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Abstract

In this paper, we give an overview of the Cedar

mutliprocessor and present recent performance results.

These include the performance of some computational

kernels and the Perfect Benchmarks@ . We also

present a methodology for judging parallel system per-

formance and apply this methodology to Cedar, Clay

YMP-8, and Thinking Machines CM-5.

1 Introduction

Tremendous progress in VLSI technology today has

made it possible to build large-scale parallel systems

with dazzling peak performances. Several such sys-

tems have even been commercialized over the last

5 years. However, the goal of building a general-

purpose large-scale parallel system remains quite elu-

sive. Many of the systems still have very little soft-

ware support and are very difficult to program. The

sustainable performance from various real applications

running on those machines remains erratic and unpre-

dictable. These phenomena show that we still do not

know how to build parallel machines, how to program

such machines, or how to characterize the performance

of such machines for writing good application codes.

The difficulties stem from the fact that in order to

build a large-scale parallel machines that can deliver
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“practical parallelism,” we need to understand the in-

teractions among system architecture, system software

and parallel application codes.

The Cedar project brought together a group of peo-

ple in the areas of computer architecture, paralleliz-

ing compilers, operating systems, and parallel algo-

rithms/applications to help solve the real problems as-

sociated with building a “complete” parallel system,

and to study the effects of interaction among these

components on such a machine [GKLS83, KDLS86].

The machine has been in full operation since late 1990.

The Cedar experience includes the architecture, com-

piler, OS, and application perspectives and this paper

attempts to summarize these for the architecture com-

munity.

We describe the machine organization in Section 2,

concentrating on the unique aspects of Cedar. Pro-

gramming and compilation for Cedar are discussed in

Section 3. Performance measurements of the systems

and the interpretation of those results are presented

in Section 4.

2 The Organization of Cedar

Cedar is a cluster-based shared memory multipro-

cessor. The system consists of four clusters connected

through two unidirectional interconnection networks

to a globally shared memory (Fig. 1). Each cluster

is a slightly modified Alliant FX/8 system with eight

processors, In this section we first summarize the fea-
tures of these clusters and then describe the unique

features of Cedar. For a more detailed overall descrip-

tion of Cedar see [KTVZ91].
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Figure 1: Cedar Architecture

Alliant clusters The organization of an Alliant

FX/8 cluster is shown in Figure 2. Each Alliant FX/8

contains 8 computational elements (CES). The CES

are connected to a 4-way interleaved shared cache

which in turn is connected to an interleaved cluster

memory. The FX/8 also includes interactive proces-

sors (IPs) and 1P caches. IPs perform input/output

and various other tasks.

The CE is a pipelined implementation of the 68020

instruction set augmented with vector instructions.

The CE instruction cycle is 170ns. The vector unit im-

plements 64-bit floating-point as well as integer opera-

tions. Vector instructions can have a register-memory

format with one memory operand. The vector unit

contains eight 32-word registers. The peak perfor-

mance of each CE is 11.8 Mflops on 64-bit vector op-

erations.

Each CE is connected to a concurrency control

bus designed to support efficient execution of paral-

lel loops. Concurrency control instructions implement

fast fork, join and synchronization operations. For ex-

ample: concurrent start is a single instruction that

“spreads” the iterations of a parallel loop from one

to all the CES in a cluster by broadcasting the pro-

gram counter and setting up private, per processor

stacks. The whole cluster is thus “gang-scheduled.”

CES within a cluster can then “self-schedule” itera-

tions of the parallel loop among themselves.

Each Alliant FX/8 has 32MB of cluster memory.

All references to data in cluster memory first check the

512KB physically addressed shared cache. Cache line
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Figure 2: Cluster Architecture

size is 32 bytes. The cache is write-back and lockup-

free, allowing each CE to have two outstanding cache

misses. Writes do not stall a CE. The cache bandwidth

is eight 64-bit words per instruction cycle, sufficient

to supply one input stream to a vector instruction in

each processor. This equals 48 MB/see per processor

or 384 MB/see per cluster. The cluster memory band-

width is half of that or 192 MB/see.

Memory Hierarchy The Cedar memory hierar-

chy consists of 64MB of shared global memory and

four cluster memories with caches. It supports a vir-

tual memory system with a 4KB page size. The phys-

ical address space is divided into two equal halves:

cluster memory is in the lower half and shared mem-

ory is in the upper half. Global memory is directly

addressable and shared by all CES. Cluster memory

is only accessible to the CES within that cluster. Data

can be moved between cluster and global shared mem-

ory only via explicit moves under software control. It

can be said that cluster memories form a distributed

memory system in addition to the global shared mem-

ory. Coherence between multiple copies of globally

ahmed data residing in clu=ter memory is maintained

in software. The global memory system is weakly or-

dered. Global memory is double-word (8byte) inter-

leaved and aligned. The peak global memory band-

width is 768 MB/see or 24 MB/see per processor.

