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Mnmmm one form of program

! Language v?.mcu\moq, ;
—— gram is called source

™ De kind of program
Defination : A translator is o:MoEE. e

into
and converts it int0 A3 tlanguage. i
and the ocﬁ:x_"!mmm\\\w\@\l\tl\\l\ embly language or a high

m: m
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as Eﬁsw
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machine language.

Target
}——

Source
e Translator language

language

Fig. 1.1.1 Translator

Types of Translator

There are two types of translators compiler and assembler.

Basic Functions of Translator
1. The translator is used to convert one form of program to another.

5 The translator should convert the source program to a target machine code in such
a way that the generated target code should be easy-to-understand.

3. The translator should preserve the meaning of the source code.
4. The translator should report errors that occur during compilation to its users.
5. The translation must be done-efficiently.

GTU : May-12, Marks 6

EE] Definition of Compiler

In this section we will discuss two things : “What is compiler ? And “Why to write
compiler ?” Let us start with “What is SSEQNMK

Compiler is a program which takes one language Amoﬁma.wnomn.v&v., as wa,wﬁ
and translates it into an equivalent another language (target wnomn.né. s

During this process of translation if some errors are encountered then compiler
displays them as error messages. The basic model of compiler can be represented as
follows.

Input Output
ST Compiler e
Source Target program
program

Fig. 1.2.1 Compiler

b i 1-3 Overview of the Compiler and its Structure

The compiler takes a source program as higher level languages such as C, PASCAL,
FORTRAN and converts it into low level language or a machine level language such as
assembly language.

WAL Compiler and assemblers are two transiators, Translators convert one form of

program into another form. Compiler converts high level language to machine level language
while assembler converts assembly language program to machine level language.

Factors that Affect the Design of Compiler are -
1. The choice of source language.
2. The machine architecture on which compiler is executed.
3. The amount of memory available.
4. The type of object code required.

Major Functions Done by Compiler
1. The compilers translate high level source program to machine program.
2. It raises error messages if any, during the process of comilation.
3. The translation of source language to machine language must be done efficiently.
4. While translating, the compiler preserves the meaning of the code.

EEX Analysis-Synthesis Model

GTU : May-12, Winter-19, Marks 6

The compilation can be done in two parts : Analysis and synthesis. In analysis part
the source program is read and broken down into constituent pieces. The syntax and the
meaning of the source string is determined and then an intermediate code is created
from the input source program. In synthesis part this intermediate form of the source
language is taken and converted into
an equivalent target program. During Compiler
this process if certain code has to be | Source Lod [ aatenia Lol Synthesis Target
owmbﬂumn for efficient execution then |P9" d T: 1_ e
the required code is optimized. The
analysis and synthesis model is as
shown in Fig. 1.3.1.

Fig. 1.3.1 Analysis and synthesis model

Review Question

1. Explain the analysis synthesis model of compilation. List the factors that affect the design of
complier. Also list major functions done by compiler. [ BV SN A

TECHNICAL PUBLICA EOZmo - an up-thrust for knowledge
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g8 prases o " gy

two parts : Analysis and synt
. Lexical analysis, syntax analys;, 0
B t with the help of intermediate cod
Again .« And the mvﬂnrmm% optimization. Let us discuss these phases One v”

hesjg

one. _
s

1. Lexical Analysis

o The lexical analysis 18

o It is the phase of noBvanMs p
is broken

your source Prograrm is e

m ple jf

some Nmm—m:N——Ow—w mewmuu—mn—n mn V our mOEnN QDQQ 1s as mQHHOccm
’

total = count + rate * 10
hase this statement is broken up into series of tokens

also called scanning. .
in which the complete source code is scanneq ang

p into group of strings called token.

Then in lexical analysis P

follows.
1. The identifier total

2. The assignment symbol
3. The identifier count

4. The plus sign

5. The identifier rate

6. The multiplication sign

7. The constant number 10
The blank characters which are used in the programming statement are eliminated

during the lexical analysis phase.
2. Syntax Analysis
e The syntax analysis is also called parsing.
* In this phase the tokens generated by the lexical analyser are grouped together to

form a hierarchical structure. =

¢ The syntax analysis determines the
structure of the source string by
total +

grouping the tokens together. The
hierarchical structure generated in \ /
this phase is called parse tree or count :

syntax tree. For the expression \ /

total = count + rate *10 the parse

tree can be generat g2l .
generated as follows.  Fig, 1,41 Parse tres for total = count + rate *10

TECHNICAL PUBLICA TIONS® . an up-thrust for knowledge
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In the statement ‘fotal = count + rate *10 ' first of all rate*10 will be considered

because in arithmetic expression the multiplication operation should be performed before
the addition. And then the addition operation will be considered. For building such type
of syntax tree the production rules are to be designed. The rules are usually expressed
by context free grammar. For the above statement the production rules are -

(1) E « identifier

(2) E ¢ number

(3) E « El1 + E2

(4) E « E1*E2

(5) E « (E)

where E stands for an expression.

e By rule (1) count and rate are expressions and

e by rule(2) 10 is also an expression.
e By rule (4) we get rate*10 as expression.

e And finally count +rate*10 is an expression.

3. Semantic Analysis

* Once the syntax is checked in the syntax analyser phase the next phase ie. the
semantic analysis determines the meaning of the source string.

¢ For example meaning of source string means matching of parenthesis in the
expression, or matching of if ...else statements or performing arithmetic operations
of the expressions that are type compatible, or checking the scope of operation.

For example,

o
THEN

rate int to float

|

10

Fig. 1.4.2 Semantic analysis

TECHNICAL PUBLICA dOZme - an up-thrust for knowledge
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Thus these three phases are performing the task of analysis. After these phases o
us

intermediate code gets generated.

4. Intermediate Code Generation .
d of code which is easy to generate and this code

o The intermediate code is a kin s : m
can be easily converted to target code. This code is in variety of forms such as

three address code, quadruple, triple, posix.

will consider an intermediate code in three address code form. This is

e Here we .
guage. The three address code consists 0O

like an assembly lan
which has at the most three operands. For example,

f instructions each of

11 := int_to_float (10)
2 := rate x tl

{3 := count + {2
total := t3

5. Code Optimization
o The code optimization phase attempts to improve the intermediate code.

« This is necessary to have a faster executing code or less consumption of memory.

e Thus by optimizing the code the overall running time of the target program can
be improved.

6. Code Generation
e In code generation phase the target code gets generated.

e The intermediate code instructions are translated into sequence of machine
instructions.
MOV rate, R1
MUL #10.0, R1
MOV count, R2
ADD R2, R1
MOV R1, total

Example - Show how an input a = b+c *60 get processed in compiler. Show the
output at each stage of compiler. Also show the contents of symbol table.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Input processing in compiler

Output

Symbol table

a=b+c+*860
| Lexical analyzer |
i

idy = id,+id4 * 80

| Syntax W:m_ﬁol
|
id A_\ ../+
Ny

!

|_Semantic analyzer |

|
id \ /+
: _Qw\ /;
_Qu\ //

int t

,

Intermediate code
generator

—

4 © = inttofloat (60)
t (=idg * t,
tyi=idy +1,

idy: =t

1

| Code optimizer |

ty ==id3 *» 60.0
idy : = idy +t4

| Code generator |

f
MOVF idy, R,
MULF #60.0, R,
MOVF id,.R,
ADDF Ry, R,
MOVF R,, id,

2
_Qu\ /oo

Token stream

Syntax tree

Semantic tree

o float

60

Intermediate code

Optimized code

Machine code
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o

Overview of the Compiler and its Structy

1-8

Sl
. _ Compiler Desi,
Compiler Design e LS 1-9 Overview of the Compiler and its Structure
table management i intai Th
Symbol of compiler a symbol table is maintained. The task o 8a
e To support these phases ¢ d in the program. gren
ymbol table is to store identifiers (variables) used i P S
s . o oS 00900 s s P ety Ty
bol table also stores information about attributes of each identifier. The ﬁ i,
o The symbo information about the Lexical

3 . 3 e, its scope
attributes of identifiers are usually its type i \ analyzer / T

storage allocated for it.

table also stores information about the subroutines used in the

. ”Mm““cﬂ case of subroutine, the symbol SEERIRRE Jome of the o i 2
subroutine, number of arguments passed to it, type of these arguments, the
method of passing these arguments(may be call by value or E s grence) and Semantic
return type if any. i analyzer
» Basically symbol table is a data structure used to store the information about SRS e
denifes e e P
o The symbol table allows us to find the record for each identifier quickly and to /
store or retrieve data from that record efficiently. N = \\3
¢ During compilation the lexical analyzer detects the identifier and makes its entry b ik it
in the symbol table. However, lexical analyzer can not determine all the attributes
of an identifier and therefore the attributes are entered by remaining phases of / Gocls aneeere \
compiler. \,
e Various phases can use the symbol table in various ways. For example while /(s.llull«;lll\\
doing the semantic analysis and intermediate code generation, we need to know Target machine code
what type of identifiers are. Then during code generation typically information
about how much storage is allocated to identifier is seen. Fig. 1.4.3 Phases of compiler
Error detection and handling E Describe the output for the various phases of compiler with respect to following
statements :

* In compilation, each phase detects errors. These errors must be reported to error
position := initial + Rate * 60

handler whose task is to handle the errors so that the compilation can proceed. e ne e veault § it
3 s or position : = initial + Rate * 60

* Normally, the errors are reported in the fi
ep e form of message. The output at each phase during compilation is as given below -

* Large number of errors can be detected in syntax analysis phase. Such errors are

popularly called as syntax errors. Durin i
. g semantic analysis; i ind of
b b, ysis; type mismatch kind 0

TEi
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position : = initial + Rate * 60

«

Lexical analyser

« am
id, :# idg* idg * 60 Token stre

e

Syntax analyser

T AW, Syntax tree

PR

_QH +
A
id, *
position e \ //
ids int to real
initial sae _
rate e « 60
Intermediate code
generation

Overview of the Compiler and its Strycy,,,
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t; . = inttoreal (60)
ty =idy» ty
ty:=id +t,
idy:=ty

«

Code optimizer

-

ty:=idy*60.0
idy : = idy +

«

Code generator

'

MOVF idy, R,
MULF #60.0, R,
MOV F idy, R,
ADDF Ry, R,
MOVF Ry, id,

Intermediate code

Optimized code

Machine code

First operand represents source and second operand represents destination in the
machine code.

E Explain lexical analysis phase of a compiler and for a statement given below,
write output of all phases (except of an optimization phase) of a compiler. Assume a, b and
¢ of type float

GTU : Winter-12, Marks 7

a=a+b*c*2;
Solution : See Fig. 1.4.4 on next page.

Review Questions

1. Draw structure of compiler. Also explain analysis phase in brief. KQ{URITICIEA

2. List out phases of a compiles. Write a brief note on lexical analyzer.
GTU : Summer-14,

GTU : Summer-14, 16, 17, Winter-20,

3. Explain different phases of compiler

4. Explain analysis phase of source program with example.
GTU : Winter-17, Marks 4, Summer-19, Marks 7
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a=atbec*2

Lexical analyser

iy = 041y 10y * 2

Syntax analyser

Intermediate code
generator

Y
t; :=intto float (2)
ty i=idg*ty
.u unau&nn
ty i=idy+ty
idy: =14

Code optimizer

t; :=idg*2.0
ty i=idy* ty
ty i=idy+ 1ty
idyi=ty

|0onm generator

MOVF idg, Ry
MULF #2.0,R,
MULF idg, Ry
MOVF idy, R
ADDF Ry, R,
MOVF Ry, id

Token stream

Syntax tree

Semantic tree

int to float

2

Intermediate code

Optimized code

Machine code

Fig. 1.4.4
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EE3 The Science of Building Compilers

» Compiler is a program that accepts all the source language programs and convert
them in a machine languages. The source language can be large or small, it might
contain any programming construct, it is the compiler who converts it into

machine code. While translating the code it must preserve the meaning of the
source language.

LA Modeling in Compiler Design and Implementation

* In the compiler design we must design right design model and must choose right
algorithm. Both the algorithms and design must be simple and efficient.

* Many compilers make use of the most fundamental model ie Finite State

machines and regular expressions. These are used in lexical analysis phase for

identifying tokens. Then context free languages are also used to describe the
syntax of the program.

EEE] code Optimization

* The desiring feature of any compiler is to produce optimized code. Optimized
code means the code that executes efficiently on the machine. For the compiler
the optimized code becomes complex and important.

* For optimization following are the compiler design objectives that are used -
1. When optimization is done then the meaning of the source program must be
preserved. This is called correct optimization.

2. Due to optimization the performance of the program must get improved.
3. Compiler time required to execute the optimized code must be reasonable.
4. The efforts required due to optimization must be manageable.

EXA Applications of Language Processors

E Optimization for High Level Programming Languages

* Compiler takes the higher level languages as input and produces the target code.
The high level languages are less efficient as compared to low level languages.
Their target code runs slowly. But low level languages are difficult to understand
and are not portable. Optimizing compilers generally improve the performance of
the generated code by eliminating the abstractions posed by the high level
languages.

® As new languages get introduced the newer features are getting added up. But the
most commonly addressed programming language features are - aggregated data

TECHNICAL vcmt0>302me - an up-thrust for knowledge
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structures, = is ptimize the flow of
mechanism ke thet mEoBm:nm:.w frees the BaBoQ of

page collection in use. These features increase the run time
o longer SR ¢

o tion will reduce this overhead

timiza y tion technique that extracts the

is one important 0P ad at run time,

and thus re

control flows,
types, arrays: used to O

flow ovamN»zon
o Java has puilt in gar
those variables that
rhead. Compiler OP

optimization :
dynamically

timiza

ove
duces the overhe

. Uvﬂ—wbdn d
required information

[1.6.2 ] Optimization for

o The high performance
parallelism and memory

All the modemn architectures I

parallelism is hidden from the
y that par:

Computer Architecture

tems take advantage of . two basic techniques .

sys
hierarchy. ; |
ake use of instruction level parallelism. This

programmer. The compilers can rearrange the
allelism can be more efficient.

ans arranging several levels of storage with n_.p.mmn.m:"
closest to the processor is fastest but mbzmmn.S size,
hasis is given for making the memory hierarchy

instructions in such a wa
The memory hierarchy me:
speeds and sizes. The level
In compilers the more emp
efficient.

EEEY Designing of New Computer Architecture
effective architectures are used. To exploit the

the compilers are developed in processor design
to evaluate the architectural

¢ In modern computer several
features of these architectures,
stage, it is then run on simulators and then used

features.
e The RISC, CISC architectures are highly influenced by the compilers.
e Various specialized architectures are getting invented. For instance - SIMD (Single

Instruction Multiple Data), VLIW (Very Long Instruction Word) machines,
symbolic arrays, multiprocessors with distributed shared memory. The

development in these architecture leads the development and improvement in

compiler technologies.

EEXA Program Translation

The compilation technology involves translation of the program from high level to
machine level language. Following are some important applications of program
translation techniques -

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Binary Translation
e Compiler are used to translate binary code of one machine to run it on another
machine. Thus due to binary translation the one machine code can be run on

another machine.

Hardware Synthesis
e There are hardware description languages such as VHDL, Verilog and so on.
These languages help to write a specification file in which the hardware is
described. The hardware synthesis tools translate this description into gates and
physical layout. These tools help in obtaining the optimizing circuit.

Query Interpreter
e The SQL (Structured Query Languages) are used to search database. The SQL

interpreters compile or interpret the queries given at the command prompt.

Compiled Simulation
e Simulation is a general technique in which the design is validated. Simulation is

very expensive. Instead of writing simulator it is faster to compile the design to
produce machine code. Compiled simulation is used to simulate design written by

the VHDL or Verilogs.

EXXA software Productivity Tools

e Programs are the most important elements of any software systems. The errors in
the program can cause crashing of the entire system. Hence testing is done to
locate errors in the program.
Data flow analysis technique is used to locate errors along the execution path. This
technique used in testing is mainly derived in compilers. Other important
techniques of locating errors are -

Type Checking
The type checking is an effective tool used to catch the inconsistencies in the data
types. When operation with wrong types is carried out then this technique identifies the

€ITors.

Bounds Checking
e Boundary value checking is a technique in which array index boundary can be

checked using bounds check technique. This technique is used to check the
overflow of the buffers in the program.

TECHNICAL PUBLICA dOZm@ - an up-thrust for knowledge
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S
t 43_»: oxcellent example of memory management tools. There 4y,

s such as memory leaks JEte BBy occur in ¢
 toveloped to help the programmer to find out the memory

Memory Managemen ,
+ Garbage collector 15

memory managemen
Ci++. Various tools are

management €rrors.

EEA Basic Understanding of |

Defini ?58%35%»53 omqaasanianwvnon_cnmm_&mnmmae&s&
.m n 2 . :
when the “.:Ro language and data is given to it as input.

o It does not produce the object P
code rather each time the program
needs execution.

o The model for interpreter is as
shown in Fig. 1.7.1.

o Languages such as BASIC, .
SNOBOL, LISP can be translated using interpreters. JAVA also uses interpreter.

nterpreter and Assembler

Data

Result
(Direct execution

Source

program

Fig. 1.7.1 Interpreter

o The process of interpretation can be carried out in following phases.
1. Lexical analysis 2. Syntax analysis
3. Semantic analysis 4. Direct execution
Advantages :

* Modification of user program can be easily made and implemented as execution
proceeds.

* Type of object that denotes a variable may change dynamically.

s .Umv:m%:m a program and finding errors is simplified task for a program used for
interpretation.

* The interpreter for the langua

ge makes it machine ind, .
Disadvantages : ependent

* The execution of the Program is slower,
¢ Memory consumption is more,
Assembler

Program into the machine _mnm:mmm

Example of high level language is C,c., PASCA
Example of low level language js mmmmn&\_ R

Y Fbm:wwo.
TECHMA, PR

voacvsaun‘ow‘s ledge
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EE} Difference between Interpreter and Compiler

GTU ; Winter-17, 20, Summer-19, Marks 4

The analysis phase of interpreter and compiler is same i.e. in both lexical, syntactic

and semantic analysis is performed.

Sr.
! No.

L

. input.

Interpreter

Demerit :

The source program gets interpreted every
time it is to be executed, and every time the
source program is analyzed. Hence

~_interpretation is less efficient than Compiler.
__The interpreters do not produce object code.

Merit :

The interpreters can be made portal because
they do not produce object code.

Merit :
Interpreters are simpler and give us

. improved debugging environment.

An interpreter is a kind on translator which
produces the results directly when the
source language and data is given to it as

h Data
Source Qutput
—_— ——————— =
program Direct
execution

Examples of interpreter :

A UPS Debugger is basically a graphical
source level debugger but it contains built in
C interpreter which can handle multiple
source files.

Compiler

Merit : ,
In the process of compilation the program

is analyzed only once and then the code is
generated. Hence compiler is efficient than |
interpreter.

The compilers produce object code.

Demerit :

The compilers has to be present on the host |
machine when particular program needs to
be compiled.

Demerit :

The compiler is a complex program and it
requires large amount of memory.

An compiler is a kind of translator which
takes only source program as input and
converts it into object code.

Source
R

program

Qutput

e
Target program

Compiler

Then loader performs loading and link
editing and prepares an executable code.
Compiler takes this executable code and
data as input and produces output.

Executable
code

Output

P

Compiler

!

Data

Example of Compiler :

Borland C compiler or Turbo C compiler
noavmmmnvmvnomnmgmsmzmsgﬂo«ﬂ,v.
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Properties of Compiler
Engvﬁwgumngﬁg%?mg.
1. The compiler itself must be bug-free.
2. It must generate correct machine code.
3. The generated machine code must run fast.
4. The compiler itself must run fast (compilation time must be proportional to
program size).
5. The compiler must be portable (i.e. modular, supporting separate compilation).
6. It must give good diagnostics and error messages.
7. The generated code must work well with existing debuggers.
8. It must have consistent optimization.

1. Explain the roles of linker, loader and preprocessor.
KBTI Cousins of Compiler

%E?%?E:ﬂ%ii

B e e i Getail, ©

1. Preprocessors - The output of preprocessors may be given as the input to
compilers. The tasks performed by the preprocessors are given as below

ggm:oiéS:ﬁgﬂaﬁgovéggg set of
giagggggg%S%vggﬁgvég
task is be done by preprocessors.

g-ﬁonboiugaacaoaﬁgm_ﬂi?gngmgﬁaww
the program.

<stdio.h> E&Fv; i A Sy T
By this statement the header file stdio.h can be included and user can make use of the

functions defined in this header file. This task of preprocessor is called file inclusion.

Fig. 1.10.1 Role of preprocessor
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d by macro definition (i.e, set o

is a
Macro ?m_unxmmmﬁ - ZchEm»
croname i identified then Foa
Bmﬁh&on defining the correspon
ins
For a macro there are

macro definition is given

the macro-

example :
For # define PI 3.14 program it is replaced by a value 3.14.

“PI" is encountered in a 4 " -
ilers produce the assembly code as output which jg
2. Assemblers - Some gompie ler is a kind of translator which take

g mb.
: rs as an input. The asse ;
given to the assemble as input and produces the machine code as output.

the assembly program

Whenever the

e A Assembly Machine
oo language code
Le it o) : program

Fig. 1.10.2 Role of assembler

An assembly code is a mnemonic version of machine code. The typical assembly

instructions are as given below.
MOV a, R1
MUL #5,R1
ADD #7.R1
MOV R1b Sl
The assembler converts these instructions in the binary language which can be

understood by the machine. Such a binary code is often called as machine code. This
machine code is a relocatable machine code that can be passed directly to the
loader/linker for execution purpose.

The assembler converts the assembly program to low level machine language using
two passes. A pass means one complete scan of the input program. The end of second
pass is the relocatable machine code.

w..ronnnnm and Link Editors - Loader is a program which performs two functions:
Loading and link editing. Loading is a process in which the relocatable machine code is

Loading
Loader

Link editing

TECHNICAL PUBLICA dOZme = an up-thrust for knowledge

Compiler Design 1-21 Overview of the Compiler and its Structure

read and the relocatable addresses are altered. Then that code with altered instructions
and data is placed in the memory at proper location. The job of link editor is to make a
single program from several files of relocatable machine code. If code in one file refers
the location in another file then such a reference is called external reference. The link
editor resolves such external references also.

Review Questions

1. What does the linker do ? What does the loader do ? What does the preprocessor do ? Explain

GTU : May-12, Marks 4

their role (s) in compilation process.

(Hint: For working of Linker and Loader refer section 1.9)

2. List the cousins of compiler and explain the role of any one of them.
GTU : Winter-18, Marks 3

EEER Types of Compiler

In this section we will discuss various types of compilers.

(kNN Incremental Compiler

Incremental compiler is a compiler which performs the recompilation of only
modified source rather than compiling the whole source program.

The basic features of incremental compiler are,

1. It tracks the dependencies between output and the source program.
2. It produces the same result as full recompile.

3. It performs less task than the recompilation.

4. The process of incremental compilation is effective for maintenance.

iR E¥Y Cross Compiler

Basically there exists three types of languages

1. Source language i.e. the application program.

2. Target language in which machine code is written.

3. The Implementation language in which a compiler is written.

There may be a case that all these three languages are different. In other words there
may be a compiler which run on one machine and produces the target code for another
machine. Such a compiler is called cross compiler. Thus by using cross compilation

technique platform independency can be achieved.
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Qverview or tne Lompiler and its w~
Enc
d]

compiler D8Sig" drawn as follows

! iagram i
058 compiler T diagr:

Cr
To nmmvummmﬁn B T

|

T as target and | as implementation _mzcﬁf

with S as source,

Fig. 1111 @T diagram

Fig. 1.11.1 (b) Cross compiler

For source language L the target language N gets generated which runs on machiy,

M.

For example : . :
For the first version of EQN compiler, the compiler is written in C and the commang

are generated for TROFF, which is as shown in Fig. 1.9.1.
The cross compiler for EQN can be obtained by running it on PDP-11 through
C copiler, which produces output for PDP-11 as shown below -

EQN TROFF

PDP - 11

Fig. 1.11.2 Cross compiler for EQN
EEEA short Questions and Answers
Q1  What is translator ?

.>=«. : Translator is a kind of program which converts one form of the source languast
into another form of the target language.

Q2  Enlist the two com is their
e monly used translators in operating system. What IS

Ans. : The assembler and the

: compiler are the translators i
Operating system. The assembler P & two commonly used

i 3 <embly

T
ECHNICAL meCQ»dOZmO ~ an up-thrust for knowledge
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language into equivalent machine code. The compiler converts the source program
written in high level language into the equivalent machine code.

Q.3 What is compiler ?

Ans. : The compiler is a kind of translator which converts the high level language into
the machine level language. The examples of high level languages are C, Fortran, C++,
Pascal and so on.

Q.4  What are the phases of compiler ?

Ans. : Various phases of compiler are lexical analysis, syntax analysis or parsing,
semantic analysis, intermediate code generation, code generation and code optimization.

Q.5 What are the cousins of compiler ?

Ans. : Cousins of compiler means the context in which the compiler typically operates.
Such contexts are basically the programs such as preprocessor, assemblers, loaders and
link editors.

Q.6 What is an interpreter ?

Ans. : An interpreter is a kind of translator which produces the result directly when
the source language and data is given to it as input. It does not produce the object
code rather each time the program needs execution.

Q.7 What is the advantage of front end and back end model of compiler ?
Ans. : Following are the advantages of using the front end and back end model of the
compiler -
¢ By keeping the same front end and attaching different back ends one can
produce a compiler for same source language on different machines.

® By keeping different front ends and same back end one can compile several
different languages on the same machine.
Q.8 What are machine dependant and machine independent phases ?
Ans. : The machine dependent phases are code generation and code optimization phases.
The machine independent phases are lexical analyzers, syntax analyzers, semantic

analyzers.

Q.9 What are the factors affecting number of passes in compiler ?

Ans. : Various factors affecting the number of passes in compiler are -

3. Optimization.

1. Forward reference 2. Storage limitations

Q.10 Define the term cross compiler.
Ans. : There may be a compiler which run on one machine and produces the target
code for another machine. Such a compiler is called cross compiler.

Q.11 What are the phases included in front end of a compiler ? What does the front
end produce ?
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Q13 How iler are grouped in such a way some p ases will
Ans. : The phases of noBm : hases will act as a back end of the compiler, T, s
the remaining P gram while the back end is for syne

a front end while
end is basically for
Q14 Whatis the purpose of :
Ans. : The purpose of programmin,
solve the complex problems.

EEEY Mutiple Choice Questions

Q1 What is compiler {7
~ Compiler is an editor. .
Compiler is a program that converts high level source program into the

machine code.
Compiler is a program that converts low level source program into the

analysis of the source pro

programming languages ?
g languages is to make effective use of computer

™

o]

0|

machine code.
'd Compiler is a general purpose application program.

Q.2 What are the stages of compilation process ?
‘a Requirement analysis, design, implementation, testing and maintenance.
b Documentation, coding and testing.
¢ Testing and quality assurance.
d Lexical analysis, syntax analysis, intermediate code generation, code
generation and code optimization.

Q3 The languages such as C,C++, PASCAL and FORTRAN are referred as _—

a databases
high level Programming _m:msmmmm.
_,n low level Programming _mzmnmmmm.

'd  middle Jeve] Programming languages

—_———
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Q4

Q.5

Q.6

Q.7

Q.8

Q.9

Q.10

The definition of interpreter is ‘

a general purpose application program.
b representation of the system which is implemented from the design.
¢ kind of translator that does the conversion line by line as program runs.

d a program used for editing the source code.

Following languages are translated using the interpreters

la] C, PASCAL, FORTRAN. b LISP, SNOBOL, JAVA.

¢ Assembly language d Expert system, knowledge based system.

Translation of low level language to machine code is done by

b interpreter

d loader

a compiler

¢ assembler

Cross compiler is a compiler

a  that runs on one machine but produces object code for another machine.
v. which is written in a language that is different from the source program.
is written in the same language of source program.

generates the object code for the host machine only.

n

o

Incremental compiler is
that runs on one machine but produces object code for another machine.
b which is written in a language that is different from the source program.

‘¢ is written in the same language of source program.

'd that allows a modified portion of the program to be recompiled.

An ideal compiler is

‘a that takes less time for compilation
..,v, which converts the high level source program to machine level language.
........ which produces the object code which is smaller in size and execute faster.

n_ All of the above.
Interpreter is preferred than compiler because
‘a it takes less time to execute.

\.c. it is helpful in initial phases of program development process.
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ces.
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gram thatieeess =

interpreter is a PO i
Qi1 An evel language into a machine level language by Eo&_a:m

a converts the high 1
~ the object code.
b produces the results directly when the source language and data is giyey ,,
pr
input. : .
automates the translation of assembly language into machine language.

m places the source program in the memory and prepares for execution,

Compiler is preferred than interpreter because (

ol

Q.12
a it takes less time to execute.

b it is helpful in initial phases of program development process.
w debugging is faster and easier.

d it requires less number of resources.

Q.13 Compiler is preferred than interpreter because -

‘a converts the high level language into a machine level language by producing
the object code.

_u produces the results directly when the source language and data is given a
input.

¢ automates the translation of assembly language into machine language.

'd places the source program in the memory and prepares for execution.

Q.14 A system program that Places an executable program into the memory ready
for execution is J
2 assembler b compiler
¢ loader n— Jakes

Q.15

Which of the follow

into
the object code 7 ing system program converts the assembly language

a  Assembler ©onl
: mpiler
‘¢ Loader 7 i

d' Linker
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Q.16 Syntax directed translation engines m_d.

a loaders b operating system

¢ compilers d' compiler construction tools

Q.17 Storage mapping is done by

b linker

a loader

c compiler d operating system

Q.18 The front end and back end model of compiler is beneficial because

it takes less time to execute the source code.

a
‘b same program can be compiled on different machines

n

it takes less space for execution.

o

programs written in different languages can be compiled by the same
compiler.

Q.19 The external references are resolved by -

b link editors

d assemblers

a loader

¢ compilers

Q.20 Compilers are generally written by -
a computer users. b professional programmers

¢ database administrators d project managers

Answer Keys for Multiple Choice Questions

g

Q.11

Q.1 b Q.6 c

_o.n d Q.7 a Q.12 a Q17| <
Q.3 b Q.8 d Q.13 a Q18 b, d
w Q4 c Q.9 d=FQisi- c 1019} b
| Q.5 b Q10 bc Q15 a Q.20 b

QaQ
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Compiler Design
ical Analyzer
E The Role of the Lex GTU : Winter-15, 19,

mpiler. The lexic

20, May-12, Summer-19, Markg 7

al analyzer reads the inpy
cter at a time and generates n.rm sequence of
hesive unit such as identifier, keywordg
arser to determine the syntax of the source
cal analyzer in the process of compilatiop,

. f co
. ¢ is the first phase ©
Lexical analy?® Gn.mrﬂosm n:mam

left
source program from a single logical co

tokens. Each token is
rators and punctuation marks. Then the %
= okens. The role of lexi

program can use these t
is as shown below -
Demands | Syntax tree Restof | Target
—
Input Lexical tokens parser |———" compiler | code ~
7 analyzer i
i Returns
tokens

Fig. 2.1.1 Role of lexical analyzer
recognize the tokens it is also

scans the source program to
cal, analyzer also performs

lexical analyzer y
i o . ken identification lexi

called as scanner. Apart from to
following functions.

Functions of lexical analyzer
1. It produces stream of tokens.

2. It eliminates blank and comments.
3. It generates symbol table which stores the informatio

encountered in the input.

4. It keeps track of line numbers.
5. It reports the error encountered while generating the tokens.

The lexical analyzer works in two phases. In first phase it performs scan and in the
second phase it does lexical analysis; means it generates the series of tokens.

n about identifiers, constants

EEER Tokens, Patterns, Lexemes
Let us learn some terminologies, which are frequently used when we talk about the

activity of lexical analysis.

Tokens : It describes the class or category of input string. For example, identifiers,
keywords, constants are called tokens.

Patterns : Set of rules that describe the token.

Lexemes : Sequence of characters in the source program that are matched with the
pattern of the token. For example, int, i, num, ans, choice.

TECHNICAL PUBLICA JOZme - an up-thrust for knowledge
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Let us take one example of i
o P Programming statement to clearly understand these

if (a<b)
I.Q,m LR ,\mh, \Hz.A:. \v\.\ /)" are all lexemes. And “if” is a keyword, “(* is
opening parenthesis, “a” is identifier, “<” is an operator and so on. \
Now to define the identifier pattern could be -
1. Identifier is a collection of letters,

2. Identifier is a collection of al i i ginnin
phanumeric characters and ifier’ inni
character should be necessarily a letter. i ;
eﬁ.ﬁ: we S.mi. to compile a given source program, we submit this program to
compiler. >. compiler scans the source program and produces sequence of tokens
therefore lexical analysis is also called as scanner. For example

E Generate appropriate tokens for given piece of source code.
int MAX (int a, int b)
{
if (a>b)
retum a;
else
return b;

}

Solution :

—

. Lexeme Token
int keyword

MAX identifier

“ ( operator

j int keyword
! a identifier

P operator
int keyword
identifier
operator
operator
keyword

R o~~~ o
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can be mmbo_.om. These stream of tokeps E_:x

m& lexemes that make up g,
ng token and pattery,

token - Refer section 2. 1.1

Lexeme, ‘nﬁo—ﬂ R—m

Compiler Design 2-5 Lexical Analysis
ixd - operator
E identifier
— - e+ e - g
operator
Patterns
1) Identifier

i) Identifier is a collection of letters.
ii) Identifier is a collection of alphanumeric chracters.
iii) The first character of identifier must be a letter.
2)  Operator
i) Operator can be arithmetic, logical, relational operators.
ii) The parenthesis are considered as operators.
iii) Comma is treated as separation operator.
iv) Assignment is denoted by operator.
3) Keyword
i) Keyword are special words to which some meaning is associated with.
ii) int, void are keywords for denoting data types.

