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Abstract

In this report we give an overview of parallel and vector computers which are currently available or will
become available within a short time frame from vendors; no attempt is made to list all machines that are
still in the research phase. The machines are described according to their architectural class. Shared and
distributed-memory SIMD an MIMD machines are discerned. The information about each machine is kept
as compact as possible. Moreover, no attempt is made to quote price information as this is often even more
elusive than the performance of a system. In addition, some general information about high performance
computer architectures and the various processor employed in these systems is given in order to better
appreciate the system information given in this report.

This document reflects the technical state of the supercomputer arena as accurately as possible. However,
the author nor NCF take any responsibility for errors or mistakes in this document. We encourage anyone
who has comments or remarks on the contents to inform us, so we can improve this report.

NCF, the National Computing Facilities Foundation, supports and furthers the advancement of tech-
nical and scientific research with and into advanced computing facilities and prepares for the Netherlands
national supercomputing policy. Advanced computing facilities are multi-processor vectorcomputers, mas-
sively parallel computing systems of various architectures and concepts and advanced networking facilities.
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1 Introduction and account

This is the 12" edition of a report in which we attempt to give an overview of parallel and vector systems
that are commercially available or are expected to become available within a short time frame (typically a
few months to half a year). We choose the expression “attempt” deliberately because the market of parallel-
and vector machines is highly evasive: the rate with which systems are introduced — and disappear again
— is very high and therefore the information will probably be only approximately valid. Nevertheless, we
think that such an overview is useful for those who want to obtain a general idea about the various means
by which these systems strive at high performance, especially when it is updated on a regular basis.

We will try to be as up-to-date and compact as possible and on these grounds we think there is a place
for this report. At this moment systems appearing on and disappearing from the market are approximately
in balance. One of the reasons for this seems to be the ASCI program in the USA [2] that has given a
big impulse to the HPC industry, at least in the USA. Furthermore, there is the more or less natural wave
motion of older systems that are withdrawn and are replaced by newer models. Generally, one could say
that the trend of the past few years in which more systems disappeared than new ones were introduced does
not seem to continue. Only time can tell whether this stabilisation is permanent.

A trend that seems to emerge is that most new systems look as minor variations on the same theme: clusters
of RISC-based Symmetric Multi-Processing (SMP) nodes which in turn are connected by a fast network.
Culler et.al. [5] consider this as a natural architectural evolution. However, it may also be argued that the
requirements formulated in the ASCI program has steered these systems in this direction.

The supercomputer market is a very dynamic one and this is especially true for the Beowulf clusters that have
emerged at a tremendous rate in the last few years. The number of vendors that sell pre-configured clusters
has boomed accordingly and, at least for this issue, we have decided not to include such configurations
in this report: the speed with which cluster companies and systems appear and disappear makes this
almost impossible. We will briefly comment on cluster characteristics and their position relative to other
supercomputers in section 2.7 though.

For the tightly-coupled or “integrated” parallel systems, however, we can by updating this report at least
follow the main trends in popular and emerging architectures. The details of the systems be reported do not
allow the report to be shorter than in former years: between 40-50 pages.

As of the 11" issue we decided to introduce a section that describes the dominant processors in some detail.
This seems fit as the processors the heart of the systems. We do that in section 2.8.

The rule for including systems is as follows: they should be either available commercially at the time of
appearance of this report, or within 6 months thereafter. This excludes interesting research systems like
the ASCI systems, at the Sandia, Los Alamos, and Lawrence Livermore National Laboratories in the USA
(all with a measured performance of more than 1.5 Tflop/s) and the Japanese Earth Simulator system
(with a performance around 40 Tflop/s) because they are not marketed and only available at the institutes
mentioned and, therefore, of not much benefit to the supercomputer community at large.

The rule that systems should be available within a time-span of 6 months is to avoid confusion by describing
systems that are announced much too early, just for marketing reasons and that will not be available to
general users within a reasonable time. We also have to refrain from including all generations of a system
that are still in use. Therefore, for instance, we do not include the IBM SP1 or the Cray T90 series anymore
although some of these systems are still in use. Generally speaking, we include machines that are presently
marketed or will be marketed within 6 months. To add to the information given in this report, we quote the
Web addresses of the vendors because the information found there may be more recent than what can be
provided here. On the other hand, such pages should be read with care because it will not always be clear
what the status is of the products described there.



Some vendors offer systems that are identical in all respects except in the clock cycle of the nodes (examples
are the SGI Origin3000 series and the Fujitsu AP3000). In these cases we always only mention the models
with the fastest clock as it will be always possible to get the slower systems and we presume that the reader
is primarily interested in the highest possible speeds that can be reached with these systems.

Until the eighth issue of this report we ordered the systems by their architectural classes as explained in
section 2.1. However, this distinction became more and more artificial as is explained in the same section.
Therefore all systems described are simply listed alphabetically. In the header of each system description
the machine type is provided. There is referred to the architectural class for as far this is relevant. We omit
price information which in most cases is next to useless. If available, we will give some information about
performances of systems based on user experiences instead of only giving theoretical peak performances.
Here we have adhered to the following policy: We try to quote best measured performances, if available, thus
providing a more realistic upper bound than the theoretical peak performance. We hardly have to say that
the speed range of supercomputers is enormous, so the best measured performance will not always reflect
the performance of the reader’s favourite application. When we give performance information, it is not
always possible to quote all sources and in any case if this information seems (or is) biased, this is entirely
the responsibility of the author of this report. He is quite willing to be corrected or to receive additional
information from anyone who is in the position to do so.

Although for the average user the appearance of new systems rapidly becomes more and more alike, it is
still useful to dwell a little on the architectural classes that underlie this appearance. It gives some insight
in the various ways that high performance is achieved and a feeling why machines perform as they do. This
is done in section 2 which will be referred to repeatedly in section 3 in the description of the machines.

Up till the tent" issue we included a section (4.1) on systems that disappeared from the market. We reduced
that section in the printed and PostScript versions because it tends to take an unreasonable part of the total
text. Still, because this information is of interest to a fair amount of readers and it gives insight in the field
of the historical development of supercomputing over the last 12 years, this information will still be available
in full at URL http://www.phys.uu.nl/~steen/web00/gone.html. In section 5 we present some systems
that are under development and have a fair chance to appear on the market. Because of the addition of the
section on processors that introduces many technical terms, also a glossary is included.

The overview given in this report concentrates on the computational capabilities of the systems discussed. To
do full justice to all assets of present days high-performance computers one should list their I/O performance
and their connectivity possibilities as well. However, the possible permutations of configurations even for one
model of a certain system often are so large that they would multiply the volume of this report, which we
tried to limit for greater clarity. So, not all features of the systems discussed will be present. Still we think
(and certainly hope) that the impressions obtained from the entries of the individual machines may be useful
to many. We also omitted some systems that may be characterised as “high-performance” in the fields of
database management, real-time computing, or visualisation. Therefore, as we try to give an overview for the
area of general scientific and technical computing, systems that are primarily meant for database retrieval
like the AT&T GIS systems or concentrate exclusively on the real-time user community, like Concurrent
Computing Systems, are not discussed in this report. Furthermore, we have set a threshold of about 10
Gflop/s for systems to appear in this report as, at least with regard to theoretical peak performance, single
CPUs often exceed 1 Gflop/s although their actual performance may be an entirely other matter.

Although most terms will be familiar to many readers, we still think it is worthwhile to give some of the
definitions in section 2 because some authors tend to give them a meaning that may slightly differ from the
idea the reader already has acquired.

