
The Implicit{Yes Vote Commit Protocolwith Delegation of Commitment�Yousef J. Al-Houmaily Panos K. ChrysanthisDept. of Electrical Engineering Dept. of Computer ScienceUniversity of Pittsburgh University of PittsburghPittsburgh, PA 15261 Pittsburgh, PA 15260AbstractThe implicit yes{vote commit protocol (IYV), proposedfor future gigabit{networked distributed databases, re-duces the time required to commit a distributed trans-action at the expense of independent recovery of failedparticipant sites. In this paper, we propose a novelcoordination scheme for IYV that reduces the windowof vulnerability to blocking and minimizes the time re-quired for the sites to become operational after a fail-ure. The new scheme combines the delegation of com-mitment technique with a timestamp synchronizationmechanism. Although this new scheme incurs extra co-ordination messages and log writes, it enhances the per-formance of IYV during recovery in the presence of lessreliable sites while still maintaining the cost of commitprocessing during normal processing below that of two-phase commit and its other well known variants.Keywords: Two{phase commit, atomic commit proto-cols, distributed transactions, forward recovery.1 IntroductionIn a distributed database system, the sites participat-ing in a transaction's execution need to reach an agree-ment about the �nal outcome of the transaction to en-sure that the transaction is either committed or abortedat all participating sites. This \all or nothing" prop-erty of transactions is achieved by employing an atomiccommit protocol (ACP) such as the two{phase commitprotocol (2PC) [4, 6].2PC consumes a substantial amount of a transac-tion's execution time due to the cost associated with thecoordination messages and forced log writes. Hence, anumber of 2PC variants and optimizations have beenproposed to reduce the cost of 2PC in di�erent envi-ronments (e.g., [4, 7, 10, 9, 1]). The implicit yes{voteprotocol (IYV) that was proposed by us in the contextof gigabit{networked distributed databases, eliminatesthe voting phase from 2PC [1]. However, IYV increasesthe size of the window of vulnerability to blocking incase of a communication or a coordinator's site failureand trade in independent recovery after a site failurefor fast commit of transactions during normal process-ing. While the former seems to be a reasonable trade o�considering, for example, the reliability characteristicsof gigabit networks, it is imperative to increase the de-gree of independent recovery of IYV if it is to be used in�Supported in part by a Saudi Arabian graduate student schol-arship and N.S.F under grant IRI-95020091.

environments where some sites or communication linksare relatively less reliable.Delegating the commitment of a transaction to a siteother than the transaction's coordinator is a techniquethat has been used to enhance the performance of 2PC(e.g., the last agent optimization [9]) as well as its reli-ability (e.g., open commit protocols [8]). In this paper,we propose a new coordination scheme for IYV that re-duces the vulnerability of the protocol to blocking andalleviates the problem due to the lack of independentrecovery by combining the delegation of commitmenttechnique with a timestamp mechanism.In the next section, we briey overview IYV and inSection 3, we present a new protocol called IYV with acommit coordinator that employ our new coordinationscheme. The new protocol enhances the reliability ofIYV while still maintaining its cost below that of 2PCand its most commonly known variants as it is shownin Section 4. In Section 5, we conclude this paper.2 The Implicit Yes-Vote Protocol (IYV)The IYV commit protocol has been proposed inthe context of future gigabit-networked distributeddatabases [1] where propagation latency is the dominantcomponent of the overall communication cost while themigration of large amounts of data is not a problem [5].IYV is based on the assumptions that each site employs(1) a strict two-phase locking protocol (2PL) for con-currency control and (2) physical page{level write{aheadlogging (WAL) with the undo phase preceding the redophase for recovery [2]. Based on the �rst assumption, itis not possible for a participant in a transaction's execu-tion to abort the transaction due to a deadlock or seri-alizability violation once all the operations received bythe participant have been executed and acknowledged.Hence, instead of initiating commit processing at theend of transactions, which is the case in 2PC, commitprocessing is overlapped with the execution of the trans-actions' operations.Speci�cally, when the coordinator of a transaction(i.e., the site where the transaction has been initiated)receives an acknowledgmentmessage (ACK) from a par-ticipant pertaining to a transaction's operation, theACK is implicitly interpreted to mean that the trans-action is in a prepared to commit state at the partic-ipant as shown in Figure 1. When the participant re-ceives a new operation for execution, the transactionbecomes active again and can be aborted, for example,if it causes a deadlock. If the transaction is aborted,the participant responds with a negative acknowledg-ment message (NACK). Only when all the operations
