Data-Flow Analysis

Adapted From Lectures by
Prof. Saman Amarasinghe (MIT)

¢ Formulating a data=flow anaysi
DU chains
« SSAform

Data-Flow Analysis

e Locd Andyss
: - ~aViT= V! i3 Mapavgs |
=Andyze the effect of eachinstruction Overvien of dataflowandyss |
—Compose effects of instructions to-deriverinformation

from beginning of basic block to-each instruction
» Data-Flow Anaysis
— lteratively propagate basic block information over the
control-flow graph until no changes

—Calculate the final-value-at the beginning-of the-basic o Formulati ng adata-flow analyss prob'an

btock i
« | ocal Propagation + DU chains

— propagate the information from the beginning of the + SSA form
basic block to each instruction

Example: Available Expression Example: Available Expression

—Anexpressonisavalable
—Al-paths of-execution-reaching thecurrent-point
passes through-—the point where the expression was
defined

—Novariable used in the expression was modified
between the definition point and the current point




|s the Expression Available?

|s the Expression Available?

jzatb+c+d

|s the Expression Available?

|s the Expression Available?

|s the Expression Available?

jl=atb+c+d

|s the Expression Available?




|s the Expression Available?

j=a+b+c+d

HHHHEI
h=c+f

—a+b+c+d




Use of Available Expr Ons @51 1105 S —

Ovaview of dataflowanalyss———— ]

eexpressons |
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* DU chains
+ SSA form

Example: Available Expression Gen and Kill sets

« Genst
+—Assign-anumberto = —Ifthecurrent basic block-(orinstruction) creates the
= = definition, it isin the genset
— The entry should be in the output no matter what
o Kitset

=lfthecurrentbasic block{orinstruction)redefinesa
variablein the expression; it isin the kill set

—Expression is not valid after that
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Algorithm for Available Expression Gen and Kill sets

s Assigna-numberto-each-expression
« Cdculate genand kill sets for each instruction




kill = { any exprwith a}

d=e+f 2

gn={e+f}
kill = { any exprwith d }

f=a+c ]

gn={atc}
kil ={ any exprwith f }

+Caculate aggregate genand kili-setsforeach
basicbiock

kill={ 3,4,5,7}

gen={2}
kill= {57}

=a+c

gen={3}
kill={26}

OutGEN st

Kill={3,4,5,7}

gen={2}
kill={5.7}

of-the-basic bloek-to
the bottom of the basic
block

OutGEN =gen

OutGEN st




» The genset in the current
expression should bein the
OUtGEN st
— gen={1}
« Any expresson in the InGEN Kill={ 3,4,5.7}
et that is not killed should be
imthe OutGEN set

OutGEN st

OutGEN = gen E (InGEN - kill)

OutGEN = gen E (InGEN - kill)

=e+f 2
gen={2}




INGEN={1}
OutGEN=1{1.2}

2 EqL-{57)

OutGEN
INGEN={1,2

=t}

INGEN




outktEE=

gen={1}
Kill={ 34,57}

OutKILL st

OutikcH1set

o Any setinthe InKH-L -should
bein OutkKiEL

OutKILL =kill E InKILL

kitt= 4,57

OutKHEL st

» Thekill setinthe current
expression should bein the
OutKILL set

Kill={ 34,57}

OutKILL st

OutKILL =kill







{12/3/4,5,6,7}

KILL

+Caculate aggregate genand kili-setsforeach
basicbiock

~nitialize avaitable setat each basic block to be
theentire set

Gen={4
Kilb={}

b=a+d 5
h=c+f 6

Gen={5,6}
Kill={1,7}

+ Cdculategenand kill-sets foreachinstructio

+Caculate aggregate genand kili-setsforeach
basicbleek

« Initialize available set at each basic blockto-be
theentireset

~tteratively propagate avaitable expressionset
over the CFG
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« If the expression is generated
(inthe gen set) thenitis
available a the end

—should inthe OUT set

If the expression is generated (in
the gen set) then it is available a
theend

—sheuldinthe OUTset
Any-expression-available atthe
input (in the IN set) and not killed
shoutd be avaitable at the-end

