1ts the subtransactxon and moves into the
final state 'c' if 'prepare to commit' messages are received "
fromall:the sites. . .

Ly




At

| sFig. 1:ﬁThe FSA_co::esponding'tolthe~decenttalizedvcommit
" Lo v' Q | | -\ :
A typical transaction execution, based on the decentralized

'protocoi;'cah Be«depicted as follows on a globalﬁtihestale,

assuming'the'decision.tP.be commit:

S S S N b5

[to,t:) : The sites receive the request - ' ‘

[ty,t2) : all part1c1pat1ng sxtes are in w and none of them
has receivedg’the 'yes' messages ffom all other
sites ‘

[t.,t3) : the sites move from w into p after receiving all
'yes' messages

[ta,ta) :-all sites are in p, but none hads received the

i 'prepare to comm1t' messages from all other 51tes

[tua,ts) : the sites move from p into c ' N

[

Network partxtlonlng assumptxon' A part1t10n1ng can occur with

the same probab111ty at any po1nt -of time durlng a transaction

) LN
execution.

Clearly, this is a very natural assumption since there is no

a priori way of knowing when a partitioning occwurs.

Assumé a part1t1on1ng occurs at time t. Consider a group S

of size k and let P(m k) be the sum of the probabllltles of all

'components of S w1th exactly m sites in state p, for 0<m<k. The

reason for cons1der1ng the sum of these probabllltles rather than
the 1ndrv1dua1 probabilities is two-fold: a) Slnce ve are dealing

with the‘decentralized protocol where all sites have the same

—
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.. of occurrence of the components.

"status under the protocol the probabllxty o£ be1ng 1n a

partxcular state is the same for all 51tes, anﬁ b) ve can derlve_‘;

] N

'the probabzllty for a component 1ndependent of the components 1t

can concurrently occur with.

From the above time-scple;tgp:eééhﬁation,‘ﬁe see that, for

» e ’ o » - .
B S Y o o e v e
P(m,k) = | ----- e e - ,
: (ts-to)' ABamtaita-tz) . "
S ia. .
Repeatgdly integrating by parts, we obtain,
, ) 1 (ta-t3)
P(m k - == EmEsm= =-_ . . . . .
' v P
(k+1) (ts-to) (Please se'e Appendle for the details)

A
. N
Ay

Since the value P(m,k)'depends only oﬁ“k, we observe that
the probabilities are the same for all m. For m=0 and m=k, the

fo{lowing expréssiogs can be similarly derived:

R

: 4 (t'.\"ts)
CB(k,K)= P(m,K)¥ —-mm-c , and,
o ’ (ts'to) ‘
. (tz"t1) !
P(0,k)= P(nr,k) + -==-—-- , for O<m<k.
(ts"to)

We present an example network and‘dériVe the proBabilities
3 ' ) '

Assume that there are ¢ sites in the'network and~Eon§ider a
,partmtion R = {M(1,39,(2, 4)}. We ~assume the comm1t protocol to be;>
the decentrallzed,three phase pro&ocol For szmpl1c1ty, we

assume that (ta- t,)/(t,—t ) = (t,—€,)/(t,—t )= (t. t;)/(t;-to)'



\

11

A

4"¥Letfz deﬁote this value. The  list of possible componenfé‘is as .

follovs: ,
v o :
. sites : 13 24 1324
f&* ' states :hw‘wfq W .lpfw v
| W w ﬁ P pwwp
i o WWDpW pwpw
| v.4’ i L wwpDp Pwpp
‘\‘\\//q\¥ WDpWW pPpwWw
‘w P Q P PPVYP
| wppw EXEX
., WPPP p P‘P P

Looking at éll the «four sites as -a sihgle group, we can find that

memed

P(1,4) = P(2,%) = P(3,4) = (1/5)z and P(0,4) = P(4,4) = (6/5)z.

The following observations can be made from the above

v

formaui&e;xwhidh can be eaéily checked with the example :
a) Since (t.-t,)=(t,-t,), we have P(0,k)=P(k, k) for‘any k, and,

~t;) If (t,-t,) and (t.-t;) are ofgthe‘order of’ﬁta—tz),'ﬁhen.

'P(O,k), P(k,k) are of the order of k.P(m,k)u ‘But, it can be seen

from the protoccl that (t3~t§)>>(t§:t1)g(t.~t,), so that,

P(0,k)=P(k,k)=P(m,k). (Nevertheless, this doe& nmnt mean that =11
< P ‘ . : RTINS

components for a partition have the same probabiliti~s of

oceurrence, as we will see in Section 7.3.)

a

Now we consider the centralized version_ofjthig commit .
protocol (Fig. 2) ahd derive similar relationships: .. . .

Phase 1: The central site (in g¢) receives a transaction and
sends the Subtransactions to the participating sites, moving
into w; each participating site (in g,) receives its
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o

. subtransaction, ° Each SIte decides whether bhe subtransact1on
can be committed or -not. If 'the Sthransact1on cannot be
comm1tted 1t is .aborted (by. mov1ng into 'a'): and the" sxte
sends a 'no' to the central. S1te. Otherwlse, an‘
sent (by mov1ng 1nto W) . Gs“ I G

e

-

Phase 2: The<central site receives ail the mesSages. IR one of
them is 'no', it aborts (moving into *a') and sends ‘abort!
to all part1c1pat1ng 51tes. Otherw1se, it’ sen&s prepare to.
commit"’ (andimoves into p) Each:site " rece1ves the message, - :
.aborts if the’. message is’ abort (moving into 'a'); otherwise = -
it moves into. p and sends an 'ack' to the central s1te.

Phase 3: After rece1v1ng all 'ack’ s, the. central ‘site séhds out
'commit' messages(mov1ng into '¢° ) ‘Each site commits (by
mov1ng 1nto 'c!') after receiving commlt'

SUPERVISOR - ~ PARTICIPANT

Fig.2: The FSA correspdndihg to the centralized commit
.\' ,

Let us\ look at a typ1cal execut1on of the central1zed

. .
version of the commlt protocol on the global t1me scale. o -/
. e S R _ Coegy
[to,t:) : sites receive the subtransact1on- . o L
[t t2) ¢ all participating 51tes are in w and the central
S

sites.

site has not recelved all the messages from the



[t.,t,)
[t;,ta)

[t ts)

-

Let us
~the cenﬁral
the decentra
sitéjcan be
the loqgl pr
(t,ft,5=(t.-
follqyihé ex

contains the

7.3, Partit
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: sites move from w into p
:.all sites are in p

: sites move from p into ¢ " - : .

¢onsider any subset S"Qf sites that does not contéin
site. ‘Then the analysis is exactly the same as in’
lized case. I1f S contajns the gentral site, no other
in phunlesé'the central site is in p. Assuming that
ocessing tihes are small, in this case, we have

t,), and,,(t,—t,)=(t.*f,)=(t.-t;). We have the
pressions when the act of sites ‘e “onaidaraticn

central site.

(t:_tz) ; )
k) = -=---7=-- , for 0<m<k,
k(t.-t.)
‘£1) (t’—t‘) ’ .
—<lo < R(0LW) ¢ Plw ) —- -2l ana,
“"o) (v ¢ o
Y ® op(o Y vopdm gD

jone and probahilitian

Let T ke the set of =ites in the fRetwnrd A network

partition Rr
S:n55=¢ for
different st

~~1llections

A physi

traneactigns

can be representad ag R ={S,,7,, ., .S} “here S g -1

i

v

a1l 0-i7j<s and u7, -] “ince the eitee ~an ha in
ates, a Pf"'"iti“" o e yenti A ne A1 fferant

of compenent -,

~al pavtifioninu dAneg not depend on the statea of ‘K

at the si' et is reascnakle te agsume
23 .
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that one can specigy the prebabilify of ocsbrrenEe of a

particular partltlon independent of the states, denoted as P(R)
Assume that the set of possible part1t10ns R is known. Let: -
Groups(R) Comp- set(R) respectively be the set of all groups and

the set of all components for. the given collectlon of partitions.-
For any CeComp-set(R) “let k=|C| and P(C) the probab111ty of
occurrence of C. Then clearly; P(C)=(SP(R) whete “

Site(C)eR)*B(C) while B(C) may’be either P(o,k), P(m,k) or"“ - .

P(k,k) depending on the. protocol and on state(C).

7.4. Measures for TPs

EXY

Now, we generalize the measures to incorporate the

statistical information.

” . . oo

Let f be a TP and T(R,f)= {C<Comp—set(ﬂf| f(C)=w}.

Definition 7.1. A TP f is said to be component optimél in .a set
of TPs F if and only if EC(R,f)=(§LP(C) for CeT(R,f)) is minimum

in F.

Definition 7.2. A TP £ is site optimal in F if and only if

FE(R, £)=(Z F(C)|C| for CeT(R.f)) is minimum in F. - ~ mﬁ”é;:”*'“‘“ @

R

These measures can he seen to coincide with the previous
measures when P(C)-P(C') for 211 C,C'eD. Observe that ‘we have

incorporated all the available information into these generalized

measures. ; »
P ~ ,1\-« - ¢ e e & -ve
o ¥ &

Let us :estafe two 1mportant pYopertaes of TPs (gzven in

Chaprer 6)- fhar vill "bé of gréaba:mporsance JD developlng the



optimality results. We shall present them here in a form most
appropriate in this context :

Property 1 : Let S, S"be;twé.groups such that SnS'=g. Let f be
a TP. Let site(C) =5 and state(c) - {w} and'site(c')'= S’ and
state(C') = {pl} for C,C'eD. Thén, either f(C)=w or £(C')=w or

!

both.

Property 2 : Let f be a TP. Let site(C). = site(C') = §,
_state(C) ={w} and state(C') =" {p} for a group S and C,C'eD.
Assume f(C)#w and f(C')#w. Let S' be any other group such that

SnS'=g and C'' anxﬂccmponent with group S'. Then, f(C'')=w,
7.5. Decentralized TPs

Definition 7.3. Let R be a ;\}tition and C,C' componentsrof R.
We say they are complementary if and only .if i) 'site(C)=site(C")

" and ii)state(C)= {w} and state(C' ) {p}.

For any TP f and any collection R of partitions, we define

U(R,f) = {SeGroups(R)lf(C)¢w,and £(C!)#w for the .

P

: fomplemepntary components c,cr w1th site(C)= s} IR

”""‘“‘w*‘vv-n-»-

Lo .

VIR E) = {SkGrdups(R)if(C) =t (& ) w for the comp]ementary
components C,C' with. sife(C)=s},

WR.E) = Groups(R)~(T(R,E)0V(R, €)).

We can observe that, if SnS'=g and S<U(R,f), then S' must he
in V{R,f) for any f. Similarly., if SeW(R,f), then

S'ev{(R,f)Yvw(n, f).
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¢
Let us look at a 51mple example here. Let I {1,2, 3 4 5 6},
R= {R.,R } where R.—{{1 2,3}, 14, s 6}1} and R.={{1, z 3,4},15,6}}.
Con51der the DTP f£ def1ned as follows.
1) f has preservation property, .
ii) if site(C)={1,2,3} and pestate(C), then £(C)=x,
13i) if site(C)={1,2,3} and p/state(C), then f(C)=y,
iv).if site(Cc)={1,2,3,4} and pcstate(C),}ﬁhen f(C)=x, and,

‘v) f(C)=w otherwise.

-Groupé(R)={{1,2,3],{1,2,3,4};{5,6},{4;5,6}} and the only
group such that f(C)#w and f(C')#w for its complementary
components C,C' is {1,2,3}.4 ?hus, U(R,f)={{i,2,3}}. For the
group {1,2,3,4}, the ccm§655n£ é‘wieh siete(cjekp}'{e‘ﬁepped to Q
and its compieméﬁtéfy component is mapped to w. . Thus, '« |
{1,2,3,4}eW(R,f). Tﬁe other two éroﬁps are in V(R,f)mSinee all

components of these groups are mapped to w.

7:5.1- Component optlmality - "g_f_:v S

Here also, we can gain great 1n51ghts throﬁgh a tabular:;
febresentatlon s1m11ar tonghe'one in Chapter 6.‘ As an example:
- cansider 4.sites, 1;2;3,4.,.ngside: a‘partiﬁien involving'ewq"
groups (T,?) and (3,4). Let us write down the components formed

by these two groups indiQidually :

sites : 1 2 } 3 4 i
o “,\ T R TR N -
1."w wo.o. 5. w W )
2. w p 6. w P
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It is evident that the rows 1 and 8 cannot both be mapped to y

and x reépedtively. Same is true for 5-and‘4 also. If 1 is.

"mapped to y and 4 is mapped to x, then all the components between

5 and 8 are mapped to w. Same is true with 5 and 8. "But, by

‘mapping 1 aﬁd S to y or 4 and B'to X, oniy two components

are mapped to w. Clearly, this is the best any DTP can do. This

argument can be extended for any number of sites, leading to a

lower bound on the waiting components in the following theorems

@
For a partition R, let All-w(R)={C|state(C)={w}, 'site(C)eR}

~and All-p(R)={C|state(C)={p}, site(C)eR}. Thus, for any

) CfA;l-p(R),.state(C)={p], and, state(C)={w} for any CeAll-w(R).

. Theorem 7.1. Let f be a DTP and R be a partltlon Assume 3

T‘C C‘eAll w(R) such that f(C)#w and’ f(C )#w ' Then, f(C'")=w for .

'all C"eAll p(R) It is true. when we 1nterchange the roles of

"All-w(R) and All p(R) also

o~ . A

Pbo@f{‘KESGméxé,C}C'fﬁil:ﬁ(ﬁ);éu¢h3that_f(C)#w and f(C')#w:

E(C)ew impiies that ¥C''eD such that site(C'')nsite(C)=g and

state(C'')={p}, £(C'')=w.. That is, f(C'')=w for all
C''eAll-p(R) - {C'''} where site(C''')=site(C). Similarly,

f(C')#w implies that f(C'')=w for all C''eAll-p(R) - {C'''} where

'ﬂ}“szte(c"') 51te(C ). Hence f(C)#w A f(C )#w implies that

. Similarly preved: [}

(C")=w for all C"?All p(R) The converse can also be



This result dlrectly leads to a powerful lower bound for the’

component measure

Theorem 7.5. Let f be-a‘DTP and R any*partitiOn...Then,
EC({R},£)2min{E P(C) for CeAll-p(R), T P(C) for CeAll-w(R)}.
N : \I
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. Proof We have seen in the above proof that if any'one cdmponent

in All-p(R)‘or All-w(R) is mapped intov{x,y}; then at ;eest
(|rR]-1) componen;s are mapped to w. The'aboye theorem states
that if two components from any one of these tno sers are mapped
into {x,y}, then |R| components are:mappeo to w. Thus, the-best
any DTP can do ie to map all components.in one of:thoselsets‘into

{x,y}. O

- This result can be extended to any collectlon of part1t1ons

tr1v1a11y as follows :

Cor. 7.1 : Let f be a'DTP and R any collection of.partitions
Then, .EC,(R,f)émi.n{ER,( = P(C) ror CeAll-p(R)), Rf&( = P(C) for
CeAll-w(R))}. O A L

‘Let us denote the expression on the right hand side of the
-above ineque;ity.by LB(R). Our first lead to the optimal DTP
comes from the'following corollary in which we show that no DTP f

such that U(R,f)#¢& can aohieve the above lower bound :

Cor. 7.2 : Let R be a collection of partitions and f a DTP such
that 'U(R,'f)égf. Then, EC(R,f) > LB(R).

Proof: Since U(R f)##4, there exist complementary components C, C'

such that f(C)#w and f(C')#w. By Property 2 f(C")=w for any
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.component C'' such that.site(é“)nsike(C)=¢ ”Furtherﬁere, recall
.that the sum of the probab111t1es of all components of a 91Ven'..

group S, w1th1n-a part1t10nfR,.1s 1; o
Let ReR such that - RaU(R,f)#g.Then, EC({R},£)2P(R)(|R[~1)

4by‘the above twovbbservetions. But, LB({R}) < P(R).

min{P(0,k),P(k,k)} < 1/2 for any k. Thus, EC({R},f) > LB({R}) in
this case. For ReR such that -RnU(R,f);¢,EC({R},f_)'zl'_LB({R}) by

Theorem 7.2. Thus, EC(R,f) > LB(R). O

In themaﬁove proof, we %avelcoﬁsidered the ihdividual
partitioﬁs and shewn our result to be true for -each of them.
This is a very interesting property since it shows that our
results are 1ndependent of the collectlon of part1t1ons We
shall see that thlS techn1que can be used in prov1ng virtually
all the results to come. Thus, it is no surpr1se-that we would

find fixed TPs to be optimal.