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Figure 1: The IYV protocol.pertaining to the transaction are executed and acknowl-edged by their perspective participants, the coordinatorcommits the transaction. Otherwise, the coordinatoraborts the transaction. In either case, the coordinatorpropagates its decision to the appropriate participantsand waits for their acknowledgments as it is the casein 2PC. Thus, the voting phase of 2PC, which polls thevotes of the participants, is eliminated by overlappingit with the execution of operations in IYV while thedecision phase remains the same as in 2PC.To ensure correct recovery after a failure, each partic-ipant in IYV is required to include the redo log recordsgenerated during the execution of an operation withtheir corresponding log sequence numbers (LSNs) in theoperation's ACK. Each participant also includes theread locks acquired during the execution of an opera-tion in the ACK in order to support forward recovery.In this way, each coordinator has a partial image ofthe state of each of its participants in the system. Af-ter a crash, a participant can reconstruct the state ofits database, which includes its log and lock table as itwas just prior to the failure, by requesting copies of thepartial images of its state stored at the coordinators.Hence, a participant in IYV is not only able to ensurethe consistency of its database by applying the e�ectsof committed transactions and rolling-back the e�ects ofaborted transactions, but it is also able to allow transac-tions that are still active in the system to continue theirexecution without having to abort them. By maintain-ing a local log and employing WAL, each participant isable to undo the e�ects of aborted transactions usingonly its own log.3 IYV with Delegation of CommitmentBy separating the execution of operations from thecommit processing of transactions, a participant in 2PCis able to save on its local stable storage all the logrecords pertaining to a prepared to commit transactionusing a single force log write. Thus, after a system crash,a participant has all the necessary information in its logto recover independently and resume normal processingwhile waiting to resolve the status of in-doubt trans-

actions (i.e., transactions with prepare log records butwithout associated decision records). In IYV, forcingthe log every time a transaction enters the prepared tocommit state would have been prohibitively expensive.Instead, the redo part of the log of a participant is repli-cated at the coordinators' sites. Therefore, a recoveringparticipant in IYV needs to communicate with all thecoordinators in order to determine which of the activetransactions in its site have been committed and whichare still in progress as well as their accessed data items.Because of this, a participant cannot independently re-cover and it has to block any access to its entire databaseuntil it receives replies from all the coordinators. Thus,in order to deal with unreliable coordinators, it is im-perative that all participants become operational in abounded amount of time, in a similar manner as in 2PC.Towards this end, IYV is modi�ed to utilize two sites ascoordinators and to involve delegation of commitment.In this new variant of IYV, let us assume an unreli-able coordinator being responsible for the execution oftransactions initiated at its site. When a transaction�nishes its execution, the coordinator at the site wherethe transaction has been initiated, termed the executioncoordinator (EC), prepares itself to commit the transac-tion and delegates the �nal commit decision to a morereliable site that fails rarely and if it fails it recoverswithin minutes, termed the commit coordinator (CC).The delegation message includes the identities of theparticipants as well as all the redo log records gener-ated during the execution of the transaction with theirassociated LSNs. In this way, a recovering participantcan inquire both coordinators and will be able to �nishits recovery process as soon as it receives a reply fromeither of the two coordinators. Since the participantwill receive a response from at least the reliable CC, theparticipant will be able to recover in a bounded amountof time, allowing new transactions to execute at its site.Thus, reducing the overall cost of recovery in IYV.Notice that IYV with delegation of commitment dif-fers from the open commit protocols in which the execu-tion of 2PC at any given point is delegated to anotherreliable coordinator. In this respect, IYV with dele-gation of commitment is similar to the last agent opti-mization where only the decision is delegated to anothersite. However, the last agent decides whether to com-mit or abort a transaction based on its own local state,whereas in our protocol, a CC aborts a transaction onlyif detects that a participating site has failed. AlthoughIYV with delegation of commitment employs two coor-dinators, it is di�erent from disaster recovery protocolswhere a back-up site records the e�ects of committedtransactions and takes over only when it detects thefailure of the primary site (e.g., [3]).3.1 IYV with a Commit Coordinator Pro-tocol (IYV{WCC)As mentioned above, in this version of IYV, each un-reliable coordinator is paired with a more reliable com-mit coordinator that is responsible for the commit pro-cessing of the transactions initiated at the unreliablesite. All such pairings are known to both EC and CCcoordinators and all participants in the system.As in IYV, when a participant receives an operationpertaining to a transaction from an EC, it includes theredo records generated and the read locks acquired dur-
