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Abstract
The Meerkat Multicomputer: Tradeoffs in Multicomputer Architecture
by Robert C. Bedichek

Co-Chairpersons of Supervisory Committee: Professor Henry M. Levy
Professor Edward D. Lazowska
Department of Computer Science
and Engineering

A central problem preventing the wide application of distributed memory multicomputers
has been their high price, especially for small installations. High prices are due to long
design times, support for scaling to thousands of nodes, and high production costs. This
thesis demonstrates a new approach that combines some carefully chosen restrictions on
scaling with a software-intensive methodol ogy.

We used a concrete design, Meerkat, as a vehicle for exploring the multicomputer
design space. Meerkat is adistributed memory multicomputer architecture effective in the
range from several to hundreds of processors. It uses atwo-dimensional, passive backplane
to connect nodes composed of processors, memory, and I/O devices. The interconnect is
conceptually simple, inexpensive to design and build, has low latency, and provides high
bandwidth onlong messages. However, it does not scal e to thousands of processors, provide
high bandwidth on short messages, or implement cache coherent shared memory.

Thisthesis describes Meerkat’s architecture, the niche that Meerkat fills, and the ratio-
nale for our design choices. We present performance results obtained from our hardware
prototype and a calibrated ssimulator to demonstratethat parallel numerical workloadswork
well on Meerkat.
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Chapter 1
INTRODUCTION

Parallel computers are systems of multiple processors capable of coordinated computa-
tion. They vary widely intheir scal ability, size, cost, application, architecture, construction,
and complexity of design. Thisthesis focuses on parallel computersthat scale to hundreds
of nodes, are inexpensive to design and build, and are applicable to arange of applications.
Our goal isto demonstratethat by limiting the scaling range, pushing functioninto software,
and paying careful attention to hardware technology, we can design a multicomputer that
has better performance for the price than existing systems.

1.1 TheHigh Cost of Parallel Computers

Parallel computers come in many forms. Networks of workstations connected by Ether-
net [65] are sometimes used as parallel computers. Ethernet allows workstations to com-
municate, albeit with low bandwidth and high latency. System software such asPVM [89],
Munin [21], Emerad [47], and Amber [22] provides application support on such parallel
computers. Some applications require neither high bandwidth nor low latency, and these
are well served by networks of workstations.

On a global scale, the Internet can be considered a parallel computer. It provides an
even lower bandwidth and higher latency interconnect than Ethernet. Yet, it can provide
computing power many orders of magnitude higher than that available in any national labo-
ratory. Cryptology researchers recently cracked a 129-digit RSA cypher using the Internet
and thousands of cooperating hosts. This application required very little communication
and avast number of calculations.

If networks of workstations represent one end of the design spectrum, the older, tightly
coupled Cray parallel computers, such asthe Y-MP, represent the other. These systems have
high-bandwidth, low-latency interconnects that allow a small number of fast processors to
communicate through a shared memory. Memory is divided into banks, which operate in



parallel. Each processor hasaport, or an access path, that connectsit to the memory system.
Data are typically spread among the banks, allowing high-bandwidth access. Processors
communicate by transmitting data to the memory system, and receiving data from the
memory system, stored by another processor.

The older Crays are expensive because their high design costs are amortized over few
production units, and they uselarge quantitiesof high-speed, bipolar circuitry. Thiscircuitry
is fast, but low density, and requires expensive cooling. The memory system requires a
significant amount of this circuitry to provide multiple high-bandwidth and low-latency
access paths for the processors. Dividing the memory into banks allows concurrent access,
but poses an additional cost in hardware. Well-funded |aboratories are willing to pay these
high costs for fast systems that can solve numerical problems requiring either frequent
interprocessor communication and/or the fastest single-stream performance.

Between these extremes of both cost and communication performance are systems such
aslntel’sParagon [51], Thinking Machine’'sCM-5[92], and Cray’sT3D. These systems use
conventional microprocessors, which lowers their design cost and reduces their physica
size (compared to systems, such as the older Crays, whose processors are composed of
many chips). However, these multicomputers are still expensive compared to networks
of workstations for two primary reasons. First, they are complex systems sold in small
numbers. Like the older Crays, they suffer from high design costs that are amortized over
few production units. Second, they use communication structures that allow scaling to
thousands of processors, which increases cost for all sizes of systems.

12 TheThess

Our thesisisthat anew approach to multicomputer designwill yield faster and lessexpensive
systems, with a price/performance ratio closer to that of workstation networks. This
approach moves function from hardware to software, reducing design time and production
cost, and increasing flexibility. Our approach also limits scaling range to alow the use of
simple, high-performance hardware technology. We use a concrete design, Meerkat [10],
as an example of our approach. We demonstrate that Meerkat can scale to hundreds of
processors, has a short design time, is simple to construct, and is applicable to common
parallel workloads.

Several design assumptions are key to thisthesis. First, we assume that scaling range
can be limited to a few hundred nodes while maintaining wide applicability. Second, we



assumethat by carefully choosing what function goes on each side of the hardware/software
boundary, we can achieve high performance with simple hardware. Our third assumption
isthat available hardware technology greatly favors some architectural choices over others.
For example, planar interconnects are cheaper and faster than non-planar ones.

As a secondary goal, this thesis demonstrates the value of an architectural evaluation
methodology that synergistically uses a prototype and simulator. Building the prototype
forced us to confront complex design issues, and operating it gave us a reference with
which to calibrate the simulator. In turn, the simulator let us model variations that were
impractical to construct.

1.3 Meerkat’sGenesis

The Meerkat project began in the fall of 1990. At the time, the department was seeking a
new system on which to do parallel systems research, but could spend only a few hundred
thousand dollars. We evaluated machines from Intel, Thinking Machines, and Meiko.
Affordable models had only 10 to 30 processors.

We considered the reasons for their expense, and thought about approaches that would
yield systems with better price/performanceratios. By carefully choosing the interconnect
topology, pushing function into software, and limiting the scaling range, it seemed that it
should be possible to achieve performance as good or better than that of these systems,
and at alower cost. Our goal was to explore the architectural design space, not to build a
production system.

The technology curves for commercia microprocessors and memory, i.e., the cost/per-
formanceasafunctionof time, areexceptional. Every year the price per unit of performance
and per bit drops significantly. Kendall Square Research made the mistake of not using
commercia processors and is suffering as aresult. Cray Research for years designed their
own processors, but has now switched to the DEC Alpha[35] as the core of their multipro-
cessors. We concluded that a viable machine would use commercia microprocessors and
memory.

We envisioned a multicomputer of nodes composed of commaodity components, running
an operating system that supports message passing, at a minimum. The interconnection of
these nodes is a crucial issue; existing systems use a variety of topologies and signalling
technology. Silicon Graphics multiprocessor workstations use a single synchronous bus.
The Intel iPSC/2 and iPSC/860 systems use Hypercubes with synchronous bit-serial links



built with conventional logic. The Intel Paragon uses meshes of 2-D routing chips and bit-
parallel asynchronous links. The Thinking Machines CM-5 uses a locally synchronous,
globally asynchronous, fat-tree network.

We wanted hundreds of processors, more than could be connected to a single medium
without unacceptably low internode communication performance. If each node were con-
nected to all media, nodes would be large and expensive and perhaps limit the media’s
performance. To avoid this problem, the system must scale in two dimensions. But nodes
should be kept close together, to limit the intrinsic speed of light delay. This constraint
suggested acircle or asquare of nodes.

Wires of some kind had to connect the nodes. We searched for a structure that required
aminimum of circuitry and that would use the internode wires efficiently.

There could be point-to-point links between nodes, resembling the Intel Paragon. If all
the communication were close-range, to a neighbor, the Paragon’s mesh would work well.
It allows the communi cation capacity to scale with the number of nodes. But most parallel
workloads have a significant amount of communication that is not close-range. The 2-D
mesh would still work for any workload, but we questioned whether it was the best.

From an aesthetic point of view, the mesh seemed unnecessarily complex. It performs
arouting decision at every hop, for every message. In practice, it does not require much
circuitry to do this; mesh router chip cost is dominated by the size of the package, which
must be large to accommodate the pins needed to communicate with itsfour (or, in the case
of the Hewlett Packard May-fly, six) mesh neighbors and with the local node. The logic
may not cost alot in silicon area, but it limits performance. Universities such as Caltech
have had a hard time making their chips run reliably above 20 MB/sec. The mesh has a
per-hop latency that can dominate communication timein fine-grain machines, such asthe
MIT Alewife.

It seemed that the ssmplest structure was a set of horizontal and vertical buses. We first
thought about using multiple NuBUS's [69]. But like most existing buses, NuBUS is a
backplane bus for connecting a small number of processors to a small number of 1/0 and
memory devices. Itspeak bandwidth islow (40 MB/sec), and its protocol is more complex
than we needed. We then considered a ssmple bus tailored for software control and bulk
transfers.

To make the design fast, we wanted to take advantage of the fast static-column mode
of DRAMs. This meant setting up the DRAM for quick access to the words within a



DRAM page (whichin our prototypeis 16KB). Early on, we considered an interfacewhere
the processor would stuff each word into an interface register; however, this approach is
unable to sustain more than about one-third of the local memory bandwidth. Avoiding this
approach also meant that we did not have to do flow control on each word. Instead, flow
control could be performed by software.

The next question we posed was how to define the network interface and low-level
software. These two components are tied together closely. To keep the hardware smple,
we required the software to manipulate much of the network interface’s state.

Meerkat is the result of our choice to use commodity microprocessors and DRAM, a
set of horizontal and vertical buses, and a software-intensive approach. The core of the
Meerkat nodeis similar to the core of a conventional workstation. The main differenceisa
high bandwidth local memory connection to internode buses. This connection isintegrated
with the memory system and requires little extra hardware.

1.4 Methodology

Key to defending our thesis is an approach involving iterative prototyping, simulation,
measurement, and evaluation. This approach is described bel ow.

When the project began, we wrote a simple Meerkat simulator. It totaled only about
400 lines of C and had very rudimentary node processor execution. However, the results
it generated indicated that there was no fundamental problem with Meerkat’s interconnect:
cross-sectional bandwidth was a linear function of the number of internode buses and
transfer rate.

We then designed the hardware prototype. This process helped refine our architecture.
We saw the benefits of eliminating flow-control hardware and coupling the DRAM system
directly to the interconnect. The prototype effort yielded severa results even before the
first program ran. By keeping the architecture smple, we could achieve a high internode
transfer rate and a short design time.

Once the hardware worked, the next step was to experiment with the system software
and to make performance measurements. Although the simple hardwareforced the software
to do alot, the software was tractable and the performance excellent.

The prototype design does not scale beyond 16 nodes because we made compromises
to make the prototype design and construction simpler and less expensive. The limitation
of the prototype does not reflect a limitation of the architecture. We could have made the



prototype so that it scaled to 256 nodes, but this would have added person-months to the
implementation effort.

The actual prototype has only four nodes. We needed a way to demonstrate the
performance of larger Meerkats and of Meerkats that made different hardware/software
tradeoffs. Todothis, wewroteadetailed Meerkat ssmulator, calibrated it with the prototype,
and used it to evaluate the performance of large systems.

We used several low-level benchmarks to measure raw internode communication per-
formance. The benchmarks use a subset of the message-passing functions of NX, the
Intel operating system [72], so that we could run them both on Meerkat and on Intel’s
parallel computers. Measurements on the prototype and simulator showed a high sustained
bandwidth on long messages, and a low round-trip latency between node pairs. Simula
tor measurements also showed high bisection throughput for long messages on 256-node
systems. Meerkat’s communication performance equaled or exceeded all Intel systemswe
measured, often by alarge margin.

These low-level benchmark results were encouraging, but did not directly answer the
guestion of how Meerkat would perform on numerical applications, and how it would com-
pare to commercially built systems. To answer these questions, we ran several numerical
parallel programson Meerkat and Delta. Meerkat’s speedup curveswere consistently above
Deltas.

Although Meerkat had better speedups and higher internode bandwidth than Delta, we
saw from simulator instrumentation that the internode buses were underused when traffic
was dominated by small messages. This led us to reexamine our extreme approach of
removing everything possible from hardware at the expense of software management.

In developing Meerkat, we knew that some applications would suffer as aresult of our
extreme approach. By being less extreme and alowing a dightly more complex network
interface, we thought that we might retain Meerkat’s essential benefits, yet substantialy
improve performance on programs that use short messages. In some cases extra hardware
would be worth the improved performance on small messages; in other cases it would
not. The desire for better performance on small messages led us to develop Meerkat-2.
M eerkat-2 makes more efficient use of theinterconnect through hardwarehandling of circuit
management (establishment through disconnection).

In the past, multicomputer designers focused their efforts on the interconnect and node
processor. The network interface, seen as significant to the operating system only, was



deemed incidenta to performance. More recently, designers have recognized the benefits
of streamlining network access [30] and allowing application code direct access to the
network interface [45, 38]. Our Meerkat-2 study is in line with this research: we show
that the choice of network interface can dominate system performance. For the systemswe
modelled, this choice becomes more important as message sizes decrease.

To bolster our claim that Meerkat can scale to hundreds of nodes, despite the limited
scalability of the prototype, we conducted a paper engineering study. We dealt with the most
difficult problemsof physical internodebuslength, packaging, signalling, and clocking. We
found that Meerkat’s interconnect has potential for very high performance and the ability
to connect hundreds of nodes.

Our study thus concluded. We started with research and intuition about how parallel
computers could be built more simply, proposed an architecture, modelled it roughly,
built a prototype, measured it, wrote a ssimulator, calibrated it to the prototype, and used
this ssimulator to extend our measurements. We then modified our earlier hardware-lean
approach by proposing a new hardware mechanism, which we modelled and measured.

1.5 Research Contributions

The Meerkat project significantly contributes to the study of multicomputer architecture
by:

e Demonstrating that RISC principles can be applied to multicomputer design to yield
a system with a short design time and high performance. By "RISC principles,” we
mean that hardwareis tuned for the most important functions, while software is used
for less important or less performance-critical functions.

¢ Analyzing tradeoffsin network interface design for circuit-switched multicomputers.
We provide performance results and discuss the operating system implications of
several network interface designs.

e Exercising a methodology that combines a hardware prototype and an efficient sm-
ulator that is calibrated to the hardware. Hardware prototypes and system simulators
are tools often used in architectural tradeoff studies. Our approach is unique in the
way in which we employed both tools. We used the hardware to calibrate the simu-
lator and to test programs. We used the calibrated ssimulator to extend our results to
systems with hundreds of nodes and various network interfaces. The simulator aso
allowed us to measure many things that would be difficult or impossible to measure
on a hardware prototype. For example, the smulator counts the number of cycles
each processor is delayed waiting to access the interconnect.

¢ Developing adetailed and highly efficient smulator that isableto model the execution
timing of hundreds of processors running significant programs.



e Presenting an interconnect with an intrinsically lower latency than that of any others.
While not significant for multicomputers such as Meerkat, where software overhead
dominates interconnect latency, this property could be of great benefit in multipro-
cessors for which remote reference latency is dominated by interconnect latency.

1.6 ThesisOrganization

Chapter 2 describes the Meerkat architecture and the design issues that guided its devel op-
ment. The hardware prototype, described in Chapter 3, providesinsight into the complexity
of aMeerkat implementation. The Meerkat ssimulator is presented in Chapter 4. Chapter 5
relates performance results obtained from measurements made on the hardware and the
simulator. Chapter 6 explores a new network interface, Meerkat-2, discussing issues in
network interface design and contrasting performance results with a range of aternatives.
To show that large Meerkats with fast buses can be built we propose in Chapter 7 solutions
to some of the difficult problems of internode signalling. Chapter 8 offers conclusions and
discusses avenues for future research.



Chapter 2
MEERKAT DESIGN ISSUESAND ARCHITECTURE

Parallel computers can deliver great computational power. However, realizing their
potential requires solving significant problems involving computer architecture, program-
ming language design, compiler techniques, thewriting and debugging of parallel programs,
performance measurement, hardware design, and fault tolerance.

Architects of parallel computers take many factors into consideration as they develop
a design. They make assumptions about how the system will be programmed, what
transformations compilers will perform, what range of performance the design must scale
over, what tools programmers will use to debug their programs, how reliable the system
must be, and what hardware technology will be available when the system is built. This
last consideration - the available hardware technol ogy - changes rapidly and has a profound
effect on architecture. Constantly improving hardware technology favors approaches that
take advantage of commodity components and have short design times.

This chapter discusses the design processfor aparallel computer —amulti! Inparticular,
we are interested in multis that can be designed quickly, to take advantage of the most
modern components. Section 2.1 introduces key design issues and tradeoffs considered in
developing Meerkat. Section 2.2 describes Meerkat’s structure and operation. Section 2.4
discusses related system software issues. Meerkat’s network latency is compared with that
of amesh in Section 2.3.6.

2.1 Introduction

Six key design issues were weighed in arriving at Meerkat’s architecture: choice of node
processor, network scalability, privatevs. shared address space, system design time, unipro-
cessor vs. multiprocessor nodes, and interconnect planarity. For each issue, we examinethe
choices consideredin creating Meerkat and contrast Meerkat with other multi architectures.

1 We use the term multi to refer both to multicomputers and multiprocessors. Our definitionsfor these terms
arein section 2.1.3.
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2.1.1 Node Processors

Node performance as a function of production cost is non-linear. This function grows
quickly until it reachesthe level of high-volume microprocessors. It then increases slowly,
reaching the level of supercomputers at very high cost (see Figure 2.1). The best per-
formance per unit of cost is at the knee of the curve, in the region of state-of-the-art
microprocessors. While this curve moves up with time, its shape has remained the same
for at least twenty years.

Supercomputers

Performance High-performance/low volume microprocessors

High-volume microprocessors

Microcontrollers

Cost

Figure 2.1: Cost-Performance Curve for Uniprocessors

Processors slower than commodity microprocessors serve applications that do not re-
quire high performance. While their cost is low, their relative performance is even lower.
Aggregating many processorswith poor price/performanceratioswill not yield amulti with
a good price/performance ratio. Furthermore, processors require the support of memory
and network interfaces. Although these devices can be matched in speed with the pro-
cessors they support, and thus be less expensive for dower processors, they will aso be
more numerous for a given level of system performance. Their lower expense will not
fully compensate for their greater number. 1n addition, more parallelism must be available
in a system with more processors. This means that the utilization may be lower, further
lowering system price/performance.

Processors much faster than commodity microprocessors serve applications without
efficient parallel solutions. Their extraperformance comesat asignificant cost. Aggregating
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a few fast processors with poor price/performance ratios will result in a multi with good
price/performance only if the increased cost of the processors is offset by an increase in
processor utilization or a decrease in the cost of supporting devices such as memory and
network interfaces. Expensive processors generally require expensive support components:
while their numberswill be lower, their cost will increase.

Some experimental parallel systems, such as Mosaic [80], the >Machine [30], and the
Connection Machine [46], use large numbers of small custom processors. Maspar and
Thinking Machines Corporation offered the MP-1 [16] and the CM-2, respectively, both of
which used many small custom processors.

These systems can yield high performance on regular problems with high parallelism.
However, their performance suffers on irregular workloads and those without sufficient
parallelism. Moresignificantly, by opting for custom processors, they do not take advantage
of the huge investment made in commodity microprocessors. This may be why Thinking
Machines more recent system, the CM-5, uses the popular Sparc microprocessor rather
than the tiny-custom-processor approach.

Many experimental and commercial multis use commodity microprocessors. For ex-
ample, the Stanford DASH [58] uses MIPS R3000s, the Cray T3D uses DEC Alphas, and
the Intel Paragon uses Intel i860s. Some experimental systems use modified commercial
parts. For example, the MIT Alewife uses modified Sparc microprocessors, while the MIT
*T planned to use modified Motorola 88110s[37].

We conclude that commodity microprocessors are the processors of choice in multis
where the price/performanceratio isimportant. High-end commodity microprocessors are
probably the best choice because a small sacrifice in the price/performance of the node
processor will be compensated for by a modest decrease in the amount of parallelism and
support components required.

212 Limiting Scalability

Multicomputer interconnects scale over some range, alowing system configurations with
a variable number of processing nodes. The range of nodes over which an architecture is
effective is called its scalability, or its scaling range. The Thinking Machines CM-5, for
example, is scalable from 32 to 16,384 nodes, a wide range.

Most multi installations range from a few tens to afew hundred processors, despite the
ability of manufacturers to make similar models with thousands of processors. There is
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no lack of demand for the greater computational power of larger systems. Rather, sizeis
limited by economics. Nodes of commercial multis, such as the Thinking Machine’'s CM-
5[92] and the Intel Paragon [51], use powerful microprocessors and large memories, and
therefore cost thousands of dollars. A 256-node system, for example, would cost millions
of dollars. Although larger systems are important, they are also rare: most prospective
consumers of parallel systems can afford systems with a few tens to a few hundreds of
nodes, but not thousands of them.

There is a wide range of scalability in multis. The Intel iPSC/860 is limited to 128
nodes, while the new Paragon can be built with several thousand nodes. The KSR-1canin
theory have 1088 processors; it is not clear how effective the system would be at this size.
The Convex MPP scales to 128 nodes.

There are significant advantages to having afew hundred nodes as an upper limit. First,
larger system designs must solve complex fault tolerance issues. Second, larger systems
require correspondingly larger bisection bandwidths. The CM-5 keeps the bisection band-
width constant over its scaling range by using a fat-tree network, which is quite expensive.
The Intel Paragon does not increase bisection bandwidth in larger systems. Rather, al
Paragons have a high-performance interconnect. In small Paragons, this interconnect is
more powerful than it needs to be.

We conclude that limiting scalability to a few hundred nodes helps avoid difficult fault
tolerance and bisection bandwidth issues, while still allowing all but the most massive and
expensive systems to be built.

2.1.3 Shared vs. Private Address Spaces

Parallel computers can be divided into two broad categories. those with shared address
gpace and those with private address space. The former are called multiprocessors, while
the latter are called multicomputers.

Processors in multiprocessors communicate by reading and writing memory locations
in ashared address space, using conventional load and store instructions. Communication
between nodes is implicit in the execution of memory access instructions. The most
common programming model used on multiprocessors in called shared memory, because
parallel programs written for these machines use a shared address space to communicate
and synchronize.

Processors in multicomputers, on the other hand, communicate by explicitly sending
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each other blocks of datathrough theinterconnect. Load and store instructions access local
memory only. The most common programming model used on these systems is called
message passing, because parallel programs written for these machines explicitly send and
receive messages.

Multiprocessors are generally more difficult to design and build than multicomputers.
However, many researchers believe that multiprocessors are easier to program [85, 93, 52].
This has led a number of researchers to study how multiprocessors with hundreds of
processors should be designed [58, 2, 12, 8]. Multiprocessors require hardware either to
keep track of the location and status of cache lines as they move through the system, or to
effect extremely low latency internode communication, asin the Cray T3D.

Software can make multicomputers perform as multiprocessors[59]. However, perfor-
mance on many workloadswill not be as good as it would be with hardware support. Some
researchers propose intermediate systems that support a shared address space through a
combination of hardware and software[15].

Multiprocessor designisinteresting and important, however our i nvestigation concerned
simple, quick-to-design paralel computers. The effectiveness of multicomputersis well
established, and they are smpler than multiprocessors to build, so we chose the former.

214 DesignTime

The amount of timeit takesto design amulti profoundly affectsits performance. Hardware
technology improves quickly, but not predictably. Thus, architects must select components
before the first machine of a new architecture is built. The technology gap is the time
between component selection and system production. The longer the gap, the older the
components will be, the slower they will be, and the worse the resulting system may
perform.

While hardware technology devel opment makes simple architectureswith short design
times attractive, other factors argue for more complex designs. In general, the more
performance designers try to extract from a given hardware technology, the longer it will
take to design the system. A quickly designed multi may take advantage of modern
hardware, but use that hardware less efficiently than a multi with a longer design time.
Thus, there is a tension between using old hardware efficiently and using new hardware
less efficiently.

The KSR-1 is acomplex system that had a correspondingly long design time of seven
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years. Because of the technology gap, its processors were about one fifth the performance
of commercial microprocessors at the time of the system’s availability in 1992. Whether
the KSR-1's complex memory system makes parallel programming easier, and whether this
ease compensates for its low processors, is an open question. But it is clear that the KSR
architects traded node performance for other characteristics (such as making the system
easier to program).

We were interested in exploring whether a quickly designed multi could be effective.
Thus, in Meerkat, we opted for asimple design.

2.1.5 Uniprocessor versus Multiple-Processor Nodes

Multicomputers can have a single, general-purpose processor or multiple processors per
node. Multiple processors allow exploitation of fine-grain parallelism within anode. They
also spread the per-node cost of memory, the network interface, and support logic over
several processors.

However, there are severa practical and theoretical problems with having multiple,
general-purpose processors per node:

e The design time is significantly longer. The designers of the Stanford FLASH
multiprocessor chose to use one processor per node [55], citing design complexity of
multiple processor nodes as the principal reason.

e The operating system is more difficult to write and debug, because it must support
multiple nodes and multiple processors per node. Even the ssimple run-time system
that we built for our prototype (see Chapter 3) was complicated and made slower by
the need to deal with multiple processors.

e The programming model is a more complex mix of small-scale, fine-grain paral-
lelism and larger-scale, coarse-grain parallelism. While some research systems have
supported this model [22], it has not gained wide acceptance.

e User-level access to the network interface (see Chapter 6) is more complicated,
because much of the network interface state must be duplicated for each processor.

e Physical node size will increase to accommodate the additional processors, which
affects node performance. If the larger nodes make intranode wires longer, a fast
node cycle time will be harder to achieve. If the larger nodes increase internode
wires, internode latency will increase. One or both of these effects will occur in a
given implementation.

