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Abstract negate many of the advantages of high performance dis-

tributed computing. In this paper, we demonstrate via a case

Software infrastructures that support metacomputing are study that component-based software frameworks, written

evolving from traditional monolithic, platform-specific sys- in Java, can and do deliver cluster computing performance
tems to component and service-based frameworks. In thiscomparable to that of monolithic native software systems.

paper we demonstrate that contrary to popular belief, such

modular software systems are capable of delivering good tocomputing framework that is built on the concept of exten-
e?cel!ent performaqce, suppqrt legacy as \I/_vell as rr:ew aP-siple reconfigurable virtual machines. The underlying mo-
Flcat]on Iprograrr]nmlng paradigms, and dfe IVer en ?(ntlzed tivation behind Harness was to develop a flexible metacom-
unctionality. The Harness system, a software backplane, ing platform for the next generation, capable of rapidly
_enablmg reconfigurable distributed concqrrent cqmputmg incorporating new technologies as they emerge. Harness
is used tcl) kemullattc)e th‘; PVkM pLogranhmmg ei_nwrpnment. introduces a modular architecture, based on the concept of
Numerical kerne enchmarks show that app.lcatlon PEr- 5 lightweight software backplane configured according to
formapcg results using the emulator and native VErSIONS ;sors' needs by attaching additional software components,
are within a few percent of each other. Coupled with ; o 1 gins Some plugins are provided as part of the Har-
the ability to leverage pre-existing and specialized mod- o5 system while others may be developed by individual
ules, our experiences suggest that service-oriented COMPUyqers for special purposes; yet others could be obtained
tational grids may be construqted rapidly and effectively via ¢ third-party repositories. By configuring a Harness vir-
S,’UCh compor)ent-pase'd architectural _frgmewpr_ks that de'tual machine using a suite of plugins appropriate to the par-
liver full functionality without compromising efficiency. ticular hardware environment, the problem being solved,

and resource constraints, users can achieve functionality

and performance best suited to their specific needs. Fur-
1 Introduction thermore, due to its modular architecture, plugins may be
developed incrementally to facilitate emerging technologies
like faster networks, new algorithms, or resource acquisi-
tion schemes, enabling their incorporation into the Harness
system without a major reengineering effort.

Our experiences are based on Harnéss[[15, 11], a meta-

Effective systems software frameworks are critical for
large scale loosely coupled high performance distributed
computing. With the increasing adoption of grids and
metacomputing platforms, modular software infrastructures  Java has been the technology of choice for the imple-
that can adapt to varying hardware, networks, and applica-mentation of the Harness framework, as it offers a conve-
tions are gaining acceptance. Such software systems, typinient programming paradigm and substantially increased
cally realized via component-based architectures, are ide-development efficiency in comparison to traditional pro-
ally suited to heterogeneous environments, since specificgramming languages and technologies. However, the ap-
components appropriate to a given situation can be assemplicability of Java for high performance computing infras-
bled, and furthermore, the software evolves naturally astructures has been questioned in recent years due to per-
the underlying technologies change. However, there is aformance problems caused by the portable, bytecode-based
tendency to assume that owing to their very nature, suchnature of the language, despite the emergence of optimized
frameworks might deliver poor performance and thereby JIT compilers and other performance enhancing schemes.



Moreover, similar complaints have been traditionally re- A DVM is associated with a symbolic name that is unique
ported against object- and component-oriented systems inin the Harness name space, but has no physical entities con-
general, as opposed to contained systems. In this paper, waected to it. Heterogeneous computational resourceay
compare the performance of the PVM [8] emulator, that we enroll into a DVM at any time; however, at this level, the
have implemented as a Harness plugin, against the origi-DVM is not yet ready to accept requests from users. In or-
nal PVM implementation. We show not only that the over- der for that to be possible, computational resources enrolled
heads related to object oriented technologies and Java mayn a DVM need to loaglugins— software components im-

in many cases, turn out to be negligible, but in fact, that plementing specifiservices By loading an appropriate set
some new codes may even outperform native implementa-of plugins, the DVM can build a consistesérvice base-

tions on modern hardware architectures. line. Users mayeconfigurethe DVM at any time both in
terms of computational resources enrolled by having them
2 Related Work join or leavethe DVM, and in terms of services available by

loadingandunloadingplugins.
A number of other scientific computing projects have

adopted the component-oriented programming paradigm,
and many have reported significant success. Cactus [2] is % % %

a problem solving environment that is configured by attach-

. . . . ‘/\‘ Reconfiguration
ing application modulestiforng into the core backplane

