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COMMENTARY

Few published studies enable comparisons 10 be made between the performances of
computers covering the whole spectrum of today's technology. Jack Dongarra’s article
provides exactly that: execution timings of the same set of programs over a whole ra nge
of computers, from the Cray X-MFP to the Apple IIl. Of particular interest is the
inclusion of results pertaining to recent machines such as the Fujitsu VP-200, the NAS
SU6l), the Ridge 32, the ELXSI, ete. Of course, this benchmark, as with any other, has
its limitations; one should not accept 1ts results as an ahsolute measurement of the
performance ratios between the machines considered. In particular, the test Programs
are subroutine from the famous LINPACK library, a set of portable, high-quality
primitives; their execution patterns are quite different from what may be found, e.g. in
data-intensive applications or text processing svstems. Also, one should carefully
examine the conditions in which the tests were performed, as given by the author. With
these gquahfications, however, Dongarra’s tables prowvide a particularly rich source of

information . .

and a few surprises,

B. Meyer

The timing information presented here should not be
used to judge the overall performance of a computer
system. The results reflect only one problem area: solving
dense systems of eguations using the LINPACK [Don-
garra 79] programs in a Fortran environment.

LINPACK programs can be characterized as having a
high percentage of floating-point arithmetic operations.
The routines involved in this timing study, SGEFA and
SGESL, use column-oniented algorithms, i.e. the pro-
grams usually reference array elements sequentially
down a column, not across a row. Column orientation is
important for increasing efficiency because of the way
Fortran stores arrays. Most floating-point operations in
LINPACK take place in a set of subprograms, the Basic
Linear Algebra Subprograms (BLAS) [Lawson 79] that
are called repeatedly throughout the calculation. The
BLAS reference one-dimensional arrays rather than
two-dimensional arrays.
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The following two tables report timing results using
LINPACK 10 solve a system of linear equations of order
100, The execution speeds, particularly for vector com
puters, may not have reached their asymprotic rates. {See
the appendix for a different comparison of large scientific
computers in Fortran, ) It should be noted that, with the
exception of replacing the BLAS with assembly language
code. no further changes were made to the software. In
particular, no attempt was made to use special hardware
features on certain machines, or to exploit vector
capahilities or multiple processors. (The compilers on
some machines may, of course, generate optimized code
that itself accesses special features. )

One further point: the information in the tables was
compiled over a period of time. Subsequent svsiems
software and hardware changes may alter the timings to
some extent.
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Solving a system of linear eguanions with LINPACES i full precision®

