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Abstract, The CRAY-2 is considered 10 be one of the most powerful supercampiters. les state-of-1he-ar
technilogy leatures & fster clock and mare memory than 2ny othes supercompuier aviilisble loday. 1n this
repart the single processar performince of the CRAY-2 s compared with the older, more muture CRAY
X-MP, Benchosark regults are ingluded for both the slaw ind (e Gist memory [PRAM MOS CRAY-2 O
compirison 15 based on u kernel benchmtark selaimed at evalupting the performence of these twa machines
o some standard tsks in scientific computing. Particular emphass 15 placed on evalustng the imipact of
the availability of Barge real memory on the CRAY-2 versus fast secondary memory an the CRAY %-MP
with 5513 Owr benchimark includes large linear equation salvers and FFT routines, which test (e
capuhilities of the different approaches o providing large memory, We find that in spite of its higher
proceszor speed the CRAY-2 does not perform as well as the CRAY X-MP on the Foriean kernel
henchmark, We alsa find that for lergesseale applications, which have repular and predictable memory
dubess pullerns, a high-speed secondary memory device such us the S50 can pravide perfomminee egual
Lo the lerge real mamory of the CRAY -2

I. Introduction

The CRAY-2 with its 4.1 nanosecond (ns) clock is potentially over twice as fast as the
CRAY X-MP/24 [Chen 1984, Cray 1985, Neves 1987]. In addilion to ils superior
clock speed, the CRAY-2 has a tremendous advantage in word addressable memory.
The CRAY X-MP, however, 15 4 proven machine with a mature compiler and a large
set of applications programs developed especially for its architecture. Some of the key
architectural features of the two michines involved are given in Table |, Note that we
have given the features of the particular machines invalved in this benchmark; for
example, the newer X-MPs have the faster clock rate of 8.5 ns compared to the 9.5ns
hsted 1n Table |,

Recently an upgraded version of the CRAY-2 with faster memory has been
mtroduced [Cray 19871 The essential difference between the newer CRAY -2 and the
older machine is a faster DRAM MOS memory, which reduces the memory latency
from 57 to 45 cycles. Also all DRAM CRAY-2 systems feature pseudo banking,

* The auther s an emplovee of 3CA Division of Bocing Compuler Services
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Tabde 1 Moching comparson (single processar),
F

M N NS AL A5

X-MP2a CRAY 2
Clock (ns) 98 il
Sumber ol vector unils P 2
Chaining Yex MNa
Peak periormrance (MEFLOPS) 210 487
Repgmslers a3 = B words H o= e words
Local memary Hone Ik
Mumber of paths to memory 3 |
Memory size (Mwards) 4 256
SR pee (Mo dsd | 24 Meane
Memory latency {cveles) 14 45150
Peewedor bunk cycle time 23410

which allows faster memory accesses and improves performance. Each ol the 128
banks of the CRAY-2 is divided in half, It there are bwo accesses in different halves
of the same bank at the same tme, then the second one can proceed after 25 cyeles
{41 cycles on the slower machine). Pseudo banking effectively turns the 128 banks of
the CRAY-2 mto 236 banks and thus reduces the average memory latency. The
CRAY-25 system, which leatures even faster static random access memaory (SRAM],
15 niot considered here.

Also, all data in Table 1 refer o a single CPU since we are not concerned with
multitasking performance in this benchmark. We will point out how some of these
[eatures uffecl the relative performance of the two machines. The first set of CRAY-]
timings was ohtained in March 1987 on the CRAY-2 with serial number 2002, which
is installed with the NAS project at NASA Ames Research Center in Moffett Field,
California, A second se1 of CRAY-2 timings wus obtamed in February 19858 on the
same machine (serial number 2002} to measure improvements in the Fortran
compilers. Finally, a third benchmark was carried out on the new CRAY-2 (senal
nurtiber 20131 a1 the NAS project to measure the effects of the upgraded memory on
the machine performance, For brevity we will refer to the serial numbers of the
machines invalved, when discussing the older, slower memory CRAY-2 (2002) versus
the newer, faster memory CRAY-2 (2013).