While our prototype uses multiple-processor nodes, we envision future Meerkat imple-
mentations with single-processor nodes.



15

2.1.6 Interconnect Planarity

Multi interconnect performanceislimited by thedensity of thewiresthat connect nodes[31].
Meerkat’sinterconnect isplanar, which meansthat the wires connecting nodes can berouted
in alimited number of wiring planes. These limits allow an inexpensive implementation
with a conventional, controlled-impedance backplane driven by CMOS integrated circuits.

Wiring densities of the printed circuit boards (from which backplanes are made) are
about 80 wires per inch per plane. Non-planar interconnects must use cables to connect
the node circuit boards. The wiring density of cables is approximately 10 wires per inch.
In addition to their order-of-magnitude advantage in density, printed circuit wires are less
expensive and more reliable than cables.

Nonplanar interconnect topologies, such as the hypercube [ 78], cannot be wired using
low-cost, high-density printed circuit wires. Instead, nodes of these systems are connected
by links that use cables, which have relatively few wires, often just one. To maintain
the same data rates, these cables must use much higher clock rates. High clock rates, in
turn, require expensive coaxial or fiber-optic cables and GaAs drivers [40]. Thus, planar
interconnects using printed circuit wiring are intrinsically cheaper per unit bandwidth.

The performance of GaAs is not improving as rapidly as CMOS [17]. Therefore,
we expect the relative advantage of CMOS-driven interconnects to increase. With recent
advances in CMOS technology, it is possible today to fabricate a single, low-cost CMOS
gate array that drives over 100 terminated bus wires at 100 MHz [42].

Fat-tree networks [57] are planar in theory, but in practice manufacturers such as
Thinking Machines are not able to take advantage of this property. The CM-5's fat-tree
network, for example, uses coaxial cables to connect nodes of the fat tree.

Interconnectsthat are planar both in theory and in practice have substantial advantages
in density, performance, and cost. To gain these advantages, we chose to make Meerkat’s
interconnect planar.

2.2 Meerkat’sArchitecture

Meerkat connects nodes with atwo-dimensional, passive backplane. A nodeis a processor
tightly coupled with cache, memory, and I/O devices (optional). Two or more nodes are
connected by a set of wires, called a bus, used to exchange information. Buses can be
horizontal or vertical. Arranged on a grid, each node taps one horizontal and one vertical
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internode bus with circuits that can send and receive.

Any pair of nodes can communicate using either one or two buses. A pair of nodes that
taps the same vertical or horizontal bus communicates with a one-bus connection. A node
pair that cannot use a one-bus connection must use an intermediate node as a cross-point to
communicate using a two-bus connection. Every nodeisapotential cross-point for two-bus
connections between nodes that share its vertical and horizontal buses. The sender owns
the bus(es) for the duration of the connection through which it transmits information to the
receiver.

Vertical internode bus

Businterfaces = Businterfaces = Businterfaces
Memory Memory Memory
Processors Processors Processors Horizontal internode bus
Optional 1/0 Optional 1/0 Optiona I/O | | -
AN

[ [ | Memory E\
Businterfaces — Businterfaces — Businterfaces — S~
Memory Memory Memory
Processors Processors Processors Intranode memory bus
Optional 1/0 Optional 1/0 Optional 1/0

Processor caches
— Processors

I I [ o
Bus interfaces — Bus interfaces — Bus interfaces —
Memory Memory Memory
Processors Processors Processors
Optional 1/0 Optional 1/0 Optional 1/0

Figure 2.2: Structure of a 3x3 Meerkat

Meerkat's architecture (Figure 2.2) resembles those of the Wisconsin Multicube [41]
and Aquarius Multi-multi [20]. However, these two machines put their buses to different
usesthan doesMeerkat. The Multicube and Aquariusimplement acoherent shared memory
systemin hardware. Therefore, transactionson their busesareinitiated by memory reference
instructions and cache coherence operations. Packets on these buses are small, usually
carrying a cache line or less of data. In contrast, Meerkat’s buses are manipulated by low-
level, message-passing code that isinvoked explicitly by user programsto send packets that
often will be hundreds or thousands of bytesin length.
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2.2.1 Communication in Meerkat

A node's processor accesses its two bus taps through a bus interface that occupies part of
the processor’s physical address space and is thus accessed viaload and store instructions.
The bus interface provides five primitive commands. arbitrate, signal, data-send, data-
receive, and release. Each of these operations can be applied to either of the two taps of
the businterface.

The arbitrate command instructs the bus interface to acquire control of a vertical or
horizontal bus. In addition, it can request that a second bus, an orthogonal bus, be acquired
by a second node that shares the first bus with the owning node. If the arbitration for both
buses is successful, the second node acts as cross-point for the owning node. The processor
in a node acting as a cross-point is unaffected unless it attempts to use either of its buses.
In this case, it will be unable to do so until the owning node relinquishes ownership. The
tap connecting an owning node to abusis said to be active.

After the owning node has established a one- or two-bus connection, and before it
transfers data, it must aert the receiver by using the signal command. This command sets
bitsin the status registers of the sender and receiver, and it requests a processor interrupt in
the recelver node. Either the set status bit or the interrupt tells the receiver to accept data
from the interconnect.

To enter areceptive state, the receiver executes the data-receive command. Thisresets
the status bits and interrupt request. The sender can then execute the data-send command
to copy data from the owning node’'s memory through its active tap, onto a bus, possibly
through a cross-point and onto a second bus, through a tap in the receiver, and into the
receiver’'s memory. The sender includes the address of data to be copied from its memory
as part of the data-send command. The receiver similarly includesthe address of the buffer
where the data are to be written as part of the data-receive command.

A packet consists of data sent in asingle data-send operation. Packets can have length
limits and restrictions on their alignment in memory. Multiple packets can be sent over
a connection by repeating the signal/data-receive/data-send sequence. The receiver can
mask internode interrupts and instead poll the status bit in its bus interface to determine
when a sender is waiting for it to execute a data-receive. Thisis useful when a receiver
knows from one packet that another is due to arrive shortly. The receiver can poll and thus
avoid theinterrupt latency for each packet received.

When the owning node has sent all relevant data, it releases the bus(es). Other nodes
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can then arbitrate and become owners of the bus(es).

2.3 Meerkat System Scalability

The design of Meerkats that can scale up to 256 nodes will have to solve problems of
internode signalling, power distribution, and cooling. Sections 2.3.1, 2.3.2, and 2.3.3
address the signalling issue, while Section 2.3.4 discusses the relationship between a
machine's dimensionality and its cooling and power requirements. We compare Meerkat’s
underlying network latency withthat of a2-D meshin Section 2.3.6. Section 2.3.7 concludes
this section with our view of how buses will be used in the future.

If buses are short, or if the signalling rate is low, bus design is easy. However, we are
interested in high-performance buses that can span the width and height of a Meerkat array.
To make the buses short, nodes should be small. This alows them to be packed closely
together, thereby reducing bus length.

Chapter 7 proposes a Meerkat design that scales to 16 nodes per bus (256 nodes total),
uses nodes that are 11cm aong their shortest edge, and limits bus length to 75 cm. We
believethat itispractical to build 11 cm-widenodeswith conventional printed circuit boards,
high performance microprocessors, and copious memories. However, the combination of a
bus length of 75 cm and the desire for high signalling rates still presents design challenges.

23.1 The Seady-Sate Design Rule

Bus designers choose protocols to make their job tractable. One such rule is to constrain
the bus cycle time to be long enough for the bus signals to reach a steady state throughout
the bus at a predictable point in the bus cycle. With this restriction, the maximum buswire
length is determined by the amount of time it takes for signals to propagate the length of
the bus. A typical bound for the bus clock period is:

Tcycle > 2ir]m“op + Tsetup + Tskew

The 27,,,, term represents the worst case time for awired-OR glitch to dissipate [43].
Tserup 1sthe time that the receiver’s latch requires the data to be stable before it is latched.
T,rew 1S the maximum uncertainty in the clock signal that tells the receiver’s latch when to
sample the value on the bus wire.

Thisrule allowsthe bus to be treated as simply another logic element. It also limits bus
bandwidth to be a function of bus length. While convenient for the logic designer, thisrule



19

is not necessary. Some researchers have taken this rule to be one that is intrinsic to buses:
Barroso and Dubois motivate small rings for cache-coherent multiprocessors by listing this
as a fundamental problem with buses|[8].

2.3.2 Beyond Seady Sate: High Performance Bus Sgnalling

If the steady-state design rule is used, bus clock speed decreases as bus length increases.
However, if the system designer circumventsthis rule, the bus can be clocked at ahigh rate
that is mostly independent of bus length. There are severa techniques that can be used to
achieve thishigher rate:

e Phase-tolerant signalling, such asthat being used in the next generation of 2-D mesh
routers from Intel’s Scientific Systems Division [74]. Thiskind of signalling helps
compensate for clock skew, thus allowing the receivers to know with great precision
when they should sample the bus wires.

o Carrier Sense(CS), Multiple Accesswith Collision Detection (MACD), and Collision
Enforcement (CE). This is the technique that Ethernet employs so that senders can
transmit without knowing that they have exclusive access to the bus [65]. This
optimistic protocol allows data transmission and arbitration to proceed concurrently.
This technique can aso be used in high performance parallel buses.

e Gunning Transceiver Logic (GTL) [42]. This technique requires a fraction of the
signalling energy of older methods, suchasECL, BTL and CMOS. GTL transceivers
can be fabricated with conventional CMOS transistors. GTL is used in the new
XDBus from SUN Microsystems and Xerox Corp [84]. It alows many parallel bits
to be sent by a small number of packages. This, in turn, makes it easier to keep
stub lengths short, clock skew short, and settling times due to SSO (Simultaneous
Switching Output) short.

¢ Anidle-bus-undriven protocol. With this technique, when the busisidle, no devices
are sinking current, i.e., no devices are sending any kind of asignal. A busthat goes
from such an idle state into a driven state will not experience awired-OR glitch and
thus can avoid having to wait for a bus round-trip propagation to let such a glitch
settle [43]. When a bus goes from being owned by one node to being owned by
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another, it will have to wait for the wired-OR glitch to settle. But this wait has to
be paid only once per tenure and only when tenure is passed directly from one bus
master to another.

All of these techniques will allow buses to approach the clock speed, and thus the
bandwidth, of short point-to-point connects.

2.3.3 BusLoading

Buses have multiple taps, these taps affect per-unit-length inductance and capacitance,
which, it turn, determine the propagation speed. This section discusses these relationships.
Characteristic impedanceis:

Lo
ZO = (Co+Ca)

where (; is the distributed tap capacitance per unit length, Cy is the bus wire capacitance
per unit length, and L, isthe bus wire inductance per unit length [94]. A bus with no taps
correspondsto C'; = 0. Propagation speed is:

Téd =/Lo(Co + Cy)

and is independent of impedance. Note that both propagation speed and impedance are
functions of the per-unit inductance and capacitance. The distributed gate capacitance
lowers propagation speed. If an untapped wire (i.e., C'; = 0) has propagation speed of 7,4,
the tapped (i.e., capacitatively loaded) wire will have speed:

T}y = Tpay /1 + &

For example, amicrostrip line with Z, = 50, Co = 35pf/ft, Py = 1.77ns/ ft loaded
with four 5p f taps per foot (i.e., C; = 20pf/ ft) would have a speed of :

1.774/1 + % = 2.21ns/ ft

In this example, the capacitive loading slowed the propagation speed by 25%.

The alternative to buses are point-to-point networks, such as rings and meshes. In
these networks, signals travel a short distance at a higher propagation rate and then are
absorbed by logic that will reintroduce the signal on the next link. Section 2.3.6 analyzes
the relationship between propagation rate and latency in buses and point-to-point networks.
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2.3.4 Interconnect Dimensionality vs. Cooling and Power Requirements

Meerkat uses atwo dimensional interconnect, and not athree dimensional interconnect, for
tworeasons. First, by limiting theinterconnect to two dimensions, the bus wires can be kept
short by letting the nodes be long in the third dimension. Let us call the two dimensions of
the Meerkat buses X and Y. The nodes extend in the third dimension, Z.

To keep bus wires short, we limit the X and Y dimensions, at the expense of a larger
Z (i.e., node boards extend farther in the Z dimension that they would if their X and Y
dimensions could be greater). A Z larger than X and Y isnot aproblem aslong as nodes do
not become so long and narrow that the intranode wire lengths limit intranode performance
(e.g., by limiting node cycle time).

If the interconnect were three dimensional, we would not be able to sacrifice Z to keep
internode bus wires short. This is because there would be bus wires in all three dimen-
sions, including Z. The bandwidth advantage of using the third dimension for internode
connections would be mitigated by the reduction in performance due to longer bus wires.

The second reason to keep the interconnect two dimensiona is that it makes power
distribution and cooling easy. The need for power and cooling grows as the system’s
physical volume; the ability to provide cooling and power grows as the system’s physical
surface area. These grow together in atwo dimensional system: O( %—2); volume outpaces
surface area in a three dimensional system: O(%—i). (V is the length of one edge of the
systems, N = /P for Meerkat, P isthe number of nodes.)

With single-rail, low-swing signalling, the bus termination will dissipate little power,
and that only at thebus ends. The busendsare easy to cool because they are onthe system’s
surface.

Inatwo dimensiona system such as Meerkat, it isno harder to cool thefirst node added
thanthelast. Thisisnot the case in asystem with athree dimensional interconnect, e.g., the
Tera or the Cray T3D. The average node added to a 3-D machine requires cooling/power
cableswhich cost O( V). The average node added to a2-D machine requires cooling/power
cables with constant cost.

2.3.5 Network Bandwidth: Circuit-Switched versus Packet-Snitched Networks

Network bandwidth changes as a function of system size and communication pattern. The
bisection bandwidth of 2-D meshes, which are packet-switched, and Meerkat, which is
circuit-switched, are the product of: (1) the number of wires that cross an imaginary line
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dividing the nodesinto two equal groups, and (2) the data rate sustainabl e across each wire.
The number of wires that cross a bisection line increases as the square root of the number
of nodes. If the bandwidth of the links and buses is kept constant, the bisection bandwidth
will grow as the square root of the number of nodes in both kinds of networks. To keep
bisection bandwidth constant, the bandwidth of the links or buses must double when the
number of nodes doubles.

Thebisection bandwidthisnot theonly measure of anetwork’sability to carry data. This
metric is useful when the expected communication pattern shows no locality, i.e., when the
sender and receiver are separated by adistancethat ison the order of thelength of the edges
of the network. However, some workloads exhibit good locality; nodes exchange datawith
nearby nodes. For these workloads, the bandwidth of a mesh grows with increases in the
number of nodes. The Meerkat interconnect cannot take significant advantage of locality.
Therefore, itsbandwidth is not significantly affected by whether the communi cation pattern
islocal.

2.3.6 Network Latency in Meerkat vs. 2-D Meshes

Thelatency of communicationinamulti isthe sum of the network | atency, network interface
latency, and the software overhead that lies on the critical path. This section compares the
network latency of Meerkat with 2-D mesh networks. We show that the network latency in
the case of light load is much lower than that of 2-D meshes.
Consider the latency of a datum in each of the two networks shown in Figure 2.3. Let:
e D be the distance that the datum has to travel, measured in node-distances, e.g., if

the datum has to travel two node distances in the horizontal direction and one in the
vertical, D = 3.

e T bethetimefor light to travel the internode spacing.

o V, ...rrat 1S the velocity factor of the Meerkat bus. This will be about .5 for a bus
built with copper wires, conventional circuit board material (e.g., PF4), and with the
moderate capacitive loading of bus taps.

o V... iSthe velocity factor of the point-to-point linksin the 2-D mesh. Thiswill be
about .6 for alink built with copper wires, conventional circuit board material (e.g.,
PF4), and capacitive loads at the end of the wires.

o 1 bethefall-throughtime for both the Meerkat cross-point switch and the 2-D mesh
router chips. The 7', for thelast generation of router chipsisabout 50 nsec; it should
be around 20 nsec for cutting-edge chips available in the next few years.

o Threerrar DEthe time for the datum to travel from source to destination in Meerkat,
adistance of D nodes. We assume that the datum must travel through a cross-point
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Meerkat = 2-D Mesh

N N

Figure 2.3: Non-Local Communication in Meerkat and a2-D Mesh

switch in Meerkat, i.e., that the sender and receiver do not share a horizontal or
vertical bus.

o T,..., bethetimefor the datum to travel from source to destination in the 2-D mesh,
adistance of D nodes.

The time for our datum to go from source to destination then, is:

Tmeerkat =D L + Tf

Vmeerkat

The internode bus arbitration in Meerkat can be overlapped with data transfer and
therefore does not affect the latency. Such overlapping is feasible with an optimistic
approach that handles collisions gracefully.

In a system with two-rail drivers, where each bit driver switches to either power or
ground, a conflict between nodes must be avoided completely as it causes large current
spikes and power dissipation. There are signalling schemes, however, that can prevent
collisions from causing electrical problems. One such method involves using single-rail
bus drivers, drivers that switch bus wires to only one power rail. In such a system, two
nodes driving the same bus will cause the bus to have the wired-OR of the two values
being driven, but no electrical problems result. The bus arbitration protocol can handle
the wired-OR condition. The XDBus [24], used in high-end SUN SPARC systems, is an
example of abus that uses single-rail drivers.

In amesh, the fall-throughtimeis paid at every node, making the time:
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Tmesh — D( L + Tf)

Vmesh

Notice that the 7'y termin 7},,.s, ismultiplied by N — 1, whereasin 7,,.., x4 it iSNOt.

Let us consider some concrete values for the variables in these equations. Take V..,
to be .6, Vi.cerkar 10 be .5, Ty to be 20 nsec, T to be .16 nsec (this corresponds to an
internode spacing of 5 cm). Figure 2.4 shows a plot of the latency for Meerkat and a
mesh. As the communication distance increases, Meerkat’s relative advantage increases.
In Meerkat, an increase in latency is dominated by the propagation speed of electrical
signalsin atransmission line. In amesh, the latency is dominated by the time for the data
to be absorbed and retransmitted at every node.
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Figure 2.4: Ratio of Latency of Meerkat to 2-D Mesh

This discussion makes several assumptions. First, it assumes that the network islightly
loaded. If the network is heavily loaded, the network latency will be dominated by the
gueuing delay. Thisdelay is determined by the ability of the network to handle heavy load.
(Refer to section 2.3.5). Another assumption is that the arbitration can be overlapped with
data transfer. If it cannot be completely overlapped, an additional delay on the order of
the round-trip signal propagation time must be paid. Meerkat still will have a significantly
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lower latency for D > 2 (assuming that the bus length does not exceed about two meters).

The communication latency of both Meerkat and a 2-D mesh multi with a software-
intensive network interface will be dominated by the software latency, not the network
latency analyzed in this section. However, the Meerkat interconnect could be used in
hardware-intensive design where there wasllittle or no software overhead. In this case, the
low network latency shown here would be a significant advantage.

2.3.7 Buses and Technology Trends

Buses have scaled with technology and have alot of room to improve. System designers at
SUN Microsystems and Silicon Graphics can put more processors on abus than ever before
(20 in the case of SUN, 36 in the case of SGI) despite the fact that the processors being
connected to buses are faster than ever before. Designers are able to do this without even
leaving the comfortable world of synchronous buses that reach steady state every clock
cycle.

We believe that buses should be the fundamental building block of multiprocessors that
cannot hide their interconnect latency. When the bandwidth of the bus is inadequate, the
solutionisnot to useringsor meshes, but to add buses. Thisiswhat SUN Microsystemsdoes
in their Sparccenter 2000. SUN uses two buses with memory interleaved between themin
256 byteintervals. Meerkat takesthis approach one step further by using atwo-dimensional
array of buses?.

Tradeoffs put pressure on buses in two opposite directions. to be wide and narrow. The
wider a bus, the higher its peak bandwidth. However, doubling the width does not double
bandwidth. First, awider bus will have a dightly greater clock skew, and thus will have a
longer cycle. Second, if awide busis used to send datathat takes fewer bits than the width
of the bus, bandwidth is wasted. Third, a wide bus takes fewer cycles to transmit blocks
of data than a narrow bus. This means that the cost of switching ownership of the busis
amortized over fewer cycles and the effective bandwidth is lower.

We believe that in systems where interconnect latency is critical, such asin a hardware
cache-coherent multiprocessor, the bus should be narrow enough that its bandwidth is not
wasted with short transactions, but wide enough that the receiver can proceed with what it
receives in the first cycle. A busthat is too narrow, where the receiver must wait several
cycles beforeit can continue, has the same latency problem as rings and meshes have.

? Meerkat doesthisto reduce hardware, not to reduce latency.
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When interconnect latency isnot critical, such asin asoftware-intensive multicomputer,
the bus should be narrow enough to control the system cost and node size, and large enough
to amortize the control circuitry and provide sufficient bandwidth.

Buses were used in the past because they required a minimum of logic to connect
communicating agents. They will be used more in the future for a similar reason: they
interpose a minimum of logic between communicating agents.

24 Meerkat’s System Software

We devel oped Meerkat to support both message-passing and coarse-grain distributed shared
memory (DSM). Chapter 5 discusses the structure and performance of a message-passing
system weimplemented. Whilewe have not yet implemented DSM for Meerkat, we believe
that Kai Li’s success with DSM on systems with slower interconnects[59] will be repeated
with even better results on systems such as Meerkat. This section discusses some of the
software issues that are specific to Meerkat.

241 Software-Controlled Interconnect

Meerkat's interconnect is software-controlled. This software is responsible for choosing
the route for node-to-node connections, arbitrating for the required buses, signalling, and
transmitting messages. Software control alows the hardware to be smple, which, in turn,
allows the hardware to be fast and quick to design. It aso makes the system flexible,
because software can be changed more easily than hardware.

This approach has severa disadvantages, however. Software control is dower than
hardware control. It imposes a higher fixed overhead for communication. Long messages
can amortizethisoverhead, but performance on short messages suffers. I1n addition, the low
level of control over buses precludes safe, user-mode access to the interconnect. Interacting
with the network interface at such a low level makes it difficult to prevent broken or
malicious software from causing system-wide problems.

Faced with these competing factors, we chose the hardware-minimalist approach. In
Chapter 5we show that Meerkat’s performance on several workloadsis excellent. Chapter 6
demonstrates how the performance improves when additional hardware is devoted to the
network interface.
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2.4.2 Buffering and Deadlock in the Interconnect

Meerkat has no buffering in the interconnect or in the node interfaces to the interconnect.
Because of this, and because processors on the sending and receiving nodes rendezvous
before data transmission, there is no need for hardware flow control. This allows nodes to
inject data into theinterconnect at high rates and is a principal source of the high internode
bandwidth that Meerkat achieves.

The lack of buffering in the network also eliminates a source of potential deadlock that
exists in other multi interconnects that buffer data. While these other interconnects avoid
deadlocks as well, they usually pay some penalty in performance or complexity. There are
no buffersin the Meerkat interconnect, making it impossible to have a circular dependency
involving buffers.

Meerkat could deadlock during bus arbitration if two sending nodes each:

1. Acquirethefirst busin atwo-bus connection.
2. Require the same second bus.
3. Do not release the first bus.

This method would also lower interconnect utilization by preventing other nodes from
using the first bus for a period of time. For both of these reasons, Meerkat’s low-level
arbitration software releases the first bus in a failed two-bus arbitration and tries again a
short time later. The length of the back-off interval is random to prevent live-lock. This
back-off method resembles that used by Ethernet [65], except that it is done in software
and the Meerkat bus arbitration circuit grants ownership of a particular bus to one node at
atime. In Ethernet, collisions occur when two nodes try to use the wire at the same time.

The lack of bufferingin Meerkat also simplifies the fault model, lowers the cost of the
interconnect implementation, lowers the latency (by removing levels of logic between the
sender and thereceiver), providesin-order delivery of packets, and allowstheinterconnect to
be managed by software. The Meerkat interconnect does not require the design compl exity
of high-speed routing circuitry present in 2-D meshes.

25 Summary

This chapter presented Meerkat, amoderately scal able multi architecture using an intercon-
nect composed of multiple passive buses. Based on research and our intuition that existing
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architecturesweretoo complex to design quickly, we conceived of an architecturefor which
higher performance could be obtained with simpler structures.

Meerkat is at the extreme end of the design spectrum: it uses simple hardware and
requires efficient, low-level software. We reinforced Meerkat’s minimalist approach with
adiscussion of specific design choices. The most important choice was to limit scalability.
Some multi customers require thousands of processors and can afford the high costs asso-
ciated with them. Those for whom afew hundred nodes will suffice, however, also require
the optimized price/performance achievable from systems designed for their needs.

Another tradeoff was to limit to two the dimension of the interconnect. This allowed
the use of inexpensive, yet high performance, wiring technology. A third tradeoff was to
make the interconnect circuit switched rather than packet switched. This alowed a simple
implementation with high transfer rate. Chapter 5 shows that Meerkat performs well on
several workloads.

The next chapter describes the Meerkat prototype. We used the prototype to make
performance measurements, to calibrate the Meerkat ssimulator (described in Chapter 4),
and to gauge Meerkat’s design and implementation costs.



