Compilers:

A compiler 1s a program that reads a program written in one language the

source language and translates it into an equivalent program in another language the
target language. ( E

C

Source program ~ —{ Compiler f——  Target Program &

The compiler reports to its user the presence of errors in the source progr

The Analysis Synthesis Model for Compilation Q@ 2‘

There are two parts of compilation: &ﬂ
1. Analysis Q
1. Synthesis &
1) Analysis: Decomposes the source progra%qan intermediate representation.

11) Synthesis: The synthesis part construc esired target program from the

intermediate representa%

Structure of a compiler:

a source program and produces as output an

A compiler takes as¢™
yWinstructions.

equivalent sequence o

This process complex that 1t 13 customary to partition the compilation

process into Q ub process called phases.
A phase 1s log1c lly cohesive operation that takes as input one representation of the

source and produces as output another representation.
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Among these phases Lexical alysis, Syntax Analysis and Intermediate Code
Generator come under the F d of compiler, and remaining two phases, the

Code Optimization and % eration come under Back — End of compiler.

Phase I: Lexical 1}& (or) Scanner:-
The Jggckl lysis phase reads the characters in the source program and

groups t}‘ginto a stream of tokens in which each token represents a logically

ences of character, such as an identifier, a keyword (if, while, etc), a

% Phase II: Syntax Analyzer / Parsing:

The Syntax Analyzer groups tokens together into hierachical/structures. The
hierarchical structure generated in this phase 1s called parse tree (or) Syntax tree.



Phase III: Intermediate Code Generator:
It uses the structure produced by the syntax Analyzer to create a stream of
simple instructions. The intermediate representation can have a variety of forms. One
common styles uses instructions with one operator and a small no. of operands. These @
instructions can be viewed as simple macros where in a instruction will be translatt

S

Code optimization is an optional phase designed to improve fmedlate

code so that the ultimate object program run faster and/or takeb

into a sequence of Assembly language statement.

Phase IV: Code Optimization:

Phase V: Code Generation:
The final phase of the complier is the gene @) target code, consisting

normally of relocatable machine code (or) asse ode. Memory locations are

selected for each of the variables used by the Woggam. Then, intermediate mnstructions

are each translated into a sequence of mac structions that perform the same task.

Example: v
' “ar =b + ¢ * 10;

Consider the statement “a

: = ; “The following figure shows the
representation of this statem@'e’ach phase.
4\%:



a=b+cx

!

Lexical Analyzer

!

Syntax Analyzer &
% \ll ,1\,.0

1dy +
Y N\ ICG:
idz x tempr = 10;
/ \ tempz =1ds x temps
‘Lidg 10 temp; =1d> + tempz
@1 = temps

Intermediate Code ) .
Generator (ICG) z, Code OD_tlleGI-
tempr =1dz x 10

, {\%\a' idi=idy + tempy

Code Generator:

A

Code Optimization

MOV ids , Ry

y MUL 10, Ry

MOV idy, Rz

Code Generator ADDR;, RZ
MOV R, idy

Translation of a Statement
b) Symbol I'a lgbanagement:

A symbol-table 1s a data structure contains a record for each identifier,

with fi Q the attributes of the identifier. The data structure allows us to find the

<8

c¢) Error Detection and Reporting:

each i1dentifier quickly and to store (or) retrieve data from the record

Each phase can encounter errors. However, after detecting an error, a phase
must somehow deal with that error, so that compilation can proceed.

The syntax and semantic analysis phases usually handle a large fraction of the
errors detectable by the compiler.



4 = Relational operator
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Chapter-I

Lexical Analysis

Lexical Analyzer:

analyzer reads the source program, it performs two tasks:

» The primary task is to read the input characters and produces as c@%r' a
sequence of tokens that the parser uses for syntax analysis. \‘.

» In secondary task it removes comments and white space the source

program. Q
» It also makes a copy of source program with the en‘i' es n it.
Tokens, Patterns and lexemes: »Q&'

Tokens: Token i1s a sequence of chara ® can be treated as a single logical
entity. It describes the class (or) cate put sting.

Ex: Identifier, Keywords, Constants..

Patters: Set of rules thad%“'@ e token.

Lexeme: Sequence §racters in the source program that are matched with the

pattern of tthl‘nb
Ex: in Pascal statément const pi =3.1416;
‘6 Lexeme | Token

%@ Const Constant

P1 Identifier

3.1416 Number

Punctuation symbol

The lexical analyzer is the first phase of a compiler. Whenever the leXica: %@



Specification of tokens:
Tokens are specified by regular expressions. Regular expressions are an @
important notation for specifying patterns. When a pattern 1s matched by some reguhc)%

Strings and languages: Q

The term alphabet (or) character class denotes any finite set of syml&ﬂo‘[ed by

‘T Q)
" 9

String

L iy

A string 15 a finite sequence of symbol, over an alp@ It is denoted by “w’.
w= “IESGATE”

expression then token can be recognized.

a) Length of a string (|w]): Is the no. of syrr%.composmg the string.
w = IESGATE, |w|=7

b) Empty string ‘g’: Is a special of ze% gmbols and zero length. It 1s denoted by ‘¢
¢) The empty set of strings is (@q by “¢°, {}

d) Power Alphabet( e set of all strings of length ‘k’ over alphabet .

Ex: Let X3

{ 1s the string having length zero.
gﬁ,l}, set of all strings of length 1
022:{00,01,10,11}, set of all string of length 2
>* ={000,001....111} , set of all strings of length 3

Q\( . Set of all strings of length zero (or) more.

Ex: > ={0,1}

% =0 ust Uy U — {,0,1,00,01,10,11,000,001 -}

f) Y : Set of all non-empty strings.

=yl U UL U — {0,1,00,01, 10, 11, 000, 001-----}



g) Operations on strings:

1) Prefix @
ii) Suffix C)%

111) Substring &

iv)Proper prefix 0

v) Proper suffix

W
vi)Proper substring @Q

vil) Subsequence

i) Prefix: A string obtained by removing zero or m @ dmg symbols.
ii) Suffix: A string obtained by removing zero e trailing symbols

iii) Substring : A sting obtained by remo%preﬁx and suffix of a given string
1s called substring. %

iv)Proper prefix and suffix:

A prefix, substring @ﬁof a string, other than the ¢ and string itself,

1s called a proper prefi , substring.
Ex:w=abc t

SI. No | £t erations | Obtained strings No. of strings
1. Q refix g, a, ab, abc n+1
2. Suffix g, ¢, be, abce n+1
&A > Substring e, a, b, ¢, ab, be, abe n{n+1) 0
2
. 4, Proper prefix a, ab n-1
Q\\, 5. Proper suffix ¢, be n-1
6. Proper substring a, b, ¢, ab, be n(n+1) »

2
% 7. Sub sequence e, a, b, ¢, ab, bc,ac, abe 2"

+ Language is a collection of strings. Regular are mathematical symbolism

which describe the set of strings of specific language. It produces



convenient and useful notation for representing tokens. Each regular

expressions r denotes a language L(1)

1) & 1s a regular expression that denotes {e}, 1.e., the set containing the empty str1

¢ The rules that define the regular expressions over alphabet ‘T ~ are: :@

2)Suppose » and s are regular expressions denoting the language L(r) an

Then,

r/s, r+s1s a regular expression denoting the language L(r) U

3)If Ry and R; 1s regular expression then @Q
R= Rl o Rg
en;

R 15 also regular expression which represents CC&
AIfR is a regular expression then R = R is also { r 'expression which

10n operation.

represents kleen closure ‘%
A language denoted by regular express s 1s Said to be a regular set (or)

regular language.

Ex: Write a regular expression ( OrT a language containing the strings of
length two, over X ={0,1}

Sol: R.E = (0+1) (0 ch

Ex: Write a regular 1on for a recognizing identifier.

Sol: RE = lftte#r + digits *)

alysis 1s a process of recognizing tokens from input source program. The

When lexeme matches with the pattern generated by finite automata, the

specific token gets recognized.

The transition diagram elaborates the actions to be taken while recognizing the
token. The transition diagram 1s used to keep track of the information about

characters that are seen as the forward pointer scans the input.



Construct of lexical Analyzer

I, ¥ —R.E — NFA — DFA — min. DFA — code @
Types of lexical Errors C)
1) Un terminated Comments é,

1) Nested Comments

11) Length of longest identifier (< 31) Q\‘.

1v) Invalid Identifier
v) Invalid Constant Q

vi) Illegal Symbols Q&"’



Exercise Questions

1. Which of the following translation program converts assembly language ( @E
programs to object program? ‘ )

a) Assembler b) Complier c¢) Macro processor d) Linker &

2. The action of parsing the source program into the proper syntact1c S5ES 18

known as :

a) lexical Analysis b) Syntactic Analysis ¢) Seman‘uc’m d;None

3. A compiler that runs on a machine and generates @ iy another machine 1s

called %
a) Cross Compiler b) IncremeKCo piler ¢) Booting Compiler
d) None of execution %%

4. A loader 1s a program that v
a) Program that place@?ﬁs into memory and prepares them for execution
b) Program s the translation of assembly language into machine
languagemw
¢) Pro ccepts a program written in a high level language and
pro s an object program
d ram that appears to execute a source program as if it were machine

uage

4\5 The output of a lexical Analyzer 1s
(a) Machine Code (b) Intermediate Code
(c) A Stream of tokens (d) a parse tree
6. Ina compiler, grouping of characters into tokens 1s done by

10



(a) Lexical Analyzer (b) Syntax Analyzer (c) Code Generator
(d) Intermediate Code Optimizer
@ GATE PREVIOUS QUESTIONS

Q1) In a compiler the module that checks every character of the source text is called : %@

a. The code generator b. The code optimizer [1987-1M]
c¢. The lexical analyzer d. The syntax Analyzer &
Q2) A “Link editor” 1s a program that: [193\‘1\‘[]

a. Matches the parameters of the macro-definition with locatic&le

parameters of the macro cell Q
b. Matches external names of one program with the{® locati®f in other program.

1
c. Acts as a link between test editor and the user 6&"

d. Acts as a link between compiler and us%n

QQ3) Which of the following strings can defi!@y.e said t be tokens without looking
at the next input character while g a Pascal program? [1995-1M]
I) begin IT) pAggram I <=

a l b. II Qﬁl d. All of the above.

Q4) How many substry

charactem th n? [1998-1M]
b. n? c. 2" d. n(n+1) .

different lengths (non-zero) can be found formed from a

a.n
2
Qo T ber of tokens in the FORTRAN statement DO 101 =1.2515[1999-1M]
b. 4 c.5 d. None of the above
4\5 The number of tokens in the following C statement [2000-1M]
prmtf(“i—%d &i=%x",i,&i);
b. 26 c. 10 d. 21
Q7) Which data structure in a compiler 1s used for managing information about variables
and their attributes? [2010 - 1M]
a) Abstract syntax tree b) Symbol table
¢) Semantic stack d) Parse table

11



Chapter — 1T

Parsing %Q)
¢ A syntax Analyzer 1s also called as “Parser”. K'C)

¢ The syntax Analyzer checks whether a given program satisties the ruleso
implied by a CFG (or) not. If 1t satisfies, the syntax Analyzer creat&l‘garse
tree for the given program. @

¢ The syntax of a language 1s specified by a context-free‘@war (CFG). The

rules in the CFG are mostly recursive. &

B e B oy g
RRIILE P (:"%f HETE ]

rTP—". §

ﬂ

:@ Postion of parser in compiler miedel
Note: A parseis @&&gram used to check whether the given input expression 1s in

well-forme t (WFF) or not. If it 1s in WFF, parser generates parse tree else

report ery essage.

Universal parsing method

. \ﬁe are three general types of parsers fro grammars:
Q™

%

11) Top — Down parser method

111) Bottom — Up method

The methods commonly used in compilers are top-down and bottom-up parsers. In
both cases, top-down and bottom-up parser the input 1s scanned from left to right,

one symbol at a time.

12



(@ _Context — Free Grammar:

Many programming language constructs have an inherently recursive structure

that can be defined by context — free grammars. For example, we might have a

conditional statement defined by a rule such as @
If S1 and S; are statements and E 1s an expression, then if E then S; else Sz 1s %
statement. Using the syntactic variables, we can express the above condiy
statement by grammar production. K

Statement — if expression then statement else statement Q
A grammar G = (V, T, P, S) 1s said to be content free if all producti ® of the
form : Q

A — B where A 1s a single variable /non-terminal and 3 )"

Where V 1s set of Variables, represented as lower-case lettd§, cgierator symbols, digits

and punclKv symbols.
T 1s a set of Terminals, represented as CapiiXlett®rs, derivation... etc.,

S 1s a start symbol.

]
¢ Non-Terminals define sets of strings elp define the language generated by
the grammar. They also impose hi cal structure on the language that 1s useful

for both syntax analysis and {ganslation.

eir name from the fact that the substitution of the
variable on the left ﬁ duction can be made any time such a variable appears

na sentzalfﬁ&

¢ Context — free grammars

oes not depend on the symbols in the rest of the sentential

form.

rivation from S means generation of string w form S (or) deriving strings(w)

L]
Q\' uage from start symbols that 1s a production is treated as a rewriting rule in
which the non-terminal on the left 1s replaced by the string on the right side of the

production.

13



Ex: Let G be a content — free grammar for which the production rules given as below:

S — aSb

S — ab
Derive the string w: aaabbb using above grammar @
Sol: %

S — aSb [S—aSb] // Choose arbitrary non-terminal in the RHS of C)

— aaSbb [S—ab]  // production to be replaced for generating string &

— aaabbb
Q"
e Derivation of strings can be done 1n two ways:

1. A denvation 1s said to be left most (LMD) if 1n ea& the leftmost variable
in the sentential form 1s replaced. Q

2. If in each step the right most variable 1& d, we call the derivation as
right most (RMD)

Strings in a derivation 1is said to be ser%% torm

L(G) 1s the language generated by G 1s {a" b"n=>1}

Ex: Consider the grammar with groductfons

S — aA "
AN
B

Derive the string W with LMD and RMD

Left- Der1vat1on(LMD) Right-Most Derivation(RMD)

aAB [A—DbBb] S — aAB [B—¢]
abBbB [B—A] S—aA [A—DbBb]
. — abAbB [A — bBb] S — abBb [B—A]
% S — abbBbbB [B — ¢] S — abAb [A—DbBb]
4\' S — abbbbB [B—¢] S — abbBbb [B—¢]
S — abbbb S — abbbb

%

14



(@ _Derivation Tree (or) Parse Tree:

Its an graphical representation for a derivation.
1. Root 1s labeled by the start symbol.
2. Each interior node of a parse tree 1s labeled by some nonterminal. @
3. Each leaves of the parse tree are labeled by nonterminals or terminals. C)%

4. All leaves read from left — to — right, they constitute a sentential form. &

Ex: S — aSb
S —ab
Derivation tree/parse tree for the string “aaabbb” 1s Q\“
Derivation Derivation Tree/ P@ree

Example: Consider the gr iven below
E—E+E E&vmﬂaw

Obtain leftmost and 1{7 desiccation for the string “at+b*at+b”

Sol: ‘b
LM parse tree

15



(@ _Ambiguous Grammar:

An ambiguous grammar 1s one that produces more than one leftmost or more

than one rightmost derivation for the same sentence.