(flesh). Cactus has been used successfully for large scale,
geographically distributed astrophysical simulation exper- baseline

iments [1]. Legion [9] is component-based metacomput-
ing system that provides an illusion of a virtual machine
over heterogeneous, geographically distributed resources. = mmul = p2p | = p2p |

XCAT [¥] is a component framework based on XML stan-

dards that is designed for easy composition and integration
of distributed applications. The OGSA model [6] integrates Node A Node B Node C Node D
the service-based programming paradigm and Web Service

technologies with the Globus toolKifi [5].

Several projects have explored PVM enhancements and
emulations as well. For example, Legion supports the PVM
programming model with a dedicated version of the PVM
library [12], thus making it possible to run PVM applica-
tions within preexisting Legion environments. “JPVMT [4],
on the other hand, is a pure Java implementation of a PVM-
like system. It supports a PVM-like communication API
in Java, and as such is not interoperable with traditional
PVM applications. A different approach is adopted in the
‘JPVM" project [27], whose goal is to enable cooperation  paress is implemented as a software backplane or ker-
between Java applications and traditional PVM runtime via nel, whose main function is to enable heterogeneous com-
Java language bindings to the PVM library. While these ptational resources to form a DVM, and make them capa-
projects demonstrated viability under specific sets of Cir- e of delivering a consistent service baseline to users. This
cumstances, the Harness exercise highlights (1) the reteng0a| requires the components comprising the framework to
tion of full backward compatibility with an existing parallel g a5 portable as possible over as large a selection of sys-
programming model; (2) true exploitation of component ar- (ems as possible. Moreover, in order to make services easily
chnecturgs via the leveraging of existing general PUrPOSe 4yailable, the system must have the ability to acquire plug-
and specialized modules; and (3) the attainment of perfor-jns from multiple, searchable software repositories without
mance levels equaling that of native environments despite ser intervention. This set of requirements motivated us to

= abstract Distributed Virtual Machine

Figure 1. Model of a Harness Distributed Vir-
tual Machine (DVM).

the use of Java-based component technologies. choose Java as the implementation technology for Harness,
as it naturally supports both the above features, while also
3 The Harness Framework significantly simplifying the development of multithreaded,

distributed applications. It must be noted, however, that var-
The fundamental abstraction in the Harness framework isious techniques and technologies, including JNI [13] and
theDistributed Virtual MachingdDVM), as shown in FigfJl. = TCP sockets, may be used to achieve interoperability with



legacy and native codes. project, because it makes the PVM library oblivious to the
The component-oriented nature of Harness can be ex-technology used for daemon implementation as long as the

ploited in many ways, including the emulation of specific wire protocol is properly supported. Thus, this design as-

concurrent computing environments to run legacy appli- pect allowed us to substitute the daemon with its Harness

cations. Since Harness provides many task and messagesounterpart, thereby retaining binary compatibility with ex-

management functions via built-in plugins, a specific en- isting PVM applications.

vironment (e.g. Lindal[14] or Distributed Shared Memory The architecture of the Harness PVM emulator is shown

or MPICH [10]) can be emulated by leveraging these built in Figure[3. As illustrated, the Harness version of the PVM

in facilities and writing a few environment-specific plug- daemonlipvmd is not self-contained but depends on other,

ins. Both MPI [3] and PVM [16] plugins have been suc- general-purpose plugins running within the Harness kernel

cessfully developed and deployed to validate this approach.on every PVM node:

This paper discusses component framework performance in

the context of Harness-PVM; the design of a PVM emula- ® thetransport plugin providing point-to-point and mul-

tor, capable of substituting the PVM runtime in a manner ticast message passing capabilities;

that is seamless and transparent to legacy PVM application

codes. is described in the next section o thespawner plugingiving the ability to start processes

on remote machines;

