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Abstract
A signi cant body of literature is available on distributed
transaction commit protocols. Surprisingly, however, the
relative merits of these protocols have not been studied with
respect to their quantitative impact on transaction processing performance. In this paper, using a detailed simulation model of a distributed database system, we pro le the
transaction throughput performance of a representative set
of commit protocols. A new commit protocol, OPT, that
allows transactions to \optimistically" borrow uncommitted
data in a controlled manner is also proposed and evaluated.
The new protocol is easy to implement and incorporate in
current systems, and can coexist with most other optimizations proposed earlier. For example, OPT can be combined
with current industry standard protocols such as Presumed
Commit and Presumed Abort.
The experimental results show that distributed commit
processing can have considerably more in uence than distributed data processing on the throughput performance and
that the choice of commit protocol clearly a ects the magnitude of this in uence. Among the protocols evaluated, the
new optimistic commit protocol provides the best transaction throughput performance for a variety of workloads and
system con gurations. In fact, OPT's peak throughput is
often close to the upper bound on achievable performance.
Even more interestingly, a three-phase (i.e., non-blocking)
version of OPT provides better peak throughput performance than all of the standard two-phase (i.e., blocking)
protocols evaluated in our study.
1 Introduction
Distributed database systems implement a transaction commit protocol to ensure transaction atomicity. Over the last
two decades, a variety of commit protocols have been proposed by database researchers [4, 20]. These include the
classical two phase commit (2PC) protocol [13, 17], its variations such as presumed commit and presumed abort [16, 19],
and three phase commit (3PC) [25]. To achieve their func-

tionality, these commit protocols typically require exchange
of multiple messages, in multiple phases, between the participating sites where the distributed transaction executed.
In addition, several log records are generated, some of which
have to be \forced", that is, ushed to disk immediately in a
synchronous manner. Due to these costs, commit processing
can result in a signi cant increase in transaction execution
times [16, 21, 24], making the choice of commit protocol an
important design decision for distributed database systems.
In light of the above discussion, it seems reasonable to
expect that the results of detailed studies of commit protocol performance would be available to assist distributed
database system designers in making an informed choice (as
is the case with, for example, distributed concurrency control [7, 8, 9]). Surprisingly, however, most of the earlier performance studies of commit protocols (e.g., [1, 16, 19, 21])
have been limited to comparing protocols based on the number of messages and the number of forced-writes that they
incur. Thorough quantitative performance evaluation with
regard to overall transaction processing metrics such as
mean response time or peak throughput has, however, received very little attention. This is a signi cant lacuna since
transaction processing performance is usually a primary concern for database system designers. Hence we investigate the
performance of commit protocols in this paper. (The results
of a performance study of commit protocols are reported in
[14], but in the context of a client-server type of DBMS
environment. The scope and methodology of their study is
also considerably di erent from ours as explained in [11]. In
addition, we present and evaluate a new high-performance
protocol (OPT) that is easy to implement and incorporate
in current systems.)
Performance Issues
From a performance perspective, commit protocols can be
compared on the following three issues:
E ect on Normal Processing: This refers to the extent
to which the protocol a ects the normal (no-failure)
distributed transaction processing performance. That
is, how expensive is it to provide atomicity using this
protocol?
Resilience to Failures: A commit protocol is said to be
non-blocking if, in the event of a site failure, it permits
transactions that had cohorts executing at the failed

site to terminate at the operational sites without waiting for the failed site to recover [20, 25]. With blocking
protocols, there is a possibility of transaction processing grinding to a halt in the presence of failures (as explained in Section 2.4). Non-blocking protocols, on the
other hand, are designed to ensure that such major disruptions do not occur. To achieve their functionality,
however, they usually incur additional messages and
forced-writes than their \blocking" counterparts. In
general, \two-phase" commit protocols are susceptible
to blocking whereas \three-phase" commit protocols
are non-blocking [5].
Speed of Recovery: This refers to the time required for
the database to be recovered when the failed site comes
back up after a crash. That is, how long does it take
before transaction processing can commence again in
a recovering site?
Of the three issues highlighted above, we believe, from
a performance perspective, that the rst two issues (e ect
on normal processing and resilience to failures) are of primary importance since they directly a ect ongoing transaction processing. In comparison, the last issue (speed of
recovery) appears less critical for two reasons: First, failure
durations are usually orders of magnitude larger than recovery times. Second, failures are usually rare enough that
we do not expect to see a di erence in average performance
among the protocols because of one commit protocol having
a faster recovery time than the other. With this viewpoint,
we focus here on the mechanisms required during normal
operation to provide for recoverability, rather than on the
recovery process itself.
Contributions
In this paper, we quantitatively investigate the performance
implications of supporting distributed transaction atomicity.
Our contributions are two-fold:
1. Using a simulator based on a detailed closed queueing
model of a distributed database system, we compare
the throughput performance of a representative set of
previously proposed commit protocols for a variety of
distributed database workloads and system con gurations. Both blocking (two-phase) commit protocols,
and non-blocking (three-phase) commit protocols are
included in the scope of our study.
To isolate and quantify the e ects of supporting data
distribution and achieving transaction atomicity on
system performance, we use two baselines in the simulations: (1) a centralized system, and (2) a system
wherein data processing is distributed but commit processing is centralized.
2. We propose and evaluate a new commit protocol,
called OPT, that, in contrast to earlier commit protocols, allows transactions to \optimistically" borrow
dirty (uncommitted) data. Although dirty reads are
permitted, there is no danger of incurring cascading
aborts [5] since the borrowing is done in a controlled
manner. The protocol is easy to implement and to
incorporate in current systems, and can be integrated
with most other optimizations proposed earlier.
Salient observations from our simulation experiments include:

