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Abstract

In this paper, we describe the hardware and software architecture of the Red Storm
system developed at Sandia National Laboratories. We discuss the evolution of this
architecture and provide reasons for the different choices that have been made. We
contrast our approach of leveraging high-volume, mass-market commodity processors to
that taken for the Earth Simulator. We present a comparison of benchmarks and
application performance that support our approach. We also project the performance of
Red Storm and the Earth simulator. This projection indicates that the Red Storm
architecture is a much more cost-effective approach to massively parallel computing.

1. Introduction

In the early 1980’s the performance of commodity microprocessors reached a level that
made it feasible to consider aggregating large numbers of them into a massively parallel
processing (MPP) computer intended to compete in performance with traditional vector
supercomputers based on moderate numbers of custom processors.

One basic argument for the commodity MPP approach was that its building blocks had
very high performance relative to their price because they benefited from economies of
scale driven by a consumer market that was huge in comparison to the niche market for
specialized, high-end scientific supercomputers. Another argument was that it was
becoming increasingly difficult to extract higher performance from a small number of
vector units because this required higher clock rates and faster logic, and these in turn
compounded the cooling problem. The solution, it was argued, was to distribute the
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computation spatially across a larger number of slower but cheaper and more easily
cooled microprocessors.

The primary counter arguments were that it was conceptually difficult and economically
infeasible to rewrite complex scientific and engineering applications to execute on MPP
machines because they used a different computational paradigm, that of distributed
memory and message passing. And furthermore, it was claimed, doing so would not bring
the benefits sought because, in practice, customized vector processors could deliver a
substantially higher fraction of peak performance, and that this more than compensated
for the supposed price advantage of the commodity microprocessors.

Amidst vigorous debate on these issues, the commodity MPP research and development
agenda was pursued aggressively at laboratories in the United States (US) and Europe in
the ensuing decade. By the mid 1990’s the commodity MPP approach was very well
established, and had become the dominant philosophical approach within the Department
the Energy (DOE), one of the few leading consumers of supercomputing within the US
government and, indeed, the world. Hence, DOE’s Accelerated Strategic Computing
Initiative (ASCI) selected machines based on the commodity MPP model for its major
procurements. Sandia National Laboratories’ ASCI Red [1] was the first such machine,
and the Red Storm system, currently under construction by Cray Inc. is the fifth and latest
such machine.

It seemed that, in practice, the debate had been settled within the DOE and that more
broadly, a fairly stable détente had been reached: Certain technical communities preferred
and had more success with the traditional vector approach, in particular the climate
modeling community and portions of the intelligence community. The traditional
engineering community, which relied primarily on finite element and finite difference
methods, had largely gravitated to the commodity MPP approach at the high end, and was
becoming enamored of its offspring, the commodity-based Linux cluster, for mid-range
computing.

The advent of the Earth Simulator [2] has dramatically reinvigorated this debate.
Impressive results have been reported on at least three problems of long-standing
scientific interest: direct numerical simulation of turbulence [3], modeling of Rayleigh-
Taylor instability in plasma [4], and climate modeling via a spectral atmospheric general
circulation model [5]. These applications ran at between 37% and 65% of the Earth
Simulator’s theoretical peak performance of 40 trillion floating-point operations per
second (teraFLOPS), performance far in excess in both relative and absolute terms of any
reported on the most capable commodity-based MPP machines in the world.

We should note immediately that, with over 5000 processors, a purpose-built network, a
large distributed memory, and support for the message-passing paradigm, the Earth
Simulator is surely an MPP machine. Hence the essence of the debate centers around its
use of low-market volume vector processors designed specifically for scientific
computing rather than the more traditional choice for MPPs of high-market volume



super-scalar processors designed for general use. In many respects, therefore, the Earth
Simulator represents a convergence of these two basic approaches.

Our main purpose in this paper is to evaluate the effectiveness of this hybrid approach
with respect to timely, efficient, and economical solution of the engineering problems of
most interest to Sandia. We do so by comparing performance of relevant application
codes on a variant of the vector processor used in the Earth Simulator with that obtained
on a commonly available microprocessor, and applying historical data and modeling
techniques to infer bounds on the performance that would be observed when running
these codes on the Earth Simulator and the Red Storm architecture. The application codes
considered are used widely throughout the DOE and the Department of Defense, and are
representative of codes in which the mainstream computational engineering community
has a strong interest. Hence, we believe this comparison has wider significance.

