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Data Flow Analysis
How Data Flows on CFG?

How application-specific Data <—

—> Flows through the

_ Nodes (BBs/statements) and
for most static analyses
(may analysis) Edges (control flows) of

CFG (aprogram)?

may analysis:
outputs information that may be true (over-approximation)

must analysis:
outputs information that must be true (under-approximation)
Over- and under-approximations are both for safety of analysis
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Input and Output States

« Each execution of an IR statement transforms
an input state to a new output state

« The input (output) state is associated with the
program point before (after) the statement

i— program point
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Input and Output States

« Each execution of an IR statement transforms
an input state to a new output state

« The input (output) state is associated with the
program point before (after) the statement

i— program point

sl sl sl s3
iJ VAN N/

S2 S2 s3 s2
JouT[s1] =




In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the
set of all possible program states that can be observed for that point.
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In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the
set of all possible program states that can be observed for that point.

X = 10;
O

y = -1;
O

X =Y,
O

X =X / 6;
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In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the
set of all possible program states that can be observed for that point.

X = 10;

® X = |+| y = |L
y = -1;

@ X=+y=_
X =Y,

@ X=_y=_
X =X/Y;

_ X =[+] y = |-
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In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the
set of all possible program states that can be observed for that point.

X = 10;
o X = |+ y = [L
y = -1;
O X = |+| Yy = |—
X =Y,
® X ==Yy = |- The set of possible data-
X =Xx/Y; flow values is the domain
- X =|+] y = |- for this application
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In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the
set of all possible program states that can be observed for that point.

X = 10;
o X = |+ y = [L
y = -1;
O X = |+| Yy = |-
X =Y,
® X ==Yy = |- The set of possible data-
X =X/Y; flow values is the domain
® X = |+]| y = |—- for this application

Data-flow analysis 1s to find a solution to a set of safe-approximation-
directed constraints on the IN[s]’s and OUT][s]’s, for all statements s.
- constraints based on semantics of statements (fransfer functions)

- constraints based on the flows of control

Yue @ Nanjig Universl 4%



Notations for Transfer Function’s Constraints

 Forward Analysis i |

<0 n
<

OUT[s] = f,(IN[s])
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Notations for Transfer Function’s Constraints

 Forward Analysis i |
S
OUT(s] = f.(IN[s]) i
N
| t
« Backward Analysis

IN[s] = f,(OUT][s])

<0 un
I
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Notations for Control Flow’s Constraints

Control flow within a BB

IN[s., ;] =O0UT]s;], foralli=1,2,...,n-1

Control flow among BBs

IN[B] = IN[s,] OUT|[B] = OUT]s,,]

OUTI[B] =f3(IN[BD, fp= f; o...0 fs2 o fs,

P1| | P2

IN[B] = A\ P a predecessor of B OUT[P]

//

The meet operator A\ is used to summarize
the contributions from different paths at the

confluence of those paths




Notations for Control Flow’s Constraints

Control flow within a BB

IN[s., ] =0OUT][s;], foralli=1,2,...,n-

1

Control flow among BBs

IN[B] = IN[s,] OUT|[B] = OUT]s,,]

OUTI[B] = f3(IN[BD), fp= f o

. OfSZ g fSl

P1| | P2

IN[B] = A\ P a predecessor of B OUT[P]

IN[B] = fp(OUTI[B]), fp= f; o

° ‘f‘;n—lo fsn

OUT[B] = /\ S a successor of B IN[S]

Al

<

>




Data Flow Analysis
Applications

(I) Reaching Definitions Analysis

(II) Live Variables Analysis

(1I1) Available Expressions Analysis



Issues Not Covered

 Method Calls
- Intra-procedural CFG

- Will be introduced in lecture: Inter-procedural Analysis

« Aliases

- Variables have no aliases

- Will be introduced in lecture: Pointer Analysis



Reaching Definitions

A definition d at program point p reaches a point q if there 1s a path
from p to q such that d is not “killed” along that path
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Reaching Definitions

A definition d at program point p reaches a point q if there 1s a path
from p to q such that d is not “killed” along that path

A definition of a variable v is a statement that assigns a value to v

Translated as: definition of variable v at program point p reaches
point q if there is a path from p to g such that no new definition of
v appears on that path

Reaching definitions can be used to detect possible undefined
variables. e.g., introduce a dummy definition for each variable v at
the entry of CFG, and if the dummy definition of v reaches a point
p where v is used, then v may be used before definition (as
undefined reaches v)




Understanding Reaching Definitions

» Data Flow Values/Facts Abst dClion

- The definitions of all the variables in a program
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Understanding Reaching Definitions

» Data Flow Values/Facts Abst dClion

- The definitions of all the variables in a program

- Can be represented by bit vectors

e.g., D1, D2, D3, D4, ..., D100 (100 definitions)

00000...0
\ J
|

100 bits
Bit i from the left represents definition Di

Yue Li @ Nanjing University



Understanding Reaching Definitions

 Transfer Function

« Control Flow

Yue Li @ Nanjing University



Understanding Reaching Definitions

D: v

X opy

This statement “generates” a definition D of variable v and “kills”
all the other definitions in the program that define variable v, while
leaving the remaining incoming definitions unaffected.

 Transfer Function

« Control Flow
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Understanding Reaching Definitions

D: v

X opy

This statement “generates” a definition D of variable v and “kills”
all the other definitions in the program that define variable v, while
leaving the remaining incoming definitions unaffected.

