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Abstract. Remote Direct Memory Access (RDMA) is an effeettechnology

for reducing system load and improving performanBecently, Ethernet
offerings that exploit RDMA technology have becoraeailable that can

potentially provide a high-performance fabric foPMcommunications at lower
cost than other competing technologies. The goahisf paper is to evaluate
RDMA over gigabit Ethernet (ROE) as a potential ircluster interconnect.
We present an overview of current RDMA technologynf Ammasso, describe
our performance measurements and experiences, iaodlssl the viability of

using ROE in HPC applications. In a series of ptnpoint tests, we find that
the RDMA interface provides higher throughput aodér latency than legacy
gigabit Ethernet. In addition, even when functignin non-RDMA mode, the

ROE cards demonstrate better performance than thiemboard network

interfaces. For application benchmarks, including\RACK and a climate

model, the Ammasso cards provide a speedup ovedatd gigabit Ethernet
even in small node configurations.

1 Introduction

Remote Direct Memory Access (RDMA) is quickly becogim necessity in
performance-critical networking. Modern HPC interoects such as Infiniband,
Myrinet, and IBM’s Federation technology make us&BMA to achieve throughput
approaching hardware bandwidth. The use of RDMAh&sé interconnects reduces
the cost of data movement by eliminating redundapies throughout the network
path, and reduces overall resource utilization. Witithe use of RDMA methods,
network transfers compete with the local system feravailable memory bandwidth.
For these transfers, each local copy requires travetsiagmemory bus twice.
Typically, data is received from the physical media &opied into a device buffer,
then copied into an operating system buffer, theallff copied into the application
memory. These multiple memory copies are a largelebeitk in HPC systems
especially, because memory speeds have not increasieel same rate as CPU and
interconnect speeds. For this reason, with curremet fates of 10Gbps and higher,
non-RDMA network transfers consume significant amouwfitthe available memory
bandwidth and result in the system CPU(s) stalling omang accesses.
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This situation is compounded by the additional proogssiequirements for
TCP/IP data transfers. Typical TCP/IP network steales implemented in the host
operating system, which requires the host CPU tooparthe necessary per packet
processing, checksum operations, and handling dh@ming data through system
interrupts. TCP Offload Engines (TOE) have been erkab attempt to lessen the
impact on the host CPU related to these factors hlegetare implemented as separate
add-on cards which incurs additional costs and as®s cluster complexity. In
addition, these devices require the use of speciabigded Application Specific
Integrated Circuits (ASICs) which keeps costs hagig yet ultimately only provide a
marginal benefit [12].

To address these issues, many high-performance clusteistarconnects such as
Infiniband, Myrinet, and SCI, which could be clagsif as custom RDMA systems.
While their performance is very high, they can bdejoostly and generally require a
separate network infrastructure. The cost-effectival (@nly) alternative so far has
been gigabit Ethernet, which has one-quarter toeigieth the throughput of custom
RDMA interconnects and up to two orders of magnithigher latency. The high
latencies of gigabit Ethernet make it particularlysiiited for fine-grained parallel
applications, and the limited throughput restrictagability for other portions of the
cluster infrastructure such as storage. Although dfigathernet can be a relatively
poor choice of interconnect for HPC clusters, budgetstraints and other project
objectives often lead to it being the chosen solution.

RDMA over Ethernet (ROE) provides another optiorbbigging this gap between
the low price but low performance provided by ahegbet infrastructure, and the
higher cost yet higher performing interconnects. Bloading TCP/IP processing to
hardware, and performing direct memory access opesatigthout involving the
operating system, an ROE adapter provides highenghpmut and lower latency than
previously available through traditional gigabihEtnet. The other advantage of ROE
is that it leverages the ubiquity of existing gigabftastructure. Current datacenters
and clusters can therefore support ROE operationiseirexisting network, without
requiring additional bridging or multi-network cagdirations.

In this paper, we present a performance evaluatidRQE cards from Ammasso,
Inc. [1]. The remainder of this paper is organizedf@d®ws: Section 2 presents
relevant background, describing the Ammasso gigabierBét RDMA technology
and its relation to other cluster interconnects.tiBec3 describes our testing
environment and methodology. Section 4 presents sesy#tmining the performance
characteristics of the RDMA cards in two-node configions with PingPong and
PingPing tests, and Section 5 presents applicatiochipeark results for a 4-node
cluster. The final sections describe future work asttusions.

