CS406: Compilers

Spring 2022

Week 13:

More Dataflow Analysis — Uninitialized Variables,
Available Expressions, Reaching Definitions

Register Allocation



Uninitialized Variables

Goal: determine a set of variables that are possibly

uninitialized at the beginning and end of a basic block.
— E.g.to know if x==null?

Direction of the analysis:

— How does information flow w.r.t. control flow?

Join operator:

— What happens at merge points? E.g. what operator to use Union or
Intersection?

Transfer function:
— Define sets UninitIn(b), UninitOut(b), Init(b), Uninit(b)
Initializations?



Worksheet
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Available Expressions

Goal: determine a set of expressions that have already been
computed.
— E.g. to perform global CSE

Direction of the analysis:

— How does information flow w.r.t. control flow?

Join operator:

— What happens at merge points? E.g. what operator to use Union or
Intersection?

Transfer function:
— Define sets Availln(b), AvailOut(b), Compute(b), Kill(b)

Initializations?



Transfer functions for meet

® What do the transfer functions look like if we are doing a meet?

IN(S) = Nicpredas) OUT(1)
OUT(S) = gen(s)U (IN(S)— kill(s)

® gen(s): expressions that must be computed in this statement
e kill(s): expressions that use variables that may be defined in this statement

® Note difference between these sets and the sets for reaching definitions or
liveness

® Insight: gen and kill must never lead to incorrect results

® Must not decide an expression is available when it isn’t, but OK to be safe
and say it isn’t

® Must not decide a definition doesn’t reach, but OK to overestimate and say
it does
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Analysis initialization

® How do we initialize the sets?

e [f we start with everything initialized to L, we compute the smallest
sets

® |[f we start with everything initialized to T, we compute the largest
e Which do we want!? It depends!
e Reaching definitions: a definition that may reach this point
® We want to have as few reaching definitions as possible = L

e Available expressions: an expression that was definitely computed
earlier

® We want to have as many available expressions as possible = T

® Rule of thumb: if confluence operator is U, start with L, otherwise
start with T
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void

(int m, int n)

int 1, Jj;
int v, X;
if (n <= m) return;
/* fragment begins here */
i=m1; j =n; v=aln];
while (1) {
do i = i+1l; while (al[i] < v);
do j = j-1; while (al[jl]l > v);
if (i >= j) break;
x = alil; alil = al[jl; aljl =
}

What is this piece
of code doing?

x; /* swap alil, al[j] */

x = a[il; alil = al[n]; aln] = x; /* swap al[il, aln] */

/* fragment ends here */

(m,j); (i+1,n);
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Intermediate code (assuming int is 4 bytes):

(Ignore the temporary counter value for now)

void quicksort{int m, int n) available expression

U

LU lte = axi
{ {"4*i"} X = a[t6] Can be rewritten:
) ) ) S, ={"4*i", “a+t6"} .
int 1, J; set S, t7 = 4%1 t7=16
int v, X; S, =S, U {“4*}") t8 = 4%j
if (n <= m) return; o |t9 = a[t8]
. 535, U {"a+t8"} alt7] = t9 a[t6]=19
/* fragment begins here * sets, [(t7] =1
i=m1; j=n; v= a[nl]; set S t1l0 = 4*j t10-t8
. 3la[tl0] = x a[t8]=x
while (1) { set S,
do i = i+1; while (al[il] < v); \
do j = j-1; while (al[j]l > v); copy propagation
if (i >= j) break;
x = alil; alil = aljl; alj] = x;|/* swap alil, aljl */
}
x = a[il; alil = al[n]; aln] = x; /* swap al[il, aln] */
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
}
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Intermediate code (assuming int is 4 bytes):