S — AB/aaB

A— a/Aa &
—b
’ Q

Sol: \"
LMDI. S— AB[A — Aa] LMD II: S — aaB[B—b] QQ,

SHE&B[AH&] S — aab
S —aaB [B —b]

S — aab
The given grammar 1s ambiguous grammar.

Tvpes of Svntactic Errors: ;

Find whether the following grammar 1s ambiguous or not :%@

1. Misspelling of tokens
2. Lack of Tokens %
3. Extra Tokens

QP
N

&
%

16



(@ Practice Questions

Q) Find the Leftmost Derivation and Rightmost derivation for the following grammar
Drive the Leftmost, Right Derivation and parse tree for the following grammar G:

1) S—aAS /a @
A — SbA /SS /ba w: aabbaa %
ii) S— aAb &Q

S — bBA

A —ab /aAB Q

B —aB/b w;i: aaabbb, wi: babab \

.

i) S—aB/bA Q)Q

A —a /aS /bAA

B—1b/bS /aBB w: aaabbabbba Q

Q) Check whether the grammar G is ambiguous or not? QK"’

1. stmt — #f expr then stmt W Q E&nen if Ez then Si else Sy

— if expr then stmt else stmt
— others

X
1. S — AB/aaB %%
>

A —a/Aa
B—b

u.. E— EAE

Qﬂ
S

Q) Consider Q% ge grammar
E—E+
Q-

id
* 1s the starting symbol, the set of terminals 1s {1d, (, +, ), *}, and the set of non-
%ﬁ‘ninals 1s {E}.
a) Which of the following terminal strings has more than one parse tree when parsed
% according to the above grammar?
Did+id+id+id i) id+ (id * (id * id))
1) (d * (id * id)) +1id iv) ((id * id + id) * id)

17



b) For the terminal string with more than one parse tree obtained as solution to
Question a, how many parse tree are possible?

iy 5 ii) 4 iii) 3 iv) 2

Q) A CFG G s given with the following productions where S is the start symbol, A 1s a non-
terminal and a, b are the terminals. < E

S—aS/A
A —aAb/bAa/e &AU
a) Which of the following strings 1s generated by the above grammar ? Q

1) aabbaba 11) aabaaba 111) abababb 1v) agpbaab
Y

b) For the correct answer in Q.a how many steps are required to drive th: and how

many parse tree are there? @
1)6and 1 b) 6 and 2 c)7and2%:Qd)4and2

ﬂ

@ GATE PREVIOUS QUESTIONS @

Q) Consider the following C program [2005-2M]

pider X,

int main( ) {

mi 1,0 va%
)

fro(1=0;1<n;i++)

)
ese lines while creating the object module

Identify the compiler res nse%
(1) No Compilaﬁoni@ (11) Only a Lexical error
(111) Only syntact& (iv) both lexical and syntactic error

G with {S,A B} as the non-terminals alphabet, {a, b} as the terminal

Q) Consider
alphabgds as the start symbol and the following set of productions are: [2007-2M]
bA S —aB
A—a B—b

. % A—aS B — bS
4‘\ A —bAA B— aBB
(a) Which of the following string is generated by the grammar ?
(1) aaaabb (11) aabbbb  (i11) aabbab  (iv) abbbba
(b) for the correct answer string to question (a) how many derivation trees are there ?

Q) 1 (ii) 2 (i) 3 (iv) 4

18



Parsing Methods

Parser 1s a program used to check whether the given input expression is in WFF
(satisfies the rules implied by the CFG) or not. If it does generates a parse tree. @
Note: In both TDP and BUP, the mnput of the parser is scanned from left — to — right, %

one symbol at a time. &

¢ They are no. of task that might be conducted during parsing.

.
1. Collecting information about various tokens fron@l table
1.  Performing type checking @
u1.  Other kinds of semantic analysis.

S

19



Differences between Top — Down and Bottom- Up Parsers

Top — Down Parser(TDP)

Bottom — Up Parsers(BUP)

1 | It builds parse tree from the top(root) to
the bottom(leaves)

It builds parse tree from the bottom
(leaves) to top(root).

It 1s used for Production/Derivations

It 1s used for Reduction

It follows Recursive — Descent Parsing
Techmques

It follows Shift — Reduction Parsing
Techniques

4 | TDP Has Classified into Two Types
a) With Backtracking
b) Without Using Backtracking

Shift — Reduce Parsing Classified§gto
Two Types

a) Operator Precedence P

/Predictive Parsing b) Efficient LR Parse

.
1.  Sample )
ii. (CLR)
111. 0 ead LR(CALR)

5 | It follows Left — Most Derivation 5 nverse Of Right -

6 | It accepts only unambiguous types of 6
grammars

A general form of top-down parsing, ca ursive descent, that may involve
backtracking, that is making repeatgd %%of the input. However, backtracking
parsers are not seen frequently. The % case of recursive — descent parsing, called
predictive parsing, where no ba@diing 1s required.

Difficulties with Recw@esoem Parser are:

L. — Recursion
Q acktracking
i) Left — ursion: A grammar G 1s said to be left — recursive if it has a non-terminal
Aguc %ere 1s a derivation A = Aa, for some string o.

left — recursive grammar can cause a recursive — descent parser, even one

L]
%backtracking, to go into an infinite loop.

% ii) Backtracking: If we make a sequence of incorrect expansions and subsequently
discover a mismatch. We may have to undo all these incorrect expansions.

_S—)cAd

X: derive the string w: cabd
A—>ab/b

20



I S —cAd[A—Db] 1I S — cAd[A — ab]
S — cbd S — cabd
wl cbd £ w w!l: cabd = w

In derivation I , the obtained string(w') is not equivalent to the desired string (w).

where as in derivation I , undo in correct expansions as [A — ab] subsequently :@

obtain the desired string as (w!! is equivalent to w) C)

1. Eliminate 1.eft — Recursion: é’

The Left-Recursion 1s of two forms: \‘
.
1) Immediate Left Recursion Q
11) General Left Recursion Q@
1) The Immediate Left-Recursion of the form is shown b&é o)

A Aalp &

The productions after elimination of the left ~Necursion 1s:

A4 pAd \,'
P P
x>

E-SE+TIT

T >T*F/F "bQﬁ; ter eliminating left recursion)
F—id w
The production E — s in the form of A—Acw /P, where AisE ,ais+Tand fis T
After rewriﬁ% uction rules
N

Ex:

E—TE!
E! >+TE!/ ¢
A@drﬁng productions after eliminating the left recursion the productions are
. % T—FT!

TS *FT'/¢

LB
%

Therule A — Ao / Aoz /..., fAGm/ P1/PB2/.../ Pn can be modified as,

21



A S BA A A
Al > Al Al fanAl/ e

rules may act together to give a general left recursion.

Ex: S—Aa/b

A— Ac/Sd/e
Here, S1is left recursive, because S — Aa — Sda. The rule S — Aa /b has no irrgﬁate
left recursion. The production A — Ac/ Sd/ e 1s modified as A — Ac/ Aad %ﬁ’ o which

has immediate left recursion and left recursion is eliminated as : Q

11. General Left-Recursion:
Even if there may be no immediate left recursion, a number of production %

A — dbAl /Al

Al —adAl/cAl/s Q

2. Elimination of Left factoring ”
The left factoring is of the form: A — (1%0

After elimination of left factoring the productions a¥

A—ad %\o

A= BB,
Ex: S —iEtS After elim of left factoring the productions are
S — iEtSeS/a S —iEtSS'/a

E—b Q” S' »eS/e ,E—b
L
R
N,

&
%

22



@ Construction of LI.(IK) Parser

s The first ‘L.’ in LL(K) 1s stands for scanning the input from left — to — right and
second ‘I.” stands for left — most Derivation.
s Where ‘k’ stands for lookahead value. ‘@
% Look ahead is a buffer which can hold zero or more numbers of symb %
(tokens) ahead. CC)

% - A Grammar whose parsing table has no multiple entries 1s said to be L.
(Grammar.
% The grammar which is ambiguous and left recursion is not an LL(Dgrgmmar.

N
a|+t|b|$| mpy Q

F'y ﬂ
|
Predictive Parsing

Program Qutput

N

M v@ Parsing table
b

a
AN
Stack @
S
Q‘b Model of LL(1) parser.
N

T -W1ven predictive parser has an:

o N <| x| =

. nput Buffer

4\2) A Stack

3) A Parsing Table
4) Output Stream

23



o The nput buffer contains the strings to be parsed, followed by $, a symbol used
as a right end marker to indicate the end of the input string.

o The stack contains a sequence of grammar symbols with $ on the bottom, @
indicating the bottom of the stack. Initially, the stack contains the start symbo:

of the grammar on top of §$. &

o The parsing table is a two — dimensional array M[A,a], where gs a

nonterminal, and a is a terminal (or) the symbol $. Q\‘

o The parser program consider X, the symbol on the top stack, and a, the

current input symbol. These two symbols detemlin%@gtion of the parser.

There are three possibilities: &
1) If X=a=%$ (if the top of the stack and curr(i/p bol in $) the parser halts and
announces successful completion of pé ‘

2) If X=a=$ the parser pops X off
next input symbol.

3) If X is a nonterminal, the consults entry M[X,a] of the parsing table M.

stack and advances input pointer to the

This entry will be g -production of the grammar (or) an error entry.

—

Ex: If M[X,a]¢& ‘@ UVW3}, the parser replaces X on top of the stack by WVU
A{ [X

(with U on ,a| = error, the parser calls the error recovery routine.

ollow
e construction of predictive parser 1s aided by two functions associated with

&rammar G. The functions FIRST and FOLLOW allows us to fill in the entries of a

% predictive parsing table for G.

FIRST Function
Let A — o, then FIRST(a) 1s a set of beginning terminal symbols of a .

Apply the following rules until on more terminals or € can be added to any FIRST set:

24



1) If X — & 1s an production, then add € to FIRST(X) 1.e. FIRST(X) = {&}
2) If X — a, then FIRST(X) = {a}, where ‘a’ 1s terminal

3) If X —aa, then FIRST(X)= {a}

4) If X —Adq, then FIRST(X) = FIRST(A).

5) If X »>Aa and A £ ¢, then FIRST(X) = {FIRST(A) - ¢} w FIRST(x) ‘ E )
6) If X— Y1Ys..... Yk a production, then place a in FIRST(X) if for soiyg 1, a

is in FIRST(Y;), and € is i all of FIRST(Y1) ---- FIRST(Y;1) Q
1e., FIRST(X) = {FIRST(Y1) w FIRST(Y2)------ FIRST( .

FOLLOW () function ‘Q
th

FOLLOW(A) 1s defined as the set of terminal syml& at‘appear immediately
to the right of A in some sentential form. @

ie.. FOLLOW(A)= {a). Q

There exists a derivation of the form&: aAaP, where o and P are
some grammar symbols. % *

The rules for computing FOLLOW ﬁ% are:
1) FOLLOW(S) = {8} rayS is start symbol.
2) IfA — aBp % OW(B) = FIRST(B)
3) IfA — OLLOW(B) contains FOLLOW(A)

4) If Q "B %) ¢, then FOLLOW(B) =§ FIRST(B) - ¢} UFOLLOW(A).

Ex: Cqg IRST and FOLLOW factions for the given grammars
1. +T/T

* %HT*F/F
Q\F—%E)/id
‘% Sol:

FIRST()
- The production E — E+T , 18 of the form X—Aa, then FIRST(X)=FIRST(A)

//Ruleq
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Where X1s E, A 1s E and o 15 +T.

FISRT(E)=FIRST(E) // In this production we are unable to derive terminal in
FIRST(E)

- The production E — T 1s follows Rules . @
FIRST(E)=FIRST(T) = C)%

- The production T—T*F / F , Rule4 1s applicable to this production. &
FIRST(T)=FISRT(F) = 0
\,-

Where X1s F.a1s (and e 1s E)

FIRST(F)={ (}.
- The production F — 1d 1s of the form X — en EIRST(X) fa}  //Ra

FIRST(F)={id}

¢ FISRT(F)=¢ (, id } ?
ST(F)= { (,id }

FIRST(E)=FIRS ).\
FOLLOW() é’

1. FOLLOW(E)={$ b re E 1s the start symbol
The production E 1s of the form A — oBp, then FOLLOW(B)=FIRST(p)

Where A 1s ﬂ 1s Eand + T 1s B. /Ra
FOLLOW{E)=FIRST(+T)= { +}

- oduction F — ( E ), 1s follows Rz, FOLLOW(E)={)}
i 1 'S%L)LOW(EH £),8}
% 2. FOLLOW(T)

¢ The production E — E + T 18 of the foorm A — B, then

FOLLOW(B)=FOLLOW(A)
Where A1sE, aisE+and Bis T.

- The production F — ( E ) 1s of the form X — aa, then FI@&} //R3
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NG
%

FOLLOW(T)=FOLLOW(E)={+,).%}
e The production E — T is follows Rz, where eis e and pis T.

FOLLOW(T)=FOLLOW(E)={+,),%}

e The production T — T * F is of the form R..
FOLLOW(T)=FIRST( *F)={ *} %Q)
FOLLOW(T)={+,%*, ), $} C)
3. FOLLOW(F) &
Q

e The productionrule T — T * F/ F is of the form Rs.
FOLLOW(F)=FOLLOW(T)

3. After eliminating left recursion, the productions are'K:Q

E STE!
E' S+TE'/ e @
T > FT! Q
T' S*FT' /e \'.
F >(E)/id %
FIRST and FOLLOW function for ab mar 1s
¢ FIRST()

o E TE fb'
FIRST(E) = FIE@V Rule(4)
s T SFT

FIR ST(F) // Rule (4)
f’ id

,& (F) = FIRST(( E )) W FIRST(id) Rule (6)
% = {(}v {id}

- {(9 ld}
FIRST(E)=FIRST(T) = FIRST(F) = { (, id }

o E' S54TE'/ €
FIRST(E") = FIRST(+TE') U FIRST(€) = {+.¢}

27



o T! 5*FT'/e

FIRST(7') = FIRST(*FT") UFIRST(¢)
First(T!) = {*, €}

+ FOLLOW() C)

Follow(E) = {$} 0%'

RG
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e FOLLOW(E")
E STE'= FOLLOW(E")= FOLLOW(E) = {$} | // Rule (3)

E' >4TE'> @
FOLLOW(E")= FOLLOW(E") |/ Rule (3) C)%

s FOLLOW(T) é,

ESTE' > FOLLOW(T)={ FIRST(E') -2} U FOLLOV\Q
L ]

= {+ &}
FOLLOW(T) = {+, $} Q) 2'

E' 5+TE' = Follow(T) = { FIRST (E!) - S@OW(EI)

-+ 3} o

FOLLOW(F) Q&
é\'.

o T SFT
FOLLOW(F) = { FIRST (7') Xz Y FOLLOW(T) // Rule(4)

{(*,E$"+,$}{+,*,$}
4

o 7' >*pT! °
FOLLO§(?E IRST(T")-e} WFOLLOW(TH = {+* $} // Rule(4)

FOLLO}@)
L)

A <r$>FT1
FOLLOW (7') =FOLLOW(T) = {+, $}

Q\. T' S*FT' /¢
% FOLLOW (7)) = FOLLOW(T'") = {+, $}
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(@_Construction of a predictive parsing table

1. For each production A—a of the grammar, do step2 and step3
2. For each terminal a 1s FIRST (), add A—a to M[A, a]

3. If e 1s in FIRST(xt), add A — o to M[A, b] for each terminal b n FOLLOW(A) ‘@
If €13 in FIRST(®) and $ 1s in FOLLOW(A), add A — o to M[A, §] C)%

4. Make each undefined entry of M be error. &

@ LL(1) Grammar
W
Q1) Check whether the following grammar is LL(1) or not Q

S - iEfS Q)
S — iEtSeS /a
E b &"

Sol: Q

Check whether the given grammar contaif%f&bursion, and left factoring. If

so, eliminate 1t. \'.

