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SKEI1Uib.l. in Section 3 we review a nonbLocking commit
protocol and its ProPerties.

Termination Protocols
Term'i,nation protocols are used in conjunction with

nonbiocking commit protocols. A termination protocol is

invoked when occurrences of site failures render the
Lontinued execution of the commit protocol impossible'
The purpose of lhe termination protocol is to identify the

of"Juri""ut sites and move them toward a commit deci-
sion which is consistent with both operational sites and

lailed sites. It is the responsibility of a nonblocking com-

rriit protocoL to always leave transaction processing in a

state such thal the termination protocol can proceed'
ifr" -u1o. contribution of this paper is the terminaLion
protocol presented in Section 4.

Decentralized Protocols
In a (completely) decentralized protocol' as the

..-" ,rggL"ts,-theri is no hierarchical ordering of the

sites. Iniilad, each siLe communicates with every other
site, and each site assurnes a symmetric role'

A decentralized protocol consists of successive
rourrds of message interchanges where every operational
site participaLesln every round iYlttrln .a 

single round' a
site sends identicai -"jtug". to al} of the other partici-
pating sites, and then waits to receive a message from
L."ft"of Lhem. Of course, a site may fail while sending its
messages during a round and only send Lo a subset of its
intended receivers.

A very simple example of a decenlralized protocol is
L}re simpl'e decetttraltzed. conuni't Strotocol which is the
decentrilized anaiog of the centralized two-phase com-
mit protocol. Assuming that a transaction has been sent
to eich site for pro"esilng, the protocol consists of a sin-

gi" -".uug" round where eachiile sends its vote ("yes"

[o commit] "no" to abort) to aII of Lhe other sites AJter
a site has coLlected voLes from aLi of the other sites' it
will commit only if all votes were "yes" Like the two-
phase commit protocol, this protocol is functionalLy
correct but nol verY robust.

Decentralized. protocols require n(n - 7) point-to-
point messages during a round, where n is the number of

iarticipantsl If a bro-adcast faciiity is present' then this
i"d."". to n broadcast messages' Therefore' decentral-
ized protocols are attractive only in networks where
.n"r=.g", are cheap or a broadcast facility is available'
Fortun"ately, one or both of these condit'ions are likely to
be true in a high speed local area network (e g' ETHER-

NET [METC?6]). Because of their inherent symmetry'
deceitralized protocols tend to be easier to understand
and Lo implement than centralized protocols'

3. A Nonblocking Decentralized Commit Protocol
'We illustrated a simple commit protoeol in the pre-

vious section. Unfortunately, it is not a very robust pro-
tocol: it often blocks the progress of a transaction when
sites fail. lTe now present a nonbloeking commit proto-
col. In addition to serving as another, more complex
example of a decentralized protocol' it wiil aiso intro-
duce the common properties of aII nonblocking proto-
cols, These properties are used in the design of termina-
Lion proLoeols.

The nonblocking deeentralized eommit protocol was

fust introduced in [SKEE81b].

The Protocol
The nonblocking protocol is derived from the simple

protocol by adding another message round and delaying
ihe commit point of a transaction until the end of the
second round.

1n the simple commit protocol, a site would commil
at the end of Lhe single message round if all sites had
voted gres. In the nonblocking version of the protocol, an

all yes vote would trigger a second round of messages,
where each site sends prepared to comntii messages and
waits. Upon receiving prepwed to com'rrfi't messages
from all of its cohorts, a site will then commit the tran-
saction. (The proLocol is given in its entirety in Figure
1.)

.Whenever a siLe detects the failure of another site
while executing the eommit protocol, it will invoke a ter-
mination protocol. The detection of the failure and the
subsequent invocation can occur durlng either message
round.

Properties of Nonblocking Commit Protocols
ln the nonblocking decentralized commit protocol,

we can identify flve distinct states in processing a tran-
sacLion. Briefly, they are: an initial state where the site
is waiting to receive the transacLtoni a u-ruLt state where
the site has voted "yes" and is waiting for all of the other
votes; a prapared sLaLe where the site has sent "prepared
to commit" messages and is waiting for a similar mes-
sage from aII cohorts; and two flnal states, oborf and
contrnit.

