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Intermediate (ode

Translode sourte — intermediate - madning
. iv\‘m: annotated s\A\r\\'ax Xvee
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3, lam?hica\ o \inear
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Bytecode in Java
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. High Level Low Level
Source : i Target
—Intermediate —»-+++ —» Intermediate-
Program : . Code
Representation Representation

3-address code,
SSA

Direcked Awclic Livaph

No wules

Reuse Swo-expression vees

ExYerier nodes: names | identifiers | constanks
Tnierior nodes: operoters
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8. UsSingy acommar  below, onttruet OAbL, fiv  Yhe given  expressiom
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(W) - ((x+yd * (x-9))) + (Cx+y)* (x-9))
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6: For Same grammar, ongtyuet 086  fox
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6: For Same grammar ngtyuer OfbG oy
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6: For Same grammar ,  onghruck 086 fov

((Ca+a)+(a+a)) + ((a+a) «(a+a)))
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[tat)«c + ((atbd*e) y (ex£)) * [ (a4u) %)



Three Address Code CTAC)

* Linearized vepresentatin of DRO

© At wost one operater en RHS of inttructm

© Eath inthy upfo 3 oddresses

= Name (D)
- lonttant (number)

= Ternporary Linrermediave)

Statement

TAC Format

Assignment Statement

X =y op z (op : Binary operator)
X =opy (op : Unary operator)

Compare and jump

Copy statement X=y
Unconditional jumps goto L
Conditional Jumps if xgoto L

ifFalse goto L

if xrelop y goto L
ifFalse x relop y goto L

Statement

TAC Format

Address or Pointers

Indexed Copy

Procedure call : foo(a, b, ..

-)

x =&y
z=%x
*Xx=a
x[il=y
y = x[i]
param a
param b

call (foo, n)
where, n is the number of arguments in
function foo().

return statement

returny




Q: Generaye TRC £ov  the collowir\O

() atb*c-d|b*c W x=
tl= bxe
k2 = axt
t3:=4d/b
1 = 43 xC
t5 = £L-&4

@D = Flyn+2

tl = yel
param ktl
k1=l (£, 1)
3 = t2+2
V&R X )

(v) 1= foo(2*¥2+3, w0, 9, h(3,))

tl= 2%

£2 = 142

£3 = y+l0
param i

tt= call (g,
Pam\m 3
aram )

£5= call (h,2)

pavam LY

param X3

paraw tk

param ¢S

£6= ca\ (foo, &)
L= kb

*P +8\$

tl = *Xp
412 :&Is
13 =ttt
X =k3



v A= {'[GCI), k('&,:)))

param i

t1= call 9,
param 3
paraw )

1= all h,2
param tl
param &2
t3 = el £,2
€« = €3

(vi) alpha= (654=¢ 32 €<=40) || (q7 ¢=c &L C¢=112)

tl= £5¢<=¢C
iffalge t| goh L\
X2 = €<= 90
iffalse 2 goto LI
Lo: alpha = true
goto next
Li: t3=97<=¢
LI 1) o%o LO
thz ¢ <=122
it £tk qoto LO
alpha = false
next -



Address Calemlalion for 410 Prrra(vs

Calculate ACi]
base address
size Lin byted) of tingle element
index of element
start index Cdefanlt =0)

AGiY= A&+ wW(i-Lp)
Q: Generate TAC for +he hllowing
® O=blil assume int, size=4 stark=0

1= (¥4
t2= bt &l
6= £

0y do
P = i€l
while (il ¢ v))

tl= ¢

Lo: t1= tl+]

2= 4w

t3 = a+42  OoR a(*3)
ez 43 <V

if 4 gotv Lo



@) product =0;
=1
do
product = product + AL}« BUT;
izitl)
while (i<20);

produof- =0
izl

Lo: ¢1= Lxi
£1 = ACtI)

£3 = B(tN)
L= t2etd
t5 = produdk+ t4
product = 45
t6= i+l

iz tb

47= i< 20

W 4 goto Lo

Address Calanlation fr 20 Avvays

. Row majer fovm l m: # of rows
2 (olumn mayer Fovm n # of wlumng

ALIICY = A+ W*[(n*i) +3) — i cract index 40, replace
L With i-L, and j with
J-te



AGIGI= A+ we [(mvg)+ i]

Retumphions:

- Row-mayor

- ink Gie=Y
- MXN wmatrix

8. benerate TAC (e :S%C arrayd

for (i=0; i<ny ixt)
for (j=0 3 Jen 5 3+¢)
e (il =0,

LO: &1 = i<n

iPfalse | goto endout
j=o

Li: t2= j¢n

ithalte t2 gobv endin
£3= (*5

th= 43+

5= bty

c+t5 =0

£b =)+l

3= &b

Qo-\-o L)

ewdin

1= ixl

v =t7

50*0 Lo
endont



8: Generate TRC (c: loxio array)

bov (20 ic10;irr) % note: if i=1 1o Io
for (j=0;5 32 105, )+4) shack index = |
cCidCj) = aGIG + bLidCH)
(=0
Lo: &l= j<¢lD
itfalce 41 goto endout
=0
Li: ¢1=") <o
ifealce t2 Ooto  ewdin

£3=< o¥i
t4 = 34
£5° Y¥ty

46z a(ts)
17= bles]
+8 = £b+b7

c[4) = 18
t‘\:jfl

J= 9
goto LI

end in
bioz i~l
i=%l0

904’0 LD

endout



Structure  with opevands owd  operatwrt  os  fields
Preay or linked et of  vecords

3 4ypec of record wruchures

|- Quadruples (& fields)

3. Triples (3 fields)
3. Tnmdirect triples HriP!e: + lisk of poiﬂhrx to triples)

— 1 Quadm?\es

op |[org| arg2 | resuly

o?ero\h'r
fwo  operands used
resu\r of explession

Uv\a% Operaturs

Statement op argl arg2 result
Unary operators - arg2 is op argl null arg2
empty

Example: x=-y - y null X
Example: x=y = y null X




Funthons

Statement op argl arg2 result
param operator - arg2 and param argl null null
result are empty

Example: param x param X null null
Function Call - call func_name value X
call func_name, func_param

Example: call foo,3 call foo 3 null
Example: x = call foo,3 call foo 3 X
Jumps

Statement op argl arg2 result
For unconditional jumps - goto null null label
result is label

conditional jump if X null L
Example - if x goto L

conditional jump ifFalse X null L
Example - ifFalse x goto L
Labele and  Returng

Statement op argl arg2 result
Label generation Label null null L1
Example - L1:

return return X null null
return x return X null null




frroy if\MxiV\a
Statement op argl arg2 result
x[il=y (= X i y
STAR X i y
x = y[i] (1= y i X
LDAR y i X
8: Wete Tac owd quadruple  vepresentatiom
l.{: A==0
w=I
else
we fack (x-) % 2,
value =u)

The: of owg\ L | yesult
klz x==20 == A~ 0 |
itfalce +1 9oto € ifColce | ¢! €
w=| = | w
gpro endif g0¥6 endif
€: label €

+2= x-| - X« | +t2L
param t2 Pamm 1

2z call fact, | call £ock I +2
te= L3+ ¥ £3 x 14
Wz 44 = L4 w
endif - 1abel ewdif
40z w = w 1Y
value = &5 = 114 value




2. Triy\es

o [orgl | a2

operatr
two operands used

Avoid  tempovary names in symbol Yable

- instead, wce seria\ no. of statement compuﬁn\d ik value

Peoblem: tode  immovability
= not veny efficient in opfimizing  Lompilles

TJumps and labels

Example - if x goto L

conditional jump ifFalse X
Example - ifFalse x goto L

Label Label

Statement op argl arg2
Unconditional jumps goto (2)
conditional jump if X (2)

(2)




P«vag ir\dexir\a

Statement Stmt no. op argl arg2
x[i] =y (0) [I= X i
(1) = (0) y
x = y[i] (0) =[] y i
(1) = X (0)
8: Write 4riple u(msevﬁaﬁm o~ ™
op axg\ avg‘l_
tl = -b (D)} - b
t2 = tl1 * d ) * ) d
t3 = tl1 + ¢ €)) + () 4
td = -b () - b
t5 = t4 * d e | # CD) d
t6 = t3 + t5 @) + @ |
a = té6 (M = o )
3. Indivect Triples
op nrgl org2
operatyr

two operands used




Separate iy of pointefe to Statement numbere & wmaintained
(an re-ovder stavement lisk xo vreovder code

Requires less space won  quadruples

8: Write indirect h‘ip\e \'cprcsevda’dm fox TAC

tl = -b

t2 = t1 *# d

t3 = tl + ¢

t4d = -b

tS = t4 * d

t6 = t3 + t5

a = té

Stk no Sk no op oo aml

(©) () (ny - b N
(W (12) (2) * d
€)) (13) (12) + d
(3) (&) (&) - b
) (1) (15) ¥ o
| O (1) %
(D) (17 () = o




