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Abstract

Abstract: Previous studies show that intra-cluster
communication easily becomes a major performance
bottleneck for a wide range of small write-sharing work-
loads especially read-only workloads in modern clus-
tered network servers. A Remote Direct Memory Access
(RDMA) technique has been recommended by many re-
searchers to address the problem but how to well utilize
RDMA is still in its infancy. This paper proposed a novel
solution to boost intra-cluster communication perfor-
mance by creatively developing a RDMA-enabled col-
laborative I/O cache Architecture called RAMS, which
aims to smartly cache the most recently used RDMA-
based intra-cluster data transfer processes for future
reuse. RAMS makes two major contributions to facili-
tate the RDMA deployment: 1) design a novel RDMA-
based user-level buffer cache architecture to cache both
intra-cluster transferred data and data references; 2)
develop three propagated update protocols to attack a
RDMA read failure problem. Comprehensive experimen-
tal results show that three proposed new update proto-
cols of RAMS can slash the RDMA read failure rate by
75%, and indirectly boost the system throughput by more
than 50%, compared with a baseline system using Re-
mote Procedure Call (RPC).

Keywords: cluster, server, RDMA, cache, RDMA
read failure, Web.

1. Introduction
Previous studies show that intra-cluster communi-

cation may become a major performance bottleneck
for cluster-based servers and advocate adopting Re-
mote Direct Memory Access (RDMA) technique to at-
tack the problem. Carrera et al. studied an 8-node clus-
tered Web server by replaying four real-world WWW

traces. Their results show that more than 50% of the
CPU time is spent on intra-cluster communication for
all traces in clustered servers because of the expen-
sive TCP protocol handling [1]. They recommend adopt-
ing a user-level communication technique to address
the problem. Emerging user-level network communica-
tion techniques do provide opportunities to address the
intra-cluster communication problem. The RDMA tech-
nique grants applications with direct control over net-
work communications and achieves major benefits such
as low processor overhead, remote memory reads/writes
and zero-copy. Several state-of-the-art research work
have been reported [2, 3, 4, 5] on developing software li-
braries of MPI, MPICH [6] and MPICH2 [7] to incorpo-
rate high-performance application-level communication
techniques such as RDMA and Remote Memory Access
(RMA) for parallel data-intensive applications in clus-
ters connected by InfiniBand [8] and Myrinet [9].

The authors notice that, in order to incorporate
RDMA technique, two distinct factors from standard
RPC technique based on TCP/UDP protocol must be
considered: 1) the sender and the receiver must know the
virtual address of the transferred data before the trans-
fer is initiated, and 2) since the data transfer occurs at
the user level, the RDMA read operation may fail when
the requested data has already been swapped out of
the physical memory on the source side (called RDMA
read failure). Both issues are either not addressed or
not fully addressed in above-mentioned work. During
a RDMA transfer process, one task is to keep RDMA-
related pages memory-resident. Wiring pages for long
periods of time leads to underutilization of memory. A
wiring on-demand policy that pins the requested data
page on-demand per RDMA operation by the host is
preferred since it can increase the utilization of mem-
ory space. For systems employing this policy, frequent
RDMA read failures would potentially lead to a serious
performance bottleneck for cluster-based servers.