4 Design of the Harness PVM Plugin e the notifier plugin tracing DVM events (like node
crashes) and forwarding them to registered listeners;
The architecture of the original PVM system is shown
in the Fig.[2. A virtual machine is constituted by the set of
computational nodes forming a host pool. Every node runs a
dedicated resident process, termedRhvM daemonEach
daemon maintains a local copy ofhast tablecontaining
globally synchronous information about all other daemons
within the PVM. Thus, daemons share global state and com-

muzlget}iﬂdlrecrly vt\{'th gach otner.t' tasksdistributed tion (e.g. based on Myrinet GM17]) may be substituted
appiication 1S a cotiection otasksdistribute without any changes to thgovmdcomponent. Similarly, an

oxer compultagolnatl ;10(_:19}3. Ur;_hkg to:]aemorlm, tasks do ntmextended version of the spawner plugin, capable of down-
share any global state intormation, th€y only communicate loading binaries from the network before starting a process,

with a local daemor_1 that prowd(_as them with a point of con- ill immediately enhance the emulator witlstagingfacil-
tact, message routing, authentication, process control, an(¥[v

: S . y, making it no longer necessary to pre-install executables
fault detection. Through these facilities, application pro- on computing nodes before running an application.

cesses interact with each other to carry out concurrent ac- . :
tivities via distributed memory multiprocessing. Every task The current version of Harness-PVM constitutes a near-
y P 9. y complete equivalent of the PVM 3.4.3 distribution. A full

must be Imked_agalnst VM Ilt_)rarythat_ provides a PVM set of point-to-point and multicast communication routines
access endpoint and communicates with the local daemon

. . . Is supported, along with process control, signaling, and no-
through TCPoraUnix dloma|'n SOC.kEt' Thelink betw.een'the tification functions, and task output redirection features.
library and the daemon is defined in terms of an application-

level communication protocol. This particular design aspect
%pvml

of PVM is especially advantageous in the context of our
TCP ==+

G Harness kernel
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Som] §
& pvml
1
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Figure 2. PVM architecture Figure 3. PVM emulation in Harness

¢ thedatabase pluginproviding simple registration and
lookup functions.

It is important to note that dependencies between these
plugins are soft, and purely interface-based. For instance,
consider the transport plugin. For our tests, we use the
TCP/IP-based realization; however, another implementa-

o (]
PVM task g N

PVM library L D
PVM daemon -




Missing functionality includes lack of support for Unix do- very easily. Good performance was also demonstrated by
main sockets (thus requiring that the PVM library be com- PVM with the direct route option, that allows the two tasks
piled with theNOUNIXDOMag), dynamic process groups, to bypass daemons and perform communication through a
tracing, and logging. This missing functionality typically direct TCP socket. Enabling default routing (via daemons
affects only PVM tools likexpvm which therefore cannot  on the sending and receiving nodes) limited PVM through-
yet be used with the Harness-PVM emulator; we expect thisput to about 4.7 MB/s, regardless of the socket type used for
support to be provided in the near future. Most other ap- library-daemon communication. All test cases showed little
plications run seamlessly, even if they use advanced PVMor no dependence on the number of CPUs user per node.
functions, as for instance does the original PVM console  While most of the measurements were as expected, the

program. results for the Harness-PVM plugin in the default-routing
mode were surprising — the throughput peaks at 7 MB/s
5 Performance Results (47% improvement over PVM) in uni-CPU mode, and as

much as 10 MB/s (110% improvement over PVM) in dual-
Design, implementation, and engineering details regard-CPU mode (note that in direct route mode, the emulator ex-

ing the Harness-PVM system are presented elsewhére [16]actly matche_s th_e performance of direct-routing PVM since
in this paper we focus on the performance implications of & communication bypasses daemons completely). The
emulating PVM via component-based frameworks written causes for this surprising speedup are_twofold. First, the
in Java. Our performance tests consisted of a series of runél’CP.pro'tocol .that our emulator uses for mter—dagmpn com-
of various PVM applications that were executed using the Munication (via the Harness TCP transport plugin) is much

Harness-PVM emulator as well as the original PVM system better suited to handle uni-directional streams of data than
(for both Unix domain and TCP socket versions). Applica- € UDP protocol used by the original PVM. TCP provides

tions include simple throughput and latency tests, a matrix °fdering and reliability guarantees directly on top of IP,
multiplication benchmark, and the set of five kernels from Whereas PVM has to provide the same over UDP. Second,

the NAS Parallel Benchmarks suite (NPB)I[18, 23]. modern versions of Java Virtual Machines (including the
The runtime platform consisted of a local network of 16 SPK/JRE used in our experiments) are able to perform ag-