Global Network The Cedar network was de-

signed to support simultaneous vector loads/stores

from global memory by

tistage shuffle-exchange

all processors. It is a mul-

network as shown in Fig-
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ure 1. The network is self-routing, buffered and

packet-switched. Routing is based on the tag control

scheme proposed in [Lawr75], and provides a unique

path between any pair of input/output ports. Each

network packet consists of one to four 64-bit words, the

first word containing routing and control information

and the memory address. The network is constructed

with 8 x 8 crossbar switches with 64-bit wide data

paths. A two word queue is used on each crossbar in-

put and output port and flow control between stages

prevents queue overflow. The network bandwidth is

768 MB/see for the entire system or 24 MB/see per pro-

cessor, which matches the global memory bandwidth.

Data Prefetch The Cedar data prefetch unit

(PFU) is designed to mask the long global memory la-

tency and to overcome the limit of two outstanding re-

quests per Alliant GE. Each CE has its own individual

PFU. Each PFU supports one vector load from global

memory. A PFU is “armed by giving it the length,

the stride and the mask of the vector to be fetched. It

is then “fired” by the physical address of the first word

to be fetched. This starting address can be supplied

by a special prefetch instruction or by the first ad-

dress of a vector load. In the former case the prefetch

is completely autonomous and can be overlapped with

computation or cluster memory accesses. In the lat-

ter case it is only overlapped with the current vector

instruction. When a prefetch crosses a page bound-

ary the PFU suspends until the processor supplies the

first address in the new page because only physical

addresses are available to the PFU. In the absence of

page crossings the PFU issues up to 512 requests with-

out pausing. The data returns to a 512-word prefetch

buffer which is invalidated when another prefetch is

started. It is possible to keep prefetched data in that

buffer and reuse it from there. Data can enter the

prefetch buffer from the global network out of order

due to memory and network conflicts. A full/empty

bit per word allows the CE both to access the buffer

without waiting for the prefetch to be complete and

to get the data in same order as requested.

Memory-based Synchronization requires read-

modify-write operations on global memory. However,
given multistage interconnection networks it is impos-

sible to provide standard lock cycles and very inef-

ficient to perform multiple memory accesses for syn-

chronization. Cedar implements a set of indivisible

synchronization instructions in each memory module.

These include Test-And-Set and Cedar synchroniza-

tion instructions based on [ZhYe87], which are per-
formed by a special processor in each memory module.

Cedar synchronization instructions implement Test-

And-Operate, where Test is any relational operation

on 32-bit data (e.g. >) and Operate is a Read, Write,

Add, Subtract, or Logical operation on 32-bit data.

Synchronization instructions are accessible from a CE

via memory-mapped instructions initiated by a Test-

And-Set to a global memory address.

Performance monitoring The Cedar approach

to performance monitoring relies on external hardware

to collect time-stamped event traces and histograms of

various hardware signals. The event tracers can each

collect lM events and the histogrammers have 64K

32-bit counters. These can be cascaded to capture

more events. Each of the major Cedar units has sev-

eral important signals available for external monitor-

ing. Any other accessible hardware signal can also be

monitored. Software tools start and stop the experi-

ments and move the data collected by the performance

hardware to workstations for analysis. It is also possi-

ble to post events to the performance hardware from

programs executing on Cedar, which allows software

event tracing.

3 Programming Cedar

Cedar programs can be written using the CEDAR

FORTRAN language, Xylem assembler or C. All of

these make use of the abstractions provided by the

Xylem kernel [EABM91] which links the four separate

operating systems in Alliant clusters into the Cedar

OS. Xylem exports virtual memory, scheduling, and

file system services for Cedar.

A program for Cedar can be written using explicit

parallelism and memory hierarchy placement direc-

tives. Parallelism can be in the form of DO.ALL loops

or concurrent tasks. Alternatively, programs written

in Fortran 77 can be translated automatically into

CEDAR FORTRAN by the ‘(Parallelizing Restructurer”.

The overall compilation and program execution pro-

cess is simple and identical to the same process on a

single-processor workst at ion. Writing programs that

extract all of Cedar performance is a more challenging

task.

The CEDAR FORTRAN language is a dialect of FOR-

TRAN77 that includes parallel and vector extensions.

CEDAR FORTRAN is translated into ALLIANT FOR-

TRAN and Alliant’s compiler performs code genera-

tion. Programming in FORTRAN77 provides a simpler

user interface and better portability, although some-

times at the expense of performance.