The X-MP/24 timings were obtained using the Bocing Computer Services' machine
in Bellevue, Washington. The Boeing CRAY X-MP, one ol the older X-MPs, has a
clock rate slightly slower than the current rate of 8.5ns5 on the newer models,

Twenty-four FORTRAN routines were henchmarked on both machines. These
computational kernels are typical of those found in scientific programming. They
were assembled based on the experience at Boeing Computer Services. Assembly-
coded efficient implementations of these kernels for the CRAY X-MP are available
in VectorPak [Boeing 1987) The benchmark alse includes lTarge problems that are
out-of-core problems on most other machines but the CRAY -2, The solution to these
problems is computed in-core on the CRAY-2 and out-of-core using the 55D (solid-
state-starage device) on the X-MP,
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2. Benchmarking Approach

There are 24 computational kernels in the benchmark, They are listed helow with a
short deseniption of what computation they perform and the reason they were
mcluded in the benchmark.

HCIDFT performs a single one-dimensional FFT. This is an important computation-
al kernel that usually runs into memory contention problems,

HCFFTS performs several one-dimensional FFTs simultancously. This is an impor-
tant computational kernel thatis heavily used in multidimensional FFT work, This
program vectorizes across the number of FFTs and avoids the memory contention
problems, This computational kernel is heavily used by several groups in the Roeing
company and 15 designed to provide high performance on o vector computer.

HCIXFT performs a two-dimensional FFT using external storage. This code uses
HCFFTS for most of the computations but also performs standard FORTRAN
direct access, fived length record [0, Although 10 is usually not a consideration
with the CRAY-1's large memory, HC2ZXFT along with HSGEXL will measure the
performance balance between 10 and CPU speeds,

HSGELE solves generul systems of linedr equations dx = b, using the best algorithm
i{hased aon matrix muluplication) for vector computers. This agam 15 an mmportant
computiational kernel that is designed to provide high performance on a veclor
compulter, This code was modified and used in the large problem henchmark.

HSGTLE solves a single tridiagonal system of equations T = b, This code is based
on an extension of the evelic reduction algorithm and provides very efficient
perlormance on a vectar compuier.

HEMMPG computes  matnis—matrix  products of the form € = 48 and
C=C 4+ 48

HSMVYPG computes matrix—vector products of the form vy = dxandy = v + AL

HSSGTL solves several wndiagonal systems of eguations Tx = b simultaneously.
This code veclorizes across the sysiems to provide high performance [or such
application areas as line iterative methods.

ISANMAX flinds the element with the lurgest magnitude in o vector. This is inherently
a scalar operation but some vector architectures, such as the CRAY X-MP, support
this operation in vector mode,

ISCTEQ counts the number of elements in a vector that are equal Lo g given scalar.
This is implemented in a loop with an TF THEN -ENT IF construct and tests the
ability of the compiler 10 vectorize this construct, For example, the CFT 113
compiler does not vectorize this loop, whereas CFT 114 does.

SASUM sums the absolute value of the elements in a vector. This operation lests the
ability 1o vectorize a recursive operation by separaiing the operations and collaps-
g the partial sums at the end,

SAXPY performs ¢ = ax + v, where xand p are vectors and 15 a scalur. This loop
tests the computer’s balance hetween memaory references (two fetches and one store)
and floating point operations (one multiply and one add). The X-MP can execute
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two fetches and a store concurrently, while the CRAY-2 can exccute only one

Memory access instruction at a time (either a fetch or a store),

SAXPYI performs an indexed SAXPY. This kernel performs the abave loop, cxcept
an index array is used for referencing the elements of the vector x. This kernel tests
the ability of the machine to randomly fetch entries from Memory.

SCOPY copies vector x into vector y, This test the speeds of memory references. The
X-MP can do a fetch and a store concurrently, while the CRAY-2 must execute the
fetch and store separately.

SDOT computes the vector inner product, This is an important computational kernel
that requires both a balance between memory and floating point as well as the
ahility to collapse partial sums.

SDOTI performs an indexed SDOT.

SGTHR gathers entries of vector x specified by an index vector into the dense vectar
i

SLSTNE counts and lists entries of a vector not equal to a sealar. This is similar but
more complex than [SCTEQ,

SNRM2Z computes the Euclidean norm.

SSCAL scales a vector with # sealar,

S5CTR scatters the entries of a dense vector into specified entries of a vector x. This
is the reverse of SGTHR.

