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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 methodology.

We used a concrete design, Meerkat, as a vehicle for exploring the multicomputer

design space. Meerkat is a distributed memory multicomputer architecture effective in the

range from several to hundreds of processors. It uses a two-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 on long messages. However, it does not scale to thousands of processors, provide

high bandwidth on short messages, or implement cache coherent shared memory.

This thesis 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 simulator to demonstrate that parallel numerical workloads work

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 in their scalability, size, cost, application, architecture, construction,

and complexity of design. This thesis focuses on parallel computers that scale to hundreds

of nodes, are inexpensive to design and build, and are applicable to a range of applications.

Our goal is to demonstrate that by limiting the scaling range, pushing function into 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 The High 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 as PVM [89],

Munin [21], Emerald [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 a vast number of calculations.

If networks of workstations represent one end of the design spectrum, the older, tightly

coupled Cray parallel computers, such as the 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
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parallel. Each processor has a port, or an access path, that connects it 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 use large quantities of high-speed, bipolar circuitry. This circuitry

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 laboratories 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

as Intel’s Paragon [51], Thinking Machine’s CM-5 [92], and Cray’s T3D. These systems use

conventional microprocessors, which lowers their design cost and reduces their physical

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.

1.2 The Thesis

Our thesis is that a new approach to multicomputer design will yield faster and less expensive

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 allow 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 this thesis. First, we assume that scaling range

can be limited to a few hundred nodes while maintaining wide applicability. Second, we
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assume that 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

is that 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’s Genesis

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/performance ratios. 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 a lower cost. Our goal was to explore the architectural design space, not to build a

production system.

The technology curves for commercial microprocessors and memory, i.e., the cost/per-

formance as a function of time, are exceptional. Every year the price per unit of performance

and per bit drops significantly. Kendall Square Research made the mistake of not using

commercial processors and is suffering as a result. 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 commercial microprocessors and

memory.

We envisioned a multicomputer of nodes composed of commodity 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
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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 a circle or a square of nodes.

Wires of some kind had to connect the nodes. We searched for a structure that required

a minimum 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 communication 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

a routing 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 its four (or, in the case

of the Hewlett Packard May-fly, six) mesh neighbors and with the local node. The logic

may not cost a lot 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 time in fine-grain machines, such as the

MIT Alewife.

It seemed that the simplest 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 I/O and

memory devices. Its peak bandwidth is low (40 MB/sec), and its protocol is more complex

than we needed. We then considered a simple 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
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DRAM page (which in our prototype is 16KB). Early on, we considered an interface where

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 simple,

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 node is similar to the core of a conventional workstation. The main difference is a

high bandwidth local memory connection to internode buses. This connection is integrated

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 below.

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 several results even before the

first program ran. By keeping the architecture simple, 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 hardware forced the software

to do a lot, 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
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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. To do this, we wrote a detailed Meerkat simulator, 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 systems we

measured, often by a large margin.

These low-level benchmark results were encouraging, but did not directly answer the

question 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 programs on Meerkat and Delta. Meerkat’s speedup curves were consistently above

Delta’s.

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 a result of our

extreme approach. By being less extreme and allowing a slightly more complex network

interface, we thought that we might retain Meerkat’s essential benefits, yet substantially

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.

Meerkat-2 makes more efficient use of the interconnect through hardware handling 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
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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]. Our Meerkat-2 study is in line with this research: we show

that the choice of network interface can dominate system performance. For the systems we

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 problems of physical internode bus length, 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 simulator, calibrated it to the prototype, and used

this simulator 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:

� 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 hardware is tuned for the most important functions, while software is used
for less important or less performance-critical functions.

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

� Exercising a methodology that combines a hardware prototype and an efficient sim-
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 simulator to extend our results to
systems with hundreds of nodes and various network interfaces. The simulator also
allowed us to measure many things that would be difficult or impossible to measure
on a hardware prototype. For example, the simulator counts the number of cycles
each processor is delayed waiting to access the interconnect.

� Developing a detailed and highly efficient simulator that is able to model the execution
timing of hundreds of processors running significant programs.
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� 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 Thesis Organization

Chapter 2 describes the Meerkat architecture and the design issues that guided its develop-

ment. The hardware prototype, described in Chapter 3, provides insight into the complexity

of a Meerkat implementation. The Meerkat simulator 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 alternatives.

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 ISSUES AND 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, the writing 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 technology - 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 process for a parallel computer – a multi1 In particular,

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 a mesh 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, private vs. shared address space, system design time, unipro-

cessor vs. multiprocessor nodes, and interconnect planarity. For each issue, we examine the

choices considered in creating Meerkat and contrast Meerkat with other multi architectures.

1 We use the term multi to refer both to multicomputers and multiprocessors. Our definitions for these terms

are in 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 reaches the 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.

Microcontrollers

Supercomputers

High-performance/low volume microprocessors

High-volume microprocessors

Performance

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 processors with poor price/performance ratios will not yield a multi 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 slower processors, they will also be

more numerous for a given level of system performance. Their lower expense will not

fully compensate for their greater number. In 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 extra performance comes at a significant 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 numbers will be lower, their cost will increase.

Some experimental parallel systems, such as Mosaic [80], the J-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. More significantly, 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/performance ratio is important. 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.

2.1.2 Limiting Scalability

Multicomputer interconnects scale over some range, allowing 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 a few 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, size is

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-1 can in

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 a few 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, all

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

space 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 a shared 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 data through the interconnect. 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, as in the Cray T3D.

Software can make multicomputers perform as multiprocessors [59]. However, perfor-

mance on many workloads will 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 design is interesting and important, however our investigation concerned

simple, quick-to-design parallel computers. The effectiveness of multicomputers is well

established, and they are simpler than multiprocessors to build, so we chose the former.

2.1.4 Design Time

The amount of time it takes to design a multi profoundly affects its 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 development makes simple architectures with 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 a complex 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 slow 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 a simple 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 a node. They

also spread the per-node cost of memory, the network interface, and support logic over

several processors.

However, there are several practical and theoretical problems with having multiple,

general-purpose processors per node:

� 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.

� The operating system is more difficult to write and debug, because it must support
multiple nodes and multiple processors per node. Even the simple 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.

� 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.

� 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.

� 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.
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2.1.6 Interconnect Planarity

Multi interconnect performance is limited by the density of the wires that connect nodes [31].

Meerkat’s interconnect is planar, which means that the wires connecting nodes can be routed

in a limited 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.

Interconnects that 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’s Architecture

Meerkat connects nodes with a two-dimensional, passive backplane. A node is 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 node is a potential 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.
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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

uses than does Meerkat. The Multicube and Aquarius implement a coherent shared memory

system in hardware. Therefore, transactions on their buses are initiated 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 is invoked explicitly by user programs to send packets that

often will be hundreds or thousands of bytes in 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 via load 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 bus interface.

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 a bus is said to be active.

After the owning node has established a one- or two-bus connection, and before it

transfers data, it must alert the receiver by using the signal command. This command sets

bits in the status registers of the sender and receiver, and it requests a processor interrupt in

the receiver node. Either the set status bit or the interrupt tells the receiver to accept data

from the interconnect.

To enter a receptive state, the receiver executes the data-receive command. This resets

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 includes the 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 a single 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. This is useful when a receiver

knows from one packet that another is due to arrive shortly. The receiver can poll and thus

avoid the interrupt 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 with that of a 2-D mesh in 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 allows 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 along their shortest edge, and limits bus length to 75 cm. We

believe that it is practical to build 11 cm-wide nodes with 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.

2.3.1 The Steady-State 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 bus wire

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:

T

cycle

> 2T

prop

+ T

setup

+ T

skew

The 2T

prop

term represents the worst case time for a wired-OR glitch to dissipate [43].

T

setup

is the time that the receiver’s latch requires the data to be stable before it is latched.

T

skew

is the maximum uncertainty in the clock signal that tells the receiver’s latch when to

sample the value on the bus wire.

This rule allows the 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, this rule
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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 Steady State: High Performance Bus Signalling

If the steady-state design rule is used, bus clock speed decreases as bus length increases.

However, if the system designer circumvents this rule, the bus can be clocked at a high rate

that is mostly independent of bus length. There are several techniques that can be used to

achieve this higher rate:

� Phase-tolerant signalling, such as that being used in the next generation of 2-D mesh

routers from Intel’s Scientific Systems Division [74]. This kind of signalling helps

compensate for clock skew, thus allowing the receivers to know with great precision

when they should sample the bus wires.

� Carrier Sense (CS), Multiple Access with 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 also be used in high performance parallel buses.

� Gunning Transceiver Logic (GTL) [42]. This technique requires a fraction of the

signalling energy of older methods, such as ECL, 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 allows 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.