 Transfer Function

OUTI[B] = geng U (IN[B] - killy)

« Control Flow

Yue Li @ Nanjing University



OUTI[B] = geng U (IN[B] - killy)

ENTRY

. E—

. - _‘_,.
W ™ n n

i+l
j-1

1 = u3

EX(IJI Li @ Nanji

8 p, ={4, d d; |
killy = { dy dy dg d )

genBz ={d4’ d5}
killB2 = { dl’ cLz, d, }

genB3 ={d6}
killB3 ={d§}
ge”B4 ={d }

kill = { dy dy |
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X opy
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D: v

X opy

This statement “generates” a definition D of variable v and “kills”
all the other definitions in the program that define variable v, while
leaving the remaining incoming definitions unaffected.

 Transfer Function

OUTI[B] = geng U (IN[B] - killy)

« Control Flow P1l | P2

IN[B] = UPapredecessor of B OUT['D]
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Understanding Reaching Definitions

D: v

X opy

This statement “generates” a definition D of variable v and “kills”
all the other definitions in the program that define variable v, while
leaving the remaining incoming definitions unaffected.

A definition reaches a program point as
long as there exists at least one path along
which the definition reaches.

« Control I:I/O_V/ - - _

IN[B] = UPapredecessor of B OUT['D]
N
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Understanding Reaching Definitions

D: v

X opy

This statement “generates” a definition D of variable v and “kills”
all the other definitions in the program that define variable v, while
leaving the remaining incoming definitions unaffected.

 Transfer Function

OUTI[B] = geng U (IN[B] - killy)

« Control Flow P1l | P2

IN[B] = UPapredecessor of B OUT['D]
N
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Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUTl[entry] = ©;
for (each basic block Blentry)
OUTIB] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessor of B OUT[P];
OUT[B] = geng U (IN[B] - killg);
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Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT]entry] = 0;
for (each basic block Blentry) ?
OUTIB] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessorofB OUT['D];
OUTIB] = geng U (IN[B] - killg);
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Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUTl[entry] = ©;
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D8:| z = 2p B5




D1
D2

do {
D3
D4
if(..) {
D5
D6

} else {

D7
break

}
} while(..)

D8

D8:

B5




B1

B2

m-3

S
7

Exit
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Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT]entry] = 0;
for (each basic block Blentry)
OUTIB] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessorofB OUT['D];
OUTIB] = geng U (IN[B] - killg);
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Iteration @ (Init)

D5:
D6:

Entry
l 0000 0000
D1:| X = + 1
P B1
D2:|y =q + 2
J{ 0000 0000
D3: = k
D4:|y =q -1 B2
0000 0000 / \e@e@ 0000
X = 4 D7 - 3
0090 eee@\, L@@e@ 0000
D8: Z = 2p B5
| 0000 0000

Exit




Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUTl[entry] = ©;
for (each basic block Blentry)
OUTIB] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessor of B OUT[P];
OUT[B] = geng U (IN[B] - killg);




D1D2D3D4D5D6D7D8

© 0000000

Iteration @ (Init)

Iteration 1

D6:

D5:

Entry
j, 0000 0000 00RO 000
D1:| X = + 1
P B1
D2:|y =q + 2
J{ 0000 0000
D3: = k
_ B2
D4:|y =q -1
0000 0000 / \e@e@ 0000
X =4 D7 - ~ 3 3
— B4 ] x =m B
0090 @ee@\, \4@@@@ 0000
D8: Z = 2p B5
| 0000 0000
Exit

OUTI[B] = geng U (IN[B] - killg);
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© 0000000

Entry

Iteration @ (Init)

Iteration 1

D5:
D6:

j, 0000 0000 0000 PP

D1:| X
D2:| Y

=p + 1
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‘l 0000 0000 1100 0VOO
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6000 0000 / \@0ee 000
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000 0000\, / ve00 eoeo
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| 0000 0000

Exit
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000000 O Entry
Tteration @ (Init) | 0000 eeee oooe oooe
Iteration 1 Dl:| X =p + 1

D2:|y =q + 2 Bl

l 0000 0P 1100 0LV
D3: = k

B2

D4:|y =q -1
0000 0000 / \@@@@ 0000
D5:| X = 4

_c B4|D7:| x=m-3 |B3

0000 0000 \ / 0000 0000

DS:‘ Z = 2p B5

D6:

| 0000 0000
Exit

IN[B] = UPapredecessorofB OUT[P];
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Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUTl[entry] = ©;
for (each basic block Blentry)
OUTIB] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessor of B OUT[P];
OUT[B] = geng U (IN[B] - killg);




D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)

D1:
D2:

D4 :
10110000 0000 e@eqz/

Entry

'L 0000 0000 0000 000

=p + 1

D5:
D6:

X
y4

4
5

0011

00 00Po @9@6\3

D8:

B1

‘l 0000 00O 1100 0VLO

B2

\\?eee 0000 1011 0000

m-3

B3

y =q+ 2
= k
y=q-1
B4 | D7:| x
z = 2p

i{?@@@ 0000 0011 0010

0011 1110
B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)

1011 0000 0000 e@@qz/

D1:
D2:

Entry

'l 0000 0000 0000 000

XxX=p+1
y =q+ 2

k
q-1

D5:
D6:

X
y4

4
5

Bl

‘l 0000 0000 1100 0VOO

B2

\\?ee@ 0000 1011 0000

B4 | D7:| x

0011 1100 @@d@ @@@é\N

= m-3 | B3

z = 2p

Exit

Yue Li @ Nanjing University

Z{?@@@ 0000 0011 0010

0011 1110
B5

| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0008
Tteration @ (Init) | 0000 o000 o000 0000
Iteration 1 (Done) Dl:| x =p + 1 31
Iteration 2 D2:ly =g + 2
J{ 0000 0000 1100 000
| m =k B2
D4:|y =q -1
1011/0000 0000 0000 / \eeee 0000 1011 0000
D5:| X = 4
D7: = -
n6:| z = 5 B4 x =m-3 |B3
0011 N0O 00P0 eee@\ \4@@@@ 0000 0011 0010
0011 1110
D8: Z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 o000 o000 0000
Iteration 1 (Done) Dl:| X =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
J{ 0000 0000 1100 000
| m=k B2
DA:|y =9 -1
1011/0000 0000 0000 / \eeee 0000 1011 0000
D5:| X = 4
D7: - m-
6:| z = 5 B4 X m-3 B3
0011 N0O 00P0 eee@\, \4@@@@ 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
J{ 0000 0000 1100 000
K 2
: g -1 B
1011/0000 0000 0000 / \eeee 0000 1011 0000
D5:| X = 4
D7: - m-
6:| z = 5 B4 X m-3 B3
0011 1100 @e eee@\, \4@@@@ 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
J{ 0000 0000 1100 000
K 2
: g -1 B
1011/0000 0000 0000 / \eeee 0000 1011 0000
D5:| X = 4
D7: - m-
6:| z = 5 B4 X m-3 B3
0011 1100 @e eee@\, \4@@@@ 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)
Iteration 2

D1:
D2:

1111 1100

10110000 0000 e@eqz/

D3:
D4 :

0000 0000

'L 0000 0000 0000 0000

Entry
X =p+1
y =q+ 2
m =k
y=gq-1

D5:| X =
D6

4
5

B1
1100 0000

‘l 0000 0000 1100 0VOO

B2

\\?ee@ 0000 1011 0000

D7: X

2=
0011 11@@_995@

000
D .

8:

= m-3 | B3

=2p

0011 1110
B5

B4
é\& z{?@@@ 0000 0011 00160
y4

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
1111 1100 | J{ 0000 0000 1100 00V
D3:|m = k
_ B2
D4:|y =q -1
1011/0000 0000 0000 / \eee@ 0000 1011 0000
D5:| X = 4

D7: = -
n6:| z = 5 B4 x =m-3 |B3
00 00P0 e@@@\, \4@@@@ 0000 0011 0010

0011 1110
D8:| z = 2p B5

0011

| 0000 0000 0011 1011
Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
90000000 y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl1:| X =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 9000
1111 1100 | J{ 0000 0000 1100 00V
D3:|m = k
Da:ly =qg - 1 B2
1011 /1100 ' 1011 1100
1011/0000 0000 0000 / \eee@ 0000 1011 0000
D5:| X = 4

D7: = -
n6:| z = 5 B4 x =m-3 |B3
00 00P0 e@@@\, \4@@@@ 0000 0011 0010

0011 1110
D8:| z = 2p B5

0011

| 0000 0000 0011 1011
Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
J{ 0000 0000 1100 00V
| m=k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 0000 / \eee@ 0000 1011 0000
D5:| X = 4
D7: - m-
6:| z = 5 B4 X m-3 B3
0011 N0O 00P0 eee@\ L@@@e 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
| m=k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
D7: - m-
D6:Z=SB4 X m-3 B3
0011 0110
0011 N0O 00P0 eeeé\& i{?e@e 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
| m=k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
D7: - m-
D6:Z=SB4 X m-3 B3
0011 0110
0011 N0O 00P0 eeeé\& i{?e@e 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
: = k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
B4 | D7:| x = m-3 B3
0011 \1100 0011 0110
0011 i{?e@@ 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
: = k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
B4 | D7:| x = m-3 B3
0011 \1100 0011 0110
0011 i{?e@@ 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
PO00OOOOO y 0008 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
: = k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
. B4 | D7:| x = m-3 B3
0011 \1100 0011 0110
0011 U |4f?eee 0000 0011 0010
0011 1110
D8:| z = 2p B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)
Iteration 2

1011 /1100

10110000 0000 e@eqz/

D1:
D2:

Entry

0000 0000

'L 0000 0000 0000 0000

X =p+1
y =q+ 2

= k
=q—1

D5:

0011 \1100

B1

B2

1100 0000

‘l 0000 00O 1100 0VLO

1011 1100

\\?ee@ 0000 1011 0009

0011

D8:

= m-3

B3

U e
= <p

zZ = 2

0011 11190011 1116

B5

0011 0110

000 0000 0011 0010

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)
Iteration 2

1011 /1100

10110000 0000 e@eqz/

D1:
D2:

Entry

0000 0000

'L 0000 0000 0000 0000

X =p+1
y =q+ 2

= k
=q—1

B1

B2

1100 0000

‘l 0000 00O 1100 0VLO

1011 1100

\\?ee@ 0000 1011 0009

D7: X

= m-3

B3

7,

0011 0110

P00 0000 0011l 0010

0011 11190011 1116

B5

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 31
i D2: = + 2
Iteration 2 y d 1100 0000
‘l 0000 0000 1100 00V
: = k B2
: = -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5: = 4
B4 | D7:| x = m-3 B3
0011 \1100 0011 0110
0011 i{?e@e 0000 0011 0010
0011 1110[0011 1110
D8:| z = 2p B5
0011 1011

| 0000 0000 0011 1011
Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

0000 0000

'L 0000 0000 0000 0000

B1

B2

= m-3

O 0O00O00O0OO0O Entry
Iteration @ (Init)
Iteration 1 (Done) Dl1:| X =p + 1
Iteration 2 (Done) D2:|y =g + 2
: = k
1011 /1100 Da:|y =9 -1
1011/0000 0000 e@eqz/
D5 X = 4
B4 | D7:| x
0011 \1100
0011 i{?
D8:| z = 2p

Exit

Yue Li @ Nanjing University

1100 0000
‘l 0000 00O 1100 0VLO

1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010
0011 1110 0011 11160

B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done)
Iteration 2 (Done)