The rest of this paper is organized as follows. In the following section, we discuss the
evolution of the Red Storm architecture. Section 3 details the Red Storm hardware
architecture, followed in Section 4 by a description of the software architecture. We
provide a brief overview of the Earth Simulator in Section 5. We present a performance
comparison of Red Storm and the Earth Simulator on benchmarks and select applications
in Section 6. Section 7 compares the two platforms using a predictive performance
model, and we conclude in Section 8 with an overview of the important contributions of
this work.

2. Evolution of the Red Storm Architecture

In this section, we discuss the important system architecture issues and characteristics
that influenced our decisions for Red Storm. We present our design philosophy and
emphasize the importance of maintaining a balanced system architecture.

2.1. Overview of Previous and Current High-End Architectures

Today’s supercomputing choices are the product of commodity market competition,
technology evolution, historical hardware and software legacies, and leadership choices
within industry. Initially, all computing was high-end computing. Beginning in the
1950’s with the IBM-7xxx series and Univac-11-xxx series of Von Neumann uni-
processors, up to the first minicomputers, building computers was essentially an
expensive tour-de-force and their purchase could only be justified for the most
compelling scientific and technical problems and commercial applications with the
greatest payoff. This approach to supercomputing led, in the mid-to-late 1960’s, to the
pipelined architectures, typified by the CDC-6600, followed in the 1970’s by the first
vector system, the Cray-1, pioneered by Seymour Cray at Cray Research. This line of
development was extended in the US to include vector multiprocessors, first seen in the
Cray X-MP and extended into the Cray Y-MP, the Cray C-90, the ETA-10, the Cray T-
90, and the IBM 390 series. In Japan, the early models of the NEC SX series of parallel
vector supercomputers (PVPs) exemplified the vector line of development.



The evolution of vector supercomputers led to the addition of special gather-scatter
hardware for non-uniform memory references and to increasing numbers of processors
within a coherent, shared-memory architecture. The most successful vector processors
(e.g. the Cray X-MP, Y-MP, and C-90) were also excellent scalar processors—a fact that
will be drawn out further below. These machines were largely used in a space- and time-
sharing mode and — due to the low efficiency and cumbersome nature of their shared-
memory parallel programming tools — only occasionally used for true multi-processor
parallel execution of jobs. Nevertheless, PVPs were the king of the performance hill until
the early 1990’s.

In the late 1970’s, mini-supercomputers such as the VAX family and the Alliant family
of machines began to provide systems with much lower cost (and lower peak
performance) than the vector supercomputers. These machines shared many of the
programming features and multi-user capabilities of the high-end PVPs. It wasn’t
unusual to have a VAX being used by thirty or more users simultaneously in a time-
sharing mode.

In the early 1980’s, personal computers and workstations evolved out of the
minicomputer marketplace. Rapid advances in CMOS integrated circuits led to the
appearance of computers on a chip, as in the MicroVAX and its Data General
competitors. The minicomputers became personal technical computers with the advent of
Sun Microsystems and Apollo workstations. It was not long thereafter that the first
personal computer (PC) aimed at the business and technical marketplaces arrived.
Personal computers powered by commodity processors from Motorola (68xxx family)
and Intel (80xx family) began to be used for technical endeavors and early on began to
compete with the Sun and Apollo offerings, since their huge cost advantages allowed
them to be deployed much more broadly. By the late 1980’s, technical America largely
ran on Intel-based IBM PCs (although IBM had long ceased to be the sole source for
these machines) or Motorola-based Apple Macintoshes.

PVPs were then dealt a massive blow from which they never truly recovered. First, the
same processor, memory, and board technologies that powered PCs were used to create
massively parallel computers with dozens (Intel iPSC with up to 64 processors), to
hundreds (nCUBE-10 with a maximum of 1024 processors), to thousands (CM-200, CM-
5, nCUBE-2, Intel Delta and Intel Paragon) of commodity or commodity-like processors.
These machines were difficult to program at first, but they were shown quickly to be
capable of consistently high performance across a wide variety of applications. They
were also much cheaper than the PVPs. By the second generation of MPPs, typified by
the Cray T3E and ASCI Red, PVPs were no longer leading edge. They did, however,
show up as a node choice in Japanese MPPs, for example in the NEC SX-4 and in the
Fujitsu VPP-500. Cray Inc. has resurrected PVPs as the node of their current-generation
X-1 MPP, and NEC continues to use them in the SX-6 and Earth Simulator MPPs.

