CS 201
Compiler Construction

Lecture 3
Data Flow Analysis

Data Flow Analysis

Data flow analysis is used to collect information
about the flow of data values across basic blocks.

Dominator analysis collected global information
regarding the program'’s structure

For performing global code optimizations global
information must be collected regarding values of
program values.

- Local optimizations involve statements from same basic block

- Global optimizations involve statements from different basic
blocks > data flow analysis is performed to collect global
information that drives global optimizations
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Local and Global Optimization
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Applications of Data Flow Analysis

- Applicability of code optimizations
« Symbolic debugging of code

« Static error checking

- Type inference

.......
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1. Reaching Definitions

Definition d of variable v: a statement d that
assigns a value to v.

Use of variable v: reference to value of vin an
expression evaluation.

Definition d of variable v reaches a point p if there
exists a path from immediately affer d to p such
that definition d is not killed along the path.

Definition d is killed along a path between two points
if there exists an assignment to variable v along
the path.

Example

d: ! Bead g

5

d reaches u along path, & d does not reach u along path;

Since there exists a path from d to u along which d is not
killed (i.e., path,), d reaches u.
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Reaching Definitions Contd.

Unambiguous Definition: X = ...;
Ambiguous Definition: *p = ... p may point to X

For computing reaching definitions, typically

we only consider kills by unambiguous
definitions.

Does definition of X reach here? VYes

Computing Reaching Definitions

At each program point p, we compute the set
of definitions that reach point p.

Reaching definitions are computed by solving a
system of equations (data flow equations).

d2: X=... d3: X=...

IN[B] \ /

dl: X=...

/ \ KILL[B]={d2,d3}

OUT[B]
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Data Flow Equations

: Definitions that reach B's entry.
OUTI[B]: Definitions that reach B's exit.

IN(B] = U our(p)
p epred(R)

ouT () = Gen(s) ) (IN(B)~ Kiee(n) )

: Definitions within B that reach the end of B.
KILL[B]: Definitions that never reach the end of B due
to redefinitions of variables in B.

Reaching Definitions Contd.

- Forward problem - information flows
forward in the direction of edges.

* May problem - there is a path along which
definition reaches a point but it does not
always reach the point.

Therefore in a May problem the meet
operator is the Union operator.
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Applications of Reaching
Definitions

» Constant Propagation/ E=3]
folding |

- Copy Propagation

11

2. Available Expressions

An expression is generated at a point if it is
computed at that point.

An expression is killed by redefinitions of operands
of the expression.

An expression A+B is available at a point if every
path from the start node to the point evaluates
A+B and after the last evaluation of A+B on each
path there is no redefinition of either A or B (i.e.,
A+B is not killed).
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Available Expressions
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Available expressions problem computes: at each
program point the set of expressions available at
that point.

Data Flow Equations

IN[B]: Expressions available at B's entry.
OUTI[B]: Expressions available at B's exit.

IN(B] = N out (p)
P € pred(3)
oUT(3T = Gengsr U ( INGBT - KiLLEE))

GEN[B]: Expressions computed within B that are
available at the end of B.

KILL[B]: Expressions whose operands are redefined in B.

14
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Available Expressions Contd.

* Forward problem - information flows
forward in the direction of edges.

* Must problem - expression is definitely
available at a point along all paths.

Therefore in a Must problem the meet
operator is the Infersection operator.

- Application:

(x=a+8] [v-as8] [ T=x=a+B] [T-v-4+8]
A+B Js —~ - : =
availeble here 1 Z=- A48

3. Live Variable Analysis

A path is X-clear is it contains no definition of X.

A variable X is live at point p if there exists a X-
clear path from p to a use of X; otherwise X is
dead at p.

t%—i e Live Variable Analysis
[é Computes:
Tl e ceod At each program

point p identify the
set of variables that

X 15 v g
\j are live at p.
ez X N

e % i< dead
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Data Flow Equations

IN[B]: Variables live at B's entry.
OUTI[B]: Variables live at B's exit.

oUT(8]:- (/’ IN [s]
S€ Sua(g)

iN[B)- Genz) U (our(sj—mufm)

GENI[B]: Variables that are used in B prior to their
definition in B.
KILL[B]: Variables definitely assigned value in B before
any use of that variable in B.
17

Live Variables Contd.

* Backward problem - information flows
backward in reverse of the direction of
edges.

 May problem - there exists a path along
which a use is encountered.

Therefore in a May problem the meet
operator is the Union operator.




Applications of Live Variables

* Register Allocation

« Dead Code
Elimination

x
Wl
l

Yernpve the statemert .

