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Background
Static single assignment (SSA) form facilitates compiler
optimizations.
Outline
1. SSA form
2. Translation into SSA form
3. Back translation from SSA form
4. SSA form optimizations



1 Static single assignment
form (SSA form)

s



Static single assignment (SSA) form

l: a=x+y l: a; = x, + Yy,

2: a =a + 3 2: a, = a; + 3

3: b=x+y 3: b, =%, t+ y,
(a) Normal (conventional) (b) SSA form

form (source program
or internal form)

SSA form is a recently proposed internal representation where
each use of a variable has a single definition point.

Indices are attached to variables so that their definitions become
unique.



Optimization in static single assignment (SSA) form

l: a=x +y l: a;, = x, + Y,
2: a =a + 3 SOA 2: a, = a; + 3
translation
3: b=x+y : X T Yo
(a) Normal form (b) SSA form
l: a;, = x, *+ Y, l: al = x0 + yO
2: a, = a; + 3 tsririll;?icol; » 2: a2 = al + 3

3: b, = a3 3: bl = al
(c) After SSA form optimization (d) Optimized normal form

SSA form is becoming increasingly popular in compilers, since it is suited for
clear handling of dataflow analysis and optimization.



2 Translation into SSA form
SSA translation)

g



Translation into SSA form (SSA translation)

S S

LL1 | x=1 [2 | x=2 LL1| x1=1 L

\ =/ \ 2;2

.3 | x3=¢ (x1;L1, x2:L2)
... =X3

=2

L3

(a) Normal form (b) SSA form



Three variations have been proposed
as the SSA form

 minimal SSA [Cytron et al. 91]

e semi-pruned SSA [Briggs et al. 98]
e pruned SSA [Choi et al. 91]



Three variations of SSA form

X =. X=...
=X =X
y =. y=...
Z=. Z=
=y =y
=z
Normal form
. X2=... x1=... X2=... x1=... X2=...
=x1 =x2 =x1 =x2 =x1 = X2
y2=... yi=... y2=... yi=... y2=...
z2=... z1=... z2=... z1=... z2=...
y1 =y2 =yl =y2 =yl =y2
x3= ¢ (x1,x2) y3=¢ (y1,y2) _
3= 6 (y1.42) 28= ¢ (21,22) A
z3= ¢ (z1,z2) =z3 =
=2z3

Minimal SSA form Semi-pruned SSA form Pruned SSA form



Two major methods for inserting

| ¢-functions

(1) Method by Cytron et al.
[Cytron et al. 91]

(11) Method by Sreedhar et al.
[Sreedhar and Gao 95]



SSA translation: inserting ¢-

| functions

Outline:

Insert ¢-functions to nodes
which different definitions
reach to.

New definition occurs
where ¢-function is

inserted.




SSA translation: inserting ¢-

| functions

Nodes where ¢-functions

are inserted:
“dominance frontier” of node
where variable v is defined.

{

Insertion of ¢-functions:
same as finding the
dominance frontier




Dominator tree

Entr

To go from 1 (Entrv) to 3, alwavs
pass through 2 — 2 dominates 3

Dominator
tree




Dominance frontier

Dominance frontier of node X:
the first node that X does not
dominate, traversing the CFG
edges starting from X.
Example:

8 is the dominance frontier of 3

(v, v)



Dominance frontier

Insert ¢ at the dominance
frontier of 3.

[]
Dominance
[2] frontier
(8] [2]
Dominator
[8] tree




Dominance frontier

As ¢ is inserted in 8, another ¢ should be
inserted at the dominance frontier of 8.

V= P(v, V)

[]

Dominance
[2] frontier

Dominator
[6] [6] [8] tree




SSA translation: inserting ¢-

| functions

The result of inserting
¢-functions




Two major methods of SSA translation
i) Method by Cytron et al.

(
i [Cytron et. al 91]

1. Compute the dominance frontier (DF) of
all nodes in CFG

. (before insertion phase of ¢-functions)
=  Compute DF using CFG and dominator tree

2. Insert ¢-functions

- Insert ¢-functions at every dominance
frontier of nodes where variables are defined
(repeat if ¢ is inserted).