The second big blow to PVVPs came from the development of semi-commodity servers
based on workstation technology: Sun Microsystems, Digital Equipment Corporation



(DEC), Hewlett-Packard (HP), IBM, and Silicon Graphics, Inc. (SGI) all introduced
shared-memory servers based on their various workstation lines. These processors
provided a similar programming and execution environment to PVPs (porting codes was
generally not difficult), and they were within reach of many organizations. Because of
their ability to leverage more commodity technologies, they were much more cost-
effective in many cases than PVPs. In addition — and this was critical in attracting
Independent Software Vendors — codes worked identically on both the workstations and
the servers, producing bit-for-bit the same results without a recompile. By taking
advantage of new super-scalar instructions sets and large caches, these servers were able
to overcome some of the architectural balance advantages of the PVPs.

The next step in high-end computing was the introduction of cluster technologies. This
has proceeded on two fronts: in the first development, beginning in the late 1990’s, IBM,
Compag, and SGI — among others — began creating proprietary clusters using their
shared-memory servers and custom-designed or semi-commodity networks. The 3+
teraFLOPS ASCI Blue Pacific computer system built by IBM for Lawrence Livermore
National Laboratory (LLNL) and the 3+ teraFLOPS ASCI Blue Mountain system built
by SGI for Los Alamos National Laboratory (LANL) were the two largest such clusters
built in the late nineties. They were, respectively, the second and third terascale systems
ever built — the first having been the 1.8 teraFLOPS ASCI Red system, which was an
MPP built by Intel for Sandia. ASCI Red was subsequently upgraded to 3+ teraFLOPS
also. Since then, the 12 teraFLOPS IBM ASCI White machine and the 30 teraFLOPS
Compag ASCI Q machine have been acquired by LLNL and LANL, respectively. The
IBM approach has been to use their own custom multi-level switch fabrics to
interconnect shared-memory nodes based on their Power workstation processors. These
nodes had four processors in the case of Blue Pacific and sixteen processors in the case of
White. SGI utilized its MIPS R10000 processor in non-uniform memory access, 128-
processor shared-memory nodes. They connected their nodes with HIPPI-800 switch
fabrics. (The planned upgrade to HIPPI-6400 was not successful.) For the ASCI Q
machine, Compaq utilizes its ES-45 4-processor shared-memory servers based on the
Alpha EV68 processor. Both IBM and Compagq sold similar terascale systems to a variety
of other customers. Oak Ridge National Laboratory, the Swiss National Computing
Center at Manno, and Lawrence Berkeley National Laboratory purchased IBM systems.
Pittsburgh Supercomputing Center and the Centre de I’Energie Atomique in France
purchased Compag systems.

At the same time, in the mid to late 1990’s and continuing to the present, true commodity
clusters were being built and deployed based on uni-processor or dual-processor nodes
utilizing Compag Alpha or Intel x86 processors. These clusters used mainly semi-
commodity Myrinet [6] interconnects from Myricom; but smaller examples sometimes
were based on gigabit (or slower) Ethernet switch fabrics. In all cases, the system
software was built around the Linux open-source operating system. The first large
clusters — for example the Computational Plant (Cplant™) [7] cluster at Sandia and the
Chiba City [8] cluster at Argonne National Laboratory — developed their own runtime
environments and Input/Output (I/O) file systems. These systems proved extremely
effective at providing supercomputing at the best price-performance characteristics yet



achieved. At Sandia, at least, the programming environment and runtime environment
were closely similar to that provided on MPP machines [9]. The cost of operation and
availability was also similar to experience with MPPs. The first terascale commaodity
cluster was the Alpha processor-based 2500-processor Cplant™ Antarctica cluster at
Sandia. Antarctica, which was deployed in 2000, ran Linux with Sandia’s Cplant™
environment.  Currently, the total Cplant™ cluster capacity at Sandia exceeds 3
teraFLOPS. Subsequently, a number of institutions have installed even larger clusters,
including Intel x86-based clusters at LANL and LLNL. In one notable development, the
Lawrence Livermore cluster utilized a Quadrics [10] fat-tree switch fabric rather than the
Myrinet fabrics utilized at Sandia and LANL.