After eliminating left factoring mes
S —> iESS | Ad—a b
§' > eS@" A'— BB
E
Construct FIRST and W tunction for filling the predictive parser table.

. FIRSAT(QF T(ESS") // 8 > iEsSS!
63} //Rule 3

. @13) = FIRST(a) /I8 >a

= {a} // Rule 2

4;\% FIRST(S) = {i, a} // Rule 6

%

e FIRST(S!)=FIRST(eS) /18" —eS
={e} // Rule 3

e FIRST(S!)=FIRST(e) /I8t — e
={e} // Rule 1

FIRST(S) = {e, €}
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s TFIRST(E) =FIRST(b) /| E b
FIRST(E) = {b} // Rule 2

FOLLOW(S) ‘ @E

FOLLOW(S) = {$}

1. S — iEtSS! &

FOLLOW(S) = {FIRST (') - £} _ FOLLOW(S) //Apply Rule (4)

={(e,e)-c}u {$) Q\‘.
= {e.$} FOLLOW(S) = {e, $} QQ)
2.8'—eS Q&v”

FOLLOW(S)=FOLLOW (8!) // Rule ( &
= {e, $} // from &OW(SI)

FOLLOW (8Y) \
1. S —{EtSS!

FOLLOW(S') = FOLLOW(SQ Y //Rule3

FOLLOW(SY = {e, $} up

FOLLOW (E)

FOLLOW E)Q!RST(:SS Ly // Rule 2

FOLLOW(E) = {t}

- -
A?%T( ) and FOLLOW( ) for grammar 1.2 1s

on — Terminals | FIRST (X) FOLLOW(X)

% S {1, a} {e, §}

s' le, €} te. 3}
E ib} it
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Construction of predictive parser table

2.8 - a,then M[S, FIRST(a)]=M[S,a]addS — A

3.8' 5 eS, then M[ S, FIRST(eS)] = M [S!, e] add S! — &S

1.8 — iE1SS", then M[S, FIRST(iE#SS' )] = M [ S, 1] add S — iEtSS!

4.8" >e, then M[S', FOLLOW(S")]=M[ 8!, {e,$} Jadd S!— ¢

5.E — b, then M[E, FIRST())] =M [E, b]add E — b

Parsing table M \i.
Non- Input symbols &
terminal i t a e % $
S S —iEsSS! S—a "
A 1 & St e
E Q E b

QY

%

]
The given grammar 1s not LL(1) becau%% M][S!,e] is having multiple entries.

Q

N\,

=

Qﬂ
O
‘b@
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(@ Practice Questions:

Q) Eliminate Left Recursion in the following grammar G:

1) S — Aab 1m S—L+L/L 1) S— Aa/b 1v) S — aAcBe
A — AC L—-LB/B A—Ac/Sd/e A—Ab/Db
— S8d /¢ B—0/s1 B—d

Q) Eliminate Left Factoring in the following grammar G:

1) S —aAd /aB 11)B — Abc /¢ 111) S — abA &
A—Dblc A —aC/ abe A—cd/cle Q

B — cba /cbe

W
Q) Compute the FIRST( ) and FOLLOW( ) for the following grammar G: Q

a) S — 1EtS/a b)yS— Ad ¢)S—1AB /e E—-E+T/T
S — 1EtSeS A—x/y/¢e A — TACL™C T—TxF/F
E—b B — 08, lgn F—id

!

Q) Check whether the following grammar G is LL(1) @
i) S —iEtSS!/a 1) S — ACB/CdB,/ Ba 11) S — AaAb / BbBa
S'—eS/e AﬁdafBCl%M A—e , B—oe

E—b C—b/e

iv) SaAd / bBd /aBe/bAe A%ﬁa
v)S—ABC, A —a ;’a,B@ ,C—cle

&
&
QD
&
%
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@ GATE PREVIOUS QUESTIONS

Q) Consider the following grammar for arithmetic expression: [1991 - 2M]
E—-E-T/T
T—T*F/F @
F—(E)/id : %

[. a.Is Ambiguous
b. Is Unambiguous
¢. Information is not sufficient Q

d. Left factoring

a. E>TELE'—>-TE!/e, T—>FT', T'>*FT'/e,F—(E)/id
b. E-TE,E'—--TE' /e, T—FT ,T'—=*FT'/e,F —(

¢c. E-TE,E —--TE /e, T—=FT ,T —=*FT /e, F— (E)

d. None of these

Y
II. After eliminating the left-factoring from the above grammar is: Q

Q) For a context-free grammar, FOLLOW(A) 1s the set of Is t?at can appear
immediately to the right of non-terminal A in so nwatial” form. We define two sets
LFOLLOW(A) and RFOLLOW(A) by replacing the d “sentential” by “left sentential*
and “right sentential” respectively in the defi n gf FOLLOW(A).

Which of the following statements is/are \ [1992 — 1M]
a. FOLLOW(A) and FOLLOW(A) tr%fferen‘[
b. FOLLOW(A) and FOLLOW(A)%VWS the same
¢. All the three sets are identical
d. All the three sets are dlffe

Q) The grammar whose &ms are [1996 — 1M]
¢stmty — r,f id
stmty else «stmt >

18 amb1 because

ence if a then if b then c:= d

most and right most derivations of the sentence

then if'b then c:= d else ¢ :=f give rise two different parse trees

he sentence if a then if'b then c:= d else ¢ := fhas more than two parse trees

4 d) The sentence if a then if' b then c:= d else ¢ := fhas two parse trees
Q) Type checking 1s normally done during [1998 — 1M]
(a) Lexical analysis (b) Syntax analysis
(¢) Syntax directed translation (d) Code optimization
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Q) Consider the grammar
S —Aal/b
A— Ac/Sd/e
An equivalent grammar with no left recursion and with mimimum number of

production rules are:

(a) S— Aa/b, A— Ac/Aad/bd/=

() S— Aa/b, A—dbA'/A', Al—>cAl/adAl/e %
() S— Aa/b, A—dbA /A', Al > cAl/adAl /e C)

(d) None of these &

Q) A grammar that is both left and right recursive for a non-terminal, is [199 ]

(a) Ambiguous (b) Unambiguous x,
(¢) Information 1s not sufficient to decide whether it 1s ambiguous or Q ouous

symbol E.
The production rules of the grammar are:

B Q&Q

A—+E

(d) None of the above
Q) Consider the following grammar with terminal alphabet = {K ;} and start
[2001-5M]

(b) Compute the LL(1) parse tabl grammar

A—*E
A—e
(a) Compute the FIRST and FOLIQW%.;OI Eand A
e

Q) (a) Remove left-recursion fro
(b) Consider the following

Construct all p
Q) Which of the follo ﬁ Top-Down Parser ? [2007-2M]
(1) Recugsi ent Parser (i1) Operator-Precedence Parser
(111) Q(k arser (iv) An LALR(K) parser.
following suffices to convert an arbitrary CFG to an LL{1) grammar ?
oving left-recursive alone [2003-1M]

¢ % 111) Removing left-recursion and factoring the grammar
4\' 1v) None of the above.

Q) The grammar A—AA /(A) /e1s not suitable for predictive parsing because the
grammar 1s: [2005-1M]
a) Ambiguous  b)Unambiguous  c¢) Left-recursive  d) Right —recursive

ﬂ%llowing grammar: S — Sa/Sb/a/b  [2001-5M]
S —aSbS/bSaS/e
tree for the string abab . Is the grammar ambiguous?
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Q) Consider the grammar shown below [2003-2M]
S —iEtSSl/a
Sl—eS /e

E —b @
In the predictive parser table M, of this grammar, the entries M[S!,e] and M[S!, §] %

respectively are:
(a){S'—eStand { Sl— ¢} (b) {S'—>eS) and { )} &

(¢) {S!'—>e}and {S'—> e} (d) {S'—>eS, S'—> e }and {S'— ¢}

Q) Consider the grammar with non-terminals N = {S, C, S }, terminals [20
T ={a, b, 1, t, e} ,with S as the start symbol, and the following set of rules:

S —1CtSS; /a
Si—eS/e @
C—b

The grammar is not LL(1) because: Q
(a) It is left recursive (b) It 1s Right Recursive

(¢) It 1s Ambiguous (d) It 1s not Context- Fr
Q) Consider the following grammar & [2006-2M]
S —FR

R—xS/¢

F—id
In the predicate parse table M, of the gm@mes M[ S, 1d] and M[R , §] respectively
@{S—FR})and {R — &} (b R} and { }
(¢) {S — FR} and {R — x S} (d) id}yand { R — &}

»

R
QD
&
%
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Bottom - Up Parsing

General styles of bottom — up syntax analysis, known as shift — reduce parsing.
Shit — reduce parsing attempts construct a parse tree for a mput string

beginning at he leaves (the bottom) and working up towards the root (top). %@
The process of “reducing” a string w to the start symbol of a grammar. At ea@

reduction step a particular substring matching the right side of a production 1s repMged
by the symbol on the left of that production, and if the substring is chosen c@cﬂy

each step, a rightmost derivation is traced out in render. Q\‘.

Ex: Consider the grammar, Q
S — adBe &

A—> Abelb Q t
B—>d &

Given the mnput string “abbcde”, which has to be ®ecked for its acceptance by the
language.

aAbcde [A — Abc]
aAde [B — d]

ﬂ
aABe [S —aA
N

S 'Q'
This process 1s simil&gt®whe right — most derivation in reverse.

Q‘bﬁe [B—d]
— aAde [A—Abc]
— aAbcde [A—Db]
%@ — abbcde
%

‘% A “handle” of a string 1s a substring that matches the right side of a production, and

whose reduction to the nonterminal on the left side of the production represents one

X\
abbede [A — b] %%
X

step of the reverse of a rightmost derivation.
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If there 1s a production 4 — 2, than £1s said to handle, since it can to reduce
to A, in the string afw. Reducing fto A in afw 1s said to be “ pruning the handle ™.

Ex: Consider the following grammar
1.EE+E @
2.E > E*E %
3.E > (E) C)
4.E —id &
The string id + id * id 1s reduced to start symbol E Q
id +1d * id [E—1d]

L
S Nk
B id [B Hici] &"
E_E [E —E*E] Q&Q
Note: %\'.

1. If a grammar 1s unambiguous, then ght — sentential form of the grammar has

exactly one handle.

2. The string appearing to the(@n—mldle contains only terminal symbols
3. A rightmost derivatigg\ rse can be obtained by “handle pruning”. That 1s, we
start with a string § inals w and replace the handle with non-terminal. We

repeat thism& t1l start symbol.

&
%
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(@_Stack Implementation of Shift — Reduce Parsing:

There are two problems that must be solved if we are to parse by handling

pruning.

First, to locate the substring to be reduced in a right — sentential form. @
Second, to determine what productions to choose in case that 1s more than on %
production with the substring on the right side &( )

@_A convenient way to implement a shift — reduce parsers is to uses: Q

W
s A stack, to hold grammar symbols Q
% An input buffer, to hold the string to be parsed. Q@
- Weuse $ to mark the bottom of the stack and also tRg right €nd of the input.
- Initially, the stack is empty, and the string w 1s 0@1 ?lt tape, as follows:

>
STACK I‘I\%'
$ %% W
The parser operates by shifting zerchnore input symbols onto the stack until a
handle £ 1is on top of the s parser then reduces g to the left side of the
appropriate productio @er repeat this cycle until it has detected an error or
until the stack contai l-%tart symbol and input is empty:

QP
STACK INPUT
s ;

.

4 E ESE+E
—E*E
—> id
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STACK INPUT ACTION

$ 1di+ 1d2 * 1d3$ | Shuft id;

$ids +id2 * ids$ | Reduce by E — id

$E +1dy * 1ds$ | Shuft +

$E+ 1d2 * 1d3$ | Shuft id>

$E+dz * 1% | Reduce by E— id

$E+E *1d3$ | Shaft * C)
$E+E* 1d3$ | Shift ids &
$E+E*1d3 $ | Reduce by E— id 0
$E+E*E $ | Reduce by E—> E*E \.

$E+E $ | Reduce by E-E+E

$E $ | Accept %Q

There are four possible actions of shift — reduce parser: &ﬂ

1. Shift
2. Reduce Q&
3. Accept \' .
4. Error %
1. In a shift operation, the next input s 1s shifted onto the top of the stack[ TOS].

2. In a reduce action, the parser kpows the right end of the handle 1s at the TOS.
3. In an accept action, the pa@ ounces successful completion of parsing.
4. In an error action, w iscovers that a syntax error has occurred and calls an

CITOr Tecovery ro

Conﬂici:s‘%ing Shift — Reduce Parsing:
. ﬁe are context — free grammars for which shift-reduce parsing cannot be
u

. BEven after knowing the entire stack contents and the next input symbol. Shift-

reduce parser for such a grammar,
% ¢ Cannot decide whether to shift (or) to reduce (a shift/reduce conflict)

¢ Cannot decide which of several reductions to make (a reduce/reduce conflict)
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%

Operator - Precedence Parsing

The operator grammar has the property
1. That no production right side 1s ¢ c\@

2. Has no two adjacent nonterminals ‘
Fx: E S>EAE/(E)/-Bid &

A >+/-/%/
The above grammar is not a operator grammar, because the right s1de Jas two
consecutive nonterminals. g
However, if we substitute for 4 each of its alternative, L@@O e operator

grammar

E —E+E / E-E / E*E / E/E
This technique was described as a manipulaﬂon@ without any references to

an underlying grammar.

¢ The operator precedence parser has %}& of disadvantages.
Ex: It 18 hard to handle tokens inus sign, which has two different

precedence’s.

% Only a small class of g $ can be parsed.

Often these operators @(e parsers use recursive — descent for statements and
high — level construct %

In 0per3rf§cedenoe parsing, there are three disjoint precedence relations,

between ce

handles a@ve the following meanings:

%s Relation  Meaning

irs of terminals. These precedence relations guide the selection of

a=<-b a “yields precedence to” b
a=b a “ has the same precedence as” b
a-»=b a “ takes precedence over” b
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These are two common ways to determiming what precedence relations should hold
between a pair of terminals.
+» First Method, is based on the traditional notions of associativity and
precedence of operators. This approach will resolve the ambiguity’s of grammar. @
¢ Second Method, is to first construct an unambiguous grammar for the language,
grammar that reflects the correct associativity and precedence 1n its parse treic

First method - Using Operator — Precedence Parser

The intention of the precedence relations is delimit the han ®2 right-
sentential form. We must have exactly one relations <-,= Qal and aj+1
and we use $ to mark end of the string, we remove the nonte s from the string
and place the current relation «-,=or-> between each patof ﬁ:rminals and between
the end terminals and the $ 1s marking the ends 0%@

Ex: The Right — Sentential form 1d + 1d * 1d an
below: \'o
id %G} $

ld v . .