Review Questions

1. How do the parser and scanner communicate ? Explain with the block diagram
communication between them. GTU : May-12, Marks 4

2. Define lexemes, patterns and tokens

GTU : Summer-19, Winter-19, 20, Marks 3

EXA specification of Tokens

GTU :

Nov.-11, May-12, Winter-13, 19, Summer-16, Marks 7

To specify tokens regular expressions are used. When a pattern is matched by some
regular expression then token can be recognized. Let us understand the fundamental
concepts of language.

EXXN strings and Language

String is a collection of finite number of alphabets or letters. The strings are
synonymously called as words.

e The length of a string is denoted by | S |.
e The empty string can be denoted by e.
e The empty set of strings is denoted by ®.

TECHNICAL PUBLICA 102m0 - an up-thrust for knowledge
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’ 1 S.
sed in string
ing terms aif commonty * e =TT o L'is a set of strings except ¢.
Follow1r R Meaning
™ femn © emoving zero o more tal symbals EZXE]Y Regular Set
A string owﬁzn..m qu:m Hindustan the prefix could be 'Hindy', The finite set which denotes a regular language and the set which can be described

prefix of SEERE For example, fo . zero or more leading symbols, by regular expression is called regular set.
ained by removinB = cuffix could be ‘stan’

. tring obt .o Hindustan ol 7
- guffix of string Wow mxmmBE@ for string Hin v i For example : A set of identifier is a regular set because it can be represented using
, ing prefix and suffix of a given ] fon!
Sy 1led subs k .
Substring mﬂﬂm.ﬁﬁm&.i&. can be a substring EEXA Regular Expressions
Lo oving zero or more not necessarily ) . ) ; . .
! Any string formed g_mm“.n alled sequence of string. For Regular expressions are mathematical symbolisms which describe the set of strings of
Sequence of string the contiguous mnﬁc%m sequence of string. specific language. It provides convenient and useful notation for representing tokens.

g SRR Here are some rules that describe definition of the regular expressions over the input set
denoted by ¥.

g Operations on Language 1. eis a regular expression that denotes the set containing empty string.
of strings. There are varigy

2. If R1 and R2 are regular expressions then R = Rl + R2 (same can also be

e language is a collection
represented as R = R1|R2 ) is also regular expression which represents union

we have seen that th
>mmo:m which can be performed on the language.

Oﬁmﬂm ; Ini‘«l.ils«l:t!){..s.{.tt\.;\!1\)(38:3.9653;.‘335.:.:.::.f... ovmﬁﬂﬁ.os.
T Description 3. If R1 and R2 are regular expressions then R = R1.R2 is also a regular expression
Hos P gu P P
Operatio : e sy 4 which represents concatenation operation.
: i 5 : trings in 12}.
i Union of two languages ~ LlUl2 = {set of strings in L1 and string 4. If R1 is a regular expression then R = R1* is also a regular expression which
L1 and L2. e L St e represents kleen closure. |
Concatenation of two L112 = {set of strings 8 L linliowed by set of strings A language denoted by regular expressions is said to be a regular set or a regular |
languages L1 and 12. i ke % language. Let us see some examples of regular expressions.
f L. i : .
Kleen closure o i u_cM. E Write a Regular Expression (R.E.) for a language containing the strings of
L* denotes zero or more concatenations of L. L e |
Positive closure of L. Lo Q_._ Solution: RE. =(0+1) (0+1) m
=
I denotes oné or more concatenations of L. o E Write a regular expression for a language containing strings which end with

2 . “abb” over 3, = {a, b).
For example, Let L be the set of alphabets such as L= {A, B, C ...Z, a, b, c...z} and D

be the set of digits such as D = { 0, 1, 2...9} then by performing various operations as Solution: RE. = (atb)*abb
discussed above new languages can be generated as follows -
* LU Dis a set of letters and digits.

Bl Write a regular expression for a recognizing identifier.

* LD s a set of strings consisting of letters followed by digits. Solution : For denoting identifier we will consider a set of letters and digits because

o' IXis alget of strings having length of 5 each identifier is a combination of letters or letter and digits but having first character as
letter always. Hence R.E. can be denoted as,

* L*is a set of strings having all the strings including e.

®
- - t fi /!
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0039.3586: e
E Jetter cmzmﬁ&%c -
“ (A, B Z, & b,.-2) and digit

the regular €
he null strng

ion has to buil

= (0,1, )
ression (r.e) for the language accepting
r exp

QQN% M - %&\.
t for the language

5
g
-

!

IPXY Desigh
ons of a’s except t

combinati
Solution : The regular express
L = fa aa aad ol

that there is N0

null string. So we can write,

This set indicates
+

R = a

The + is called positive closure:

E Design regular expressiort

any number of a's and b's.
Solution : The RE. will be

RE. = (a+b)

for the language containing all the strings wit),

._,rmmm:ongw.méwm- R
L = f a aa, ab, b, ba, bab, abab, ...any combination of a and b}

The (a + E. means any combination of a and b even a null string.

EQ&?& a regular expression for the language containing all strings
having any number of a’s and b’s except the null string.

Solution : RE. = (a + b)* . | A
This regular expression will give the set of strings of any combination of a's and bs
except a null string.

o EREA Write a regular expression for a recognizing identifier.

Construct the R.E. for the language accepting all the strings which are ending with 00 over
the set ¥ = {0, 1).
Solution : The RE. has to be formed in which at the end there should be 00. That
means

RE.

RE.

(Any combination of 0's and 1’s) 00
(0+1)" 00

Thus the valid strings are 100, 0100, 1000... we have all strings ending with 00.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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E Write R.E. for the language accepting the strings which are starting with 1
and ending with 0, over the set 3, = (0,1).

Solution : The first symbol in R.E. should be 1 and the last symbol should be 0.
So, RE. = 100+1)°0

Note that the condition is strictly followed by keeping starting and ending symbols
correctly. In between them there can be any combination of 0 and 1 including null
string.

IR XX Write a regular expression to denote the language L over 3", where
¥ = {a,b,d in which every string will be such that any number of a's followed by any

number of b's followed by any number of c's.

Solution : Any number of a's means a”. Similarly any number of b's and any number of

c's means b” and c". So the regular expressionis=a b’ c'.

P R ERLY Write R.E. to denote a language L over 3", where ¥ = {a, b} such that the
3™ character from right end of the string is always a.

Solution :

| any number of a either a or b either a or b
| a'sand b's

u_d N_..Q 15t

R.E.

Am+cv.mﬁm+v:m+vv.

Thus the valid strings are babb, baaa or abb, baba or aaab and so on.

S EWRREY Construct R.E. for the language which consists of exactly two b's over the
set £ = {a, b}.

Solution : There should be exactly two b's.

WE,Q number of m.m” b any number of a's

Hence RES=8a

any number of a's b

*

ba'b a”

iy . . . . v .
a indicates either the string contains any number of a's or a null string. Thus we can

derive any string having exactly two b's and any number of a's.

S LR RYY Write a regular definition for the language of all strings of 0's and 1's with
GTU : Nov.-11, Marks 4

an even number of 0s and odd number of 1's.
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sion for even number of 0's is (00)*. The regyla, Xpreg \
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Solution : The regular mxvnmm_.
for odd number of 1's is 1(11)*

gular expression that contains even number of 0 and odd number of is,
The regular €x

1(11)* + (00)* : ; .
A IWRE) Find the regular expression corresponding to given statement, Stbsey
e £.4.

of

Exampl
{1y
The language .
. The language of all strings co ] -
M The ?M@a of all strings containing atmost one pair of consecutive 1's.

4. The language of all strings that do not end with 01.

of all strings containing at least one 0 and at least one 1.
ntaining 0's and 1's both are even.

Solution: 1. RE. =(0+1)*
2. RE = (00 + 11)*
8P RE.=08110%
4. RE. =1+ 0* + (10)*
ZUEERL) Write down the regular expression for the binary strings with even length

[ GTU : Winter-13, Marks 3|

Solution : (aa+ab+ba+bb)*

S LR XA Write a regular definition for :

1. The language of all strings that do not end with 01.

2. All strings of digit that contain no leading 0's. GTU : Winter-19, Marks 3

Solution : (1) re. = (0+1)*(00+11 +10)
(2) re. = ([1-9] [0-9])"

Review Question

1. What is regular expression, 8tve all the algebraic properties of regular expression

GTU : Summer-16, Marks 7 W
(2.3 | Recognition of Tokens

For a Programming language th, : e
age there are ns i fier,
keywords, constants ang on 8 various types of tokens such as identifier

erators and so on. The token i air
token type and token value, N 18 usually represented by a p

it )v.zse..lio?s..rl.,{,..a'.lr!?{e?&...z.:?tg

Fig. 2.3.1 Token representation
TECHNICAL vcmto».:ozwe
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Lexical Analysis

The token type tells us the category of token and token value gives us the
information regarding token. The token value is also called token attribute. During
lexical analysis process the symbol table is maintained. The token value can be a pointer
to symbol table in case of identifier and constants. The lexical analyzer reads the input
program and generates a symbol table for tokens.

For example :

We will consider some encoding of tokens as follows.

Token Code Value
if 1 =
else 2 -
while 3 -
for 4 -
identifier 5 Ptr to symbol
table
constant 6 Ptr to symbol
table
< 7 1
<= 2 2
> 7 3
>= 7 4
= 7 5
( 8 1
) 8 2
+ 9 1
= 9 2
= 10 =

Consider, a program code as

if(a<10)
i=i+2;
else
i=i-2;

TECHNICAL bcmto\deZm@ - an up-thrust for knowledge
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rate following token str

(5, ’ AL

| analyzer will gene

Jexica
e (6,105), (82)

1, 81), (6100, 7
(5,107), 9.2, (6110)

R R

107

i s e o

: 2
s £ WE Lt i A A
b iyl Ay :

110 comstant 2

. - -
the input string and recognizes "1 e
L vmsno&bm code 1 indicates keyword “if” and
hence 1 is at the beginning of token stream. Next is a pair (8,1) where 8 indicates
ce 1is

i is ‘(*. Then we scan the input ‘a’ it

i 1 indicates opening parenthesis (" .
wwanmﬂzuom&mma:mwmﬂmagmﬂmmn and m%munrmm the symbol table to check whether the same entry
Mmmnmamgw If not it inserts the information about this identifier in symbol table and

returns 100. If the same identifier or variable is already present in qud.co_ table Em.s
lexical analyzer does not insert it into the table instead it returns the location where it is

In above example, 5 B
and returns token type as 1 since in given

present.

X3 Input Buffering

GTU : Nov.-11, May-12, Winter-13, 14, 16, 18, 19, 20, Summer-14, 18, Marks 7

The lexical analyzer scans the input string from left to right one character at a time. It
uses two pointers begin_ptr (bp) and forward_ptr (fp) to keep track of the portion of .Em
input scanned. Initially both the pointers point to the first character of the input string

as shown below -
bp

G —=

Fig. 2.4.1 Initial configuration

TECHNICAL htmt0>.:02m@ = an up-thrust for knowledge
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The forward_ptr moves ahead to search for end of lexeme. As soon as the blank
space is encountered, it indicates end of lexeme. In above example as soon as
forward_ptr (fp) encounters a blank space the lexeme “int” is identified.

bp bp

ppnft) fifefifelif=lif+1f:il=lil+1]; e fife g afi)= i+ g fil=1 0]+ 1

fp fp
Fig. 2.4.2 Input buffering

The fp will be moved ahead at white

token bp
space. When fp encounters white space, « |
it ignore and moves ahead. Then both Aaﬂ i il TGRRELRG R
the begin_ptr (bp) and forward_ptr (fp) -
are set at next token i. %

The input character is thus read
from secondary storage. But reading in
this way from secondary storage is costly. Hence buffering technique is used. A block of
data is first read into a buffer, and then scanned by lexical analyzer. There are two
methods used in this context : one buffer scheme and two buffer scheme.

Fig. 2.4.3 Input buffering

1. One buffer scheme

bp
In this one buffer scheme, only one buffer is
used to store the input string. But the problem with ilnlt] lil=]il+l4
this scheme is that if lexeme is very long then it
crosses the buffer boundary, to scan rest of the %
lexeme the buffer has to be refilled, that makes Fig. 24.4 One. bulffar achkema atedig
overwriting the first part of lexeme. == input string
2, Two buffer scheme
To overcome the problem of one buffer scheme, bp
in this method two buffers are used to store the buffer 1§
input string. The first buffer and second buffer are ilnlt| lil=lil+l1
scanned alternately. When end of current buffer is
reached the other buffer is filled. The only problem .
with this method is that if length of the lexeme is ) e W
longer than length of the buffer then scanning input ! buffer2
cannot be scanned completely. fo
Fig. 2.4.5 Two buffer scheme storing
input string
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the first character of first buffer, Then

Jexeme. As soon as blank  chary,

s esponding toke
i meam—w& as Ccorr n. T
i, Mu c_mma character should be placed at th, tng
¢ buffer end ocm r is also recognized by the end of buffy,
e encounters first eof, then op, can
econd buffer is started. In the Samg
¢ buffer and hen

: d buffer. Alternay
recogaize end . ¢ is obtained then it indicates end gissccon FMMatiyy),
eof 15

’ ogram and stream of token ;

when second . til end of the input P : e 4
”H% the butfers can be EMH %qw.umcn& at the end is called sentinel which is useq
. .m%mﬁn
Em:cm&.,_.rsoo

identify the end of buffer.

the

_._m

Code for input buffering

Review Questions

1. Write the two methods used in lexical analyzer for buffering the input. Which technique is
used for speeding up the lexical analyzer. GTU : Nov.-11, Marks 7
2. Explain : What is input buffering ? ‘ B GTU : May-12, Marks 3
3. Write a brief note on input buffering techniques to lexical analyzer.
Nty by ﬁuﬂc : Ew:_nnxuw. 16, Marks 7
4. Write a brief note on input buffering techniques.
| GTU .S er-14, 18, Winter-18, 19, 20, Marks 7

5. Explain buffer pairs and sentinels, wf_.v..‘._mw.m.ﬂm B GTU : Winter-14, Marks 7

T Iy

Compiler Design

2-15 Lexical Analysis

EXA Elementary Scanner Design and its Implementation (Lex)

GTU : Winter-20, Marks 4
* For efficient design

Lex specification
of compiler, various file LEX lex.yy.c
tools have been built %, compller [Lexical analyzer
for constructing POy
lexical analyzers lex.yy.c c a.out
. . — .
bl the mﬁmnﬁ— compiier [Executable program]
purpose  notations
called regular
. g Input Stream of
expressions. =y a.out
strings tokens
* Basically LEX is a from source
unix utility which Lycabell
generates the lexical Fig. 2.5.1 Generation of lexical analyzer using LEX
analyzer.

* A LEX lexer is very much faster in finding the tokens as compared to the
handwritten LEX program in C.

LEX scans the source program in order to get the stream of tokens and these
tokens are related together so that various programming constructs such as
expressions, block statements, procedures, control structures can be realised.

The LEX specification file can be created using the extension .(often pronounced
as dot L). For example, the specification file can be x.1 .

* This xI file is then given to LEX compiler to produce lex.yy.c.

¢ This lex.yy.c. is a C program which is actually a lexical analyzer program. The
LEX specification file stores the regular expressions for the tokens and the lex.yy.c.
file consists of the tabular representation of the transition diagrams constructed

for the regular expression. The lexemes can be recognized with the help of this
tabular representation of transition diagram.

Finally the compiler compiles this generated lex.yy.c and produces an object
program a.out. When some input stream is given to a.out then sequence of tokens
get generated. The above described scenario can be modelled below.

EXXN structure of LEX

Now the question arises how do we write the specification file? Well, the LEX

program consists of three parts -

1. Declaration section 2. Rule section and 3. Procedure section.
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wwo,a&bn pocticd
%}
%%
wﬁm@ mwag e 35 oz
*st* liary procedure SIS A.,,,‘,,\.,mn.ﬁcm constants can be done, Sorg
) . jon declaration : ; ar definiti
. In the declaration mmncu“— pe written it this section. ,EMM HMMH mmnmoM:aoa arg
initi S ; ing in the :
regular g nmwm regular expressions %ﬁmmﬁbm. ciated actio
basically components ots of regular expressions with asso NS. Theg,
jon consis
The rule section € fan o2 fmas-
g E {actions}
R, {actionz}
B
s\Wn],%&..ii.‘.iiz..:iéznomamn expression and each action; 1s a program fragmen
s a y : b
Where each R; 15 taken for corresponding regular expression. These action

describing what action is to be

po iece of C code. S ; ¥
can be %MQMM.QQ_Umewob « a awiliary procedure section in Sr.._nr all the require
; >“._R&Emm are defined. Sometimes these procedures are QR Y the actions i

Y

the rule section. , 4
+ works in co-ordination with parser. When activatet

o The lexical analyzer or scanne PRI 4
i ing i t, character by

lexical analyzer begins reading its remaining input, .

oonime .- g o tched with one of the regulx

character at a time. When the string is ma i : .
expressions R; then corresponding action; will get executed and this action; refur
the control to the parser.

o The repeated search for the lexeme can be made in order to return all the tokens
in the source string. The lexical analyzer ignores white spaces and comments
this process. Let us learn some LEX programming with the help of some examples-

TECHNICAL vcm:o\»:ozwe - an up-thrust for knowledge
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%{
%}
%%
"Rama" _
__mgg: _
"Geeta" |
"Neeta" | printf("\n Noun");
:m»ﬁnm._ _
"dances" |
"eats” printf ("\n Verb");
%%
main ()
{
y yylex();
Ma yywrap()
return 1;

This is a simple program that recognizes noun and verb from the string clearly. There

are 3 sections in above program.

e The section starting and ending with %, { and %} respectively is a definition
section.

o The section starting with %% is called rule section. This section is closed by %%.
Within %% consists of regular expressions and actions. Rule 1 gives the definition
of noun and second rule gives the definition of verb.

e The third section consists of two functions the main function and the yywrap
function. In main function call to yylex routine is given. This function is defined
in lex.yy.c program. First we will compile our above program (x.I) using lex
compiler and then the lex compiler will generate a ready C program named
lex.yy.c. This lex.yy.c makes use of regular expression and corresponding actions
defined in x.I. Hence our above program x.l is called lex specification file.

e When we compile lex.yy.c file using command cc, here cc means compile C. We
get an output file named a.out. (This is a default output file on LINUX platform).
On execution of a.out we can give the input string.

o Following commands are used to run the lex program x.I.

$ lexx] ———— This command generates lex.yy.c
$ ce lex.yy.c
$ \a.out

This command compiles lex.yy.c (sometimes
gee can be used)

———— This command runs an executable file

—

After entering these commands a blank space for entering input gets available. There
we can give some valid input.
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Rama eats
Noun

verb

Seeta sings
Noun
verb !

Then press either control + ¢ or control + d to come out of the output.

Notations used in Regular Expressions of LEX

| Regular expression vy N e Knm&:m

R * Matches with zero or more occurrences of preceeding expression,
For example, 1* occurrence of 1 for any number of times.
Matches any single character other than new line character.

: [ 2 A character class which matches any character within the bracke
~ For example, [a-z] matches with any alphabet in lower case.
0 Group of regular expressions together put into a new regular
, ~ expression. S
- The string written in quotes matches literally. For example,
~__ "Hanumaan" matches with the string Hanumaan.
Soeie . Matches with the end of Iine as last character.

L : Matches with one or more occurrences of preceeding expression.
.. [Forexample, [0-9]+ any number but not empty string.
?  Matches zero or one occurrence of preceding regular expression.
o For example, [+]?[0-9]+ a number with unary operator.
20 Maiches e beplnnimp ata line of it character.
[*] Used as for negation. For example, [Averb] means except verb
... ... matchwithanything else. o
\ ; Used as escape metacharacter.
- For example, \n is a newline character.
o . Mprnts the # literally iy
|  To represent the or ie. another alternative.
. For example, a | b means match with either a orb.

Built-in Variables

. yyin Of the type FILE*. This point to the current file vm_bm parsed by the lexer. It is
~_ standard input file that stores input source program.

| yyout Of the type FILE*, This point to the location where the output of the lexer will be
.~ written. By default, both yyin and yyout point to standard input and output

- yytext  The text of the matched pattern is stored in this variable (char*) i.e. when lexer
matches or recognizes the token from input token the lexeme stored in null
~terminated string Q:&wﬁmxw?ﬁn:ﬂgn token is returned by this variable.
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yyleng Gives the length of the matched pattern. The value in yyleng is same as strlen()
functions.

yylineno  Provides current line number information.

yylval This is a global variable used to store the value of any token.

Built-in Functions

yylex() This is a starting point of lex from which scanning of source program starts.

yywrap() This function is called when end of file is encountered. If yywrap returns 0
the scanner countinues scanning if it returns 1 the scanner does not return
tokens.

yylesss(int n) This function can be used to push back all first n characters of the token
being read.

yymore() This function tells lexer to attach next tokens to current token.

yyerror() For displaying error messages, this function is used.

EXE] LEX Programs

LEX is a scanner program which scans the input. We can further analyse the input by
counting the number of words, number of characters and total number of lines
appearing within it. Here is a simple program using LEX which counts the total number
of words, number of lines and number of characters appearing in the given input.

LEX Program

%{
int Char_Cnt=0,Word Cnt=0,Line_Cnt=0;
*w L Anything other than space, tab or newline

word [ \t\n]+

—— s considered as word

{word} {Word_Cnt+ +;Char_Cnt+=yyleng;}
\n {Char Cnt++;Line Cnt+ +;}

. {Char Cnt++;}

%%

main()

{

yylex();

printf(*\nThe character count= %d”,Char_Cnt);
printf(*\nThe word count= %d”,Word_Cnt);
printf(“\nThe line count=%d" Line_Cnt);
%ﬁuﬁ:ﬁax

int yywrap()

{

retumn 1;

}
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LEX Program Using Command Line Argument
The command line parameters

mmand line interface is the interface which allows the user

prompt.
The co

computer by typing the commands.
In C we can pass these parameters

array.
For example :

specification file.

Solution :

LEX Program :

Lexical Analy,
J

are the parameters that are appearing on the she

to interact with the

to the main function in the form of characte

~ As there are three such wmnmhﬁﬁnm that are present at the command line interface
argc value will be 3.
Let us now discuss how to handle the command line parameters with using LEX

psis. Make use of

TECHNICAL PUBLICATIONS® -an up-thrust for knowledge
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Compiler Design : ; e .
we have used a file b.c which is oy, inpy

i the input to the program ;
¢ am we have given o T Via th,
file. While running the e vnomn_qﬁm parameter. Note that argv[0] ="./aout" anq
input file b

n we have opened the file “b.c.” in read mode by
argv[1]="b<" ‘

am
Program explanation : In above prograit,

t in the declaration section!!!)
lex() routine is invoked to call LEX. .
very simple. We have maintained one temp armay

d. For example -

(e did tha
Then the yy .
The logic of the above program is

in which the input expression is copie

temp []

Then we have maintained two counters ‘openbracket’ and 'closebracket'. As soon as
we come across the openbracket the 'openbracket’ counter will be incremented and as
soon as we come across the closing bracket, the 'closebracket' counter will b
incremented. The regular expression specifies that opening bracket should occur prior to
closing bracket. This whole logich should we work out untill we come across semicolon
If both the openbracket and closebracket counters are same then declare "well formed
input!" otherwise declare "not well formed!".

ﬁ " SHICATIONS™~ en up-thrust for inowisdge
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ool {printf("\n\t%s is a GREATER THAN
OPERATOR",yytext); }

Mg = {printf("\n\t%s is a LESS THAN EQUAL TO

: OPERATOR',yytext); }

el L {printf("\n\t%s is a GREATER THAN EQUAL
TO

OPERATOR",yytext);}
ot {printf("\n\t%s is a EQUAL TO
OPERATOR',yytext);}
=" {print{("\n\t%s is a NOT EQUAL TO
OPERATOR", yytext);}
\¥ {printf("\n\t%s is a STRING" yytext);}
%%
int main(int arge, char **argv)
{
if(arge > 1)
{
FILE *file;
file = fopen(argv(1],'r");
if(lfile)
{
printf("Could not open %s\n" argv(1]);
exit(0);
&t
2 yyin = file;
yylex();
printf("\n\n");

N ““"*’“‘ﬁ’*"“‘l“‘*"""}"”"‘"‘li'l".‘..".".t.’b’."'...ll'l

ollowing is a C program which contains fragment of code. This file is taken as an input
{ mvoco LEX program and then the output is produced
gram Name: test.c
lﬁ@i‘Qﬁ“‘**l*blﬂ*‘&)‘i'i‘#i.l‘.i"l"illl.l'i*i‘lt‘t'!i‘&"'ll.l.l‘ll..li\
iffa<2) then
printf(*The number is 2);

number is something else");

Output
host ]#lex valid_operators.1

st |#cc lex.yy.c

st |#./a.out test.c
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XA Applying Concepts of Finite Automata for Recognition of Tokens

There is a close relationship between a finite automata and the regular expression.
We can show this relation int Fig. 2.6.1.

Can be Regular Can be
converted expression M.. aried
[ Example 2.5.3 Deterministic
et s finite NFA with
automata Al
Can be Can be
converted NFA without Wzﬁ:&
£ moves

Fig. 2.6.1 Relationship between FA and regular expression

The Fig. 2.6.1 shows that it is convenient to convert the regular expression to NFA
with € moves. Le us see the theorem based on this conversion.

ZA:Nl Construction of a NFA from Regular Expression (Thompson's
Construction)

To construct NFA from regular expression r the Thompson’s construction is used. The

input string of r is parsed and following constructs are used to build an equivalent
NFA.

1. Forr =¢

Fig. 2.6.2

N.SrgnummS.Mn_&EmZm.bw

G ©

Fig. 2.6.3
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SECWARE Construct NFA equivalent to r = g* b.

Solution : We will parse the regular expression r and construct NFA.

Letr = I, 1, = a* b. We can say Iy =a*and r, = b. Let us draw NFA for r; =a* as-

Fig. 2.6.7
Fig. 2.6.4 g ()

sion r, and N(r,) represents NFA {, The r = a* b can be drawn as :
ts NFA for regular expres 1
Here N(r;) represen

expression I,
—,mm&&» %Mﬂ_nn:.an then NFA can be drawn as -

Fig. 2.6.7 (b)
Fig. 2.6.5

Sblnday Build NFA for the regular expression r = (a + b)* ab.
be as drawn below -
5. When r = (ry)* then the NFA can

Solution : As r = (a + b)* ab, we will build NFA for (a + b)*.

€

e ; e 9 m e

e Fig. 2.6.8 (a)

Thus these constructs are useful for creating NFA equivalent to regular expres
®
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Compiler Design

io. 2.6.8 (b))
*ab. (Refer Fig: 2
i ild r JiA
en we EE GE

—(a+b XA Design of Lexical Analyzer Generator

GTU : Summer-16, 18, 19, Marks 7

* To design lexical analyzer generator, the pattern of regular expressions are
designed first.

o These patterns are for recognizing various tokens form input string.

* From these patterns it is easy to design a Non-deterministic Finite Automata
(NFA).

e But the simulation of DFA is easier by program. Hence we convert the NFA
drawn from these patterns to DFA.

e mﬂﬂﬁw_msﬂ mQ—m_U_ﬂWP_Oq:

Fig. 2.7.1 Building of lexical analyzer generator

Regular wmw__mw_m_.
xpression
by generator

Let us understand the process of pattern matching with the help of some suitable
example.

CEEITREED A LEX program is given below -
Auxiliary Definitions

(none)
Translation rules

a
abb
a*b*
Implement the LEX Program as DFA.
Solution : We will implement the given LEX program as DFA in following steps -

Step 1: For each regular expression first we will build the Finite Automata (FA).

Pattern 1 :

=00

Pattern 2 :

Qm:\ujm @c

Fig. 2.6.8 (b)
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Pattern 3 :
ioning NFA with € .
Step 2: Now we will combine all these patterns by designing

Fig. 2.7.2 Combined NFA
Step 3: The above drawn combined NFA can recognize the pattern in the given LE)

Program.

For instance
String a matches with pattern 1 .

=
a
u
.m P H

Possible
next

tes
e states

String abb matches with pattern 2 .

0]

m abb |6
u input n
H Possible

next
Sifios states

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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String aab matches with pattern 3 .

abb
input H
Possible

next
states

States

Step 4 : Now we will convert the combined NFA to DFA.

First of all we will obtain
e-closure {0} = {0,1,3,7} = [0137] new state.
8([0137], a) = (8(0,a)u 8(1,a)u 8(3a)us(7,a))
=0V 2uU4n
=(24,7)
= (2,4,7) - new state.

8([0137], b) = (3 (0.b)u & (1,b)u & (3,b)Us (7.0))

=(0U 66U ¢ uU 8)

= i8]

The pattern announced for [ 0137 ] will be none because 0, 1, 3 or 7 all these states
are non-final states.

As in above computation two new states ie[ 2, 4 ,
find input transitions for these states.

8([247], a) = (5(2.a)u 8(4,a)ud(7,a))
=0 v ¢6u 7
= [7]
8([247]. b) = (3 (2b)u 8(4b)usd(7,b))
(06 U5 U 8

[58] — new state.

—> new state

7 ] and [ 8 ] are formed, we will

— new state

Thus we will obtain the input transitions for the new states that are getting

generated. Finally the transition table can be -
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G Pattern
FT T Input e
State ; 2
| (0137) , [247] G ~ Norne
247) ) 58] :
| {8l . (8] '
7 m o N
. gy ﬁ&“ - \. s e e v.l}. PIPRRGEIRE- e Hmu ”ww \\\\\ ‘

EE] Transition Diagrams for Programming Constructs

% Write a regular expression for identifier and keyword and design a transition
diagram for it.

Solution : r.e = letter (letter + digit)*

() Letter,

digit
e Letter Q

Design the transition graphs for them.
Solution : The constant can be defined by three different ways -
i) re= &m:w

ii) re = (digit)" o (digit)"

digit

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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iii) r.e = digit* (edigit* )2(E(+ | -)2digit*

D

diagram for them.

Solution : re = (< | > |< =[> =|=| !=)

}

During lexical analysis, the LEX program uses the regular expression and the
generated lexical analyser writes the procedure or a separate function for each state of
DFA. The symbols along the edges represent the input parameters for these functions.
At the final state of corresponding DFA the corresponding token can be identified.

SEVWR AR  Linsigned numbers are strings such as 5280, 39.37, 6.336E4 or 1.894E-4,

give the regular definitions for the above mentioned strings.

GTU : Summer-16, Marks 7
Solution : Refer example 2.7.3.

PR RAR Draw the state transition diagram for the unsigned numbers
GTU : Summer-16, Marks 7

Solution : Refer example 2.7.3.
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% Give regular definition for sign

Solution :

ed and unsigned numbers.
GTU : Summer-19, Mark 3

digit —0[1[2/3] 4/5/6|7| 8|9
m—mﬂ |.v_”+_lu_
num — (sign) ? (digit) "

timization of DFA
i Mﬂ May-12, Winter-13, 15, 16, 18, 19, 20, Summer-15. 16, 17. 18, 19, 20, Marks 7

PXXl Deterministic Finite Automata (DFA)

The finite automata is called deterministic finite ,=
automata if there is only one path for a specific input
from current state to next state. For example, the DFA

can be shown as below.
From state S, for input 'a' there is only one path, b
going to S,. Similarly from S there is only one path for

input b going to Sj. e
The DFA can be represented by the same 5-tuples

described in the definition of FSM. Fig. 2.8.1 W%u%:ﬂuﬁ_uzn finite

Definition of DFA :
A deterministic finite automation is a collection of mo,zoiﬁm things -
1) The finite set of states which can be denoted by Q. :
2) The finite set of input symbols X . . .
3) The start state q, such that gy € Q. :
4) A set of final states F such that F Glor

5) The mapping function or transition function denoted by 8. Two parameters &w
passed to this transition function : One is current state and other is input symb-
The transition function returns a state which can be called as next state.

For example, q; = § (qe @) means from current state qp with input a the next statt
transition is 9y
In short, the DFA is a five tuple notation denoted as :

. The name . i _
~.the name of DFA >€gﬁmoo=mnﬁoﬂ of above described five elements.

TECHNICAL E.EEO).:OZWO - an up-thrust for knowledge
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Draw deterministic finite automata for the binary strings endings with 10.
GTU : Winter-13, Marks 4

Solution : r.e. for the strings ending with 10.

re. = (0+1)*10.

0 1
_&-6-0
‘
Fig. 2.8.2

SECR X WY What are regular expressions. Find the regular expression described by DFA
= {{A, B}, {0, 1}, §, A, {B}}, where & is detailed in following table

| GTU : Summer-15, Marks 7

DFA will be

0 1
Al A: B
B ¢ A

Please note B is accepting state. Describe the language defined by regular expression.

Solution : Regular expression : Refer section 2.2.2.

The transition graph for DFA is -

Fig. 2.8.3

I.e.

[0*11n* I*

e
Il

{The words that contain any number of zero's but always
end with odd number of one's}

g NFA to DFA Conversion

There are three methods to convert NFA to DFA.
1. Using subset construction method
2. Direct method
3. Using DFA tree method

Let us understand how to Convert NFA to DFA using subset construction method.
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FA with ¢ to DF
1. Method for converting N ] E Convert the given NFA into its equivalent DFA -
F) is NFA with e. We have to convert this Ny,
step 1 : Consider M = AO\M&LN\ 0 1 2
with € to equivalent DFA denoted by
My = (Qp+E80: o’ o) 4 e ) ©
Then obtain, } then [p1, P2/ P3/++ P ] becomes a start state of Fig. 2.8.5
¢ - closure(qo) = {p1,p2/P3s Pn Solution : Let us obtain € - closure of each state.
DFA.
JeQ e - closure (q9) = {q0.91.92}
P2,P3se P D
ZOSH—Um ﬁN ~Ow n “—H 95@5& mlnmowEmAﬁmuv = AQH\QNW
. e e or ea 5
Step 2 : We will obtain 3 transitions on[p1,P2/P3/ Pn . e - closure (q2) = {q2}
8p ([P1/ P2/ P Ja) = €- n_OmEmAmCuvaC mA@N\mvC.: Cu:\wvv
PRUTL g Now we will obtain 8’ transition. Let € - closure (qg) = {q¢,q1,q2} call it as state A.
n
= Cm = n—OmENMA@m\NV 8’(A,0) = € - closure AMQDO\QT@.NV\QV

€ - closure {3(q0,0) U 8(q1,0) U 8(q2,0}

i=1

e - closure {q¢}
Aao\ﬁ:\mmw i.e. state A

where a is input € Z.