Lastly, we should point out that also a WWW version is available. The URLs are:
www.netlib.org/utk/papers/advanced-computers/ (USA).
www.nwo.nl/ncf/overview-rsc (Europe).
www.phys.uu.nl/~steen/web01/overview01.html (Europe).
www.euroben.nl/reports/web01/overview01.html (Europe).



2 Architecture of high performance computers

Before going on to the descriptions of the machines themselves, it is important to consider some mechanisms

that are or have been used to increase the performance. The hardware structure or architecture determines
to a large extent what the possibilities and impossibilities are in speeding up a computer system beyond the
performance of a single CPU. Another important factor that is considered in combination with the hardware
is the capability of compilers to generate efficient code to be executed on the given hardware platform. In
many cases it is hard to distinguish between hardware and software influences and one has to be careful in
the interpretation of results when ascribing certain effects to hardware or software peculiarities or both. In
this chapter we will give most emphasis on the hardware architecture. For a description of machines that
can be considered to be classified as “high-performance” one is referred to [5, 28].

2.1 The main architectural classes

Since many years the taxonomy of Flynn [9] has proven to be useful for the classification of high-performance
computers. This classification is based on the way of manipulating of instruction and data streams and
comprises four main architectural classes. We will first briefly sketch these classes and afterwards fill in some
details when each of the classes is described separately.

— SISD machines: These are the conventional systems that contain one CPU and hence can accommodate
one instruction stream that is executed serially. Nowadays many large mainframes may have more than
one CPU but each of these execute instruction streams that are unrelated. Therefore, such systems
still should be regarded as (a couple of) SISD machines acting on different data spaces. Examples
of SISD machines are for instance most workstations like those of DEC, Hewlett-Packard, and Sun
Microsystems. The definition of SISD machines is given here for completeness’ sake. We will not
discuss this type of machines in this report.

— SIMD machines: Such systems often have a large number of processing units, ranging from 1,024 to
16,384 that all may execute the same instruction on different data in lock-step. So, a single instruction
manipulates many data items in parallel. Examples of SIMD machines in this class are the CPP
Gamma IT and the Quadrics Apemille.

Another subclass of the SIMD systems are the vectorprocessors. Vectorprocessors act on arrays of
similar data rather than on single data items using specially structured CPUs. When data can be
manipulated by these vector units, results can be delivered with a rate of one, two and — in special
cases — of three per clock cycle (a clock cycle being defined as the basic internal unit of time for the
system). So, vector processors execute on their data in an almost parallel way but only when executing
in vector mode. In this case they are several times faster than when executing in conventional scalar
mode. For practical purposes vectorprocessors are therefore mostly regarded as SIMD machines. An
example of such systems is for instance the NEC SX-6i.

— MISD machines: Theoretically in these type of machines multiple instructions should act on a single
stream of data. As yet no practical machine in this class has been constructed nor are such systems
easily to conceive. We will disregard them in the following discussions.

— MIMD machines: These machines execute several instruction streams in parallel on different data.
The difference with the multi-processor SISD machines mentioned above lies in the fact that the
instructions and data are related because they represent different parts of the same task to be executed.
So, MIMD systems may run many sub-tasks in parallel in order to shorten the time-to-solution for the
main task to be executed. There is a large variety of MIMD systems and especially in this class the
Flynn taxonomy proves to be not fully adequate for the classification of systems. Systems that behave
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very differently like a four-processor NEC SX-6 vector system and a thousand processor Cray T3E
fall both in this class. In the following we will make another important distinction between classes of
systems and treat them accordingly.

— Shared-memory systems: Shared-memory systems have multiple CPUs all of which share the same
address space. This means that the knowledge of where data is stored is of no concern to the user
as there is only one memory accessed by all CPUs on an equal basis. Shared memory systems can
be both SIMD or MIMD. Single-CPU vector processors can be regarded as an example of the former,
while the multi-CPU models of these machines are examples of the latter. We will sometimes use the
abbreviations SM-SIMD and SM-MIMD for the two subclasses.

— Distributed-memory systems: In this case each CPU has its own associated memory. The CPUs
are connected by some network and may exchange data between their respective memories when re-
quired. In contrast to shared-memory machines the user must be aware of the location of the data
in the local memories and will have to move or distribute these data explicitly when needed. Again,
distributed-memory systems may be either SIMD or MIMD. The first class of SIMD systems mentioned
which operate in lock step, all have distributed memories associated to the processors. As we will see,
distributed-memory MIMD systems exhibit a large variety in the topology of their connecting network.
The details of this topology are largely hidden from the user which is quite helpful with respect to
portability of applications. For the distributed-memory systems we will sometimes use DM-SIMD and
DM-MIMD to indicate the two subclasses.

As already alluded to, although the difference between shared and distributed-memory machines seems clear
cut, this is not always entirely the case from user’s point of view. For instance, the late Kendall Square Re-
search systems employed the idea of “virtual shared-memory” on a hardware level. Virtual shared-memory
can also be simulated at the programming level: A specification of High Performance Fortran (HPF) was
published in 1993 [16] which by means of compiler directives distributes the data over the available processors.
Therefore, the system on which HPF is implemented in this case will look like a shared-memory machine to
the user. Other vendors of Massively Parallel Processing systems (sometimes called MPP systems), like HP
and SGI, also support proprietary virtual shared-memory programming models due to the fact that these
physically distributed memory systems are able to address the whole collective address space. So, for the
user such systems have one global address space spanning all of the memory in the system. We will say a
little more about the structure of such systems in section 2.6. In addition, packages like TreadMarks ([1])
provide a virtual shared-memory environment for networks of workstations.

Distributed processing takes the DM-MIMD concept one step further: instead of many integrated processors
in one or several boxes, workstations, mainframes, etc., are connected by (Gigabit) Ethernet, Fiber Chan-
nel, ATM, or otherwise and set to work concurrently on tasks in the same program. Conceptually, this is
not different from DM-MIMD computing, but the communication between processors can be much slower.
Packages that initially were made to realise distributed computing like PVM (standing for Parallel Virtual
Machine) [10], and MPI (Message Passing Interface, [18, 19]) have become de facto standards for the “mes-
sage passing” programming model. MPI and PVM have become so widely accepted that they have been
adopted by all vendors of distributed-memory MIMD systems and even on shared-memory MIMD systems
for compatibility reasons. In addition, there is a tendency to cluster shared-memory systems, for instance
by HiPPI channels, to obtain systems with a very high computational power. E.g., the NEC SX-6, and the
Cray SVlex have this structure. So, within the clustered nodes a shared-memory programming style can be
used while between clusters message-passing should be used.

For SM-MIMD systems we should mention OpenMP [4], that can be used to parallelise Fortran and C(++)
programs by inserting comment directives (Fortran 77/90/95) or pragmas (C/C++) into the code. OpenMP
has quickly been adopted by the major vendors and has become a well established standard for shared mem-
ory systems.

2.2 Shared-memory SIMD machines

This subclass of machines is practically equivalent to the single-processor vectorprocessors, although other
interesting machines in this subclass have existed (viz. VLIW machines [25]). In the block diagram in Figure
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Figure 2.1: Blockdiagram of a vector processor.

2.1 we depict a generic model of a vector architecture. The single-processor vector machine will have only
one of the vectorprocessors depicted and the system may even have its scalar floating-point capability shared
with the vector processor (as was the case in some Cray systems). It may be noted that the VPU does not
show a cache. The majority of vectorprocessors do not employ a cache anymore. In many cases the vector
unit cannot take advantage of it and execution speed may even be unfavourably affected because of frequent
cache overflow.

