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Abstract—In cluster file systems, the metadata management
is critical to the whole system. Past researches mainly focus on
journaling which alone is not enough to provide high-available
metadata service. Some others try to use replication, but the
extra latency accompanied is a main problem. To guarantee both
availability and efficiency, we propose a mechanism for building
highly available metadata servers based on replication, which
integrates Paxos algorithm effectively into metadata service. The
Packed Multi-Paxos is proposed to reduce the latency brought by
replication, which is self-adaptive and can make the replication to
achieve high throughput under heavy client load and low latency
under light client load. By designing efficient architecture and
coordination mechanism, all replica server nodes simultaneously
provide metadata read-access service. This high-available mech-
anism could decrease the impact of server failures and there is
no interruption of service. The performance results show that
the latency caused by replication and redundancy is well under
control, and the performance of metadata read operation gains
improvement.

I. INTRODUCTION

Cluster has become the effective solution to meet the
increasing demand of scalable computing and mass-data stor-
age. With ever larger clusters emerging on the market every
year, maintaining high levels of robustness and availability
has posed a substantial challenge for cluster design. One
particularly central concern is the availability of cluster’s
storage system. Technology and market trends over time may
combine to increase the frequency of failure occurrence in
storage systems [1]. At the same time, the demand to high-
available storage systems and long-time stable I/O service is
increasing rapidly in many fields. Failures can be expensive;
for instance, in Internet business companies, millions of dollars
per hour are lost when storage systems are not available
[2]. The availability of storage systems has become a critical
problem and gained more and more attention in both academic
and industrial areas [3] [4] [5].

Cluster file systems play a central role in cluster’s storage
management and I/O service. The architecture of today’s clus-
ter file systems usually involves the decoupling of metadata
processing from the file I/O operations. The metadata servers
manage the file system namespace and file attributes, while
the data servers process the data read and write operations.
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Our previous work [6] built high-available mechanism for data
servers. In a cluster file system, the access to data servers are
guaranteed by the normal work of metadata service, since the
metadata servers maintain all the files’ meta-information and
define how file system access user data through the storage
space. Metadata servers are very important to a file system.
The disruption of their service could result in the service
downtime of the entire file system and even lead to data loss. A
set of highly available metadata servers is critical for building
robust cluster file system. This paper aims at this problem.

To maintain the availability of metadata servers, previous
researches focus on the technique of journaling [7] [8] [9]
[10] [11] [12] [13]. Their idea is to provide atomic metadata
operations and thus to maintain the consistency of metadata
after failures. With the guarantee of such consistency, metadata
servers are able to provide correct service. However, journaling
alone has its inherent limitations. It usually doesn’t prevent
the loss of metadata and state during failures and thus cannot
provide seamless recovery and fail-over of metadata service.

Replication is an efficient method for fault-tolerance. With
redundant components, when one replica fails, the others are
still be able to work. Although the techniques and related
issues has been studied before [14] [15] [16], replication is not
fully used for metadata servers and most systems’ strategies
still fall into the category of journaling. Some projects try to
explore this topic [17] [18] [19]. One problem encountered
is the inevitable latency introduced by replication, since every
modification should be copied to all the replicas. Most of these
projects do not fully address this problem.

In a file system, metadata-based transactions can account
for over 50% of the total number of I/O requests [20] [21].
The efficiency of metadata access and management is critical
to the overall performance of the file system. Thus, availability
and efficiency are the two key points that should be considered
for building stable and robust metadata servers.

This paper presents a practical solution to address these
issues. We build a metadata management framework that uses
replication for ensuring high availability in cluster file systems.
The Paxos algorithm [22] [23] is adopted and the Packed
Multi-Paxos method is proposed to reduce the replication
latency. This packing mechanism is self-adaptive, which can
make the replication achieve high throughput under heavy
client load and low latency under light client load. By de-



signing efficient architecture and coordination mechanism, all
replica server nodes simultaneously provide metadata read-
access service. The experimental results show that our system
can improve the availability of metadata servers through
replication while maintaining good performance.

Our work makes the following contributions. (1) We adopt
replication to construct the framework for highly available
metadata servers, which differs from the traditional technique
of journaling used by most of previous work. Our system can
reduce the impact of metadata server failure without service
interruption or loss. (2) We integrate the Paxos algorithm
into the replication scheme for metadata management. With
solutions to minimize the cost and latency brought by repli-
cation and consensus, this high-available mechanism is much
more practicable. (3) By designing efficient architecture and
coordination mechanism, we make full use of the resources
of all replica server nodes. The performance of metadata
read operation increases, as all redundant servers can provide
metadata read-access service.