The transactlon staLes of any commit protocoi can
be partitioned into two sets: committable and noncom-
mit[able. A state is called corrrrtu.-i.ttable if occupancy of
that state by any site implies that all sites have voted
"yes" on committing the transaction. A state that is not
a committable state is called ttottcornnvi,ttahle.l In the
nonblocking commit protocol presented above, both the

Initial Phase. Transaction is sent to all sites'

First Round. Each site broadcasts its vote, ges ot rLo,

for the transaction.
If a site receives all gtes votes during this round,
lhen a second round is initiated. Otherwise, the
site aborts lhe transacLion.

Second Round. Each siLe broadcasts a prepared to cont'
rzd.f message.

Upon receiving a prePured.., message from eaeh
of its iohorLs, a site commits the transaction'

Figure 1. The nonblocking decentralized commit proto-
col.

lTo call nonconmittoble
since a trmsaction that is not
st;1] be aborted,

vtates @borta.bls rould be misleadirg,
in a final commit state at anY site cm
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The protocol presented is an extension of the simple
protocol. The same three messages - oborf, cornm'itt'
able, and noncomm-tttable - will be used again in the
flrst round and in aII subsequent rounds.

The sending of messages durlng the flrst round
proceeds as before: a site examines its transaction state
and sends the appropriate message. However, the
actions triggered by the receipt of the messages differ
from before.

To deflne the remainder of the protocol we must
spe c ify:
(1) the rules for the messages sent during the subse-

quent rounds,
(2) the rules for moving to a flnal transaction state (i.e.

either commit or abort), and
(3) the rules for terminating the protocol (this is

closely linked to (2)).

These rules are obviously inlerrelated, but we will treat
them sequentially.

The rules for sending messages are simpler and wiII
be discussed flrst. The messages sent by a site in the
second round and subsequent rounds will be determined
solety by the messages received during the previous
round. The reader is reminded that during a round a
site sends the same message to all (operational) partici-
pants, including itself. This message to itself, as any
other message, wiII be used in determining the next
round of messages.s

There are three cases which are treated in the next
three paragraphs. The rules for sending messages are
summarized in Figure 2a.

The receipt of an abort message by a site during any
round implies that the sender has aborted the transac-
tion. Therefore, in subsequent rounds the site will send
oborf messages,

The receipt of a single com,m-Lttable message during
the flrst round implies that the transaction was committ-
able at the sender, and therefore, it is committable at all
sites. The receiver of lhe cornm.i.ttable message, being
informed that the transaction is committable, should
send conrm-Lttable messages during ail subsequent
rounds. Similarly, a com.rni.t.table message received dur-
ing a subsequent round implies that all sites can commit,
and will trigger the sending of comni,ttabla messages in
alL of the later rounds.

If only noncontn-i.ttable messages are received dur-
ing a round, then the site must send noacornrnittable
messages in the next round.

From the above three rules, we infer:
temma 1. 0nce a site begins sending a cornmitt-
able (abort) inessage, it wiII send that message in
all subsequent rounds.
.We 

now turn our attention to rules for committing
and aborting the transaction. Clearly, if a site ever
receives an abort message, it should immedialely abort
the transaction because the transaction has been
aborted at other sites (in particular, it was aborted by
the sender of the message). However, commit,ting a
transaction is not so straightforward.

Recall that a major flaw with the simple termination
protoeol is that a site commits after receiving a single
cornrniltable message. We require a rule analogous to
property (1) of nonblocking commit protocols, which

sThis is the oaly ray that the previou state of the site plays a role
il determining the next state.

First message round:

type of transaction state
flnal abort state
commit,table state
all other states

Second and subsequent rounds:

messages from previous round
one or more abort messages
one or more committable messages
all noncommittable messages

message sent
abort
conrwdttable
nonconvrdttable

message sent
abort
cornm,i,ttabLe
noncomwvittable

a. Summary of rules for sending messages.