Although vectorprocessors have existed that loaded their operands directly from memory and stored the
results again immediately in memory (CDC Cyber 205, ETA-10), all present-day vectorprocessors use vector
registers. This usually does not impair the speed of operations while providing much more flexibility in
gathering operands and manipulation with intermediate results.

Because of the generic nature of Figure 2.1 no details of the interconnection between the VPU and the
memory are shown. Still, these details are very important for the effective speed of a vector operation: when
the bandwidth between memory and the VPU is too small it is not possible to take full advantage of the
VPU because it has to wait for operands and/or has to wait before it can store results. When the ratio of
arithmetic to load/store operations is not high enough to compensate for such situations, severe performance
losses may be incurred. The influence of the number of load/store paths for the dyadic vector operation
¢ =a+b (a, b, and ¢ vectors) is depicted in Figure 2.2. Because of the high costs of implementing these
data paths between memory and the VPU, often compromises are sought and the full required bandwidth
(i.e., two load operations and one store operation at the same time) Only Cray Inc. had in his former Y-MP
and C-series employed this very high bandwidth. Vendors rather rely on additional caches and other tricks
to hide the lack of bandwidth.

The VPUs are shown as a single block in Figure 2.1. Yet, there is a considerable diversity in the structure
of VPUs. Every VPU consists of a number of vector functional units, or “pipes” that fulfill one or several
functions in the VPU. Every VPU will have pipes that are designated to perform memory access functions,
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load a

load b

® c=a+b

store ¢

load a

load b

(b)

c=a+b

store c

Figure 2.2: Schematic diagram of a vector addition. Case (a) when two load- and one store pipe are available;
case (b) when two load/store pipes are available.

thus assuring the timely delivery of operands to the arithmetic pipes and of storing the results in memory
again. Usually there will be several arithmetic functional units for integer/logical arithmetic, for floating-
point addition, for multiplication and sometimes a combination of both, a so-called compound operation.
Division is performed by an iterative procedure, table look-up, or a combination of both using the add and
multiply pipe. In addition, there will almost always be a mask pipe to enable operation on a selected subset
of elements in a vector of operands. Lastly, such sets of vector pipes can be replicated within one VPU (2
up to 16-fold replication occurs). Ideally, this will increase the performance per VPU by the same factor
provided the bandwidth to memory is adequate.

2.3 Distributed-memory SIMD machines

Machines of this type are sometimes also known as processor-array machines [14]. Because the processors
of these machines operate in lock-step, i.e., all processors execute the same instruction at the same time
(but on different data items), no synchronisation between processors is required. This greatly simplifies the
design of such systems. A control processor issues the instructions that are to be executed by the processors
in the processor array. All currently available DM-SIMD machines use a front-end processor to which they
are connected by a data path to the control processor. Operations that cannot be executed by the processor
array or by the control processor are offloaded to the front-end system. For instance, I/O may be through
the front-end system, by the processor array machine itself or both. Figure 2.3 shows a generic model of
a DM-SIMD machine of which actual models will deviate to some degree. Figure 2.3 might suggest that
all processors in such systems are connected in a 2-D grid and indeed, the interconnection topology of this
type of machines always includes the 2-D grid. As opposing ends of each grid line are also always connected
the topology is rather that of a torus. This is not the only interconnection scheme: They might also be
connected in 3-D, diagonally, or more complex structures.

It is possible to exclude processors in the array from executing an instruction on certain logical conditions,
but this means that for the time of this instruction these processors are idle (a direct consequence of the
SIMD-type operation) which immediately lowers the performance. Another factor that may adversely affect
the speed occurs when data required by processor i resides in the memory of processor j — in fact, as
this occurs for all processors at the same time, this effectively means that data will have to be permuted
across the processors. To access the data in processor j, the data will have to be fetched by this processor
and then send through the routing network to processor i. This may be fairly time consuming. For both
reasons mentioned DM-SIMD machines are rather specialised in their use when one wants to employ their full
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Figure 2.3: A generic block diagram of a distributed-memory SIMD machine.

parallelism. Generally, they perform excellently on digital signal and image processing and on certain types
of Monte Carlo simulations where virtually no data exchange between processors is required and exactly the
same type of operations is done on massive datasets with a size that can be made to fit comfortable in these
machines.

The control processor as depicted in Figure 2.3 may be more or less intelligent. It issues the instruction
sequence that will be executed by the processor array. In the worst case (that means a less autonomous
control processor) when an instruction is not fit for execution on the processor array (e.g., a simple print
instruction) it might be offloaded to the front-end processor which may be much slower than execution on
the control processor. In case of a more autonomous control processor this can be avoided thus saving
processing interrupts both on the front-end and the control processor. Most DM-SIMD systems have the
possibility to handle I/O independently from the front/end processors. This is not only favourable because
the communication between the front-end and back-end systems is avoided. The (specialised) I/O devices
for the processor-array system is generally much more efficient in providing the necessary data directly to
the memory of the processor array. Especially for very data-intensive applications like radar- and image
processing such I/O systems are very important.

A feature that is peculiar to this type of machines is that the processors sometimes are of a very simple
bit-serial type, i.e., the processors operate on the data items bitwise, irrespective of their type. So, e.g.,
operations on integers are produced by software routines on these simple bit-serial processors which takes
at least as many cycles as the operands are long. So, a 32-bit integer result will be produced two times
faster than a 64-bit result. For floating-point operations a similar situation holds, be it that the number of
cycles required is a multiple of that needed for an integer operation. As the number of processors in this
type of systems is mostly large (1024 or larger, the Quadrics Apemille is a notable exception, however), the
slower operation on floating-point numbers can be often compensated for by their number, while the cost per
processor is quite low as compared to full floating-point processors. In some cases, however, floating-point
coprocessors are added to the processor-array. Their number is 8-16 times lower than that of the bit-serial
processors because of the cost argument. An advantage of bit-serial processors is that they may operate
on operands of any length. This is particularly advantageous for random number generation (which often
boils down to logical manipulation of bits) and for signal processing because in both cases operands of only
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Figure 2.4: Some examples of interconnection structures used in shared-memory MIMD systems.

1-8 bits are abundant. As the execution time for bit-serial machines is proportional to the length of the
operands, this may result in significant speedups.

2.4 Shared-memory MIMD machines

In Figure 2.1 already one subclass of this type of machines was shown. In fact, the single-processor vector
machine discussed there was a special case of a more general type. The figure shows that more than one
FPU and/or VPU may be possible in one system.

The main problem one is confronted with in shared-memory systems is that of the connection of the CPUs
to each other and to the memory. As more CPUs are added, the collective bandwidth to the memory ideally
should increase linearly with the number of processors, while each processor should preferably communicate
directly with all others without the much slower alternative of having to use the memory in an intermediate
stage. Unfortunately, full interconnection is quite costly, growing with O(n?) while increasing the number of
processors with O(n). So, various alternatives have been tried. Figure 2.4 shows some of the interconnection
structures that are (and have been) used.

As can be seen from the Figure, a crossbar uses n? connections, an Q-network uses n log, n connections while
with the central bus there is only one connection. This is reflected in the use of each connection path for the
different types of interconnections: for a crossbar each data path is direct and does not have to be shared
with other elements. In case of the 2-network there are log, n switching stages and as many data items may
have to compete for any path. For the central data bus all data have to share the same bus, so n data items
may compete at any time.