Time Limat!
Computer Compiler: Ratio MFLOPS: (%) [pas)
Cray X-MP CFT [(Coded BLAS) 0L36 L LIRS 0.0kl
O Cyher 205 FI™ {Coded BLAS) 48 25 .027 0.079
Cray X-MP CFT 57 21 0.032 A3
Crayl-5 CFT (Coded BLAS) L8 18 10,003 .11
Fujitsu %P- 206 Fartran 77 {.pd 18 NI 011
Crayl-5 CFT 1.1 12 0.056 016
U Cyher 205 FIT™ 1.5 a4 0082 .24
BAS W W VP V& opt=2{Coded BLAS) 1.8 8 0, 14n .25
AL GGl V8 opr=1 i3 53 .10 .29
CDC Cyber 875 FTH opt=3 15 5.0 0.135 1)
T TN FTHM {Coded BLAS) 1h 1.6 0,144 .43
CDC Cyber 176 FTT 5.1 opt=2 b 4.6 (IR .43
Aumadahl 5860 HSFPF H enhanced op1=3 A | 19 0.1 .51
Amadahl 5860 HSFPF V&5opr=3 1.2 38 0.181 .53
CIHC RN FI™ 18 3.3 0,210 .6l
FPS-164 D opi=3 (Coded BLAS) 4.7 ] 1,264 .77
IBM 370195 Henhanced opt=2 4.9 2.5 0.275 (.30
TBM 3081 K H enhanced opt=13 5.7 2.1 0.321 (.94
CDMC Cyber 175 FTTH 5opt=2 8 2.1 0.312 .94
TEM 3081 K VS5opr=3 6.2 2.0 (0. 344 1.1
CIDC TR Lascal .4 2.0 0,359 1.05
CDC Cyber 175 FI™Sopi=1 i, 5 1.8 1381 .11
[Ehg 300533 H enhanced opr=3 7.0 13 1.3} 1.14
[BA 3033 V&opr=3 7.1 1.7 0394 1.15
[Br 3081 [ VEopr=2 T4 1.7 0.415 1.21
Amdahl 470V H enhanced opt=3 1.7 1.6 0429 1.25
Amdahl 470 VE Viapt=3 8.2 1.5 0458 1.33
FPS-164 1, opt=3 9.5 1.3 0529 1.54
UL THND Chal, no ogl 9.9 1.2 {1554 1.61
[BbM 37168 H Exi Fast Mukt In 1.2 (574 .64
Amdahl 4706 Hopr=2 11 1.1 LUK ET 1.5
[BEM 370165 H Ext Fast Mult I 07T {1 RS 2.50
ELX5]1 Embaos, F77(Coded BLAS) 2 0,56 1.23 357
L T ) FIMN4d fopt=21 2iy 0.48 144 419
O Cyvber | R3S FI™ 5opt=2 2iy 0.47 1.45 4,22
U Cyber | THEERS FI™ 5opt=1 28 044 1.57 4,58
ELX5] EMBOS, FT7 25 .43 1.l 4 65
Undvize 110071 ASCI opt=2EQ 2 (.38 1.5l 524
T 0 Run R 036 1.93 562
[rata General MY/ 10000 77 opt level 2 4o 030 2. 26 658
Harris S0 Fortran 77 53 023 2.9 270
TEBM TN 58 Hopt=1 i3 023 2.59 84.71
Wax 11785 FPA WME [Coded HLAS) 54 .23 1ol |
[EM 37155 W5 opt=13 3 .22 115 917
[zl AS'S mod 3 H i .19 354 0.3
Morsk Crara NID-300 Foriran-500-E i 19 134 0.3
CDC Cyber 17523 FTH fopt=1 ] Q.19 163 106
TERA 4340 MG1ID VS opt=3 i 019 170 10.8
Wax 117785 FPA WIS ] LLN b 1M il.0
CC Cybher | -R25 FTH 5opt=1 ] .18 381 11.1
Vi 1178 FPA WAMS [ Codded BLAS) T LN 4] 4,25 12.4
ICL 208 77 opt=2 &5 14 4. 7R 13w
Wax 11750 FPA WS (Coded BLAS) b 14 492 14.3
Vax 11780 FPA WS ] 13 S4B 16.0
Ridge 32 Faort 77 11Kl 1z 1461 16.3
CDC G500 Fun 1z 12 60 16.6
Denelcor HEP 77 1o il 398 17.4
Viax 11780 FPA Linax x{77 1 il 398 17.4
Vax 1175 FPA VAS 119 LR fh, 5 1.4
Prime B50 Primos 13 LR R T.26 21.1
Umivae 1100/%2 ASCI opt=ZEQ 132 N E] T.38 21.5
Crata Geeneral MY/ SO00 77 opit level 2 157 0.07K 580 25.4
Yax 117730 VS 216 0.057 12.1 35.3
HP S6H) Series 5060 Fortran 1.7 285 RIS 16,0 A6
Vax 1 1/TH FPA WIS [ Coded BLAS) 286 RIS 6.0 A6
Vax 11725 FPA WS (Coded BLAS) 286 NI 1.1k A6
A palley 4.1 FEB {Coded BLAS) 123 INIEES 18.1 52.7
1BA 4331 Hopt=3 326 003x 18.3 53.2
Wax 11/ T30 FPA WS MR 110136 19.5 Ak
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TanLe 1 cont

Time LUnmit?

