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POWER4 Performance Expectations

» Floating point: » Bandwidth:
—Hundreds to 1000's —0.100 - 5 Gbyte/s
Mflop/s —Limitations:
—Limitations: — Strided access is slow
— System bandwidth —Enhancers:

— Program model

- Floating point
operations

- Adds and Multiplies
- Divides

— Memory access
- Copying

— Multiple streams
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Performance Expectations Example: program POP

= Structured Fortran 90

= Data movement

» Low Computational Intensity
= Low FMA Percentage

Instructions per cycle 0.9

HW Float points Inst. per Cyle 0.3

Float point instruction rate 372 Mflop/s
FMA percentage 53 %
Computation intensity 0.87
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Program POP:
Computation Time Distribution

12+

10+

% time
(o]

Subroutine
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Performance Expectations Example: program SPPM

= Fortran 77

» Optimized

» High Computational Intensity
» Vector intrinsics

» Low FMA Percentage

Instructions per cycle 1.2

HW Float points Inst. per Cycle 0.7

Float point instruction rate 979 Mflop/s
FMA percentage 55 %
Computation intensity 1.8
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Program SPPM:
Computation Time Distribution

60+

50+

40-

30+

% Time

20+

10+

Subroutine

© 2004 IBM Corporation

Bandwidth Exploitation

» Computational intensity

—Increase number of flop/s per memory reference
» Blocking

—Reuse cache
» Load streams

—Expose up to 8 memory patterns
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Computational Intensity Examples

Loop clzr?tr:r? Comment
AG)=r+B(i)*(s+t*B())| 2
A@)=r*B(@)+s*C(i)| 1 Triad
A()=r*B(i)+s 1 Scale
A®)=A(>)+s*B(i)| 0.67 AXPY
A()=B(i)+C()| 0.33 SUM
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Computational Intensity Tests

1000

900

800+

700+

600+

500+
400+
300+
200+
100+

Mflop/s

Data from 1.3 GHz p690

03
@233
02
@15
133
m1

M 0.67
0o.5
H0.33
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Computational Intensity

» Nominal bandwidth is 2.5 Gbyte/s for single
line loops
—-300 Mword/s

—300 Mflop/s for Comp. Intens. of 1
—600 Mflop/s for Comp. Intens. of 2

» Performance is limited by bandwidth
—NOT functional unit performance
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Computational Intensity Strategy: Loop Unrolling

= Quter Loop Strategy:
—Increase computational intensity

—Minimizes load/stores
» Find variable which is constant with respect
to outer loop

—Unroll such that this variable is loaded once, but
used multiple times
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Outer Loop Unrolling Example

=1,
s=s+X(J

N

*A(J,1)

= 2 flops /2 loads
= Comp.Int.: 1

DOI=1,N, 4
DOJ=1,N
s = s + X(J)*A@J,1+0)
+X(I)*AJ,1+1)
+X(I)*AJ,1+2)
+X(I)*AJ,1+3)
END DO
END DO

» 8 flops /5 Loads
= Comp. Int.: 1.6
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Outer Loop Unroll Test

600
500+
400+
Mflop/s 300
200+

100+

0-
-03

Unroll
|l
o2
m4
K]
012

-0O3 -ghot
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Outer Loop Unroll Analysis

= Strategy:
—Unroll up to 8 times

—Expose 8 prefetch streams
» Compiler:
—Unrolls 4 times
—Near optimal performance
—Combines inner and outer loop unrolling
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Inner Loop Unrolling Strategies

* Inner loop strategy:
— Reduces data dependency

— Eliminate intermediate loads and stores
— Expose functional units
— Expose registers
» Examples:
— Linear recurrences
— Simple loops
— Single operation
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Inner Loop Unroll

. do i=2,n-2,2
doi=2,n-1 A+1) = A )*s1+
A(i+1) = A(i)*s1 + A(i-1 )*s2
A(i—l)*SZ A(i+2) = A(i+1)*s1 +
end d A(i )*SZ
end do

» Eliminate data dependence (half)
= Eliminate intermediate loads and stores
= Compiler will do some of this at -O3
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90
80+
70+
601
50+
40+
30+
20+
10+

Mflop/s

Inner Loop Unroll Test

Unroll 1 Unroll2  Unroll 4 Compiler
unroll

Data form 200 MHz POWERS3
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Inner Loop Unrolling

» Expose functional units
» EXpose registers
» Example:

—do i=1,n
— sum =sum + A(i)

—end do
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Inner Loop Unrolling Test

400+

350+

300+

Unroll

o 2507 P—— o1
S 2001 @2
= 150- B4
06

50+

0 <

-02 -03

Data from 1.3 GHz POWER4
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» Compiler unrolling is
adequate B
= Use manual unrolling
for special cases

