Lecture 10

Loop Carried Dependences
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Anti Dependence and Output Dependence

 False dependenceZ2 =&l
-« A Ao Hell M eF HHE[O A= AO| OrL 2t HE 2| #{2|2] ZHALE
Of| 2f5 ZO{Lie= CHIEA
« H 2 FHEH(variable renaming)2 2 A|AHe 4+~ US
* Flow dependence: ST — S2,S3 — $4
 Anti dependence: S2 — S3

S1: t=a + b Sl: t1l = a + b
S2: suml = t + sl S2: suml = tl1 + sl
S3: t=c+ d S3: t2 =c + d
S4: sum2 = t + s2 S4: sum2 = t2 + s2
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Loop-Independent Dependences

« S1and S2 both reference the same location on the same loop

iteration, but with S1 preceding S2 during execution of the loop

Iteration

for (i=0; i<N; i++) {
A[i] = B[1i]~
F[i+l1l] = A[i];
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Loop-carried Dependences

« S1 references a location on one iteration of a loop

« On subsequent iteration, S2 references the same location

sum = 0; for (1=0; i<N; i++) {
for (i=0; i<N; i++) { A[i+l] = F[i];
sum = sum + A[i]; F[i+l1l] = A[1];
} }
sum = sum + A[O0]; A[l] = F[O0];
sum = sum + A[1l]; F[1] = A[O];
sum = sum + A[2]; A[2] = F[1];
sum = sum + A[3]; F[2] = A[1];
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Fundamental Theorem of Dependence

N

 Any reordering transformation that preserves every dependence

in a program preserves the meaning of that program

D, cE
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Loop Fusion

 Takes two adjacent loops that have the same iteration space
traversal and combines their bodies into a single loop
 Fusion is illegal if fusing two loops causes the dependence

direction to be changed

for (i = 1; i < N; i++)

s1: a[i] = b[i]; for (1 = 1; 1 < N; i++) {

Sl: a[i] = b[i];
S2: b[i-1] = c[i] + 1;
}

)
o
«Q
B

for (i = 1; 1 < N; i++)
S2: DbJ[i-1] = c[i] + 1;

for (1 =1; 1 <N; i) for (i = 1; i < N; i++) {

steo el = BRI S - s1: ali] = b[i] + 3;

J lilegal : L = bl P -
for (i = 1; i < N; i++) S2: d[i] = a[i+l] + 1;
s2: d[i] = a[i+1] + 1; }

[
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Loop Distribution (Fission)

« Takes a loop that contains multiple statements and splits it into two

loops with the same iteration-space traveral

« Can be used to convert a sequential loop to multiple parallel loops
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» Converts loop-carried dependences to loop-independent dependences

* Legal when it does not result in breaking any cycles in the

dependence graph of the original loop

for (i = 1; i < N; i++) {
S1l: af[i] = b[i] + 3;

S2: Db[i-1l] = a[i+l] + 1;
}

for (i = 1; i < N; i++)

S1l: af[i] = b[i] + 3;
llegal
for (i = 1; i < N; i++)

S2: b[i-1] = a[i+l] + 1;
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Loop Distribution (cont’d)

for (i = 1; i < N; i++)

S1:
S2:
S3:
}

al[i]
c[i]
d[i]

S
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b[i] + 3;
a[i] + 1;
c[i+1l];

for (i = 1; i < N; i++)
S1l: af[i] = b[i] + 3;

for (i = 1; i < N; i++)
S3: d[i] = c[i+1];

for (i = 1; i < N; i++)
S2: c¢[i] = a[i] + 1;
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Reduction (cont’d)
. I 7H2|S CHEA TR0 for LS SAHO2 AR 4 Hof
e
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sum = 0;
for(i = 0; i < 8; 1 = i+1){
sum = sum + x[1i]
}
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Parallel Reduction
* Parallel reduction2 A&5tH logN 29| GIM A-IDE T

sum =((x[0]+x[1])+(x[2]+x[3]))
+((x[4]1+x[5])+(x[6]+x[7]))

X0] x[1] x[2] x[38] x[4] x[5] x[6] x[7]
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Parallel Reduction?| /#%
sum = 0;
e Tree {1 for(i = 0; i < 8; i = i+1){

sum = sum + f£(x[1i]);

Combine

Combine Combine

Combine Combine Combine Combine

Local Local Local Local Local Local Local Local
computation | computation § computation § computation | computation § computation | computation § computation
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Parallel Reduction?| /#& (cont’'d)

Combine

Combine Combine

Combine Combine Combine Combine

Local Local Local Local Local Local Local Local
computation | computation § computation | computation | computation | computation | computation § computation
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Parallel Reduction?| /#& (cont’'d)

Combine

Combine Combine

Combine Combine Combine Combine

Local Local Local Local Local Local Local Local
computation | computation § computation §J computation | computation | computation | computation § computation
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Parallel Reduction?| /#& (cont’'d)

Combine

Combine Combine

Combine Combine Combine Combine

Local Local Local Local Local Local Local Local
computation | computation § computation §J computation | computation | computation | computation § computation
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 Of) prefix sum

ao, al, a2, e o o g an_l

ao, ao+ai, ao+ai+az2, ..., aot+ai+...+an-1
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ao, al, a2, e o o g an_l

ao, ao+ai, aot+ait+az2, ..., aot+ai+...+an-1

prefix sum[0] = a[0];
for(i =1; 1 < 8; i = i+1){
prefix sum[i] = prefix sum[i-1] + a[i];
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Parallel Prefix Sum

Parallel scang AE5tH logN Ho| GIMd ARIDHTI

- Aol =ME EHE A

+ + +
a, ag+a, a,+a, ay+a,
+ . -
ag+a, ay+a +a, ay+a,+a,+a,
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Parallel Scan2| S&

.+ Chatalo] At
+ ZBHAO| At
* Sorting

* Histogram
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