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can be logged in tuples called determinants [8]. By replaying
the determinants in their exact original order, a process can
deterministically recreate its pre-failure state. Most message
logging protocols suppose that reception events (i.e., message receiving events) are the only possible nondeterministic
events in the execution [9]. Consequently, a crucial task
in message logging is to reliably save and restore the
determinants without penalizing the performance.
The component responsible for reliably logging determinants is the event logger. The event logger receives the determinants from the application processes, stores them locally,
and notifies the application processes. Previous works based
on message logging typically assume that the event logger is
a centralized entity (e.g., [10], [11], [12]), and thus it cannot
tolerate failures. Indeed, the failure of the event logger would
bring the execution to a halt as application processes would
no longer be able to save the determinants.
The main goal of this paper is to propose a fault-tolerant
event logger that has performance comparable to or better
than a centralized event logger. In particular, our replicated
event logger does not require extra system resources (i.e.,
physical nodes) in comparison with a centralized event
logger and can tolerate a configurable number of failures.
When configured to tolerate a single failure, our consensusbased event logger needs the same number of messages and
communication steps (i.e., network delays) to log a determinant as a centralized event logger. We also show in the
paper that the myth that fault tolerance introduces overheads
is not completely unfounded since the indiscriminate use
of existing fault-tolerance techniques can indeed lead to
expensive solutions.
We implemented two fault-tolerant event loggers based
on the Paxos algorithm [13]. One is based on classic Paxos
and the other on a configuration we call parallel Paxos. We
conducted a number of experiments comparing them to a
centralized event logger. We evaluated the performance of
our event logger implementations using the LU and MG
kernels from the NAS Parallel Benchmarck (NAS-PB) and
the Algebric MultiGrid (AMG) application. Our results show
that the replicated event logger based on parallel Paxos
consistently outperforms a centralized event logger while
providing configurable fault tolerance.
The rest of the paper is organized as follows. Section II
briefly overviews rollback-recovery, including message log-

Abstract—High-performance computing (HPC) systems traditionally employ rollback-recovery techniques to allow faulttolerant executions of parallel applications. Rollback-recovery
based on message logging is an attractive strategy that avoids
the drawbacks of coordinated checkpointing in systems with
low mean-time between failures (MTBF). Most message logging protocols rely on a centralized event logger to store
information (i.e., the determinants) to allow the recovery of
an application process. This centralized approach, besides the
obvious single point of failure problem, represents a bottleneck
for the efficiency of message logging protocols. In this work,
we present a fault-tolerant distributed event logger based
on consensus that outperforms the centralized approach. We
implemented the event logger of MPI determinants using
Paxos, a prominent consensus algorithm. Our event logger
inherits the Paxos properties: safety is guaranteed even if
the system is asynchronous and liveness is guaranteed despite
processes failures. Experimental results are reported for the
performance of the distributed event logger based both on
classic Paxos and parallel Paxos applied to AMG (Algebraic
MultiGrid) and NAS Parallel Benchmark applications.

I. I NTRODUCTION
High-performance computing (HPC) systems are used
to execute complex industrial and scientific simulations,
as well as other computing-intensive applications. In these
systems, MPI is the de facto standard to build parallel
and distributed high performance applications that run both
on clusters and on dedicated massively parallel processing
(MPP) environments [1]. HPC systems, in particular petascale and future exascale systems, are required to cope with
increasingly smaller mean time between failures (MTBF)
[2]. For example, the Blue Waters petascale system has an
average MTBF of 4.2 hours [3]. Future exascale systems
should present an even lower MTBF [4], [5].
Most traditional strategies to deal with failures in HPC
systems are based on rollback-recovery mechanisms [6],
[7]. These strategies allow applications to recover from
failures without losing previously computed results. Message logging is a class of rollback-recovery technique that
unlike coordinated checkpoint strategies does not require all
processes to coordinate to save their state during normal
execution and to restart after a single process failure.
Message logging relies on the piecewise deterministic
assumption. This assumption states that all nondeterministic
events that a process executes can be identified and the
information necessary to replay each event during recovery
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ging, and the event logger. Section III reviews the Paxos
algorithm and presents our consensus-based event loggers.
Section IV presents our implementations of the event logger
and experimental results. Section V describes related work
and Section VI concludes the paper.