The above result shows that W(R,f)=Groups(R) for any
component optimal DTP. We have alreédy seen a DTP with this

property in Chapter 6. We redefine it here and .call it g :
Assume that P(k,k)<P(0,k)<for ahy k.

i) g sat1sf1es the preservatlon property, and

ii) w:state(C) implies g(C) =y; otherw1se, g(C) W

It is obv1ous that - U(R g)-¢ and W(R g)asroups(n) for ;ny h ““Q,;;.,;,Q,

. we show that g. ach;eves the lower bound bf Cor.“7,1;“e,“

' ~Aﬂd 9‘-=C) W the.n stateic) {y}‘“_’ < HASPEVEE'R

T e
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‘Theor m__jlg_'a_.;_,‘g"'isv a 'c_'ompone‘rit'"optimai DTP for any R.
.'-fVTxﬁﬁ By the def1n1t1on of g, g(C)cw only 1f state(C)&(p} Prooeow

e e @,

i

“fmaps any component w1th one 51te i p to* x and all others to w.h

A ,""\»""

' "'H‘e‘h; “for any ReR,_EC({R} g)=§_’9(c) for CeAll-p(R) Slnce thas'i"----"'~'v'~

?ys’true for any R, g 1s component optlmal for any R. D

i_- Observe that the ‘Cor’, 7.2 above e11m1nates ‘all. but -two DTPslf:..;“
as candidates for be1ng component optrmal One- of them 1s g .

jdeflned abOVe and the other 1s;gts oomplgmentarx ﬁungt1on wh1gh_‘
Both of these DTPs are component opt:mal lf the values of B{0; k)
and P(k,k) are same for all k. _ o o S uagnﬁoﬁf..?:

Thus, we have shown that the decentralized termination

protocol g leads to the'minimum.expected'numher of*waiting
components 1ndependent of the set of p0551ble partltlons and
the1r probab111t1es of occurrence. This is ‘a very 1nterest1ng
result since 1t amounts to saying that this TP can. be effect1vely
ueed in any environment. Furthermore, it does not depend on any
of.the a55umptiohs‘ne have made regarding‘the p:ohabilities‘of‘;;

the components.
7.5.2 site optimality

Recall that we have an approximate equal1ty between P(0, k)

and P(m k) for any k and n, under the:deoentral;zed commlt

, v .
LN S S

<. "'-v.t

protocol B pf.:f i!;;!; = L;Qw,'hi;; ?ﬁmﬁf:gﬁg;f’g}jyi;} TN

Wl e Ly,

. @
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Theorem 7 h Assume that there is a»positive Integer K,euch Lhabpt-if:;'

P

no group in’ Groups(n) intenaects-with more than K 5roups ég

T - S
T~ el v R . - LT -
N e e, . - -
aeel L
. . . o —
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Groups(R)-TTheh;,foh”snfficiently iehée n,*élis:s;te,optimat;among
the DTPs. S IR

| Proof Ir U(B f) ¢ for some f then it is streight-forwahq tohsee

that Es(r);Es(s)
Suppose that U(R, f)#y for some. f. By definition,' S
| ES(f) y = P(R)* = ISi *P(0,18]) + EP(R)* Z IS,

- RER = SERNWER.S) . . ReR . SERNV(R $)
On the other hand o {? S - . R
ES(s) 21 P(R)* ~.£Z"‘1§{ *P(O 181) *f“ff?‘"“*ﬂi;”‘ ‘
Ser: | ' -

ance ?(O k) P(m k), P(O k) 1/k for all groups of size k for any
* K Thus,'clearly, ES(g) is bounded above by 2* Zﬁ?(R)*lRI o

Now, we show that ES(f)>212P(R)*lR\for sufficiently- large n.
: RER

A reasonably large lower'bound on the number of gPOUpS 1in V(R,f)

L]

is‘alllthat;We neeo for this purpose. By the hypothesis, no ghoﬁp
'intersects.with more than'K other groups hence, there are at
least (n-K- 1) groups which are in V(R f) when e group S is in |
_U(B,fl. Thus, ES(f)>(n-K-1)'§iP(R), For large n, the size of any

PR

partition R; IR\ << n and for realistic networks, more the number

of éroups,in a;partition, less .is the probability for that

partition ‘Hence, ES(g) £ ES(f) for sufficiehtly large n. 0 |
hough the assumption of bounded: intersection is reasonable

in practice, it is still 1mportant to consider the general case.

But there does not seem to be. a polynomial time solution to the

‘A.

".f problem of finding ¥he site optimal DTP in this general case. We

] could neither show that 1t 1s NP Complete The ba51c pPOblemJOﬁé

o o« 2 @ -

.j ofaces is that a bound on- the number of groups in any one of ‘the

"-‘P<v’-.."-" n‘._*‘rn .7.-—1 v-.n¢ 4

thnee sets'U(R f) V(R f) or W(R f%aseems to. be hard to obtain. In

EER

:fact,veven ﬁinding if one of them 1s empty seems to be difflcult

E 3
. .
’-
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.{

. " fO-llOW . ’

all scu,(n,:f_)_._. Then, EC(R,§)>Ec(R g)

-ex1stence of a central 51te. " Thus," effectlvely, there 1s ‘Ao -

. be proved 51m11a; tonTheogem 7.4 :

. L. . [P - o
o " - . o . N N ]
v - c o -
- a

'tWe conJucture that the. prob]em of flnding if any one o,_fff'““

e : these sets 1s empty is NP Complete If th1s is true,

-then the or1g1na1 problem is a]so c]early NP Complete 'ﬂ

“As we have. seen in Chapter 6, a DTP ‘can also be used 1n

con3unct1on thh a- central1zed comm1t protocol though at takes

L—---~.‘>‘_ 4»)6-'*.-

no advantage of the exlstence of the centcal 51te.~ Here, we see

"~ _that_ the component optlmal DTP g performs well in thlS new role N

also.

f,Assume‘that“i'iS'the“Cemttal,site in the discussion to

Theorem 7.5, Let f be a DTP used in conjunctlon wzth the

centralized commit protocol Assume that U(R,f)#g. and 1{5 for

ERF RN '.‘_.-:_T_,‘Ku:_." AR

'{Phodf‘bbbsere that noﬁe ot the BTP§ take advantage of the- ;TJEFT”

difference in the relat1ve/performances of £ and g as CTPs or as
»

DTPs. Hence, the‘proof follows on the same l1nes as Cor.~7 2 D

\]

N Since P(k, k) is larger than P(O k) for a component with the

central«51te, let g map any compdquﬁ% w1th a site in p to x and

- any component wlth all sites in.w-to w. The following result can °

Theorem 7 6 Let f be as above.- Assume that no more ‘than’ half of

- '4,,

Jthe part1txons have groups of 51ze > n- 2 Then{NES(B,f)IZa

. B
E .
PR .. -
. e &
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ES(R g). O = -0

=
H

o I S Ve e Tt Ceae - K ’ '
-~ \.\ . . - », . .
A T L e e N S

”7In the above?two"hheorems we have compared g onIy w1th the other

- EC(R, f)ZEC(R g) and ES(R, )>ES(R g)._Qi . e

DTPs.' We can even prove a stronger result about g here."The

- . -

proof 1s stralght forward

‘Theorem 7 7. Let f be any CTP such that U(R f)=¢. Then,

- . LR N PR T

- ‘- \'“'l
iirn""

o

-Noﬁ; let ug“ébﬁsidér the CTPs f such thatlU(R-f)¥¢ © Among - -

them, f1rst con51der the subc ass for which Se U(R f) 1mp11es i£S.
= : / o
These are very stmilar to the DTPs and it is easy to argue,ia in

P

A.’/'
Theorem 7. 4 that g perrorms better than them under the same assump-
- tions. -

Theotem"7;8.ﬂ'Let f be a CTP such that-U(R,f)¢¢ and SgU(R,f), SR

implies’its. Then) EC(R,f)2EC{R,g) and ES(R,f)ZES(R,é).ﬁ]

Thus; g is'better than many CTPs as, well'in both the

tomponent and s1te measures.,.clearly, we- have not exhausted alln

. .o
Wt o e e

' CTPs 1n our characterIzatlon.' Speq1ftcally, one case remainlng:

">1s Of CTP £ for Whlch U(R f)¢¢ and 1es for ‘some SeU(R f) " We'

shall -now def1ne one such cTP wh1ch we prove to’ be opt1ma1 in- 7 -

both components’and sites. This CTP tries to take advantage of-

the central site's existence.

Define h as follows: for any CeComp set(R) a) h(C)=x if

pcstate(c), 'b) h(C) y 1f 1<szte(c) A state(c) {w}' and, cf SRR
h(C)=w. otherwlse.

. Fs

Here, U(R,h) =g and ScU(R h) 1mpl1es “TeS.



‘T;PA55um1ng f to- be~such that 1t does not wa;t if: :t hasﬂthe central f

},Tbeotem .16 EC(R g) > Ec(n h) . ;<;» 1,;;:.sff**"**"’

.s»llSIte(C) EC({R} gY>EC({R} h) for ‘any part1tlon ReR. D

a s rd.,'

;1n there we can show {t fo be Optlmal among all. CTPs. But

Ve _'»ﬂ -

iflrst we show 1t optlmal 1n the subclass o&ﬁCTPs £ for uhxch e - ~h.71

mrvon & k™

-~ ¥

“U(R f)¢¢ and IcS ﬁor some SeU(R f) Observe that the arguments ﬁ‘ff

. of Theorem 7 4 are not va11d in . th1s case - s1n£e the Property 2 we

are. appeal1ng to. is. not appllcable for SeU(R £). such that- 1<S

" site, as in Chapter 6, the fOllOWlng ‘strong resuit 1s 1mmediate e

-

‘ﬂrhéarem.7.9am\netwféaeia,crp such that U(R,f)¢¢ and ieS for ‘some .

.SeU(R,f). Then, h(C)=w‘implies f(C)=w. O ‘p .

~

We have expl1¢1tly d1v1ded the class of TPs that-can be used
in con]unct1on w1th the centralized protocol Lnto.several

\ < T
subclasses- and shown that one of the two TPs g and. h is: optzmal

i each of. them. Noyjiwe compare ‘the- petformandes of g and h and

show that h is 1ndeed better than .g.

. PR LA . . L e e et T T
R R ) R To. - . . T I T

" Proof: Slnce h. maps a component C to w only if state(C) {w}. and :

.n~"

Theorem 7:11. ES(R,g) > ES(n,h). | - | .

 Proof: Similar to Theorem 7.10. [J

'Thus, we have‘prdved'that theVCfé-h;is'optimai‘both:in
components and 51tes, and, this:.is true«xndependent of the: f
posszble set of- partltlons R and the probabxlltles of. occurrence”"'
of . 1nd1v1dual part1tlons._ Inturt;vely,'h seems to. make use'of

all the avallable 1nformat10n in any component 51multaneously

) < ‘ PR .
QV’ . R
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‘ Thmsggs the same as the hzghly oPt1ma1 LIP qthhapter 6 ngf?
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) ensur1rg the cons1stency of the databases. ' e
’”"-ah‘ L S .. u.:« A I | M .

;fi:7ﬂ7lf'Seleﬂtioﬁfoihthe coordinator;Aj

e - . o BN
p; .

/?We-have shown-that'in'the context of network partitioning,
_centrallzed protocols are more ejfect1ve .under certasn practlcal
L“*“measures. But, the effqulveness.ag oentnablzedfxps depends-
_the central 51te also.‘ For 1nstance,'1f the central site occurs
1n very small ‘groups in-all the possible partltlons, then the
. .expected number of waltlng sites can. be larger than 1f it were in
relat1ve1y large groups Thus, we see that,veven though h is
‘site opt1ma1 for a glven central site i, there can be a wide
range of such h dependlng on Whlch one of the sites is the
3{;50gﬂt£al~54te”—'In“thﬁS{SECEIQD}ZVQjaddféSS;ﬁhﬁgQEOblgm ofsffhéiﬁéi'
“‘the bﬁtimai 5u6h.h. By the abovévdiSCUSSion”.we see that it
_ ‘bofis down to that of f1nd1ng a 51te whlch maximizes the effect

kA

'{fof the correspond1ng h functlon. ‘We. thus formulate the quest1on

N © ST . b . I .o —

agi AR s 2
find a site'i SUCh that, glven the p0591ole part;tlons and
their probab111t1es of occurrence, ch0051ng i as the central

'site makes the CTP h, ( the CTP h with.i assumed to be ‘the

\
A N

central site) superior to h_ ﬁor any m#i in the sense that

"ES(R,h;)SES(R,h.). -

Here, we derive the.conditions under which h; is superior to

'

-~ h,. under the*Site‘optimality'measure.

_ Theorem 7,12, ES(R,h,)<ES(R,h_) if and only if
Z'[P('O',Is"l) I1s|(=P(R))] 2l é_p( 0 L15]). 18] (S P(RI).

S & GrenR), S&R meés Sr b
les ' _ seskcnt R)



.. Proof: From the def1n1txon of H -we’see that . _ '

"zsm’,h;) zp( 0 [s|),|S|(iP(R))
= % P( 0,|s]). ISI(ZP(R)) -
-“'pc 0 lsl‘).lﬂsl_(iP(R))-

te o

S1m11arly, we cap express ES(R h ) as well. Our claim follows

o

d1rectly from these expre551ons. a -

-
o

The above condlt10ns are’ rather s1mple and ve:y useful 51nce

we can now find a 51mple algorlthm which can be used to find the

« -~

optimal h : _
For each group S in the collection find |

wis) = (p( 0 ;|s]). Isl( P(R)) For s;te 3, let T

e eittes

P, ‘"'W(J)m ’(ELW(S)) where: ]eS. Find i such that- W(1) is the

maximum. .Designate i as- the central ‘site. . - ,‘~"g
»,

! - N - .

U
- x
- Y L - . - " . - -

Time complexlty of thls algorlthm is clearly linear- in’ the-”

1nput sxze, mak1ng it optlmal in- tlme. TA"___ fyA*’ftfiﬁf;t

S

HZtS.Conclusion'

In Cﬁabter 6, we have concluded that thére is a CTP whose
performance is superior’ %o any DTP in most practlcal 51tuat1ons.
The fact that this is so even under the most geperal;measures, as
shown in this chapter, strengthens our conviction that it is |
desirable to'%mploy centralized commit protocols when highiy

~ reliable sites exist in a network. A very surprising outcome of
our studies is that the statistical infermation on the probable

partltlons is of little .conseqguence in de51gn1ng the optlmal TPs.

This is of great 1mportance since it implies that we can safely
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employ the same protocol in any environment.



Chapter 8 : Conclusions
Contents

. 8.1. Intnoductlon B _
. 8.2. Resiliency of DISfPlbUted databases = the
past
8.3. Contrlbutrons of this thesis

38}4 Deal'ing with the other transactlon models
.
8.4.1 Hierarchical model '

8.4.2 Nested-model.
8.5. Suggested future direct ions
8.5.1 Site failure

8.5.2 Network Partitioning

B.1. Introduction

Tn tﬁls Chapter, we present in a nutshell our contributibns
in enhancing the understanding of fault-tolerance in distributed
database systems. We demonstrate the state of the art 'in this
area and Aiscune the prssible divecticrne the future re’sa‘a‘f‘ch

el take . ‘ "f;:\’” ‘e
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R.? Pesiliency of Distrjbutad datgp?sps - the past
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ronszstency'cdhstraiut1l}n databases reflggt the physxacl -

LT

environment belng,mgdelled by the database. ThUS, it is

.
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imperative that any uéer accessing the database sees a consistent

database. Atomié’trahsacfidns are provided -as the means by which-

# R . -~

?% user§can access a database, so’that,'by definition, each

J& 7 —_ L. B - e
~¢ransact1on leaves’w ¢on§?st$ﬁi ditabase” codnsistent~ ‘Thusmﬂthev«c -~

M e s
only two possrbké ways .a transactlon can be completed aréVa) by

B

execut1ng it completely and 1ncorporat1ng all its effects
permanently 1nto the database, and b) by mak1ng sure thaf none.
fof its effectS'are_lncorpprated into the database. ' These two
actions are known asvcommft.and abort respectively.' Atomicity of
a transaction in a distributed envirofiment thus amounts to either’

a) ‘committing at all sites at which the transaction is executed |,

or, b) aborting at all sites.

v

Theifﬁndamental requirement for any Transaction Managementl
System is that it.implements all transatﬁions only as'atomic’
-actions. Thus, the basfc.problem we are concernedjwith is, wa
to ensure that any distributed transaction is atomically
completed in spite of failures 'in the system ? Several possible
failures ﬁave.been considered in the literature. Our interest

lJies in two of them - site failures and network partitioning.

In addition to guaran%eeing the atomic?ty, we require that
as many operational sites in the distributed system as possible
are allowed to complete the transactinns incomplete at the time
of a failu;e.. .

Alsberg and Day [AD 76] were the first to explicitly
consider the problem of site failures in the context of

fransaction atomicity. They have cernsidered the centralized



model of decision and proposed simple ptotocols to ensure'that,
the system is resilient to upto k arbitrary site faiiures for,any

fixed °k (krresiliency). Gray has considered the'decentreiized

LR S v

©  -model- of dec151on where partlcxpatang sites can un1laterally

A DS R

‘abort in the- early stages of the protocol [Gray 78). He has

proposed and analyzed the-well-known two-phase commit protocol.

.Several variations of this protocol are studied-in the

iiterature, all of them turning out to be 'blocking'_to.a:bitrEfy

'site,failures [Gray 78, HS 80]. Certain attempts are made to

make the two-phase protocol nonblocking to arbitrary site

failures, leading to the disoovery-that it is essential to add

‘one more phase to that protocol (Garcie-79, Skeen 81].

The.problem of network pertiﬁioning has not_been‘explic{tely
addressed until recently. Certain researchers, who have t:ied to
solve the concurrency control problem together witﬂ the
transaction etomieity, have—proposeg consensus-based approaches
which automatically guarantee atomicity in preseheefof site -
failures and network paftitioning [BL 82, Gifford 79. LB 85
Thomas 79, Skeen 82a] In such schemes, all the operatlonal

sites wait when no consensus has been reached at. All the -

ex:stlng database systems have . 1gnored the partltlonzng problem.

The first tormal‘tfeatment of fault—toierance inodistributed
databases is’reported,in'e;thesis by.Skeen [Skeen,azj,pwho has
exclusively considerea the decentralized model of’decision. He
has modelled protocols through finite sfate automata and defined

the concepts of commit, termination and recovery protocols:} He

130
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has introduced thé notions of blocklng and nonblocking protocols )

and derived the necessary and<sufficient conditions for
nonblockzng comm1t protocols for arbltrary site failures. A‘
‘ctass ‘of- cdmmxt protocols nonblock1ng to 51te fallgres,,knoxn as

three phase protocols are also 1ntroduced The nonexlstence of

commit protocols nonblocklng to part1t10n1ng has ben proved and a

class of protocols s;mllar to consensus- based protocols have been -

ﬁroposed to deal with partitioning.