OUT =genE (IN-Kill)

pressiorisavailable
only-ititisavaladlein
all-input-paths

iN=C out
OUT = gen E (IN - Kill)

b=a+d 5

Kill={} h=c+f 6

Gen={5,6}
Kill={1,7}

j=aFrbFcEd 7 G

Kill
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Aggregate Gen and Kill sets

b=a+d 5 Gen={56}
h=c+f 6 | Kill={ 1,7}

j=at+tb+c+d 7

Gen={7}
Kitb={—}

Gen={5,6}
Kill={1,7}

Aggregate Gen and Kill sets
|N:COUT :b+c_1 n={13}
OUT =genE (IN - kill) :‘:;g i={23456,7}

i={17}

—a+b+c+ 7}
jlFatb+c+d 7 Ki”:{}

Aggregate Gen and Kill sets

N=CouT c1 [Gen={1,3}
OUT=gen E (IN-kill) ¢ il=
Gen={4} — b=a+d 5 |Gen={ 5,6}
Kifb=f— =25 hc+f 6 | Kill={ 1.7}

Kill ={

N=Cout .
OUT =genE (IN=kill) 4=

N=¢T;
Gen={4} —rema
Kill={—3 ““

OUT={134}

jj=axb¥cxd 7 =
K

mN=CouT
OUT=genE(IN=Kil})

Killk={—— 2= Sy
j=atb+c+d 7 en:{7}

Kill={ }
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Aggregate Gen and Kill sets

! Gen={1.3}
OUT =genE (IN -kill) [d Kill={23456,7}

f=a+c3

Gen={5,6}
Kill={ 1,7}

— =134}

Gen={7}
Kilb={—}
OuUT ={1.347}

j=atb+c+d 7

Gen={5,6}
h=c+f 6 [KilF={L7}

Aggregate Gen and Kill sets

N=CouT c1 [Gen={1,3}
OUT=gen E (IN-kill) ¢ it=

Gen={4} — b=a+d 5 |Gen={ 5,6}
Kifb=f— =25 h=c+f 6Ki|l={1,7}

Aggregate Gen and Kill sets

|N:COUT —hb+el n={13}
OUT =genE (IN - kill) =e+f :2-; i={23456,7}
—aFC

i={17}

—a+b+c+ 7}
jlFatb+c+d 7 Ki”:{}

N=Cout .
OUT =genE (IN=kill) 4=

OUT=1{3586}

jj=axb¥cxd 7 =
K

N=Cout
OUT =genE(IN=kil})

jEaxb¥cEd 7

Kill
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Aggregate Gen and Kill sets

Gen={1,3}

OUT =genE (IN -kill) |d Kill ={ 2,3,456,7}

f=a*c3

Gen={4} 77 vea b=a+d 5 Gen={56}
Kilb=f 3 |7*"° h=c+f 6 |Kill={1,7}
OUT={L.34}

j=atb+c+d 7

Gen={7}
Kill={—}

Aggregate Gen and Kill sets

N=CouT

OUT =genE (IN-kilt) Kill={ 234567}

b=a+d 5 |Gen={ 5,6}

h=cf 6 KilF={ 1.7}
IN =
j=a+b+c+d 7 G_
I

Aggregate Gen and Kill sets

IN:COUT =b+c 1 n= {13}
OUT=genE (IN-kill) =772 Kill={234567}
=aF
Gen= {4} a+d5 en={56}
Kill ={ ’““‘ I crf 6 s||—{1,7}

N=CouT
OUT=genE (IN=Ki

Gen={4} — b=a+d 5 [Gen={D5,6}
Kilk= { — h=c+f 6 |Kil=f{17}

N=Cout .
OUT =genE (IN=kill) 4=

Gen= {4} f=a+d 5 en={
Kill = §zatc4 =c+f 6 Kl ={

N=Cout
OUT=genE(IN=Kil})

;

Kill
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Aggregate Gen and Kill sets

