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neration

Targer
nrachine

cocl,*?

In the analysis-synthesis model of. a compiler, the front entr analyzes a source program andcreates an intermediate representation, fi; which the back end generates target code. Thisfacilitates retargeting: tnabi"s attaching u uart end for the n"w machine to an existing front end.
Logical structure of a compifer Front End

Tok+n
Skcnnr

Abstraet

statements

Dccorated
Abetrsct tni€;ds$ffi'

Gs*f,e
{3*f,,leratof

Intlormcdiatr
Godc

A compiler front end is organized as in figureintermedi ate-co de generati on'u,. d one seq u enti a,y ;

liJ:. 
parsing. Alt tlhe*;* .un u" i*pi.,i.nted by

above,. where parsing, static checking, and
sornetimes they can be combined and 6f O.J
creating a syntax tree anJ th";,rdldil;

Static Checking
This inclucles type checking which ensures that operators are applied to compatibleoperands' It also in"tuie any syntictic .lrr.k, that remuin uR",. par.sing Iike. flow--of_control checks

- Ex: Break statement within a loop construct. Uniqueness checks

- Labels in case
. Name-related chesks

Intermediate Rep resentatio n s
we could tianslat" trtt 

'o.t1t"" 
program directly into the target language. However, thereare benefi ts to having an interrned i ate, ; #il;.-i n dependenr representati on.' 

*fffi:distinction 
between the rnachine-independent and machine-dependenr parts of the

o Retargeting is facilitated; the irnplementation of language processors for new machineswill require replacing only the baik_."do we could apply machine independent code optinrzation techniques.Intermediate repre-sentation, ,pun th" gup beiween the source and target languages." High Leyel Representations
closer to the soul.ce language

__ 

easy to generate fi.om an input program
oo de optim i zati on s m ayra oi be stra i gh tfolward .



: I Low Level RePresentations

- closer to the target machine

. - Suitable for register allosation and instruction selection.

-easier for optimizations, final code generation

There are several options for intermediate code' They can be either

. sp."i fi .nto^ 

:[ Hr#r-;.iein 
g imp lemented

o Bytecode for Java

' Language indePendent:
o 3-address code 

'hat are shared by the
IR can be either an actual language or a group of internal data structures 1

il; ;,i;" ;"mpiter. c .usel ur-int.r,n"oiutr lTqyug? as it is flexible, compiles into efficient

machine code and its compilers are widely available. In all cases, the intermediate code is a

li'earization of thc syntax tree prodt ced during syntax qnd semantic^analysis' It is formed by

breaking down the tree structurl into sequentiil instructions, each of which is equivalent to a

single, of small number of machine instructions. Machine code can then be generated (access

migfrt be required to symbol tables etc)'

Syntax Trees

.+ t
f***,{{;{"r.'*'

{d {;Ii id #g*t,, ,S*gg' ' #fu#

#Mrq#-4R{R

*--*sfrr*\ {ffu}q*ffff.*-J #d \d b*r* sS mrs**eur

sy'tax trees are high level iR. They depict the natural hierarchical structure of the source

program. Nocres represent constructs in source program and the children of a node represent

ineiningfut com"p'""ri"",t ;irh- construct. syntax treeJare suitect for static type checking'

Variants of Svntax Trees: DAG-

r A directed acyclic graph (DAG) for an expression identifies the conlmon sub expressions

iil;;pressions that occui *ot. than once) of the expression'

. DAG,' can be constructeJ bV usi'g the sarne techniques that construct syntax trees'

r A DAG has leaves corresponding to at;;i" opr.unds and interior nodes corresponding to

operators. A node N in a^DAG hu, *ore than one parent if N represents a common sub

expression, so a DAG represents expressions concisely 
^^ro +n ,.rrqtrrrlr It gives clues fo compilei about the generating efficient code to evaluate expresslons'

f+
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Example l: Given the grammar belorv, for the input string id + id * id , the parse tree,
syntax tree and the DAG are as shown.

Ferge tree:

t\

^,{'

\*
+

/

,f
\..

€

T

F

id id id

DAG

+
/\

/\
,/i

[rJ ,/ \
\."

\":=_/'idlct +t€ *id

t/

Example 2: DAG forthe- expression a * a * (b - c; + ( b - c ) * d is shown below.

-
Using ttie SDD to draw syntax tree or DAG for a given expression:-. Draw the parse tree
1 Perform a post order traversal of the parsc trce
' Perform the semantic actions at 

"u"ry 
node during the traversal

Creates a syntax tree if a new node is created each time functions
called.