The remainder of this paper is organized as follows. We be-
gin by discussing related work in Section II. Then we present
the architecture of this high-available framework in section
IIT and introduce the consensus maintenance for replicas in
section IV. Experiment and evaluation are given in section V.
Finally we conclude our work in section VI.

II. RELATED WORK

Previous methods mainly focus on journaling to maintain
the availability of metadata servers. The introduction of jour-
naling is to solve the problem of metadata inconsistency
caused by system crash [24] and to avoid the long-time scav-
enging of checkers like fsck [25]. The technique of journaling
is initially used in database systems [26] and local file systems
[27] [28] and then extends to distributed file systems [7] [8]
[9] [10] [11] [12] [13]. With distributed environment, many
systems further put their metadata and log records into shared
storage and make them accessible to all metadata server nodes.
With such configuration, when one node fails, the remaining
nodes are still able to recover the crashed metadata by using
the failed one’s log records and then take over its service.
However, journaling alone has its inherent limitations. To
ensure the performance of metadata processing, the log records
and metadata are usually written to disk in asynchronous way.
This may lead to the loss of memory metadata and state during
failures. Besides, the architecture of shared storage may also
require special hardware support. Journaling aims at the fast
recovery of metadata consistency within each metadata server,
which is not the major issue for us. By adopting replication
into metadata servers, our system provide seamless recovery
and fail-over of metadata service and also minimize the the
loss of memory metadata and state when failures occur.

Several systems have used the method of versioning. Ele-
phant file system [29] retains all important versions of user
files and provides a range of versioning options for recovery
from user error. Some systems support snapshots to assist
recovery from system failures [30] [31]. CVFS [32] also tries

to decrease the volume of the versioned metadata which could
consume as much space as versioned data. In general, the
method of versioning also aims at the recovery of metadata
consistency from failure within each metadata server. Thus it
could share the same drawbacks with journaling.

Checksums are used to detect disk corruption by different
systems [33] [34] [35]. Usually, checksums are written to disk
with file blocks and are verified when read. If error is detected
and mirror or parity check is available, correction and recovery
can be carried out. The technique of checksums aims at disk
integrity. It is usually implemented in the low-level local file
systems [1] and might not be the effective method for the high-
level distributed I/O management — such two-level hierarchy
is the prevalent architecture for today’s many distributed file
systems [13] [10] [12] [19] [36].

There is also some research that uses replication for en-
suring high availability in metadata servers. Ou et al. present
the architecture of symmetric active/active metadata service
in storage system [17]. This method requires each metadata
write request received to be broadcasted and thus sets up a
total order of all metadata write requests in the system. The
total order could not be established until each metadata server
receives the information broadcasted by all other servers. It
could introduce large amount of network transmissions and
latency. Different from this work, our method adopts Paxos
algorithm to do the replication and to maintain the consensus
among all replicas. We also propose the Packed Multi-Paxos to
further reduce the amount of network transmissions introduced
by replication and consensus.

Farsite [18] replicates directory metadata among a set of
machines by employing Byzantine-fault-tolerant protocol [37].
To reduce the high cost of Byzantine replication, the updates to
meatdata are not replicated to all these machines immediately.
Instead, all the updates are written into a log and pushed back
to this set of machines periodically. In contrast, by controlling
the cost, our system could replicate every metadata update to
all the replica nodes before replying the result to client.

Google File System (GFS) [19] also adopts replication for
its metadata server (called master in GFS). The master’s oper-
ation log and checkpoints are replicated on multiple machines.
There are some “shadow” masters (not mirrors) providing
read-only access to some files in some situations. No further
information about this part is given in GFS’s paper and several
key points are not revealed, for example, how to do replication
among master and its backups, how to maintain consensus
among replicas, how to reduce the cost of replication, and so
forth. Besides these, our work differs from GFS in that all
the metadata servers in our system could provide read-only
metadata service, which enables the file system to make full
use of the resources of all replica nodes.

