CS620T: Compilers — Principles and

Implementation
Autumn 2026

Week 13: Dataflow Analysis (Constant Propagation
(contd..), Reaching Definitions, Available Expressions)



What do we do about loops?

® Unless a loop never executes, symbolic execution looks like
it will keep going around to the same nodes over and over

again

® |[nsight: if the input state vector(s) for a node don'’t change,
then its output doesn’t change

® |[f input stops changing, then we are done!

® Claim: input will eventually stop changing. VWhy?
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Loop example

X =X + 1




Complexity of algorithm

V = # of variables, E = # of edges

Height of lattice = 2 — each state vector can be updated at
most 2 *V times.

So each edge is processed at most 2 *V times, so we
process at most 2 * E *V elements in the worklist.

Cost to process a node: O(V)

Overall, algorithm takes O(EV2) time
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Question

® (Can we generalize this algorithm and use it for more
analyses!?
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Constant propagation

Step |: choose lattice (which values are you going to track
during symbolic execution)?

® Use constant lattice

Step 2: choose direction of dataflow (if executing symbolically,
can run program backwards!)

® Run forward through program

Step 3: create transfer functions

® How does executing a statement change the symbolic state?
Step 4: choose confluence operator

® What do do at merges? For constant propagation, use join
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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
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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(si:x =e)is <x,s1>

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

o eg, kill(si:x =e)is <x,*>
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Generalization (Recap)

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 gen(b), kill(b), IN(b), OUT(b)
Initializations?



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) = Nicpreds) 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?

If we start with everything initialized to L, we compute the smallest
sets

If we start with everything initialized to T, we compute the largest

e Which do we want!? It depends!

Reaching definitions: a definition that may reach this point
® We want to have as few reaching definitions as possible = L

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 L, start with L, otherwise
start with T
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void (int m, int n)

{ What is this piece

int i, J; of code doing?
int v, Xx;

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 = a[il; ali]l = a[n]; aln] = x; /* swap al[il, aln] */
/* fragment ends here */
(m,j); (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

LU ke = 4xi
{ {"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, Xx; S, =S, U {“4*}") t8 = 4%7
if (n <= m) return; e e on |9 = a[t8]
‘ S3=5, U{"a*t8"} ;171 = +9 a[t6]=19
/* fragment begins here * sets, [t7] =1
i=m1; j =n; v=alnl set S, tlglz 4? tlo:_ts
while (1) { sets, |2LEL0] = x a[t8]=x
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; aljl = x;|/* swap alil, al[j] */
}
x = a[il; ali]l = al[n]; a[n] = x; /* swap alil, al[n] =/
/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
}
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void quicksort(int m, int n) available expression

{

Intermediate code (assuming int is 4 bytes):

(Ignore the temporary counter value for now)

{1142’:} t6 = 4*1,,,ly dead-code elim
5. =pugri airey | X 2LEe]
int i, j; : ets, |E7 = 4ri et
int v, x; S =5, U (arp) B8 = 4%
if (n <= m) return; 5. =5 U {“a+t8") t9 = a[t8]
/* fragment begins here */ ~ et S aft7] = t3 alte] =13
i =m-1; j = n; v = alnl; se“; t1l0 = 4%3j +0=48
*la[tl0] = x a[t8]=x

while (1) { set S,
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, al[j] */

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
(after local CSE+copy prop.+dead-code elim.)

void quicksort(int m, int n)

t6 = 4*i | t6 = 4+*j
c X = a[t6] | x = a[t6]
int i, j; £7 = 4*i | 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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void quicksort(int m, int n)

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

Intermediate code (assuming int is 4 bytes):

(assume next temporary counter value=11)

tll = 4*3
X = a[tll]
t1l2 = 4*1 t12=t11
t13 = 4%*n

t1l4 = a[tl3]

a[tl2] = t14 a[tll]=x
t15 = 4%*n t15=t13
a[tl5] = x  a[tl3]=x

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

if (i >= j) break;

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

}

x = a[il; ali] = aln]; 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)

