outstanding, and matc hes that of the IBM RS/6000.

12 A case study: DEC Alpha

In tro duction

The test mac hine, a DEC Alpha AXP 3000/500 with a 150-MHz DECc hip 21064

CPU, on whic h these results w ere obtained w as kindly loaned to the author b y

Digital Equipmen t Corp oration for a t w o-w eek trial p erio d during Jan uary 1993.

The system w as running DEC OSF/1 T1.2-2 (Rev. 5), an almost-final release

of OSF/1, and had 94MB of memory , 85MB of whic h w as a v ailable to user

pro cesses.

The DEC Alpha AXP 3000 systems ha v e 8KB of on-c hip instruction cac he,

8KB of on-c hip data cac he, and a 512KB external cac he.

While some C and C++ compiler problems w ere encoun tered in larger pro-

grams, the F ortran compiler w as found to b e solid, and none of the matrix m ul-

tiply b enc hmark programs w ere affected. Some of the compiler problems that I

found ha v e already b een fixed at DEC dev elopmen t lab oratories in new er, and

as y et unreleased, v ersions of the compilers. I pro vided DEC engineers with the

programs that precipitated problems to assist them in fixing the compilers.

The v ery high clo c k sp eeds of the Alpha ha v e astonished the industry , and

since this is a completely new arc hitecture, it is of considerable in terest to in-

v estigate the qualit y of compiler co de generation. RISC mac hines are difficult

systems to write go o d compilers for, b ecause their p erformance is critically de-

p enden t on reduction of memory accesses, and clev er sc heduling of instructions

to a v oid dela ys and to k eep the pip eline and all functional units busy .

Alpha arc hitecture

The F ebruary 1993 issue of the journal Communic ations of the A CM has sev eral

articles ab out the Alpha arc hitecture, and ab out the w ork done to host the

Op enVMS, OSF/1, and NT op erating systems on it. Tw o of these op erating

systems pro vide binary compatibilit y for executable programs from the V AX and

MIPS arc hitectures. The issue includes a v ery informativ e o v erview of Alpha b y

the c hief arc hitect [ 30 ]. There is also a large b o ok describing the arc hitecture in

detail [ 29 ].

The Alpha arc hitecture w as designed for extremely high p erformance, and

sacrifices in the instruction set design w ere made to a v oid complexities that

w ould slo w do wn the system.

Cra y Researc h, Inc., is building its first massiv ely parallel pro cessor system

using Alpha c hips. I b eliev e that man y industry analysts share the view that

Alpha is critical to the con tin ued existence of DEC as a ma jor v endor in the

computer business. P ersonnel cuts of 1/3 of the w orkforce at DEC and IBM in

the last y ear ha v e not gone unnoticed, and b oth companies ha v e recen tly p osted

their first-ev er op erating losses.

Here are some k ey p oin ts tak en from the Alpha Arc hitecture Handb o ok [ 8 ]:

• All instructions are exactly 32 bits long, and only load and store instruc-

tions reference memory .

• The address space is a linear 64-bit b yte-addressable one, although cur-

ren t implemen tations only supp ort 43-bit addressing. This is more than

adequate: with curren t memory costs of ab out US$30/MB, 1GB costs

US$30K, and 2

43

b ytes w ould cost US$245M.

• T o supp ort efficien t use of wide memory-bus tec hnology , instructions and

data should b e aligned on 16-b yte b oundaries.

The compiler co de listings for the matrix m ultiply b enc hmark programs

sho w that the arra y addresses end in 10

16

, guaran teeing the recommended

16-b yte alignmen t.

• There are 32 64-bit in teger registers and 32 64-bit floating-p oin t registers.

In eac h set, the last register is dedicated to hold a zero v alue. There are

no register windo ws lik e the SP AR C arc hitecture has.

• While there are in teger add, subtract, and m ultiply instructions, there are

no in teger divide or remainder instructions, nor is there a recipro cal ap-

pro ximation instruction to facilitate division. The Arc hitecture Handb o ok

states [ 8 , p. A-12] that in teger division can b e done with an a v erage of 5

m ultiplies (b est case: 1, w orst case: 9) using a 1000-en try lo okup table.

• Both IEEE 754 and V AX floating-p oin t arithmetic formats are supp orted:

32-bit S (IEEE), 64-bit T (IEEE), 32-bit F (V AX), and 64-bit G (V AX).

V AX 64-bit D format has 3 few er exp onen t bits than G, and 3 more

fraction bits; it is supp orted only through soft w are con v ersion to G format,

with concomitan t loss of precision. No IEEE 80-bit temp orary real format

is pro vided.