Figure 1 shows a scenario in which the most recent set
of checkpoints (i.e., Ck0,1 , Ck1,0 , and Ck2,0 ) results in no
recovery line. This set of checkpoints does not correspond
to a consistent state because message m5 is received by
P0 but not sent by P1 — in such a case, m5 is called an
orphan message and P0 an orphan process. P0 is then forced
to roll back to an earlier checkpoint (i.e., Ck0,0 ). Because
messages m1 and m2 have to be retransmitted, the recovery
line corresponds to the initial state of the application. This
is known as the domino effect. Uncoordinated checkpointing
is susceptible to the domino effect.
Coordinated checkpointing avoids the domino effect by
synchronizing the checkpoints of each process in order to
save a system-wide consistent state [15]. Although coordinated checkpointing is relatively easy to implement, its
execution is quite expensive, as processes need to coordinate.
Furthermore during recovery every process has to roll back
to its last checkpoint even if a single process fails.

II. A ROLLBACK -R ECOVERY P RIMER
Rollback-recovery techniques are often used to provide
fault tolerance to HPC applications so that they can restart
from a previously saved state [2], [9]. Rollback-recovery
assumes a distributed system that is a collection of application processes that communicate through a network and have
access to stable storage that survives failures [8]. Processes
save recovery information periodically on stable storage
during their failure-free execution. After the occurrence of a
failure, the process that failed uses the recovery information
to restart its computation from a past state. The recovery
information includes at least the state of the participating
processes, called checkpoints. Some protocols may also
include the logging of nondeterministic events, encoded
in tuples called determinants. A consistent system state is
one in which if the state of a process includes the receipt
of a message, then the state of the sender includes the
transmission of that message [14]. A set of checkpoints
that corresponds to a consistent state is called a recovery
line. The main goal of a rollback-recovery protocol is to
restore the system back to the most recent recovery line
after a failure. Rollback-recovery protocols can be either
checkpoint-based or log-based, as described next.

B. Log-based Rollback Recovery
Log-based approaches, or simply “message logging”, use
both checkpoints and logging of nondeterministic events to
avoid the drawbacks of both uncoordinated and coordinated
checkpointing. Message logging protocols assume the application is piece-wise deterministic [15]. This assumption
asserts that all nondeterministic events executed by a process
can be identified and the information necessary to replay
each event during recovery can be logged in determinants.
An event corresponds to a computational or communication
step of a process. Most message logging protocols assume
that message reception is the only nondeterministic event.
Message logging avoids the domino effect of uncoordinated
checkpointing by saving all received messages. For example,
in Figure 1, messages m2 , m4 , and m3 received by process
P1 must be saved, as well as the determinants that contain
the order of the messages. Upon the recovery of process P1 ,
only P1 rolls back. Thus, the state of P1 will eventually be
the same as it was before the failure, as messages m2 , m4 ,
and m3 are received again in the same order.
Depending on how determinants are logged, message
logging protocols can be pessimistic, optimistic or causal
[8]. In pessimistic logging, a process first stores the determinant of a nondeterministic event (e.g., in remote storage) before delivering the message. Despite the fact that
pessimistic logging simplifies recovery and garbage collection, it presents an overhead on failure-free scenarios: the
application has to wait for the determinant to be stored
in order to proceed. In optimistic logging, processes log
determinants asynchronously, thereby reducing the overhead.
However, optimistic protocols allow orphan processes to be
created due to failures and lead to more expensive recovery.
Causal logging protocols try to combine the advantages of
pessimistic and optimistic logging [12]: low performance
overhead on failure-free scenarios and no orphans processes.

A. Checkpoint-based Rollback Recovery
In the checkpoint-based approach, recovery is performed
only through checkpoints and is classified as either coordinated or uncoordinated. Checkpoints that are taken independently by each process, without any global coordination, are
known as uncoordinated. Uncoordinated checkpointing has
the advantage that processes create checkpoints when it is
most convenient for them (independently of other processes)
thereby reducing the communication overhead. However this
approach may never lead the application to a consistent state.
Checkpoints that lead to an inconsistent state are useless and
must be discarded [8], [15].