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Figure 2: The coordination messages and forced log writes in IYV{WCC.ing the execution of the operation in the ACK. The par-ticipant also generates a timestamp for the transactionafter successfully executing the transaction's �rst up-date operation and includes the timestamp in the ACKas well. As it will become clear below, timestamping isthe key for the correctness of this IYV variant becauseit ensures that a CC will always make consistent deci-sions about the outcome of transactions delegated to itby any EC and despite failures. If a participant failsto execute an operation, it aborts the transaction andsends a NACK. If an EC receives a NACK in responseto an operation request from a participant or an abortprimitive from the transaction, the EC aborts the trans-action and sends an abort message to each participant(except the one which has sent a NACK, if any) andforgets about the transaction.Now, let us examine the commitment of a transactionin the presence of delegation of commitment. Duringthe discussion, we will refer to Figure 2 when number-ing the actions taken in each step of the commit process.When a transaction �nishes its execution at all partic-ipating sites successfully and submits its �nal commitprimitive to its EC, the EC prepares itself to commit thetransaction by force writing a prepare log record whichincludes the identities of all participants as well as thetimestamps at each update participant. The preparelog record also causes all redo log records received fromthe participants to be forced into the stable log (action1). Then, the EC delegates the commit responsibilitiesto its associated CC. The delegation action is achievedby sending an intention-to-commit message (action2) that includes the identities of the participants, allthe redo log records generated during the execution ofthe transaction with their corresponding LSNs, and thetimestamps at the update participants. Thus, the CCis involved in a transaction's commitment process onlywhen the transaction has �nished its execution success-fully at all participating sites and invoked the commitoperation.A CC keeps track of the time of the most recent crashof each participant by maintaining a failure timestamplist (FTSL). Thus, given a transaction, a CC can de-termine whether the transaction was active at the timeof the crash or not by comparing the crash's timestampwith the timestamp of the transaction. So, when a CC

receives an intention-to-commit message pertainingto a transaction, the CC checks its FTSL and makes acommit decision only if the timestamp of the transac-tion at each update participant is greater than the failuretimestamp of the participant. Otherwise, the CC makesan abort decision.On a commit decision, the CC force writes a commitlog record (action 3) and sends a commit message toeach participant (including the EC) (action 4). Whena participant receives such a message, it force writes acommit log record (action 5) and sends a commit ac-knowledgment to both of the CC and EC (action 6).When the CC and EC receive the required acknowledg-ments, they write non-forced end log records (action 7)and forget about the transaction. The commit acknowl-edgment sent to the EC has a dual role. First, it tellsthe EC that the transaction has committedwhich is nec-essary in the case that the CC has failed after makingthe decision but before sending it to the EC. Second, itallows the EC to take over after the CC has failed anddirect any participant that inquires about the outcomeof the transaction to commit the transaction.On an abort decision, on the other hand, the CCsends an abort message to the EC and to each par-ticipant where the transaction is still active (i.e., hasits failure timestamp less than the transaction's times-tamp) and forgets about the transaction without writ-ing any log records. There is no need to send abortmessages to participants that have failure timestampsgreater than the transaction's timestamp because theseparticipants have already aborted and undone the ef-fects of the transaction during their recovery. When aparticipant receives an abort message from a CC per-taining to a transaction, it aborts the transaction andreleases all the resources held by the transaction, with-out writing any log records or acknowledging the deci-sion.3.2 Recovery in IYV{WCCWe now discuss the recovery aspects of IYV{WCC.IYV{WCC is resilient to both communication and sitefailures that are detected by timeouts, as it is the casein all other ACPs.



