UPTIMIZING LOOP FUSION



INTRO T0 LOOP FUSION

e Loop Fusion: method of code optimization via combining
multiple loops into one

e Previous methods:
o Objective function optimization
o Emphasis on new data reuse or parallelism opportunities

e Issues?
o Mismatched loops
m Different trip counts
m Not control flow equivalent
m Etc.
o Control dependencies



INTRO T0 LOOP FUSION

Benefitsx* Drawbacksx*
+ Fewer loop branch executions - Increased code size
+ Data reuse - Higher register pressure
+ Opportunities for parallelism - Overutilization of hardware
(specific to hardware) resources

-  Complex control flow

* Dependent on nature of the loop fusion performed



WHAT THIS PAPER IMPLEMENTS

Method for eliminating loop
fusion hindrances first

Maximal loop fusion

o Greedy algorithm for selecting
most profitable fusions

Code aggregation
Note: Specific to IBM XL
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QUTLINE

Initial code elimination
Loop Fusion Pass

Fusing Loops

Results & Conclusions



KEY IDEA

e Eliminate hindrances early on, then fuse aggressively
e Delay actual code aggregation until loop distribution

Aggressive Copy Dead Store Loop Unroll Node

—| Loop Fusion —m=

Propagation Elimination and Jam Splitting

‘ > Scalar Loo Loop Loop Unroll
2 : - ~00p — - e~
Expansion Distribution Permutation and Jam

Fig. 1. Loop Optimizations



AGGRESSTVE COPY PROPAGATION AND DEAD STORE ELIMINATION

Conventional copy propagation algorithms do not move computations
into a loop to prevent the enlargement of the dynamic path length of
the loop. Our aggressive propagation,however, does move statements
into a loop to enable the creation of perfectly nested loops.

for(i=0 ; i<k ; i++) for(i=0 ; i<k ; i++) for(i=0 ; i<k ; i++)
{ { {
S = X*y; S = X*y; for(j=0 ; j<n ; j++)
for(j=0 ; j<n ; j++) for(j=0 ; j<n ; j++) VG101 = VIR 3] + x*y;
VL1031 = VIA1[3] + s; VIil[3]1 = V[E1[3] + x*y; }
} }
(a) (b) (©)

Fig. 2. Example of aggressive copy propagation followed by dead store elimination



LOOP DISTRIBUTION

loop-distribution is useful in 1isolating parts of the
loop that can be parallelized.

Before Loop Distribution After Loop Distribution

for i = 1:N {

S, A(1i) B(i) + 1; for i = 1:N {

S, C(i) = A(i) + C(i-1); 51 A(i) = B(i) + 1;
o+ BIAL S ACLYE &) ;or i=1:N {
) Sz C(i) = A(i) + C(i-1);

}
for i = 1:N {
S3 D(i) = A(i) + X;

}



0OP FUSION PASS

LooprFusioNPAss(S:, Direction)
FusedLoops = False
foreach pair of loops L; and L in S;, such that L;
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endfor

dominates Ly, in Direction
if INTERVENINGCODE(L;, L) = True and
ISINTERVENINGCODEMOVABLE(L;, L) = False
continue
endif
o — IK(L;) — (L)
if L; and Lj are non-conforming and
o cannot be determined at compile time
continue
endif
if DependenceDistance(Lj, L) < 0
continue
endif
MOVEINTERVENINGCODE(L;, Lk, Direction)
if INTERVENINGCODE(L;j, L) = False
if L; and L, are non-conforming
L., «— FuseWithGuard(L;, Li)
else
L., «— Fuse(L;, L)
endif
Si—S;UL,, — {Lj.Lk}
FusedLoops = T'rue
else
continue
endif

return FusedLoops

For Loop

Code

For Loop

Single If Branch

For Loop

Code

For Loop

For Loop




LOOP FUSTON PASS

LooprFuUsIONPASS(Si, Direction)
1. FusedLoops = False

2. |foreach pair of loops L; and L in S;, such that L;