As we shall discuss below, none of these clusters — custom or commodity — have system
balance between computation and communications that is competitive with that found on
true MPPs such as the Cray T3E and the Intel ASCI Red. Nonetheless, for several
important classes of applications, they are capable of achieving reasonably high parallel
efficiency on a thousand processors or more. They also, in general, lack full-system
Reliability, Availability and Serviceability (RAS) features. For truly large systems, this
has caused difficulties in running large jobs with long execution times. In addition, of the
large clusters deployed until recently, only Cplant™ has truly scalable system software
[9]. Cplant™, like ASCI Red and the Cray T3E, is designed to provide service to dozens
of simultaneous users and has fast, scalable system boot-up, and executable loading
capabilities. By contrast, all of the commercial clusters described above have slow, non-
scalable boot-up mechanisms (on some commercial clusters, it can exceed ten hours to do
a full boot of the system; by contrast the system boot on ASCI Red is less than two
minutes and for Cplant™ is less than fifteen minutes.)

Also today, a number of new-generation systems are being developed. They include
ASCI Purple, a next-generation shared-memory cluster from IBM with 64 Power-4
processors (each 8 gigaFLOPS) per node and a new Federation switch fabric. This
machine will be deployed in 2005 at LLNL. Its peak speed will be at least 60 teraFLOPS.
In addition, IBM is developing a new MPP, Blue Gene/L, with several thousands of low-
power processors connected by a mesh switch fabric. Although this machine is not highly
balanced, it will have a very high peak performance and could achieve significant
performance on certain limited classes of scientific applications.

HP, which recently acquired Compag, is producing a new semi-commodity cluster based
on Intel’s 64-bit Itanium Il processor. It utilizes 2-way shared-memory nodes, and its
interconnect is a Quadrics fat-tree. HP continues to sell the Alpha ES-45-based clusters
formerly developed by Compag. However, they have not announced plans to build
clusters based on the Alpha EV-7 processor, the Compag-developed replacement for the
EV-68—and one of the best-balanced processors developed since the early Cray vector
processors. Similarly SGI is offering an Itanium Il-based cluster that is distinguished,
however, by a very large non-uniform memory access shared memory node with 64
processors per node. Both the HP and SGI systems will run Linux as their operating
system.



Finally, Cray Inc. has developed and begun selling a new MPP with PVP nodes, the Cray
X-1. The X-1 has four four-way vector processors per node. Each vector processor has
two vector pipes, each capable of two operations per clock cycle, which share a data
cache and share a common scalar unit. The vector processor clock speed is 800 MHz and
the scalar clock is 400 MHz. The network topology is a complex modification of a three-
dimensional toroidal mesh [11].

2.2. Red Storm Design Philosophy

Our design philosophy is captured in the acronym SURE. SURE stands for Scalability,
Usability, Reliability and Economy. Since processors, 1/0 systems and memory systems
cannot be made arbitrarily powerful, we have no choice but to employ massive
parallelism in creating ever faster compute engines. For that approach to be effective, all
aspects of the system — processor, memory and interconnect hardware, 1/0 hardware,
power and cooling, system volume, and all aspects of system software (including system
boot and job loaders) — must be designed for scalability. For performance, scalability
means that system software overheads are low and that system performance increases
linearly — and nearly perfectly — as we increase the number of processors up to the full
system size. System boot and applications load times must increase no more than
logarithmically with the number of processors and must be measured in seconds or
minutes not hours. In addition, system 1/0 performance must not depend strongly on how
many processors are requesting 1/0 services. Of course, these system characteristics
must, at a minimum, not prevent the development and use of scalable applications
software. Scalability in general requires that we examine the design with respect to every
aspect of system operation and ensure that bottlenecks are removed. For Red Storm, one
scaling requirement of the design was that major applications achieve over 50% parallel
efficiency using all 10,000+ compute nodes in the system

