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Abstract

With the rapidly increasing diversity of parallel architec-
tures and the increasing time and labor for developing par-
allel applications, the performance portability of parallel
programs is becoming increasingly important and should
be considered when designing parallel execution models,
APIs, and runtime system software. This paper analyzes
both code portability and performance portability of paral-
lel programs based on the EARTH model — an event-driven
fine-grain multi-threaded execution and architecture model.
We discuss several design considerations of the EARTH sys-
tem that contribute to the performance portability of paral-
lel applications. Experiments of four representative bench-
marks are conducted on several different parallel architec-
tures, including two clusters listed in the 23rd supercom-
puter TOP500 list. The results demonstrate that EARTH
based programs can achieve robust performance portabil-
ity across the selected hardware platforms without any code
madification or tuning.

1. Introduction

Given recent technological advances in building paral-
lel computing systems, it is now easier and cheaper for en-
gineers and scientists to get access to high aggregate per-
formance parallel systems, such as large clusters, SMP ma-
chines, and SMP clusters. On the other hand, with all the
computation resources available, current developments of
parallel applications often fail to deliver portable perfor-
mance across different parallel systems. While the design
and implementation of parallel applications normally focus
on run-time execution performance, experience shows that
the time required for developing parallel programs exceeds
the execution time by many orders of magnitude. Thus it
is very important to ensure that parallel programs are both
code portable and performance portable to various parallel
machines.

Another term for code portability is compiling portabil-
ity [16]. It means that the code of parallel applications tar-
geted to one platform can also be recompiled and executed
correctly when ported to different hardware platforms. This
is generally true for parallel programming tools available to-
day.

However, adequate performance portability to various
platforms is seldom achieved. Performance portability re-
quires that a parallel program achieves good performance
on all the platforms without code modification. More specif-
ically, performance portability tries to address the follow-
ing problem: “If one parallel implementation of one appli-
cation already achieves good performance on one platform,
can this implementation also achieve same or similar per-
formance on other platforms?” It is obvious that the code
portability is the prerequisite of performance portability.

Application developers are the customers of parallel pro-
gramming tools and definitely wish to achieve both code
portability and performance portability of the developed
parallel programs based on the following reasons. Firstly,
we hope that upgrading to new hardware can increase ap-
plication performance proportional to the increase hard-
ware performance. Secondly, we hope that the same paral-
lel program can achieve the same or similar performance
on all types of widely available supercomputers, such as
uni-processor clusters, SMP machines and SMP clusters.
Thirdly, we hope that the performance of applications de-
veloped and tuned with a small number of processors can
scale well with a large number of processors.

One reason why it is difficult to achieve performance
portability is that there is usually a performance tuning
phase for the development of parallel programs [8]. Dur-
ing the costly tuning phase, parallel programs are always
optimized for specific platforms via timing profiling and
feedback. This normally results in good performance on the
targeted platform; however, the performance on other plat-
forms may not be so good due to the diversity of parallel ar-
chitectures. That is, performance portability can not always
be guaranteed.

EARTH (Efficient Architecture for Running THreads)



execution model [21] is an adaptive, robust, event-driven
multi-threaded execution model with dynamic load bal-
ancing support mechanism. The current implementation of
EARTH runs on top of parallel machines built with off-
the-shelf microprocessors, and takes advantage of fine-grain
multithreading to efficiently overlap communication and
computation. Experience [22, 10, 25, 6] shows that par-
allel programs based on the EARTH execution model can
achieve good performance on various platforms.

This paper is the first attempt to analyze both code porta-
bility and the performance portability of the EARTH model.
We will demonstrate that EARTH programs are portable
in the sense of both code and performance portability with
the support of a newly developed EARTH Runtime System
(RTS) 2.5 across several widely used parallel architectures
— uniprocessor clusters, SMP machines, and SMP clusters.
The rest of this paper is organized as follows. In Section 2,
the EARTH model and runtime system are briefly intro-
duced. In Section 3, we analyze how EARTH based paral-
lel programs achieve both code portability and performance
portability. Section 4 shows performance portability of four
representative benchmarks on EARTH. Related work is pre-
sented in Section 5, followed by a conclusion and future
works in Section 6.