Sun Blade 1000 workstations running 64-bit Solaris 8, each gressive_ run-time optimizations, mostly unavailable to static
equipped with two UltraSPARC-IIl 750 MHz CPUs, a 150 C compilers, and are able to take full advantage of par-
MHz system clock, 1GB of RAM, and a Fast Ethernet net- ticular run-time platform charactgrlstms [19, 29] —in th|s
work adapter. All executable and data files were installed on©ase, a powerful SPARC-III ar.chlitecture, 64-bit operating
a shared NFS filesystem and the machines were exclusivelypYStem and large memory] It is important to note that
dedicated to the benchmarks. To minimize standard error,t® UIraSPARC-III processors that we used are designed
tests were repeated in three series consisting of 2 to 5 rundVith efficient Java support in mind-]21], and that the Sun
of every benchmark. We performed all tests for the normal, 10tSPot JVM is especially well optimized for these pro-
dual-CPU configuration, as well as for a single-CPU con- cessors([19]. The difference in Harness-PVM performance

figuration (with one CPU disabled on every host). The Java P&tween uni- and dual-CPU modes can be explained by the
platform used was Java 2 Standard Edition, version 1.4 omultithreaded nature of the emulator that exploits the JVM
beta 3 for Solaris/SPARC. allocation of workload more evenly between both proces-

sors. In contrast, PVM is single-threaded by design (it per-
forms context-switching internally within a single process)
and the daemons cannot benefit from additional CPUs.

To measure latency, we performed a series of 100,000

directional stream of messages between two distinct nodesPing-Pong tests. The results are shown in Figure 5. Not
32 MB of data was being sent in every case except for PVM surprisingly, the smallest latency of about 0.1 ms was asso-

runs with small messages (256 bytes or less). In those caseé:,iated with direct TCP communication. PVM direct route

the total number of messages was limite@1bin order to communication ranked second, adding about 0.05 ms to the

obtain reasonable execution times. The results are showPUr€ TCP overhead. Unix domain- and TCP-based PVM
in figures[4ta) an@4) for uni-CPU and dual-CPU config- routing exhibited latencies of about 0.27 and 0.3 ms, re-
urations, respectively. We measured the throughput of purespectively. These measurements are reasonable considering
TCP transfer for C and Java, the throughput of three differ- that they include the accumulated latency of three store and
ent PVM configurations (direct route, Unix domain sock-
ets, and TCP sockets), and finally, the Harness-PVM. As LIn fact, our earlier results for SPARC-Il and Linux/x86 with a smaller

' . S . Y, L . : amount of RAM was less spectacular, showing a 10-20% performance
can be seen in the figures, direct communication via a TCPgyerheacof the Harness-PVM emulator as compared against PVM in the
link was able to saturate the maximum 100Mbps bandwidth uni-CPU mode.

5.1 Simple experiments

The throughput tests involved transmitting a uni-




forward stages (socket transfers) through which the packetthe differences in performance between PVM and Harness-
is routed. Finally, the Harness-PVM emulator exhibited PVM were only caused by communication differences, with
the largest latency of 0.55 ms / 0.48 ms for uni- and dual- computation time remaining essentially constant. This is
CPU modes, respectively, which is a 75% / 55% overheadnot surprising, since the same application codes were in
in comparison to PVM with default TCP routin§. use. As mentioned earlier and as expected, Harness-PVM
In dedicated parallel computers and homogeneous mul-tended to exhibit better performance in throughput-bound
tiprocessors like the IBM SP3, this increased latency would benchmarks, as well as more significant improvement in
likely affect application performance to a noticeable degree. dual-CPU mode over the uni-CPU mode. This is consistent
However, in general-purpose clusters and distributed envi-with the results shown in the previous section suggesting
ronments, nodes are never in lock-step due to uneven systhat throughput of Harness-PVM is better than that of PVM
tem loads and variations in network delays. This fact sub- whereas the latency is worse, and that both of these param-
stantially alleviates the impact of increased latency on ap-eters improve in the dual-CPU mode for Harness-PVM, but
plication performance. Nonetheless, these ambivalent dif-not as much for native PVM.
ferences in throughput and latency between the emulator The EP kernel executes multiple iterations of a loop in
and native PVM can actually be noticed in the remainder of which a pair of random numbers are generated and tested
the results, with Harness-PVM gaining the edge over PVM for if they satisfy a specific condition, and falls into the cate-
in throughput-critical applications, and vice-versa. gory ofembarassingly paralletodes. The results shown in
We are currently working on the improvements to the Figure[} are therefore not surprising, showing linear scala-
Harness-PVM implementation to reduce the latency over- bility and marginal dependencies on the underlying runtime
head, and we expect to be able to present better results in thenvironment.
future. For instance, we have identified at least one thread  The CG kernel, shown in Figuig 8, uses gradient meth-