Chapter 3

THE MEERKAT HARDWARE PROTOTYPE

Meerkat’shardware prototypeisnotablefor several reasons. First, we used the hardware
design asavehiclefor testing the simplicity of variousarchitectural ideas. By implementing
Meerkat, we confronted design details that are often glossed-over in a paper design.

Second, we used the hardware prototype not only to gather performance results, but
also to carefully calibrate the Meerkat smulator (described in the next chapter). Without
this calibration, drawing conclusions from simulation results would have been much more
difficult.

Third, we often used the prototypeto debug programsthat took along timeto execute on
the simulator. This resulted in faster program development. Once a program ran properly
on the prototype, we could then run it on the smulator to make additional measurements.

The prototype’s extreme simplicity is demonstrated by the ease with which it was built.
The prototype uses conventional, off-the-shelf integrated circuits. The detailed design,
simulation, board layout, parts procurement, construction, debugging, host debugger devel-
opment, and target monitor coding took only two person-years of effort. The prototype’s
simplicity reflects that of the Meerkat architecture.

The prototype does not scale beyond 16 nodes, because we made compromises to
simplify prototype design and construction. However, the changes required to make a
design that scales to 256 nodes are modest. In Chapter 7, we present a paper design of a
system that scales to hundreds of nodes.

The next section identifies magjor prototype components and their interrelationships.
Section 3.2 describesthe physical arrangement of Meerkat’s components, while Section 3.3
estimates the cost of Meerkat’s interconnect. The core of each Meerkat node, its memory
system, is described in Section 3.4. Internode connection arbitration and data transfer
follow in Sections 3.5 and 3.6. Sections 3.7 and 3.8 describe the Meerkat node’s local
bus and system initialization strategy. The hardware that allows communication between
Meerkat and its host is described in Section 3.9. We conclude the chapter with practical
tips for others who design, build, and debug prototypes.
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3.1 Introduction

The Meerkat prototype consists of four nodes connected in a two-by-two square. This
sguare is connected to a Sparcstation |1 host through a host-Meerkat interface. Figure 3.1
shows the relationship between the nodes, the host-Meerkat interface, and the host system.
The host runs a cross-debugger, ng88, that allows the user to control the prototype. A
specia device driver running on the host mediates between ng88 and the parallel interface
that connects to the prototype. The host-Meerkat interface accepts commands from the
parallel interface and controls the square of nodes. It aso generates the clock signals that

are distributed to the nodes.

Host workstation (Sparcstation 1)

[ Mg88 (cross debugger)

[ SUN-OS

[ Special device driver

Parallel interface

SUN-Meerkat interface

N

FPGA

9-bit debug bus

Horizontal bus

|

Node 2 _—

Vertical $ clock

Node 3

==

Clock gen

Centronics parallel interface

Figure 3.2 shows the main data and address paths of a Meerkat node'. The lower two
rows of boxes represent the memory system and the internode data path. Two of the wide
boxes in the middle are Field Programmable Gate Arrays (FPGAS) [95]. The FPGAS:

clo

ck

Node 1

Equal-length cables carry the system

clock to each column of nodes

Figure 3.1: Meerkat Component Interrelationships

e Control internode arbitration and signalling.

1 Our node design started as the modified core of a Tektronix workstation [90]. However, the design

changed so much that nothing remains from the Tektronix core.
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¢ Allow two-way communication between the nine-bit debug bus and the node proces-
sors.

e Control interruptsand allow processorsto examine interrupt causes.

e Provide a32-bit, 200-nanosecond cycle counter that programs use to measure execu-
tion time.

e Provide the S-Bus with atime-out mechanism, asis required by the S-Bus specifica-
tion.

e Play a key role during system initiaization: they load a bootstrap program into
DRAM.

¢ Implement part of the memory refresh logic.

The wide boxes labeled "S-Bus dot 0" and "S-Bus dot 1" are connectors that allow
connection of 1/0O adapters. The top box in Figure 3.2 shows the four Motorola MC88100
processors [63] and eight MC88200 Cache and Memory Management Units (CMMUSs) that
support them. Each CMMU contains 16 KB of cache. Four of the CMMUs are for code,
and four are for data. Thus, each processor has one code CMMU and one data CMMU.

We designed the system to run at 25 MHz and verified that a single node would run at
this speed. However, we were not able to obtain enough 25 MHz processor modules, so we
clock the prototype at 20 MHz.

We designed the system to support up to four nodes per internode bus (a maximum
of sixteen nodes per system). However, to fit al of the required logic in the FPGA that
controls internode buses, we stripped down the logic to the minimum necessary to support
our four-node system.

3.2 Physical Layout of a Meerkat Node

Figure 3.3 shows the physical arrangement of the node board. The node board measures
6.8 by 16 inches and contains four signal and two power planes. The processors and cache
are on a Motorola Hypermodule daughter board [67]. The Hypermodule connects to the
node board viathree, 100-pin surface mounted connectors. The 32 MB of DRAM isinthe
form of eight, 4AMx9 SIMMs that plug into connectors at one end of the node board. At
the other end of the node board are two S-Bus connectors, which allow /O devices to be
connected to each node.

Nodes plug together side-by-side to form horizontal buses and on top of each other to
form vertical buses. Horizontal bus wires traverse the width of each node board to connect
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Motorola 88000 Hypermodule (up to four 88100’ s and eight 88200’ s)
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Figure 3.2: Main Data and Address Paths of a Meerkat Node
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the male and female horizontal bus connectors. These wires are tapped by the node's
internode bus data switch. The vertical busis carried by stacking connectors that span the
three cm spacing between vertically adjacent nodes.

Meerkat uses Motorola Hypermodules instead of separate processor and cache chips
for severa reasons. First, we avoided the considerable wiring problem of connecting the
processors to the cache. Second, the Hypermodul€'s advanced packaging is denser than
a standard Pin Grid Array (PGA). Third, we obtained yet higher density by putting chips
underneath the Hypermodule. Fourth, the Hypermodul e comesin avariety of configurations
that trade off processors with cache. Thisgave usflexibility in experimenting with various
configurations. Since we received only four-processor Hypermodules, that is the hardware
configuration we used. Finaly, insertion and removal is much easier due to the low pin
forces on the Hypermodul e connectors than it is with the high pin count and forces of PGA
packages.

3.3 Meerkat Prototype’sInterconnect Cost

It iscommon to compare gate counts, DRAM bits, SRAM bits, and silicon areain order to
evaluate competing designs. Given the ssimplicity of our approach, the cost of connectors
and circuit board area are significant. The current cost for these items and the requisite
integrated circuits is about $90 per node. Compared to the total cost of a node, which is
$7,500, thisfigureisinsignificant. The overhead of the interconnect and distributed shared
memory hardware in DASH [58] is about 20 percent of the system. While that amount is
reasonable for a machine of its class, it represents a substantially higher system cost than
Meerkat’s two percent overhead.

Each node has components common to any system, such as processors, cache, main
memory, and components used for internode communication. The main contributorsto the
cost of Meerkat’s internode mechanism are: (1) the four, nine-bit-wide bus transceivers
that form the internode bus data switch, (2) the four connectors per node that mate with
the node's neighbors, and (3) the board area that these parts require. The internode control
logic requiresafew hundred gates. In our implementation thelogicisin an FPGA, but any
commercia implementation would fold these gates into an existing gate array. Hence, the
incremental cost of the Meerkat interconnect would be low.
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34 Meerkat’'sMemory System

Meerkat’smemory systemisthemost complex part of theprototype’ sdesign. TheMC88100
processors are each connected to a pair of MC88200 CMMUS [64]) that cache data and
trandate addresses. Each MC88200 within anodeisa so connected to asingle MBus. The
MBus is the CMMU'’s connection to memory and to other CMMUSs for snooping. The
MBus istrandated into the S-Bus, which, in turn is connected to memory.

The memory system is 36-bits wide (32 for data, four for parity) to match CMMU
requirements and is two-way interleaved for high bandwidth. Each bank consists of four,
4AMx9 Single Inline Memory Modules (SIMMs), for atotal of 16 MB per bank and 32 MB
per node. The banksareinterleaved, so that every other word is stored in agiven bank. One
word is transferred to or from memory per clock tick for sequentially accessed memory
locations. Each bank of DRAM has its own control, address, and data paths [66].

34.1 DRAM Control and Interleaving

DRAMSs require special control signals and are often connected to specialized chips that
generate these signals [83]. However, we were unable to find a controller chip that could
give us the performance we wanted. Therefore, we designed our own controller using
Programmable Array Logic (PALS) [1]. These devices sense S-Bus signals and generate
the Row Address Strobe (RAS), Column Address Strobe (CAS), and write signals for the
two banks of DRAM.

CMMUSsread or write oneor four wordsper bustransaction. Readsrequirethe CMMUs
to stall at least two cycles, while writes usually proceed with no stalling. Read stalls delay
the CMMUs until the addressreachesthe DRAMSs, the DRAMsreturn data, and thedataare
passed back to the CMMUSs. Writes do not usually stall the CMMUSs, because the address
and data can flow out to the DRAM at the same time: the CMMUSs do not wait for the data
to flow through the memory system beforethey continue processing. However, if aCMMU
gains mastery of the MBus and S-Bus immediately after a write, it will stall waiting for
the DRAM system to finish the write cycle. Given the MC88200 and DRAM timing, our
zero-cycle write stall and two-cycle read stall produce the fastest possible memory system
running at 25 MHz (our design point).

Once the first word of a DRAM access is transferred, one subsequent word is moved
between memory and the bus master per clock tick. At asystem clock rate of 20 MHz, this
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yields alocal memory system bandwidth of 80 MB/sec.

3.4.2 DRAM Addressing

Addresses are fed to DRAMs in a two-stage process. In the first stage, the top half of the
address is sent to the DRAM address inputs, and RAS is activated. The DRAMSs latch
this part of the address on the falling (active) edge of RAS. In the second stage, one clock
cycle later, the bottom half of the addressis sent to the DRAM addressinputs, and CASis
activated 2.

Address multiplexers take a full memory address and output either the top or bottom
half. We considered using acommercial address multiplexer chip. However, we found that
it wasmoreefficient touse PALs. We did not sacrifice performance by using programmable
logic, and we were able to fold into the PALs other circuitry that manipul ates addresses
before they are fed to the DRAMSs. In addition, our PAL-based address multiplexer can
handle both one- and four-megabit DRAMSs.

The memory system can access up to 1024 sequential words of DRAM. Cache-line
access requiresaccessing four sequential words, whileinternodetransfersrequire accessing
from four to 1024 words. An address counter generates the sequential address. In some
systems, the address counter is part of aDMA controller; in others, it is part of the DRAM
controller. In our prototype, this counter isin the same PALSs as the address multiplexer.
Thus, we economized on chips and signal routing because the address multiplexers already
mani pul ated addresses on their way to the DRAMSs.

Because the address counters are part of the address multiplexers, the CMMUs cannot
use the DRAM system during internode transfers. The first DRAM request a CMMU
makes on behalf of a processor will cause the CMMU and the processor to stall until the
transfer isfinished. Internode transfers can last up to 50 microseconds and can repeat with
an inter-packet delay of 10 microseconds. While the processorswill not bewell used during
this time, the memory system will operate at much higher efficiency than it does when it
serves the CMMUs. Also, only asmall fraction of an application’s run time will be spent
waiting for the internode transfers to compl ete.

?  DRAMSs use this multiplexing scheme to reduce the DRAM package pin count. This scheme does not
reduce performance, because the two parts of the address are needed at different timeswithin the DRAM.
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3.4.3 Parity Checking and Generation

The processor checks and generates parity bits on every memory and 1/0O access. Memory
stores parity bits. For memory accesses, parity bits are moved along with the data. Stores
to I/0 locationsignore the generated parity bits. Loads from 1/O locations cause the parity
to be generated in the bus transceivers that connect the processorsto the S-Bus.

344 DRAM Refresh

Each DRAM chip has 2048 rows, with 2048 bits per row. Each row must be refreshed
every 16 milliseconds. This meansthat, on average, rows must be refreshed at arate of one
per eight microseconds. To amortize the time-cost of refresh and to smplify the circuitry,
the memory system refreshes eight rows every 64 microseconds.

A counter in the host-Meerkat interface generates a 200-nanosecond pulse every 64
microseconds. The pulseistransmitted to the internode/debug FPGA on each node. When
triggered by the host-Meerkat interface, this FPGA requests eight refresh cycles from the
DRAM controller. TheDRAM controller givespreferenceto refresh requestsover readsand
writes. Thelongest the DRAM system can take to complete one request is 62 microseconds
(50 microseconds for a long internode transfer plus 12 microseconds waiting for a sender
to rendezvous). Because refresh has highest priority, and the longest DRAM operation is
less than the refresh period, refresh overrun cannot occur.

3.5 Internode BusArbitration and Signalling

This section describes the hardware that implementsthe internode arbitration and signalling
mechanisms. (Refer to Section 2.2.1 for a description of these mechanisms.)

Thefirst step in internode communication isthe sending node’s arbitration for avertical
or horizontal bus. A processor on the sending node writestheinternode control register with
bitsrequesting that: (1) the cross-bar circuitry be disabled, (2) the horizontal or vertical bus
be arbitrated for, and (3) the internode command be sent once the internode busis acquired.

If the cross-bar circuit of anodeisin use, it will stay enabled despite a disable request
from the node’s processor. The cross-bar circuit will become disabled once the bus that it
iS repeating becomes inactive. The sending node’s process checks that it has disabled the
node’s cross-bar function and secured the required internode bus.
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The prototype’s arbitration schemeis ssimple and limited to two bus mastersin order to
fit internode control logic in the Xilinx 3064 FPGA. Along with data, parity, and arbitration
signals, each internode bus also has two function bits. The sending node drives these bits
to control the receiver or a cross point. The four functionsthat the sender can request are:

1. Local interrupt: signal another node on this bus that we wish to send it data.

2. Cross-bar request: ask the other node on this bus to act as a cross-point switch for
us, to arbitrate for its other bus on our behalf, and to repeat our control and data on
its other bus.

3. Remote interrupt: signal another node through a cross-point connection set up by a
previous cross-bar request.

4. Return status. the other node should drive the status signal with one of two different
status bits.

The status signals on the internode buses are available for the processor’s inspection
in the internode status register. Initialy, the other node will drive this signal with its
rendezvous bit. After a cross-bar request, it will use its "I-acquired-the-other-bus-for-you"
bit to signal whether the cross-bar request was successful. After aremote-interrupt request,
the status signal is driven with a copy of the other bus' status signal, which will indicate the
value of the receiver’s rendezvous bit.

3.6 Internode Data Transfer

Processorsinitiate transmission of internode data by writing a transfer-length register with
the number of wordsto move; they thenload aspecial region of physical addressspace. This
region is caled "magic DRAM" because: (1) the semantics of load and store instructions
that access this region are not intuitive, and (2) access to this region affects the contents of
DRAM (see Figure 3.4). A load instruction from a given magic DRAM location initiates
the transmission of multiple words starting from the corresponding DRAM location. The
transfer count register determines the number of words moved. The value loaded is itself
meaningless but will have correct parity so as not to signal an error.

A receiving node goes into areceptive state by issuing a store instruction, with amagic
DRAM address corresponding to the DRAM address where it would like the incoming
datato go. Once the DRAM is ready to receive, a ready-status indication is propagated
back to the sender. The sender pollsits network interface to see this status and then loads
from its magic DRAM space, as described above. The transmitted data are accompanied
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0x1200000
"Magic DRAM" \
A storeto this address causes reception of
0x1000000 internode data into this address.
0x2000000 | A load of this address causes internode transmission

of datafrom this address.

32 MB DRAM

Figure 3.4: Magic DRAM Space

by a control signal that marks their beginning and end. The receiver uses this signal to
synchronize its reception.

Using the processors to generate the memory addresses for internode data avoids the
expense and complexity of a full-featured DMA controller. During the transfer, both the
receiving and sending processors stall as soon asthey try to use datafrom aregister loaded
by aload instruction that misses in the cache. Processors may stall sooner if they fill the
three-stage data memory pipeline of the MC88100 with store instructions that miss the
cache. This means that the processors will stall for most of the internode transfer time.
Since transfers are short and there often is no useful work for the processors until the data
are moved, stalling is not a drawback.

3.7 Initialization

Thereisno ROM inthe prototype. Instead, werely on the programmability of the FPGAsto
bootstrap the system. When powered on, the DRAM contains random bits, and the FPGA
pins are in high-impedance mode. By virtue of the FPGA's state, the processors are kept
in areset state. The host system, through the host-Meerkat interface, loads the two FPGAS
on each node.
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Oneof these FPGAS s, theinitialization-interrupt-cycle FPGA, isresponsiblefor anumber
of functions. During initialization, it is first loaded with special logic that serves a key
bootstrap function. This logic is encoded with a 13-word MC88100 bootstrap program
along with enough extra logic to get control of the S-Bus and write this program into the
first 13 words of DRAM. Once DRAM has been initialized, the FPGA is reloaded with the
interrupt-cycle logic to serve the running Meerkat system as a cycle counter and interrupt
controller.

After theinitialization-interrupt-cycle FPGA isreloaded, the host signalsthe internode-
debug FPGA to release the processors from the reset state. The processors then execute the
bootstrap program. This small program loads DRAM with severa kilobytes sent to it by
the host through the debug channel. These kilobytes are the debug monitor, which serves
as the cross-debugger’s agent on each node.

Avoiding the use of ROM has two primary advantages. First, we avoid the expense,
design complexity, and board area ROM requires. Second, there are no parts to replace
every time a debug monitor bug is fixed or upgraded.

The disadvantages of no ROM include the time and effort spent to engineer the initial-
ization mechanism and download the debug monitor each time the system is initialized.
However, the initialization mechanism required less engineering effort than ROMs would
have, and the debug monitor takes afraction of a second to download.

3.8 S-BuslInterface

Each node provides two S-Bus connectors to alow connection of I/O devices. S-Bus

also connects the processors, memory, and /O devices within each node. We used S-Bus

because of its simplicity, the availability of S-Bus devices, and its excellent performance.
The Meerkat S-Bus controller isimplemented in four PALS:

1. One PAL arbitrates among the eleven possible bus masters. the eight CMMUs, the
two S-Bus dots, and the initialization-interrupt-cycle FPGA.

2. A second PAL generates the three, S-Bus size signals and the bottom two address
bits from the CMMU control lines.

3. A third PAL generates the S-Bus read and address strobe signals in addition to
controlling various bus transceivers.

4. A fourth PAL generates bus grant lines for the two S-Bus dots, the cycle-interrupt-
initialization FPGA, and various control signals.
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3.9 Host-Meerkat Communication

The Sparcstation host is connected to the host-Meerkat interface via a Centronics parallel
port in the Sparc with an attached parallel cable [71]. The host-Meerkat interface uses a
Xilinx 3090 FPGA to interpret the Centronics signals and to control the Meerkat array. A
special devicedriver in the Sparcstation controlsthe parallel port in response to commands
from ng88, the Meerkat cross-debugger. We redefined the semantics of several of the
Centronics signals for our own purposes. Therefore, it isonly a Centronics interface at the
lowest electrical level. At the protocol level, it is specific to Meerkat.

A nine-bit debug bus is controlled by the host-Meerkat interface FPGA. Each node
taps this bus and can access it through the use of a pair of eight-bit registers. One register
is written by the host and read by the node processor; the other is written by the node
processor and read by the host. The host-Meerkat interface drivers the ninth bit on the
debug to indicate whether a select byte or a data byte is present on the bus. A pair of
full/empty status bits, visible to both the node processor and the host, support handshaking
on both ends of the host-Meerkat communication.

Thehost-Meerkat interfaceispassive. 1t can only respond to requests; it cannot interrupt
the host. The host sees the interface as a small number of registers that it can read and
write. The primitives that access these registers include:

¢ Reading any node's debug transmit data register
e Writing any or all node’'s debug receive data register

¢ Turning the debug bus clock on or off or sending a single pulse on the debug bus
clock line

e Sending a single pulse on the done/reprogram or reset lines of the node FPGA’s
e Turning on or off the power-stable signal that feeds the node processor

e Turning on and off the node power

¢ Resetting the host-Meerkat error bit

A system status register in the interface alows the host to check the following:

¢ Whether the node power ison or off
e Whether the debug clock is running

e The state of the power-stable line that is generated by the host-Meerkat interface and
which controlslogic on the nodes
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e The done/reprogram signal from each of the two FPGASs on each node
e The host-Meerkat interface error bit

To send a sequence of bytesto the nodes, the Meerkat device driver on the Sparcstation
host writes a select register in the host-Meerkat interface once and then writes the data
register once per byte transmitted. Overrun is possible if the node does not empty its
receive data register quickly enough. To avoid this, the device driver can check for the
receive-data-register empty condition before sending each byte. However, this would cut
the transmission rate considerably. The compromise we made was to have the driver check
for receive-empty status on only thefirst few bytesin a sequence. This assumes that, if the
receiving node is ready for thefirst few bytes, it will continue to receive al the bytesin a
sequence. Thisis avalid assumption because: (1) the program performing the reception
is aways the Meerkat debug monitor, and (2) interrupts are off during its execution. We
achieve a host-to-Meerkat transfer rate of about 80,000 bytes per second.

The host has the option of sending datato one node or al nodes at once. The broadcast
optionisused to download the debug monitor and programtext, data, and bssto all thenodes
inparallel. Thisability isfrequently used and worth the modest additional implementation
effort.

To receive a sequence of bytes from a node, the Meerkat device driver pollsthe node's
transmit-buffer-full status bit until it indicates the presence of abyte. The driver then reads
the byte and returns to the polling loop. We cannot make an assumption about the host’s
availability to read bytes from the target as we did in the host-to- node case. Therefore we
must check status on both ends of the communication for each byte sent. We achieve a
Meerkat-to-host transfer rate of about 17,000 bytes per second.

We found the host-target communication performance to be barely adequate. It takes
about three seconds to completely reset the nodes and download the target debug monitor
to each of them. It takes about six seconds to download the Mach microkernel to all of the
nodes.

To alert the host of some event or request a service, a node sends a packet through
the debug channel. Because the nodes are passive to the host-Meerkat interface, and the
interface is passive to the host, the host must poll for events or requests from the nodes.
Despite the fact that we poll each node 20 times a second, the latency is still aproblem in
some situations. Also, having to use the SUN-OS process timer to generate 20 SIGALRM
signal s per second exposed bugsin SUN-OS and unfortunate interactionswith other system
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services. In retrospect, a more sophisticated interface that allowed the nodes to signal the
cross debugger through the device driver would have required less effort and performed
better.

3.10 LessonsLearned fromthe Meerkat Prototype

We entered schematics and ran the simulation on aApple Macintosh FX running Capilano’s
DesignWorks. Bugsin thistool severely hampered our productivity and prevented us from
simulating significant parts of the design. For example, our behavioral model of the data
switch chips (refer to Figure 3.2) caused the simulator to crash. These parts are surface-
mounted and practically impossible to remove once they are soldered onto the circuit
board. There were two minor errors in the polarity of the control signals to these chips.
The straightforward way to fix the problemswas to change traces underneath the chips, but
these could not be moved. Therefore, the solution was to engineer clock signals that took
account of the connections that could not be changed.

We designed the circuit board using Racal-Redac’slow-end CADSTAR layout program
running on an IBM PS/2. CADSTAR'’s autorouter lacked the ability to solve our layout
problem: it could only use two layers at a time and used ssmple horizontal and vertical
wires. We manually routed all 1300 signals on four layers. The tool had no bugs that we
encountered, but the user interface and lack of requisite features made progress slow.

Debugging was done with a four-channel, 500 MHz, digital Tektronix oscilloscope,
the TD 540, and a low-end Tektronix logic analyzer, the 1230. The 1230's tedious user
interface and limited sampling ability made logic analysis slow.

The following list distills lessons learned on Meerkat into practical tips for designing,
building, and debugging future prototypes:

e Simulate all of the logic in a design. If something cannot be simulated, seriously

consider changing the design. We were able to smulate Meerkat's PALS, and, as a
result, the complex DRAM system worked with only a few patch wires.

¢ Useprogrammablelogicwhen possible: it allowsbugsto befixed and the architecture
to be adjusted without physically atering the prototype.

e An ECB autorouter can save alot of time and effort. Try to find one that can route
your whole design.

e Pay close attention to partslimitations (e.g., delay linesthat require the duty cycleto
be at most 25%, or FPGAs with large delays). These limitations are easily glossed
over when the design is on paper only and, if ignored, will lead to major problemsin
making the prototype work.
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Perform careful analysisto determine which wires will behave as transmission lines.
Properly terminate these wires to prevent ringing.

A high-speed storage oscilloscope and logic analyzer are essential to any similar
project. Thesetoolsallow diagnosis of system failuresdueto hardwaredesign errors,
software bugs, chip failures, and construction problems,

Surface mount technology (SMT) offerstwo key advantages. (1) shorter devicelead
frames have lower inductance, and (2) SMT consumes less board area, making intra-
node wires shorter with fewer behaving astransmission lines. Do not be discouraged
from SMT by warnings about soldering difficulties. However, the lead pitch of our
SMT devices was 50 mils, and finer pitch devices may prove difficult to solder.

Summary

The hardware prototype performed several important functions in evaluating the Meerkat
architecture:

Building the hardware brought usin close contact with design issues that are easy to
MISs oNn paper.