The system must be usable for the intended end-use. This means that it provides a simple,
effective runtime environment, compilers and libraries for the major languages, and
support for major, community-standard parallelization tools (today that essentially means
MPI [12] and MPI-2 [13]), effective 1/O capabilities and file systems. The runtime
environment should provide scalable multi-user support (we need to serve dozens of
simultaneous users) and the ability to provide the aspects of a single-system image
needed for applications programmers to manage their jobs and for system managers to
effectively manage the entire resource. It means that job allocation mechanisms need to
be flexible and efficient and that the hardware design must not prevent that flexibility and
efficiency. It means providing effective debugging capabilities and performance
measurement and optimization tools. Users and system managers need to see capabilities
equivalent to a full UNIX environment for their interactions with the system. It does not,
however, mean adding things that are not useful to running high-performance parallel
applications. This approach drives us toward a partitioned system software environment.
The ability to do word processing or text editing, send email, open sockets, or migrate
processes does not add value to or belong on the compute nodes of such a system. (See
further in Section 4 below.)



The system must be reliable. We desire for Red Storm that a typical large job be able to
run, on average, for 100 hours without failure of the job. For a small system, reliability in
hardware can be achieved by utilizing good design approaches and high-quality
manufacturing practices. In the case of the huge systems Red Storm is aimed at,
reliability must be an explicit design feature of the system. Roughly speaking, for
independent random failures, the reliability of a system is inversely proportional to the
number of replicated parts. So, if the mean time between failure of a single power supply
is N hours, the mean time between failure of at least one power supply out of ten
thousand is to high accuracy, N/10,000. It is important to define what we mean by
reliable. We do not mean high availability. Availability is crucial to many commercial
and system-critical computing functions — to the point that complete redundancy is often
utilized to preserve guaranteed availability. It is not crucial to our form of strategic
computing. Reliability in this context means that a large parallel job running for many
hours has a high probability of successful completing. It is measured by the mean time
between job failures. Note that the system can undergo a failure that does not lead to loss
of a job without affecting reliability — this is important to developing reliability
enhancement strategies. A related requirement would be that if the system undergoes a
failure that is local, only jobs using that local resource are affected. This kind of aspect
of reliability we also call resiliency. Note that a system can have very high availability
and not be reliable for our purposes. It is, by contrast, unlikely that a system that has low
availability could have high reliability. Finally, for a hardware system to be reliable, it
must be serviceable: a system that has infrequent failures, which take many hours to
identify and fix, is not reliable.

Note that, in a system designed for hardware reliability, software reliability becomes the
limiting factor in achieving high reliability. Software reliability is at best an inexact
science. Our experience has shown that systems with nearly identical software features
can differ wildly in reliability. (For obvious reasons, we do not cite examples.) Software
reliability is first and foremost inversely proportional to some power of the number of
lines of code. It is also inversely proportional to the inherent complexity of that code. It is
greatly enhanced by rigorous design and engineering processes. So our mantra in
achieving high software reliability is “simplicity in design first, followed closely by rigor
in development.” To this end we strongly prefer partitioned software environments (not
just for reliability, also for performance and scalability as well). We prefer to utilize
complex, full-featured system software only where it is absolutely needed (mainly for
log-in, system services and input/output (1/0)) and to utilize extremely simple but
powerful (for that purpose) ultra-lightweight software on the great majority of the nodes
in the system (the compute partitions).

Finally, we seek a system that is economical to purchase and own.. This affordability
aspect includes cost of purchase, cost of maintenance, cost of operations and cost to the
user of using the system. The single best thing we can do to control expense is to keep the
system simple. It lowers manufacturing cost; it increases inherent reliability; and it makes
it less expensive to maintain and operate. Another key is to utilize high-volume
commodity parts wherever feasible. This not only reduces cost of parts, it allows use of