IN=C ouT 5 Gen={1,3}
OUT =genE (IN-Kkill) |c Kill ={ 234567}

b=a+d 5 Gen={56}
h=c+f 6 | Kill={ 1,7}

j=at+tb+c+d 7 Eﬁ?::{{ 7}}

Aggregate Gen and Kill sets

OUT =genE (IN=kill)

b=a+d 5 |Gen={ 5,6}
Foerb B AKill={1,7}

Aggregate Gen and Kill sets

'N:COUT =b+c1 n={13}

OUT =genE (IN - kill) 76‘” 2 i={23456,7}
Gen= {4} a+d 5 en={56}
Kill ={ ’““‘ I crf 6 s||—{1,7}

jl=atb+c+d 7 E it = {{7}}

N=CouT
OUT=genE (IN=Ki

Gen={4} — b=a+d 5 [Gen={D5,6}
Kilk= { — h=c+f 6 |Kil=f{17}

N=Cout
OUT=genE(IN=Kil})

Gen= {4} == h=a+d 5 en={
Kill= ’“ < =c+f 6 Kilf={
}'
K

N=Cout
OUT=genE(IN=Kil})

;

Kill

15



Algorithm for Available Expression

Assign a number to each expression
Calculategenand kil -setsforeachinstruction

Calculate aggregate gen-and-kill-setsfor-each
basic block

Initialize available set at each basic block to be
the entire set

Iteratively propagate available expression set
overthe CFG

Propagate within the basic block

Available Expressons

j=atb+c+d 7

Propagate within the basic bloc

NS
o Start withthe IN set of

avalableexpressons

Linearly propagate downthe {- g;z =
basic block kill={ 3.4,5,7}
—same as data-flow step

—single pass since no back edges

OUT =genE (IN - kill)

Bitsets

s Assignabitioeachelementoftheset
=Union b—hitOR
—ntersection—pP—bitAND
—=Subtraction—bP—hit NEGATE and AND

Fastimplementation
— 32 clementSpackedto-each-word
=AND-and ORare single-instructions

* DU chains
+ SSA form

Kill Set vs. Preserve Set

o Kill Sets
_OUT =genE (IN- kill)
—Using hit vectors. OUT =genU (IN - kill)
— Subtraction P bit NEGATE and AND
=—OUT =genU(IN Uit}
*—Preserve Sets
—PRSV =FEntire Set-KHE
—OUT =genE(NCprsv)
—OUT =genU(IN-U prsv)
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Gen={4}
Kill ={ }

g=a+c4

j=atb+c+d7 Eﬁ?::{{ 7}}

i={23456,

2,3456,7

Gen={4}
Kill ={ }

jl=atb+c+d 7 .
Kitl=

Gen=0001000
Kil-=0000000

Gen=0000110
Kil-=—1000001

Gen =0000001
Kill'=0000000

* ProbfenTindependen
— calculate gen and kill setsfor the basic block

—iterative propagation of information until
convergence

= propagation-of-information-withinthe basic block

stract quantities over which the analysis will
operate
sets of available-expressions

»Flow-functions

—how-each-control-flow-and-computational-construct
affects the abstract quantities
the OUT equation for each statement

dl c

P e e e
[lce—Cconsisisoi

o
—ad Xt 01 vVdiues

—two operaions meetC U)-and jon ()
—atopvalue(T)and-abottomvalue ()
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the lattice for the reaching definition
roblem when there are only 3 definitions

T={dLd2 d3}

\ /1 o
Meet and Join forms a closure
—Fordlabl here exist aunique ¢ an

alUb=c alb=d
Meet-and Join-are commutative
—aUb=bUa aUb=bUa
Meet-and-Join-are-assoctative
—(aUbyUec=bU(ale) (aUblUc=bU(ale)
There exist-aunigue top-eement (T)-and
bottom element(» ) in L suchthat
—agr—== aUT=T

di, d2} U{d2 d3

{di,d2} U{d2 d3} =77

di, 2} U{d2d3} ={d2

Meet and Join Operations |
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T={dLd2 d3}