It acted as atiming and semantic reference model that calibrated the Meerkat simu-
lator.

It gave us a fast execution vehicle for debugging long-running programs. This
shortened the edit-execute-debug-fix program development cycle.

It gave us a measure of the Meerkat architecture’s implementation compl exity.
It helps convince others that our approach isrealitic.

After processors and cache, the most expensive component of most multicomputersis
its memory system. In Meerkat the memory system’s performance affects the internode
transfer rate and processor performance. We made Meerkat’s memory system as fast as
possible given the use of commodity DRAMs.

In keeping with the Meerkat architecture’s lean approach, we economized in the proto-
typein several ways:

e We achieved economy of mechanism by building part of the internode transfer se-

guencing logic into the same programmable logic devices that serve as the DRAM
address path.

Meerkat uses S-Busto connect processor and memory within each node and between
nodes and external 1/O devices. S-Busis a low-cost, high-performance method for
connecting computing components.

e The initialization strategy avoids ROMSs. Instead, the cross-debugger controls an

intricate initialization process that uses the FPGAsto initialize the DRAM.
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¢ The connection between the Sparcstation host and Meerkat uses a standard, low-cost
parallel interface. The connection alows the cross-debugger to rapidly download the
target and control its operation.

e The cross-debugger is based on gdb, a powerful symbolic debugger. Using gdb,
instead of developing anew debugger saved a significant amount of effort.

e We used PALSs for circuits that had to be faster than those buildable with FPGAS.
Similarly, we used FPGAs only for circuits that had to be faster than what can be
done in software.

Asaresult of the prototype, we achieved a measurable system, one capable of demon-
strating the value of Meerkat’s design approach.



Chapter 4
THE MEERKAT SIMULATOR

This chapter describes the Meerkat system architecture smulator, the main tool for
producing performance results and understanding architectural tradeoffs. Understanding
the ssimulator’s structure makes the performance data more comprehensible and credible.
However, the smulator is also interesting in its own right.

Unlike other smulators used for architectural evaluation, the Meerkat simulator models
the fine detail of hundreds of nodes running significant programs. It is unusually fast for a
simulator that models fine detail: it smulates about 800,000 processor cycles per second
on a Sparc 10 host. It achieves this speed without resorting to direct execution, and thus
without constraining the target architecture to match the host’s. In addition, it models the
semantics of virtual address trandation and processor supervisor and user modes. No other
simulator that we are aware of has this combination of features.

We achieved simulation efficiency by starting with a fast, threaded-code simulator and
adding only those timing models needed to achieve accuracy. This approach resembles that
used to gain semantic accuracy in aprevioussimulator [9]. To measure timing accuracy, we
ran a suite of benchmarks on the ssmulator and the Meerkat prototype. Test results guided
our grafting of timing models onto the threaded-code simulator base.

We introduce the roles of simulation in Section 4.1. Benefits of system architecture
simulation are discussed in Section 4.2, while Section 4.3 describes some of the varied
approaches to simulation. Section 4.4 relates the structure of Meerkat’s smulator, the
performance of which is analyzed in Section 4.5. The development of timing models and
simulator timing accuracy are discussed in Section 4.6. Section 4.7 concludes the chapter
with a description of the simulator’s execution profiling feature.

4.1 Introduction

Computer architecture simulators vary widely in their application. They are used by
processor architectsto eval uate uniprocessor design tradeoffs[26], operating system authors
to debug their code [9] and to evaluate operating system performance [23, 82], pardl€
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system architects to assess the performance of large systems [18, 75], and by end usersto
execute programs written for one system on a different host system [62, 86, 87]. We used
the Meerkat smulator to debug and tune operating system code and to evaluate Meerkat’s
performance.

Simulators dso vary in their performance and the level of detail they can model. A
common metric is the sow-down, or the average number of ssimulator host instructions
executed per ssimulated instruction. In general, the more detail that the ssimulator captures,
the greater its low-down. Slow but accurate smulators have the advantage of capturing
subtleties of the target system. However, their dow speed limits the size of the system
they can model and the number of simulated instructions they can execute. The simulator
designer must choose a level of simulation detail that is fine enough to capture important
performanceartifacts, yet fast enough to model |arge systems and long-running applications
in an acceptable timeframe.

4.2 Benefitsof Architecture Simulation

There are several benefits of using a simulator for evaluating multicomputer architectures:

e Simulatorscan be augmented relatively easily with new measurement and debugging
features.

e Large smulators do not cost millions of dollars, unlike large hardware implementa-
tions.

¢ New network interfaces can be added in afew days. It isoften impractical to retrofit
hardware with new interfaces. We can also model networks that are impossible to
build, e.g., aninfinitely fast network.

e Execution is deterministic on a smulator. This makes program bugs repeatable,
which is not always the case for hardware implementations.

e Simulators are not subject to prototype failures.

e Simulatorscan be given to other researchers. While hardwareis difficult to transport,
asimulator can be sent through the Internet.

e As many simulators can be running as there are hosts and host memory. This
means that multiple experiments can be run concurrently on a ssmulator. Hardware
prototypes are usually few in number; often, just one exists.

Thereare other benefitsof simulators, such astheability to: (1) non-intrusively generate
address traces of user and system code, and (2) stress-test operating system software by
causing the most serious and complex interrupt and exception conditions.
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4.3 Simulation Strategies

The best smulation method depends on the application of the simulation results. This
section outlines several simulation strategies and their applications.

4.3.1 Microarchitecture Smulation

Microarchitecture simulators are built by logic designers to express and test their designs.
They can a so execute short sequences of code, enabling designers to evaluate architectural
features and debug microcode. Microarchitecture ssmulators typically have a dow-down
of 20,000 to one [73]. While useful, they are too slow for debugging all but the shortest
sequences of code.

4.3.2 Macroarchitecture Smulation

Macroarchitecture simulators (also called macro simulators or instruction-set-architecture
simulators) can execute longer-running programs. They are used for studying cache per-
formance and debugging operating system code in advance of a chip’s availability. Unlike
micro simulators, macro simulators often model the chip’stiming closely, but not perfectly.

Because they do not model systems as closely, they are much smaller and faster than
micro smulators. Conventional macro simulators have slow-downs on the order of 100
to 1000. They dispatch instructions by fetching from a simulated memory, isolating the
operation code fields, and branching based on the values of these fields. Once dispatched,
the instruction’s semantics are ssimulated by reading and manipulating simulation variables
that represent the target system’s state.

Several techniques can improve the performance of macro simulators. Instead of
decoding the operation fields each time an instruction is executed, we can trandate the
instruction once into a form that is faster to execute. This idea has been used in a variety
of simulators for a number of applications [26, 32, 61, 62, 86]. It is also used in some
processors to trandate an instruction set that programmers see into amore RISC-like form
that is more efficient to execute [25, 34].

4.3.3 Direct Execution

A popular approach to efficient architecture smulation is to execute the target program
directly on the host [19]. The target program is encased in an environment that makes it
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execute asthough it were on the smulated system. Thisrequiresthat either the host system
have the same instruction set as the target or that the program be recompiled. Instructions
that cannot execute directly on the host are replaced with procedure calls to simulator
code. If every instruction were rewritten, the ssmulator would resemble Shade [26], which
trandates every target instruction to a sequence of host instructions.

Direct execution simulators are usually capable of executing only user-space code. To
eval uate tradeoffsin multicomputer architecture, we needed to ssimulate both user and kernel
code. It ispossible to use direct execution techniques to smulate kernel code. However,
every memory access instruction would require a call to a smulator routine that modelled
virtual address trandation and the data cache. The Meerkat ssimulator uses this routine,
which consumes half of the host’s execution time when running our simulator. Thus,
the upper bound on the performance improvement anticipated from using direct execution
would be a factor of two.

4.3.4 Blurred Lines Between Smulation Techniques

Several tools can be considered fast macro simulators that dynamically translate code, or
direct execution simulators, or profiling tools. The UNIX utility pr of isa profiling tool
that isnot usually called asimulator. But it could be considered adirect execution simulator
that wraps the target program in an environment enabling execution measurement. Shade
is thought of as a fast macro ssimulator that uses dynamic compilation. While it is more
flexible than pr of and uses dynamic instead of static compilation, it isalso atracing tool.
The line between different tracing and ssimulation techniquesis often blurred despite efforts
to neatly categorize them.

435 TheMeerkat Approach: Threaded-Code

Measuring Meerkat's design required a simulator efficient enough to run significant pro-
grams on hundreds of simulated processors. In addition, it had to model timing accurately.
We could not afford to spend years constructing a complex simulator or waiting for results
from aslow one.

For these reasons, we wrote asimulator that translatesinstructionsto threaded code[11,
56], whichisthen executed. The threaded codeis cached, so that the price of trandation for
most instructionsis paid just once, the first time they are encountered in the code stream.
The result is a simulator that has a ow-down of about 100 per simulated processor. Its
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timing is close enough to the prototype’s that we can use it to run large programs and make
meaningful measurements.

4.4 Structureof the Meerkat Simulator

Figure 4.1 shows the structure of the Meerkat ssmulator. Users interact with the ssmulator
through a symbolic debugger, called gdb [88]. The simulator consists of an instruction
trandator, athreaded-codeinterpreter [11], cache models, aTLB model, aphysica memory
system model, and I/O models.

Gdb front end
Simulator Interface
Decoded instruction Ld/st handler
interpreter

Native-to-decoded

instruction translator
d/ Data TLB model
D-cache model
I-cache model
1/0O bus model
Instruction TLB model
Physical memory Meerkat inter- Meerkat interrupt| | 1/0 model
mode connect model controller model

Figure4.1: Meerkat Simulator Structure

Meerkat programs are compiled, assembled, and linked with a set of GNU cross-
development tools on a Sparcstation host. The simulator, called ng88 (a contraction of
"Meerkat", "gdb", and "88000"), is run on the resulting executable image. Mg88 |oads the
code, data, and symbol table. It then calls through the simulator interface to: (1) place
the code and data in ssimulated memory, (2) set up profiling structures, and (3) initialize
registers.
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Whentheuser issuesther un command, thefront end callsthethreaded code interpreter.
Execution returnsto the front end upon an exceptional condition, such as abreakpoint or a
specid trap instruction indicating that the simulated program has finished.

441 Trandationto Threaded Code

The ssimulator does not interpret MC88100 instructions directly. Instead, instructions are
first trandated to decoded instructions, which are cached in structures called decoded in-
struction pages. Only instructions encountered during execution are translated and cached,
so unlike Mimic [62], there islittle startup overhead.

Decoded instructions contain up to six fields. The first is always a pointer to the
instruction’shandler, the code that interpretstheinstruction. Thismakesit easy to dispatch
decoded instructions. On most simulator hosts, this dispatch consists of two instructions. a
load followed by an indirect jump. For triadic instructions, three of the decoded instruction
fields are pointers to host memory that models the MC88100 registers. The last two fields
hold the type and length of memory access instructions.

Figure 4.2 shows an unsigned add instruction followed by aload instruction. The add
instruction sums the contents of r5 and r6 and stores the result in r4. The load calculates
the effective address as the sum of r4 and 1000. It loads aword from this address and puts
itinr2.

4.4.2 Instruction Pointers and Branching Instructions

There are two instruction pointers. the decoded instruction pointer (DECIP) and the mod-
elled instruction pointer (1P). The IP is the value of the MC88100 virtua address of the
next instruction to execute. After non-branching instructions, the IP and the DECIP are
incremented.

Branchinstructions whose target is within the decoded instruction page aretrand ated to
adecoded form that includes a pointer to the target of the branch (i.e., a pointer to another
decoded instruction). Off-page branches must be resolved during execution, because
the instruction translator makes no assumptions about the contents or allocation of other
decoded instruction pages. Inaddition, thedecoded instruction pages correspond to physical
pages; DECIP points to instructions that correspond to physical addresses. The IP points
to virtual addresses. The correspondence between virtual MC88100 instruction addresses
and decoded instruction dots is dynamic and can change after threaded code is generated.
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Processor registers
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pointer to handler for Id r3l

1000 pointer to word modelling r2
pointer to word modelling r4

- - Ld handler (host instructions)
pointer to literal word 1000

WORD
LOAD_UNSIGNED

Figure4.2: Decoded Instructionsfor addu r4,r5,r6andl d r2,r4, 1000

Delayed branches increment both the DECIP and the IP, just as non-branching instruc-
tionsdo. Inaddition, they set aflag if the delayed branchistaken (i.e., the branch condition
is true). Non-branching instruction handlers check this flag, which, when true, indicates
that the previous instruction was a taken delayed branch. In this case control is passed
to the target of the delayed branch after the non-branching handler finishes its semantic
actions. Branching instructions need not verify that they are in a branch delay dot, because
the MC88100 specification prohibits this from occurring.

Jump instructions transfer control to locations whose targets come from a register and
are thus not known until execution. For this reason, a jump is treated like an off-page
branch. Itsexecution requirestrandating avirtual MC88100 code addressinto aDECIP. A
small cache of trandations from target virtual instruction addresses to DECIPs speeds the
interpretation of these transfer control instructions.

4.4.3 Decoded Instruction Pages

Decoded instruction pages contain slots that hold decoded instructions. They correspond
to aphysical page of a particular node’'s memory. Decoded instruction pages are allocated
when a running program attempts to execute code on a physical page that does not yet
have a corresponding decoded page. Because both physical page structures and decoded
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instruction page structures are allocated lazily, it is possible for neither to exist for a
particular physical page in the modelled system. It is aso possible that a physical page
structure, but not a decoded instruction page, is allocated for aparticular physical page.

When a decoded instruction page is first allocated, and when it is flushed, it is filled
with the decode-me pseudo instructions. When a decode-me pseudo instruction executes,
an MC88100 instruction is trandated to a decoded instruction. The MC88100 instruction
is fetched from the address on the physical page that corresponds to the position of the
decode-me pseudo instruction in the decoded instruction page. For example, if the decode-
me pseudo instruction in the tenth dot is executed, the tenth word in the corresponding
physical pageistrandated. The new decoded instruction replaces the pseudo instruction,
and this new instruction is executed.

There are 1025 decoded instruction dots in each decoded instruction page. The first
1024 of these hold decoded instructions that can be in a physical page (a physical pageis
four kilobytes, and each MC88100 instruction takes four bytes). The 1025th dot holds a
sentinel called therequalify-decoded-ip pseudoinstruction. When anon-branching decoded
instruction in the 1024th dot is finished executing, the DECIP is incremented and points
to the requalify-decoded-ip pseudo instruction. Because the flow of control has moved off
of the page, the DECIP must be recomputed to point to the first decoded instruction of the
new page. The requalify-decoded-ip speeds instruction handlers, because they never need
to check for the end-of-page condition.

Dividing physical and decoded instruction spaceinto pagesallowsincremental, demand-
driven allocation of memory. This conserves host virtual memory (a point discussed in the
next section).

My88 does no garbage collection. Avoiding garbage collection kept the simulator
simpler at the expense of higher virtual memory consumption. Since the units of allocation
are large (4k for a physical page structure, 20k for a decoded instruction page), garbage
collection would probably be redundant with the host’s virtual memory system. That is,
garbage collection would reclaim memory that would be identified as pages that are not
recently used, and thus candidates for paging out to secondary storage. Thus, garbage
collection would conserve host virtual memory, but not physical memory, at the expense of
higher ssimulator compl exity.
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Figure 4.3 shows the relationship among processor state, simulated physical memory, and
the decoded instruction pages. Upon simulation start-up, the user specifies the number of
nodes, number of processors per node, and size of node memory. The ssimulator allocates
an array of processor state structures to match the user’srequest. The processor state holds
pointersto the physical memory map and the decoded instruction map for the node. All of a
given node’s processor state structures point to the same maps. anode’'s memory is shared
by all of its processors. The state structure also contains all of the processor’s registers, in
addition to various counters to generate execution statistics, such as the cache hit rate.

Processor state table

phys map pointer

instruction pointer

current cycle

general registers

Proc. scoreboard model

0 special registers

statistics

decoded map ptr

Physical memory map

nil

nil

nil

nil

Decoded
instruction

page map

nil

nil

4k page

4k page

Decoded

Corresponding physical
and decoded instruction
pages

instruction
page

Proc.

nil

nil

Decoded instruction

pointer

nil

Figure4.3: Simulator Data Structures

In Figure 4.3, note that the second page of physical and decoded instruction memory is
alocated. Thisindicates that either the front end or a running program touched this page,
and that an attempt has been made to execute an instruction on this page.
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As simulation proceeds, the memory maps will gradually fill in as the running program
executes memory access instructions and branches to new pages. Typically, however, large
pieces of both maps are vacant. This is especidly true of the decoded instruction map,
where vacancy represents host virtual address space that we have conserved. Because these
maps arereplicated for each node, large s mulationswould requirefar morevirtual memory
than isavailable on our largest hosts if we did not allocate memory lazily. The startup time
to initialize this memory would also be enormous. For example, an FFT (described in
Section 5.9) of 32,768 points on 256 nodes, each with 1 MB of simulated physical memory,
requires about 50 MB of decoded instruction memory out of atotal process requirement of
260 MB. If we did not allocate on demand, the FFT would consume 1342 MB for decoded
instruction memory aone.

445 Modelling Basic Instruction Execution Time

To model the number of cycles an instructiontakes, each processor has an associated current
cycle count. Thisvariableisincremented by every handler to reflect the number of cycles
it takesto issue the instruction.

The MC88100 has aregister scoreboard. When multicycle instructions issue, they set
the scoreboard bit corresponding to the instruction’sdestination registers. When multicycle
instructions finish, their destination register scoreboard bits are reset. Issued instructions
stall the processor until the operand register’s scoreboard bits are clear. This mechanism
ensurescorrect operation of instructionsthat use val ues produced by multicycleinstructions.

To model the scoreboard, we use an array of time-available values that correspond
to general registers (see Figure 4.4). Every multicycle instruction handler sets the time-
available dot corresponding to its destination register to the cycle count value when the
register in the hardwarewould be available. The handler then producesthe result and stores
it in the destination registers. Instructions that read registers advance the processor cycle
count to the maximum of the time-available dots corresponding to each operand register
and the current cycle count.

For example, if an addu instruction reads registersthree and four and takes one cycleto
issue, and if registersthree and four have time-avail able counts of 105 and 107 respectively,
and if the cycle count before the addu issue is 100, then the processor cycle count will be
set to 107 by the addu handler. In this case, the one-cycle issue time and the time to wait
for register three are hidden by the time to wait for register four, asin the real processor.



56

register 31 time-avail

register 2 time-avail <eeeees :
register 1 time-avail :

register O time-avail . Fixed offset

register 31 value 1

register 2 value 1 Decoded-instruction
register 1 value

register O value

Figure 4.4. Relationship between General Registers and Time-Available Array

Our scoreboard model depends on being able to calculate the time-available for all
multicycle instructions at the time theinstructionsissue. In our case thiswas possible, and
we believe that it will be so for most similar systems.

Instruction handlers access the time-available dots using the same pointersthey use to
access theregister values. Handlers perform this access by adding a constant to the register
pointer. This mechanism depends on the time-available dots being the same width (32 bits)
as the general registers. A subtle implication of this method is that the literal pools must
have dummy time-available dotsthat arein the samerelationship to theliteral values asthe
real time-available dotsareto theregister values. instruction handlers dereference operand
pointers the same way for both register and immediate operands.

The timing of the data cache is modelled by keeping track of what the tag state of
a real MC88200 cache [64] would be. We model the MC88200's Least Recently Used
(LRU) behavior by keeping the cycle count of the most recent access to each cache line.
Whilethistakes more storage than the LRU bit scheme that the hardware uses, it issimpler
to understand and faster to execute. The data cache model calculates the time-available
value for load instructions and puts this value in the destination register’s corresponding
time-available dot. It can do this because the cache state is kept current by memory access
instructions that touch cachable memory. These instructions cause the cache state to be
updated to reflect which cache line was touched, whether the lineis clean or dirty, etc.
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Our MC88200 model doesnot model bussnooping. Asaresult, ssimulationsof programs
that use multiple processors per node will be inaccurate. However, al of the benchmarks
reported in this dissertation use only one processor per node.

The MC88100 processor has a three-dot pipeline in the Data Memory Unit (DMU)
through which all memory access instructions must flow after they are issued (see Fig-
ure 4.5). Each load or store of aword or less uses one DMU dot; double-word loads and
storesusetwo slots. Whenthe pipelineisfull, amemory instruction attempting toissue will
stall until the dots it requires become available. When the request in dot one is satisfied,
the pipeline shifts the contents of ot one to dot zero and slot two to slot one. After this
shift, dot two is free to accept a new request.

Real MC88100 DMU Pipeline DMU Simulation Model

Newly issued Id/st instructions enter here

Must be free for Id/st to issue Completion time of last |d/st enters here
DMU dlot 2 reguest completion-time 2
DMU dlot 1 reguest completion-time 1
DMU dot 0 request completion-time 0

Active memory-system transaction

Figure4.5: Real MC88100 DMU and Simulation Model

We keep a three-element array of time-available values to model when the reference
in each dot of areal MC88100 DMU pipeline would be available. Each DMU dot used
advances the current processor cycle to the maximum of the current cycle and the time-
available valuein the oldest dot. The array is shifted down to eliminate the oldest dlot and
to make available the dot at the other end of the array. This dot isthen filled with the time
at which the reference in areal MC88100 would vacate the DMU.

4.4.6 Processor Switching

We simulate a multiple-processor system on a single-processor host by executing a few
cycles of each smulated processor before switching to the next processor. The default
number of cycles per switch is 10. The user can change this number. Each instruction
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handler checks to see if the processor cycle quantum has expired. If it has, the handler
branches to the processor switch code. This code tries quickly to find another processor
to execute and then dispatches the next instruction for the new processor. Because each
instruction handler runs to completion, processor switching is done between instructions
only. A processor can thus take more time than the quantum provides.

The processor switch code picks a new processor so as to minimize skew between any
pair of processors. It doesthisby examiningacircular list of running processorsin around-
robin order and picking thefirst oneit finds whose cycle count is below the current system
cycle-count threshold. The switch code increases the threshold only when all processors
have executed beyond it.

It is possible for individual instructions to take up to 10,000 cycles !. The processor
will jump far ahead in smulated time and will not execute its next instruction until the
other processors have caught up. Skew induced by long-running instructions has caused no
problems or timing anomalies.

Tokeep the cost of switching low, thereareonly four key processor-dependent interpreter
variablesin registers (DECIPR, IR, apointer to the processor state structure, and the processor
current cycle). An earlier version of the smulator kept just the DECIP in a host register
and calculated |P when its value was needed [9]. The earlier version was written for a host
with a small number of registers, and it therefore made sense to calculate the IP this way.
Doing so in the current version would complicate the threaded-code interpreter, and our
simulator host has enough registers for both DECIP and I P variables.

4.4.7 Modeling Data Memory Access

While most instruction handlers are in a single large function, memory access instruction
handlers are complex and so call a separate function for most of their semantic effect. This
function first trandates the data's virtual address by calling the TLB model. This model
simulates the Motorola MC88200's 56-entry TLB. TLB misses delay the memory access,
asthey do in the hardware.

The physical addressreturned by the TLB model ischecked to seeif it isan 1/O address
or amemory address. If it isthe former, the I/O moduleis caled. Otherwise, the physica
memory map is accessed to find the host memory that models the addressed simulated

1 This happens on a store of a cache-copyback command to the control register of a data cache that is

full of dirty data.
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memory. Host memory is allocated if it is not yet in the map. The memory operation is
performed, and the data cache state is updated using the physical address returned by the
TLB model.

Unlikethe real cache, our data cache model does not contain the dataitself. It contains
tags, LRU information, and state bits. This difference meansthat memory coherence errors
can be latent on the ssimulator that are manifest on the hardware, and vice versa. In other
words, an artifact of our data cache modelling is that memory is always coherent. If the
operating system does not flush the data cache when it should, the error will not be seen on
the simulator, though it may be seen on the hardware. Or, a bug may occur running on the
simulator that is the result of cached memory being overwritten. This bug is latent on the
hardware, because the hardware processor reads the correct value from cache and does not
see the erroneous value in memory.

The difference in memory coherency isasmall price to pay for asmpler cache model
and smaller cache state. In addition, it causes no timing inaccuracies.

4.4.8 Modelling Instruction Memory Access

The simulator models instruction cache cold misses, but not capacity misses. It models
cold misses by distinguishing between trandated and untrandated instructions. When a
decode-me pseudo-instruction is encountered:

1. The processor’'s cycle count is advanced to reflect the time to fetch an instruction
cacheline.

2. All four MCB88100 instructions in the cache-line that corresponds to the executed
decode-me pseudo-instruction are trandated to decoded instructions,

Thisis a small extension of the decoded instruction cache. It requires no extra work
in the case of a decoded instruction cache hit and very little extra work in the case of
amiss. However, it simulates only cold misses. while the real instruction cache is finite
(4096 instructions), the decoded instruction cacheisunlimited. A straightforward extension
would model capacity misses by invalidating a cache-line of decoded instructions when a
real instruction cache would replace avalid cache line. We considered doing this, but felt it
was unnecessary because our benchmarksfit in the instruction cache and experienced few,
if any, capacity misses.
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449 Modeling1/O

When the load/store function encounters an address outside the range of physical memory,
it callsthe I/0O module with this address and a pointer to the decoded |oad/store instruction.
We pass a pointer to the decoded load/store for convenience: it has the size and type values
that the 1/0 models need.