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

Intermediate code (assuming int is 4 bytes):

tll = 4+*]i after dead-code
x = a[tll] elim.

tl1l2 = 4+*]1 H2=t11

t13 = 4%*n

t14 = a[tl3]

a[tl2] = t14 a[tll]=x
t15 = 4%*n $15=t13
a[tl5] = x  a[tl3]=x

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

if (i >= j) break;

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

}

x = a[il; ali] = aln]; 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)

{

Intermediate code

(after local CSE+copy prop.+dead-code elim.)

int i, j;

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 =
}
x = al[il; al[i] = a[n]; a[n] = x;

/* fragment ends here */
quicksort(m,j); quicksort(i+i,n);
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tll = 4%*3

X = a[tll]

tl2 = 4*31 t11=4%|

t13 = 4*n x=a[t11]

tld = a[t13] H3=4"n

a[t12] = t14 tH4=altisl

£15 = 4#n oL
a[t13]=x

a[tl5] = x

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

/* swap al[il, aln] =/
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void quicksort(int m, int n)

/* recursively sorts a[m] through al[n] ;' } I:'l B,
{ tl = 4*n
int i, J; v = altl]
int v, X;
if (n <= m) return; Y
/* fragment begins here */ //ﬁf;_Hf‘= i+l B,
i=m-1; j =n; v=aln]; e ;’[‘;]
while (1) { J.f t3<v goto B,
do i = i+1; while (al[il < v); H
do j = j-1; while (alj] > v); '
if (i >= j) break; j = j-1 :
x = al[il; alil = al[jl; aljl = x; / td = 4%] |
} t5 = a[t4]

if t5>v goto 33

|

if i»=j goto Bﬂ B,

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

} / \
. t6 = 4*i | B (£11 = a%i
* CFG for quicksort AR L At
t7 = 4*i t12 = 4%i
t8 = 4%j t13 = 4%n
t9 = a[t8) tld = a[tl3]
a[t7] = t9 a[tl2] = tl4
10 = 4*5 t15 = 4+*n
cs620, IIT|EERIAD = X a[tl5] = x
goto B2 -




void quicksort(int m, int n)

{

/* recursively sorts al[m] through aln]

int 1, J;

int v, X;

if (n <= m) return;

/* fragment begins here */

i=m-1; j =n; v =aln];

while (1) {
do i = i+1l; while (al[i] < v);
do j = j-1; while (aljl > v);

if (i >= j) break;
x = al[il; alil = alj];
}

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

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

i=m1 Bl
7 =n

tl = 4*n

v = a[tl]

aljl = x; /

Y
i= 1+l B2
tE = 4*j

= a[t2]
J.f t3<v goto B,

'|

: - ! )

j = j-1 . By
td = 4% |

t5 = a[t4]

if t5>v goto 33

|

if i>=j goto B B

4

jf,ff”

* CFG for quicksort
(after optimizing B5 and B6)

t6=4%*]
x=a[t6]
t8=4%*]
t9=a[t8]
a[t6]=t9

c5620J|r91§§%kﬁx

goto B2

.

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




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

m—=1 B

/* recursively sorts a[m] through al[n] ;' : | 1
{ tl = 4*n merge point
int i, j; v = altl]
int v, X; U
if (n <= m) return; U \ Y /
/* fragment begins here */ i= i+l
i=m1, j=n;, v= aln]; : :;]
while (1) { bf t3<v ggtoB
do i = i+1; while (al[il < v);
do j = j-1; while (a[j] > v); / ﬂé
if (i >= j) break; j = 3-1
x = a[il; alil = alj]l; aljl] = x; / td = 4%
} t5 = a[t4]
x = a[il; alil = a[n]; aln] = x; /* sw Lt 5>V goto B,
/* fragment ends here */ lU
quicksort(m,j); quicksort(i+i,n); -
} if i>=j goto B B,
ann
) t6=4%*i Ny ET B
* CFG for quicksort x=alt] |’ f(i[fll'] "’
(after optimizing B5 and B6) t8=4"] t13=4%*n
t9=alt8] t14=a[t13]
a[t6]=t3 a[t11]=x
cse20, 1t ALEBIEX a[t13]=x
goto B2