 Distributed commit processing can have considerably

more e ect than distributed data processing on the
system performance.
 Among the commit protocols evaluated, the new OPT
protocol provided the best overall performance in our
experiments, doing
considerably better than the classical protocols.1 In fact, OPT's peak throughput performance was often close to that obtained with the
\distributed processing, centralized commit" baseline
mentioned above, which in a sense represents an upper
bound on achievable performance.
 Due perhaps to their increased overheads, nonblocking protocols such as three-phase commit (3PC)
have not been used in real-world systems. However,
our experiments show that, under conditions where
there is sucient contention in the system, a combination of OPT and 3PC provides better throughput performance than any of the 2PC-based standard
blocking protocols. This suggests that it would be possible for distributed database systems that are operating in high contention situations and are currently using 2PC-based protocols to switch over to OPT-3PC,
thereby obtaining the superior performance of OPT
during normal processing and, in addition, acquiring
the highly desirable non-blocking feature of 3PC. This,
in essence, is a \win-win" situation.
 OPT's design is based on the assumption that transactions that lend their uncommitted data will almost
always commit. We have found, however, that the performance of OPT is robust in that, even if transactions
abort in the commit phase (due to violation of integrity
constraints, software errors, etc.), OPT maintains its
superior performance as long as the probability of such
aborts does not exceed fteen percent , a level that is
much higher than what might be expected in practice.

2 Distributed Commit Protocols
A common model2 of a distributed transaction is that there
is one process, called the master , which is executed at the
site where the transaction is submitted, and a set of other
processes, called cohorts , which execute on behalf of the
transaction 3at the various sites that are accessed by the
transaction. For this model, a variety of transaction commit protocols have been devised, most of which are based on
the classical two phase commit (2PC) protocol [13]. In
this section, we brie y describe the 2PC protocol and a few
popular variations of this protocol { complete descriptions
are available in [19, 25].
2.1 Two Phase Commit Protocol
In this protocol, the master, after receiving a WORKDONE
message from all of its cohorts, initiates the rst phase of
the commit protocol by sending PREPARE (to commit) messages in parallel to all the cohorts. Each cohort that is ready
to commit rst force-writes a prepare log record to its local
1 A suitably modi ed version of OPT exhibited similar good performance characteristics in our recent research on commit processing
in distributed real-time database systems [12].
2 An alternative \peer-to-peer" model is discussed in [18, 21].
3 In the most general case, each of the cohorts may itself spawn
o sub-transactions at other sites, leading to the \tree of processes"
transaction structure of System R [15] { for simplicity, we only consider a two-level tree here.

stable storage and then sends a YES vote to the master. At
this stage, the cohort has entered a prepared state wherein it
cannot unilaterally commit or abort the transaction but has
to wait for the nal decision from the master. On the other
hand, each cohort that decides to abort force-writes an abort
log record and sends a NO vote to the master. Since a NO
vote acts like a veto, the cohort is permitted to unilaterally
abort the transaction without waiting for the nal decision
from the master.
After the master receives the votes from all the cohorts,
it initiates the second phase of the protocol. If all the votes
are YES, it moves to a committing state by force-writing a
commit log record and sending COMMIT messages to all the
cohorts. Each cohort after receiving a COMMIT message
moves to the committing state, force-writes a commit log
record, and sends an ACK message to the master.
If the master receives even one NO vote, it moves to the
aborting state by force-writing an abort log record and sends
ABORT messages to those cohorts that are in the prepared
state. These cohorts, after receiving the ABORT message,
move to the aborting state, force-write an abort log record
and send an ACK message to the master.
Finally, the master, after receiving acknowledgements
from all the prepared cohorts, writes an end log record and
then \forgets" the transaction.
2.2 Presumed Abort
A variant of the 2PC protocol, called presumed abort
(PA) [19], tries to reduce the message and logging overheads
by requiring all participants to follow { at failure recovery
time { an \in case of doubt, abort" rule. That is, if after
coming up from a failure a site queries the master about
the nal outcome of a transaction and nds no information
available with the master, the transaction is (correctly) assumed to have been aborted. With this assumption, it is
not necessary for cohorts to (a) send acknowledgments for
ABORT messages from the master, and (b) force-write the
abort record to the log. It is also not necessary for the master to force-write the abort log record or to write an end log
record after abort.
In short, the PA protocol behaves identically to 2PC for
committing transactions, but has reduced message and logging overheads for aborted transactions.
2.3 Presumed Commit
A variation of the presumed abort protocol is based on
the observation that, in general, the number of committed transactions is much more than the number of aborted
transactions. In this variation, called presumed commit
(PC) [19], the overheads are reduced for committing transactions, rather than aborted transactions, by requiring all
participants to follow { at failure recovery time { an \in case
of doubt, commit" rule. In this scheme, cohorts do not send
acknowledgments for the commit global decision, and do not
force-write the commit log record. In addition, the master
does not write an end log record. However, the master is required to force-write a collecting log record before initiating
the two-phase protocol. This log record contains the names
of all the cohorts involved in executing that transaction.
The above optimizations of 2PC have been implemented
in a number of database products and PA is, in fact, now
part of the ISO-OSI and X/OPEN distributed transaction
processing standards [18, 21].