SSWAP interchanges the contents of two vectors, This is a memory-intensive opera-
tion requiring two feiches and two stores with no floating operations involved. This
Lests Lhe memory reference speeds of the computer.

All the subroutines were written in portable FORTRAN 77, They were compiled
with CFT [.13 on the X-MP, The exceptions were SGTHR and SSCTR. which
require CFT 1.14 to vectorize gather/scalter instructions. The code was writlen as
portable FORTRAN and no attempt was made 1o take advantage of the X-MP's
architecture or compiler, (For example, there was no unrolling of auter DO LOOPs)
These kernels are designed to test the performance of a given computer/compiler in
exccuting FORTRAN.

The same Fortran routines were ported to the CRAY-2 in March 1987 and
compiled with CET77, which is a port from CFT 1.09. Neither the X-MP nor the
CRAY-2 would vectorize the complex SAXPY, so a compiler directive (IVDEP) was
added and both rates are reported. The CRAY-2 did vectorize the complex dot
product, while the X-MP would not. A compiler direetive was added to the complex
dot product and both times are reported lor the X-MP.

[n March 1987 code compiled under CFT2 generally exccuted about 30% faster
than the same code compiled with CFT77. Unfortunately, we were unable 1o use
CFT2 because at the time of the original benchmarking CFT2 did not support generic
functions, such as MIN, MAX, and LOG. The July 1987 release of CFT2 (Version
3.0b) does support generies. However, the most recent release of CEFT77 {version 1.3)
is now within 3% of the performuance of CFT2, Therefore, we did not include
benchmarking results obtained with CFT2,

The potential performance variation due to different compilers can be seen in the
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Fahie 2 Terformance compansan of two compilers on the CRAY-2 usin g iwo-dimensionsl FFT rowtine,

Problem Size CETT oFT2 Ravo CFT2/CFT?
MELOPS MFLOPS

HI2E = 24 al 1203 1.3

1024 w0 048 45 (K] 14

example. Bailey's FORTRAN FFT code was used in March 1987 1o compare the two
compilers, CFT77 (version |.2) and CFT2 [Bailey [987]. The results are piven in Tahle
2. The 35% performance difference between CFTT7 and CFT2 was typical of results
obtained using the two different compilers at that time.

3. Performance on the Kernel Benchmark

l'able 3 shows the performance for the routines described in section 2. The X-MP
timings were obtained at three different times under various syslem loads, and the
variation n timings was less than 10%. The CRAY-2 benchmark was executed ten
times at various system loads, and most routines showed a variation over MN% from
best to worst. The times reported for the CRAY-2 are the median from all the data
collected. The CRAY -2 data were obtained on serial number 2007 with CFF77,
version 1,2

The kernels thut operated on vectors were tested with vector lengths from | to
20,480, The rates reported are far the vector lengths of 20,480, The matrix-vector and
matrix-matrix operations used vectors with lengths ra nging [rom | to 256, These rates
were computed with the longest vector as well,

The table also provides the vector half-performance length, e, the length at which
the vector achicves one-hall of the maximum performance for the operation. The true
asymplolic rate was not actually determined, but taken from the vector performance
ab 20,480, The CRAY-2 generally reaches its half-performance length before the
X-MP, but this can be altributed to the X-MP achieving higher rates,

On the CRAY-2, a uming problem exists for the gather instruction, so the hardware
forces a maximum memory reference which results in three null references for each
data reference. As a result, SGTHR timings are much slower than SSCTR [scatter)
LImings.

Note that in Table 3 SGTHR and SSCTR have been compiled using CFT 1.14 an
the CRAY X-MPin arder 1o take advantage ol the hardware pather/scatter. Also, the
Masymplotic” rate for the matrix operations is the performance for 1 = 236

simply considering the hasic clock speed one would expect the CRAY-2 to be about
twice as fast as the X-MP, The most important result of this benchmark, which
becomes clear Irom Tahle 3, is that this is #ot the case. In many examples the CRAY-2
performed more slowly than the CRAY X-MP, in some exireme cases by as much as
a factor of three. Most of the comparatively stow rates can be explained by consider-
ing the impact of architectural churacteristics of the CRAY-2.
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Tabie 3. Results of the kernel benchmark.