� An idle-bus-undriven protocol. With this technique, when the bus is idle, no devices

are sinking current, i.e., no devices are sending any kind of a signal. A bus that goes

from such an idle state into a driven state will not experience a wired-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 Bus Loading

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 impedance is:

Z

0

=

q

L

0

(C

0

+C

d

)

where C
d

is the distributed tap capacitance per unit length, C
0

is the bus wire capacitance

per unit length, and L
0

is the bus wire inductance per unit length [94]. A bus with no taps

corresponds to C
d

= 0. Propagation speed is:

T

0

pd

=

q

L

0

(C

0

+ C

d

)

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
d

= 0) has propagation speed of T
pd

,

the tapped (i.e., capacitatively loaded) wire will have speed:

T

0

pd

= T

pd

q

1 +

C

d

C

0

For example, a microstrip line with Z
0

= 50, C
0

= 35pf=ft, P
d

= 1:77ns=ft loaded

with four 5pf taps per foot (i.e., C
d

= 20pf=ft) would have a speed of:

1:77

q

1 +

20

35

= 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 a two dimensional interconnect, and not a three dimensional interconnect, for

two reasons. First, by limiting the interconnect 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 is not a problem as long 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 dimensional 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 a two dimensional system: O(N
2

N

2

); volume outpaces

surface area in a three dimensional system: O(

N

3

N

2

). (N is the length of one edge of the

systems, N =

p

P for Meerkat, P is the number of nodes.)

With single-rail, low-swing signalling, the bus termination will dissipate little power,

and that only at the bus ends. The bus ends are easy to cool because they are on the system’s

surface.

In a two dimensional system such as Meerkat, it is no harder to cool the first node added

than the last. This is not the case in a system with a three dimensional interconnect, e.g., the

Tera or the Cray T3D. The average node added to a 3-D machine requires cooling/power

cables which costO(N). The average node added to a 2-D machine requires cooling/power

cables with constant cost.

2.3.5 Network Bandwidth: Circuit-Switched versus Packet-Switched 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 nodes into two equal groups, and (2) the data rate sustainable 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.

The bisection bandwidth is not the only measure of a network’s ability 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 a distance that is on the order of the length of the edges

of the network. However, some workloads exhibit good locality; nodes exchange data with

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, its bandwidth is not significantly affected by whether the communication pattern

is local.

2.3.6 Network Latency in Meerkat vs. 2-D Meshes

The latency of communication in a multi is the sum of the network latency, 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:

� 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.

� T

s

be the time for light to travel the internode spacing.

� V

meerkat

is 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.

� V

mesh

is the velocity factor of the point-to-point links in the 2-D mesh. This will be
about :6 for a link built with copper wires, conventional circuit board material (e.g.,
PF4), and capacitive loads at the end of the wires.

� T

f

be the fall-through time for both the Meerkat cross-point switch and the 2-D mesh
router chips. The T

f

for the last generation of router chips is about 50 nsec; it should
be around 20 nsec for cutting-edge chips available in the next few years.

� T

Meerkat

be the time for the datum to travel from source to destination in Meerkat,
a distance of D nodes. We assume that the datum must travel through a cross-point
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Meerkat

N

N N
2-D Mesh

N

Figure 2.3: Non-Local Communication in Meerkat and a 2-D Mesh

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

� T

mesh

be the time for the datum to travel from source to destination in the 2-D mesh,
a distance of D nodes.

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

T

meerkat

= D

T

s

V

meerkat

+ T

f

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 a bus that uses single-rail drivers.

In a mesh, the fall-through time is paid at every node, making the time:
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T

mesh

= D(

T

s

V

mesh

+ T

f

)

Notice that the T
f

term in T
mesh

is multiplied by N � 1, whereas in T
meerkat

it is not.

Let us consider some concrete values for the variables in these equations. Take V
mesh

to be :6, V
meerkat

to be :5, T
f

to be 20 nsec, T
s

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

signals in a transmission line. In a mesh, 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 is lightly

loaded. If the network is heavily loaded, the network latency will be dominated by the

queuing delay. This delay 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 was little 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 a lot of room to improve. System designers at

SUN Microsystems and Silicon Graphics can put more processors on a bus 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

solution is not to use rings or meshes, but to add buses. This is what SUN Microsystems does

in their Sparccenter 2000. SUN uses two buses with memory interleaved between them in

256 byte intervals. Meerkat takes this approach one step further by using a two-dimensional

array of buses 2.

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, a wider bus will have a slightly greater clock skew, and thus will have a

longer cycle. Second, if a wide bus is used to send data that 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 bus is

amortized over fewer cycles and the effective bandwidth is lower.

We believe that in systems where interconnect latency is critical, such as in 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 bus that is too narrow, where the receiver must wait several

cycles before it can continue, has the same latency problem as rings and meshes have.

2 Meerkat does this to reduce hardware, not to reduce latency.
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When interconnect latency is not critical, such as in a software-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.

2.4 Meerkat’s System Software

We developed 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 we implemented. While we 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.

2.4.1 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 allows the hardware to be simple, which, in turn,

allows the hardware to be fast and quick to design. It also makes the system flexible,

because software can be changed more easily than hardware.

This approach has several disadvantages, however. Software control is slower than

hardware control. It imposes a higher fixed overhead for communication. Long messages

can amortize this overhead, but performance on short messages suffers. In 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 5 we show that Meerkat’s performance on several workloads is 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 the interconnect 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 buffers in 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. Acquire the first bus in a two-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

a time. In Ethernet, collisions occur when two nodes try to use the wire at the same time.

The lack of buffering in 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 the receiver), provides in-order delivery of packets,and allows the interconnect to

be managed by software. The Meerkat interconnect does not require the design complexity

of high-speed routing circuitry present in 2-D meshes.

2.5 Summary

This chapter presented Meerkat, a moderately scalable multi architecture using an intercon-

nect composed of multiple passive buses. Based on research and our intuition that existing
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architectures were too complex to design quickly, we conceived of an architecture for 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

a discussion 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 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 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 allowed 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 simulator (described in Chapter 4),

and to gauge Meerkat’s design and implementation costs.
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THE MEERKAT HARDWARE PROTOTYPE

Meerkat’s hardware prototype is notable for several reasons. First, we used the hardware

design as a vehicle for testing the simplicity of various architectural 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 simulator (described in the next chapter). Without

this calibration, drawing conclusions from simulation results would have been much more

difficult.

Third, we often used the prototype to debug programs that took a long time to 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 simulator 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 major prototype components and their interrelationships.

Section 3.2 describes the 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.



30

3.1 Introduction

The Meerkat prototype consists of four nodes connected in a two-by-two square. This

square is connected to a Sparcstation II 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, mg88, that allows the user to control the prototype. A

special device driver running on the host mediates between mg88 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 also generates the clock signals that

are distributed to the nodes.

clock to each column of nodes
Equal-length cables carry the system

Node 2 Node 3

Node 0 Node 1

SUN-Meerkat interface

FPGA Clock gen

clockclock

Horizontal bus

bus
Vertical

Host workstation (Sparcstation II)

SUN-OS

Special device driver

Parallel interface

Centronics parallel interface

9-bit debug bus
Mg88 (cross debugger)

Figure 3.1: Meerkat Component Interrelationships

Figure 3.2 shows the main data and address paths of a Meerkat node 1. 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:

� 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.

� Control interrupts and allow processors to examine interrupt causes.

� Provide a 32-bit, 200-nanosecond cycle counter that programs use to measure execu-
tion time.

� Provide the S-Bus with a time-out mechanism, as is required by the S-Bus specifica-
tion.

� Play a key role during system initialization: they load a bootstrap program into
DRAM.

� Implement part of the memory refresh logic.

The wide boxes labeled "S-Bus slot 0" and "S-Bus slot 1" are connectors that allow

connection of I/O adapters. The top box in Figure 3.2 shows the four Motorola MC88100

processors [63] and eight MC88200 Cache and Memory Management Units (CMMUs) 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 all 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 via three, 100-pin surface mounted connectors. The 32 MB of DRAM is in the

form of eight, 4Mx9 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 I/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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the male and female horizontal bus connectors. These wires are tapped by the node’s

internode bus data switch. The vertical bus is 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 several reasons. First, we avoided the considerable wiring problem of connecting the

processors to the cache. Second, the Hypermodule’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 Hypermodule comes in a variety of configurations

that trade off processors with cache. This gave us flexibility in experimenting with various

configurations. Since we received only four-processor Hypermodules, that is the hardware

configuration we used. Finally, insertion and removal is much easier due to the low pin

forces on the Hypermodule connectors than it is with the high pin count and forces of PGA

packages.

3.3 Meerkat Prototype’s Interconnect Cost

It is common to compare gate counts, DRAM bits, SRAM bits, and silicon area in order to

evaluate competing designs. Given the simplicity 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, this figure is insignificant. 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 contributors to 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 requires a few hundred gates. In our implementation the logic is in an FPGA, but any

commercial 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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3.4 Meerkat’s Memory System

Meerkat’s memory system is the most complex part of the prototype’s design. The MC88100

processors are each connected to a pair of MC88200 CMMUS [64]) that cache data and

translate addresses. Each MC88200 within a node is also connected to a single MBus. The

MBus is the CMMU’s connection to memory and to other CMMUs for snooping. The

MBus is translated 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,

4Mx9 Single Inline Memory Modules (SIMMs), for a total of 16 MB per bank and 32 MB

per node. The banks are interleaved, so that every other word is stored in a given 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].

3.4.1 DRAM Control and Interleaving

DRAMs 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.

CMMUs read or write one or four words per bus transaction. Reads require the CMMUs

to stall at least two cycles, while writes usually proceed with no stalling. Read stalls delay

the CMMUs until the address reaches the DRAMs, the DRAMs return data, and the data are

passed back to the CMMUs. Writes do not usually stall the CMMUs, because the address

and data can flow out to the DRAM at the same time: the CMMUs do not wait for the data

to flow through the memory system before they continue processing. However, if a CMMU

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 a system clock rate of 20 MHz, this
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yields a local 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 DRAMs 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 address is sent to the DRAM address inputs, and CAS is

activated 2.