The bus connection is the least expensive solution, but it has the obvious drawback that bus contention
may occur thus slowing down the computations. Various intricate strategies have been devised using caches
associated with the CPUs to minimise the bus traffic. This leads however to a more complicated bus
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structure which raises the costs. In practice it has proved to be very hard to design buses that are fast
enough, especially where the speed of the processors has been increasing very quickly and it imposes an
upper bound on the number of processors thus connected that in practice appears not to exceed a number of
10-20. In 1992, a new standard (IEEE P896) for a fast bus to connect either internal system components or
to external systems has been defined. This bus, called the Scalable Coherent Interface (SCI) should provide
a point-to-point bandwidth of 200-1,000 MB/s. It is in fact used in the HP Exemplar systems, but also
within a cluster of workstations as offered by SCALI. The SCI is much more than a simple bus and it can
act as the hardware network framework for distributed computing, see [17].

A multi-stage crossbar is a network with a logarithmic complexity and it has a structure which is situated
somewhere in between a bus and a crossbar with respect to potential capacity and costs. The (2-network as
depicted in figure 2.4 is an example. Commercially available machines like the IBM eServer p690, the SGI
Origin3000, and the late Cenju-4 use(d) such a network structure, but a number of experimental machines
also have used this or a similar kind of interconnection. The BBN TC2000 that acted as a virtual shared-
memory MIMD system used an analogous type of network (a Butterfly-network) and it is quite conceivable
that new machines may use it, especially as the number of processors grows. For a large number of processors
the nlog, n connections quickly become more attractive than the n? used in crossbars. Of course, the switches
at the intermediate levels should be sufficiently fast to cope with the bandwidth required. Obviously, not
only the structure but also the width of the links between the processors is important: a network using
16-bit parallel links will have a bandwidth which is 16 times higher than a network with the same topology
implemented with serial links.

In all present-day multi-processor vectorprocessors crossbars are used. This is still feasible because the
maximum number of processors in a system is still rather small (32 at most presently). When the number
of processors would increase, however, technological problems might arise. Not only it becomes harder to
build a crossbar of sufficient speed for the larger numbers of processors, the processors themselves generally
also increase in speed individually, doubling the problems of making the speed of the crossbar match that
of the bandwidth required by the processors.

Whichever network is used, the type of processors in principle could be arbitrary for any topology. In
practice, however, bus structured machines do not have vector processors as the speeds of these would
grossly mismatch with any bus that could be constructed with reasonable costs. All available bus-oriented
systems use RISC processors. The local caches of the processors can sometimes alleviate the bandwidth
problem if the data access can be satisfied by the caches thus avoiding references to the memory.

The systems discussed in this subsection are of the MIMD type and therefore different tasks may run on
different processors simultaneously. In many cases synchronisation between tasks is required and again
the interconnection structure is very important here. Most vectorprocessors employ special communication
registers within the CPUs by which they can communicate directly with the other CPUs they have to
synchronise with. The systems may also synchronise via the shared memory. Generally, this is much slower
but it can still be acceptable when the synchronisation occurs relatively seldom. Of course, in bus-based
systems communication also has to be done via a bus. This bus is mostly separated from the data bus to
ensure a maximum speed for the synchronisation.

2.5 Distributed-memory MIMD machines

The class of DM-MIMD machines is undoubtly the fastest growing part in the family of high-performance
computers. Although this type of machines is more difficult to deal with than shared-memory machines and
DM-SIMD machines. The latter type of machines are processor-array systems in which the data structures
that are candidates for parallelisation are vectors and multi-dimensional arrays that are laid out automat-
ically on the processor array by the system software. For shared-memory systems the data distribution is
completely transparent to the user. This is quite different for DM-MIMD systems where the user has to
distribute the data over the processors and also the data exchange between processors has to be performed
explicitly. The initial reluctance to use DM-MIMD machines seems to have been decreased. Partly this
is due to the now existing standard for communication software ([10, 18, 19]) and partly because, at least



2.5 Distributed-memory MIMD machines 12

theoretically, this class of systems is able to outperform all other types of machines.

The advantages of DM-MIMD systems are clear: the bandwidth problem that haunts shared-memory sys-
tems is avoided because the bandwidth scales up automatically with the number of processors. Furthermore,
the speed of the memory which is another critical issue with shared-memory systems (to get a peak per-
formance that is comparable to that of DM-MIMD systems, the processors of the shared-memory machines
should be very fast and the speed of the memory should match it) is less important for the DM-MIMD
machines, because more processors can be configured without the afore mentioned bandwidth problems.

Of course, DM-MIMD systems also have their disadvantages: The communication between processors is
much slower than in SM-MIMD systems, and so, the synchronisation overhead in case of communicating
tasks is generally orders of magnitude higher than in shared-memory machines. Moreover, the access to data
that are not in the local memory belonging to a particular processor have to be obtained from non-local
memory (or memories). This is again on most systems very slow as compared to local data access. When
the structure of a problem dictates a frequent exchange of data between processors and/or requires many
processor synchronisations, it may well be that only a very small fraction of the theoretical peak speed can
be obtained. As already mentioned, the data and task decomposition are factors that mostly have to be
dealt with explicitly, which may be far from trivial.

It will be clear from the paragraph above that also for DM-MIMD machines both the topology and the speed
of the data paths are of crucial importance for the practical usefulness of a system. Again, as in the section
on SM-MIMD systems, the richness of the connection structure has to be balanced against the costs. Of the
many conceivable interconnection structures only a few are popular in practice. One of these is the so-called
hypercube topology as depicted in Figure 2.5 (a).

A nice feature of the hypercube topology is that for a hypercube with 2¢ nodes the number of steps to be
taken between any two nodes is at most d. So, the dimension of the network grows only logarithmically with
the number of nodes. In addition, theoretically, it is possible to simulate any other topology on a hypercube:
trees, rings, 2-D and 3-D meshes, etc. In practice, the exact topology for hypercubes does not matter too
much anymore because all systems in the market today employ what is called “wormhole routing”. This
means that a message is send from node i to node j a header message is sent from i to j, resulting in a direct
connection between these nodes. As soon as this connection is established, the data proper is sent through
this connection without disturbing the operation of the intermediate nodes. Except for a small amount of
time in setting up the connection between nodes, the communication time has become virtually independent
of the distance between the nodes. Of course, when several messages in a busy network have to compete for
the same paths, waiting times are incurred as in any network that does not directly connect any processor
to all others and often rerouting strategies are employed to circumvent busy links.

Another cost-effective way to connect a large number of processors is by means of a fat tree. In principle
a simple tree structure for a network is sufficient to connect all nodes in a computer system. However, in
practice it turns out that near the root of the tree congestion occurs because of the concentration of messages
that first have to traverse the higher levels in the tree structure before they can descend again to their target
nodes. The fat tree amends this shortcoming by providing more bandwidth (mostly in the form of multiple
connections) in the higher levels of the tree. An example of a fat tree with a bandwidth in the highest level
that is doubled with respect to the lower levels is shown in Figure 2.5 (b).

A number of massively parallel DM-MIMD systems seem to favour a 2- or 3-D mesh (torus) structure. The
rationale for this seems to be that most large-scale physical simulations can be mapped efficiently on this
topology and that a richer interconnection structure hardly pays off. However, some systems maintain (an)
additional network(s) besides the mesh to handle certain bottlenecks in data distribution and retrieval [15].

A large fraction of systems in the DM-MIMD class employ crossbars. For relatively small amounts of
processors (in the order of 64) this may be a direct or 1-stage crossbar, while to connect larger numbers of
nodes multi-stage crossbars are used, i.e., the connections of a crossbar at level 1 connect to a crossbar at
level 2, etc., instead of directly to nodes at more remote distances in the topology. In this way it is possible
to connect in the order of a few thousands of nodes through only a few switching stages. In addition to the
hypercube structure, other logarithmic complexity networks like Butterfly, 2, or shuffle-exchange networks
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Figure 2.5: Some often used networks for DM machine types.
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Figure 2.6: Block diagram of a system with a “hybrid” network: clusters of four CPUs are connected by a
crossbar. The clusters are connected by a less expensive network, e.g., a Butterfly network.

are often employed in such systems.