CEDAR FORTRAN offers an application program-

mer explicit access to all the key features of the
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Cedar system: the memory hierarchy, the prefetch-

ing capability from global memory, the global mem-

ory synchronization hardware, and cluster features

including concurrency control. This access is sup-

ported by language extensions and run-time library

functions. The CEDAR FORTRAN language exten-

sions and compilation for Cedar are described next.

CEDAR FORTRAN is fully described in [Hoef91] and de-

scription of the Cedar Compiler project can be found

in [EHJL91, EHLP91, EHJP92].

3.1 Fortran Extensions

Parallel Loops A programmer can express par-

allelism using DOALL loop constructs. A DOALL is a

loop in which iterations are independent and there-

fore can be executed in parallel. Several flavors of

DOALLS are provided in order to better control load

balancing, data placement, and scheduling overhead.

These include CDOALL, SDOALL, and XDOALL which will

be described below.

Data Placement and Sharing Data can be

placed in either cluster or shared global memory on

Cedar. A user can control this using a GLOBAL at-

tribute. Variable placement is in cluster memory by

default. A variable can also be declared inside a paral-

lel loop. The loop-local declaration of a variable makes

a private copy for each processor which is placed in

cluster memory.

3.2 Compilation for Cedar

parallel Loops XDOALL makes use of all the pro-

cessors in the machine and schedules each iteration

on a processor. The processors get started, termi-

nated, and scheduled through functions of the run-

time library. Since these operations work through the

global memory there is a typical loop startup latency

of 90 ps and fetching the next iteration takes about

30 ps. The second type of parallel loop is the SDOALL

which schedules each iteration on an entire cluster.

Each iteration starts executing on one processor of

the cluster. The other processors in the cluster re-

main idle until a CDOALL is executed within the body

of the SDOALL. The CDOALL makes use of the concur-

rency control bus to schedule loops on all processors

in a cluster and can typically start in a few microsec-

onds. The XDOALL has more scheduling flexibility but

also higher overhead. An SDOALL/CDOALL nest has a

lower scheduling cost due to the use of the concur-

rency control bus. Both SDOALL and XDOALL loops

can be statically scheduled or self-scheduled via run-

time library options. CDOALL loops are used to exploit

the faster loop control and shared cluster memory and

cache in a cluster. Data that is private to an SDOALL

iteration but shared by all cluster processors will be

placed in the cluster memory.

Data Prefetching The compiler backend inserts

an explicit prefet ch instruction, of length 32 words or

less, before each vector operation which has a global

memory operand. The compiler then attempts to float

the prefetch instructions in order to overlap prefetch

operations with computation. This rarely succeeds

and thus most of the time prefetch is started imme-

diately before the vector instruction. More aggressive

methods are being investigated [GoGV90].

Data privatization CEDAR FORTRAN uses data

declared local to a loop in place of scalar and array

expansion. In all Perfect programs we have found

loop-local data placement to be an important factor

in reducing data access latencies. In addition to loop-

local declaration, data can be localized by partitioning

and distributing them to the cluster memories. Subse-

quent loops can operate on these data by distributing

iterations to clusters according to the data partitions.

CEDAR FORTRAN supports this by scheduling itera-

tions of successive SDOALLS on the same clusters.

Global Synchronization The Cedar synchroniza-

tion instructions have been mainly used in the im-

plementation of the runtime library, where they have

proven useful to control loop self-scheduling. They are

also available to a Fortran programmer via run-time

library routines.

3.3 Program Restructuring

The parallelizing compiler project has two parts. In

the first phase we retargeted an early copy of KAP

restructurer to Cedar (KAP from KAI as released

in 1988) and evaluated its performance. In the sec-

ond phase we searched for restructuring techniques

that improved the performance of real application pro-

grams significantly. We did these experiments by man-

ually restructuring the suite of Perfect Benchmarks@

programs, using techniques that may be automated in

an eventual implementation of the parallelizer. The

results are summarized in Table 3.

The table lists speed improvements over the serial

execution time of two versions of the Perfect programs.

The results in column “Compiled by Kap/Cedar”

show that with the original compiler most programs

have very limited performance improvement. This

happened even though we set compiler options accord-
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ing to the Perfect Benchmarks rules. Specifically, in a

few cases program execution was confined to a single

cluster to avoid intercluster overhead.

The Automatable column presents the performance

of the programs to which we applied compiler trans-

formations by hand. The name automatable is some-

what optimistic because we have not yet implemented

these t ransformat ions in an actual parallelizer. How-

ever we believe that most of the applied transforma-

tions are realizable. These transformations include

array privatization, parallel reductions, advanced in-

duction variable substitution, runtime data depen-

dence tests, balanced stripmining, and paralleliza-

tion in the presence of SAVE and RETURI’J statements.