Address multiplexers take a full memory address and output either the top or bottom

half. We considered using a commercial address multiplexer chip. However, we found that

it was more efficient to use PALs. We did not sacrifice performance by using programmable

logic, and we were able to fold into the PALs other circuitry that manipulates addresses

before they are fed to the DRAMs. In addition, our PAL-based address multiplexer can

handle both one- and four-megabit DRAMs.

The memory system can access up to 1024 sequential words of DRAM. Cache-line

access requires accessing four sequential words, while internode transfers require accessing

from four to 1024 words. An address counter generates the sequential address. In some

systems, the address counter is part of a DMA controller; in others, it is part of the DRAM

controller. In our prototype, this counter is in the same PALs as the address multiplexer.

Thus, we economized on chips and signal routing because the address multiplexers already

manipulated addresses on their way to the DRAMs.

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 is finished. Internode transfers can last up to 50 microseconds and can repeat with

an inter-packet delay of 10 microseconds. While the processors will not be well used during

this time, the memory system will operate at much higher efficiency than it does when it

serves the CMMUs. Also, only a small fraction of an application’s run time will be spent

waiting for the internode transfers to complete.

2 DRAMs 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 times within the DRAM.
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3.4.3 Parity Checking and Generation

The processor checks and generates parity bits on every memory and I/O access. Memory

stores parity bits. For memory accesses, parity bits are moved along with the data. Stores

to I/O locations ignore the generated parity bits. Loads from I/O locations cause the parity

to be generated in the bus transceivers that connect the processors to the S-Bus.

3.4.4 DRAM Refresh

Each DRAM chip has 2048 rows, with 2048 bits per row. Each row must be refreshed

every 16 milliseconds. This means that, on average, rows must be refreshed at a rate of one

per eight microseconds. To amortize the time-cost of refresh and to simplify 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 pulse is transmitted 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. The DRAM controller gives preference to refresh requests over reads and

writes. The longest 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 Bus Arbitration and Signalling

This section describes the hardware that implements the internode arbitration and signalling

mechanisms. (Refer to Section 2.2.1 for a description of these mechanisms.)

The first step in internode communication is the sending node’s arbitration for a vertical

or horizontal bus. A processor on the sending node writes the internode control register with

bits requesting 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 bus is acquired.

If the cross-bar circuit of a node is in 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 scheme is simple and limited to two bus masters in 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 functions that 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. Initially, 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 a remote-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

Processors initiate transmission of internode data by writing a transfer-length register with

the number of words to move; they then load a special region of physical address space. This

region is called "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 a receptive state by issuing a store instruction, with a magic

DRAM address corresponding to the DRAM address where it would like the incoming

data to go. Once the DRAM is ready to receive, a ready-status indication is propagated

back to the sender. The sender polls its 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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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 as they try to use data from a register loaded

by a load 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

There is no ROM in the prototype. Instead, we rely on the programmability of the FPGAs to

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 a reset state. The host system, through the host-Meerkat interface, loads the two FPGAs

on each node.
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One of these FPGAs, the initialization-interrupt-cycle FPGA, is responsible for a number

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 the initialization-interrupt-cycle FPGA is reloaded, the host signals the internode-

debug FPGA to release the processors from the reset state. The processors then execute the

bootstrap program. This small program loads DRAM with several 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 a fraction of a second to download.

3.8 S-Bus Interface

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

also connects the processors, memory, and I/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 is implemented in four PALs:

1. One PAL arbitrates among the eleven possible bus masters: the eight CMMUs, the
two S-Bus slots, 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 slots, the cycle-interrupt-
initialization FPGA, and various control signals.



41

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 device driver in the Sparcstation controls the parallel port in response to commands

from mg88, the Meerkat cross-debugger. We redefined the semantics of several of the

Centronics signals for our own purposes. Therefore, it is only 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.

The host-Meerkat interface is passive. It 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

� 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

� Sending a single pulse on the done/reprogram or reset lines of the node FPGA’s

� Turning on or off the power-stable signal that feeds the node processor

� Turning on and off the node power

� Resetting the host-Meerkat error bit

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

� Whether the node power is on or off

� Whether the debug clock is running

� The state of the power-stable line that is generated by the host-Meerkat interface and
which controls logic on the nodes
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� The done/reprogram signal from each of the two FPGAs on each node

� The host-Meerkat interface error bit

To send a sequence of bytes to 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 the first few bytes in a sequence. This assumes that, if the

receiving node is ready for the first few bytes, it will continue to receive all the bytes in a

sequence. This is a valid assumption because: (1) the program performing the reception

is always 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 data to one node or all nodes at once. The broadcast

option is used to download the debug monitor and program text, data, and bss to all the nodes

in parallel. This ability is frequently used and worth the modest additional implementation

effort.

To receive a sequence of bytes from a node, the Meerkat device driver polls the node’s

transmit-buffer-full status bit until it indicates the presence of a byte. 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 a problem in

some situations. Also, having to use the SUN-OS process timer to generate 20 SIGALRM

signals per second exposed bugs in SUN-OS and unfortunate interactions with 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 Lessons Learned from the Meerkat Prototype

We entered schematics and ran the simulation on a Apple Macintosh FX running Capilano’s

DesignWorks. Bugs in this tool 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 problems was 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’s low-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 simple 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:

� Simulate all of the logic in a design. If something cannot be simulated, seriously
consider changing the design. We were able to simulate Meerkat’s PALs, and, as a
result, the complex DRAM system worked with only a few patch wires.

� Use programmable logic when possible: it allows bugs to be fixed and the architecture
to be adjusted without physically altering the prototype.

� An ECB autorouter can save a lot of time and effort. Try to find one that can route
your whole design.

� Pay close attention to parts limitations (e.g., delay lines that require the duty cycle to
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 problems in
making the prototype work.
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� Perform careful analysis to 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. These tools allow diagnosis of system failures due to hardware design errors,
software bugs, chip failures, and construction problems.

� Surface mount technology (SMT) offers two key advantages: (1) shorter device lead
frames have lower inductance, and (2) SMT consumes less board area, making intra-
node wires shorter with fewer behaving as transmission 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.

3.11 Summary

The hardware prototype performed several important functions in evaluating the Meerkat

architecture:

� Building the hardware brought us in close contact with design issues that are easy to
miss on paper.

� It acted as a timing 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 complexity.

� It helps convince others that our approach is realistic.

After processors and cache, the most expensive component of most multicomputers is

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-

type in several ways:

� We achieved economy of mechanism by building part of the internode transfer se-
quencing logic into the same programmable logic devices that serve as the DRAM
address path.

� Meerkat uses S-Bus to connect processor and memory within each node and between
nodes and external I/O devices. S-Bus is a low-cost, high-performance method for
connecting computing components.

� The initialization strategy avoids ROMs. Instead, the cross-debugger controls an
intricate initialization process that uses the FPGAs to initialize the DRAM.
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� The connection between the Sparcstation host and Meerkat uses a standard, low-cost
parallel interface. The connection allows the cross-debugger to rapidly download the
target and control its operation.

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

� We used PALs 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.

As a result 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 simulator, the main tool for

producing performance results and understanding architectural tradeoffs. Understanding

the simulator’s structure makes the performance data more comprehensible and credible.

However, the simulator is also interesting in its own right.

Unlike other simulators 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 simulates 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 translation 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 a previous simulator [9]. To measure timing accuracy, we

ran a suite of benchmarks on the simulator 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 simulator, 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 architects to evaluate uniprocessor design tradeoffs [26], operating system authors

to debug their code [9] and to evaluate operating system performance [23, 82], parallel
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system architects to assess the performance of large systems [18, 75], and by end users to

execute programs written for one system on a different host system [62, 86, 87]. We used

the Meerkat simulator to debug and tune operating system code and to evaluate Meerkat’s

performance.

Simulators also vary in their performance and the level of detail they can model. A

common metric is the slow-down, or the average number of simulator host instructions

executed per simulated instruction. In general, the more detail that the simulator captures,

the greater its slow-down. Slow but accurate simulators have the advantage of capturing

subtleties of the target system. However, their slow 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

performance artifacts, yet fast enough to model large systems and long-running applications

in an acceptable timeframe.

4.2 Benefits of Architecture Simulation

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

� Simulators can be augmented relatively easily with new measurement and debugging
features.

� Large simulators do not cost millions of dollars, unlike large hardware implementa-
tions.

� New network interfaces can be added in a few days. It is often impractical to retrofit
hardware with new interfaces. We can also model networks that are impossible to
build, e.g., an infinitely fast network.

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

� Simulators are not subject to prototype failures.

� Simulators can be given to other researchers. While hardware is difficult to transport,
a simulator can be sent through the Internet.

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

There are other benefits of simulators, such as the ability 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 simulation method depends on the application of the simulation results. This

section outlines several simulation strategies and their applications.

4.3.1 Microarchitecture Simulation

Microarchitecture simulators are built by logic designers to express and test their designs.

They can also execute short sequences of code, enabling designers to evaluate architectural

features and debug microcode. Microarchitecture simulators typically have a slow-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 Simulation

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’s timing closely, but not perfectly.