3. Rename variables
o Renames v to vl, vZ2, ...



(i) Method by Sreedhar et al.

| |Sreedhar and Gao 95]

= An improvement of Cytronetal.” s
method

= Use a data structure DJ-graph

= Computation of dominance frontier is
made during the ¢-function insertion phase



(ii) Method by Sreedhar et al.
[Sreedhar and Gao 95]

D-edge: edge
of dominator
tree

DJ-graph: Dominator tree + «



Computational complexity of

| ¢-function insertion

= Usual programs

= The number of dominance frontier for each
node is less than or equal to 2

= Cytron: linear O(n) (wrt. the size of CFG)
= Sreedhar: linear O(n)

= Programs where the CFG is the ladder
graph or nested loop

= Cytron: quadratic O(n?)
= The number of dominance frontier is large

= Sreedhar: linear O(n)
= Coins implements Cytron’ s method
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3 Back translation from SSA form

!L (SSA back translation)



Back translation from SSA form

L1

x1 =1 [2 | x2=2

L3

N/

x3 = ¢ (x1;L1, x2:L2)
... =X3

(a) SSA form

—

L1

| (SSA back translation)

x1 =

x3 = x1

L2

X2 =2
X3 = x2

NS

L3

.= X3

(b) Normal form




Problems of naive SSA back translation

l (Lost copy problem)
block1
CK1 block1 x0 = 1

x0 =1 x0 =1 x1 = x0
block2 l I block2 l I block2 l I
x1 = ¢ (x0, x2) x1 = ¢ (x0, x2) X2 =2
y = x1
X2 =2 X2 =2 x1 = x2
block3 v block3 v block3 v
return y return x1 return x1

u u not correct !

Copy propagation  Back translation
by naive method



Problems of naive SSA back translation

(Simple ordering problem:
simultaneous assignments to ¢-functions)

o

block1
block block X0 = 1
x0 = 1 X0 =1 y0 =2
y0 =2 y0 =2 x1 = x0
block? l i block2 l ] y1=y0
x1 = ¢(x0, x2) x1 = ¢(x0, x2) blockz l y
y1 = ¢(y0, y2) y1=¢(y0, x1) X2 =3
y2 = x1 x1 = x2
x2 =3 x2=3 y1=x1

‘ sk%ﬁ%i 2

Cop ropagation

Q,

not correct |

Back translation
by naive method



To remedy these problems...

SSA back translation algorithms by
(1) Briggs et al. [1998]

Insert copy statements

(1) Sreedhar et al. [1999]
Eliminate interference



(1) SSA back translation algorithm by Briggs

block1

x0 =1

block2 4 4|

x1 = ¢ (x0, x2)

X2 =2

block3 l

return x1

(a) SSA form

live
range
of x1

block1

x0 =1
x1 =x0

block2 l I
temp = x1
X2 =2
x1 =x2

block3 l

return temp

live
range
of
temp

(b) normal form after back

translation



(1) SSA back translation algorithm by

Briggs (cont)
live range of
block 1 X0 x1 x2 block 1
x0 =1 ¢ X =1
x1 = x0 ¢
block?2 l I block2 l I
temp = x1 t temp =x
X2 =2 ¢ X=2
x1 = x2 t
block3 l block3 l
return temp return temp
coalesce {x0, x1, x2} — x
(b) normal form after back (c) after coalescing

translation (same as before)



(11) SSA back translation algorithm by Sreedhar

block1

x0 =1

block? l ]

x1 = ¢ (x0, x2)

X2 =2

block3 l
return x1

Iinterfere

¢

live range of
x0 x1 x2

¢

(a) SSA form

block1
x0 =1

block? l !

x1’ = ¢ (x0, x2)
x1 =x1’
X2 =2

block3 l
return x1

live range of
x0 x1' x2

¢

(b) eliminating
interference

block1
A=1

block? l !