Cooper [éooper 82] has shown that the existing commit
protocols do not deal satisfactorily with the part1t1on1ng
problem. He has taken a probablllstlc approach, cons1der1ng the

/local transaction proc9551ng time a random varlable. The ba51c
assumptlon he makes 1s that the transmission delays are It

negllglbly smaller than the local proce551ng tlmes.
8.3. Contributions of this thesis

In the context of site ﬁaflures, we have asked the following
- s -

guestions :

a) What are the conditions necessary and sufficient for
nonbloc{iqg, under the centralized decision model ?
b) How do the results chahge if the 'arbitrary site

' failures' are restricted to a bounded number of simultaneous
failuras ?
c) What are the possible strategies for site recovery from
failures ? How are they related to the characteristics of

the commit and tsrmination protocols Seingnuséd7?ﬂ'

C13L e

<
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d) How can the concept of backup s1tes be modelled 7~.
e) How can we take advantage of spec1a1 propertles of
transactxons ? :.ﬁrq{.r. N

B . ".‘,.',,"‘,.‘.v. IR Ly
- . L R L A .. . f

" w . of)l Are.there. formal»models’conceptgaiiy=more a¢tract1V§?th§Q e

p°1~|
-.‘ﬁﬁw’¢i TRy e

the exlstlng one ? -

Slnce 51te faxlures can be cons1dered as spec1allzed

L, .. ey e = e
e e . . u o d

' partltlonlng, we have def1ned a generalefallure env1ronment
encompassing both these»{allures. We have proposed a new
information- ~based model £6 study the commlt protocols. We have

used the f1rst order pred1cate 1091C as the tool for worklng 1n

ﬂ
«

“this model ‘and rederxued several exlst1ng resuIts. 0%der the
Tcentrallzed dec151on model whlch was not formally studled

‘earlier, we have proved’that all delayed commit protocols are
nonblocklng, thus showing that thére is a wealth of‘nonblockingz'
"protocols in this“model At the’ ‘same” time’ we have shown that ‘}. e
none of the protocols under centrallzed model have any effect in
deallng w1th the part1t1on1ng problem. For this purpose, we have
1ntroduced the notion of 1pn trivial term1nat1on protocols which

-

capture the esse?tlal features of a protocol effect1ve for‘f
partitioning. e

In the decentralized decision model, wevhave derived theh
Fundamental relatlon among the’ J[failures, whlch can be stated as,‘
.The nonblocking pmblem fon site fallures is equivalent to the
‘non- tnlvial tenmlnatlon problem of, pantltioning Thls theorem
thus presents the subproblem of part1t10n1ng whlch has exactly

the same complex1ty as-the nonblocking problem of 51te fa11ures.
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In'fact the1r equ1va1ence is, 1n & Very strong sense 1«s0lutionf"'
of one problem 1s also a- solut1on of the other.' Thus, the__* ’

nonblocklng problem of 51te fa11ures is’ the same as the-
o -‘a,- - o N SR ] ?o -

-?'fnoh—trzvrarvterm1natlen problem oﬁ parttflonzﬂg 'Thls‘result s,

------- - ..
e e
£ * 2 e

- .-

the first theoritical demonstrat1on of the relatlon among

e .

complex1t1es of these two problems

We haveu&ntroduced the not;on of k bounded fallure ﬁhere not -

more than k sites can s1multaneously fa1l *for a predetermlned
= "”&"‘ <wn e TS

flxed value”k We ‘have *sKown “how’ the concept. of .backup 51tes

@ - o {bn Y o.aw

o~y

. haturally fits 1nto th1s model .. We have derlvéd results on thea L
nonblocking aspects show1ng that such’ protocols requ1re ,‘&'n‘;”

. “rerﬁtivery'hmhlﬂ numbet of--message- eﬁchanges. We have
| 1nvest1gated the effects of this new model om the termlnat1on and

recovery aspects of commit protocols. For term1nat10n we have
. B ',9!: ‘m v . -

proved that the number of messages is far less than 1n the

‘{arbltrary fallure model In® fact, we need a constant number of ¥

- ?

LAV

o
T

messages 1n most reallst1c 51tuat10ns.. We haverfurthur shown"
that it is true for both centrallzed and decentrallzed

termination protocols.

s

‘We have investigated the question of how special properties

of transactions can be exploited. Specifically, we.have'studred -
‘the read-only transactions and derived simple protocols ; N - .
nonblocking to both site failures and’partitioning.‘ Here, we

have showed how hierarchical and nested transaction models also

can have inexpensive protocols for read-only transactions.



b .

A

Regardzng 51te recovery, We have class&fzed the po551ble

szte recoveryxstrateg1es dependlng on the ease wlth whlch a

S1te can recover.;'The recoﬂery asPects depend on both the comm1t

and termlnation protocols used,. We have defined three possible

L N

strateg1es -'1ndependent recovery, recovery after successful

-, ‘—0« -
e - "04-......_‘,0.-”

commun1cat10n w1th any paft:crpatlng wite, a nd’°recovery afterl
successful communlcatlon with a de51gnated 51te, in the

descendlng order of their deszrab111ty We have shown that the:

e S o .
he vL DL T S

centrallzed dec1s1on model is’ fér 1nfer1or to.the decenbral1zed
model in the recovery aspects._.In general e have~shown"that
there is a natural, trade- off An: the term1nat1on and recovery

aspects, fOr a g1ven ‘commit” protocol“ ‘In- parthcular, we—have

s B

:vshown that 1f .a nonblocklng TP 1s used ‘then no s1te 1s allowed

to recover 1ndependently. Even otherw1se, 1t is shown that

.;‘atmost one: s1te £an recover 1ndépendently~ The decentral1zed

' dec151on model 1s shown to allow ‘the second recovery strategy for
all 51tes, wh1le the central1zed model™ allows such: recovery to .

atmost one 51te, the central s1te.

Our major thrust of 1nvestzgat10n has been on the network
kmrtltlonang problem where the exlstlng l1terature is very
sparse., Slnce-there is no”nonblockrng commlt protocol we have

-explored several p0551b1e means of ach1ev1ng the best poss1b1e'5

performanc 1n presence d{ part1tqon1ng The fundamental

assumpt1on we have made in this context is ?hat the database ‘

cons1stency cannot be v1olated even-temporarlly.‘ Thls 1mp11es
that no two operatlonal 51tes can complete a transactlon 1n two |

d1fferent modes (one by comm1tt1ng and the other by abortlng)

-

- e o w T e - .



We-have looked for commlt and termlnatlon protocols optxmal

A
N

»under certaln rea115t1c measures for the performance in. presence_

o

'vof part;tlonlng : We have: deflned the TPs as funct:ons mapplng

components that 1s, the groups together WIth aﬂl ‘the

1nformatlon in that group, onto the possable dec1slons._ This""

D -

model “of a TP“has been partlcularly useful 'in oug pursu1t for

.
hd -

'best"TPs to deal w1th part;t1on1ng..'we ha&e con51dered two

specific measures for TPs - expected number of wa1t1ng components

T S

andrthe expected number of - wa1t1ng 51tes. They measure the

. availability of the dLStr1buted database s&stem75fter the - -

‘;partitioningfbutfbefore the'complete“restoration. o

F@rsg,die'have.aSSUmed that all. possible partitions are

"equally probable and the probabllmtles of f1nd1ng any sxte 1n one_
the two, cr1t1ca1' states are the same. W1th these assumt1ons,
our meaSures of expectedfbehaviour'have been expressed as simple“
formulas.y We'have‘then'studied both the decentralized*and

centrallzed versions of the TPs to produce TPs optlmal under the

measures. Some of the 1mportant results we have obt 1ned are -

a)‘fhere arebsimple quorum-based decentralized TPs optimal
under the measures,

_b) No deCentraliaed TP optimal dn‘one measure is optimal in

v~the.other,

~c) There is a centraliied TP optimal in “both the‘measures,'
. oL . oL - o . . V4 N ' . . ' . )
.. and, - . . . _ ' . : o )
d) The optimal centralized TP pertorms better than any

‘decentralizeéd”fF in"both the measures.

L e TR SR en s s gk S e e paweReeteniTt S e n e
NP oo o PR R A .
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: In the domazn of centralxzed TPs, the results c) and d) are

-very“po51t1ve s1nce they 1mp1y that a) centrallzed TPs are more‘
' effectzve than decentral1zed TPs, and b) a- szngle TP can.'

opt1mlze both the measures, the property we are look1ng for.

v

3

We have then general;zed our work1ng env1ronment to cons1der

d1ffenent part1t1ons to have possxbly dlfferent probab111t1es of

. occurrence. Furthermore, we have analyzed the:decentral1zgd and Q:«?f}

et = wen ».
-

vcentral1zed ver51ons of the three phase commlt protocol and

derlved the probabllltles of finding sites. in the cr1t1cal' g t]';"

£ hd

states;'"We “have shown that the p:obab141tres oi'fiﬁd1ng 51tes “if S

-the w,p states play a predomlnent role in determ1n1ng the optlmal

N

TPs. In fact, we have proved the surpraslng result that the
D

opt1mal1ty theory is 1ndependent of the stat1st1ca1 1nformatlon

. ava1lable., The consequences of. thls result are far reachlng = a)

e & b

“the TPs derlved can be utllyzed with eq'al effect 1n any
'rea11st1c environment, b) there is no need to. collect any ..

'statistical information for de51gn1ng useful TPs, and, cY'these, o

o]

.TPs, su1tably mod1f1ed can—be used 1n conjunctlon w1th any

e

commlt protocol hav1ng more than one TP etc., We have also

AN

proved that there is a -DTP optlmal in both components and 51tes

in this general model.

We ‘have obtalned s1m11ar results for. the centrallzed commit
‘protocol : a) there is a 51ngle TP. opt1ma1 in both the component
* and site measyres, and, b) this: TP 1s 1ndependent of the p0551blev
partltlons. ‘We have shown that_the-problemﬁof ftnd1ng the site

optimar centralizedng is naturally related to the problem of



fselectlng a central s1te. The optimal algorithm*ﬁe-ﬁaﬁe .

137 ¢

15presented for thxs ‘centFal site select1on problem can be- used to

v'des1gnate,more°than pne,cent@al 51tg? or” to de51gnate backups to.
_a.eentral site. , - A
8.4.. Dealing_ﬁith the other trahsaction models

Most of the results in thls the51s assumed the relaxed

K - v

'ﬁcentral contrdﬁ moéel “of transactlons. We have clalmed,thatts.é_

these results can be extended to.the other models eaSily.‘ Here,

we briefly discuss how this can be done.

8.4.1 Hierarchical model

The subtransactions of any (sub)transaction look upon their
parent exactly 51m11ar to the ‘coordinator in the central control

*médel. The parent also looks at its chlldren as the

participating sites in that‘modela 'Hence, the conglomerate of a -

-~

parent and 1ts chlldren is exactly 51mrﬂar to. a- central sifte and

the part1c1pat1ng sites in the central control model

Given a‘commi} pretbeol P for the centrally cbntrolledblw'

model, we can derive a protocol P' for the hierarchical model as

follows: . ' ' ‘

Transaction-initiation :AEach‘parent acts as the sentral
o site in P except that it does not prepare all the
commands to be followed by the descendents. It

T Tenlg sends out_the_commands to its immediate
descendents. |

Reach dec1sugn : The parent receives the decisions of its

¥

-
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_8.4;2‘Nésted model

makes the global dec151on from 1ts chlldren s-

B e = e - -

dec1s1ons.

Transactlon completlon t’The'transaction-eompletion rule .of
. 5 :

. . P is followed by each. parent and its ch11dren.~ A

parent waits for messages from its parent before

it sends to its chlldren.

All the existence results of Chapters 3,% angd 5 can be

extended 1nto the domaln of tree transactlons. The optlmallty

results of Chapter 6 also holad 1n pr1nc1ple, but the~

probab111st1c.treatment of Chapter 7 requlres mod1fications~to
incorporate the larger delays 1nvolved in chang1ng from one state

to the other. We do not study this case, but leave it as an open

_problem.

’

The structure of a nested transactlon is very 51m11ar to

that of & tree transactlon, except that there is’ synchron1zatlon~

among the subtransactlons of a transactlon in this model A

9

subtransact1on after f1nd1ng that all its 1mmed1ate descendents

~have commlttéd can commlt with no more message exchanges. 'lt

can make an abort decision 1f one of them have aborted (Let us

note that~- there is. a v1ta1 d1fference between a commlt by
Subtransactlons in this model and the h1erarch1cal Tiﬁ" ¢ here,
the comm1t is only temporary . 1t is not: v151ble to the
(sub)transactlons external to ‘the: g1ven transactxon h1erarchy

Thus, the parent of a commltted subtransactlon.can later abort

4

‘chllderen, passes. on to wts parent " The. . root node

Staaten e
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- it. Fipally, the whole hierarchy is either committed or

.oborted.) Itsibarent is then notified of this complgtion and

_,procééﬂsgf}mi;a;ly."fhus;‘Fheréio;ocohs,required for nested
ﬁransactionslafé*more liké the protocols for.read-only

' transactlons and our dlscu551ons about those protocols hold here.

We leave it an open quest1on to be studied..

»

B.5. 'Suggested.future extensions

& c . . ’
It is not clear how the optimality results for partitioning

;in.the_ééhéral'enyifonment‘(where the various.probabilities can”
be derived) change for the hiorérchioal model of transaction.

For the nested transactions, one needs to see how the new

assumptions that a) a subtransaction can permanently commit even

if its parent aborts, and b) a parent can commit even.if certain

\)

-designated subtranscatlons ‘abort, effect the con51stency«aspeo\$.

These two problems.requlre immediate attention.

S

a

fhe nested~£ransoction model is cur;éhtly the most general
model for distributed transactions. One can think of more
general models, for instance, those that have the interactions
among the subtransactions in the form of genoral (acyclic)

digraphs. The semantics of such transaction models need to be

~ ’

worked out. This is an interesting direction to take to see if

such models lead to bBetter resiliency of distributed databases.

v
Recehtly, there have been some attempts to integrate the

site failure problem with other kinds of failures pot considered
here [MSF 83]. Such an integrated approach might Jlead to more

>
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8.5.1 Site failures

. : : - . s T
+ ) ' : - : ' . .o

/ . . R
1n51ghts into the nature of these fa1lures. Particularly, one -
7 r e

‘might be able to derive 1nterest1ng~relat1pns among the’ failures,

similar to our Funlamental relation among site failures and-

.partitioning. S S ” ' B ( R
-y . :

‘we have seen that there are certaih interestfng problemé

d1rectly related to the var1ous site. recovery strategxes. -One of

“them is deciding how 1ong a 51te needs to store the deczslon on
5 g

completed transactions to. ensure ﬁhat 1t can paSS‘that
information to any querying site, to consistently terminate the
transactions. Several strétegies may be possible to minimPze the
amount of time a completed transactlon is remembered Similarly,
if a.sjte recover1ng from fallure needs to communlcate w1th all
o -
?tg@ncentral sites, strategles are to be worked out that m1n1mxze

the time taken for such a recovery.

<

8.5.2 ﬁetﬁork partitioning

L
Our approach has been to drsallow any inconsistencies :;:g\;/
the database, even temporarily. Another possible approach‘is to
abandon this restriction and to resolve any 1ncon§15tenc1es at
the time of group merglng [Davzdson\BZ Wright 83]). This is
known as the' 'optimistic’ approach since it assumes that there
wil be very feb transactié&ns that need to be backed out -during
the merging. After a partitioning, the sites behave as’;f there.

were 23 failure and go ahead with new transactions. . When a -

merging takes place, each site first prepares a serial scheduie




.

v
.
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of ‘the transaction act1ons executed sznce the partitioning has

" occurred and all the 51tes in the new group try to merge the1r

N

scifdules 1nto a seflal schedule. In the'process,_certazn

L 4

141

-transactlons may have to be backed out. This. approach has led to

certaln theor1t1cally 1nterest1ng problems. There are several

g%eneproblems that need to be ‘looked into.

Slteirecovery (rather, 'group recovery ) in the context of

L7

part1t10n1ng is equ1va1ent to merging two groups. No theory has

r

-

"decision in-one group and then moved into enother;group. The

;,been‘deveIOped to deal~w1th this problem when we insist that

'ghscohsistency cannot be vioiated. Specifically, the problem of

fihding an'thimal merging algorithm is open gnd requiree
immediate attentgch. It is not a straight forward situation due
to the possibility that there could-be a reconfiguration.while
two groups are beihg merged. The problem becomes'involved if

sites 'forget' that they have already given their consent for a
S

-

\

simplest situation is when sites maihtain a ‘history of
partitionihg a§ known to them and make use of it while making
b4 .
their later moves.

In Chapter 7, we have assumed that transmission delays are
icgmparable to the local processing times. The site optimality

results we have obtained do not remain valid if we assume that

the transmission delays are negligibly small (or, the transactien

processing times argfrelatively very large). In fact, the

problem of -determining the site optimel TPs seems to be NP-Hard

in this case. Though it may not be of any practical
. ) é

&

3
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significancé, it remains open to'see'ppwjfhis new assumption

-effects the various results. \ av r'd SR S
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. APPENDIX .

B i Lo

DER?;ATION OF P(m,k) FOR ALL m.

leen a set of 51tes, we want to derive the- probabllltles}

-‘f;;that a) exactly m of k sites are in state p and (k- m) are state

3

f’vw, b) all of them ‘are in state- .p, and, c) all of them are in state

€

hw. Let uswcon81der P(m,k) flrst, for 0 < m < k. From the &ime-

4

'i_scale representatlon, it?is eieah thatva network partitioning
occuring at time t can flnd this situation only if t2 <t <ty

For any site, closer t is to ta, hlgher is the probablllty that
- 3 |

that 31te is in p. Thus, given that a 31te 1s in elther.w or p,

and that some sites are in p, the probablllty that it . Is in p at-

".tiqe t is given by (t‘—'tg)/(t3 - %%). leferent 31tes can. be in w

. or p ihdependent of each.other,.so that the probablllty that

exactly m 51tes are in p at t is glven by

k]

-Uaﬁguv t-- to\M t3 -t (h—m)

To compute the total probability‘edhrespOnding'to all such t,
we need to integrate this expression between tp and t3. The

resultantuexpression is to be nprmalized since (t5 - tp) need not

_be unity. ‘Thus, we get,

t mw k-m
P (m, k) =G1(1) - it | .:3 t—t2 t3-t . qt
. 5 0 t3—t2 t3—t2

t
: : 2
(We are multiplying by(ﬁQsince exactly m out of k sites can be in

p in those many possible ways;)a

A repetetive application of intégration by parts gives the

cr
1

[md

—

simplified expression, 3752

1]

k+1.
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fractlon of the interval (t2, t3) durlng whlch all these k s1tev'

are in p. Thus, 'we get,

O 152 ol

Let us con51der P(k k) now. All 31tes are in p durlng the

1nterva1 [t3, ty). FuFthermore,‘all K 51tes “we are 1nterested 1n:"?”'

may have reached p before other sites Thus there may - be a

[y

. - .._,-

3

Poll) = b7ty 4 1 E37fy U

tS—,tO k+l Cs'-t:o

P(O,k) can also be similarly.given'srnce all sites abe in w .
during [ty, tp) and ‘the k sites may (emain in w for slightly

longer period. . . ,
- > o 7

-

?