The I/0 module searches a table that relates address ranges to particular 1/0 model
functions. Thetablelookup correspondsto the address decodersfound in hardwarebetween
the processor addressbusand thel/O device select signals. Anolder version of our simulator
used a hashing schemeto speed thelookup [9]. However, the Meerkat simulator hasasmall
table of devices, and the lookup time is not significant.

The 1/0 models include Meerkat’s 32-bit cycle counter, interrupt controller status and
control registers, internode status and control registers, magic DRAM space (described in
Section 3.6), CMMU control pages, and some pseudo-devicesused for controlling execution
profiling.

45 Meerkat Simulator’s Performance

The simulator’s performance is a function of workload and the processor switch time. All
of our tests were made with a processor switch time of 10 cycles. We found the difference
in ssimulator accuracy between switching every cycle and switching every 10 cycles to be
insignificant. At this setting, the performance ranged from 500,000 to 750,000 simulated
processor cycles per second on a36 MHz SUN Sparc-10/30 host 2. Thus, on average, we
simulate one Meerkat processor cyclein 54 to 72 Sparc-10 cycles. While some workloads
could cause much lower or higher performance, the tests we used were all in thisrange.

The Sparc-10 host can do more per cycle than the processor we model. Therefore, our
figure of 54 to 72 Sparc-10 cycles per Meerkat processor cycle must be adjusted to make
afair estimate of the smulator’'s slow-down. We estimate that the Sparc-10 has half the
Clocks Per Instruction (CPI) of the Meerkat processors. This means that thereisroughly a
slow-down of 100 to 150 per ssimulated processor.

The system dow-down is the ratio of the number of host cycles it takes to smulate
one cycle of a whole Meerkat. Simulating one cycle of a multi-node Meerkat requires
simulating one cycle of each processor and the interconnect. To calculate this figure, we

2 This workstation has a SPECint rating of 45.2.
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multiply the per-processor slow-down by the number of ssimulated processors. Thus, a
simulated 256-node Meerkat has a dow-down of 27,000 - 37,000 to one. Because our host
isabout four timesfaster than the Meerkat processor, however, the ratio between wall-clock
time and simulated time is not this large. For example, a 32k FFT simulation runs for
850,000 cycles, or 42 milliseconds. This takes six minutes of Sparc-10 time, which means
that the ratio of Sparc-10 timeto Meerkat timeis 8,600 to 1.

4.6 Timing Modelsand Simulator Accuracy

We used a suite of tests both to guide development of timing models and to evaluate the
simulator’s overall accuracy. This section addresses these two issues.

4.6.1 Timing Model Development
Our method of timing model development wasto iteratively:

1. Measurethedifferencebetween execution times of amoderate or complex benchmark
program on the simulator and the prototype.

2. ldentify which aspect of the prototype's timing was most responsible for the differ-
ence.

3. Writealow-level test that ismore sensitive than the benchmark to the aspect identified
in Step 2.

4. Verify that the low-level test shows a significant performance difference between the
simulator and the prototype.

5. Add atiming model to the smulator that captures behavior identified in Step 2. The
new timing model often has parameters that the user can adjust. Pick default values
for these parameters.

6. Rerun the low-level test to verify that the new timing model makes the ssimulator
accurate on the low-level test. This may require adjusting the model’s parameters. If
not, examine the test and the ssmulator on a cycle-by-cycle level. Fix the model.

7. Rerun the higher-level benchmark to see if the aspect identified in Step 2 was correct.
If not, repeat. If so, check the accuracy of the smulator on another benchmark test.

8. Stop when the simulator is accurate for all the tests.

Figure4.6 showsoutput fromng88’st i m ng command. Thiscommand alsoletsusers
change each of the listed parameters. Lines marked with asterisks are user-settable param-
etersthat affect some aspect of the smulation unrelated to timing. All other parametersare
in units of machine cycles, which correspond to 50 nanoseconds on the prototype.
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< 0> DRAM refresh penalty = 36

< 1> DRAM r ef resh period = 1280
< 2>DRAM |l atency to read 1 wd = 8

< 3>DRAM |l atency to wite 1 wd = 7

< 4> cache hit latency = 2

< 5> cache miss latency = 2

< 6> cache niss |line copyback = 7

< 7>flush segnent base | atency = 1032
< 8> read cache miss line fill = 11

< 9>wite cache miss line fill = 18
<10> flush line base latency = 10
<11> flush 1ine copyback = 9
<12> flush page base |l atency = 264
<13>inval idate all base |atenc = 260
<14> copyback all base |l atency = 1024
<15> lca |I/Oread word latency = 8
<l16>lca |I/Owite word | atency = 10
<17> TLB m ss update cost = 30
<18>i nternode |l ocal int |atency= 12
<19>internode renote int laten = 16

<20> CMWJ ctl read word | atency= 5
<21>CVMMJ ctl wite word | atency

<22> DRAM read of f set =-1
<23> DRAM write of fset =0
<24> internode status latency = 16
<25> cycl es per cpu slice =10

* <26> bytes per stack per cpu = 16384
<27> no-scoreboard read offset = 3
<28> no-scoreboard wite offset= 3
<29> internode cycles per word = 1
<30> internode receive buffers = 0
<31> overhead cycles per mesg = 3

* <32> sw tches per display updat= 10000

* <33> histograminterval in cycl= 500

Figure 4.6: User-Settable Timing Model Parameters

In some cases we changed our run-time system to make the ssmulated and prototype
execution times closer. For example, weinitially used processor 1 on every node to process
internode interrupts, while processor 0 did everything else. On a message-exchange test,
the simulator reported half the execution time of the hardware: after processing interrupts,
processor 1 had dirty cache state that had to be flushed to memory and then reloaded
by processor 0. The simulator did not model the MC88200’'s snooping and associated
cache operations, because we were not interested in the performance of programs that
used multiple processors per node. We changed the run-time system to use processor 0
for everything. This improved the performance of the prototype on small messages and
brought the ssimulator and prototype execution timesin line.



63

Some programs have different execution results on the ssimulator and the prototype:
there are aspects of the prototype’s timing that we could not - or did not want to - model.
We did not model the timing of operations that we believed would not affect the outcome
of our measurements and were difficult to model. For example, the prototype runs a
debugging monitor that mediates between the cross debugger running on the Sparcstation
host and the running Meerkat program. Thismonitor: (1) letsthe crossdebugger control the
running Meerkat program, and (2) fields requests from the Meerkat program for operating
system services performed on the host. The semantic effect of the monitor is modelled in
the ssimulator, but not its timing or its effect on instruction and data caches. The time it
takes the prototype to perform operating system services is a function of the load on the
Sparcstation host, the relationship between the time of the request and the host’s process
interval timer, and other factors.

To enable accurate measurements, we were careful to measure only the execution time
of sections of code that do no 1/0O through the monitor and whose initial cache state is not
dependent on previous calls to the monitor. In practice, we found this easy to do, and it
usually meant avoiding printf’suntil after a measurement was taken.

4.6.2 Timing Accuracy Tests

Table 4.1 shows the results of low-level tests of individual floating point and memory
access instructions. The times reported are in microseconds and are an average of the time
to execute 1000 iterations of the loop containing the measured instruction. The largest
error isin the floating point add instruction test. The simulator overstates the cost of this
instruction by one cycle, or 50 nanoseconds. the simulator does not model contention
for the single write-port of the MC88100's register file. The MC88100 is capable of
writing one word per cycle to its register file. The smulator makes a pessimistic guess
as to whether contention will occur. In the case of the floating point add below, this
guess is incorrect. We considered adding a timing model to correct this, but decided
that the increased accuracy would not compensate for the effort, smulator performance
degradation, and added simulator complexity.

Uncached read and write tests exercise the DRAM system. The simulator modelsinter-
ference with DRAM refresh, which consumes about two percent of the memory system’s
bandwidth. DRAM refreshis rarely modelled in system ssimulations, because it is consid-
ered such a small factor. Note, however, that if we did not model this aspect, our errors



Table 4.1: Low-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(p-seconds) | (u-seconds) | u-seconds [ Percent |

loop with no mem activ 0.301 0.301 0.000 0.0
FP add 0.704 0.754 0.050 6.6
FP multiply 0.857 0.855 -0.002 -0.2
FP divide 3.404 3.404 0.000 0.0
FP mem add/multiply 1711 1.710 -0.001 -01
cacheread hit 0.501 0.501 0.000 0.0
double cacheread hit 0.551 0.551 0.000 0.0
cachewrite hit 0.350 0.351 0.001 0.3
double cache write hit 0.401 0.401 0.000 0.0
uncached read 0.867 0.862 -0.005 -0.6
double uncached read 1.336 1.323 -0.013 -1.0
uncached write 0.360 0.357 -0.003 -0.8
double uncached write 0.718 0.714 -0.004 -0.6
1/0 read 0.851 0.851 0.000 0.0
1/0 write 0.452 0.449 -0.003 -0.7
CMMU control pageread 0.701 0.701 0.000 0.0
CMMU control page write 0.301 0.301 0.000 0.0

would be severa times larger. Many of the errors are below one percent. These errors
may be due to dight timing differences between the hardware and the simulator. These
differencescan cause the simulator to model onemore, or oneless, refresh cyclethan occurs
on the hardware. In fact, the hardware measurements show variation from run to run of
about one percent.

Table 4.2 show the results of more complex operations. These include various cache
operations, synchronization instructions, cache flushing, and sequences that load the local
memory bus. Thelargest error isshown in the"copyback full line" test, where the ssmulator
understates the time for a copyback of acache line by alittle over one clock cycle.

Table 4.3 shows the results of a message exchange test. In this test the data cache is
cold before each message exchange. Table 4.4 shows the results of the same test run with
awarm cache. To preload the cache, the test is run twice for each message size, and the
results are taken from the second iteration.

To verify the ssimulator’s accuracy for the tests used to compare Meerkat and Delta,
we included several paralel applications in our accuracy suite. Table 4.5 shows the
correspondence of smulator and hardware results for a global combine, SOR, and FFT
(see Sections 5.9 and 5.10). Thelargest error is 7.8% on a 32-byte global combine.



Table 4.2: Medium-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(u-seconds) | (u-seconds) | u-seconds [ Percent |

cache read misses 1.074 1.079 0.005 05
dbl cache read misses 1.132 1.125 -0.007 -0.6
cache write misses 0.926 0.927 0.001 0.1
dbl cache write misses 0.975 0.977 0.002 0.2
full write pipeline 0.923 0.931 0.008 0.9
instruction cachefill 0.782 0.781 -0.001 -0.1
copy uncached to cache 0.938 0.936 -0.002 -0.2
exchange memory instruction 0.971 0.974 0.003 0.3
bus contention 3 reads 1.381 1.391 0.010 0.7
write back on write miss 1.286 1.291 0.005 04
write back on read miss 1.427 1.430 0.003 0.2
invalidate empty line 0.502 0.505 0.003 0.6
copyback full line 0.925 0.860 -0.065 -7.6
invalidate empty page 15.868 15.784 -0.084 -05
copyback half full page 75.060 75.008 -0.052 -01
copyback full page 134.224 134.252 0.028 0.0
copyback empty data cache 54.800 54.640 -0.160 -0.3
copyback full data cache 528.800 530.360 1.560 0.3
copyback+invalidwhole cache 529.800 530.720 0.920 0.2

Table 4.3: Message Exchange Test Results: Cold Cache

Test name Hardware Simulator Difference
(u-seconds) | (u-seconds) | u-seconds | Percent |

4-byte message 74.800 70.200 -4.600 -6.6
8-byte message 75.800 70.400 -5.400 7.7
16-byte message 96.800 91.200 -5.600 -6.1
32-byte message 84.800 82.400 -2.400 -2.9
64-byte message 97.400 92.800 -4.600 -5.0
128-byte message 115.400 109.600 -5.800 -5.3
256-byte message 153.400 145.400 -8.000 -55
512-byte message 144.200 140.400 -3.800 -2.7
1024-byte message 150.800 145.200 -5.600 -3.9
2048-byte message 176.200 170.800 -5.400 -3.2
4096-byte message 259.800 254.800 -5.000 -2.0
8192-byte message 422.000 419.200 -2.800 -0.7
16384-bytemessage 754.000 747.000 -7.000 -0.9
32768-byte message 1192.000 1190.800 -1.200 -01
65536-byte message 2134.400 2139.400 5.000 0.2

65
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Table 4.4: Message Exchange Test Results: Warm Cache

Test name Hardware Simulator Difference
(u-seconds) | (u-seconds) | u-seconds | Percent |

4-byte message 71.200 68.400 -2.800 -4.1
8-byte message 74.000 68.400 -5.600 -8.2
16-byte message 91.600 88.000 -3.600 -4.1
32-byte message 85.600 83.000 -2.600 -3.1
64-byte message 97.400 95.000 -2.400 -25
128-byte message 120.000 113.800 -6.200 -5.4
256-byte message 159.200 154.400 -4.800 -3.1
512-byte message 155.400 153.200 -2.200 -14
1024-byte message 176.000 175.400 -0.600 -0.3
2048-byte message 233.200 229.800 -3.400 -15
4096-byte message 258.800 252.800 -6.000 -2.4
8192-byte message 421.600 422.200 0.600 0.1
16384-byte message 750.600 750.400 -0.200 -0.0
32768-byte message 1655.000 1650.800 -4.200 -0.3
65536-byte message 2592.000 2582.600 -9.400 -04

Table 4.5: High-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(p-seconds) | (u-seconds) | p-seconds [ Percent |

Global Sync Average 94.558 90.142 -4.416 -4.9
Global Combine 8 bytes 130.200 127.400 -2.800 -2.2
Global Combine 16 bytes 94.400 95.800 1.400 15
Global Combine 32 bytes 97.400 105.600 8.200 7.8
Global Combine 64 bytes 128.200 124.000 -4.200 -3.4
Global Combine 128 bytes 160.000 150.200 -9.800 -6.5
Global Combine 256 bytes 226.200 224.200 -2.000 -0.9
Global Combine 512 bytes 381.600 368.800 -12.800 -35
Global Combine 1024 bytes 635.800 614.400 -21.400 -35
Global Combine 2048 bytes 887.000 885.400 -1.600 -0.2
Global Combine 4096 bytes 1697.800 1698.000 0.200 0.0
Global Combine 8192 bytes 3323.600 3498.000 174.400 5.0
Global Combine 16384 bytes 8292.200 8234.400 -57.800 -0.7
Global Combine 32768 bytes 15671.200 15223.200 -448.000 -2.9
R/B SOR 32x32 30252.000 29379.000 -873.000 -3.0
R/B SOR 32x32 59248.800 58650.600 -598.200 -1.0
FFT 16 points 2266.200 2300.200 34.000 15
FFT 512 points 5152.000 4883.800 -268.200 -55
FFT 1024 points 10136.000 9658.400 -477.600 -4.9
FFT 2048 points 21088.600 19987.600 | -1101.000 -55
FFT 4096 points 46496.400 43895.000 | -2601.400 -5.9
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4.7 Profiling Features

Meerkat’s ssmulator collects a variety of statistics as it executes. The most basic perfor-
mance figures are execution times expressed in cycles. The current system cycle number
is available on both the hardware and the ssmulator in a 32-bit register that is incremented
every four processor cycles. At a 20 MHz system clock rate, the cycle counter has 200
nanosecond resolution. Our benchmark tests contain code to sample this counter at the
start and end of the computation and to display the result upon completion. While overall
execution timeis useful and interesting, it does not explain where the timeis spent.

The ng88 user can select one processor to be monitored by a profiling feature smilar
to the UNIX pr of utility. After execution, this feature will display alist of the functions
called and how many cycles were spent in each. Also displayed is the number of cycles
each function is delayed by an interrupt routine.

Figure 4.7 shows the profile of node 3 running the light-load bandwidth test (described

<CALLS , TOT CYCLE, PERCALL, | NTER> CALLER LI NE/f ADDR  CALLEE

< 1, 2705, 2705, 0> mai n: 34 > do_bwt est

< 1, 1584, 1584, 0> do_bwt est: 87 > crecv

< 1, 1188, 1188, 0> crecv: 0x10700 -> nsgwait

< 1, 1087, 1087, 0> do_bwt est : 88 -> csend

< 1, 434, 434, 0> i bus_interrupt: 0x102a0 -> nessage_handl er

< 1, 373, 373, 0> crecv: 0x106fc -> irecv

< 1, 331, 331, 0> pendi ng_mat ch: 0x10624 -> receive_buffer

< 1, 329, 329, 0> csend: 0x10cf8 -> flush_on_send

< 1, 316, 316, 0> flush_on_send: Ox10bf4 -> copyback_data_cache_
< 1, 144, 144, 0> csend: 0x10d3c -> send_buffer

< 1, 120, 120, 0> csend: 0x10d80 -> send_buffer

< 1, 60, 60, 0> csend: 0x10d28 -> arbitrate_for_bus
< 1, 60, 60, 0> mai n: 9 -> __main

< 1, 31, 31, 0> csend: 0x10d2c -> send_buffer

< 1, 30, 30, 0> csend: 0x10cfc -> packetize_data

< 1, 8 8, 0> crecv_wt _for_msg: 0x1083c -> get _buffer_header
< 1, 7, 7 567> msgwai t: 0x10958 -> free_buffer_header
< 1, 5, 5, 0> do_bwt est: 82 > nmynode

< 1, 4 4 0> copyback_dat a_cache_: 485 -> nydat acrmuaddr

Figure 4.7: Sample Profiling Output

in Section 5.5). Each row of the display representsone call site. Thefirst column showsthe
number of times the call was executed; the second shows the total number of cycles spent
in the called function and al of its descendants; and the third shows the average number of
cycles per call (i.e., the second column divided by the first). The fourth column gives the
number of cycles a function call was penalized by an interrupt routine. The fifth column
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indicates the call site, which isfollowed by the name of the called function.

In the example, the function csend is called once by do_bwt est at line 88 and
consumes 1087 cycles. To filter out time spent in initialization and other program segments
that we do not wish to measure, there is a pseudo device that allows the running program
to control profiling.

The simulator uses a myriad of counters to keep track of the performance of each
processor’s TLB, datacache, and local bus. It counts the number of cycles each processor
is delayed waiting for internode buses. The number of successful and failed arbitration
requests is kept for each internode bus, in addition to the longest and shortest bus tenures,
the number of times a bus was acquired and then dropped before data could be sent, the
number of words moved across each bus, and the total number of cycles each bus was
active.

All of these counterswere added to answer questionsthat arose. For example, speedups
on our FFT benchmark were initially much lower than expected. Suspecting that internode
bus contention was the cause, we added per-processor counters that tracked the number of
cycles each processor was delayed due to internode bus contention. We found the delays
were small and did not account for FFT’s poor speedup. After we added the pr of -like
feature, we saw that the error was due to inefficient coding of a constant calculation in the
benchmark.

The pr of -like feature and event counters are useful, but they summarize a computa-
tion after its execution. Some aspects of program behavior are hard to understand from
summaries. To give the ng88 user a running image of internode bus activity, we included
an option to animate internode communication. When this option is chosen, ng88 opens
two X windows, one showing each node and bus and one displaying a histogram of bus
contention. The former window shows active buses as thick blue lines. Sending nodes
have a thick blue border, while receiving nodes are green. Inactive nodes and buses are
drawn with thin black lines. The histogram window shows the system cycle count on the
horizontal axis, with bus contention on the vertical axis.

These animations of Meerkat internode communication hel ped us visualize the dynamic
properties of our benchmark programs. They also helped explain the architecture to those
unfamiliar with Meerkat.
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4.8 Fast Conditional Breakpoints

This section describes a feature of ng88 that improves the performance of conditional
breakpoint evaluation.

Breakpoints are a fundamental facility in most debuggers. Many debuggers allow
breakpoints to be set both in terms of machine addresses and program line numbers. It is
also common to allow the user to supply conditional expressions that are evaluated when
a breakpoint is set. If the expression is true, the breakpoint is recognized and execution
stops. If itisfalse, program execution proceeds as though the breakpoint were not set. In
traditional implementations, the timeto evaluate the breakpoint conditionis significant if it
evaluates false many times.

We improved the performance of conditional breakpoint evaluation by evaluating the
condition using target machine instructions. Instead of returning to gdb to evaluate con-
ditional expressions, our system executes tens or hundreds of smulated cycles to execute
out-of-line code to evaluate the breakpoint condition. We patch a branch to this code into
the text where we would otherwise have inserted a breakpoint instruction.

Fast breakpoint condition evaluation has been implemented before [53]. What we
report here is new in that we are doing it in a system debugger, we found it useful in this
environment, and that it took only afew days to implement.

(88 generates Motorola 88100 code to eval uate the conditional expression on the target
for most expressions. Some expressionsaretricky to compileand occur rarely as breakpoint
conditions. In these cases we evaluate the condition with the slow but general mechanism
that isalready present in gdb.

The evaluation codeis generated on the host and downloaded to an areaset aside by the
run-time system for this purpose. This allocation of space is the only modification to the
run-time system that was needed to implement fast conditional breakpoints.

Figure 4.8 shows an example of aconditional breakpoint and the code that gdb generates
to evaluate it. Our code generator uses some otherwise idle registers (these registers were
reserved by Motorola for the linker, but our linker does not use them). Architectures
without suchidleregistersrequire someregister spill/restore code surrounding the condition
evaluation code. While our code generator is target dependent, it issmall, around 900 lines
of C, and should be easy to port to most architectures.

Fast conditional breakpoints have an even greater benefit when ng88 is used to cross-
debug programs running on the hardware prototype. The cost of communicating with the
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[0] <kernel> (g88) break machdep.c: 144 if scpus < 3

or.u r26,r0, hi 16(0x85494)

I d r26,r26,1 016(0x85494) | r26 := scpus
or r27,r0, 0x3 | r27 :=3
subu r26,r26,r27 | Bl NOP_LESS
bend.n 1t0,r26, L0
or r26,r0,1 | Eval true
or r26,r0,0 | Eval false
LO
bcnd ne0, r 26, L1 | Branch if the break condition is true
or.u r26,r0, hi 16(0x667ac) | Load the address of the instruction
or r26,r26,1 016(0x667ac) | toreturnto
jmp.n r26 | branch back to program
.word 0x5c400008 | Displaced instruction (copied from
| the breakpoint |ocation)
L1:

tb0 0,r0, 254 | breakpoint-trap

Figure 4.8: Conditional Breakpoint Followed by Code Generated To Evaluate It

debugee is much higher in the hardware environment than it is in the smulator. Operating
system debuggers usually have alarger cost of communicating with the debugee than do
conventional debuggers. As aresult, the benefit gained from evaluating the breakpoint on
the target is even higher than in the systems that Kessler considered [53].

49 Summary

Simulators vary widely in their application, structure, accuracy, and performance. We
outlined several simulator applications and the simulators typically used. The Meerkat
simulator is unique in its combination of speed, efficient use of memory, fine modelling
detail, portability, user/supervisor modelling, and modelling of address trandation. With
this combination of features we were able to model large systems at a fine level of detall
and make accurate predictions about the performance of large systems.

There are a number of benefits of using simulators over hardware, e.g., adaptability,
deterministic execution, low cost. In addition to the benefits that most simulators provide,
our simulator has three features that made debugging programs easier:

¢ ny88 alowssingle-stepping and breakpointing of exception handlers. Largeportions

of the message-passing system execute as an exception handler, making it much easier
to debug this code on the smulator.

¢ NY88 hasaprecise memory breakpoint feature. When set, execution of all processors
in the system stops the instant the location being watched by the breakpoint is
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accessed. Thisaids certain debugging problemstremendoudly. Building as precise a
breakpoint into the prototype would require redesigning the processor.

e NY88 compiles conditional breakpoint expressions into target machine code. This
speeds conditional breakpoint eval uation by orders of magnitude. The user can make
more liberal use of conditiona breakpoints without having to wait long periods for
frequently-false conditions to be evaluated.

We described the M eerkat ssmul ator after placing itin the context of arange of smulation
strategies. The ssimulator can execute instructions quickly, yet models timing accurately,
and can efficiently multiplex amongst many simulated processors.

Simulator construction began with a fast threaded-code interpreter and a trandator to
generate threaded-code from machineinstructions. To makethe simulator usable, we chose
apowerful symbolic debugger for the front end. We achieved timing accuracy by carefully
adding functional modelsto the behavioral simulator base. These functional modelsslowed
the ssimulator down, but because we added only those functional models that substantially
affected accuracy, the degradation was less than an order of magnitude.

Our simulator executes about 100-150 host instructions per smulated instruction. This
compares favorably with other timing-accurate macro ssmulators. The high performance
allows us to model multicomputerswith 256 processors running substantial programs.

A number of performance monitorsand animation features give the user a comprehen-
sive view of the smulated system. These features were easy to add to the smulator, but
would be difficult or impossible to add to the prototype. They are nonintrusive, i.e., their
presence does not affect the execution behavior of the simulated system.

We showed the results of running a suite of tests on both the Meerkat prototype and the
simulator. These tests show that the simulator is a faithful model of the prototype, usually
differing from the prototype by only afew percent.



Chapter 5
A PERFORMANCE ANALYSISOF MEERKAT

This chapter compares the performance of programs running on both the Meerkat
prototype and Meerkat simulator® with those running on Intel’s Touchstone Delta [49].
These comparisons demonstrate that Meerkat is an effective multicomputer architecture
when compared to Delta, a heavily used, commercially built multicomputer. Our tests
provethat: (1) Meerkat can driveitsinterconnect at nine timestherate of the Delta, (2) the
bi section bandwidth of a 256-node Meerkat isthreetimes higher than that of the same-sized
Delta, and (3) Meerkat’s speedups exceed Delta’sup to the limit of Meerkat’s scaling range.