The method used by Archipelago [38] is also related with
replication. Archipelago divides the nodes in the system into
islands and replicates metadata skeleton to each island with
different degrees. Its idea is to provide failure isolation, that
is, although some client requests cannot be served due to the
failed islands, it tries to maximize the utilization of the remain-



ing islands. In contrast, we emphasize the high availability
of metadata service and achieve this goal by providing full
redundancy of metadata information.

III. ARCHITECTURE OF REDUNDANCY FOR METADATA
SERVERS

This work is carried out on our DCFS3 (Dawning Cluster
File System v3), which is a high-performance distributed file
system designed for large-scale clusters. The architecture of
DCFS3 consists of three parts: metadata server, object-based
storage device, and client. The managements of metadata and
data are processed separately, and the client provides the file
system interface to users.

We adopt replication to the metadata servers and implement
redundancy to improve the availability. This section introduces
the design of the redundancy architecture, the method of doing
replication for metadata, and how the metadata servers detect
and handle the failures based on such redundancy architecture.

A. Asymmetric Architecture for Replicas’ Service

Based on the original system of DCFS3, we extend each
metadata server to a group of replica nodes. We build the
redundant replicas based on the idea of state machine [39], that
is, each replica starts from the same state, receives the same
inputs, and thus achieves the same new state and outputs. In
our system, all the replicas in a group have the same metadata
management mechanism. To build them as the same state
machine, the same inputs should be replicated to all of them.
Among the inputs, what we concern is the metadata write
requests, because only write requests could change the state
of metadata server.

Different roles are defined for the members in a group. We
assign one replica node to be the primary and the others to
be the secondaries. The primary is in charge of the replication
of metadata update and order to the secondaries. Specifically,
we do this by building an asymmetric architecture.

As shown in Fig. 1, the primary possesses multiple service
threads. These threads could handle the incoming metadata
requests in concurrent way. Every time each service thread
fetches one request from the request queue and processes it
separately. The metadata lock is used to handle the conflict
among metadata requests and the concurrent metadata mod-
ifications. This enables the primary to have the maximum
concurrency of metadata operations. As the primary processes
the metadata write requests, it obtains the sequence of these
requests executed by itself. The order of the metadata write
requests then can be defined according to such sequence. The
primary sends all the metadata write requests along with their
order to the secondaries. While replicating one request to the
secondaries and waiting for the reply, the primary can process
next requests at the same time. This is also the benefit of
multiple service threads.

On the other hand, each secondary has single service
thread. With one service thread, the execution of metadata
requests is taken under the sequential way. By receiving the
information of metadata write requests from the primary, what
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the secondaries need to do is to process these requests under
the order provided by the primary. Although the secondaries
do not process metadata requests concurrently, they do not
have to handle the conflict among multiple metadata requests.

By this way, the clients send metadata write requests to the
primary and send metadata read requests to any of the replica
nodes, either the primary or the secondary. Within a group,
all the metadata write requests and their execution orders are
the same for all replica nodes. Each metadata read request is
executed separately and locally on the single node. Multiple
metadata servers can process concurrent read-only requests
simultaneously (this needs some extra coordination which will
be discussed later).

B. Replication Based on Memory Metadata and Log Records

Metadata operation is a kind of transaction which consists of
a series of basic sub-operations. There might be relevance and
interaction among these basic sub-operations. The process of
metadata operations should fulfill the properties of transactions
[40]. To guarantee the correctness of metadata modifications
in both primary and secondaries, we replicate metadata by
replicating metadata operations.

The process of replication is as shown in Fig. 2. The primary
encapsulates each metadata write operation into a log record
and send it to the secondaries. A log record contains the type,
arguments, and results of the corresponding metadata write
operation. A log number is attached to define the order of
each operation. Based on the information of the log records,
the secondaries directly apply the results of the corresponding
operations to their own metadata. By this way, the results of
the metadata write operations are the same in both primary and
secondaries. Moreover, by simply applying the results from log



records to metadata, the secondaries do not need to repeat the
whole process of the metadata write operations, which would
make the execution faster.

Journaling is also adopted in our system to maintain the
metadata consistency within each single metadata server. This
could make the rebuilding of metadata consistency for failed
node more efficient. Journaling requires recording log records
for metadata write operations. Since we have set up such
log records in the primary, they can be directly used for
journaling mechanism. The replication of log records among
replica nodes also makes it unnecessary for the secondaries to
do the encapsulation of log records again.