3.2.1 Communication FailuresIn IYV{WCC, there are �ve situations where a site iswaiting for a message. The �rst situation is when theEC has forced a prepared log record for a transactionand has sent an intention-to-commit message to theCC. In this situation, the EC is blocked from being ableto ACK the commitment of the transaction until it re-ceives a �nal decision from the CC or a commit acknowl-edgment from one of the participants. While in the �rstsituation, the EC inquires the CC once it re-establishescommunicationwith the CC if it has not heard from anyof the participants. The CC replies with an abort mes-sage if it has no recollection about the outcome of thetransaction. Otherwise, the CC responds with a commitmessage that has to be acknowledged by the EC.The second situation is when the EC is waiting for theacknowledgments from the participants pertaining to acommitted transaction. While in this situation, the ECre-submits a commit message to each participant thathas not acknowledged the commitment of the transac-tion. When a participant receives such a message, it ei-ther force writes a commit log record and then acknowl-edges the message if it did not receive the �nal decisionfrom the CC, or it simply responds with an acknowl-edgment message if it has already received the �nal de-cision. Once the required acknowledgments arrive, theEC completes the protocol by writing a non-forced endlog record and then forgetting about the transaction.The third situation is similar to the second one butwith respect to the CC, that is when the CC has alreadymade its �nal commit decision and some participantshave not acknowledged the decision.The fourth situation is when a participant has timedout and it does not have any pending acknowledgments(i.e., all operations have been acknowledged). In thiscase, the participant inquires both the EC and the CCabout the status of the transaction. While in this situa-tion, a participant can receive one out of twelve di�erentcombinations of responses (see Table 1). A No{responsein the table indicates that a participant did not receivea response from a coordinator during a speci�ed amountof time while a No{info indicates that the respondingcoordinator has no recollection about the transaction atthe time it has received the inquiry message from theparticipant. A Still{active response from an EC indi-cates that the transaction is still active at other sitesand no �nal decision has been made regarding its �-nal outcome. The rest of responses in the table are selfexplanatory.In Table 1, response combinations numbered 1, 3, 4,6, 8 and 9 indicate to the participant that it cannot doanything regarding the transaction except to wait un-til it receives further instructions form either the EC orCC. Response combinations 2 and 7 indicate to the par-ticipant that the transaction has been aborted becauseit is not possible for an EC to forget about a transac-tion without the acknowledgment of the inquiring par-ticipant. The rest of the response combinations indicateto the participant the transaction has been committed.For example, response combination 10 indicates thatthe transaction has been committed even though no re-sponse has been received from its EC, thereby, a partic-ipant is not blocked as it would have been the case inthe basic IYV protocol.The �fth situation is when a participant times out

No. EC Response CC Response Participant Conclusion1 No{response No{response Wait for furtherinstructions2 No{info No{response Abort3 Prepared No{response Wait for furtherinstructions4 Still{active No{response Wait for furtherinstructions5 Commit No{response Commit6 No{response No{info Wait for furtherinstructions7 No{info No{info Abort8 Prepared No{info Wait for furtherinstructions9 Still{active No{info Wait for furtherinstructions10 No{response Commit Commit11 Prepared Commit Commit12 Commit Commit CommitTable 1: Responses to a communication failure.and it has a pending acknowledgment. That is, the par-ticipant realizes that a communication failure has oc-curred with the EC before acknowledging an operationpertaining to a transaction. In this case, the partici-pant aborts the transaction. Similarly, an EC aborts