Our simulated Meerkat, which can have up to 256 nodes, is calibrated to our prototype
hardware, which has four nodes. The prototype cannot scale beyond its small number
of nodes. The limited scalability of the prototype is not indicative of the architecture’s
potential. Rather, it was a decision made to facilitate timely results from a one-person
effort. In contrast to the prototype, the architecture can scale to hundreds of nodes. That
is, the architecture permits designs that have many nodes and that are only dightly more
complicated that our prototype.

Weintroducethe differences between Meerkat and Deltain Section 5.1. Section 5.2 dis-
cusses the rel ationshi p between multicomputer interconnect performance and message size.
Section 5.3 describes the message-passing primitives that we implemented for Meerkat.
Section 5.4 gives insight into the implementation of these primitives. The interconnect’s
performance under light and heavy loads is analyzed in Sections 5.5 and 5.6. Meerkat's
performance on two numerical applicationsis shown in Sections 5.9 and 5.10.

5.1 Introduction

Like Meerkat, Deltais a multicomputer composed of RISC processors, local memory, and
an interconnect that is used explicitly by application software. The two systems differ in
their interconnects. Deltaemploys aconventional mesh of 2-D routers, while Meerkat uses

! The Meerkat simulator is described in Chapter 4.
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sets of vertical and horizontal internode buses.
There are other differences between Meerkat and Delta that complicate the comparison
of the two interconnect architectures:

e The 40 MHz Intel i860 processors in Delta are about twice as fast as the 20 MHz
Motorola 88100 processors in Meerkat.

e Meerkat’s message-passing codeiswrittenin carefully crafted assembler, while Delta
runs the NX/M operating system [48], writtenin C.

e The Meerkat internode interface copies to and from memory, whereas the Delta
interface requires the processor to load and store each byte moved through the
interface (i.e., programmed 1/0).

e The Deltatest program runsin an address space separate from NX/M and thusincurs
context-switching costs, while Meerkat’stest program runsin the same address space
as the message-passing library.

Some of these differences, however, offset others. For example, the slower Meerkat
processors executing our small, message-passing library offset the effect of faster Delta
processors executing the larger NX/M operating system.

Despite these differences, there are conclusions we can draw from experiments com-
paring the systems. We know that the Deltais an effective multicomputer. 1f we can show
that Meerkat's performance is better, we can conclude that Meerkat is also effective.

5.2 Message Granularity

I nterconnect bandwidth and latency are functions of message size. Message sizeitself isa
function of the: (1) algorithm, (2) datalayout, (3) number of nodes applied to the problem,
and (4) problem size. In generdl, if the number of nodes increases while other parameters
remain constant, the size of messages will decrease. Likewise, an increasein problem size
often increases the message size.

While a comprehensive discussion of message size exceeds the scope of thisthesis, we
provide the following exampl es as background for our subsequent performance discussion:

e The butterfly FFT algorithm using a cyclic layout generates messages that are %
points long, where N is the number of pointsin the FFT, and P is the number of
nodes. Theinput to the FFT isasequence of points. Each point isacomplex number
which, in our implementation, consumes 16 bytes of memory. Thus, a 32,768-point
FFT on 256 nodes will send 2048-byte messages.
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e We speculate that operating system traffic on Meerkat would be composed of both
short control messages and page-sized messages to support file system and virtual
memory traffic. Process migration would generate messages in excess of 64K bytes.

¢ Blocked iterative solution methods send messages that are proportional to the size of
one edge of theblock. A red/black successive over relaxation algorithm on a4096 by
4096 grid running on 256 nodeswill use ablock that is16 by 16. For double-precision
numbers, each message will be 1024 bytes.

5.3 Message Passing

All benchmarks use a subset of Delta’'s message-passing library, which we implemented on
Meerkat. The subset contains the following primitives:

e Voi d csend(int type, const char xbuf, int size, int dest)
e Int irecv(type, char xbuf, int size)
e Voi d msgwait(i nt key)

Csend sends amessage of typet ype to nodedest of lengthsi ze whose data starts
at address buf . Message delivery isreliable and in-order. Control does not leave csend
until the message is delivered to the destination node, although it can be buffered by the
receiving node until the application asksfor it. If dest is—1, the message is broadcast to
all nodes.

| recv tells the message-passing system that: (1) the application is ready to receive
amessage of typet ype in abuffer of length si ze bytes or less, and (2) that the buffer
starts at address buf . A type of —1 matches any received type. | r ecv returns a key that
can subsequently be passed to nsgwai t . Msgwai t returns when the buffer associated
with the passed key isfilled with areceived message. If i r ecv iscaled with atypefield
matching a message that has been received but not yet been delivered to the application,
the message will be copied into the buffer supplied by i r ecv.

| r ecv checks for a message with a matching type. If one has arrived, it copies the
message to the user buffer and returns a value that will tell a subsequent call to nsgwai t
that the message has arrived. If not, it alocates a pending-receive record and puts this
record, which contains the user’s buffer description and the expected message type, on a
list of pending receive records. When the message arrives, it is delivered directly into the
buffer supplied by i r ecv.

In Meerkat, the key returned by i r ecv is zero if the message iswaiting. Otherwise, it
isapointer to the newly allocated pending-receive record. Msgwai t returnsimmediately
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if it is passed a zero. If not, it spins, waiting for the passed pending-receive record to be
marked "done" by the internode interrupt handler.

54 Chronology of Csend and | r ecv Message Primitives

Figure5.1 showstimelineswithasmplecsend andi r ecv/ nsgwai t . A sending node
is on the top timeline, and a receiving node on the bottom. The sender executes csend,
while the receiver executesani r ecv followed by ansgwai t .

Sender (csend)

Check arguments/save registers Control rendezvous

: ! Csend returns

. Cacheflush I-cache preload Datarendezvous :

L B N 3 v
BN | | Packetlze‘ V | Arbltratlon‘ V | | Messagetransmission |
\ \ \ [ \ : 1 \ |
TIME ———= interrupt routine returns

_ 1 y _ !
I recv Msgwai t Y ‘ Message reception | ‘
M """"""""""""""""""" A 7]

Receiver sees internode interrupt

Interrupt overhead

Msgwai t returnsto application

Receiver (irecv/msgwait)
Figure5.1: SimpleCsend and | r ecv/ Msgwai t Timeline

The steps of csend are:

1. Argument checking: check argumentsto csend, test for broadcast, test for destina-
tion node being equal to the sending node, determinerouting (i.e., 1-busvs. 2-bus; if
1-bus, horizontal vs. vertical).

2. Data cache flush: instruct the data cache to write back to memory any dirty cache
lines that hold data in the range of memory addresses to be sent.

3. Message packetize: divide the message into one or more data packets and, in so
doing, construct a control packet.

4. Internode bus arbitration: acquire ownership of the required buses.
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5. Instruction cache preload: preload the sender-receiver rendezvous code in the
sender’s instruction cache. This code can cause a bus timeout on the receiver if
it does not execute certain groups of instructions quickly enough. Preloading the
instruction cache makes the critical groups execute quickly. Preloading is done by
executing critical code with parameter values that cause no internode activity.

6. Control packet rendezvous. signal the receiver node, wait for it to enter a receptive
state, and begin to transmit the control packet. The receiver takes an interrupt when
itissignaled.

7. Data packet rendezvous. signal thereceiver node, wait for it to enter areceptive state,
and begin to transmit a portion of user-specified data. The receiver pollsfor signals
from the sender and thus avoids the interrupt overhead.

8. Data transfer: move data from the sending processor’'s memory to the receiver's
memory. Each word moved requires one cycle.

9. Miscellaneous processing: call subroutines, savelrestore registers, return to caller,
efc.

Table 5.1 shows the execution cost of csend steps as a function of message size. Each
pair relates the number of cycles for a given step followed by the percentage this step
represents of the total timefor csend.

Table 5.1: Number of Cycles and Percentage of Total Time Taken by Csend Step
(Percentages Rounded to the Nearest Point)
Csend Step M essage Size (in bytes)
0 | 128 | 1024 | 32768 |
| 1+9. Miscellaneousoverhead [| 114/ 25% [ 125/ 16% | 164/ 15% | 531/ 5% |
2. Data cacheflush 46/ 10% | 240/ 30% 322/ 29% 1,134/ 10%
3. Message packetize 50/ 11% 21/ 3% 28/ 3% 1721 2%
4. Connection arbitration 52/ 11% 61/ 8% 53/ 5% 81/ 0%
5. I-cache preload 30/ % 30/ 4% 30/ 3% 30/ 0%
6. Control-packetrendezvous || 144/ 32% 144/ 18% 144/  12% 158/ 1%
7. Data-packet rendezvous 0/ 0% 148/ 18% 156/ 14% 769/ 7%
8. Datatransfer 1/ 0% 32/ 4% 256/ 23% 8192/ 74%
Total (cycles/percent) 456/ 100% | 801/ 100% | 1,113/ 100% | 11,102/ 100%

The table shows that, as message size increases, the percentage of time spent sending
data through the interconnect (Step 8) increases. Similarly, for all steps except Step 8,
as message Size increases, the percentage of time spent decreases. For example, zero-
byte messages spend 11% of execution time in arbitration; this figure decreases to five
percent for 1,024-byte messages, and to less than half a percent for 32,768-byte messages.
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Miscellaneous overhead figures include time spent on argument checking and routing
decisions.

Table 5.2 shows the execution cost to a receiving node given four message sizes.
The i r ecv row shows the cost of posting areceive, i.e., of recording the user’s request
for a message in advance of the message's reception. The next row shows the cost of
executing the interrupt subroutine that causes the rendezvous with the sending node, places
data in the user’s buffer, etc. The ‘interrupt overhead’ line contains time spent by the
processor: context-switching to the interrupt exception handler, decoding the interrupt,
saving registers, acquiring a semaphore that guards against conflicting use of the network
interface, and receiving the control packet. The time spent receiving a message overlaps
with the sending node's time for sending.

Table 5.2: Number of Cycles Taken by Message-Reception Step

Reception Step M essage Size (in bytes)
0] 128 | 1,024 | 32,768 |

i recv (postareceive) || 116 | 298 373 1,314
M essage reception 105 | 210 434 9,345
Interrupt overhead 137 | 135 134 160

| total (cycles) | 358 [ 643 | 941 | 10819 ||

Table 5.2 reveals several characteristics of the message-passing library. First, posting
a receive requires a cache flush in order to maintain consistency. The larger the buffer,
the more cache state must be adjusted, and the longer the time will be to post the receive.
However, the increase is sublinear; beyond a certain message size, the whole cache is
flushed. Thefirst line of thetable shows: (1) 182 cyclesto flush thefirst 128 bytes, or about
1.4 cycles per byte, (2) 75 cycles to flush the next 896 bytes, or 0.083 cycles per byte, and
(3) 941 cyclesto flush the next 31744 bytes, or 0.029 cycles per byte.

Second, the table shows that, for large messages reception itself, (i.e., moving the data
from the interconnect to the receiver’s memory) dominates execution time. The reception
time goes from 0.82 cycles per byte for small messages to 0.28 for long messages. If there
were no software overhead, this figure would be 0.25 cycles per byte (one cycle per word).
Thus, for long messages, Meerkat’s message reception approaches the hardware transfer
rate.

Lastly, the interrupt overhead isfairly constant, rising dightly for the largest messages.
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This rise of 26 cycles (160-134) for 32,768-byte messages is due to cache effects: large
messages flush the whole cache, including variables used by the message-passing library.
The 26-cycle increase represents the time to rel oad these variables.

5.5 Bandwidth under Light Load

This section reports the performance of Meerkat and Delta on a simple test that measures
the ability of nodes to exchange data of varying sizes. The core of the program for this test
appearsin Figure5.2:

Iight_|l oad_test(char *buf, int size)

doubl e start, end, el apsed_tinme, bytes_per_second;
int key;
switch (mynode()) {
case 0:
start = time_in_seconds();
key = irecv(0, buf, size);
csend(0, buf, size, 3, 0); /* Send to node 3 */
msgwai t (key);
end = tine_in_seconds();
el apsed_tine = end - start;
bytes_per_second = 2 * (size / elapsed_tine);
printf("MB/ sec for nessage of %l bytes=%.3lf\n",
size, bytes_per_second / 1000000.0);
br eak;
case 3:
crecv(0, buf, size);
csend(0, buf, size, 0, 0); /* Send to node 0 */

}

Figure 5.2: Message-Passing Program to Test Meerkat under Light Load

This test causes node zero to send a message of length si ze to node three. Node
three waits for the message, which it sends to node zero. The total number of bytes sent
is twice the message size. We measure the time interval from immediately prior to node
zero'stransmission until immediately after node zero receives areply from node three. We
chose the node numbers (zero and three) so that the communication requires a two-bus
connection. We execute the sequence above for message sizes ranging from four to 256k
bytes.

Figure 5.3 shows the bandwidth achieved by a pair of nodes for both systems as a
function of message size. We include in these graphs the bandwidth measured on the Intel
Hypercube iPSC/2 and iPSC/860 [5]. In this test the bandwidths reported by the Meerkat
simulator and the hardware differed by about one percent. Therefore, the Meerkat curve
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can be viewed both as ameasurement of area system and as a smulation result.
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Figure 5.3: Bandwidth as a Function of Message Size under Light Load

The bandwidth of both Meerkat and Delta on small messages is limited by the ability
of the nodes to inject messages into the network. The lower performance of Deltaon small
messages may be due to the extra work done in NX/M that is not done in the Meerkat
message-passing library. Meerkat achieves 67 MB/sec for 100,000-byte messages, while
Delta's bandwidth levels off at about 8 MB/sec for 2,000-byte messages.

Both Meerkat and Delta are limited on long messages by their different abilitiesto drive
their interconnects. Meerkat’s internode bandwidth reaches 83 percent of its peak rate of
80 MB/sec. Deltareaches 10 percent of itstheoretical rate, which isalso 80 MB/sec [81].

Delta's ability to drive its interconnect in this test is limited by its network interface
and the speed of the node processor. The network interface requires that the processor
manipulate each byte sent through the interconnect. In the next section, we will see that
Delta’s network can handle more traffic than a single node can generate.

While Meerkat’s maximum interconnect performance is seen at a message size that is
longer than most applications will generate, its performance on shorter messages is still
high. It may make sense, however, to reduce the per-message overhead by moving logic
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from low-level software into hardware. This would push the solid curve in Figure 5.3
higher and to the left. Chapter 6 discusses changes to the network interface that can reduce
per-message overhead.

5.6 Bandwidth under Heavy L oad

In thisexperiment there are two groups of 128 nodes each, A and B, asshown in Figure 5.4.
Each nodein group A sends a message to its partner in group B and waitsfor areply. Each
node in group B waits for a message from its partner in group A; it then sends a message
back to its partner. The nodes of each group are physically contiguousin an 8 by 16 block,
and the two groups are adjacent to form a 16 by 16 block of nodes. The distance between
each node and its partner is eight. The total number of bytes moved between the groups
is the product of the message size and the number of messages sent, which is 256. We
calculate the bandwidth by dividing the total number of bytes moved by the round trip time.
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Figure 5.4: Pattern of Communication during Heavy Load Test

Figure5.5 shows both Meerkat and Deltawith anearly linear increase in bandwidth with
increasing message size for messages of less than 500 bytes. Aswith the light interconnect
load, this increase results from the amortization of a fixed processor overhead per message
over longer messages. The Delta bandwidth reaches a maximum of 280 MB/sec with a
message size of 1000 bytes. Meerkat peaks at 750 M B/sec at a message size of 4000 bytes.
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Figure5.5: 256-Node System Bisection Bandwidth

Dividing each of these bandwidths by the number of channels through which the data
move, in this case 16, we find that Meerkat’s buses are driven at an average of 46 MB/sec.
Delta's channels at the midpoint are driven at 17 MB/sec. Delta's channels are composed
of pairs of unidirectional links. Through separate tests, we determined that the maximum
undirectional link speed is 11 MB/sec. Thus, the 17 MB/sec figure shows that our heavy-
load test overlaps the use of these unidirectional links.

The earlier plateau in Delta’s bandwidth is due to Delta's higher ratio of processor to
interconnect performance. That is, Meerkat’s slower processors need longer messages to
saturate its faster interconnect. However, the level of the plateaus depends on interconnect
performance rather than processor speed.

5.7 Per-Node Bandwidth

To better understand what the results in the previous section mean for application perfor-
mance, we consider the amount of internode bandwidth avail able to each node. We assume
that the system is heavily loaded and that each node uses an equa amount of bandwidth.
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Figure 5.6 shows system bisection bandwidth divided by the number of nodes. This
graphisinunitsof doublewords(DW) (8 bytes), asthisisoften the unit in which numerical
applications programmers consider problem and message sizes. The per-node bandwidth
is shown for severa sizes of Meerkat and Delta. Larger systems have lower per-node
bandwidths because the bisection bandwidth increases with the square root of the number
of nodes.
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Figure 5.6: Per Node Bandwidth

Consider thisexample: if an application running on a 144-node M eerkat has every node
send 500-DW messages and does no computation, every node will sustain a transfer rate
of 550,000 DW/sec. All applications will spend some of their time computing, so these
curves represent the upper bound on internode performance. These figures assume that
nodes share the interconnect equally. The internode bandwidth seen by a single node can
be much higher if other nodes make only light use of the interconnect.

These curves show that Delta has a lower per-node bandwidth than Meerkat for the
same reasons given in the prior two sections for lower bandwidth. These differences are
mostly afunction of implementation, not of architecture. However, the ease with whichwe
were able to design and build afast implementation is a result of Meerkat’s smplicity.
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5.8 Application Performance

It is important for prospective parallel computer users to be able to anticipate how well
their applications will run. A given parallel application may run well on some computers
and poorly on others. "Running well" is, of course, subjective. The definition we adopt in
this section is that the processors execute application code for at least half of the overal
execution time.

This section characterizes the applications that are likely to run well on Meerkat. We
define these applications in terms of the application’s computation and communication
demands. Our god is to give application developers enough information to decide what
combinations of parallel applications, input data sizes, and Meerkat configurationswill run
well.

The principal application characteristics that determine performance on Meerkat are:
(1) theratio of computation to communication, (2) message size, and (3) load balance.

Thefirst characteristic, the comp/commpratio, istheratio of the instructions executed to
the amount of data sent between nodes[77]. For example, an application that executes one
million double-precision floating point instructions on each of 256 processors, and which
passes two million double words between nodes, has a comp/comm ratio of 128. That is,
each node will perform an average of 128 FP operations for each DW value it sends to
another node.

The second application characteristic of importance is the grain size, the size of the
message the application uses to package internode data. As the grain size decreases, the
time spent to process messages increases. This computational effort comes at the expense
of application running time.

Both of these characteristics are functions not only of the application, but also of the
problem size, the number of nodes, and the details of how the application isimplemented.
Some algorithms, such as Cholesky factorization, use messages with sizes that are aso
a function of the input data. Other algorithms, e.g., modified Gram-Schmidt with partial
pivoting [96], have a comp/comm ratio that is afunction of the input data. Estimating the
ratio for these applications may be difficult.

Applications that have very high comp/comm ratios, e.g., over a million to one, will
perform well on amost any parallel computer. They spend almost all of their time comput-
ing. Even if internode communication is expensive, they spend little time communicating.
These applications are perhaps best served by parallel computers with low-performance,



inexpensive interconnects.

Applications that have very low comp/comm ratios, e.g., between zero and one, will
perform poorly on any paralel computer. They will spend most the time communicating
and little time computing, leaving processors idle most of the time. These applications are
probably best run on uniprocessors, where no internode communication is necessary.

Between these extremes are applications that will run well on some systems but not
on others. To gauge whether they will run well, i.e., with high processor utilization, we
consider the comp/comm ratio of the parallel computer. This is the ratio of the rate at
which each node can execute instructions to the rate at which each node can transmit data.
For example, a system with processors that can sustain 10 MFLOPS and in which each
processor can transmit data at 1 million floating point values per second (while the other
processors are doing the same) has a comp/comm ratio of 10.

Comparing the system’s ratio with the application’s alows us to determine whether the
application will run well. If the system’s ratio is much lower than the application’s, we
expect that the application will spend most of its time computing, little time waiting for
internode data, and will run well. On the other hand, if the system’s ratio is much higher
than the application’s, the application will spend most of itstimewaiting for communication
phases to complete, and it will run poorly.

Processors can aso havelow utilization if the computational load isnot balanced. Thus,
itisnot good enough to have an application comp/commratio that ishigher than thesystem’s.
Many regular problems, such as FFT and SOR (described in the next two sections), present
the same computational load to each node, regardless of the input data. Other algorithms,
however, require variable amounts of computation. In Cholesky factorization[44, 7], each
processor is assigned a fixed portion of the matrix on which to operate. However, the
number of operations performed on each portion is a function of the input data. Some
processors may be idle, while others are busy. This load imbalance can be lessened by
choosing a small block size. However, this decreases grain size and thus communication
efficiency. Thereisatension between making the block size small, toincreaseload balance,
and making it large, to amortize the fixed message cost overhead.

Meerkat’s comp/comm ratio is afunction of message size and system size, asshown in
Figure 5.7. These curves were generated by dividing the nomina node execution rate (10
MFLOPS) by the per-node internode bandwidth (shown in Figure 5.6).

Consider a sample use of these curves. Assume that we want to know how small we
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Figure5.7: Meerkat and Delta Computation/Communication Ratio

can make the input to an FFT agorithm on a 64-node Meerkat without poor processor
utilization. The input size is measured in points; each point requires two double words.
Because FFT divides the input data evenly across all of the nodes, and communicates this
data between pairs of nodes at each communication step, the input size will be 32 timesthe

message size:

64

input_sizean_points = message_sizean DW x =

From examination of the FFT algorithm, let us assume that we find that it has a
comp/comm ratio of 100. By looking at Figure 5.7, we see that a 64-node Meerkat has a
comp/comm ratio of 100 for messages of 25 words. For FFT to have messages of thissize,
the input data would have to be 32 timesthis, or about 1500 points. Larger inputswill yield
longer messages and even better processor utilization.

The Delta curve never reaches down to a comp/comm of 100. This means that, for our
FFT example, al input sizes will yield less than 50 percent processor utilization on Delta.
The next section shows that measured speedup of FFT on Meerkat and Delta are consistent
with this analysis and our assumption of a comp/comm ratio of 100.
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J.P. Singh giveslarge-messageratiosfor several commercia multicomputers[77]. These
are reproduced in Table 5.3, aong with the values we measured on Delta and Meerkat.
While we have listed our figures with Singh’s, we note that his were derived from simple
calculations, while ours started with measured bisection bandwidths. This makes the two
sets of numbers not perfectly comparable, but we feel they are close enough to warrant
rough comparison.

Table 5.3: Large-Message Computation/Communication Ratios For Meerkat and

Several Commercial Systems (partly from J.P. Singh)
System Comp/Comm Ratio
Meerkat (16 node) 5
Paragon 8
Meerkat (64 node) 11
Meerkat (144 node) 16
Meerkat (256 node) 20
CM-5 (Vector, nearest-neighbor) 50
CM-5 (Vector, random) 100
Delta (256 node) 144

Singh also gives the computation and communication functions for several represen-
tative numerical algorithms as a function of input and system sizes. These are shown in
Table 5.4; N isthe problem input size, P isthe number of processors.

Table 5.4 Computation/Communication Ratios For Several Numerical Algorithms
(From J.P. Singh)
Algorithm Computation | Communication | Comp/Comm Ratio
LU Decomposition N3 N2/P N/VP
Conjugate Gradient N2 NP N/VP
FFT Nloga N Nlogs P Nlogs P
Volume Rendering N3 N3 constant

By comparing an algorithm’s comp/comm ratio with the system’sratio, we can estimate
how a particular problem and input size will run on aparticular system.
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5.9 Peformanceof 1-D FFT

FFT, a common computational problem for large parallel systems, often has poor perfor-
mance, although speedup would be linear if communication cost was zero. Figure5.8 shows
Meerkat's and Delta’s speedup achieved on aone-dimensional FFT [28] asafunction of the
number of nodes applied to the problem. Curves for two input sizes are shown: 4096 and
32768 points. The input points are evenly spread amongst the nodes; each point consists
of apair double precision floating point val ues.

e 1 Ideal Speedup
g 140~ —~—  Meerkat 32k
& 120 - —=—  Meerkat 4k
- A= Ddta32k
1004+ -o- Ddtadk

Number of Nodes

Figure 5.8: Speedup of 4k- and 32k-Point FFT

The total amount of computation is a function of the problem size, not the number of
processors applied to the problem. With NV pointsand P processors, thereare log, N steps.
Each step takes time proportional to NV, and the last log; P steps require communication.
Thus, as the number of processors increases, and the total running time decreases, the
effect of communication may dominate. Also, while the number of messages each node
sends per step is constant, the message size is proportional to % . This means that when the
number of processors doubles, the data per message halves. Sincethe overhead of sending
amessage isfixed, the overhead per byte sent doubleswhen P doubles. Inaddition, another
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communication step must be performed when P doubles.