Once the log records have been replicated to all the sec-
ondaries, the primary is able to return the results of the cor-
responding operations. Each secondary then separately apply
these operations and commit to disk without considering the
interaction with other replica nodes. The replication would
be quick, since we only need to guarantee the consistency
of replica nodes at the level of memory and only for the
completion of replication. We can do this because by using
log records, all replica nodes will have the same metadata
update results; thus, to build them as the same state machines,
we only need to ensure that they have the same inputs.

C. Failure Detection and Handling

The number of metadata servers in a file system would
not be very large, so is the size of each group of redundant
metadata servers. We use heartbeat [41] to do failure detection.
In a group, the primary periodically sends heartbeat message
to the secondaries. The secondary is regarded as failed if it
cannot reply within a certain time. On the other hand, if the
secondary haven’t received the heartbeat message from the
primary for a certain time, we would assume the primary is
failed. By this way, the failure of the primary or the secondary
can always be detected.

If the primary fails, one secondary will finally detect it. It
then starts a process of primary election which will generate a
new primary. Any clients who have sent requests to the original
primary without receiving replies will try to contact other
server to get the new view information. The view information
contains the current formation about this group. The clients
then re-send the requests to this group’s new primary.

If the primary detects the failure of a secondary, it just
removes this secondary from group’s view information. Any
clients who have sent requests to this secondary without
receiving replies will try to contact another server to get the
new view information. They then re-send the requests to any
replica node of this group (because the metadata requests sent
to the secondaries are always read-only and they can be sent
to any replica node, either the primary or the secondary).

IV. CONSENSUS OF REPLICAS FOR METADATA SERVERS

Based on the above redundancy architecture, our system
is able to provide high-available metadata service. Besides,
we still need to consider the consensus problems under the
occurrence of failures. We integrate the Paxos algorithm to

the process of metadata replication to maintain the consensus
among replica nodes.

In this section, we introduce the problems for Paxos algo-
rithm implementation and the methods we adopt to address
them. We also describe how we use these mechanisms to
handle the consensus processing in our system.

A. Problems for Paxos Algorithm Implementation

Paxos algorithm [22] [23] is an efficient protocol to achieve
consensus for replicated state machines. It can be executed
by a set of processes to agree on a single value despite the
existence of failures. To guarantee progress, a distinguished
process is always selected as the only one to try issuing
proposals. We call this distinguished process as primary and
other processes as secondaries. This organization coincides
with that in our redundancy architecture.

Paxos algorithm consists of two phases. (1) In phase 1, a
round number would be proposed by the primary, and the
secondaries are queried to learn their status for past rounds.
(2) In phase 2, the primary chooses a value for this round and
tries to get a majority to accept it. These two phases are carried
out through the transmission of two kinds of message, the
prepare message and the accept message, respectively. If the
second phase is successful, the value would be distributed as
the outcome to everyone by broadcasting the success message.
The process of these two phases is called Basic Paxos. Within
a Basic Paxos, we can reach consensus on one value.

Instead of reach consensus on one value, practical systems
usually have to obtain consensus on a sequence of values
and their order. The simple way to do this is to repeatedly
execute the Basic Paxos, which allows only one Basic Paxos
instance to be processed one time before another. Some
systems use this strategy [42] [43]. For each basic Paxos,
there are three kinds of message-passing delay as mentioned
above. An optimization along with this algorithm is called
Multi-Paxos [22]. If the primary identity does not change
between instances, Multi-Paxos allows a newly chosen primary
to execute phase 1 once for infinite many instances and then to
repeatedly execute phase 2 for the following instances. Since
the failure of primary should be rare events, the effective cost
is only the phase 2 which has the minimum possible cost
of any algorithm for reaching agreement in the presence of
faults [44]. However, Multi-Paxos still involves two kinds of
message delay, the accept message and the success message.
The latency still poses large amount of cost burden to the
implementation of this consensus algorithm.

B. Packed Multi-Paxos

To make the implementation of Paxos algorithm effective
and practicable, the cost brought by extra network transmission
should be controlled. The latency of Multi-Paxos mainly
comes from the message transmissions in phase 2, that is,
the accept message and the success message. Our strategy is
to reduce the latency caused by these two kinds of message.