atransaction if it times out without receiving an opera-tion acknowledgment from a participant.3.2.2 Site FailuresParticipant FailureDuring its recovery process, a participant sends re-covering messages to all (EC and CC) coordinators inthe system and creates a non-responding coordinatorslist (NRCL). A recovering message contains the largestLSN associated with the latest record written into theparticipant's stable log as well as the value of the partic-ipant's time clock. While waiting for the reply messagesto arrive, the participant starts the undo phase by undo-ing the e�ects of each aborted as well as each partiallyexecuted transaction, i.e., each transaction without acommit record in its own log. Once the undo phase iscompleted, the participant starts the redo phase by re-doing all transactions that have been committed priorto the failure according to its log. Then, the partici-pant blocks awaiting the reply messages to arrive fromthe coordinators.When an EC receives the recovering message, it re-sponds with a message that contains all the redo logrecords with LSNs greater than the one received in therecovering message for each prepared to commit, com-mitted and still active transaction. For each still activetransaction, the EC also includes all the read locks heldby the transaction at the participant prior to the failure.The EC also indicates, in its reply message, which trans-actions are in their prepared to commit states (eventhough a prepared to commit transaction might nothave redo log records with LSNs greater than the onereceived from the participant), which transactions havebeen committed and which transactions are still in theiractive state. Then, the EC waits for an acknowledgmentmessage from the participant before it can submit anyfurther operations for execution. If the recovering par-ticipant has not participated in any of the prepared tocommit, committed or active transactions at the EC,the EC responds with a nothing for you message. Thismessage indicates to the participant that it has recorded



No. EC Response CC Response Participant Conclusion1 No{response No{response Suspend the recoveryprocess2 Prepared No{response Redo and wait forfurther instructions3 Commit No{response Redo and commit4 Still{active No{response Redo and wait forfurther instructions5 Nothing for No{response Do nothingyou6 Prepared Nothing for Abortyou7 Still active Nothing for Redo and wait foryou further instructions8 No{response Nothing for Do nothingyou9 Nothing for Nothing for Do nothingyou you10 No{response Commit Redo and commit11 Prepared Commit Redo and commit12 Commit Commit Redo and commitTable 2: Responses to a site failure.in its log and acknowledged the commitment of all trans-actions initiated at the EC prior to the failure.Similarly, when a CC receives a recovering messagefrom a recovering participant, it responds with a mes-sage that contains all the redo log records of commit-ted transactions that have LSNs greater than the onereceived from the participant. The CC also indicateswhich transaction have been committed and that theparticipant did not acknowledge its commitment priorto the failure. This is also the case even if the transac-tion did not have any redo log records associated withLSNs greater than the one contained in the recover-ing message. If each committed transaction that theparticipant has participated in its execution has beenacknowledged prior to the failure, the CC sends a noth-ing for you message. The CC also updates its FTSL toreect the time at which the participant has started re-covering and force writes the list into the stable storageprior to sending its reply message.When the participant receives a reply message froma coordinator, the participant removes the coordinatorfrom its NRCL. If the coordinator is an EC, the partici-pant sends back an acknowledgment message indicatingthat the EC has responded in a timely manner beforethe redo phase has �nished. Therefore, the EC updatesthe timestamp of each still active transaction so that thetransaction will not subsequently get aborted by the CCbecause its timestamp is less than the participant fail-ure timestamp. That is, since each CC will update itsFTSL