Figure 1.

Uncoordinated checkpointing and a recovery line.
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However, causal logging needs to piggyback the determinants on each application message until these determinants
are safely logged.
Usually, in message logging approaches the determinant
of every received message is logged. However, it is possible to reduce the overall number of logged messages by
identifying which events are deterministic and which are
nondeterministic [16]. An event is deterministic when from
the current state there is only one possible outcome state
for the event. If an event can result in several different
states, then it is nondeterministic. Message receptions with
an explicitly identified sender are deterministic events and
do not need to be logged; if the source is left unspecified
then message receptions are nondeterministic. For example,
a nondeterministic event occurs in MPI when the receiving
process uses the tag MPI_ANY_SOURCE in MPI_Recv.
As stated in [17], several MPI applications contain only
deterministic communication events and some protocols
were proposed for this class of applications [7], [18],
[19], [20]. However, many important MPI applications are
nondeterministic. Furthermore, programmers usually include
nondeterministic in the code to improve performance.
Message logging usually relies on the sender-based approach [21]. In this approach, during normal operation
the payload of every outgoing message is saved at the
sender. The receiver is required only to log the determinant,
describing the message’s delivery event.

A. Consensus and State Machine Replication
Consensus can be used to build a highly available event
logging service using the state machine replication approach [24]. State machine replication regulates how commands must be propagated to and executed by the replicas
in order for the service to be consistent. In our particular
case, the commands are requests to save a determinant,
propagated to and executed by replicas of the event logger.
Command propagation has two requirements: (i) every nonfaulty replica must receive every command and (ii) no two
replicas can disagree on the order of received and executed
commands. If command execution is deterministic, then
replicas will reach the same state and produce the same
output upon executing the same sequence of commands.
Intuitively, consensus captures the command propagation
requirements of state machine replication. More precisely,
consensus is defined by three abstract properties: (a) If a
replica decides on a value, then the value was proposed
by some process (validity). (b) No two replicas decide
differently (agreement). (c) If a non-faulty process proposes
a value, then eventually all non-faulty replicas decide some
value (termination). From the requirements of state machine
replication and the guarantees provided by consensus, it
should be clear that state machine replication can be implemented as a series of consensus instances, where the i-th
consensus instance decides on the i-th command (or batch
of commands) to be executed by the replicas [25].
State machine replication and consensus provide a principled approach to ensuring that replicas are consistent despite
failures. This approach should not be overlooked since ad
hoc solutions to replication must face subtle impossibilities
in the design of distributed systems subject to process
failures [26].

C. The Event Logger
The event logger plays an important role in messagelogging protocols [12]. It receives the determinants from
the application processes, stores them locally, and notifies
the application processes after determinants are stored. The
performance of the event logger has a major impact on the
efficiency of message-logging protocols as showed in [11],
[12], [22], and many protocols implement the event logger
as a centralized (i.e., non-replicated) component [9], [23].
It has also been shown that the event logger can improve
the performance of causal message logging protocols. In
these protocols the logger helps to decrease the size of the
causality information that is piggybacked in the protocol
messages. However, in order to achieve this reduction of
piggybacking all processes have to be notified about every
event information that is saved on reliable storage. Thus a
centralized event logger may become a bottleneck, as the
number of processes grows.

B. The Paxos Protocol
Paxos is a fault-tolerant consensus algorithm designed
for state machine replication [25]. Paxos has important
characteristics: it is safe under asynchronous assumptions,
live under weak synchronous assumptions, ensures progress
with a majority of non-faulty processes, and assumes a
crash-recovery failure model.
Paxos distinguishes the following roles that a process can
play: proposers, acceptors and learners. Proposers propose
a value, acceptors choose a value, and learners learn the
decided value. A single process can assume any of those
roles, and multiple roles simultaneously. Paxos is resilienceoptimum [27]: to tolerate f failures it requires 2f + 1
acceptors—that is, to ensure progress, a quorum of f + 1
acceptors must be non-faulty.
An instance of Paxos proceeds in two phases: during
the first phase, a proposer selects a unique round number
and sends a prepare request to a quorum of acceptors.
Upon receiving a prepare request with a round number
bigger than any round the acceptor previously received, the