Subrouting CHRAY-2 CHAY X-MP X-MPICRAY-2
{stride) Rate M Rate Mia Ratio
HCFFTS 45.6 8.6 .77
HCIDEFT 4.8 137 283
HCIXFT 77 (9.9 .97
HSGELE 380 T4 1.97
HSGTLE 283 o 131
HEMMPG 483 46 92.7 76 192
HEMVPG 50,3 39 097 i 2.00
HSSGTL 12 1.5 1,28
ISAMAX (1) 20 fi 1.5 5 072
ISAMAX (33) [.% f 1.2 5 .62
ISCTEQ (1} by i 1.6 3 62
ISCTEQ (32) X2 4 .5 2 71
SASUM (1) 53.0 228 TR 459 1.49
SASUM (371 16,5 BE 24.6 I 52 1.50
SANPY (1) 9.0 £9 131.5 22 230
SAXPY (32) [0 L& 174 34 .74
SAXPY] i 4 4.8 & 2.18
SANPYL (CDIR) 220 32 234 il [.95
SCOPY (1) 850 94 148,00 3 |74
SCOPY (32} 14.0 43 12:4 41 {.B%
SDOT (1) T7.0 219 140,0 431 |.B3
SDOT (32) 188 5h 4.2 a5 1,29
SDOTI 70 L 74 (E (.28
SDOTT (CDIR) 27.0 K a0 140 .22
SGTHR 510 k| 10640 49 208
SLSTNE (1} 21 fi 15 3 070
SESTNE {32) | fi 1.4 3 070
S5CAL (D) 410 30 683 157 1.67
SSCAL (312) &0 1% 2.2 7 1.53
S3CTR 90.0 a0 112.0 g2 1.24
SESWAP (1) 4.0 il 0.2 87 0.93
SSWAP (32) 440 10 121 25 151

Three routines executed without vectorization on both machines: ISAMAX,
[SCTEQ, and SLETNE. Here the faster speed of the CRAY-2 was significant, and it
outperformed the X-MP on these problems. These were the only kernels that consis-
tenily ran faster on the CRAY-2 than the X-MP,

In executing the routines that vectorized, the CRAY-2 had a slight advantage ina
few instances (c.g., SSWAP), bul most routines were significantly faster on the X-MP.
For example on HSSGTL (tridiagonal solver), the X-MP ran more than three times
faster than the CRAY-2. .

On one group of routines the speed of the X-MP can be attributed to the availability
of its three paths to memory; only one path is available on the CRAY-2. The SAXPY
kernel could potentially be performed three times as fast on the CRAY-2 with three
paihs and chaining available. This would bring the SAXPY performance on the

g ® | ey e il

— ema e
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CRAY-2 in about the right range relative 1o its clock speed. Since SAXNPY-vpe
operations are predominantly used in HSGELE, HSMMPG, and HSMVPG, these
kernels could also perform significantly faster with three paths,

For same ather kernels the muin source of performance degradation on the CRAY-
2 was due to memory bank conflicts. This applied 1o the FFT routines (HCFFTS,
HCIDFET, and HC2XEFT), Table 3 also lists many routines with stride | and stride 32,
The stnide 32 is the worst-case stride for the X-MP. The worst case for the CRAY-2
15 256 (considering pseude banking); however, a 32 stride causes a bank conflict BVETY
fourth clock cvele on the CRAY-2. The hank resolution time on the CRAY-2 i5 45
{or 37 for the slower memory machine) clock cycles and 4 clock cyeles on the H-MP,
so the penalty for bank conflicts is much more severe on the CRAY-2. Both
computers showed substantial degradation with the stride 32, However, the degrada-
tion was comparatively greater on the CRAY-2 as, for example, in SSWAP,

The worst performance ratio (3.28 times slower) for the CRAY -2 was ohrained for
the tridiagonal lincar equation solver. However, this Fortran code is based an a cyelic
reduction algorithm, involving parameters that have been oplimized for the CRAY
X-MP

The performance of the CRAY-2 has been significantly improved over the last e,
Major improvements are the inttially mentioned upgrade to faster memaory as well as
new releases of the Fortran compilers, We repeated the abave benchmark in February
98K, and took both new improvements into account, These results are given in Table
4. The combined effect of bath a better compiler and a faster memory resulted in up
to a 40% improvement in performance. In some cases this was enough far the
CRAY-2 lo come clase or even surpass the CRAY X-MP's performance.