This paper develops a new RDMA-based collabo-



rative I/O cache system architecture called RAMS to
address the above problems. RAMS is constructed by
symmetrically deploying a RDMA-based, user-level,
caching software component called CacheRDMA on
each cluster node. Each peering CacheRDMA works
collaboratively to provide efficient services for ob-
ject 1 sharing and exchange in clustered servers. The
CacheRDMA manages its buffer cache into two parti-
tions, an outgoing cache partition saving data to be sent
out to remote nodes and an incoming cache saving data
sent from remote nodes. In addition, the cache reference
directory design in CacheRDMA is a two-edge sword:
1) saving additional history virtual address information
of the in-memory data to be RDMA to avoid RDMA
read failure, which is a unique feature from existing
user-level cache systems, and 2) realizing collaborative
caching by fetching the requested data (use RDMA read)
from remote nodes. Furthermore, RAMS develops three
propagated update protocols to adaptively propagate di-
rectory cache updates to resolve the RDMA read failure
problem, which may become a potential performance
bottleneck. A configurable, trace-driven, discrete-event
RAMS simulator for medium-scale clustered servers (up
to 256 nodes) is developed, compared with a RPC-based
data communication baseline system. We choose one
representative application – cluster-based Web server –
as a sample testbed and three real-world Web server
traces for validation. A comprehensive set of experimen-
tal results prove that, compared with RPC baseline sys-
tem, RAMS boosts the system throughput by more than
50% by significantly improving the intra-cluster com-
munication performance in cluster-based Web server.

The remaining part of this paper is organized as fol-
lows: we describe the design and implementation of
RAMS in Section 2, in Section 3 we present our exper-
imental methodology, and analyze the results in Section
4, we discuss the related work in Section 5 and give the
conclusion remarks in Section 6.

2. The Design and Implementation
of RAMS

The software component of RAMS is a lightweight,
distributed middleware software substrate interfacing
applications that employ RDMA as intra-cluster com-
munication technique in the clustered server. To achieve
good portability, RAMS is implemented as a multi-
thread application-level software component layered on
top of a user-level VI Provider Library (VIPL) [10] or
modular VI Provider API (M-VI) [11].

1 Here the object can be file, URL document, storage object, etc.

2.1. RAMS System Architecture

RAMS works in the middle between the application
server layer and OS layer. As explained before, RDMA
data transfer bears two distinct factors from RPC that
must be considered for implementing RAMS: 1) the
sender and the receiver must know the virtual address of
the transferred data by each other before the data trans-
fer, and 2) since the data transfer occurs at the user level,
the RDMA read operation may fail when the requested
data has already been swapped out of the physical mem-
ory on the source side. To address both problems, as a
building block for RAMS on each node, CacheRDMA
is developed including the following components:

1. an incoming buffer cache saving incoming data re-
ceived from remote nodes

2. an incoming cache reference directory for incom-
ing buffer cache that tracks the virtual address of
recent incoming data that is transferred by RDMA

3. an outgoing buffer cache saving outgoing data sent
out to remote nodes

4. an outgoing cache reference directory for outgo-
ing buffer cache that tracks the virtual address of
recent outgoing data that is transferred by RDMA

Two particular cache reference directories in
CacheRDMA are developed to help avoid RDMA
read failure, save repeated and expensive memory reg-
istration and deregistration processes and realize col-
laborative caching by fetching the requested data (use
RDMA read) from remote nodes. The design of both
the incoming cache and outgoing cache is used to sup-
port collaborative caching and help avoid RDMA read
failure.

During a RAMS working process, external requests
from outside cluster would be firstly delivered to a dis-
patcher router, and then the router dispatches requests
to the corresponding cluster nodes. Upon receiving a re-
quest from the dispatcher on a cluster node, the appli-
cation server processes the request with possible help
from RAMS. Because RAMS provides collaborative I/O
caching service, the requests may benefit from the hits
in RAMS buffer cache on both local and remote clus-
ter nodes.

In the event of a RDMA data transfer, RAMS would
check if the requested data has been RDMAed from
other remote nodes before and the remote virtual ad-
dress of such a RDMA transfer is cached. If so, RAMS
has a choice of obtaining the data via RDMA read oper-
ation (Here we assume that the Network Interface Card
(NIC) used in our system is VI compatible and has the
ability to issue a RDMA read operation). If not, a three-
message model is developed: first RAMS may send a



notification message to the remote node that has the re-
quested data. Second, upon receiving such a request, the
remote node would initiate a disk I/O to fetch the re-
quested data from its local file system to prepare the
data. Third, when the requested data is read into RAMS
buffer cache on the remote site, the RDMA read is ini-
tiated. This three-message model is typically used for
RAMS cache initialization. It is more expensive than a
normal RDMA read action in case of an incoming cache
hit in RAMS because the three-message model requires
two round intra-cluster communications, and some disk
I/Os involved while the normal RDMA read operation
in RAMS requires only one round communication and
no disk I/Os engaged unless the RDMA read fails.