2.4 Three Phase Commit
A fundamental problem with all of the above protocols is
that cohorts may become blocked in the event of a site failure and remain blocked until the failed site recovers. For
example, if the master fails after initiating the protocol but
before conveying the decision to its cohorts, these cohorts
will become blocked and remain so until the master recovers
and informs them of the nal decision. During the blocked
period, the cohorts may continue to hold system resources
such as locks on data items, making these unavailable to
other transactions, which in turn become blocked waiting for
the resources to be relinquished, that is, \cascading blocking" results. It is easy to see that, if the duration of the
blocked period is signi cant, it may result in major disruption of transaction processing activity.
To address the blocking problem, a three phase commit (3PC) protocol was proposed in [25]. This protocol achieves a non-blocking capability by inserting an extra phase, called the \precommit phase", in between the
two phases of the 2PC protocol. In the precommit phase,
a preliminary decision is reached regarding the fate of the
transaction. The information made available to the participating sites as a result of this preliminary decision allows
a global decision to be made despite a subsequent failure of
the master. Note, however, that the price of gaining nonblocking functionality is an increase in the communication
overheads since there is an extra round of message exchange
between the master and the cohorts. In addition, both the
master and the cohorts have to force-write additional log
records in the precommit phase.
2.5 Other Protocols
The above-mentioned protocols are well-established and
have received the most attention in the literature { we therefore concentrate on them in our study. It should be noted,
however, that a variety of other protocols have also been proposed. These include linear 2PC [13], distributed 2PC [20],
Unsolicited Vote (UV) [26], Early Prepare (EP) and Coordinator Log (CL) [22, 23] protocols. Very recently, the Implicit
Yes Vote (IYV) protocol [1] and the two-phase abort (2PA)
protocol [3] have been proposed for distributed database systems that are expected to be connected by extremely high
speed networks.
3 Optimistic Commit Processing
In all of the protocols described in the previous section, a
cohort that reaches the PREPARED state can release all of
its read locks. However, it has to retain all its update locks
until it receives the global decision from the master { this
retention is fundamentally necessary to maintain atomicity.
More importantly, the lock retention interval is not bounded
since the time duration that a cohort is in the PREPARED
state can be arbitrarily long (for example, due to network
delays). If the retention period is large, it may have a signi cant negative e ect on performance since other transactions
that wish to access this (prepared) data are forced to block
until the commit processing is over. It is important to note
that this data blocking is orthogonal to the decision blocking
(because of failures) that was discussed in Section 2.4. That
is, in all the commit protocols, including 3PC, transactions
can be a ected by prepared data blocking. Moreover, such
data blocking occurs during normal processing whereas decision blocking only occurs during failure situations.

To address the above issue of (prepared) data blocking,
we have designed a new version of the 2PC protocol, in which
transactions requesting data items held by other transactions in the prepared state are allowed to access this data.
That is, prepared cohorts lend uncommitted data to concurrently executing transactions. Given such lending, two
situations may arise:
Lender Receives Decision First :
Here, the lending cohort receives its global decision before the borrowing cohort has completed its local execution. If the global decision is to commit, the lending
cohort completes its processing in the normal fashion.
If the global decision is to abort, the lender is aborted
in the normal fashion; in addition, the borrower is also
aborted since it has utilized inconsistent data.
Borrower Completes Execution First :
Here, the borrowing cohort completes its execution before the lending cohort has received its global decision.
The borrower is now \put on the shelf", that is, it is
made to wait and not allowed to send a WORKDONE
message to its master. This means that the borrower is
not allowed to initiate the processing that could eventually lead to its reaching the prepared state. Instead,
it has to wait until the lender receives its global decision. If the lender commits, the borrower is \taken o
the shelf" and allowed to send its WORKDONE message. However, if the lender aborts, the borrower is
also aborted immediately since it has utilized inconsistent data.
In summary, the protocol allows transactions to access uncommitted data held by prepared transactions in the \optimistic" belief that this data will eventually be committed.
We will hereafter refer to this protocol as OPT.
3.1 Aborts in OPT do not Cascade
An important point to note here is that OPT's policy of
using uncommitted data is generally not recommended in
database systems since this can potentially lead to the wellknown problem of cascading aborts [5] if the transaction
whose dirty data has been accessed is later aborted. However, for the OPT protocol, this problem is alleviated due
to two reasons:
1. The lending transaction is typically expected to commit because (a) the lending cohort is in prepared state
and cannot be aborted due to local data con icts, and
(b) the sibling cohorts are also expected to eventually
vote to commit since they have survived all their data
con icts that occurred prior to the initiation of the
commit protocol. In fact, if we assume that a lockingbased concurrency control mechanism such as 2PL [10]
is used, it is easy to verify that there is no possibility of
sibling cohorts aborting, during the commit processing
period, due to serializability considerations. Therefore, an abort vote can arise only due to other reasons
such as, violation of integrity constraints, software errors, system failure, etc. We will hereafter use the term
\surprise" aborts to refer to this type of aborts.
2. Even if the lending transaction does eventually abort,
it only results in the abort of the immediate borrower
and does not cascade beyond this point (since the borrower is not in the prepared state { the only situation in which uncommitted data can be accessed). In

short, the abort chain is bounded and is of length one
(of course, if an aborting lender has lent to multiple
borrowers, then all of them will be aborted, but the
length of each abort chain is limited to one).
3.2 Integrating Prior 2PC Optimizations with OPT
Apart from the optimistic data access described above, the
following features can also be included in the OPT protocol:
Presumed Abort/Commit : The optimizations of Presumed Commit or Presumed Abort discussed earlier
for 2PC can also be used in conjunction with OPT
to reduce the protocol overheads. We consider both
options in our experiments.
Nonblocking OPT : Our description of OPT above assumed a 2PC protocol as the basis. However, the OPT
approach can be applied directly to the 3PC protocol
as well. We evaluate the performance of this protocol
also in our experiments.
Other Optimizations : Apart from PA and PC, a variety
of other optimizations have been proposed for the 2PC
protocol. A comprehensive description and analysis of
such optimizations is presented in [21]. Among these,
the optimizations we have examined are Read-Only
(one phase commit for read-only transactions), Unsolicited Vote (cohorts enter prepared state and vote
yes without waiting for a prepare request from coordinator), Long Locks (cohorts piggyback their commit
acknowledgments onto subsequent messages), Shared
Logs (cohorts share a common log with the master),
Group Commit (forced writes are batched together to
save on disk I/O), and linear 2PC [13] (message overheads are reduced by ordering the sites in a linear chain
for communication purposes).
OPT is especially attractive to integrate with protocols
such as 3PC , Group Commit and linear 2PC , since
they extend the period during which data is held in the
prepared state. However, when combined with protocols such as Unsolicited Vote and IYV { which do not
guarantee that a cohort which has unilaterally entered
the prepared state will not be forced back later into
an active state { OPT can lead to cascading aborts,
long \on-the-shelf"-times for borrowers, deadlocks involving the lender and the borrower, etc. [11]. Barring
these exceptions, virtually all of the above optimizations can be integrated with an OPT implementation
to produce enhanced performance.
3.3 System Integration
We now comment on the implementation issues related to
the OPT protocol:
1. The lock manager at each site must be modi ed to
permit borrowing of data held by prepared cohorts.
2. The lock manager must keep track of the cohorts that
have borrowed prepared data so that, if the lender
aborts, the borrowers can also be aborted.
3. For a borrower cohort that nishes execution before
its lenders have received their global decision, the local transaction manager must not send a WORKDONE
message until the fate of its lenders is determined.