initializing for CSE | §

void quicksort(int m, int n) Set U={"m-1%,

/* recursively sorts al[m] through aln] ;— y I:-l B, “4*p”
{ tl _ 4*_“. lla+t1II’
1111: i, J, v o= &[t]_] ”4*i”'
int v, X; U ”i+1",
if (n <= m) return; 1 "a+t2”,
/* fragment begins here * [ ﬁ= i+l B, ”j-1"
i =m1; j=n; v=alnl; 63 = are2) g
while (1) { ;I.f t3<y thDBZ ” +t4f”
do i = i+1l; while (al[i] < v); HU ”a K
do j = j-1; while (a[j] > v); U ' a+t6”,
if (i >= j) break; 5 = 3-1 1 5 a8’
x = al[il; alil = aljl; aljl = x; / td = 4% C a7
} ti =5a.[t4] ”a+t11”,
x = a[il; alil = a[n]; a[n] = x; /* sw - TPV 9910 74 "a+t13”
/* fragment ends here */ lU }
quicksort(m,j); quicksort(i+i,n); -
} if i>=j goto B B,
N
t6=4%i -
. B t11=4%*i B
* CFG for quicksort x=a[t6] ; cealtil] ;
—/] ¥
(after optimizing B5 and B6) t8:4 J t13=4%*n
t9=alts] t14=a[t13]
a[t6]=t9 a[t11]=x
cse00, 1f AHEBIEX a[t13]=x
goto B2




void quicksort(int m, int n) i compute(B1)
/* recursively sorts a[m] through al[n] i = m=l B, | aka. gen(B1) =
{ (me1, 4o
int i, j; v = a[tl] “a+t1”}
int v, X; U
if (n <= m) return; Y .
/* fragment begins here */ ﬁ= i+l B, kill(B1) = {
i=m-1; j =n; v =aln]; £2 = ;‘;2] “a+t1”}
while (1) { J.f t3<v fg[n::d:{:n!?2
do i = i+1; while (a[il < v); U Out(B1) =
do j = j-1; while (a[j] > v); U -~ gen(B1) U IN(B1) - kill(B1)
q

if (i >= j) break;

_ _ : : j =131 - By
x = a[il; alil = alj]l; aljl] = x; / td = 4% . Out(B1) =
} t5 = a[t4] {um_ln’

if t5>v goto 33

“upk, "
U 4*n”,
Ila+t1H

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

} if i>=3 goto B: B, !
oS
) t6=4%i Y ET B
* CFG for quicksort x=a[t6] ¥s f(i[fll'] i
(after optimizing B5 and B6) t8=4"] t13=4%*n
to=aft8] t14=a[t13]
alt6]=t3 a[t11]=x
cseo0, uf BIL8IEX a[t13]=x
goto B2




void quicksort(int m, int n)

{

/* recursively sorts al[m] through aln]

int i,
int v,
if (n <= m) return;

/* fragment begins here */

Js

X3

i=m-1; j =n; v =aln];
while (1) {

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

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

if (i >= j) break;

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

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

alnl; alnl = x; /* sw

gen(B2) ={

* CFG for quicksort
(after optimizing B5 and B6)
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j:- - m_l Bl II4*iII' lla+t21I}
j=n
tl = 4*n
v = af[tl]
m 5| Kill(B2)={
4%i Il4*iﬂ’ ua_l_tzu}
= a[t2]
J.f t3<v goto B,
T
u
' IN(B2) = set U N
j = j-1 | ouUT(B1)
td = ﬂ*j | ={um_1n’n4*n”’
t5 = a[t4] »” ’
if t5>v goto ,B3 a+tl }
YJ
if i==j g;_'to B: B,
&.
B. t11=4%i B
x=a[t11]
t13=4*n
t14=a[t13]
a[tll]=x
a[t13]=x




void quicksort(int m, int n)