Step 3: The states obtained [p1, P2, P3/--- pn] € Qp- The states containing final state

in p; is a final state in DFA. 8(A,1) = ¢ - closure {8((q0,91,92), 1}
Definition of ¢ closure = & - closure {8(qq,1) U 8(qq,1) U 8(q2,1)}
The € - closure (p) is a set of all states which are reachable from state p on = ¢ - closure {q;}
¢ -transitions such that : = {q1.92} Call it as state B.
i) &- closure (p) = p where p € Q. 8(A,2) = € -closure {8((q9.91,92).2}
ii) If there exists € - closure (p) = {q} and 8(q,€) = r then & - closure (p) = {q, 1} = ¢ - closure {8(qq,2) U 8(q1,2) U 8(q2,2)}
SV XER Find ¢ - closure for the following NFA with € . = € - closure {q,}
| .a .u . .o = {q2} Call it as state C.
e e e Thus we have obtained -
Fig. 2.84 fg = A e
Solution : fed .= B @
86A2 = C 2

€ - closure (q)
€ - closure Afv

{90,491, 9 2} means self state + ¢ - reachable states.
?T@Nv means q is a self state and q, is a state
obtained from q; with ¢ input.

Now we will find transitions on states B and C for
each input.

Hence &'(B,0)

€ - closure {8(q1,q,),0} Fig. 2.8.6
€ - closure {8(q,,0) U 8(q2,0) }

€ - closure (q,) = {a,}

®
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- ¢-closure {0}
€ - closure(q2) = {92,93,95.96- 97)
e e - closure (q3) = {q3}
; 3) =
§'(B,1) = € - closure {8(q1,92)/1} . g _
i € - closure(q4) = 194,93,9596,96,97
_ ¢ - closure {8(q1, )V 8@z}
€ - closure(q5) = {95, q¢, 97}
= ¢ - closure {q1}
te B itself € - closure (qg) = {qg)
i.e. state B 1tsell.
= T:\n_ww A8 S o € - closure(q7) = {q7)
mAm~Nv = m-&OmﬁHmﬁmA@T&N \m Nvu. € - O—Omv:‘mAQWV = _@m‘n:o\ﬂ:\ﬁuw_
= ¢ - closure {8(q1,2) ¥ @2/ € - closure(qg) = {q9,910,-911-913)
= ¢ - closure {q>} € - closure(qg) = (910,911,913}
= T_Nw ie. state C. ’o ’A € - closure (q11) = {qn}
Hence o(B,0) = ¢ ° 1 ° € - closure(q12) = (911,912,913}
8'(B,1) = B € -closure (q13) = {q3)
58,2 = C ; ¢ -closure (q14) = Iq14)
The partial transition diagram will be in Fig. 2.9.7. ° € -closure (q15) = {q15)
Now we will obtain transitions for C: Fig. 287 Let, e-closure(qyg) =1{qq0, q;} be state A
8(C,0) = & - closure Amaw\ovv 8’(A,a) = e-closure {8(qp,q1),a} = e-closure {8 (qq,a)w 8(qq,a)}
= ¢-closure {0} =0 = e-closure {q5}
8(C,1) = ¢ - closure ﬁmﬁm\i = {q2,93,95.96,97) call it as B
= ¢-closure {0} =0 8’(A,b) = e-closure {8 ((q9,q1)b)}
§(C,2) = ¢ - closure {8(q2,2} = q> 8 S closneaifia oxblad S(az.b))
= g-closure {¢
Hence the DFA is as shown in Fig. 2.9.8. ,
As A = {qq,q1,9,} in which final state g, lies b
hence A is final state in B = A@wav the state q, 3(Ac) = ¢
lies hence B is also final state in C = {q,}, the state Fig. 2.8.8 3(A,d) = ¢
q, lies hence C is also a final state. 50 = o
E Construct the NFA using thompson's notation for the following regul SRRV . closura(31( V
expression and then convert it to DFA a* (c|d)b* f# il ure(0(d2,93.95.96.97)2)
. \ % = g-closure(8(q;,a)ud(q3,a)ud(qs,a) Ud(qe,a), Uqy,a))
ek = g-closure(¢uU q4 U OU 00)
€ - closure (q9) = {qq, q} = g-closure(qy) = (93 94 95,96, q7) Call as state C
| € - closure (q;) = {q} ~
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8(B,a = C
8(B, b) = e-closure(8((92,93,95,96,97),b))
= €-closure(8(q;,b)ud(q3,b)ud(qs,b)udqe,b)ud(qy,b))
= g-closure(¢u ¢U oL dU ¢)
5(B,b) = ¢
8(B, ¢) = e-closure(qg)
= {q8,910,911,913) Call it as state D
8 (B, =D
8(B, d) = e-closure(qg)
= {q9,910,911,-913} Call it as state E
3(B,d) = E
3(B,f) = ¢
8(C,a) = e-closure(8(q3,94 95,96,97) )
= e-closure(8(q3,a)ud(qy,a)Ud(qs,a)udqe,a)ud(qy,a))
= g-closure(qy) = C
3(C,b) = e-closure(8((q3,94 95.96.97)b))
= e-closure(8(q3,b)Ud(qs,b)Ud(qs,b)udlgs,b)ud(qs,b))
= ¢g-closure (¢)
3(C,b) = ¢
3(C,c) = e-closure(8(q3,94 95 96 97)¢)
= ¢-closure{ qg}
3(C,0) = D
3(B,f) = ¢
8(C,d) = e-closure(8((93,94 95 96 97)d)
= ¢&-closure{ qg}
o(C,d) = E
8(C,f) = e-closure(3((q93,94,95,96,97)5)
3(C, ) = ¢
d(D,a) = e-closure(d(qs,q10,911,913) )
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§(D,a) = ¢ v
= 3((q12
a(D,b) = €- - closure(
State F

8(D,b) = (q1,912-913) Call it as

S(D,b) = F
8,0 = 8D, d) = e
3D, = ¢ - closure((q14) = 914 1€
Mesa =G vﬁvv
5(E,a) = ¢ - closure (8((q9- 910,911, 913
§(EDb) = F
ma‘ﬂv = 8(E, n-vﬂe
S5EDH =G

5(F,a) = ¢ - closure(8((11, 912,913+ )

§(F, a) = e-closure() =0
8 b) = e-closure((qi2)=F

LR CEBEIREX) Construct the NEA for following Regular Espression using Thompson's
g G §a§§ Apply subset construction method to convert into DFA. (a + b)*abb#
i | ¢ “UAQ\QV ; QAQ-OH 9 GTU : Winter-15, 18, 19, 20, Marks 7
mAnsﬂv = MAO~WV QAO~GV
5(G,#) = e-closure (q15) ie. State H )
5(G,#) = H

€ - closure (q)

{90, 91,92, 94,97}

€ - closure (q;) = {q;,q2}
€-closure(qy) = {q,}

€-closure (93) = {91,92,93,94, q¢)
€-closure (q4) = {q4)
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¢ -closure (q5) = {91, 92 q4,95/96)

¢ -closure (q¢) = {q1.92,96497!

¢-closure (q7) = {q7}
{qs 99!

¢ - closure (qg)

¢-closure (q9) = {99}

¢-closure(q1o) = {q10- 911}
¢-closure (q11) = {qu!
¢-closure (q12) = a1}

A
Let, &-closure(qo) = {d1/ f\an\fbl Call it

¢ - closure (8(qo,d1,92,94-97):2)

8'(Aa) =
= m-n_omﬁmAmS?mV\CmSTwVCmS?&
= ¢-closure (q3Yqs)
= ¢-closure (q 3)\E€-closure (q8)
= {q1,92,93,94-96/V 128,99}
= {q1,92,93-94,96,98/99}
= Call it as state B
5A,a) = B
8'(A,b) = e-closure (8(q0,91,92,94,97))
= g~ closure (q5)
= (41,92,94,95-96!
= Call it as state C
3(A,b) = C
5'(B,a) = e-closure (8(d1,92,93,94/96,98-99)2)
= g~closure (q3)
) = 191,92,93,94.96)
= (Call it as state D
8(B,a) = D
8(B,b) = e-closure ((8(q1,92,93,94,96,98,99), b))

= &-closure (q5U q )

Lexica/ Analy,
J

W 8(qq,2)U8(q7,2)

TECHNICAL PUBLICA .:OZme = an up-thrust for knowledge
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8(B, b)
§(C,a)
8(C,a)
8(C,b)

8(C,a)
8(D,a)

8(D,a)
8(D,b)

8(D,b)
S(E,a)

S(E,a)
S(E,a)

. 3(E, b)

S(F,a)

3(F, a)
8(F,b)

3(F, b)

e — closure q5} U € — closure (q o}
(91,92,94-95,96,910-911}

Call it as state E

E

e~closure ((8(q1,92.,94.95,96),a)) = e-closure (q 3)
D

e-closure ((8(q91,92,94,95,96),b))

€ —closure (qs5)

(o

e-closure ((8(91,92,93.94/96),2))

€ —closure (q3)

D

e~-closure ((8(q1,92.93,94,96),b))

€ —closure (q5)

C

e—closure ((8(q1,92,94,95-96-910, 911)-2))
€ —closure (q3)

D

e —closure ((8(91,92,94.95-96-910, 911)-b))
€ —closure (95, q12)

€ - closure {q5} U € - closure({q 15}

Call it as state F

F

e —closure ((8(q1,92,94,95,96-912):))

€ —closure (q 3)

D

g—closure ((8(q1,92,9495-96,912).b))

€ —closure (q5)

©
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Solution :

ill be
closure (q9) = (90,91, 92,93}

Gtate C and D are vonr.
non- final states and their )
input transitions are
same. Hence C = D. SR T
¢ - closure (92) = (92,91, 93} =(91,92, 93}
closure (q3) (q3)

We will obtain 8 transitions for each state for input a.

The transiition table w!

()
.

8'(qg, a) = & - closure (8(8"(qq,£) a))

= ¢ - closure (3(e - closure (q),a))
q3),a)) =€ - closure (q; Y q3)

= ¢ - closure (8((q0,91.92/
= ¢ - closure (q;) U € - closure (q 3)
= {91, 92, 93}V {93}
8'(qo, @ = {91, 92, 93}
8'(q1, a) = & - closure (8((e-closure (q1),a))
= ¢ - closure (8((q1,93) a)) =& - closure (q3)
8'(q1, @ = {91, 92/ q3}
8'(qy, a) = & - closure (8(¢ - closure (q3), a))

= ¢ - closure (8((q1,92,93),a)) =€ - closure (q3,93)

= ¢ - closure (q;) U € - closure (q 3)

3'(qz, @ = {q1, 92, q3}
8'(q3, a) = & - closure (3(¢ - closure (q 3),a)) = € - closure (5(q 3,a))

= ¢ - closure (¢)

(1)
The transition table will be

8'(q3, a)

Here ¢ is a a-transition.

SE WA NS Convert the .\.&NSS:N ZH.S...>§3 h@&im:»zmm_
Siate :

—| 90 |{a4. 92 93}

W 9y [{a. 92 93}
92 [{a4, 92 G3}
=] Q3 (0]

| Fig. 2.8.9
TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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.,M e - closure(qy)

€ - closure(qg)
- closure(q19)

e-closure(qy) =1{q1,92,94)
e - closure(q,) =(q,}
e-closure(q3) = {q3,96.91.92,94,97,9s}

{41,92,93,94.96.,97,9s}
{aq}
{95.96,97,98, 91,92, 94}
{41.92.94.95.96.97- 98}
{96,97,98, 91,92/ 94}
{91.92.94-96.97.98}
{q7,9s}

{qs}

{49,910, 912,913}

{q10}

{911,912, 913}

{d12.913}

{q13}

{q14}

{90,91,92,94,97,9s } Call it A
€-closure (8(qo, 91,92, 94,97, 98) 3))
€ - closure (q3 U qg)

&-closure (q3) U € - closure(q)
{q1,92,
{91,92.93,94,96-97,9s-
B

€ - closure

93.94.96. 97,98V {99,910, 912/ 913}
q9.910-912- 913} — B state
(8(@qo, q7,98) b))
& - closure (q5)
{q1,92- 94,95/ 96~
Call it as state C

q1,92,94,

q7.9s!}

. TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Compiler Design

o cl (8(q91,92,93 fh?asn?a?f?f@fuv a)) The transition table is
§'(@B,a) = E- osure ,92,93, 3 m c

- ¢- closure (q3V 9oV 914) : ~
= {q1,92 m?fb?nﬂa?a?fo\fn\nab: o4 - : :
= (all it as state D. 3 - :
c B s

5'(B,a) = D 3

5'(B,b) = m-n_omc_,maﬁrapamb»n?nsn?m?fo‘f?fuv ) 5 E m
= ¢ -closure (45 q11) : - :

= EtnN\n?nmb?nub?n:\f?f&im

§'(B,b) = E
§'(C,a) = e-closure AmS?a?f.nmbmbwbwv a))

= ¢-closure (q3VY q9)

§'(C,a) = B
§'(C,b) = e-closure (3(q1,92, 94,95, 96,97, 98) b))
= g-closure (q5)
3'(C,b) = C

§'(D,a) = e-closure (5(q1,92,93,94,96,97, 98,99, 910,912, 913, 914). 2))
= g-closure (q3Y q9 Y q14) Fig. 2.8.11

$'(D,a) = D 2. Direct Method

In this method the NFA with ¢ is built using Thompson’s Construction Method. The &
4 = ’ ’ 7 ’ ’ $v~ wvv g P
8'(D,b) = e-closure (8(91,92,93,94, 96,97, 98- 99,910, 912913/ 91 B el 1o the NP A without t-is. oamvertol o DFA. Let mmﬁm_.

= g-cl V]
e-cloni dsing method with the help of example

g = SR Ky Construct deterministic finite automaton to accept the regular expression
8'(E,a) = e-closure (8(q1,92, 94, 95, 96,97, 98,911+ 912+ 913), 2)) (0+1)* (00+11) (0+1)"
= &~ domie (s g bangd Solution : The FA for r.e.= (0+1) * (00+11)(0+1) * is as follows -
m_Am\nv = D ms—w 1:
8'(E;b) = e-closure (8(q1,9,94,95,96, 47, 8, 11, 912, 13), b)) (o) OO UNOH)° O
= e-closure (q5) = C /(o\
8(E,b) = C Step 2 :

0+1)* 00+11
(O O

TECHNICAL PUBLICA .:OZme - an up-thrust for knowledge
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8([d0-92.9¢].0) = [90.91.9¢]
8([q0-92.9¢].1) = [d0.92,9¢]
Now no new state getting generated. Hence we will write transition table as -

I

1}

Input
State 0 i

= [q0] (9. 941 [gg, 95]

sl % 7 These are
non-reachable
[a,] - a states from the
start state q,
Step 5 : Now we will eliminate € transitions and . lad o a ». Eliminate them
the FA which we will obtain will be follows
[90. 94] fag. 921

Step 6 : We now design transition table from 90 %] G0 %] (90 %2 9

s h- Th ivalent
shoveira W Eans iGN g0 * [ 180,909 (80, 9.9 g0 | | Theseare equivalen
[90 92. gd can
* [ [99, 92,9 [90.91.9d (90 92, G4 be replaced by [qq, G4, 9]
=8 The minimize DFA will then be -
wﬁosus 0 1

- [go] [9g. 94] [9. 95l

fag 941  [9g. 9194  [90. 92l

The {q9,q;} is assumed to be a new state [qo,q;] and {qq,q,} is assumed to be o9  [G.95] (9o 92 9d
new state ??nnw_. Hence we will find input transitions on these states. First we wil
find and transition on qo and q;

m ’ \O = 7 7 =
maf 411.9) = {q0.91,9¢}=[q0,q1,q¢ ]~ new state If we assume A=[qo],B=[d0,91],C=[q0.92] D =[q0,91,9; ] then the DFA
([90-911.1) = {q0,92}= [d0,92]— new state. Mall be -
Now we will apply input 0 and 1 transitions on the newly formed state
8(a0.91,4¢].,0) = [q0,91,q;]

* 180 94,94 [90 94. 94 [Go 91, O

w@n?f\f“_\uv = _”no\f\fu_lnoimnmnm
8([20,92].0) = [d0.q9:]
8([g0.92] 1) = [90.92,q¢]
TEGHNICAL PUBLICATIONS® TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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: jven 1€
PR X R[) Design @ FA from given

t we will construct the tran

Solution : Firs

e 10+(0+11)0*1 ‘

gular expression 10 + (0+110" 1.

10

Lexica/ Ang g

sition diagram for given regular expressiop

Now we have got NFA without &. Now we will convert it to required DFA for

that, we will first write a transition table for this NFA.

Input

TECHNICAL PUBLICATIONS®

- an up-thrust for knowledge
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The equivalent DFA will be

0 !
[90] [as] fas. Q2]
L (ar] 0
b ) o fas]
AR fas] far]
{9 9] lar] [a3]

n [a¢] ] (-

Iecsnccrreceomomvas

E Construct a DFA for a given regular expression (010 +00)* (10)*.
GTU : May-12, Summer-20, Marks 7

Solution : We will construct DFA for r.e. (010 + 00)* (10)* using direct method.
Step 1:

(010+00)° 2\  (10)°

~®
—(20)—2

1
Requird DFA
Fig. 2.8.12

ISEVCS X RV Construct DFA accepting the strings of binary digits which are even

GTU : Summer-20, Marks 7

numbers.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Solution :

Fig. 2.8.13

The strings that end with 0 are the even numbers.

3. DFA Tree Method

The Regular expression can be
Let us understand this method with

directly converted to DFA 5.‘ constructing binary tree,
the help of examples.

RO
’

Example 2.8

m.o_nmou 3 ..H.rm grammar is said to be an augmented grammar if it is of the form (r)#.
We will construct a syntax tree T for ()# ie. (a|b)*# and then compute four
functions - 1) nullable 2) firstpos 3) lastpos 4) followpos, by traversing T.
Finally we will construct DFA from followpos. o
y R vm«\ b
3

AN

{ e
1 2

Step 1 : Construction of syntax tree

 Step2: We will compute nullable and firstpos functions. The rules for this
w.,‘gnﬁngu are - :

Compiler Design

The rules for lastpos are same as the rules of firstpos except that a and b are reversed.
The computation of followpos function will be using these rules -
Rule 1 : If node n represents concatenation with left child i i
EAA a and right child b and x i
the position in lastpos (a) then all positions in firstpos (b) are in mozom%vg (x). iy
Rule 2 : If n is a Kleen closure node and x is a position i
| position in las iti
» N e tpos (n) then all positions
The firstpos and lastpos and followpos for each node are as follows -

:5\/@

02 ¥uz ¥ Node foll s
| @ @ g 2y |
_ 2 g2y
@é L ek S
m° @'
}
- s
firstpos of lastpos of
node a node a

Step 3 : Now we will construct DFA.

Step a : The firstpos of root is {1, 2, 3). Mark this as set A. Thus A will be the start
state in DFA. Now consider input a from the set {1, 2, 3} - the 1 and 3 represents input
.m. So followpos (1) U followpos (3) = {1, 2, 3} i.e. A. From set {1, 2, 3} - the 2 represents
input b. So followpos (2) = {1, 2, 3} ie. A -
<. Dtran [A,a] = A

Dtran [A, b] A

As no new states are getting generated, the DFA will be

lQ

Fig. 2.8.14 DFA for (a|b)*#
Example LERYY Construct a DFA without constructing NFA for following regular expression.
§ tinimized DFA.
- @b*a(a|b)*bra#

GTU : Winter-19, Marks 7
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: 3 tree f . Lexical Analysis
.. Consider r.e. = a’b*a(a|b)bratt we will construct a binary Or given rg
Solution : ; \./*
ol =4 /w ;
R :
o\/ | —_u . Hbesi ¢ 2 S 2 % L
RS w m\ /v o . For above tree, for each node followpos is as follows -
| _ 4 5-=<— Positions ——
a b followpos
1 2 e — 5
” (1,23} 4
{4,567}
{4,567}
{4,567}
(6,7}
(8}

Let us write o e
firstpos and lastpos . /
in the tree at every i #
N 8} 8 {8
oy 4 i ®8e)
~ To the left we o i
stpos and to ﬁ,__m_uw % S .ﬁv ,,_.n,\.nmv "
we write Rt o T e m.uw.__.ié@w,ﬁ
o , _ T I e er
el : \ :m* v?w.._ M.Q SEK Wqu assume state 3 = state 4 = state 5. Then minimized transition table and graph
* RN :
followpos " }é wawelew e

following En {1}

2} b2}
2

e
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Assnme ANE firstpos(root) = (1, 2, 3} Here root is the root of X Levicul Andlysis
tree shown on page 2-49 Transition Table
Dtran [A, a] = followpos(1)}~ followpos(3) P % w. o 5. e wx .
H a
¥ = {1,2,8, 6,7} =B States H |
e S ’ \ |States
Diran [A, b] = followpos@ = {23} = A B c . |
99, For | Diran [B, a] = followpos(l) followpos(3) U followpos(?) e 5 - < o
Dtran ~>\Nu we = :: 2, 87 6, 7 ®w =D. (¢ F € - i i
refer 'a’ position St i Minimized b F e
e ¥ 23] and Dizan [C, b] = followpos(2) U followpos(6) D D B oFA e - ]
Eo%mnmumbm.m., - 2367 =E E G ’ AsF =G
Hence take their : E F E
followpos. Diran [C, a] = followpos(3) = {3, 6, 7)=F F G H - 2 =
e [C, b] = followpos2) = 2,3} =C. - > - - - ; |
Dtran [D, a] = followpos(l) v followpos(3) U followpos(7) = D. H H 1 o : : !
Dtran [D, b] = followpos(2) U followpos(6) = E o v ”
Dtran [E, a] = followpos(3) U followpos(7) S O,
= {3,6,7, 8 =G
Ditran[E, b] = followpos(2) U followpos(6) = E This is  required
minimzed D
Dtran [F, a] = followpos(3) U followpos(7) = G RS
Dtran [F, b] = followpos(6) = {6, 7} = H.
Dtran [G, a] = followpos(3) U followpos(7) = G
Dtran [G, b] = followpos(6) = H
Dtran [H, a] = followpos(7) = {8} =1 the resultant DFA.
Dtran [H, b] = followpos(6) = H Solution : Consider
Dtran [I, a] = ¢ re. = atb*(c|d) f# we will \o =
Dtran [I, b] = 6. rewrite it as o /* s
re. = aa*b*(c|d) f# we will o\ /_ :
binary tree for given r.e. «\ /
Now we will obtain nullable (n), o\
firstpos(n) and lastpos(n) using following _
table a a b c d
1 2 3 4 5

TECHNICAL hCWEOthZw@ - an up-thrust for knowledge
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o RS . . lastpos (n
nlable L SEBRE )
- Mg_mm S o
e . aullable (C1) :uo.. (Cy)
AN or .
,oﬂwv0u, nullable (C2) (e O
T . W nuilable An v .
‘ e nullable (C1) i85 () UL mm€ oMNQ
, G\./O» Rk and else lastpos (Cy)
o nullable (C2)
{7}
The DFA tree will be \ /
{7} #{7}

{1.2,3} {4,5} | {4.5}

\3.3.@
melt @2
mag  @a@ @b @We@  (5dE

Now we will construct followpos.
Node 1 means a from aa”(i.e. a*) expression. This a will be followed by i) any a
from a* ie. state 2. ii) It a* gives out € then a will be followed by any b from b" ie

state 3 iii) If b* gives out € then a will be followed by ¢ or d ie. state 4 or 5
respectively. Hence followpos(1) = {2, 3, 4, 5}

?:o.«m.mou .

{1,2,3, 4,5

{3, 4, 5]«

A A s g

- ®

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge

I—

Ccompiler Design Lexical Analysis

The transition graph will be

9,
@—¢
) g

Assume first pos (root) = {1} call it as state A we will obtain or transition on state A.

Dtran [A, a] = followpos (1)
= (2, 3,4,5) = State B
Dtran [A, a] = B
Dtran [A, b] = ¢, similarly Dtran [A, c] = Dtran [A, d] = Dtran [A, f] = ¢.

Now we will apply input transition on state B

Dtran [B, a] means find out positions of a from B = {2, 3, 4, 5}. The node 2 denotes the
position of a. Hence

Dtran [B, a] = followpos (2)
= {2, 3,4,5) ie. B
Dtran [B, a] = B
Dtran [B, b] = position of b in {2, 3,4, 5} =3
<. Dtran [B, b] = followpos (3)
= (3, 4, 5} call it as state C
Dtran [B, b] = C
Dtran [B, ¢c] = followpos (4)
= {6} call it as state D.
Dtran [B,c] = D

Now Dtran [B, d] = followpos (5)
= (6}

<. Dtran [B, d] D

®
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Dtran [B, f] = ¢
Dtran [C, a] = followpos (position of ain {3, 4 5})

= followpos (¢) = ¢
. Dtran [C, bl = followpos (3)
= (3,45 =C
Dtran [C, c] = followpos @4 =D
Dtran [C,c] = D
- Dtran [C, d] = followpos (5) =D
~ Dtran[C,d]l = D
Dtran [C, fl = ¢
Dtran [D, a] = Uﬁgﬁ_u\_u_u_uqmb:u‘n_uggmp& =0
Dtran [D, f] = followpos(6) = (7} call it as state E
Dtran [E, a] = Dtran [E, b] = Dtran [E, c] = Dtran [E, d] = Dtran [E, ] = ¢
Dtran [E, #] = F ie. accept state
The transition table will be as follows

Compiler Design 2-65 Lexical Analysis

SARKARL) Construct DFA for following regular expression. Use firstpos, lastpos, and
 followpos functions (a*|b*)* to construct DFA. [ GTU : Winter-15, Marks 7 |
Solution : We will construct binary tree for given regular expression

*

A

a b
1 2 —— Positions

Now we will obtain firstpos and lastpos for node n.
{12} « {12}

02, (1.2

i

L *

{1}a{1} {2} b {2}
Now we will obtain followpos for each node position

i

follow pos
& o
_ T
The transition graph for above table will be

Assume firstpos (root) = {1, 2} call it as state A
Dtran [A, a] = followpos(1)

=11, 2] = A
Dtran [A, b] = followpos(2)
= {1,2]=A

The Transition graph for DFA

 The transition_table for DFA_

i
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e

ﬂoﬂ we will compute followpos of each node

TECHNICAL PUBLICA
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followpos (4)
(&

followpos (1) U followpos (5) U followpos (7)
D

followpos (2) U followpos (6)
B

followpos (8)

{8, 10}

call it as G

G

followpos (4)

(2

followpos (5) U followpos (7)
{57, 8}

Call it as state H

H

[E, b] = Dran [E, c] = Dtran [E, d] = ¢
an [F, a] = Followpos (7)

) _..Jmp.wSmw — Call it as state I

a]l =1
b] = Dtran [F, ¢] = Dtran [F, d] = ¢

] = Dtran [G, b] = ¢

= followpos (8) ie. G

=G

,dl = ¢

,a] = followpos (5) L followpos (7)
B=1H

= Followpos (8) = G
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Jor the following regular e
nd followpos function. (a|b)a

Example 2.8.18 |

Solution :
Step 1: We will construct syntax tree

Z\
A 7

*

7N

b
1 2

i .21 (1,2}

P

{1}a{1} {2}b{2}
1 2
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tpos. Now we will compy,

i ite las
To the left we write firstpos and to the right we wil

followpos. S ——
Node m.ozos%.wm
1,29

b

At

& W

Step 3 : The transition graph will be

Step 4 : Assume firstpos (root) = {1, 2, 3} as
State A

Dtran [A, a]

=1{1,2 3, 4} > State B

= Followpos (1) U Followpos (3)

Dtran [A, b]= Followpos (2)
={1, 2, 3} i.e. state A
Dtran [B, a] = Followpos (1) U Followpos (3)
= {1, 2, 3, 4} = State B
Dtran [B, b] = Followpos (2)
={1, 2, 3} ie. state A
As no new state getting generated. DFA will be

The state B is a final state as it contains final state {4}.

sl bl Construct the NFA using thompson's notation for following reguld’
expression and then convert it to DFA.
(a/b)*ab#

GTU : Summer-17, Marks 7

TECHNICAL vcm_.\o..»dozwe = an up-thrust for knowledge
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Solution : Step 1 : We will construct syntax tree.

s
P
T
I 3
PR
r ST

Step 2 : We will compute nullable, firstpos and lastpos using following table

Node n nullable (n) firstpos (n) lastpos (n)
..... goate . foe ¢ ¢
Leaf i false {i} i)
g nullable (C4) m_‘mvam Cy) lastpos (C4)
or nullable (C;) or firstpos (Cy) or lastpos (C5)

(o) nullable (Cy) If nullable C;) = If nullable (C;)
and then firstpos (C;) = then lastpos (C4)
nullable (C;) firstpos (C5) lastpos (C;)
else firstpos (Cq) else
@ @ v lastpos (C;)
i v
. | .@:m firstpos (cy) ; v_mmGOm )
{1,2,3,4} {5}
{1.2.3.4} \ /
¥ : ﬁ ) #15)
5
123, %3 @ b4)
\ / 4
{1.2} 7 {1.2} {3} w {3}
{1.2} ﬁ
1 1 b
{1} w {1} 2
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o Lexical »Sf;

t is firstpos and that written to the right .

written in curly bracke

The left value

lastpos.

llows.

The firstpos is computed as fo
~ Followpos

Node

Step 3 : The transition graph will be

5

Step 4 : Assume firstpos(root) = {1, 2, 3}=A

Dtram [A, a] = Followpos (1) U Followpos (3)
= {1,2,3}uU {4
= {1,2,3,4 — StateB
Dtran [A, b] = Followpos (2)
= {1,2,3) — State A
Dtran [B,a] = B

Dtran [B, b] = Followpos (2) U Followpos (4)
= {1, 2,3}u {5}

=1{1,2,3 4,5 — StateC

Dtran [C, a] Followpos (3) U Followpos (1)

= State B

Dtran [C,a] = B

TECHNICAL hcmEo\,dOZme = an up-thrust for knowledge
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Dtran [C, b] = Followpos (2) b
Dtran [C, b] = A , a .
The DFA will be shown in Fig. 1 é
The state C contains final state {5}. He i
final state in DFA. A Fig. 2.8.15

E Draw DFA from regular e jon wi
xpression without constructi
@b 0" a(b|o# S

Solution : We will construct a tree as follows :

re. = (alb|c|)*a(b/c)*#

Step 1 :
@. 3
{1234} e {456) /Sid
\ ;
12,34} o {4 /
A\v / {5.6} * {5,6}
{123}*{1.2,3
JA } 3w3 (5.6} (5.6}
I \ /
\ // {5} b {5} {6} c {6}
5 6
| {3} c {3}
\ / w
{1ya {1} {2} b {2}
1 2
Fig. 2.8.16
Step 2 :

Node FOLLOWPOS
1 {1,2,3,4
2 {1,2,3,4
3 {.2,3,4

4 {5,6,7}

GTU : Summer-19, Marks 7
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Fig. 2.8.17

Consider, first pos(root) = {1,2,3, 4 = A

Dtran [A, a]

Dtran [A, b]
Dtran [A, c]
Dtran [B, a]
Dtran [B, b]

Dtran [B, b]
Dtran [B, ¢]

Ll

I

FOLLOWPOS(1) U FOLLOPOS (4)
{1,2,3,4)U {5,6,7)= {1,2,3,4,5, 6,7} =B
FOLLOWPOS(2) = {1,2,3,4} = A
FOLLOWPOS(3) = (1,2, 3,4} = A
FOLLOWPOS(1) U FOLLOWPOS(4) = B
FOLLOWPOS(2) U FOLLOPOS(5)
{1,2,3,4)U {5,6,7) = {1,2,3,4,5,6,7}

B

FOLLOWPOS(3) U FOLLOPOS(6)

Lexica/ Ang,

TECHNICAL PUBLICA .:oZme - an up-thrust for knowledge
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{1,234V (5 67=(1,2 3,4,5,6,7)

Dtran [B,c] = B
As no new state getting generated, we can construct DFA using above computations

L}

as follows.
As state B = {1,2,3,4,5, 6,7}, i.e. It contains 7 a final state, we will consider B as
final state.

Review Questions

1. Explain subset construction method for constructing DFA from an NFA with an example
GTU : Winter-16, Marks 7

2. Explain subset construction method with example.

GTU : Summer-18, Marks 7

Q.1  What are the functions of lexical analyzer ?

Ans. : 1. It produces stream of tokens.
2. It eliminates blank and comments.

3. It generates symbol table which stores the information about identifiers,
constants encountered in the input.

4. It keeps track of line numbers.

5. It reports the error encountered while generating the tokens.
Q.2  What are sentinels ? What is its usage ?

Ans. : Sentinels are special string or characters that are used to indicate an end of
buffer. The sentinel is not a part of source language. One can avoid a test on end of
buffer using sentinels at the end of buffer. For example : 'eof'.

Q.3  What is recognizer ?

Ans. : Recognizers are machines. These are the machines which accepts the strings
belonging to certain language. If the valid strings of such languages are accepted by
the machine then it is said that the corresponding language is accepted by that machine,
otherwise it is rejected. For example -
1. The finite state machines are recognizers for regular expressions or regular
languages.
2. The push down automata are recognizers for context free languages.

Q4  What is the role of lexical analyzer ?