2 RDMA Over Ethernet

Since the mid-1990’s, Ethernet has been the domibaAht technology and, more
recently, has become a commodity component foundrinally every Linux cluster.
Other LAN standards, such as FDDI and token ring, hengely been replaced with
Ethernet. The original Beowulf cluster [11] used nplét 10Mbps (1.25MB/s)
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Ethernet networks to achieve a level of performarsmalability and cost that
demonstrated the feasibility of utilizing these typé<lusters for certain classes of
applications at dramatically reduced cost. Most cur@uster designs use gigabit
Ethernet in their design for filesystem and managérherctions, even if a separate
high performing interconnect is purchased for MPFKita The high-performance
networks, such as SCI, Infiniband, Myrinet, and everGigabit Ethernet (10GbE),
can provide high throughput and low latency butsabstantial cost. A 64-bit,
133MHz PCI-X bus is only able to obtain a peak dfan rate of 1066MB/s
(8.5Gbps), and thus the 10Gbps interconnects regtate of the art technologies to
reach their performance potential and to reduceesydnduced latencies, such as the
new PCI-Express or Hypertransport [4].

Ammasso addresses these limitations by providing RDMA t#dobyg over gigabit
Ethernet using a custom protocol [3]. The RDMA metl@dvrapped in TCP/IP
packets and sent over Ethernet frames. To avoid thedIFGRerhead previously
discussed, the entire network stack is implemented idwaae. This provides a
direct, zero-copy network path between two user-sfstes on separate systems. The
Ammasso adapter can communicate with other Ammasso esidapsing this
proprietary protocol, but also maintains a legacterface for standard TCP/IP
communication. The main advantage to this designaisalsingle interconnect fabric
can serve all the needs of a cluster, multiplexingh higerformance MPI
communication with the typical system and user TCRARic. This design also aids
in datacenter infrastructure, as an Ammasso card caiteseequests from equally
equipped systems at a high rate, while still maimgincompatibility with the
remainder of the datacenter and the standard gig#iernet based systems.

User User
Space Space
H A A H
oS Data oS
Kernel Kernel
Network
RDMA RDMA
NIC NIC

Fig. 1. Data transfers between two RDMA Ethernet
adapters

The Ammasso RDMA protocol bypasses the operating systetramsfer data
between two systems, thereby eliminating the neetbtal system calls for either of
the two processes involved in remote communication (Sige 1). This also
eliminates the redundant copies typically requiredthey operating system for a
network transfer. The application initiates the &fen and passes the control
information through a standard TCP/IP session to émner process, which sets up a
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receive buffer in the local application memory spahat directly receives the
incoming RDMA operation.

The Ammasso hardware functions as a TCP offload engmplementing a
custom TCP/IP stack in hardware. This allows for TCibad processing, efficient
algorithm implementation independent of the operasiygtem, and the possibility of
implementing future APIs through firmware updates. émithis hybrid scheme, the
legacy interface provided by the Ammasso card is fonally identical to a
traditional Ethernet interface, handling the Etrérayer of the OSI stack, with the
remainder of the TCP/IP stack implemented by the oipgraystem. The RDMA
interface, on the other hand, is not known to th&t loperating system as a network
interface, and is only available to an applicatimotigh provided libraries.

3 Testing Setup and M ethodology

We performed two series of tests to determine théopeance of the Ammasso
RDMA Ethernet interfaces in our environment. Thetfgeries of tests examined the
characteristics of the interconnect, directly limkitwo identical servers using both a
crossover cable and a dedicated commodity gigabierkéh switch. The second
series of tests were executed on a small (4-nodd}B)Cluster using the Ammasso
cards and the dedicated commodity switch.

The systems used for this evaluation were three HnBM x345s, each with
dual 3.06GHz Intel Xeon processors and 2.5GB of RAM] a dual 3.4 GHz Intel
Nocona system with 8 GB RAM. All of these systems useperiyhreading (HT) to
present 4 virtual CPUs in the OS scheduler althounjhthe two physical CPUs were
able to handle interrupts. For all systems, the AmmBi$€oused a 64-bit PCI-X 133
slot on a dedicated bus, and the Ethernet NICs wemeected to each other via either
a crossover cable or a dedicated Dell 5224 24-pigabi Ethernet switch. The
baseline gigabit Ethernet adapter was the ubiquitailsib Intel 82546EB using the
€1000 Linux kernel module. The operating system w&ESSLES9, running kernel
2.6.5-7.151-smp.