 CENTRALIZED PROTOCOL. I | -

The case when the central site is not I the group is’ ;he same"

C

as in the decentrallzed case. Now, assume that thre central site is -
among the k sites we are interested in. Then, for 0 §“m <‘k,5the

following expression can be given

2

B ’ . t o m-1 _ k-m
K\ - _1 . 3 t-t2 _t3 t o\ dt
P (m,k) = (m)ts—to (t=) P .
. . : t 3 72 3 "2

" This is because we know that.the central'sipq;moves-into P

at‘tz. - » ‘ : N ) . ’

The other two expressions can be;qerived.similarly.
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state. If any site in a compbnent is inathexinitial'state, that
¢dmponent_can abort-the\transactién. Samilafly, if any siaé is .
in a final state, the component can move 1nto that final st4te.

The two states that need spec1al con51Qprat1on are W and p since

«

they are ad]acent and pcPc whlle weN,

In the context of partitioning, we ahall only consider £he
three-phase commit protocol and its TPs. This can be justified
as ‘follows: a) It is the simplest commit'protocal with que\than
one TP; In that sense, it is the canonical prototol in.this -
class. We will later see that it has a rich variety of TPs.‘B)
By ‘the definition of TP, the only states that need special

consideration are those in,N that are adjacent to states from

“omvPe and the states in Pec that,are adjacent to states in N.

The follovwing observationns regarding TPs are immediate :
ile ~tate(C)cN + f(C)wy,

ctatalCler > F((‘)v‘y, for any IV f

Trform 1y, wra»o(r)SN impliee that nene of the sites in
citel(l) nrve sware ~f ‘he glokal Ae-~ieian on the transaction.
Thve, there ig glway- a rcssihility that a site in another group
bt already abkarera Hen e. n” TP can map C to x. On the other

her A, avartelct)ep. irrlies that all the citee know the derisian +n

Ve eme oy T th's ‘age, » aeita in avrother group cou'd hara
Ay oA ST me Ve F () mmnaag he v for any TE 4
"ro thall wee tlece propecrt 'es of TPs in *he nex' two

v S P ApE e ' R S R T neefol paaenres of
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performance. The basic frame work,introduced‘}n this chapter

will serve as the foundation on which we build several

"

.interesting consequences there.

| “xes



- SR R
Chaptefks : Optimal Terminatagn Qrotoéols for Pa}titioning -1

N

6.1.. Introduct ion

6.2. Penformqrr\cié meaéw-es |

6.3. Deoer)‘tpalizéd terminat ion protocols
6.3.1 Component opt imal DTPs
6.3;_12n5ivte optimal DTPs ,

6.4. Centralized terminat ion protocols -
6.4.1 A highly optimal ATP

6.4.2 CTP vs DTP

6.1. Introduction

{

In this chapter, we define certain simple measures for the

p;rformance of termination protocols (TPs) of the three-phase
commit protocol in the context of partitioning. 'These measures
do not make use of any statistical information on partitioning
but realisfirally fepresent the performance aspects of interest.
They are independent of any specific environmental
characteristicrs. In the next chapter, we shall prove that no
statistical information is of any significant consequence in
determining most of the optimal TPs. Here: we shall prove the
interesting result that, 'for any TP, there corresponds a
partitien in which all except at most one component aré\mapped

onte w'. Hence, every TP has a worst case partition in which

~Imoet all ~omponents wait, We concentrate on deriving TPs that

|]R
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have‘good‘average casé performance. Since groups repregf
maximal subsets of sites that can inter-éommunicate; it Vg
important that as hany such groups as possible are acti;é”in
spite of a“partitipning, to pfoceés new transactibns that

potentially access the databases at a number of sites. On the

‘other hand, when many transactions access only local databases,

the number of active sites determines the availability of the.

syEtém;,“Thus, we consider the number of waiting components and

the number of waiting sites per partition to be the basic factors

AN

that a desirable TP should minimize simul&aneoUSly if”possible.
o - ‘ .

L

In what follows, we first define ;ﬁe'measures for the
. ' w ot
performance .of TPs and then develop an optimality theory for the

decentralized and centralized versions.

6.2. Performance measures

We define two measure%mfo: the performance of TPs. 'The
first one measures the number ¢f components that would be left

waiting. 'The other measure represents the behaviour in terme of

4
the number of waiting sites.
Definition 6.1: Let(P be a commit protocol. A TP, f, is
component optimal i class of TPs F iff [{C<D su~h that
f(C)=w}]| is minimm in F,

Definition 6.2: A TP £ is site optimal in F iff ZF7 || ie

minimum in F, " feedaw
In the rest of our discussion, we deal only with the
three-phase protocol and do not explicit~ ly mention 'r commjt

Co ,.,,..,,\,.,.‘1 imlpee 'r M fFeyr ot fy ~m &h¢e h"'”e"phn' t

89
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6.3. 'ﬁecentralized"TerminationﬁPrbtéeolsfh“

. . . . oy s Lo co T iy
s . S, . L N T K ' .

.Here, we deflne the decentrallzed TPs der1ye several g
properties regardlng our measurés and obtaxn the ap f_a11ty
results. ' \ | , : 1 »‘; R j ‘. "‘x r B
Definition 6.3: A commlt protocol :s décentnalfzed 1ff all tge
'FSA are identical and each site communicates w1thmali other
' sites. o

rs'&

K

The TPs of decentral1zed protocols w1ll be referred to[as
decentralized termznat1on prototols or, DTPs in wH%t follows.? The

following lemma presents a necessary cond1t1on for a DTp e

(

4

2 55, S

Lemma 6.1.Let f be a DTP. Let C,C'eD" such thag ~ )
state(CoC')n{c,a}=¢; Then f(C)-x and £(C' )§%%1mpl1es that tﬁ
site(C)nsite(C’)zg. | ~ 5 '
Proof : Assume that the cla1m is false and there are C C'“ 3
satisfying the above cond;t1ons. By Observat1ons 1 aﬁd 11 of
Section 5.5, 1 state(C)={p} and state(C’ H:{w} Thls,,iogéther
with the hypothe51s that site(C)nsite(C')=g- means tgpt cuc eD o
thus violating the con51stency property of f and Lgad:ng to a
contradiction., [J & : s dﬁ';% 2 ﬂd:{.}_
“ S

3

We shall see later that a Centralized TP need fot sat1sfy 3

th1s condition. From the deflnltlon of TP this" COng1t1on 15;

B

iy
#

-] “

also sufficient for any TP. Hence we have

Theorem 6.1: The necessary and suff1c1ent conditions thatf
L ¥
f:D+{x,y,w} is a DTP are

i) f =atisfies the preservation prozerty,'and,

7i) state(CuC')n(ComuAb)=g, £(C)=x £(C%-)=y implies that

I

4)}-_\' )



séxe(C)nsite(éﬁygég~d}«¢e' T
Two - 51mple but powerful propert1es of DTPs which follow from

'-Theorem 6'1 and Observat1ons A and ii of Sect1on 5.5 play a
{

promxnent role in %he tema1nder of thlS chapter. ’ //- 'ff'f '
P g . M | ‘ i . -

el . m\"‘,"

& L

m Pﬁoperty 3- Let CeD such that - state(C) ={p}.: Coﬁst uct C' such
;hat state(c ) fw} and site(C')e I -sitedC), (comple_ent of -

sxte(C)). Then for any DTP;f,'elther,ﬁ(C)=w or.ﬁ(CJ)=w or both,

.w’
B

© Proof : Assume that ' (C)#w.and f(Cf)#w;'—Siheéjstate(C)=%g},3
, f(C)#y by‘Obs;tﬁgt;;;\(i) -Henée,4f(Cg‘x.' Sinee;state(C')={w},
f(c )#x and hence, f(C Jey. But, si ee.site(C5h§ite$C')=¢, !

CuC!<D not p0551ble by Lemma 1 D

%

»PPopéPty 2 Let C o €D such that 51te(C) s1te(C ) |
state(C)={w},state(C')={p}, £(C) 3y andiflC!)=x. Théf, fd},any

o such. that 51te(C")c I- 51tg(C) and state(C") {pfﬁ}

f ' ' =W - - - ' ) B ’ “ o “r )
(c ) . R E : : r'\?g T o
| e =

\‘

PPoof : Assume £(C")¢w, and, spec1f1cally that f(C") x. Since
51te(C")nsate(C) £, CuC"cD‘as long as state(C") <{p,wl. .But,
f(C)=y by the -hypothesis- e S1m11arly, we can show that f(c'')

cannot be yAelfher.gﬁw
e

6.3.1 Compoﬁbnt‘Optimgl DTPs:
Tl

2

To ‘appreciate the atfguments to be presented in Lemma 6.2 and

some mbre results to follow, we first introduce an informal,

inxuitfve*representation for\fﬁe TPs. ‘Let us consider a simple
N

?v
L
p 9



example‘of 3 sxtes 1 2 éland list down all posslble*ﬁrgqps andl; f
_ comPOnents C with these sztes such that,state(cﬂc{a %}? ‘: 7 j; ”?A' f3ﬁ

. Ik

Gfoups (1) (2)'*(3) (1, 2) (1 3) (243) ;'r“_ Q'ilgfﬁf f'[””
?om?gnents., ((1 w)) ((1,p)) ((2 w)) «(z'p)%%u‘(3 w?,
- ((3, p))v A1,w), (2 w)),~((1 w) (2 p))‘(‘(%,p) (25%)), ;
((I,p) {2, p)) ((1 w) (3 w)) ((1,w (3&%)),‘((1,p) (3, wo) R
. ((1,p) (3,p)) ((2 w) (3 w)), (,(,2 W ﬁ)) ((z p) (3 w))
HZ p) 3,0, \1 e L

.
Ky

< X 1 .
Now, we rewr1te the components in a- s1mple, tabular fash1on as

- ) Vo ’ °~4 ‘ - o .
. : \ B

I3
¢

*“'/)’——b- ~ sites : 1.2 3. - a’f'ig‘u~;.f7"- BRI ,

. ‘ i |
B B0 _
g 2 A :
* ‘.',f‘\ v s
@ g
o b

' 12.p p - .{_\
’ ) 14..‘ P W

15. w p -



A
S
R

). SR - St S , v
C e . 3 ) TvA :‘ < . ! ) .,.. a ’ ’
4 . gL L T -
: L @%7 o ) £
o 1T oW S .
o . N )ﬁ P .. 0
S oL B S
O - EB.-p s W , C
t ] - ' 7 . - ’ ’ n. ’ .
! K :‘j % N '\‘. - ~ . ”

The f1rst row'in thls table represents the component
. L2 &
((3 w)) second row reprggents the component ((2, w)) and so on.

A TP ri.i functlom mapplng the rows of this table to the three

%

_790551b1e acnaons.‘ Observation (1) vmp;1es that any row between 7

®_A. gl

:and nz (both 1nc1u51ve) is mapped to. one of - X, W, Observation

ff(ll) 1mp11es that any row between 1 and 6 is mapped to one of vy,

w. : " o o ' o "

*

Now, let us consider the rows 1 and 12, . These correspond to

(

the components ((3 w)) and ((1,p) (2 p)) Clearly, these two

components are concurrent. Thus, at least one of ‘them should. ‘be

ﬂmapped'to‘w under'any DTP. (1 Cangbe'mapped tp y or w and 12 can

be mapped to x or w. If 1 is mapped to'y, then 12 cannot be

e mapped to x. If 12 is mapped to x, then 1 cannot be mapped to

zy.) Slm1lar property can be seen to hold for the rows 2,

3,10; 4,9; 5,8; and 6,7. Thus, the rows from 1 to 12 are
effectiveli partitioned into disjoint pairs such that/at least
one in each pair is mapped to w by any DTP. The number of such
pairs is clearly 2"2;. For any number of sites n, ?t cdn be seen

to be two less than the number of possible binary strings of

length n (two less because the strings with all zeros and all

one's are not considered - all zeros correspond to the case of

empty group and all one's to the cace of no partitioning, both of

no interest.)

© 93
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We can now formallyibrove‘theQIQWer‘béhna 55 £6119Q5j£;

Lemma 6.2. . Let f;be‘a PTé.\‘Then j{Cﬁp]f(C’#w}]~Zzh-é,fwhgré n
is the total numyé}-bf sites. - o |
Proof: Let CeD such fhat staté(t)={p;. 1Let C'eD suéh-that ‘ e
site(C')gI-sité(C) and state(C')={w}.. From'Propefty l.ébove,' o '().
either f(C)=w or £(C')=w, vCléar;y, for.any CeD such that .’ ‘
state(C)={p} & |C|Sn-14 %he}e‘iSij such'that,eithq;.f(C)=§ or
-£(C")=w. The total_numbg%'ofvcéb‘spch that stéte(c)é{b} .

[Clsn-1 is 2"-2. Thus, . N |

\

[{c|t(C)=w}|22"-2 . O - ° C ' oo

Now we define a class of pTPs from'which we produce the
optimal DTPs. = The DTPs in this-clé§; are éhagéctegized by a pair
of nonnegative integers a, c éuch that a+czn+1 (where n is the
total number of sites). “

Definition 6.4: A quorum-based function characterized by a, ¢ is
a function f:D-{x,y,w} such that i) f has’ preservation property,
ii) state(C)nPc#gd & |C|2Cc implies £4C)=x, iii) for any C that
does not satisfy the conditions of (ij), if state(C)nN#g & |C|2a
then £(C)=y and iv) £(C)=w otherwise.'

Let C,C'eD aﬁd f(C)=x and f(C})=y‘under a quqrum—baéed.
function f. By the definition of f, |C]2c and |C'|2a. Since
c+a>n, this implies that site(C)nsite(Cﬁ}¢¢. Thus, f has the
consistency propertf. f has the preservatioﬁ.property by thé
definition. Hence, any ‘quorum-based function is a Tp.

[A] .
It is interesting to note that



e
Theprem 6.2 Let f be any DTP. Then there exists a'partiEEOn of ’
“the network in thth dll éomﬁonents‘extept at most one wait.

3 * Y

'PPoof Clearly, th1s is true for any quorum based TP. Using the
"Property 1 of DTPs, part1t1on can always be constructed with

£
all components except at most one mapped to w for the

non~quorum-based TPs.-D=

We.prove-that,the quorum-based protocol with a=1 and c=n, is

5

-

PR

‘component -optimal among all DTPs. -

[

Lemma"6 3. Let g be the guorum-based TP with a=1 and c-n. Then
I{c|g(c)=w}|=2"-2 I

-
=g

Proof : From the definition of g, g(C)=w iff state(C)={p} &

:|C|<n-1.  Hence, there are exactly E:("\ =2"-2 such C in D. O
Ky

Thus we have, ”

Theorem 6.3. Let P be a decentralized commit protocol. Then

there exists a quorum-based TP which is component optimal. 0

Referring back ®o our example, we see that the enly
‘componehts mapped-to w by g are between the rows 7 to 12, both
inclusive. All other rows, since they contain at least one site
in state w, are mapped to y. New,.it is immediate to see that
the roles of i and y are interchéngeable, ie., we can safely map
the rows 3—6 to w and the rest to %x. This DTP is no other than

the quorum-based TP with c=1 and a-n which can also be shown to

be component eptimal.



k2nf‘15 we- have, HCIf(C) "}lgzzh n\...z ( ‘)

::ﬁut. not all quorum based TPs are COmponent'%pt1mal ;In,f_
“rffgeneral for the quorum-based TP £ ngen by C*k and a-m assum1ng R

. The f1rst term 1n_

":thls expre551on*g1ves the total number\of sets (o8 such that
:ﬂlc|<m-1 wh1le the second term glves the ' number of ‘sets C such
. -that m5|C|5k 1 and state(C) {p} For 1nstance, for £ w1th c=n 2

‘and a=3, {Qlf(C) w}l-Z -2+(n’-n) and 1ncreases with the :

incre values of a until a—n/2 Then it sta?&s decreas1ng SO
-7

' ¢
that i tta1ns the least Value for ‘a=n. At the ‘same t1me, we

can notice that, I{le(C) w}|=2" -2 if c=n- 1 and a- . By‘

-

symmetry, the DTP wzth a=n-1 and c=2 is also component optlmal

Not all component optrmax TPS -are quorum-basgd as well We
can produce a protocdl In between two optxma;/éuorum based TPs,“'"

with c=n, a=1 and c-n—1 and a-2, wh1ch is ;ot quorumeased

" follows "Cons1der a spec1f1c site 1, ‘map the set {(i, w)} onto w
a;d C' with site(C')=I1-{i} .and state(C )={p} onto X, whlle all
other sets are mapped as with the quorumﬁbased\ P wlth a=t, c—n.
LOOklng back at our example, let 1 be the des1gnated 51tetv Then
the rows mapped to w by this DTP are 3,7 3 9 11 and 12. The row
10 is mapped to x and all others are mapped to y. Clearly this
is component optimal and is not quorum-based The construction
of this protocol suggests that there are a .number of such

non- quowum-based DTPs whlch are component opt1mal DTPs of this
kind can be called for when certain sites are found to haue high
availabilty ( or, low failure rate). Then, no component

involving those sites will be mapped to w 1f possible. ‘But,

depending on the‘number of such sites, the corresponding DTP may



73“or'may”ﬁbt_renainfcomponent optimal. . i o -

. LU
e Y ¢

N

4

-

6.3.2 Site optlmal DTPS' Flrst, let us note that there‘are'

vy 1

component opt1ma1 TPs that are not 51te opt1mal ﬁbr n>9*’the
quorum based TP w1th a=3 and c=n-2 is better in the site measure
than the one w1th a-2 and c=n~ -1 whxch in tu;n, is always better
than the one WIth a=1 and c=n. As,an ekample, let n=9. Let the
above DTPS be respeqtlvely derioted by f,, £, and f,. ﬁe can
check that (‘= |c| - S|ci ) = 36 and (= c| - - ZICl ) = 63 in
S ftew 1 fcorw | BeEhw fiersew

this case. This is an interest1ng observation’ slnce it leads us.

towardéﬂan optimal.TP by suggesting that we might keep increasing

the value of a and decreasing the value of c to reduce the total

vbnumber of'wa1t1ng'51tes. But obv1ously we cannot make a=n and

o«

cé1;' Thus there is a b01nt where the 'number of wa1t1ng sites is

m1n1mlzed. . ' ' o \J

In general the total number of waitingvsites for th
quorum based TP with ¢=k and a=m (with the assumpt1on that k2m)
is given by P (") +Z r (7) . The derivation of this

'h. riem
express1on is straight forward : con51der the corresponding
expre551on for the total number of waiting components and

1ntroduce a new factor which represents the sizes of the

components. The values of ¢ and & that minimize this expression

will give us the optimal TP among the quorum-based TRs. But we

shall prooeed through a more intuitive path to find these values.
As an example, let us start with the quorum-based TP with a2 and

c=n-1 and see how to improve upon it. Under this TP, all

\8

_components of size n-1 in state p are mapped to x, all components

s




R . v . . ﬁ ‘ ,’ BN o ' 5 2
o . S S
of 51ze 22 in ,State w are mapped to Y and no component wt&h

u

states from both is. mapped gg w. Thus, any component of size

-
. .
L

Sn 2 wh1ch has all sites 1n p is mapped to w. Now consxder a p
component C of size n-2 w1th all 81tes in p."  Lét us map C to x.;
By performlng the mapplng,_we reduce the total number of waitzng

sztes by n-2 but ow;ng to Property 2, also 1ncrease them by

2(2’-1)-6, Thus, if n29 the net effect is a reductlon in thé

total number of. waiting 51tes.' By the same argument ve, see,. that

oo

ye can furthur reduce the total number of wa1t1ng s1tes if we map
all components of size n-2 with all 51tes in p to x. Here, the

gain is (n-2)( ) ;_) while the loss. 1s .
2 ( 24)(2‘-1). We generallze this angument to- find thejoptimal’
point. '. | »y;-«',ﬁ

-
a

Let ko be the smallest number k such that kZ(n k)(Z"& -1)
Denote- by u the quorum—based TP w1th a=ko and c=n- ko+T and by q
the one w1th a=n- ko+1 and c-ko. Clearly the total number of

waiting sites is the same for the twd TPs. ' This development

R

P

, :
shows that they are site optimal among all quorum- based TPs JAn -

fact, we can further show that these are also opt1ma1 among all

DTPs.