2. EARTH modd

EARTH [21] is an event-driven multi-threaded archi-
tecture and execution model. An EARTH computer con-
sists of a set of EARTH nodes connected by a communi-
cations network. As shown in fig 1, each EARTH node con-
sists of an Execution Unit (EU) and a Synchronization Unit
(SU) linked to each other by queues. The EU executes ac-
tive fibers, and the SU handles the synchronization, schedul-
ing of fibers and communication with remote processors.

To assure flexibility and portability, the EARTH model
does not specify a particular instruction set. Instead, ordi-
nary arithmetic and memory operations use whatever in-
structions are native to the processor(s) serving as the EU.
The EARTH model specifies a set of EARTH operations
for synchronization and communication. These operations
are mapped to native EU instructions. To maximize porta-
bility, the EARTH model makes minimal assumptions about
memory addressing and sharing.

The EARTH execution model defines a two-level exe-
cution hierarchy: threaded procedures and fibers. A fiber
is a sequentially executed, non-preemptive, atomically-
scheduled set of instructions. Interacting fibers sharing con-
text are grouped into a bigger unit — threaded procedure.
The parallelism of the EARTH execution model is real-
ized through asynchronous function calls of threaded pro-
cedures. Invoking a threaded procedure results in the con-
current execution of caller and callee. Execution of a mul-
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Figure 1: The EARTH architectures

tithreaded program with concurrent threaded-procedures
invocations leads to dynamic unfolding of the computa-
tion [11].

e ees2 L

ion Module

’ Send Module (SM) ‘

Token Manger
\_ Module (TM) )

‘ Network ‘

Figure 2: Layout of EARTH RTS 2.5

The EARTH architecture executes applications coded in
Threaded-C [23], a multithreaded extension of ANSI-C pro-
gramming language. By incorporating EARTH operations,
Threaded-C can allow the programmer to explicitly indi-
cate the parallelism. Threaded-C is a complete program-
ming language in the sense that it provides constructs that
fully capture the multithreading model and gives the pro-
grammer complete control of thread construction and thread
launching.

The current implementation of the EARTH Execu-
tion Model is EARTH RTS 2.5 [18, 14]. The EARTH
RTS assumes the responsibility to provide an inter-
face between an explicitly multithreaded program and
the underlying hardware platform, which could be ei-
ther a distributed memory or a shared memory system.
The RTS performs thread scheduling, inter-node com-
munication, inter-thread synchronization, global mem-
ory management, and dynamic load balancing. The design



of RTS 2.5 is shown in Fig.2. RTS runs on each ma-
chine which could be either a physical node within a clus-
ter or a whole SMP machine, each of which is implemented
by one POSIX thread. The RTS can be divided into sev-
eral modules. One or more Execution Modules (EM)
are responsible for executing the Threaded-C applica-
tion code. The Sender Module (SM) and the Receive Mod-
ule (RM) perform all of the networking operations. A Token
Manager Module is dedicated to the dynamic load balanc-
ing. All modules communicate through the queues shown
in Fig. 2.

3. Portability of EARTH program

From our experiences, once a parallel program based
on the EARTH program execution model (PXM) is devel-
oped and tuned on one specific platform with notable per-
formance, it is expected that both code portability and per-
formance portability can be achieved on various platforms.
In this section, we will analyze how code portability across
various platforms is achieved for EARTH programs. Then,
we will explain several design considerations of the EARTH
Model and the runtime system, which guarantee the perfor-
mance portability of EARTH based parallel programs.