• Floating-p oin t instructions include load, store, add, subtract, m ultiply , di-

vide, compare, conditional mo v e, conditional branc h, in teger-to-floating-

p oin t, and floating-p oin t-to-in teger, plus t w o instructions to load and store

the Floating-P oin t Con trol Register. The arithmetic instructions are a v ail-

able in b oth 32-bit and 64-bit v ersions. Absen t are absolute v alue, remain-

der, m ultiply-add, square ro ot, and transcenden tal functions.

• The conditional mo v e instructions are in teresting, and app ear to b e unique

to the Alpha among RISC arc hitectures. Assuming data v alues in reg-

isters, the computations a = max(b,c) , a = abs(b) , the C conditional

expression in the assignmen t a = b ? c : d , and the Algol assignmen t

a := if b then c else d can all b e done b y three instructions eac h:

a single compare, follo w ed b y t w o conditional mo v es. Conditional mo v es

eliminate branc hes, whic h is extremely imp ortan t for p erformance b ecause

branc hes are costly , generally requiring instruction pip elines to b e flushed,

and sometimes, instruction cac hes to b e refilled.

• Rounding mo des supp orted include round-to-nearest (default), round-to-

min us-infinit y , round-to-zero, and round-to-plus-infinit y . The first three

can b e sp ecified in the instruction; the last can b e ac hiev ed b y setting an

appropriate bit in the Floating-p oin t Con trol Register and then selecting

dynamic rounding in the instruction.

I could find no compiler options to select alternate rounding mo des, so it is

not clear whether this is a temp orary soft w are limitation, or an incomplete

hardw are implemen tation.

The p ossible lac k of dynamic rounding con trol on DEC Alpha systems has

b een discussed on the Numerical C Extensions Group mailing list, but

I b eliev e the question is still outstanding. The Arc hitecture Handb o ok

certainly describ es it [ 8 , p. 4-56].

• Floating-p oin t instruction execution sequencing need not matc h instruc-

tion sequencing, so when sequencing is needed, suc h as to lo calize floating-

p oin t exceptions, trap barrier instructions m ust b e inserted to cause pip e-

lines to empt y and floating-p oin t status to b e brough t to a consisten t state.

Imprecise in terrupts are not new with the Alpha arc hitecture; the IBM

360/91 of late 1960s vin tage w as the first mac hine to ha v e them.

• IEEE floating-p oin t NaN, Infinit y , and denormalized n um b ers all imp ose

serious execution-time p enalties, and are b est a v oided.

With the pre-release compilers, I w as unable to prev en t co de from ter-

minating on the generation of a NaN or an Infinit y , and denormalized

n um b ers could not b e generated at all. Ho w ev er, the F ortran compiler

man ual pages do cumen t -fpe[0-4] options that are supp osed to allo w

suc h con trol, as they do under UL TRIX on DECstation (MIPS R2000

and R3000) systems.

• Branc hes are exp ensiv e, and lo ops should b e unrolled to get at least 20 in-

structions in the lo op b o dy [ 8 , p. A-3]. Infrequen tly-executed co de should

b e mo v ed out-of-line (and therefore, probably out of the instruction cac he),

so as to maximize instruction cac he usage.

Analysis of b enc hmark results

The extensiv e tables at the end of this rep ort summarize the complete b enc h-

mark results in Mflops ratings, and relativ e to the fastest system in eac h test.

In this subsection, w e analyze the compiler-generated co de to determine ho w

go o d it is relativ e to the theoretical capabilities of the Alpha arc hitecture, and

to measure the a v erage instruction sp eeds.

A summary of instruction coun ts for v arious F ortran compiler optimization

lev els is presen ted in T ables 10 through 12.

With the lo w est optimization lev el (T able 10), 55% to 85% of the inner-

lo op instructions are of t yp e ‘other’, mostly redundan t memory accesses and

subscript computation. This o v erhead is probably t ypical of unoptimized com-

pilation on any RISC arc hitecture.

Medium-lev el optimization (T able 11) reduces the n um b er of lo op instruc-

tions b y a factor of 3 to 4.

High-lev el optimization (T able 12) with the Alpha compiler pro duces aggres-

siv e lo op unrolling, except in the 5 × 5 algorithm, offering noticeable impro v e-

men t o v er lo w er optimization lev els. Ho w ev er, the lo op unrolling that is done

in all but the 5 × 5 algorithm b ecomes detrimen tal to p erformance in the 4 × 4

case, as evidenced b y the large n um b ers of loads and stores as the compiler runs

out of a v ailable registers. Without the unrolling, that case can b e done with

only 8 loads and no stores, whereas with unrolling, it tak es an a v erage of 11.8

loads and 3.8 stores.