Figure 5.9 shows the internode bus contention of a 128-node Meerkat running a 4k-
point FFT. The horizontal axis is the system cycle number of the ssmulated program,
and the vertical axis shows the number of nodes that have failed in their request for an
internode bus. The initial spike is due to the processors reaching the first communication
step simultaneously. Contentionfallsoff rapidly asrequests are satisfied. The second of the
seven (log2128) communication steps shows little contention, because contention during
the first step skews the nodes: during the second step, nodes request internode buses at
different times. During the last four steps, contention increases as the nodes resynchronize.
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Figure5.9: Internode Bus Contention during a 4k FFT on 128 Nodes

Meerkat achieves a higher speedup than Delta on both problem sizes because of its
lower comp/comm ratio. The differencesin these ratios derive from Delta’s more powerful
processors and Meerkat’s faster interconnect.
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5.10 Performance of SOR

Iterative parallel algorithms for solving systems of equations represent an important class
of applications. We measured the speedup of one such algorithm: Red/Black Successive
Over Relaxation [70]. The core of our test appearsin Figure 5.10:

start = TI MERVAL();

for (iteration = 0 ; iteration < iterations ; iteration++) {

register int i, j;

send_bl ack_bor der _val ues();
recei ve_bl ack_border _val ues();

/* Conmpute new red val ues. */
for (i =1 ; i <= NPN; i++)
for (j =(i&) 21 : 2; j <= NPN; j += 2)
X[(i1[j] = (1.0-omega) *X[i][j] +
omega*0. 25*(X[i-1][j] + X[i+1][j] + X[i][j+1] + X[i1[j - 1]);

send_r ed_border _val ues();
recei ve_red_border_val ues();

/* Comput e new bl ack val ues */
for (i =1 ; i <= NPN; i++)
for (j = (i&) ?22: 1; j <=NPN; j +=2)
X[(i1[j] = (1.0-omega) *X[i][j] +
omega*0. 25*(X[i-1][j] + X[i+1][j] + X[i][j+1] + X[i1[j - 1]);
/* Test for convergence omtted */

}énd = TI MERVAL() ;
Figure 5.10: Core of Red/Black Successive Over Relaxation Program

We ran this algorithm on a 480 by 480 grid of double precision values with 1, 4, 16,
64, 144, and 256 nodes on both Meerkat and Delta. The algorithm divides the input ma-
trix evenly, with each node getting an equal-sized block of contiguous values. Each node
iteratively updates all the values in its block and then exchanges edge values with neigh-
boring nodes. Since nodes communicate only with neighboring nodes, all communication
is nearest-neighbor. This should run well on Delta, where the interconnect supports the si-
multaneous communication of each node with any of itsfour immediate neighbors without
any contention. In contrast, Meerkat’s sending nodes tie up buses while they communicate
with their neighbors, locking out other nodes that wish to talk to their neighbors using the
same bus.

To magnify Delta's advantage, we deliberately omitted the convergence test that would
cause non-neighbor communication. Despite Delta’s natural advantage on this workload,
Figure 5.11 showsthat Meerkat has a better speedup. Meerkat isfaster for the same reason
that it is faster on the paralel FFT: its comp/comm ratio is lower than Delta's. Delta's
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natural advantage on this communication pattern is not large enough to compensate for its
less-efficient interconnect.

Speedup
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Figure5.11: Red/Black Successive Over Relaxation Program Speedup

511 Performanceof SIMPLE: A Fluid Dynamics Benchmark

Crowley et al. introduced SIMPLE in 1977 asabenchmark to evaluate new computers[29].
SIMPLE models the hydrodynamics of a pressurized fluid inside a spherical shell. It
has been widely studied for a variety of purposes, including programming environment
evaluation, computer performance evaluation, and portability studies [60].

The message-passing implementation we used modeled 4096 points spread evenly
across the nodes. The computation issimilar to that of SOR: communicationisall nearest-
neighbor and alternates between computation and communication phases. Unlike SOR,
however, there is one phase during which only one row or column of processors can be
computing at atime. Thus, during this phase, the parallelism dropsto v/P.

Like the speedup curves for FFT and SOR, Figure 5.12 shows Meerkat’s speedup
exceeding Delta’'s. The gap between the two speedup curves grows with increases in the
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number of processors applied to the problem. Delta's absolute performance is five times
than of Meerkat for the single-processor case. We believe that this is due to SIMPLE's
heavy use of floating point square root and divide, which are much faster on the Delta’s
1860 processors than on Meerkat’s MC88100's.
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Figure5.12: SIMPLE Speedup

512 Summary

This chapter demonstrated that Meerkat is an effective multicomputer by comparing it to
Intel’s Touchstone Delta, a multicomputer widely regarded as effective in solving large
numerical problems. Differences between the Meerkat and Delta complicated our compar-
ison. However, the differences did not preclude an evaluation of the overall running time
of a series of benchmarks on the two systems.

Our benchmarks were message-passing programs. We described the semantics of the
message-passing primitives these programs use, and their Meerkat implementation. For
Meerkat, we displayed abreakdown of the time spent inthe various steps of these primitives.
It was not possible to make these detailed measurementsfor Delta.



92

The performance of both systems is a function of message size. Benchmark running
times were therefore measured over arange of message sizes. Under alight load, Meerkat
drove its interconnect nine times faster than Delta. In doing so, Meerkat’s injection rate
was close to its theoretical maximum, which isits peak local memory bandwidth. Delta's
injection rate, one ninth that of Meerkat, was a small fraction of its theoretical maximum.

Under aheavy load, 256-node Meerkat’s had three times the bi section bandwidth of the
same-size Delta. Delta's communication links operated at afifth of the rate for which they
were designed. Meerkat’s buses operated over three times faster and achieved 83 percent
of their peak rate.

Werelated these performancefiguresto application performance by considering theratio
of computation to communication required by applications and the ratio multicomputers
can deliver. We presented curves that show the ratio of several sizes of Meerkat and Delta
as afunction of message size and gave theratios for severa representative algorithms.

To understand what these advantages mean for application performance, we measured
the speedup of several numerical applications on Meerkat and Delta: 4k-point FFT, 32k-
point FFT, SOR, and SIMPLE. Meerkat’s speedups on thefirst three of these problemswere
3.5, 2.5, and 3 times higher than Delta's, at 256 nodes. At 128 nodes, SIMPLE’s speedup
on Meerkat was double that of its speedup on Delta. Despite Meerkat’s slower processors,
the absolute running time of a 256-node Meerkat on all tests, except SIMPLE, was smaller
than the same sized Delta



Chapter 6
THE MEERKAT 2 NETWORK INTERFACE

Meerkat is the result of a minimalist design philosophy, one that attempts to optimize
cost/performance and keep design time short. It isat the extreme end of the multicomputer
design space, one where al possible communication functions are moved into software,
leaving just enough hardware to sustain high internode bandwidth.

Chapter 5 showed that despite thisminimal hardware, Meerkat performswell. However,
statistics gathered by the simulator show that internode bus utilization is low when short
messages predominate. In developing Meerkat, we knew that some applications would
suffer as aresult of our extreme approach. By being less extreme and allowing a dightly
more complex network interface, could we retain Meerkat’s essential benefits, yet substan-
tially improve performance on programs that use short messages? The answer proved to
be"Yes."

This chapter introduces Meerkat-2, a new network interfacetailored to circuit-switched
interconnects. On all workloads, Meerkat-2 performsbetter than its predecessor, especially
on workloads with short messages. Section 6.1 outlines the models and measurements
detailed in this chapter. Section 6.2 describes the Meerkat-2 interface, operating system
implications, use of the interface by user-space code, and how Meerkat-2 compares to
other network interfaces. Section 6.3 relates performance results of running benchmarks
described in Chapter 5 on the network interface alternatives.

6.1 Introduction

In the past, multicomputer designers focused their efforts on the interconnect and node
processor. The network interface, seen as significant to the operating system only, was
deemed incidental to performance. More recently, designers have recognized the benefits
of streamlining network access [30] and allowing application code direct access to the
network interface [45, 38].

To evaluatetradeoffsin network interface designs, we use the Meerkat simulator and the
same suite of parallel applicationsdescribed in Chapter 5. We augment the original Meerkat
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simulator with device models for three additional network interfaces. Each interface
devicemodel has corresponding run-timeinterface code that interpretsthe message-passing
primitives. We run the applications on the ssmulator and measure the elapsed simulation
time. From these measurements, we derive data bandwidth for some tests and speedups for
others.

Our four network interface models represent different hardware and software tradeoffs:

1. The most hardware-lean and software-intensive model, called Meerkat-1, was de-
scribed in Chapter 2.

2. Meerkat-2, a new interface moddl that makes more efficient use of the intercon-
nect, requires more hardware than Meerkat-1, but has better performance on small

messages.

3. To bound the improvement attainable by putting more function in hardware, we mea-
sure Meerkat-msg, a Meerkat with the entire message-passing system in hardware.

4. To bound the improvement attainable by making the interconnect faster, we model
Meerkat-infinite, a variant of Meerkat-msg with an interconnect that isinfinitely fast
(i.e., no contention and zero time for transmittal of any size message).

Although al of our experiments use message-passing benchmarks, the Meerkat-1
and Meerkat-2 interfaces are not specific to this programming model. These interfaces
could be programmed to support efficiently remote procedure call [14], distributed-shared-
memory [59], or remote write [27]. Meerkat-msg and Meerkat-infinite, on the other hand,
directly support message passing and thus would be less well suited to other programming
styles.

6.2 Meerkat-2 Network Interface Architecture

This section identifies problems encountered with the Meerkat-1 interface that gave rise
to Meerkat-2. We then describe the Meerkat-2 interface to the operating system and
applications.

6.2.1 Rationale for a New Network Interface

Meerkat-1 requires little hardware and shows excellent performance compared to systems
such asIntel’s Delta. As expected, programs making heavy use of small messages spend a
significant proportion of their execution time in the message run-time system.
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In Meerkat-1, the sending node's processor: (1) arbitrates for the required circuit,
(2) signalsthereceiving node, (3) waitsto rendezvouswith thereceiving node, and (4) sends
data. After arbitration and until data flow, the circuit is active but idle. For long messages,
idle time is small compared to overall message time: we achieve 83 percent interconnect
utilization for long messages. However, for workloadswith many short messages, the delay
while circuit-owning nodes rendezvous dominates communication time.

We examined how to improve performance of programs that use small messages. We
realized that we could simplify the system software and improve performance on small
messages by accepting a modest increase in network interface hardware. In some cases
extra hardware would be worth the improved performance on small messages; in other
cases it would not. The desire for better performance on small messages led us to design
Meerkat-2.

Meerkat-2 makes more efficient use of the interconnect through hardware handling
of circuit management (establishment through disconnection). The Meerkat-2 network
interface contains a set of registersthat define the entire transfer. Communication software
on asending node loads these registers; hardware compl etes the send operation. Efficiency
is promoted because the hardware holds a circuit for the duration of the transfer only.

Like Meerkat-1, Meerkat-2 requires the sending and receiving nodes to rendezvous.
However, rendezvous time overlaps with data transmission: Meerkat-2 contains a FIFO
in the network interface to buffer incoming data until the receiving node decides where to
place it. Figure 6.1 shows a Meerkat-2 node (which resembles Meerkat-1, except for the
addition of the FIFO).

To summarize these differences, then, Meerkat-2 eliminates dead time on internode
buses in two ways. (1) the sender has registers that describe a whole transfer, and (2)
the receiver has a FIFO that overlaps the receipt of data with execution of the receiver’'s
interrupt handler.

In addition to having better performance and requiring simpler low-level software, the
Meerkat-2 interface allows safe user-space access and is compatible with virtual memory.

6.2.2 Programmer’s View of Meerkat-2

Node programs see the Meerkat-2 network interface as a small set of registers, as shown
in Figure 6.2. These registers are divided into the following groups: sending user-space,
receiving user-space, and system-space. Astheir namesimply, user registers are accessible
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Figure 6.1: Data Paths and Major Components of a Meerkat-2 Node

in user space only. Application programs need just these registers to communicate. System
registers regulate application access to the network and ensure that applications do not
interfere with each other or the operating system.

To send data, a sending node writes zero or more of the first six send-user registers. It
then writesthe destination node register to initiateinternode bus arbitration, which createsa
connection between the sender and receiver. The sender usually places control information
into the immediate data registers. If the data do not fit in these four registers, the sender
also loads: (1) the virtual address register with the base address in memory of the data to
be sent, and (2) the length register with the extent of the data. If the length register is zero,
no memory access occurs. The network interface sets the length register to zero after every
send operation; this register does not need to be loaded if no memory data are needed.

When the required connection is established and the receiver’ s FIFO empty, the receiver
signals the sender to proceed. If the sender istold not to send, it drops the connection and
tries again after a brief delay. When the sender finds the receiver ready, it copies its
immediate data registers into the the receiver’s corresponding registers and then sends the
memory data. Thereceiving node can either poll for incoming dataor take an interrupt upon
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Figure 6.2: Meerkat-2 Network Interface Registers
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receiving data. When the data arrive, the receiver’'s immediate data registers are loaded
with the values sent through the interconnect. Its processor inspects control information in
these registers to decide what to do with the rest of the information, if any. Additional data
are buffered in the receiving node’s network interface FIFO until its processor loads the
receive virtual address and length registers. When the processor writes the length register,
buffered data are written to memory.

The receiving node has a finite amount of time in which to determine where the data
should be placed in memory. If thistime is exceeded, the FIFO overflows and an error
indication is passed back to the sending node. That node must check a status bit in the
status/control register to ensure that the data were received successfully. If they were not,
the sender repeats the send operation by rewriting the destination node register. The FIFO
should be large enough so that performance does not suffer if data must be resent due to
buffer overflows.

The sending node can determine when an internode transfer is complete in two ways:
(2) it can poll abit in the status register, or (2) it can take an interrupt. The interrupt option
is useful if the transfer islarge or if network queueing delays are long. During long data
transfers, the processor may perform poorly if starved for access to memory. This will
be true in systems where the interconnect injection rate is close to the peak local memory
bandwidth.

To avoid the receive-interrupt cost, a user-space program can set the ‘ please-don’t-
interrupt’ bit in the control register and then poll for incoming data. Data for the operating
system, or for jobs other than the one currently running, will cause an interrupt regardiess
of the value of the ‘please-don’t-interrupt’ bit. The network interface determines whether
incoming data support the currently running application by comparing the job id register
withthejob id transmitted when the connectionisestablished. If they match, the application
isfreeto accept the received data. If not, an interrupt is generated, and the operating system
must determine what to do. The received data may be operating system traffic that it will
handle directly, or it may be data for another job, one that is sharing the system with the
currently running job.

6.2.3 Operating System Implications of Meerkat-2

The Meerkat-2 interface requires operating system support to allocate send and receive
buffers and to handle context switches. The next two sections discuss these problems and
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outline solutions.

We assume that a Meerkat-2 operating system will use gang scheduling of jobs running
on multiple nodes. This means that when ajob is running on one node, it is running on all
nodes on which it is scheduled. Job switching requires that all nodes switch at the same
time. Because nodes do not execute in lock-step it is possible that, for abrief time, ajob
may be running on one node, but not another. Meerkat-2 is robust in the face of this skew.

Send and Receive Data Buffers

The network interface contains a Trandlation Buffer (TB) that turnsvirtual addresses in the
send-user and receive-user virtual address registersinto physical addresses required by the
hardware. The TB aso allows the operating system to recognize which parts of memory
a user-space program is using for buffers. Identification of send and receiver buffersis
important for two reasons. First, the operating system must pin the buffer pages, i.e.,
freeze the mapping of virtual to physical address for buffer pages. Second, to smplify the
hardware, we do not support scatter/gather. That is, the data sent from a sender’s memory
or loaded into areceiver’s memory must be physically contiguous.

When a send or receive operation is attempted, a TLB lookup is performed. The first
such operation on a given buffer causes a TLB fault. The fault handler looks at the virtua
address and length of the buffer and:

1. Ensures that there are physical pages to back the virtual memory of the buffer.
2. Ensures that the physical pages are physically contiguous.

3. Flags the pages as pinned. This ensures that the pages will not be moved or paged
out by the operating system.

The operating system swaps non-contiguous buffer pages with onesthat are. Swapping
overhead can be avoided in several ways. First, the operating system can use a careful
alocation policy for all memory that may become a buffer. 1t may restrict the amount of
such memory by requiring that the user notify the operating system of the location of its
buffers when the user program is loaded. Such a policy attempts to alocate physically
contiguous pages for virtually contiguous pages. For cases where thisiswas not possible,
and a discontinuity occurs in a buffer, the operating system would swap page contents.
Less than half of the pages would require swapping unless there were more than one
discontinuity. Finally, swapping occurs only the first time the buffer is used.
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A second way to avoid page-swapping is to alocate the memory for message buffers
carefully. Such apolicy would be implemented in a special alocation function for message
buffers or in a general-purpose allocation function, such as mal | oc() . The location of
physical discontinuities is passed from the operating system to the user-level allocation
functions to avoid alocating any buffer that crosses a discontinuity.

Perhaps the best approach combines the operating system and user-level methods. The
former reduces the number of physical discontinuitiesin the user space’s virtua map. The
latter isthen able to avoid the few remaining discontinuities with little effort.

Druschel and Peterson describe an operating system facility to support a user-level
allocation function for 1/0 and inter-domain buffers[36]. Their facility resembles oursin
that its goals are high-performance /O, and it involves a careful user-level buffer allocator
workingin concert with the operating system. It differsfrom our approach inthat its buffers
are passed between domains, whereas our allocator smply avoids physical discontinuities
in user buffers.

Context Switches

A processor may take an interrupt and switch to another user-space program at any point
during an internode send or receive. In thisevent, the system must ensure that communica-
tionisreliable. When network interfaceregistersare active, we say that the applicationisin
acritical section. The operating system must ensure that the application executes properly
in the presence of interrupts that occur in critical sections. We first consider interrupts on
the sending node, and then on the receiver node.

The operating system can handle an interrupted sender in two ways. Firgt, it can
save and restore the user-send registers on every context switch. Processor registers are
usually handled in thisway. However, this approach dows down every context switch, and
it reduces overlap of communication and computation. A faster method is to invalidate
partially constructed send operationswith asingle store of an abort codeto the status/control
register on every context switch. The operating system can do this even if asend isin
progress.

Writing the abort code to the status/control register causesthe first subsequent data-send
operation to fail. To understand how the operating system and message library interact,
consider an example. Suppose process A resumes after having loaded some of the user-
send registers. Also suppose that those registers now have different values: while A
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was suspended, process B used the network interface, overwriting A’s values. Process A,
unaware of this, writes the rest of the user-send registers and begins the send by writing
the length register. Because the operating system wrote the abort code to the status/control
register just beforeit resumed A, the send immediately fails. The sender reloads all of the
registers. The second time, the send will most likely succeed since the probability is low
of any particular send failing. The sender aready has to check the status register, as we
described in Section 6.2.2.

In the common case, for which the send is not interrupted, the cost is only one extra
store per context switch. If the send isinterrupted, the sending processor will havetoreload
the user-send registers only once. Both cases require little overhead to support context
switching. The send-register loading code resembles a restartable atomic sequence, in that
it will beretried if a context switch occurs during its execution [13].

Another possible solution is caled roll-forward. With this technique, the operating
system ensures that it does not context-switch while the network interface registers are in
use. It does this by testing for active interface registers when it is ready to context switch.
If they are active, the operating system lets the application execute until it is finished its
internode operation and the interface registers are no longer active. Thistechniqueis used
to prevent context switches of user-level threadsthat arein critical sections[4].

On the receiving node, a context-switch interrupt may occur after data starts filling the
FIFO and beforethereceiving nodeloadsthereceive addressregister. If the FIFO overflows
because the context-switch interrupt takes too long, the sender is signaled with a negative
acknowledgement. Thiswill cause the sender to try again. If the FIFO does not overflow,
the operating system must unload the FIFO into a system buffer, just as it would for any
other received data intended for an inactive process.

Data can arrive for a receiving user process while the operating system or some other
user process is running. In this case, the operating system buffers the data. When the
recipient user process resumes, it is signalled that the operating system has data for it. It
then calls the operating system to retrieve the data. This mismatch between arriving data
and running job will be rare with gang scheduling.

6.2.4 Implementing Message Primitives on Meerkat-2

Csend writes: (1) the message type and lengthinto send-immediateregisters, (2) the buffer
address and length into the send-virtual address and length registers, and (3) the destination



102

node number into the destination node register. The csend code then polls the status
register and either exits on success or repeats the send on failure.

| r ecv checks for a message with a matching type. If one has arrived, it copies the
message to the user buffer and returns a value that will let a subsequent call to nsgwai t
know that a message has arrived. If there are no messages, i r ecv allocates a pending-
receive record and puts this record, which contains the user’s buffer description and the
expected message type, on alist of similar records.

The receiver can wait for data by waiting for an interrupt or for a status register bit to
changevalue. Theformer method is better when the receiver has other work it can do while
waiting. The latter method is better when the receiver wants to avoid the interrupt latency
and has no other useful work to do in the interim.

The interrupt or polling routine reads the incoming message type from a receiver-
immediate register and seeks a match on the pending-receive list. When a match is found:
(1) buffer lengths are checked to ensure the incoming message will fit in the user-supplied
buffer, and (2) the buffer address and length are loaded into the receive virtual address
and length registers. The pending record is marked ‘done,” so that nsgwai t will know
that a matching message has been received and placed in the user’s buffer. If a pending
receiveisnot found, the messageis placed on alist of messages that have arrived but remain
unclaimed by applications.

6.2.5 Comparison With Other Network Interfaces

Network interfacesfor both multicomputersand local areanetworksvary in many ways. In
this section we describe some of the variations and compare the Meerkat-1 and Meerkat-2
interfaces with existing ones.

One way to categorize network interfacesis by whether they are user-safe. A user-safe
interface can be used directly by user-space software running in a multi-user environment.
Aninterfacethat isnot user-safe, on theother hand, cannot be exposed to untrusted software.
Because of this, user-space softwarerunning on asystem with anon-user-saf einterface must
let the operating system act as an intermediary. Thislevel of indirection hurts performance
in severa ways.

First, transferring control to the operating system in order to send or receive data
causes context switches. Anderson et al. argue that the relative cost of context switchesis
increasing with advances in processor technology [3]. Second, the operating system must
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check that the communicationisvalid. Third, the operating system iswrittenfor the general
case: its general code is dower than the tailored code in user-space programs. However,
Thekkath and Levy propose injecting tailored code into the operating system to mitigate
the slowness [91]. Thisis not always easy to do, and it lessens only one of the costs of
non-user-safe network interfaces.

Examplesof systemswith network interfacesthat are not user-safeincludeworkstations,
Intel parallel systems, and Meerkat-1. The CM-5 and Meerkat-2 have user-safe interfaces.
Henry and Joerg proposes extensions to their network interface to make it user-safe [45].

A second way to categorize network interfacesis by the way in which data are moved
into them. We present a number of such categories:

¢ Asynchronous-DMA. The processor programs the controller to read or write asingle
block of system memory. The controller then performsthe transfer while the proces-
sor executes independently. The controller interruptsthe processor when the transfer
iscomplete. The Intel iPSC/2 and iPSC/860 have this type of interface.

e Synchronous-DMA. The processor programs the controller to read or write a single
block of system memory. The controller then performsthe transfer while the proces-
sor stalls. No interrupt is needed, because the processor knows that the transfer is
complete when it continues past the DMA-initiating point. The Meerkat-1 interface
has this property.

e Scatter/gather-DMA. This resembles asynchronous-DMA, except that the controller
can move datato and from multipleregionsof memory. The DEC AN1 controller [79]
is arecent example of such acontroller.

e Limited-DMA. This resembles asynchronous-DMA, except that the processor can
access only asmall, dedicated region of memory located on the controller. 1t istypi-
cally hundreds of kilobytesin length. The DECstation PMADD-AA TurboChannel
Ethernet interface [33] is an example of alimited-DMA interface.

e Separate-DMA. Thisresembleslimited-DMA, except that the processor cannot access
the small buffer memory that the controller can access directly. Data move between
the separate buffer memory and system memory by remote-DMA. Separate-DMA
network interfaces support amemory-to-memory copy operationto copy databetween
the separate buffer and system memory. Although the processor cannot access the
separate buffer memory, it must manage allocation of this memory. The National
Semiconductor NS8390 Ethernet controller [68] supports both DMA into an isolated
memory buffer and DMA between this buffer and system memory.

e FIFO. The processor reads and writes asingle location that mapsto the ends of apair
of FIFOs. The FIFOs buffer data between the processor and the network. The Intel
Delta[50] and Fore System’'s ATM interface [39] use thistype of interface.

e Fixed-register. The processor can access a small array of memory in the interface.
The processor writes data into this array and then touches a location to start the
transfer. The entire contents of the array are transmitted. This differsfrom limited-
DMA because the number of memory locationsin afixed-register interfaceis on the
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order of tens of words, and the whole array is sent. In alimited-DMA interface, the
buffer is on the order of tens of thousands of words, and the operating system must
specify both the starting address and the data’s length.

e Protocol-processor. A separate processor dedicated to handling network traffic me-
diates between the node’s main processor and the network. Thisallowsawidevariety
of interface styles to be exposed to the processor. Examples of systems with a proto-
col processor that handles internode traffic include the FLASH multiprocessor [55],
Intel’s Delta, and Nectar [6].