Ans. : The lexical analyzer scans the source program and separates out the tokens from
it. S S L &
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e

Give the :.n:u_”_o\s diagram for an identifier. B
Hibe -

as o
on for denoting identifier Wi

Ans. : The regular expressi :
re. = letter (letter + digit)

The transition diagram will be

Compiler Design

letter/digit

Fig. 2.9.1 Transition diagram for identifier
| analyzer 7

possible error recovery actions in lexica
ctions in lexical analyzer are -
ource statement.

Q.6 What are the
Ans. : Various possible error recovery a
i) Deleting extra characters that might appear in the s

ii) Inserting missing character

iii) Interchanging two adjacent characters.

iv) Replacing an incorrect character by the correct character.

What is the input to lexical analyzer generator ? What is its output ?

Q7
Ans. : The lexical analyzer generator takes the source program as input and generates

the stream of tokens as output.

Q.8 Write the Regular expressions for identifier and number.

Ans. : 1. Regular expression for identifier is
R.E.=letter(letter+digit)*
2. Regular expression for integer number is
R E.=digit.digit*

Q.9 Define tokens, patterns and lexemes.

Ans. : Token : It describes the class or category of input string. For example,

identifiers, keywords, constants are called tokens.
Pattern : The set of rules that describe the token.

Lexemes : It represents the sequence of characters in the source program that ar¢
matched with pattern of token.

Q.10 Write the regular expression for the identifier and whitespace.
Ans. : Refer answer of Q.8 for regular expression of identifier
Regular expression for white space is
re. = ( |\t\n)*

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Q.11 Why is buffering used in _ox_ohr analysis vﬂ: - e
buffering methods ? at are the commonly used

Ans. : The lexical analyzer reads the input source program and identifies the tokens
from it. The input is read from the secondary storage. But reading the input in this
way is costly. Hence the input source program are sentences are stored in the buffer.
That is why buffering is required in lexical analysis,

The one buffer and two buffer schemes are the commonly used buffering methods.

Q.12 Write regular expression to describe a language consists of strings made of
even number of a and b.

Ans. : r.e.=(aa+bb+(ab+ba)(aa+bb)*(ab+ba))*

Q.1 Grouping of characters into tokens is done by
‘a lexical analyser b syntax analysers

¢ semantic analysers d code generators

Q.2  Whether the token is formed from the given pattern or not is dependant upon

compiler b target language

. source language d operating system

Q.3 Keeping track of the line numbers is a task of
| syntax analyser b lexical analyser

semantic analyser d none of the above

Q.4 Following is a regular expression for identifier -

letter b letter.Digit

.¢ Digit d letter(letter+Digit)*

Q.5 Lexical analyser stores the input in

input buffer b symbol table

linked list

d none of the above

Q.6 A pattern can be represented by
b regular grammar

'a  context free grammar

TECHNICAL PUBLICA dOZme - an up-thrust for knowledge
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— ):%s a St\\osbom\n:
S 0

K gesular supreasi R CefREEEE Q.13 The (0+1)*(00+11)(0+1)* means

the strings contain even number of zeros and even number of ones

2-81 Lexical Analysis

Compiler Design

‘b the strings is of even length

Q.7 Setinel is demcny -
V mmn—.mbm A

el MMHHM. for end of buffer 'd none of the above nx the strings contains at least one pair of zeros or one pair of ones.
'd the strings contains exactly one pair of zeros or one pair of ones.
Q.8 input ipufter o - ||\|\\||s§ lyser Q.14 Choose the correct statement
"a lexical analyser _W; e g ‘a DFA does not simulate NFA
application Program [d] code generator 'b DFA simulates NFA
Q.9 The main difference between NFA and DFA is that DFA sometimes simulates NFA
the € can be present in DFA 'd Simulation of DFA to NFA depends upon the NFA
the € can be present in NFA Q.15 Which of the following regular expressions denote the language comprising of
e NFA leads to more than two different states for the same input symbol all the strings of even length over the length (a,b) 7
"d none of the above ‘a (a|b) bl (a|b) (a|b)*
(aa|ab | bb |ba)* d (a|b)a|b)a|b)*

Q.10 Finite automata is meaningless if
Q.16 LEX produces

w there are more than two states for the same input symbol.
‘a lexical analyser b syntax analyser

there is no start state.
if there are more than one final states.

semantic analyser d none of the above

'd if there is only one state present in it
Q.17 Regular expressions and associated actions are present in

"a declaration section b rule section

Q.11 What is true about the regular expression s
d all of the above

a it is used to represent the pattern ¢ procedure section

‘b it consists of or, concatenation and kleen closure.

[c] it is always represented by a finite automata. Q.18 In LEX specification file the C statements are allowed in

Mr . all of the above Declaration section b Rule section for specifying actions
d All of the above

Procedure section

Q.19 Redeclaration of some variable is

'a they contain same number of symbols.
syntactical error b lexical Error

b if they are of the same length
_ .
m if they represent the same set of operations semantic Error d logical Error
| if they represent the same set
of tokens
Q.20 Lexical Error can be detected at

ia, compile time

TECHNICAL hth\Ohﬂ\OZmG - an up-thrust for knowledge
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both at compile time and run time

Q none of the above

In lexical analyser generator &

erted to equivalent NFA

uivalent regular grammar

Q.21
‘a regular expression are conv
b regular expressions are converted to eq
‘¢ FA is converted to regular grammar.

'd no conversion takes place

Q.22 What is true about LEX -
"2l LEX is a lexical analyser generator

_u LEX is a compiler

‘¢ LEX is a database.

'd LEX is a specification file used for generating token

Answer Keys for Multiple Choice Questions

gr | a [Tgz o c Q3 b g4 | 4 |
om o Q.6 c oq c Qs 2 |
Q.9 c Q.10 b Q.11 d Q.12 d
Q.13 c Q.14 b Q.15 c Q.16 a |
Q17 b Q.18 d Q19 | b Q.20 a
lmnw}m ”-‘ ¥ i leong

oaa
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- Contex
ding Parser and CFG(
E Understan g GTU : Summer-16, Winter-20, Marjg 7

t Free Grammars)

Bﬁmmﬁgﬁ The mvﬂﬁmx mﬁmyv\Nmn Cu mnmmc
yntax analyzer takes the tokens from
groups them in such a way that some programming structyy,
After grouping the tokens if at all, any syntax cannot p,
will be generated. This overall process is called syng,

ysis is the second phase In €O

The syntax anal
§ yntax of the language: As

basically checks for the s
the lexical analyzer and
(syntax) can be recognized.
recognized then syntactic error
checking of the language.

e , e a ss which takes the inpy
. A parsing or syntax analysis is a proces ,
o%“:.mo_wh“ Mwoﬂﬂmmm &mmmnmwbwmam» tree (syntactic structure) or generates the syntactic

€rrors. e

For example :
a = b+10;

i is first
The above programming statement is
analyzer will divide it into group of tokens. The syntax analyzer takes the tokens as

input, and generates a tree like structure called parse tree.

given to lexical analyzer. The lexical

b 10
Fig. 3.1.1 Parse tree fora = b + 10

The parse tree drawn above is for some programming statement. It shows how the
statement gets parsed according to their syntactic specification.

E Role of Parser

In the process of compilation the parser and lexical analyzer work together. That
means, when parser requires string of tokens it invokes lexical analyzer. In turn, the
lexical analyzer supplies tokens to syntax analyzer (parser)

TECHNICAL PUBLICA EOZQG - an up-thrust for knowledge

I
:
i
:
i
i
}
{
;
i
p

G Des” £89 Syntax Analysis
Error handler
s o ical Demand for tokens < Sl
re exica i
> Parse
program analyzer Parser = nmm.m_w _M_.
Supply for tokens code

Symbol table

Fig. 3.1.2 Role of parser

The parser collects sufficient number of tokens and builds a parse tree. Thus by
building the parse tree, parser smartly finds the syntactical errors if any. It is also
necessary that the parser should recover from commonly occurring errors so that
remaining task of process the input can be continued.

Why Lexical and Syntax Analyzer are Separated Out ?

The lexical analyzer scans the input program and collects the tokens from it. On the
other hand parser builds a parser tree using these tokens. These are two important
activities and these activities are independently carried out by these two phases.
Separating out these two phases has two advantages - Firstly it accelerates the process
of compilation and secondly the errors in the source input can be identified precisely.

ENEY Concept of Context Free Grammar

 Definition :

. The context free grammar can be formally defined as a set denoted by
G =(V,T,P,S) where V and T are set of non-terminals and terminals respectively. P is

 set of production rules, where each production rule is in the form of

non-terminal — non-terminals

w or non-terminal — terminals
L

S is a start symbol.

B R

monmxmn:u_@
P={S—>S+S
S§—>S*S
S —(S)
S—4}

TECHNICAL PUBLICA .:OZmG - an up-thrust for knowledge
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i es given
e the production g by P, The

3 e can us ;
If the language is 4 + 4 * 4 then ¥ in the rules P is one and the only

e number of non-terminals

start s ol is S. Th : :
ﬂmnBEMHBwN. S. The terminals are +, (,)and 4

i i tions.
are using following conven ; Pt
M,.\M#m nmvwm letters are used to denote the non termin.

inals.
2. The lower case letters are used to denote the terminal

CIETTER) Construct the CEG for the regular expression (0+1)*

Solution : The CFG can be given by,
P={-0S]|1S
S—¢ } |
The rules are in combination of 0's and 1's with the start symbol. Since (0+1):
indicates f¢, 0, 1, 01, 10, 00, 11, ...} in this set € is a string. So in the rules we can set ty

rule S > &.
EREY Construct a grammar for the language containing strings of atleast two a's.

Solution : Let G=(V, T, P, S)

where {S, A}

{a, b}

{S— Az A A

A —>aA | bA | e}

The rule S — AgAsA is something in which the two a's are maintained since at leas
two a's should be there in the strings. And A — aA |bA |e gives any combination of 1
and b's i.e. this rules gives the strings of (2 + b)*.

Thus the logic for this example will be

(any thing) a (any thing) a (any thing)

So before a or after a there could be any combination of a's and b's.

\'
T
i

SRR EY Construct a grammar generating
L=wcw’ where we {ab}* e
Solution : The strings which can be generated for given L is {aacaa, beb, abeba, bacib -/

The grammar could be
S—aSa
S—>bShb
S-oc¢

Since the language L=w cw T where w e (1 + b)*

Hence S > aSaorS — b S b. The string abcba can be generated from givel
production rules as

S
aSa
abSb
abcba

TECHNICAL hcmto\».:ozw@ - an up-thrust for knowledge
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Thus any of this kind of string could be derived from the given production rules.
(e CENE S i) Consider the grammar

S —> S5+ |55*|a

Show that the string aa+a* can be generated by the grammar,

Construct the parse tree for it. Is the grammar ambiguous ? Justify.

ii) Write production rules for producing following language. Strings of 0's and
1's with equal numbers of 0's and 1's.

Solution : i) The aa+a* can be generated by given grammar

AN
|

The given grammar is not ambiguous. As unique tree is getting generated for any
given string. i

ii)  The production rules for producing strings having equal number of 0's and
equal number of 1's is -

S—0B|1A

A > 0]|0S|1AA

B—1|1S|0BB
MY Construct leftmost and rightmost derivation for the sentence abab

85— aSbS|bSaS|e
Solution :

GTU : Winter-20, Marks 3

Leftmost derivation Rightmost derivation

S S

aShs - S—aShS |  aSbs "+ S —aShs
abSaSbS ~= § — bSaS aSb » S—oE
abaSbs “ SoE abSaSb ~+ § — bSaS
abab$ “ S—E {  abSab = S—oe

abab w S—oE abab v S

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Review Question

S R Y . .
: W amm it gu»*— m:;hWN

i ntext free amma KQWOV NHﬁN 1

1 Write a m:QN» note on co t ram 7

DA R —

m Up Parsing Algorithms
GTU : Summer-19, Marks 3

e example.

Marks 7

[EZ1 Top Down and Botto

these parsing techniques work on th,

As we know, there are two parsing techniques,

following principle.
1. The parser scans the input strin

derivation is leftmost or rightmost.
roduction rules for choosing the appropriate derivation,

ues use different approaches in selecting  the
finally a parse tree is constructed.

g from left to right and identifies that the

2. The parser makes use of p
The different parsing techniq
appropriate rules for derivation. And

be constructed from root and expanded to leaves then such

When the parse tree can
arser. The name itself tells us that the parse tree can

type of parser is called Top-down p
be built from top to bottom.

When the parse tree can be constructed from leaves to root, then such type of parser
is called as bottom-up parser. Thus the parse tree is built in bottom up manner.

R
- parser

Fig. 3.2.1 Parsing techniques

TECHNICAL tcmtn\.deZm@ - an up-thrust for knowledge
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pifference between Top down and Bottom up Parser

proemtS Mo ————

i

Sr. Top down parser
L

1. | Parse tree can be built from root to leaves.

Bottom up parser

Parse tree is built from leaves to toot

This complex to to implement.

i

This is simple to implement.

3,  This is less efficient parsing techniques.
Various problems that occur during top
. down technique are ambiguity left

- recursion

4. 1t is applicable to small class of languages. It is applicable to a broad class of

languages.

Erm.z the bottom up parser handles
ambiguous grammar conflicts occur in
parse table.

Various parsing techniques are 1) Recursive

Vari ; . .
descent parser 2) Predictive parser arious parsing techniques are 1) Shift

reduce 2) Operator precedence 3) LR
parser.

Review Question

GTU : Summer-19, Marks 3

1. Differentiate top down parsing and bottom up parsing

E Top - Down Parsing GTU : Winter-11,12,13,14,15,16,17,18,19,20,

Summer-12,14,15,17,18,19, Marks 8

In top-down parsing the parse tree is generated from top to bottom (i.e. from root to
leaves). The derivation terminates when the required input string terminates. The
leftmost derivation matches this requirement. The main task in top-down parsing is to
find the appropriate production rule in order to produce the correct input string. We

will understand the process of top-down parsing with the help of some example.

Consider a grammar.
S - xPz

P> ywl|y

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Consider the input string xyZ is

3-8

m§~ok An 5:

as shown below.

Furan

Input buffer

N

Step 1:

The first leftmost leaf of the parse
tree matches with the first input
symbol. Hence we will advance the
input pointer. The next leaf node is P.
We have to expand the node P. After
expansion we get the node y which
matches with the input symbol y.

Step 2 :

Now the next node is w which is
not matching with the input symbol.
Hence we go back to see whether there
is another alternative of P. The another
alternative for P is y which matches
with current input symbol. And thus
we could produce a successful parse
tree for given input string.

ow we will construct the parse tree for above grammar deriving the given o
string. And for this derivation we will make use of top down approach.

Fig. 3.3.1 (a)

Fig. 3.3.1 (b)

TECHNICAL thEQ».:OZMC - an up-thrust for knowledge
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step 3 : We halt and declare that the parsing is
completed successfully.

Fig. 3.3.1 (¢)

In top-down parsing selection of proper rule
ijs very important task. And this selection is
pased on trial and error technique. That means
we have to select a particular rule and if it is not
producing the correct input string then we need
to backtrack and then we have to try another
production. This process has to be repeated until
we get the correct input string. After trying all
the productions if we found every production
unsuitable for the string match then in that case
the parse tree cannot be built.

[EEX] Problems with Top - Down Parsing

There are certain problems in top-down parsing. In order to implement the parsing
we need to eliminate these problems. Let us discuss these problems and how to remove
them. These problem are (1) Backtracking (2) Left Recursion (3) Left factoring
(4) Ambiguity.

1) Backtracking

Backtracking is a technique in which for expansion of non-terminal symbol we choose
one alternative and if some mismatch occurs then we try another alternative if any.
For example :

S - xPz
Poywly

Fig. 3.3.2

\ If for a non-terminal there are multiple production rules beginning with the same
nput symbol then to get the correct derivation we need to try all these alternatives.
mmnob&%\ in backtracking we need to move some levels upward in order to check the
Possibilities. This increases lot of overhead in implementation of parsing. And hence it
becomes necessary to eliminate the backtracking by modifying the grammar.

®
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2) Left recursion g B P iy e

The left recursive grammar is a grammar which is as given . mtax Analysis

AL Aa
B o
Here T. means deriving the input in one or more steps. The A can be non-term a i
=>
Input string

tring. If left recursion is present in the grammar thep

and o denotes some input s
ause of left recursion the top-down parser can enter j,

creates serious problems. Bec
infinite loop. This is as shown in the Fig. 3.3.3.

Fig. 3.3.3 Left recursion
g?»»”mxwmnmwon OMr> T ?nm.sn expansion of A only and due to generation of 4 0
5*\ , Ao, G fhe input pointer will not be advanced. This causes major probler
op-down parsing and therefore elimination of left recursion is a must. Fig. 3.3.4
To eliminate 1 i : 1
s . m@ recursion ,.zm need to modify the grammar. Let, G be a context For example : Consider the grammar
mSEM_Hlv ><5m a production rule with left recursion. ESE+T|T
o
A 5B * (1) We can map this gramm i :
Then we eliminate left recursion b can say, il ar with the rule A — A a| B . Then using equation (2) we
n its ;
TR y re-writing the production rule as : A=E
A'5o0A’
oa=+T
R * (2) iy
Thus a new symb E
ol A' is introduc Thy

. St ed. ; ol en th

grammar is equivalent to original or not We can also verify, whether the modifi¢ mm rule becomes,
. - TE’
E' > +TE | ¢
TEC
HNICAL PUBLICATIONS® . ap ety
owledge TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Gimilarly for the rule,

T—>T*F|F .
We can eliminate left recursion as
T — FT’
T —»>*FT' | ¢ . . :
The grammar for arithmetic expression can be equivalently written as
TE’
E + T|T E—
g | E—>+TE | €
T — FT'
ToTxE LK = T ox*FI'|¢
F— (E) | id = E— (B)hid
EEEITEER) Covitr e i grammr
A— ABd|Aa|a
B — Be|b

remove left recursion
Solution : Consider the rule,
A— ABd|Aala
We map this grammar with the rule A— A o.|B
This can be eliminated by re-writing the production rule as :

A — BA’ A — aA’
A’ - 0A’ = A’ — BdA’
A’ -5 ¢ A’ 5 ¢
For A— Aala
o bl
A Aap
This left recursion can be eliminated as -
A — BA’ A — aA’
Al o AL = A= SiEa A
A’ > ¢ A’ 5 ¢

To summarize

A —>ABd|Aala = A o g4’
ANy BdA “|aA’
AN e
B — Be|b

TECHNICAL PUBLICA dOZm@ - an up-thrust for knowledge
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We map this grammar with the rule A— Ag B .
B - Be|b
{ 11l
A Aa B

:mmmﬁa_m>lvu>o>lv9>o>~lm..;mnime
B— b B’
B-» e B’
B’—> ¢
To summarize, the grammar without left recursion will be
A~ aA’
A’> BdA’|laA’
Al>e
B —-bB”
B’ e B’

B’ —»¢

© O S->Aalb
L A >Acsde

— [ GTU - Summer-12, Marks 3 |
Let,
S— Aa|b
A — Ac|Sd|e

mu..ca— WH.NBHH.—NH HM we nﬁﬂvr ‘ :._. e e -
i _ m& gg ﬁrm

A — Ac|Aad|bd|e
This rule is left recursive. We will map A — Aay |Ac; |B1|B; to this rule.
This gives A —B1A'[B,A' and A'> 1A' |0 A e

A -5 bdA'|A'

A — cA'ladA'|e

®

TECHNICAL PUBLICATIONS™ - an up-thrust for knowledge
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i mes
Hence after eliminating the left recursion the grammar beco

S — Aal|b
A — bdA'| A’
A' — cA'|adA'[e
EEIDRIERY e - Lo Rt e e o e I e o e som

Eliminate left recursive from following grammar.

S—Aalb
A - Ac|Sd| f :
ursive grammar is a grammar which is as given below :

Solution : The left rec

+
>Hv>n

To eliminate left recursion we apply following rule.
A— Aoq|Aas||By|B; is a rule then
A-PBA[Br A’

A’ a;A’layAlle

If we replace S by Aa|b then there exists only one rule
A — Ac|Aad|bd |f

After eliminating left recursion the grammar becomes
A > bdA’|fA’

A — cA’|ladA’|e

To summerize

S — Aa|b
A - bdA’|fA’
A’ - cA’ladA’|e

CEEXTEEYY write rutets) to check grammar is left recursive or not. Remove left recursive fi
the following grammar

S — aBDh
B — Bb|c
D — EF
E—gle
F—fle

GTU : Winter-20, Marks 4

TECHNICAL vcmEOSiOZmG - an up-thrust for knowledge
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Solution : The rule for removal of left recursion is as follows -
If A — Aay|Aa,|By| B, is a left recursive rule then, to eliminate left recursion,
Ao B1A’[BA"
A’ aAl|ayAle
From given grammar, only one non-terminal i.e. B gives left recursive grammar =
B — Bb|c
We will map the above production rule with left recursive rule as

B - B b|c
1 b
A A a;p

For eliminating left recursion
[RB = cB i
w ,w\ — bB’

To summerize, the grammar on eliminating recursion,
S — aBDh
B — ¢B’
B’ — bB’
D — EF
E—gle
F o fle

3) Left factoring

If the grammar is left factored then it becomes suitable for the use. Basically left

mmnaonbm is used when it is not clear that which of the two alternatives is used to

mxﬁ.gn the non-terminal. By left factoring we may be able to re-write the production in

“qrgnr the decision can be deferred until enough of the input is seen to make the right
Oice.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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In general if
A — apq|aB2

is a production then it is not possible for
rule or second. In such a situation the above

us to take a decision whether to choose firy
grammar can be left factored as

A—>aA’
A - B1[B2

For example : Consider the following grammar.
S — iEtS | iEtSeS | a
E—->b
The left factored grammar becomes,
S — iEtSS'|a
S’ —>eSle
E—-b
LRI Do left factoring in the following grammar -
A— aAB|aAla G
B —>bB|b v
Solution : If the rule is A — afy|aBs| ...
left factored. Consider

is a production then the grammar needs to be

A —>aAB|aAla
| =S T B
(L R A
o By afy af,
We have to convert it to
A S 0A A —50A’
—
A'—>BqB, A’ AB| Ale
B—b B|b
bl Jh 4 =% B9l
/\ e 8, B'— Ble
Similarly
To summarize, the grammar with left factor operation will be -
A—>aA’
A’ > AB|Ale
B —-bB’
B’ - Ble

TECHNICAL PUBLICA dOZmO - an up-thrust for knowledge
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E Perform the left factoring of followin

"~ A -—»ad|alablabclb 8 grammar

Solution : For left factoring the rule is if A — . .

factoring we get, afy|oB, is a production then by left

A - oA’
A' = Bq[B2

Consider

Then
A —aA' >|Vma_m_mc man_c
A' > d|b|bcle Wh g h rﬁ

Hence we get Br B2 B3 B4
A > aA|b
A > d|b|bcle

4) Ambiguity

The ambiguous grammar is not desirable in top-down parsing. Hence we need to
remove the ambiguity from the grammar if it is present.

For example :

E—S>E+E | ExE |id

is an ambiguous grammar. We will design the parse tree for id + id * id as follows.

(a) Parse tree 1 (b) Parse tree 2

Fig. 3.3.5 Ambiguous grammar

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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: : If the grammar |
. i e will apply onme rule . as |
For nnBoSMMSn”_m?M_nurw_mmm—-:m. sw «, /) then induce the left a._nmnﬁm%: and fm
gy e ’ 7 . s
mmMH“HE?MM right associative operator (exponential EER A e the Tighy
Bt

recursion.

The unambiguous grammar is

E — E+T

E-T

T — T*F

T—-F

F—oid

Note one thing that the grammar is unambiguous but it is left recursive g
elimination of such left recursion is again a must.

PIRRIERRY Check whether following grammar is ambiguous or not
S — (5)S

S—e .
Solution : Consider the input string (( ))( ) for which we will draw the parse tree.

S

AN

(SRSTR) L (EESEY)

As only one parse tree can be generated for given string, we can say that give'
grammar is unambiguous.

Example 3.3.8 Rz . gg&
 llustrate parsing using both types

factoring and its use,
Solution : Ambiguous production rules for if-then-else
S — iEtSeS |iEtS |a

E-b

Consider the string i . B
i o string ibtibtaea can be parsed. Following parse trees show the parsifé

TECHNICAL VCNEO).:OZMQ - @n up-thrust for knowledge
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2418 Syntax Analysis
A :
Do, oy
i Oy
b i E t w a ! _\Wﬂw
m LR

Unambiguous production rules are as given below. The ambiguity arise due to use

only one non terminal ie. S. We will use non terminal A that denotes match statement
and B denotes unmatched statement. The unambiguous grammar will be -

S—A|B

A — iEtAeA|a
B — iEtS |iEtAeB
E—-b

The parsing of string ibtibtaea

GTU : Winter-19;, Marks 4

Unambiguous Grammar
.)gﬁmﬁn,ovogzmﬂo& A grammar is said to be unambiguous if for
if for atleast one string generated by  all the strings generated by it, it produces

‘w.wweagggaﬁggaﬁvﬁg
tree.

®
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: number of non-terminals. ts :

dﬁ length of generated parse tree is

For example -
E—E+E|E*E|id

Fig. 3.3.6 Types top - down parsers

There are two types by which the top-down parsing can be performed.

1. Backtracking

2. Predictive parsing

A backiracking parser will try different production rules to find the match for the
input string by backtracking each time. The backtracking is powerful than predictive
parsing. But this technique is slower and it requires exponential time in general. Henct
backtracking is not preferred for practical compilers.

As the name suggests the predictive parser tries to predict the next construction using
one or more lookahead symbols from input string. There are two types of predictive
g.ug H

1. Recursive descent

2. LL(1) parser.

Let us discuss these types along with some examples.

E Recursive Descent Parser
A parser that uses collection o

AP f recursive procedures for parsing the given inf"
string is called Recursive Descent (RD) Parser. In this type of kummn M..m Q..M is used

TECHNIGAL PUBLICATIONS® - an up-thrust for knowledge
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program. For each nonterminal a separate procedure is written and body of the
procedure (code) is RH.S. of the corresponding non-terminal.

Basic steps for construction of RD parser

The RH.S. of the rule is directly converted into program code symbol by symbol.

1. If the input symbol is non-terminal then a call to the procedure ding to
the non-terminal is made. . FIEPER

2. If the input symbol is terminal then it is matched with the lookahead from input.
The lookahead pointer has to be advanced on matching of the input symbol.

3. If the production rule has many alternates then all these alternates has to be
combined into a single body of procedure.

4. The parser should be activated by a procedure corresponding to the start symbol.

Let us take one example to understand the construction of RD parser. Consider the
grammar having start symbol E.

E->numT

T>*numT |e

wwggosg.\

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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} i /* inner if closed*/
else
arror
* outer if closed*/
: NULL 2 - ¢ Here the other alternate is
b § EaaﬂooMBuBoa into same procedure T */
} /* end of procedure T*/
procedure match( token t )
{
lookahead=t
Wogwwn = next_token; /*lookahead pointer is advanced*/
else ‘
} i /*end of procedure match*/
procedure error
{
print(“Errorlil"); o _
} /*end of procedure error*/

Fig. 3.3.7 Pseudo code for recursive descent parser
The parser constructed above is recursive descent parser for the given grammar. We
can see from above code that the procedures for the non-terminals are written and the
procedure body is simply mapping of RH.S. of the corresponding rule.

noawmmn5m~9m5w:~mﬁbmwmm*».
We will parse this string using above [3[*[4]5$]
HHHE

given procedures.
(3]*]4]s]

The parser will be activated by calling
[3*]4as]
TECHNICAL PUBLICATIONS®

procedure E. Since the first input
S™ - an up-thrust for knowledge

E—-numT

T *numT
character 3 is matching with num the
procedure match (num) will be invoked
and then the lookahead will point to next
token. And a call to procedure T is given.

A match with “* is found hence
lookahead = next_token.

T— *num T

Now ‘4’ is matching with num hence
again the procedure for match (num) is
fulfilled. Then procedure for T is invoked.

And T i
is replaced by . Declare Success !

e

Compiler Design 3-23
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As lookahead pointer points to $ we quit by re

: . ortin : :
can be parsed using recursive descent Tt P g success. Thus the input string

Construction of recursive descent parser is eas
that we choose for RD parser should support
accessible in this type of parser. For instance; in ¢
leftmost sentential form. Secondly at any instant,
recursive calls.

y. However the Programming language
a.ncnmmo:. The internal details are not
his parser we cannot access the current
We cannot access the stack containing

Writing procedures for left recursive grammar (A - ap,|af ) is crucial. And t
. ) 2 1al.
make such procedure simpler first we have to left factor the grammar. We cannot wri -
recursive descent parsers for all types context free grammar . ShEes

SRRy Consider the following grammar
E-ST+E|T
T>V*T|V
V —id
Whrite down procedures for nonterminals
Solution :

Procedure E ()
{

of the grammar to make a recursive descent parser.

T()
Mm ( lookahead = '+')
match('+');
: E()
}
else
error ( );

if (lookahead = '§' :
ok a $) { declare SUCCESS ;}

{
Vi)
Mmﬁoogoma = =)
match ("*);
T()

R —— E———

®

TECHNICAL PUBLICATIONS ™ - an up-thrust for knowledge
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i .\#u.&.w.w.

Af. 1€

Example 3.3.11
S S ABC

Implement the followin ing rect
A g grammar using recursive descent parser.
~ W»ﬁh~ WNQ\ A &E >d GTU : Summer-14, Marks 8 S:::.:..—w Marks 7

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge




Compiler Design

GTU :




Syntax Analyy

3-28

Compiler Design
parser

imple to build.

tructed with the help of parse tree.

Advantages of recursive descent

1. Recursive descent parsers are S

2. Recursive descent parsers can be cons

Limitations of recursive descent parser

1. Recursive descent parser
techniques.

2. There are chances that the
some input.

s are not very efficient as compared to other parsing

program for RD parser may enter in an infinite loop fy

3. Recursive descent parser can not provide good error messaging
4 Tt is difficult to parse the string if lookahead symbol is arbitrarily long.

'EX] Predictive LL(1) Parser
e This top-down parsing algorithm is of non-recursive type.

o In this type of parsing a table is built.

e For LL(1) - the first L means the input is scanned from left to right. The second |
means it uses leftmost derivation for input string. And the number 1 in the inpu
symbol means it uses only one input symbol (lookahead) to predict the parsin
process.

The simple block diagram for LL(1) parser is as shown in Fig. 3.3.8.

_:u:n_\m_..._u a_ L

token

Top—el—5 Output
Stack
Parsing table
a + b $

A

B

Cc

Fig. 3.3.8 Model for LL(1) parser
E—
TECHNICAL PUBLICATIONS® . an rin biameins £
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. The data structures used by LL(1) are i) in
put buffer ii) stack iii) -
parsing table.

iy —.ﬁ.wﬁw anmmn o input buffer to store the input tokens. Th i
hold the le mMﬁHn.Em_ modﬂ..ﬂ.m symbols in RHS, of rule E.m. M mﬂu.n_n is used to
in reverse Or M_M i.e. from right to left. Thus use of stack vMﬂ e
- i 3 . m . o
non “.Mncn.mzw. &m S”u_n is basically a two dimensional array. The mnwvﬂcﬂ R
non- E.E.Dm and co _.55 for terminals. The table can be re % s ren Ao
where A is a non-terminal and a is current input symbol presented as M[A,a]

working
e The parsing program reads top of the stack and
a current i .
help of these two symbols the parsing action is determi mM FH:%E wv:.ﬂwor &r% the
be rmined. The parsing actions can

e ————————

Parsing action

Parsing successful, halt.
. —uc@ a and advance lookahead to next token.

Error.

Refer table M[A a] if entry at M[A,a] is error report Error.

Refer table M[A,a] if entry at M[A,a] is A
R
>gv§rpgu=mrp§h=”rm.lv8 sl

'
|
_
|
|
|
|
!
|
|
{

° ”.ro anMmmn consults the table M[A,a] each time while taking the parsing actions
ence type of parsing method is called table driven parsing algorithm.

e The configuration of LL(l) pars :
o tiken. (1) parser can be defined by top of the stack and a

One by one confi ion i
guration is performed and the input is succes full i
parser reaches the halting configuration. - sfully parsed if the

When the stack i i i
< s is empty and next token is $ then it corresponds to successful
EEEXN Construction of Predictive LL(1) Parser

g construction of predictive LL(1) parser is based on two very important functions
ose are FIRST and FOLLOW.
F ,
or construction of Predictive LL(1) parser we have to follow the following steps -

Stan 17 .
P 1: Computation of FIRST and FOLLOW function.

TEGHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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Step 2 : Construct the Predictive Parsing Table using FIRST and FOLLOW functiong
Step 3 : Parse the input string with the help of Predictive Parsing Table.

FIRST function bol .
: i appearin;
FIRST(ct) is a set of terminal mvﬂéoa that are first symbols app g at RHg i

n ¢ is also in FIRST (o).

derivation of a. If a=>¢ the .
to compute the FIRST functions.

Following are the rules used
1. If the terminal symbol a the FIRST(a) = {a}.
2. If there is a rule X —¢€ then FIRST(X) = {e}.

3. For the rule A = X; X, X5 ...X; FIRST(A) = (FIRST(X;) w FIRST(X;) U FIRST(X;)

U FIRST(X))-
Where k X; =n such that 1<j< k-1

FOLLOW function
FOLLOW (A) is defined as the set of terminal symbols that appear immediately to

the right of A. In other words
*
FOLLOW(A) = {a | S = o Aa B where o and B are some grammar symbols may be

terminal or non-terminal.
The rules for computing FOLLOW function are as given below -

1. For the start symbol S place $ in FOLLOW(S).

2. If there is a production A — o B B then everything in FIRST(B) without € is to be

 placed in FOLLOW(B).

3. If there is a production A -aBB or A —>aB and FIRST(B)= {e} then
FOLLOW(A) = FOLLOW(B) or FOLLOW(B)=FOLLOW(A). That means everything
in FOLLOW(A) is in FOLLOW(B).