The results of T ables 10–12 should b e compared with corresp onding n um b ers

for the IBM RS/6000 in T ables 13–15.

T o mak e the n um b ers in T ables 10–15 easier to understand, T ables 16 and 17

reduce them to the a v erage n um b er of instructions issued for ev ery floating-p oin t

m ultiplication and addition.

In the ideal ‘p eak Mflops’ case, every Alpha instruction issued w ould b e a

floating-p oin t instruction, and the n um b ers in the columns of T able 16 w ould

all b e 2. F or the IBM RS/6000, in the ideal case, ev ery instruction is a floating-

p oin t m ultiply-add, and the a v erages in T able 17 w ould b e 1.

The highest optimization lev el com bined with the p × p unrolling tec hniques

used in the b enc hmark programs push this n um b er do wn to a v ery resp ectable

2.9, noticeably b etter than the 6.5 for the normal inner lo op, and 4.5 for the

5-deep unrolled inner lo op.

In order to compare with other arc hitectures, particularly the IBM RS/6000

and the HP P A-RISC, w e need to ask: What is the aver age time p er instruction?

Arc hitecture man uals seldom carry this information, and it is b est obtained

b y measuremen t. These results are collected in T ables 18–19; the n um b ers in

columns 2–4 are computed from

cycles / instr = ( b enc hmark time in seconds ) × (150 cycles / μ sec ) ×

(1 000 000 μ sec / sec ) /

(1 000 000 × ( lo op instructions for 1 m ultiply + 1 add ))

= ( b enc hmark time in seconds ) × 150 /

( lo op instructions for 1 m ultiply + 1 add )

T able 10: DEC Alpha F ortran matmr8 matrix m ultiply b enc hmark co de gen-

eration: inner lo op instruction coun ts at optimization lev el -g (lo w est).

T est total unroll FP FP FP FP others

inst depth add m ult load store

normal 38 1 1 1 3 1 32

unroll-5 134 1 5 5 11 1 112

2 × 2 102 1 4 4 16 8 70

3 × 3 178 1 9 9 33 15 112

4 × 4 274 1 16 16 56 24 162

5 × 5 390 1 25 25 85 35 220

T able 11: DEC Alpha F ortran matmr8 matrix m ultiply b enc hmark co de gen-

eration: inner lo op instruction coun ts at optimization lev el -O2 (medium).

T est total unroll FP FP FP FP others

inst depth add m ult load store

normal 11 1 1 1 2 0 7

unroll-5 27 1 5 5 10 0 7

2 × 2 42 1 4 4 4 4 26

3 × 3 63 1 9 9 6 9 30

4 × 4 47 1 16 16 8 0 7

5 × 5 79 1 25 25 16 6 7

T able 12: DEC Alpha F ortran matmr8 matrix m ultiply b enc hmark co de gen-

eration: inner lo op instruction coun ts at optimization lev el -O4 (highest).

T est total unroll FP FP FP FP others

inst depth add m ult load store

normal 26 4 4 4 10 0 8

unroll-5 90 4 20 20 42 0 8

2 × 2 56 4 16 16 16 0 8

3 × 3 104 4 36 36 24 0 8

4 × 4 198 4 64 64 47 15 8

5 × 5 80 1 25 25 16 6 8

T able 13: IBM RS/6000 F ortran matmr8 matrix m ultiply b enc hmark co de

generation: inner lo op instruction coun ts at optimization lev el -g (lo w est).

There are no separate m ultiply or add instructions generated.

T est total unroll FP FP FP others

inst depth m ultadd load store

normal 31 1 1 3 1 26

unroll-5 91 1 5 11 1 74

2 × 2 76 1 4 16 8 48

3 × 3 128 1 9 33 15 71

4 × 4 192 1 16 56 24 96

5 × 5 268 1 25 85 35 123

T able 14: IBM RS/6000 F ortran matmr8 matrix m ultiply b enc hmark co de gen-

eration: inner lo op instruction coun ts with optimization lev el none (medium).

There are no separate m ultiply or add instructions generated.

T est total unroll FP FP FP others

inst depth m ultadd load store

normal 30 1 1 3 1 25

unroll-5 90 1 5 11 1 73

2 × 2 75 1 4 16 8 47

3 × 3 127 1 9 33 15 70

4 × 4 191 1 16 56 24 95

5 × 5 267 1 25 85 35 122

T able 15: IBM RS/6000 F ortran matmr8 matrix m ultiply b enc hmark co de

generation: inner lo op instruction coun ts at optimization lev el -O (highest).

There are no separate m ultiply or add instructions generated.