6. If oabove code hanpes fo e Pollowingy, how will indirect triple
representation  change?

tl = -b

t2 = tl1 * d

t3 = tl1 + ¢

t4d = t1l

t5 = t4 * d

t6 = t3 + t5

a = té6

Stk no Sk wno op ax\ arg)-

(0 (i (i - b
w (12) (12) * d
(®)) (12) (13) + [d
(%) (%) = b
) (1) (1) ¥ o
) (18) (1) +
© (17 (7 E o




STRTIC SINGLE  ASS\LNMENT

Cach varioble ostigned only once; ctan be uced  wuliple times

IR variables eplit info vergiome  Csuwestriphs)

tontrol flow cannot be predicted
© § funehone — meet poiks for  bramched valwes
;) = nook arpuments i mo. of incoming Flow edpes
Return volue wrrecpmds +v  towttol  How path

EXGMP\C - Lowrro\ Flow Lxmpk

x2 « 0(x0,x1)
yex2

Example — Lowtvo) Flow L\NP\\

case (...) of
0:a:=1;
l:a:=2;
2:a:=3;

end

case (...) of
0:b:=3a;
l:c:=a;
2:d:=a;

end



&: praw LRy

b= MCX.:)) 1)—°= MOL)')
KJ:O‘) °‘—°J:’o>
b 2§ iflbocy)
by a-l>b_0;
C 20\'\'5') a3= + CA«O , 0\_,)

C-0=a_32+tb-0

Rules

I. Nodec: basic blotks — sequential stotementt (no bmanch)
9. Nodes are numbeered
3 Firsk basic  blotk® inifial blotk

4. Dwvered

Eatn inttruchon assi%md mly to one basic block

Rules for Determining Basic  Blocks

Tdewtify leaders

- FHest TAC n \R

- Tavgpt of juwp

- Instruchion  immediotely ofter jump

Bl bocic blodk towtoins  leader to next leader, exduding wext
lender



Q. wevxh{-é leaders and ONAYWEr  CFly

427

O 00 J O O UL N

i=1 > ficsk TAC ¢ |eader
j =1 > farget of |l
tl = 10 * i — fonpet of 9
t2 = tl + j
t3 = 8 * t2
td = t3 - 88
a[td] = 0.0
j =3 +1
if j <= 10 goto (3)
i=41i+1 > follows jump
if 1 <= 10 goto (2)
i =1 ——— followse jump
£5 = i - 1—> hugﬁ-oﬁ 17
t6 = 88 * t5
a[té] = 1.0
i=1i+1
if i <= 10 goto (13)
Enfry
{
el | i=
!
B2 | J=!
J
1= lox |
K17 b4
£b = Q% g2
63 by - ti-eq
altk) = 0.0
J=i«l
if jézo ophv By




|

i=i+|
b if 1 <= 10 gotv (B2

\

s i=I

N\

26 tS= i-|
46 = 88 ¥ ¢S
0Cxbl =10
tzc4l
if 14210 goto <Bb7

o

Exit

Q. Convery 4o SCA

i=1
j =1
k =0
while k < 100
if j < 20
j =1
k =k + 1
else
j =Kk
k =k + 1
end
end

return j



I —
nonon
oR R

if k<100
return j
i=k
k=k+2
i1=1
j1=1
ki1=0
i2=9(j1,j3,j4)
k2 = ¢ (k1,k3,k4)
if k2< 100
ifj2<20 return j2
j3=il ja=k2
k3=k2+1 k4 =k2 +2




OPTIMIZATION

Make (de oncume lece  resourcet awd deliver high Speed
© wood Code optimizahion

L Semaonhc ?mcrvh\ﬂ

A Speed up programs m avg
3. Wortn the effert

Idev\’ﬁ% loops in CFG — voom for improvement

- Tnformoion about how variablee are used w o progcam

Best ?\oce ) oF-Hm'ne— ok source code \evel

Ophimi2atim
Machine Machine
Iv\depevxdev\-\' Oependent
-\JP: intermediate -\/P: targey
wde wo\e
Based s CFL
N\
Gloval Local
opply 4o apply o

CFy loc\e



I Constant &lding

(oncrant  propaoytion

3- (ommon twberpression eliminatiom  (CS€)
t wp? propagatim

s. Dead code eliminahion (DCE)