As with SM-MIMD machines, a node may in principle consist of any type of processor (scalar or vector) for
computation or transaction processing together with local memory (with or without cache) and, in almost
all cases, a separate communication processor with links to connect the node to its neighbours. Nowadays,
the node processors are mostly off-the-shelf RISC processors sometimes enhanced by vector processors. A
problem that is peculiar to this DM-MIMD systems is the mismatch of communication vs. computation speed
that may occur when the node processors are upgraded without also speeding up the intercommunication. In
some cases this may result in turning computational-bound problems into communication-bound problems.

2.6 ccNUMA machines

As already mentioned in the introduction, a trend can be observed to build systems that have a rather small
(up to 16) number of RISC processors that are tightly integrated in a cluster, a Symmetric Multi-Processing
(SMP) node. The processors in such a node are virtually always connected by a 1-stage crossbar while these
clusters are connected by a less costly network. Such a system may look as depicted in Figure 2.6. Note
that in Figure 2.6 all CPUs in a cluster are connected to a common part of the memory. This is similar to
the policy mentioned for large vectorprocessor ensembles mentioned above but with the important difference
that all of the processors can access all of the address space if necessary. The most important ways to let
the SMP nodes share their memory are S-COMA (Simple Cache-Only Memory Architecture) and ccNUMA,
which stands for Cache Coherent Non-Uniform Memory Access. Therefore, such systems can be considered
as SM-MIMD machines. On the other hand, because the memory is physically distributed, it cannot be
guaranteed that a data access operation always will be satisfied within the same time. In S-COMA systems
the cache hierarchy of the local nodes is extended to the memory of the other nodes. So, when data is
required that does not reside in the local node’s memory it is retrieved from the memory of the node where
it is stored. In ccNUMA this concept is further extended in that all memory in the system is regarded (and
addressed) globally. So, a data item may not be physically local but logically it belongs to one shared address
space. Because the data can be physically dispersed over many nodes, the access time for different data
items may well be different which explains the term non-uniform data access. The term “Cache Coherent”
refers to the fact that for all CPUs any variable that is to be used must have a consistent value. Therefore,
is must be assured that the caches that provide these variables are also consistent in this respect. There are
various ways to ensure that the caches of the CPUs are coherent. One is the snoopy bus protocol in which the
caches listen in on transport of variables to any of the CPUs and update their own copies of these variables
if they have them. Another way is the directory memory, a special part of memory which enables to keep
track of all the copies of variables and of their validness.
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Presently, no commercially available machine uses the S-COMA scheme. By contrast, there are several
popular ccNUMA systems (HP SuperDome, SGI Origin3000) commercially available.

For all practical purposes we can classify these systems as being SM-MIMD machines also because special
assisting hardware/software (such as a directory memory) has been incorporated to establish a single system
image although the memory is physically distributed.

2.7 Clusters

The adoption of clusters, collections of workstations/PCs connected by a local network, has virtually exploded
since the introduction of the first Beowulf cluster in 1994. The attraction lies in the (potentially) low cost
of both hardware and software and the control that builders/users have over their system. The interest for
clusters can be seen for instance from the active IEEE Task Force on Cluster Computing (TFCC) which
regularly issues a White Paper in which the current status of cluster computing is reviewed [33]. Also books
how to build and maintain clusters have greatly added to their popularity [31, 24]. As the cluster scene
becomes relatively mature and an attractive market, large HPC vendors as well as many start-up companies
have entered the field and offer more or less ready out-of-the-box cluster solutions for those groups that do
not want to build their cluster from scratch.

The number of vendors that sell cluster configurations has become so large that it is not sensible to include
all these products in this report. In addition, there is generally a large difference in the usage of clusters
and their more integrated counterparts that we discuss in the following sections: clusters are mostly used for
capability computing while the integrated machines primarily are used for capacity computing. The first mode
of usage meaning that the system is employed for one or a few programs for which no alternative is readily
available in terms of computational capabilities. The second way of operating a system is in employing it
to the full by using the most of its available cycles by many, often very demanding, applications and users.
Traditionally, vendors of large supercomputer systems have learned to provide for this last mode of operation
as the precious resources of their systems were required to be used as effectively as possible. By contrast,
Beowulf clusters are mostly operated through the Linux operating system (a small minority using Microsoft
Windows) where these operating systems either miss the tools or these tools are relatively immature to
use a cluster well for capacity computing. However, as clusters become on average both larger and more
stable, there is a trend to use them also as computational capacity servers. In [30] is looked at some of the
aspects that are necessary conditions for this kind of use like available cluster management tools and batch
systems. In the same study also the performance on an application workload was assessed, both on a RISC
(Compaq Alpha) based configuration and on Intel Pentium III based systems. An important, but not very
surprising conclusion was that the speed of the network is very important in all but the most compute bound
applications. Another notable observation was that using compute nodes with more than 1 CPU may be
attractive from the point of view of compactness and (possibly) energy and cooling aspects, but that the
performance can be severely damaged by the fact that more CPUs have to draw on a common node memory.
The bandwidth of the nodes is in this case not up to the demands of memory intensive applications.

Fortunately, there is nowadays a fair choice of communication networks available in clusters. Of course
100 Mb/s Ethernet is always possible, which is attractive for economic reasons, but has the drawbacks of
a very modest maximum bandwidth (210 MB/s) and a high latency (~ 100us). Gigabit Ethernet has a
maximum bandwidth that is 10 times higher but has about the same latency. Alternatively, there are for
instance networks that operate from user space, like Myrinet [20], Giganet cLAN [11], and SCI [17]. The
first two have maximum bandwidths in the order of 100 MB/s and a latency in the range of 15-20 us. SCI
has a higher bandwidth (400-500 MB/s theoretically) and a latency under 10 us. The latter solution is
more costly but is nevertheless employed in some cluster configurations. The network speeds as shown by
Myrinet, cLAN, and, certainly, SCI is more or less on par with some integrated parallel systems as discussed
later. So, possibly apart from the speed of the processors and of the software that is provided by the vendors
of DM-MIMD supercomputers, the distinction between clusters and this class of machines becomes rather
small and will undoubtly decrease in the coming years.

The best starting point for the state-of-the-art in cluster computing is given in the TFCC White Paper [33]
already mentioned. It gives pointers to available products, both hardware and software, open questions and
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the focus of the present research regarding these questions.

2.8 Processors

In comparison to 10 years ago the processor scene has become drastically different. While in the period
1980-1990, the proprietary processors and in particular the vectorprocessors were the driving forces of the
supercomputers of that period, today that role has been taken on by common off-the-shelf RISC processors.
In fact there are only three companies left that produce vector systems while all other systems that are
offered are based on RISC CPUs (except the Cray MTA-2). We think, therefore, that it is useful to give a
brief description of the main processors that populate the present supercomputers and look a little ahead to
the processors that will follow in the coming year.

The modern RISC processors generally have a clock frequency that is lower than that of the Intel Pentium
3/4 processors or the corresponding AMD Intel look-alikes. However, they have a number of facilities that
put them ahead in the speed of floating-point oriented applications. Firstly, all RISC processors are able to
deliver 2 or more 64-bit floating-point results in one clock cycle. Secondly, all of them feature out-of-order
instruction execution, which enhances the number of instructions per cycle that can be processed (although
the newer AMD processors also have 2-way floating-point instruction issuing and out-of-order execution, they
are limited by their adherence to the Intel x86 instruction set). Thirdly, the bandwidth from the processor
to the memory, in case of a cache miss, is larger than that of the Intel(-like) processors. Notwithstanding
these commonalities between the various RISC processors, there are also differences in instruction latencies,
number of instructions processed, etc., which we will address below. We provide block diagrams for each of
the processors to give a schematic idea of their structure. However, these figures do not reflect the actual
layout of the devices on the respective chips.

