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Figure 11: Speed of Level 1, 2, and 3 BLAS on the RISC System 6000-550

Tabl e 6: Speed of C  C +AB on the RI SCSystem6000- 550

Conditions before operation Speed inMops

Al l arrays i ni t i al l y i n cache 79.3
A or B i ni t i al l y i n cache 75. 6

C i ni t i al l y i n cache 70. 9
No arrays i ni t i al l y i n cache 70. 2
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Appendix: The Model 550

Si nce thi s report was �rst prepared, IBM has announced a newmodel i n the RI SCSystem/6000

f ami l y|the Model 550. Thi s model has exact l y the same archi tecture as the Model 530 used

i n the exper i ments reported ear l i er , but has a f aster CPU, runni ng at 41. 6 MHz (compared

wi th 25 MHz f or the Model 530), and a f aster memory. I n thi s appendi x we reproduce vers i ons

of Tabl es 1{3, wi th data gathered f romthe Model 550. We al so reproduce Fi gure 5, whi ch

demonstrates the perf ormance attai nabl e wi th the three l evel s of BLAS.

Tabl e 4 (s i mi l ar to Tabl e 1) shows the speed of var i ous Level 1 BLAS operat i ons . I n thi s case

the predi ct i ons are based on the cl ock speed of 41. 6 MHz, and a t i me of 9 cycl es to l oad a cache

l i ne f rommemory to cache. Thi s val ue �ts the observed data better than the 11 cycl es used f or

the Model 530. The other tabl es correspond exact l y to those i n the text .

Tabl e 4: Speed i n Mops of Level 1 BLAS on the RI SCSystem6000- 550

DOT AXPY

Type of memory access predi cted measured predi cted measured

al l data i n cache 41. 6 41. 15 27. 72 27. 4

al l data f rommemory:
x and y wi th uni t str i de 26. 62 26. 04 20. 17 19. 53

x wi th str i de 16 7. 20 5. 90 6. 62 5. 29

x and y wi th str i de 16 4. 16 3. 40 3. 96 2. 60

Tabl e 5: Speed i n Mops of Level 2 BLAS on the RI SCSystem6000- 550

Data i n Cache Data i n Memory

y  y +Ax y  y +ATx y  y +Ax y  y +ATx

depth DOT AXPY DOT AXPY DOT AXPY DOT AXPY

1 38. 0 26. 2 38. 0 26. 3 16. 1 15. 5 18. 8 13. 4

2 51. 0 39. 2 51. 0 39. 2 17. 9 17. 4 19. 2 16. 4
3 57. 5 40. 0 57. 8 40. 0 19. 0 21. 2 19. 7 17. 1

4 61. 0 40. 0 61. 7 40. 2 19. 6 17. 2 19. 8 17. 2
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oat i ng- poi nt operat i ons per cycl e we expect that the RI SC superscal ar machi nes wi l l

per f ormat the same rates as the vector machi nes f or vector operat i ons wi th s i mi l ar cycl e

t i mes. Moreover , the RI SCmachi nes wi l l exceed the perf ormance of those vector processors

on non- vector probl ems.

3. The LAPACKsof tware based on bl ocked operat i ons perf orms at near- opt i mal perf ormance

wi th mi ni mal e�ort . One shoul d note, however , that the workstat i on does not match the

I /Operf ormance and the number of users accommodated on l argeer computers .

4. Essent i al to hi gh perf ormance i s the use of opt i mi zed vers i ons of the Level 1, 2, and 3 BLAS.

The techni ques and i deas used here to gai n perf ormance on the IBMRISCSystem/6000

shoul d work on al l RI SC- based machi nes . To a l arge extent , the success wi l l depend

on the Fortran compi l er 's abi l i ty to generate e�ci ent code. (We bel i eve that thi s hi gh

perf ormance i s due, at l east i n part , to the f act that compi l er wri ters were i nvol ved i n the

ear l y des i gn stages , rather than af ter the hardware des i gners had compl eted much of thei r

work. )

5 Acknowl edgements
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Fortran and Cprogrammi ng on the RI SCSystem/6000 [ 3 ] .
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Fi gure 10: Speed of LU Vari ants on the RI SCSystem6000- 530

r i ght- l ooki ng and Crout var i ants because more of the operat i ons are i n DGEMM. Fi gure 10

shows the perf ormance rates i n Mops of these three var i ants f or di �erent matr i x s i zes on a

IBMRS/600- 530, al ong wi th the perf ormance of the LINPACKrouti ne DGEFA. The opt i mal

bl ocks i ze on the RI SCSystem/6000 computers i s 32 f or most matr i x s i zes , but the perf ormance

var i es l ess than 10% over a wi de range of bl ocks i zes .

4 Summary and Concl us i ons

The ai mof thi s work has been to exami ne the perf ormance of bl ock al gor i thms on the IBM

RISCworkstati on. Based on our exper i ments , we drawthe f ol l owi ng concl us i ons .