The latency brought by replication is inevitable. For the
analogous problem in data servers, Google file system repli-
cates data among multiple chunkservers (its data servers) and



pushes data in a pipelined fashion [19]. While this strategy
can fully utilize each data server’s network bandwidth and
minimize the extra latency, it is not suitable for metadata
servers. Metadata is in general small and the replication of
metadata among different servers usually could not take full
use of the network bandwidth. The demand of entire network
transmission for each metadata replication would produce
large amount of extra latency.

Our idea is to pack several metadata log records together
and to transmit them within one message-passing process.
The problem is how to decide the number of log records
to be packed and how often to do the packing. Intuitively,
the more log records we put into one message, the less
network transmissions are needed for replication. However,
to pack a certain amount of log records into one message,
this message cannot be sent until all of these log records have
been generated. This might increase the response latency for
the corresponding metadata write requests, especially when
the client load is light. Some certain parameters are suggested
[45], but fixed configuration is not flexible. To handle this
tradeoff, we build the packing mechanism to be self-adaptive,
which can make the replication achieve high throughput under
heavy client load and low latency under light client load.

We propose Packed Multi-Paxos to decrease the transmis-
sion number of accept messages. As shown in Fig. 3, we
introduce packing thread into the primary. The primary now
possesses several service threads and several packing threads;
metadata operations and replications are carried out under the
interaction of these threads. Multiple packing threads are coor-
dinated by a lock, which guarantees that at any time only one
packing thread can get the lock and be active. Service threads
do not directly replicate the log records to the secondaries.
Instead, after the encapsulation of log records, they notify
the active packing thread. Once notified, the active packing
thread will pack all the log records existed in current system
and replicate them to the secondaries through one network
transmission. Replication through network is asynchronous.
The active packing thread releases its lock after the message
has been sent out; while it is waiting for the reply, another
packing thread can get the lock and become active. The
asynchronous way could improve the performance and that
is why we use multiple packing threads.

The self-adaptive property is achieved through the help of
thread scheduling mechanism in operating system. Service
threads and packing threads have the same priority and are
scheduled equally. If the current client load is heavy, before the
active packing thread is scheduled, several or nearly all service
threads might have already been scheduled. Thus there could
be multiple log records existing in system before the packing
thread tries to pack them. The heavier the load, the more log
records are likely to be packed into one network transmission.
On the other hand, if the current client load is light, even
when there is only one service thread generating log record,
the active packing thread will be scheduled very soon and
then send this log record immediately. This is because there
is no metadata processing task for other service threads, so
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Fig. 3. Packed Multi-Paxos

they are all asleep (at the same time the other packing threads
are also asleep); the scheduling mechanism will just bypass
them. By utilizing the operating system’s thread scheduling,
the number of log records within each message can be self-
adaptive according to the current system load.

The packing mechanism may rely much on the operating
system scheduler. The scheduler often schedules threads in a
round-robin manner, so how many log records can be packed
together is also determined by how long a time slice is and
how quickly a log record is generated. Metadata is small and
its update is always quick, so is the generation of log record.
Besides, for the operating system, the time slice for round-
robin scheduling is usually not too short, otherwise the cost
for scheduling would be high. As a result, our method based
on operation system scheduling could work. We will give the
specific evaluation later.

Above is about the reduction of the accept message’s
transmission number. For success message, which is used to
notify the secondaries that the replication is successful, we
simply embed it into the next accept message to further reduce
the number of message passing. Note that the success message
should also be put into the primary’s request queue, because
after that there may be no accept message any more. We also
guarantee that finally the same success message will be sent
only once.

C. Paxos Coordination Queue

Although we pack several log records into one message,
each log record is in a separate process of Basic Paxos. We
need to maintain their own state. Besides, for Packed Multi-
Paxos, we also need to maintain the order of each log record in
the secondaries. We build Paxos Coordination Queue (PCQ),
which is a data structure to manage and coordinate the log
records in the secondaries. We also keep PCQ in the primary,
in case its role change.

When the secondary receive a log record, it does not apply
the corresponding metadata operation immediately. Instead,
it puts this log record into PCQ. As shown in Fig. 4, PCQ
is a data structure which consists of log records. Each log
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record in PCQ has three types of state: EMPTY, ACCEPT,
and SUCCESS. (1) A log record has the state of ACCEPT
at the time when it is put into PCQ. All records in PCQ are
arrayed by their log numbers. (2) The log numbers should be
continuous. If not, the interval among them should be filled
by empty ones which have the state of EMPTY. (3) A record
will be changed to the state of SUCCESS when the secondary
receives the corresponding success message, which denotes
that the log record has been accepted by the majority. The
secondaries cannot execute a log record until this log record
has the state of SUCCESS.