dominates L, in Direction

TIEONEn

8.
9.
10.
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12!
13.
14.
15.
16.
17.
18.
19.
20.
21
22.
23.
24.
25. endfor

if INTERVENINGCODE(L;, L) = True and
ISINTERVENINGCODEMOVABLE(Lj, Li) = False
continue
endif
o [K(Ly) = r(Le)]
if L; and L are non-conforming and
o cannot be determined at compile time
continue
endif
if DependenceDistance(Lj,Li) < 0
continue
endif
MOVEINTERVENINGCODE(L;j, Lk, Direction)
if INTERVENINGCODE(Lj, L) = False
if L; and L, are non-conforming
L, — FuseWithGuard(L;, L)
else
L., < Fuse(Lj, L)
endif
Si — SiULm — {Lj, L}
FusedLoops = True
else
continue
endif

26. return FusedLoops

Direction = Forward

Direction = Backward

Nest Level =1

Code

Single If Branch

Nest Level = 2




DOP FUSION PASS

LOOPFUSIONPASS(S:, Direction) - -
e Gt Nest Level =1 Nest Level = 2
2. foreach pair of loops L; and Ly in S;, such that L;
dominates L, in Direction

3. if INTERVENINGCODE(L;, L) = True and

ISINTERVENINGCODEMOVABLE(L;, L) = False]
4. continue
5. endif
6. o — |k(L;) — K(Lx)|
Ts if L; and L are non-conforming and

o cannot be determined at compile time
8. continue
9. endif
10. if DependenceDistance(Lj, L) < 0 .
1. continue ’ Single If Branch
12. endif
13. MOVEINTERVENINGCODE(L;, Li, Direction)
14. if INTERVENINGCODE(Lj, L) = False
15. if L; and L; are non-conforming For Loop
16. L, — FuseWithGuard(L;, L)
17: else
18. L., < Fuse(Lj, L) COde
19. endif
20. Si = 8iULm — {L;, Lk}
21. FusedLoops = True For Loop
22. else
23. continue
24. endif
25. endfor For Loop
26. return FusedLoops




LOOP FUSTON PASS

ISINTERVENINGCODEMOVABLE(L;, L)

00 SSEEE QoA

©

InterveningCodeSet «— {a.|L; <4 azandLi <pa az}
if any node in InterveningCodeSet is non-movable
return False

Build a DDG G of InterveningCodeSet

CanMoveUpSet — ()

foreach a, € G in topological order
if CanMoveUp(Predecessors(ay)) and L; 6 a,

CanMoveUpSet < CanMoveUpSet U{a, }

endif

endfor

. CanMoveDownSet «— ()

foreach a. € GG in reverse topological order
if CanMoveDown(Successors(a-)) and a-. 8 L
CanMoveDownSet « CanMoveDownSet U{a- }
endif
endfor
if InterveningCodeSet —
(CanMoveUpSet U CanMoveUpSet) = 0
return True
return False

Code 1is split into aggregate
nodes, which are minimum code
segments that must be moved as a
unit

An aggregate node is intervening
if it is dominated by the
preceding loop and post dominated
by the following loop

An aggregate node 1is non-movable
if it has side effects (ex.
volatile load/store, I/0)

Aggregate nodes can be moved up
or down if there are no data
dependencies between the loop and
adjacent intervening code



LOOP FUSTON PASS

LooprFusioNPASS(S:, Direction) . .
1. FusedLoops = False e Attempt symbolic subtraction
2. foreach pair of loops L; and Ly in S;, such that L;
dominates L, in Direction between the upper bounds of the
3. if INTERVENINGCODE(L;, L) = True and .
ISINTERVENINGCODEMOVABLE(Lj, L) = False norma -L 1ze d -L 00 p S
4. continue
5. endif
6. o — [s(L;) = K(Lx)| e Stop if the difference can't be
[ if L; and L are non-conforming and . .
o cannot be determined at compile time Computed at COmp1 -Le tj me or the re