1. Nei ther the memory bandwi dth nor the cycl e t i me f or the IBMRISCSystem/6000 i s at

the l evel of current- generat i on vector supercomputers . There i s , however , no techni cal

reason why thi s s i tuat i on coul d not be i mproved.

2. The IBMRISCprocessor i s cl ose to matchi ng the perf ormance l evel of vector processors

wi th matched cycl e t i mes [ 10] . Because of the regul ar i ty of vector l oops and the abi l i ty

of the RI SCarchi tecture to i ssue oat i ng- poi nt i nstruct i on every cycl e and compl ete two
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Left-looking LURight-looking LU Crout LU

Fi gure 6: Var i ants of LU f actor i zat i on on the RI SCSystem6000- 530
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Fi gure 7: Breakdown of work i n l ef t - l ooki ng LU

speed of DTRSMdepends on the s i ze of the tr i angul ar matr i ces . For the l ef t - l ooki ng var i ant ,

the tr i angul ar matr i ces at each step range i n s i ze f romb to n� b , where b i s the bl ocks i ze and n

the order of the or i gi nal matr i x, and the average perf ormance i s 38 Mops. For the r i ght- l ooki ng

and Crout var i ants , on the other hand, the tr i angul ar matr i ces are al ways of order b , and the

average speed i s onl y 29 Mops. Cl ear l y the average perf ormance of the Level 3 BLAS rout i nes

i n a bl ocked rout i ne i s as i mportant as the percentage of Level 3 BLAS work.

Despi te the di �erences i n the perf ormance rates of thei r components , the bl ock var i ants of

the LU f actor i zat i on tend to showsi mi l ar overal l per f ormance, wi th a s l i ght advantage to the



16

on thi s i dea [ 1] .

The LAPACKl i brary wi l l provi de rout i nes f or sol vi ng systems of s i mul taneous l i near equa-

t i ons , l east- squares sol ut i ons of overdetermi ned systems of equat i ons , and ei genval ue probl ems.

The l i brary i s i ntended to be e�ci ent and transportabl e across a wi de range of computi ng en-

vi ronments , wi th speci al emphas i s on modern hi gh- perf ormance computers . To achi eve hi gh

e�ci ency, LAPACKdevel opers are restructur i ng most of the al gor i thms f romLINPACKand

EISPACKi n terms of cal l s to a smal l number of extended BLAS, each of whi ch i mpl ements a

bl ock matr i x operat i on such as matr i x mul t i pl i cat i on, rank- k matr i x updates , and the sol ut i on

of tr i angul ar systems. These bl ock operat i ons can be opt i mi zed f or each archi tecture, but the

numeri cal al gor i thms that cal l themwi l l be portabl e.

3.1 Performance of Blocked Algorithms on the RISC System/6000

We used three bl ocked var i ants f romLAPACKto compare the perf ormance of LU f actor i zat i on

f or a general matr i x. These bl ocked var i ants are shown i n Fi gure 6. The l i ght l y shaded parts

i ndi cate the matr i x el ements accessed i n f ormi ng a bl ock rowor col umn, and the darker shadi ng

i ndi cates the bl ock rowor col umn bei ng computed. The left-lookingvar i ant computes a bl ock

col umn at a t i me us i ng previ ous l y computed col umns. The right-looking var i ant (the f ami l i ar

recurs i ve al gor i thm) computes a bl ock rowand col umn at each step and uses themto update the

trai l i ng submatr i x. The Crout var i ant i s a hybr i d al gor i thmi n whi ch a bl ock rowand col umn

are computed at each step us i ng previ ous l y computed rows and previ ous l y computed col umns.

Al l of the computat i onal work f or the LU var i ants i s contai ned i n three rout i nes : the matr i x-

matr i x mul t i pl y DGEMM, the tr i angul ar sol ve wi th mul t i pl e r i ght- hand s i des DTRSM, and

the unbl ocked LU f actor i zat i on f or operat i ons wi thi n a bl ock col umn. Fi gures 7{9 show the

di str i but i on of work among these three rout i nes .

Each var i ant cal l s i ts own unbl ocked var i ant , and the rowi nterchanges use about 2%of the

total t i me. The average speed of DGEMMi s over 40 Mops f or al l three var i ants , but the average
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Fi gure 5: Speed of Level 1, 2, and 3 BLAS on the RI SCSystem6000- 530

3 Bl ock Al gor i t hms and LAPACK

Exper i ence wi th machi nes havi ng a memory hi erarchy [ 6, 7] i ndi cates that i t i s of ten pref erabl e

to part i t i on the matr i x or matr i ces i nto bl ocks and to perf ormthe computat i on by matr i x-matr i x

operat i ons on the bl ocks . By organi zi ng the computat i on i n thi s f ashi on, one can provi de f or

f ul l reuse of data whi l e a gi ven bl ock i s hel d i n the cache or l ocal memory. Thi s approach avoi ds

excess i ve movement of data to and f rommemory, and i ts bene�ts on the RI SCSystem/6000 i n

part i cul ar are cl ear f romthe previ ous sect i on.