context switch during the message dispatch that could po-pgs to find an eigenvalue of a sparse matrix with a random
tentially be avoided. However, even despite this issue OUrpattern of nonzeros. It is characterized by long-distance,
current implementation yields competitive performance re- ynstructured communication patterns. As the results sug-
sults, as will be shown in the remainder of this paper. gest, the scalability of this problem is particularly poor and
The matrix multiplication tests, illustrated in Figufe 6, the communication load rapidly increases with the number
involved multiplying two 1200x1200 matrices using the of nodes, exceeding 80% of the total time. The emulator
pipe-multiply-roll algorithm that adapted a simple block ap- slightly outperformed PVM (up to 14%) in this test in all

proach for multiplication of local submatricBsThese tests  cases in dual-CPU mode. In the uni-CPU mode, PVM was
showed little dependence on the underlying runtime envi- marginally faster on 9 and 16 nodes.

ronment, and any differences are within the standard error Results for the FT benchmark. which solves a 3-
range; the closeness of the results can be explained by th%Iimensional partial differential equation using FFT, are

relgtively low communication volume involved in this ex- shown in the Figurg 9. Sizes of messages exchanged in this
periment. test are especially large, thereby exploiting the improved
throughput of Harness-PVM, resulting in significantly bet-
ter results and up to 21% performance improvement over

i i PVM. In this test, Harness-PVM outperformed PVM it in
Experimental results for all five NAS kernel benchmarks | -4qes except the 2-node uni-CPU run in which the num-

are shown in Figure§ 7 foJ11. Each graph shows the totalberS are almost equal.
execution time in seconds as reported directly by the bench-
mark code. For all kernels except EP, the total communica-
tion time is also shown by the solid horizontal line drawn

within the appropriate result bar. The bottom part of the bar ~ . . o .
. . grid. Highly structured communication patterns in MG re-
(from the X-axis up to the level of that line) represents com- . . L .
N . . sulted in relatively low communication overhead and little
munication time, and the remainder of the bar represents

S ) variance among the different runtime environments; how-
computation time. All NAS kernels were executed with data . :
s . ever, the Harness-PVM emulator introduced a constant time
size “A’ (adequate for moderately powerful workstations),

overhead of about 4-5 seconds per run regardless of the
that allowed us to perform tests even on a small number of o :
: . ) . number of nodes the application was running on, most
computing nodes, including a single node. In most cases,. e
likely as a result of process initialization overheads that are
20f course, Harness-PVM can also work in the direct route mode, being further investigated.

matching the throughput and latency results of direct routed PVM. Finally, figure[IL depicts the results of the IS bench-
3 the use of a naive triple-nested loop would result in confusing super- Y, 19 P

linear speedup on 4 nodes as compared to 1 node, due to very poor utilizaMark that_invf)lve_s So_rting overa Iarge array of integer keys.
tion of the CPU cache in the 1-node case. Communication in this benchmark is very frequent and rela-

5.2 NAS kernel benchmarks

Figure [ID displays the results of the MG benchmark
that executes 4 iterations of the multigrid algorithm to
solve the discrete Poisson problem on a three-dimensional
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Figure 9. NAS FT benchmark results, solv-
ing 3-D partial differential equation using
FFT on 256x256x128 grid.
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Figure 8. NAS CG benchmark results, solv-
ing an unstructured square linear system
with matrix size 14000 in 15 iterations.
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Figure 10. NAS MG benchmark results,
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mesh in 4 iterations.
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Figure 11. NAS Integer Sort benchmark re-
sults, sorting 223 keys in range [0..21°].
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