S —

« Code Motion
Out of Loops

4. Very Busy Expressions

A expression A+B is very busy at point p if for all
paths starting at p and ending at the end of the
program, an evaluation of A+B appears before any
definition of A or B.

~wng ot veybuy  Application:
1 : :
o ,\9 _L w1 Code Size Reduction

not very bu ?’Jx’vejbwy ’-'*(
e / W
L’ﬁ*ﬁ‘ ‘-:-flg = A4S 3..;:. hall B L:—IJ

4

Compute for each program point the set of

very busy expressions at the point. 2
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Data Flow Equations

IN[B]: Expressions very busy at B's entry.
OUTI[B]: Expressions very busy at B's exit.

ouT{8l= () IN[s)
Selue(s)

IN[B] = Gen(r) U (our(B] - K“-LDSJ)

GEN[B]: Expression computed in B and variables used in
the expression are not redefined in B prior to
expression's evaluation in B.

KILL[B]: Expressions that use variables that are
redefined in B. 21

Very Busy Expressions Contd.

* Backward problem - information flows
backward in reverse of the direction of
edges.

* Must problem - expressions must be
computed along all paths.

Therefore in a Must problem the meet
operator is the Intersection operator.

22
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Summary

May/Union Must/
Intersection

Forward

Backward

Reaching
Definitions
Live
Variables

Available
Expressions

Very Busy
Expressions
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Conservative Analysis

Optimizations that we apply must be Safe =>

the data flow facts we compute should
definitely be ftrue (not simply possibly

true).

Two main reasons that cause results of

analysis to be conservative:
1. Control Flow

2. Pointers & Aliasing

24
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Conservative Analysis

1. Control Flow - we assume that all paths
are executable; however, some may be
infeasible.

(77]
™ F

“X4Y ]___I .
/ X+Y is always

available if we

4P
T F exclude infeasible
J
25

Conservative Analysis

2. Pointers & Aliasing - we may not know what
a pointer points to.

1.X=5
2.*p=.. //p may or may not point to X
3...=X

Constant propagation: assume p does point to X
(i.e., in statement 3, X cannot be replaced by 5).

Dead Code Elimination: assume p does not point to
X (i.e., statement 1 cannot be deleted).

26
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Representation of Data Flow Sets

- Bit vectors - used to represent sets
because we are computing binary
information.

- Does a definition reach a point ? T or F

- Is an expression available/very busy ? T or F

- Isavariable live? Tor F

» For each expression, variable, definition
we have one bit - intersection and union

operations can be implemented using
bitwise and & or operations.

27
Solving Data Flow Equations
Iteyobve Gpprooch
- u’nhcd.a_gg seds
- berade oves the seks till they Stabbize
Example  Fonwmd problem (Avaiilabie Expresgions )
IN[B, )= . ouT(g, )" GEN[A]
For vz1to N do OUT(B )= {01l exprosionsy — wiLt[3,)
clnfrj(),? = truk
while thange dao
<
(f(»r\ge = falie
fov ecad blotk B # B do
oLDoLT = OUT (3]
IN(BI= (M) ooT(P]
pEpral(s)
ouTe] = Gengs) U (MBI KB 1)
IF OUT[B] # OLDOUT then ¢honge =hws
end fov
2ind while
. a Shirale the
01 - starl widh lasgest eshmote 3 elevatively Shon »s

solutron H 0 1t :;M:Jm{g,a
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Solving Data Flow Equations

Ttewdive Approath

Example - botkward problem (1ive venabhies )

fov 4= 140 N do IN(B]= GEN (B, ]
OUT(8, 7=
thenge = true
while hange clo
Lhar\ge: fake
f"* each b B de
oWIN = IN[B]
oer(sl= U ~v[s]
Cefu(n)
IN[B): Genga) U (ovr(s) - KILL[B])
If ooin # in[E] then Change = true
end fov
endwhile

U-
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Solving Data Flow Equations

Altevncthive Approith: worklict A_Ifghihm

Virg
Exdmple - backword problem ( Bury expressiont )

fov izl te N do IN[B,)= {Alenpresiionty — e [8)
ourt (g"ml ] = ,'(

Worklirt e AU blocky

N - Stert with 18150t rolwhen +
While Werklugt # g do keep Herohns T i3 shaps
get 8 from workidt \hrmbﬂa.
oLpiy = IN(B)
ovr[al= ) INE]
Fesuc(3)

INIB]= Gengs) v (OUTEB) - KILLLB))
If 6LDIN #£ IN (8] +hen
Add Pred (B) to wor ketist
endwirile
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Use-Def & Def-Use Chains
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