Many al gor i thms can be bl ocked. For exampl e, researchers have used bl ocki ng to rewri te codes

f or the sol ut i on of part i al di �erent i al equat i ons . Such codes make e�ci ent use of supercomputers

wi th smal l mai n memory and l arge sol i d- state di sks [ 9] . Al l exper i ence wi th these techni ques

has shown themto be enormousl y e�ect i ve at squeezi ng the best poss i bl e perf ormance out of

advanced archi tectures .

Recent work by numeri cal anal ysts has shown that the most i mportant computat i ons f or

dense matr i ces are al so bl ockabl e. Amaj or sof tware devel opment proj ect deal i ng wi th bl ocked

al gor i thms f or l i near al gebra, cal l ed LAPACK(shorthand f or Li near Al gebra Package) , i s based
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comf ortabl y �t i nto cache together , and the l ength of the dot products i s su�ci ent l y l ong so

that they reach thei r asymptot i c speed.

One other i mportant detai l of the bl ocki ng strategy meri ts di scuss i on. Suppose that the

matr i x A i s decl ared wi th a very unf avorabl e l eadi ng di mens i on. Then i t i s poss i bl e that onl y

a f ew col umns of the matr i x ~A wi l l �t i nto cache bef ore new col umns begi n to ush the ol d

col umns. For exampl e, i f the l eadi ng di mens i on of A i s 512, and~A i s 32 by 32, i t turns out that

onl y 16 col umns of ~A wi l l �t i n cache. To overcome thi s probl em, we copy the bl ock~A i nto a

work array and then perf ormal l the operat i ons wi th the work array, rather than address i ng a

part of the array A. Thi s approach requi res us to access A wi th a bad l eadi ng di mens i on onl y

once, rather than 16 t i mes, f or the matr i x di mens i ons menti oned above.

AFortran vers i on of the Level 3 BLAS rout i ne DGEMMusi ng these techni ques i s avai l abl e

f romnetlib (send mai l to netlib@ornl.gov; i n the mai l message type: send dmr from misc) .

2.4 Summary of BLASPerformance

Fi gure 5 shows a graph of the speed of the three BLAS rout i nes DDOT, DGEMV, and DGEMM

f or i ncreas i ng matr i x di mens i ons . The operat i ons perf ormed by DGEMV and DGEMMare

chosen so that dot products are perf ormed on cont i guous el ements , i . e. , y  y +ATx f or

DGEMVand C  C +A TB f or DGEMM.

Thi s graph cl ear l y shows the bene�t of i ncreas i ng the rat i o of oat i ng- poi nt operat i ons to

memory ref erences achi eved by us i ng the Level 3 BLAS. For matr i x-matr i x mul t i pl y we are

doi ng O(n3) operat i ons on O(n2) data, represent i ng a f avorabl e surface-to-volume e�ect . Hence

matr i x-matr i x mul t i pl y o�ers much greater opportuni ty f or expl oi t i ng the memory hi erarchy

than the l ower- l evel BLAS rout i nes . Al l the exper i ments descr i bed here were perf ormed on

a IBMRISCSystem/6000 Model 530 runni ng at 25 MHz, us i ng the AIXXL compi l er vers i on

01. 01. 0000. 0000 wi th the - Oopti on. The BLAS shown i n Fi gure 5 were i mpl emented i n standard

Fortran 77.



13

Part i t i oni ng of l arge matr i x-matr i x product

C1C2C3C4C5C6 C1C2C3C4C5C6 ~A
B1B2B3B4B5B6 � + �

Matri x-matr i x product of i ndi vi dual bl ocks

(Bl ock ~A remai ns i n cache)

Ci Ci ~A

Bi

 � + �

Doubl y unrol l ed dot products f or

\opt i mal " perf ormance on sub- bl ocks

 � + �

r r

r r

r

r

r

r

Fi gure 4: Bl ocked matr i x-matr i x mul t i pl y (DGEMM)
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DO 30 J = 1, N, 2

DO 20 I = 1, M, 2

T11 = ZERO

T21 = ZERO

T12 = ZERO

T22 = ZERO

DO 10 K = 1, L

T11 = T11 + A(I, K)*B(K,J )

T21 = T21 + A(I+1,K)*B(K,J )

T12 = T12 + A(I, K)*B(K,J+1)

T22 = T22 + A(I+1,K)*B(K,J+1)

10 CONTINUE

C(I, J ) = C(I, J ) + T11

C(I+1,J ) = C(I+1,J ) + T21

C(I, J+1) = C(I, J+1) + T12

C(I+1,J+1) = C(I+1,J+1) + T22

20 CONTINUE

30 CONTINUE

Fi gure 3: Code f ragment f or near- opt i mal perf ormance of C  C +AB

to be perf ormed wi th data l argel y i n cache by di vi di ng the matr i x i nto bl ocks , as shown i n

Fi gure 4. We may then �x the bl ock ~A of the matr i x A and perf ormevery operat i on i nvol vi ng

thi s bl ock bef ore movi ng on to another bl ock of A. I n other words, we compute the products

C1  C1 + ~AB1, C2  C2 + ~AB2, . . ., C6  C6 + ~AB6. I n thi s way the bl ock~A can be kept i n

cache and the data reused many ti mes.