(Ignore the temporary counter value for now)

void quicksort{int m, int n) available expression

U

4%} t6 = 4*1 .,y dead-code elim
{ s, =(a*1", “artey| X aLTO]
int i, j; ! ’ sets, t7 = 4%i  i7=16
int v, X; S, =S, U {“4*}") t8 = 4%j
if (n <= m) return; e o t9 = a[t8]
. 535, U {"a+t8"} alt7] = t9 a[t6]=19
/* fragment begins here * set S, [t7] :
= * =
i=m1; j =n; v=alnl; set S, tlglg 4_3 t-]r@-_tg
while (1) { sets, | 2[EL0] = x ald]=x
do i = i+1; while (al[il] < v);
do j = j-1; while (al[jl]l > v);
if (i >= j) break;
x = alil; alil = alj]; alj]l = x;|/* swap alil, alj]l */
}
x = al[il; ali] = a[n]; a[n] = x; /* swap al[il, aln] =/
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
}
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Intermediate code
(after local CSE+copy prop.+dead-code elim.)

void quicksort(int m, int n)

t6 = 4*1 t6 = 4*%ji
{ X = a[t6] | x = a[t6]
int i, J; t7 = 4*%1 | t8 = 4%
int v, X; t8 = 4%3 | t9 = a[t8]
if (n <= m) return; t9 = a[t8] a[t6] = t9
a[t7] = t9 a[t8] = x

/* fragment begins here */
i=m1; j =n; v=aln];

while (1) {

do i = i+1; while (al[il] < v);
do j = j-1; while (al[jl]l > v);
if (i >= j) break;

x = alil; alil = aljl; aljl = x;|/* swap alil], alj] */

t10 = 4%
aftl0] = x

}

x = al[il; ali] = a[n]; a[n] = x; /* swap al[il, aln] =/
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
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Intermediate code (assuming int is 4 bytes):

void quicksort(int m, int n) (assume next temporary counter value=11)
tll = 4+*]
{ X = a[tll]
int i, §; t12 = 4+%1i t12=t11
int v, Xx; t13 = 4%*n

t1l4d = a[tl3]

a[tl2] = t14 a[tll]=x
t1l5 = 4*n t15=t13
aftls5] = x  a[t13]=x

if (n <= m) return;
/* fragment begins here */
i=m1; j =n; v=aln];
while (1) {

do i = i+1; while (al[il] < v);

do j = j-1; while (al[jl]l > v);

if (i >= j) break;

x = alil; alil = aljl; aljl = x; /* swap alil], alj] */

}

x = alil; alil = a[n]; aln] = x;|/* swap a[il, aln] */
/* fragment ends here */

quicksort(m,j); quicksort(i+i,n);
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Intermediate code (assuming int is 4 bytes):

void quicksort(int m, int n)
tll = 4+*31 after dead-code

{ x = a[tll] elim.
int i, i; t12 = 4%i 2=t
int v, X; tl3 = 4%*n

t1l4d = a[tl3]

a[tl2] = t14 a[tll]=x
t1l5 = 4*n $15=t13
a[tl5] = x  a[tl3]=x

if (n <= m) return;
/* fragment begins here */
i=m1; j =n; v=aln];
while (1) {

do i = i+1; while (al[il] < v);

do j = j-1; while (al[jl]l > v);

if (i >= j) break;

x = alil; alil = aljl; aljl = x; /* swap alil], alj] */

}

x = alil; alil = a[n]; aln] = x;|/* swap a[il, aln] */
/* fragment ends here */

quicksort(m,j); quicksort(i+i,n);
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Intermediate code
(after local CSE+copy prop.+dead-code elim.)

void quicksort(int m, int n)

tll = 4%*]
{ x = a[tll]
int i, J; tl2 = 4*3i t1_1?:1*1|]
int v, x; t13 = 4%n  x=2

- t13=4%*n
if (n <= m) return; t1l4 = a[tl3]

_ t14=a[t13]
/* fragment begins here %/ ii;li]4;nt14 a[t11]=x
i =m-1; j = n; v = alnl; a[t15] = x a[t13]=x

while (1) {
do i = i+1l; while (al[i] < v);
do j = j-1; while (al[jl]l > v);
if (i >= j) break;
x = alil; alil = aljl; aljl = x; /* swap alil], alj] */
}
x = alil; alil = a[n]; aln] = x;|/* swap a[il, aln] */
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
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void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int i, Jj;

int v, X;

if (n <= m) return;