2.8.1 AMD Opteron

The Opteron (long known by its code name Hammer) is the newest processor from AMD and the successor
of the Athlon processor. The first versions are expected to become available by the end of 2002. As it is, like
the Athlon, a clone with respect to Intel’s x86 Instruction Set Architecture, it will undoubtly frequently be
used used in clusters. Therefore we discuss this processor here although it is not used presently in integrated
parallel systems.
The Opteron processor has many features that are also present in modern RISC processors: it supports
out-of-order execution, has multiple floating-point units, and can issue up to 9 instructions simultaneously.
In fact, the processor core in very similar to that of the Athlon processor. A block diagram of the processor
is shown in Figure 2.7.

It shows that the processor has three pairs of Integer Execution Units and Address Generation Units that
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via an 24-entry Integer Scheduler takes care of the integer computations and address calculations. Both the
Integer Scheduler and the Floating-Point Scheduler are fed by the 96-entry Instruction Control Unit that
receives the decoded instructions from the instruction decoders. An interesting feature of the Opteron is the
pre-decoding of x86 instructions in fixed-length macro-operations, called RISC Operations (ROPs), that can
be stored in a Pre-decode Cache. This enables a faster and more constant instruction flow to the instruction
decoders. In comparison to the Athlon the instruction decode pipeline has been deepened by two stages to
12 to enable a higher yield of ROPs. Like in RISC processors, there is a Branch Prediction Table assisting
in branch prediction.

The floating-point units allow out-of-order execution of instructions via the FPU Stack Map & Rename unit.
It receives the floating-point instructions from the Instruction Control Unit and reorders them if necessary
before handing them over to the FPU Scheduler. The Floating-Point Register File is 88 elements deep which
approaches the number of registers as is available on RISC processors 1.

The floating-point part of the processor contains three units: a Floating Store unit that stores results to
the Load/Store Queue Unit which also performs some miscellaneous floating-point operations, and Floating
Add and Multiply units that can work in superscalar mode, resulting in two floating-point results per clock
cycle. Because of the compatibility with Intel’s Pentium III processors, the floating-point units also are able
to execute Intel MMX instructions and AMD’s own 3DNow! instructions. However, there is the general
problem that such instructions are not accessible from higher level languages, like Fortran 90 or C(++). Both
instruction sets are meant for massive processing of visualisation data and only allow for 32-bit precision to
be used.

Due to the shrinkage of components the chip now can harbour the secondary cache of 256 KB and the
memory controller. This, together with a significantly enhanced memory bus can deliver up to 5.3 GB/s of
bandwidth, an enormous improvement over the former memory system. This memory bus, called Hyper-
Transport by AMD, is derived from licensed Compaq technology and similar to that employed in Compaq’s
EVT processors (see section 2.8.2). It allows for “glueless” connection of several processors to form multi-
processor systems with very low memory latencies.

The clock frequency will be in the order of 2 GHz which makes the Opteron is an interesting alternative for
many of the RISC processors that are available at this moment. Especially the HyperTransport intercon-
nection possibilities could be highly interesting for building SMP-type clusters.

2.8.2 Compaq Alpha EV7

The present CPU that is employed in Compaq machines like the AlhpaServerSC and the Wildfire and in
various cluster systems is the Alpha EV68 processor. Shortly, (second half 2002) EV7 processors will become
available. Because of the EV7 structure the macro-architecture of these systems may also significantly change
(see below). The core of the EV7 processor is almost identical to that of the EV6x architecture and is depicted
in Figure 2.8a.

A notable fact is that there are two duplicate integer register files both with 80 entries, that each service
a set of integer functional units called cluster 0 and cluster 1, respectively, by Compaq. The four integer
Add/Logical units can exchange values in one cycle if required. Although this is not shown in the diagram,
the integer multiply is fully pipelined. The two integer clusters and the two floating-point units enable the
issuing of up to 6 instructions simultaneously. The two load/store units draw on a 64 KB instruction and a
64 KB data cache that are both 2-way set-associative. Four instructions can be accepted for (speculative)
processing. Of the 80 integer and 72 floating-point registers 41 in both register files can hold speculative
results. The out-of-order issuing of instructions is supported via an integer queue of length 20 and a floating-
point queue with 15 entries. However, as the integer processing clusters do not contain the same functional
units, the issuing of integer instructions cannot all be scheduled dynamically. Those instructions that need
to execute in a particular unit (e.g., an integer multiply that is only available in cluster 0) are scheduled
statically. As soon as an instruction is issued or is terminated due to mis-speculation it is removed from the
queue and can be replaced by another instruction. Instruction fetching is governed by the branch predictor.
This hardware contains global and local prediction tables and Branch History Tables (BHTS) to train the

1For the x86 instructions 16 registers in a flat register file are present instead of the register stack that is usual for Intel
architectures.
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Figure 2.8: Block diagram showing the functional units in a Compaq EV7 processor (a). The MVI/PLZ
unit performs population counts and trailing or leading (integer) zero counts. In (b) the chip layout for the
complete processor is shown.

predictor in order to obtain an optimal instruction fetch to the instruction cache and registers.

The feature density used is 0.18 pum instead of 0.25 um which enables the location of a 1.5 MB secondary
cache and 2 memory controllers on chip. The largest difference will be that there will be 4 dual channels
(North, East, South, West) from the chip to interconnect it with neighouring chips at a bandwidth of 1.6
GB/s per single channel for what Compaq calls “seamless SMP processing” and is, as the name suggests,
well-suited to build SMP nodes with low memory latency. The layout of the complete chip is shown in
Figure 2.8b.

The path to memory is implemented by 4x5 RAMBUS links as the systems is fitted with RAMBUS memory
yielding a bandwidth of 6 GB/s. The direct I/O dual link from the chip also has a bandwidth of 1.6 GB/s.
The chip is expected to ship first at a clock frequency of 1-1.2 GHz.

2.8.3 Hewlett Packard PA-RISC 8700

The computational power for the Hewlett Packard systems, like the SuperDome, the V-class, and N-class
servers is delivered by the PA-8600 and PA-8700 chips. The processor cores of these chips are essentially
the same. However, the PA-8700 is made in 0.18 um logic which made it possible to fit a very large 0.75
MB instruction and a 1.5 MB data cache on the chip and to raise the clock frequency to 750 MHz. A block
diagram of the PA-8700 chip is shown in Figure 2.9.

A peculiarity of the PA-8z00 chips is the abcense of a secondary cache. Instead, a very large primary
cache is implemented: 0.75 MB instruction cache and 1.5 MB data cache. Both are 4-way set associative.
From the PA-8600 on the shrinking of the logic has allowed to put these caches on-chip. The latency of the
caches is two cycles. To ensure data to be shipped to the registers every cycle, the load/store units work
“out-of-phase”. So, one unit loads from odd banks of the data cache while the other loads from the even
banks. The Address Reorder Buffer sets the priority for the loads and tries to load from the alternate halves
every cycle.