1011 1100

D1:
D2:

D3:
D4 :

1011/0000 0000 99@?(/

Entry
0000 0000
'l 0000 0000 0000 POV
X = + 1
= i + 2 e
y = d 1100 0000
‘l 0000 0000 1100 0000
m = k B2
=q -1
y = 4 1011 1100
\\?ee@ 0000 1011 0009
B4 | D7:| x = m-3 |B3
0011 0110
i{?eee 0000 0011 0010
0011 1110 0011 1110
z = 2p B5
0011 1011
| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

Iteration @ (Init)
Iteration 1 (Done) D1:
Iteration 2 (Done) D2:

Iteration 3

Entry 0000 0000
0000 0000
'L 0000 0000 0000 POV
X =p+1
P B1
y =q+ 2

1100 0000

‘l 0000 00O 1100 0VLO

: = k
B2
. - -1
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
B4 | D7:| x = m-3 B3
0011 \1100 9011 0110
0011 i{?@@e 0000 0011 0010
0011 1110 0011 1110
D8: Z = 2p B5
0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

@ (Init)
1 (Done)
2 (Done)

Iteration
Iteration
Iteration
Iteration 3

1011 /1100

10110000 0000 e@eqz/

Entry
l 0000

Xx=p+1

y =q+ 2

| o000

= k

= q - 1

0000
0000
0000 0000
Bl 1100
1100
0000 1100
B2

0000
0000
0000

0000
0000
0000

B4 | D7:| x

m-3

7,

Exit

Yue Li @ Nanjing University

1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010

0011 1110 0011 11160
B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8
© 0000000

@ (Init)
1 (Done)
2 (Done)

Iteration
Iteration
Iteration
Iteration 3

1011 /1100

10110000 0000 e@eqz/

Entry
l 0000

XxX=p+1

y =q+ 2

| o000

= k

= q - 1

0000
0000
0000 0000
Bl 1100
1100
0000 1100
B2

0000
0000
0000

0000
0000
0000

B4 | D7:| x

m-3

7,

Exit

Yue Li @ Nanjing University

1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010

0011 1110 0011 11160
B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8
© 0000000

@ (Init)
1 (Done)
2 (Done)

Iteration
Iteration
Iteration
Iteration 3

1011 /1100

10110000 0000 e@eqz/

Entry
l 0000

XxX=p+1

y =q+ 2

| o000

= k

= q - 1

0000
0000
0000 0000
Bl 1100
1100
0000 1100
B2

0000
0000
0000

0000
0000
0000

B4 | D7:| x

m-3

7,

Exit

Yue Li @ Nanjing University

1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010

0011 1110 0011 11160
B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8

10110000 0000 e@eqz/

D7: X

= m-3

7,

Entr 0000 0000
90000000 y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dlz‘ X=p+1 B1
Iterat}on 2 (Done) y = ¢ 1100 0000
Iteration 3 1111 1100 \L 0000 0000 1100 00O
D3:Tm = k
D4:|y =q - 1 B2
1011 /1100 ' 1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010
0011 1110 0011 11160

B5

0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

10110000 0000 e@eqz/

D7: X

= m-3

7,

Entr 0000 0000
90000000 y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dlz‘ X=p+1 B1
Iterat}on 2 (Done) y = ¢ 1100 0000
Iteration 3 1111 1100 \L 0000 0000 1100 00O
D3:Tm = k
D4:|y =q - 1 B2
1011 /1100 ' 1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010
0011 1110 0011 11160

B5

0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0O
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dlz‘ X =p+1 B1
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 1111 1100 \L 0000 0000 1100 00O
D3:Tm = k
1011 7100 pa:|y =g - 1| B2 1011 1100
1011 /1100 ‘ 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4
-5 B4 D7: X = m-3 83
0011 \1100 0011 0110
0011 N.0O 00P0 0000 i{?e@e 0000 0011 0010
0011 1110 0011 1110
D8:| z = 2p B5

0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8
© 0000000

© (Init)
1 (Done)
2 (Done)
Iteration 3

Iteration
Iteration
Iteration

1011 /1100

10110000 0000 e@eqz/

Entry
l 0000

XxX=p+1

y =q+ 2

| o000

= k

= q - 1

0000 0000
0000 0000
0000 0000 0000
Bl 1100 0000
1100 0000
0000 1100 0000
B2 1011 1100

B4 | D7:| x

m-3

7,

Exit

Yue Li @ Nanjing University

1011 1100

\\?ee@ 0000 1011 0009

B3
0011 0110

P00 0000 0011 0010

0011 1110 0011 11160
B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8

Entr 0000 0O
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 ©LOOY
: = k B2
1011 7100 dveg-1 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5: = 4 D7 _
, B4 Hl x=m3 1B3 9911 0110
0011 \1100 0011 0110
0011 i{?eee 0000 0011 0010
0011 1110 0011 1110
D8:| z = 2p B5
0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0O
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 ©LOOY
: = k B2
1011 7100 dveg-1 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5: = 4 D7 ~
, B4 Hf x=m3 1B3 9011 0110
0011 \1100 0011 0110
0011 i{?eee 0000 0011 0010
0011 1110 0011 1110
D8:| z = 2p B5
0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 00O 0000
00000000 Y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 0LV
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100\ pg:| z = 5 B4 Hpox=m-3 1B3  pp11 0110
0011 \1100 0011 0110
0011 i{?e@@ 0000 0011 0010
0011 1110 0011 1110
D8:| z = 2p B5
9011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 00O 0000
00000000 Y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 0LV
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100\ pg:| z = 5 B4 ‘o x=m-3 B3 gp11 0110
0011 \1100 0011 0110
0011 i{?e@@ 0000 0011 0010
0011 1110 0011 1110
D8:| z = 2p B5
9011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 00O
0000000 y 0060 0006
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
: D2:| v =g+ 2 1100 0000
Iterat}on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 0000
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 b4y = d 1011 1100
1011[0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100\ pg:| z = 5 B4 =m-3 B3 9p11 0110
0011 \1100 0011 0110
0011 |J /oe0e oooe 0011 0010