E_M.Mn us take some examples to compute FIRST and FOLLOW functions using above

IS E KR IY Consider grammar

. E-STE

\ E' 5 +TE'| ¢

T > FT

T’ > *FT’|e

Find.the FIRST and FOLLOW functions for the above grammar.

TECHNICAL PUBLICA dOZme = an up-thrust for knowledge
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golution :
g — TE is a rule in which the first symbol at RHS, is T. Now T— FT' in which the
first symbol at RH.S. is F and there is a rule for F as F _, (E) |id.

FIRST(E) = FIRST(T) = FIRST(F)

As F — (E)
F—id “_ M.l FT' —= replace F by R.H.S. rule
Imunm_ FIRST(E) = FIRST(T) = FIRST(F) = { (,id L_“ l\Amvﬁl._\_n:.
This can

E “__ be added in
S > i FIRST (T)
E’ — € by referring computation rule 2
The first symbol appearing at RHS. of production rule for E’ is added in the FIRST
function.
FIRST(T")=(*, €)
As T-*TE
E'—> e
The first terminal symbol appearing at R.H.S. of production rule for T’ is added in
the FIRST function. Now we will compute FOLLOW function.
FOLLOW(E) -
i) As there is a rule F— (E) the symbol ‘)" appears immediately to the right of E.
Hence )’ will be in FOLLOW(E).
ii) The computation rule is A — oBf we can map this rule with F — (E) then A =F,
a=( B=E,pB=)
FOLLOW(B) = FIRST(B) = FIRST() ) ={) }
FOLLOW(E) = { )}
Since E is a start symbol, add $ to follow of E.

Hence [ FOLLOW(E) = { ),$}

FOLLOWE)) -
1) E - TE’ the computational rule is A —aBf .
A=F,a=T B =E,p=¢ then by computational rule 3 everything in
FOLLOW(A) is in FOLLOW(B) ie. everything in FOLLOW(E) is in FOLLOW(E").
FOLLOW(E) ={), $ }
e

e

TECHNICAL vaEO\EOZme - an up-thrust for knowledge
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ii) E'— +TE the noBvano:& rule is A = . Bp.
A=F, oa=+T B=E, B=¢ then by computational rule 3 everything i

: FOLLOW(A) is in FOLLOW(B) i.e. everything in FOLLOW(E") is in FOLLOW(E,

[FOLLOW(E) = | )8 |

We can observe in the given grammar that ) is rea

lly following E.

FOLLOW(T) -
We have to observe two rules

E - TE
E — +TE’
i) Consider

mlﬂm.SQSEBwvwixr.»lem
B =T, = B =E by computational rule 2 FOLLOW(B) = {FIRST (B) - .

A=E a=¢
That is FOLLOW(T) = {FIRST(E’) - €}
= {{re}-¢}
= )

ii) Consider E'— +TE’ we will map it with A —a. Bf
A=F,oa=+B=T,p=E by computational rule 3 FOLLOW(A) =
i.e. FOLLOW(E’) = FOLLOW(T)

FOLLOW(B)

FOLLOW(T) = {)$}
Finally FOLLOW(T) = {+} U {),$}
FOLLOW(T) = {+ ), $}

We can observe in the given grammar that + and ) are really following T.

FOLLOW(T') -
T - FT’

We will map this rule with A —
o.Bf then A= = =T, P=
FOLLOW(T’) = FOLLOW(T) = {+,),$} : B
T — *FI”
We will
e map this rule with A —oBp then A=T, o='F, B=T, p=¢' then

FOLLOW(T’) = FOLLOW(T) = {+,),$}
Hence|FOLLOW(T’) = {+,),$}

TECHNICAL vcmto>.:02m@ - an up-thrust for knowledge
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105.0523 :
nonm&mn T — FI’ or T' = *FT’ then by nanEmuo:& rule 2,
e = RS T —
T FT' - rowr .
A —aBp A >aBf
>uH\Qﬂm\wum\unH‘ A=T,0=*%B=Fp=T
FOLLOW(B) = {FIRST (B) —¢} FOLLOW(B) = {FIRST(8) ~ ¢}
FOLLOW(F) = {FIRST(T") - " - FOLLOW(F) = {FIRST(T") - ¢}
moFoiﬁ = 3 “ FOLLOW(F) = {}
nosmamn T'— *FI’ _uv~ noB_u:Sao:& rule 3 :
& d - ..3.‘
A —>aBB
A=T,o0=%B=Fp=T
FOLLOW(A) = FOLLOW (B)
FOLLOW(T') = FOLLOW(F)
ma—nm FOLLOW(F) = ?g
Finally FOLLOW(F) = {*} U T\V\m*
[FOLLOW) = (++)9 |
To summarize above noB@Ewnos
qa_sw FIRST FOLLOW
R (G : 08 |
;m. {+.¢} D5
- ,.w {(id} {+ 8}
T .4 (+)8)
F {(id} (;W...N.&\l\:

Algorithm for predictive parsing table -

.H..rm construction of predictive parsing t
parsing method. This algorithm requires FIRS

TECHNICAL PUBLICATIONS

able is an important activity in predictive
T and FOLLOW functions.
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Input : The Context Free Grammar G.

Output : Predictive Parsing table M.

Algorithm :
For the rule A »a  of grammar G
1. For each a in FIRST(®) create entry M[A,a] = A — 0. where a is terminal symb],

2. For & in FIRST(0) create entry M[Ab] = A —a
Where b is the symbols from FOLLOW(A).

3. If ¢ is in FIRST(o) and $ is in FOLLOW(A) then create entry in the table
MI[A, $] = A - 0.

4. All the remaining entries in the table M are marked as SYNTAX ERROR.

consider each rule one by one.

Step1: E —» TE’
A->a
A=E a=TE
FIRST(TE) if E’ = & then FIRST(T) = ((id)
MIE, (] = E-TE’
MIE, id] = E-TE’

Step 2: E' —» +TE’
A->a
A =F,a=+TE
FIRST(+TE’) = {+ }
Hence M[E,+] = E'— +TE’

Step 3: E’ —¢

A>aq

A =FE, a=¢ then
FOLLOW(E) = {),$)
MIE’, )] = E" >e¢
ME, $] = E" ¢

Create the table as follows.

'M[Fid] =T — FT’

M e e TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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step 5: T - *FT'
A—a
>“..HsQ..Il.vm.1H<
FIRST(*FT’) = {*}
Hence M[T,*] = T = *FT’

Step 6 : T'—¢€
A-—>a
A=T, a=¢
FOLLOW(T') = {+,)/8}
Hence M[T',+] = T—¢
MI[T)] = T'—>e€
MI[T’$] = T'>¢€

-

& Step 7 : F — (E)

~m A->a A,
, A=F o= (E) ,
FIRST((E)) = { (} !
Hence M[F,(]= F — (E) |

J!'é*';

Step 8: F—id
A—>a
A=Fa=id
FIRST(id) = { id }
Hence M[F,id] = F - id M
The complete table can be as shown below. - ,,,, A_m

4
TECHNICAL PUBLICATIONS® - an up-thrust for knowledge , _
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Now the input string m.n +id * id $ can be parsed using above table. At the initial
configuration the stack will contain start symbol E, in the input buffer input string is
ﬁﬂmn&.

5 olnpw} kst
0 @adrs s

Now symbol E is at top of the stack and input pointer is at first id, hence MIE,id] is

referred. This entry tells us E — TE', so we will push E’ first then T.
Input = Action

id+idvid$  (E>TE |
id+id*id$  E-FI'
id+id+*id$ Foid
L +ideids 0 :
 +ideids Toe

+idsid$  Eo#TE |

: v

[ deids SR
id*id$ ToFI
id*id$ Foid |

*id § 1
*id§  To¥T
id$
ds SRS
$ A
$ T—oe
$ E—¢

Thus it is observed that the input is scanned from left to right and we always follow
left most derivation while parsing the input string. Also at a time only one input symbol
is referred to taking the parsing action. Hence the name of this parser is LL(1). The
LL(1) Parser is a table driven predictive parser. The left recursion and ambiguous
grammar is not allowed for LL(1) parser.

Example 3.3.16 gg%@%

Solution : Consider the grammar :
S — AaAb

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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S — BbBa
A—>e
Boe

Now we will compute FIRST and FOLLOW functions.

FIRST(S) = {a, b} if we put
S — AaAb
S —>aAb When A —¢
Also S — BbBa

S—>bBa WhenB—¢e
FIRST(A) = FIRST(B) = {e}
FOLLOW(S) = {$}
FOLLOW(A) = FOLLOW(B) = {a, b}
The LL(1) parsing table is

consider the string "ba". For parsing -

ugsa that the given grammar is E.__e
3¢ e 3.3.17 |

P 3-39 Syntax Analysis
%E_ ¢
ma : FIRST(S) = The first terminal symbo] appearing on RHS,

.  ERSTE®) = {abe}
o E)\Mm.u.a>v = The first terminal symbo] appearing on RH.S,
~ FIRST(A) = *m\ e}
7__
'FIRST(B) = The first terminal mwa& appearing on R.H.S, of production rule for B
FIRST(B) = {b, e}
295 we will compute FOLLOW function as follows -
©) = Aav mmmmmgmvﬂ.&o_.
O wSEE ={b}  because
: m-h Hﬂ.—.@x
1 A — BB which can be mapped with
mn. A - a A B EE»mEm.REu%@u?hv

.f I
pwm

FOLLOW(B). This rule can be mapped with
S > b A
{ i1 = everything in FOLLOW(S) = FOLLOW(A)

o B

FOLLOW(A) = {$}
FOLLOW(A) = {b,5}
S— m_llo B
e |

ifwemap. A— o B Then according to this rule,
everything in FOLLOW(S) = FOLLOW(B)
FOLLOW(B) = {$}.

FOLLOW(A) = {b.s}

FOLLOW(B) = {$}
FOLLOW(S) = {$}
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Example 3.3.18 Consider the grammar _
S — iCtSA| a |
_
|

A—eSle
cC—ob
Whether it is LL
symbols.
Solution : Let the given gramma
g — iCtSA|a
A > eSle
C-b
Now we will compute F

FIRST(S) = {i,a}
FIRST(A) = {e,€}

(1) grammar. Give the explanation whether (i, t, € b, a) are termin, |

b |

r will be,

[RST and FOLLOW for given nonterminals.
FOLLOW(S) = {e, $}
FOLLOW(A) = {e, $}
FOLLOW(C) = {t}

FIRST(C) = {b}
The predictive parsing table will be ‘.
SRREENE el hacne e
A A —eS A 3
w A —¢ b
Bodt Cob

As we have got multiple entries in M[ A, e] given grammar is not LL(1) grammar.
The (i, t, e, a, b) are the terminal symbols because they do not derive any production

rule.
E Construct the predictive parser for the following grammar.

S—(L)]a
L>L S§|S GTU : Winter-15, Marks 7, Summer-18, Marks 4
Solution : As the given grammar is left recursive because of
L->L S|S.
We will first eliminate left recursion . As A — A o/|B can be converted as
A—-BA
A" > aAle

We can write L —» L, S|S as
L - S’
15 — S|

TECHNICAL ‘ucmEO\»EOZm@ - an up-thrust for knowledge
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Now the grammar taken for predictive parsing is -
S—(L)|a
L — S’
L' —,SL'|e
Now we will compute FIRST and FOLLOW of nop, - terminals
2 FIRST(S) = {(, a}
FIRST(L) = {( a}
FIRST(L) = {’ ¢}
FOLLOW(S) = {,), $}
FOLLOW(L) = FOLLOW(L)) = { ))
The predictive parsing table can be constructed as
: ( ) ’ s |
5 S—a S - (L) |
L LSl LSy
ﬁ. , L'—e V—,SL

E Construct the behaviour of the
; parser on the sentence (a, a) using the
specified above. S — (L) |a i
Solution :

MHMM—M“- : >m we have constructed a predictive parsing table in Example 3.3.19 we will
B e string (a, a) using that table as shown below.

ﬁ State Input Actions

m § 3 (@) $

L $IL( @as S-@L
$)L a, a)$ L—-SL’

$)L's aa)$ S—a

B .

zzym..w»_,.;\ ,a)$ L, SE

TECHNICAL PUBLICA dOZm@ - an up-thrust for knowledge
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s Ak - Consider the rule,
m , Ba
“ §)L’'S 0$ aee ,* mlwt
! B
Ei-§) oW 8) 3.+ SR A aBp
w TG & )$ | _m,lWM with a=¢
= A BB
s $ Accept
A FOLLOW(B) = FIRST(B) = FIRST(c) = {c}
E Compute FIRST and FOLLOW sets for all nonterminals in the \%55 - FOLLOW(B) = {a, ¢}
grammar S —> Aa|bAc| Bc| bBa To summarize,
A—-d e ———
Bxe : FIRST FOLLOW 4
Solution : FIRST(S) = first terminal symbol appearing on RHS. L . »
SIS R {b.d} {s} |
= {b,d} L ‘ H
FIRST(A) = first terminal symbol appearing on RHS. e \.W; e {d} {a.c}
FIRST(B) = first terminal symbol appearing on RHS. E Is the following grammar suitable for LL(1) parsing ? If not make it suitable for
3 ﬁ Qv 'LL(1) parsing. Compute FIRST and FOLLOW sets. Generate the parsing table.
S—AB
FOLLOW(S) = {$} - Start Symbol. A
: B— BaAC|c
Consider the rule . CoHe GTU : Winter-11, Marks 7

Ji 2 nhich can beynapped yith A D LR Solution : The given grammar is not suitable for LL(1) parsing because the production

A
i ¢3 with o =¢ e
A BB B — BaAC
Hence FOLLOW(A) = FIRST(B) = FIRST(a) = {a} is left recursive. We will first eliminate the left recursion.
Similarly S— bAc Which can be mapped with A — oB . Consider the rule B — BaAC |c we will map it with A - A a | B as follows -
S—bA
o
A oBB A Ao B
Then FOLLOW(A) = FIRST (B) = FIRST(c) = {c} This can be eliminated by re-writing the production rule as :
-. FOLLOW(A) = {a, ¢} A-pa B—cB
AS0A' = B aaCH
P Y
<
®
TECHNICAL PUBLICATIONS® - an up-thrust for knowledge TECHNICAL PUBLICATIONS ™ - an up-thnustfor knoulacge
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Example 3.3.23 ¥

aB is left

..,,Hr@us_o.__.,‘?‘i.i__

A'—dA'le t NA
B — bBC _ RS e L D E e | e

pie)

¢y

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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XYY Find out FIRST and FOLLOW set

rminals
for all the nonte: The 1~.m&nm<m parsing table will be

3| cbB | Ba , T
A—da| BC = 1 Wy
wlm_m GTU : Summer-12, Markg ¢ s |
C—hle i Satan i .
Solution : Let the grammar be e A% &otac _m
S — AcB|cbB|Ba 2 (B0
A~ndajBe LE L
B - gle Consider string 110110 s
C—hle Stack Input Action
, e L
The first and follow for each nontermin . $S 110110 $ S - 1AB
First  $ BA1 110110 $ |
s (a,c d g hi $BA 10110 § A —1AC
2 il Bes $ BCA1 10110 $
. e | .
© b ¢ lelr  $BCA 0110 $ A —0C
; P $ BCCO 0110 $
1 is: LL or not. Construct predict
CRENIRERR) 7ot whether the folouing grammer is LL (1) f $ BCC oy Helh
parsing table for it. : :
S—1ABle $ BC1 10$
A LACH0C $ BC 108 €1
z B—0S
B cot [GTU : Summer-12, Marks $ B1 10
Solution : Let, the grammar be - S — 1AB | & $B 0% B 08
A - 1AC | 0C $ S0 0%
B — 0S B $ 352
o 3 LS gesn

The given grammar is LL(1).

mxmﬂu_m sawad Draw parsing table for table driven parser for the given grammar. Is the
~ 8rammar LL (1) ?

A AaB|x B—> BCb|Cy C-Ce|n [ GTU : Winter-13, Marks 7 |

ma—:mo: : F.mnv

We will find out the FIRST and FOLLOW for this grammar -

A —>AaB |x
B-BCb |Cy
C—oCc |

/

®
TECHNICAL PUBLICATIONS® - TECHNICAL PUBLICATIONS ™ - an up-thrust for knowledge
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i ammar.
We will compute FIRST and FOLLOW sets for given gr
ew

FIRST (A) = {x} FOLLOW (A) = {a, $)
FIRST (B) = [c, ¥/ €} FOLLOW (B) = (b, ¢}
FIRST (C) = {, M FOLLOW (C) = {y b}
The parsing table is

e s R s
B

¢ c A

As there are multiple entries in ¢ and y column, given grammar is not LL (1)

INERR1A [mplement the following grammar using table driven parser and check whether i

7 - S eC C>bE /D > EEE>Q 2, E-> 0
e = GTU : Summer-14, Marks 8

Solution : We will first compute FIRST and FOLLOW

FIRST (S) = FIRST (aBDh) = {a}

FIRST (B) = FIRST (cC) = {c}

FIRST (C) = FIRST (bC) U FIRST {e} = {b, €}

FIRST (D) = FIRST (EF) = {g, f, €}

FIRST (E) = FIRST (g) U FIRST (¢) = {g, &}

FIRST (F) = FIRST (f) U FIRST (e) = {f,e}

FOLLOW (S) = {$}

FOLLOW (B) = FIRST (dh) = FIRST (D) U FIRST (h)

FOLLOW (B) = {g, f, h}

FOLLOW (C) = FOLLOW (B) B —cC
={g f, h}

FOLLOW (D) = {h}

FOLLOW (E) = {£, h}

FOLLOW (F) = FOLLOW (D) -+D — EF
= (h}

TECHNICAL hCmEO\».:OZGQ - an up-thrust for knowledge
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The LL(1) parsing table will be -

: - $ 8 : f

Lol Coe C—e
D—EF D—>EF D>EF

E-g E-e E—e

F—f Foe

VDRV S—— |

(LR For the following grammar.

D - TL;
L—Lid | id
T — int | float

1) Remove left recursion (if required)

2) Find first and follow for each non-terminal for resultant grammar

3) Construct LL (1) Parsing table

4) Parse the following String (Show Stack actions Clearly) and drawe parse Parse tree for
Q,R input : int id, id; GTU : Summer-15, Marks 7

Solution : 1) Formula for removing the left recursion is as follows :

if A— A o [Bis the rule. Then it can be converted to
A— BA’
A’—> aA’le

D -»TL; No action as the rule is not
left recursive. }

L—Lid|id L—idl’
L'—,id L” |
: L"—e¢ |
T - int | Floa No action as the rule rule has |

no left Rnﬁ.m.ﬁ?:

2) The first and follow functions :

FIRST (D) = {int, float} FOLLOW (D) = {$}
FIRST (L) = {id} FOLLOW (L) = {}

FIRST (L) ={, €} FOLLOW (L") = ()
FIRST (T) = {int, float} FOLLOW (T) = {id}

TECHNICAL PUBLICA .:OZw@ - an up-thrust for knowledge
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A . redictive parsing table will be -
3) Construction of Parsing SELm At i e = y ] The p .m. %s;sm..._...,é - .m‘ . 8
ESRTEE wn— 5 ’ int S mgﬁ sk : 7 m 2 e & V < Q : @
X _ nom MHSER . G | B o o o e
] .F L —idl _u.‘iwm H ,m S—aA S—b S—cB S—d A
v L -, idl Wi A—aA | A W
; T —int T - float i
z o o o B>cB  Bod
4) Parsing of m.a..Em int id, id; £ The string aab can be derived a
! Stack Input ’ i E
{ e Qmﬁ ; m .mwhnx mﬂﬁcn Buffer Action
int id,id; L i
int id,id; i |
.,5,;“* : i $S aab$ S—aA
B © REhDda - | sAd aabs
e suy e ladd L sA ab$ ekl
jids S | sAa i $ .
o =
il % s MBI - 1 o e FE5 U gA b$ A-b |
% - SR . A s Sell g s 4
T SR, ot : By s ; Accept
. ;% Lo
“ m ; m w0 E ﬂonam?:& Ew @MC parsing table for the following grammer. Also show moves
, i ol Wl ! Pk Wik made by input string : a
$ $ ACCEPT S —>aBa
sy ; B—bBle e
E Develop predictive parser for the following grammar, GTU : Winter-16, Marks 7
T TR Solution : We will compute FIRST and FOLLOW functions :
S—aA| b |cB|d
A—aAlb FIRST (S) = (a) FOLLOW (S) = ($)
BB | d [GTU - Summer-15, Marks 7
c | ) FIRST (B) = {b, ¢} FOLLOW (B) = {a}
Solution : We will compute FIRST and FOLLOW functions :
FIRST ($") = FIRST (S) = {a, b, c, d} The LL(1) parsing table will be
FIRST (A) = {a, b}
FIRST (B) = {c, d} | a b $
FOLLOW (5) = FOLLOW (S) = ($) {8 72 Al
FOLLOW (A) = {} m . . Boabp
FOLLOW (B) = { ) MRS

®

TECHNICAL PUBLICATIONS ™ - an up-thrust for knowledge
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R — gimulation :
simulation abba e ! cvati
= s — aBa Consider derivation of abc.
$aBd ! :
saB ' B->bB State  Input Action
SaBl i : $s ibc$ S4B
$B . L O g R $Bd  dbcs Bic
wwmﬁ , $ Cb ke $ Co
$eB 1 $ S¢ gSits Sy,
i 88 el s e
g $ . ACCEPT
SELLICEKERYY Construct LL(1) parsing table for the Sollowi
E Check following grammer 15 LL®) . GTU : Winter-18, Marks 7
Solution : Let, the given grammar is -
$ —>aBle
R
B - bCle sl
: -17,
C - cSle GTU : Summer-17, Marks 7 T — T*F|F
: F— (B)|a
Solution : y
% The given grammar has some rules that are left recursive. We will remove left
2 recursion, using the rule.
| S — aBle If A— Aay|Aa,|B;|B; is a rule then
B — bC|e ASPBIA’BrAY, A'S A’ [a,A e
C—>cSle Hence on eliminating left recursion we get -
The FIRST and FOLLOW are computed as -
' Symbol FIRST = FOLLOW E’ > +TE’[e
g (a8 L o BT
B b O R ET e
o5 &) wih)elg O F > (B)|id
The parsing table will be For constructing LL(1) parsing table for above grammar, Refer example 3.3.11.
E Construct LL(1) parsing table for following grammar. Check whether the
a baiare $ - 8rammar is LI(1) or not.
M A-A4
wym mlwtw.. ) S—e &lv&aw
| B B-bC B e ‘BBCh
i B¢
i {C 25 € ¥
T R C-cCe GTU : Summer-19, Marks 7
TECHNICAL PUBLICATIONS® TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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Solution : We will find FIRST and mOﬁrO<< mow mq 2 |
= FIRST FOLLOW
A =) E .*.? ﬁ :

CopEEDT L

o L

The predictive parsing table will be ,

As there are multiple entries in M[B, y] the given grammar is not LL(1).

Review Questions

on 3.3.1(2)]

| GTU : Winter-11, Marks$

2. Explain non-recursive predictive parsers. Draw the block diagram of it.
GTU : Summer-12, Marks

1. Write an algorithm for eliminating left recursion. [Refer Secti

3. Write down the algorithm for left factoring. [Refer Section 3.3.1(3)]
GTU : Winter-13,19, Marks 3

4. Explain recursive-descent and predictive parsing. [Refer Section 3.3.2]
5. What is left factoring and left recursion? Explain it with suitable example.

GTU : Winter-18, Marls |

6. What is ambiguous grammar? Describe with example.

2} Bottom Up Parsing

GTU : Winter-12,13,14, Summer-14,15, M

* In bottom-up parsing method, the input string is taken first and we {1y ° L
this string with the help of grammar and try to obtain the start symbol.

* The process of parsing halts successfully as soon as we reach to start symbol

TECHNICAL vcmto\».:ozwe - an up-thrust for knowledge
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o The parse tree is constructed from bottom to up that is fro

e In this process, the input symbols are
parsing.

o The bottom-up parse tree is created startin

reduced further to internal nodes, these
eventually a root node is obtained.

m leaves to root.

placed at the leaf nodes after successful

m from leaves, the leaf nodes together are
Internal nodes are further reduced and

e The internal nodes are created from the list of t
This involves -
ﬂ”ﬂ-ﬁmgm_ mm_. internal node = Non-terminal _ terminal
e In this process, basically parser tri i ify i
replace it by noﬁmmvos&wmvr.m.m. ﬁ:m_w MM;MM:MN&NW .nmm.n”mam.ﬂ.o.ncnzo: i
e Thus the crucial but prime task in bottom-u
that can be used for reduction.

erminal and non-terminal symbols.

P parsing is to find the productions

e The bottom-up parse tree construction process indicates that the
derivations are to be done in reverse order.
For example

tracing of

Consider the grammar for declarative statement,

S > TL;
T — int | float
L—>Lid | id

The input string is float id,id,id;

Parse Tree

Step 1 : We will start from leaf node

Step 3 : Reducing float to T. T — float.

Step 2 :

Step 4 : Read next string from input.

/

(

ﬂmOIZ\O\FtQmEO» EOZM.@ - an up-thrust for knowledge
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Reducing id to L. L = id.
Step 6 : Read next string from input.
Step 7: Read next string from input.

O O
C=D @ mw &
Step 8 : id,id gets reduced.
N

.o T

Step 9:  TL ; reduced to.
S

Step 5 :

O
o L O

CO OO

Fig. 3.41 Bottom-up parsing

TECHNICAL PUBLICATIONS®

= an up-thrust for knowledge
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step 10 : The sentential form produced while constructing this parse tree is
float id,id;
T id,id;
T L,id;
T E:
S

step 11 : Thus looking at sentential form we can say that the rightmost derivation in
reverse order is performed.

Thus basic steps in bottom-up parsing are
1) Reduction of input string to start symbol.

2) The sentential forms that are produced in the reduction process should trace out
rightmost derivation in reverse.

Handle Pruning

As said earlier, the crucial task in bottom-up parsing is to find the substring that
could be reduced by appropriate non-terminal. Such a substring is called handle.

In other words handle is a string of substring that matches the right side of
production and we can reduce such string by a non-terminal on left hand side
production. Such reduction represents one step along the reverse of rightmost derivation.
Formally we can define handle as follow.

Defination of Handle : “Handle of right sentential form y is a production A — 8
and a position of y where the string B may be found and replaced by A to produce
..@m..m.mmﬁoﬁ right sentential form in rightmost derivation of y".

For example
Consider the grammar
E — E+E

E—id
Now consider the string id + id + id and the rightmost derivation is

E=E+E
m

g
E= id +id + id
m

The bolq strings are called handles.
e

TEGHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Right sentential form me_&a e Consider the grammar
e id E-id E—E-E
E+id +id id Beud S
: B " Byl . orform Shift-Reduce parsing of the input string “id1-idxig3”.
SRR sofudlot
. s R
Bep . EyE e ~ Input buffer Parsing action
i E id1-id2+id3s Shift _
i : . — . m
Thus bottom parser ..5 essentially a potecy of detecting handles and using them j; o id2idag Reduce by E—»id |
reduction. This process is called handle pruning. : i
-id2*id3$ Shift !
EXX] shift Reduce Parser id2vid3s e ,w
Shift reduce parser attempts to construct parse tree from leaves to root. Thus it work *id3$ Reduce by E-» id |
on the same principle of bottom up parser. A shift reduce parser requires following dat ] i : .
structures. i .
1. The input buffer storing the input string. = Sl
2. A stack for storing and accessing the L.H.S. and R.H.S. of rules. R Reduce by E»id |
The initial configuration of Shift Stack Input buffer $ Reduce by E— E«E |
reduce parser is as shown in Fig. 3.4.2. S
P & Ls —Sm \_ $ Reduce by E— E-E
The parser performs following basic Fig. 3.4.2 Initial configuration
operations. w - .wmn% 3 ik

“.Hmam we have followed two rules.
3 Hum .mﬁ incoming operator has more priority than in stack operator then perform
2
¥in stack operator has same or less priority than the priority of incoming
Operator then perform reduce.

“mnws_a ¢ Moving of the symbols from input buffer onto the stack, this action is calé |

2, Reduce : If the handle appears on the top of the stack then reduction of it g

appropriate rule is done. That means RH.S. of rule is popped of and LH.S. is pus®
in. This action is called Reduce action.

wmhwﬂohﬁ "m.,m the mﬁmn_.n contains start symbol only and input buffer is empty m;”
: me then .9& action is called accept. When accept state is obtained in the pret i3
of parsing then it means a successful parsing is do  Parse the input string int i i

g ne. . put string int id,id; using shift-reduce parser.

4. Error : A i as, 5 g ;
cannot situation in which parser cannot either shift or reduce the mvae%
even perform the accept action is called as error

Let us take some examples to learn the shift-reduce parser

Input buffer Parsing action |

int idid$ Shift

TECHNICAL PUBLICA dOZme
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dridaid«(dri)aids  gup

A MAAMS  Rehcemyaom
.,ai\(mmemﬁ\,mwuum«u z&:ﬂ_%nlyo..
QE>E*A&>_&>EM: w&ﬁ.n._qulvm

*id A

A

& xma_.amvw_vl_u>o.
_ ReducebyF—P
rious c¢ (daid)nids w&cnmcwqiaw_w Vi
et : , - * (1d Aid) A idS Shift v
_—._..&o:u The unambiguous production rules for arithmetic expression  (daid)aids X -‘mmzm Sty
 Esme e
iy : : t. SR
e Al A o aRedicabrGok
i e ledure byl €
FF-P el
F—.Ps e RaG
P>PAQ ) Aid$ _ ReducebyQ-id
P-Q My o TSN T
Q- (E) Lo , A _ Reduceby P—PAQ
Q-id : I £t 1 i CReducebyf P
oadds o W Reduce by EoaEIC IR
aid$  ReducebyQ-(E) 0
as  RedueyPoQ
LA Shift
id$ Shift
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m,,,,.azssqz.a..ivio.,i!.i«é,.12?.;.3?.:3\S.?ﬁiz. — @ S Wm&ﬁhmg D.lv.a ; Stack —5@—5 buffer ﬁﬂ—d—ﬁw e
| sEebaid s Reduce by PP AQ :
TR e D A i :
psTeRAQ . Reduce by F P e SR $ Shift
[ Ster §  ReduebyToTer o e o
R s _ Redopeby BT i 9 Shift
L sT e - :
S 5 bt = Redure by A 4
; W N D sshin e é i
b g s . $bbA 5 Reduce by A
E How top down and bottom up parser will parse the string bbd' using Srammg Sy @> uce by A — bA
xam A. .

A — bA/d. Show all steps clearly. é e 0 $ Reduce by A — bA

Solution : 1) For the top down parsing we will use LL(1) parsing method. $A m 7 st

Let, A »bA|d be the grammar

FIRST (A) =

{b, d}

FOLLOW (A) = {$}
The Predictive Parsing table will be :

The Parsing of input bbd

II] For the bottom up parsing we will use shift redu

input bbd.

| b d $
W o >; . V\Mww -
Stack Input Action
$A bbd $ A —DbA
e Bbd $ .
, sa bds
SAb bd$
ﬁ ds
. $d da$
- a

ce Parsing method. Conside! ¥

TECHNICAL PUBLICATIONS®
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Review Questions

1. Explain shift - reduce parsing with suitable example.

GTU : Winter-13, Marks 7

2. What is bottom - up parsing ? Discuss shift reduce parsing technique in brief. What is a
handle ?

GTU : Summer-14, Marks 8

3. What do you understand by a handle ? Explain the stack implementation of shift reduce
parser with the help of example.

GTU : Winter-14, Marks 7

ﬂ Operator - Precedence Parser
GTU : Summer-14,15,16,17, Winter-11,15,16,17,20, Marks 8

A grammar G is said to be operator precedence if it posses following properties -
L. No production on the right side is € .

2. There should not be any production rule possessing two adjacent non-terminals

. at the right hand side.

Consider the grammar for arithmetic expressions.

ESEAE | () | -E | id

»P'v + _ o _ * _ \ _ A

This grammar is not an operator precedent grammar as in the production rule.

E - EAE

It contains two consecutive non-terminals. Hence first we will convert it into

equi )
Quivalent Operator precedence grammar by removing A.

E> E+E|E-E|E*xE|E/E|E"E
E > (B)| -E| id

TECHNICAL PUBLICA dOZm@ - an up-thrust for knowledge
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e will first define precedence relations <. .

i ang,
g of these relations is 5

In operator precedence parsing <<
ls. The meanin

between pair of termina
; gives more precedence than q.

pisad P
= p has same precedence as q.
=

M >q p takes precedence OVer .

These meanings appear similar to the less than, equal to and greater than Operatoy

Now by considering the precedence relation between the erifmefic operators v, Wil
[8) A
no:mndw the operator precedence table. The operators precedences we have considere; |

are id,+*,$. h
R S ‘

mﬂ ‘ .V. > >

e

N IR

Fig. 3.5.1 Precedence relation table
Now consider the string.

id + id * id

We will insert $ symbols at the start and end of the input string. We will also inset
precedence operator by referring the precedence relation table.

$<-id > +<-id ->*x<id->$

We will follow following steps to parse the given string -

i) Scan the input from left to right until first - > is encountered.

ii) Scan backwards over = until <- is encountered.

iii) The handle is a string between <-and - >.

The parsing can be done as follows.

Handle id is obtained between <: >

$<-id->+<-id v..AE vo
- Reduce this by E — id

.VQ.

55

E+<id ->*<.id Handle id is obtained between <- - >
Reduce this by E ~ id

TECHNICAL PUBLICA .:OZmC = an up-thrust for knowledge
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e B ——
E+Ex<-id ->$ Handle id is obtained between <- - >
: Reduce this by E — id

s Remove all the non-terminals. |

Insert $ at the beginning at the end. Also
Kk insert the precedence operators.