/* fragment begins here */

i=m-1; j =n; v = aln];
while (1) {
do i = i+1; while (a[il < v);
do j = j-1; while (a[j] > v);
if (i >= j) break;
x = ali); alil = aljl; aljl] = x; /
}
x = al[il; al[i] = aln]; aln] = x; /* sw

/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);

* CFG for quicksort
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i=m1

i =n

tl = 4*n
v = a[tl]

i= i+l
t2 = 4+*]
t3 = a[t2]

Y
j=3j-1
td = 4%
£5 = a[t4]

if t5>v goto 33

|

t6 = 4*1

x = a[te]
t7 = 4+*i
t8 = 4+7
t9 = a[t8]
a[t7] = t9
t10 = 4%7
a[tlo] = x
goto B2

|

B

5

if i»=j goto Bﬂ B,

o~

tll = 4+*3i

x = a[tll]
tl2 = 4+*1
t1l3 = 4*n
tld = a[tl3]
aftl2z] = tl4
t1l5 = 4#*n
a[tls] = x




void quicksort(int m, int n)

/* recursively sorts a[m] through al[n] ; : z_l %
{ tl = 4*n
int i, j; Ml
int v, X;
if (n <= m) return; Y
/* fragment begins here */ /fffr_hfh: i+l B,
i=m1, j=mn; v= a[n]; v2 : :1::2]
while (1) { J.f t3<v goto B,
do i = i+1; while (a[il < v); H
do j = j-1; while (al[j] > v); '
if (i >= j) break; j = j-1 1 B
x = al[il; alil = aljl; aljl = x; / td = 4%] .
} t5 = a[t4]

if t5>v goto 33

|

x = al[il; al[il = al[n]; aln] = x; /* sw
/* fragment ends here */
quicksort(m,j); quicksort(i+l,n);

} )i}=j g?::_to B: B,
t16=4%] -
. t11=4*

* CFG for quicksort x=alte] | cealtl1]

(after optimizing B5 and B6) t8=4"] t13=4*n
t9=alts] t14=a[t13]
alt6]=t3 a[t11]=x

CS406, IIT Dharwad a[t8]=x a[t13]=x
goto B2




initializing for CSEl 0
void quicksort(int m, int n)

m—1 B

/* recursively sorts a[m] through al[n] ; : 0 :
{ tl = 4*n merge point
int i, j; v = a[tl]
int v, X; U
if (n <= m) return; U \ 1 /
/* fragment begins here */ i= i+l
i=m1, j=mn; v= a[n]; : :1::2]
while (1) { bf t3<v Elc:toB
do i = i+1; while (a[il < v);
do j = j-1; while (a[j] > v); / /‘é
if (i >= j) break; j = 3-1
x = al[il; alil = aljl; aljl = x; / td = 4%j
} t5 = a[t4]
x = a[i:]; a[i] - a[n]; a[n] = x; f# Sw. if t5>vw g0t033
/* fragment ends here */ lU
quicksort(m,j); quicksort(i+l,n); S
} if i>=j goto B B,
L
] t6=4%i Y ET B
* CFG for quicksort x=alte] | f(i[fll'] ﬁ
(after optimizing B5 and B6) t8=4"] t13=4*n
t9=alts] t14=a[t13]
alt6]=t3 a[t11]=x
CS406, IIT Dharwad a[t8]=x a[t13]=x
goto B2




void quicksort(int m, int n)