Lemma 6.4. Let f be any DTP. Then there exists”a quorumcbased
TP s such that “
ZiICI s Z|c| . L L
$cr:w b ’ : o

LN

Proof :

d
e - J

Case 1: There are no C,C' such that site(C)= 51te(C ),

state(C)={w}, statexc )={p}, f(C)=y and £(C')=x. '

3



This implies that for any subset‘M of ‘sites T, éither U or
VvV, where 51te(U);51te(V)=M, tate(U) {p}, state(V)-{w} is mapped
to. w, wsﬁnée'there are!(ﬂ) subsets of sites with size r, for any

r, this implies that §i|C|2 EL r (7).
' : )W
Con51der the quorum ~based TP 5 wlth a=2 aqg c=n-1.

Z|Cl=2n +3r () = zrm

Al
implies $ [C{« A
: o A)g;:)-w }(c):w » “ .
1Case 2 There exist C,C' such that site(C)=gite(C"),

state(C) {w} state(C y={pl, £(C)-y and ~f(C?)=x.
7w
. First, we look at an exampie. Let n=8. The ﬂmai]e;t m suerh
that mZ(n-m)QZ;“ ~1) 3¢t 7 .o Let Qs denote by ES(T‘ the total
number of sites waiting uné;r the guorum~baseAR ;t with c=m and .
a=n-m+1,i-Tﬁéh; we can calcn1atq‘that Eﬁ(B? - F§'7) = 3§ gnd
ES(6) - ES(7) = 1260. - (e havr nmed the nepernl ~wmessions for

9 4
ES ‘under any quorum Kased TF.)

¢

Formally, fir¢£ we prove that, the TT w"hvﬂvm and g@=n T+l ie
site op*iﬁai amona the quorﬁm~béépﬂ-'Pc, hy ~hewing that ES'm’ <
ES(m'1) and ES(m) - "S(m-1"), fer. the mhnve m apA that it is '
only valve for hi b th;ﬁp iney 1it e ‘haol ', Thi'e, we are

q}\(\Winq "'ha" i" i: . l’“" 4 whem ~ Q-\\@ ka hae t Yo~ 'Y‘;""m]m valug

over the range [n ™ n V] for (. ITn the otheér r1anve [1,r ~ '], «©
will have a gimi'=sr DT cwiag te bhe exmm-try in « and n

Writing '"~ “wpresciong for RG(m', R&iv 1) and walp 1), e
can see that, N

ES{+ V) LKA T (1 RTEETS B/ VT Rt P hbem o
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if S| <k, for some S*in T. (and |S| )LpVQI.);'then'pick‘the

‘%0, by the definition of m.
ES(m-1) - ES(m) = ((n- m+1)2"""" n) ().
But, .since m is the smallest with the given

Remot

property, (m-1) < (n-m+1)(2
"ES(m-1) - ES(m) > 0. i
Conversely, we éan show thatbthe smallest m with‘ths given
property is the only value of ¢ in the range [nVZ,n-1] such that
ES(m)<ES(m+1) and ES(m)<ES(m-1). Hence, it‘isfsptima;hamong the‘”

quorum-based TPs.

S [

‘ i)
Assume that f is a non-quorum-based TP.

100

-1). It follows that .

case a). Assume that, for any group S, there is a C with site(C)=S

and f(C)=w. Then, clearly, ES(g)SES(f). .

-

4~case'b) Assume that there are groups S such that for all C with

s1to(P) -S, f(F) is x or y. Let s be ‘the smallest such group If

ISt [n/2] , then it is easy to see that ES(g) - < ES(f). Assume

that IS| > (n/2] . Now, we show that ES(f))ES(u).

l.et T he the gset ofss'satis}fing the above property. If
IST >k, for some S'not in T, then pick ahy maximai group S'not in
T and put 't inte T Mearly, this does not increase the és(f),
e tp‘thﬂ definition of ¥, . Thus, 1n'genéfa]. ail groupszs'notAin

T. with sizes larger than k., can be placed into T without

incresing ES(f), so that f coinrides with u(q). On the other hand,

minimal such $ in T and delete it from T. Again, due to the

definition of k., this cannnt increase ES(f). Repoat1ng this

El

process for 211 aunh S . f eoincides with u or q. 0
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Theoréh 6.4. Tﬁere are at most two quorum-based TPs which are

site optimal and these are the only site optimal TPs. [

" Cor. 6.1: For n29, no component optimal TP can be site optimal

R

and vice versa.

) . yhe) v N [ahaael l .
Proof: We know that ES(m)=3 r.2° (%) +2 r(%). 7Tn the proof of
. e Y1
Lemma 6.4, we have derived the expression

EStm-1) - ES(m) = (@mmni)'2”M*;n) (Z.y). This is nonnegative

nem#+|

only if {n-m+1)2 >n. For nZQ, this is possible only when

msn-2. [

6.4. Centralized Termination Protocols

Here, we present a slightly generalized version of
centralized protocols. We first need a partial ordering on the
states of FSA'és : tss iff the distance of s to its nearest final
state is no more than the distaﬁce of t to its nearest final
state. We say a set of sites L is a leading sét iff for CeD,
(i,s8),(j,t)eC and ielL implies t<s.

Deflnftion 6.5: A commit pfo;pcol is centnalizea iff it has 2
leading set and the sites in the leading set can communicate with

all other sites while the non-leading siter ~ammanjgate only with
the leading sitec.

We call the TPs of a centralized commit protocol Central jzed
Terhinatiﬂb Protocnls(CTPs). Since mnet nf the existing commit
protncels are centralized, this rlass is ~f great practical
importance, In this smction, we study the termination protocols
for centra'ized commit protocols. We prove that the performanre

P A N VN TR JEAs B It

) hétter than Aany nPTR, Phus prnv?"ﬂnw
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a theoretical justlflcatlon for the use of centrallzed commlt and

term1nat1on prot0cols ih ‘the context of network part1t10n1ng..

First we should note that one can also useHDTPs for
terminatinngentralized comﬁit protocols. ‘In th%s sense,;DTEs
form a proper subset of CTPs. This is not surprising since the
commit pﬁopenty of TPs holds even if the funct1on i restricted
over a proper subset of its doma1n while the presenvation “
property is satisfied by all TPs. Next we observe ;hat.there is
a natunal class of céntralized TPs which is most interesting.
These TPs try to exploit the leading set property of the
rentrallzed commit protocol in an explicit fashion. Observe
that, if a leading site is in w, all sites in the network are in
stetes from {w,q.}. We call these TPs Ieading set TPs or LTPs.
While looking for CTPs opt1ma1 in component and 51te measures, we
deal only with LTPs and restrlctlons of DTPs.

Definition 6.6: A CTP f is an LTP iff for all CeD, site(C)nL#g
implies £(C)#w where L denotes the leading set.

Cor. 2. 1In abseoce of the simultaheous‘failure of all leading
sites, there is a component of any partition that can
successfully terminate under an LTP.

Though it is possible to .abort a transaction in all cases in
which the transacs4on is not yet committed?and it is known that
no other component can commit it, we consider thls approeeh to be
very COQSefvative. Tnstead, we. 1n51st that a transaction should

be c~mmitted if it 5s prssible to do SO consistently. -Clearly, - T

thie rannpot degrade thae per formance of an LTP. Thus, we assume

s
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that, for any LTP f, there is CeD §uch’that-state(c)g{p;w} &

f(C)=x. ‘

Lemma 6.5. ‘Let f be an LTP. Then, site(C)nL=¢.& state(C)={w]

implies that f(C)=w.

Proof: Note thaf,iif‘fhere.are C', C'' such that C'uCeD, C''uCeD,
(site(C')usite(C"T)nsite(C5=¢, f(C')=x, and f(C'"')=y, then
f(C)=Q since f is a TP. It is easy to see that one can produce
c', C'' with thé above property since f is an LTP and |
gite(C)nL=g. For instance, take site(C'')=site(C')=L, ~

'state(C")={w},and state(C')={p}. O
6.4.1 A highly optimal LTP

Based on the definition of LTP and the above Lemma, we can

construct an LTP h algorithmically as follows:

i) If state(C)n(Comu{p})#g, then h(C)=x.
ii) If state(C)n(AbuQ.)##, then h(C)=y.

iii) If site(C)nL#g, then h(C)=y; iv)h(C)=w otherwise.

It is ;asy to see that h satisfies the preservation and
commit propérties. Thus, it is an' LTP. We can also observe that
h does not satisfy the conditions specified in Lemma 6.1, that ,
is, h(C)~x and h(C')=y does not ne&essarily imply that
site(C)nsite(C')#g. In the following, we show that h iﬁ‘also-
somewhat quorum-based and is highly optimai among the LTPs.
Definition 6.7: A quorum-based TP f is weighted if, in the

definition of the quorum-based TP, each site is assigned a weight
and the size of a set is replaced by its weight, i.e., sum of the
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veights of its constituent sites.

Observe that, by;assigning weights to sites as u(i)=h'if‘ieL
and 1 otherwise, h coincides with the weighted gUorum-based TP
with ¢=1 and é=n. ‘We can furthur show that h 15 ‘the 'bestf‘among

the LTPs in the following strong sense s

for

Theorem 6.5. Lét f,be.Any LTP. Then, h(C)=w implies f(C)=w

-any CeD.

. "Proof: By definition, h(C)=vw implies that w(C)sn-1

étate(C)={w}. Thus, f{C)=w for any LTP f, by Lemma 6

It is now straight forward to show that h is compone

site optimal among the LTPs :°

Theorem 6.6. The weighted quorum-based TP h is both'cqmpohent

and site optimal among the LTPs.

Proof: Since h(C)=w implies f(C)=w for any LTP f and CeD,
[{C | h{C)=w}| < [{C | £(C)=w}|. By the same reason, = |c|

ey 25
=z Icl. O
Efedvw

Thus, we have produced a CTP which.is both site and

¢

component optimal among thé the -'proper' CTPs. It still remains
to see :if the same CTP is better than the restrlctlons of DTPs

‘that c¢an be used in cOnjunctlon with the centrallzed comm1t

protocols., “

”

M4

6.4.2 CTP vs DTP: In the following section, we shall prove that

the weighted quorum based TP h performs better than any



restr1cted DTP in both component and s1te~measures. FirSt, let

us note that ‘the opt1mal DTPs reported 1n Lemmas 3 and 4 remam

optlmal even atter restnctmg the1r domam’%lnto the centrallzed

'cas-e._ (The proof of LemmaG.B remazns unchanged hile the

arguments given in the proof of -.-Lemma 4 rema'-ln,.;:v lid.)
Theorem 6.7.Let f be any restricted DTP. Then®®

T ICl< S |C| for sufficiently large n.
Ao w C fér:w K .

: . : . . SR . o
Pr'oof : It has been shown that the quorum-based TP 'q.,ad'efined- by

- a=n r+1 and c=r where r is the smallest 1nteger such @hat
“r2(n-r).(2"™ -1), is site optimal among all DTPs. Thus):.
q

Z|c|sZ|c| for all DTPs f. Now it remains to be shown that .
Qeedze £z e

= |ci<¥jc], thus provmg that h is better than any DTP. By
LY {25 LY ’

definition, q(C)=w 1mp11es that either i) {C|2n-r or ii)
state(C)={p} & n-r<|C|<r. Note that, due to the restriction of
the domain, the total number.of waiting sites is 'sl_i'ghtly less
than'tﬁat in the 'unrestrict‘ed case. In the -unrestric»ted qése,

2|C|=Zk 7 (")+Z k(..) The first term in this expression is

’ RIS xr| wrnet
different in the restricted cpase smce, if a site in L is in w,

no other site can be in p state. It is .easy to see that the

-

followmg 1nequa11ty holds in this case:

Zicl2Fk 2NN E K ()

1(C) h’ kzl . Rzn=-Yet

-ik( )+£k 12" -q) (%) - Z(kfr 1) () -

") " we

On the other hand, Z |C|= T k ("‘""') since ¢c=1., " For |L|21,
LY CEH IR

Zzlc|s }:k(‘“ ‘). For suff1c1ent1y 1arge n, Tlcl< g]|c].
hetizw NS ( . hLﬂ w ‘l(c>=w
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Theorem 6.8. Let f be defined .as in thevﬁreceding‘xheprem.'*;F'
Then, - R | -

o {~ceu1h<¢’>=w}}‘<|{ceb'|f(-c>»=1w}|,.

’

Proof: I{CIh(C)-w}I- 2{ (W*4H) by the definitien‘of'h,"

2 .0

These results clearly show théil‘good protocols handl1ng
network part1t1on1ng are, after all, not as expens1ve as they |
first appeared to be. Thzs is part1cular1y so, because, one
‘needs to invoke a termlnatlon protocol for network partltzonlng

only when a partitioning is detected, which-is guite 1nfrequent,

For ILl=1. '{C'h(c”".”‘ (“") 2(D) sicle@wIF by zenmas.”
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_Chapter'7 : Optimal Termination Protocols ior\igrtitioning - 11
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Contents

7.1. Introduction
yl . 7.2. Analysis of the commit protocols
~ 7.3. Pantitiohs and probabj]itfe§
'7.4&r Measung§ foh,TPs . |
7.5. Decentralized TPs - = -
7.5.;w§omponentAoptfmality
7.5.2 Site optimal ity
7.6.. Central ized TPs
7.7. Selection of the coordinator: :

7.8. Conclusion

7.1. Introduction

In’the previous chapter, we have studied the terminatidn
protocols and der?ved TPs oﬁtiﬁal under two important measures -
component and site optimality measures. Thesé’meésures: as
.defined there, have implicitely ‘assumed that: - a) the
probabilities of occurrence of all possible components are

identical, and, b) the probability of finding a site in state w

4. ) 1is the same as that of finding it in state p at any point of

time. We can'seg;that~thgse,assumpfiéns do nofnhold’in certain
- e SHpE A pot.

uu,greg}istig;environmenxs. In this chapter, we generalize our

.
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a
!

: measpfes of T?s by considerino‘the pro?abilities:of'occnt;ence'of
difFerent partitions to be potentially different.and the
probab%&1t1es of flnding sites in w and p states to be posszbly
dlfferent. We first analyze the decentrallzed and centrallzed
versions of the three- phase commit protocol and der1ve the
probab111t1es of various components. We then present our notionsi

"~ of part1t1ons, and the probab111t1es assoc1ated with them. We

T

genera11ze our measures to take all the available 1nformat10n

©

2

into account and develop the opt1mal1ty theory in the cent:allzed.'

and decentralized cases.

Several results in this chapter have their counterparts in

¢ a

Chaptgr 6. Hence, we do not present the detailed proofs here

unles’s they are éppreciably different.

7.2. Analysis of the commit protocol

Decentral ized three-phase commit. (Fig. 1) .

Phase 1: A site in state q receLves a transact1on request, sends,
the subtransactions to the part1c1pat1ng sites. and moves into
the state 'w'; each participating site in g, decides twhether
the subtransaction can be committed :or not.. If the
subtransaction is to be aborted the site aborts the : )
subtransaction, sends a 'no'’ message to all other - g
part1c1pat1ng sites and moves into a. final state 'a'.

Otherw1se, it sends an 'yes' and moves into a. state-ﬁw‘; :

e

Phase 2: Each site rece1ves messages from all other 51tes.‘ 1f °
any of them is 'no', it aborts, sends an 'abort' message to
all others and moves into 'a'. Otherwise, it sends a _
'prepare.to commit' message and moves into 'p', . ‘ a

Phase 3: Each site comm1ts the subtransactxon and moves into the
final state 'c' if 'prepare to commit' messages are received "
fromall:the sites. . .