Computer Comipiler Rati SMEFLOEFS: (s} (s}
Vax 117725 FPA WS LR 0,038 19.5 56,9
Prime 2250 Fortran 77 G 0,034 0.5 556
[EM PC-XT3T0 Hopi=3 awl 0031 4y I §1.7
Massoomp MCS00 wFP Unix, £77 opt 452 0,027 25.3 717
Sun 2 + SKY board Uinix, F77 opt 557 0.022 3.2 LN
Apolln 4.1 FEB 559 LKz 1.3 9.2
Canaan V5 SHE (.02 3300 G, 1
Chas. Frver Data 6815 + SKY SV Fortran 77 L] IRE] w3 114
Cadirak DS1/R0ET Intel Fortran 77 1143 0.011 .00 186
Chas, River Data A335 AWS Fortran 77 101 (0.(HE8 T8.5 il
HIP WHNI Series 206 HP-1% 1982 LN 111 23
Sun 2 Linix, 77 apt 150k LLiHG2 112 125
Masscomp MOS0 Unax, (77 opt TEHE (LW 145 422
Sum Unix, (77 no ope 26l (0, (MG 149 434

* LINFALCKE routines SGEFA and SGFESE were used for single precision. and routines BGEFA and [HFESL were wsed for dowble precision. These
rowtines perform standard L0 decomposition with pariial presting aml Backsshsiitution,

" Full precision implivs the wse of (approximately) &4 ba arithmetic, c.p. COC sngle precision or IBM dowble precision. Half precision
implics the wse of (approximstely) 32 biv arithmetic, e g. [BA single precision,

* Covmpiler refers b0 the compiler used and {Coded BLAS) refers io the use of assembly langasge coding of the BLAS.
Ih:ﬁm." ® the number of times faster of slewer a particalar machine configuration & when compared 10 B Cray-15 using & Fortran coding fos

A

SMELOPS & a rale o cxoostion. the sumber of million Mesting-poaml operations completed per second. For solving a systemn af n euarings,
approsimately (2567 + In? operations are performed {we count both sdditions and multiplications).

" Ulmit is the time: in micraseconds required t exeoste the statement y, = v, + 1, This isvalves ane Boating-paint maltiplication, ane Moating-point addition,
el & few one-dimensionsl indexing operations amd storage references. The actual statement aocurs in SAXPY. which i called roughly a2 mmes. by
SUEFA and w times by SGESL with vecionrs of varving kesgths, The statement is executed approsimately (n*3] + #% limes. Ths for g = 100;

Uit = 108 Time { INFE) + 100F)

TasLE 2
Solving o system of lincar equarions with LINFACK® in balf precivion

Time Limat!
Computer Compiler: Ratin® MEFLOPSs {5} {jes)
P S e WY PE VW8 opt=2Coded BLAS) 1.5 B4 0,082 024
Amdahl 5860 HSFPF H enhanced opt=3 2.3 5.5 0135 (.36
MAS S VSop=2 2.4 5.2 133 0,38
Amdahl 5860 HSFPF Viom=3 24 A | 135 .39
Amdahl 4T0VR H enhamced opr=3 24 2.8 (. 24i 0.71
Amdahl 470 Y /E VS opi=3 4.5 2.7 254 e
(BN 3081 K H enhanced opr=3 A1 24 0,283 0.R2
[EM 3051 K Viopt=3 56 22 311 0.9
TEERT 2033 W& Fortran h3 1.% 1353 1.03
TEEN 308 ] T Viopt=2 6,7 1.8 376 110
ELX5] Embos, FI7 (Coded BLAS) 17 LU | a7 2.82
Vax 117785 FPA WMS [ Coded BLAS) pL .53 1.30 im
ELXSI1 Emobs, F77 i 0.51 1.35 LR ]
Univac 1100%] ASCIH opt=ZED | 0.52 1.32 L]
[rata General MV 1R 017 opt level 2 i1 135 1. 75 509
Vax 117785 FPA VIS El2 .34 2.01 5.85
Vax | LTROFPA VAN Coded BLAS) T .33 | i, 07
Ridge 32 Fort 77 {Coded BLAS) in 0.31 219 .38
IBM 358 Hop=3 4 029 235 1.8
Peorsk Data M50 Forran-300-E 43 0.27 258 1.51
Dec KL-20 F2i 4 0.27 2.59 1.53
IRM 3TV1SR Viopt=3 At 026 2.60 T.58
Univac | 1(V62 ASCl opi=ZED 49 0.25 F 5 B0
ICL 3988 (77 opt=2 50 0.2% 219 813
FHirris 80 Fortran 77 i3 0.23 z.ag &
YVax | 1TS0FPA VS (Coded BLAS) 5i% 0.22 A4 b6
IBM 4341 B0 VSopi=3 57 0.22 R F .25
Wax 11780 FPA VS St 0,21 128 L.57
Wax 11780 FPA Linix xf77 4l 0,20 341 493
Haoneywee L] G050 b hl 0.20 346 10,1
Ridge 32 Fawrt 77 hl I | 148 1.1
Crata General bR 77 ot level 2 i 018 184 11.2
Vi 11780 VIS T 017 4.131 12.0
Vax 1175 FPA Vs Bh 014 4.8 14.0
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TamLe 2 comi