Because they do not model systems as closely, they are much smaller and faster than

micro simulators. 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 simulated 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 translate 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 translate an instruction set that programmers see into a more RISC-like form

that is more efficient to execute [25, 34].

4.3.3 Direct Execution

A popular approach to efficient architecture simulation 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 as though it were on the simulated system. This requires that 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 simulator would resemble Shade [26], which

translates every target instruction to a sequence of host instructions.

Direct execution simulators are usually capable of executing only user-space code. To

evaluate tradeoffs in multicomputer architecture, we needed to simulate both user and kernel

code. It is possible to use direct execution techniques to simulate kernel code. However,

every memory access instruction would require a call to a simulator routine that modelled

virtual address translation and the data cache. The Meerkat simulator 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 Simulation Techniques

Several tools can be considered fast macro simulators that dynamically translate code, or

direct execution simulators, or profiling tools. The UNIX utility prof is a profiling tool

that is not usually called a simulator. But it could be considered a direct execution simulator

that wraps the target program in an environment enabling execution measurement. Shade

is thought of as a fast macro simulator that uses dynamic compilation. While it is more

flexible than prof and uses dynamic instead of static compilation, it is also a tracing tool.

The line between different tracing and simulation techniques is often blurred despite efforts

to neatly categorize them.

4.3.5 The Meerkat 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 a slow one.

For these reasons, we wrote a simulator that translates instructions to threaded code [11,

56], which is then executed. The threaded code is cached, so that the price of translation for

most instructions is paid just once, the first time they are encountered in the code stream.

The result is a simulator that has a slow-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 Structure of the Meerkat Simulator

Figure 4.1 shows the structure of the Meerkat simulator. Users interact with the simulator

through a symbolic debugger, called gdb [88]. The simulator consists of an instruction

translator, a threaded-code interpreter [11], cache models, a TLB model, a physical memory

system model, and I/O models.

Physical memory
model

I/O bus model

Meerkat inter-
connect model

Meerkat interrupt
controller model

I/O model

I-cache model

instruction translator
Native-to-decoded

D-cache model
Data TLB model

Decoded instruction
interpreter

Ld/st handler

Gdb front end
Simulator Interface

Instruction TLB model

Figure 4.1: 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 mg88 (a contraction of

"Meerkat", "gdb", and "88000"), is run on the resulting executable image. Mg88 loads the

code, data, and symbol table. It then calls through the simulator interface to: (1) place

the code and data in simulated memory, (2) set up profiling structures, and (3) initialize

registers.
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When the user issues therun command, the front end calls the threaded code interpreter.

Execution returns to the front end upon an exceptional condition, such as a breakpoint or a

special trap instruction indicating that the simulated program has finished.

4.4.1 Translation to Threaded Code

The simulator does not interpret MC88100 instructions directly. Instead, instructions are

first translated 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 is little startup overhead.

Decoded instructions contain up to six fields. The first is always a pointer to the

instruction’s handler, the code that interprets the instruction. This makes it 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 a load 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 a word from this address and puts

it in r2.

4.4.2 Instruction Pointers and Branching Instructions

There are two instruction pointers: the decoded instruction pointer (DECIP) and the mod-

elled instruction pointer (IP). The IP is the value of the MC88100 virtual address of the

next instruction to execute. After non-branching instructions, the IP and the DECIP are

incremented.

Branch instructions whose target is within the decoded instruction page are translated to

a decoded 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. In addition, the decoded 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 slots is dynamic and can change after threaded code is generated.
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Figure 4.2: Decoded Instructions for addu r4,r5,r6 and ld r2,r4,1000

Delayed branches increment both the DECIP and the IP, just as non-branching instruc-

tions do. In addition, they set a flag if the delayed branch is taken (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 slot, 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. Its execution requires translating a virtual MC88100 code address into a DECIP. A

small cache of translations 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 a physical 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 also possible that a physical page

structure, but not a decoded instruction page, is allocated for a particular 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 translated 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 slot is executed, the tenth word in the corresponding

physical page is translated. The new decoded instruction replaces the pseudo instruction,

and this new instruction is executed.

There are 1025 decoded instruction slots in each decoded instruction page. The first

1024 of these hold decoded instructions that can be in a physical page (a physical page is

four kilobytes, and each MC88100 instruction takes four bytes). The 1025th slot holds a

sentinel called the requalify-decoded-ip pseudo instruction. When a non-branching decoded

instruction in the 1024th slot 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 space into pages allows incremental, demand-

driven allocation of memory. This conserves host virtual memory (a point discussed in the

next section).

Mg88 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 simulator complexity.
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4.4.4 Processor State

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 simulator allocates

an array of processor state structures to match the user’s request. The processor state holds

pointers to 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: a node’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.

pointer
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4k page

nil

nil

nil

nil 4k page

Physical memory map

Proc.

0

general registers

nil

nil

nil

nil
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special registers

scoreboard model

statistics

current cycle

instruction pointer
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phys map pointer

...

...

Processor state table

instruction

page

instruction

page map

Decoded

Decoded

Proc.
1

and decoded instruction
pages

Corresponding physical

Figure 4.3: Simulator Data Structures

In Figure 4.3, note that the second page of physical and decoded instruction memory is

allocated. This indicates 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 especially true of the decoded instruction map,

where vacancy represents host virtual address space that we have conserved. Because these

maps are replicated for each node, large simulations would require far more virtual memory

than is available 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 a total process requirement of

260 MB. If we did not allocate on demand, the FFT would consume 1342 MB for decoded

instruction memory alone.

4.4.5 Modelling Basic Instruction Execution Time

To model the number of cycles an instruction takes, each processor has an associated current

cycle count. This variable is incremented by every handler to reflect the number of cycles

it takes to issue the instruction.

The MC88100 has a register scoreboard. When multicycle instructions issue, they set

the scoreboard bit corresponding to the instruction’s destination 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

ensures correct operation of instructions that use values produced by multicycle instructions.

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 slot corresponding to its destination register to the cycle count value when the

register in the hardware would be available. The handler then produces the result and stores

it in the destination registers. Instructions that read registers advance the processor cycle

count to the maximum of the time-available slots corresponding to each operand register

and the current cycle count.

For example, if an addu instruction reads registers three and four and takes one cycle to

issue, and if registers three and four have time-available 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, as in the real processor.
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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 the instructions issue. In our case this was possible, and

we believe that it will be so for most similar systems.

Instruction handlers access the time-available slots using the same pointers they use to

access the register values. Handlers perform this access by adding a constant to the register

pointer. This mechanism depends on the time-available slots 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 slots that are in the same relationship to the literal values as the

real time-available slots are to the register 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.

While this takes more storage than the LRU bit scheme that the hardware uses, it is simpler

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 slot. 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 line is clean or dirty, etc.



57

Our MC88200 model does not model bus snooping. As a result, simulations of programs

that use multiple processors per node will be inaccurate. However, all of the benchmarks

reported in this dissertation use only one processor per node.

The MC88100 processor has a three-slot 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 a word or less uses one DMU slot; double-word loads and

stores use two slots. When the pipeline is full, a memory instruction attempting to issue will

stall until the slots it requires become available. When the request in slot one is satisfied,

the pipeline shifts the contents of slot one to slot zero and slot two to slot one. After this

shift, slot two is free to accept a new request.

DMU slot 0

Must be free for ld/st to issue

DMU slot 2

DMU slot 1

Active memory-system transaction

request completion-time 0

request completion-time 1

request completion-time 2

Completion time of last ld/st enters here

Newly issued ld/st instructions enter here

Real MC88100 DMU Pipeline DMU Simulation Model

Figure 4.5: Real MC88100 DMU and Simulation Model

We keep a three-element array of time-available values to model when the reference

in each slot of a real MC88100 DMU pipeline would be available. Each DMU slot used

advances the current processor cycle to the maximum of the current cycle and the time-

available value in the oldest slot. The array is shifted down to eliminate the oldest slot and

to make available the slot at the other end of the array. This slot is then filled with the time

at which the reference in a real 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 simulated 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 does this by examining a circular list of running processors in a round-

robin order and picking the first one it 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 1. The processor

will jump far ahead in simulated 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.

To keep the cost of switching low, there are only four key processor-dependent interpreter

variables in registers (DECIP, IP, a pointer to the processor state structure, and the processor

current cycle). An earlier version of the simulator kept just the DECIP in a host register

and calculated IP 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 IP variables.

4.4.7 Modelling 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 translates 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,

as they do in the hardware.

The physical address returned by the TLB model is checked to see if it is an I/O address

or a memory address. If it is the former, the I/O module is called. Otherwise, the physical

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.

Unlike the real cache, our data cache model does not contain the data itself. It contains

tags, LRU information, and state bits. This difference means that memory coherence errors

can be latent on the simulator 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 is a small price to pay for a simpler 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 translated and untranslated 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
cache line.

2. All four MC88100 instructions in the cache-line that corresponds to the executed
decode-me pseudo-instruction are translated to decoded instructions.