§<-+<*.>$

.Hrm. * operator is surrounded by <- -> .This ,
indicates that * becomes handle.That means
we have to reduce E*E operation first.

it

$<-+:>8% Now + becomes handle. Hence we evaluate
; E+E.
$8 . Parsing is done.

Advantage of Operator Precedence Parsing

1. This type of parsing is simple to implement.

Disadvantages of Operator Precedence Parsing

1. The operator like minus has two different precedence (unary and binary). Hence it
is hard to handle tokens like minus sign.

2. This kind of parsing is applicable to only small class of grammars.

[EXXN Operator Precedence Parsing Algorithm

1. Set i pointer to first symbol of string w. The string will be represented as follows.

A il

2. If $ is on the top of the stack and if a is the symbol pointed by i then return.
3. If a is on the top of the stack and if the symbol b is read by pointer i then

a)if a<-b or a =b then
push b on to the stack
advance the pointer i to next input symbol.
b) else if a-> b then
while ( top symbol of the stack - > recently popped terminal symbol)
{

pop the stack. Here popping the symbol means reducing the terminal

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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symbol by equivalent non terminal.
}
c)else  error (). St
E§n§§¥%§§§%§
s (ErSkvges] p oSS SAGA . DT B

Eoallpl Y
Where a, b, ¢, d, ¢, i, t are terminals.

Solution : Let,
S— iEtS| iEtSeS |a
E-blc|d
be the given grammar.
Here, i stands for if
E stands for Expression
t stands for then
S stands for statement
The symbols a, b, ¢, d are the terminal symbols.
» The precedence if > then > else.
A de > te>e
e Similarly $ symbol will have least precedence.
- » The terminal symbols a, b, ¢, and d have highest precedence over i, t and e.

* The nonterminal symbols have less precedence over a, b, ¢, d, i, e, t. Hence the
precedence table can be designed as follows -

: ; Summer-15, Marks 7

%&g 3-67 Syntax Analysis
simulation ngmamn a valid string ibtaea for simulation.
| Stk InpuiScmned  Relaion Action
L e
§ joea$ e > x&:ﬁ&miu
: %umm« Vs & e W—,E_Jﬂ et ]
fpteet . S Pene
T L
wmm ko o _u.._urm RRE
: o e
s O N s et |
. S TENREEES R >nwm3 4 oy

EXE] Precedence Functions

During operator precedence parsing, the table of precedence relation is not stored.
Instead of it, the operator precedence parser use precedence functions to map terminal
symbols to integers so that the precedence relations between the symbols are
implemented by numerical comparison.

For example :

Consider two functions f and g. For these functions the precedence relation can be
shown with some integers.




|

Compiler Design

Method

grammar terminal a and for $.
1. Create functio

ns f, and ga for each |
bols in groups SO that f, and g, are in the same group if .

18 .

v dding edges, in following manner

m and gpand ;-

2. Partition the §
3, Create a directed graph by a
j) Ifa<-b then add an edge fro

edge from f, and gp-
jiyIfa->b n.””%m“ MM nonw ins no cycle then there exists precedence functiop,
4, If the cons -

E Construct precedence graph using following precedence table

. : . o 1 y
Solution :

Fig. 3.5.2

Review Questions

bl

i
1. Compute the operator precedence matrix and precedence function for the following & ot

it exists. +,*~, jid,num,(and) are terminal symbols.
olm

E—E+TE-T|T
TST*AT/F/F
F = numid(E) [Refer Section 3.5]

GTU : Winter-11, Summer-

TECHNICAL PUBLICATIONS®

’

= @n up-thrust for knowledge

compiler Design =
- @ OO0
N.Uam:mna85&3vkmﬁwxqusssax\:8 S:Ra

own the rules to find relationship
between each pair of terminal symbols, GTU : Summer-14, Marks 8

[ GTU : Winter-15, Marks 7

4. Where do we use operator precedence parsing technique? Give the general precedence table for
operating precedence parsing. Consider all generalized rules

Syntax Analysis

3. Explain operator precedence Parsing method with example.

GTU : Summer-16, Marks 7
5. Write short note on operator precedence parsing with an example

GTU : Winter-16, Marks 7
6. What is operator grammar? Generate precedence function table for following grammar

E->EAE |id

A->+|*
GTU : Winter-20, Marks 3

7. Write rules to check grammar is operator grammar or not,

EXJ LR Parsers

This is the most efficient method of bottom-up parsing which can be used to parse
the large class of context free grammars. This method is also called LR(k) parsing. Here
* L stands for left to right scanning.

* R stands for rightmost derivation in reverse.
* k is number of input symbols. When k is omitted k is assumed to be 1.
Properties of LR parser -
LR parser is widely used for following reasons.

L LR parsers can be constructed to recognize most of the programming languages
for which context free grammar can be written.

2. The class of grammar that can be parsed by LR parser is a superset of class of
grammars that can be parsed using predictive parsers.

3. IR parser works using non backtracking shift reduce technique yet it is efficient
one.

4. LR Parsers detect syntactical errors very efficiently.

Structure of LR parsers
The structure of LR parser is as given in following Fig. 3.6.1.

It consists of input buffer for storing the input string, a stack for storing the
8rammay Symbols, output and a parsing table comprised of two parts, namely action
and goto, There is one parsing program which is actually a driving program and reads

the Input Symbol one at a time from the input buffer.

/

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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INPUT Token

e e

{+—» OUTPUT

Top—+ Parsing program

Action goto

Sy
Sh

Parsing table
Fig. 3.6.1 Structure of LR parser

The driving program works on following line.

1. It initializes the stack with start symbol and invokes scanner (lexical analyzer)y

get next token.
2. It determines s; the state currently on the top of the stack and a; the current iny:

symbol.

3. It consults the parsing table for the action —mu. 2l which can have one of the f

values.
i) s, means shift state i.
i) 1 means reduce by rule j.
iii) Accept means successful parsing is done.

iv)  Error indicates syntactical error.

Types of LR parser
Following diagram represents the types of LR parser.

_ LR parser -
_ _
hm_’x parser - P;_.x vmqmm_.d _Omzoaom_ LR umam;

Fig. 3.6.2 Techniques of LR parsers

T
ECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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The SLR means simple LR parser, LALR means Lookahead LR parser and canonical
LR or simply “LR” parser - these are the three members of LR family. The overall
structure of all these LR parsers is same. All are table driven vmnmaav.\. The relative
powers of these parsers is SLR(1) < LALR(1) < LR(1). That means canonical LR parses
Jarger class than LALR and LALR parses larger class than SLR parser.

5@ simple LR Parsing (SLR)
GTU : Summer-12.14,15,16,17,18,19, Winter-12,13,14,15,16,19 Marks 8

We will start by the simplest form of LR parsing called SLR parser. It is the weakest
of the three methods but it is easiest to implement. The parsing can be done as follows.
Context free grammar

Construction of canonical set
of items

Construction of SLR parsing

table
’
: Input
Parsing of input string ——
string

'

Output
Fig. 3.7.1 Working of SLR(1)

A grammar for which SLR parser can be constructed is called SLR grammar.

Definition of LR(0) items and related terms -

1) The LR(0) item for grammar G is production rule in which symbol  is inserted at
some position in R.H.S. of the rule. For example

S—e ABC
S— A eBC
S— ABe(C

S— ABCe
The production S — € generates only one item 5—¢.
2) Augmented grammar : If a grammar G is having start symbol S then augmented
grammar is a new grammar G’ in which S’ is a new start symbol such that S — S.

e

TECHNICAL hcmtnh,:OZm@ - an up-thrust for knowledge
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ammar is to indicate the acceptance of input. That i W
e

The purpose of this gr
it reaches to acceptance state.

parser is about to reduce S— S

3) Kernel items : It is collection of items S — S and all the items whose dots 4, o

at the leftmost end of R.H.S. of the rule.

Non-Kernel items : The collection of all the items in which e are at the left end

R.H.S. of the rule.

4) Functions closure and goto : These are two important functions required to Creay

collection of canonical set of items.
5) Viable prefix : It is the set of prefixes in the right sentential form of produc,
A —s . This set can appear on the stack during shift/reduce action.

Closure operation -

For a context free grammar G, if I is the set of items then the function closure(]) iz
be constructed using following rules.

1. Consider I is a set of canonical items and initially every item I is added t

closure(I).

2. If rule A > oeBf is a rule in closure(I) and there is another rule for B such

B—y then
closure(l) : A — cce B
Boey

This rule has to be applied until no more new items can be added to closure(l).

The meaning of rule A — o.e B is that during derivation of the input string at som
point we may require strings derivable from Bp as input. A non-terminal immediately ©
the right of e indicates that it has to be expanded shortly.

Goto operation -

The function goto can be defines as follows.

If there is a production A — o.e B then goto(A — e BB,B) = A — 0Bep. That mear
simply shifting of ¢ one position ahead over the grammar symbol (may be terminal
non-terminal). The rule A — e Bp is in I then the same goto function can be written #
goto(L,B).

SEUICENAY Consider the grammar
X — Xbla
Compute closure(I) and goto(I).

TECHNICAL \utmEO\».:OZm@ - an up-thrust for knowledge

compiler Des/an

golution * Let,
X =2 Xb

Closure(l)

= X—e Xb

=X—>ea

The goto function can be computed as

monoﬁbo = X Xeb
Similarly goto (I, a) gives X — ae

A—>SA| a

n&,..ﬂ:ww closure (1) and goto (I).

Syntax Analysis

X= §X"b gives X— Xe b

XIIvo.Dd W:<QMX|Ich

.

Solution : We will first write the grammar using dot operator.

S — « AS

S—>eb

A — «SA

A —>ea

* Closure (I)

Let us call this as state as I.
Now we apply goto on each symbol in I.

/

Ip: S—eAS
S—eb
A — e SA
A—ea
I, : goto (I, A)
S—5AeS
S—eb
A— e SA
A—ea
I : goto (Iy, b)
S—> be
I : goto (Iy, S)
A—SeA
A—eSA
A—ea
S 5 eAS
S—eb
I : goto (I, a)
A—ae

TECHNICAL PUBLICATIONS
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R e el st

MInv&b_ @>n_ wn_ bBa
A—d

B—od
Compute closure (D and goto (D).

i tor.
Solution : First we will write the grammar using dot opera

w
ﬁ
~o"mlv.>m w
S — ebAc .
S — «Bc ,_
S — «bBa |
A > ed |
B — ed
Now we will apply goto on each symbol from state Iy. Each goto (I) will gener)
new subsequent states.
I; : goto (I, A)
S— Aea
I, : goto Q?_uv
S — beAc
S — beBa

A —ed
B—.ed
I3 : goto (Iy, B)
S = Bec
“mowoﬁ?av
A = de
B— de

—
-

Construction of canonical collection of set of item -

1. For the grammar G initially add '
2. For each set of items Lin C and
non-terminal) add closure (
.monoamxv for each X in 1. su
items has to constructed ~§

— e Sin the set of item C.

for each grammar symbol X (may be ' b’
L,X). This process should be repeated Eda ¢!
n.# that WOnOQTvC is not empty and not in (&

til no more set of jtems can be added to C

{

i

TECHNC,
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Now we will consider one grammar and construct the set of i 7 i
closure and goto functions. B

Example :
E—-E+T

E->T

T =K

T—>F

F— (B

F—id

In this grammar we will add the augmented grammar E'—+ E in the I then we have
to apply closure(I).

Iy:

E' —eE
E—>eE+T
E-—eT
T—oeT*F
T—eF

F —e (E)

F—oeid

- ..H.Wm mzmmﬂ Iy is constructed starting from the grammar E’— e E. Now immediately right
L . mmbnm we have applied n_OmEmQOV and thereby we add E-productions with e at
B mmmn of the rule. That means we have added E—e E + T and E— T in I,- But
2 We can see that the rule E—e T which we have added, contains non-terminal T

%,Bm&mn&% right to e. So we have to add T-productions in Iy
T xF and T— e F.

In T-productions after ® comes T and F respectively. But since we have already added
ao”.owﬂnmoa $o we will not add those. But we will add all the F-productions having
Jes .no .m m:..vo (E) and F—e id will be added. Now we can see that after dot and id
n&ggm in these two productions. The ( and id are terminal symbols and are not

8 any rule. Hence our closure function terminates over here. Since there is no

T

Tule ’
further we wip stop creating I,
Zos.. mﬁﬁ—% monoﬁva
EOE Shiftdotto  E‘-Ee
E>eE+T  right EpEanT

/
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Thus 1, becomes, | st RS
~ goto(ly E)
I : E—Ee

Mlmo.*.ﬂ.

Since in L, there is no non-terminal after dot we cannot apply closure(l,).
in 1

By applying gotoon Toflo,
goto(ly, T)
Hnuml.mo

T—>TexF

Since in L, there is no non-terminal after dot we cannot apply closure(L)).

By applying goto on F of I

goto(l, F)
L:TFe

m

Rt 3

Since after dot in L, there is nothing, hence we cannot apply closure(l,).
By applying goto on ( of I, But after dot E comes hence we will apply closure onf

then on T, then on F.

goto(ly, ()

I: T — (¢ E)
E—eE+T
E—>eT
T—>eTx*F
ToeF

Foe®
(Baeid

By applying goto on id of Iy

TECHNICAL vcmEOSdOZmQ - an up-thrust for knowledge
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gince in I there is no non-terminal to the right of dot

have completed applyi
tion here. Thus we P PPlying gotos on I, We wi i
functi BN et oxc 6o productions & Iy- We will consider I, for
applying &° T NS E'—> Ee¢ and E - Ee + T. There is no
point applying goto on E'— Ee, hence we will consider E'— Ee 4T for application of

mowo.

Wwe cannot apply closure

goto(l;, +)

I;: E 5E+eT
T —eTxF
T —eF
FT — e (E)
F —eid

There is no other rule in I, for applying goto. So we will move to L. In I, there are
two productions E— Te and T— Te * F. We will apply goto on *.
goto(L,, *)
I;: T—T*eF
F — e (E)
F—oeid
The .mowo cannot be applied on I;. Apply goto on E in I, In I, there are two
productions having E after dot (F—e E and E—e E+ T ). Hence we will apply goto on
both of these productions. The I3 becomes,
goto(l,, E)
Ig: F — (Es)
Iﬂmnm we s:: apply goto on (I, T) but we get E— Te and T— Te*F which is L, only.
e we will not apply goto on T. Similarly we will not apply goto on F, ( and id as

we
get the states L3, I, I; again. Hence these gotos cannot be applied to avoid repetition.

There is no point applying goto on I; Hence now we will move ahead by applying

goto(ly T)

I: E—-E+Te
T—>Tex*F

®
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Then, :
goto(L,, F)
Ip: T Tiwle
;mn\ ——————————A A R ————— AT WA A
goto(lg, )
F - (E)}

is of no use. Thus now there is no item that can |

Applying goto on I Lo, iy
llection of set of items is from I to L

added in the set of items. The co

Construction SLR parsing table -

As we have seen in the structure of SLR parser that are two parts of SLR parsiy
table and those are action and goto. By considering basic parsing actions such as shif
reduce, accept and error we will fill up the action table. The goto table can be filled

using goto function. Let us see the algorithm -
Input : An Augmented grammar G’

Output : SLR parsing table.

Algorithm :
1. Initially construct set of items C = {I;, I;, L,...I } where C is a collection of set®
LR(0) items for the input grammar G".
2. The parsing actions are based on each item I,. The actions are as given below.
a. If A >aeap is in I and goto(l, a)= w then set action[i, a] as “shift " Noté
that a must be a terminal symbol.

b. If there is a rule A —oce is in I, then set action[i, a] to “reduce A —a" for®

symbols a, where a € FOLLOW(A). Note that A must not be an augmer® B

grammar S’
¢. If S"— Sis in [ then the entry in the action table action[i, $] ="accept”

3. The .mono part of the SLR table can be filled as : The goto transitions for state’”
considered for non-terminals only. If goto(I;, A) = ﬁ_. then goto[I,, A] = j-

4. All the entries not defined by rule 2 and 3 are considered to be “error”.

CEEEIEETY Construct the SLR parsing table for

DE—E+T 2EST 3YT-T*F HTF 5 F—(E) 6 Foid
GTU : Summer-1
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Solution : We will first construct a collection of canonical set of items for the ab
or above

. The set of items generated by thj

mBBBB. : y this method ar :

there is noO lookahead symbol in this set of items, zero is M:w_” %M:mwmnwrrwav items. As
et.

/

mo“
E'veE
EoeE+T
E—eT
T ¢ T*F
T eF
F— ¢ (E)
F—eid

goto (I, +)
Ig:EE+eT
T e T+F
T—eF
F— e (E)
Foeid

goto (I, E}
ma” m...lv m .
E-Ee+T

goto (I, *)
L:T-> TeoF
F— o (E)
F—eid

goto {Ig, T)
mnhml-v Te
T—TexF

goto (I, E)
mw“ ﬂ.lv Am -V
E-Ee+T

goto {1y, F)
I3:ToFe

goto (Ig.( )
I4:T— (¢ E)
E—eE+T
E—eT
T-> ¢ T2F
ToeF

F— o (E)
F eid

goto (I, T)
Ig:E>E+Te
T->TesF

goto (17, F)

Lig: T— TeF o

goto (I, id)
Ig:F—ide

goto {Ig, })
Iy :F- (E)e

®
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b t of items as follows. In the given DFA m<mnw§m§m is final state. The state Iy is initial state. Note that the
; e se ' - ol
We can design a DFA for abov —- DFA recognizes viable m:.m. e
ﬂma For example - For the item,
;i g0t0 (I, E)
F e E e
To m_»uma m:o St
| Ig:goto (iy, +) -
( Toly ; m ...v EsoT
state s
g a0ols T)
id Tolg EsE+Te
state
The viable prefixes E, E+ and E+T are recognized here continuing in this fashion. The

DFA can be constructed for set of items. Thus DFA helps in recognizing valid viable
prefixes that can appear on the top of the stack.

Now we will also prepare a FOLLOW set for all the non-terminals because we
: _qwmﬁo require FOLLOW set according to rule 2.b of parsing table algorithm.
[Note for readers : Below is a manual method of obtaining mo:los\.. We have
already discussed the method of obtaining FOLLOW by using rules. This manual
s ﬁ_vmmsa method can be used for getting FOLLOW quickly]

FOLLOW(E") = As E’ is a start symbol $ will be placed
= {$}

FOLLOW(E) :

4 8 L1 ESE  that means E’ = E = start symbol. .. we will add $.
N ESEIT the + is following E. .. we will add +.
h #_Uamss FS(E)  the ) is following E. .. we will add ).
7’ T To state mOH.H.OS\AmV = {+ ), $}
I
FOLLOW(T) ;
F To state ASE' S E E,Tthe ' =E=T = start symbol. . we will add $.
: ES BT
ESTer “E—oT
Fig. 3.7.2 DFA for set of items E T hence we will add +.

TECHNICAL vcmCO\—:OZme - an up-thrust for knowledge

knowledge
TECHNICAL PUBLICATIONS® - an up-thrust for -



SRt e B Syntax Analyg,
T>T*F

?*amonoibmﬂimiaam*.

F - (B)

F—(T) wE-T

?vwmo__oibmaimﬁ:mmmv

. FOLLOW(T) = {+*,)$}

FOLLOW(F) :
>mm~lvm~ml.mm5a.nlvmmﬁm.nmnﬂumﬁmgmvﬁ&o_.zmiémmne.
E - E+T

E - T+T “E—T

E - F+T <= Ty B

The + is following F hence we will add +.

T->Tx*F

ToF*T TSR

 As « is following F we will add *. , p

L ®

\ _L...#,m_la E->T : g

Fo® T->F e B

As) is following F we will add ).

FOLLOW() = {+, %), $)

Syntax Analysis

action table action[0, id] = shift 5 -+ goto(I, id) = I

 TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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row of state 2 and in the column of +) and §. 1 the
T is rule number 2. . action[2,+] = 12, action(2,))<y,

3-84

Compiler Design

mm:nmmamnﬁ_mmlvaiﬁﬁ
given example of grammar B

action[2 $]=r2.
Similarly, Now in state I
T —Fe
A —oe  rule2b
A=T,a=F

8F823“*+.&~vs&w

Hence add rule T— F in the row of state 3 and in the column of +%,) and $. In

given example of grammar T — F is rule number 4. Therefore action(3,+]=ry,
action[3,)]=r4, action[3,$]=r4. Thus we can find the match for the rule A— e frop

",

remaining states I, to I; and fill up the action table by respective “reduce” rule. The

table with all the action[ ] entries will be

B U iR

~will fill up the goto table fop

e e o

il 258 3

s

R A e

1k entries in the table are considered as syntactical errors.
:.,,n_._n parsing table -
e to parse the actual string using above parsing table. Consider the

ring w that is to be parsed and parsing table.

' W € L(G) using bottom-up. If w ¢ L(G) then report syntactical error.

as initial state onto the stack and place the input string with § as

input tape.

oﬁ the top of the stack and a is the symbol from input buffer
ahead pointer then.

S, a] = shift j then push a, then push j onto the stack. Advance the

kahead pointer.

( H&.‘.u reduce A— p then pop 2*|B| symbols. If i is on the top of the

ush A, then push goto[i, A] on the top of the stack.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge



3-86 Syntax ?sfa

Compiler Design

[S, a] = accept then halt the parsing process. It indicates the Succesgfy|
¢) If action|S, al =

parsing. Y
Let us take one valid string for the grammar.

1)E - E+T
2)E » T
3T — T*F
4HT - F
5F - (B)
6)F — id

Input string : id * id+id . , .

We will consider two data structures while taking the parsing actions and those are .
Stack and input buffer.
-

Stack Input buffer Action g—n. goto table o m.»nm.wnm. action

Cuds | vidvids [54=6  [OFI3  ReducebyFo-id
$0F3  eidsids (i n ) 0112 Recuce by T F
e aduss s Shift
o7 s Lige . sub
$0T2%7id5 iﬂm& - ﬂmw&ﬁ& ; : [7.F}=10 N&ﬁn@ﬁ% F—id
| wmero s (040 DT ReduebyToT'F
B was (24} [0Ej1  ReducebyE-T
$OE1 +id$ [14s6 Shift
CsE6 ids [6idlss Shift
f «cmm o ; ; Hm&u& i ..mm@nmn,@mla
| SOEL+6F3 8 {38d | [6TR9 | ReducebyTOT
SOELT $ (981 [0,E]=1 E - E+T

$OE1 : $ ?unnmn : Rt~

In the above table at first row we get action[0, id] = s5, that means shift id ,nwm
input buffer onto the stack and then push the state number 5. On the second Hm,am
get action[5, *] as r6 that means reduce by rule 6, F— id, hence in the stac o ¥
replaced by F. By referring goto[0, F] we get state number 3 hence 3 is pushed %Emw.
stack. Note that for every reduce action goto is performed. This process g ?ﬂ% )
continued in this fashion and finally when we get action[1, $] = Accept W¢
successfully parsing the input string,

TECHNICAL vcmto.»ﬂ\OZme - an up-thrust for knowledge
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Consider the following grammar
e £+ T
FenIF | F
FoFE=|a]|b
nhausﬁ the SLR parsing table for this grammar. Also parse the input a» b + g,

solution : Let us number the production rules in the grammar,

)E—>E+ T

)E->T

3)T—> TF

4HT—>F

5 F— F *

6)F—>a

7’F—->b
Now we will build the canonical set of SLR (0) items. We will first introduce an

mcmBoaoanmBBmﬁimiEmnm::qucnmm: augmented grammar E' — + E and then
the initial set of items I, will be generated as follows.

— Asafter « the symbol E appears we will add rules of E.
— After « the T appears, so add rules of T
As after « the F appears, so add rules of F

Now we will use goto function. From state I goto on E, T, F and a, b will be

ep. Each goto transition will generate new state I;.

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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F i Sl

ihere is 1o point in applying goto on state Iy and I5. We wil choose state I, f,
S ¢ for

w we will first obtain FOLLOW of E, T and F. i
Now, O & ersing table s building As the FOLLOW computation is
Y= TT\ ﬁw
( {+ a, b, $}
LOW(F)= {+ * a, b, $}
s by rule 2 and 4, E > Tand T — F we can state E = T = F. But E is a start
Then by rule 2 and 4, T and F can act as start symbol. .. we have added $ in

Now we will start applying goto transitions on state I;. From I, state it is possible
apply goto transitions only on +. Hence

W(T) and FOLLOW(F).

As after o the T comes will add T transitions The SLR parsing table can be constructed as follows.
same is true for F. o 3
$ E F
4 s5 1 2 3
The goto transitions will be applied on I, state now. We will choose F to apply 8 = — -
tion because there is no point in applying goto on T. o .
ﬁﬁ%mosgm.ou..—ub..oamgﬁmmn ESOEWQamlN. Oum.lvv ; e AT WA 1
are states I; and I5 respectively. . ; : 13 SN
Hence we will not consider I and I A 1. thed® 5
transitions on * ., Hence A8 bleeat b lo o atate I5; from '3 n B
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Now we will parse the input a * v w;w.ﬁ%bmfw‘ww‘mﬁmamwwﬂmx L
PR i.zmﬂn.n‘_(ni! i S Input buffer >nno=
$0 a*b+a$ .m%
$0ad L R .
$0F3 b T B
SOF3#8 SN e e _ reduceby F5Fx
OF bt s bR T O K
S ki s o
8,@.& +af reduce by F — b
SOT2F7 i iy By TE
$0T2 A i 5 S
sl s mie
SO146 a$  Shift
WE S o i Raegue by ova
| wmes s eyt
ﬂ il g R ET
G momu i - =

Thus input string is parsed.
,‘mxmau_m BXXY Construct the collection of LR(0) item sets and draw the goto graph for th
m following grammar S — S S |ale. Indicate the conflicts (if any) in the various states o

- the SLR parser.

Solution : We will number the production rules in the grammar.
1) S =SS
2)S—a
3)S—>¢

Now let us construct canonical set of items -
Iy: S'—>eS This is augmented grammar.
S —>eSS
S—ea
S e
goto (Iy, S)
S'—>esS

TECHNICAL vcmto>.:oz.we - an up-thrust for knowledge

g Syntax Analysis
S—>5e

S —e8SS
S —>ea
S—e
goto (Iy, a)
S—ae
goto (I, S)
S—>SSe
S—>SeS
S— eSS
S—> ea
S— e

The goto graph will be

FOLLOW(S) = {a,5)

Ms construction of SLR(1) table will be.
- mmm ."mmﬁwnm there is a production rule S —  a . If we apply goto (L, a) then we will
withs Ivnm. Hence M[3, a] = S2. In I, there is a production S — SS e which matches
M3 @ Rule S SS is rule number 1. And FOLLOW(S) = {a, $}

7 a] = M[3, $]

"HH

/
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Solution : We will mae:ﬂﬁwﬁxmﬁ.m?nﬁﬁ.n&a
DSocA £
~ 2)S—ccB

.Iu.

Syntax Analysis
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3-95

The SLR

B — eccB

B— eb
goto (I B)

B— ccBe
FOLLOW(S) = { § }
FOLLOW(A) = ($}
FOLLOW(®B) = { $ }

parsing table can be cons

gﬂﬂm as m°=°s¢ i

m§8§§§. A
1.5,,%gvénwgaamg.gnnoggagemg
A e S —eS I: goto(l, id)
" . ,mvaH...l..W Loide
: PS5 R I+ goto(l, =)
& v...H.|vo*- S—>L=eR
, —eid R—oelL
_v ~ Roel LS AL
Qc\ S) Loeid
j m\lnvmo —_ﬂ" WOSQQWV
AHQFV L—>*Re

I: goto (I, L)

R—Le
- I, :  goto(I, R)
BRL —> * e R Bl R
. R—oel
L—>exR
~ L—oeid
will build the parsing table for the above set of items.

=L 4

' TECHNICAL PUBLICATIONS®
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As we are getting multiple entries
reduce both a shift/ reduce conflict occ

not SLR(1) grammar.

Example 3.7.9

S — An|bAc|bBa

A—d

B—d GTU : Summer-12, Marks 8, Winter-19, Maks 7
Solution : We will number out the production rules

1) S— Aa

2) S = bAc

3) S — bBa

4) A->d

5 B-—>d

Now we will construct canonical set of items.

Ip: S'—>-S Is : goto (I, a)
S—-eAa S— Aa-

S — *bAc I : goto (I3, A)
S — + bBa S > bA-c
A—-d I; : goto (I3, B)

I; = goto [y, S) S—bBea
S'—>S- Ig: goto (I3,d)

I:  goto (p, A) A—>de

S—>A-a B—>d-

I;: goto (Iy, b) Ig: goto (g, o)
S—beAc S — bAc »
S—>b+Ba Iip: goto (7, a)
Asied S — bBa «
B—oed

Iy: goto (1, d)

A 5 de

We obtain follow set for each nonterminal

FOLLOW () = ($)

FOLLOW (4) = (a, }

3-96

Generate the SLR parsing table for the following grammar

in Action [2, =] = s6 and 5. That means shift o
urs on input symbol =. Hence given Brammgy |

TECHNICAL tcmtoxdoz.w@ ~ an up-thrust for knowledge
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FOLLOW (B) = {a}
the SLR parsing table will be

Now g,
o QEdm wo...v, |
Z ” o b b ¢ d $ S A B .
9t i 84 1ty .
w ~ Accept :
w ol ! = m -
. % il W
.!;N(. S10 .
250 |

LR BL\Y Write SLR parsing table for : S—>T T-—CC C—¢C C—d
GTU : Winter-13, Marks 8

Solution : Let, the given CFG is
S>T, THCC C—cC Cod

Let us number the production rules -
18S—5T

2T CC
3.CscC
h.ﬂ'vﬂ

Now we will build the canonical set of SLR (0) items.

ST r» : goto Qo , d)
T —eCC C —de

CoecC
% : goto (I, ©)
Gicped ~m .W_.,.IvOﬁm.
goto QQ 0 I, : goto 14 O
e C—>cCe

TECHNICAL PUBLICA :oz% - an up-thrust for knowledge
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Parsing table

o

l Examp

?,4:

E::S‘ 14, Summer- _q ~c Marks .\.

,; ﬁﬁﬂv Eaﬁmgﬁ_mwwuaao§o$§~g§ﬁa=2
7ill construct a canonical collection of set of item -

 TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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3-102
3-103 B Analysi
o 1 1L MA.In.H [ 1 'l BT peee -,,.*l»
MU o7 M | ot FECIE [
s4 ] “ 8
CAR SR bl Y.
% 16 T |
lLrsIV"nT P a 1 4
LD NS il
7 , 2.1, 10
e SR R
- s6 813 | P
= S
4 s7 r4 |
B h R lm
1 | 5 | » FOEES
£l 15 [ 5 | & w
* the collection of sets of LR(0) items for the following grammar,
‘ ke bl - GTU : Summer-15, Marks 7
Solution : Let us number the production rules as below -
sl oh R L 1)5-Aa
We will number the production rules : X ) m..lw ES
LR 3)S - dc
2)E-T 4'S - bda
JT-HETT /
9T-F L o
5) mlv@ We NE nosm.n.“ou Mozmnmon- of LR (0) items :
Old ...
FOLLOW (B) = { -, ), §) S —>e bAc
The SLR parsing table will be, .aoﬂﬂ .
. S S e
1L goto (I, A)
- S—>Aea
A ~ goto ﬁo. b)
. S— beAc
: TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Syntax Analysis
_ S—>1e0
d) “ S — 0S0
U ! S —»e 151
§-r do8 _ S —>e10
Ach a2 ” I: goto (I, S)
e oo lz a) ! S—>0Se0
Bowase ﬁ., Iy : goto (I, S)
i G | S —>1Se1
g—>bAecC ,‘ Iy goto (I3, 0)
I goto (3. @) ! S—>10e
§—>bdea | S —0e S0
A—~>de , S — 0S0
L]
Iy goto (I, <) M H. “Mp
Sndce i I,: goto (I4, 0)
I goto (I, ©) S — 0S0 »
S — bAce , Ig: goto (I, 1)
Ip:  goto Iy a) S—>1Sle
§ — bdae We will compute FOLLOW functions FOLLOW (S) = (0, 1.
E Construct SLR parsing table for the following grammar S — 080{18110 The SLR parsing table will be
GTU : Winter-15, Matks] mﬂ...tltli.lle > :i;.>2‘_o=‘ i R :m? —
Solution : Let us number the production rules in grammar : w : mcn ww $
1)S—080 2)S—151 3)S—10 _ - pe ;
We will build canonical set of SLR (0) items : B = s3 i
mo : S'—eS N |w : S6 s3 5
S —+ 0S0 ok §7
S —e 1851 .m‘ P
S—e10 6 S2 S3
R goto (I, S) -
S'>Se rv 8
L:  goto (I, 0) T
S—0e50 Review Questions
S —0S0 3 —
S—e 181 L. Explain SLR parser in detail with the help of an example.
S—e10 GTU : Winter-12, Summer-16, Marks 7
la goto (Iy, 1) — /mémxwwwxxm; parsing method with example. GTU : Winter-16, Summer-18, Marks 7
S>1e81 - S

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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X LR(k) Parser

of items is the parsing technique in which a lookahead gy,
t of items. Hence the collection of set of items ig i is
ates that there is one lookahead symp,) - ma

3

GTU : Summer-12,17,18 Mar),
y tks 7

The canonical set
generated while constructing se A
as LR(1). The value 1 in the bracket indic
set of items.

We follow the same steps as discussed in S

1. Construction of canonical set of items alon

2. Building canonical LR parsing table.
put string using canonical LR parsing table.

LR parsing technique and those are
g with the lookahead.

3. Parsing the in
Construction of canonical set of items along with the lookahead
1. For the grammar G initially add S’ S in the set of item C.