The secondary executes metadata write operations by the
sequence arrayed in PCQ. PCQ also contains three kinds of
pointers to manage the execution order. (1) The Current Pointer
points to the latest added log record. (2) The log record pointed
by the Success Pointer and its former log records all have the
state of SUCCESS. (3) The Execution Pointer points to the
record that has already been executed by the secondary, and
meanwhile, its former log records have also been executed.

PCQ manages and coordinates the execution of metadata op-
erations. Besides this, PCQ is used to coordinate the relevance
between the metadata write requests and read requests for the
secondaries. PCQ is also involved in the system recovery after
failure. We describe these next.

D. Handling Metadata Read Requests

In our system, all the replica metadata servers can process
read-only requests simultaneously. The handling of metadata
read requests is simple for the primary. It just puts the metadata
read requests into the request queue, and executes all meta-
data requests from the request queue without distinguishing
between write request and read request.

However, the handling of metadata read requests for the
secondaries is nontrivial. The secondaries receive the metadata
write requests from the primary and receive the metadata read
requests from the clients. They come from different sources
and possess different execution patterns. There might also exist
some relevance between these two kinds of metadata requests,
for example, one particular write request should be done before
the other particular read request. To handle this, we also use
PCQ to guarantee the correct execution of metadata requests
in the secondaries.

As shown in Fig. 5, every time when the secondary receives
a metadata read request, it puts it to the tail of PCQ as a record.
The record then immediately has the state of SUCCESS, since
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the corresponding metadata read request is able to be executed
and will be handled locally. The record of read request in
PCQ has the same log number as that of the previous one.
By doing this, it would not disturb the execution order of
write requests. The primary would not return the results of an
metadata write operation until the corresponding log record
has been replicated to every secondary’s PCQ. By executing
requests based on the sequence arrayed in PCQ, the secondary
can guarantee the interacted relationship between metadata
write requests and read requests.

E. Recovery

As mentioned before, for the failure of primary, a process
of primary election needs to be carried out. In our method, the
primary finally elected should be the one possesses the highest
log number, that is, the log number of the record pointed by
its Current Pointer should be the largest.

To do recovery, we introduce the Recovery Pointer to the
PCQ. In the end of primary election, each secondary reports its
log number of the record pointed by its Success Pointer. The
primary picks the smallest one of these reported log numbers
(including that of the primary) and makes its Recovery Pointer
point to the record with that log number. The primary then will
fix the inconsistency of the records from the one pointed by
its Recovery Pointer to the one pointed by its Current Pointer,
which will be the recovery range.

During the process of recovery, the primary fetches every
record from the recovery range and processes them according
to different situations. (1) If the record has the state of
SUCCESS, which means this record has already been accepted
by the majority before. The primary simply sends this record
to the secondaries. (2) If the record has the state of ACCEPT,
which means this record has been accepted by the primary
itself before, but we have no idea whether it has been accepted
by the majority. The primary tries to ask the majority to accept
this record by sending the accept message, which is the same
as the phase 2 of Paxos algorithm described before. (3) If
the record has the state of EMPTY, the primary should try
to gather the information about this record by processing the
phase 1 of Paxos algorithm. At this stage, if no one in the
group knows about this record, the primary would treat this
record as “no-op” [23] which will do nothing to the state of
the metadata server. The primary then sends this record of
“no-op” to the secondaries.



After the recovery process, all records that may lose their
consensus during failure would have been recovered. The
consistency among the replica servers is achieved again. The
primary then continues to process the metadata requests from
the clients, and the metadata service can work normally.

V. EVALUATION

We have developed a prototype implementation of the
proposed high-available mechanism. Using our prototype, this
section evaluates the performance and the function of our
system. For evaluation, the configuration of DCFS3 consists of
three metadata servers (MDS), one or two object-based storage
devices (OSD), and several clients. We use the nodes created
by VMware to do evaluation. Each node contains one Intel
Xeon Processor (2.00GHz), 1-Gbyte memory, and 36GB disk
space. All of them are interconnected through Gigabit Ethernet
(the actual network transmission speed is 764.91 Mbits/sec
tested by Netperf [46]).