I n addi t i on, i f we assume that the l eadi ng di mens i on of B i s such that the bl ock Bi can al l be

contai ned i n cache, the overhead of l oadi ng Bi f rommemory i s not too great . Moreover , each

col umn of Bi i s accessed a number of t i mes. Thus we may perf ormthe matr i x-matr i x product

of these bl ocks at cl ose to the peak speed of the machi ne.

To i l l ustrate the overhead of cache l oadi ng, we showi n Tabl e 3 the speed of the operat i on

C  C +AB

where C i s 24 by 24, and A i s 24 by 128, and where di �erent arrays are f orced to be accessed

ei ther f romcache or f rommemory. These di mens i ons were chosen so that al l three arrays can
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Tabl e 3: Speed of C  C +AB on the RI SCSystem6000- 530

Conditions before operation Speed inMops

Al l arrays i ni t i al l y i n cache 47. 5
A or B i ni t i al l y i n cache 45. 4

C i ni t i al l y i n cache 42. 5
No arrays i ni t i al l y i n cache 41. 5

y  y +ATx operat i on based on DOT(11. 0 Mops) are s l ower than the correspondi ng Level

1 BLAS speeds based on uni t str i de (11. 3 Mops and 14. 6 Mops respect i vel y|see Tabl e 1) ,

the speeds f or access i ng the matr i x across a roware much f aster f or the Level 2 BLAS than

f or the correspondi ng Level 1 BLAS. Thi s i s because when el ements of a rowof a matr i x are

accessed, al l the el ements i n the correspondi ng cache l i ne are l oaded i nto cache, and some wi l l

be i mmedi atel y avai l abl e when the next rowi s accessed.

2.3 Level 3 BLAS

I n perf ormi ng the matr i x-matr i x mul t i pl y operat i on

C  C +AB;

where we assume that al l three arrays are i n cache, i t i s poss i bl e to i ncrease the rat i o of operat i ons

to l oads to 2: 1 by unrol l i ng the DO- l oops i n two di rect i ons and thereby re- us i ng each l oaded

el ement twi ce. Note that thi s rat i o i s opt i mal , i n the sense that i t i s preci sel y what the hardware

supports . The code f ragment i n Fi gure 3 i l l ustrates thi s techni que. I n theory, thi s approach

woul d resul t i n a speed cl ose to the theoret i cal maxi mumof 50 Mops on a 25 MHz machi ne.

I n pract i ce, we have measured 47. 5 Mops|see Tabl e 3. Note that a product i on vers i on woul d

be compl i cated by the need to i ncl ude code f or the cases when Mand Nare not a mul t i pl e of

two.

I n general , the arrays A, B and C wi l l be too l arge to �t i nto cache together ; i n any case,

they need to be l oaded f rommemory i ni tal l y. I t i s st i l l poss i bl e to arrange f or the operat i ons
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DO 20 I = 1, M, 4

TEMP1 = ZERO

TEMP2 = ZERO

TEMP3 = ZERO

TEMP4 = ZERO

DO 10 J = 1, N

TEMP1 = TEMP1 + A(J,I )*X(J)

TEMP2 = TEMP2 + A(J,I+1)*X(J)

TEMP3 = TEMP3 + A(J,I+2)*X(J)

TEMP4 = TEMP4 + A(J,I+3)*X(J)

10 CONTINUE

Y(I ) = Y(I ) + TEMP1

Y(I+1) = Y(I+1) + TEMP2

Y(I+2) = Y(I+2) + TEMP3

Y(I+3) = Y(I+3) + TEMP4

20 CONTINUE

Fi gure 2: Model Code f or y  y +ATx

Tabl e 2: Speed i n Mops of Level 2 BLAS

Data i n Cache Data i n Memory

y  y +Ax y  y +ATx y  y +Ax y  y +ATx

depth DOT AXPY DOT AXPY DOT AXPY DOT AXPY

1 22. 7 15. 6 22. 6 15. 5 8. 7 9. 0 11. 0 7. 7

2 30. 4 23. 5 30. 4 23. 4 10. 4 10. 0 11. 2 9. 5
3 34. 1 24. 0 34. 2 23. 8 10. 6 12. 3 11. 4 9. 7

4 36. 3 24. 0 36. 4 23. 6 11. 3 9. 8 11. 3 10. 3

Tabl e 2 l i sts the speed of the var i ous DGEMVoperat i ons and al so i ncl udes speeds f or data

accessed f rommemory. Thi s tabl e shows that f or data accessed f romcache, the speed of the

operat i on y  y +Ax based on DOT i s the same as that f or the operat i on wi th AT|there i s

no penal ty f or access i ng wi th str i de f romcache.