The above modi cations do not appear dicult to incorporate in current database system software. Moreover,
as shown later in our experiments, the performance bene ts
that can be derived from these changes suggest that it is
worthwhile to make the e ort of implementing them.
4 Simulation Model
To evaluate the performance of the various commit protocols
described in the previous sections, we developed a detailed
simulator based on a closed queueing model of a distributed
database system. Our simulation model is similar to the one
used in [7] to study distributed concurrency control protocols. A summary of the key model parameters is given in
Table 1.
The database is modeled as a collection of DBSize pages
that are uniformly distributed across all the NumSites sites.
At each site, the transaction multiprogramming level is speci ed by the MPL parameter. Each transaction in the
workload has the \single master { multiple cohort" structure described in Section 2. The number of sites at which
each transaction executes is speci ed by the DistDegree
parameter. The master and one cohort reside at the site
where the transaction is submitted whereas the remaining
DistDegree ? 1 cohorts are set up at di erent sites chosen
at random from the remaining NumSites ? 1 sites. At each
of the execution sites, the number of pages accessed by the
transaction's cohort varies uniformly between 0.5 and 1.5
times CohortSize. These pages are chosen randomly from
among the database pages located at that site. A page that
is read is updated with probability UpdateProb. A transaction that is aborted is restarted after a delay and makes the
same data accesses as its original incarnation. The length of
the delay is equal to the average transaction response time
{ this is the same heuristic as that used in most transaction
management studies [2, 7, 8, 9]. After a transaction completes, a new one is submitted immediately at its originating
site.
The physical resources at each site consist of NumCPUs
processors, NumDataDisks data disks, and NumLogDisks
log disks. The data disks store the data pages while the log
disks store the transaction log records. There is a single
common queue for the processors whereas each of the disks
has its own queue. All queues are processed in an FCFS
order except that message processing is given higher priority than data processing at the CPUs. The PageCPU and
PageDisk parameters capture the CPU and disk processing
times per data page, respectively. For simplicity, we assume
that all data is accessed from disk and bu er pool considerations are therefore ignored.
The communication network is simply modeled as a
switch that routes messages since we assume a local area
network that has high bandwidth. However, the CPU overheads of message transfer, given by the MsgCPU parameter, are taken into account at both the sending and the
receiving sites. This means that there are two classes of
CPU requests { local data processing requests and message
processing requests, and as noted above, message processing
is given higher priority than data processing.
4.1 Transaction Execution
When a transaction is initiated, it is assigned the set of sites
where it has to execute and the data pages that it has to
access at each of these sites. The master is then started
up at the originating site, forks o a local cohort and sends

Table 1: Simulation Model Parameters
NumSites
DBSize
MPL
TransType
DistDegree
CohortSize
UpdateProb
NumCPUs
NumDataDisks
NumLogDisks
PageCPU
PageDisk
MsgCPU

Number of sites in the database
Number of pages in the database
Transaction multiprogramming level / site
Transaction Type (Sequential or Parallel)
Degree of Distribution (number of cohorts)
Average cohort size (in pages)
Page update probability
Number of processors per site
Number of data disks per site
Number of log disks per site
CPU page processing time
Disk page access time
Message send / receive time

messages to initiate each of its cohorts at the remote participating sites. Transactions in a distributed system can
execute in either sequential or parallel fashion. The distinction is that cohorts in a sequential transaction execute one
after another, whereas cohorts in a parallel transaction are
started together and execute independently until commit
time. We consider both types of transactions in our study.
Each cohort makes a series of read and update accesses.
A read access involves a concurrency control request to obtain access permission, followed by a disk I/O to read the
page, followed by a period of CPU usage for processing the
page. Update requests are handled similarly except for their
disk I/O { the writing of the data pages takes place asynchronously after the transaction has committed. We assume
sucient bu er space to allow the retention of data updates
until commit time. The commit protocol is initiated when
the transaction has completed its data processing.
4.2 Concurrency Control
For transaction concurrency control (CC), we use the distributed strict two-phase locking (2PL) protocol [5]. Transactions, through their cohorts, set read locks on pages that
they read and update locks on pages that need to be updated. All locks are held until the receipt of the PREPARE
message from the master. Subsequently, the cohort releases
all its read locks but retains its update locks until it receives
and implements the global decision from the master. For
the new protocol, OPT, however, the lock manager at each
site is modi ed to permit borrowing of updated data items
held by prepared transactions.
With respect to deadlocks, in our simulation implementation, both global and local deadlock detection is immediate, that is, a deadlock is detected as soon as a lock con ict
occurs and a cycle is formed. The youngest transaction in
the cycle is restarted to resolve the deadlock. We do not explicitly model the overheads for detecting deadlocks or for
concurrency control since (a) these costs would be similar
across all the commit protocols, and (b) they are usually
negligible compared to the overall cost of accessing data [7].
Another point to note here is that, as mentioned in Section 3.1, with this CC mechanism, there is no possibility of
serializability-induced aborts occurring in the commit processing stage.