8. continue . . .
o endif are negative distance dependencies
i(l) if Depe.ndenceDistance(Lj.Lk) <0 between the 'Loops

. continue
12. endif
13. MOVEINTERVENINGCODE(L;, Lk, Direction) . .
14. if INTERVENINGCODE(L;, Li) = False (] Move any 1 nterveni ng code
15. if L; and L are non-conforming . o e . .
i Ly, « FuseWithGuard(L;, L) identified in the previous step
17: else
18. L,, — Fuse(L;, L)
19. endif
20. Si—S;UL,, — {Lj. Lk}
21; FusedLoops = T'rue
22. else
23. continue
24. endif
25. endfor
26. return FusedLoops




LOOP FUSTON PASS

LooprFusioNPASS(S:, Direction)

I
2.

TN

10.
11:
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

FusedLoops = False

foreach pair of loops L; and L in S;, such that L;
dominates Ly, in Direction
if INTERVENINGCODE(L;, L) = True and

ISINTERVENINGCODEMOVABLE(Lj, L) = False

continue

endif

o — |k(L;) — k(L)

if L; and L are non-conforming and
o cannot be determined at compile time
continue

endif

if DependenceDistance(Lj, L) < 0
continue

endif

MOVEINTERVENINGCODE(L;, Lk, Direction)

if INTERVENINGCODE(L;j, L) = False
if L; and L, are non-conforming
L., «— FuseWithGuard(L;, Li)
else
L., «— Fuse(L;, L)
endif
Si—S;UL,, — {Lj. Lk}
FusedLoops = T'rue

else
continue
endif
endfor
return FusedLoops

Fuse the loops if all
requirements are met:

1. Fuse the code 1into a
single loop
2. Update our set of loops, S,

How do we fuse the code?



FUSING CONFORMING L0OPS

e Loops are conforming if they have 1identical trip counts
e Fusion s just combining the contents into a single loop

for (int i = 0; i < 20; i++) {

a[i] = a[i] * 4; for (int i = 0; i < 20; i++) {
} al[i] = a[i] * 4;

b[i] = b[i] - 20;

for (int 1 ="6;: 1 < 20 jtt) |
b[i] b[i] - 20;

}



FUSING NON-CONFORMING LOOPS

e Need to be able to statically determine difference 1in

trip count
e Merge the loops with a guard - FuseWithGuard

— . . for (int i = 0; i < n; i++) {
for (1nt 1 = @’ 1 < ke 1++) { 1f (1 < n‘Z) {
ali] = a[i] * 4; a[i] = a[i] * 4;

) b[i] = b[i] - 20:

Tor (int i ;o - 2; ilse {

{ : 1 % A
bi] i : ; afi] al[i] * 4;

}




FUSING NON-CONFORMING LOOPS

Guarding One Loop (Alternative) Guarding Both Loops (Proposed)

for (int i ;1 y 1 for (int 1 = @; 1 < n; it+) {
if (1 < n-2) {
a[1] = a[1] * 4;
I (s n=2) { b[i] b[i] - 20;

b[i] = b[i] - 20; )
) else {
alil] = a[i] * 4;

}

Creates more code-growth than simply guarding the second
loop, but it lets the fused-loop contents stay together
(better for later potential optimizations)
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RESULTS

e Only fusing non-conforming loops (+guard) yielded Llittle
benefit (if any)

e The algorithm generally led to performance -improvement,
and losses were very low if it didn’t

e In some cases, the algorithm led to performance gains 1in
the range of 1-5%!



CONCLUSION

Pros

e General performance 1increases

e Fuses more loops -> fewer overall loop branches

e Increased parallelism

e More optimization can happen in later compilation stages
Cons

e Can result in some performance loss
e May inhibit software pipelining (guard adds control flow)
e Increased code size
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