T est total unroll FP FP FP others

inst depth m ultadd load store

normal 4 1 1 2 0 1

unroll-5 16 1 5 10 0 1

2 × 2 9 1 4 4 0 1

3 × 3 16 1 9 6 0 1

4 × 4 25 1 16 8 0 1

5 × 5 46 1 25 15 5 1

T able 16: DEC Alpha F ortran matmr8 matrix m ultiply b enc hmark co de gen-

eration: instructions p er floating-p oin t m ultiply/add pair.

T est Optimization lev el

-g (lo w) -O2 (medium) -O4 (high)

normal 38.0 11.0 6.5

unroll-5 26.8 5.5 4.5

2 × 2 25.5 10.5 3.5

3 × 3 19.8 7.0 2.9

4 × 4 17.1 2.9 3.1

5 × 5 15.6 3.2 3.1

T able 17: IBM RS/6000 F ortran matmr8 matrix m ultiply b enc hmark co de

generation: instructions p er floating-p oin t m ultiply-add instruction.

T est Optimization lev el

-g (lo w) none (medium) -O (high)

normal 31.0 30.0 4.0

unroll-5 18.2 18.0 3.2

2 × 2 19.0 18.8 2.3

3 × 3 14.2 13.1 1.8

4 × 4 12.0 11.9 1.6

5 × 5 10.7 10.1 1.8

T able 18: DEC Alpha 3000/500 F ortran matmr8 matrix m ultiply b enc hmark

co de generation: cycles p er inner-lo op instruction (cpi) and Mflops ratings.

T est Optimization lev el

-g -O2 -O4 -g -O2 -O4

(lo w) (medium) (high) (lo w) (medium) (high)

cpi cpi cpi Mflops Mflops Mflops

normal 3.60 1.64 2.05 2.18 16.60 22.42

unroll-5 4.73 2.61 2.87 2.35 21.20 23.10

2 × 2 3.08 0.79 1.66 3.81 36.07 51.49

3 × 3 2.98 0.99 1.70 5.05 43.14 60.56

4 × 4 2.80 1.58 1.68 6.24 65.21 57.49

5 × 5 2.73 1.67 1.61 7.00 55.91 59.73

T able 19: IBM RS/6000-560 F ortran matmr8 matrix m ultiply b enc hmark co de

generation: cycles p er inner-lo op instruction (cpi) and Mflops ratings.

T est Optimization lev el

-g none -O -g none -O

(lo w) (medium) (high) (lo w) (medium) (high)

cpi cpi cpi Mflops Mflops Mflops

normal 1.97 1.48 0.73 1.63 2.24 34.31

unroll-5 1.79 1.34 0.92 3.05 4.12 33.92

2 × 2 1.68 1.30 0.71 3.13 4.07 60.91

3 × 3 1.61 1.30 0.83 4.36 5.85 66.33

4 × 4 1.43 1.10 0.92 5.82 7.58 67.85

5 × 5 1.36 1.15 0.85 6.85 8.58 64.88

T able 20: Best measured matmr8 p erformance for DEC, HP , and IBM systems

in Mflops. Optimization lev els are sho wn in paren theses.

T est DEC Alpha HP P A-RISC IBM

3000/500 9000-720 RS/6000-560

150 MHz 50 MHz 50 MHz

normal 24.215 ( -O3 ) 37.315 ( -OP4 -O3 ) 35.116 ( -O )

unroll-5 25.129 26.184 ( -O ) 33.919 ( -O )

2 × 2 51.488 ( -O4 ) 42.045 ( -O ) 59.706 ( -O )

3 × 3 64.527 45.227 ( -O ) 66.333 ( -O )

4 × 4 71.634 ( -O2 ) 40.888 ( -O ) 67.849 ( -O )

5 × 5 61.534 ( -O3 ) 30.461 ( -O ) 64.884 ( -O )

T able 21: Clo c k sp eeds for sev eral RISC and sup ercomputer systems.

Mac hine clo c k rate (MHz)

Cra y 3 500

Cra y 2 244

DEC Alpha 10000/6x0 200

DEC Alpha 7000/6x0 182

Cra y Y-MP 167

DEC Alpha 4000/6x0 160

DEC Alpha 3000/500 150

DEC Alpha 3000/400 133

Cra y X-MP 105–117

HP 9000-7100 98

Cra y 1 80

IBM 3090-600S/VF 54–66

HP 9000-730 66.7

IBM RS/6000-580 62.5

HP 9000-720 50

IBM RS/6000-560 50

IBM RS/6000-550 42

IBM RS/6000-530H 33

IBM RS/6000-220 33

IBM RS/6000-530 25

IBM RS/6000-320H 25

IBM RS/6000-320 20