Inner Loop Unrolling: Conclusion

400+

350

150+

100

50

-02

-03
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Memory Access Strides

» Strided memory access:
—Fewer words per cache line

—Reduced cache line utilization
—Reduced bandwidth

—Memory is access by cache line
—16 REAL*8 or double words
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Stride Test Bandwidth

-16-14-12-10-8 6 -4 -2 -1 1 2 4 6 8 1012 1416
Stride
1.3 GHz POWER4
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Strides and TBL

» Strided memory access:
—Fewer memory reference per memory page
—Increased TLB misses

» TLB signature obtained from:
—hpmcount -g 59
—Memory references per TLB

do i=1,m
do j=1,n
AGJ)=AG)D+...
end do
end do
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Large Stride Test

450115

4007

350

300

2507

200

Mbyte/s

1501 =

100

8 32 128 512 2048
Stride

0 Cache
ETLB

25

© 2004 IBM Corporation

Cache Blocking

» Common technique in Linear Algebra
—Similar to unrolling

—Utilize cache lines
—Linear Algebra NB:
—Typically 96-256
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Blocking

Blocking
27 © 2004 IBM Corporation
Blocking
doi=1,n dojl=1,n-nb+1,nb
doj=1,m j2 =min(j1+nb-1,n)
A do il =1,m-nb+1,nb
Bg '('j) =A(L) i2 = min(i1+nb-1,m)
ena do doi=il,i2
end do doj=j1,j2
B(@.i) = A(.))
end do
end do
end do
end do
28 © 2004 IBM Corporation
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Blocking Example: Transpose

1800+
1600
1400 = —r—
1200 — — =

800- — — — I
600- T T =
400 — — — I
200- — — — I

Mbytes

1 32 64 128 192 dgetmo
Blocking Factor
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Software Pipelining

» Exploit registers
—Number of registers in POWER4 is critical
—Some assistance from rename registers

» Compiler does unrolling at -O3 and higher
—User unrolling can conflict with compiler
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Software Pipelining

doi=1,n-3,4
suml =suml + X(i )
sum2 =sum2 + X(i+1)

doi=1,n _ 1o
sum = sum + X(i) sum3 =sum3 + X(i+2)
sum4 =sum4 + X(i+3)
end do
end do
sum=suml+sum?2+
sum3+sum4

Explicit unrolling:
Expose more variables for register use
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Software Pipelining Example

900+
800+
700
600
500+
400+
300+
200
100+

Mflop/s

1 2 4 6 8 12
Unroll Factor
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Software Pipelining Example

1000+
900+
800
700+
600+
500+
400+ m-O3
300+
200+
100+

Mflop/s

1 2 4 6 8 12
Unroll Factor
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Software Pipelining Example

1000+
900
800
700+
600
500
400
300+
200+
100+

Mflop/s

0-02
W -0O3

1 2 4 6 8 12
Unroll Factor
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Software Pipelining Example

1000~

= Conclusion:

900

= Avoid explicit user
unrolling at -O3

» Allow compiler to
perform unrolling

800

700

600

500

4007

300

200

100
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Prefetch Strategies

= Merge loops
— Combine conforming loops

—Compiler can do much of this
» Folding

— Useful for very long loops
—Compiler can do much of this
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Merge Loops

= Overlap cache line fetches
» Expose memory prefetching

for (j=1; j<=n; j++) for (j=1; j<=n; j++)
All = A[j-1]+B][j] {
for (j=1; j<=n; j++) Alil = Alj-1]+B][j]
D[j] = D[j+1]+CI[j]*s D[j] = D[j+1]+Cl[j]*s
}
Two streams per loop Four streams
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Loop Merge Example

400
350
300+
250+
200+
150+
100+

50

O Original
B -03 -ghot
O Merged

Mflop/s

Unroll Factor

1.3 GHz POWER4
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Fold Loops
» Increase number of streams at the expense of
loop length
_ doi=1,n/4
doi=1,n sum = sum +A(i )
sum =sum +A(i) + A(i+1*n/4)
end do + A(i+2*n/4)
+ A(i+3*n/4)
end do
Four streams
One stream per loop
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Folding Example
4000-
3500-
3000-
0o
2 2500 ">
© 2000 o4
= 1500- m6
10001"| | -8
|| W12
500-
Unroll Factor
1.3 GHz POWER4 Single RHS; size 10000000
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Mflop/s

Folding Example

1000

1.3 GHz POWER4

13894 2E+05
Unroll Factor

3E+06

ago
2
04
()
o8
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= Beneficial for long

loops

— Works at ~100,000 loads e
= Do not fold past factor

of 8

Folding Example

9000

8000

I
1000

13894

193069

2682695
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Stride Folding

» Fold loop to increase number out standing
cache loads:

doi=1,n,m doi=1,n/4,m

sum = sum +A(i) sum =sum +A(i
end do :> + A(i+1*n/4)

)

+ A(i+2*n/4)
+ A(i+3*n/4)

end do
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Stride Folding Example