Fi rst , we not i ce that f or data accessed f rommemory, f or the y  y +Ax operat i on i t i s s l i ght l y

better to use the AXPYoperat i on, whi ch accesses the matr i x wi th uni t str i de, rather than the

DOTvers i on, whi ch accesses the matr i x wi th str i de equal to i ts l eadi ng di mens i on. Second, we

see that al though the speed of the y  y +Ax operat i on based on AXPY(9. 0 Mops) and the
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DO

DO

Y(I) = Y(I) + A(I,J)*X(J)

CONTINUE

CONTINUE

Fi gure 1: Gener i c matr i x- vector mul t i pl y code

f or the operat i on wi th AT . Dependi ng on the order i ng of the DO- l oops, the i nner l oop i s ei ther a

DOTor an AXPY. We have seen f romthe di scuss i on of the two Level 1 BLAS operat i ons that ,

because the RI SCSystem/6000 systemcan perf orman FMAi nstruct i on wi th al l i ts operands

i n regi sters , i t i s better sui ted to DOToperat i ons than to AXPYoperat i ons . (Note that thi s

contrasts wi th the s i tuat i on on vector machi nes such as the CRAYY-MP, where the two vector

l oads and one vector store requi red match the archi tecture wel l . Al so, by unrol l i ng, i t i s poss i bl e

to keep the vector Y(I) i n a vector regi ster f or l onger , thus i ncreas i ng the rat i o of oat i ng- poi nt

operat i ons to memory ref erences . ) We have al so seen f romTabl e 1 that when access i ng data

f rommemory, i t i s very i mportant to access the data wi th str i de one, so that al l the el ements i n

a cache l i ne are used when that l i ne i s l oaded. For these two reasons, we cons i der the operat i on

y  y +ATx ;

whi ch can be expressed as a DOToperat i on wi th A accessed wi th uni t str i de.

For thi s operat i on, the peak speed i s agai n 25 Mops|exact l y the same as f or the DOT.

However , i n thi s case we can unrol l the dot product to re- use each X(J) a number of t i mes. As

the depth of unrol l i ng i ncreases , the rat i o of operat i ons to l oads i ncreases f romone and tends

towards two. For exampl e, f or unrol l i ng to depths 2, 3, and 4, the rat i o of operat i ons to l oads i s

4/3, 6/4, and 8/5, wi th a theoret i cal peak speed of 33. 3, 37. 5, and 40 Mops, respect i vel y. The

code f or thi s operat i on unrol l ed to depth 4 i s shown i n Fi gure 2. I n pract i ce, there i s l i tt l e bene�t

i n unrol l i ng to very l arge depths, as there are onl y a �ni te number of oat i ng- poi nt regi sters ,

and the perf ormance reaches a pl ateau. The code i n Fi gure 2 perf orms at 36. 3 Mops, and a

speed of 40. 3 Mops has been measured f or unrol l i ng to depth 8.



8

Tabl e 1: Speed i n Mops of Level 1 BLAS

DOT AXPY

Type of memory access predi cted measured predi cted measured

al l data i n cache 25 24. 5 16. 67 16. 4

al l data f rommemory:
x and y wi th uni t str i de 14. 81 14. 6 11. 43 11. 3

x wi th str i de 16 3. 65 3. 2 3. 40 3. 2
x and y wi th str i de 16 2. 08 1. 8 2 1. 4

every three cycl es . Thi s corresponds to 16. 67 Mops; i n pract i ce, we measured 16. 4 Mops (see

Tabl e 1) .

For data that must be accessed f rommemory, we must take account of the t i me taken f or data

to arr i ve i n the regi sters . Each t i me a cache mi ss occurs (every 16 el ements f or str i de- one access) ,

the process i ng i s i nterrupted, and the CPUmust wai t f or the cache l i ne to become avai l abl e. I n

our model , the CPUmust wai t f or 11 machi ne cycl es . Thus, the cost of movi ng cont i guous data

f rommemory to regi sters i s , on the average, 1. 69 cycl es per el ement ( i . e. , 11 cycl es to move a

cache l i ne f rommemory to cache pl us 1 cycl e to transf er each of the 16 el ements f romcache to

regi ster ((11+16)/16) cycl es per el ement) . I n a DOToperat i on, on the average 2 oat i ng- poi nt

operat i ons (1 FMA) are schedul ed every 3. 38 machi ne cycl es , gi vi ng 14. 81 Mops i n theory and

14. 6 Mops i n pract i ce. I f the vectors are accessed wi th str i de 16 (the l ength of a cache l i ne) ,

each el ement wi l l be avai l abl e af ter a del ay of 12 cycl es (= 11 +1), gi vi ng 25/12 =2. 08 Mops i n

theory and 1. 8 Mops i n pract i ce. Tabl e 1 shows the measured perf ormance and the predi ct i on

us i ng the model f or some other memory access patterns .

2.2 Level 2 BLAS

Here we cons i der the Level 2 BLAS DGEMVoperat i ons

y  y +Ax and y  y +ATx :

The bas i c operat i on i n Fortran i s gi ven i n Fi gure 1, where A(I,J) must be repl aced by A(J,I)
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e�ci ent l y. Hi gh perf ormance was achi eved by construct i ng the codes i n such a way that the

compi l er can eas i l y generate code that matches the archi tecture of the machi ne. The techni ques

used were bl ocki ng (or str i p-mi ni ng) , l oop unrol l i ng, and l oop j ammi ng|al l f ai r l y standard tech-

ni ques used by compi l er wri ters . We hope that some of these techni ques wi l l be i ncorporated

i nto subsequent vers i ons of the compi l er , so that even l ess work wi l l be requi red to expl oi t the

machi ne.