III. C ONSENSUS AND MESSAGE LOGGING
Consensus is a fundamental abstraction in fault-tolerant
distributed computing. In this section, we review the consensus problem, present Paxos, one of the most prominent
consensus algorithms, and discuss how to efficiently implement a fault-tolerant event logger with Paxos.
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Figure 2. Three implementations of an event logger. The centralized approach has a single event logger (R0 ) and thus cannot tolerate any failures. The
Paxos-based approaches can tolerate one failure (i.e., f = 1). Paxos coordinators already executed the first phase of the protocol and can proceed with the
second phase upon receiving a command.

from the acceptors to the coordinator and learners.

acceptor responds to the proposer promising that it will
reject any future requests with smaller round numbers. If
the acceptor already accepted a command for the current
instance (explained next), it will return this command to the
proposer, together with the round number received when
the command was accepted. When the proposer receives
answers from a quorum of acceptors, it proceeds to the
second phase of the protocol.
In the second phase, the proposer selects a command
according to the following rule. If no acceptor in the quorum
of responses accepted a command, the proposer can select
a new command for the instance; however, if any of the
acceptors returned a command in the first phase, the proposer
chooses the command with the highest round number. The
proposer then sends an accept request with the round number
used in the first phase and the command chosen to a quorum
of acceptors. When receiving such a request, the acceptors
acknowledge it by sending a message to the coordinator and
learners, unless the acceptors have already acknowledged
another request with a higher round number. When a quorum
of acceptors accepts a command consensus is reached.
If multiple proposers simultaneously execute the procedure above for the same instance, then no proposer may be
able to execute the two phases of the protocol and reach
consensus. To avoid scenarios in which proposers compete
indefinitely, a coordinator process can be chosen. In this
case, proposers submit commands to the coordinator, which
executes the first and second phases of the protocol. If
the coordinator fails, another process takes over its role.
Paxos ensures consistency despite concurrent coordinators
and termination in the presence of a single coordinator.
A coordinator can optimize performance by executing the
first phase of the protocol for a batch of instances before
it receives any commands [13]. This is possible because
the coordinator only sends commands in the second phase
of the protocol. With this optimization, a command can be
chosen in three communication steps: the message from the
proposer to the coordinator, the accept request from the
coordinator to the acceptors, and the response to this request

C. Consensus-based Message Logging
We now propose two protocols based on Paxos to render
the event logger fault-tolerant: Classic Paxos and Parallel
Paxos. Similarly to a centralized event logger, our protocols
log nondeterministic events only; the message payload is
saved by the sender. A determinant contains the sender of a
message, the message identifier, and the message receiving
order. Periodically, each process performs a checkpoint in
order to save its state.
Our first protocol, Classic Paxos, is based on classic state
machine replication. Application processes are proposers
and the event logger replicas are acceptors and learners.
Every application process submits commands to the coordinator, a process among the acceptors, to log determinants.
The coordinator receives commands, executes Paxos to log
the commands in a quorum of replicas, and sends replies to
the application process (see Figure 2). In “good executions”
(i.e., in the absence of process failures) a determinant is
logged after four communication steps and 2f + 2 point-topoint message exchanges. By contrast, a centralized event
logger can log events after two communication steps and
two message exchanges.
In our second protocol, Parallel Paxos, we assign a
separate sequence of Paxos executions to each application
process. This means that each process has its set of replicas,
which allows important optimizations. First, since each process has its own sequence of Paxos executions, the process
does not compete with other processes in executions of
Paxos and therefore, there is no need for a coordinator;
in good executions, the process is the only proposer in
its sequence of Paxos. Second, by using different sets of
replicas, performance is no longer capped by what the
coordinator and the acceptors can handle. Third, we can
now co-locate the application process and the acceptorcoordinator in the same process. In good runs, this scheme
can log a determinant after two communication steps and
2f messages.
4