Ammasso provides three RDMA-enabled software layers (DADP and MPI),
but for these tests only the MPI interface was explofde lack of availability and
maturity of DAPL software tests and utilities made d¢stest and rigorous testing of
this component difficult, and with our interest prinharin the applicability of the
Ammasso NIC in HPC applications, we focused on the Miplémentation. For the
MPI tests, the Intel MPI Benchmark (formerly known as fallas Benchmark or
‘PMB’) was utilized [6]. The primary Pallas MPI testsadl for this analysis were the
PingPong and PingPing tests. These tests are useffihdarg the message startup
time and the throughput of a given interconnects Harticular implementation of the
PingPong test sends messages from 1 byte to 4MB, ingelagipowers of two. For
1 to 32k byte message sizes, the timing result was #mage of 1000 messages; for
64k and above the number of messages sent is sucbtdlahessage volume is held
constant at 4MB. The PingPing test is similar, excepth process posts an
MPI_lIsend, then each receives the data simultaneowgly MPI_Recv. Thus
PingPing measures performance in the presence obriewontention. These two
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schemes provide an accurate measure of the interdocime@cteristics in the short
byte ranges, and sufficient runs were taken for eacfiguration to give confidence
that temporal and unrelated system effects were rotiag the results.

The utility we used to determine the system resourcesssary to drive the
Ethernet interfaces wamspstat. This utility is part of thesysstat package, which is part
of thesar suite of monitoring utilities [10]. The base intertdpad is the interrupts
per second from the ‘timer’ interrupt, which occutstlee frequency specified in
include/asm-i386/params.h, which for our systems was 1000 Hz. In this paper, all
reported statistics for the interrupts per second delihis base 1000 interrupts per
second, and therefore reflect the total interruatllon the system.

For the system resource utilization tests, we ranitialiset of 5 runs. From these,
we determined the total number of runs required e gin estimation of the mean
within a 95% confidence interval. All rates are @ged using a harmonic mean, and
all times and percentages were calculated using #meatic mean. Unless otherwise
noted, latencies are reported for the O-byte messame a8 calculated by the
benchmark. The measurements for the built-in Int& Maried much more than the
Ammasso interfaces, and therefore we had to run appabely 4x as many tests on
the built-in NIC as for the Ammasso interfaces in otdeachieve a 95% confidence
level in these means.

4 Simple Network Performance Test Results

For our primary analysis, we compare the throughfatency, CPU load, and
interrupt rate for the three interfaces: Ammasso RDMAmasso legacy, and built-
in Intel. The RDMA interface performed the bestpoth latency and throughput, but
the high CPU interrupt load due to the polling inmpétation may impact CPU-
intensive applications.

The Ammasso RDMA interface provided the lowest O-bytessage latency,
followed by the Ammasso legacy interface, and then riwherboard Ethernet
controller (see Fig. 2 and Fig. 4). Similarly, himmasso RDMA interface provided
the highest effective throughput, followed by themmasso legacy and the
motherboard controllers (see Fig. 3 and Fig. 5).dditeon to these tests with the
standard 1500-byte MTU, we also tried testing 900@-byiTUs, but all three
interfaces performed poorly. Other evaluations otwoek interconnects have
reported similar results where larger MTUs decreaseutiput [9]. Ammasso
reported that this was an unsupported configurasionye do not report results for the
larger MTUs.

The higher throughput and lower latency, howevemes at a potential cost. Use
of the Ammasso RDMA interface consumes a higher pergeré available CPU
cycles, followed by the legacy and built-in intedac(see Fig. 6). The Ammasso
legacy interface generates the most interrupts pendecwvarfing both the built-in
and RDMA interfaces. It should also be noted thatAhemasso cards were 100%
stable during our testing using both the legacy aBiMR interfaces. A detailed
description of the results for each interface is ptegibelow.
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4.1 Interface Performance Results

The built-in Intel 82546EB NIC on the IBM x345's repents the baseline
performance for a typical motherboard-mounted gig&tiernet interface. For the
PingPong test, the built-in interface achieved g@-tatency of 86.99 usec with the
crossover cable and 85.85 psec with the switch. Thoadghput achieved for the 4AMB
message size over the crossover cable was 50.39 MB/syas 45.07 MB/s when
run through the switch.

The Ammasso legacy interface achieved a 0-byte lateh8@.45 psec and 66.79
MB/sec throughput using a crossover cable, and 44se@ O-byte latency and 66.40
MB/s throughput using the switch.