4.3 Logging
With regard to logging costs, we explicitly model only forced
log writes since they are done synchronously and suspend
transaction operation until their completion. The cost of
each forced log write is the same as the cost of writing a
data page to the disk.
5 Experiments and Results
Using the distributed database model described in the previous section, we conducted an extensive set of simulation
experiments comparing the performance of the various commit protocols presented in Sections 2 and 3. Due to space
limitations, we discuss only a representative set of results
here { the complete details are available in [11].
The primary performance metric of our experiments is
transaction throughput , that4 is, the rate at which the system completes transactions. We also emphasize the peak
throughput that is achievable by each protocol since this
represents the maximum attainable performance and by using a suitable admission control policy (for example, Halfand-Half [6]), the throughput can be maintained at this level
in high-performance systems. All the throughput graphs of
this paper show mean values that have relative half-widths
about the mean of less than 10 percent at the 90 percent
con dence level, with each experiment having been run until at least 50000 transactions were processed by the system.
Only statistically signi cant di erences are discussed here.
5.1 Comparative Protocols
To help isolate and understand the e ects of distribution
and atomicity on throughput performance, and to serve as
a basis for comparison, we have also simulated the performance behavior of two additional scenarios:
Centralized System :
In this scenario, hereafter referred to as CENT, a centralized database system that is equivalent (in terms of
database size and physical resources) to the distributed
database system is modeled. Messages are obviously
not required here and commit processing only requires
force-writing a single decision log record. Modeling
this scenario helps to isolate the overall e ect of distribution on throughput.
Distributed Processing, Centralized Commit :
In this scenario, hereafter referred to as DPCC, data
processing is executed in the normal distributed fashion, that is, involving messages. The commit processing, however, is like that of a centralized system, requiring only the force-writing of the decision log record
at the master. While this system is clearly arti cial,
modeling it helps to isolate the e ect of distributed
commit processing on throughput (as opposed to the
centralized scenario which eliminates the entire e ect
of distributed processing).
5.2 Experiment 1: Resource and Data Contention
The settings of the workload parameters and system parameters for our rst experiment are listed in Table 2. These
4 Since we are using a closed queueing model, the inverse relationship between throughput and response time (as per Little's Law)
makes either a sucient performance metric.

Table 2: Baseline Parameter Settings
NumSites 8
NumCPUs
DBSize
8000 pages NumDataDisks
TransType Parallel
NumLogDisks
DistDegree 3
PageCPU
CohortSize 6 pages
PageDisk
UpdateProb 1.0
MsgCPU

1
2
1
5 ms
20 ms
5 ms

settings were chosen to ensure signi cant levels of both resource contention (RC) and data contention (DC) in the
system, thus helping to bring out the performance di erences between the various commit protocols.
In this experiment, each transaction executes in a parallel
fashion at three sites, accessing and updating an average of
six pages at each site. Each site has a single CPU, two data
disks and one log disk. The CPU and disk processing times
are such that the system operates in an I/O-bound region.
However, since it is not heavily I/O-bound, it is possible for
message-related CPU costs to shift the system into a region
of CPU-bound operation { this occurs, for example, in Experiment 4 where a higher degree of transaction distribution,
and consequently more network activity, is modeled.
For this experiment, Figure 1a presents the transaction
throughput results as a function of the per-site multiprogramming level. We rst observe here that for all the protocols, the throughput initially increases as the MPL is increased, and then it decreases. The initial increase is due to
the fact that better performance is obtained when a site's
CPUs and disks are utilized in parallel. As the multiprogramming level is increased beyond a certain level, however,
the system starts thrashing due to data contention, resulting
in degraded transaction throughput.
Comparing the relative performance of the protocols in
Figure 1a, we observe that the centralized system (CENT)
performs the best, as expected, and that the performance of
distributed processing/centralized commit (DPCC) is very
close to that of CENT. In contrast, there is a noticeable difference between the performance of these baseline systems
and the performance of the classical commit protocols (2PC,
PA, PC, 3PC) throughout the loading range. This demonstrates that distributed commit processing can have considerably more e ect (di erence between the performance
of DPCC and 2PC) than distributed data processing (difference between the performance of CENT and DPCC) on
the throughput performance, as will be seen in our other
experiments as well.
Moving on to the relative performance of 2PC and 3PC,
we observe that there is a clear di erence in their performance. The di erence arises from the additional message
and logging overheads involved in 3PC, which are shown in
Table 3 (for committing transactions).
Table 3: Protocol Overheads (DistDegree = 3)
Protocol Execution
Commit
Messages Forced-Writes Messages
2PC
4
7
8
PA
4
7
8
PC
4
5
6
3PC
4
11
12
DPCC
4
1
0
CENT
0
1
0