libpaxos version 3.5
The centralized event logger is hosted on a dedicated
node. In Classic Paxos, a coordinator was deployed on a
dedicated node while three acceptors (i.e., f = 1) were
deployed each on a single node. There were also three
learners, each one colocated with an acceptor. The learners
are responsible for replying to the MPI processes as soon as
a determinant is stored. In Parallel Paxos, each sequence of
Paxos executions uses three acceptors (i.e., f = 1), each one
deployed on a dedicated node. In Parallel Paxos each MPI
process is both a proposer and a learner. Acceptors can be
configured to store commands (i.e, determinants) on disk or
in memory. In all experiments, the centralized event logger
and the acceptors log values in main memory. We justify
this choice by the fact that persistent memory technologies
such as non-volatile RAM (NVRAM) and battery-backed
memory are increasingly popular.

An event logger implemented with Parallel Paxos presents
the same number of communication steps as a centralized
event logger, while tolerating a configurable number of failures and scaling performance. When configured to tolerate
one failure (f = 1), it exchanges the same number of
messages per logging operation as the centralized logger.
Moreover, to save resources, “free acceptors” (i.e., acceptors
not collocated with application processes) can be placed in
the same physical node. For example, a single node can
host all free acceptors, i.e. Parallel Paxos can use the same
amount of nodes required by a centralized strategy.
Upon recovering from a failure, an application process
must retrieve all its logged determinants. With the centralized approach, the application process contacts the event
logger. With the replicated approaches, this is done by
contacting a quorum of acceptors.
IV. E VALUATION

A. The Event Logger

In this section we describe an implementation of the
proposed consensus-based event logger and present experimental results, including a comparison with the traditional
centralized alternative. Results are presented for the execution of three MPI applications: AMG1 (Algebraic Multigrid
Solver), LU (Lower-Upper Gauss-Seidel solver) and MG
(Multi-Grid on a sequence of meshes). Both LU and MG
are on the NAS parallel benchmarks version 3.2.2 The
applications were executed through OpenMPI3 version 1.10.
The experiments were conducted on a dedicated cluster that
consists of 40 nodes each with two Intel(R) Quad-Core
Xeon L5420 2.5 GHz processors and 8 Gbytes of RAM
interconnected on a Gigabit Ethernet network.
We intercept MPI primitives using the MPI standard
profiling interface (PMPI) [28]. If the interceptor detects
a nondeterministic event, as defined in [16], it builds a
determinant related to the event and makes a submission
to the event logger. We implemented three event loggers: a
traditional centralized logger, a distributed replicated logger
based on Classic Paxos, and the distributed replicated logger
based on Parallel Paxos (all described in Section III-C). The
Parallel Paxos event logger can be configured to log messages synchronously or asynchronously. In the synchronous
mode, after submitting a determinant, an application process
waits for an acknowledgement from the event logger before
submitting the next determinant; in asynchronous mode the
application process can submit multiple determinants before
it receives acknowledgments from the event logger. Unless
stated otherwise, our experiments use the synchronous mode.
The interceptor and event loggers were implemented in C
using the libevent version 2.022.4 We used the Paxos library

Throughput (det/msec)

To evaluate the performance of the event logger alone, we
built a simple MPI application where each process submits
determinants to the logger in a closed loop, i.e. a process
only submits a new determinant to the logger after it receives
a response acknowledging that the previously submitted
determinant has been logged. Since application processes do
not communicate among themselves in these experiments,
determinants are fixed-content 50-byte messages.
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Figure 3 shows the throughput (in logged determinants
per millisecond) and latency (in milliseconds) when we
increased the number of MPI processes up to 128. The
centralized event logger reaches the maximum throughput
of about 83 determinants per millisecond with 16 processes. Classic Paxos reaches a maximum throughput of
28 determinants logged per millisecond with a latency of

1 https://codesign.llnl.gov/amg2013.php
2 https://www.nas.nasa.gov/publications/npb.html
3 http://www.open-mpi.org

5 https://bitbucket.org/sciascid/libpaxos

4 http://libevent.org/
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Benchmark
AMG
LU class C
LU class D
MG class C
MG class D