Many of these transformations require advanced sym-

bolic and interprocedural analysis methods. The

transformations have been described in more detail

in [EHLP91, EHJL91, EHJP92]

4 Cedar Performance

Examples of Cedar performance are discussed in

this section. Given the complexity of the Cedar archi-

tecture, compilers, OS, and of the codes themselves it

is very difficult to isolate the performance effects of

various architectural features at the level of full codes.

Therefore, we start by considering data from well-

understood algorithms and kernels which are much

smaller and can be modified easily to explore the sys-

tem. We continue with the performance of the Per-

fect codes achieved via automated and automatable

restructuring transformations. Next we comment on

the performance improvements possible for some of

the codes when algorithmic and architectural knowl-

edge is used to transform the codes in nonautomatable

ways. Finally, we present a methodology for judging

parallel system performance and apply this methodol-

ogy to Cedar, Cray YMP-8, and Thinking Machines

CM-5.

4.1 Memory System Performance

The effect of the memory system on performance

can be demonstrated by considering three versions of

a matrix primitive which computes a rank-64 update

to an n x n matrix. For all versions the matrices reside

in global memory. The difference between the versions

lies in the mode of access of the data and the trans-

fer of subblocks to cluster cache. Specifically: in the

GM/no-pref version all vector accesses are to global

memory and do not use prefetching, the GM/pref ver-

sion is identical with the exception that prefetching is

used and the GM/cache version transfers a ;submatrix

to a cached work array in each cluster and all vec-

tor accesses are made to the work array. All versions

chain two operations per memory request.

The performance difference for a matrix of size

n = 1K (see Table 1) between the three versions

is solely due to memory latency. The table shows

megaflops achieved for the three versions. The per-

formance of the GM/no-pref version is determined by

the 13 cycle latency of the global memory and the two

outstanding requests allowed per CE, and is typical

of codes that cannot effectively exploit prefetching in

their global accesses. The aggressive use c)f prefetch

can mitigate this latency effectively for up to 16 CES.

The GM/pref version demonstrates this with perfor-

mance improvement factors of 3.5 and 2.9 on 8 and

16 CES respectively. For three and four clusters, the

effectiveness of prefetching is reduced andl improve-

ments of only 2.2 and 1.9 are observed. To, achieve a

significant fraction of the 376 MFLOPS absolute peak

performance (or the 274 MFLOPS effective peak due

to unavoidable vector startup) the caches in each clus-

ter must be used. The GM/cache version achieves

improvements over GM/no-pref that range from 3.5

on one cluster (identical to the effect of prefetch) to

3.8 on four clusters. The 32 CE observed perfor-

mance yields 7470 efficiency compared to the effective

peak and is consistent with the observed maximum

bandwidth of memory system characterization bench-

marks [GJTV91].

1 cl. I 2 cl. 13cl. lm

GM/no pref 14.5 29.0 43.0 55.0

GM/pref 50.0 84.0 96.0 104.0

GMfCache 52.0 104.0 152.0 208.0

Table 1: MFLOPS for rank-64 update on Cedar

To explore the cause of the degradation. of the ef-

fectiveness of prefetch for more than two clusters we

analyze the performance of four computational kernels

using the hardware performance monitor. We consider

a vector load (VL), a tridiagonal matrix-vector multi-

ply (TM), the rank-64 update of a matrix (RK), and

a simple conjugate gradient algorithm (CG) to show

directly the behavior of the global memory and net-

works in Table 2. The codes use 8, 16, and 32 pro-

cessors, global data only, and prefetching, The RK

kernel prefetches blocks of 256 words and aggressively

overlaps it with computation, the other codes use

compiler-generated 32-word prefetches. The metrics
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used are first word Latency and Interarrival time be-

tween the remaining words in the block, in instruction

cycles. These are measured for every prefet ch request

by recording when an address from the prefetch unit

is issued to the forward network and when each datum

returns to the prefetch buffer via the reverse networks

from memory. Minimal Latency is 8 cycles and mini-

mal Interarrival time is 1 cycle. The cycles needed to

move data between the CE and prefetch buffer com-

plete the 13 cycle latency mentioned above. Monitor-

ing these times required access to internal hardware

signals and is not possible on all processors. As a re-

sult, we monitored all requests of a single processor

and compared repeated experiments for consistency.

The results of all experiments were within 10% of each

other.