D8:

lox
/o
P

zZ = 2

Exit

Yue Li @ Nanjing University

0011 1110 0011 11160

B5

0011 1011
| 0000 0000 0011 1011



D1D2D3D4D5D6D7D8

Entr 00O 0000
00000000 Y 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat%on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 0LV
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100\ pg:| z = 5 B4 ‘o x=m-3 B3 gp11 0110
0011 \1100 0011 0110
0011 \100 egde eeed\y U ‘éf?ee@ 0000 0011 0010
0011 1110 0011 1110 0011 1110
D8:| z = 2p B5
9011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0O
©00060000 4 0000 0000
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
Iterat%on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 ©LOOY
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100 , =g B4 o x=m-3 1B3 9911 0110
0011 0011 0110
0011 N00 egde eeeé\N |4f?ee@ 9000 0011 0010
0011 1110 9011 1110 0011 1110
D8:| z = 2p B5
0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0O
0000000 y 0060 0006
Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) Dl:| x =p + 1 B1
: D2 g+ 2 1100 0000
Iterat%on 2 (Done) y = ¢ 1100 06000
Iteration 3 ‘l 0000 0000 1100 ©LOOY
: = k
1011 Jyz=g-1]|B2 1011 1100
1011 /1100 bar|y = 9 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| x = 4 D7
0011 1100 , =g B4 o x=m-3 1B3 9911 0110
0011 0011 0110
0011 N00 egde eeeé\& i{?eee 9000 0011 0010
0011 1110 9011 1110 0011 1110
D8:1 z = 2p B5 0011 1011
0011 1011

| 0000 0000 0011 1011

Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0000

© 0000000 y 0000 0000

Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) D1: =p + 1 B1

i D2 + 2 1100 0000

Iteration 2 (Done) = q 1100 0000

Iteration 3 (Done) 1111 11 \L 0000 0000 1100 00O

1011 Jyz=g-1]|B2 1011 1100

1011 /1100 bar|y = 9 1011 1100

1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4

0011 1100\ pe:| z = 5 B4 [ D7i| x =m-3 IB3  4p11 5110
0011 \1100 0011 0110
0011 N0O 00P0 0000 ¢f§e@e 0000 0011 0010
0011 1110 6011 1110 0011 1110
D8:1 z =2p | B5 pgp11 1011
0011 1011

| 0000 0000 0011 1011
Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

Entr 0000 0000

© 0000000 y 0000 0000

Tteration @ (Init) | 0000 @000 oooo 0000
Iteration 1 (Done) D1: =p + 1 B1

i D2 + 2 1100 0000

Iteration 2 (Done) = q 1100 0000

Iteration 3 (Done) 1111 11 \L 0000 0000 1100 00O

1011 Jyz=g-1]|B2 1011 1100

1011 /1100 bar|y =4 1011 1100

1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
D5:| X = 4

0011 1100\ pe:| z = 5 B4 [ D7i| x =m-3 IB3  4p11 5110
0011 \1100 0011 0110
0011 N0O 00P0 0000 i{?e@e 0000 0011 0010
0011 1110 6011 1110 0011 1110
D8:1 z =2p | B5 pgp11 1011
0011 1011

| 0000 0000 0011 1011
Exit

Yue Li @ Nanjing University



D1D2D3D4D5D6D7D8

0000000 Entry
Iteration © (Init) 'l 0000
Iteration 1 (Done) Dl1:| X =p + 1
Iteration 2 (Done) D2:|y =g + 2
Iteration 3 (Dongy1111 11 ‘L 0000

,///9%/’—_;;:TTFL K
10111200 oaily-q -1

10110000 0000 e@eqz/

0011 1100
0011

0011

0000 0000
0000 0000
0000 0000 0000

Bl 1100 0000
1100 0000
0000 1100 0000

B2 1011 1100
1011 1100

\\?ee@ 0000 1011 0009

D7: X

=m-3 B3  g11 0110

7,

| 0000

Exit

Yue Li @ Nanjing University

0011 0110
P00 0000 0011 0010

0011 1110 0011 11160
B5 0011 1011

0011 1011
0000 0011 1011



In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the

set of all possible program states that can be observed for that point.

1CeSatlolrm 1L \UO”E) Ul. X = Pp T 1 Bl
Iteration 2 (Done) D2:|y =q + 2 1106 0000
, 1100 0000
Iteration 3 (DoneyT111 11 \L 0000 0000 1100 00O
D3:|m = k
1011 1100 pa:|y =q - 1| B2 1011 1100
1011 /1100 ' 1011 1100
1011/0000 0000 e@eqz/ \\?ee@ 0000 1011 0000
0011 1100 D7:| x =m-3 B3 511 9110
0011 0011 0110
0011 i{?e@e 0000 0011 0010
0011 1110 0011 1110 0011 1110
D8:1 z = 2p B5 0011 1011
0011 1011
| 0000 0000 0011 1011

Exit

: \Y
Final analysis FeY

Yue Li @ Nanjing University



In each data-flow analysis application, we associate with every
program point a data-flow value that represents an abstraction of the

set of all possible program states that can be observed for that point.