Ly




At

| eFig. 1:ﬁThe FSA_co::esponding'tolthe~decenttalizedvcommit
" ’ Lo v' Q | | R
A typical transaction eXecution,'based on fhe.decentralized

'protocoi ‘can bexdeplcted as follows on a global time . scale,

assuming ‘the- dec1szon tP be commit:

t 5 Kl b A

[to,t:) : The sites receive the request - ' ‘

[ty,t2) : all part1c1pat1ng sxtes are in w and none of them
has receivedg’the 'yes' messages ffom all other
sites ‘

[t.,t3) : the sites move from w into p after receiving all
'yes' messages

[ta,ta) :-all sites are in p, but none hads received the

i 'prepare to comm1t' mes§ages from all other 51tes

[tua,ts) : the sites move from p into c N

[

Network partxtlonlng assumptxon' A part1t10n1ng can occur with
the same probab111ty at any po1nt -of time durlng a transaction

) LN
execution.

Clearly, this is a very natural assumption since there is no

a priori way of knowing when a partitioning occwurs.

Assume a part1t1on1ng occurs at time t. Consider a group S

of size k and let P(m k) be the sum of the probabllltles of all

'components of S w1th exactly m sites in state p, for 0<m<k. The

reason for cons1der1ng the sum of these probabllltles rather than
the 1ndrv1dua1 probabilities is two-fold: a) Slnce ve are dealing

with the‘decentralized protocol where all sites have the same

—




"status under the protocol the probabllxty o£ be1ng 1n a

partxcular state is the same for all 51tes, anﬁ b) ve can derlve_‘;

- o

'the probabzllty for a component 1ndependent of the components 1t

can concurrently occur with.

From the above time-scple;tgp:eééhﬁation,‘ﬁe see that, for

» e ’ o » - .
DR A I o e A o
P(m,k) = | ----- e e - ,
: (ts'to)' Ata—taf\ta-t2) . ..
Repeatgdly integrating by parts, we obtain,
, ) 1 (ta-t3)
P(m k - == EmEsm= =-_ . . . . .
' v P
(k+1) (ts-to) (Please se'e Appendle for the details)

A
. N
Y

Since the value P(m,k)'depends only oﬁ“k, we observe that
the probabilities are the same for all m. For m=0 and m=k, the

fo{lowing expréssiogs can be similarly derived:

R

: ‘ 7 (tw—ts) '
- P(k,k)= P(m,k)+ -=------ ., and,
o ’ (ts'to) ‘
) (t.-t,) '
P(0,k)= P(nr,k) + -==-—-- , for O<m<k.
(ts"to)

We present an example network and‘dériVe the probabilities
s ' _ | '
.. of occurrence of the components.

~ g

Assume that there are 4 sites in the'network(and~éon3ider.a

a,

,partmtion R = {M(1,39,(2, 4)}. We assume the commit protocol to be;>

-

the decentrallzed,three phase pro&ocol For szmpl1c1ty, we

assume that (ta- t,)/(t,—t ) = (t,—€,)/(t,—t )= (t. t;)/(t;-to)'



\
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A

"VLetfz deﬁote this value. The  list of possible componenfé‘is as .

follovs: ,
. sites ¢ 1 3 24 1324
f&a : states : w wiw oW .'pfw w oW
| e ﬁ P pwwp
B WWDpWw pwpw
‘\‘\\//q\¥ WDpWW pPpwWw
‘" P Q P PPVYP
| wppw ppp
., WPPP p P‘P P

Looking at éll the «four sites as -a sihgle group, we can find that

memed

P(1,4) = P(2,%) = P(3,4) = (1/5)z and P(0,4) = P(4,4) = (6/5)z.

The following observations can be made from the above

v

formaui&e;xwhidh can be eaéily checked with the example :
a) Since (t.-t,)=(t,-t,), we have P(0,k)=P(k, k) for‘any k, and,

~t;) If (t,-t,) and (t.-t;) are ofgthe‘order of’ﬁta—tz),'ﬁhen.

'P(O,k), P(k,k) are of the order of k.P(m,k)u ‘But, it can be seen

from the protoccl that (t3~t§)>>(t§:t1)g(t.~t,), so that,

P(0O,k)=P(k,k)2P(m,k). (Nevertheless, this doe& nnt mean that »l]
< P ‘ . : RTINS

components for a partition have the same probabiliti~s of

oceurrence, as we will see in Section 7.3.)

a

Now we consider the centralized version_ofjthig commit .
protocol (Fig. 2) ahd derive similar relationships: .. .

Phase 1: The central site (in g¢) receives a transaction and
sends the Subtransactions to the participating sites, moving
into w; each participating site (in g,) receives its
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ysubirahsécr1on.; Each SIte decides whether bhe subtransact1on
can be committed or -not. If 'the Sthransact1on cannot be
comm1tted 1t is .aborted (by. mov1ng into 'a'): and the" site

sends a 'no' to the central. S1te. Otherwlse, an‘” e
sent (by mov1ng 1nto W) . Qs" B e

e

-

Phase 2:.The<cehtral site receives ail the mesSages. IR one of

them is 'no', it aborts (moving into *a') and sends ‘abort! -
to all part1c1pat1ng 51tes. Otherw1se, it’ sen&s prepare to.
commit' ‘(and moves into p) Each:site " rece1ves the message,
.aborts if the’. message is’ abort (moving into 'a'); otherwise
it moves into. p and sends an 'ack' to the central s1te. '

Phase 3: After rece1v1ng all 'ack’ s, the. central ‘site séhds out

'commit' messages(mov1ng into '¢° ) ‘Each site commits (by
mov1ng 1nto 'c!') after receiving commlt'

SUPERVISOR - ~ PARTICIPANT

Fig.2: The FSA correspdndihg to the centralized commit
4 ,

A
\

Let us\ look at a typ1cal execut1on of the central1zed

version of the commlt protocol on the global t1me scale. o -/
. e S R _ Coegy
[to,t,) : sites receive the subtransact1on- . T
[t t2) ¢ all participating 51tes are in w and the central
S

sites.

site has not recelved all the messages from the



[t.,t,)
[t;,ta)

[t ts)

-

Let us
~the cenﬁral
the decentra
sitéjcan be
the loqgl pr
(t,ft,5=(t.-
follqyihé ex

contains the

7.3, Partit
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: sites move from w into p
:.all sites are in p

: sites move from p into ¢ " - : .

¢onsider any subset S"Qf sites that does not contéin
site. ‘Then the analysis is exactly the same as in’
lized case. I1f S contajns the gentral site, no other
in phunlesé'the central site is in p. Assuming that
ocessing tihes are small, in this case, we have

t,), and,,(t,—t,)=(t.*f,)=(t.-t;). We have the
pressions when the act of sites ‘e “onaidaraticn

central site.

(t:_tz) ; )
k) = -=---7=-- , for 0<m<k,
k(t.-t.)
‘£1) (t’—t‘) ’ .
—<lo < R(0LW) ¢ Plw ) —- -2l ana,
“"o) (v ¢ o
Y ® op(o Y vopdm gD

jone and probahilitian

Let T ke the set of =ites in the fRetwnrd A network

partition Rr
S:n55=¢ for
different st

~~1llections

A physi

traneactigns

can be representad ag R ={S,,7,, ., .S} “here S g -1

i

v

a1l 0-i7j<s and u7, -] “ince the eitee ~an ha in
ates, a Pf"'"iti“" o e yenti A ne A1 fferant

of compenent -,

~al pavtifioninu dAneg not depend on the statea of ‘K

at the si' et is reascnakle te agsume
23 .
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that one can specigy the prebabilify of ocsbrrenEe of a

particular partltlon independent of the states, denoted as P(R)
Assume that the set of possible part1t10ns R is known. Let: -
Groups(R) Comp- set(R) respectively be the set of all groups and

the set of all components for. the given collectlon of partitions.-
For any CeComp-set(R) “let k=|C| and P(C) the probab111ty of
occurrence of C. Then clearly; P(C)=(SP(R) whete “

Site(C)eR)*B(C) while B(C) may’be either P(o,k), P(m,k) or"“ - .

P(k,k) depending on the. protocol and on state(C).

7.4. Measures for TPs

EXY

Now, we generalize the measures to incorporate the

statistical information.

” . . oo

Let f be a TP and T(R,f)= {C<Comp—set(ﬂf| f(C)=w}.

Definition 7.1. A TP f is said to be component optimél in .a set
of TPs F if and only if EC(R,f)=(§LP(C) for CeT(R,f)) is minimum

in F.

Definition 7.2. A TP £ is site optimal in F if and only if

FE(R, £)=(Z F(C)|C| for CeT(R.f)) is minimum in F. - ~ mﬁ”é;:”*'“‘“ @

R

These measures can he seen to coincide with the previous
measures when P(C)-P(C') for 211 C,C'eD. Observe that ‘we have

incorporated all the available information into these generalized

measures. ; »
P ~ ,1\-« - ¢ e e & -ve
o ¥ &

Let us :estafe two 1mportant pYopertaes of TPs (gzven in

Chaprer 6)- fhar vill "bé of gréaba:mporsance JD developlng the
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optimality results. We shall present them here in a form most

appropriate in this context :

Property 1 : Let S, S"begtwé.groups such that SnS'=g. Let f be
a TP. Let site(C) =5 angd state(c) - {w} and'site(c')'= S' and
state(C') = {pl} for C,C'eD. Thén, either f(C)=w or £(C')=w or

!

both.

Property 2 : Let f be a TP. Let site(C). = site(C') = §,
_state(C) ={w} and state(C') =" {p} for a group S and C,C'eD.
Assume f(C)#w and f(C')#w. Let S' be any other group such that

SnS'=g and C'' anxﬂccmponent with group S'. Then, f(C'')=w,
7.5. Decentralized TPs

Definition 7.3. Let R be a ;:}tition and C,C' componentsrof R.
We say they are complementary if and only if i) ‘site(C)=site(C")

" and ii)state(C)= {w} and state(C' ) {p}.

For any TP f and any collection R of partitions, we define
U(R,f) = {SeGroups(R)lf(C)¢w,and £(C!)#w for the .

P

: fomplemepntary components c,cr w1th site(C)= s} e T

““«*‘v’-n-»-

L e .

V(R [ {SkGrdups(R)if(C) =t (& ) w for the comp]ementary
components C,C' with. site(c)=s}, - -

WR.E) = Groups(R)~(T(R,E)0V(R, €)).

We can observe that, if SnS'=g and S<U(R,f), then S' must he
in VIR,f) for any f. Similar)ly, if S¢W(R,f), then

S'ev{(R,f)Yvw(n, f).
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¢
Let us look at a 51mple example here. Let I {1,2, 3 4 5 6},
R= {R.,R } where R.—{{1 2,3}, 14, s 6}1} and R.={{1, z 3,4},15,6}}.
Con51der the DTP f£ def1ned as follows.
1) f has preservation property, )
ii) if site(C)={1,2,3} and pestate(C), then £(C)=x,
13i) if site(C)={1,2,3} and p/state(C), then f(C)=y,
iv).if site(Cc)={1,2,3,4} and pcstate(C),}ﬁhen f(C)=x, and,

‘v) f(C)=w otherwise.

-Groupé(R)={{1,2,3],{1,2,3,4};{5,6},{4;5,6}} and the only
group such that f(C)#w and f(C')#w for its complementary
components C,C' is {1,2,3}.4 ?hus, U(R,f)={{i,2,3}}. For the
group {1,2,3,4}, the ccm§655n£ é‘wieh siete(cjekp}'{e‘ﬁepped to Q
and its compieméﬁtéfy component is mapped to w. . Thus, '«
{1,2,3,4}eW(R,f). Tﬁe other two éroﬁps are in V(R,f)mSinee all

components of these groups are mapped to w.

7:5.1- Component optlmality - "g_f_:v S

Here also, we can gain great 1n51ghts throﬁgh a tabular:;
febresentatlon s1m11ar tonghe'one in Chapter 6.‘ As an example:
- cansider 4.sites, 1;2;3,4.,.ngside: a‘partiﬁien involving'ewq"
groups (T,?) and (3,4). Let us write down the components formed

by these two groups indiQidually :

sites 3 1 2 } 03 4 -
o “,\ T R TR N -
1."w wo.o. 5. w W )
2 w p 6 . w p
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It is evident that the rows 1 and 8 cannot both be mapped to y

and x reépedtively. Same is true for 5-and‘4 also. If 1 is.

"mapped to y and 4 is mapped to x, then all the components between

5 and 8 are mapped to w. Same is true with 5 and 8. "But, by

‘mapping 1 aﬁd S to y or 4 and B'to X, oniy two components

are mapped to w. Clearly, this is the best any DTP can do. This

argument can be extended for any number of sites, leading to a

lower bound on the waiting components in the following theorems

@
For a partition R, let All-w(R)={C|state(C)={w}, 'site(C)eR}

~and All-p(R)={C|state(C)={p}, site(C)eR}. Thus, for any

) CfA;l-p(R),.state(C)={p], and, state(C)={w} for any CeAll-w(R).

. Theorem 7.1. Let f be a DTP and R be a partltlon Assume 3

T‘C C‘eAll w(R) such that f(C)#w and’ f(C )#w ' Then, f(C'")=w for .

'all C"eAll p(R) It is true. when we 1nterchange the roles of

"All-w(R) and All p(R) also

o~ . A

Pbo@f{‘KESGméxé,C}C'fﬁil:ﬁ(ﬁ);éu¢h3that_f(C)#w and f(C')#w:

E(C)ew impiies that ¥C''eD such that site(C'')nsite(C)=g and

state(C'')={p}, £(C'')=w.. That is, f(C'')=w for all
C''eAll-p(R) - {C'''} where site(C''")=site(C). Similarly,

f(C')#w implies that f(C'')=w for all C''eAll-p(R) - {C'''} where

"f}“szte(c"‘) 51te(C ) Hence f(C)#w A f(C )#w implies that

. Similarly preved: [}

(C")=w for all C"?All p(R) The converse can also be



This result dlrectly leads to a powerful lower bound for the’

component measure

Theorem 7.5. Let f be-a‘DTP and R any*partitiOn...Then,
EC({R},£)2min{E P(C) for CeAll-p(R), T P(C) for CeAll-w(R)}.
N : \I
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. Proof We have seen in the above proof that if any'one cdmponent

in All-p(R)‘or All-w(R) is mapped intov{x,y}; then at ;eest
(|rR]-1) componen;s are mapped to w. The'aboye theorem states
that if two components from any one of these tno sers are mapped
into {x,y}, then |R| components are:mappeo to w. Thus, the-best
any DTP can do ie to map all components.in one of:thoselsets‘into

{x,y}. O

- This result can be extended to any collectlon of part1t1ons

tr1v1a11y as follows :

Cor. 7.1 : Let f be a'DTP and R any collection of.partitions
Then, .EC,(R,f)émi.n{ER,( = P(C) ror CeAll-p(R)), Rf&( = P(C) for
CeAll-w(R))}. O A L

‘Let us denote the expression on the right hand side of the
-above ineque;ity.by LB(R). Our first lead to the optimal DTP
comes from the'following corollary in which we show that no DTP f

such that U(R,f)#¢& can aohieve the above lower bound :

Cor. 7.2 : Let R be a collection of partitions and f a DTP such
that 'U(R,'f)égf. Then, EC(R,f) > LB(R).

Proof: Since U(R f)##4, there exist complementary components C, C'

such that f(C)#w and f(C')#w. By Property 2 f(C")=w for any
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.component C'' such that.site(é“)nsike(C)=¢ ”Furtherﬁere, recall
.that the sum of the probab111t1es of all components of a 91Ven'..

group S, w1th1n-a part1t10nfR,.1s 1; o
Let ReR such that - RaU(R,f)#g.Then, EC({R},£)2P(R)(|R[~1)

4by‘the above twovbbservetions. But, LB({R}) < P(R).

min{P(0,k),P(k,k)} < 1/2 for any k. Thus, EC({R},f) > LB({R}) in
this case. For ReR such that -RnU(R,f);¢,EC({R},f_)'zl'_LB({R}) by

Theorem 7.2. Thus, EC(R,f) > LB(R). O

In themaﬁove proof, we %avelcoﬁsidered the ihdividual
partitioﬁs and shewn our result to be true for -each of them.
This is a very interesting property since it shows that our
results are 1ndependent of the collectlon of part1t1ons We
shall see that thlS techn1que can be used in prov1ng virtually
all the results to come. Thus, it is no surpr1se-that we would

find fixed TPs to be optimal.

The above result shows that W(R,f)=Groups(R) for any
component optimal DTP. We have alreédy seen a DTP with this

property in Chapter 6. We redefine it here and .call it g :
Assume that P(k,k)<P(0,k)<for ahy k.

i) g sat1sf1es the preservatlon property, and

ii) w:state(C) implies g(C) =y; otherw1se, g(C) W

It is obv1ous that. U(R g)-¢ and W(R g)&Groups(R) for any k “”Q';;.,;;Q‘

. we show that g. ach;eves the lower bound bf Cor.“7,1;“e,“

- S tr e - - R I e e a
- —r...h-u_n.-———f..—--h——s_-

' ~Aﬂd 9‘-=C) W the.n stateic) {y}‘“_’ < HASPEVEE'R

Y



Slnce th15¥h¢~y,.

?ys’true for any R,.g 1s component optlmal for any R. D

{j- Observe that the ‘Cor’, 7'2'agove<eifﬁinate§1a;l,bnt,twoﬂb¢Psff:..;1
as candidates for be1ng component opttmal one'of them'is.g “p
3_ngdef1ned abOVe and the other 1s-ips Gomplﬁmentarx ﬁungt1on wh1gq_‘
,.,2maps any component w1th one 51te 1n p to* x and all étﬁe};'ié“;f;'

Both of these DTPs are component opt:mal lf the values of P(O k)

and P(k,k) are same for all k.
Thus, we have shown that the decentralized termination

protocol g leads to the'minimum.expected'numper of*waiting
components 1ndependent of the set of p0551ble partltlons and
the1r probab111t1es of occurrence. This is ‘a very 1nterest1ng
result since 1t amounts to saying that this TP can. be effect1vely
used in any environment. Furthermore, it does not depend on any
of.the a55umptions‘ne have made regarding‘tne ptopabilities‘of‘;;

the components.
7.5.2 site optimality

Recall that we have an approximate equal1ty between P(0, k)

and P(m k) for any k and n, under the:dacentral;zed commlt

o T- .".,.1; e .4 L ,V.?

et protocol ﬂt;ﬂf NTZ!;;;g

SAel L, LT e e LRSS .
PO e et S . . ’ . PR
Sl e L, .. . “u g
o Vel . - RN A I
- . L ..