Prefetch Latency Interarrival

Speedup (cycles) (cycles)
I

# CES 8 16 32 8 16 32 8 16 32

TM 2.1 2.0 1.5 9.4 10.2 14.2 1.1 1.2 2.1

CG 2.4 2.2 1.5 9.4 10.3 15.1 1.1 1.2 2.1

VF 1.8 1.7 1.5 9.6 11.0 16.7 1.2 1.4 2.2

RK 3.4 2.9 1.8 12.9 15.3 18.3 1.2 1.8 3.2

Table 2: Global memory performance

The results in Table 2 show that global memory

degradation due to contention causes the reduction

in the effectiveness of prefetching as the number of

CES used increases. For one cluster both the latency

and interarrival time are near their minimums. RK

degrades most quickly due to the fact that it uses the

longest prefetch block and overlaps all operations with

memory accesses. VF is also dominated by memory

accesses but degrades less quickly due to the smaller

prefetch block which reduces access intensity. The TM

and CG kernels suffer approximately the same degra-

dation and are affected less than the others due to the

presence of register-register vector operations which

reduce the demand on the memory system. We have

shown via detailed simulations that this degradation

is not inherent in the type of network used but is a

result of specific implementation constraints [Turn93].

4.2 Cedar Performance Using the Perfect

Codes

All the results presented in this section were

collected in single-user mode to avoid the non-

determinism of multiprogramming. The results are

shown in Table 3 and have speed improvements versus

uniprocessor scalar versions of the same codes. Com-

parison of automatic restructuring with automatable

transformations was given is Section 3.3.

Effect of Cedar Features. The results for the

versions derived from automatable transformations in

Table 3 assume the use of compiler-generated prefetch

and Cedar synchronization in the runtime library.

“Slowdown” with respect to “Automatable” results

for some of these codes when Cedar synchronization

is not used for loop scheduling is due to parallel

loops with relatively small granularity requiring low-

overhead self-scheduling support, e.g., DYFESM and

OCEAN. “Slowdown” without the use of prefetching

(given with respect to “No Synchronization” results)

for many of the codes is typically due to one of two

reasons. The first is a domination of scalar accesses,

e.g., TRACK. The second is the presence of a large
amount of short-lived loop-local data that is placed in

cluster memory. The automatable version of the code

DYFESM benefits significantly from prefetch due to

the large number of vector fetches from global mem-

ory on a small number of processors (due to the limited

parallelism available).

Hand Optimization. It is possible to improve the

execution time of the Perfect codes using knowledge of

their main algorithms and of Cedar.1 Table 4 contains

the execution times for these updated codes. Some

of the codes were analyzed resulting in changes that

ranged in complexity from a simple modification of

1/0 (BDNA) to a complete rewriting (TRFD).

The execution time for BDNA is reduced to 70 sees.

by simply replacing formatted with unformatted 1/0.

Careful consideration of ARC2D reveals a substantial

number of unnecessary computations. Primarily due

to their elimination but also due to aggressive data

distribution into cluster memory the execution time

is reduced to 68 sees. [BrBo91]. If a hand-coded par-

allel random number generator is used, QCD can be

improved to yield a speed improvement of 20.8 rather

than the 1.8 reported for the automatable code.

FL052, DYFESM, and TRFD require more elabo-

rate analyses and modifications. Four of the five major

1We use prefet ch but not Cedar synchronization.
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Program Compiled by Auto. W/o Cedar W/o prefetch

1

MFLOPS

Kap/Cedar transforms Synchronization time

time (Improvement) time (Improvement ) time (% slowdown) (% slowdown) (YMP-8/Cedar)

ADM 689 (1.2) 73 (10.8) 81 (11%) 83 (2%) 6.9 (3.4)

ARC2D 218 (13.5) 141 (20.8) 141 (o%) 157 (11%) 13.1 (34.2)

BDNA 502 (1.9) 111 (8.7) 118 (6%) 122 (3%) 8.2 (18.4)

DYFESM 167 (3.9) 60 (11.0) 67 (12%) 100 (49%) 9.2 (6.5)

FL052 100 (9.0) 63 (14.3) 64 (1%) 79 (23%) 8.7 (37.8)

MDG 3200 (1.3) 182 (22.7) 202 (11%) 202 (o%) 18.9 (11.1)
MG3D a 7929 (1.5) 348 (35.2) 346 (O%) 350 (l%) 31.7 (3.6)

OCEAN 2158 (1.4) 148 (19.8) 174 (18%) 187 (7%) 11.2 (7.4)

QCD 369 (1.1) 239 (1.8) 239 (O%) 246 (3%) 1.1 (1:1.8)

SPEC77 973 (2.4) 156 (15.2) 156 (O%) 165 (6%)

SPICE

11.9 (4.8)

95.1 (1.02) NA NA NA 0.5 (1:1.4)

TRACK 126 ~1.1)’ 26 (5.3) 28 (8%) 28 (O%) 3.1 ~2.7j

TRFD 273 (3.2) 21 (41.1) 21 (o%) 21 (o%) 20.5 (2.8)

“This version of MG3D includes the elimination of file 1/0.