{

initializing for CSE | §

Set U={"m-1",

/* recursively sorts alm] through al[n] ? i} z—l B, “4*p”
£1 = 4*n “attl”,
int i, j; v = af[tl] Il4*i”'
int v, X; U ”i+1”,
if (n <= m) ret?rn; Y "a+t2”,
/* fragment begins here */ i= 1+1 By g7
i=n-1; j =n; v =alnl; b are2) "gry
while (1) { ;Lf t3<v thDBZ ” J4T”
do i = i+1; while (a[il] < v); “U ”a+t )
do j = j-1; while (a[j] > v); ! a+t6”,
if (i >= j) break; U 5 = 3-1 1 & "a+t8”,
x = al[il; alil = aljl; aljl = x; / td = 4% L a7
+ "I:S = a[t4] ”a+t11”,
x = a[i:]; a[i] - a[n]; a[n] = x; f# su if t5>v goto 33 ”a+t13”
/* fragment ends here */ yj )
quicksort(m,j); quicksort(i+l,n); —
if i>=j goto B B,
N
t6=4%i :
. t11=4%i B
* CFG for quicksort x=a[t6] Bs cealtl1] °
(after optimizing B5 and B6) t8=4"] t13=4*n
t9=a[t8] t14=at13]
alt6]=t3 a[t11]=x
CS406, IIT Dharwad a[t8]=x a[t13]=x
goto B2




void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int 1, j;
int v, X;
if (n <= m) return;
/* fragment begins here */
i=m1; j =n; v=alnl;
while (1) {
do i = i+1; while (a[il < v);
do j = j-1; while (a[j] > v);
if (i >= j) break;
x = al[il; alil = aljl; aljl = x; /
}
x = alil; al[il = aln]; a[n] = x; /* sw
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);

* CFG for quicksort
(after optimizing B5 and B6)
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L { compute(B1)
L=m1 B, | aka. gen(B1) =
i1-=n4*n { ”m'].”, 114*nn‘
v = a[tl] ”a+t1”}
U \ U
Y
U i= i+l g. kill(B1) ={
£2 = 4%i “a+t1”}
t3 = a[t2]
Pf £3 to B
il """H_ZG °2 ] Qut(B1) =
“ gen(B1) U IN(B1) - kill(B1)
7 3 = j-1 | s
4 = 4% .7 out(B1) =
t5 = a[t4] “« ”
if t5>v gotoB, 34:]'”1 ’
U N
l lla+tlll
if i>=j goto B B, }
U
— /N ¥
t6=4%i 5, T11=4%] B,
x=alto] x=a[t11]
t8=4%) t13=4*n
t9=a[t8] t14=a[t13]
alt6]=t3 a[t11]=x
a[t8]=x a[t13]=x
goto B2




void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int i, Jj;

int v, X;

if (n <= m) return;

/* fragment begins here */

i=m1; j =n; v=alnl;
while (1) {
do i = i+1; while (a[il] < v);

do j = j-1; while (a[j] > v);

if (i >= j) break;

x = al[il; ali]l = alj];
}
x = al[il; alil] =
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);

gen(B2) ={

aljl = x; /

aln]; aln] = x; /* sw

* CFG for quicksort
(after optimizing B5 and B6)
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jl_ = m-1 Bl ”4*i”, ”a+t2”}
i =n
tl = 4*n
v = a[tl]
l+1 5| Kill(B2) = {
a%i Il4*i”’ ”a+t2”}
= a[t2]
lf t3<v gmtoi?
|
U
' Initially, IN(B2) =
5 = 31 | set U N OUT(B1)
td = 4% | ={um_1u’n4*nu’
t5 = a[t4] ” ”
if t5>v gotoB, | a+tl”}
YJ
if i>=j goto B: B,
U
3, t11=4%1 B
x=a[t11]
t13=4%*n
t14=a[t13]
a[tll]=x
a[t13]=x




void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int i,
int v,
if (n <= m) return;
/* fragment begins here */
i=m1; j =n; v=alnl;
while (1) {
do i = i+1; while (a[i] < v);
do j = j-1; while (a[j] > v);
if (i >= j) break;
x = al[il; ali]l = alj];