CENT

2PC

PA

DPCC

3PC

PC
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Shifting our focus to PC, we observe that it performs
very similarly to 2PC. This is because of the following reasons: First, while PC saves on the forced writes and acknowledgements at each cohort, it incurs an additional collecting
forced write at the master. Second, the forced writes that
PC saves were done in parallel at the cohorts by 2PC. Therefore, even though PC saves considerably on the overheads it
fails to appreciably reduce the overall response time of the
transaction. Thus the gain in throughput for PC over 2PC
is not signi cant.
There is no possibility of serializability-induced aborts in
the commit phase, as mentioned earlier in Section 4.2, due
to using distributed strict 2PL as the CC mechanism. In the
absence of any other source of aborts, as in this experiment,
PA reduces to 2PC and performs identically . We will therefore defer further discussion of the performance of PA until
Experiment 6 where we model surprise transaction aborts
in the commit phase.
Finally, turning our attention to the new protocol, OPT,
we observe that its performance is either the same or better than that of all the standard algorithms over the full
range of MPL. At low MPLs, when there is less data contention, and consequently little opportunity for borrowing,
OPT is virtually identical to 2PC and therefore performs at
the same level. At higher MPLs, however, the performance
of OPT is superior to that of 2PC, and in fact, becomes
close to that of DPCC. The reason for this is that in OPT,
the cohorts in the PREPARED state do not contribute to
the data contention thus reducing the number of blocked
transactions. This is seen in Figure 1b, which shows the
transaction \block ratio", that is, the average fraction of
transactions that are in the blocked state. Finally, in Figure
1c, we graph the \borrow ratio" for OPT, that is, the average number of data items (pages) borrowed per transaction.
This graph clearly shows that borrowing comes into the picture at higher MPLs, resulting in improved performance for
OPT.
5.3 Experiment 2: Pure Data Contention
The goal of our next experiment was to isolate the in uence
of data contention (DC) on the performance of the commit protocols. For this experiment, the physical resources
(CPUs and disks) were made \in nite", that is, there is no
queueing for these resources [2]. The other parameter values are the same as those used in Experiment 1. The results
of this experiment are shown in Figures 2a through 2c. In
these gures, as in the previous experiment, CENT shows
the best performance and the performance of DPCC is close
to that of CENT. The performance of the standard protocols
relative to the baselines is, however, markedly worse than
before. This is because in Experiment 1, the considerable
di erence in overheads between CENT and 2PC was largely
submerged due to the resource and data contention in the
system having a predominant e ect on transaction response
times. In the current experiment, however, where throughput is limited only by data contention, although transaction
response times are typically smaller than under RC+DC, the
commit phase here occupies a bigger proportion of the overall transaction response time and therefore the overheads of
2PC are felt to a greater extent. Similarly, 3PC performs
signi cantly worse than 2PC due to its considerable extra
overheads. Finally, the performance of PC remains similar
to that of 2PC, for the same reasons as those given in the
previous experiment.
Moving on to OPT, we observe that at low MPLs, it be-

haves almost identically to 2PC since there are few opportunities for borrowing. At higher MPLs, however, OPT's
performance is substantially better than that of 2PC. In
fact, OPT's peak throughput is close to that of DPCC. An
interesting observation here is that 2PC, DPCC and CENT
all achieve their peak throughput at an MPL of 4, while
for OPT, the corresponding MPL value is 5. This is explained by considering Figure 2b, which shows the transaction block ratio, where we see that this ratio is signi cantly
lower for OPT than the other protocols for the same multiprogramming level due to the elimination of blocking for
prepared data. Thus for a given data contention level, OPT
allows more concurrency in the system than standard protocols. Finally, Figure 2c presents the transaction borrow
ratio, again showing that borrowing increases almost linearly
with MPL.
In summary, this experiment indicates that under high
data contention, OPT's performance can be substantially
superior to that of the standard protocols.
5.4 Experiment 3: Fast Network Interface
In the previous experiments, the cost for sending and receiving messages modeled a system with a relatively slow
network interface (MsgCpu = 5 ms). We conducted another experiment wherein the network interface was faster
by a factor of ve, that is, MsgCpu = 1 ms. The experiment was conducted for both resource-cum-data contention
(RC+DC) and pure data contention (DC) scenarios.5 For
brevity, we only discuss the results of this experiment here {
the graphs are available in [11]: First, the performance of all
the protocols becomes closer to that of CENT as compared
to the previous experiments, and in fact, DPCC and CENT
are virtually indistinguishable. This improved behavior of
the protocols is only to be expected since low message costs
e ectively eliminate the e ect of a signi cant fraction of the
overheads involved in each protocol. Under pure DC, however, the remaining overheads of forced-writes are signi cant enough to point out clear di erences between the performances of DPCC and 2PC and those of 2PC and 3PC.
Second, OPT's peak throughput performance is again close
to that of DPCC in both the RC+DC and pure DC cases.
This experiment shows that adopting the OPT principle
can be of value even with very high-speed network interfaces because faster message processing does not necessarily
eliminate the data contention bottleneck.
5.5 Experiment 4: Higher Degree of Distribution
In the experiments described so far, each transaction executed on three sites. To investigate the impact of having
a higher degree of distribution, we performed an experiment wherein each transaction executed on six sites. The
CohortSize in this experiment was reduced from 6 pages
to 3 pages in order to keep the average transaction length
equal to that of the previous experiments. For this environment, the overheads of the protocols are shown in Table 4
(for committing transactions).
For this experiment, Figures 3a and 3b present the transaction throughput results under RC+DC and under pure
DC, respectively. In Figure 3a, we observe that the performance of the baselines, CENT and DPCC, is virtually indistinguishable although the message processing overheads
5 The default parameter settings for the RC+DC and pure DC
scenarios in this experiment, as well as in the following experiments,
are the same as those used in Expt. 1 and Expt. 2, respectively.