block3 l
return x1

no interfere | rename {x0, x1°, x2} — A
delete ¢

(¢c) normal form after

back translation



Empirical comparison of SSA back translation

i No. of copies (no. of copies in loops)
SSA

Briggs Briggs + | Sreedhar
form Coalescing

Lost copy 0 3 1(1) 1(1)
Simple ordering 0 5 2 (2) 2 (2)
Swap 0 7 5 (5) 3 (3)
Swap-lost 0 10 7 (7) 4 (4)
do 0 9 6 (4) 4 (2)
fib 0 4 0 (0) 0 (0)
GCD 0 9 5(2) 5 (2)
Selection Sort 0 9 0 (0) 0 (0)
Hige Swap 0 8 3 (3) 4 (4)

(Coins implements Sreedhar’s method)



| 4 SSA form optimization




Conditional constant propagation [Wegman 91 |

Example source program

/* from Appel, A.: Modern compiler implementation in Java, 2nd ed.,
2002, Fig. 19.4 */
int main() {
int1, J, k;
1=1;
i=1
k=0;
while (k < 100) {
if (j <20) {
J=1i;
k=k+1;
}else {
J=K
k=k +2;
¥

¥
printf("%d¥n", j);

h




Conditional constant propagation
. 11 =1;
Translate into SSA form il=1;
: kl =0;
1=1; while (
i=1; 2 = o, j5)
k =0: k2 = d(k1, k5);
while (k < 100) { k2 < 100) {
£ (i < 20) { if (2 < 20) {
s —> )3 =1l;
J=1 kK3=k2 + 1;
k=k+1; L else {
} else { j4=Kk2;
i=k; k4 =k2 + 2;
1. }
k=k+2; i5 = 013, j4);
¥ k5 = 0(k3, k4);
} }
printf("%d¥n", j); printf("%d¥n", j5);

(a) source program (b) SSA form



Conditional constant propagation

1l =1;
=1
k1l =0:;
while (
j2=9(Q1,J5);
k2 = ¢(k1, k5);
k2 < 100) {
if (j2 <20) {
13 =1l;
k3=k2 + 1;
}else {
14 =Kk2;
k4 =k2 + 2;
}
35 =93, j4);
k5 = ¢(k3, k4);
}
printf("%d¥n", j5);

(b) SSA form
(same as before)

11: 1
jl: 1
k1:0

j2: 1

k2: not constant

k2 < 100:

j2 < 20: always true
13: 1

k3: not constant
not reachable

14

k4.

15: 1
k5: not constant

result of analysis

By analyzing the

SSA form, the

system knows that

*j2,13, 15 are always
1.

* the else part 1s not
reachable



Conditional constant propagation

il =1;
jl=1;
k1 =0;
while ( while (
i2 =01, j5);
g z %1(%,{1(5); k2 = ¢(0, k3);
k2 <100
if (12 < 20) { a
j3=il; —>
}k31=1{<2+1; k3=k2 + 1;
CISC
j4=Kk2;
k4 =k2 + 2;
o
kS = ¢(k3, k4); \
} . n n
1 .
printf("%d¥n", j5); printie I 1
(b) SSA form (¢) SSA form after cond. const. prop.

(same as before) with dead code elimination



Conditional constant propagation

while ( k =0;
k2 = ¢(0, k3); while (k < 100) {
k2 <100) { k=k+ 1;
k3=Kk2 + 1; — |}
1 printf("%d¥n", 1);
printf("%d¥n", 1);

(it 1s actually in intermediate
representation, but shown here in
structured C style)

(¢) SSA form after cond. const. (d) after SSA back
prop. with dead code elimination
(same as before)

translation



Conditional constant propagation

(Summary)
1=1;
=1 k =0;
k =0; while (k < 100) {
while (k < 100) { | k=k+1;
if (j < 20) { \
]1=1; printf("%d¥n",1);
k=k+1;
L else { (in structured program style)
{:_1; o We see that constants are
\ - ’ propagated, and the “else
! part” of the while
printf("%d¥n" j); statement 1s deleted.