to reect the failure of the participant, an activetransaction will be aborted by the CC if its timestampis not updated by its EC. Therefore, an EC updates thetimestamp of each active transaction at its site once itreceives an acknowledgment from the recovering partic-ipant. The recovering participant �nishes its recoveryprocess only when it receives a reply from either the ECor the CC for each pair of EC{CC coordinators. Thisis the minimum number of replies that allow a recov-ering participant to �nish its recovery process. Other-wise, the participant suspends its recovery process. Asin the case of communication failures, there are twelvepossible combinations of responses to a recovering par-ticipant. Table 2 summarizes these di�erent responsecombinations, on a per transaction basis.Once the minimumreply messages arrive, the partici-

pant continues its redo phase and re-builds its lock table.Once the redo phase is �nished, the participant resumesits normal processing. During normal processing, if theparticipant receives an operation message from an EC ora commit message from a CC that are still in its NRCL,the participant declines to process the operation andsends back a decline message that contains the most re-cent participant failure timestamp. The decline messageis interpreted by the coordinator to mean that it has notresponded in a timely fashion to the most recent partic-ipant site failure. If the message is received by an EC,the EC ignores the timestamp contained in the messageand aborts all active transactions that have performedupdate operations at the participant's site. This is be-cause the participant has already recovered and abortedeach such transaction based on a nothing for you replymessage from the associated CC. For each transactionthat has performed only read operations at the partic-ipant's site, the EC aborts the transaction only if itattempts to access (i.e., read or write) any data objectat the participant. That is, a transaction that has per-formed only read operations is not aborted if it doesnot send any operation to be performed at the partici-pant's site after the participant has recovered. This isbecause it does not matter whether the read{only trans-action is committed or aborted at the participant's siteas long as it preserves serializability. Since the transac-tion is serializable prior to the participant's failure, itcan be committed as long as it does not submit a newoperation for execution that might consequently violateserializability. Once the EC has acted upon the declinemessage, it includes an acknowledgment ag in the nextoperation it sends to the participant. When the par-ticipant receives an operation with an acknowledgmentag, it removes the EC from its NRCL and executesthe operation knowing that the EC has complied withits decline message.If on the other hand, the decline message is receivedby a CC, it updates its FTSL and force writes the listinto stable storage. Then, the CC re{sends any com-mit operation that has been declined by the participantincluding, as in the case of an EC, an acknowledgmentag that indicates to the participant that the coordina-tor has updated its FTSL and the coordinator can beremoved from the participant's NRCL.Coordinator FailureDuring its recovery after a site failure, an EC abortseach transaction without a prepared log record and for-gets it. On the other hand, for each transaction with aprepared log record, the EC inquires its associated CC.If the CC has decided to commit the transaction, theCC responds with a commit message and waits for theacknowledgment of the EC. If the CC does not remem-ber the transaction, it presumes that the transactionhas been aborted and tells the EC by sending back anabort message.In the event of a CC's site failure, the CC re-buildsits FTSL and protocol table by adding each transactionwith a commit record but without an associated end logrecord into the table during its recovery by using its ownlog. Then, the CC sends a commitmessage to each par-ticipant in the execution of a transaction including thetransaction's EC. Once the required acknowledgmentsarrives, the CC writes a non-forced end record and for-gets the transaction.