+ R N B

precedence relation is shown

A .

~<-
Operator — precedence relations
The strmg v&%cedenoe relations mserted 1s:
>—+—< id =% <id - $

&cm be found by the following process.

Q\% Scan the string from the left end until the first -~ is encountered.

2. Then scan back words (to the left) over any =’s until a <-1s encountered.
% 3. The handle contains everything to the left of the first -~ and to the right of the <-.
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LR Parsers

The Bottom — Up syntax analysis technique can be used to parse a large class of

context free grammars. The techniques 1s called LR(k) parsing. @
The “L.” 1s for Left to Right scanning of the 1/p, the “R” for constructing a rigi%li)

derivation in reverse and ‘%’ for the no. of input symbols of lookahead that are 6

W
There are three techniques for constructing an LR parsing table @a{
First method, called simple LR(SLR for short), is the easiest to ement.

making parsing decision.

Second method, called canonical LR{(CLR.LR(1)) 1s Q’most powerful, and
expensive.

Third method, called lookahead LR(LA LR), i&m&di&te in power and less cost

than other two. %G:’\"

input, an output, a stack, a driver program, and a

The LLR parsing aloorithm

The LR parser consists
parsing table that has two p 1on and Goto).

- The parsing pro ads characters from an input buffer one at a time. The

program use‘b& to store a string of the form S X18:1X3 --X, Sy, where Spis

on tog FAch W& 1s a grammar symbol and S; 1s a symbol called a state.

¢ Thegrogram driving the LR parser behaves as follows:

It de % Sm, the state currently on top of the stack, and a;, the current input
' 7 [t then consults action[Sm, ai], the parsing action table entry for state Sy and

Qx here can have one of four values:

1. Shift S, where S 1s a state

2. Reduce by a grammar production 4 — £

3. Accept, and
4. Error
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- The next move of the parser 1s determined by reading aj, the current input

symbol, and S, the state on top of the stack, and then consulting the parsing

action table entry action [Sm, ail.
- The configuration resulting after each of the four types of move are as follows: @
1. If action [Sm, ai] = Shift s, the parser executes a shift move. Then the parse

[Sm, ai], onto the stack; aj+1 becomes the current input symbol.

shifts the current input symbol a;, and the next state S, which 1s given in Q

2. If action [Sm, ai] = reduce 4 — £, then the parser executes a reduce mo

he
output of an LR parser 1s generated after a reduce move bQ\iﬁiﬂg the

semantic action associated with the reduced production.‘QQ

3. If action [Sm, ai] = accept, parsing is completed

4. If action [Sm, ai] = error, the parser has discovere wyor and calls an error
recovery routine. @
Types LR Parser

- The CLR Parser is most powerful parEan others (SLR, LALR and LL(1))

- The no. of states in SLR are equal R parser
‘b': ”

<
N

&
%
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Constructing SLR Parsing Tables

¢ SLR method is very easy to implement and weakest in terms of the no. of
grammars for which it succeeds.

¢ The parsing can be done as follows: ‘

Context Free Grammar (CFG) &

Construction of canonical set

Y
of items/LR(0) items Q\‘
] Q

Construction of parsing table Q
Y &q
Parsing of input string p Input string

S

Qut put \'o
Step 1

Augment Grammar E
If G 1s a grammar Wi’s%'as ?mbol S, then G! the augment grammar for G, is

G with a new start s d productionS' — S . The purpose of this new starting
production 1s to in%o the parser when it should stop parsing and announce
acceptance o . That 1s, acceptance occurs when and only when the parser 1s
about to reduce B §' - 5.

Step 2 Q

A item of a grammar G 1s a production of G with a dot at some position of the

4@51&3. Thus, production 4 — X¥Z yields the four items

%

A— XYZ
A — X YZ :Shiftitem
A—->XY Z

A— XYZ — Reduce item

The production 4 — < generates only one item, A —.
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Step 3
The Closure Operation
It T 1s a set of items for a grammar G, then Closure (I) 1s the set of items constructed

from I by the two rules: @
1. Initially, every item in I is added to Closure(I) %
O

2. If A— o . Bp 1s in closure (I) andB — y1s a production then add th
B—.Yto I, if it 1s not already there. g
Repeat this process until no more new items can be added to closuK(I‘).
.

Step 4 Q
Construct SLR(1) parsing table @
. If[8'—8.] is inT; ,then set Action[Ii , $]=Accept Q
TI. Tf[A— a. BB]isin L, then set Goto[T;, B] = éﬂ
I Tf[A— . ap]isin I, then set Action[l; , a] = s%
IV. If[A— a.]isin [, then set Action[l;, Follov@l =Reduce 4— a
S

Step 5 ?
The given grammar G 1s said to be SLRX1). If the parsing table does not contain
.ghift /Reduce

‘\Q‘b (or)
4 & . Reduce / Reduce, entries.
D

=

—

QY
Q)
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Q1) Check whether the following grammar G is SLR(1)

Sol:

lE > E+T

2E T
37 ->T*F
4.F >(E)
SF —id

Step 1:

E'—>E
E — E+T
E—T
T—-T*F
T—F
F—(E)
F—id

Step 2:

Step 3:

4‘85
E!'—.E Goto[lo, E]=1

Ii:

E' S E
E—> E+T
E->T
7 >T*F
T —>F
F — (E)
F —id

J*F

(B)
.ad

Ll

SIS

E! - E.
E —-E.+T

Goto[ls, E]=1
Goto[lo, T]=2
Goto[lo, T]=2
Goto[lo, F]=3
Action[lo, ( ]= S4
Action[lp , 1d]=Ss

Action[Iy, $]=Accept
Action[l, +]=Ss
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I»:

Is:

14

Is:

Is:

I

Is:

Io:

E—T. Action[lz , Follow(E)]=Action[I2, {+, ), $}]=R2

T—T.*F Action[lz, *]=S7

T —F. Action[I3, Follow(T)]=Action[I3 , {+.*,).$}]=Ra

F — (.E) Goto[l4, E]=8 @
E—E+T Goto[l4 ,E]=8

E—.T Goto[l4 ,T]=2

T— . .T*F Goto[l4 ,T]=2 &
T—.F Goto[l4 ,F]=3 Q

F — «(E) Action[Ls ,( ]=S4

Fid Action[Ts id ]=Ss &

F —id. Action[Is, Follow(F)]=Action[ Q}] =R4
E—E+.T Goto[ls , T]=9 Q "

T—.T*F Goto[ls , T]=9 &

T—.F Goto[ls ,F]=3 QJ

F—.E Action[Is ,( ]=S4 \.

F—ad Action[ls ,1d ]|z

T—T*.F Goto[h,F?l?

F— 1d %’xd] Ss

F — (E.) &UOH[IS )=S0
E—E.+T ‘b& Action[Is, + ] =S¢
E— A Action[Ie,Follow(E)]= Action[le , {+, ), $}|=Ra

T %" F Action[le, *]=S7

@ T *F. Action[I1o, Follow(T)]=Action[l1o , {+.%,).$} ]=R3

Q@ F—(E). Action[T11, Follow(F)]=Action[l11 , {+.%,).$}]=Rs

First (E) = First (T) = First (F) = {(, 1d}
Follow (E)= {+,), §}

Follow (T)= {+.,*), $}
Follow (F) = {+,*,), $}
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Action Go to
Items

+ * ( ) $ id E T F
0 Sa Ss 1 2 3
1 Accept 6 @
p) Ro S5 R: R C)
3 R4 R4 R4 R4
4 Sa 3 8 2 g
5 Rs Re Rs Rs
6 Sa Ss
7 Sa Ss
8 Se St

=]

9 R4 R4 R4 "
1 0 R3 R3 R3 R3
11 Rs Rs Rs

The given grammar is SLR, because the pﬁ%& parser table doesn’t contain multiple

define entries. v

Q2): Check whether the follo@-mmar G is SLR?
S— Aa \ch

S — b@

4.§b5a
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Step 2:

Step 3:
Lo

Ili
Iz:

132

I4Z

152

I6Z

S'— .S
S— .Aa
S —.bAc
S—.dc
S—.bda
A—.d

S'—.8
S—.Aa
S —.bAc
S —.dc
S —.bda
A—d

S'— 8.
8— A

S — b.Ac
S —b.da

S—d.c
A—d

S — bAc.
S — bda.

Y
Goto[le, 3] =1 \'
Goto[To, A] =2 Q)
Action[Io, b] = S5 ‘Q
Action[Io, d] =S4

Action[Is, b] = S3 é’ﬂ

Action[Io, d] =S4

Action[I1, $] = Accept %\).
Aciton[I, a] = Ss b

Goto[lz, A]=6

Action[Is, ”
A =g
A " Follow({A)] = Action[L4, {a,c}]=Rs

S —» Qc&onﬂs, Follow (S)] = Action[Is, {$}]= Ry

Action[Is, ¢] = S

Action[I7, a] = S1o

Action[I7, Follow (A)] = Action[I7, {a,c}]=R»
Action[Is, follow(S)] = Action[Is, {$}] =Rs
Action[Io, follow(S)] = Action[Is, {$}] =Rz
Action[I1o, follow(S)] = Action[l1o, {$}] =Ra4
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- First(S) = {b,d}
- First(A) ={d}
- Follow(S)={$}

- Follow(A) = {ac}
Action Go to
Item
a b C d $ A S
0 S5 Ss 2 | 1 &
1 Accept Q
2 Ss
™
3 S7 )
4 Rs S, Rs
5
6 So ﬂ
7 S10, Ry R _e
8 Rs
9 e RZ
10 c a R4
v

The give grammar 1s not SLR{1). BecaZe the SLR(1) passing table has shift / Reduce
conflict.

Q.3) Check whether th@n grammar is SLR?
S — Q

A—e

%: Augment Grammar
Q S'— S
S — Aa Ab
S — BbBa
A—e

B—s¢
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Step 2:

Step 3:
Lo

Ili
Iz:
132

I4Z

152

I6Z
I?Z
Ig:

I
4%?“!(8) ={$}

LR(0) items
S'— .8

S —.AaAb
S — .BbBa
A—,

BE—.

S'— .8

S —.AaAb
S — .BbBa
A—,
B—.
S!— s.

S — A.aAb
S — B.bBa

S — Aa.Ab
A—,

S — Bb.Ba
B—.

BbBa.

Follow (A) = {a,b}
Follow (B) = {a,b}

Construct closure (I) Items é«

&

Goto[ls, S]=1

Goto[ls, A]=2 Q\‘.
Goto[To, B] = 3 QQ)
Aciton[Io, Follow (A)] = Action [Io, {a,bf®= Rz

Action[Io, Follow (B)] = Action [Io, {a@ )

Action[I;, §] = Accept Q&

Action[Iz, a] = S84

Action[Iz, b] =S5 %%\'.

Goto[ls, A]=6
Action[l4, “! M)] =[l4, {a,b}] =Rs

[I?, a] = Sg
[Is, follow(s)] =[Is, {a,b}] =R
[To, follow(s)] =[Is, {a,b}] =Rz
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Step 4:

The given grammar G is not SLR. Q E

Action Goto
Items

a b $ S A
0 Rs, Rs | R, Ry 1 2
1 Accept
2 Sq
3 Ss 6
4 Rs Rs
5 R4 R4
6 Sg
7 So
8 Ry Ry
9 R> R> %ﬂ
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Construction Canonical LR parsing table

The CLR /LR(1) parsing table similar to SLR parsing table comprised of action and go to

parts. @
Step 1: Construct Augment Grammar ‘ I E )
Step 2: Find Closure (I)

The item (A —o.Bp, @) and B —.8, then add [B —.d, First(fa)] to I, if notin I. Q

Repeat the process until no more items can be added.

Step 3: Construct CLR parsing table. \‘.

The canonical LR parsing table functions action and go to for augme

State I of the parser is constructed from I. The parsing actions for are determined as
follows:

)
a) If[S'—S.,$]isinl;, thenset Action [Ij, $]= Ac@

b) If[A — o.Bp, a]isin Ij, then set Goto [I; , A] Nj
¢) If[A —a.bp, alisin[;, then set Action%jf Shift j. where b is terminal.
d)y If[A — a., a] isin]j, then set cti(% =A—a

g) If the entries are not defined, they ¥ad® as “error”.

_ ~

e [f the parsing actio 1o has no multiply defined entries, then the grammar 1s called
an LR (1) gramm SLR (1) grammar is an LR (1) grammar.

e The canc%fbalser may have more state than the SLR parser for the same
grammar.

N\,

RG
%
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Q1) Consider the following grammar-.
1.5 —CC
3.C—cC
2.C—d
Construct the CLR parsing table for this grammar.
Solution:
Step 1: Augment Grammar
S!— 3§
S —CC
C—cC
C—d
Step 2: Closure Items
Io: S!—.S$
S —.CC, first (.§) =S — .CC, first (§)
C — .cC, first (C$)
C — .d, first (C$)

C — .cC, ¢/d, v&

C—.d, c/d
Step 3: Construct closure (I) It Q

Lo: 15.8,8 “o[lo, S]=1
S —.CC, $ G}oto[lo, C]=
C—. Action[lo, ¢] =
C—4 d Action[Io, d] =

Q’&

Ii: Sl‘ﬁ 3 Action[I1, $] = Accept
I2; .G, 8 Goto|[I2,C]=5
— .cC, first (¢.8), C — .d, first (e.5),

';\% C — .oC, first (8), C — .d., first (§)
Q C — .cC, $ Action[Io, ¢] = Ss

C—.d38 Action[Io, d] = S4

Is: C—cC,cd Goto[I3, C] =8
C — .cC, first (e.c/d), C — .d, first (e.c/d)

3

<

NS,
S
>

&.

/1 first (C)= {c,d}
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C — .cC, first (e.C, e.d), C — .d, first (e.C, &.d)
C — .cC, {first (C), first (d)}, C — .d, {first (C), first (d)}

C—cC, cd Action[Is, ¢] = 83
C—.d,c/d Action[Is, d] = S4
Ls: C—d.,cd Action[l4, {c,d}] =13
Is: S —-CC,8 Action|lIs, {8}] =
Is: C—.cC 8 Action[Is, ¢] = 9 &
C — .cC, first (e.8), C — .d, first (e.8) Q
C — .oC, first (§), C —.d. first ($) \.
C—.cC, 3§, Action][Is, ¢] = S¢ Q
C—.d38 Action[Is, d] = S+ ‘QQ
I7: C—d,$ Action[I7, 8] =13 &
Le: C—cC,cd Action|[lIs, {c,d}] =12 Q
Io: C—cC,$ Action[Io, {8}] =12 Q&
A
Hem : Act(‘:on %%‘SB Goto
Io S3 S+ ),
I " Accept
I3 S3 Sa
Iy “ ‘b I3
Is & I
Is Ss S7
I ‘% I3
g I2 I
g Iz

N

%

The given grammar G 1s CLR. Since, it doesn’t contain multiply-defined entries.
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Q.2): Check whether the following grammar is CLR.