2. For each set of items L in C and for each grammar symbol X (may be termip
or non-terminal) add closure (I, X). This process should be repeated by applying

X) for each X in L such that goto((I, X) is not empty and not in C. The

goto((T,
no more set of items can be added to C.

set of items has to constructed until
3. The closure function can be computed as follows.
For each item A —0.eX B, a and rule X»>yand b € FIRST(B a)
mcnrmﬁnxlo<m:&¢ﬁbo~5~9m=mmmxlo$v8 It

4. Similarly the goto function can be computed as : For each item
[A - e XB, a] is in I and rule[A — o Xe B, a] is not in goto items then add

[A - aXef,a] to goto items.
This process is repeated until no more set of items can be added to the collection C

Example 3.8.1 [KEEEE-]

§—CC
C—aCld
Construct LR(1) set of items for the above grammar.
Solution : We will initially add $'—e S, $ as the first rule in I). Now match

S’—e S, $ with
[A —>aeXB,a]
Hence S'—e¢S5,$
A —>oaeXf,a
A=5%,a=¢X=5B=¢a=$
If there is a production X -y , b then add X —e y, b
~S—>eCC, b € FIRST (B a)
be FIRST(E $) ase $=$

TECHNICAL vcmto‘»dozwe - an up-thrust for knowledge
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jer DeSIg"
%\\\\\\! e

b € FIRST($)
b = (8}

.S CC, $ will be added in I,
Tos, g —» # CC, $ is in I we will match it with A —aeXB,a
>nm\‘9nm~XHO\muﬂ\m =$
f there is @ production X -, b then add X » e y b
. Cc—oeaC, b € FIRST(§ a)
Coed b & FIRST(CS$)
b € FIRST(C) as FIRST(C) = {a, d}
b = {a,d}

c—eaC,aor d will be added in I,
Gimilarly C— ¢ d, a/d will be added in I

Hence I:
St e s
S—eCC $
C—>eaC a/d
C—ed a/d

Here a/d is used to denote a or d. That means for the production C— e aC, a and
C-eaC, d.
Now apply goto on I,

S eSS, $

S e CCS$
C —5eaC a/d

C—oed a/d

Now apply goto on C in -

S
7 C+C$ add in L. Now as after dot C comes we will add the rules of C.

/

TECHNICAL vcm:o\p:oz% - an up-thrust for knowledge
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u“s!\owbo&n: 3-109
As applying gotos on I, is over. We will move to 1, but

from Liwe yill Eu_&. moﬁo o e in L. And there is no closure possible in this state

Compiler Design

X=C, p=¢t a=9%

oy b where b€ FIRST(B a) We get no new production

X —
Glorgead b e FIRST(E $) xMO\nOQN 5 |
C— eod b e FIRST($) ,ﬁﬁe .
e - e
C—oeaC, $and Co e d, $ will be added to L, g B o 1 e R =
b A B LN ‘ .
¢ C) c—aeC$ get the state I.
il A oeXBa
S CeC, $ .Pnn\QHNsXHO\@H@mnm
o XY
e C—oeaCand C —ed
be FIRST(B a)
Now we will apply goto on a of I, for rule C — e aC, a/d that becomes C- o 3 be FIRSTE $)

a/d will be added in L.
CoaeC a/d
AsA=Ca=aX=CB=¢ga=a/d
Hence X > ey, b
C —»eaC be FIRST( a)
C—oed be FIRST( a) or FIRST(e d)

b=a/d
Henee Kn: can note one thing that I, and I, are different because the second component in
Ly and I, is different.
Ligotolga) Apply goto on d of I, for the rule C— e d .
Coae€iafd s o - —
Cynallnidiie e ,
Coeda/d |
Now if we apply g

oto on a and d of I; we will get I and 1, respectively and there is

de afd NO point .
point in ...m,vomubm the states. So we will apply goto on C of L.

Now if we apply goto on d of I in the rule C — o d, a/d then we get C—
hence I, becomes

Iy : goto(ly d)
S

E . S i

X
or

s 4 and I there is no point in applying gotos- A

mzoﬁn

x ,@:,u_“,.uq respectively. Hence we will apply goto on
ﬁ»ﬂnvﬂ 2 n\ $

pplying gotos on a and d of I,
I for C for the rule.

m@ - an up-thrust for knowledge
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Iy : goto(ly, ©) |
C—oaCe, §
{

I and I, we cannot apply goto. Hence the Process ,

For the remaining states I, the set of LR(1) items congigy of

construction of set of LR(1) items is completed. Thus r
to I, states.
ot I5: goto (I, C)
mo\.l.mm S—>CCe$
o I 000 1)
— e aC, ;
C—ed, a/d C'—aeC $
C—eaC,$
Coed $

1;: goto (Iy, S)

§3848 I: goto (I, d)
C—ode, §

Ip: goto (Iy, C)
S—>CeC,$ Ig: goto (I3, C)
C—oeaC, $ o
Coed $

I5: goto (I, @) Iy: goto (Ig, C)
C—aeC,ad C—aCe, $
C—eaC, a/d
C—ed, ad

I4: goto (Iy, d)
C—de,a/d

Construction of canonical LR parsing table
To construct the canonical LR parsing table first of all we will see the actu

algorithm and then we will learn how to apply that algorithm on some example. Th
parsing table is similar to SLR parsing table comprised of action and goto parts.
Input :  An augmented grammar G'.

Output : The canonical LR parsing table.

Algorithm : .
1. Initially construct set of items C = {I, I, L...I } where C is a collection of set®
LR(1) items for the input grammar G’.
2. The parsing actions are based on each item L. The actions are as given cﬁoqﬂ "
3 If[A >aeap b isinl and gotol, a) = I then create an entry ' *
action table action[I, a] = shift j.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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%t\\m\

p) If there is a production [A— a e , 3] in I then in the action table

action[I;, a] = reduce by A — . Here A should not be g

¢) If thereis a production S’ — Se, § in I; then action[j

The goto part of the LR table can be filled a5 - The .

& idered for non-terminals only. If goto(I

$] = accept.

goto transitions for state i is
cons : v A) = m_. then goto[l, A] = j.

. Al the entries not defined by rule 2 and 3 are considered to be

% Construct the LR(1) parsing table for the following grammar.
1) S = (8(¢;

“error”,

2 € —aC
.ww CcC — d GTU : Summer-18, Marks 7
Solution First we will construct the set of LR(1) items,
Ip: I5: goto (I,, C)
S§'—> eS8 S5CCs,$
S—eCC,$
C—eaC, a/d Ig: goto (I,, a)
C—ed, a/d Sl a0C. S
C—eaC,$
I: goto (I, S) C—ed,$
S —5Se $
I;: goto (I, d)
I,: goto (I, C) C—de, $
S—>CeC,$ )
C—eaC,$ Ig: goto (I, C)
C—oed$ C— aCes, a/d
I3: goto (I, a) Ig: goto (Ig, C)
C—oaeC, ad C—aCe, §
C— eaC, a/d
C— ed, a/d

I4: goto (I, d)
C—de,a/d

The DFA for the set of items can be drawn as shown in Fig. 3.8.1 on next page.
Now consider Iy in which there is a rule matching with T, lQ.mm‘& as
Coe aC, a/d and if the goto is applied on a then we get the state [3. Hence we

*ill ereate entry action[0, a] = shift 3. Similarly,

//

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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Inly
hu\vonw N\&

A-aeaBb
>u09n@mum\un9

goto(ly d=
[0, d] = shift 4

b =a/d

hence action

Fig. 3.8.1 DFA [goto graph]
For state r

C - dea/d

A So0ea

A=Coa=da=a/qg

action[4, a] = reduce by C— die. rule 3
mfvm.‘msr

So we will create action[1, §] = accept

TECHNICAL PUBLICATIONS®

- an up-thrust for knowledge
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The goto table can be filled by using the goto functions,
WOnO ao\ mV = :

i ©
goto (I5,C) = 1
C 2
e e goto (I, C) = I
g (o

For instance goto(I;, S) = I;. Hence goto|0, S] = 1. Continuing in this fashion we can
fill up the LR(1) parsing table as follows.

goto
$ S &
1 2
Accept
5
8
rl
9
3
2

The remaining blank entries in the table are considered as syntactical error.
Parsing the input using LR(1) parsing table
Using above parsing table we can parse the input string”aadd” as

& muv:n buffer V&o: table goto table Parsing action
65 sl |
S tionidaled i _
d$  action[3d]=s4 e
e ino @ [pcey RelaeByODE

TECHNICAL PUBLICA :ozme - an up-thrust for knowledge
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. R B o [eomdsd [BCI=8  Reducebyc., |
B s e 002 teebeog)
gt ol R
S0 s lmems OS . Rewecy,
e  actionlSshn (081 Reducebysoo
..Wcmﬁfi. RO T ﬂ t
Thus the given input string is successfully parsed using LR parser or cangy
LR parser.
E Construct a DEA whose states are the canonical collection of LR(1) items fi
the following augmented grammar,
S—A
A —BAle
B—aB|b
Solution : Initially we will start with the rule

S—eA, §

We will add the rules A - eBA and A —e to .
Now let us map the rule [A - aeXB,a] with S—eA, $.
Suchthat A=S5, a=¢, X=A, B=¢, a=$.
Then second component of A —eBA and A — e

Will be FIRST (Ba)
FIRST (¢, $)
FIRST ($)

(%)

S—eA, $
A —3eBA, §

>lv3m
>m¢~m8mmw~c._m>lvow 87../?
A we d B—eb 00
to compute second compo; B gies B eaBan

A S eBA, § for b.gnOm.m_mnEa we will use
>u? l~ ﬂsvv:ﬂmg"rmb» IonX@\m”_

=g, X=B, un>~ a=$

Then second component of B
wilbe = FIRST (gs)

wmotz‘ok. PUBLICAT] 0 Zme

—*aBand B—eb

= an up-thrust for knowledge
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FIRST (A, $)

FIRST (A)

.Tr b, mw

{ab}

B—eaB, a/b
B—eb, a/b.

I

It

Hence Iy will be
:SoeA, $

A —eBA, $
A—e,$
B—eaB, a/b
B—eb, a/b
I, : goto (I, A)
S—eA, $
I, : goto ( Iy, B)
A —5BeA, $
A —eBA, $
A e, §
B—eaB, a/b
B—eb, a/b
I3 :goto (1, a)
B—aeB, a/b
B—eaB, a/b
B—eb, a/b
Iy :goto (1, b)
B—be, a/b
I5 “goto (I,, A)
A SBAe, §
Ig *8oto (I,, B)
wlvmwo\ a/b

Ip

//

®
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nstructed as follows - SO 15 a)

The DFA can be ¢o I

G5 ae5A, 8
mlvomm.br—u\n
Gyout i1, bfc

I, : goto (I5,5)

g —aSeA,$
A —ebS,$

A—ec $

I, : goto (I3, A)
S — aSAe,$

Is : goto (I3, b)
A > beS, $
S —>eaSA,$
S—e,$

I : goto (I3,0)
A—>ce $

I; : goto (I5, S)
A —>5DbSe, $

Fig. 3.8.2

E Construct the canonical parsing table for the following grammar

>S5
§->CC
C->cCld
Solution : Refer example 3.8.2 by assuming a = ¢

E Construct CLR parsing table for following grammer.

GTU : Summer-17, Marks 7

S—aSAle The parsing table can be
A-bS|c [ GTU : Summer.17, Marks T |
Solution : Action Goto
1) S — aSA T ,
2S¢ a | b c $ S | A
3) A bS Lo | 2 2 |1
HA-c "1 ACCEPT. 3
i e will construct canonical set of jtems using augmented grammar. 2 82 n n :
o il

§" 58,8 ;,.m o e

S—eaSA,$ 4 m rl

S—oe ,$ 2 7
I : i

Sh=s S .5 R— : ‘

7 3

TECHNICAL vcmt@»iozwe

’ - an up-thrust for knowledge
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[EX] LALR Parser

In this type of parser the look:
table obtained by this method are s
SLR and LALR parsing are always sa

parsers.
We follow the same steps as discussed in SLR and canonical LR parsing techniques

GTU : Winter-14,15,16,20, Marks 7

ahead symbol is generated for each set of item, The
maller in size than LR(k) parser. In fact the states of
me. Most of the programming languages use LALR

and those are
1. Construction of canonical
2. Building LALR parsing table.
3. Parsing the input string using canonical LR parsing table.

set of items along with the lookahead.

Construction set of LR(1) items along with the lookahead

The construction LR(1) items is same as discussed in section 3.8. But the only
difference is that : in construction of LR(1) items for LR parser, we have differed the
two states if the second component is different but in this case we will merge the two
states by merging of first and second components from both the states.

For example in section 3.8 (Refer Example 3.8.2) we have got I, and I, because of
different second components, but for LALR parser we will consider these two states as

same by merging these states. i.e.

I+ 1=
Hence
L, : goto(ly, a)

C —aeC a/d/$

C —eaC a/d/$

C —ed,a/d/$

Let us take one example to understand the construction of LR(1) items for LALR
parser.

ELICEER] S — CC
C —aC
C—d
Construct set of LR(1) items for LALR parser.

TECHNICAL ‘ucmto>.:02m@ - an up-thrust for knowledge

mo_nmo__ s

e will construct set of H.WG.V items,

First

—O“

S8, %
S—e 00. ﬁ
Cc—» ¢ aC, a/d
C— od, a/d

Is: goto (1,, ¢
S— CC 3

14: goto (Ig, S)
§'—>8Se$

Ig: goto (1, a)
C'>aeC, 3
Coe aC, $
Coe d$

1,: goto (I, C)
S+ CeC,$
C—eaC,$
C—ed$

I7: goto (1,, d)
C- de, §

Ig: goto (I3, C)
C— aCe, a/d

15: goto (Ig, @)
C—aeC, ald
C— e aC, a/d
C— ed, a/d

Ig: goto (Ig, C)
C—aCe, $

NA“ QO»O QO. Qv
C-—>de a/d

//

Now we will merge states 3, 6 then 4, 7 and 8, 9.

Io:

S'5eS, %
S5 e CC, $
C— eaC, a/d
C— ed, ad

I;: goto (I, S)
S'5Se $

I5: goto (Iy, C)
S CeC,$
C—eaC,$
Coed $

I5: goto (I, C)
§-5CCe$

Igg: goto (15, C)
C—aCea/di$

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Step 1:

Step 2 :

Step 3 :

Step 4 :

Step 5 :

3-120 Syntax Analysjs

I¢: goto (I, @)
C—aeC, ald/$
C— ¢ aC, a/d/$
C— ¢ d, a/d/$

147: goto (Iy, d)
Code,ald$

We have merged two states I, and I¢ and made the second component as a or ¢ o
$. The production rule will remain as it is. Similarly in I, and L,. The set of items consig

of states { I, 1, L, L, Ly I, _%_
Construction of LALR parsing table -

The algorithm for construction of LALR parsing table is as given below.
Construct the LR(1) set of items.

Merge the two states L, and [ if the first component (i.e. the production rules
with dots) are matching m:L create a new state replacing one of the older

state such as J = r V] w

The parsing actions are based on each item I; The actions are as given below.

a) If [A saeaf, b] isin I and goto(I;, a) = H_. then create an entry in the
action table action[l, a] = shift j.

b) If there is a production [A—a.e , a] in L then in the action table action
[1;, a]= reduce by A— o.. Here A should not be S'.

c) If there is a production §'— S e, § in I, then action[i, $] = accept.

The goto part of the LR table can be filled as : The goto transitions for stat¢!
is considered for non-terminals only. If goto(I, A) = L then goto[l,, Al =}

If the parsing action conflict then the algorithm fails to produce LALR parséf
and grammar is not LALR(1). All the entries not defined by rule 3 and 4 ar¢
considered to be “error”.

SELTICRERE S — CC

C— aC
Cod
Construct the parsing table for LALR(1) parser.

GTU : Winter-20, Marks 7

®
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0032?\?%63

Solu
Ip!
S'—»eS,$
S—>eCC,$
C—eaC, ad
C— ed, a/d

:u goto co.wv
S'58Se§

I,: goto (Iy, C)
S—>CeC,$
C—eaC, $
C—ed $

Now consider state Ho there

19 &um.

Syntax Analysis

tion : First the set LR(1) items can be constructed as follows with merged st.
ed states.

I3 goto (1, a)
C—asC a/dfs
C— eaC, a/d/s
C— e d, a/d/s

I47: goto (I, d)
C—de,a/ds

Is: goto (I, C)
S5 CCe, $

Igg: goto (15, C)
C— aCeald/$

is a match with the rule [A->aeaB, b] and goto

C-e aC, a/d/$ and if the goto is applied on a' then we get the state I,.. Hence we
will create entry action[0, a] = shift 36. Similarly,

Inl,
C 5ed a/d
A —saeaf, b

A=Ca=ga=d,B=¢b=a/d

goto(ly, d) = I,
Hence action[0, d] = shift 47
For state s

C>de, a/g /$

A 0ea

>ﬂﬂ- Qﬂﬂsﬂﬂm\ﬂ\@

“M“a:?w. a] = reduce by C — d i.e. rule 3
m&oz_pﬂ d] = reduce by C — d i.e. rule 3
on[47, §] = reduce by C — d i.e. rule 3

586, $in,

S0 we wi

The mooME Create action[1, $] = accept.

L table can be filled by using the goto functions.
m.: :v

the LR(1)

/

tance goto(ly, S) = I,. Hence goto[0, 5] = 1. Continuing in this fashion we can
Parsing table as follows.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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S :
State Action goto

a d $ Sy C
0 $36 s47 1 2
1 Accept
2 36 47 5
36 s36 s47 I 8
47 3 3 3
5 rl «
89 2 S 7] ;

The string belonging to given grammar can be parsed using LALR parser. The blank
entries are supposed to be syntactical errors.

Parsing the input string using LALR parser
The string having regular expression = a*da*d € grammar G. We will consider input

string as “aadd” for parsing by using LALR parsing table.

Stack Input buffer  Action table  Goto table Parsing action
W i amitabedt 0
S0a3  add$  actionl36al=s36  Shift
S0a36a36  dds  acton[6dlest7  Shift
S0a363647  dS  actiond7dj=i%6  [36C]=89  Reduceby C—d
S00636C89  dS  action89dl=  [36C)<89  Reduceby C—iC
$0a36C39 @ sl [0CF2  ReducebyC i
WM 8 actonl7Slss  [2C)=5  Reduceby €
$0C2C5  $  actionf$lerl [0S}l ReducebyS—CC
il § | accept |

Thus the LALR and LR parser will mimic one another on the same input-

TECHNICAL t:mtO»dOZm@ - an up-thrust for knowledge
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%ﬁa@w De

% Construct LALR parsing table for the following e
BEr s
g - bAC
§—dc
§ - bda

A—d
Parse the input string bdc using table generated by you,

solution : Let us first number the production rules as below.

Syntax Analysis

GTU : Winter-14, Marks 7

1) S= Aa
2)S— bAc
3) §—>dc
4) S — bda
5) A—>d
Now we will construct canonical set of LR(1) items for the above grammar.
I :
§"—+.S,$
S—eAa $
S — «bAc, $
S—edc $
S —ebda, $
A>ed a

In above set of items we will start from S — o S, $. The second component is $

w::._mmm__w. After o the S comes, hence will add the rules deriving S. Now we have got the

S b ) >N\ @
WE resembling with A — e x B, a
OW we can map x to A then the second component of X — is FIRST ®a)

FoEE.—m

A=+dand second component is FIRST ($a) = a
s w>l.a\m€ngaama5~o.
1 goto A~c~mv
. 8~ Se, $We will carry second component as it is.
2 goto Qol&v

5> Aca g

/

TECHNICAL PUBLICATIONS
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Hw H mono Amc\vv
S — beAc, $
S - be %\ﬁ
A—yed c

Io

Iyg

In above set of canonical items no states are having common produc
Hence we cannot merge these states. The same set of items will be consi

: goto (Io, d)

S — dec, $

A — de,a

: goto(I,, a)

mlnv >N.\@

: goto (I3, A)

S — bAec$

: goto (I3, d)

S — bdea, $

A > de,c

: goto (Iy, c)

S— &no\G

: goto (Ig, c)

S — bAce,$
: goto(I;, a)
S — bdae, $

'+ S — beAc,$ and FIRST(Ba)
= FIRST (¢ $) = c- Hence
second component of A — ed is ¢

building LALR parsing table.

We will construct LALR parsing table using following rules.
If[A > aeaB, b]is inI; and goto (I;, a) =1I; then action [i, a]
If n.rmnm is a production [A — ae ,a] in some state I, then
action [i, a] = reduce by A — q.

1.
24

If there is a product $' — Ss,$ in I; then action [i, $] = accept.

Syntax \533

tion rules
dered fof

Shift j.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Syntax Analysis
Action goto
g ety o8 LS
4 1 2
ST 5 |
. RIS Tl D
. i ki
2 le <o bl Stea s
3 am. - J|1~ ok AL
S 5 ..
r4

Input buffer Action
bdc$ Shift 3 ez
e - e chibFSeem. S
g Reduce by A »d
. R L SR A
$ _ Reduceby S —bAc
$ i Accept

e
TECHNICAL PUBLICATIONS® - an up-thrust for knowledg
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5 A-—d
6) B—od
Now we will
S =S, $ .
Initially for the augmented grammar the second an_qum.E is m... As this .
[s' — +S, ] is matching with [A = s X B, a] Srmnm. o _wcm. a_m mw i8 € and g i
We will apply closure on § and add w: the mﬁaﬁn%: mmm QMWSm S. The secpy
component in these production rules will be $. This is because for [s" = s, ] thef .
and a = $ . FIRST (B a), FIRST (€ ) = FIRST ($) = $. Hence we will get

m_ lomxm
S —»ebAc, $
S —>eBc $

S —e«bBa, $

Now we have got one rule [S — ¢Aa, $] which is matching with [A > axp,,
and [X — y]. Hence we will add the closure on A. Hence [A - d] will be added in t
list. Now the second component of A — ed will be decided. As [S — «Aa, $] is

matching with [A — A+X B, m_géx%?ummwmbmwmmm.

Then FIRST (Ba) = FIRST (a$) = FIRST (a) = a. Hence rule _H>l.9 m_ will be
added.

Now,

S' >S5, %

S —eAa $

S —eBc $
S —>e«bBa, $
A—ed a
Now notice the rule S — sBc, $. It suggest to apply closure on B (As after dot B
comes immediately) This rule is matching with [A — oe X B, a]and [X - y]. Hence ¥
will add rule deriving B. Hence B — «d will be added in the above list. Now

S —«Bc, $ can be mapped with [A — a+X B, a].

first construct canonical set of LR(1) items.

Where o =¢
X=R
f=¢c
a=§

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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\\\

ence FIRST (33) = FIRST (¢ ) = FIRST (9 - .
i rule —”w Sied, nu will be added.

finally Io will be -

mﬂ%&. s

G —re Aa, %

g —e bAc, $

m e ad WP %

m —5 e W.WN\ %

A d, a

B—e Q\ c
Continue with applying goto on each symbol.

Syntax Analysis

There is no chance of applying closure or goto in this
state. Hence it will have only one rule.

Applied goto on A. But as after dot a terminal symbol

comes we cannot apply any rule further. The second
component is carried as it is.

After dot A comes hence rule for A — ed will be added.
As Hm — beAg, ﬁ is matching with
Trlvn.me m:axi,m_\ FIRST B a) = FIRST (cs) =
FIRST (c) = c. The second component of A — «d is c.

The goto on B is applied and second component is
carried as it is.

The goto on d in state I is applied with corresponding
second components as it is.

€L

this fashion we will get further states.

M Iy : goto (I3, d)
w.m.lnv;?wosﬁ ~ .Pl.vn—o\n
m B—de, a

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge



construct a set of LALR(1) items. In this construction we will simply
g deriving same production rules which differ in their second
.H-‘—mwoﬁuon& LR(1) items state I5 and I4 are such states i.e.
Iy : goto (I3, d)

A - Q.~n

B — Qc~m

Now using the above set of LR(1) items we will construct LR(1) parsing table ,

y one state by merging state 5 and 9 as

&)

1) set of items are given as :
I : goto (I, a)

S — Aae, $

Hv : NO_”O Qu\ >v
S — bAec, $

Hm A WOnO Amu- wv
S — bBea, $

m_b 5 WOnQ Am»‘ nv

S— Bce, $

Iy @ goto (I7, 9)
S — bAce, $

Ip> : goto (Ig, )
3 S — bBas, $

.ge‘vsa&‘os%

- TECHNICAL pUBLICATIONS®
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sign
iﬁ% = Syntax Analysis
v arser ta .
: P e for the following 8rammar for CLR
RS ot R Lo R, R>L o

i . GTU : wji
m 3 S - < — Cmgm T . Winter-16, Marks 7
method we have to build the

3-130 Syntax Analygy

Compiler Design

I, : goto (I, B)

S — Bec, $
Iso : goto (To. d) %_nmmw_nnommnmo: of items using LR(1) items.
A—>de,al/c a%ﬁ“m LR(1) items are
B— ds,al/c I .8 —>eS5% Ig : goto (L, =)
The LALR parsing table will be - 5 B, .L=RS$ S—>L=«R$
T ‘ R & R,
State ‘ >a__.6=i DA e mo._o _ MH. *R, = |$ L .l.“. lem $
. b - ¢ , ," B ‘ L—eid =% L—.id, $
: 4 ,” R—oL,$
0 B W £ L: goto Uy S) I, : goto (I, R)
1 | §—>Se$ L 5«Re=|$
+- , L: goto (I L) Ig : goto (I, L)
S el A ._ S>Le=R$ RoLe=[$
3 8 W RI=yLe , $
i m I, : goto (I, R)
= St S—->L=R.,$
59 M L: goto ﬁ? R)
e i A m S—>Re.,$ L, : goto (I, L)
6 I;:  goto (I, %) R LS
e L ﬂ, Lo *eR, = |$ H: : goto (I, *)
 moio = " R—o.L = |$ Lo>*«R $
b 8 . .m.S. : g v Loe*R = |$ Ry elles
o : Loe.id = |$ L—>+*R$
: ¥ m L—eid, §
: 4 HS goto (I, id)
12 | 4 m L ; Loide $
oo (1. id .
The parsing table shows multiple entries in Action [59, a] and Action [5% c]. This s L Mao\. " M |$ g Mom M.rm .Em

Fr
om above set of items we have got

called reduce/reduce conflict. Because of this conflict we cannot parse in put.
i “ A
)], and I, give same production but lookheads are different. Hence m

Thus it is shown that gi i
given grammar is LR(1) but not LALR(1) erge them

5= I
12 Hence HEN

TEGHNICAL PUBLICATIONS® - an up-thrust for knowledge
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iif) 17 = Iia
) I =T

Hence I3
Hence Igyo

Therefore the set of items for LALR are

Iy § —>eS,8%
S—»«L=R$
SRS
D= Ri=]S
L—eid, =[$
R LS

Lig b St Sl

mn" Si=>TL el =8RG
R—-Le,$

L: S—Re$

Lox*e R =|$

Riyluel, =H| 5

I >« RA="[$

Loe.Id = |$

Loide=|$
I: S—>L=«R$

R—o.L $
L= o ER'S
L— «id$

! The parsing table can be constructed as follows -

Ll Ry = |$
fgrirs Lo, = |3

Hwnml.v H.“NOsQ

TECHNICAL PUBLICATIONS® - an up-thrast for kmomedge
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e
L SRS L v
e !
R
10 13
T

b in detail. Support your answer with example.

R .
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3-134 Syntay Analygy

[EET Comparison of LR Parsers

class of CFG, efficienc

GTU : Summer-16,19, Winter-18 Mark -
J s

r the common
It's a time to compare SLR, LALR and LR .ﬁwnmma fo factors such 5 R,
y and cost in terms of time and space.

W

Sr. SLR parser LALR parser Canonical LR parge, |
No. ,

3 SLR parser is sm LR parser or canonic R

allest in The LALR and SLR have

s the same size. ~  parseris largest in sige,
R . : e
2 It is an easiest method This method is applicable to v
based on FOLLOW wider class than SLR. powerful than SLR 5
function. ;; |

This method exposes ley

3. i thod exposes less Most of the syntactic
ol £ syntactic features than thy

syntactic features than that features of a language are

of LR parsers. expressed in LALR. of LR parsers.

4 i’ ,.mae. detection is not Error detecion is not Immediate error detection is
immediate in SLR. immediate in LALR. done by LR parser.

5 It requires less time and The time and space The time and s

complexity is more for

complexity is more in LALR
canonical LR parser.

but efficient methods exist
for  constructing LALR
parsers directly.

space complexity.

Graphical representation for the class of LR family is as given below.

Fig. 3.10.1 Classification of grammars . IR

E?ﬁ@ the statement “A class of grammar that can be parsed Eim .
methods is a proper subset of the class of grammars that can be parsed with predict®
parser”.

Solution : Let us understand the term proper subset. Set A is a proper subset 0% 5

and only if every element in A is also in B, and there exists at least one eleme
that is not in A.

TECHNICAL vcmEO\—.:OZm@ - an up-thrust for knowledge

Syntax Analysis

eview Questions

R
1. Differentiate SLR, Canonical LR and LALR. Also Justify the statement “ A class o g

that can be parsed using LR methods is a proper subset of the class of grammars that can pe

parsed with predictive parser”.
2, Give the difference between SLR and CLR parser.

GTU : Summer-16, Marks 7

GTU : Winter-18, Marks 3

3. Differentiate LR(1) and LALR(1) parsers. GTU : Summer-19, Marks 3

\
[EEl Using Ambiguous Grammars GTU : Winter-18, Marks 4

As we have seen various parsing methods in which if at all the grammar is
ambiguous then it creates the conflicts and we cannot parse the input string with such
ambiguous grammar. But for some languages in which arithmetic expressions are given
ambiguous grammar are most compact and provide more natural specification as
compared to equivalent unambiguous grammar. Secondly using ambiguous grammar we
can add any new productions for special constructs.

While using ambiguous grammar for parsing the input string we will use all the
disambiguating rules so that each time only one parse tree will be generated for that
specific input. Thus ambiguous grammar can be used in controlled manner for parsing
the input. We will consider some ambiguous grammar and let us try to parse some

input string,
c .
sing precedence and associativity to resolve parsing action conflicts

Consider an ambiguous grammar for arithmetic expression.
ESE4E

MIvm...m
Esiq

Now - 1
We will build the set of LR(0) items for this grammar.

///
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e Symtex Ay
Action
= Ta- 900 (17, e e Goto
: E—ExeE id "2 . ( )
E'->eE e e N it $ E
E—seE+E e 10
Brrabug E—» o E¥E L R WO 82 R 5
E— o E*E 5 .s.awl..x : e : ‘ :
m.lv.Amv ml.v.A v s4 1 wm, . -———
E-oid E-eid i L | Accept
3 u ) S
, 7 =T ! e A Sk . , 6
—._ "0%ng uo. MMO ﬂw. v i i\iﬂmgiclw:lx Ihm Wovleriy W = e 4
E—Ee Fex G o) | % T
E- Ee+E E-> m.._.mm : ,&.1:.&.{; . 7
E» EoE R | 2 it
= 3 | 9
Ty 9010 .0 ERG. T
(e EY ! > E+Ee T rl
i EoEesE ;
E— ¢ ExE E- EesE B L oS
E— ¢ (E) » 3 3
E—eid
Iy goto (I, E) As we can see in the parsing table the shift/reduce conflicts occur at state 7 and 8.
I goto (Ig, id) E FeEe We will try to resolve it, how? Let us consider one string “id + id = id”,
E-eid EsEe+E e
.  E-EesE Inpu Action with conflict resolution
| _m&mMoam i id+idsids  Shift o
E+eE S bR i R 2
E-eE+E Ig=goto (lg.)) +id * id$ Reduce by E - id
\m|* ‘Am& &) A,. m¢ Amv.. S U —— i !
E-e(E) , ‘ + id * id$ Shift {
o R 5
DR Reduce by E»id
Here FOLLOW(E) = {gi¥7)us ) «id$ The conlict can be resclved by shift5 | —
We have computed FOLLOW (E) as it will be required while processing. id$ Shift
Now: using fhe same! ralabori eI ; . ok R T i MR s S e
y g SLR(0) parsing table we will genera X
parsing table for above set of items. # 28 RReenby B
$ Reduceby E>E+E_ |
$ Reduce by E2E +E “
$ Accept Jinciin bl il

TECHNICAL PUBLICATIONS®
EE—
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omp
+ we have to perform multiplication operation first, . ] i rsen

As * has m.anmmgnmo%“v * on the top of the stack. The stack position wil] p, A 85 ;

for that it is necessary to p n
k. 3 . >4 a P%] i
: efi . 2xa : llowing grammar,
wwgionnuv&oam..mma"gm?gmim Ther S.mmmwo:nm:mmwszs — lefb. |

bove table of parsing conflict can be resolved by assigning shift operation. Hence action
a
[7,%] = s5

Similarly if we consider the input “id * id + id$” for processing, R R

mar, T is an or operator.

| symbols are = {1,*,(,),a,b}

.mm ing symbols are = {R}

. wﬁﬁmﬁmmnomrwao:gmongwngévo

The conflict in action[8, +] = s4 or 12 can be resolved by allowing r2 action & hﬂ
have to perform E * E operation first and then “id * id * id$” strings you can see
the conflicts for action[7, +] and action[8, *] can be resolved respectively. The resolut®
- is action[7, +] = rl and action[8, *] = r2.

Finally the ambiguous grammar without any conflict has following SLR e Sc,w 3

D - TECHNICAL PUBLICATIONS " - an up-thrust
ggrm&tﬁﬁozu@hs:%aan% 4
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I :

R—eRR

R — oR¥
wlva
R—oea
R—eb

goto (Io, )
R—(*R)
R—eR|'R
R — eRR
R—oR*
R-+(R)
R—ea
e
goto (Io, a)
R—ae
goto (I, b)
R—be
goto (Iy,']")
R-R|'eR
R—eRTR
R—eRR
R—eR*
R— (R)
R—ea
R—eb
goto (I, R)
R— RRe
R—Re['R
R—ReR
R—Re*
R—eR'|'R

TECHNICAL PUBLICATIONS®

= an up-thrust for knowledge

s sign
Yntay L:mf: %E\\Q\UQ

R —»oRR
W\v.uﬂ;
R e(®)
R—ea
o eh
goto (11,%)
R—>R*e
goto (12, R)
R—>(Re)
R—-Re'|'R
R— ReR
R—>Re*
R — eRR
R—eR*
R—¢(R)
R—ea
R—eb
Ig: goto (I5, R)
R—R'[' Re
R—Re'|'R
R— ReR
R— Re*
R—eR'|'R
R—eRR
R—eR*
R—e(R)
R—ea
R—eb
lo: goto (14, y)
R=(R)e

Ig :

3-141
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. ired in
vE?o mOE..O«ﬁWv - ,m._.\ . IRER cv is computed because it may be requi

ding SR parsing table.