2.1 Level 1 BLAS

The two Level 1 BLAS operat i ons that occur most f requent l y i n l i near al gebra are the DOT:

DO 10 I = 1, N

TEMP = TEMP + X(I)*Y(I)

10 CONTINUE

and the AXPY:

DO 10 I = 1, N

Y(I) = Y(I) + ALPHA*X(I)

10 CONTINUE

We begi n by exami ni ng the perf ormance of these operat i ons when us i ng data stored i n cache.

For the DOToperat i on, each FMAi nstruct i on requi res two l oads, one f or X(I) and f or Y(I).

Loadi ng the data requi res two cycl es , and perf ormi ng the FMAal so requi res two cycl es . There

i s no poss i bi l i ty of re- us i ng data, so the best we can expect i s that the l oadi ng of the next two

operands i s over l apped wi th an FMA. Thi s corresponds to a theoret i cal speed of 25 Mops; i n

pract i ce, we measured 24. 5 Mops (see Tabl e 1) .

For the AXPYoperat i on, each FMAi nstruct i on requi res two l oads and one store. Agai n, there

i s no poss i bi l i ty of reus i ng data, so the best we can hope f or i n thi s case i s one FMAi nstruct i on
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unnecessary memory ref erences can have a severe i mpact on the perf ormance attai nabl e. I ndeed,

the movement of data between memory and regi sters can be more cost l y than ar i thmeti c opera-

t i ons on the data. Thi s cost provi des cons i derabl e moti vat i on to restructure exi st i ng al gor i thms

and to devi se newal gor i thms that mi ni mi ze data movement.

I n thi s sect i on we descr i be a model to predi ct the perf ormance of s i mpl e Fortran l oops and

to serve as a gui de to wri t i ng e�ci ent Fortran code f or the RI SC System/6000. (We observe

that the Fortran compi l er usual l y takes advantage of al l the paral l el i smof whi ch the CPU i s

capabl e. ) Our model i s based on the f ol l owi ng rul es :

1. Each FMAi nstruct i on requi res two cycl es to compl ete. Two FMAs that operate on i n-

dependent data wi l l be schedul ed on consecut i ve cycl es , and theref ore two oat i ng- poi nt

operat i ons wi l l be executed s i mul taneous l y.

2. Loads f romcache to oat i ng- poi nt regi sters requi re one cycl e to compl ete. They wi l l be

over l apped wi th FMAs that were schedul ed ear l i er , even i f they operate on regi sters that

the ear l i er FMAi s st i l l us i ng (regi ster renami ng).

3. Stores do not over l ap wi th FMAs.

4. Loop boundar i es do not i nterrupt pi pel i ni ng (zero- cycl e branch).

5. When a cache mi ss occurs , the oat i ng- poi nt uni t must wai t 11 cycl es bef ore the whol e

cache l i ne i s avai l abl e. The l atency f rommemory to cache accounts f or 8 cycl es . I n our

model we add to thi s an addi t i onal l atency of 3 cycl es , whi ch �ts cl osel y the exper i mental

data we col l ected. The detai l s of the data transf er may be more compl i cated i n real i ty,

but thi s i s the average e�ect that a Fortran programmer mi ght expect to see.

I n the f ol l owi ng three subsect i ons we use thi s model to expl ai n the di �erent l evel s of per-

f ormance that can be achi eved by us i ng di �erent l evel s of Bas i c Li near Al gebra Subprograms

(BLAS) kernel s [ 8, 5, 4] , and we descr i be some Fortran techni ques to i mpl ement the BLAS
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256 Mbytes of total memory.

Separate i nstruct i on and data caches provi de coni ct- f ree access to data and i nstruct i ons .

The i nstruct i on cache i s organi zed as an 8-Kbyte, two- way set- associ at i ve cache, whi ch has a

64- byte (16- i nstruct i on) l i ne s i ze. The data cache i s a f our- way set- associ at i ve 64-Kbyte cache,

whi ch i s di vi ded i nto f our i dent i cal chi ps of 16 Kbytes each. The cache i s i mpl emented as a

store- back cache to mi ni mi ze the memory bus tra�c: data are wri tten back to memory onl y

when an updated l i ne i n cache i s repl aced. The cache- l i ne s i ze i s 128 bytes . A synchronous

128- bi t memory bus al l ows 400 Mbytes per second to be transf erred to or f rommemory: i t takes

ei ght cycl es to l oad a cache l i ne (16 doubl e- preci s i on words) f rommemory to cache. A64- bi t

data bus connects the oat i ng- poi nt uni t and the data cache: i t takes one cycl e to transf er a

doubl e- preci s i on word between the data cache and the oat i ng- poi nt regi sters .