Number of application processes
16
32
64
128
0.05%
0.02%
0.05%
0.04%
0.63%
0,63%
0.63%
0.63%
0.25%
0.25%
0.25%
0.25%
99.81%
99.81%
99.81%
99.80%
99.93%
99.93%
99.93%
99.93%

reaches approximately 34 determinants per millisecond in
the synchronous mode and 66 determinants per millisecond
in the asynchronous mode. These results help understand
how the overhead of Parallel Paxos is distributed over time.
C. LU and MG

Table I

LU and MG are kernels of the NAS parallel benchmarks.
As pointed out in [16], only MG and LU among the NASPB kernels generate nondeterministic events. Furthermore,
in both the only nondeterministic events are “any-source”
receptions; there are no nondeterministic deliveries such
as Test. We assess classes C and D of the kernels in
deployments with 16, 32, 64 and 128 MPI processes. LU
contains both Recv and Irecv primitives. The last one
is used with the any_source tag. MG receives all its
messages through MPI_Irecv with the any_source tag.
As shown in Table I, the total number of events logged in
LU is less than 1% of the total of all its receptions in classes
C and D. The MG kernel however has almost 100% of
nondeterministic events among its receptions. Although both
AMG e MG solve similar problems, the reason for much
more nondeterministic events in MG is its implementation.
Unlike MG, AMG does not receive all its messages through
MPI_Irecv with the any_source tag. This illustrates
the fact that nondeterminism is often a programmer’s choice
(e.g., to boost performance), rather than a requirement
coming from the problem being solved.
From our experimental evaluation, we concluded that
logging determinants using any of the three event logging
strategies presents nearly no overhead when logging events
of classes C and D of the LU kernel. This is somewhat
surprising since logging introduces some overhead in the
AMG application and both classes C and D of the LU
benchmark contain a higher percentage of nondeterministic
events than AMG contains (see Table I). Figure 5 (left)
shows the results for class C of the LU kernel. By inspecting
the number of determinants logged during the execution
in Figure 5 (right), we notice that determinants are more
uniformly distributed in LU class C than in AMG and they
happen at a rate that is within the limits the event logger can
sustain (see Section IV-A). The difference between class C
and D of the LU is that the last one has longer duration and
lower throughput. As a consequence, the event logger never
becomes an execution bottleneck in LU.
On the contrary, the logging of determinants introduces
a considerable overhead to MG classes C and D (Figures
6 and 7, respectively). In class C, while Classic Paxos
presents an overhead of more than 125% and 200% for 64
and 128 processes, the overhead of the centralized event
logger is below 31% and 55% for 64 and 128 processes,
respectively. Parallel Paxos sports even lower overheads:
17,71% and 24,26% for 64 and 128 processes, respectively.
The results for MG class D show a similar trend, with
Parallel Paxos outperforming both the two other techniques.

P ERCENTAGE OF NONDETERMINISTIC EVENTS OF THE BENCHMARKS .