1. S — AaAb
2.5 — BbBa
3A—e
4. B—e

Solution:

Step 1: Augment Grammar

St —.S
S —.AaAb
S — .BbBa
A—.
B—.
Step2:

Ioo S'—.5.%
S —.AaAb, §
S — .BbBa, $
A—. a
B—..b

S—S..9%
S — A.aAb.$
S — B.bBa.$

S — Aa.Ab.%
A—. b

I1:
L
I5:
L4

Is. S—EBbh a‘&

Is:
I BbB.a, $

'® — AaAb. $
419: S — BbBa., $

Goto [Io,S]=1
Goto [Lo,A]=2
Goto [10,B]=3
Action[lp,a]=R3

Acﬁon[lo,b]%%\'.

Goto[I1,$] pt

Acti I%a]ZS4

ﬁé&,b]ss
@0[14,A]6

Action[l4,b]=R3
Goto[l5,B]=7
Action[l,a]=R4
Aciton[I,b]=Ss
Action[La]=Se

Action[I,$]=R1
Action[I,$]=R2

57



Action Goto
Item

a b $ A
0 R; R4 2
1 Accept
2 Sq
3 S5
4 Rs 6
5 R4
6 So Sg
7 Do
8 R4
9 Rz

The give grammar 1s CLR, because the parsing table

%

entries.

&

QP
N

N

%ontam multiply — defined
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@ Construction of . Al R Parsing Table

- LALR Stands for Look Ahead LR techmque. The LALR parsing table is small than the
CLR parsing table. In practice LALR parsing method are mostly used. :@

Step 1: Construct augments grammar K'C)

Step 2: Closure (I) is similar to CLR

Step 3: In LALR(1) collection of items, the LR(1) items are combined based on the hgerm

of the items, without any concern with the look ahead symbols. Q b

Ex: Iflo=A— .b,c/dandl; =A— .b, § Q
Then the LALR item will be [o1 = A — .b, {¢.d.$} &
Q) Consider the following grammar G 'Q&'

1.S—CC
2.C—cC

3.¢—d Y,;
Construct the LALR(1) parsing tab
Solution: ch"

Step 1: Augment Gr:
St—§
S — CC ‘b&

C—
C—d
Step 2: Clo#ége Items

’S.$
.cC, ¢/d,
* % C—.d,cd

%p 3: Construct closure (I) Items

0 S'— S, % Goto[le, S]=1

% S—.CC,$ Goto[lo, C] =2
C— .cC,c/d Action[I, ¢] =83
C— .cC,c/d Action[Is, d] = Sa
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Ili

Iz:

132

I4Z
152
I6Z

I?Z
Ig:
192

Sl— 5.8

S—CC %
C— cC %
C—.d 9

C—cC,c/d
C—cC,c/d
C— .d,c/d

C—d,cd
S—CC.%

C— cC %
C— cC, 8§,
C—.d 9
C—d.$

C—cC., c/d
C—cC.%

Action[I;, §] = Accept

Goto[I5,C]=5
Action[I, ¢] =83
Action[Io, d] =S4

Goto[l, C] =8
Action[Is, ¢] = 83
Action[Is, d] =84

Action[ls, {c.d}] =13
Action[Is, {$}] =1

Action[Is, ¢] =

Action[Is, ¢] = Se¢
Action[ls, d] = S7
Action[I7, §] =13

Action[Is, {c,d}] =12
Action[Is, {$}] =12

Step 3: Merge common core item.

Common core items are [Is, I¢], [L4, I7], [

IO:

Ili
Iz:

136:

<
%‘%

189:

S' — .S, %
S—.CC,$
C—.cC,c/d
C—.d c/d
Sl g, .9

i&

S
Goto[Io, S]%'
’Qé‘b]_s%

I’I[Io, d] Sa7
tion[I1, §] = Accept

Goto[I, C] =35
Action[lo, C] =Sz
Action[ Lo, d] = S

{$ ¢/d} Goto[lze, C]=

cC {8, ¢/d}
—.d, {8, c/d}

C —d., {c,d,$}

S — CC., 8§

C—cC, {cd §}

Action[Ize, ¢] = S36
ACflOI’I[Igs, d] = S4?

Action[l47, {¢,d,$}] =R3

Action[Is, §] =R

Action[Iss, {c,d$}] =Rz
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Action Goto
Item

c d $ S C
0 D36 Sa7 2
1 Accept
2 S2 Sa7 5
36 NER Sa7 89
47 Rs Rs Rs
5 R4
89 Ro R> Ro .

The given grammar 1s LALR. The parsing table dosen’t contain mult cqentries.

Q): Consider the following grammar.

1s LR(1) but not LALR(1)

S— Aa
S — bAc
S — Be
S — bBa
A—d
6. B—d

S

Solution:

Step 1: Augment Grammar Q"

Ili

Iz:

Goto[le, S]=1
Goto[lo, A]=2
Action[Io, b] = S5
Goto[ls, B] =5
Action[Io, b] = S5
Action[Io, d] =S4
Action[Io, d] =S4

Action[I;, §] = Accept

Action[I3, a] = Se¢

ﬂ



132

I4Z

Is:
le:
I
Is:
Is:

Combine the common core item [I4, Is]

S—b.Ac, §
S—b.Ba,$
A—d, ¢
B— ., a
A—d.,a
B—d.,c¢
S—B., §

S— Aa.$
S—bA.c,§
S—bB.a, $

A—d,c
B—d.a

S— Be., §
S — bAc., §
S—bBa., $

Goto[Lz, A]=7
Goto[lz; B] =8

Action[Is, d] =84
Action[Is, d] =84

Action[ls, {a,c}]=Rs
Action[Is,{a,c}] = Rs
Action[Is, ¢] = S1o

Action[Is, {$}] =R,

Action[I7, ¢] = S1

Action[Is, a] = S12

Action[Is, {a,c} | =Rs
Action[Ie, {a,c}] =R

Action[lo, {$}]=Rs

Action[li1, {$}]=R>
Action[I12, {$}]=Ra4

A—d,{a}u{c} = A—d, {ac}
B—d,{c}u{a} = B—d, {ac}

Q&

vc‘}'.

Action Goto
ftem a b L‘ d $ A B
Io D3 TS, 2 5
I1 Accept
Iz Se
I 4‘&’ Ses 7 g
o | Rs Rs Rs, Rs
Is Q S10
R4
D11
&é S12
Lo R3
% I11 Ro
Lz Ra

The given grammar 1s not LALR because the parsing table contains multiples entries.
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@ Practice Questions

Q) Consider the grammar

S—=SxB/A
A—A-B/A @
A—A+D/D
S
Which has the high-test precedence

Qo+ b) x ¢) + = x d) Both a and b &

Q) The grammar S — S, S/ ST1S /A
A—BxB/BB /B

B—i \"
a) , has highest precedence than x Q
b) 71 has highest precedence than , @
¢) / has highest precedence than x Q
d) x has highest precedence than 7
)

Q) Find out the highest, least precedence in the following gr

E—ExT/T &
T —>T-F/F Q
F—G+H/H

H—id

1) S— AaAb/BbBa,A— ¢ ,B—
1) S—=L-RR,L—*R/id,R —
111) S—SA/A,A—a "
1v) S— AS/b,A— SA/ ?

V) S—aAd /bBd /a

Vi) S — Aa/DbAc/ A—d
vii) SﬁAafbAcﬂ{b a ,A—d,B—d

vil)) S— a&%

X\
Q) Check whether the following grammag GG %% (1), LR(1)and LALR (1)
Lt

63



@ Gate Previous Questions

Q) Consider the following expression grammar: [2000-2M]
E—EXxF
E —-F+E
E—-F,F—F-,F—id

Which of the following is true?
a) % has higher precedence than + ‘ |

b)- has higher precedence than x
¢) + has equal precedence with -
d) + has higher precedence than x Q

Y
Q) Which of the following grammar rules violate the requirements of an ope ar ?

P, Q. R are non-terminals , and r ,s ,t are terminals ?

Q) 2004- 1M]
MP—QR G)P—QsR Q)P —e (v) P— QtRr ‘Q
a) 1only b)1 and 111 only ¢) 11 and 111 only& d)Mi and iv only
)
Q) In the following grammar X — X &Y, Y -2 x Y 9
X—=Y, Y— 7, 1
Which of the following is true?
a) 4 has left association , x has right assogiative
b) Both &= and x has Left associative OK'

¢) Has R — L, x has left associative q%

d) None of the above.

Q) (a) Construct all the parse tree correspoding to / + 7 * k for the grammar [2002-5M]
E—E+E "
E—-E*E "b
E —id
(b) In this gmmmar% the precedence of the two operators * and + ?

(¢) If only one p 1s desired for any string in the same language, what changes are
to be m e resulting LALR(1) grammar 1s non-ambiguous?

Q) Consider the mar E—E+n /E xn/n [2005- 2M]
Foras ce n+ n x n, the handles in the right-sentential form of the reduction are:
wnandE'i‘an bn,E+nandE+ E xn
n+tnandn+nxn dn,E+nandE xn

* ider the following grammar [2006- 1M]
Q S—SxE E—-F+E

S—E E—F F—id

% Consider the following LR(0) items corresponding to the grammar above
(1) S—Sx.E (E—F.+E () E—F+ . E

Given the items above, which two of them will appear in the same set in the canonical
set-of-items for the grammar ?

a) 1and i1 b) 11 and 111 ¢)1and i1 d) None of these
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Q) Consider the grammar [2005-2M]
S —(S)/a
Let the number of states in SLR(1), LR(1) and LALR(1) parser for the grammar
be nl, n2 and n3 respectively. The following relationships holds good.
a) nl<n2 <n3 bynl=n3 <n2 ¢)nl =n2=n3 dynl >n2 >n3

for G has n2 states. The relationship between nl and n2 1s: [2003-1

a) nl 1s necessarily less thann2  b) nl is necessarily equal ton2 &
OO;-ZM]

¢) nl 1s necessarily greater than n2 d) None of the above.
Y

Q) Assume that the SLR parsers for a grammar G has n, states and the LALR parser @

Q) Consider the grammar shown below:

[2
S—CC \
C—cCld ‘( :
The grammar 1s Q
a) LL(I)
b) SLR({I) butnot LL(1)
¢) LALR(I)but not SLR(1) &ﬂ
d) LR(1)butnot LALR(1) Q
Q) The grammar S —aSa |bS | c1s 'Q&' [2010 - 2M]

a) LL(1) but not LR(1)
b) LR (1) but not LL(1) \'.
o) Both LL(1) and LR(1) %%

d) Neither LL(1) nor LR(1)

Q) An LALR(1) parser for a grammar G have Shift-Reduce (S-R) conflicts if and only if

a) The SLR(1) parser for G -R Conflicts [2008-2M]
b) The LR(1) parser for “R Conflicts
¢) The LR{0) parsagfi § S-R Conflicts
d) The LALR(1) m G has R-R Conflicts
Q) The grammar js ifable for predictive - parsing because the grammar 1s :  [2005-1M]
a) Ambigugus eft-recursive ¢) Right-Recursive  d) An operator-grammar
Q) Considegthe following expression grammar. The semantic rules for expression calculation
are st & to each grammar production. [2005-2M]
number E.val = number.val
E+E ED val = E®.val + E® val
—E <X E EW val = E@ val x E® val

e above grammar and the semantic rules are fed to a yace tool (which is an LALR(1)
parser generator) for parsing and evaluating arithmetic expressions. Which one of the
following i1s true about the action of yace for the given grammar?

a) It detects recursion and eliminates recursion.

b) It detects reduce-reduce conflict, and resolves

¢) It detects shift-reduce conflict, and resolves the conflict in favor of a shift over
a reduce action.

d) Tt detects shift-reduce conflict, and resolves the conflict in favor of a reduce over
a shift action.
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IT) Assume the conflicts in Part(I) of this question are resolved and an LALR(1) parser 1s
generated for parsing arithmetic expressions as per the given grammar. Consider an
expression 3 x 2 + 1. What precedence and associativity properties does the generated

parser realize?
a) Equal precedence and Left associativity; expression is evaluated to 7
b) Equal precedence and Right associativity; expression is evaluated to 9
¢) Precedence of “x” 1s higher than that of “+” , and both operators are left < E
associative, expressionis evaluated to 7. C
d) Precedence of “+’ is higher than that of “x”, and both operators are left
associative, expressionis evaluated to 9.
Q) Match the following items [19
(i) Backus-Naur Form (a) Regular expression \0
(i1) Lexical Analysis (b) LALR(1) grammar
(iii) YACC {(c) LL(1) grammar @Q
(iv) Recursive descent parsing | (d) General context-free gr ar
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Chapter - 111

SYNTAX - DIRECTED TRANSLATION

Syntax directed translation associates information with a programming language construct by
attaching attributes to the grammar symbols. Values for attributes are computed by
“Semantics Rules” associated with the grammar productions.

There are two notations for associating semantics rules with productions. &

1) Syntax — directed definitions
Q"

i) Syntax — Directed Definition Q
Syntax — Directed definition 1s a generalization of cqnjext-fr# grammar in which

each grammar production X — « is associated with it a s ntic rules of the form
@ :=f(bi,bs,...by), where “a” is an attribute obtained unction . The attribute can be
a string, number, a type, a memory location and aﬁing Se.

11) Syntax — Translation Schemes.

3
Input String — Parse tree — Dependenc — Evaluation Order for semantic rules
Conceptual vie — directed translation

e There are two types of attri

o Synthesizega

o Inherited%’
Semantic rule %ﬁ%’or computing values of the attributes associated with the symbols
appearing in the ar production.

o Tl'@le of an attribute at a parse tree 1s defined by a semantic rules associated with
oduction used at that node.

he value of a synthesized attribute at a node is computed from the values of

]
Q\' attributes at the children of that node in the parse tree.

%

e The value of an inherited attribute is computed from the values of attributes at the
siblings and parent of that node.

e A syntax-directed definition that uses synthesized attributes exclusively is said to be
an S-attributed definition.
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e A parse tree for an S-Attributed definition can be evaluating the semantic rules for the
attributes at each node in Bottom-Up Fashion (or) Postorder Traversal
e An attribute grammar is a syntax-directed definition in which the functions in the

semantic rules cannot have side effects.

e If °X’ 1s a symbol and ‘a’ is one of its attributes then we write X., to denote the value of a %@
at parse tree node labeled X.

e The parse tree that shows value of attributes at each node 1s called annotated parse%

Ex: The following syntax-directed definition shows the calculator program. The dNaeftion
associates an integer-valued synthesized attribute called value with each of ®orminals
E, T, and F. The token digit has a synthesized attribute lexical whose valgPisNgsumed to be
supplied by the Lexical Analyzer.

Production Semantic Rules &ﬂ
L — En Print (E.val) &
E—-E+T E.val: =E;.val + T.val Q

E—-T E.val: =T.val \'.
T—T*F T.Val:ZTl.Val@
T—F T.val: = F%
F—(E) F.val: = E.val

F — digit '% lexval
N—; e 1ignored by lexical

yZer as |
Construct pm&ée string w ;= 3*5+4n

Parse Tre /L\

EE; E.va1=19 n
.\% E-Va1=15 + T.va1=4
4 T.va1=15 F.val —a

I
/I\ digit
Py

Nexwal =4
T-Va1=3 F.val =5
p | |
val=3 .
1 digit | oryq =5 Annotated parse tree
digit. lexval =3
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Inherited Attributes

An inherited attribute 1s one whose value at a node in a parse tree is defined in terms

of attributes at the parent and / or siblings of that node.