2.2. Designing the Propagated Update Proto-
cols for RDMA Read Failure

One important design issue of RAMS is to reduce the
RDMA read failure rate as much as possible. The rea-
son is that the network I/O performance will be seri-
ously degraded in the event of a high RDMA read failure
rate. The idea is to keep the reference directory caches
up-to-date. Our goal is to develop a good propagated up-
date protocol that guarantees a low RDMA read failure
rate while introduces a modest network bandwidth con-
sumption. Three heuristic propagated update protocols
are developed to conduct update operations only if nec-
essary (i.e., at an appropriate time and with an appropri-
ate frequency). To help analyze the design tradeoff, we
also develop two bound protocols, including lazy update
and aggressive update. They are elaborated in the fol-
lowing paragraphs.

2.2.1. Two Bound Protocols We develop two bound
protocols to set up both bottom-bound and up-bound
performance lines to help justify three proposed prop-
agated update protocols of RAMS.

Lazy propagated update protocol This simply proto-
col is designed in that, RAMS never performs status
updates for all cache reference directories in RAMS.
Namely, the incoming cache directory on each node is
never actively updated. In this method, the incoming
cache directory entries may only be updated at two situ-
ations: RDMA read failure and cache replacement.

Aggressive propagated update protocol This protocol
goes to the other extreme compared with the lazy one:
whenever a status change of any RDMA outgoing di-
rectory entry occurs, the host node always propagate the
update information to all related nodes (because there
may be many nodes that have ever requested the same
data from this node). However, the intra-cluster network
bandwidth involved with this protocol may be exhausted
and lead to an overloaded status.

2.2.2. Developing RAMS Propagated Update Proto-
cols To strike a good tradeoff between a low RDMA
read failure rate and a modest network bandwidth con-
sumption introduced, we consider a hybrid approach
by combining both bound protocols mentioned above,
and develop three heuristic propagated update protocols.
Among three protocols design, a threshold tracks the
RDMA read failure rate on each node online is adopted
on each cluster node as the water mark to heuristically
invoke a propagated update operation. This threshold
is used to bound the RDMA read failure rate within
an acceptable range. When the actual RDMA read fail-
ure rate goes beyond the threshold, a propagated update
progress is initiated. After the process, the RDMA in-
coming cache directory entries linked to the initiated
node are up-to-date. Either the sender node or the re-
ceiver one will be chosen to calculate the RDMA read
failure rate and proactively initiate such a propagated up-
date process. Moreover, either a single-node or an entire-
cluster (based on the accumulated RDMA read failure
rate on the entire cluster) may be chosen to initiate a
propagated update process.

We develop three propagated update protocols based
on the selection of a host node that performs the RDMA
read failure rate calculation and initiates the propagated
update process.

Sender Initiated Update Protocol This protocol
chooses the data sender node to collect the statis-
tic information of its RDMA read failure rate.
The data sender node counts the overall number
of incoming RDMA read requests and calculates
the total number of failures online. When such a
failure rate exceeds a pre-defined threshold (10%
in this paper), then the sender node would initi-
ate a propagated update process to update RDMA
incoming cache directories of those nodes from
which the sender has ever fetched the data using
RDMA read.

Receiver Initiated Update Protocol
In this protocol, we are monitoring the RDMA

failure rate on the data receiver sides, i.e., the
RDMA reader nodes. The receiver node itself is
conscious of the success/failure status of each out-
going RDMA read request.

Accumulated Update Protocol To implement this up-
date policy, we assign a master node (typically
with light load) to calculate the overall RDMA
read failure rate for the whole cluster. We count
the total number of all the RDMA read requests
of all cluster nodes and the total number of the
RDMA read failures. When the aggregate RDMA
read failure rate exceeds the threshold, the master



node would initiate the propagated reference di-
rectory update process.