110erratiLorr 1 \UO”E) Ul. X = P T 1 Bl
Iteration 2 (Done) D2:|y = q + 2 1100 0600
, 1100 0000
Iteration 3 (DoneyT111 11 \L 0000 0000 1100 00O
D3:|m = k
1011 1100 pa:|y =q - 1| B2 1011 1100
1011 /1100 : 1011 1100
1011[/0000 0000 e@eqz/ \\?eee 0000 1011 0000
D5:| X = 4 D7 _
0011 1100\ pg:| z = 5 B4 H x=m-3 1B3  pp11 0110
0011 \1100 0011 0110
0011 N0O 0090 0000 i{?eee 9000 0011 0010
0011 1110 0011 1110 0011 1110
D8 : Z = 2p RE non11 1011

Data-flow analysis is to find a solution to a set of safe-approximation-
directed constraints on the IN[s]’s and OUT][s]’s, for all statements s.
- constraints based on semantics of statements (transfer functions)

- constraints based on the flows of control




Algorithm of Reaching Definitions Analysis

INPUT:
OUTPUT:

METHOD:

CFG (killg and geng computed for each basic block B)
IN[B] and OUT[B] for each basic block B

OUT]entry] = 0;
for (each basic blo

OUTI[B] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessor of B OUT[P];
OUTIB] = geng U (IN[B] - killg);

Yue Li @ Nanjing University



L IN[S]

S OUTIS] = gens U (IN[S] - kills):

! ouTs]



| IN[S]
S OUT[S] = gens U (IN[S] - kills);

! ouTs]

* geng and Killg remain unchanged




more facts more facts

L IN[S] 0

S OUTIS] = gens U (IN[S] - Kills);
! ouTs]

* geng and Killg remain unchanged
 When more facts flow in IN[S], the “more facts” either




more facts more facts

L IN[S] 0

S OUT[S] = geng U (IN[S] - kills):
! ouT[s] ——
: survivorsg

gens and Killg remain unchanged
When more facts flow in IN[S], the “more facts” either

- 18 killed, or
- flows to OUT(S] (survivoryg)




more facts more facts

L IN[S] 0

S OUTI[S] = gens U (IN[S] - kills);
\ J

! ouT[s] v

Survivorg

* geng and Killg remain unchanged
 When more facts flow in IN[S], the “more facts” either
- 18 killed, or

- flows to OUT(S] (survivoryg)
* When a fact 1s added to OUT[S], through either geng, or

SuUrvivorg , it stays there forever




more facts more facts

L IN[S] 0
S OUT[S] = gensg U (IN[S] - kills):
! ouT[s] ——
: survivorsg

gens and Killg remain unchanged

When more facts flow in IN[S], the “more facts” either

- 18 killed, or

- flows to OUT(S] (survivoryg)

When a fact is added to OUTIS], through either geng, or
SuUrvivorg , it stays there forever

Thus OUT[S] never shrinks (e.g.,02>1,0r 12>1)




more facts more facts

L IN[S] 0
S OUT[S] = gensg U (IN[S] - kills):
! ouT[s] ——
: survivorsg

gens and Killg remain unchanged

When more facts flow in IN[S], the “more facts” either

- 18 killed, or

- flows to OUT(S] (survivoryg)

When a fact is added to OUTIS], through either geng, or
SuUrvivorg , it stays there forever

Thus OUT[S] never shrinks (e.g.,02>1,0r 12>1)

As the set of facts is finite (e.g., all definitions in the program),




more facts more facts

L IN[S] 0
S OUT[S] = gensg U (IN[S] - kills):
! ouT[s] ——
: survivorsg

gens and Killg remain unchanged

When more facts flow in IN[S], the “more facts” either

- 18 killed, or

- flows to OUT(S] (survivoryg)

When a fact is added to OUTIS], through either geng, or
SuUrvivorg , it stays there forever

Thus OUT[S] never shrinks (e.g.,02>1,0r 12>1)

As the set of facts is finite (e.g., all definitions in the program),
there must exist a pass of iteration during which nothing 1s added
to any OUT, and then the algorithm terminates




Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT]entry] = 0;
for (each basic block B\el¥s

OUTI[B] = 0;
while (changes to any OUT occur)
for (each basic block Blentry) {
IN[B] = UPapredecessor of B OUT[P];
OUTIB] = geng U (IN[B] - killg);

Yue Li @ Nanjing University



Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT]entry] = 0;

for (each basic block B\els
OUT[B] = ¢;

while (changes to any OUT occur)
for (each basic block Blentry) {

IN’s will not change if _ _
OUT’s do not change IN[B] = UPapredecessor of B OUTI[F];
OUTIB] = geng U (IN[B] - killg);

}

Yue Li @ Nanjing University



Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT]entry] = 0;

for (each basic block B\els
OUT[B] = ¢;

while (changes to any OUT occur)

for (each basic block Blentry) {
IN’s will not change if

OUT’s do not IChange IN[B] = UPapredecessor of B OUTI[P],

OUT’s will not change OUT[B] = geng U (IN[B] - kill);
if IN's do not changJe

Yue Li @ Nanjing University



Algorithm of Reaching Definitions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUT[entry] = @;

for (each basic block B\el¥s
OUTI[B] = 0;

while (changes to any OUT occur)
for (each basic block Blentry) {

IN’s will not change if _ _
OUT’s do not IChange IN[B] = UPapredecessor of B OUTI[P],

OUT’s will not change OUT[B] = geng U (IN[B] - kill);
if IN's do not changJe

Reach a fixed point
Also related with monotonicity
Vue L @ Naring Unierst (next lectures)




Data Flow Analysis
Applications

(I) Reaching Definitions Analysis

(Il) Live Variables Analysis

(1I1) Available Expressions Analysis



Live Variables Analysis

Live variables analysis tells whether the value of variable v at
program point p could be used along some path in CFG starting at p.
If so, v 1s live at p; otherwise, v 1s dead at p.