Inherited

attributes

convenient for expressing the dependence of a programming language construct on the

context in which it appears. Example, An inherited attribute distributes types informationgo

the various identifiers in a declaration.

In the following syntax-directed defimition, the declaration generated by the non-te D
consists of the keywords int. or real followed by a list of identifiers.
e The non-terminal T has a synthesized attribute type, whose v @med by the
keyword in the declaration.

e The semantic rule L.ix =

attribute L., to the type in the declaration.

Production

Semantic Rul

= T.iype, associated with produ

D—TL
T — int
T — real
L—L;,id
L —id

The following annota

Q‘bﬂ

N\,

Lin = T.iype %\a'
T.type :=1nte

T .type := real

Liin = type (id.emtry, L.in)
add rd. cotey, L.in)

¢ tree represents the sentence real idy, ids, ids

D

= TL, sets inherited

real Li=real » 1ids
'AD
4\ L=real 1ds
D 2
Parse tree with inherited attribute in at each node. The value of L.in at the three L-

nodes gives the type of the identifiers idi, 1dz, and ids. These values are determined by

69

<



computing the value of the attribute T-type at the left child of the root and then evaluating L
in top-down at the three L-nodes in the right sub tree as the root.

Expr w=7+3-4

Xpr - term o q
Expr/Jr/ te\:;\\fprint (“+M)} e C)
‘ R A {Print (“4°)} &

Term 3 {Prnt (3"}

/\ \.
7 {Print (*7")} Q zv
The Parse translated the sentence of “7+3-4" into “7 3+4 -7

S

The directed graph represents the inte;%dencies between synthesized and
inherited attribute at node in the parse tree 1s callaqipen ency graph.

For the rule X — YZ the semantic action 1s gi ® x :=f( Y.y, Z.z) then synthesized
attribute is X.x depends upon attribute Y.y .

Ex:- g y

Design the dependency graph for the following grammar:
E—E + ﬂ
E—E;

The semantic rules for g

Dependency Graph

duction are:

Semantic Rules
E.val = Eq1.val + Ep.val
E.val = Eq.val x Ep.val

The depen@r graph 1s:
bt % E; val + E: val

E1 .Vai

.; The synthesized attributes can be represented by .val. Hence the synthesized attribute are
given by E.val, E;1 .val and E; .val. The dependencies among the nodes are given by solid
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arrows. The arrows form E; and E; shown that value of E depends upon E; and E;. Parse tree

1s represented using dotted lines.

Construction of Syntax Tree:

The syntax tree 1s an abstract representation of the language constructs. The syntax @
tree 1s used to write the franslation routine using syntax directed defimtions. %

Ex: Consider the grammar for expression is

E—-E+T
E—-E-T
E—-ExT
E—-T
T —1id
T — num

construct syntax for the above expression.

Constructing syntax tree for an expression means translation O%J%S; on into postfix form.

Each node can be implemented as a record with multiple fiel

S

C
>

&\

Following are the functions used in syntax tree for e'%
+11 ] 1. mknode(op, left, right) ¥gis funCtion creates a node with the field
N operator having opera .label, and the two pointers to left and
right.

R\
%

i

val 1s for value of that number.

3.
Q) Construct th yﬁé&e for the expression : x xy -5+ 2z

Sol:

id — 2. mkleaf(id, entry)qhig function creates an identifier node with label
id and a pojpter to Symbol table is given by “entry”.

, val) This function creates node for number with label

Step 1: ert the expression from infix to postfix asxyx 5 -z +
Sterf, Make use of the function mknode(op, left, right), mkleaf(id, ptr) and

leaf{num, val).
: The sequence of function calls are:

expressionis: Xy x5—-z+

Symbol Operation
X Py = mkleaf(1d, ptr to entry x)
y P> = mkleaf(1d, ptr to entry y)
> Ps= mknode(X, P, Pz)
5 P4 = mkleaf{num, 5)

Ps= I’I’lkIlOde( n, P3, P4)
Ps = mkleaf(id, ptr to entry z)
P7 = mknode(+, Ps, Ps)

N

+
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Parse tree for the string “xx y-5+2z“is

common subexpressions. Like syntax tree, DAG has nodes representmg the subexpre
the expression. These nodes have operandi, operand; and operator, where op(n‘ds are the

children of that node.
The difference between DAG and syntax tree 1s that common sube n has more
than one parent and syntax tree the common subexpression w ropresented as
duplicated subtree.

Draw the syntax tree and DAG for the expression: (a x b) + (¢ % xb)+b

Sol:  This expression can be evaluated as: ((((a x by + (c@ (ax b)) + b)

The postorder traversalisabxcd-+ab x .‘g
From this postorder sequence the syntax tree ansz} cafi be generated as follows:

& Syntax tree

The sequenc ons for syntax tree is:

P ygnkleat(id, a)
eaf(1d, b)

% 5 = mkleaf(id, d)

\ Pe = mknode(-, Ps, P5)
P7 =mknode(+, P3, Ps)

P; =mkleaf(id, a)

Po =mkleaf(id, b)

Piwo= mknode(X, Ps, Pg)

Pii= mknode(X, P?, Plo)

P12 =mkleaf(id, b)

Pz = mk:node(Jr, Pn, Plz)
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The sequence of operations for DAG 1s:
P, =mKleaf(id, a) Q&"’
P, =mkleaf(id, b) &
P: = mknode(X, P, Pz) Q
P4+ =mkleaf(id, c¢)
Ps

mkleaf(id, d) \'.
Ps =mknode(-, Ps, Ps) %
P; =mknode(+, Ps, Pe) %
Ps = mknode(x, P+, Ps) Yy

Po =mknode(+, Ps,P2)

L-Attribute Definition Q"
The S-attribute dagng '%Je for synthesized attribute. There 1s another class of
attribute which is L-attrit) ¥ class of L-attribute can be evaluated in depth first order.

A — X; X X, ThagNduction A — X4 Xs... X, 1s such that

1) It depdpdsiLid
2) It pends upon the inherited attribute A
Note that bggause of these two conditions every S-attributed is also L-attributed definition.

N

Ex:
@k whether the given SDD ( Syntax Directed Definition) is L-attributed or not.
. % A— PQ Pin = p(A.m)

Q\ Q= 4Py)
Ay = fig.)

%

A—XY Y.in ;= y(A.in)
X.in = X(Ysy)
Ay =fX.g)
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Sol: The attribute iz and sy represent the inherited and synthesized attribute respectively.

Production | Semantic Action | Class of Attribute

A — PQ P.in :=p(A.in) L-attribute
Q.in .= q(P.sy) L-attribute
Ay = HQ.sy) L-attribute

A— XY Y.in = y(A.in) L-attribute
Xoin = X(Y .sy) Not L-attribute
Ag =fX.g) L-attribute

The given syntax directed definition 1s not L-attribute definition because the valu %ﬂ
symbol X is dependent upon value of right symbol (1.e., Y).
W

Q) Check whether the syntax-directed definition is L-attributed or not.

Production Semantic Rules Q
T —int T.type :=1nteger Q )
T — real T.type :=real &
T—14 ,I Li.in:=L.n Q

Lin = L.\
.
L—1 Lin s %
[ — Ti[rum] i %Tay(mxm.m , Lin)

I — ].d d e(].dentIy - Im)

.

e Ii.in depends on numr.va and wm 1s to the right of 11 in

Solution:
It 1s not L-attrib
the production I — 4

11) SvntaQi‘hted Translation Scheme

‘QT he syntax directed translations (SDT) Schemes are a complementary notation
to synt, ed definition. Syntax directed translation scheme is a context-free grammar in

W am fragments (semantic actions) embedded within production bodies and can be
]

<

% semantic action enclosed by { } at the right of the grammar symbol. The process of executing

at any position within a production body.
During the process of parsing the evaluation of attribute takes place by consulting the

the semantic actions from the syntax directed defimition is called Syntax-Directed Translation
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For the given translation scheme, generate the annotated parse tree for the input 7 x 8 + 6

L - E, {print(E.val);}
E—E+T {E.val =Ejva+ T-val;}
E—T {E-vaIZT-val;}

T—TyxF {Tval =T 1va X F.val;}
T—F {T-val = F-val;}
F— (E) {F-val = E-val;}
F— dlglt {F.val = digit.lexval;}
Sol: w:7x8+6 &

an Q”
e n {print(E .val);}
/IN " DQ)

\~ At
| “"ss‘ F ~{T-va1 = F-val;}
/T*“ {E.valZT.Val;} \v hhhhhhhh
\"‘*-.‘_ Q digit {F.va = digit.texval; }

-~

Tl \\\ " F“ {T.val = Tl-val = F-val;} |
| \\‘. “‘"...‘“ - \- 6
F\\ {T.val = Fval,}\ ‘Al’%
| \‘\ dlglt {F-val = digit.1ema1;}
digit

7 !

T cbnts 62 because E.vq is containing 62,
g
Q‘b
N
RG
%
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(@ Practice Questions

Q) Consider the following production rules and their syntax directed definition: @
Production Semantic Rules %
expr — expr 1 + term expr. t:=exprl. t|| term. t || “+’ C)
expr — expr 1 + term expr.t:=exprl. t| term. t]| -’ &
expr — term expr. t:=term. t
term — 0 term. t =0’
term — 1 term. t:="1"

What will be the translation of expression: "8 -5+ 2 ¢

1) 8-5+2 11) 852+ 111) -+852 1V) 85-2+
Q) Consider the grammar with the following t:ranslatlon as the start symbol
E—E{#T { E. value= Ei. value * T. val [2004-2M]
E—T { E. value=T. value }

T—Ti &F{T.value=T; .value+ F. \K
T—F { T. value=F. value }
F—num { F.value=num. valu

Compute E. value for the root of the % for the expression: 2 & 3#5& 6 # 4
a) 220 b) 180 ¢) 160 d) 40

@ Gate Previous Ques

Q) A shift reduce parser t the actions specified within braces immediately after
reducing with the ¢ ding rule of grammar [1995]

S — XX %“1 7}
PRNERS™ }
W — SZ . CC377

What is tieg translation of xxxxyzz using the syntax directed translation scheme described
by rules ?

31 (b) 11233 (c) 11231 (d) 33211
]
onsider the syntax directed translation scheme (SDTS) given in the following. Assume
attribute evaluation with bottom-up parsing, i.e., attributes are evaluated immediately

after a reduction. [2000-5M |
E— E{*T { E. value= Ei. value * T.value }

E—T { E. value=T. value }
T—F-T;{T. value=F. value - Ty .value }
T—F { T.value =F. value }

F—2 { F.value=2}

F—4 { F.value=4}
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(a) Using this SDTS, construct a parse tree for the expression “4 -2 — 4 * 2 “and also
compute its E vat

Q) Consider the translation scheme shown below: [2003-2M]
S—TR
R—+T {print "+, } R e ( E

T — num { print ( num.val ), }

Here nuwm 1s a token that represents an integer and nzsm. val represents the correspondin, ( )
integer i

value. For an input string ‘9+5+2” , this translation scheme will print:

1) 9+5+2 1) 95+2+ 1)952++ wv)++95
Q) Consider the grammar with the following translation rules and E as the st |
E—E{#T { E.value= Ei. value *T. value } [2004-2M]
E—T {E value=T.value}
T —Ti &F{T.value =T, .value + F. value }
T—F {T. value=F. value }
F—num { F.value=num. value } %‘,
Compute E. value for the root of the parse tree for the e 1 2#3 & S5H6&D
a) 200 b) 180 ¢) 160 d) 40 i'[@
Q) Consider the following translation scheme ’s’ [2006-2M]

S —ER \'.
R —*E { print (‘). } R | %

E—F+E { print (‘+); } | F %

F— (8) |1d { print ( id. value ),

Here id is a token that represents an integdgand id. Value represents the corresponding
integer value. For an input string ‘2#&¢+4 , this translation scheme prints

a) 2*3+4 @ ¢) 23%4+ d) 234+
‘b&

<
N

RG
%
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CHAPTER -1V

RUN - TIME ENVIRONMENT

INTRODUCTION @
pg:.):

The allocation and deallocation of data objects is managed by the run-time s

package, consisting of routines loaded with the generated target code. The design of -
time support package is influenced by the semantics of procedures. Each executiOw’of a
procedure 1s referred as an activation of the procedure. The representation o 8biects at
run-time determined by its type. @

Source Language Issues: & :

Q>

Procedures:

A procedure definition is a declaration that &tes an identifier with a statement
when a procedure name appears within an exec &e'itatement. We say that the procedure 1s
called at that point. %

e The identifiers (parameters) app%m the procedure defimtion are called formal

parameters.

e The arguments that are Qﬁ?a procedure are called actual parameters which are
substituted for thy arameters in the body.

Activation Tree: ¢ ‘&

The \on Of a procedure body is referred as an activation of the procedure. The
lifetime o‘fﬁtcﬁvaﬁon of a procedure is the sequence of steps between the first and last
steps 1 cution of the procedure body.

e scope of a variable is the range of statements in which the variable is visible. A
Q\% variable 1s visible in a statement i1fit can be referenced in that statement.
e A vanable is local in a program unit or block if it is declared there.
e The non local variables of a program unit or block are those that are visible within
the program unit or block but are not declared there.
e [nan Activation tree:

o The root represents the activation of the main program.
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o Each node represents an activation of a procedure.
o The node for a is the parent of the node for & if and only if control follows from

activation a to b, and
o The node for a 1s to the left of the node for & if and only if the life time of «
occurs before the lifetime of b. < E

Control stack: ‘
Control stack 1s used to keep track of live procedure activation. The content i thi
control stack are related to paths to the right of the activation tree. Q

Bindings of Names: \‘.

different data objects at run time. The informal term “data object gorr®™ids"to a storage

location that can hold values. The term environment refers to @#unctiofyfhat maps a name to

a storage location, and the term state refers to a function th: ® storage location to the

value held there. 'Q&'
Environment \' State
./'\
%ge

Name \n Value
Two-stage nWpping from nearnes to values.
Environment map na:mei' @, whereas states map 1-values to r-values.

1on of memory into different areas. The run-time storage might be

erated target code

ta objects, and

1.
. %
4\ J A counterpart of the control stack to keep track of procedure environment.

The size of the generated target code 1s fined at compile times so the compiler can

‘% place it in a statically determined area.
- Similarly, the size of the some of the data objects may be known at compile time, they

can be placed in statically determined area.
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%

4\% Control Link

Code
Static

Hiap
Free Memory C)%Q)
T X
Stack Q

Typical subdivision of run-time memory into code and data aré,'

Code Area: 1t contains the generated code area.

Static Area: It contains data whose absolute address can be determi ‘-% bmpile time.
Stack and Heap area utilizes the storage during the run time. T%are are opp. ends of the
remainder of the address space and are dynamic. The stac cﬂto store data structures

called activation records that get generated during prQ S.