02, d37

d2} G{d3} =7

T = {f1.d2 d3}

Meet and Join Operations |

dL, d2} 0{d3} =72

—Foltow-thelines-dewnwardsfrom-thetwo-eements
in the lattice until they meet at a single unique
element

e Join Operation
—Set Union
—=Thereisaunigque element in the lattice from where

there is a downwards path (with no shared segment)
to-beth-efements
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:%Eﬂialﬂb

» Defineal bifandonlyifaUb=b

—=*Properties —

—Reflexiveral a

—Antisymmetric:al bandbi a b a=b
—Transtive al bandbi ¢ b al ¢

o f: where L isalattice
Properties

—Monotone"ab1 L —al b b f(ayl f(b)

+—Fixed-Point

=Afixedpointisandementa | L suchrthat f@ =a

B Orp

—al-Ual—\UJE O

+ Defineal bifandonlyifalb=b

[—b—b thereexitapath frombtoa
T={dl,d2d3}

{dL,d2}
{dip

—Helghtis(T,{d2,d3},{d3},”) = 4

micticvAalbnec )
> vVarues

—Each-Stage-appliesatiow-function
—V/new-1—Vprev
—Moves downwardsinthetattice
—Unti-Stable{valtesdontchange)
—A-fixed-pointisteached-a-every-bascbloek

| gtice-has afinite-heightb—shoutdterminate
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eseto initions

= Bitvector format: abit for each definitionin the
procedure

- low direction:—Forward Flow

« Flow Functions:
—gen={ hy...b, [ = Liff the kth definition}
=kilt={"bg--by [ b ="Tiff kthvariableisredefined }
—OUT=genE (IN-Kill)
—IN=E ouT

o Def-Use (DU) Chain
—Connects adefinition of ea
possible uses of that variable

« Use-Def (UD) Chan
— Connects a use of a variable to dl the possible
definitionsof-that-variable

Formulate the UD Chain
Data-Flow Problem

Lattice:

— Bitvector format:
e Flow direction: Forward/Backward Flow
e Flow Functions:

—-gen={hy...b b =1

—kill ={ by...b, | b =1

—O0UT =

—IN=
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k = fdse

gen={ 456}
kill ={ 1,237}

1 o
5 pen={123}

ill={ 4567}

a
*2

4 |9en={ 456}
i={1237

DU Example

=( 456}
il = { 1,237}

)

gen={ 456}
ill ={ 123,

il ={ 1237

gen={ }
kil={ }
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K=(EED ;,m4123}

ill={ 4567}

DU Example

4n—{1237}

gen =
Kill _{ } nnl

e><|t

en={ 7}
kill ={ 26}

gen={ }

7= (4,56} 71 }
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gen={ 456}
kill ={ 1,23,
gen={ }

N

en={ 7}
ill={26}

5 kil ={ 1237

gen={ }
kil={ }

DU Example

={ 456}

il = { 1,237}

gen={ 456}
ill ={ 123,

fill ={ 1,237 —
S
kill = {
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=iEke ;,m4123}

ill={ 4567}

N

en={ 7}
ill={26}

DU Example
[y ]

gen={ }
kill = {
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K=(EED ;,m4123}

ill={ 4567}

4n—{1237}

et )

il ={ 1237 —
S0
kill = {
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K=(EED ;,m4123}

ill={ 4567}

en={ 7}
ill={26}

s |kill={ 1237 ,/} 3
o ]
Kill={ } -

4n—{1237

en =

mu—{)

)

gen={ 456}
ill ={ 123,

Eﬁl :$ }} print]

gen={ }
kil={ }

4u_{1237

gen =

Kill = pnntj
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{
Bk,

Z

DU Cha

s Ateach-useof-avariablepointstoal-the
possible definitions
=Very-usefol-nformation
—Used-in-‘many-optimizations

~Incorporatethisinformationdinthe
representation
—SSA-From

- DU chains

+ SSA form

=Original-name+a verson-number

o Fachuserefersto-adefinition-by name

«What about-multiple possible definitions?

—Add-specia-merge nodes so that there can-be only-a
single definition(Ffunctions)
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