3.1. Codeportability of EARTH programs

The code portability of an EARTH program is ensured
by several features of the EARTH Virtual Machine [21],
which is defined based on the EARTH PXM and is the basis
on which the EARTH RTS is implemented. It specifies the
interface between the programmer/compiler and the hard-
ware. The goal of the EVM is “to define a common set of
operations in sufficient detail to permit both multiple hard-
ware platforms and multiple high-level languages to be de-
signed around this set” [21].

3.1.1. EVM memory address space model The design
of the EVM-A (an EVM based on Addresses ) is based on
the global address space because the most intuitive way to
reference memory locations globally is to extend the con-
cept of the local memory address to the global address.

For cluster machines, memory is not physically shared
by all the computing nodes. Accordingly, in the EVM-A
model, each node has its own memory space, which is di-
vided into two parts: replicated address space and non-
replicated address space. The replicated space must be
identical on all nodes. A copy of the executable used by the
EARTH program is placed at the same address (base ad-
dress) in the replicated space on each physical node. This
ensures that any identical addresses (branches, sequential
function calls, threaded procedures, fibers and static data
structures) in the executable will refer to the identical code
or data structure on every node. The dynamically allocated

objects, stacks, and frames which hold the contexts of the
instances of the threaded procedures are put in the non-
replicated space. The global address is defined as the com-
bination of the node id and the local address on that node in
order to make the memory location in the non-replicated
space accessible by a remote node. EVM-A requires all
global address accesses to be handled by defined EARTH
operators, instead of direct load and store instructions.

For SMP machines, the memory space is shared by all
processors. There is only one copy of the executable in
this space. Theoretically, the processor is able to access any
memory location in the memory space. However the EVM-
A still requires the memory accesses to other threaded pro-
cedures’ frames and heaps to be handled by the defined
EARTH operators in order to ensure portability.

Therefore using EARTH operators implemented prop-
erly in RTS to handle the memory address is an important
feature to ensure portability on both clusters and SMP ma-
chines. In the EARTH RTS, a “node id” in Threaded-C is a
unique identifier of an Execution Module (EM) in the RTS.
When a global address is passed to RTS, the RTS extracts
both the identity of the node and the local address on that
node. The RTS will then determine whether the node is lo-
cal or remote and perform all necessary corresponding op-
erations.

In summary, the EARTH model provides application de-
velopers a consistent way of global address accessing on
different platforms. The address space is smoothly extended
from a single-CPU machine to a cluster and from an SMP
machine to an SMP cluster, thus making the EARTH pro-
gram code portable to various platforms. The Threaded-
C [23] programmers do not need to know the underlying
platform. Instead, they only need to know that a number of
nodes are available for running the threaded procedures and
fibers.

3.1.2. EVM-A thread model The EVM-A thread model
is defined based on the EVM-A memory model. Design is-
sues of the thread model include threaded procedure invo-
cation and thread synchronization. The code for a threaded
procedure is stored at the same address in the replicated
space of each physical node, which means the procedure
can be invoked on a remote machine by a globally uni-
formed reference. In addition, specific EARTH operators
are used to increase or decrease the count of the sync
slots for a threaded procedure synchronizing with another
threaded procedure. A reference to another procedure’s
sync slots is also through global address, which will be
transparently handled by the RTS.

It can be seen that threaded procedure invocation, and in-
ter procedure synchronization can be coded in one consis-
tent way, no matter what underlying platforms are used. The
RTS is responsible for the correctness of all those EARTH
operations on different platforms. Differences among vari-



ous platforms are handled by the EVM-A thread model and
thus hidden from the users.

In summary, the code portability of EARTH is mainly
guaranteed by the successfully defined EARTH EVM-A
and the corresponding implementation of the EARTH RTS.

3.2. Performance portability of EARTH program

Once code portability is guaranteed, the next issue is
whether the performance is portable to various platforms.
We try to address this issue from the perspective of sev-
eral implementation considerations of the EARTH EVM —
the EARTH RTS.