4. Performance on Large Memory Applications

Twa siandard hnear algebra subroutines were chosen to evaluate the performance of
hoth machines when large memory is required. In particular, we were interested in
benchmarking a code that required S50 usage on the X-MP, Contrary to the
appraach in the previous section, in which Fortran kernels were compared on the two
machines, here we attempted Lo use code that has been optimized for each machine,
Al CRAY-2 results in this section were obtained on the slower memory machine,
sertal number 2002, using CFT version 1.2,

As the first benchmarking task, & two-dimensional complex FFT was chosen for the
following reasons: Tt is an important kernel in applications programming, it requires
a large amount of both computation and 1/, and it vectonzes well by performing
simultanesus vne-dimensionsl FFTs

The two-dimensional FFT executed on the X-MP is an optimized CAL code that
wriles intermediate results to the S50 [Bocing 1987], On the CRAY -2 we used an FIFT
developed by Bailey, whose one-dimensional FORTRAN FFT is a radix-4-algorithm
that avoids power of two memory strides [Bailey 1987]. Although the comparnison
between CAL on the X-MP and FORTRAN on the CRAY-2 may appear to he
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Tabfe . Perlormance improvements on the CRAY-2 through compiler and hardware upgrades (all figures
dre in MEFLOPS),

Subroutine Seral 2002 CFT77 Serial 2014 X-MP
Version 1.2 Version 1.3 5:1—:'11 1.3 'I:E;;T
HCFFTS 456 530 58.0 BlhG
HCIDFT 4.8 58 B.0 13,3
HCIXFT 3.7 H9.9
HSGELE 380 44,0 48,0 T4.4
HSGTLE 283 120 400 1.0
HEMMPG 4.3 580 0.0 92,7
HSMVI*G 50.3 itk () G0 9.7
HE5GTL 32 4.8 4.8 10.5
ISAMAX (1) a0 2.0 20 1.5
ISAMAX (32) I3 1.9 2.0 1.2
ISCTEQ (1) 2.7 23 2.5 1.6
ISCTED (32) 22 23 24 1.5
SASUM (1) 53.0 2.0 TED T8.9
SASUM (32) 16,5 (3] 22.0 4.6
SAXPY (1) 50.0 7.0 2.0 131.5
SAXPY [12) 0.0 110 6.0 17.4
SAXPY] T2 4.5 5.0 4.8
SAXPY] (CDIR) 220 2600 29.0 430
DCOPY (1) 85.0 63,0 75.0 148.0
SCOPY {31 1.0 16 15.00 12.4
SDOT (1) 17.0 B5.0 Q8.0 1400.0
SDOT (32 18.8 (3.0 25.0 242
SDOTI 27.0 34.0 9.0 7.7
SDOTI (CIMR) 7.0 fiL 0
SGTHR 51.0 72.0 410 (1]
SLSTHE (1) 2.1 23 23 1.5
SLSTNE!(32) 2.1 24 25 1.4
SSCAL (1) 41.0 46.0 46.0 68.3
SSCAL (32) 5.0 8.5 12:0 1222
S5CTR a0 7.0 3B.0 112.0
SSWAPR (D) 5ab. 0 8.0 T20 50,2
SEWATR (32) 8.0 7.3 4.0 11

unfair, it should be noted that Bailey's one-dimensional FFT oulperforms the CAL
version supplied by Cray Research, For the two-dimensional version the CAL coded
routineg in CRAY's SCILIB runs at 300 MFLOPS and is faster than Bailey's two-
dimensional FFT. The two-dimensional FFTs demonstrate what the CRAY-2 was
designed to do, namely, to provide an environment for developing portable code
without the complexities of disk [/O and assembly programming. Table 5 shows the
results of this benchmark comparison.