1.3 Serial ti cal Link

The I /O uni t contai ns an I /Ochannel control l er and two ser i al l i nk adapters , whi ch provi de

an i nter f ace to opt i cs cards that dr i ve �ber- opt i cs l i nks . I t i s i ntended f or attachment of di sks ,

graphi cs adapters , and other hi gh- speed per i pheral s . (Support f or thi s hi gh- speed opt i cal l i nk i s

pl anned f or f uture rel ease. ) The ser i al opt i cal l i nk has a bandwi dth of 220 Mbi ts per second, and

i t al l ows the attachment of remote devi ces up to 2000 meters away. The l i nk i s al so sui tabl e f or

i nterprocessor message and data transf ers i n a mul t i processor con�gurat i on, and work i s under

way to i nvest i gate i ts sui tabi l i ty f or cl osel y coupl ed mul t i process i ng.

or t r an Techni ues f or Per f ormance on Mat r i x per at i ons

As menti oned i n the precedi ng sect i on, the RI SC System/6000 can compl ete a oat i ng- poi nt

mul t i pl y- and- add (FMA) i nstruct i on every cycl e, so that a Model 530 runni ng at 25 MHz has

a theoret i cal peak speed of 50 Mops. Many f actors l i mi t the amount of concurrency that can

be e�ect i vel y used, thus l i mi t i ng the perf ormance that an al gor i thmcan achi eve. Most notabl y,
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has been used, f or exampl e, i n some of the math i ntr i ns i c f unct i ons . However , i f str i ct

adherence to the IEEEstandard i s requi red, a compi l e- t i me opt i on can be used to di sabl e

the generat i on of compound i nstruct i ons .

� The oat i ng- poi nt di vi de i s i mpl emented by a Newton- Raphson approxi mati on al gor i thm.

Adi vi s i on requi res 16 to 19 cycl es to compl ete and provi des correct l y rounded resul ts , but

i s obvi ous l y expens i ve i f computed unnecessar i l y i ns i de a l oop. I f di vi s i on by a constant

i s taken out of the l oop and repl aced by a mul t i pl i cat i on wi th the reci procal , the code

i s more e�ci ent , but the resul ts are not necessar i l y i dent i cal . I f i t i s i mportant to have

exact l y equi val ent code, the added preci s i on and speed of the mul t i pl y- add i nstruct i on can

be used to i mpl ement a reci procal mul t i pl i cat i on pl us correct i on al gor i thmat the cost of a

mul t i pl y and two mul t i pl y- adds (5 cycl es) . Thi s al gor i thmi s cheaper than a di vi s i on and

st i l l provi des correct l y rounded resul ts .

Thi s des i gn has al l owed the i mpl ementat i on of a CPUthat executes up to f our i nstruct i on

per cycl e: one branch i nstruct i on, one condi t i on regi ster i nstruct i on, one �xed- poi nt i nstruct i on,

and one oat i ng- poi nt mul t i pl y- add i nstruct i on. Asecond pi pel i ned i nstruct i on can begi n on the

next cycl e on an i ndependent set of operands. Thi s means that two i ndependent oat i ng- poi nt

operat i ons per cycl e can be executed.

Of part i cul ar i nterest i s the f act that l oads and i ndependent oat i ng- poi nt operat i ons can

occur i n paral l el . The compi l er takes advantage of thi s capabi l i ty i n many cases : wi th a wel l -

des i gned al gor i thm, i t i s poss i bl e to execute two oat i ng- poi nt operat i ons on separate data

i tems and \hi de" one memory ref erence al l i n the same cycl e. At a cl ock cycl e of 25 MHz, thi s

trans l ates i nto a peak perf ormance of 50 mi l l i on oat i ng- poi nt operat i ons per second (Mops) .

1.2 emory and Caches

The RISCSystem/6000 memory banks i mpl ement a f our- way i nter l eaved des i gn that provi des

two words (two 64- bi t words) of data every machi ne cycl e. A systemcan have f rom16 to
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execut i ng branches s i mul taneous l y wi th �xed- or oat i ng- poi nt operat i ons so that the

streamof data to these uni ts i s not i nterrupted. I n pract i ce, thi s con�gurat i on means that

l oop boundar i es do not i nterrupt pi pel i ni ng.

2. The Fi xed- Poi nt Uni t (FXU) i s des i gned to execute the �xed- poi nt ar i thmeti c, the l ogi c

i nstruct i ons , and the data address computat i ons and to schedul e the movement of data

between the oat i ng- poi nt uni t and the data cache. Read or wri te transf ers between the

oat i ng- poi nt uni t and the data cache requi re one cycl e to compl ete.

3. The Fl oat i ng- Poi nt Uni t (FPU) supports the execut i on of the oat i ng- poi nt i nstruct i ons .

The FPUhas a set of thi rty- two 64- bi t oat i ng- poi nt regi sters that access the data cache

di rect l y. I t conf orms to the ANSI /IEEE745- 1985 standard f or bi nary oat i ng- poi nt ar i th-

met i c. The FPUi s organi zed f or doubl e- preci s i on computat i ons . Thus, data hel d i n the

oat i ng- poi nt regi sters are al ways represented i n doubl e- preci s i on f ormat. Theref ore, when

s i ngl e- preci s i on data are l oaded, they are expanded to doubl e- preci s i on f ormat.