In this section, we will first review the main features of
the RTS itself and demonstrate that it can handle commu-
nication and computation efficiently by overlapping com-
munication and computation whenever possible. Then, we
will discuss two types of applications: low communication
applications and communication intensive applications. Fi-
nally we will explain why they are portable to various plat-
forms.

3.2.1. Communication and computation of RTS The
design of the EARTH RTS 2.5 is tailored to achieve portable
performance on various platforms — uni-processor clusters,
single SMP machines, and SMP clusters.

In the RTS, the computations are handled by the
EM. Each EM corresponds to one conceptual node in a
Threaded-C program. The RTS is responsible for creat-
ing EMs on different machines, which is transparent to
the programmer. EMs are fed with EVM threaded proce-
dures and fibers to be kept busy. When running on SMP
nodes, multiple EMs are allowed to be created. Keep-
ing EMs usefully busy is, indeed, the key feature of the
event-driven multithreaded EARTH PXM, which has led
to robust performance as long as there is plenty of paral-
lelism. It is worth noting that the parallelism of the appli-
cation can be explicitly specified by the Threaded-C pro-
gram. In RTS 2.5, the EM will never yield the CPU by
itself; instead, it always tries to find and execute new en-
abled fibers from its ready queue. Thus EM can quickly
respond to the new ready fibers although it may also per-
form some EARTH operations.

The communications are handled by the RM and the
SM. All remote procedure invocations, remote memory ac-
cesses, and remote synchronizations requested by the EMs
are handled by the RM and SM. When no such requests ex-
ist, the RM and SM yield CPU resources. Therefore, EMs
can get better chance to occupy the CPU as much as possi-
ble. When network a 1/0 requests happen, the RM and SM
will be woken up by the OS. They will handle the requests
immediately and go to sleep again. So, the computation and
communication within one node is well overlapped.

In conclusion, the available parallelism represented by
threaded procedures and fibers keep the EMs as busy as pos-
sible, while communication requests are quickly responded
to by the network modules. The RTS tolerates a relatively
large range of communication latency as long as the com-
municated data can arrive in a timely manner to keep the
EM busy. This is the fundamental reason that the Threaded-
C program can work similarly well on various platforms.

3.2.2. Performance portability of two types of applica-
tion programs A high computation and low communica-
tion application coded with Threaded-C has good perfor-
mance portability due to the following reasons. From the
fact that satisfying performance is already shown on one
platform, it can be concluded that this particular Threaded-
C program is well coded and there is enough parallelism
available. Because the amount of communication is rela-
tively small compared to computation in this type of appli-
cation, there is no significant difference when running on
different platforms.

For a communication intensive application, achiev-
ing scalable performance is a big challenge for any
parallel program execution model. Normally, a lot of cod-
ing/profiling/tuning work is involved to achieve an efficient
implementation. The performance of an EARTH based ap-
plication is portable from cluster to SMP machines due to
the following reasons.

Firstly, since EARTH PXM is an event-driven, dataflow-
like programming model and the Threaded-C program can
be described by a dataflow-like graph, the EARTH EVM
has the same inter-procedure communication patterns for all
platforms.

Secondly, with the same communication pattern, the
main difference among various platforms is the communi-
cation latency. For a cluster machines, the communication
is done by a network and normally has long latencies, while
for SMP machines, the communication is done through di-
rect memory transactions with smaller latencies. As stated
previously, the EARTH RTS can tolerate a relatively large
range of communication latencies and maintain good per-
formance. Also the Threaded-C programmer can explicitly
overlap communication and computation by making use of
the two level thread hierarchy of the EARTH PXM. There-
fore, the latency difference across platforms will not have
much impact on the performance of the well developed
EARTH based programs. The CG [6] implementation is one
such example.