Activation Record:
L]
Procedure calls and returns are usuall xd by a run-time stack called the control
stack. Each live activation has an activ? ord | frames on the control stack, with the

root of the activation tree at the bottom, the entire sequence of activation records on the

stack corresponding to the path 1 jvation tree to the activation where control currently
resides.
The field of an activatio 15 as follows:

2. Loc

Q Returned Value

Actual Parameter

1. Temporany Va such as those arising in the evaluation of expressions.
a@e ing to the local environment of currently activated procedure.

Access Link

Saved Machine Status

Local Data

Temporaries

A general activation records
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3. The field for saved machine status holds information about the state of the machine

just before the call to the procedure.

4. The Access link may be needed to locate data needed by the called procedure but
found elsewhere, e.g., in another activation. q

5. The Control link pointing to the activation record of the caller. Q
6. The field for actual parameters 1s used by the calling procedure to supply parafggpte
to the called procedure. BK
7. The field for the Refurned value 1s used by the called procedure to refyn a Qe to
the calling procedure K.
Activation record 1s a conceptual aggregate of data which contains kg Qﬁ]’l required

for a single activation of a procedure.

Storage Allocation Strategies: &
A different storage allocations schemes are followed:
1. Static allocation lays out storage for all data o&t compile time
2. Stack allocation manages the run-time s & a stack.
3. Heap allocation allocates and d allc%storage as needed at runtime from a data
area known as a heap. v

I ) Static Allocation:

ﬂ

In static allocatio e bound to storage at compile time. Bindings do not
change at run time, eve a procedure i1s activated; its names are bound to the same
erty allows the values of local names to be retained across

storage locations %
activations o c e 1.e., when control returns to a procedure, the values of the locals
are the sami as they were when centered left the last time.

ampl gy

Static

[
Q\% Activation record for b
_____________________ Data
% Activation record for a l

Activation

Code for b A
Code
Code fora ¢

Static Storage Allocation.
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The limitations of static storage allocations are:
1. The size required must be known at compile time.
2. Recursive procedure cannot be implemented.

3. Data structure cannot be created dynamically.

IT ) Stack Allocation

The storage 1s organized as a stack. Activation records are pushed and popped form %
Storage for the locals in each call of a procedure is contained in the activation record

calls. \,'

e Thus locals are bound to storage for activation. A new activatigg i ushed into

the stack when a call is made. The values are locals are detWg

ends or when it popped from the stack. &
Calling Sequence:

The calling sequence for a procedure alloca!Qn Vatlon and fills its fields with

appropriate values. The return sequence restores the ne state to allow execution of the

calling procedure to continue. The code in the %equence is often divided between the
é (Callee).

In the activation record, the contr lifik, access link and machine status fields appear

in the middle. The values in these dwre fixed at compile-construction time. Even though

calling procedure (Caller) and the proce

sizes of the fields for the tem are fixed at compile time, the size may not be known to
the front end due to chan %m

ng during code optimization.

tivities:
es space on the stack for a return value.

oads actual parameters on to the stack.

d. Jumps to the called procedure. Returns address is saved on the stack.

4\% ¢. Sets the static link.

%

II. Callee’s Activities:
a. Sets the dynamic link.
b. Sets the base of the new activation.

¢. Stores the registers on stack.

d. Make space for local data on the stack.
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During a return form a procedure

Callee’s activities

1. Restores register

2. Sets the base pointer to the activation record of the calling procedure.

3. Returns to the caller. @
Dangling References Q)%
Whenever storage can be deallocated, the problem of dangling references ari%‘
dangling reference occurs when there is a reference to storage that has been dealloca s

a logical error to use dangling references, since the value of deallocated storag%u.ndeﬁned

according to the semantics of most languages).

Heap Allocation Q
e, as

Heap allocation parcels out pieces of contiguous sto eeded for activation
records or other objects. Pieces may be de allocated in any; ,%0 over time the heap will
consist of alternate areas that are free and in use. IQ e programmer explicit control
over the allocation/deallocation of storage to the ]Kgram ariable.

[ ]
Static Scope %%
1

The scope of a variable can be statiyally determined, that is prior to execution.

e A blockis a statement Cﬁ ' @its own local data declaration.

Dynamic Scope @
Under&a‘&ope, a new activation inherits the existing bindings of non local

names to storage"
- A cal name a in the called activation refers to the same storage that it did in the
activation.

ew bindings are set up for local names of the called procedure, the names refers to

. %
Q\« storage in the new activation record.
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Passing Parameter

When one procedure calls another, the usual method of communication between them

1s through non local names and through parameters of the called procedure. Several common

methods for associating actual and formal parameters are:

1
2
3.
4

. Call - by — value C)

. Call - by — reference &
Copy — restore Q

. Call — by — name

Differences between parameter-passing methods are based pri Qwhether an

actual parameter represents an r-value, an l-value, or the text of the @ arameter itself.

i) Call - by - Value

The actual parameters are evaluated and Q'&]ues are passed to the called

procedure.

Call- by — value can be implemented as follo

A formal parameter is treated ju%}%ocal name, so the storage for the formals is

1.
in the activation record of the calledprocedure.
2. The caller evaluates the a ameters and places their r-values in the storage for
the formals. @
- As distinguishj&:e of call-by-value 1s that operations on the formal parameters
do no%f%es in the activation record of the caller.
ii) Call-b erence

en parameters are passed by reference (also known as call-by-address or call-by-

arameter.

Q %m) the caller passes to the called procedure a pointer to storage address of each actual
P

%

A reference to a formal parameter in the called procedure becomes, in the target code,

an indirect reference through the pointer passed to the called procedure.
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iii) Copy-Restore

A hybrid between call-by-value and call-by-reference is copy-restore linkage (also
known as copy-in-copy-out, or value-result). :@

1. Before control flows to the called procedure, the actual parameters are evaluated.
2. When control returns, the current r-values of the formal parameters are copiedQack

into the 1-values of the actual, using the I-values computed before the call. Q

iv) Call-by-Name Q\‘ *
Q

Call-by-Name is traditionally defined by the “Copy-rule”.

1. The procedure 1s treated as if it were a macro; that 1s,.\¢gs body’1s substituted for the
call in the caller, with the actual parameters literally sffOW a for the formals.
Such a literal substitution 1s called macro-exp NWE,1N-line expansion.

2. The local names of the called procedure aﬁ\ distinct from the names of the

calling procedure. We can think of g Pocal of the called procedure being

systematically renamed into a disgnc e before the macro-expansion is done.
3. The actual parameters are surrouNled by parentheses if necessary to preserve their
integrity.
>

<
N

&
%
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(@ Previous Gate Questions

Q) A language L allows declaration of arrays whose size are not known during compilation.
It 1s required to make efficient use of memory. Which one of the following is true? :@

a) A compiler using static memory allocation can be written for L [1997-1M

b) A compiler cannot be written for L, an interpreter must be used C)
¢) A compiler using dynamic memory allocation can be written for L &

d) None of the above Q

W
&'1 997-1M]
a) That support recursion ‘Q
b) That support dynamic data structures &

ﬂ

Q) Heap allocation is required for languages

¢) That use dynamic scope rule

d) None of the above ,Q&,

Q) Consider a program P that consists of two so mgdules M1 and M: contained in two
different files. If M contains a reference to a % defined in M , the reference will be

resolved at v [2004-2M]
a) Edit-time b) Compile-time ¢) Link-time d) Load-time

\Q‘bﬂ )
@5
N
RG
%
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CHAPTER-V

INTERMEDIATE AND TARGET CODE GENERATION

In the compiler, the front end translates a source program into an intermediat %@

representation from which the back end generates target code.

Benefits of using a machine-independent intermediate form are é’

1. Retargeting Facilities: A compiler for a different machine can be cre ttaching

a back end for the new machine to an existing front end.

2. A machine-independent code optimizer can be appl@ ;E‘e intermediate
representation.
"
Intermediate

Static b Code
—| Parser - e —p ——
Checker Code Generator
(Generator
F 4

Intermediate code

~_
Portion of Interme%s@ode Generator

Intermediate Language v

Syntax trees and prefix r@ are two kinds of intermediate representations. A
third, called “three-addre S@as introduced. The semantic roles for generating three-

address code from co ogramming language constructs are similar to those for

constructing @ or generating prefix notation.
Three-Address e

address codes 1s a sequence of statements of the general form

o X =y opz
Ar\tc Where xy and z are names, constants, or compiler-generated temporaries; op stands

Or any operator.

b Note that no built-up arithmetic expressions are permitted, as there is only one

operator on the right side of a statement.
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Ex: Thus a source language expression like x+y*z might be translated into a sequence.

tii=vy*z
t2; =X+t

Where t; and t; are compiler-generated temporary names.

explicit names corresponds to the interior nodes of the graph.

Three-address code i1s a linearized representation of syntax tree or dag in KI}L’C)

A syntax tree or dag for the assignment statement

A =b*-ctb*-c

Assign

VAR

7N\
/\

Uminus b Uminhus

i

Assign

Q
Q

b Uminus

\‘.

b) Dag

Semantic Rules

&

%

t,=b*t,

L=ttt

a=1I

a)Code for the syntax tree

L =-c

t,=b*t

=t 4t

a=I

b)Code for the dag

The reason for the term “three-address code” is that each statement usually contains

three addresses, two for the operands and one for the result.
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Implementation of Three-Address Statement
A three-address statement is an abstract from of intermediate code. In a compiler,
these statements can be implemented as records with fields for the operator and the operands. :@

Three such representations are C)
1) Quadruples &

11) Triples
111) Indirect Triples

1) Quadruples Q
A quadruple 1s a record structure with four fields, whiclygre call
Q>
The op field contains on internal code for the AQeR &
ed B¢ placing y inargl, zin arg2, and x

Ex: The three address statement x: =y opz is represent

in result. \,'
e The statements with unary operaggrs N "=-y or X =y do not use arg2.

T
e The contents of fields argl, arg2, %dgesult are normally pointers to the symbol-table

entries for the names repr@eqsby these fields.
- The quadruples m follo b

Op, argl, arg 2, and result

le, are for the assignment a: =b*-c+b*-c.

Argi Arg Result
( minus c t
_ﬁﬂ * b t) t
2) Uminus c ts
(3) * b ts ts
. % (4) + to ts ts
4\' (5) = Ts a

‘% Quadruples
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1) Triples
To avoid entering temporary names into the symbol table, we might refer to a
temporary value by the position of the statement that computes it. :@
The three-address statements can be represented by records with only three fields: &,

OoP Argi Arg

(0) Uminus c Q\‘ *
0 Z B © Q
(2) Uminus C

B

argl and arg?2.

(3) * "
(4 + (L
(5) Assign A (4)

Triples correspond to the representation OWtax tree or dag by an array of nodes.

1) Indirect Triples %%

Another implementation o ee-address code that has been considered is that of

listing pointers to triples, rather isting the triples themselves.

Ex: Let us use an arra& ent to list pointers to triples in the desired order.

Indirect tr%r%
N
¢ \ (0) (14) (0) Uminus c
Q 0 (15) (1) * B (0)
% ) 16) ) Uminus C
3 (am 3 " B 2)
@) (18) (4) + (1) (3)
35) (19) (5) Assign A (4

ntation of three-address statement.

Statement Op Arg Arg
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Using the quadruple notation, a three address statement defining or using a temporary
can immediately access the location for that temporary via the symbol table.
o Benefit of quadruples appears in an optimizing compiler, where statements are
often moved around.
o Using quadruples notation, the symbol table interposes an extra degree
indirection between the computation of a value and its use. &5
In the triples notation, moving a statement that defines a temporary value re S

to change all references to that statement. This problem makes triples %::I.Jlt to use

in an optimizing compiler Q
In direct triples present no such problem. A statement can b cording the
statement list.

o It can save space compared with quadruples i&qme temporary value 1s
used more than once.

o Indirect triples look very much like qu up&s as for as utility 1s concerned.

The two notations requires abou e Same amount of space and they are

equally efficient for reordenng%%

@ GATE Previous Questions Z

Q) Generating of intermediage ¢

oo

ﬂ

% d on an abstract machine model is useful in compiler because

lexical analysis and syntax analysis easier [1994]
ons can be written for intermediate code generation

It enhanc ility of the front end of the compiler

Itis nﬁbl o0 generate code for real machines directly form high level language

It makes impleme

syntax directed defimtion shown below: [2003-2M]
=E { gen(id.place=E.place) }

Ei+E; {t=newtemp( ), gen (t=E: .place + Es .place); E.place =t }

1 { E . place =1d. place}

, gent 1s a function that generates the output code, and new temp is a function that returns

che name of a new temporary variable on every call. Assume that t’s are the temporary
variable names generated by newtemp . for the statement * X:=Y+Z ",
the 3-address code sequence generated by this definition is :

%

a) X=Y+7Z

by ti=Y+Z,X=t

¢) =Y. tz=t1+7Z, X=t
d) t=Y; t=2; t=t+tz; X=t3
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CODE GENERATION

The code generation phase takes an input an intermediate representation of the

source program and produces as output an equivalent target program.

Optimized
Intermedlal:e_g ode Intermediate code ‘ ]
1
: ' |C,

Front End 5! Code Optimizer ——2 Code Generator
Source : ' Target

Program—m™ @ =--------- Tm==-—--- ! Program
: Q\'
Symbol Table Q
)
Position of Code Generator 3
| Y |
The output code must be make effective use of the reso of the target machine.

.
Issues in the design of a Code Generator

While the details are dependen‘%e target language and the operating system,

1ssues such as:

1. Input to the code
. Target progr 6
Mem%&em
Instructi election

R Allocation

o s W

pee of evaluation order

. NApproaches to code generation

Ql. Input to the Code Generator

‘% The input to the code generator consists of the intermediate representation of source
program, together with the information in the symbol table that is used to determine run-time

address of the data objects denoted by the names in the intermediate representation.
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2. The Target Program
The output of the code generator is the target program. The target program may take a
variety of forms i.e.,
e Absolute machine language %@
e Relocated machine language

e Assembly language. &

3. Memory Management \‘

Mapping names in the source program to address of data objg

1s done by the code generator. To generate the machine codeN\ab#is in three-address

statements have to be converted to addresses of instruction.
Q>
4. Instruction Selection &

The nature of the instruction set of the get. machine determines the difficulty of

instruction selection. Deciding which ma '%ode sequence 1s best for a given three

address construct may require knowledg e context in which that construct appears.
5. Register Allocation Q.’

Instructions inv ster operands are usually shorter and faster than those
involving operands in . The use of registers 1s sub divided into two sub programs:

1) DQ&& allocation, we select the set of variable that will reside in registers

a point in the program.

ng a subsequent register assignment phase, we select the specific register that

avoldable will reside in.

6. Evaluation Order
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c

The order in which computations are performed can affect the efficiency of the target

ode. An efficient order of computation is also an important issue in code generation.

Reducing the number of LOAD and STORE instruction improve the speed of code

generation.

7. Approaches to Code Generation

1s that it should be error free and easy to test and maintain.

Machine Dependent Code Generation

general -purpose registers, Ro, Ri....... , Ra-1. It has two-address qtru

&

The most important factor that should be satisfied in the generation of the targeq'

Q

W
%vord and n

f the form,

Target computer is a byte-addressable machine with four

Op source, destination.