I n addi t i on, there are a number of f eatures i n the archi tecture whi ch enhance perf ormance.

� Regi ster renami ng i s an i mportant f eature of the machi ne. Thi s al l ows data f or the next

i nstruct i on to be l oaded i nto a oat i ng- poi nt regi ster that i s current l y bei ng used by an

ear l i er i nstruct i on.

� I n addi t i on to the usual ar i thmeti c operat i ons , there are compound i nstruct i ons that mul -

t i pl y two operands and add (or subtract) the product to a thi rd operand. These oat i ng-

poi nt mul t i pl y- and- add (FMA) i nstruct i ons take two cycl es to compl ete. However , one

FMAi nstruct i on may be i ssued i n each cl ock cycl e, provi ded that the operands are i nde-

pendent. Thus i t i s poss i bl e to compl ete two oat i ng- poi nt computat i ons i n each cycl e.

� The FMAi nstruct i ons actual l y produce onl y one roundi ng error rather than two and are

theref ore more accurate than requi red by the IEEE standard. Thi s addi t i onal accuracy
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mul t i pl e i nstruct i ons and to over l ap the execut i on of the �xed- poi nt , the oat i ng- poi nt , and the

branch f unct i onal uni ts . The 184 i nstruct i ons are di vi ded among the f unct i onal uni ts and are

des i gned to mi ni mi ze i nteract i on among the f unct i onal uni ts .

The IBMRISCSystem/6000 i s i ntended to sat i s f y the requi rements of both commerci al and

sci ent i �c appl i cat i ons . Our f ocus here i s on the perf ormance of the RI SC System/6000 f or

sci ent i �c appl i cat i ons , whi ch requi re very hi gh oat i ng- poi nt perf ormance as wel l as speci al i zed

per i pheral s , such as hi gh- qual i ty graphi cs adapters . These, i n turn, requi re very hi gh memory

bandwi dths to the central process i ng uni t .

I n what f ol l ows, we gi ve a br i ef overvi ewof the des i gn of the CPUand memory and of some

aspects of the I /Osystem. I n part i cul ar , we di scuss those archi tectural f eatures most i mportant

f or des i gni ng and i mpl ementi ng hi gh- perf ormance mathemati cal sof tware. Note that speci �c

detai l s ref er to the Model 530. The speci �cat i on of other members of the RI SC System/6000

f ami l y may be di �erent i n some aspects . For a more compl ete di scuss i on of the hardware,

we ref er the i nterested reader to the January 1990 i ssue of the IBMJournal of Research and

Development.

1.1 Central Processing ni t

The CPUarchi tecture i s based on a des i gn that expl oi ts modern compi l er technol ogy, and an

i mpl ementat i on that expl oi ts VLSI and CMOS technol ogy, to al l owas much paral l el i nstruct i on

execut i on as poss i bl e. The RISCSystem/6000 processor cons i sts of three separate but i ntegrated

f unct i onal uni ts :

1. The I nstruct i on Cache and Branch Process i ng Uni t f eeds a streamof i nstruct i ons to the

�xed- poi nt and oat i ng- poi nt uni ts . The branch processor provi des al l the branchi ng,

i nterrupt, and condi t i on code f unct i ons wi thi n the system. An i mportant f eature of the

branch process i ng uni t i s the \zero- cycl e branch. " A zero- cycl e branch i s achi eved by



1

The IBMRI SCSys t em 000 and Li near Al ge r a per at i ons�

ack . ongarra
om uter cience e artment , ni versi ty o ennessee, noxvi e, - ; an

at emat i ca ci ences ect i on, a i ge at i ona a oratory, a i ge,

Peter ayes

t ., i i nson ouse, or an i oa , x or , ,

an

iuse e Radicati di Bro olo

uro ean enter or ci ent i c an ngi neeri ng omut i ng, oma, vi a i orgi one ,

anuary ,

s

.

.

I BMRI SCSys t em 000: Sys t em er i ew

The IBMRISCSystem/6000 computer i s a superscal ar second- generat i on RISCarchi tecture [ 2] .

I t i s the resul t of advances i n compi l er and archi tecture technol ogy that have evol ved s i nce the

l ate 1970s and ear l y 1980s.

Li ke other RI SCprocessors , the RI SCSystem/6000 i mpl ements a regi ster- or i ented i nstruct i on

set , the CPUi s hardwi red rather than mi crocoded, and i t f eatures a pi pel i ned i mpl ementat i on.

The oat i ng- poi nt uni t i s i ntegrated i n the CPU, mi ni mi zi ng the overhead associ ated wi th

separate oat i ng- poi nt coprocessors .

Unl i ke other RI SC processors , however , the RI SC System/6000 has the abi l i ty to di spatch
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