3. Experimental Methodology

In this section, we describe the experimental method-
ology used to compare the performance of five different
propagated update protocols in RAMS and a RPC-based
baseline system.

3.1. Simulators

We developed a discrete-event, trace-driven clustered
Web server based on a distributed Web server simula-
tor called dws sim from University of Saskatchewan.
Beyond the dws sim, we added around 4,000-line C++
codes to implement both RPC and RDMA based data
communication protocols and corresponding virtual
memory and Network Interface Card management in
the RDMA communication model developed by Rutgers
University [1], with an emphasis on intra-cluster com-
munication. In addition, we developed necessary soft-
ware components of RAMS to study its performance im-
pact on clustered Web servers. To feed multiple traces
with different formats into the simulator, we also de-
veloped a trace format transfer program to prepare the
traces in a uniform format. The simulator can emulate a
clustered Web server with up to 256 nodes, and up to 100
simulations are allowed to be run in a single execution of
the simulator program. The simulator can flexibly accept
many system configuration parameters through a config-
ure file to perform a comprehensive sensitivity study, in-
cluding the number of cluster node, the file system cache
size on each node.

3.2. Configuring simulation experiments

Our simulator models a clustered Web server run-
ning on 4 to 256 cluster nodes connected by a high-
speed, RDMA-enabled LAN. Clients are connected by
a router employing round-robin request dispatch policy.
At a more detailed level, each node is comprised of a
CPU, a memory chip, a NIC, and a disk storage subsys-
tem. Each of these devices is modeled as a service cen-
ter with one or more queues implemented to simulate
the queuing effect. The simulation parameters estimate
a Giganet VIA/cLAN router, a VIA Giganet LAN, an
2G Hz Pentium IV CPU, and an IBM Deskstar 75GXP
disk. We derived some parameters from real measure-
ments on a single node machine, with others filled by
reference to the previous research work [1, 12].
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Figure 1. Average Response Time per Re-
quest under Three Traces in a 64-node
Cluster.

4. Experimental Results and Dis-
cussion

This section describes the performance evaluation
of three propagated update protocols of RAMS and
RPC baseline system by replaying three real-world Web
server traces. The performance metrics used in this pa-
per includes Average Response Time per HTTP Re-
quest, and System Throughput,

4.1. RAMS versus RPC baseline system

We used two metrics to compare the performance of
RAMS and RPC baseline system, average response time
per HTTP request and system throughput. We replayed
three real-life traces in five propagated update protocols
of RAMS and the baseline system, varied the number
of node from 4 to 256, repeated the trace-replay experi-
ments, and collected results.

The first result of average intra-cluster network la-
tency per request is shown in Figure 1, as collected by
feeding three real-world traces into both system simula-
tors in a 64-node cluster. From the figure we can see,
all propagated update protocols of RAMS except the
aggressive update protocol achieve a much less aver-
age response time, more than 50%, in two traces com-
pared with that of RPC baseline system. Among dif-
ferent propagated update protocols, RDMA with sender
initiated update protocol always generate low average
response time. The UCB trace result in longer average
response time. The reason may be bigger working data
set and higher request density nature of the UCB trace.
The RAMS is not much sensitive to the type of trace.
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Figure 2. Average Response Time per Re-
quest under Different-Sized Clusters.

To see the results in different sized clustered Web
servers, we varied the cluster size from 4 to 256, and
plotted the results in Figure 2 by replaying the UCB
trace (without specific explanation, the following results
were collected by the same way). Similarly, RAMS out-
performs RPC base line system in terms of the average
request response time, with RDMA with accumulated
propagate strategy achieving the best for all sized clus-
ters.