Constructs a DAG if before creating a new node, these functions
identical node already exists. If yes, the existing node.is returned.

sDD to produce syntax treeslo. oac is shown below:

, f,{!#nl,}$Tl#$t #ffir$*ftfr,c fdilrrus

#.n rds :# n*1\! Jlbde(f it-o ;'n - r*A*; f.nod*l
f;r+cd*' n(:utf ffrrcl*{':t* "f,*u da,T.*r*,teJ

#.nrrln * Y,*ud*
f.ra*rLa q {#-rusck:

It ru*rtr* # nrlrr;: &'rdtid! irI.rnfiryJ

fllraarf* E ns'fir J.,cat'{lrru:r}, ffHrffi, ur:f}

\

/

/

\

\
d

Leaf and Nod e are

check whether an

1} #r':+ #,r + ff,
Il ff*+#r*io
.$ #-+ft
-,} f-+{S. }
fi, l{' *r id
{'i) f,*l rir.rrrrs



o

Fortheexpressiona+a*(b-c)+(b-c)*d,stepsforconstructingtheDAGisasbelow:
*) ,P* * *r*nJ{id, *'nflrur-*r}

2) $ra * $s'sf t*dn *r+frltr*) : flr
S) rfs : e€#Jtid, *'nftY-$)
*l pa * &en/{irtr, **fr. -c)
S) :: 1.16 

* J-ltbrle{f *trF$'rI?4}
S) p6'- Sfode{t*'*frt*Irs}
fI p? * f,\l+de(t +', rrt , trc)
t) ' pe * I;etdtittn *rrfrg-S : Pa

#]' 'flu * Jle*J(ittr, *niry:t* * tft
[$i 'b*u ; ilt;d {';'ri}nrPx} : tr6
11) , txnt; Er,rd'(id-,on*'ryryrf;
rai.',,' 'bt*'o Sffi*i,rrE;Pel') ' .

,,'r$) ','#1s 
=, ff' cf #rlr*r1rr'1r)

Value-Number Method for Constructing DAGs . ,

Nodes of a syntax tree or DAG arc st,ired in an affey of records. The integer inde'x of the

record for a node in ttre array is known as the value number of that node- ?

t
g

*

".1

fr

m eff.r#
for if\f\t\

to*
\1 \

t0t'

{r{ sAS

ffigurc S.6t Noiles ef n SAG frr d = i * 10 atrtrocat$-d iil fffi nrrn$r

The signature of a node is a triple ( op, I, r) where op is the label, I the value number of its left

child, and r the value number or its right child. The value-number method for constructing the'

nodes of a DAG uses the signature of a node to check if a node with the same signature already

exists in the array.If yes, retunis the value number. Othenvise, creates a new node' with the given

signature.

Three Address Gode
ffiecanrangefromhigh-tolow-level,dependirrgo1theclroiceofoperators.

In general, it is a statement clntaining u1 *ott 3 addresses or operands'

. The general form is x :: y op z,lvhere "op" is a' opetator, x is the result, and y and z are

operands. x, Y, z ate variables, constants, or "temporaries"' 
.-- ^-a r+ i^ ^ ri-.r I three-address i'struction consists of at most 3 addresses for each statement. It is a linearized

representation of a binary syntax tree.

' Explicit nan'tes correspond to interior nodes of'the graph'

ib) Arrqy.



- P'e' fo1 a looping statement, syntax tree represents components of the statemen! whereas
three-address code contains labels and jump instructions to represent the flow-of-contoi as in
machine language.

+
, --'- 

' *\
'r+

/ \- ,/ \. r.t *D+rt*-/d\a,/ \,/ *t *f rtt
./ \ 't! * r+tt& i t*'!rrd

{*} I}i!$ , :tr * ts t tl

A Three Addrgss. Code i^rstruction has at most one operator on the RHS of an instruction; no
Dullt-up aflthmetic expressions are permitted.
e.g: x+y * zcan be translated is

l= r;"
rarhere tr & tz are compiler-generated temporary names.

Since it unravels multi-operator arithrneiic expreSsions and nested control-florv statements, it is
rrselul fol target code generatiori and opl.imization.

Addresses and Instructions:
Three Address Code consists ofa sequence ofinstructions, each insti-uction may haye up to

'.hree_addresses, prototypically tl = t2 op t3. Addresses may be bne of:
-A name. Each name is a symbol table iridex. For convenience. we write
the narnes as the identifier.
- A constant.

- A compiler-generate.d temporary. Each time a temporary address is needed, the
compiler generates another name from the stream tl, t2, t3 etc.' ' . Temporary names allow for code optimization to.easily move

instructions
. At target-code generation time, these names will be allocated to
registers or to memory.

@ Three Address Code lnstructions:
.l0.-.r%' \ - Symbolic labels will be used by instructions that alter the flow of confiol. The instruction

addresSes of labels will be filled in later.
Litl = t2 ap t3

- Assignment instructions: x= y op z
. Includes binary arithmetic and logical operations

- Unary assignments: x : op y
' 'Includesunary arithmetic op (-) and logical op(!) and type conversion( ini.9tr. to {loati"- C.opy instructions: x=y ' {; , , \

,, ?oinF nu'fitbtL)



- Unconditional jump: goto L
. f is a symUoti- label of an instruction

- Conditional jumps: i
. if 5 goto L If x is true, execute instruction L n€xt

'ifFalse x goto L If x is false, execute instruction L next

- Conditional jumps:
.if x relop y goto L

- Procedure calls. For a procedure call p(xr, ..., xn)
param xl

param Xn

call p, n

- Function calls : 5 p(xr, .-., x") y: call p,n , retum y
' 

-Indexed oopy instructions: x = y[i] and x[i] = y

Left: sets x to the valub in the location i memory units beyond y ' )

; Right: sets the contents ofthe location i memory units beyond x to y
' - Addresq and pointer instructions: .

x = &y sets the value ofx to be the location (address) ofy.
x: *y, presumably y is a pointer or temporary whose value is a location. The value ofx

is set io the contehts of that location.
. *x = y sets thb value ofthe object pointed to by x to the value ofy.