DMA interfaces allow the full bandwidth of system memory to be coupled to the
interconnect, but they al so present complexitiesthat FIFOinterfacesdo not. FIFOinterfaces
usualy require less overhead to transmit and receive short messages. DMA interfaces
perform better when the interconnect bandwidth exceeds therate at which the processor can
move datainto aFIFO or register interface. However, DMA interfaces present complexities
with cache coherency and page pinning that FIFO interfaces do not. If DMA transfers are
not kept coherent by the hardware, as in Meerkat-1, the software must explicitly flush the
cache. DMA buffersmust be pinned in memory. These are not difficult problems, but they
do not exist with FIFO interfaces.

Meerkat-2 is a hybrid between an asynchronous-DMA and a register interface. We
included DMA to couple the full memory bandwidth to the interconnect. Meerkat-2’'sfour
immediate registerstransmit asmall amount of control information without the overhead of
putting it in memory and pointing DMA registers at this memory. The inclusion of imme-
diateregisters aso allowsthe building of an interface without scatter/gather. Scatter/gather
is often used to send a few control words followed by amass of data.

Meerkat-2 resembles the Alewife message interface [54], except that the latter is more
general. Meerkat-2 has a fixed number of registers and cannot perform scatter/gather.
The Alewife interface has: (1) an array of registers that can hold immediate data, and
(2) address/length pairs that describe regions of memory. Thus, Alewife lets the user
decide how many immediate parameters to send and whether the interface will transmit
datafrom non-contiguous memory blocks.

We opted for a smpler scheme to shorten the hardware design time. The number of
immediate registersis arbitrary. Our message-passing system requires three registers. We
proposed that the network interface have four registers, because this number was sufficient
for several communication schemes while keeping the hardware cost low. The registers
hold control information that:

e Hasashort lifetime, and thus does not need to be stored in memory.
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¢ Is needed by the receiving processor to determine where incoming data should be
placed. The receiving processor can make this determination faster if it can read the
control information directly from the network interfaces.

¢ Isdifficult to place in memory next to data buffers. Data buffers are often allocated
by users, unrelated user data may precede the buffers. Two solutions we did not
chose were to: (1) support scatter/gather, which we avoid to simplify the hardware,
and (2) copy the user datainto asystem buffer, which was expensive. We avoided the
complexity of scatter/gather, and the execution time of copying data, by providing
immediate control registers that obviate the need to store the control information in
memory.

6.3 Performance

This section compares the performance of several network interface models that represent
distinct design points. First, we briefly recapitul atethe differencesamong network interface
models. We then assess each model’s performance on four benchmarks.

6.3.1 Meerkat-1, Meerkat-2, Meerkat-msg, Meerkat-infinite

Meerkat-1 requires the processor to do tens of loads and stores of network control registers
to arbitrate for the required buses, signal the receiving node, and transfer data. During
heavy internode bus contention, nodes waiting for an internode bus must wait for the node
that owns the bus to execute instructions to carry out its communication. When message
payloads are large, this overhead is amortized over many bytes, and bus utilization reaches
83 percent. However, payloads of messages as large as 1000 bytes result in bus utilization
of around 50 percent.

Meerkat-2 requires far fewer manipulations of interface control registers to transfer
data. Moreover, once the registers are loaded, hardware can complete the communication
without processor intervention. This both decreases processor overhead for communication
and greatly improves bus utilization for small messages. We model the Meerkat-2 with an
infinite FIFO. This assumes that, in area system, the FIFO would be large enough, and
the receive-interrupt-service routine fast enough, to make the number of FIFO overflows
insignificant.

Meerkat-msg resembles Meerkat-2, except that the entire message-passing system is
implemented in the network interface. Thus, message transmission and reception consume
only afew processor cycles. Wedo not envision any implementor actually building M eerkat-
msg, because it is tied to one model and would be complex to implement in hardware. It
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IS interesting because it is at an extreme end of the network interface design space. It
bounds how much the performance of Meerkat-2 could improve by putting more function
in hardware.

Meerkat-infinite has the same network interface as Meerkat-msg and a network with
zero time to communicate any message. Meerkat-infinite is impossible to redlize, but
is interesting because, like Meerkat-msg, it gives an upper bound on performance. By
comparing the speedups of programs running on Meerkat-infinite with the same programs
running on Meerkat-msg, we can see how much performance could improveif weimproved
the network itself. Thislast model helps us calibrate our benchmark programs.

Meerkat-2 and M eerkat-msg have the same network as Meerkat-1. The network moves
four bytes per clock tick (50nsec) during data transfer, and thus has a transfer rate of 80
MB/sec.

6.3.2 Bandwidth under Light Load

Figure 6.3 shows the performance of the Meerkat models and the Delta running the light-
load bandwidth test (described in Section 5.5). The Delta and Meerkat-1 curves are the
same as thosein shown in Figure 5.3.

Meerkat-1 peaks at 67 MB/sec, whereas Meerkat-2 and Meerkat-msg peak at close to
80 MB/sec. The reason for this difference is that Meerkat-1 can send at most 4,096 bytes
in one packet and requires the communicating nodes to synchronize before each packet.
Meerkat-2 and Meerkat-msg do not require their run-time systems to packetize the data,
and so achieve bandwidths closer to the peak rate.

The Meerkat-infinite curve is shown for small messages. This curveis a straight line
that has no limit, since it represents the bandwidth of a Meerkat with an infinitely fast
interconnect. The curveisnot at infinity, because thereisasmall cost to launching the send
and posting the receive. Bandwidth is limited by the need to pay this small fixed cost.

Meerkat-2 has over twice the bandwidth and half the latency of Meerkat-1 on small
messages. More importantly, as later graphs show, Meerkat-2 uses the interconnect more
efficiently under heavy traffic.

6.3.3 Bandwidth under Heavy Load

Figure 6.4 shows the bisection bandwidth in megabytes per second of a 256-node Meerkat
and a256-node Delta. The heavy-load bandwidth test used inthis measurement is described
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Figure 6.3: Two-Node Bandwidth (under Light Load)

in Section 5.6.

The difference between Meerkat-1 and Meerkat-2 is more pronounced in this test than
in the light-load bandwidth test. For 32-byte messages in the light-load test, Meerkat-2
achieves twice the bandwidth of Meerkat-1. On the heavy-load test for the same message
size, Meerkat-2 reaches nearly eight times the bandwidth of Meerkat-1.

Theimprovement inthelight-load caseisdueto time spent by the processorsinlow-level
network interface code. The improvement in the heavy-load case is dueto the reduction by
afactor of roughly eight in the time a node spends waiting to acquire internode buses. Our
goal in designing the Meerkat-2 network interface wasto improve the efficiency of network
connection utilization, and the heavy-load test proves that we were successful.

6.3.4 Speed-up of FFT

The low-level performance results reported in the prior sections show the raw performance
of various network interfaces. We now examine the application-level performance impli-
cations of our interface models.

In particular, we discuss the performance of a one-dimensional FFT on two different
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problem sizes: 4,096 and 32,768 points. (This is the same test program described in
Section 5.9.) Our metricis speedup, the ratio of the time the algorithm takes on one node
to the time it takes on multiple nodes. We plot the number of nodes on the horizontal axis,
and the speedup ratio on the vertical axis.

Figure 6.5 showsthat the Meerkat-2 i nterface has amuch better speedup than Meerkat-1
and close to the speedup of Meerkat-msg. As the previous section showed, Meerkat-2 is
able to use the interconnect more efficiently and thus cause shorter queueing delays for
nodes contending for the interconnect.

Figure 6.6 shows that the benefits of Meerkat-2 over Meerkat-1 are less pronounced,
but still noticeable, on a larger message size. In thistest thereis atotal of 32,768 points,
which resultsin atotal of 524,288 bytes of data system-wide. At thelargest system sizewe
model, 256 nodes, each node has 2048 bytes of data. There are eight parallel steps, each
of which consists of node pairsthat differ in node address by one bit exchanging messages
of 2048 bytes. At this message size, the higher fixed cost of Meerkat-1's communication
softwareis amortized over these large messages. As aresult, Meerkat-2’'s advantage is not
as pronounced asit isin the case of the 4k FFT, where messages are 256 bytes.
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6.3.5 Performance of SOR

Figure 6.7 shows the speedup of a SOR on up to 256 nodes[70]. The relationship between
the curves is similar to those for the 4k FFT (Figure 6.5). Meerkat-2's advantage is
significant only when the number of nodesislarge.
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Notethat the curvesfor Meerkat-msg and Meerkat-infiniteare coincident. Thisindicates
that the network itself islightly loaded in thistest. Asaresult, Meerkat-2's advantage over
Meerkat-1 is due to the reduced processor overhead in running the message-passing code.
The reduction is modest compared to the reduced bus waiting times for tests that cause
heavy loading, such asthat shownin Figure 6.4.

6.4 Summary

We compared the performance of four network interface models on several benchmarks.
One of the models, Meerkat-1, corresponds to the system described in Chapter 2. As
expected, Meerkat-1's performance suffers under a heavy load of small messages for two
reasons: (1) Meerkat-1 requires significant processor overhead, and (2) during rendezvous
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in Meerkat-1, internode resources are active but carrying no data. When messages are
small and trafficis heavy, nodes will queue waiting for abusthat isbeing underused. These
problemsled to the development of Meerkat-2.

Meerkat-2 modestly improves performance when the interconnect isloaded lightly and
messages are long. Its relative performance improves for many small messages under a
light load. When theload increases, however, Meerkat-2's performanceiseight timesbetter
on small messages. In addition to better performance, Meerkat-2 offers safe, user-mode
access and provides a trandlation mechanism to allow the network interface access to user
virtual memory without imposing onerous requirements on the operating system.

The choice of network interface can dominate system performance. For the systemswe
modelled, this choice becomes more important as message sizes decrease.



Chapter 7
MEERKAT IMPLEMENTED WITH CURRENT TECHNOLOGY

This chapter outlines a possible implementation of the Meerkat architecture that uses
1994 vintagetechnology. Comparing our 1990 implementation described in Chapter 3 with
the paper design in this chapter will demonstrate that Meerkat’s architecture scales with
technology.

A second purpose of this chapter’s paper study isto show that a Meerkat with hundreds
of nodes can reasonably be built. Thisisimportant because the Meerkat prototype is not
scalable beyond 16 nodes '. Our use of the prototype did not require such scalability.
However, we contend that thisis a property of the prototype, and not of the architecture. It
isimportant, therefore, to show how large Meerkats could be built.

Bus length and the nature and number of taps on a bus are critical in determining
the rate at which data can be sent over the bus. These characteristics limit the size of a
Meerkat. With current circuit technology, a system with the following characteristics could
be engineered without much difficulty:

e 16 nodes per bus

Internode bus lengths of 75 cm, stub lengths of 5 cm or less

A maximum of sixteen taps (each node having atap) per internode bus

Internode buses clocked at 100 MHz with one 32-bit word transferred per clock tick
Use of GTL [42] logic levelsfor internode communication

These characteristicsyield asystem that can have 256 nodes and araw, per-businternode
transfer rate of 400 MB/sec. We estimate that under heavy load, such a system would
provide 20 MB/sec per node, assuming that most communication requirestwo buses. If the
maximum packet size is 1024 words, as in our prototype, the average latency under heavy
load to send 1024 wordsfrom one node to another would be 100 microseconds. Under light
load, we estimate that a pair of nodes could achieve a sustained bandwidth of 330 MB/sec
with alatency of 20 microseconds.

1 1t does not scal e because we made compromises to simplify prototype design and construction.
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7.1 NodeSize

Nodes need to be as small as possible in modern designs to keep wires within the node as
short as possible. The pressure to reduce intranode wire lengths is increasing because of
higher clock rates and the concomitant use of logic technology with fast edge rates. For
example, the current cluster of the DASH prototype is spread on five boards, each about
1800 square cm. For the next generation of DASH, plans call for acluster to beonasingle
516 square cm board. The trend towards smaller nodes benefits Meerkat, because it allows
more nodes to tap a bus in a given length of internode bus. Circuit loading and cooling
requirements due to an increased number of nodes will aso limit the internode clock rate,
but to alesser degree.

7.2 Clocking

While asynchronousinterconnects are popul ar, we see advantagesin a synchronous design,
namely that the hardwareissimpler and much easier to debug. We believethat the difficulty
in reproducing and isolating design errors and device failuresin asynchronous designsis a
serious problem. The principal disadvantage with synchronous designsis that clock skew
must be controlled to achieve good performance.

Most synchronous backplane systems are limited by maximum clock skew, worst case
device performance, round-trip propagation delay, and jitter. In these systems bus tenure
is often just afew cycles, and the bus standard was proposed before large and inexpensive
standard cell CMOS gate arrays were available. We propose a clocking scheme that takes
advantage of these inexpensive gate arrays and the relatively long bus tenures that we
expect in Meerkat in order to compensate for clock skew, wire propagation delay, and
device performance.

A system clock is distributed to each node in the system in a way that is convenient to
implement and with a concomitant loose bound on skew of half acycle. Each nodeisthus
run at the same frequency, but nodes may be out of phase with each other by as much as
half aclock cycle. The internode logic on each node contains a programmable delay chain
for each bus tap that can shift the received system clock by as much as half acycle. The
bus protocol guarantees that on every cycle all nodes know which node is the current bus
master. The internode logic uses thisinformation to adjust its delay chains to compensate
for clock skew, propagation delay, and device performance. It does this by looking up the
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delay valuein a skew tablethat isindexed by node and tap number. Inasystem where B is
16, the table will be two by 16. Each element of the table is a delay value that will be four
to six bitswide.

The skew table is loaded in a calibration procedure that is performed when the system
isfirst started and could be updated periodically to adjust for temperature variations. When
ownership shifts from one node to another, there will be aloss of at least one cycle as each
receiver adjusts its delay chain. Since we expect bus tenure to last for tens or hundreds
of cycles, thisis asmall price to pay for the high clock rate that we hope to achieve. By
this dynamic adjustment, we compensate for many factors that limit performance in other
systems.

We believethat clock skew will not be the limiting effect in ahigh-performance Meerkat
design. Rather, clock jitter and bus reflections from the taps that each node places on the
internode buses will the primary constraints. The latter effect can be helped by keeping
stub lengths as short as possible, using a controlled-impedance backplane [76], and using
GTL.

Any pair of horizontal and vertical buses can be connected through cross-point switches.
This requiresthat all buses be clocked at the rate of the dowest bus. In an optimal design,
al of the buses would reach their limit at the same clock frequency. To do this we chose a
physical arrangement that makes the wires that constitute the horizontal and vertical buses
the same length.

Figure 7.1 shows how a Meerkat backplane would be laid out in order to maximize
the number of nodes in two dimensions while keeping the horizontal and vertical bus
lengths equal and as short as possible. This figure shows just a portion of a Meerkat
backplane, the lower left corner. Connectors on the front of the backplane are shown as
solid, and connectors on the back are shown as dashed. Node boards have connectors along
one edge that mate with the backplane connectors. Nodes boards are plugged into the
backplane connectors and thus are at right angles with the backplane circuit board. Having
node connectors, and thus nodes, on both sides of the backplane doubles the number of
nodes that can be attached relative to the number that can be attached with a single-sided
backplane. Node connectors, and thus the nodes themselves, are set at a 30 degree angle
with respect to the bottom edge of the backplane circuit board. The backplaneisamultiple
layer circuit board with wires for the internode buses running straight, i.e, not having any
bends.



115

Wiresfor vertical bus O (Ieftmost)

/

Wiresfor vertical bus 1

Wires for vertical bus 2

e Wiresfor vertical bus 3
\... L 2 N . .
L 2
N ~ .
e Wires for horizontal bus 1
\\ ~ .
\ o
/‘\ \... N “ . \.. L 2 “ .
~ N ~
, ., . ., .
5cm  NodeO’s el el ) )
connector ~ ~. . ~ ~. . Wires for horizontal bus 0
N ¥ o . o
l on front side ~S ~s =~ ~s
10cm Node1's Node 2's Node 3's
connector connector connector
onback side  onfront side on back side

Figure7.1: Lower-Left Corner of a Meerkat Backplane



116

Figure 7.1 shows nodes spaced every 5 cm on horizontal and vertical buses. For agiven
number of nodes per bus, B, thereare (B — 1) 5 cm bus segments. Thus, a system that
supported up to 16 nodes per internode bus at 5 cm intervals has buses whose wires are 75
cm long. A system with 16 nodes per bus, 16 vertical buses, and 16 horizontal buses has
256 nodes. A backplane that is 75 cm on a side would probably have to be fabricated in
four 37.5 by 37.5 square cm segments. The connections between the backplane segments
would be designed to match the backplan€e’s target impedance as closely as possible.

7.3 Summary

The key problems for a Meerkat designer are the physical connection of many nodes to
atwo-dimensional backplane, limiting the length of backplane wires, the transmission of
data, and clocking of this data.

This chapter outlined solutions to some of these design problems. These solutions
show how a Meerkat might be built that scales to hundreds of nodes and has interconnect
performance well above that of the Meerkat prototype.



Chapter 8
CONCLUSIONS

Thisthesis has shown the benefits of ahardware-minimalist approach to multicomputer
design. By keeping the design simple, we were able to keep design time short and hardware
expense low.

We used a concrete architecture, Meerkat, to represent our vison and to test our
ideas. Meerkat is at the extreme end of the design spectrum: it uses smple hardware and
requires efficient, low-level software. We reinforced Meerkat’'s minimalist approach with
adiscussion of specific design choices. The most important choice was to limit scalability.
Some parallel computer customers require thousands of processors and can afford the high
costs associated with them. Those for whom a few hundred nodes will suffice, however,
also require the optimized price/performance achievable from systems designed for their
needs.

Another tradeoff was to limit the interconnect to two dimensions. This allowed the
use of inexpensive, yet high performance, wiring technology. A third tradeoff was to
make the interconnect circuit switched rather than packet switched. This alowed asimple
implementation with high transfer rates.

To test our ideas, we designed and built a hardware prototype. This brought us face-to-
face with issuesthat are often glossed-over in paper designs. It aso gave usafast execution
vehicle for Meerkat programs, one that allowed us to measure the performance of small
systems. The prototype’shigh performance and simple design demonstrate the val ue of our
approach.

To further evaluate Meerkat, we developed a versatile and efficient smulator. This
allowed use to extend our prototype results to systems with hundreds of processors. The
calibration of the simulator with the prototype gave us confidence in the smulation results.

The ssmulator is interesting in its own right, as well. It combines high accuracy, fast
execution, host portability, a powerful user interface, and the ability to model multicom-
puters with hundreds of nodes. We achieved this combination of qualities by starting with
afast, threaded-code interpreter and a trandator to generate threaded-code from machine
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instructions. To make the simulator usable, we chose an existing symbolic debugger, gdb,
for thefront end. We achieved timing accuracy by carefully adding functional modelsto the
behavioral smulator base. These functional models slowed the simulator down; however,
because we added only those functional models that substantialy affected accuracy, the
degradation was less than an order of magnitude.

We used a combination of low- and high-level benchmarks on both the prototype and
simulator. Low-level tests showed that pairs of nodes can achieve a substantial fraction
of the peak internode bandwidth. They also showed excellent bisection throughput of a
256-node system under heavy load. High-level tests showed excellent speedup of several
numerical applications.

We ran the same tests on Intel’s Delta. The Deltais a commercially built system that
is heavily used by scientists running parallel numerical codes. All of our tests showed
Meerkat outperforming Delta, often by a considerable margin.

The simulator resultsindicated that therewas an opportunity to improve communication
performance by a moderate enhancement of the network interface. Thisled usto design a
network interface, Meerkat-2, that used the network more efficiently, especialy on small
messages, in trade for a moderate increase in design complexity. We reran our tests and
found performance improvements, sometimes substantial, on all tests.

To show that the Meerkat architecture scal es with technol ogy, we made a paper design of
a 256-node system implemented with 1994 technology. The result of this design exercise
indicates that Meerkat’s interconnect performance can keep pace with improvements in
processors and memory.

8.1 Contributions

This dissertation presented several significant contributions to the field of multicomputer
architecture. Foremost among these contributions, we demonstrated that RISC principles
can be applied to multicomputer design to yield a system with a short design time and high
performance.

We augmented our Meerkat-1 study with an analysis of tradeoffs in network interface
designfor circuit-switched multicomputers. We provided performanceresultsand discussed
the operating system implications of several network interface designs.

A methodological contribution is the combined use of a hardware prototype and an
efficient ssimulator that is calibrated to the hardware. Hardware prototypes and system
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simulators are tools often used in architectural tradeoff studies. Our approach is uniquein
the way in which we employed both tools. We used the hardware to calibrate the simulator
and to test programs. We used the calibrated simulator to extend our resultsto systems with
hundreds of nodesand variousnetwork interfaces. Thesimulator also allowed usto measure
many things that would be difficult or impossible to measure on a hardware prototype. For
example, the smulator counts the number of cycles each processor is delayed waiting to
access the interconnect.

The smulator isitself interesting: it adetailed and highly efficient smulator that isable
to model the execution timing of hundreds of processors running significant programs. We
described its structure, accuracy, performance. In addition, we detailed the methodology
we used in building the s mulator.

The Meerkat interconnect has an intrinsically lower latency than that of any others that
can connect hundreds of nodes. While not significant for multicomputers such as Meerkat,
where software overhead dominates interconnect latency, this property could be of great
benefit in multiprocessorsfor which remote reference latency is dominated by interconnect
latency.

8.2 Avenuesfor Future Research

This section describes four ideas for future research: the benefit of Meerkat’s interconnect
in a multiprocessor, fault tolerant Meerkats, the engineering of fast buses, and ways to
improve the simulation technology we used.

8.2.1 Meerkat Interconnect in a Multiprocessor

Some of the lessonsthat we have learned could be applied to parallel systemsvery different
from ours. Meerkat’'s interconnect latency matches that of mesh router systems when
load is high and greatly exceeds it when load is low. This low network latency is of no
advantage in a system like Meerkat-1, for which network latency is dwarfed by software
overhead. However, it would be a significant advantage in systems with network interfaces
that themselves have low latency and very low software overhead. For example, a cache-
coherent multiprocessor could use Meerkat buses instead of mesh routersto connect nodes.
This would reduce the latency, making it much closer to the speed-of-light delay between
nodes and lessening the need for latency-hiding techniques.
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8.2.2 Fault Tolerance

Thereare many multicomputer applicationsthat demand somedegree of fault tolerance. The
choice of interconnect can affect the difficulty of achieving agiven level of fault tolerance.
Meerkat’s passive backplanes have a simple fault model that should make tolerating faults
easier than it isin many other interconnects.

There are several failure modes to consider. If anode is fail-stop, a stopped node will
not prevent communication on that bus: node interfaces tap the buses only, they do not
intercept them. The node pairs that would have otherwise used the stopped node as a
cross-point switch can use an alternative node. In any rectangular array, there are always
two choices of cross-point node for any pair of sender and receiver.

If anode fails without releasing internode buses, or fails and jams a bus, the neighbor
nodes can turn off the offending node by using simple voting and power control circuitry.
Thebuswill continueto functionwith apowered-off node, because the bus-tapping circuitry
will present an open circuit when power is removed.

Node power-control circuitry isalso useful for allowing nodesto be added and removed
while the system is running. When a node is inserted in a live system, the power to its
socket is off. Once inserted, its power is turned on, and other nodes initialize it so that it
can join the system. Broken nodes, or nodes in need of upgrading, can be unloaded by the
operating system, have their power turned off, and then be physically removed.

8.2.3 Electrical Engineering of Faster Buses

An interesting question for future exploration is how Meerkat's buses will scale up with
technology in comparison to low-dimension, point-to-point networks. In either case, the
electrical links will be transmission lines, and there is little difference between driving a
terminated point-to-point link and driving aterminated bus. In the latter case, however, the
data can go much farther without incurring logic delays.

Scaling up Meerkat’'s buses will use many of the same circuit techniques that point-
to-point links require. Key techniquesinclude: phase-shift-tolerant signaling, low energy
signaling, parallel optimistic bus arbitration using collision detection, and adaptive active
signal termination. To relieve signal reference problems, differential signalling may be
needed.
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8.24 High Performance and Accurate Smulator

The quantitativeresultsinthisthesisarelargely based onresultsfromthe Meerkat ssimulator.
There are anumber of ways in which the ssimulator could be made faster while maintaining
its accuracy. First, native host code could be generated, as in Shade [26]. Second, the
simulator could be parallelized and run on a multicomputer .

The ssimulator could be made more accurate while sacrificing minimal performance by
making theinstruction cache model accurate and by modelling the singleregister write-back
port. Currently, the smulator models instruction cache cold misses only. 1t does not model
contention for the single write-back port of the 88100’ s register file.

8.3 Final Word

This thesis sought to convince the reader of several key points. First, a minimalist,
performance-oriented approach to multicomputer design has great rewards. It lowers de-
sign time and improves performance. Moving function into software smplifies hardware,
and software can be improved and tailored long after hardware is built. Second, detailed
simulations of multicomputers with hundreds of nodes running significant programs are
possible even on a modest host computer. In addition, the costs of constructing such a
simulator are moderate and yield atool that can be changed and instrumented much more
easily than can hardware. Third, the network interfaceis one of the most important aspects
of multicomputer architecture. Our measurementsshow that the choice of network interface
is often more significant than the network itself.

1 We structured the simulator so that it would be easy to run on a multicomputer. We did not implement it,
because performance was satisfactory for our benchmarks with ng88 hosted on a uniprocessor.
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