4.6 milliseconds with 128 MPI processes. Parallel Paxos
never saturates in these experiments: throughput increases
proportionally to the number of processes and the latency
remains approximately constant, below 4 milliseconds. With
128 processes, Parallel Paxos has 5 times the throughput
of the centralized scheme and 13 times the throughput of
Classic Paxos, with much lower latency.
B. AMG
AMG is a parallel algebraic multigrid solver for linear systems which can be classified as a nondeterministic application that employs “any-source” receptions and
nondeterministic deliveries. All calls to Iprobe use the
any_source tag and only one call to Recv, among many,
uses the any_source tag. AMG also has calls to the Test
and Testall primitives. Table I shows the percentage of
nondeterministic events in AMG in executions with 16, 32,
64 and 128 MPI processes. We set AMG parameters rx, ry,
and rz equal to 40. Although during the execution there was
a large number of Iprobe, Test and Testall invocations, a determinant for an Iprobe with the any_source
tag is only created when the message is ready to be received.
Similarly, for Test and Testall invocations, we count
the number of invocations but only submit the determinant
to the event logger when the MPI message related to Test
or Testall is ready to be delivered.
Figure 4 (left) presents results for the AMG application, including the distributed and replicated event loggers.
Although all strategies introduce an overhead, with 64
and 128 processes Classic Paxos increased the duration of
the original application by approximately 3.8%, the worstperforming technique. The centralized scheme presented an
overhead of approximately 2% for 16, 32 and 64 processes.
Parallel Paxos presented the lowest overhead, below 1.3%
for all configurations.
Figure 4 (right) shows the number of determinants logged
per millisecond considering both the synchronous and asynchronous Parallel Paxos modes, for 16, 32, 64 and 128 MPI
processes. In the asynchronous mode, application processes
never wait for the logger; thus, this case provides an
upper bound for the performance of the event logger. As
it can be seen, log requests are not uniformly distributed
over time. For the case with 128 processes, between time
instants 80s and 90s a peak can be distinguished, that
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Table II shows the overheads for all logging techniques and
configurations of MG classes C and D. The MG kernel
is highly communication-bound and all its receive events
use the any_source tag. As the number of application
processes increases, the event logger reaches its limits with
the centralized and the Classic Paxos strategies. Parallel
Paxos is able to scale performance by distributing the load
among the various series of Paxos.
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43.61%
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nants per millisecond for the synchronous and asynchronous
Parallel Paxos-based event logger. The throughput of the
synchronous mode is close to the asynchronous mode for
MG class C with 16, 32 and 64 processes. For 128 processes,
the asynchronous mode presents a throughput that is higher
than that of the synchronous mode and finishes approximately 1 second earlier. MG class D has lower throughput
than MG class C. The throughputs of both synchronous
and asynchronous Parallel Paxos are very similar. In all
configurations, both the synchronous and the asynchronous
modes display a uniform rate over time.

Parallel Paxos
1.43%
5.53%
17.71%
24.26%
0.42%
0.72%
2.24%
2.93%

V. R ELATED WORK
In this section we briefly review some relevant message
logging protocols and the role that the event logger plays in
different systems.
There are three message logging protocols with uncoordinated checkpointing within the MPICH-V project [9]. Two
of those protocols are pessimistic and one is causal. The
MPICH-V1 is a pessimistic protocol for high volatility and
heterogeneous resources, such as desktop grids. MPICH-V
makes use of a remote stable component called Channel

Table II
OVERHEAD OF AN EVENT LOGGER WITH CENTRALIZED , C LASSIC
PAXOS , AND PARALLEL PAXOS IN MG C LASSES C AND D.
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Memory (CM) that stores the payload and the order of
receptions of the MPI messages. Every process first sends
the message to the CM of the receiver. Then, the receiver
makes a request for the message from its own CM. Although
there is one CM for each process, they do not support
failures. MPICH-V2 [23] is a pessimistic protocol designed
for large clusters. MPICH-V2 relies on sender-based approach. Processes communicate directly. Instead of using
CMs, MPICH-V2 employs event loggers that are used as
remote stable storage. When a process receives a message
it sends the determinant to an event logger. MPICH-V2
assumes that the event logger is reliable.

In [12], the authors investigate the benefits of using an
event logger for causal message logging protocols. They
implemented and evaluated three protocols: Manetho, LogOn and Vcausal. These protocols are evaluated with and
without an event logger. The authors show that the presence
of the event logger has a major impact on the following
four performance metrics: piggybacking computation cost,
piggyback size, application performance and fault recovery;
this is independent of the causal message logging employed.
The event logger is assumed to be reliable. The authors also
highlight that using only one event logger for consistency
becomes a bottleneck as the number of processes grow. They
also state that it is necessary to investigate how to distributed
the logging of events among multiple event loggers.

In [29] a coordinated checkpointing strategy based on
the Chandy-Lamport algorithm is compared with MPICHV2 using uncoordinated checkpoint. The main difference
between the two approaches is related to the occurrence and
frequency of faults. When the number of faults increases,
the restart cost of the coordinated approach compensates for
the overhead of pessimistic message logging.