This is 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

a miss. However, it simulates only cold misses: while the real instruction cache is finite

(4096 instructions), the decoded instruction cache is unlimited. A straightforward extension

would model capacity misses by invalidating a cache-line of decoded instructions when a

real instruction cache would replace a valid cache line. We considered doing this, but felt it

was unnecessary because our benchmarks fit in the instruction cache and experienced few,

if any, capacity misses.
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4.4.9 Modelling I/O

When the load/store function encounters an address outside the range of physical memory,

it calls the I/O module with this address and a pointer to the decoded load/store instruction.

We pass a pointer to the decoded load/store for convenience: it has the size and type values

that the I/O models need.

The I/O module searches a table that relates address ranges to particular I/O model

functions. The table lookup corresponds to the address decoders found in hardware between

the processor address bus and the I/O device select signals. An older version of our simulator

used a hashing scheme to speed the lookup [9]. However, the Meerkat simulator has a small

table of devices, and the lookup time is not significant.

The I/O 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-devices used for controlling execution

profiling.

4.5 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 simulator 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 a 36 MHz SUN Sparc-10/30 host 2. Thus, on average, we

simulate one Meerkat processor cycle in 54 to 72 Sparc-10 cycles. While some workloads

could cause much lower or higher performance, the tests we used were all in this range.

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

a fair estimate of the simulator’s slow-down. We estimate that the Sparc-10 has half the

Clocks Per Instruction (CPI) of the Meerkat processors. This means that there is roughly a

slow-down of 100 to 150 per simulated processor.

The system slow-down is the ratio of the number of host cycles it takes to simulate

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 simulated processors. Thus, a

simulated 256-node Meerkat has a slow-down of 27,000 - 37,000 to one. Because our host

is about four times faster 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 time to Meerkat time is 8,600 to 1.

4.6 Timing Models and 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 was to iteratively:

1. Measure the difference between execution times of a moderate or complex benchmark
program on the simulator and the prototype.

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

3. Write a low-level test that is more 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 a timing model to the simulator 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 simulator
accurate on the low-level test. This may require adjusting the model’s parameters. If
not, examine the test and the simulator 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 simulator on another benchmark test.

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

Figure 4.6 shows output frommg88’stiming command. This command also lets users

change each of the listed parameters. Lines marked with asterisks are user-settable param-

eters that affect some aspect of the simulation unrelated to timing. All other parameters are

in units of machine cycles, which correspond to 50 nanoseconds on the prototype.
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< 0> DRAM refresh penalty = 36
< 1> DRAM refresh period = 1280
< 2>DRAM latency to read 1 wrd = 8
< 3>DRAM latency to write 1 wd = 7
< 4> cache hit latency = 2
< 5> cache miss latency = 2
< 6> cache miss line copyback = 7
< 7>flush segment base latency = 1032
< 8> read cache miss line fill = 11
< 9>write cache miss line fill = 18
<10> flush line base latency = 10
<11> flush line copyback = 9
<12> flush page base latency = 264
<13>invalidate all base latenc = 260
<14> copyback all base latency = 1024
<15> lca I/O read word latency = 8
<16>lca I/O write word latency = 10
<17> TLB miss update cost = 30
<18>internode local int latency= 12
<19>internode remote int laten = 16
<20> CMMU ctl read word latency= 5
<21>CMMU ctl write word latency= 5
<22> DRAM read offset = -1
<23> DRAM write offset = 0
<24> internode status latency = 16
<25> cycles per cpu slice = 10

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

* <32> switches per display updat= 10000
* <33> histogram interval in cycl= 500

Figure 4.6: User-Settable Timing Model Parameters

In some cases we changed our run-time system to make the simulated and prototype

execution times closer. For example, we initially 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 simulator and prototype execution times in line.
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Some programs have different execution results on the simulator 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. This monitor: (1) lets the cross debugger 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 simulator, 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 I/O 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’s until 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 is in 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 simulator 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, simulator performance

degradation, and added simulator complexity.

Uncached read and write tests exercise the DRAM system. The simulator models inter-

ference with DRAM refresh, which consumes about two percent of the memory system’s

bandwidth. DRAM refresh is rarely modelled in system simulations, because it is consid-

ered such a small factor. Note, however, that if we did not model this aspect, our errors
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Table 4.1: Low-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(�-seconds) (�-seconds) �-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 1.711 1.710 -0.001 -0.1
cache read hit 0.501 0.501 0.000 0.0
double cache read hit 0.551 0.551 0.000 0.0
cache write 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
I/O read 0.851 0.851 0.000 0.0
I/O write 0.452 0.449 -0.003 -0.7
CMMU control page read 0.701 0.701 0.000 0.0
CMMU control page write 0.301 0.301 0.000 0.0

would be several times larger. Many of the errors are below one percent. These errors

may be due to slight timing differences between the hardware and the simulator. These

differences can cause the simulator to model one more, or one less, refresh cycle than 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. The largest error is shown in the "copyback full line" test, where the simulator

understates the time for a copyback of a cache line by a little 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

a warm 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 simulator’s accuracy for the tests used to compare Meerkat and Delta,

we included several parallel applications in our accuracy suite. Table 4.5 shows the

correspondence of simulator and hardware results for a global combine, SOR, and FFT

(see Sections 5.9 and 5.10). The largest error is 7.8% on a 32-byte global combine.
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Table 4.2: Medium-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(�-seconds) (�-seconds) �-seconds Percent

cache read misses 1.074 1.079 0.005 0.5
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 cache fill 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 0.4
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 -0.5
copyback half full page 75.060 75.008 -0.052 -0.1
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+invalid whole cache 529.800 530.720 0.920 0.2

Table 4.3: Message Exchange Test Results: Cold Cache

Test name Hardware Simulator Difference
(�-seconds) (�-seconds) �-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 -5.5
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-byte message 754.000 747.000 -7.000 -0.9
32768-byte message 1192.000 1190.800 -1.200 -0.1
65536-byte message 2134.400 2139.400 5.000 0.2
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Table 4.4: Message Exchange Test Results: Warm Cache

Test name Hardware Simulator Difference
(�-seconds) (�-seconds) �-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 -2.5
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 -1.4
1024-byte message 176.000 175.400 -0.600 -0.3
2048-byte message 233.200 229.800 -3.400 -1.5
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 -0.4

Table 4.5: High-Level Simulator Accuracy Test Results

Test name Hardware Simulator Difference
(�-seconds) (�-seconds) �-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 1.5
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 -3.5
Global Combine 1024 bytes 635.800 614.400 -21.400 -3.5
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 1.5
FFT 512 points 5152.000 4883.800 -268.200 -5.5
FFT 1024 points 10136.000 9658.400 -477.600 -4.9
FFT 2048 points 21088.600 19987.600 -1101.000 -5.5
FFT 4096 points 46496.400 43895.000 -2601.400 -5.9
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4.7 Profiling Features

Meerkat’s simulator 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 simulator 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 time is useful and interesting, it does not explain where the time is spent.

The mg88 user can select one processor to be monitored by a profiling feature similar

to the UNIX prof utility. After execution, this feature will display a list 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,INTER> CALLER:LINE/ADDR CALLEE
< 1, 2705, 2705, 0> main:34 -> do_bwtest
< 1, 1584, 1584, 0> do_bwtest:87 -> crecv
< 1, 1188, 1188, 0> crecv:0x10700 -> msgwait
< 1, 1087, 1087, 0> do_bwtest:88 -> csend
< 1, 434, 434, 0> ibus_interrupt:0x102a0 -> message_handler
< 1, 373, 373, 0> crecv:0x106fc -> irecv
< 1, 331, 331, 0> pending_match:0x10624 -> receive_buffer
< 1, 329, 329, 0> csend:0x10cf8 -> flush_on_send
< 1, 316, 316, 0> flush_on_send:0x10bf4 -> 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> main: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> msgwait:0x10958 -> free_buffer_header
< 1, 5, 5, 0> do_bwtest:82 -> mynode
< 1, 4, 4, 0> copyback_data_cache_:485 -> mydatacmmuaddr

Figure 4.7: Sample Profiling Output

in Section 5.5). Each row of the display represents one call site. The first column shows the

number of times the call was executed; the second shows the total number of cycles spent

in the called function and all 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 is followed by the name of the called function.

In the example, the function csend is called once by do bwtest 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, data cache, 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 counters were added to answer questions that 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 prof-like

feature, we saw that the error was due to inefficient coding of a constant calculation in the

benchmark.

The prof-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 mg88 user a running image of internode bus activity, we included

an option to animate internode communication. When this option is chosen, mg88 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 helped 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 mg88 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 it is false, program execution proceeds as though the breakpoint were not set. In

traditional implementations, the time to evaluate the breakpoint condition is 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 simulated 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 a few days to implement.

G88 generates Motorola 88100 code to evaluate the conditional expression on the target

for most expressions. Some expressions are tricky to compile and occur rarely as breakpoint

conditions. In these cases we evaluate the condition with the slow but general mechanism

that is already present in gdb.

The evaluation code is generated on the host and downloaded to an area set 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 a conditional 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 such idle registers require some register spill/restore code surrounding the condition

evaluation code. While our code generator is target dependent, it is small, around 900 lines

of C, and should be easy to port to most architectures.