The Ammasso RDMA interface demonstrated impressive pedioce in both
latency and throughput, providing a one-way lateat$7.62 pusec on the PingPong
test with the crossover cable and 23.11 psec witswitch. The throughput reached
110.21 MB/s over the crossover cable, and 110.07 M&¥sthe switch.

The PingPing results were very similar to the PingPogsults in the relative
performance of the interfaces. There was noticedddgadation in the throughput for
the built-in Intel and Ammasso Legacy interfaces, avhis about half of the
throughput achieved with each interface in the Pong test. The throughput of the
Ammasso RDMA card degraded about 20% with PingPing.
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Fig. 2. Latency measured with the Pallas PingPong testherRDMA, legacy, and built-in
interfaces in both crossover and switch configoretifor 1500-byte MTU, with HT enabled
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4.2 System Interrupt and CPU Utilization

The Ammasso legacy interface, which provides higheruthput and lower latency
than the built-in standard gigabit Ethernet integfén the x345s, uses less CPU load
but generates far more interrupts/sec than the tlerdnterfaces at an observed
44,432.68 interrupts/sec.

The observed interrupt rate with the RDMA interfée@ot significantly different
that the base interrupt load of 1000 interrupts/secthe data verifies the assertion
that the RDMA interface does not generate intesuphich was expected due to the
OS bypass nature of the RDMA design. However, the RDMrds generated the
highest CPU load of the three interfaces testechduretwork transfers, saturating an
entire CPU on the node. This high CPU utilizatiorsw@a some degree expected, as
the RDMA MPI interface is tuned for low latency [2Jpd the library routinely polls
to determine if data is available to achieve suchli&iency.

Using a simple C MPI benchmark, we found that the N#ary generates high
CPU load only during blocking MPI1_Recv operationbug, the use of the RDMA
MPI library should not reduce the number of cycleailable to the application, as the
increased load is introduced only during stalls forckilag communications. Since
this is implemented in the MPI library that is linkietb the application, the increased
load allows the program to continue as soon as theiglaiailable. Thus, the impact
of this CPU load is isolated to the portions of thgpleation doing MPI
communication, and in tightly coupled applicationsud be offset by the gains from
the improved latencies. According to Ammasso, it dag possible to build a DAPL
interface to the RDMA card that could be tuned tovje the latency and CPU
utilization balance desired, and would still have same throughput characteristics as
the current RDMA interface.
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Fig. 3. Throughput with the Pallas PingPong test for tiVR, legacy, and built-in interfaces
in both crossover and switch configurations for@69te MTU, with HT enabled
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5 Application Benchmark Results

In addition to the simple point-to-point tests used @wamine the network
characteristics, we also ran two application bencksgp determine the effect of the
increased throughput and lower latency on real MBg@mms. On the 4-node, 8-CPU
cluster described previously, we ran the LINPACK Henark employed by
Top500.0rg to rank supercomputing systems worldwidg toe HOMME climate
model developed by the Computational Science Seetiohe National Center for
Atmospheric Research.

51 LINPACK

To determine the effect of the interconnect on th¢HACK benchmark [5], we ran
LINPACK on all three interconnects and identifiede thest configurations that
provided the best results for the Ammasso RDMA and legateyfaces. We then
examined the behavior of all three interconnectgHose cases. The RDMA version
had the best performance when running LINPACK teRODC2C2 with 8 blocks on
a 4x2 distribution, and the Ammasso legacy interfamthe best performance when
running WR0O0OC2L2 (also with 8 blocks on a 4x2 disttibn). For these two cases,
we ran LINPACK five times each using all three iot@mects, computed average
execution time, and calculated speedup comparedhéo built-in motherboard
interface. In both cases, both RDMA and the Ammassaciedgnterface provided
noticeable speedup between 1.16 and 1.48 (see Table 1
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Table 1. LINPACK speedup over built-in motherboard by ictamnect, with HT enabled

Case Configuration Ammasso Legacy Ammasso RDMA
I WRO00C2C2 60008 4 2 1.30 1.48
I | WROOC2L2 6000 8 4 2 1.16 1.27
Il | WROOR2C2 600084 2 1.21 1.22

For the LINPACK benchmark, an unfavorable partithgn or solution method
destroys any benefit provided by the network. Irs¢heases, all three interconnects
fared poorly. These bad configurations usually reglimver 50 seconds to complete
as opposed to the 20-30 seconds for our system’s bssks. However, for the
solution methods which produced the cluster’s best ninesdifference between the
three interfaces was obvious and impressive. Thesegesalsimilar to those shown
by another research group working with Ammasso tcacherark their applications

[7].