Live Variables Analysis

Live variables analysis tells whether the value of variable v at
program point p could be used along some path in CFG starting at p.
If so, v 1s live at p; otherwise, v 1s dead at p.

use(v)

exit

Yue Li @ Nanjing University



Live Variables Analysis

Live variables analysis tells whether the value of variable v at
program point p could be used along some path in CFG starting at p.
If so, v 1s live at p; otherwise, v 1s dead at p.

vep

AND V should not be redefined
before usage

use(v)

exit

Yue Li @ Nanjing University



Live Variables Analysis

Live variables analysis tells whether the value of variable v at
program point p could be used along some path in CFG starting at p.
If so, v 1s live at p; otherwise, v 1s dead at p.

live v ¢ P

AND V should not be redefined
before usage

use(v)

exit

Yue Li @ Nanjing University



Live Variables Analysis

Live variables analysis tells whether the value of variable v at
program point p could be used along some path in CFG starting at p.
If so, v 1s live at p; otherwise, v 1s dead at p.

- Information of live variables can be used for register allocations.
e.g., at some point all registers are full and we need to use one,
then we should favor using a register with a dead value.

live v ¢ P

AND V should not be redefined
before usage

use(v)

exit

Yue Li @ Nanjing University



Understanding Live Variables Analysis

» Data Flow Values/Facts Abst dClion

- All the variables in a program

- Can be represented by bit vectors

e.g., V1, V2, V3, V4, ..., V100 (100 variables)

00000...0
\ J
|

100 bits
Bit i from the left represents variable Vi

Yue Li @ Nanjing University



Understanding Live Variables Analysjs

live v ¢ P

AND V should not be redefined
before usage

use(v)

exit

Yue Li @ Nanjing University



Understanding Live Variables Analysjs

\ live v ¢ P

AND V should not be redefined
before usage

use(v)

exit

Yue Li @ Nanjing University



Understanding Live Variables Analysis

Yue Li @ Nanjing University



Understanding Live Variables Analysis

.
Q) |s

.=V Sl ...... SZ

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

.
Q) |s

U7\ OUTBl={v}
v|s

1 | S2

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

P
IN[B] = {?}

v = 3
!
Q) |B
U7\ OUTBl={v}

.=V Sl ...... SZ

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

A | V=3P
l/ IN[B] = { 2} Yes: IN[B] ={ v} No: IN[B] ={}
Q) |B
B N OUTBI ={v}
L =V Sl ...... 52
OUT[B] = USa successor of B IN[S]




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

1
@ B ®k=n

B N OUTBI ={v}

"=Vsl ...... S2

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

l
® s @ «
i / \OUT[B] {v} IN[B]= {v}

—— 1 ...... S2

OUT[B] = IN[S]

US a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

v = 3

y

@ B @k=n @k=v
A4 \OUT[B]={V} IN[B] = { v}

"=Vsl ...... S2

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v

B \OUT[B]={V} IN[B]={v} IN[B]={v)

.=V Sl ...... S2

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v ®v=2

B \OUT[B]={V} IN[B]={v} IN[B]={v)

.=V Sl ...... S2

ouTB]= U IN[S]
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Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

®k=n @k=v ®v=2

U \OUT[B]={V} IN[BI={v} INB]={v} IN[B]={}

A | V=3P
L INBI={?}
Q) |B
. =V Sl ...... 52
OUT[B] = USa successor of B IN[S]




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v ®v=2

U \OUT[B]={V} IN[BI={v} INB]={v} IN[B]={}

S T S, @v-vl

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v ®v=2

7 \OUT[B]={V} IN[BI={v} INB]={v} IN[B]={}

...=v51 ------ 52 @v=v—1

IN[B] ={ v}

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

l:/
@ B ®k=n @k=v ®v=2

B / N(OUTBI ={v} INBI={v} INB]={v} INB]={}

.. = 1 ------ 52 @V=V1®k 2

\'
IN[B] ={ v}

OUT[B] = USa successor of B IN[S]




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

l:/
@ B ®k=n @k=v ®v=2

B / N(OUTBI ={v} INBI={v} INB]={v} INB]={}

. = S; | S, @V=V1®k 2

IN[B]={v} IN[B]= {}

OUT[B] = USa successor of B IN[S]

Yue Li @ Nanjing University



Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v ®v=2

7 \OUT[B]={V} IN[BI={v} INB]={v} IN[B]={}

...=VSl ...... 52 @V=V-1®¥ \2/ @\k/ \'

2
IN[Bl={v} IN[B]={ }

ouTB]= U IN[S]

S a successor of B




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

l:/
@ B ®k=n @k=v ®v=2

B / N(OUTBI ={v} INBI={v} INB]={v} INB]={}

e = 1 ...... 52 @V=V1®k \2/ @\k/ \/

2

IN[B]={v} INB]={ } IN[B]={v}

OUT[B] = IN[S]

US a successor of B

Yue Li @ Nanjing University



Understanding Live Variables Analysis

P

I
Q) |s

IN[B]

1

52

={?)