Table 4: Protocol Overheads (DistDegree = 6)
Protocol Execution
Commit
Messages Forced-Writes Messages
2PC
10
13
20
PA
10
13
20
PC
10
8
15
3PC
10
20
30
DPCC
10
1
0
CENT
0
1
0

of DPCC are signi cantly more. The reason for this is that
even with these additional overheads, the CPU is still not
the bottleneck for DPCC, resulting in its performance being
similar to that of CENT (as in Experiment 1).
For the standard protocols, however, the increase in the
message overheads is suciently large (Table 4) that the
system now operates in a heavily CPU-bound region. As
a result, the performance di erences between the baselines
and these protocols are visibly more than those seen for the
limited distribution workload of Experiment 1 (Figure 1a).
An interesting feature of Figure 3a is that, for the rst
time, we observe a signi cant di erence between the performance of PC and that of 2PC. In fact, PC exhibits better
performance than 2PC across the entire MPL range. The
reason for this behavior is the heavily CPU-bound nature of
the workload. In this environment, PC's reduced overheads
result in its performing better than 2PC. This is further conrmed in the results of Figure 3b, where in the absence of
resource contention, PC again performs almost identically
to 2PC.
Turning our attention to OPT, we observe that under RC+DC (Figure 3a), the performance of OPT is only
marginally better than that of 2PC. This is due to two factors: (i) the CPU-bound nature of the workload, and (ii)
message processing has higher priority over data processing. As a result of these factors, the increase in execution
phase length is much larger than the increase in commit
phase length, resulting in a smaller \commit-execution ratio". Since OPT's impact is felt only during the commit
phase, the decrease in this ratio causes reduced performance
improvement as compared to Experiment 1. These results
may seem to suggest that OPT may not be the best approach for workloads of the type considered in this experiment. Note, however, that we can now bring into play
the ability of OPT to \peacefully and usefully coexist" with
other optimizations by combining OPT and PC to form an
OPT-PC protocol. The performance of this protocol is also
shown in Figure 3a, wherein it provides the best overall performance due to deriving the bene ts of both the OPT and
PC optimizations.
Under pure data contention (Figure 3b), note that the
performance di erence between CENT and DPCC is more
as compared to earlier experiments. This is because the average transaction response time is reduced due to the heightened degree of distribution. As a result, message delays now
form a signi cant fraction of the response time. We also
observe in Figure 3b that the di erence between the performance of DPCC and that of 2PC is now very large (the peak
throughput of DPCC is more than twice that of 2PC). This
again clearly demonstrates that distributed commit processing can a ect performance to a signi cantly greater degree
than distributed data processing.
As mentioned earlier, PC performs almost the same as

2PC in Figure 3b. The performance of OPT continues to
be superior to 2PC, but in contrast to what was seen in
Figure 3a, we now observe that the performance of OPTPC is no better than that of OPT at low MPLs and slightly
worse at higher MPLs. This is because the e ect of OPTPC is to increase the length of the execution phase of the
transaction (by introducing collecting forced write) and at
the same time to reduce the commit phase length (by saving
on forced writes at cohorts), thus decreasing the commitexecution ratio and diminishing the utility of the optimistic
feature.
5.6 Experiment 5: Non-Blocking OPT
In the previous experiments, we observed that OPT, which
is based on 2PC, performed signi cantly better than the
standard protocols. This motivated us to evaluate the e ect
of incorporating the same optimizations in the 3PC protocol. We refer to this protocol as OPT-3PC and for this
experiment, Figures 4a and 4b present the throughput results under RC+DC and pure DC, respectively. In Figure
4a we observe that the performance of OPT-3PC is similar to that of 3PC at lower MPLs. However, at higher
MPLs, OPT-3PC not only performs better than 3PC, but
also achieves a peak throughput that is comparable to that
of 2PC. These observations show up more vividly in Figure 4b, where the peak throughput of OPT-3PC actually
signi cantly surpasses that of 2PC.
An important point to note here is that the optimistic
feature has potentially more impact in the 3PC context than
in the 2PC context. This is because the length of the prepared state is signi cantly longer in 3PC (due to the extra
phase), thereby increasing the bene ts of borrowing.
In summary, these results indicate that by using the OPT
approach, we can simultaneously obtain both the highly desirable non-blocking functionality and better peak throughput performance than the classical blocking protocols. This,
in essence, is a \win-win" situation.
5.7 Experiment 6: Surprise Aborts
In all of the experiments discussed earlier, there was no potential for serializability-induced aborts in the commit processing stage, as explained in Section 4.2. It is for this reason
that no di erence was possible in the relative performance
of PA and 2PC. In practice, however, aborts may arise in
the commit phase due to other reasons such as violation
of integrity constraints, software errors, system failure, etc.
We therefore conducted an experiment where such \surprise
abort" situations were modeled and evaluated their impact
on protocol performance. The important point to note here
is that these situations are fundamentally biased against
OPT since its underlying assumption that transactions will
usually commit may not hold under surprise aborts.
In this experiment, each cohort, on receiving the PREPARE message from the master, instead of always voting
YES, randomly votes NO with a certain probability. We
consider three di erent cases, where the probability of a
cohort aborting arbitrarily is 1 percent, 5 percent and 10
percent, respectively. Since each transaction is composed
of three cohorts, these cohort abort probabilities translate
to overall transaction abort probabilities of approximately 3
percent, 15 percent and 27 percent, respectively. Note that
the latter two cases model abort probabilities that appear
arti cially high as compared to what might be expected in
practice. Modeling these high abort levels, however, helped
us determine the extent to which OPT was robust .
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The results of this experiment under RC+DC and under
pure DC are presented in Figures 5a and 5b, respectively.
We observe here that OPT's peak throughput performance
is comparable to that of 2PC even when 15 percent of the
transactions are aborting and it is only when the abort level
is in excess of this value that we begin to see an appreciable
di erence in performance. At these high abort levels, the
optimism of borrowing transactions proves to be misplaced
since they are often aborted due to the abort of their lenders.
We also observe in these gures that, in spite of having
a large fraction of aborts, PA which is designed to do well in
the abort case, shows only marginal improvement over 2PC.
This is because although PA saves on the forced writes and
acknowledgements, these savings are small in comparison
to the total overheads of commit processing. For example,
in the 27 percent transaction abort probability case, 2PC
incurs about 8.8 forced writes and 2.5 acknowledgements
per committed transaction, whereas the corresponding values for PA are 7.7 and 2, respectively. When the system is
not heavily resource-bound, these savings do not a ect the
throughput performance signi cantly. To investigate this
further, we conducted the same experiment with a higher
degree of distribution (DistDegree = 6 ), which results in a
heavily CPU-bound environment, as in Experiment 4. In
this situation, we found that the savings by PA were sucient to make it perform clearly better than 2PC.
The important point to note here is that OPT can also
derive these performance bene ts of PA by combining with
it to form OPT-PA { the performance of this combined algorithm is also presented in Figures 5a and 5b and shows
the expected outcome.
Another interesting feature in Figures 5a and 5b is that,
at high MPLs, the performance of the OPT and 2PC protocols in a system with higher probability of surprise aborts is
better than their performance in a system with lower probability of aborts, that is, there is a performance crossover .
The reason for the crossover is the following: In our model,
as in earlier transaction management studies (for example, [2]), aborted transactions are delayed before restarting
with the delay period being equal to the average response
time. This delay e ectively becomes a crude way of controlling the data contention in the system. At high MPLs, this
results in the system with higher transaction abort probabilities having less data contention than the system with
lower transaction abort probabilities and therefore performing better, resulting in the crossover. Note, however, that
the peak throughput is signi cantly smaller for the system
with higher transaction abort probabilities than the one with
lower abort probabilities.
5.8 Other Experiments
We conducted several other experiments to explore various
regions of the workload space. These included workloads
with sequential transactions, reduced update probabilities,
small database sizes, etc. The relative performance of the
protocols in these additional experiments remained qualitatively similar to that seen in the experiments described
here (see [11] for details), with the performance improvement delivered by OPT being dependent on the level of data
contention in the system.
One interesting feature that we noticed in the sequential
transaction experiments is that the performance di erences
between the protocols decreased as compared to carrying
out the same experiment with parallel transactions. This is
because the length of the execution phase is more for sequen-