Fast conditional breakpoints have an even greater benefit when mg88 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,hi16(0x85494)
ld r26,r26,lo16(0x85494) | r26 := scpus
or r27,r0,0x3 | r27 := 3
subu r26,r26,r27 | BINOP_LESS
bcnd.n lt0,r26,L0
or r26,r0,1 | Eval true
or r26,r0,0 | Eval false

L0:
bcnd ne0,r26,L1 | Branch if the break condition is true
or.u r26,r0,hi16(0x667ac) | Load the address of the instruction
or r26,r26,lo16(0x667ac) | to return to
jmp.n r26 | branch back to program
.word 0x5c400008 | Displaced instruction (copied from

| the breakpoint location)
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 simulator. Operating

system debuggers usually have a larger cost of communicating with the debugee than do

conventional debuggers. As a result, the benefit gained from evaluating the breakpoint on

the target is even higher than in the systems that Kessler considered [53].

4.9 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 translation. With

this combination of features we were able to model large systems at a fine level of detail

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:

� mg88 allows single-stepping and breakpointing of exception handlers. Large portions
of the message-passing system execute as an exception handler, making it much easier
to debug this code on the simulator.

� mg88 has a precise 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. This aids certain debugging problems tremendously. Building as precise a
breakpoint into the prototype would require redesigning the processor.

� mg88 compiles conditional breakpoint expressions into target machine code. This
speeds conditional breakpoint evaluation by orders of magnitude. The user can make
more liberal use of conditional breakpoints without having to wait long periods for
frequently-false conditions to be evaluated.

We described the Meerkat simulator after placing it in the context of a range of simulation

strategies. The simulator 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 translator to

generate threaded-code from machine instructions. To make the simulator usable, we chose

a powerful symbolic debugger for the front end. We achieved timing accuracy by carefully

adding functional models to the behavioral simulator base. These functional models slowed

the simulator 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 simulated instruction. This

compares favorably with other timing-accurate macro simulators. The high performance

allows us to model multicomputers with 256 processors running substantial programs.

A number of performance monitors and animation features give the user a comprehen-

sive view of the simulated system. These features were easy to add to the simulator, 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 a few percent.



Chapter 5

A PERFORMANCE ANALYSIS OF MEERKAT

This chapter compares the performance of programs running on both the Meerkat

prototype and Meerkat simulator1 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

prove that: (1) Meerkat can drive its interconnect at nine times the rate of the Delta, (2) the

bisection bandwidth of a 256-node Meerkat is three times higher than that of the same-sized

Delta, and (3) Meerkat’s speedups exceed Delta’s up 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 slightly more

complicated that our prototype.

We introduce the differences between Meerkat and Delta in Section 5.1. Section 5.2 dis-

cusses the relationship 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 applications is shown in Sections 5.9 and 5.10.

5.1 Introduction

Like Meerkat, Delta is 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: Delta employs a conventional mesh of 2-D routers, while Meerkat uses

1 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:

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

� Meerkat’s message-passing code is written in carefully crafted assembler, while Delta
runs the NX/M operating system [48], written in C.

� 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 I/O).

� The Delta test program runs in an address space separate from NX/M and thus incurs
context-switching costs, while Meerkat’s test program runs in 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 Delta is an effective multicomputer. If we can show

that Meerkat’s performance is better, we can conclude that Meerkat is also effective.

5.2 Message Granularity

Interconnect bandwidth and latency are functions of message size. Message size itself is a

function of the: (1) algorithm, (2) data layout, (3) number of nodes applied to the problem,

and (4) problem size. In general, if the number of nodes increases while other parameters

remain constant, the size of messages will decrease. Likewise, an increase in problem size

often increases the message size.

While a comprehensive discussion of message size exceeds the scope of this thesis, we

provide the following examples as background for our subsequent performance discussion:

� The butterfly FFT algorithm using a cyclic layout generates messages that are N

P

points long, where N is the number of points in the FFT, and P is the number of
nodes. The input to the FFT is a sequence of points. Each point is a complex 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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� 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 the block. A red/black successive over relaxation algorithm on a 4096 by
4096 grid running on 256 nodes will use a block that is 16 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:

� Void csend(int type, const char �buf, int size, int dest)

� Int irecv(type, char �buf, int size)

� Void msgwait(int key)

Csend sends a message of type type to node dest of length size whose data starts

at address buf. Message delivery is reliable 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 asks for it. If dest is �1, the message is broadcast to

all nodes.

Irecv tells the message-passing system that: (1) the application is ready to receive

a message of type type in a buffer of length size bytes or less, and (2) that the buffer

starts at address buf. A type of �1 matches any received type. Irecv returns a key that

can subsequently be passed to msgwait. Msgwait returns when the buffer associated

with the passed key is filled with a received message. If irecv is called with a type field

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 irecv.

Irecv 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 msgwait

that the message has arrived. If not, it allocates 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 irecv.

In Meerkat, the key returned by irecv is zero if the message is waiting. Otherwise, it

is a pointer to the newly allocated pending-receive record. Msgwait returns immediately
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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.

5.4 Chronology of Csend and Irecv Message Primitives

Figure 5.1 shows timelines with a simple csend and irecv/msgwait. A sending node

is on the top timeline, and a receiving node on the bottom. The sender executes csend,

while the receiver executes an irecv followed by a msgwait.

TIME interrupt routine returns

Sender (csend)

Receiver (irecv/msgwait)

Cache flush

Packetize

I-cache preload

Arbitration

Control rendezvous

Data rendezvous

Receiver sees internode interrupt Interrupt overhead

Irecv Msgwait

Message transmission

Message reception

 returns to applicationMsgwait

 returnsCsend
Check arguments/save registers

Figure 5.1: Simple Csend and Irecv/Msgwait Timeline

The steps of csend are:

1. Argument checking: check arguments to csend, test for broadcast, test for destina-
tion node being equal to the sending node, determine routing (i.e., 1-bus vs. 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
it is signalled.

7. Data packet rendezvous: signal the receiver node, wait for it to enter a receptive state,
and begin to transmit a portion of user-specified data. The receiver polls for 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, save/restore registers, return to caller,
etc.

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 time for csend.

Table 5.1: Number of Cycles and Percentage of Total Time Taken by Csend Step
(Percentages Rounded to the Nearest Point)

Csend Step Message Size (in bytes)
0 128 1,024 32,768

1+9. Miscellaneous overhead 114 / 25% 125 / 16% 164 / 15% 531 / 5%

2. Data cache flush 46 / 10% 240 / 30% 322 / 29% 1,134 / 10%

3. Message packetize 50 / 11% 21 / 3% 28 / 3% 172 / 2%

4. Connection arbitration 52 / 11% 61 / 8% 53 / 5% 81 / 0%

5. I-cache preload 30 / 7% 30 / 4% 30 / 3% 30 / 0%

6. Control-packet rendezvous 144 / 32% 144 / 18% 144 / 12% 158 / 1%

7. Data-packet rendezvous 0 / 0% 148 / 18% 156 / 14% 769 / 7%

8. Data transfer 1 / 0% 32 / 4% 256 / 23% 8,192 / 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 irecv row shows the cost of posting a receive, 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 Message Size (in bytes)
0 128 1,024 32,768

irecv (post a receive) 116 298 373 1,314

Message reception 105 210 434 9,345

Interrupt overhead 137 135 134 160

total (cycles) 358 643 941 10,819

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. The first line of the table shows: (1) 182 cycles to flush the first 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 cycles to 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 is fairly constant, rising slightly 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 reload 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

appears in Figure 5.2:

light_load_test(char *buf, int size)
{

double start, end, elapsed_time, 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 */
msgwait(key);
end = time_in_seconds();

elapsed_time = end - start;
bytes_per_second = 2 * (size / elapsed_time);
printf("MB/sec for message of %d bytes=%7.3lf\n",

size, bytes_per_second / 1000000.0);
break;

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 size 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’s transmission until immediately after node zero receives a reply 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



79

can be viewed both as a measurement of a real system and as a simulation 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 Delta on 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 abilities to drive

their interconnects. Meerkat’s internode bandwidth reaches 83 percent of its peak rate of

80 MB/sec. Delta reaches 10 percent of its theoretical rate, which is also 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 Load

In this experiment there are two groups of 128 nodes each, A and B, as shown in Figure 5.4.

Each node in group A sends a message to its partner in group B and waits for a reply. 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 contiguous in 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.

A

B

Figure 5.4: Pattern of Communication during Heavy Load Test

Figure 5.5 shows both Meerkat and Delta with a nearly linear increase in bandwidth with

increasing message size for messages of less than 500 bytes. As with 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 MB/sec at a message size of 4000 bytes.
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Figure 5.5: 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 available to each node. We assume

that the system is heavily loaded and that each node uses an equal amount of bandwidth.
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Figure 5.6 shows system bisection bandwidth divided by the number of nodes. This

graph is in units of double words (DW) (8 bytes), as this is often the unit in which numerical

applications programmers consider problem and message sizes. The per-node bandwidth

is shown for several 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 this example: if an application running on a 144-node Meerkat 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 a function of implementation, not of architecture. However, the ease with which we

were able to design and build a fast implementation is a result of Meerkat’s simplicity.
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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 overall

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 goal is to give application developers enough information to decide what

combinations of parallel applications, input data sizes, and Meerkat configurations will run

well.

The principal application characteristics that determine performance on Meerkat are:

(1) the ratio of computation to communication, (2) message size, and (3) load balance.

The first characteristic, the comp/comm ratio, is the ratio 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 is implemented.