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

@k-n @k=v ®v=2

B / N(OUTBI ={v} INBI={v} INB]={v} INB]={}

@Dv-v10®yz2 @Y

IN[B]={v} INB]={ } IN[B]={v}

OUT[B] = US a successor of B
U (OUTI[B] - def)

IN[B] = useg

IN[S]




Understanding Live Variables Analysis

P

IN[B] ={7?}

1
©

B

- =V|S,

52

®k=n @k=v @v

7 \OUT[B]={V} INBI={v} INB]={v} IN[B]={

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

!
- N

@Dv-v1OLl7 ©:;
Vv

IN[B]={v} IN[B]={ } IN[B]={

ouT[B]1 = U

S a successor of B

IN[S]

IN[B] = useg U (OUTI[B] - defg) | Itis redefinedinB 3, 4, 5, 6




Understanding Live Variables Analysis

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

P
IN[B] ={7}

vl=/3
@ B ®k=n @k=v ®v=2

7 \OUT[B]={V} IN[BI={v} INB]={v} IN[B]={}

...=VSl ...... S2 @V=V-1®¥ \2/ @\k/ \'

2

IN[B]={v} INB]={ } IN[B]={v}

OUT[B] = USa successor of B IN[S]
IN[B] = useg U (OUTI[B] - defg) | Itis redefinedinB 3, 4, 5, 6

It is live coming out of B and is not redefined in B



Understanding Live Variables Analysis

P
IN[B] ={7}

I
Q) |s

—— 1 ...... S2

Tip: determine whether the variable v in
some register R is live, or should we delete
the value 3 of v in R, at the point of IN[B]?

Yes: IN[B] = { v} No: IN[B] ={}

®k=n @k=v ®v=2

B / N(OUTBI ={v} INBI={v} INB]={v} INB]={}

@Dv-v10Y

IN[B]={v} INB]={ } IN[B]={v}

Y
2

. ©y

OUTIB] =

US a successor of B

IN[S]
IN[B] = useg U (OUTI[B] -

defBT# It is redefined in B 3, 4, 5, 6

It is used before redefinition in B

4, 6

It is live coming out of B and is not redefined in B



Algorithm of Live Variables Analysis

INPUT: CFG (defg and useg computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B

METHOD:

IN[exit ]= ©;

for (each basic block Blexit)
IN[B] = 9;

while (changes to any IN occur)
for (each basic block Blexit) {

OUT[B] = U S a successor of B IN[S];
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Data Flow Analysis
Applications

(I) Reaching Definitions Analysis

(II) Live Variables Analysis

(111) Available Expressions Analysis



Available Expressions Analysis

An expression X op y 1s available at program point p if (1) all paths
from the entry to p must pass through the evaluation of x op y, and (2)|
after the last evaluation of x op y, there 1s no redefinition of x or y




Available Expressions Analysis

An expression X op y 1s available at program point p if (1) all paths
from the entry to p must pass through the evaluation of x op y, and (2)|
after the last evaluation of x op y, there 1s no redefinition of x or y

- This definition means at program p, we can replace expression
x op y by the result of its last evaluation

- The information of available expressions can be used for
detecting global common subexpressions.




Understanding Available Expressions Analysis

» Data Flow Values/Facts Abst dClion

- All the expressions in a program

- Can be represented by bit vectors

e.g., E1, E2, ES3, E4, ..., E100 (100 expressions)

00000...0
\ J
|

100 bits
Bit i from the left represents expression Ei

Yue Li @ Nanjing University



Understanding Available Expressions Analysis

| IN={a+b}

a=xopy
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* Add to OUT the expression X op y (gen)
* Delete from IN any expression involving variable a (kill)
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Understanding Available Expressions Analysis

| IN={a+b}

a=xopy

‘L OUT ={xopy}

* Add to OUT the expression X op y (gen)
* Delete from IN any expression involving variable a (kill)

OUTIB] = geng U (IN[B] - kill) ~E.
{e16 * x} 1/
X
{ } t e16 * x

e16 * X} \I {e;s * X}

=t
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Understanding Available Expressions Analysis

| IN={a+b}

a=xopy

‘L OUT ={xopy}

* Add to OUT the expression x op y (gen)

* Delete from IN any expression involving variable a (kill)

OUTI[B] = geng U (IN[B] - killy)

IN[B] OUT[P]

= n P a predecessor of B

Yue Li @ Nanjing University

a = elé*xx

{e16 * x} 1/




Understanding Available Expressions Analysis
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a=xopy

‘L OUT ={xopy}
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* Delete from IN any expression involving variable a (kill)

OUTI[B] = geng U (IN[B] - killy) AT
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~ 8 I,
All paths from entry to point p must pass
through the evaluation of x op y {e® * x} \n
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Understanding Available Expressions Analysis

| IN={a+b}

For safety of the analysis, it may report an expression as unavailable

even if it 1s truly available (must analysis -> under-approximation)
/

* Add to OUT the expression X op y (gen)
* Delete ffom IN any expression involving variable a (kill)

7
OUT[B] = geng U (IN[B] - killg) 3 = el6 * x
~ {e16 * X}
INLB] = QPa predecessor of B OUT[F] /
X
AN U L e
elé * x

All paths from entry to point p must pass
through the evaluation of x op y {et * x} \n

{e*® * X}

c = eld*yx
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Algorithm of Available Expressions Analysis

INPUT: CFG (killg and geng computed for each basic block B)
OUTPUT: IN[B] and OUTIB] for each basic block B
METHOD:

OUTl[entry] = ©;

for (each basic block Blentry)
OUTI[B] = U;

while (changes to any OUT occur)
for (each basic block Blentry) {

IN[B] = n P a predecessor of B OUT[P];
OUT[B] = geng U (IN[B] - killg);
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1. Overview of Data Flow Analysis

2. Preliminaries of Data Flow Analysis
3. Reaching Definitions Analysis

4. Live Variables Analysis

5. Available Expressions Analysis



The X You Need To Understand tn This Lecture

« Understand the three data flow analyses:
- reaching definitions
- live variables
- available expressions

« (Can tell the differences and similarities of
the three data flow analyses

* Understand the iterative algorithm and can
tell why it is able to terminate

FRER!
XNE227!

(%]

Yue Li @ Nanjing University