The transaction is terminated transaction if:

messages received
a single abort message
all committable messages
2 suecessive rounds of messages
where all messages are rloncom
mittable and no site fails

final state
abort
commit
abort

b. Summary of commit and termination rules.

Figure 2. Summary of the resilient decentralized termi-
nation protocol.

states that all sites must be in a committable state
before any site commits. This leads us to the following
rule:

Commit RuIe. A transaction is committed at a
site only after the receipt of a round consisting
entirely of commil,table me ssages.

Before continuing with the termination rules for the
protoeol, it will be instruetive to look at a "worst case"
execution of the protocol. The execution is worst case in
the sense that the maximum number of message rounds
is required before the transaction is committed. OnIy
the rules previously discussed are used.

The worst case exeeution for flve participants is
illustrated in Figure 3. (In the figure the messages
received by a site during a round comprise a vector,
where the ith component is the message received from
the ith site. C l, and y'f are abbreviations lor contm-itt-
able, abort, and noncomrniltable. A dash (-) indicates
that no message was received from that site.)

IniLially, the flrst site is the only one in a committ-
able state. It fails after sending a single message that is
addressed to the second site. In general, during the ke
round the kth site fails after sending a single cammitt-
able message (to the kth+1 site). Therefore, during each
round one more site becomes aware that the transaction
is committable. This continues until the fifth round,
where Site 5 is the sole remaining operational site and it
commits the transaction.
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Lemma 4. During any message round, aborf and
corrtrni,ttable messages may not both be sent.

Proof. The proof for the flrst round follows
directly from the properties of nonblocking com-
mit protocols: lt is never the case that one site is
in an abort state while another site is in a com-
mitLable state.
From the rules for sending messages, we know
that a round can inelude a eertain type of mes-
sage only if that message type was present in the
previous round. (This follows from the observa-
tion that a given message type must be received
by a site, before it wiII be sent by a site in the
next round.) By induction, a message type can
appear in a Iater round only if it was present in
the flrst round. This observation proves the lem.-
ma, r

Lemma 4 proves that it is never the case that some
sites are lrying to abort the transaction by sending oborf
messages, while others are trying to commit the transac-
tion by sending cornrnil,table messages. The cornmit rule
insures that sites begin to commit only after ail opera-
tion sites are ayrare that Lhe transacti.on is "committ-
able." Finally, the properties of a nonblocking commit
protocol insure that no site has aborted the transaction
after a single site has entered a cornmittable state. Col-
Iectively, these results imply the correctness of the pro-
tocol.

5. Conclusions
lfe have presented a termination protoeol that is

resilient to arbitrary site failures that do not partition
Lhe network. In ISKEE81c] this protocol is extended to
handle network partitions.

The proposed termination protocol is an example of
a decentralized protocol. These protocols have several
advantages over centralized protocols - notably they
tend to be much simpler and easier to implement. Both
of these advantages are derived from the symmetry
inherent in all decentralized protocols.

The major disadvantage of decentralized protocols
is the number of messages exchanged during a round
(the number of messages is quadratic in the number of
participants). In network envi.ronments where either
control messages are cheap or a broadcast facility is
available or both (e.g. an ETHERNET), the message cost
is reasonable. Moreover, in realistic environments a site
failure should be a rare event; therefore, the cost of the
Lermination protoeol should not be a significant issue.

Since tnessage rounds are costly, an important
design goal for any decentralized protocol is to minimize
the number of rounds. It is easy to show that any resi-
Iient protocol requires a minimum of two message
rounds before it can commit a transaction and, in Lhe
worst case, requires an additional message round for
eaeh failure detected ([SKEEBIc]). The proposed proto-
col meets these lower bounds. In particular, it requires
exactly Lwo rounds when no additional site failures occur
durlng its execution. Furthermore, a worst case execu-
tion of the protoco[ is extremely rare in practice.

Finally, the proposed protocol is an opfirrrrstic pro-
tocol - it will commit the transaction whenever it is safe
Lo do so - and it can be used in conjunction with any
nonblocking commit protocol. ]n environmenLs where
messages are expensive, it is reasonable to run a cen-
tralized commit proLocol and the proposed decentralized
termination protocol.
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