The work in [10] experimentally compares a pessimistic
and an optimistic message logging protocols considering
the refinement of the message logging model proposed in
[16]. By implementing these refinements in a protocol called
Vprotocol inside the Open MPI library, the number of
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messages sent to the event logger decreases considerably.
In the Vprotocol the event logger is not fault-tolerant
and is implemented as a special process made available
to the application from outside the main MPI group, that
is, the MPI_COMM_WORLD. Currently the Vprotocol is
not available in the Open MPI library. We implemented the
same refinements proposed in [16]. Unlike Vprotocol,
our event logger is not an MPI process.
In [11] the O2P active optimistic message logging protocol is proposed. In this protocol, the event logger is
implemented as a single-threaded MPI process that can handle asynchronous communication. Like our proposed event
logger, the O2P event logger is also started separately from
the application processes. Application processes connect
to the event logger when they start logging determinants.
However, in O2P the event logger is assumed to be reliable.
The experiments with a large number of processes and a
high communication rate indicate that the event logger is
the system bottleneck. A distributed event logger for O2P
is proposed in [22]. The event logger takes advantage of
multi-core processors to be executed in parallel with the application processes. Despite the fact that the protocol offers
a distributed way to save determinants, the entire solution
fails if an acknowledgement is not received by the sender.
That is, the fault tolerance of the solution is not guaranteed.
Our proposed event logger saves the determinants in the
acceptor memory. The Paxos protocol ensures progress with
a majority of non-faulty processes and assumes a crashrecovery failure model.
A hybrid protocol that combines coordinated checkpointing and optimistic message logging is proposed in [30]. It
uses additional nodes that can work both as event loggers
and as spares to be swapped in when nodes fail. Coordinated
checkpointing assists message logging by limiting the log
sizes and avoiding making the application return to the initial
state in case it reaches an inconsistent state. Message logging
in turn is capable of avoiding restarting all processes in
case of failures most of the time. The work assumes the
presence of a Reliability, Availability, and Serviceability
(RAS) system for detecting process faults and restarting
processes on spare nodes. If an event logger fails, the
application continues to execute. If the application reaches
a global checkpoint, the RAS system uses a spare node to
assign a new external logger and informs every process about
it. However, if a node needs the recovery logs from the
failed external logger, the application must return to the last
coordinated checkpoint. Although the event logger does not
use stable storage, it is not distributed and requires additional
resources in case of failures. Using an optimistic protocol
decreases the overhead but may create orphan processes.
There have been several attempts to reduce the overhead
of message logging. Some protocols take into account only
send deterministic applications [17]. Examples include [7],
[18], [20]. Although they do not use an event logger,

these protocols still need to log a subset of the application
messages in the volatile memory of each process. These
works are limited to send-deterministic applications.
A related work that uses a consensus protocol to build
fault-tolerant HPC applications is [31] which proposes an
agreement algorithm implemented in the User Level Failure
Mitigation (ULFM) API [32]. ULFM extends the MPI
specification by providing a well-defined flexible mechanism
that allows applications and libraries to handle multiple types
of faults. The algorithm is designed for an MPI environment
based on the fail-stop assumption, which is stronger than our
assumptions. Previously, in [33], [34] agreement algorithms
were proposed to be used in a similar context. To the best
of our knowledge our work is the first that applies Paxos
for creating a distributed and fault-tolerant event logger for
HPC.
VI. C ONCLUSION
In this work we presented a fault-tolerant and distributed
event logger based on consensus for HPC applications.
The event logger is the component responsible for reliably
logging determinants and its performance can represent a
significant impact on the efficiency of message logging
protocols. We implemented two fault-tolerant event loggers
based on the Paxos algorithm. By using Paxos, our event
loggers guarantee safety even if the system is asynchronous
and liveness despite processes failures. Our first protocol is
based on classic state machine replication. In our second
protocol, which we call Parallel Paxos, we assign a separate
sequence of Paxos executions to each application process.
We assessed experimentally the performance of a centralized
event logger and our two event loggers based on consensus.
Besides evaluating the event loggers by themselves, we used
three MPI applications to evaluate their performance: AMG,
MG and LU. Results of all experiments show that the event
logger based on Parallel Paxos always outperformed the
centralized approach in terms of both the execution time
and the throughput in terms of the number of determinants
logged per millisecond.
As future work, Parallel Paxos can be extended to be
used for a causal message logging protocol. In this case
it is possible to use a gossip protocol to spread the logged
determinants between all processes. The implementation of
a recovery protocol using the nondeterministic events stored
on the Parallel Paxos event logger is also left as future work.
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