Our evaluation employs one benchmark and one application:

o mdtest [47] [48] is a metadata benchmark for file system.
It performs open/stat/close operations on files and
directories and then reports the performance. Mdtest also
supports MPI [49]. It could be used to test the perfor-
mance of metadata servers under the load of intensive
metadata operations.

o« mpiBLAST [50] [51] is a scientific computing applica-
tion. It is a parallel implementation of NCBI BLAST [52]
and can improve the performance of NCBI BLAST by
utilizing distributed computational resources. Cluster is a
typical platform for mpiBLAST and mpiBLAST is also
a typical application for testing in cluster.

A. Performance

We present the performance of metadata operations by
running mdtest. The configuration of DCFS3 consists of 1
MDS, 1 OSD, and several clients. The number of clients varies
from 1 to 12. The number of service threads in primary is 10.
We use 100 threads to run mdtest through MPI. Each thread
handles open/stat/close operations to 1,000 files under
its own separate directory. Thus total 100,000 files are involved
in this evaluation.

We compare three kinds of mechanism under the same
configuration:

1) the original metadata server of DCFS3 without fault-

tolerance method

2) our proposed high-available mechanism with the Packed

Multi-Paxos and the PCQ
3) the high-available mechanism with the standard Multi-
Paxos algorithm

Fig. 6 shows the operation of CREATE performed by
mdtest. This represents the performance of metadata write
operations. Based on the original DCFS3 without any fault-
tolerance, we can evaluate the performance degradation of
the fault-tolerant methods. Compare to the original metadata
server of DCFS3, our high-available mechanism only has a
performance degradation of 1/4, which is much better than
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Fig. 6. Performance of metadata write operation (CREATE)

TABLE I
NUMBER OF NETWORK TRANSMISSIONS WITHIN THE GROUP OF
REDUNDANT MDSs

Number of Number of network transmissions
log records within the group of redundant MDSs
contained in

network 1 MDS, 3 M].)S’ HA Pack?;(;v[ h]/}lslitil:lll;xos
transmission non-HA Multi-Paxos with PCQ
0 0 300300 304
1 0 300300 764
2 0 0 3134
3 0 0 11136
4 0 0 20403
5 0 0 19476
6 0 0 10148
7 0 0 2411
8 0 0 336
9 0 0 45
10 0 0 1
Total 0 600600 68158

that with the the standard Multi-Paxos (about 2/3 performance
degradation). The result shows that the adoption of Packed
Multi-Paxos is able to decrease the impact brought by repli-
cation.

In our configuration, the primary possesses 10 service
threads, thus the number of log records contained in one
message could be in the range from O to 10. Among them, the
number of 0 denotes the network transmission containing no
log record but only the success message. Here we analyze the
number of network transmissions within a group of redundant
metadata servers. As shown in TABLE I, the original metadata
server of DCFS3 has no such network transmission since it has
no replication. The high-available mechanism with standard
Multi-Paxos includes two types of message passing, the accept
message and the success message. The former one contains
one log record while the later one contains none. For the
packing mechanism used in our system, the number of log
records packed in one message varies from O to 10. Among
them, the ones containing 4 and 5 log records have the
maximum volume. Compared with the standard Multi-Paxos,
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our packing mechanism can reduce the number of network
transmissions by about 8/9.

Fig. 7 shows the operation of STAT performed by mdtest.
This represents the performance of metadata read operations.
In our system, all redundant metadata servers could provide
read-only service and it has much better performance than that
of the original metadata server of DCFS3. This is because
multiple servers are able to process concurrent metadata read
requests simultaneously.

B. Service Continuity

We also use mdtest to test the function of fault-tolerance
in our system. During the running of mdtest, we turn off
one node to see whether the process of mdtest could finish.
The configuration of DCFS3 consists of 1 MDS, 1 OSD, and
3 clients. We use 30 threads to run mdtest through MPL
Each thread will do operations to 1,000 files under its own
separate directory. Thus total 30,000 files are involved in this
evaluation.

We present the performance of high-available mechanism
during the period when failure occurs. The running of mdtest
is performed for five times. At the 3rd time, we turn off one
metadata server node (primary or secondary) when mdtest is
doing the operation of CREATE. Since there are still majority
existing, the metadata service should be able to continue.