Some algorithms, such as Cholesky factorization, use messages with sizes that are also

a function of the input data. Other algorithms, e.g., modified Gram-Schmidt with partial

pivoting [96], have a comp/comm ratio that is a function 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 almost 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,
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inexpensive interconnects.

Applications that have very low comp/comm ratios, e.g., between zero and one, will

perform poorly on any parallel 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 allows 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 its time waiting for communication

phases to complete, and it will run poorly.

Processors can also have low utilization if the computational load is not balanced. Thus,

it is not good enough to have an application comp/comm ratio that is higher than the system’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. There is a tension between making the block size small, to increase load balance,

and making it large, to amortize the fixed message cost overhead.

Meerkat’s comp/comm ratio is a function of message size and system size, as shown in

Figure 5.7. These curves were generated by dividing the nominal 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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Figure 5.7: Meerkat and Delta Computation/Communication Ratio

can make the input to an FFT algorithm 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 times the

message size:

input size in points = message size in DW �

64

2

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 this size,

the input data would have to be 32 times this, or about 1500 points. Larger inputs will 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, all 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 gives large-message ratios for several commercial multicomputers [77]. These

are reproduced in Table 5.3, along 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 is the problem input size, P is the 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 N

3

N

2

p

P N=

p

P

Conjugate Gradient N

2

N

p

P N=

p

P

FFT Nlog

2

N Nlog

2

P Nlog

2

P

Volume Rendering N

3

N

3 constant

By comparing an algorithm’s comp/comm ratio with the system’s ratio, we can estimate

how a particular problem and input size will run on a particular system.
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5.9 Performance of 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. Figure 5.8 shows

Meerkat’s and Delta’s speedup achieved on a one-dimensional FFT [28] as a function 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 a pair double precision floating point values.
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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 N points and P processors, there are log
2

N steps.

Each step takes time proportional to N , and the last log
2

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 1

P

. This means that when the

number of processors doubles, the data per message halves. Since the overhead of sending

a message is fixed, the overhead per byte sent doubles when P doubles. In addition, 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 simulated 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. Contention falls off rapidly as requests are satisfied. The second of the

seven (log
2

128) 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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Figure 5.9: 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 differences in 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 appears in Figure 5.10:

start = TIMERVAL();
for (iteration = 0 ; iteration < iterations ; iteration++) {
register int i, j;

send_black_border_values();
receive_black_border_values();

/* Compute new red values. */
for (i = 1 ; i <= NPN ; i++)

for (j = (i&1) ? 1 : 2 ; j <= NPN ; j += 2)
X[i][j] = (1.0-omega)*X[i][j] +

omega*0.25*(X[i-1][j] + X[i+1][j] + X[i][j+1] + X[i][j - 1]);

send_red_border_values();
receive_red_border_values();

/* Compute new black values */
for (i = 1 ; i <= NPN ; i++)

for (j = (i&1) ? 2 : 1 ; j <= NPN ; j += 2)
X[i][j] = (1.0-omega)*X[i][j] +

omega*0.25*(X[i-1][j] + X[i+1][j] + X[i][j+1] + X[i][j - 1]);

/* Test for convergence omitted */
}
end = TIMERVAL();

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 its four 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 shows that Meerkat has a better speedup. Meerkat is faster for the same reason

that it is faster on the parallel 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.
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Figure 5.11: Red/Black Successive Over Relaxation Program Speedup

5.11 Performance of SIMPLE: A Fluid Dynamics Benchmark

Crowley et al. introduced SIMPLE in 1977 as a benchmark 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 is similar to that of SOR: communication is all 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 a time. Thus, during this phase, the parallelism drops to
p

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

i860 processors than on Meerkat’s MC88100’s.
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Figure 5.12: SIMPLE Speedup

5.12 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 a breakdown of the time spent in the various steps of these primitives.

It was not possible to make these detailed measurements for Delta.
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The performance of both systems is a function of message size. Benchmark running

times were therefore measured over a range of message sizes. Under a light load, Meerkat

drove its interconnect nine times faster than Delta. In doing so, Meerkat’s injection rate

was close to its theoretical maximum, which is its peak local memory bandwidth. Delta’s

injection rate, one ninth that of Meerkat, was a small fraction of its theoretical maximum.

Under a heavy load, 256-node Meerkat’s had three times the bisection bandwidth of the

same-size Delta. Delta’s communication links operated at a fifth of the rate for which they

were designed. Meerkat’s buses operated over three times faster and achieved 83 percent

of their peak rate.

We related these performance figures to application performance by considering the ratio

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 a function of message size and gave the ratios for several 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 the first three of these problems were

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 is at the extreme end of the multicomputer

design space, one where all possible communication functions are moved into software,

leaving just enough hardware to sustain high internode bandwidth.

Chapter 5 showed that despite this minimal hardware, Meerkat performs well. 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 a result of our extreme approach. By being less extreme and allowing a slightly

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 interface tailored to circuit-switched

interconnects. On all workloads, Meerkat-2 performs better 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 evaluate tradeoffs in network interface designs, we use the Meerkat simulator and the

same suite of parallel applications described in Chapter 5. We augment the original Meerkat
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simulator with device models for three additional network interfaces. Each interface

device model has corresponding run-time interface code that interprets the message-passing

primitives. We run the applications on the simulator 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 model 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 is infinitely fast
(i.e., no contention and zero time for transmittal of any size message).

Although all 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 as Intel’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) signals the receiving node, (3) waits to rendezvous with the receiving 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 workloads with 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 registers that define the entire transfer. Communication software

on a sending node loads these registers; hardware completes 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. As their names imply, 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 writes the destination node register to initiate internode bus arbitration, which creates a

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 is told 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. The receiving node can either poll for incoming data or take an interrupt upon
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Figure 6.2: Meerkat-2 Network Interface Registers



98

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 this time 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:

(1) it can poll a bit in the status register, or (2) it can take an interrupt. The interrupt option

is useful if the transfer is large 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 regardless

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

with the job id transmitted when the connection is established. If they match, the application

is free to 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 a job 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 a brief time, a job

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 Translation Buffer (TB) that turns virtual addresses in the

send-user and receive-user virtual address registers into physical addresses required by the

hardware. The TB also allows the operating system to recognize which parts of memory

a user-space program is using for buffers. Identification of send and receiver buffers is

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 simplify the

hardware, we do not support scatter/gather. That is, the data sent from a sender’s memory

or loaded into a receiver’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 virtual

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 ones that are. Swapping

overhead can be avoided in several ways. First, the operating system can use a careful

allocation policy for all memory that may become a buffer. It 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 allocate physically

contiguous pages for virtually contiguous pages. For cases where this is was 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 allocate the memory for message buffers

carefully. Such a policy would be implemented in a special allocation function for message

buffers or in a general-purpose allocation function, such as malloc(). The location of

physical discontinuities is passed from the operating system to the user-level allocation

functions to avoid allocating 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 discontinuities in the user space’s virtual map. The

latter is then 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 I/O and inter-domain buffers [36]. Their facility resembles ours in

that its goals are high-performance I/O, and it involves a careful user-level buffer allocator

working in concert with the operating system. It differs from our approach in that its buffers

are passed between domains, whereas our allocator simply 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 this event, the system must ensure that communica-

tion is reliable. When network interface registers are active, we say that the application is in

a critical 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. First, it can

save and restore the user-send registers on every context switch. Processor registers are

usually handled in this way. However, this approach slows down every context switch, and

it reduces overlap of communication and computation. A faster method is to invalidate

partially constructed send operations with a single store of an abort code to the status/control

register on every context switch. The operating system can do this even if a send is in

progress.

Writing the abort code to the status/control register causes the 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



101

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 before it 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 already 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 is interrupted, the sending processor will have to reload

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 be retried if a context switch occurs during its execution [13].

Another possible solution is called 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. This technique is used

to prevent context switches of user-level threads that are in critical sections [4].

On the receiving node, a context-switch interrupt may occur after data starts filling the

FIFO and before the receiving node loads the receive address register. If the FIFO overflows

because the context-switch interrupt takes too long, the sender is signaled with a negative

acknowledgement. This will 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

Csendwrites: (1) the message type and length into send-immediate registers, (2) the buffer

address and length into the send-virtual address and length registers, and (3) the destination
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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.

Irecv 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 msgwait

know that a message has arrived. If there are no messages, irecv allocates a pending-

receive record and puts this record, which contains the user’s buffer description and the

expected message type, on a list of similar records.

The receiver can wait for data by waiting for an interrupt or for a status register bit to

change value. The former 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 msgwait will know

that a matching message has been received and placed in the user’s buffer. If a pending

receive is not found, the message is placed on a list of messages that have arrived but remain

unclaimed by applications.

6.2.5 Comparison With Other Network Interfaces

Network interfaces for both multicomputers and local area networks vary 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 interfaces is by whether they are user-safe. A user-safe

interface can be used directly by user-space software running in a multi-user environment.

An interface that is not user-safe, on the other hand, cannot be exposed to untrusted software.

Because of this, user-space software running on a system with a non-user-safe interface must

let the operating system act as an intermediary. This level of indirection hurts performance

in several 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 switches is

increasing with advances in processor technology [3]. Second, the operating system must
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check that the communication is valid. Third, the operating system is written for the general

case: its general code is slower 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]. This is not always easy to do, and it lessens only one of the costs of

non-user-safe network interfaces.