Thirdly, the Threaded-C program does not use mutual
exclusion to perform synchronizations since excessive mu-
tual exclusions are usually the performance killers on paral-
lel applications for other parallel APIs targeted specifically
for SMP. Therefore, the performance of a communication
intensive EARTH program is portable from a cluster to an
SMP machine In the future, by integrating state-of-the-art



Table 1: Experiment platforms

| Name | Location | Machine Type | Processor type | #0f CPUs | Memory per node | Network
Earthquake UDel @ cluster PIll 500MHz 16 x 1 pernode | 256M 100T Ethernet
Comet UDe SMP cluster AMD Athlon 1.4G | 18 x 2 per node | 512M 100T Ethernet
ChibaCity [3] || ANLP SMP cluster PIll 500MHz 256 x 2 per node | 512M Gigahit Ethernet
JAZZ [2] ANL cluster Xeon 2.4GHz 175 x 1 per node | 2G Gigabit Ethernet
Biowolf UDel SMP cluster Xeon 2.8GHz 128 x 2 per node | 2G Gigabit Ethernet
DNA-RNA1 UDel Sunfi re 4800 SMP | Sparc 750MHz 12 24G (total) N/A

a UDd = University of Delaware

b ANL = Argonne National Laboratory

high performance networking to the EARTH RTS, we can get system as:

expect that the performance is also portable from SMP ma- .

i S
chines to clusters. Pf’(b —t) = S_ré % 100% 1)
n

3.2.3. Portability of dynamic load balancing One im-
portant feature and advantage of EARTH PXM is the sup-
port of dynamic load balancing. In the case of dynamic load
balancing, the work load balancing is determined at run-
time by the RTS, the same load balancing algorithm is used
for all platforms. Therefore the performance is still portable
when the communication latency is small enough. To im-
plement an efficient and performance portable dynamic load
balancing algorithm in RTS itself is an important research
topic.

Up to this point, we can see that one of the great prop-
erties of the EARTH Execution Model is that the same pro-
gram can be portable to various platforms without any mod-
ification and still maintain the same or similar performance.

4. Experiments

In this section, we will first introduce a new metric of the
performance portability and the detailed specifications of
the experimental platforms. Then we will report the perfor-
mance portability results, observations, and detailed analy-
sis for four representative benchmarks.

4.1. Metric of performance portability

Normally, a parallel program is developed and the per-
formance is tuned based on a specific system or platform,
which we denote as the base system. Programs with good
code portability can be ported without code modification
and further performance tuning to a new system, which we
denote as the target system. Given a parallel program &
developed on the base system, let SZ denote the absolute
speedup achieved by & on n computing nodes of the base
system, and S denote the absolute speedup achieved by &2
on n computing nodes of the target system. Define the per-
formance portability (P2’ (b — t)) on n computing nodes
for porting the program &2 from the base system to the tar-

To simplify the notation, we use P, to denote P.Z’ (b — t),
knowing that the program &7 , the base system and the tar-
get system can be easily figured out from the context. In the
following subsections, we will use this new metric to eval-
uate the performance portability of EARTH programs.

4.2. Computational platforms

Experiment platforms are listed in Table 1. The JAZZ
cluster [2] in Argonne National Laboratory is ranked 235
among the 23rd TOP500 [1] list, while the Biowolf in Univ.
of Delaware is ranked 452.

4.3. Performance portability of EARTH-based
programs

Four representative benchmarks are used to ver-
ify the performance portability of parallel programs coded
by Threaded-C targeted to EARTH.

4.3.1. Travelingsalesman problem The Traveling Sales-
man Problem (TSP) is a graph-theoretic problem. It tries
to find the Hamiltonian cycle with the least weight in a
weighted graph. The implementation of TSP on EARTH
uses a divide-and-conquer approach to enumerate all the
possible routes and returns the one with the least weight.
All the recursive function calls are generated as TOKENS,
which are distributed at runtime to different processors by
the dynamic load balancer of the EARTH RTS and executed
in parallel.