(a) source program (d) after SSA back translation



Operator strength reduction of loop induction

| variables and linear function test replacement

Example source program

/* addvectosr.c -- add vector for osr example */
vold addvect(int z[], int x[], int y[], int n) {
Int 1;
for(1=0;1<n;1++) {
z[1] =x[1] + ylil;
¥
y




Operator strength reduction of loop induction variables and
linear function test replacement
11 =0 il
L1:
i2 = ¢(il, i3)
if (12 >=nl) goto L6
tempdi =4 *12
tempx41 = X + temp4i j>
tempxi = * tempx4i

13=12+1

goto L1
L6:

SSA form intermediate
representation shown in C style

SSA graph

(‘load’ corresponds to prefix op “*’ in C)



Operator strength reduction of loop induction variables and
linear function test replacement

11

12

tempx4i [

(same as before)

transformation of SSA graph - strength reduction



Operator strength reduction of loop induction variables and
linear function test replacement

further transformation of SSA graph - strength reduction



Operator strength reduction of loop induction variables and
linear function test replacement

x41

{émpx4i1 =X
L1:
E tempx412 = ¢(tempx4il, tempx4i3)

iémpxi = * tempx412

tempx4i3 = tempx4i2 + 4

tempx413 reconstructed SSA form

SSA graph (same as before)



Operator strength reduction of loop induction variables
and linear function test replacement

Example source program

void addvect (int z[], int X[],
int y[], int n) {
Int 1;
for 1=0;i<n;i++) {
z[i] = x[i] + y[i];
}
}

after strength reduction of ind var

"na

n array accesses, ‘multiply by 4’
disappears. (Actually it is in SSA
form intermediate representation, but

shown here in C style without ¢.)

S~

Test of induction variable ‘i’ is \7
replaced by that of ‘temp4i’

temp4i = 0;
tempx4i = X;
tempy4i =y;
tempz4i = z;

1=0;

if (1 >=n) goto L6;

L4:

tempxi = * tempx4i;

tempyi = * tempy4i;

* tempz41 = tempxi + tempyi;
1=1+ 1;

temp4i = temp4i + 4;
tempx41 = tempx4i+4;
tempy4i = tempy4i+4;
tempz4i = tempz4i+4;

if (temp4i < n << 2) goto L4;

L6:




Operator strength reduction of loop induction variables
and linear function test replacement

after strength reduction of ind var after all optimization
temp42 =0; if (0 >=n) goto L6;
[eMpXA1 = X; temp4n = n << 2;
tempy4i =y; 4i = 0-
tempz4i = z; tempar = U;
i=0; L4:
if (i >=n) goto L6; tempxi = * x;

L4: tempyi = * y;
tempxi = * tempx4i; * 7 = tempxi + tempvi
tempyi = * tempy4i; :> P 25

* tempz4i = tempxi + tempyi; temp41 = temp41 + 4;

=i+l X=X +4
temp4i = temp4i + 4; y=y+4,
tempx4i = tempx4i+4; z=17+4;
tempy4i = tempy4i+4; if (temp4i < temp4n) goto L4;
tempz4i = tempz4i+4; L6:
if (temp4i < n << 2) goto L4;
Lé6:

Test of induction variable ‘1’ is replaced
(same as before) by that of ‘temp4i’, and ‘i’ disappears.



Operator strength reduction of loop induction variables
and linear function test replacement

Note: Further optimization might be possible in some architecuture
like SPARC, as shown below. But it depends on instruction set.

if (0 >=n) goto L6; if (0 >=n) goto L6;

temp4n =n <<2; temp4n = n << 2;

temp4i = 0; temp4i = 0;
L4: 1.4

tempxi = * X; tempxi = * (x + temp4i);

tempyi = * y; tempyi = * (y + temp4i);

* z = tempXi + tempy1; )| = (z + temp4i) = tempxi + tempyi;

temp4i = temp4i + 4; temp4i = temp4i + 4;

X=X +4;

y=y+4

z=17+4;

if (temp4i < temp4n) goto L4; if (temp4i < temp4n) goto L4;
Lé6: Lé6:

(same as before)



Common subexpression elimination

Example source program

* cse_test.c */

printf(" %d¥n",d);