Computer Compiler

Prime 850 Primecs

I WEND Series S0 Fortran 1.7

Yax | 1/T5) WhIS

IBM 4331 Hopt=23

Apollo 4.1 PEB {Coded BLAS)
Wax 11730 FPA VMS (Coded BLAS)
Vax L1725 FPA VMS [ Coded BLAS)
M:mcnmp MOS0 = FP Limix, {77 apt
Burroughs 6T I

Frume X250 Fasriran 77

Wax LT3 FPA VA

Wax 1123 FPA WS

Chas. River Drata 6835 + SKY 5%5E Forwran 77

IBM PC-XT/3M0 Hopet=3

Diec KA-10 4

Canaan Wi

Sun 2+ 5KY board Limax, 177 opt

Apolle 4.1 FEB

Chas. River Dara 6835 5WE Fortran 77
Cadirak DS1/8087 Iniel Fortran 77

Sun 2 Linix, {77 apt
Masscomp MOS0 Limix, (77 apt

1BM PCRIET Ylhicrossil 3.1

HI* R Series 200 HP-LIX

Sun Unix, {77 no op
IBM PC Mlicrosofi .1

Apple 11 Pascal

Time Limitf
Ratio® MFLOPs {5} {jes)
a7 .13 5.41 158
125 RN F.00 A4
137 (. (8% T4 24
1441 (.088 T84 Pl
177 1, D o2 8.9
25 11,040 11.5 i34
25 11, Uil 11.5 A3.4
Zrf [ENNE ] 12.7 ETA |
234 0.052 13.1 38.2
258 0,045 14,5 42.1
254 0,047 14,5 4.2
254 0,047 14.5 422
254 10,0143 15.9 a3
a3 [ERAE ] L. aus
s (IR 17.1 LR ]
106 L1 17.1 ELR
114 0,039 17.6 51.1
134 0,037 18.7 54,5
T 1,016 43.1 126
53 LLETA 0.0 (733
e 0013 4.1 158
1015 0.0z Sh.H ({53
1071 0.t .0 175
| 15 .10 &7 195
| J98 0,4 2.7 212
Z1RTS 1L IHEIS6 1225 A56K
S0232 LN H13 Hi93

s b d o g Pare the same as i Takle |

Anyone interested in adding to or updating these tables
is encouraged 1o contact the author, Please send sugges-
tions and interesting results to:

Jack J. Dongarra

Mathematics and Computer Science Division
Argonne Mational Laboratory

Argonne, llinois 60439

LS A,

Telephone: 312-972-T246

ARPAnet: DONGARRAEANL-MCS
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Appendix: Performance of large scientific computers in a Fortran environment

The LINFACK routines used to generate the timings in
the previous tables do not reflect the true performance of
‘advanced scientific computers’. A different implementa-
tion of the solution of lnear equations, presented in a
report by Dongarra and Eisenstat [Dongarra 83]. better
describes the performance on such machines. That
algorithm 15 based on matrix-=vector operations rather

than just vector operations. This produces a program that
has a high level of modularity or larger granulariny,
having the potential for better performance across a wide
range of machines, especially on high-performance com-
puters. The number of floating-point operations required
and the roundoff errors produced by both algorithms are
exactly the same, only the way in which the matrix
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elements are accessed is different. As before, a Fortran The data presented in the following table was compiled

program was run and the time to complete the solution of over a period of time. Subsequent software and hardware

equations for a matrix of order 300 is reported. changes 10 a computer system may alter the timing 1o
Mote that these numbers are for a problem of order 300 SO extent.

and all runs are for full precision.