)
In which op 1s an operation code {op code), source and des@\ are data fields.

e The source and destination fields are not long JWough to hold memory address, so

contain bit patterns in these fields speci‘%&ﬁvords following on instruction contain

operands and / or addresses. %
e The source and destination of an%tion are specified by combining registers and

memory locations with ad@wdes.

@ﬁerem Address Modes

Added
0 Form Address
Cost
AbsQlute M M 1
egister R R 0
Indexed C(R) C + Contents (R) 1
¢ % Indirect *R Contents (R) 0
Q\« Register
Indirect *C(R) Contents 1
Indexed (C+Contents (R))

Literal #C (Source tobe a 1

Constant)

Instruction Costs:

94



The cost of an instruction to be one plus the costs associated with the source and

destination address modes. This cost corresponds to the length of the instruction.

The time taken to fetch an instruction from memory exceeds the time spent executing

the instruction. Therefore, by mimmizing the instruction length we also tend to minimize the

time taken to perform the instruction as well.

Some of the difficulties in generating code for this machine can seen by cons

what code to generate for a three-address statement of the form:

This statement can be implemented by many different instruction seq

A=b+c

Q
X,e

&

Ex:
1+ Address Mode Cost 1
1) MOV b, Rg 1+1 x 2
ADDc¢, Ry 1+1 &'j 2
MOV Ry, a 14 “@ 2
Total& 6
2) MOV b, a &' 3
ADDc, a Gom 2 3
vTotal Cost 6
Oa
Assuming Ro, R1 and R» W@ s& address of a, b and ¢ respectively.
1+ Address Mode Cost Instruction Code
‘K‘\ *R1, *Ro 1+0 1
ADD *Rs, *Rg 1+0 1
Total Cost 2
2) ADD R, Ry 1+0 1
* % MOV Ry, a 1+1 2
Q\ Total Cost 3

<

b In order to generate good code for this machine, we must utilize its addressing capabilities

efficiently.

(@ GATE Previous Questions
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Q) In a simplified computer the instructions are: [2007-2M]
OP R;, R; — Performs R; and stores the result in register R;

OP m, R; — Performs val OP R, and stores the result in R; . val denotes the content of

memory @
location m. C)%
MCV m, R; — Moves the content of memory location m to register R; &

MCV R;, m — Moves the content of register Ri to memory location m.

The computer has only two registers, and OP is either ADD or SUB. Considex%fol owing
Y

basic block:

ti=a+b Q

tb=c+d

tz=e—-d &ﬂ

b=t —t3
Assume that all operands are initially in memory. Tﬁ%&alue of the computation should
be in memory. What is the minimum number of 4OV irfStructions in the code generated for

this basic block?

a) 2 b) 3 ¢) v&% d)6

Qﬂ
O
‘b@

<
N

RG
%
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CHAPTER - VI

CODE OPTIMIZATION
The code produced by straight forward compiling algorithms can often be made to run
faster or take less space or both compilers that apply code-improving transformations are q

called optimizing compilers. ‘

Optimization can be done on: :&

e Machine-Independent

e Machine-Dependent Q\‘.
- Machine — Independent optimizations, program transform %t mprove the
target code without taking into consideration any propeg®es of tiWtarget machine.

- Machine-Dependent optimizations, such as registe jon and utilization of
special machine — instruction sequences. &

- As compiler does not have the benefit of sam&;put data, so it must make its best
guess as to where the program hot sp%&i'rs The program inner loops are good

candidates for improvement.

- In general, a process called “con%w: analysis” identifies loops in the flow graph

of a program.
- Several algorithms fo % information using data-flow analysis and for
effectively using ation in optimization.

Data-flo a@ a process of collecting information about the way variables are
T

used in a pr information collected at various points in a program can be relegated

using sim%set gquations.

CN Code-Improving Transformations

]
\; The transformations provided by an optimizing compiler should have several
properties:

,; 1. First: A transformation must preserve the meaning of programs. That is, an
“optimization” must not change the output produced by a program for a given input,

OT Callsc all CITor.
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2. Second: A transformation must, on the average, speed op programs by a measurable
amount.

3. Third: A transformation must be worth the effort. Certain local or “peephole’

transformations of the kind are simple enough and beneficial enough to be included in
any compiler. < E

Getting Better Performance

The running time of a program 1is improved at levels, from source level to t@r et

level in the compiles as shown in figure below. At each level, the availabPgopgons fall

between the two extremes of finding a better algorithm and of imp, ng a given
algorithm so that fewer operations are performed.
Source Intermediate
Program Front Code Code Target
! — End — ! — P Generator [ Code
i : ~ i
User can Compiler can ) Compiler can
Profile program Improve loops 4 Use register
Change Algorithm Produce calls Select instruction
Transfer loops Address calculation Do peephole transfer

Places for potential improvements by the user and the compiler.

The Principal Sources

A compiler opﬁrﬁ must preserve the semantics of the original program. Once a
programmer chooses lements a particular algorithm, the compiler cannot understand
enough about to replace and more efficient algorithm. A complier knows only
how to appl% ow-level semantic transformation or program semantics such as the
fact that performim the same operation on the same values yields the same result.

' Ereserving (Function-Preserving) Transformations:

S
* here are number of ways in which a compiler can improve a program without
Qc ing the function it computes.

%

v Global Common Subexpressions
v Copy propagation
v Dead-code elimination

v Constant Folding
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A program will include several calculations of the same value, such as an offset in an

array.

below the level of detail accessible within the source language

Some of the duplicate calculations cannot be avoided by the programmer because they lie @

Common Sub expression

An occurrence of an expression E is called a common sub expression 1 %s

C

previously computed, and the values of variables in E have not changed sincg the previous

.
compotation. We can avoid recomputing E if we can use the previously com ue.
Example: B B- Q@

te=4 x1; te=4 x1;

x =ats]; x =afts]; »'j

=4 %1 ts=4x]

tg=4 % to = a[ts];

to = a[ts]; afts] = to;

a[t7] =ts; a[ts] =x;

tio=4x7; goto Bs

a[tio] =x; %

goto B>

a) Before ‘\.Q.’ b) After

Local common-subexpression elimination.

of tio.

Co

0 1n above fig. compute the common subexpressions 4 x 1 and 4 x

e after the copy statement u=v.

The assignment
1, respectively. ps have eliminated in fig (b), which uses ts instead of t7 & ts instead

idea behind the copy-propagation transformation 1s to use v for u, wherever

QExample in fig(a) the assignment x t3 in that block 1s copy. Copy propagation applied to B5
yields the code in fig(b). This change may not appear to be an improvement, but it gives us
the opportunity to eliminate the assignment to x.
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Bs Bs

X =t3; X =t3;

af[tz]=ts; a[tz]=ts;
a[ta]=x; a[ta)=ts;
goto B> goto Bo

a) Before b) After
Basic block Bs after copy propagation Q&

Dead-Code Elimination \‘
[

A variable 1s live at a point in a program if its value can be bsequently;

otherwise, it is dead at that point. A related idea is dead (or usele — statements that

compute values that never get used. &
)

Ex: The use of “debug’ that is set to true or false at vagy OQ in the program, and used in
statement like
if (debug) print..... \'.
By a data-flow analysis, it may be e to deduce that each time the program
reaches this statement, the value of “deb se”.
If a copy-propagation replaces d®bug by false, then the print statement is dead
because it cannot be reached. %
- Deducing at co c@mt the value of an expression is a constant and using the
constant insteadg as constant folding.
- One Eﬁ\f& opy-propagation is that it often turns the copy statement into dead
code.

Loo Qﬂﬁons

ps are a very important place for optimizations, especially the inner loops where
Q s tend to spend the bulk of their time. The running time of a program may be if we
d

ecrease the number of instructions in an inner loop, even if we increase the amount of code

outside that loop.
Three technques are important for loop optimization:

1) Code-Motion
11) Induction- Variable Elimination

111) Reduction in Strength.
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1) Code- Motion

By some modification that decreases the amount of code in a loop is code motion. This
transformation takes an expression that yields the same result independent of the number of

times a loop 1s executed(a loop-invariant computation) and evaluates the expression before @
the loop. Note that the notion “before the loop™ assumes the existence of an entry for %

loop, that s, one basic block to which all jumps from outside the loop go. &

Example:

while (1<=limit-2) /*statement does not change limit */

W
Code motion will result in the equivalent code @Q
t=limt-2; Q

while (1 <=1) /* statement does not chagme | t*/
Now, the computation of /imiz-2 is performed once, beforeé&pﬁr the loop. Previously,

there would be n+ 7 calculations of /imir-2 1f we iterat of the loop # times.

\'.
ii) & iii) Induction-variable and reduction @ngth

A variable x 1s called an induction Cr;‘able if there 1s a positive or negative constant ¢
such that each time x is assigned, @ﬁ'@ increased by c.

Flow graph relevant to t%mtmns 1s shown below:

Bs
] =J—1_ i=i-1
ta=4%] th=t-4
ts = a[ts] ts = a[ts]
if ts > v goto B3 ifts > v goto Bs
Fig. a Fig.b
4 Strength reduction applied to 4 * j in the block Bs
Induction variables can be computed with a single increment (addition or subtraction) per

loop iteration. The transformation of replacing an expensive operation, such as multiplication,

by a cheaper one, such as addition, 1s known as strength reduction.
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In the Bz values of j and t4 remain in lock step shown in Fig. a. Every time the value of j
decreases by 1, the value of t4 decreases by 4, because 4 * j is assigned to t4 The strength of
the instruction is reduced by replacing multiplication by subtraction shown in Fig.b .

The replacement of a multiplication by a subtraction will speed up the object code if
multiplication takes more time than addition or subtraction, as is the many case on many
machine. ‘

Peephole Optimization QK,

A statement-by-statement code-generation strategy often produces t sode that
contains redundant instructions and suboptimal constructs. The quality target code
can be improved by applying “optimizing” transformations to the t g.

Effective technique for locally improving the target co 1S Qf:ephole optimization, a
method for trying to improve the performance of th gra:m by examining a short
sequence of target instructions (called the peephole) lacing these instructions by a

shorter and faster sequence, whenever possible.

Characteristics of peephole opnmlzatﬁ
e Redundant-Instruction Eling ti%n
e Flow-of-control optimi$
e Algebraic simpli@r
e Useof machin& S
Redundant &nd stores

Ex: If the } ction sequences as

a

OV a, Ro

]
4?%311 delete instruction (2) because whenever (2) 1s executed, (1) will ensure that the value

fais already in register Ro.

t Note that if (2) had a label.

MOV Rg, a
Label: MOV a, Ro
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We could not be sure that (1) was always executed immediately before (2) and so we could

not remove (2). Put another way (1) and (2) have to be in the same basic block for this

transformation to be safe.

Unreachable Code :@
An unlabeled instruction immediately following an unconditional jump ma ‘e )

removed. This operation can be eliminate a sequence of instruction.
Ex: In C, the source code might look like: Q
# define debug O

:\,-
if (debug) { Q
print debugging information
} o&"
In the intermediate representation the if statement ma&‘:&la‘[ed as:

If debug =1 goto L,

X\
Goto L2 %
L1: print debugging information %
Lo: v

Peephole optimization is to elimj@h;‘np over jumps. Thus, no matter what the value of

debug, can be replaced b ‘b
If debug # 1 goto w
Print debyggia@Ngjormation
Lo:

ka-of-Control Optimization:

% The intermediate code generation algorithms produce jumps to jumps, jumps to
conditional jumps, or conditional jumps to jumps. These unnecessary jumps can be
eliminated in either the intermediate code or the target code by the following types of

peephole optimizations.
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We can replace the sequence

goto Ly

Li: goto Lo
By the sequence @
goto Lo C)%
Li: goto Lo QK’
There are no jmps to L, then it may be possible to eliminate the statemelw: goto Ls
provided it 1s provided it 1s preceded by an unconditional jump. *
N

Algebraic Simplification ‘Q

Peephole optimizations are often applied to algebraic i

Ex: X=xt0; &
Or 2

Xix*1;
(Statements often produced by straight forw: %rmediate code-generation algorithms, can

be eliminated easily through peephole op on).
Reduction in Strength "
Reduction in st:re es expensive operations by equivalent cheaper ones on

the target machine.

Ex: X?isinv Ki} T to implement as x*x than as a call to an exponentiation routine.

Use of Machine

<8

et machine may have hardware instructions to implement certain specific

use auto-increment and auto-decrement has greatly improved the quality of code

n pushing or poping a stack, as in parameter passing.

104



DAG Representation for Basic Blocks

The direct a cyclic graph 1s used to apply transformations on the basic block. To apply
the transformations on the basic block DAG 1s constructed from three address statement.
A DAG can be constructed for the following types of tables on nodes. @
1) Leaf nodes are labeled by identifiers or variable names or constants. Generally leave)%
represent r-value.
2) Interior nodes store operator value. &
The DAG and flow graphs are two different pictorial representations. Each nade of Q]ow
graph can be represented by DAG because each node of the flow graphis a b@nk.

Ex:  consider @
sum = 0; Q
for (1=0;1 <=10; 1++) &
sum = sum + afi]; Q

The three address code for above code 1s: Q&

1. sum:=0

B -
3. t1i=4x%1

t> —SllII’l‘i‘i;
5 s

§Ifi <=10 goto (3)
The above co@ed into basic block as follows:

sum ;=0
1:=0

* % /_N 4 B>
Q\ t =41
t> ;==sum + t
% sum =tz

ti=1+1;
1=

If1<=10goto Bz

./

B

Basic Blocks
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DAG representation for block 2 as follows:

13

sum

DAG Based Local Optimization Q

A DAG can be constructed for a block and certain .!Hions such as common
sub expression elimination: dead code elimination Q{j%p 1ed for performing the local

optimization.

X\
Ex: Construct the DAG for the following blo%%
a=b%*c¢

d:=b

eid*c ‘,&Qﬂ
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The optimized code can be generated by traversing the DAG. The local optimization on the < E@

above block can be done as: ‘
1) A common sub expression e=d*c¢ which 1s actually b*c (since d:=b) is elimina&
2) A dead code for b=e is eliminated Q

a=b%*c¢

d:==b ‘Q
fi=a+c¢ &

g =f+d Q t

optimized code ,Q&,

Diagram:

The optimized code and basic block is Q\‘.

107



@ GATE Previous questions

Q) Some code optimizations are carried out on the intermediate code because [2008-1M]
a) They enhance the portability of the compiler to other target processors. @
b) Program analysis is more accurate on intermediate code than on machine code %
¢) The information form data flow analysis cannot otherwise be used for optimizati

d) The information from the front end cannot otherwise be used for optimizatio

Q

Q) Which of the following statements are TRUE? QEQOS)-IM]
a) There exist parsing algorithms for some programming languages wh: plexities

are less than 8(n°)
b) A programming language which allows recursion cap®be imyemented with static

storage allocation.
¢) No L-attribute definition can be evaluated in ﬂ k of bottom-up parsing
d) Code improving transformations can be per at both source language and

intermediate code level \'
a) TandII b)landIV  ¢)III ar@ d) LIIT and IV

Qﬂ
L
R
N\

RG
%
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