Table 3: Cedar execution time, megaflops, and

Code I Time I Im~rovement I

ARC2D 68 “ 2.1

BDNA 70 1.7

TRFD 7.5 2.8

QCD 21 11.4

Table 4: Execution times (sees.) for manually altered

Perfect Codes and improvement over automatable w/

prefetch and w/o Cedar synchronization

routines in FL052 require a series of multicluster bar-

riers. Unfortunately, the associated synchronization

overhead degrades performance for problems that are

not sufficiently large, e.g., the Perfect data set. Anal-

ysis of the algorithms reveals that by introducing a

small amount of redundancy, we can transform the se-

quence of multicluster barriers into a single multiclus-

ter barrier and four independent sequences of barriers

that can exploit the concurrency control hardware in

each cluster. This along with eliminating several re-

currences in the remaining major routine results in an

execution time of 33 sees.

The major problem with DYFESM is the very

small problem size used in the benchmark. If some

of the data structures are reshaped and certain key

kernels are reimplemented, aggressively using Cedar’s

speed improvement for Perfect Benchmarks

prefetch unit via Xylem assembler, the execution time

drops to around 40 sees. If we change the algo-

rithm used in the code and exploit the hierarchi-

cal SDOALL/CDOALL control structure an execution

time of 31 sees. results ~aGa93].

The execution time of TRFD was reduced to 11.5

sees. by implementing high performance kernels to

efficiently exploit the clusters’ caches and vector reg-

isters [AnGa93]. The improved version was shown

to have almost four times the number of page faults

relative to the one-cluster version and was spending

close to 5070 of the time in virtual memory activity.

The extra faults are TLB miss faults as each addi-

tional cluster of a multicluster version first accesses

pages for which a valid PTE exists in global memory.

Based on analysis of the virtual memory performance

of Cedar, [MaEG92], a distributed memory version of

the code was developed to mitigate this problem and

yielded a final execution time of 7.5 sees.

SPICE also benefits significantly from algorithmic

attention. After considering all of the major phases of

the application and developing new approaches where

needed the time is reduced to approximately 26 sees.

4.3 Judging Parallelism

In this section we present a performance evalua-

t ion methodology for parallel systems. We will cast

this discussion in general terms and will cc,mpare ini-

tial Cedar performance data to commercially available
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systems. However, our goal is not to argue that system

X is better than system Y, but rather to shed light on

how to understand performance and thereby to make

parallel processing a practical real-world technology

in the future. We first define five practical parallelism

tests, then some performance metrics, and finally dis-

cuss accept able performance levels.

The Practical Parallelism Tests

Practical parallelism has not yet been demonstrated;

in fact, no standard definition of it exists. It seems

clear that there should be “laboratory level” and

“commercial level” criteria for judging practical paral-

lelism, and we will now propose five criteria that form

a Practical Parallelism Test.

At the laboratory level, we will use as our criterion

for the success of parallelism,

The Fundamental Principle of Parallel Pro-

cessing (FPPP): Clock speed is interchangeable

with parallelism while (A) maintaining delivered per-

formance, that is (B) stable over a certain class of

computations.

There are really three statements in the FPPP:

first, the well-established point that high peak speeds

are possible through parallelism, and then two impor-

tant constraints that we shall use aa Practical Paral-

lelism Tests (PPT’s) 1 and 2.

Practical Parallelism Test 1. Delivered Per-

formance: The parallel system delivers performance,

as measured in speedup or computational rate, for a

useful set of codes.

Practical Parallelism Test 2. Stable Perfor-

mance: The performance demonstrated in Test 1 is

within a specified stability range as the computations

vary with respect to certain program structures, data

structures, and data sizes.

Next we discuss two additional tests that must be

met if one has demonstrated the FPPP and wants to

use it in a commercially viable product.

Pratt ical Parallelism Test 3. Portability and

Programmability: The computer system is easy to

port codes to and to program, for many applications.

Practical Parallelism Test 4. Code and Ar-

chit ect ure Scalability y: The computer system effec-
tively runs each code/data size on a range of processor

counts, and each code’s data size can be scaled up or

down on a given architecture.

Finally, if the first system is a success

pany is to survive over time, the system

strate:

Practical Parallelism Test 5.

and Scalable Reimplementabilit y:

and the com-

must demon-

Technology

The system

architecture must be capable of being reimplemented

(scaled up) with much larger processor counts in the

current technology or in new, faster or less expensive

technologies as they emerge.

In what follows, we will expand these ideas and il-

lustrate methods by which we can observe the PPT’s

and track progress toward satisfying them over time.