{

/* recursively sorts al[m] through aln]

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

i+1; while (al[i] < v);
j=1; while (a[j] > v);

=x; [/

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

quicksort(m,j); quicksort(i+i,n);

* CFG for quicksort
(after optimizing B5 and B6)
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| {} gen(B2) = {
jl_ - m_l B]_ lI4*i”' lla+t2”}
7 =n
tl = 4*n
v = a[tl] kill(B2) = {
l ”4*i”, ua_l_tzn}
Kﬁ= = Bz
= 4*]
= a[t2]
J.f t3<v goto B,
U Out(B2) =
' gengBZ) U IN(B2) - kill(B2
j = j-1
£4 = 4%3 | OUT(B2) =
-tl;5 = a[t.-;] _{{1/4* n’ "a+t2"} U
if t5>v goto ,B3 " » otk
U {“m-1", “4*n”,
l a+tl”} }
if i==j g;_'to B: B,
&.
BS t11=4*| Bﬁ
x=a[t11]
t13=4*n
t14=a[t13]
a[tll]=x
a[t13]=x




void quicksort(int m, int n)

{

/* recursively sorts al[m] through aln]

int 1, J;

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

}

x = a[il; ali]l = aln]; aln] = x; /* sw X

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

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

E

7-;

| {} gen(B3) = {
jl- - m_l B]_ ”4*]"’ Ila+t4”}
7 =n
tl = 4*n
v = a[tl] kill(B3) = {
U 114*J”’ l(a+t4”}
Y
i+l B2
4*3
= a[t2]
J.f t3<v goto B,
|
U
! IN(B3) =
j = j-1 1[={u nouT(B2)} =
td = 4*] ' |OUT(B2)
t5 = a[t4]

if t5>v goto 33

“-\.._____‘_'_._._,..-"

yl

if i>=j goto B B

4

ffl/’f

t6=4%i
x=a[t6]
t8=4%*]
t9=a[t8]
a[t6]=t9

- alt8l=x

goto B2

B

HRMQLHM‘
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 al[m] through aln]

int 1, J;

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

}

x = a[il; ali]l = aln]; aln] = x; /* sw X

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

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

E

7-;

| {} gen(B3) = {
jl. - m_l B]_ ”4*]”’ Ila+t4”}
7 =n
tl = 4*n
v = a[tl] kill(B3) = {
U ”4*.]”’ l(a+t4”}
|
i+l B2
4*3i
= a[t2]
J.f t3<v goto B,
|
U
l OUT(B3) =
j _ j—]_ 'I: _{114* ” ua+t4n U
£4 = 4% |ouT(B2)}
t5 = a[t4]

if t5>v goto 33

“-\.._____‘_'_._._,..-"

yl

if i>=j goto B B

4

ffl/’f

t6=4%i
x=a[t6]
t8=4%*]
t9=a[t8]
a[t6]=t9

- alt8l=x

goto B2

B

HRMQLHM‘
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*", “a+t2”, “m-1", “4*n”, “a+t1”

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

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

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

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

goto B2

CS6

i=m1 B,

WV EX
tl = 4*n 4

N

U/

\_

U~

t2 = 4*1i

'if t3<v goto B,

I N

”U

:| = :|-1
- 4*]
= a[t4]
if t5>v goto H3

S

if i>=j gotoB, B,

PO, I

—

t6=4%*|
X=a[t6]
t8=4%j
t9=a[t8]
a[t6]=t9

FBP[gr %

goto B2

oS

gen(B5) =
u4*°n ”a+t6”,

~ “U kill(B5) =

U
‘i=i+l B,

”a+t8”, ua+t6"}

Initially, IN(B5) =
=OUT(B4)=0UT(B3)

B. t11=4%*i

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




Dataflow Analysis — Problem Categorization

e 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



Exercise

* Analysis of uninitialized variables

 What is the direction of analysis?
* What is the transfer function?
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