The second application kernel for benchmarking was a general linear equation
salver, The peneral dense linear equations were solved on the CRAY-2 using a
modifed version of SGEFA from LINPACK [Bunch et al. 1979]. The initial version,
a straightforward FORTRAN implementation, ran only about 36 MFLOPS on the

iy

i tad b BY o= % B



THE CRAY X-MP/23 WITH 550 AND THE CRAY-] 417

CRAY-2, Then the FORTRAN subroutine in SGEFA performing matrix—veclor
multiplications was replaced with the corresonding CAL routine, MXVA. A consider-
able increase in performance resulted, as shown in Table 3. However, the limes
reported here for the CRAY-2 should not be taken as optimal for solving linear
equations on the CRAY-2, They are just an indication of the performance one can
achieve on large problems by making a few simple modifications in existing
FORTRAN code. A linear equation solver that operates at over 350 MFLOPS on
large problems has been developed by Calahan [1986], An even faster solver might he
possible by using Calahan's approach based on a matrix-matrix multiplicalion
kernel, and by utilizing the new laster matrix-matrix multiplication subroutine de-
veloped by Bailey [1988], CRAY's SCILIB provides a routine for matrix inversion,
which runs at 300 to 400 MEFLOPS,

The times reported in Tuble 6 for the X-MP, however, are optimal. The linear
equation solver used on the X-MP is using an out-of-core Ciaussian elimination
algorithm, based on block matrix-matrix products [Grimes 1988), The program is
running at about 90% of paak machine speed and implemented as HSGEXL in
VectorPak [Boving 1987),

Fhe lincar equation solver was executed five times on bath machines. The remark-
able result in Table 6 is not so much the actual performance, but the considerable
performance variation on the CRAY-2, While all the routines varied about 15 to 35%
in performince depending on system load, a 70%; difference was noted in the linear
cquation solver, The best-case times were obliined on a Sunday morning at 2:44a.m.
The machine was probably idle at that time so memory contentions were minimal.
The warst-case times reported are closer to the average and to what one would expect

Fabje & Performance comparison on two-dinemsional FFT codes

Mmension CRAY-Z XN-MP CRAY-25-MP
MFLOPS MELOPS
1024 = |02 123 95 |.3
WI24 = 2048 131 04 14
1024 = 4096 L] u7 1.4
20K W 204R [42 Ot [.5
2l o 4096 146 i L35
Al = aiing |48 ] 1.6

Fable . Performanee comparison on linear squatinn solver

CRAY-Z
Rale Risle CHAY-Z M-MP
Skee {wiorst) (best) Biest fwarst Rate
HEIH 151 2219 1.5 1541
50U 152 24h 1.6 18]
000 157 255 (| 1%
1A F53 a0 1.7 ([
00 154 i 1.7 191
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ta get when the machine is busy, (All the limes reporied here are averages of five runs,
Each problem size 1s run five times consecutively.)

5. Conclusions

On the Fortran kernel benchmark the performance of the CRAY -2 varied from aboul
one-third the performance of the CRAY X-MP to three tmes the performance of the
A-MP. In many instances the comparatively warse performance of the CRAY-2 can
be directly attributed to architectural disadvantages most notably the limited one path
to memory and the relatively slow memory. Improvements in compilers and im prove-
ments in memory speed have led to some considerable overall performance improve-
ments on the CRAY-2. However, both will not be able Lo overcome some of the
architectural lmitations of the CRAY:2.

While the X-MP generally had an advantage on the Fortran kernels, the CRAY-2
showed it could easity outperform the X-MP on large problems, The CRAY-2 did this
without the extra effort of writing temporary resulls to a disk file. However, the better
rerformance did not come as easily as a general user would hope for. Fast algorithms
for the CRAY-2 require a detailed understanding of the architecture of the machine
and a fair amount of saphistication when implemented [see Bailey 1987, Bailey 1988,
Calahan 1986]. We venture to say here that the programming effort in implementing
high-speed lincar algebra algorithms for the CRAY-2 can be of the same level of
difficulty as the corresponding effort in implementing out-of-core algorithms using the
55D on the CRAY X-MP. For compulations that require a regular and predictable
access Lo the data, the X-MP-type architecture with a high-speed secondary memory
device {which has evalved by now to the new CRAY Y-MP) is an cfficient alternative
1o the large real memaory of the CRAY-2. But abviously the CRAY-2 is the machine
ol choice for any, more complicated application program with large real memory
requirements, for which a rewriting using 1/0 operations is out of the question.
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