6. Stvengin reduthion

1 Paw.m& femporaries

8 Loop optimizations

»

Evolmate nttant exprecsions  af compile tHme instend of
runtime

Mocbraic identities Corue regardless of vVariole valued

(oncatenahom of shringy \ireralt / conctant  stringg

Subsﬁmhnﬁ valmes of known varciobles ot wwmpile tme



Propmgm’ﬁwa a
1nt &= IO')

i b= 40/io +2
reurn b+ 200 % [0

Fnd b
int m:lO)

int b= 6
returmn b+200% lo

fold b
int m:lo)'

i'\“' ‘O 9")
retwrn 6 +200x10

- (lontrant £old
it a=(0)
ne b =6
veturn 2000

Remove olead code

redurn 2006,



Replace instances of identical expretsion with o Single  vasiolole

ko\d‘m& e comyu\'ed volwe

Volueg ‘v subexpressim wave wot (,\mnsul

: Eliminate ommen  tubexpressions

o
o

1\)

b+t fs)
b¥ C* e')

(1}

tl= b¥()
o= ¢l nfy))
d = tlxe

1 Eliminate common subexpressims

te = 4 * 1 —3 rehin

X = a[t6]

t7 = 4 * 1 — eliminate
t8 = 4 * 7 — rehin
t9 = a[t8]

a[t7] = t9

t10 = 4 * j— timinate
a[tldo] = x
goto B2

b = kxi

x = alte)
41 = 6

ke = Q-A-‘)
t4 = a (48]
a(£1) = tq
Llb = t¢%
o[tlo) =2
noto B



: Re?\ace occurences  of targete of direct asciav\mems With their
volunes
W=V
vse v inttead of w whenever possible

6: (opy propasate

\3‘;1
7= 'b‘\'clj
dead 2=3+%
codke

tode that does v\on\a nseful / it never executed
8: Eliminatz dead code

int fun() {
int a = 20; — dead
int b = 40;
int ¢ = b * b;
return c;
a = a + b; ——— wnreadnple

}



Replace expensive opevahim  with dheaper one

Expensive Cheaper
XN2 x *x
x*2 X+X
x*2 x<<1
x/2 x *0.5
x/2 x>>1

Replace dithinct temporacies with o single one when no lonner
required

Q: Pock temprraries

tl=a+a tl=a ta
£2 =4l b Ll 2 £14b
C= ¢trx {1 C = Ll

Tincreate  execution speed owd veduce Overhead

Tgyes

(0 Loop invariant detection
lb) (ode motin

) Loop unrolling | unwinding
) Tndutkion variob\e detection



© Variable whote valwe it tontrant fuy the durohion of +he
IooP

Decreate amount of code Cby identifyind l00p invarianis)

Reduce no. of iterations by rcy\imﬁma bodg of loop

Reduce # of jumps § condition -eske



" Requires # of iterahims 4o be wnown at  owpile Hime

——— () Induthm Variable Derethon

Var 4aat gete  increased ) decreased by fixed amount ot
overy itevation of loop

’i = initialize
—

Q: Oeredt Indwchion variayleg

for (i=0; i<10; i+=2) {
X=1*3:
a[i]l=y-x;

}

by =0y 110 5 i4=2) §
X=x+b)
ali) =4y-x5

i



Apply tedhniques on tode  gnippeis

6: Olyh‘m'n,e

[~

e

L
3
Ax

S 2
w oV

o= c¥C
€=bx2
£=0+d
9= exf

sieengih vedwehion

b
> ¢
d

wwirart  prop-

r4

wnrark  prop- c=

<
S
w
™
x
o



e e §

£=axd
5=6*9

&= AeA

cse

e
J

0= X&”A
£ za+a
5=6*9

DCE

Mm T 9 8 &
" LI T | )

< oY oy 8



* Tale

= XA
£ za+a

5=6*$

6: Local

0.Q 0w

PfEU Z‘LRMP\B

optimization using  ORG

b,d }{
e

+ 1+
Q Qa0

o000



6: local optimizatim vsifub DiG

prod = 0;

i=1;

do
prod = prod + a[i] * b[i];
i=1+1;

while (i <= 20);

?rod =0
1=

do- (= i#4
tl= a[el)
£33 = 44
th = (%3]
Sz tiatg
= pmd+e{
froA z ki
12 i«
iz &7
£ i¢zq0 th do

€V\+r€)