Fig. 8 shows the situation when the primary is turned off
at the 3rd mdtest running. In Fig. 8 (a), the result shows
that the metadata service is able to continue. For the 3rd
mdtest running, the performance of CREATE operation drops,
this is due to the process of fail-over after the failure. The
performance of CREATE operation at the last two times is
better than that of the first two times. This is because after the
primary is turned off, the number of members in the group
is reduced by one; the new primary only has to broadcast the
metadata write requests to one secondary. Accordingly, the
performance of STAT operation drops after the 3rd running,
since the failure decreases the number of metadata servers
which are able to provide metadata read service.

Fig. 8 (b) shows the time spent by each mdtest running. The
time used at 3rd running is longer than that of the others as it

(a) Performance of each mdtest running (b) Time of each mdtest running
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involves the process of fail-over. The time spent for fail-over
consists of two aspects, for evaluation, (1) the timeouts of the
clinets to wait for reply is 5 seconds, and the clients would
wait for another 2 seconds before requesting for new view
information from metadata server; (2) the timeouts of waiting
for heartbeat in metadata server is 2 seconds, and the process
of primary election and recovery is less than 10 milliseconds
by our test. As a result, the time spent for fail-over is mostly
due to the timeouts of waiting. The process of recovery is fast.
Fig. 9 shows the situation when one secondary is turned off
at the 3rd mdtest running. The results are almost the same as
that shown in Fig. 8. Different from primary failure, there is no
need for primary election and recovery when secondary fails.
The primary just need to remove the failed secondary from its
view and then can continue the service. Nearly all the time
spent for fail-over is the timeouts, which demonstrates again
that the most latency of fail-over is due to the timeouts of
waiting. In summary, when failure occurs, our system has a
fast recovery and is able to provide continuous I/O service.

C. mpiBLAST Application

Cluster is a typical platform for mpiBLAST. Running mpi-
BLAST is an efficient way to evaluate the performance of our
system and its support to application. The configuration of
DCEFS3 consists of 1 MDS, 2 OSD, and the numbers of clients
are 3, 7, and 11 for each three tests. The size of database used
is 977 MB. We divide it into several segmentations according
to the demonstration of FAQ [51], as shown in TABLE II.

The first step of mpiBLAST is database segmentation.
It then processes the gene query and matching, and next
predicts the characteristic of the unknown protein. In the end,



TABLE II
CONFIGURATION OF DATABASE SEGMENTATION AND MPI THREAD
NUMBER IN MPIBLAST

Number of Number of Number of
Clients Database Segmentations MPI Threads
3 2 4
7 6 8
11 10 12

mpiBLAST would display the time spent for the process of
query and matching. We do the evaluation based on this time.

Fig. 10 shows the performance of mpiBLAST running under
two situations, the original DCFS3 without fault-tolerance and
the one with our high-available mechanism. The result shows
that there is no distinct difference for the running time (less
than one second) between these two situations. In mpiBLAST,
the impact of extra latency brought by our high-available
mechanism is negligible.

Fig. 11 shows the impact of failure to mpiBLAST running.
We turn off one server node (primary or secondary) when
mpiBLAST is doing gene query and matching. With node
failure, the process of mpiBLAST can still finish, which means
the metadata service is able to continue despite the failure. The
running time is just a bit longer than the situation when there
is no failure. Either under the situation of primary failure or
secondary failure, the time spent for fail-over has no distinct
difference. Such conclusion is the same as that of mdtest.

VI. CONCLUSION

The availability of storage systems has become a central
problem in cluster design. Within the file system, a set of
highly available metadata servers is a critical component for
building robust cluster file system. Previous work mainly
focuses on journaling which alone is not enough to provide
high-available metadata service. Replication is adopted by
some systems, but the controlling of replication latency is a
main problem. Considering two key points, availability and ef-
ficiency, we propose a high-available mechanism for metadata
service based on replication. To implement Paxos algorithm
effectively into the high-available mechanism, the Packed
Multi-Paxos is proposed to reduce the replication latency.
The proposed solution can effectively improve throughput
and reduce latency under different client load. The Paxos
Coordination Queue (PCQ) is also designed to manage and
coordinate the log records and to assist the process of metadata
management and replication. The high-available mechanism
can decrease the impact of server failures and there is no
disruption of service. While the latency of replication is well
controlled for the metadata write operations, our system also
enables the performance of metadata read operations to gain
improvement.
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