Js

X3

}

x = a[il; ali] =
/* fragment ends here */
quicksort(m,j); quicksort(i+l,n);

aljl = x; /

aln]; aln] = x; /* sw

gen(B2) ={
B]_ Il4*i”' ”a+t2”}

kill(B2) = {

(l4*i”’ lla+t2”}

T

| {}
i=m-1
i =n
tl = 4%n
v = af[tl]
i+l B2
4*i
= a[t2]
lf t3<v goto B,
1U
' i
j = 31 | ={IN(B1) U
td = ﬂ*j ! "a+t2"}
t5 = a[t4]

if t5>v goto 33

Initially, OUT(B2) =

lu

if i>=] goto B

B,

* CFG for quicksort
(after optimizing B5 and B6)
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U

(l4*ill’

t11=4%j
x=a[t11]
t13=4*n
t14=a[t13]
a[tll]=x

a[t13]=x




void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int i, Jj;

int v, X;

if (n <= m) return;

/* fragment begins here */

i=m1; j =n; v=alnl;

while (1) {
do i = i+1; while (a[i] < v);
do j = j-1; while (a[j] > v);
if (i >= j) break;

x = al[il; alil = aljl; aljl = x; /

}

x = al[il; al[il = al[n]; aln] = x; /* sw

/* fragment ends here */
quicksort(m,j); quicksort(i+l,n);

I,

gen(B3) = {
Bl ”4*]”’ ”a+t4”}

kill(B3) = {

i=m1

j=n

tl = 4*n

v = a[tl]
U

P

"

|
1= 1+l
= 4*i

”4*J”, ((a+t4”}

= a[t2]

lf t3<v goto B,

]

Initially, IN(B3) =

j=3j-1
td = 4%
£5 = a[t4]

if t5>v goto 33

1|={U N OUT(B2)} =
OUT(B2)

—F

if i>=] goto B

B,

,ji”ff

* CFG for quicksort
(after optimizing B5 and B6)
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t6=4%i

B

x=a[t6] 5

t8=4%j
t9=a[t8]
=t9
=X
goto B2

a[t6]
a[t8]

U

t11=4%j B
x=a[t11]
t13=4*n
t14=a[t13]
a[tll]=x
a[t13]=x




void quicksort(int m, int n)

{

/* recursively sorts alm] through al[n]

int i, Jj;

int v, X;

if (n <= m) return;

/* fragment begins here */

i=m1; j =n; v=alnl;

while (1) {
do i = i+1; while (a[i] < v);
do j = j-1; while (a[j] > v);
if (i >= j) break;

x = al[il; alil = aljl; aljl = x; /

}

x = al[il; al[il = al[n]; aln] = x; /* sw

/* fragment ends here */
quicksort(m,j); quicksort(i+l,n);

I,

gen(B3) = {
Bl ”4*]”’ ”a+t4”}

kill(B3) = {

i=m1

j=n

tl = 4*n

v = a[tl]
U

P

"

|
1= 1+l
= 4*i

”4*J”, ((a+t4”}

= a[t2]

lf t3<v goto B,

]

Initially, OUT(B3) =

j=3j-1
td = 4%
£5 = a[t4]

if t5>v goto 33

"I: _{(14* ” (la+t4” U
OUT(B2)}

—F

if i>=] goto B

B,

,ji”ff

* CFG for quicksort
(after optimizing B5 and B6)
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t6=4%i

B

x=a[t6] 5

t8=4%j
t9=a[t8]
=t9
=X
goto B2

a[t6]
a[t8]

U

t11=4%j B
x=a[t11]
t13=4*n
t14=a[t13]
a[tll]=x
a[t13]=x




IN(B5)="4*]", “a+td”, “4*i” “a+t2”, “m-1”, “4*n” “a+t1”

t6=4%*i
Xx=a[t6]
t8=4%j
t9=a[t8]
a[t6]=t9
a[t8]=x
goto B2

x=a[t2]
t9=a(t4]
a[t2]=t9
a[td]=x
goto B2

!