standard manufacturing processes which are less expensive (and more reliable) than
custom processes). We cannot simply use commodity technologies everywhere:
commodity technologies are not designed with scalability and high reliability at scale as
design goals. While redundancy and other reliability features can drive up initial costs —
and if not properly managed can cause complexity-driven failures — they can increase
greatly operational efficiency and flexibility as well as reducing the cost to the user
community in terms of lost work from unnecessary failures. Systems designed to operate
at many teraOPS often require megawatts of power and cooling. So, power and cooling
constitute major components of the cost of ownership. First, there is the obvious cost of
purchasing electricity — which for systems at the scale of Red Storm — can add up to
millions of dollars per year. However, if power requirements exceed installed delivery
capabilities, the capital cost of bringing in more power can be significant (millions of
dollars). Similarly cooling adds to the power budget. Again, however, it also adds to the
capital facility costs. More chillers and heat exchangers may be required. They have their
own cost, but they may also require larger volumes that may lead to millions of dollars in
facility expansion costs. Finally, if the facility costs to accommodate added cooling
become too large, or if air-cooling becomes thermodynamically infeasible, it may be
necessary to go to liquid-cooling methods in the computer itself. This could have
enormous impact on cost of purchase and complexity of operations and maintenance.
Therefore, it is critical to minimize power requirements. In Section 3, we describe how
we attempted to minimize the power and cooling budgets for Red Storm. System volume
is another major component of cost. For example, the Earth Simulator is so large that it
requires a truly huge, multi-story facility to house it [2]. Similarly the ASCI White and
ASCI Q machines at LLNL and LANL, respectively, required the building of large new
facilities to house them. In the case of Red Storm, the space budget was very limited
(under 1000 square meters). This meant that we were prevented from using any currently
offered commercial cluster solution on the basis of density alone.

In the remaining parts of this section, we will discuss architectural tradeoffs, including
balance in the processor and memory sub-systems, balance between processor speed and
interconnect, topological design choices, software issues, and RAS.

2.3. Node and Processor Choices

As mentioned above, in designing a new system, we are faced with a number of choices
for the nodes within the architecture (assuming that we stick with existing building
blocks rather than moving to a radically new design in which the concept of individual
nodes becomes blurred). We could have a uni-processor node or a multi-processor node.
We could choose a vector processor, a semi-commodity super-scalar workstation
processor, or a commodity superscalar processor. Issues that become important in the
choice involve cost, cost-performance, balance, scalability, and programming model.



2.3.1. Processors Per Node

There are two competing issues in this decision area: on the one hand, memory is a major
cost factor in large machines. In an MPP, global data must be replicated on each node of
the system. Otherwise, processes running on a given node can be heavily dependent on
distant data. Relying unnecessarily on distant memory accesses leads to excessive
overhead, load imbalances and loss of scalability. On the other hand, if a shared-memory
multi-processor node becomes too large, there is a danger that the hardware cost of the
node will rise unacceptably due to the N? cost of cache coherency and fast memory
accesses. In any case, performance can suffer due to computational cost of cache
coherency and the overhead due to memory contention in a shared-memory programming
model as well as contention for operating system services. Finally, excessively large
shared memory nodes either make the cost of the system interconnect rise or lead to
system imbalance.

The issue of memory waste through duplicated data in uni-processor-based MPPs is not
as large of a problem as it once was. When typical single-processor memories were in the
megabyte to tens of megabytes ranges, the cost of duplicating the operating system for
every processor was unacceptable. In fact, this was one of the forces leading to the
development of ultra-lightweight operating system kernels (LWKSs) for the compute
processors in an MPP [14, 15]. If global databases had to be replicated (for example,
material properties for a radiation hydrodynamics calculation in simulations of stellar
evolution), the problem only worsened. Today, when a typical single-processor memory
bank ranges in size from 500 megabytes to 8 or more gigabytes, this has become much
less of an issue. (Although the computational overhead drivers for LWKs have not gone
away.) Replicated data now probably represents no more than 10% of the memory on a
uni-processor MPP for typical scientific applications.

The issue of computational overhead in shared-memory multi-processors is also not as
much of a problem as it once was. There now exist optimistic cache coherency
mechanisms that lessen the computational cost of maintaining coherent memory state, at
least for modest numbers of processors. The overhead due to memory accesses in a
shared-memory programming model remains an issue. Basically, all modern shared-
memory multi-processor systems are based on a Non-Uniform Memory Access (NUMA)
model. In this model, memory access overhead and bandwidth are not independent of
location in the node. Nonetheless, shared memory models treat them as though they were.
(And, even if they were “flat” memory spaces, memory access contention grows in
proportion to the number of processors.) These effects lead to loss of efficiency that can
become severe as the size of the node increases.