L

t) Vrod =0
1=




2L

t(= i#¢4
t1= aftl)
£3 = 44
th = w(Ct3)
£S=- t1xt4
= Prod +ts
rroA > ki,
17 i«
iz &7
£ ¢z a0 9o By




OF‘\"lM'ﬂed gM-ra

Y prod = 0
ti=4

tl= afe]
= Wi )
£S5z trxtl
th= prod + ¢S
'3 froA =z bl
17 b\t
€l =47
1f 61¢=90 gofo g2

Q. OPHM'lze CFG

ENTRY
B1
m=1
limit = 10
i=0
e if m==1 goto B2
B2 g
e ! n=0
t1 = limit-n
= - — if i < t1 goto B5 Bl
t2-2*m
i ‘ EXIT
t3=i+1
i=t3
goto B4




L mezl & always 4tue = vemove B2 lunreadrable)

‘ ENTRY ‘
B1
m=1
limit = 10
i=0
if m==1 goto B2
B2 o
n=2 R
N t1 = limit-n
B5 — if i < t1 goto BS <
T~
t2-2*m T~
X =12 EXIT
t3=i+1
i=t3
goto B4

2 move B2 to Bl



NEXT-USE ALLOR\THM

© Two pase o\yoritva

Pass 4:
- Scan firward over basic blou
- Fof every Variakle X n BB, sef X.\ive = FALSE and X-next.use = None

Poss 2:
~ Sean backward¢ over basic blode

~ Vo th -\-up\e_ 0 L=y op 2, Lopy live/NU info From 1‘.3,,’)5 <T
entvies o Yupe At and \APM'\'Q 8T endviee  oc follows

Statement | X.live Y.live Z.live X.next_use | Y.next_use | Z.next_use

i False True True i i

0: bo farouph NUA fr the #o\\ow'w\& Lode

')L:—_\d-rz
L:=A*5
Y:z2-7
iz -z,-lra
Stoctement ST Tnfo Inttu chion  Tnfro
Live, Next U Uve Next Yse |
LYz Llwlze | (v [z2]alw |z
(D r=y+z |F |F |F Fle |f
(@ z=wxs |[F |F [F Fl1F|F
G) y=1-1 FlF |F £ [F | F
M =244 |F|F |F cle e




Fuple datn
A
' TS
Stoctemeny ST Tofo Inttruchon Tnfo |
Live Next U Uive x4 Jse |
Y|z Ll oy “ w |2
() n=Yy+z
() 2=Ax§
G y=1-17
) 1=2+Y T 7] -1 4
Stoctementt ST Tnfo Instruchon Tofo
Live Next U Uve x4 \)se |
‘é 2z LS IR 4 2 2
(D w=y+2
() 2=eA%§
@) 16-:2."'7 T 4 4
(') A=2+Y T T - 4




Stotement ST Tndo Instruchion Tnfo
Live Next U Uve Next Jse |
L lﬁ z Tl Wz | X | Y | LW |2
(1) n=Yy+z T|T | -] V|| T Ll - |-
(2 2=4%5 | T 2| - |- T - 13
G) y=1-17 T|-[-12 Tl | W
&) =2 +Y T T -1 5|y

Liveness  associated with edoes of CFh, not  nodeg

- Dat. Flow values
setr of variaves used in nwode n

setr of variables defined in node n

variakbles live m enhy o node n
variables live on exit Hww node n

Data How eguations for ecach ootic Lo B



6: Compute liveness infs for the CF4

def = §23

S~ 0

return X

AN ©

® e=|
® it 1.'70
2=exe
|
8:@*1

def = fel

oef = §3

return X

def = {33

def = §1



= A
aef- §et [

ifx <)

cef = {'_’1
®
Y| er- e
in= ?.T-}
i i def = {el 0:A+s ig,x]
in= {6,’1_1
F out- {e. %3

n= {6,73
out= Se ’x,—&o\t}

= {2}

def - fe
in= {,')(,2?(
owt < {,1(,&1

in= i‘l?(
def =85 out = {1

n= {7()\51
def - (el out={x,el



6. Compute ltveness infovmakim P LR

o> Uy

return

@ L=m-| uie = {Mﬁn)u& in= {MS“ 9‘4|>“1}
3-;(\ out = {&,i,‘j,%_
1
b=+l @ use = {i,,ﬁ in'—i%j,i,\h}
® 0’."'—\ out- KG)J,MLE
vse= {u,}
ins {\41_,:)3 vse = ia)'):{ ;,\-_{a\,\') :“1_1

owtz{a,uy,5 3 ® owt=$07.u,,

return