tial transactions as compared to their parallel counterparts.
The length of the commit phase, however, is the same for
both types of transactions. Hence, the commit-execution
ratio is signi cantly smaller in the case of sequential transactions (this e ect was con rmed by measuring these values
in our experiments), resulting in OPT having lesser impact
on the throughput.
6 Conclusions
In this paper, we have quantitatively investigated the performance implications of supporting distributed transaction
atomicity. Using a detailed simulation model of a distributed database system, we evaluated the throughput performance of a variety of standard commit protocols, including 2PC, PA, PC and 3PC, apart from two baseline protocols, CENT and DPCC. We also developed and evaluated a
new commit protocol, OPT, that was designed speci cally
to reduce the blocking arising out of locks held on prepared
data. To the best of our knowledge, these are the rst quantitative results on commit processing in a fully-distributed
DBMS with respect to end-user performance metrics.
Our experiments demonstrated the following:
1. Distributed commit processing can have considerably
more e ect than distributed data processing on the
system performance. This highlights the need for developing high-performance commit protocols.
2. The PA and PC variants of 2PC, which reduce protocol overheads, have been incorporated in a number
of database products and transaction processing standards. In our experiments, however, we found that
these protocols provide tangible bene ts over 2PC only
in a few restricted situations. PC performed well only
when the degree of distribution was high { in current
applications, however, the degree of distribution is usually quite low [21]. PA, on the other hand, performed
only marginally better than 2PC even when the probability of surprise aborts was close to thirty percent {
in practice, surprise aborts occur only occasionally.
We caution the reader here that the above conclusion
is limited to the completely update transaction workloads considered here { PA and PC have additional
optimizations for fully or partially read-only transactions [19] that may have a signi cant impact in workloads having a large fraction of these kinds of transactions.
3. Use of the new protocol, OPT, either by itself, or in
conjunction with other standard optimizations, leads
to signi cantly improved performance over the standard algorithms for all the workloads and system congurations considered in this paper. Its good performance is attained primarily due to its reduction of the
blocking arising out of locks held on prepared data.
A feature of the OPT protocol design is that it limits
the abort chain to one, thereby preventing cascading
aborts. This is achieved by allowing only prepared
transactions to lend their data and ensuring that borrowers cannot enter the prepared state until their borrowing is terminated.
The power of the optimistic access feature is substantial enough that OPT's throughput performance was
often close to that obtained with the DPCC baseline,
which represents an upper bound on achievable performance.

4. An attractive feature of OPT is that it can be integrated, often synergistically, with most other optimizations proposed earlier. In particular, in the few
experiments wherein PC or PA performed noticeably
better than 2PC, using OPT-PC or OPT-PA resulted
in the best performance. The only exception wherein
OPT does not appear to combine well is with protocols
that allow cohorts to enter the prepared state unilaterally and therefore run the risk of having to revert to
an active state in case the master subsequently sends
additional work to the cohort (for example, the Unsolicited Vote protocol of distributed Ingres [26]).
5. OPT's design is based on the assumption that transactions that lend their uncommitted data will almost
always commit. However, OPT is reasonably robust
in that it maintains its superior performance until the
probability of surprise transaction aborts in the commit phase exceeds as high a value as fteen percent.
Beyond this level, its performance becomes progressively worse than that of the classical protocols.
6. Under conditions where there is sucient contention
in the system, a combination of OPT and 3PC provides better throughput performance than the standard 2PC-based blocking protocols. This suggests that
it would be possible for distributed database systems
that are operating in high contention situations and
currently using 2PC-based protocols to switch over
to OPT-3PC, thereby obtaining the superior performance of OPT during normal processing and, in addition, acquiring the highly desirable non-blocking feature of 3PC.
In summary, we suggest that distributed database systems
currently using the 2PC, PA or PC commit protocols may
nd it bene cial to switch over to using the corresponding OPT algorithm, that is, OPT, OPT-PA or OPT-PC.
If having non-blocking functionality is important but 3PC
has not been used due to its excessive overheads resulting in
poor performance, then OPT-3PC appears to be an attractive choice since it provides a peak throughput that exceeds
those of the standard 2PC protocols.
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