In our experiment, the base system for developing the
parallel TSP is the Earthquake. Figure 3(a) plots the per-
formance portability curve of the EARTH implementation
of TSP on different platforms. When the program is ported
from a uni-processor cluster (Earthquake) to an SMP clus-
ter (Comet), and an SMP machine (DNA-RNAL), perfor-
mance portability reaches more than 100% for most cases,
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Figure 3: Performance portability of (a) TSP; (b) CG; (c) ATGC; (d) Scalability of ATGC; (€) Performance portability
of HMMPFAM; (f) Scalability of HMMPFAM on large-scale clusters

notwithstanding the diversity of underlying hardware plat-
forms. The TSP benchmark demonstrates that the perfor-
mance of an EARTH based program with dynamic load bal-
ancing is portable to various parallel architectures.

4.3.2. Conjugate gradient problem Conjugate Gradient
(CG) is one of the most widely used iterative algorithms
to solve large sparse linear systems of equations. The CG
program is both computation and communication intensive.
The EARTH based implementation of CG [6] tries to reach
the balances between the inter-phase and intra-phase com-
munication costs and minimizes the overall communication
costs by using a two-dimensional blocking method. Tak-
ing advantage of EARTH’s adaptive, event-driven multi-
threaded execution model, communication and computation
can be well overlapped.

In our experiment, the base system for developing CG on
EARTH is the Comet. Scalability results of CG on a large
cluster are demonstrated in [6].

Two performance portability curves are plotted in
Fig. 3(b) for porting CG of problem size B (75000) to an-
other cluster (Chiba City) and an SMP machine (DNA-
RNA1).

There are several observations: first of all, the EARTH
implementation of CG is originally targeted to clusters (for
instance, Comet), which explains why almost 100% perfor-

mance portability is achieved when the program is ported
from Comet to Chiba City. Secondly, super-linear speedup
is achieved on an SMP machine DNA-RNA1, and the per-
formance portability is more than 150% on 4 or 9 CPUs.
The reason is that the execution of CG will generate large
amounts of memory transactions/network communications.
With the increase of number of processor, the available
memory bandwidth is increased proportionally on paral-
lel machines, which will result in the super linear speedup.
However, when running on a cluster, the long latency of the
network somehow cancels out this advantage. Another ad-
vantage of the DNA-RNAL is that its Ultrasparc Il pro-
cessor, has much larger L1 and L2 caches than the Pen-
tium 111 processor of Chiba City cluster and Athlon proces-
sor of COMET cluster, thus CG has much better cache per-
formance on DNA-RNA1 than on clusters. The results in
[6] also show that the EARTH implementation of CG can
achieve scalable and portable performance on a large num-
ber of computation nodes. For example, the EARTH im-
plementation of CG achieves a speedup of 41 on 64 nodes
on Chiba City for problem size C (150000), while the NAS
MPI-based version [5] only gets 13. Therefore, we can see
that the communication intensive applications on EARTH,
such as CG, can also maintain performance portability from
a cluster to an SMP machine.



4.3.3. Another tool for genome comparison An-
other Tool for Genome Comparison (ATGC) [10] is a
biological sequence alignment tool using the dynamic pro-
gramming algorithm. The multithreaded implementation
based on EARTH constructs the similarity matrix from in-
put sequences, and then divides the matrix into strips and
further divided into rectangular blocks. Each strip is as-
signed to a computing node. In order to overlap communi-
cation and computation, blocks on a strip are calculated in
parallel by EARTH fibers.

The base system for developing and tuning ATGC is
the Earthquake, on which the ATGC EARTH implemen-
tation can achieve a speedup of 11 with 12 CPUs. Fig-
ure 3(c) shows that acceptable performance portability is
also achieved on Comet (more than 110%) and DNA-RNA1
(more than 80%) when the program is ported from Earth-
quake. One reason for ATGC to achieve better performance
on COMET is that Comet has the largest CPU rate / net-
work latency ratio among three platforms. Fig. 3(d) shows
that the EARTH based parallel implementation of ATGC
using the EARTH Execution model scales very well and
that performance of ATGC is portable when running on a
large number of computation nodes. The execution time is
reduced from 324 seconds to 7 seconds with 64 nodes.