52 HOMME

To observe the real-world speedup on a representgpipkcation, we ran a series of
tests using the HOMME application on all three imertects, with and without HT
enabled on the nodes. The High Order Method Modeinvironment (HOMME) is
a global atmospheric modeling framework developedhat National Center for
Atmospheric Research (NCAR). We used the NSF 05-6@88Hmeark [8] variation of
HOMME, which runs a Baroclinic instability simulatioHOMME was chosen in this
investigation for its portability and scalability,gwen on platforms such as IBM’s
Blue GenelL.

We ran the HOMME benchmark using a variation of ttiey” test case, running
the Baroclinic instability simulation with 216 elente (N=6), 64 points per element
(Np=8), and 96 vertical levels for 200 time-steps. Wiheieed timing data for 4 and 8
processor runs, with 5 trials for each. The average per time-step was used to
compute the relative speedup to the motherboard &8disted in Table 2.

Table 2. HOMME speedup over built-in motherboard by intemoect, with and without HT
enabled

Processors Ammasso Legacy Ammasso RDMA
. 4 1.065 1.403
With HT 8 1.072 1.541
. 4 1.044 1.360
Without HT 4 0.985 1.228
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HOMME requires "nearest neighbor" boundary excharyging each iteration and
our tests showed that communication accounted for ajppately 33-50% of the
iteration time according to the code’s internal tigyidepending on the combination
of interface and number of processes per node. The AmnRBSMA interface
showed good speedup compared to the motherboardranthsso Legacy adapters,
up to 1.541 with 8 processors (2 per node) with HTbkth Interestingly enough, the
RDMA performance without HT enabled is worse thathwdT enabled, presumably
because there are extra hardware threads availabéatavith polling for the RDMA
driver. However, performance was slightly better withHT enabled for the built-in
motherboard and Ammasso legacy interfaces when Igakirtime per time-step of
HOMME.

6 Analysisof Results/ Recommendations

The Ammasso RDMA adapter demonstrated better througlpdt latency
performance than the typical non-RDMA gigabit agaptin a commodity Ethernet
environment. In addition to the surprising perforeceugains over Ethernet provided
by the RMDA interface, one unanticipated aspedhefresults is the performance of
the legacy interface. We expected the performaht@ointerface to be similar to the
performance of other gigabit cards, assuming thathtérelware performance had
already been optimized and the limitations remaimethe OS and low-level x86
system architecture. These results show that a highgdthardware implementation
of a gigabit NIC can outperform standard adapterd, that RDMA methods can
drastically improve the utilization of an Etherifabric.

The current Ammasso MPI design and implementation isaldeitfor cluster
applications, and could be considered as a low-cagrofor any cluster designed
around gigabit Ethernet. By bridging the price aedformance gap between standard
gigabit Ethernet and the high-performance interects) Ammasso's RDMA Ethernet
implementation is a viable alternative implementattwat provides high performance
while exploiting the commodity Ethernet infrastruetualready deployed in today’s
datacenters.

Other groups have examined the behavior of RDMAinfusthe Ammasso
technology) over a wide area, using latency-indyiciaftware routers to simulate the
behavior of a wide area network. Their results shbat even with the increased
latencies induced by the wide-area fabric, the RDap&rations were beneficial in
reducing CPU utilization, increasing overall thropgh and providing resiliency to
heavy load conditions [13].

Moreover, we expect that the Ammasso cards will beulgefother applications,
such as filesystems and servers, especially if the venttoduces support for larger
MTU sizes. Many system-level applications can ben&fim reduced latency,
especially NFS and parallel filesystems, where locknagement often requires
sending many small messages between large numbersesf.nod
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7 FutureWork

We would like to test scalability using larger clustand examine the Ammasso
technology for datacenter applications. The Ammassd-neap literature describes
upcoming features such as support for larger MTU sthas may improve the
performance of common services such as NFS. As thiadtagy becomes available,
we would like to evaluate it with respect to ourad@nter environment. In addition,
we would like to examine the Sockets Direct Protd&P) and DAPL interfaces to
the RDMA cards. These APIs should offer additional @pgibn improvements,
allowing system services to utilize the underlying R®Idrotocols and the RDMA
mode of the interface, improving latencies and thhpug across a wider range of
system software.
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