Common subexpression elimination

d=x+7z;
printf("%d¥n", d);

source program

(z1 IS y) // a+ b is a common subexpr
// and z1 is equal to y.
else
(z2 IS y) // a+ b 1s a common subexpr
// and z2 is equal to y.
z3 = ¢(z1,22);
(z3 1S y) //therefore, z3 is equal to 'y
// after if statement.
(d IS x+z3 IS x+y IS ¢) // d is equal to ¢
printf("%d¥n", d);

after analysis in SSA form




Common subexpression elimination

(z2 IS y)
z3 = ¢(zl,z2);
(z3 1S y)
(dIS x+z3 ... 1S ¢)
printf("%d¥n", d);

if (a < 10) {
}else {

}
printf(" %d¥n", c);

printf("%d¥n", 6);

after analysis
(same as before)

after common
subexpr elim

after all
optimizations
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Appendix
SSA optimization module

!L in COINS



COINS compiler infrastructure

@ - language @ QpenME

C Fortran frontend
frontend generatlon

' v ! f

High-level Intermediate Representation (HIR)

7 v 1 v 1 v 1
HIR Basic Basic Advanced
to analyzer & parallelizer optimizer
LIR optimizer

¥ v 4

Low-level Intermediate Representation (LIR)

v v 1 v 1 !

Code SSA SIMD C
generator optimizer parallelizer generation

RS




SSA optimization module in COINS

Source program

Code
generlation

Low-level Intermediate
Representation (LIR)

2

SSA optimization module

LIR to SSA
translation
(3 variations)

ST

SSA optimization
common subexp elim
GVN by question prop
copy propagation
cond const propagation
and much more ...

Optimized
LIR in SSA

transformation
on SSA

edge splitting
redund ¢ elim
empty block elim

SSA to LIR back translation
2 methods
(one with 3 variations)
+ 2 coalescing

about 12,000 lines




Outline of SSA module in COINS (1)

Translation into and back from SSA form on Low-level
Intermediate Representation (LIR)

SSA translation

Use dominance frontier [Cytron et al. 91]

3 variations: translation into Minimal , Semi-pruned and Pruned
SSA forms

SSA back translation

Sreedhar et al.’s method [Sreedhar et al. 99]
3 variations: Method I, II, and III

Briggs et al.’s method [Briggs et al. 98] (under development)

Coalescing

SSA-based coalescing during SSA back translation [Sreedhar et al.
99]

Chaitin’s style coalescing after back translation
Each variation and coalescing can be specified by options




Outline of SSA module in COINS (2)

- Scveral optimization on SSA form:

dead code elimination, copy propagation, common subexpression
elimination, global value numbering based on efficient query
propagation, conditional constant propagation, loop invariant code
motion, operator strength reduction for induction variable and linear
function test replacement, empty block elimination, copy folding at
SSA translation time ...

i Useftul transformation as an infrastructure for SSA
form optimization:

critical edge removal on control flow graph, loop transformation from
‘while’ loop to ‘if-do-while’ loop, redundant phi-function elimination,
making SSA graph ...

- Each variation, optimization and transformation can
be made selectively by specifying options



| Demonstration

= Demo on a SPARC machine



(Foils for laboratory work written in Japanese
follows)
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>less matmul-main.c
# include <stdio.h>

main(){
double A[3][3], B[3][3], C[3][3], s;
inti, J, k;

for(1=0;1<3;14++){
forG=0;)<3;j++){
Al[i][j] = (double) i*2+j;
B[i][j] = (double) 1*2+j;
}
¥

for (1=0; 1<3; 1++){
for (j=0; j<3; j++){
s=0.0;
for ( k=0; k<3; k++){
s=s+A[i][k]*B[k][j];
}
Clil[j]=s;
}
}

for i=0;i<3;i++){
for j=0;j<3;j++) {
printf("%g %g %g¥n", Alil[j], B[il[j], CLiI[GD;
}
}
¥



>EZE&H

SPARCERS DX

CoinsUU—XR[CHBDKRFaAb:
edu:...coins.../doc-en/README.SSA.en.txt,
/doc-ja/README.driver.ja.txt, README.backend.ja.txt#x &

edu_t M ~sassa/coins/ssa-demo-shuchukougiO407/Readme-
ssatrans, Readme-ssaopt

http://www.coins-project.orqg/

http://www.is.titech.ac.jp/~sassa/coins-www-ssa/
japanese/index.html

F52Coins SSADY T TR—Uh 5= & - 1=SSARBE{LTHRE
Coins/A\y o LY ROEF
= U—BRI &G EIRS VD TER