Examples of systems with network interfaces that are not user-safe include workstations,

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 interfaces is 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 a single
block of system memory. The controller then performs the transfer while the proces-
sor executes independently. The controller interrupts the processor when the transfer
is complete. The Intel iPSC/2 and iPSC/860 have this type of interface.

� Synchronous-DMA. The processor programs the controller to read or write a single
block of system memory. The controller then performs the 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.

� Scatter/gather-DMA. This resembles asynchronous-DMA, except that the controller
can move data to and from multiple regions of memory. The DEC AN1 controller [79]
is a recent example of such a controller.

� Limited-DMA. This resembles asynchronous-DMA, except that the processor can
access only a small, dedicated region of memory located on the controller. It is typi-
cally hundreds of kilobytes in length. The DECstation PMADD-AA TurboChannel
Ethernet interface [33] is an example of a limited-DMA interface.

� Separate-DMA. This resembles limited-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 a memory-to-memory copy operation to copy data between
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.

� FIFO. The processor reads and writes a single location that maps to the ends of a pair
of FIFOs. The FIFOs buffer data between the processor and the network. The Intel
Delta [50] and Fore System’s ATM interface [39] use this type of interface.

� 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 differs from limited-
DMA because the number of memory locations in a fixed-register interface is on the
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order of tens of words, and the whole array is sent. In a limited-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.

� Protocol-processor. A separate processor dedicated to handling network traffic me-
diates between the node’s main processor and the network. This allows a wide variety
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 also present complexities that FIFO interfaces do not. FIFO interfaces

usually require less overhead to transmit and receive short messages. DMA interfaces

perform better when the interconnect bandwidth exceeds the rate at which the processor can

move data into a FIFO 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 buffers must 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’s four

immediate registers transmit a small amount of control information without the overhead of

putting it in memory and pointing DMA registers at this memory. The inclusion of imme-

diate registers also allows the building of an interface without scatter/gather. Scatter/gather

is often used to send a few control words followed by a mass 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

data from non-contiguous memory blocks.

We opted for a simpler scheme to shorten the hardware design time. The number of

immediate registers is 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:

� Has a short 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.

� Is difficult 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 data into a system 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 recapitulate the differences among 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 a real 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 a few processor cycles. We do not envision any implementor actually building Meerkat-

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 realize, 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 improve if we improved

the network itself. This last model helps us calibrate our benchmark programs.

Meerkat-2 and Meerkat-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 those in 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 curve is a straight line

that has no limit, since it represents the bandwidth of a Meerkat with an infinitely fast

interconnect. The curve is not at infinity, because there is a small 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 a 256-node Delta. The heavy-load bandwidth test used in this 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.

The improvement in the light-load case is due to time spent by the processors in low-level

network interface code. The improvement in the heavy-load case is due to the reduction by

a factor of roughly eight in the time a node spends waiting to acquire internode buses. Our

goal in designing the Meerkat-2 network interface was to 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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Figure 6.4: 256-Node System Bisection Bandwidth (under Heavy Load)

problem sizes: 4,096 and 32,768 points. (This is the same test program described in

Section 5.9.) Our metric is 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 shows that the Meerkat-2 interface has a much 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 this test there is a total of 32,768 points,

which results in a total of 524,288 bytes of data system-wide. At the largest system size we

model, 256 nodes, each node has 2048 bytes of data. There are eight parallel steps, each

of which consists of node pairs that 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

software is amortized over these large messages. As a result, Meerkat-2’s advantage is not

as pronounced as it is in the case of the 4k FFT, where messages are 256 bytes.
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Figure 6.5: Speedup of 4k-Point FFT
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Figure 6.6: Speedup of 32k-Point FFT
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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 nodes is large.
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Figure 6.7: Speedup of R/B SOR

Note that the curves for Meerkat-msg and Meerkat-infinite are coincident. This indicates

that the network itself is lightly loaded in this test. As a result, 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 as that shown in 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 traffic is heavy, nodes will queue waiting for a bus that is being underused. These

problems led to the development of Meerkat-2.

Meerkat-2 modestly improves performance when the interconnect is loaded lightly and

messages are long. Its relative performance improves for many small messages under a

light load. When the load increases, however, Meerkat-2’s performance is eight times better

on small messages. In addition to better performance, Meerkat-2 offers safe, user-mode

access and provides a translation 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 systems we

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 vintage technology. 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 is to show that a Meerkat with hundreds

of nodes can reasonably be built. This is important because the Meerkat prototype is not

scalable beyond 16 nodes 1. Our use of the prototype did not require such scalability.

However, we contend that this is a property of the prototype, and not of the architecture. It

is important, 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:

� 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 a tap) per internode bus

� Internode buses clocked at 100 MHz with one 32-bit word transferred per clock tick

� Use of GTL [42] logic levels for internode communication

These characteristics yield a system that can have 256 nodes and a raw, per-bus internode

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 requires two buses. If the

maximum packet size is 1024 words, as in our prototype, the average latency under heavy

load to send 1024 words from 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 a latency of 20 microseconds.

1 It does not scale because we made compromises to simplify prototype design and construction.
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7.1 Node Size

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 a cluster to be on a single

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 also limit the internode clock rate,

but to a lesser degree.

7.2 Clocking

While asynchronous interconnects are popular, we see advantages in a synchronous design,

namely that the hardware is simpler and much easier to debug. We believe that the difficulty

in reproducing and isolating design errors and device failures in asynchronous designs is a

serious problem. The principal disadvantage with synchronous designs is 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 a few 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 a cycle. Each node is thus

run at the same frequency, but nodes may be out of phase with each other by as much as

half a clock 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 a cycle. The

bus protocol guarantees that on every cycle all nodes know which node is the current bus

master. The internode logic uses this information 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 value in a skew table that is indexed by node and tap number. In a system 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 bits wide.

The skew table is loaded in a calibration procedure that is performed when the system

is first started and could be updated periodically to adjust for temperature variations. When

ownership shifts from one node to another, there will be a loss 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, this is a small 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 believe that clock skew will not be the limiting effect in a high-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 requires that all buses be clocked at the rate of the slowest bus. In an optimal design,

all 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 backplane is a multiple

layer circuit board with wires for the internode buses running straight, i.e, not having any

bends.
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Figure 7.1: Lower-Left Corner of a Meerkat Backplane
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Figure 7.1 shows nodes spaced every 5 cm on horizontal and vertical buses. For a given

number of nodes per bus, B, there are (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 backplane’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

a two-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

This thesis has shown the benefits of a hardware-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 vision and to test our

ideas. 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

a discussion 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 allowed a simple

implementation with high transfer rates.

To test our ideas, we designed and built a hardware prototype. This brought us face-to-

face with issues that are often glossed-over in paper designs. It also gave us a fast execution

vehicle for Meerkat programs, one that allowed us to measure the performance of small

systems. The prototype’s high performance and simple design demonstrate the value of our

approach.

To further evaluate Meerkat, we developed a versatile and efficient simulator. 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 simulation results.

The simulator 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

a fast, threaded-code interpreter and a translator to generate threaded-code from machine
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instructions. To make the simulator usable, we chose an existing symbolic debugger, gdb,

for the front end. We achieved timing accuracy by carefully adding functional models to the

behavioral simulator base. These functional models slowed the simulator down; however,

because we added only those functional models that substantially 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 Delta is 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 results indicated that there was an opportunity to improve communication

performance by a moderate enhancement of the network interface. This led us to design a

network interface, Meerkat-2, that used the network more efficiently, especially 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 scales with technology, 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

design for circuit-switched multicomputers. We provided performance results and discussed

the operating system implications of several network interface designs.

A methodological contribution is the combined use of a hardware prototype and an

efficient simulator 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 unique in

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 results to systems with

hundreds of nodes and various network interfaces. The simulator also allowed us to measure

many things that would be difficult or impossible to measure on a hardware prototype. For

example, the simulator counts the number of cycles each processor is delayed waiting to

access the interconnect.

The simulator is itself interesting: it a detailed and highly efficient simulator that is able

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 simulator.

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 multiprocessors for which remote reference latency is dominated by interconnect

latency.

8.2 Avenues for 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 lessons that we have learned could be applied to parallel systems very 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 routers to 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

There are many multicomputer applications that demand some degree of fault tolerance. The

choice of interconnect can affect the difficulty of achieving a given level of fault tolerance.

Meerkat’s passive backplanes have a simple fault model that should make tolerating faults

easier than it is in many other interconnects.

There are several failure modes to consider. If a node 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 a node 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.

The bus will continue to function with a powered-off node, because the bus-tapping circuitry

will present an open circuit when power is removed.

Node power-control circuitry is also useful for allowing nodes to 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 a terminated 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 techniques include: phase-shift-tolerant signalling, low energy

signalling, 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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8.2.4 High Performance and Accurate Simulator

The quantitative results in this thesis are largely based on results from the Meerkat simulator.

There are a number of ways in which the simulator 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 1.

The simulator could be made more accurate while sacrificing minimal performance by

making the instruction cache model accurate and by modelling the single register write-back

port. Currently, the simulator models instruction cache cold misses only. It 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 simplifies 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 a tool that can be changed and instrumented much more

easily than can hardware. Third, the network interface is one of the most important aspects

of multicomputer architecture. Our measurements show 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 mg88 hosted on a uniprocessor.
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