Like all advanced RISC processors the PA-8700 has out-of-order execution, the sequence of instructions
being determined by the instruction reorder buffer (IRB) which contains an ALU buffer that drives the
computational functional units and a memory buffer that controls the load/store units. When speculative
branches have been mis-predicted the dependent instructions are retired from the IRB and new candidate
instructions replace them. Branch prediction is controlled through the branch history table (BHT) but, in
addition to this dynamic branch prediction, a static branch prediction can be performed at the compiler level
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or by execution traces of former executions of a program. The BHT was rather small before the PA-8600 but
is now enlarged significantly to 2048 entries to get better prediction results. Also the Translation Lookaside
Buffer (a component of the load/store units not shown in Figure 2.9) was enlarged to 160 entries for a more
effective address translation. Also there is a pre-fetch capability in the new PA-8700 from the data cache.

As can be seen in Figure 2.9, there are 2 floating-point units which each can deliver 2 flops per cycle but
only when the operation is in the axpy form z = z + ay. This is called a Floating Multiply Accumulate
instruction (FMAC) by HP. At a clock frequency of 750 MHz this leads to a theoretical peak performance
of 3 Gflop/s. However, when the operations occur in another order or with another composition, 1 flop per
cycle per floating-point unit can be executed with a correspondingly lower flop rate.

According to HP’s roadmap at least another two generations of the PA-8z00 are projected: PA-8800 and PA-
8900 that will be on the market concurrently with the TA-64 Itanium 2 (McKinley) and Itanium 3 (Deerfield),
respectively. After that the PA-RISC family will be withdrawn to give way to the TA-64 architecture.

2.8.4 IBM POWER4

In the newest IBM SP systems the nodes contain the POWERA4 chip, the latest va iant o the RS
amily o p ocesso s t the time o w itin , the cloc e ency o the POWERA is z  he chip size
has ecome sola e o athe the eat e size has ecome so small that IBM places now two p ocesso
co es on one chip as shownin i e a hechipalsoha o s MB o seconda y cache divided ove
th ee mod les o MB each he cache mod le a e connected to the p ocesso s y the o e Inte ace
nit I switch,a X coss a with a andwidtho 4 B cycle pe pot hisena lestoship B to
eithe the inst ction cache o the data cache o each o the p ocesso s and to sto e B val es at the
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same time Iso, o each p ocesso the eisa on cachea le nit that inte aces with the a ic ont olle
and that ta es ca e 0 non cachea leope ations he a ic ont olle is esponsi le o the comm nication
with th ee othe chips that a e em edded in the same M Iti hip Mod le M M ,to  cache, and to othe
M Ms he andwidths at ae 4, ,and B s, espectively he chip the still contains
a va iety o devices the cache di ecto y and the and Memo y ont olle that sho 1d in down the
o chip latency conside a ly, the ont olle that esponsi le o the t a c on the s his s
t anspo ts data to om the system and in p acticeis sed o I O Some o the inte ated devices, li e the
Pe o mance Monito , and lo ic o0 e o detection andlo in a enot shownin i e a
loc dia am o the p ocesso co e is shownin i e In many ways the POWERA4 p ocesso
co e is simila to the o me POWER p ocesso theeae inte e nctional nits instead o called
i ed Point nits y IBM and instead o a sed B anch ispatch nit, the POWER4 co e has a sepa ate
B anch and onditional Re iste nit, e ec tion nits in all Oddly, the inst ction cache is two times
la e than the data cache 4 B di ect mapped vs B two way set associative, espectively and all
e ec tion nits have inst ction e es associated with them that ena les the o t o o de p ocessin o
p to inst ctions in va io s sta es avin so may inst ctions sim ltaneo sly in i ht calls o vey
sophisticated anch p ediction acilities Inst ctions a e etched om the Inst ction ache nde cont ol
o the Inst ction etch dd ess Re iste which int n is in enced y the anch p edict lo ic  his
consists 0 alocal and a lo al B anch istoy a le B , each with ent ies and a so called selecto
ta le which eepst ac o which o the B s has nctioned estin a pa tic la casein o de to select the
p ediction p io ity o the B s o simila cases comin p
nli ein the POWER ,the edpoint nits pe o msinte e a ithmetic ope ations that can complete in one
cycle as well as m 1ti cycle ope ations li e inte e m ltiply and divide he e a e no sepa ate oatin point
nits o ope ations that e i e many cycles li e divisions ands a e oots 1l oatin point ope ations

aeta encaeo inthe P nitsand,li einthe PP , the e is an inst ction to accommodate the
x ope ation, called sed M ltiply dd M  at IBM s which co ld delive oatin point es lts
eve y cycle his in sthe theo etical pea pe o mance at op satthec entcloc e ency ie

in the P p ocesso , the composition o the oatin point ope ations sho Id e s ch that the nits have
indeedeno h M stope om Othe wise the pe 0 mance d ops y a acto o
Iltho h he e the d al co e ve sion o the chip is desc i ed that is positioned o ene al p ocessin , also
a sin le co e ve sion is ma eted that is ecommended o P se he eason is that in this case the
andwidth om the cache does not have to e sha ed etween the P s and a contention eet anse
o pto B s can e achieved while in the d al co e ve sion a pea andwidtho 4 B sisto e
sha ed etween oth P s

It is inte estin to see that p esently th ee vendo s M , ompa , and IBM have acilities that ena le

|1 eless co plin o p ocesso s altho h the pac a in and implementation is somewhat di e ent 1l im
plementations allow o low latency SMP nodes with a conside a len m e o0 p ocesso s stim latin the
t end to ild pa allel systems ased on SMP nodes

2.8. Ine Tan m 2

he Itani m isa ep esentativeo IntelsI 4 4 it p ocesso amily and as s ch the second ene ation

Its p edecesso , the Itani m, has een o t o almost a yea , t has not sp ead widely, p ima ily eca se
the Itani m wo 1d ollow ic ly with p o ected pe o mance levels p to twice that o the st Itani m
he Itani m will ecome availa le in month at the time o w itin and wo 1d imp ove on some aspects

o the st ene ation, in pa tic la inte e p ocessin and cache memo y andwidth

he Itani m amily o p ocesso s has cha acte istics that a e di e ent om the RIS chips p esented else
whe e in this section loc dia am o the Itani m is shown in

he cloc e ency o the Itani m in the p od cts to e shipped will e a o nd i e

shows a la e amo nt o nctional nits that m st e ept sy hisis done yla einst ction wo ds
o its that contain 4 it inst ctions and a it template that aids in stee in and decodin the
inst ctions hisis an idea that is inhe ited omthe ey a elnst ction Wo d IW machines that
have een on the ma et o some time a o tten yea sa o he twoload sto e nits etch two inst ction
wo ds pe cycle so si inst ctions pe cycle a e dispatched  he Itani m has also in common with these
systems that the sched lin o inst ctions, nli ein RIS p ocesso s, is not done dynamically at n time
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t athe y the compile he IW li e ope ation is enhanced with p edicated e ec tion which ma es
it possi le to e ec te inst ctions in pa allel that no mally wo 1d have to wait o the es It o a anch
test Intel calls this e eshed IW mode o ope ation EPI | E plicit Pa allel Inst ction omp tin

the mo e, load inst ctions can e moved and the loaded va ia le sed eoea ancho astoe y
eplacin this piece 0 code y a test on the place it o i inally came om to see whethe the ope ations have
een valid o eept ac o the advanced loads an dvanced oad dd ess a le eco ds them When a

chec is made a o t the validness o an ope ation dependin on the advanced load, the is sea ched
and when no ent y is p esent the ope ation chain leadin to the chec is invalidated and the app op iate

p codeis e ec ted ote that this is code that is ene ated at compile time so no cont ol spec lation
ha dwa e is needed o this ind o spec lative e ec tion his wo ld ecome e ceedin ly comple o the
many nctional nits that may e sim ltaneo sly in ope ation at any time