To some extent, modern multi-threading capabilities, e.g. OpenMP [16], allow the
programmer to code to optimize for locality of reference. Nevertheless, there remain two
issues with that approach. First, OpenMP requires a global address space not provided by
most MPPs. Second, it does not scale to hundreds or thousands of processors. In practice,
this means that a programmer wanting to use shared-memory directives or a threads-
based language is faced with the dilemma of having to use two programming
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methodologies: shared memory coding for processes within a node, coupled with MPI or
another message-passing protocol for inter-node processes. In some sense, this is like
having the worst of both worlds. For that reason, among others, most shared-memory-
based MPPs provide an MPI mechanism for memory accesses within a node as well as
between nodes. A third issue with shared-memory programming models is the
phenomenon of code explosion: in the case of directives-based shared memory methods,
the amount of code in directives and the complexity of those directives add tremendously
to the difficulty of code development and debugging. They also are not natural tools for
maintaining locality of memory references. This of course makes it harder to achieve
high efficiency. By contrast, distributed-memory message-passing codes (and related
languages) do not add appreciably to the serial code needed to run on any processor.
While that is not to say that achieving high performance in MPI codes is now routine, it
does mean that most of a program’s code base can remain untouched. For shared-memory
systems based on semi-commodity or commodity processor and memory technologies,
the memory bandwidth per processor often decreases as the processor count increases.
This bandwidth sharing will have detrimental effects on performance for bandwidth-
sensitive applications.

Two final issues face shared-memory multi-processor-based MPPs. First, operating
system services are hard to distribute evenly and effectively. For that reason, a processor
is often essentially dedicated to OS services. Competing for services from that processor
can become the bottleneck in large shared-memory multi-processor nodes. Another issue
is balance. A large multi-processor node has, by its nature, a very large computing
capability. That means it requires a high-bandwidth interface into the system
communications fabric and that the communications fabric needs to have correspondingly
high bandwidth. There are three simple ways to do this: a multi-rail system as is used, for
example, in some Quadrics-based systems, or a large router switch with multiple ports
per node is used or a very powerful network interface and an equally powerful router is
employed. The first two solutions have not yet been applied effectively in any truly
balanced system. The full crossbar switch in the NEC Earth Simulator typifies the third
solution. Such a solution is costly since it stresses technological capabilities and is not
able to leverage commodity or semi-commodity industrial technologies. All three
solutions have associated software scheduling issues: in the first and second solutions,
unless a port per processor in the node is provided (this is usually impractical for large
shared-memory machines) the network requests of various processors have to be
scheduled effectively over the several ports of the interconnect. In the third solution, the
requests of all the processors have to be arbitrated by the network interface.

This analysis, coupled with our positive experience with uni-processor and small (2-

processor) nodes, leads us to favor a uni-processor design, although a two or four-
processor node would possibly be just as effective.
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2.3.2. Vector, Semi-Commaodity, or Commaodity Processors

The issue of processor choice is somewhat dependent on the application space in which
the system will be used. For example, vector processors have long had superior
performance on weather and some climate codes. The gather-scatter capabilities of
classic vector architectures like the early Cray machines had real advantages for pattern-
matching applications such as arise in cryptology. Commodity processors have large,
often multi-level, reasonably fast caches; and so, codes optimized for data locality and
cache re-use do extremely well on them—especially when cost per unit computing is
taken into account. Several semi-commodity processors are also available. Interestingly,
where vendors offer commodity and semi-commodity processor families, the semi-
commodity processors tend to be less cost-effective on many codes than their commodity
siblings. We show below example of this in the case of Intel’s IA-32 commodity line and
their 1A-64 semi-commaodity processors. For all processors, the performance on technical
applications is typically more dependent on the memory hierarchy (bandwidth, latency
(including page-miss latency), and the number of registers) and the efficiency of
instruction execution, and less dependent on the speed of the arithmetic and logical
functional units.