Despite the great enthusiasm for parallel processing

today, not even the Fundamental Principle of Paral-

lel Processing has been demonstrated generally. Sub-

stantial amounts of work will be required before the

remaining three PPT’s are passed.

For at least twenty years we have used speedup and

efficiency as abstract measures of performance. In ad-

dition, we now define stability, St, on P processors of

an ensemble of computations over K codes as follows:

5?(P, Ni, K, e) =
min performance(K , e )

maz performance(K , e )‘

where Ni is the problem size of i-th code, and e compu-

tations are excluded from the ensemble because their

results are outliers from the ensemble (and each code

may have a different number of data sets). Instabil-

ityy, In, is defined as the inverse of Stability. The

traditional megaflops (millions of floating-point oper-

ations per second) are used as our rate measure. We

avoid debating how to define floating-point operation

counts by simply using the floating-point counts ob-

tained from the Cray Hardware Performance Monitor.

Acceptable Performance Levels Given a

speedup we are confronted with the question of “how

good is good?” We should answer this using some
function of the total number of processors P. Most

people experienced with running a variety of real codes

on parallel machines would be pleased if they could

achieve some fraction of P or even P/ log P, especially

as P grows to hundreds or thousands of processors.

Note that in terms of the 10X/7 years performance im-

provement achieved over the history of supercomput-

ing, which has mainly been due to hardware speed in-

creases, such a 1000 processor machine would provide

about 15 equivalent years of electronics-advancement

speed improvement. Thus, if we knew how to build

machines that met all five of the PPT’s, O(P/ log P)

would be a good performance level. For this discus-

sion, we shall use P/2 and P/2 log P, for P ~ 8, as lev-

els that denote high performance and acceptable

performance, respectively. We refer to speedups in

the three bands defined by these two levels as high,

intermediate, or unacceptable.
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Figure 3: Cray YhIP/8 vs. Cedar Eflicieucy

Applying the Methodology

In this section we apply the ideas of the previous

section by using the first four PPT’s to analyze Cedar

and compare it to other systems.

Practical Parallelism Test 1 is the easiest of

the PPT’s to meet, and has been demonstrated many

times by showing that one code or another runs well

on a. parallel machine. Figure 3 shows a scatter plot of

Cray YNIP/8 vs. Cedar efficiencies for the manually

optimized Perfect codes. The 8-processor YMP has

about half high and half intermediate levels of perfor-

mance, while the 32-processor Cedar has about one-

quarter high and three-quarters intermediate. Note

that the YMP has one unacceptable performance,

while Cedar has none. We conclude from this that

both the Cray YMP and Cedar are on the average ac-

ceptable, delivering intermediate parallel performance

and thus pass PPT1 for the Perfect codes.

Practical Parallelism Test 2 is much more dif-

ficult to meet than PPT1, as it requires that a whole

set of programs runs well on some parallel machine.

To show the world that it really is a practical sys-

tem, a parallel machine should be demonstrated on a

wide range of program structllres, data structures and

data sizes. What stability range can one expect on

supercomputers in general, and, at the other extreme,

what could one expect on workstations? For the past

20 years, from the VAX 780 through various modern

workstations (Sun SPARC2, IBM RS6000), an insta-

bility of about 5 has been common for the Perfect

benchmarks. Users are evidently not concerned with

such computational rate variations on workstations,

so we will define a system as stable if ~ < St(K, e),

for small e, and as unstable, otherwise. However, if on

some architecture, the computational rate varied by

substantially more, the net effect could be noticed by

many users.

Table 5 shows that Cedar ancl the Cray YMP/8

both have terrible instabilities for their baseline-

automatable computations. This is generally caused

by several very poor performers (e.g., SPICE) and

several very high performers. So we are led to ex-

amining the number of exceptions required to achieve

workstation-level stability. We find that two excep-

tions are sufilcient on tl~e Cray 1 and Cedar, whereas

the YM P needs six – about half of the Perfect codes.

Thus, the YMP cannot be judged as passing PPT2 for

the Perfect codes, i.e., it is unstable, while the other

two systems do pass with two exceptions.

1n(13,0) 1n(13,2) \ 1n(13,6) I

~

awi th modem compiler

Table 5: Instability for Perfect codes

It may be regarded as absurd to invoke a test that

can be passed by ignoring codes that give top perfor-

mance. On the other hand, consider two points. First,

it can be argued that if a few codes have very high per-

formance, then users should expect that (eventually)

all codes will perform well, as is the case with work-

stations. Secondly, the Perfect codes have relatively

small data sizes and stability is a measure that can

focus us on the class of codes that are well matched

to the system, so varying the data size and observing

stability would be instructive. Both of these points

indicate that the general purpose abilities of a system

are related to its stability.