x=t3
t9=a[t4]
a[t2]=t9
a[t4]=x
goto B2

CS406, IIT Dharwad

t6=t2
x=a[t2]
t8=4%j
t9=a[t8]
a[t2]=t9
a[t8]=x
goto B2

gen(B5) ={

B] u4*°n ua+t6H’
”4*J”, ”a+t8”}

|

Nl

x=a[t2]
t8=t4
t9=a[t4]
a[t2]=t9
a[td]=x
goto B2

V“\‘ !
‘l = l+l.

kill(B5) = {

t2 = 4*]
(t3 = a[t2]

”a+t8”, ua+t6”}

B,

'j_f t3<v gt::d:i:}f:'2

U

Initially, IN(B5) =

U= Y
/J=]‘1

=OUT(B4)=0UT(B3)

= 4*3
= a[t4]
K J_f t5>v goto H3
"

¥

x=t3
a[t2]=t5
a[td]=x
goto B2

if i>=j gotoB, B,
U_— U
—
—/] ¥

t6=4%j B. t11=4%*| Bg
x=a[t*§] x=a[t11]

t8=4%] t13=4%*n

t9=a[t8] t14=a[t13]
a[t6]=t9 a[t11]=x

a[t8]=x a[t13]=x

goto B2




Dataflow Analysis — Problem Categorization

* All path problem:

— we want the property to hold at all the paths reaching a program
point.

* Any path problem:

— we want the property to hold at some path reaching a program point.

Orthogonal to the above categorization we can have:
* Forward flow problem:
— Transfer of information done along the direction of the control flow

* Backward flow problem:

— Transfer of information done opposite to the direction of the control
flow



Reaching Definitions - Example

* Goal: to know where in a program each
variable x may have been defined when
control reaches block b

* Definition d reaches block b if there is a
path from point immediately following d
to b, such that the variable defined in d is
not redefined / killed along that path

In(b) =U; ePred(b) Out(i)

Out(b) = ge?(b) U (In(b) - ki?ll(b))

//set that contains all statements //set that contains all statements
that may define some variable x in that define a variable x that is
b. E.g. gen(1l:a=3;2:a=4)={2} also defined in b. E.g.
kill(1l:a=3; 2:a=4)={1,2} 25
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Reaching definitions

® What definitions of a variable reach a particular program point

® A definition of variable x from statement s reaches a statement
t if there is a path from s to t where x is not redefined

® Especially important if x is used in t

® Used to build def-use chains and use-def chains, which are key
building blocks of other analyses

® Used to determine dependences:if x is defined in s and that
definition reaches t then there is a flow dependence from s

ot

® We used this to determine if statements were loop invaraint

e All definitions that reach an expression must originate from
outside the loop, or themselves be invariant
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Creating a reaching-def analysis

® Can we use a powerset lattice?

® At each program point, we want to know which definitions
have reached a particular point

® (Can use powerset of set of definitions in the program
® Vs set of variables, S is set of program statements
® Definition:de V x §
® Use a tuple, <v, s>
® How big is this set!?

® At most |V x S| definitions

CS406, IIT Dharwad
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Forward or backward!?

® What do you think?



Choose confluence operator

® Remember: we want to know if a definition may reach a
program point

® What happens if we are at a merge point and a definition
reaches from one branch but not the other?

® We don’t know which branch is taken!

® We should union the two sets — any of those definitions

can reach

® We want to avoid getting too many reaching definitions —
should start sets at L
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Transfer functions for RD

® Forward analysis, so need a slightly different formulation
® Merged data flowing into a statement
IN() = Usepreare) OUT()
OUT(s) = gen(s)U (IN(s)—kill(s))
® What are gen and kill?
® gen(s): the set of definitions that may occur at s
® eg,gen(siix =e)is <x,s/>

® kill(s): all previous definitions of variables that are definitely
redefined by s

® eg, kill(si:x =e)is <x,*>
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