All modern processors rely on a great deal of fine-grained parallelism. Nearly all are
pipelined, and many utilize look-ahead and speculative execution. Most are, in principle,
capable of carrying out multiple instructions per clock cycle and have multiple execution
units to support that. All current vector processors have an associated scalar unit to carry
out non-vector operations. Today’s vector machines are also multi-pipe machines. That
is, they rely on being able to move data through several vector execution units in parallel.
Generally, these units are programmed in a lockstep or single-instruction-multiple-data
(SIMD) method. The advantage of multiple pipes is that the vector units are able to get
higher peak performance at lower processor speeds. Note however, that the requirements
on memory latency are actually made more stringent with multiple pipes, since instead of
paying the latency penalty for starting up a vector for one pipe, it must be paid for all the
pipes. In addition, the memory bandwidth requirements are not reduced at all by multiple
pipes. Also note that the overall performance of a vector architecture for many
applications is as dependent on having a fast scalar processor as it is on having fast vector
units. This is because for many applications — generally the more realistic ones — the
average vector length can be quite short. Real problems tend to encounter branching
conditions quite often. In engineering mechanics, for example, real problems tend to have
irregular domains and many different materials leading to numerous conditionals and
poorly vectorizing codes. It is true that nearly all of the first- and second-generation of
codes in science and engineering (so-called legacy codes) were developed for vector
architectures and that they often achieved as little as 15-25% of theoretical peak on those
architectures for realistic problems. It is also true that the fact that early Cray vector
architectures had scalar computing capabilities that were also fast (in comparison to their
vector units) and low latency and high bandwidth to memory enabled those relatively
high efficiencies. Unfortunately, most of today’s vector architectures have relatively slow
scalar units. Finally, nearly all the legacy codes have by now been re-optimized for
cache-based commodity and semi-commodity processors; and many would have to be re-
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architected to do well on vector processors. This is less likely to occur for most
commercially supported codes from ISVs than it is for academic or research codes.

To understand the importance of scalar units consider the following simplified
application of Amdahl’s Law [17]. Let us compare a vector processor to a (super)scalar
processor. Assume that the vector processor is N times as fast as the scalar processor on
vector work and is 1/M times as fast on scalar work. Let the scalar speed be s. Finally
assume that a fraction, p, of the total work to be done can be vectorized and that the
remaining fraction, q(=1-p), must be done in scalar mode. Then the vector speedup (or
slowdown), S, is defined by the time it takes for the scalar processor to carry out the task
divided by the time it takes the vector unit to do so.

S= Ts / Tv
St=[pW/(sN) + (1-p)W/(sIM)]/[W 5]
S=1/[ p/N + M(1-p) ].

If we consider a Pentium-4 commodity processor running at about 2 GHz and the Earth
simulator processor, we could reasonably assume that M = N = 4. This is because the
peak speed of the Earth Simulator vector unit is 8 gigaFLOPS compared to a peak of 2
gigaFLOPS for the Pentium-4. At the same time, the scalar speed of the Earth Simulator
is about 500 megaFLOPS. (This is an over-simplification but not an unreasonable one). If
that holds, we can assume that

S=1/[pl4 +4(1-p) ]

This means that for p < 0.8, the Pentium-4 will actually be faster than the Earth Simulator
on that problem.

Now this analysis is clearly oversimplified: we have assumed single, typical vector and
scalar performance for the Earth Simulator, and a single performance number for the
Pentium-4. In reality, the vector speed achieved on the Earth Simulator will depend on
operations mix and vector length. Here we have basically assumed long vectors.
Similarly the performance of the Pentium-4 will depend on operations mix and how well
the data fits into and reuses cache. Nonetheless the numbers used are not in contradiction
to our actual experience (see Section 6 below). Note that this model implies that the
vector processor on the Earth Simulator is 16 times as fast as its scalar unit, which
reinforces the point about lack of balance between vector and scalar capability in modern
vector systems. This model also indicates that if 80% of the work were done in the vector
unit, 80% of the time on the Earth Simulator for such a problem would be spent in non-
vectorizable (scalar) operations. Again, this is consistent with our experience.
Unfortunately, this shows how difficult it is to achieve high vector performance:
essentially all the operations have to be vectorized or vectorizable and the vector lengths
need to be long. At Sandia, codes tend to be used on complex problems with complicated
geometries and many materials, leading to irregular local memory references and many
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conditionals. This tends to make vector architectures less favorable for a broad class of
our applications. By contrast, a typical code modeling fluid flow in the atmosphere would
involve simpler material properties and a very regular domain; and hence most of its
work would be in long vectors. For such problems, the Earth Simulator could have a
marked performance advantage.

Below we shall see that, in contrast to inner-loop (vector) parallelism, for outer-loop
distributed-memory parallelism, Amdahl’s Law is much less restrictive of performance.
This is because most scientific problems have a large degree of data parallelism and are
intrinsi