R —-.v,_; R . [ B - . R ‘.-A'l‘:_-,‘-‘v‘;‘tu

P

no group in’ Groups(n) intenaects-with more than K 5roups ég
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_Groups(R)-rTheh;,f§?:§pfficiently iehée n;*élis:s;teﬁoptimet;emohg
'*the DTPs.,' . o L ‘. | | |

.: Proof Ir U(B f) ¢ for some f then ;t:is streightfforwahq tohsee
" .that ES(r);Es(g) e T

efﬁ;isuppose that U(R, f)#y for some. f. By definition,'- S

| CES(£) ¥ = P(R)*+ & ISI *R(0,1S]) + S P(R)* = [s].

. - RER ~  SERNRR.S) . ReR . SERAV(R,4) .
x On the other hand o f o E . T
Lo Es(g) 2: P(R)* ~.5Z"‘1§{ *P(O 1SI) *f““f?‘”*”ﬂj""
e Ser | ' -
ERRE ance ?(O k) P(m k), P(O k) 1/k for all groups of size k for any

“ K Thus,'clearly, ES(g) is bounded above by 2* Zﬁ?(R)*lRI e

Now, we show that ES(f)>212P(R)*lR\for sufficiently- large n.
: RER

| A reasonably large loyer'bound on the mumber of gPOUp$ 1in V(R,f?

. is‘alllthat;We neeo for this purpose. By the hypothesis, no ghoﬁp
'intersects.with more than'K other groups hence, there are at
least (n-K- 1) groups which are in V(R f) when e group S is in |

_U(B,fl. Thus, ES(f)>(n-K-1)'§iP(R), For large n, the size of any

partition R, IRl << n and for realistic networks, more the number
. 3 . .

of groups in a partition, less .is the probability for that

e partition ‘Hence, ES(g) £ ES(f) for sufficiehtly large n. 0 |
| hough the assumption of bounded: intersection is reasonable

in practice, it is still 1mportant to consider the general case.

But there does not seem to be. a polynomial time solution to the

‘A.

f problem of finding ¥he site optimal DTP in this general case. Wejw

] could neither show that 1t 1s NP Complete The ba51c problem one

S o -
* . o LI

L ofaces is that a bound on- the number of groups in any one of ‘the

MR - ﬂ:.ﬂr_‘,._q n..e‘,‘ 3
R . T . .

thnee sets U(R f) V(R f) or W(R f%aseems tobe hard o obtain. In

P

--—1 0‘-.l¢ 4

Ve

:fact,veven ﬁinding if one of them 1s empty seems to be difflcult

E 3
. .
’-



©..7.6. Centralized TPs

.{

. be proved 51m11a; tonTheogem 7.4 :

e : these sets 1s empty is NP Complete If th1s is true,

then the orrgrna] problem is a}solclear]y NP-CpmpIetew:h

uAs-we have. seen in Chapter 6, a DTP ‘can also be used 1n

-

t.—.--~._>‘_ 4»)0-'*. D

no advantage of the exlstence of the centcal 51te.~ Here, we see

"~ _that_ the component optlmal DTP g performs well in thlS new role N

"a_

also.

+

f Assume that iis the ceﬂtral szte in the d;scu551on to.

follow.

Theorem 7.5, Let f be a DTP used in conjunctlon wzth the
centralized commit protocol Assume that U(R,f)#g. and 1{5 for

-all ScU(R,f) Then, EC(R,§)>Ec(R g)

c -
¥

PPOOF Observe that none ot the BTPs take advantage of the
ex1stence of a central 51te. Thus, effectlvely, there 1s ‘no -

difference in the relat1ve/performances of £ and g as CTPs or as
»

DTPs. Hence, the‘proof follows on the same l1nes as Cor.~7 2 D

\]

N Since P(k, k) is larger than P(O k) for a component with the

central«51te, let g map any compdquﬁt w1th a site in p to x and

Theorem 7 6 Let f be as above.- Assume that no more ‘than’ half of

the part1txons have groups of 51ze > n- 2 Then{NES(B,f)IZa

'4,, :
. B

E .

PR .. -

. e &

con3unct1on thh a- central1zed comm1t protocol though at takes

[ Q ',‘_'.-:_f_,-' . ’_"_'."'4 S

DAY .

o W

- any component wlth all sites in.w-to w. The following result can °
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ES(R g). O--0 =0 T e

i

VA '-" .t a7, e e . - . - ‘
-~ \_\ . » . [ .
T 6 ' oL ) e e w a ~ o« N 30

”7In the above?two"hheorems we have compared g onIy w1th the other

- EC(R, f)ZEC(R g) and ES(R, )>ES(R g)._Qi . e

DTPs.' We can even prove a stronger result about g here."The

- . -

proof 1s stralght forward

‘Theorem 7 7. Let f be any CTP such that U(R f)=¢. Then,

- . L T

- ‘ \.v-‘
iirn""

o

-Noﬁ; let ug“ébﬁsidér the CTPs f such thatlU(R-f)¥¢ © Among - -

them, f1rst con51der the subc ass for which Se U(R f) 1mp11es i£S.
= : / g
These are very stmilar to the DTPs and it is easy to argue,ia in

P

A.’/'
Theorem 7. 4 that g perrorms better than them under the same assump-
- tions. -

Theotem"7;8.ﬂ'Let f be a CTP such that-U(R,f)¢¢ and SgU(R,f), SR

implies’its. Then) EC(R,f)2EC{R,g) and ES(R,f)ZES(R,é).ﬁ]

Thus; g is'better than many CTPs as, well'in both the

tomponent and s1te measures.,.clearly, we- have not exhausted alln

. .o
Wt o e e

' CTPs 1n our characterIzatlon.' Speq1ftcally, one case remainlng:

">1s Of CTP £ for Whlch U(R f)¢¢ and 1es for ‘some SeU(R f) " We'

shall -now def1ne one such cTP wh1ch we prove to’ be opt1ma1 in- 7 -

both components’and sites. This CTP tries to take advantage of-

the central site's existence.

Define h as follows: for any CeComp set(R) a) h(C)=x if

pcstate(c), 'b) h(C) y 1f 1<szte(c) A state(c) {w}' and, cf SRR
h(C)=w. otherwlse.

. Fs

Here, U(R,h) =g and ScU(R h) 1mpl1es “TeS.
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| iin“there we can show 1t to be Optlmal among all. CTPs. But

2 w._,,«'

mrvon & k™

"",”v iflrst we show 1t optxmal 1n the subclass o&ﬁCTPs £ for uhxch ~e~_‘t.7i

a .
— T IS

U(R f)¢¢ and IcS ﬁor some SeU(R f) Observe that the arguments
R of Theorem 7 4 are not va11d in . th1s case - s1n£e the Property 2 we

are. appeal1ng to. is. not appllcable for SeU(R £). such that- 1<S

" site, as in Chapter 6, the fOllOWlng ‘strong resuit 1s 1mmediate e

-

‘ﬂmhéarem.7.9am\netwféaeia,CTp such that U(R,f)¢¢ and ieS for ‘some .

.SeU(R,f). Then, h(C)=w‘implies f(C)=w. O ‘p .

~

We have expl1¢1tly d1v1ded the class of TPs that-can be used

in con]unct1on w1th the centralized protocol Lnto.several
\
subclasses- and shown that one of the two TPs g and. h is- optzmal

M v/"- “

SR 11 each of them. Noyjiwe compare ‘the" performandes of g and h and’

show that h is 1ndeed better than .g.

- e PR . . - R o b LT e
<.».-."’ . L. - B T T

},Tbeotem .16 EC(R g) > EC(R h) o ;~;» 1,;;5-%f‘**”f*.‘>
' Proof Slnce h. maps a component C to w only if state(C) {w}. and
. ifsite(Cy, EC({R} gY>EC({R} h) for any part1tlon ReR. D e

' Theorem 7:11. ES(R,g) > ES(n,h). | - | .

 Proof: Similar to Theorem 7.10. [J

'Thus, we have‘prdved'that theVCfé-h;is'optimai‘both:in
components and 51tes, and, this:.is true«xndependent of the: f
posszble set of- partltlons R and the probabxlltles of. occurrence”‘
of . 1nd1v1dual part1tlons._ Intultxvely,'h seems to. make use'of

\ all the avallable 1nformat10n in any component 51multaneously

) < ‘ PR .
QV’ . R

. - Thxsggs the same as the hzghly oPt1ma1 LIP qthhapter 6 st;ﬂ;

‘T;PA55um1ng f to- be~such that 1t does not wa;t if: :t hasﬂthe central f
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’ ensur1rg the cons1stency of "the databases. ' e
’ n-‘ “ﬁv PR "'..‘- i <‘. Ld P P _.:7 e T T T r’ -"\ ’

. L. - L . . - -
B o ST .

i‘;fi:7ﬂ7lf'Seleﬂtioﬁﬂoihthe coordinator;Aj

L - :
y .

/?We-have shown-that'in'the context of network partitioning,
_centrallzed protocols are more ejfect1ve .under certasn practlcal
;“*“measures. But, the effquxveness.ag oentnablzedamps depends-on~ - -
_the central 51te also.‘ For 1nstance,'1f the central site occurs |
1n very small ‘groups in-all the possible partltlons, then the
. .expected number of waltlng sites can. be larger than 1f it were in
relat1ve1y large groups Thus, we see that,veven though h is
‘site opt1ma1 for a glven central site i, there can be a wide
range of such h dependlng on Whlch one of the sites is the
2{:5@gnt£al*54tei—'Eﬂ”thﬁSﬁSECElQﬂ}ZV@:addrﬁss;ﬁhﬁgQEOblgm of:f&héiaét'
“‘the bﬁtimai 5u6h.h. By the abovévdiSCUSSion”.we see that it
_ ‘bofis down to that of f1nd1ng a 51te whlch maximizes the effect

kA

'{fof the correspond1ng h functlon. ‘We. thus formulate the quest1on

N © ST . b . I .o —

Cast e R N
find a site'i SUCh that, glven the p0591ole part;tlons and
their probab111t1es of occurrence, ch0051ng i as the central

'site makes the CTP h, ( the CTP h with.i assumed to be ‘the

A N

central site) superior to h_ ﬁor any m#i in the sense that

"ES(R,h;)SES(R,h.). -

Here, we derive the.conditions under which h; is superior to

'

-~ h,. under the*Site‘optimality'measure.

_ Theorem 7,12, ES(R,h,)<ES(R,h_) if and only if
Z'[P('O',Is"l) |s|<<p(n )] 2( é_p( 0 L15]). 18] (S P(RI).

SeGrenRY, ~éS Sr e
L €S ' _ Se€&feirs R)
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.. Proofr From the def1n1txon of S -we’see that,: s '

"zsm’,h;) zp( 0 [s|),|S|(iP(R))
= % P( 0,|s]). ISI(ZP(R)) -
-“'pc 0 lsl‘).lﬂsl_(iP(R))-

te o

S1m11arly, we cap express ES(R h ) as well. Our claim follows

° .

d1rectly from these expre551ons. a -

-
o

The above condlt10ns are’ rather s1mple and ve:y useful 51nce

we can now find a 51mple algorlthm which can be used to find the

optimal h : _
For each group S in the collection find |

wis) = (p( 0 ;|s]). Isl( P(R)) For s;te 3, let T

e eittes

P, ‘"'W(J)m ’(ELW(S)) where: ]eS. Find i such that- W(1) is the

maximum. .Designate i as- the central 51te. . “”§

- ; », . -
! - R T
- 2. . . - . . - .

Time complexlty of thls algorlthm is clearly linear- in’ the-”
1nput sxze, mak1ng it: optlmal in- tlme. TA"__f ?gA*fﬂtfiff;t?*z'

S

HZtS.Conclusion'

In Cﬁabter 6, we have concluded that thére is a CTP whose
performance is superior’ %o any DTP in most practlcal 51tuat1ons.
The fact that this is so even under the most geperal;measures, as
shown in this chapter, strengthens our conviction that it is |
desirable to'%mploy centralized commit protocols when highiy

~ reliable sites exist in a network. A very surprising outcome of
our studies is that the statistical infermation on the probable

partltlons is of little .conseqguence in de51gn1ng the optlmal TPs.

This is of great 1mportance since it implies that we can safely
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employ the same protocol in any environment.



Chapter 8 : Conclusions
Contents

. 8.1. Intnoductlon B _
. 8.2. Resiliency of DISfPlbUted databases = the
past
8.3. Contrlbutrons of this thesis

38}4 Deal'ing with the other transactlon models

¥
8.4.1 Hierarchical model '

8.4.2 Nested-model.
8.5. Suggested future direct ions
8.5.1 Site failure

8.5.2 Network Partitioning

B.1. Introduction

Tn tﬁls Chapter, we present in a nutshell our contributibns
in enhancing the understanding of fault-tolerance in distributed
database systems. We demonstrate the state of the art 'in this
area and Aiscune the prssible divecticrne the future re’sa‘a‘f‘ch

renlAd take ‘ ,}; ?‘%v;:;'

gfé

R.? P°s111ency of D1str1bufnd datab?spc ~ the past

. « ©
\ . 53

ronszstency'cdhstraiut1l}n databases reflggt the physxacl

environment belng,mgdelled by the database. ThUS, it is
: CL ' r'e

- A
. .
L YOI A



imperative that any user accessing the database sees a consistent

database. Atomic transactions are provided as the means by which-

i# o o) .- P

»j%% user*Caﬁ“acéesé.a‘databaée,'so’that,'by definition, each

ransact1on leaves’w tonﬁﬁstgﬁi ditabase” codnsistent~ ‘Thusmﬂthev«c ~
»ﬁ#;‘n -".":"'1""_40

'only two possrbké ways .a transactlon can be completed aréVa) by

execut1ng it completely and 1ncorporat1ng all its effects

(YW

permanently 1nto the database, and b) by mak1ng sure that none.

: of its effects are incorporated into the database. ' These two

actions are known as commit and abort respectively. Atomicity of
a transaction in a distributed envirofiment thus amounts to either’
a) ‘committing at all sites at which the transaction is executed |,

or, b) aborting at all sites.

v

The fundamental requirement for any Transaction Managemenﬁ,

System is that it implements all transactions only as'atomic’

-actions. Thus, the basic.problem we are concerned with is, How

to ensure that any distributed transaction is atomically
completed in spite of failures 'in the system ? Several possible
failures Have'béen considered in the literature. Our interest

lJies in two of them - site failures and network partitioning.

In addition to guaran%eeing the atomicity, we require that
as many operational sites in the distributed system as possible

are allowed to complete the transactinns incomplete at the time

of a failure.

Alsberg and Day [AD 76] were the first to explicitly
consider the problem of site failures in the context of

trangaction artomicity. They have ceonsidered the centralized



model of decision and proposed simple ptotocols to ensure'that,
the system is resilient to upto k arbitrary site faiiures for,any

fixed °k (krresiliency). Gray has considered the'decentreiized

©  -model- of decision where partlcxpatang sites can un1laterally

L A v ey - W e ow + . e e e

‘abort in the- early stages of the protocol [Gray 78). He has

proposed and analyzed the-well-known two-phase commit protocol.

.Several variations of this protocol are studied-in the

iiterature, all of them turning out to be 'blocking'_to.a:bitrEfy

'site,failures [Gray 78, HS 80]. Certain attempts are made to

make the two-phase protocol nonblocking to arbitrary site

failures, leading to the disoovery-that it is essential to add

‘one more phase to that protocol (Garcie-79, Skeen 81].

The.problem of network pertiﬁioning has not_been‘explic{tely
addressed until recently. Certain researchers, who have t:ied to
solve the concurrency control problem together witﬂ the
transaction etomieity, have—proposeg consensus-based approaches
which automatically guarantee atomicity in presehoefof site -
failures and network paftitioning [BL 82, Gifford 79. LB 85
Thomas 79, Skeen 82a] In such schemes, all the operatlonal

sites wait when no consensus has been reached at. All the -

ex:stlng database systems have . 1gnored the partltlonzng problem.

The first tormal‘tfeatment of fault—toierance inedistributed
databases is’reported,in'e;thesis by.Skeen [Skeen,azj,ewho has
exclusively considerea the decentralized model of’decision. He
has modelled protocols through finite sfate automata and defined

the concepts of commit, termination and recovery protocols:} He



has introduced ﬁhé not;;ns of b;oohfng and nohblocking orotocols )
and derived thevnecéssary énd<sufficien£ conditions for
nonblockzng comm1t protocols for arbltrary site failures. A‘
“rcYass -of- cdmmxt protocoTs nonblock1ng to 51te fallgres,,knoxn as IR
/.three phase protocols are also 1ntroduced The nonexlstence of
commit protocols nonblocklng to part1t10n1ng has ben proved and a

.class of protocols s;mlla: to consensus- based protocols have been Co

ﬁroposed to deal with partitioning.

Cooper [éooper 82] has shown that the existing commit
protocols do not deal satisfactorily with the part1t1on1ng
problem. He has taken a probablllstlc approach, cons1der1ng the
;/&ocal transaction proc9551ng time a random varlable. The ba51c
«assumptlon he makes 1s that the transmission delays are It

negllglbly smaller than the local proce551ng tlmes.
8.3. Contributions of this thesis

In the context of site ﬁaflures, we have asked the following
- s -

guestions :

a) What are the conditions necessary and sufficient for
nonbloc{iqg, under the centralized decision model ?
b) How do the results chéhge if the 'arbitrary site

' failures' are restricted to a bounded number of simultaneous
failuros ?
o) What are the possible strategies for site recovery from
failures ? How are they related to hhe characteristicé of

the commit and to;mination protocols Seingnu§éd7?ﬂ'



d) How can the concept of backup sites. be modelled 7~.
e) How can we take advantage of spec1a1 propertles of

“transactxons ? ::&‘4.37..,5355-, s

"o . .f)l Are.shere. formal.models’conceptgaiiy=more attractlvgftn;q

..:zq‘

",,,o.p' e pm e

the exlstlng one ? -

Slnce 51te faxlures can be cons1dered as spec1allzed

e e ~,'v " -

partltlonlng, we have def1ned a generalefallure env1ronment
encompassing both these»{allures. We have proposed a new

information- ~based model £6 study the commlt protocols. We have

-
L

used the f1rst order pred1cate 1091C as the tool for worklng 1n

ﬂ
«

“this model ‘and rederxued several exlst1ng resuIts. 0%der the
central1zed dec151on model whlch was not formally studled

‘earlier, we have proved’that all delayed commit protocols are

nonblocklng, thus showing that thére is a wealth of‘nonblockingz

"protocols in this model. At the’ ‘same time’ we have shown that

none of the protocols under centrallzed model have any effect in

deallng w1th the part1t1on1ng problem. For this purpose, we have

1ntroduced the notion of non-trivial term1nat1on protocols which
%

-

capture the essentlal features of a protocol effect1ve for -
J: -

partitioning.