2PC PrC PrA IYV IYV-PrA IYV{WCCLog force delays 2 3 2 1 1 2Total log force writes 2n+1 n+2 2n+1 n+1 n+1 n+2Message delays (Commit) 2 2 2 0 0 1Message delays (Locks) 3 3 3 1 1 2Total messages 4n 3n 4n 2n 2n 3(n+1)Total messages with piggybacking 3n 3n 3n n n n+3Table 3: The cost of the protocols to commit a transaction.2PC PrC PrA IYV IYV-PrA IYV{WCCAbort by EC Abort by CCLog force delays 2 2 1 1 0 0 1Total log force writes 2n+1 2n+1 n n+1 0 0 1Message delays (Abort) 2 2 2 0 0 0 1Message delays (Locks) 3 3 3 1 1 1 2Total messages 4n 4n 3n 2n n n n+2Total messages with piggybacking 3n 3n 3n n n n n+2Table 4: The cost of the protocols to abort a transaction.4 Evaluation of IYV{WCCIn this section we evaluate the performance of IYV{WCC along with 2PC, presumed abort (PrA) 2PC [7],presumed commit (PrC) 2PC [7] and IYV presumedabort (IYV-PrA) [1]. Due to space limitations, we as-sume that the reader is familiar with these protocols.In our evaluation, we consider the number of coordi-nation messages and forced log writes that are only dueto the protocols (e.g., we do not consider the numberof messages that are due to the operations and theiracknowledgments). The cost of the protocols are evalu-ated during normal processing and in absence of failures.It should be pointed out that in our evaluation we con-centrate on the number of sequential messages passedand forced log writes rather than their total numbers.This is because the latter is less of an issue on the per-formance of a protocol in gigabit{networked databaseenvironments. In Table 3, we denote by n the numberof participants that participated in a transaction exe-cution not including the site coordinating commit pro-cessing whereas, in Table 4, n does not include eitherthe EC or the CC when the EC aborts the transaction.The rows labeled \Log force delays" contain the se-quence of forced log writes that are required by the dif-ferent protocols up to the point that the commit/abortdecision is made and then acknowledging the invokingtransaction. The rows labeled \Message delays (com-mit/abort)" contain the number of sequential messagesup to the commit/abort point, and the rows labeled\Message delays (Locks)" contain the number of sequen-tial messages that are involved in order to release all thelocks held by a committing/aborting transaction. Forexample, in Table 3, the \Log force delays" for the 2PCprotocol is two because there are two force log writes(i.e., a prepare and a commit log record) between thebeginning of the protocol and the time a commit deci-sion is made by a transaction's coordinator. Also, \Mes-sage delays (Commit)" and \Message delays (Locks)"are two and three respectively, because the 2PC involvestwo sequential messages in order for a coordinator tomake its �nal decision regarding a transaction (i.e., the�rst phase of the protocol), and three sequential mes-sages to release all the resources (i.e., locks) held by thetransaction at the participants.The last row shows the cost of the protocols consid-ering piggybacking the acknowledgments of the decision

messages. This optimization can be used to eliminatethe �nal round of messages for the commit case in 2PC,PrA, IYV, IYV-PrA and IYV{WCC; but not in thecase of PrC because a commit �nal decision is never ac-knowledged in these protocols. Similarly, this optimiza-tion can be used in the abort case with the 2PC, PrC,and IYV; but not with PrA, IYV{PrA and IYV{WCC.This is because an abort decision is never acknowledgedin these protocols.The tables show that for the commit case (Table 3),IYV{WCC has increased both of the number of sequen-tial forced log writes and coordination messages by one,to reach a commit decision and to release the locks heldby a committing transaction, when compared with IYVand its presumed abort variant. The cost of sequentialforced log writes remains the same as in 2PC and PrA,but one less than PrC. The cost of sequential coordi-nation messages to reach a commit point and releasethe locks held by a committing transaction is less byone when compared with 2PC, PrA and PrC. In thecase of IYV{WCC, there are 3(n+1) total messages.This is because there are n commit messages, one foreach participant, and 2n acknowledgmentmessages, twofrom each participant. The other 3 messages are theintention-to-commit, the commit �nal decision sentto the EC and the EC's acknowledgment.For the abort case (Table 4), the cost to abort a trans-action in IYV{WCC remains the same as in IYV-PrAwhen the abort decision is made by the EC. On the otherhand, the cost to abort a transaction by the CC incursan extra sequential coordination message to reach anabort decision as well as to release the locks held by theaborting transaction. Notice that if a transaction is tobe aborted, it will be aborted by its EC rather than theCC in the absence of failures. Hence, the cost of abort-ing transactions, in the absence of failures, remains thesame as in IYV-PrA, the best alternative.Figure 3 graphically summarizes Tables 3 and 4 il-lustrating the sequence of coordination messages andforced log writes that involved in 2PC, IYV and IYV{WCC to reach a decision point and to release the re-sources held at the participants for the commit as wellas the abort case.The above evaluation shows that IYV{WCC in-creases the cost of commit processing when comparedwith the basic IYV while still maintaining its cost below2PC and its two most common variants.
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