Practical Parallelism Test 3 Automatic compi-

li~t,ion will go a long way towards ])ortal)ility and pro-

grammability of para.llcl systems. Our discussion of

PPT3 will thus center on the performance levels that
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can be obtained by using compilers on parallel sys-

tems. As we discussed earlier, fully automatic com-

pilation is not yet available on Cedar. However, we

have developed several compiler enhancements that

have not yet been implemented but have been applied

manually to the Perfect codes. These “automatable”

results are reported together with automatic results

for CRAY YMP/8 in Table 6. We conclude from this

that the state of today’s compiler art indicates that

accept able levels for the Perfect codes may be reached

in the next few years. Thus, we can expect PPT3 to

be passed by parallel systems in the near future.

Performance Cedar Cray YMP

Level

High 1 Codes O Codes

(EP > .5)

Intermediate 9 Codes 6 Codes

(EP > 1/2 logP)

Unacceptable 3 Codes 7 Codes

(Ep < l/210gP)

Table 6: Restructuring Efficiency

Absolute Performance: Cray YMP/8 vs.

Cedar The previous discussion has ignored absolute

performance in terms of time or megaflops. Table 3

shows the megaflops generated by Cedar automatable

versions [Addl], as well as Cray YMP/8 baseline com-

piler MFLOPS to Cedar MFLOPS ratios. The har-

monic mean for the MFLOPS on the YMP/8 is 23.7,

7.4 times that of Cedar. It should be remembered
that the ratios of clock speeds of the two systems is

170ns/6ns = 28.33.

Practical Parallelism Test 4 Parallel system

performance can vary widely as a function of both the
number of processors used and the size of the prob-

lems being solved. We shall use the High and Inter-

mediate efficiency (see Table 6) and stability range

of .5 < St(P, N, 1, O) < 1 as acceptability criteria.

The system is scalable in a range of processor counts
and problem sizes where these criteria are satisfied.

We are being more restrictive here than we were in
PPT 2. This is reasonable because one should expect

less variation in performance when varying data size

alone than when varying data size as well as program

and data structures, as is done across any benchmark

suite. Furthermore, based on a number of measure-
ments (not shown here) an Instability of 2 seems rea-

sonable to expect on workstations as data size varies.

It is difficult to vary the problem sizes and col-

lect scalability information for the Perfect codes, so

we drop to the level of algorithm studies here, and

use the Thinking Machines, Inc. CM-5 for compari-

son because it has a larger number of processors than

CRAY YMP/8. The performance of a conjugate gra-

dient (CG) iterative linear system solver was measured

on Cedar while varying the number of processors from

2 to 32. This computation involves 5-diagonal matrix-

vector products as well as vector and reduction opera-

tions of size N, lK ~ N ~ 172K. Cedar exhibits scal-

able high performance for matrices larger than some-

thing between 10K and 16K, and on up to the largest

problems run. Cedar exhibits scalable intermediate

performance for smaller matrices, evidently ranging

well below the smallest actual runs of N = lK. No

unacceptable performance was observed in the data

that was gathered.

In [FWPS92], a number of linear algebra experi-

ments are reported on the CM-5. For comparison,

we quote data for matrix-vector products with band-

widths 3 and 11. The CM-5 used does not have

floating-point accelerators. For problem sizes run,

16K s IV s 256K, high performance was not achieved

relative to 32, 256, or 512 processors. The communica-

tion structure of the CM-5 evidently causes these per-

formance difficulties [FWPS92]. The CM-5 exhibits

scalable intermediate performance with these three

processor counts for problems evidently smaller than

16K for bandwidth 11 and evidently much smaller

problems for bandwidth 3. No unacceptable perfor-

mance was observed in the ranges reported.

Thus we conclude that, for these problems and for

the number of processors studied, CM-5 is scalable

with intermediate performance, while for up to 32 pro-

cessors Cedar is scalable with high performance for

many problem sizes and with intermediate performance

for debugging sized runs.

Absolute Performance: The 32-processor Cedar

delivers between 34 and 48 MFLOPS as the CG prob-

lem size ranges from 10K to 172K. On the banded

matrix-vector product, the 32-processor CM-5 deliv-

ers between 28 and 32 MFLOPS for BW=3 and be-

tween 58 and 67 MFLOPS for B W= 11, as the problem

sizes range from 16K to 256K. Thus, the per-processor

MFLOPS of the two systems on these problems are

roughly equivalent.

We are in the process of collecting detailed sim-

ulation data for various computations on scaled-up

Cedar-like systems. This takes us into the realm of

PPT 5 which we shall not deal with further, in this

paper.
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