4.3.4. Paralld HMMPFAM HMMPFAM [4] is a widely
used tool for searching a single sequence against an HMM
database. The EARTH implementation [25] of HMMPFAM
using the dynamic load balancing approach is firstly de-
signed as a cluster based solution, which demonstrates near
linear speedup on Chiba City and JAZZ with more than two
hundred processors.

We originally developed and tuned the parallel HMMP-
FAM on Comet, which is the base system to evaluate the
performance portability of HMMPFAM on EARTH. Fig-
ure 3(e) shows the performance portability results of the
HMMPFAM based on EARTH. We can see that programs
originally developed on a cluster also has good performance
on SMP machines. We also compare the speedup curves
achieved by Hmmpfam on three large-scale clusters: Chiba
City, JAZZ and Biowolf. The JAZZ is a uni-processor clus-
ter, while the Chiba City and Biowolf are SMP clusters.
Fig. 3(f) shows that even executed with a large number of
processors, the program is still performance portable to su-
percomputers with diverse organizations.

4.35. Main observations The experiment results of
four representative benchmarks demonstrate the perfor-
mance portability of different kinds of applications on
EARTH: 1) computation intensive applications, such as
TSP, ATGC, and HMMPFAM; 2) communication inten-
sive applications, such as CG; 3) applications with load bal-
ancing challenges, such as TSP, and HMMPFAM; 4) em-
barrassingly parallel applications, such as HMMPFAM.

All of them achieved greater than 80% performance porta-
bility on various parallel machines, which proves that
parallel programs based on the EARTH model have per-
formance portability across various hardware platforms
without any further code modification and tuning.

5. Related works

A number of other projects have addressed the code
and performance portability of other popular parallel APls
(e.g.,MPI (Message-Passing Interface), PVM (Parallel Vir-
tual Machine) and OpenMP).

MPI has become an industrial standard for developing
parallel applications, especially on clusters. Recently, with
the prevalence of the SMP clusters, a lot of work has been
conducted to improve MPI to support SMP clusters in order
to get the portability for current parallel applications imple-
mented by MPI: 1) the MPICH [9] developed by Argonne
National Laboratory 2) Hong Tang and Tao Yang’s work —
TMPI [20], and 3) MPICH-PM/CLUMP for SMP clusters
by Tokahashi and his colleagues [19].

PVM is another widely used parallel API for clus-
ters. Various groups have taken efforts to achieve effi-
cient PVM implementation on SMP machines. These
works generate different variations of PVM includ-
ing 1) PM-PVM (Portable Multithreaded PVM) [17], 2)
LPVM (lightweight-process PVM) [24], and 3) TPVM [7].

OpenMP is the most widely acceptable API for paral-
lelizing applications on multiprocessors. There are many ef-
forts to make OpenMP programs portable to platforms other
than shared memory systems: 1) the first OpenMP system
implementation on a network of SMPs by Lu et al. [13],
2) ParADE [12], an OpenMP programming environment
for a cluster of SMPs on top of the multithreaded, soft-
ware distributed, shared memory system (SW-DSM), and 3)
“cluster-enabled” OpenMP compiler by Ojima et al. [15].

6. Conclusions and future work

This paper analyzes code portability and performance
portability of parallel programs based on the EARTH ex-
ecution model. We concluded that the code and perfor-
mance portability of EARTH programs is ensured with the
event-driven, fine-grain, multithreaded execution model, the
design of the EARTH virtual machine, and the efficient
implementation of the EARTH RTS. Four representative
EARTH based applications are executed on various plat-
forms, including two clusters listed in the 23rd supercom-
puter TOP500 list. The experimental results demonstrated
that the performance of EARTH programs are portable on
various parallel platforms. This paper opens an interesting
topic for future research and development on parallel pro-
gramming tools. In the future, we will port more applica-



tions, especially irregular to the EARTH model and exam-
ine their performance portability via detailed profiling on
different platforms.
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