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Machine Independent Optimization

Code Motion

— move repeating code out of loop
Reduction in Strength

— replace costly operations with simpler ones
— keep data in registers rather than memory
— avoid procedure call in loop, use pointers

Share Common sub-expressions

Procedure calls are expensive!
Bounds checking is expensive!
Memory references are expensive!



Machine Dependent Optimization

e Take advantage of system infrastructure

e Loop unrolling
e Blocking



Loop Unrolling - Why We Can Do So?
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CPU Capability of Pentium Il

e Multiple Instructions Can Execute in Parallel
— 1 load
— 1 store
— 2 integer (one may be branch)
— 1 FP Addition
— 1 FP Multiplication or Division
e Some Instructions Take > 1 Cycle, but Can be Pipelined

— Instruction Latency Cycles/lIssue
— Load / Store 3 1
— Integer Multiply 4 1
— Integer Divide 36 36
— Double/Single FP Multiply 5 2
— Double/Single FP Add 3 1

— Double/Single FP Divide 38 38



Loop Unrolling

voi d conbi ne5(vec _ptr v, int *dest)

{

e Combine multiple
iterations into single
loop body

— Perform more data
operations in each

int length = vec | ength(v);
int limt = |ength-2;
i nt *data = get _vec_start(v);

Int sum = 0; iteration
int i;
/* Conbine 3 elenents at a tine */ _
for (i =0; i <limt; i+=3) { » Amortize loop overhead
sum += data[i] + data[i+2] across multiple
+ datali +1]; Iterations
} — Computing loop index
[* Finish any remai ni ng el enents */ — Testing loop condition
for (; i < length; i++) { — Make sure the loop
sum += datali]; condition NOT to run
} over array bounds

*dest = sum
} e Finish extras at end




Practice Time ©

e Work on practice problem 5.12 and 5.13



Solution 5.12

void inner5(vec _ptr u, vec ptr v, data t *dest)

{
Int i;
Int length = vec | ength(u);
int limt = length-3;

data_t *udata = get_vec_start(u);
data_t *vdata = get_vec_start(v);
data t sum = (data_t) O;

/* Do four elenments at a time */
for (i =0; i <limt; i+=4) {
sum += udata[i] * vdata[i] + udata[i+1l] * vdata[i+1] +
udatal[i+2] * vdata[i+2] + udata[i+3] * vdata[i +3];

}

/* Finish off any remaining elenents */
for (; i < length; i++)

sum += udata[i] * vdatali];
*dest = sum



Solution 5.12

A. We must perform two loads per element to read values
for udata and vdata. There is only one unit to perform
these loads, and it requires one cycle.

B. The performance for floating point is still limited by the 3
cycle latency of the floating-point adder.



Solution 5.13

voi d i nner6(vec _ptr u, vec_ptr

{

int i;
Int length =
int limt =

data_t *udata
data t *vdata

/* Do four elenents at
< limt; i+=4) {

* vdatali];

* vdatali +1];
* vdatal[i +2];
* vdata[i +3];

data t sunD
data_t suml
for (i = O;
sunD +=
sunl +=
sunD +=
sunml +=
}

udat afi]
udat af 1 +1]
udat a[ i +2]
udat a[ 1 +3]

vec | ength(u);
engt h- 3;

v,

data_t

= get vec _start(u);
= get _vec_start(v);

(data_t) O;
(data_t) O;

atime */

*dest)

/* Finish off any remaining el enents */
for (; i < length; i++)

sunD = sunD + udata[i]

*dest = sunD + sunil;:

* vdatali];



Solution 5.13

e For each element, we must perform two loads with a
unit that can only load one value per clock cycle.

e We must also perform one floating-point multiplication
with a unit that can only perform one multiplication
every two clock cycles.

e Both of these factors limit the CPE to 2.



Summary of Matrix Multiplication

ik (& jik):
2 loads, O stores
» misses/iter = 1.25

kij (& ikj):
« 2 loads, 1 store
» misses/iter = 0.5

iki (& Kii):

« 2 loads, 1 store
» misses/iter = 2.0

for (i=0; i<n; i++) {
for (j=0; j<n; j++) {
sum = 0.0;
for (k=0; k<n; k++)
sum += a[i][K] * b[KI[];

c[i][j] = sum,;

for (k=0; k<n; k++) {
for (i=0; i<n; i++) {
r = afi][k];
for (j=0; j<n; j++)

clijb] += r* bIk]QL;
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for (j=0; j<n; j++) {
for (k=0; k<n; k++) {
r = bIKI[];
for (i=0; i<n; i++)

clii] += alij(k] * r;
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Improve Temporal Locality by Blocking

e Example: Blocked matrix multiplication
— “block” (in this context) does not mean “cache block”
— Instead, it means a sub-block within the matrix.
— e.g: n = 8; sub-block size =4 x 4

All A12 Bll BlZ C11 C12

A21 A22 BZl BZZ C21 C22

Key idea: Sub-blocks (i.e., A,)) can be treated just like scalars.

Cii = ApBy +ALB,, Cio = ApBp + ALBy,
Coi = AyBy +AB,, C, = AyBp, + AyBy,



Blocked Matrix Multiply (bijk)

I nt en = n/bsize;
[*assunme n is an integral nultiple of bsize */

for(i1=0; I<n; i++)
for(j=0; j<n; j++)
cf[i][]] = 0.0;

for(kk=0; kk<en; kk+=bsize) {
for(jj=0; jj<en; jj+=bsize) {

for (1=0; i<n; i++) {

— for(j=); J<]) +bsize; j++) {
sum= c[i][]];
for (k=kk; k<kk+bsize; k++) {

sum += a[i]J[k] * B[K][]];

}
c[i][]] += sum

}

}



Blocked Matrix Multiply Analysis

e Innermost loop pair multiplies a 1 x bsize sliver of A by a bsize x bsize
block of B and accumulates into 1 x bsize sliver of C

e Loop over i steps through n row slivers of A & C, using same B

for (1=0; i<n; I++) {
—for()=]]; 1<]+bsize; |++) {
sum = c[i][]];
//// for (k=kk; k<kk+bsize; k++) {
sum+= a[i][k] * b[Kk][]];

Innermost }
Loop Pair : :
cf[i][J] += sum ) )
} - kk =% —jj—» - j—»
o |
} ti_ kkf, |
[ [
'
A B C

Update successive
elements of sliver

row sliver accessed
bsize times block reused n
times in succession



Pentium Blocked Mat-Mul Performance

e Blocking (bijk and bikj) improves performance by a factor of two
over unblocked versions (ijk and jik)

— relatively insensitive to array size.
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summary

e You can improve the performance of your program!
— Keep working set reasonably small (temporal locality)
— Use small strides (spatial locality)

e Mind writing “cache friendly code”

— Absolute optimum performance is very platform specific: cache
sizes, line sizes, etc.