TanLe 3
Sodving @ syarem of Unear equations wing the vector wirolling technigue

Time U maes
Computer Compilers MFLOPSE s} {us]
Cm} M-ppe CFT i Coded 154MAX) bt )] {LIT6 IR
Fujitsu %P-200 Forean 77 [ Comp directive) s |} {Ls3 K] ]
Fujitsu WE- 200 Fortran 77 183 L= 0.1
Cray M-MP= CFT Ial 0113 2
Cray X-MPe CFT {Coded 1I5AMAX) 134 {136 (.05
Cray X-MP< CFT L1 01 LLELIL
Cray 1-M! CFT{Coded 15AMAX) a3 215 0.024
f_'ra:r 1-5 CFT{ Coded 15AMAX) TH L2356 LG
C“ra:.-' 1-M CFT Gy {250 [ et
L'“ra}' -5 CFT (21 273 AN
AR M WV PF WS opt=2 [ Coded BLAS) 0.7 1.4 {1204
AR M) VS opt=2 6.0 2.6 0285
THM 3T 1US VSopt=2 4.4 4.1 0.455
FPS 1854 1, opr=3{Coded ISAMAX) 4.1 4.4 i1 458
FPS 164 . l.'lpl:-3 4.1 4.5 i1, 50}
1B 3053 W5 opt=2 25 1 {1 RIK)
Vax | LTROFPA Unix =77 i1 17 19.5

= Compddee relers 10 the compaler used, [Coded [SAMAX) refers 10 the use assembly language coding of the BLAS [SAMAX, and Comp Dérective
refers to the use of compiler directives in ke marris—vector Foaalise,

" MFLOPS is a raie of execution, ihe nomber of million floating-pois operations completed per secosd, For solving a systom of n gguations, approximatcly
[273n") + 2n? operations are performed (we cound both addiisons and sulviplicaisons).

© Bt is the time in macroscoomds required to execwie the statement v, = ¥, + . This involves one loatisg:point multiplicarion, one floaring-point addivios,
g0l a lew ome-dhimenssomal indexing operatsons amd storage reforences {additions and multiplcations).

d These timimgs are for 1wo processors

¢ These timings are for tme MOCEssT.

The major difference between the Cray 1-M and Cray that, in fact, the Cray 1-M was faster for this program.
1-5 is the memory speed, the Cray 1-M having a slower The code generated by the compiler causes the Cray 1-5
memaory, The timings show the Cray 1-M to be faster than 1o miss A chain-slot, On the Cray 1-M, because of a slower
the Cray 1-5. After much discussion and examination of memory, the chain-slot is not missed, and hence the
the generated assembly language code it was determined faster execution me.
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Abbreviations used in TSI

Technology and Science of Informatics uses standard abbreviations for
organizations and institutions in France. A list of the relevant organizations is
given below for the benefit of readers who may not be familiar with all the

abbreviations.

ADI
AFCET

CERI
CERT
ClI-HB
CNAM
CMNET
CMNRS
CRIN

EDF
ENSEEIHT

ENST
IMAG
INRIA

IP

IRISA

T

LAAS
ONERA/CERT
RNUR
STHEDF-GDF)
UTC

Agence de I'Informatique

Association Frangaise pour la Cybernétique Economique et
Technique

Centre d’Etudes et Recherches Informatique
Centre d’Etudes et de Recherches de Toulouse
Cll-Honeywell Bull

Conservatoire National des Arts et Métiers

Centre National d’'Etudes des Télécommunications
Centre National de la Recherche Scientifique
Centre de Recherche en Informatique de Nancy
Electricité de France

Ecole Normale Supérieure d’Electrotechnique, d'Electronique,
d’Informatique et d'Hydraulique de Toulouse

Ecole Normale Supérieure des Télécommunications
Institut de Mathématiques Appliquées de Grenoble

Institut National de la Recherche en Informatique et en
Automatique

Institut de Programmation

Institut de Recherche en Informatique et Systémes Aléatoires
Institut Universitaire de Technologie

Laboratoire d’ Automatique et d’Analyse des Systémes

Office National d’Etudes et de Recherches Aérospatiale CERT
Régie Nationale des Usines Renault

Service Technique Informatique EDF (see above) - Gaz de France

Université de Technologie de Compiégne