I. Example: Given the statement do i = i+1; while (a[i] < v i;., the TAC can be written as below in
, 

,two $'ays, using eitheq symbolic labels or position number of instructions for labels.

L: tl*i+1 10{t: tt*:i+l
i.tt l01l l,+st

,. ts-;t*g l0{l tg=ir8l
:tr'ea[tr) ll],it: t$Baf ttl .l

. lf tr < lr goto t 10{r .tf ts * v goto S€*

(e) gy-mbolic lshek, ' (b'l PCIeitiop s,nehffi.

@ Three Address Code Representations
.o -o,*t can be objects or records with fields for operator
vi \ and operands. Represeniations include quailruples, triples and indil'ect triples.

1) Ouadruples
.Inthequadruplerepresentation,therearetburfieldsforeachinstruction:

op,argl, arg2, result

- Binary operators have the obvious representation

- Unary operators don't use arg2

- Operators like pararn don't use either arg2 or result



- Jumps put the target label into result
' The quadruples in Fig (b) implement the three-address code in (a) for the
expression a : b * - c + b * - c

Sr *F M,mns *
fi,* #* fur, #i 'ft1

fu m ffi*ffiHffi: #
*4 s# b. *: tS
**##gtt"t
*##9,

fiffi#s.{t

#
T

*
ffi

4

*

{e}KMffid&

"1" \a.$*
.f\

"{\*{E
f\-f\/b rninus b'

I

I

6

{rr} **1ry1u** *n*

0

t
*g

\rr\u
rrr*nus {

il'rS
$

e

0p sr$l {rru'.r

6ir,trlTl
r lb; il}

mffiFT s l-
* ib,'; sl
+ itl.) i {$}.
*s1l!l {}

{b}'ItipJcs

{q

pF
gd,m*rsl G X I tr

# iu il*i;r*
aqtnusl * ; ;s;

tr;biI*ailrq
.* lt*, $**$Cs
# Itsl In

*t a

{b} qqn*Sffi*d,mm

Zl Triples

'A triple has only three fields for each instructi on: op, argl, arg2
' The result,of an operation x op y is referred to by its position.

'Triples are equivalent to signaiures of nodes in DAG or syntax trees.

' Triples and DAbs are equivalent represerltations only for expressions; they are
not equivalent for control flow. l

' Ternary operations like x[iJ:y requires two entries in the triple structure,
similarlyforx-y[i].

' Moving around an instruction during optimization is a problem
Example: Representations of a:b *- c + b * - c

..:.'



I .L',.dflv....| Ts?f lot ,o-

These consist of a listing of pointers
themselves. An optimizing compiler can move
without affecting the triples themselves.

to triples, rather
an instruction by

than a listing of the triples
reordering the instruction list,

dir;l*r.tretisn
3S

,1$

.$T

fis
3$

{s

if ( flug ),X = -l; else x - 1;

y-x*a;
: 'using O-f.rnction it can be written as

, if-( flag ) xr: 11; else y: l;

",:+(:t?x21,y:xtxh; 4y= g, t?r
control flow path that

0

I
t
$

4.

0

0p tltyr
lltlSrra r c

+ ;b ;(01
ninuE i c ;

+ ir ;i?l
+ l{I} i{si
t ia ;{4}

4.!

Static Single-Assi gn ment Form
@' (SSA)isanintennediaterepresentationthatfacilitates

certain code optimizations. Two distinctive aspects distinguish SSA from three-address coda
. A.ll assignments in SSA are to variables with distinct names; hence static single ossignment.
. O.FUNCTION
Same variable may be defined in two diftbrent control-flow paths.

For example,

o

?=a+b
1, -'? - Lr

P =X,xI
?=€-P

Pt = ft"'t-!

%t=?''-t,
Pa' ft ,x4
Ps = €-?*

.Theo-functionreturnsthevalueofitsu,,stothe
was taken to get to the assignment statement containing the @-furrcticn.

t-lranslation of Expressions
The goal is to generate 3-address code for expressions. Assume there is a function gen0

that given the pieces needed does t[re proper formatting so gen(x : y + z) will output the

corresponding j-address code. gen0 is often callecl with addresses rather than lexemes like x-

The constructor Temp$ produc.es a new address in whatever format gen neeCs.

Operations within Expressions
The syntax-directed definition below builds up the three-address code for an assignmettt

statement S using attribute code for S and attribute s addr and code for an expression E.

Attribute s S.codb and E.code denote the three-address code for S and E, respectively. Attril':rte

E.addr denotes the address that will hold the value of E.

ft
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