We also collected the results of system throughput, a
direct end-to-end performance measurement metric, as
shown in Figure 3. From the figure, we can easily tell
that the system throughput was greatly improved by the
introduction of RAMS into cluster-based Web server. An
average two factor of improvement of system throughput
is achieved in all propagated update protocols of RAMS
versus RPC baseline system. Again, RDMA with sender
initiated propagate strategy performs the best as ex-
pected from its best performance gain in terms of intra-
cluster transfer latency among three alternative propa-
gated update protocols in RAMS.

4.2. Propagated Update Protocols of RAMS

In this section, we study the RDMA data transfer pro-
cess in detail to help develop design trade offs among
three propagated update protocols of RAMS.

The RDMA read failure rate is a direct metric to re-
flect how well each propagated update protocol works
for cluster-based Web server. We collected results of
RDMA read failure rate for three protocols of RAMS
along with two bound protocols in a 64-node cluster.
Figure 4 shows that, three propagated update protocols
significantly reduce the RDMA read failure rate by up
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Figure 3. System throughput.
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Figure 4. RDMA Read Failure Rates of
RAMS Propagated Update Protocols.

to 75% compared with the lazy protocol, which delivers
the highest RDMA read failure rate in RAMS. The result
shows that, with increasing the number of nodes in the
cluster, the RDMA read failure rate increased accord-
ingly. The reason is that, with a round-robin dispatching
strategy, larger number of nodes decreased the tempo-
ral locality of the trace requests. With degraded tempo-
ral locality, the data stored in RAMS cache simply has a
high possibility to be swapped out to the disk, and thus
increasing the RDMA read failure rate significantly.

5. Related Work
Emerging user-level network communication tech-

niques provide opportunities to boost the performance
of network and distributed file storage systems. Remote



Direct Memory Access (RDMA) is one of such repre-
sentative techniques and will be quickly propagated in
the future high-performance storage networking market.

One of the most successful storage applications,
Direct Access File System (DAFS) [13], employs
VIA/RDMA to achieve a better remote file service
than NFS. Although some researchers are making
progress [14, 15, 16], the design and implementation
of DAFS is still in progress. Current DAFS versions in-
volve complicated interface designs and implementation
issues in order to support RDMA. They are not com-
patible with standard Unix or POSIX file I/O. Further-
more, DAFS has two major limitations: 1) it works for
high-end storage systems such as Storage Area Network
(SAN), not commodity computer systems (e.g., clus-
tered systems) and 2) it deploys the RDMA data transfer
service for client/server architecture (one to one map-
ping) between DAFS clients (e.g., Web or database ap-
plication servers) and DAFS servers such as SAN, other
than peer-to-peer architecture (many-to-many mapping),
such as intra-cluster communication architecture. A fed-
erated DAFS project [17] studied how to make cluster-
based direct access file servers scalable but it only works
for small-scale DAFS servers up to eight nodes. This pa-
per presents a new RAMS to incorporate RDMA into
both commodity clustered server systems to achieve a
much higher scalability (up to 256 nodes) and entire sys-
tem performance.

6. Conclusions

This paper presented a novel solution to boost intra-
cluster communication performance by creatively build-
ing a RDMA-based collaborative I/O cache system ar-
chitecture for clustered server called RAMS. RAMS
aims to cache the most recently used RDMA transfer
processes for future usage. The paper makes two contri-
butions to employ RDMA as a major intra-cluster com-
munication technique: 1) develop a RDMA-based user-
level buffer cache architecture on each cluster node to
cache RDMA data transfer process; 2) develop three
propagated update protocols to address the RDMA read
failure problem. A comprehensive set of trace-driven
simulation experiments have been conducted to evaluate
system performance on RAMS, compared with a RPC-
based data communication baseline system, in different
sized clustered servers from 4 to 256 nodes. A cluster-
based Web server is chosen as a sample platform for
testing, along with three real-world traces. Experimen-
tal results show that three proposed update protocols of
RAMS can reduce the RDMA read failure rate by 75%,
and RAMS can boost the system throughput by more
than 50%, compared with the RPC baseline system.
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