In the decentralized decision model, wevhave derived theh
Fundamental relatlon among the fallures, whlch can be stated as,‘
The nonblocking pmblem fon site fallures is equivalent to the
‘non- tnlvial tenmlnatlon problem of, pantltioning Thls theorem
thus presents the subproblem of part1t10n1ng whlch has exactly

the same complex1ty as-the nonblocking problem of 51te fa11ures.



In'fact the1r equ1va1ence is, 1n & Very strong sense 1«s0lutionf"'
of one problem 1s also a- solut1on of the other.' Thus, the o

nonblocklng problem of 51te fa;lures is’ the same-as the...."”

N
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the f1rst theoritical demonstrat1on of the relatlon among

complex1t1es of these two problems

We haveu&ntroduced the not;on of k bounded fallure ﬁhere not -

more than k sites can s1multaneously fa1l *for a predetermlned
= t:sap- cn L YO
flxed value”k We ‘have *sKown “how’ the concept. of .backup 51tes

@ - o u‘bﬂ Ky Py s

. haturally fits 1nto th1s model“ We have derlvéd results on thea L

o~y

nonblock1ng aspects show1ng that such protocols requ1re ,‘&'n‘;”

» “Yefﬁti%ery'hmhlﬂ numbet of--message- eﬁchanges. We have

o> ;“ B

1nvest1gated the effects of this new model om the term1nat1on and

recovery aspects of commit protocols. For term1nat10n we have
. B ',9!: ‘m v . -

proved that the number of messages is far less than 1n the

‘{arbltrary fallure modelz In® fact, we need a constant number of ¥

- ?

LAV

o
T

messages 1n most reallst1c 51tuat10ns.. We havetfurthur shown"
that it is true for both centrallzed and decentrallzed

termination protocols.

s

‘We have investigated the question of how special properties

of transactions can be exploited. Specifically, we.ha&e'studred'
‘the read-only transactions and derived simple protocols ; N - .
nonblocking to both site failures and’partitioning.‘ Here, we

have showed how hierarchical and nested transaction models also

can have inexpensive protocols for read-only transactions.



Regardzng 51te recovery, we have class&fzed the po551ble

szte recoveryxstrateg1e5adepend1ng on the ease w1th whlch a

S1te can recover.;'The recoﬂery asPects depend on both the comm1t

and termlnation protocols used,. We have defined three possible

SR

Ve -

Bt strateg1es -'1ndependent recovery, recovery after successful

L ‘—0«,!‘. .
"0_ 4--..0... e o e - —co.w»-".—,- - . Ao e

commun1cat10n w1th any paft:crpatlng sate;fand’trecovery afterl 1ndnﬁmv
successful communlcatlon with a de51gnated site, in the

- descendlng order of their deszrab111ty We have shown that the :f

R o .
he vL DL T S

centrallzed'dec1s1on model is' fér 1nfer1or to.the decenbral1zed
fQQ model in the recovery aspects._ In general e have shown that
there is a natural, trade- off An: the term1nat1on and recovery.
aspects, fOr a g1ven ‘commit” protocol“ ‘In- parthcular, we—have
:'shown that 1f a nonblock:ng TP 1s used ‘then no s1te 1s allowed
to recover 1ndependent1y. Even otherwise, 1t is shown that
.f‘atmost one: s1te £an recover 1ndépendentlyt» The decentral1zed
' dec151on model 1s shown to allow ‘the second recovery strategy for

all 51tes, wh1le the central1zed model™ allows such: recovery to .

atmost one 51te, the central s1te.

Our major thrust of 1nvestzgat10n has been on the network
kmrtltlonang problem where the exlstlng l1terature is very
sparse., Slnce-there is no”nonblockrng commlt protocol we have
-explored several p0551b1e means of ach1ev1ng the best poss1b1e'f

performanc 1n presence d{ part1tqon1ng The fundamental

assumpt1on we have made in this context is ?hat the database ‘

cons1stency cannot be v1olated even-temporarlly.‘ Thls 1mp11es
that no two operatlonal 51tes can complete a transactlon 1n two

d1fferent modes (one by comm1tt1ng and the other by abortlng)

-



We-have looked for commlt and termlnatlon protocols optxmal

\

“';.‘:;n'; B R LR RO

under certaln rea115t1c measures for the performance in. presence_

i

‘ﬂ' of part;tlonlng : We have: deflned the TPs as funct:ons mapplng

components that 1s, the groups together WIth aﬂl ‘the

1nformatlon in. that group, onto the possable dec1slons.s This*'

- - -

.
hd -

'best"TPs to deal w1th part1t1on1ng..'we ha&e con51dered two

specific measures for TPs - expected number of wa1t1ng components

I S

“and- the expected number of - wa1t1ng 51tes. They measure the
- ava;labillty of the dtstrlbuted database’ system ‘after the
;partitioningfbuthefore the complete restoration.

Fgrst, we - have assumed that all p0551b1e part1t1ons are

model “of a TP“has been partlcularly useful 'in oug pursu1t for

'equally probable and the probabllmtles of f1nd1ng any sxte 1n one_

the two, cr1t1ca1' states are the same. W1th these assumt1ons,

our me35ures of expectedfbehaviour'have been expressed as simple’

formulas.y We'have‘then'studied both the decentralized*and

centrallzed versions of the TPs to produce TPs optlmal under the

measures. Some of the 1mportant results we have obt 1ned are -
a)‘fhere arebsimple quorum-based decentralized TPs optimal
under the measures,
_b) No deCentralired TP optimal dn‘one measure is optimal in
v~the.other, |

~c) There is a centralized TP optimal in “both the‘measures,'
S T T ’ o

~and, - '

d) The optimal centralized TP pertorms better than any

‘decentralizeéd”fF in"both the measures.
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In the domazn of centralxzed TPs, the results c) and d) areﬁ»

'VerY“peszt1ve 51nce they_ imply that a) centrallzed TPs are more‘
effectzve than decentral1zed TPs, and b) a- szngle TP can“h'

opt1mlze both the measures, the property we are look1ng for.

v

3

We have then general;zed our work1ng env1ronment to cons1der

- d1fferent part1t1ons to have possxbly dlfferent probab111t1es of

.’
-

. occurrence. Furthermore, we have analyzed the:decentral1zgd and Q:«;f}

- R i
-

vcentral1zed ver51ons of the three phase commlt protocol and

derlved the probabllltles of finding sites. in the cr1t1cal' 'd'tj';
stateS"M"We “have shown that the probab141tres 0f find1ng 51tes 1ﬁ RN
-the w,p states play a predomlnent role in determ1n1ng the optlmal

N

TPs. In fact, we have proved the surpraslng result that the
opt1mal1ty theory is 1;dependent of the stat1st1ca1 1nformatlony
'i ava1lable., The consequences of. thls result are far reachlng - a)
“the TPs derlved can be utllyzed with eq'al effect 1n any - o
'rea11st1c environment, b) there is no need to collect any .. ; _
‘statistical information for de51gn1ng useful TPs,; and, c)'these'e
.TPs, su1tably mod1f1ed can—be used 1n conjunctlon w1th any
commlt protocol hav1ng more than one TP etc., We have also
proved that there is a -DTP optlmal in both components and 51tes

in this general model.

We ‘have obtalned s1m11ar results for. the centrallzed commit
‘protocol : a) there is a 51ngle TP. opt1ma1 in both the component
* and site measyres, and, b) this: TP 1s 1ndependent of the p0551ble
partltlons. ‘We have shown that the ‘problem of ftnd1ng the s1te

optimal centralized TP is naturally related to the problem of
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' fselectlng a central s1te.H-The optimal algorithnfse-haVe .
13presented for- thxs ‘ceéntfal site select1on problem can be used to
v'des1gnate,more°than pﬁe,cent@al's;tg? or” to de51gnate backups to.
' _a.oenttal site. BEE | o | B

>
i .

8.4.. Dea}ing_ﬁith the other trahsaction models

B )

Most of the results in thls the51s assumed the relaxed

C e [ v

'ﬁcentral contrdﬁ model “of transactlons. We have claimed that o«
these results can be. extended to.the other models easily.‘ Here,

we briefly discus$ how thls can be done.

PreTeL e i

- -
™ e -

8.4.1 Hierarchical model
The subtransactions of any (sub)transaction look upon their
parent exactly 51m11ar to the ‘coordinator in the central control
*médel The parent also looks at its chlldren as the
participating s1tes in that model. Hence, the conglomerate of a’

parent and 1ts chlldren is exactly 51mrﬂar to. a- central sifte and

the part1c1pat1ng sites in the central control model

Given a‘commi} protoool P for the centrally controlledd
model, we can derive a protocol P' for the hierarchical model as
follows: . ' ' ‘

Transaction-initiation :AEach‘parent acts as the oentral
o site in P_except that it does hot prepare all the
commands to be followed by the descendents. It
qonig sends out the commands to its immediate
descendents. |

i

Reach dec1suon : The parent receives the decisions of its

¥
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_8.4;2‘Nésted model

makes the global dec151on from 1ts chlldren s-

R S - -

dec1s1ons.
Transactlon completlon :’The'transaction-eompletion rule of
. 7 ‘

. . P is followed by each. parent and its ch11dren.~ A

parent waits for messages from its parent before

it sends to its chlldren.

All the existence results of Chapters 3,% angd 5 can be

extended 1nto the domaln of tree transactlons. The optlmallty

results of Chapter 6 also holad 1n pr1nc1ple, but the~

probab111st1c.treatment of Chapter 7 requlres mod1fications~to
incorporate the larger delays 1nvolved in chang1ng from one state

to the other. We do not study this case, but leave it as an open

_problem.

’

The structure of a nested transactlon is very 51m11ar to

that of & tree transactlon, except that there is’ synchron1zatlon~

among the subtransactlons of a transactlon in this model A

9

subtransact1on after f1nd1ng that all its 1mmed1ate descendents

~have commlttéd can commlt with no more message exchanges. 'lt

can make an abort decision 1f one of them have aborted (Let us

note that~- there is. a v1ta1 d1fference between a commlt by
Subtransactlons in this model and the h1erarch1cal Tiﬁ" ¢ here,
the comm1t is only temporary . 1t is not: v151ble to the
(sub)transactlons external to ‘the: g1ven transactxon h1erarchy

Thus, the parent of a commltted subtransactlon.can later abort

4

‘chllderen, passes. on to wts parent " The. . root node



-

‘ , \
Lit. Finally;.the_vholeohie;archy is ‘either committéd~0r-
.oborted.) Itsibarent is then notified of this complgtion and
_procééﬂsgf}mi;ayly."fhus;‘Fherﬁio;ocohs,required for nested
ﬁransactionslafé*more liké the protocols for.read-only

transactlons and our dlscu551ons about those protocols hold here.

We leave it an open quest1on to be studied..

»

. B.5. 'Suggested.future extensions

It"is not clear how gaeooptimaliﬁy':esults'fbr'pé:titioniﬁg
;in.the_ééhéral'enyi;onment‘(where the,variousqprobabilitiés can’
be derived) change for the hiorérohioai model of transaction.
For the.nestedutransactions, one needs to see how ohe”ngw
asoumptioﬁs that a) awsubtrénsaction can permanently commit even

if its parent aborts, and, b) a parent can commit even.if certain

\)

-designated subtranscatlons ‘abort, effect the con51stency«aspeo\$.

These two problems.requlre immediate attention.

S

a

The nested transaction model is cur;ehtly the most general

model for distributed transactions. One can think of more

-~

general models, for instance, those that have the interactions
among the subtransactions in the form of general (acyclic)

digraphs. The semantics of such transaction models need to be

~ ’

worked out. This is an interesting direction to take to see if

such models lead to bBetter resiliency of distributed databases.

v
Recehtly, there have been some attempts to integrate the

site failure problem with other kinds of failures pot considered
here [MSF 83]. Such an integrated approach might Jlead to more

>
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8.5.1 Site failures

« . - ) i T, . - y . . ~ . SR . L. ]4740 -
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1n51ghts into the nature of these fa1lures. Particularly, one -
7 ‘ e

‘might be able to derive 1nterest1ng~relat1pns among the’ failures,

similar to our Funlamental relation among site failures and-

.partitioning. S S v ' - ( o
v .- .

We have seen that there are certain interestfng probleme

directly related to the various.site recovery strategies. .One of
3 = . - . . B L ’

" them is chidingvhow long a site needﬁito store the‘decision on

éompleted transactions to ensure that”it can pass that
information to any querying site, to consistently terminate the
transactions. Several strétegies may be possible to minimPze the
amount of time a completed transactlon is remembered Similarly,
if a.sjte recover1ng from fallure needs to communlcate w1th all
o -
?tg@ncentral sites, strategles are to be worked out that m1n1mxze

the time taken for such a recovery.
=

8.5.2 ﬁetﬁork partitioning

L
Our approach has been to drsallow any inconsistencies :;:g\;/
the database, even temporarily. Another possible approach‘is to
abandon this restriction and to resolve any 1ncon§15tenc1es at
the time of group merglng [Davzdson 82 Wright 83]). This is
known as the' 'optimistic’ approach since it assumes that there
wil be very feb transactié&ns that need to be backed out -during
the merging. After a partitioning, the sites behave as’;f there.

were 23 failure and go ahead with new transactions. . When a -

merging takes place, each site first prepares a serial scheduie
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of ‘the transaction act1ons executed sznce the partitioning has
" occurred and all the 51tes in the new group try to merge the1r

N

sC, edules 1nto a seflal schedule. In the'process,_ certain

-'transactlons may have to be backed out. 'This,approach has led to
cer;aln theor1t1cally 1nterest1ng problems. There are several
g%gneproblems that need to be ‘looked into.

Siteirecoveryf(rather, '‘group recovery') in the context of

v

” partiticning is equﬁqéleﬁt to merging two groups:ﬂ No ihecry has
| been develédped to GEa;-éith this problem when we insist that
'Ldscopsistency cannot be vioia;ed. Specifically, the problem of
fihding an'thimal merging algorithm is open gnd requires. .
immediare atlenﬁgcn. It is not a straight forward situation due‘.
" to the possibility that there could-be a reconfiguration.while '
two groups are beiqg merged. The problem becomes'involved if
sites 'forget' that they have already given-their’ccnsent for a

"decision in: one group and then moved into enother;group. The

-

\

simplest situation is when sites maihtain a ‘history of
_partitionihg a§ known to them and make use of it while making ’

b4 .
their later moves.

In Chapter 7, we haye assumed that transmission delays are
Afcgmparable to the local prccessing times. The site optimality
results we have obtained do nct remain valid if we assume that
the . transm1551on delays are negllg1bly small (or, the transactien
'proce551ng times aré relatively very large). 1In fact, fhe
problem of -determining the site optimal TPs seems to be NP-Hard

in this case. Though it may not be of any practical
. ) é
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significancé, it remains open to'see'ppwjfhis new assumption

-effects the various results. \ av r'd SR S
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' APPENDIX =

B i Lo

DER?;ATION OF P(m,k) FOR ALL m.

leen a set of 51tes, we want to derive the- probabllltles}

f.;that a) exactly m of k sites are in state p and (k- m) are state

;’vw, b) all of them ‘are in state- .p, and, c) all of them are in state

€

hw. Let uS«con81der P(m,k) flrst, for 0 < m < k. From the #&ime-

4

1_scale representation, it?is eiear thatva network partitioning

occuring at time t can flnd this situation only if t2 <t <ty

For any site, closer t is to ta, hlgher is the probablllty that
- 3 |

that 31te is in p. Thus, given that a 31te 1s in elther.w or p,

and that seme sites are in p, the probablllty that it . Is in p at-

-.tine t is given by (t - t2)/(t3 - %%). leferent 31tes can.be in w

.. or p independent of each other, 'so that the probablllty that

exactly m 51tes are in p at t is glven by

k]

: -._»‘__»__‘ ‘Tv t. - t2 t3 -t (}F—m)
' . (t3r to ) W o -

To. compute the total probability correspondlng ro all such r
we need to integrate this expre531on between tp and t3z. The

resultantuexpre351on is to be nermallzed since (t5 - tp) need not

_be unity. ‘Thus, we get,

t mw k-m
P (m, k) =G1(1) - it | .:3 t-t, t3-t . qt
. 5 0 t3—t2 t3—.t2

t
: : 2
(We are multiplying by(ﬁQsince exactly m out of k sites can be in

p in those many possible ways;)r

A repetetive application of intégration by parts gives the

cr
1

[md

—

simplified expression, 372,
t.-t k+1.

1]
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A2

fractlon of the interval (t2, t3) durlng whlch all these k 31tevL

are in p. Thus, 'we get,

S 15zl

Let us con51der P(k k) now. All 31tes are in p durlng the

1nterva1 [t3, ty). FuFthermore,‘all K 51tes “we are 1nterested 1n:"?”'

may have reached p before other sites Thus there may - be a

[y

. e

P (k,k) = E,mty 4 1 3ty o
ts—lt0 F+¥ CS—FO . L .

P(O,k) can also be similarly.given'srnce all sites abe in w .
during [ty, tp) and ‘the k sites may (emain in w for slightly

longer period. . . ,
- > o 7

-

?

 CENTRALIZED PROTOCOL. I | -

The case when the central site is not IW the group is’ ;he same"

C

as in the decentrallzed case. Now, assume that thre central site is -
among the k sites we are interested in. Then, for 0 §“m <‘k,5the

following expression can be given

2

B ’ . t '_‘ m-1 _ k-m
- (k. 1 . 3 t-t, AETLA dt
P (m,k) = {m ts=ty ==\ =
. . : t 3 72 3 "2

" This is because we know that.the central'sitq;moves-into P

at‘tz. - » ‘ : N ) . ’

The other two expressions can be;qerived.similarly.
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