scan eseen om i e theeae o oatin point nits capa le o pe o min sed M ltiply

cc m late M ope ations oweve ,twoo these wo atthe 11 it p ecision which is the inte nal
standa d on Itani m p ocesso s, while the othe two can only e sed o it p ecision ope ations When
wo in in the ¢ stoma y 4 it p ecision the Itani m has a theo etical pea pe o manceo 4 op s at
acloc e encyo sin it oatin a ithmetic, the pea is do led In the st ene ation
Itani m the e we e 4 inte e nits o inte e a ithmetic and othe inte e o cha acte manip lations Be
ca se the inte e pe o mance o this p ocesso was modest, inte e nits have een added to imp ove
this In addition o MM  nits a e p esent to accommodate inst ctions o m lti media ope ations, an
inhe itance om the Intel Penti m p ocesso amily o compati ility with this Penti m amily the e is a
special I decode and cont ol nit

he e iste les o inte e sand oatin pointn m e sisla e each oweve ,only the st ent ies
o these e iste sa e ed while ent ies a e implemented as a e iste stac he p ima y data and
inst ction caches a e 4 way set associative and athe small B each hisis the same as in the o0 me
Ttani m p ocesso oweve , speed o the cache is now do led to 1l speed data and inst ctions can
now e delive ed eve y cloc cycle to the e iste s the mo e the seconda y cache has een enla ed

om B to B and it is way set associative Mo eove ,the  cache is moved onto the chip and is
no less than MB  his cache st ¢t e eatly imp oves the andwidth to the p ocesso co e, on ave a e
y a acto o his does mo e o the pe o mance imp ovement than the elatively modest inc ease in
cloc speed om M to Iso the andwidth om to memo y has inc eased y mo e than a
acto o he s is now its wide and ope ates at acloc e encyo 4 M | totalin to 4
B s in compa ison to B s o its p edecesso

he int od ction o the st Itani m has een dee ed time and a ain which  enched the inte est o se
in hi h pe o mance systems With the availa ility o the Itani m in the second hal o it is e pected
that the adoption will speed p pat om P ompa alsoS I, E and its will incl de these
p ocesso s in thei systems in the not too distant t e while phasin o t the Ipha, P RIS , MIPS and
S P 0cesso §
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ltho h Penti m p ocesso s a e not applied in inte ated pa allel systems these days, they play a ma o
ole in the cl ste comm nity as most comp te nodes in Beow 1 cl ste s a e o this type he eo e we

ie y disc ss also this type o p ocesso
Intel only p ovides scant technical in 0 mation on its p ocesso heeoe,a o h loc dia amo the P4
p ocesso can only e synthesi ed om va io sso ces Itisshownin i e heeaean me o
distinctive eat es with espect to the ea lie Penti m ene ations he e a e two main ways to inc ease
the pe o manceo ap ocesso y aisin thecloc e encyand yinceasin then m e o inst ctions
pe cycle IP hese two app oaches a e ene ally in con ict when one wants to inc ease the IP  the
chip will ecome mo e complicated his will have a ne ative impact on the cloc e ency eca se mo e
wo has to e done and o anised within the same cloc cycle e y seldomly chip desi ne s s cceed in
aisin oth cloc e ency and IP sim ltaneo sly Iso in the Penti m 4 this co 1d not e done Intel
has chosen o a hi h cloc speed initially a o0 t 4 mo e than that o the Penti m IIT with the same

a ication technolo y while the IP dec eased y his still ives a net pe o mance ain even i
othe chan es wo 1d have een made to the p ocesso o s stain the ve y hi h cloc ate that the p esent
p ocesso s have, ¢ ently , avey deep inst ction pipelineis e ied heinst ction pipeline

has no less than  sta es, do lethen m e o sta esin that o the Penti m IIT Iltho h this avo s
a hi h cloc ate, the penalty o a pipeline miss e ,a anch mis p edict is m ch heavie and the eo e
Intel has imp oved the anch p ediction yinc easin thesi eo theB anch a etB e om to4 B
In addition, the Penti m 4 has an e ec tion t ace cache which holds pa tly decoded inst ctions o o me
e ec tion t aces that can e d awn pon, th s o e oin the inst ction decode phase that mi ht p od ce
holes in the inst ction pipeline he allocato dispatches the decoded inst ctions, mic o ope ations , to
the app op iate op e e, one o memo y ope ations, anothe o inte e and oatin point ope ations
wo inte e ithmetic o ical nits a e ept simplein o de to e a leto n them at twice the cloc
speed In addition the e is an o comple inte e ope ations that cannot ee ec ted within one cycle
he e is only one loatin point nctional nit that delive s one es It pe cycle oweve, esides the
no mal loatin point nit, the e also a e additional nits that e ec te the St eamin SIM E tensions
SSE  epe toi eo inst ctions,a 44 mem e inst ction set, that is especially meant o m Itimedia, and
vis alisation applications he len th o the ope ands o these nits is its  he Intel compile s
have the a ility to add ess the SSE  nits  his ma es it in p inciple possi le to achieve a two times hi he
oatin point pe o mance
he p ima y cacheis ite small y today s standa ds B hisis a ain to accommodate the hi h cloc
speed With this si e o cache it is possi le to have a latency o two cycles o the cache, whe e it was
cycles in the Penti m ITIT  he seconda y cache has a si e o B and has a wide it s, which
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amo nts to a andwidth o 44 s  Iso the memo y andwidth has imp oved si ni cantly ove that
o the Penti m IIT altho h the scycle e encyis M , o t ansactions pe cycle can e done,
ma in it e ectively a M s hissho 1d ive ite an imp ovement o codes that cannot e ept

in cache
It will depend heavily on the availa ility o compile s that a e a le to ta e advanta e o all the acilities
p esent in the P4 p ocesso B ti they can, the p ocesso co Id o ma ood asis o any P platom

he essentials o the MIPS R se ies 0 p ocesso s have not chan ed since the int od ction o the st
in this amily, the R he ¢ ent p ocesso that is at the heat o the S TO1i in se ies is the
R 4 he R 4 is simila to the p ecedin R 4 e cept o the cloc cycle this is p esently

M and as s ch the lowest o all RIS p ocesso s employed in i h Pe o mance systems loc

dia am o this p ocesso is ivenin i e heR 4 isatypical ep esentative o the mode n RIS
p ocesso sthat a ecapa leo o t o o de and spec lative inst ctione ec tion i einthe ompa Ipha
p ocesso the e a e two independent oatin point nits o addition and m ltiplication and, additionally,
two nits that pe o m oatin division and s a e oot ope ations not shownin i e he latte ,
howeve , a e not pipelined and with latencies 0 a o t cycles a e elatively slow In all the e a e
pipelined nctional nitsto e ed an add esscalc lation nit whichis esponsi le o add ess calc lations
and loadin sto in o data andinst ctions, two nits o ene alinte e comp tation and the oatin
point add and m Itiply pipes al eady mentioned

he level inst ction and data caches have a mode ate si e o B and a e way set associative In
cont ast, the seconda y cache can eveyla e p to MB Both the inte e and the oatin point
e iste s have a physical si e 0 4 ent ies, howeve , o0 them a e accessi le y so twa e while the othe
hal is nde diect P cont ol o e iste e mappin

he cloc e ency o the MIPS R p ocesso s have always een on the low side he st R
appea ed at a e ency o the M  while in the newest R 4 the cloc cycle is M  and will
sli htly ised in itsli etime With the M e ency the theo etical pea pe o mance is op s
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