350+

300+

250+

200+

Mflop/s

150+
100+
50+

Unroll Factor

1.3 GHz POWER4 Single RHS; size 5,000,000, stride 32

0o
m2
04
E6
08
mi12
m16
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Stride Folding Example

= Overlap out standing loads

— Not limited by number of
stream buffers

= More than 8 RHS

45
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Managing Pipelines

» Deep pipeline functional units
- FMA

— Divide
— Square Root
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Divide and Square Root

= POWERA4 special functions:
— Divide
— Sqgrt
= Use FMA functional unit
— 2 simultaneous divide or sqrt (or rsqrt)
— NOT pipelined

32
38
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Hardware DIV, SQRT, RSQRT

80+

70+

60+

50 O Divide
O SQRT

O RSQRT

40+

Mop/s

30+

20+

10+

o Ll

1.3 GHz p690
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Hardware DIV, SQRT, RSORT

O Divide

B Pipeline Divide
120+ . S.QRT

B Pipeline SQRT
100 ORSQRT

B Pipeline RSQRT

80+
@
S 60
=
40+
20+
0,
1.3 GHz p690
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Example of Pipelined Functions
do i=-nbdy+3,n+nbdy-1
prl =qrpri(i)
pll =qrmrl(i)
pavg =vtmpi(i)
wllfac(i) = 5*gammpl*pavg + gamma * pll
wrlfac(i) = 5*gammp1 * pavg +gamma *pr|
hrholl =rho(1,i-1)
hrhorl =rho(1,i)
wll(i) = 1/sqrt(hrholl * wllfac(i))
wrl(i) = 1/sqrt(hrhorl * wrifac(i))
end do

50
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Example of Pipelined Functions

allocate(t1,n+2*nbdy-3)

allocate(t2,n+2*nbdy-3)

do i=-nbdy+3,n+nbdy-1
prl = qgrprl(i)

t1(i) =hrholl * wllfac(i)
t2(i) =hrhorl * wrifac(i)
end do
call __vrsqgrt(tl,wrl,n+2*nbdy-3)

call __vrsqgrt(t2,wll,n+2*nbdy-3)
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Vectorization Analysis

» Dependencies
= Compiler overhead:

— Generate (malloc) local temporary arrays

— Extra memory traffic
» Moderate vector lengths required

REC | SQRT | RSQRT

Cross Over 20 80 25

N,,| 45 25 30

52
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Function Timings

Hardware or Scalar Pipelines
Function
Function Clocks Rate Clocks Rate
Reciprocal 32 81 20 130
SQRT 36 69 31 84
RSQRT 66 39 29 90
EXP 200 13 32 83
LOG 288 9 34 77

53
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Function Rates

140+

120+

100+

80+
Scalar

Vector

Mflop/s

60

40+

20+

Reciprocal RSQRT LOG
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SQRT

800+

» POWER4 has ]
hardware SQRT 6001
available 500-

= Default -

garch=comm uses
software library
= Use: -qarch=pwr4 2001

SQRT DIV FMA

55
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Divide

» |EEE divide specifies actual divide
= Do not use multiply by reciprocal (default)
» Optimize with -O3

rs=1/s

doi=1,n doi=1,n
B(i) = A(i)/s |:> B(i) - A(i)*rs

end do end do
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800+

700+

600+

500+

Mop/s

300+

200+

100

400+

Divide

="

DIV FMA

1.1 GHz POWER4

0-02
B -O2 -qunroll
0-03
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Vector Intrinsics

» -ghot generates "vector" call to vector

= Monitor with "-greport=hotlist"

intrinsic functions

doi=1,n
B() = func(A(i)) :> call _vfunc(B,A,n)

end do

58
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Vector Intrinsics

100+

0-03
B -0O3 -ghot

Mop/s

REC SQRT RSQRT EXP LOG

1.3 GHz POWER4
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Power Function (r tor)

» Computing power function: a**b

» if (b <10 and has integer value at compile
time)

» Use unrolling and successive multiply

" else

" ... _pow(...)
= Test case:

—do i=1,n
— A(i)=B(i)*b
—end do

60
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Power Function

160+

140+
120+
100+
80+
60+

Mflop/s

40+
-
0,

Unroll Factor
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Power Function

= Compiler can transform

integer power to
multiply's

» Real to Real is
expensive

» Real to Integer is less

expensive

160-

62
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32-bit versus 64-bit Addressing

= 64-bit address mode enable use of 64-bit
integer arithmetic

» Integer Arithmetic, especially (kind=8), or
long, is much faster with -q64
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Integer Arithmetic

1600+
1400+
1200+
1000+
800
600
400+
200

Mop/s

14*14 14*18 18*18
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32-bit Floating Point Arithmetic

= Faster

» Less bandwidth required

» Arithmetic operations are same speed as 64-
bit

» More efficient use of cache
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