//

knowledge
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State Acdon goto |
‘P * A, g P ) e 55 .v, $ R H
o . R |
T a3y Sh | ACCEPT | ¢
A Liigad LBy, s B
3. 5 5 15 ST RSN
T s : 6 e 19 A2
7 O TR S i g
o | sm | e | ® | - | s | sym | 6
8. S Pt D RS VR s - ! N 6
g | sm | sl | s oA | Sy | st/ | 6
¢ q AT I e

The above grammar is not SLR because the SLR parsing table contains shift reduc
conflicts.

Review Question

1. List the different conflicts that occur in bottom up parsing and give examples for that.
GTU : Winter-18, Marks 4

EXEY Parser Generators

* Certain automation tools for parser generation are available. YACC is one such
automatic tool for generating the parser program.

muwoﬂmmzo: y.tab.c. and
YACC compiler with ytabh
Xy - d option

y.tab.c

CC - The C compiler

Input strin
P 9 Output

Executable program
a.out

Fig. 3.12.1 YACC : Parser generator model

TECHNICAL PUBLICATIONS® - an up-thrust for Kknowledge
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yACC stands for Yet Another Compiler Compiler which s b
available from UNIX.

Basically YACC is LALR parser generator.
L

The YACC can report conflicts or ambiguities (if at all) in the form of error

Bmmmmmmm.
The LEX tool is for lexical analyzer. LEX and YACC work together to analyse the
program mvﬂnmnmnm:vﬁ
The typical YACC translator can be represented as shown in Fig. 3.12.1
First we write a YACC specification file; let us name it as x.y. This file is given to
the YACC compiler by UNIX command

yacc x.y
Then it will generate a parser program using your YACC specification file. This
parser program has a standard name as y.tab.c. This is basically parser program in
C generated automatically. You can also give the command with - d option

yacc - d x.y

asically the utility

By - d option two files will get generated one is y.tab.c and other is y.tab.h. The
header file y.tab.h will store all the tokens and so you need not have to create y.tab.h
explicitly.

s The generated y.tab.c program will then be compiled by C compiler and generates
the executable a.out file. Then you can test your YACC program with the help of
some valid and invalid strings.

* Writing YACC specification program is the most logical activity. This specification
file contains the context free grammar and using the production rules of context
free grammar the parsing of the input string can be done by y.tab.c.

E Automatic Generation of Parsers

First of all we will see the structure of YACC specification.

Declaration section
(Ordinary C declarations)

Translation rule
(Context free Grammar)

Supporting C functions

Fig. 3.13.1 Parts of YACC specification

®

TECHNICAL PUBLICATIONS - an up-thrust for knowledge
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13033_-6 HXample : Write a YACC program for mav_msm:mum desktop cal
op calculator.

. We will first create LEX program nam, .

ram : ; ed calgj, -
prod for YACC as calciy. The extension t, rmvm._ ik e will write program
program is .y Program is | and to YACC

3-144 -
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YACC specification file consists of three parts declaration section, trangly
The o

rule section and supporting C functions.
file with these sections can be written as

g

S—

Y o
|
ﬁ
|

The specification
R RARE L LEX program
1 name :calci.l*/

*Prog
3 /*defines the tokens */

|

_

2 il
~

1. Declaration part : In this section ordinary C declarations can be put. Not iy i
we can also declare grammar tokens in this section. The declaration of tokens
should be within %{ and %}.

2. The translation rule section : It consists of all the production rules of context fr
grammar with corresponding actions. For instance

rule 1 action 1
rule 2 action 2

hize a valid number*/
0-9]+)(IeEI[-+12(0-9]+)?) {yylval.dval = atof(yytext);

rule n action n

If there are more than one alternatives to a single rule then those alternatives should
be separated by | character. The actions are typical C statements. If CFG is
LHS —  alternative 1 |alternative 2 |.....|alternative n
Then
LHSS alternative 1{ action 1}
| alternative 2 { action 2}

alternative n {action n}
s m_.:_&oa section : This section consists of one main function in which
routine yyparse() will be called. And it also consists of required C functions.

white te spaces*/

_ ng and return a single character
/

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge TECHNICAL PUBLICATIONS® - an up-hrust for knowledgs
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The YACC program

ATIONS®
ONS™ - an up-thrust for knowledge

3

{8$ = $2;}
{$$ = log($2)/10g(10);}
{$$ = log($2);}

sin($2 * 3.141592654 / 180);}
cos($2 * 3.141592654 / 180);}
tan($2 * 3.141592654 / 180);}
$1}
{$$ = memvar;}

ts*/

TECHNICAL PUBLICA .:02m8 - an up-thrust for knowledge
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Compiling and running of LEX and YACC programs

The output of the program can be obtained by following commands

Note that if we use ~d Option ¢
tab.h gets created automatically go“
we need not have to create explicify

woonn@_oow_uoma% lex calci.l :
52@-0358:* yacc —d galci.y
_32@8%53_* cc y.tab.c lex.yy.c -1l -ly -Im
ﬂooa@_oowﬁoma* Ja.out

Enter the expression : 242

Answer = 4
4 How to run lex and Yacc Programs together ? 4
»p u_.. mmgw mt\ 5.25 lex calci. 1 « will create lex.yy.c A
A yacc - d calciy « will creat y.tab.c

cc y.tab.c lexyy.c — Il - ly — Im « will compile both

mem = cos 45 lex.yy.c and y.tab.c

e o i v
In 10 library file
Answer = 2.30259 _/a .out « will run executable file of program

Explanation of program

Declaration part -
o%token is used to declare tokens in the YACC. In the above program token NUMBER

can be declared as
%token <dval> NUMBER

The precedence and associativity can be declared in the above program %left,
and %nonassoc declares the associativity of the operator being left associative,
associative or nonassociativity respectively.

The precedence can be declared in an increasing order.

The yylval used is the union of type double. YACC can associate data type with e
token by using this yylval.

%token <dval> NUMBER

It means token NUMBER has the data type double. Any number of data types ¢
declared in union.

%oleft - ‘+" [*Lowest precedence and left associative*/

Yoleft ** * /"

%right ‘A" [*right associate*/

%left LOG SINE nLOG COS TAN / *Highest precedence*/
/*No associativity*/

Yright
right

an be

TECHNICAL vcmto\deZme - an up-thrust for knowledge
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nonassoc UMINUS /*Unary Minus'

The operators on the same line has equal precedence, For instance
same precedence:

The shift /reduce conflict can be resolved by YACC with the hel
e If the input token ‘id" has more precedence then the shift action will be

_ If the precedence of production rule A—q, is greater than ‘id’ then reduce b
ce y

wnnmoa& i
A0 will be wmnmonﬂmm. If there is same precedence then YACC checks for associativity

For left associativity shift action will be performed and for right associativity reduce
action will be performed.

Syntax Analysis

+ and -’ has the

p of these precedence

Rule section

In the rule section : (colon) is used to separate LHS and RHS of production rule. The
termination of each rule is given by ‘ ; ’. The $$ is used as attribute value at LHS of the
grammar.

If there is a rule E+E then it has attribute values as $1+$3. Since E = $1, + is reserved
for $2 and E = $3. To represent the RHS of the grammar $1, $2, ..., $n symbols are used.
Finally the answer can be in $$ = $1.

Subroutine section

F the main important function yyparse() is called YACC invokes first yyparse()
which inturn calls yylex when it requires tokens.

d..m routine yyerror is used to print the error message when an error is occurred in
parsing of input.

Thus we have seen how an input string is parsed and syntactically checked.

E Short Questions and Answers
Q1

Why lexical and syntax analyser are separated out ?

“..”om-.”—m lexical analyzer scans the input program and collects the tokens ?.oB it. On
activitieg pesd parser builds a parser tree using these tokens. These are two important
Separatin, and these activities are independently carried out by these two wrm_mm.v,H
of 8 out these two phases has two advantages - Firstly it accelerates the process

‘Mpilation and secondly the errors in the source input can be identified precisely.

Q2w ,
t is ambiguous grammar ?
/

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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Compiler Desi" 5 a g ar in which more than one pa 2 @\\\\\‘ “lled handl Syntax Analysis
- Bizuous grammar is a gramm O ISe trees old strings are called handles.
e, Mnmgmms same input. For example - The string id+id*id can be Evsmgﬂg o TR
be generate .  Right sentential form  Handle e nn_ T
A B o rhisacdh uction |
as - E id + id i ‘
: AN o - Esid |
\_/ £ . L E +id+id id E —id !
. R R ; ,
E + E AN E+E+id id ﬂ
AN | - BeRs |
d E q __m % __m o EAB E-E+E |
E+E
__a id d id ATRT
(a) Parse tree 1 : (b) Parse tree 2 Q7 What are the two important rules used in shift reduce vm_.mmsmw
Fig. 3.14.
ans: Following are the two rules that can be used in shift reduce parsing -

Q3 What is recursive descent parsing ?

Ans : Recursive descent parsing is a kind of parsing in which the recursive procedur
can be used for parsing the given input string. It is a top down parsing technique.
Q4 What is the function of parser?

Ans : There are two important functions that can be performed by the parser and
those are - parsing of input string and generating error messages if there exists erors

in the input.
Q5 What is handle ?

Ans : "Handle of right sentential form y is a production A->f and a position & Y
where the string p may be found and replaced by A to produce the previous right
sentential form in rightmost derivation of y ".

Q.6 What is handle pruning ?

Ans: In bottom up parsing the process of detecting handle and using them
reduction is called handle pruning. For example -
Consider the grammar,
E — E+E
E-id
Now consider the string id + id + id and the rightmost derivation is
E= E+E
m
E=SE+E+E
m
E =2E+E+id
m
E= E+id +id
m
E= id +id +id
m

TECHNICAL PUBLICATIONS® - ar 1ithr s v 1w trdre

o If the incoming operator has more priority than in stack operator then
perform shift.
e If in stack operator has same or less priority than the priority of incoming
operator then perform reduce.
a8 Explain the kernel and non kernel items

Ans : Kernel items - It is the collection of items S-> ¢ S and all the items whose dots
are at the left end of the RH.S of the rule.

Non Kernel items - It is the collection of all the items in which e are the left end of
the RH.S. of the rule.
Q9 What is viable prefix ?
Ans : It is the set of prefixes in the right sentential form of a production A->0. This
set can appear on the stack during shift/reduce action.
Q10 What is the significance of lookahead operator?

Ans : The significance of lookahead symbols is that the parser can decide the
Teductions based on the k lookahead symbols. Hence this parsing procedure becomes
an efficient one.

Q11 What should the error handler in a parser do ?

Ans.: The error handler in-parser reports the mvdananm_ error if any.

i ? Wh
U2 Which of the parser-bottom-up or top-down parseris called LR parser y

is it called LR ?

.Es.n The LR parsers are called bottom up parsers becaus
put rmu»mwnwmm from bottom to top.

o in this type of parsing the

( for knowledge
TECHNICAL hcmtn.bdoz.mw - an up-thrust for Kn
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o more etailed representation of the source _msmcmmm
Ane: Parse trees a 2 trees are smaller than parse trees and these are y,, chp
e [

that of syntax trees: SYT¢
and time efficient.

Write the rule to eliminate left recursion in a grammar.
nte

Q.14

Ans: If the Jeft recursive grammar ‘4 A-> BA' |
A->Ad Eliminated as A s A
A->p A->e¢

Q15 Write a CF grammar to represent palindrome.

Ans : The context Free(CF) grammar to represent the palindrome is
CFG G=(V,T,P,S) where
V is set of nonterminal symbols = (S),
T is a set of terminal symbols =(a,b),
S is a start symbol
The set of production rules P = { S->aSa|bSb|a|b|€ }
Q.16 What is the role of parser ?

Ans : Parser collects the tokens from the lexical analyzer in order to check the synta
of the source code. If any error is detected during the analysis of syntax, the syntx

error messages are also displayed by the parser.

EXE} Multiple Choice Questions
Q1 The syntax of the source language is checked by :

‘a lexical analyser ;u syntax analysers 4,

‘¢ semantic analysers

Q2  Which of the following is true about syntax analyzer ?
a It generates the syntactical errors if any
‘b It takes the tokens from the lexical analyzer

‘¢ It makes use of grammar for checking the syntax
d Al of the above

im,

Q3 In compiler producing the parse tree is done by
ij syntax analyzer

¢ code generator
l{

code optimizer.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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3»!”2 piillibe meaning lesgif

'a there is no terminal symbol on the right hand side
there is no € symbol in the right hang side production
the terminal set and non terminal set are not disjoint

there are two non terminal symbols op the left hand side of the producti
uction.

If w is a string of terminals and S and A are th

€ non t i .
v the following is left linear grammar ? " ferminals then which of
@ S->Aw b S->Aw|w
TL_ S->wA |w d S>waA

a6 If ais a terminal and S, P and Q are the non terminals then which of the
following are the regular grammars?

E S-> g, P->aS
‘¢ S->PaQ|QaP

b P->PaQ|aP
S->aP|ad

Q7 The context free grammar can be recognized by
n push down automata
E finite automata

b linear bounded automata

d regular expression

Q8 Choose the correct statement.

ﬂ Syntax analyzer reports the logical errors as well.
@ Lexical analyzer returns the tokens only after parser demands for it.
m_ Syntax analysis comes in synthesis phase of compilation.

@ Syntax analysis checks the data type compatibility of the variables in the
€xpression.

Top down parser generates the

i

M left most derivation

m .
E right most derivation in reverse.
E Hight most derivation

@ left most derivation in reverse.

/ —

//

®
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Q10 Bottom up parser generates the 1

Jeft most derivation
right most derivation in reverse.

!c‘w\ :.»

right most derivation
left most derivation in reverse.

ilo}

d

The recursive descent parsing is

Q11
'a top down parsing method

b bottom up parsing method
‘¢ table driven parsing method

None of the above.

Q12 The grammar E->E+E|E*E|id is .
unambiguous grammar

‘b ambiguous grammar

Im ambiguous depends upon the input string
unambiguous depends upon the input string.

(o} ]

[a]i

[*

Q.13 Consider the grammar
S->ABSc|Abc
BA->AB

Bb->bb

Ab->ab

Aa->aa

Which of the following string will be produced by it ?

b abbec

% pbe m‘m‘ abce

m aabbce

Q14 Consider the grammar
$->aB|bA
A->a|aS|bAA

B->b |bS|aBB
. ¢h of the following string will be produced by it?
.2 aaabbabbba

€ aaaaab

Sl

TECH,
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AJM bbabaaaa

'd abab

WYBBX b:m?&«
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15 Left factoring is the process of factoring oyt common

Q.
E suffixes of alternatives i
'b common symbols appearing anywhere in the rye
ﬂ_ prefixes of alternatives
'd none of the above.
Q16 A grammar is said to be operator precedence if
'a there is no production on the right side is ¢
*\._w there should not be any production rule possessing two adjacent
non-terminals at the right hand side
ﬁnq the language produced by this grammar contains the operators.
‘d all of the above.
Q17 The grammar for generating the language a"b"¢" is .
a context free grammar b regular grammar
_:W context sensitive grammar d none of the above.
Q18 Consider the grammar
S->AaAb | BbBa
A-> ¢
B-> ¢
Which of the following is the FOLLOW of B ?
a a b b
mu._. € 'd none of the above
19 Choose the correct statement -
- .
2 SLR < LR(1) < LALR b SLR < LL(1) < LALR
SLR < LALR < LR(1) d LL(1) < LALR < SLR
Q20
Z_uabm Operator is
m lexical error b syntactical error
& semantic error a‘ logical error

/

e, an up-thrust for knowledge
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Syntq
//
T R nerator
a lexical analyzer generator b parser ge
. 'd none of the above.
"¢ code generator
Q22 YACC generates______———
a SLR parsing table c. LALR parsing table
.n canonical parsing table 'd predictive parsing table.
Q.23 The most powerful parser is : :
a Canonical LR parser ‘b SLR parser
¢ LALR parser _Q LL(1) parser
Answers Keys for Multiple Choice Questions
Q.1 b Q2 d Q3 b N Qidac. Q5 =
‘ ‘o\.;o; o ¢ , Q7 ab Q8 b Q.9 a  Qu b
. Ouu . a Q.12 b ‘O..G ; t m( O; : ::.m\‘n_. Q.15 -
‘01| d |Qw | c | Q8 ab | QM9 ¢ | Qu b
o. 21 b O .22 b O.Nw a
aad

q
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E Introduction

s is not sufficient for the language to get compileq s

. tax analysi . .
m_B.vG Mww,mm o wﬁ syntax analysis. Hence semantic analysis is dope o wmﬂé
something d the syntactic definitions. In this chapter we will learn p, swm
0

issues that are beyon
the static analysis using mvﬁnw
are associated with the termin
aluation takes place.

x-directed definition. We will also discuss hoyw attrip
al and non-terminal symbols of the grammar . H&
en

learn how the eV

[ZF1 syntax Directed Definitions (SDD)
GTU : ::.:3._—a_w.—u.—m._m._ﬂ.—m._o.no. Summer-14

While doing the static analysis of the language we use syntax-directed definitiopg
That means an augmented context free grammar is generated. In other words the s of
attributes are associated with each terminal and non-terminal symbols. The attribute ¢z
be a string, a number, a type, a memory location or anything else.

The mvigx.&anﬂmm definition is a kind of abstract specification. The conceptual viey
of syntax-directed translation can be as shown in Fig. 4.2.1.

’

15,17,18,20, Marks 7

Evaluation
Input string |—=| Syntax tree = Dependsncy = order for
graph
semantic rules

Fig. 4.2.1 Syntax-directed translation

Firstly we parse the input token stream and a syntax tree is generated. Then the re
is being traversed for evaluating the semantic rules at the parse tree nodes.

The implementation need not have to follow all the steps given in Fig. 421.In
single pass implementation semantic rules can be evaluated during parsing withou
explicitly constructing a parse tree, or dependency graph. In such semantic evaluation, &
the nodes of the syntax tree, values of the attribute are defined for the given input
string. Such a parse tree containing the values of attributes at each node is called an
annotated or decorated the parse tree.

Let us see the form of syntax-directed definition.

. Um.mazg : Syntax-directed definition is a generalization of context free gram™
“MMHM mma.—umug production X— . is associated with it a set of semanc awﬁ
S rm m...lmeuu\_uw?. ..... V_nv\ where a is an attribute obtained from the ?bnﬁ.oz ) |
ttribute : The attribute can be a string, a number, a type, a memory Jocation

anything else. Consider X — :
where a is the attribute. SR e Bamne: and m"uAcTc& J

Then there are two types of attributes :
X ¢

1. Synthesi - .
vw..svmmu_umﬂ nzb_u_:m." The attribute 'a’ is called synthesized attribute of
Fonneirs k are attributes belonging to the production symbols.

TE
CHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Syntax Directeqd Transation
The value of synthesized attribute at 5 e

attributes at the children of that node in the parse M,oSvEma from the values of
Inherited attribute : The attribute 'a' is o ee.

grammar symbol on the right side of the prod
are belonging to either X or . .

The inherited attributes can be computed from the val
siblings and parent of that node.

Srmnﬂma attribute of one of the
uction (i.e. o) and by,b,

ues of the attributes at the

1. m<.§oauon attribute
e synthesized attributes,

Example :

Consider the context free grammar as
S —» EN
E—->E+T
E—->E-T

1F
E
74z
F

(E)
digit

Z m m H A A m
<k 1Al i bl i L

dwm. syntax-directed definition can be written for the above grammar by using
semantic actions for each production.

Semantic actions
Print(E.val)
m.<&nm~.<&+.=.<&
m.«.&_umeﬁ_ék&
E.val:=T.val

H.,.mwnu.&cw_ x Fval

dl
TECHNICAL \ucmEO»dOZm@ - an up-thrust for knowledge
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g L.
conps 7\\\\\‘\11&1 T.val:=T;.val/F.val
sy H.n g T.val=F.val
: M HM: L Rvbdgenn
Z - ..+. 05 co g1 %ﬁw&ﬁwﬁ_ﬁn as jis

For the non-terminals E, T and F the values can be obtained using the attribyte val',

Here "val” is a attribute and semantic rule is computing the value of val. (How 7 that

we will discuss shortly!)
The token digit has synthesized attribute lexval whose value can be obtained frop,

lexical analyzer. In the rule S — EN, symbol S is the start symbol. This rule is to print

the final answer of the expression.

o In syntax-directed definition, terminals have synthesized attributes only.

e Thus there is no definition of terminal. The synthesized attributes are quite often
used in syntax-directed definition. The syntax-directed definition that uses only
synthesized attributes is called S-attributed definition.

e In a parse tree, at each node the semantic rule is evaluated for annotating
(computing) the S-attributed definition. This processing is in bottom up fashion ie.
from leaves to root.

Following steps are followed to compute S-attributed definition.

1. Write the syntax-directed definition using the appropriate semantic actions for
corresponding production rule of the given grammar.

2. The annotated parse tree is generated and attribute values are computed. The
computation is done in bottom up manner.

3. The value obtained at the root node is supposed to be the final output.
Let us take an input string for computing the S-attributed definition for the above
given grammar.

syntax tree and annotated parse tree for the input strirg

Solution : Refer Fig. 422,

- For Em. computation of attributes we start from the leftmost bottommost node. T
rmnm £ = digit is used in order to reduce digit to F. The semantic action that takes P
€ Is Fval: = digit.lexval, The value of digit is obtained from lexical analyzer(he®

parser invokes the Jexi ; fF.
Honett ot ¢ lexical analyzer to get the token value) which becomes the value ?

TECHNICAL PUBLICATIONS® - g up-thrust for knowledge
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Syntay Directed Translation

\ [

y owﬁ. M a_w_u_.

oo\ | @
6 digit

(a) Syntax tree g

(b) Parse trge
S
Value obtained, - -~ 11\,\ //
from child,* *\
to parent !, Eval=37 | N
E.val = 30 + Tval=7
T.val = 30 Fval=7
Tval=5 . Fval=6 digit.lexval = 7

Fval=5 digit.lexval = 6

digit.lexval = 5

(c) Annotated parse tree
Fig. 4.2.2 Computation of S-attributed definition

B:mw_om Tis the Parent node of F and semantic action suggests that T.val = F.val. We
get the T.val=5, Thys the computation of S-attributes is done from children.

Then consider T — T, * F production; the corresponding semantic action is

Tval = T,.val x F.val. Hence
Tval = .H.H.<& X F.val
3 = 5*6 =30,
. mEEm&S

The combination of mH.<m~ + T.val becomes the E node.
Eval = E .val + Tval =30+7

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Compler DO
child of E and T.val from right child of g,

we acquire the - Then rule N-; indicate

ted with S = EN sug

; ion associa
umamnnnn K nacmsww Thus S-attributed definition can be computed by a bottom-up fashion
utput will ;
i postorder traversal.

E.val:=1325

T.val : =13.25
P.val : _n 13.25
N
Pval:=265 /| Fval:=2
F.val ”_u 26.5
\_/
Eval:=4 + Tval: =225

|
Tval:=4

Fval:=4 i
_ :=75
digital.lexval : = 4 F.val : 7

digit.lexval : = 7.5

Fig. 4.2.3 Decorated parse {ree
.mxm:_n_m 423 | ) }m
e ‘. ¥

?~=§n?§§§n&a§§ggﬁ<§goiu

Syntax Directeq ﬂaims,

. Then the production S — EN is appjies
s termination of the current mx?.mmma:.ﬂ”
gests us to print the result E.val. Hepc te

_ Tval:=75 * _u.<m__” =3

>

digit.lexval

ions formed
..%&m&:..

o

E... directed definition is as follows.

Syntax Dirscted Transiation

Fval : = Eya) -

T MR e

e i yfmuu.<n~ 1= &Nmﬁgnm

ted parse tree can be created as follows :

E.val : = Print (x * (3*x + xx))
|

= X*(3#x + x¥x)

T.val :

Tval : = * Foval : = x#(34x + xux)
( Eval:=3u#xex )
E.val _ = 3#x + Tval : = xex
._..\<m_“—uuﬂ Tval * Fval:=x
=1 \, _ _
Tval:=3 & F.val Fval:= id.entry : = x
_ | _ _
- Fval:=3 id.entry : = x id.entry : = x
|
digit.lexval : = 3
Fig. 4.24
tax directed definition for following grammer

[ GTU : Summer 17, Marks 7/

Production rule Semantic rule
E—TE ‘einh = Teval
E’eval = E'esyn
E —+TF Ejeinh = E'sinh+Te val
E’esyn = Ejesyn
E‘'—e¢ E‘esyn = E‘sinh
T —(E) Teval = Eeval
T—id Teval = idelexval

TECHNIGAL PUBLICATIONS - an pthrustfor knowedse

T
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Compiler Design

|.N.m Give the . . i | poti raa
m:.mw_m “&aan parse tree for input string 3-5+ 4 -
the an

Solution : The translation scheme is
° L I B o

| wnwn,ﬂ..nmo: | ~ Semantic Rule
SE+T Ey-Val: = :
| Ey- Val ||T Val |
Ey-Vali=
Ey: Val |IT-Val || !
MI,I.v‘.H m._<m_. H._.l/x\mt_ -
e (R Tyali='0
T—1 T-Val:="1
Brrcssnssnscssnsnsesseasmresessasesssssspasas eavsasmsssersores -
D2 it R
The annotated parse tree will be
Eval:=35-4+
E.val=35- Tval=4
Eval=3 Tval=5
Tval 5
3 o 4

Fig. 4.2.5 : Annotated parse tree
2. Inherited attribute

The value of inherited attribute at a node in a parse tree is defined using
parent or siblings. Consider an example and let us compu®

attribute values at the
inherited attributes.

Annotate the

string : int a, b, ¢; the grammar is ag given below.
S>TL

T - int

T > float
T > char
T > double

T
ECHNICAL vcmtoxdoz.m@ = an up-thrust for knowledge

’

Syntax Directey Trang,

translation scheme that converts infix to postfix notation, o
ran

—N. 3m~ra 3

ven
parse tree for the computation of inherited attributes for the &

oy

Nergty

compller D"
L—-L,id
L — pid.
For the string int a4, b, ¢ we have to distrib
p and ¢ such that a becomes integer, },
Mo:oium steps are to be followed :
1. Construct the syntax-directed definition e
2. Annotate the parse tree with inherited 2
fashion.
The syntax-directed definition for the above given grammar i

Syntax Diracteq Translation

ute the data type

int to 3] the identifi
becomes mammm_. e

and ¢ becomes integer,

8 Semantic actign,

ttributes by Processing in top-down

i Production rule Semantic actions i
1L Lin:=T.type
iz,m.uww HaﬁmHESmﬁ.
» float Ttype=loat
double T.type:=double
L, id Lyin= Lin
e Enter_type( id.entry, L.n)
e L 5 id Enter_type( a.. ‘ﬁnré‘

The annotated parse tree is as shown in Fig. 425,

maﬁ.:.ﬁ <m—ﬁmo-..:onmmmm S
obtained from \\

Hcﬁmﬁg:@. The T.type is
vms.nm:v* lexical value
oblained a5 int or float or
char or double,
5&8 Wm<0 m...m
entifiers 5, 1},

\

. " Ttype = int
<J_"cm ocrm__m._ma\ i Value obtained
SRR GO / ————= Lin=int

to parent | b4 from sibling
Then the L Noo ik \ g /
type of the i o e = c
and c. The s
Value obtained | \ i
from parent [! / .
to child h. /4 |

Lin=int!

n ] /
WD manner or in _ .

vnmg.nmn B..
funcg; aversal.  Usin
0N Enter §

,,_. in=int ¢/

Fig. 4.2.6 Annotated parse tree

cony n.w is the address
é the MEUO— ﬂmv_mv .

d
TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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4-10 Syntax Directeq T, r Design 4-11
Compiler Design - 8nslaty 02:\%\\\\\\‘ Syntax Directed Transiation
- t»,t\v\i.t\\‘.ll.\l\.‘;l.\.l!l‘i\ill.b\l e i ¥ . o
T Synthesized translation Inherited translation An example of gyiithiesized attribute
Sr. No. it ; i BT
y o thesized The attribute 'a’ is called inheriy  Production rule S I
L The attribute a MMEMQ By are attribute of one of the w_.mgmnmm i EN : ST action
»ﬁwcm onmonw_:mi w_..o m\ﬁm.. uction on the right side of the ?oacnzow nhwm_ g8 EN Print (E.val)
attri vuwmirma S 0 is a rule associated by, by, ., by are belonging to eithe y | Eo B+ T Eval = E,.val + T.val
sym! ..um..? A production o When x <>cis a ryle )
with a ; PRk associated with a.: = f*(b;, by, .1, EE2T . Eval = T.val
il 3 : A B e . . ... o : | .H. PR &m: T.val = di it —m<®~
i7ed translation the synthesized  In inherited translation, the inherit : &
& e & attributes are computed. 2 |1 2 ignore

attributes are computed. ..
The inherited attributes are computeg

thesized attributes are computed
; Hm,mﬁ_ﬁo of children.  using values of parent and sibling noges

4 Information is passed up in syntax tree.

3, Dependency graph
The directed graph that represents the interdependencies between synthesized and

Information is passed down in syntax :
inherited attributes at nodes in the parse tree is called dependency graph.

tree.
m. 55 ;m.vmﬁ:gm wﬁ?&n& attributes is noBmsmbm inherited attributes is For the rule X—YZ the semantic action is given by X.x := f(Y.y, Z2) then
omplex. ’ [
= B swple ~SOTER mﬁgo.&nmm attribute is X.x and X.x depends upon attributes Y.y and Z.z.
6. Example : Example : )
: Algorithm for Constructing dependency graph

s
Wi
Ewal =12 N

m.<m_“ /ym_nw TAype = int_» L:in = int
5 e S TN

Tval=5 Fval=7 int Lin = int b

pr e M

_n.J_ =5 digitlexval = 7

N

digitlexval = 5

S : ,ﬁoﬁo 1 in the parse tree) do
e s
\ /

h .«.ﬁucao a of grammar at node n) do

,.9@.&3@5@».&:&msoaooaoumunonﬁoag
5 ting all the nodes of graph.

n in the parse tree) do

ntic rule b @ = f (¢, 5. C)

associated with productions) do
to k) do

‘edge from node ¢, to b.

CEEIIEXY What is attributed Grammar ? Explain with suitable example.

Solution : An attributed grammer is a context free grammar that has been extended ¥
provide context sensitive information by appending attributes to w@_w\

Formal Definition - An attributed grammar is a context free grammar ée
attributes, semantic rules and condition. Let G be an attribute grammar denoted z.
6=(N. 2, P, ) where P is a set of production rules in the form A — ¢- These °
are associated with set of semantic rules of the form b : = f (aj, a2/ 2%

where f denotes a functionality.

Sxamp le .27 Em: the dependency graph for the following grammar.
= E*E,
- ow.

Solutiop, » : ;
ton: The semantic rules for the above grammar is as given bel

Production rule Semantic rule

Each attri i
attribute has a domain of possible values,
E —E +m~
1

An attri .
ﬁsmmﬁwv:s may be assigned values from its domain during parsing:
utes can be evaluated in assignments or conditions.

are two types of attributes

1) Synth
ynthesized attributes 2) Inherited attribute -3

E oval=E, «val+Ey oval
E .<w_“um_ eval X m“ .val

§ L :|.§

e thrust for knowledge

TECHNICAL PUBLICATIONS ™ - an up-
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Compiler Design b;akq % Sl Syntax Dirscted Translation
h is as Bovel
The dependency 8rap \ﬂ / ' 8
in Fig. 4.2.7. NN D T e
shown in Fig . Eeval  + Eeval [ S -~ Fromsibling ~ ~~~-
;m m%dﬁ_ammmNmﬂ DE—UC#@W \..ﬁ/ q-<b® \\"}/'I_rl_ﬂ in
b +val. 7 N ! /1
can be awamm:".mn_ i Eoval *  Epval i I
Hence the &Szamﬁma attributes " VA
are given by E.val, E+val and Fig. 4.2.7 Dependency graph L7 S Rl
E. .val. The %vmsamnamm among Parent xw_ms c
Enm nodes is given by solid arrows. The arrows from E; and E, show that valye of F o%a ok
depends upon E, and E,. We have represented parse tree using dotted lines. \\ R
Listin ' b

E Design the dependency graph for the following grammar.
§ — T List
T — int
T — float
T — char
T — double
List — List,, id
List — id

OR

Write grammar to declare variables with data type int, float or char. Also develop a sy

directed definition for that. Draw the dependency graph for same.

Solution : The dotted line is for representing the parse tree.
The semantic rules for the above grammar is as given below.
__ Production rule

Semantic actions

SoTLst  LsnTope
pege o R e
T - float. e
,.H S ngm. SECN. i Wfﬁmu....nrnna
Pt N
Lt L i i ontinn,
~ Enter_type( id.entry, List.in)
L5 m:ﬁ.ﬁ.,i, &.&3.‘ List.in)

The dependency graph is as shown in Fig. 428

TE
CHNICAL PUBLICATIONS® - an up-thrust for N iacio"

\\ /\
,/ From sibling
/
/

a

Fig. 4.2.8 Dependency graph

The dependencies among the nodes can be shown be solid arrows. In the above
drawn dependency graph how the values can be inherited from the parent or sibling
node is shown clearly. Hence the name for the attributes is inherited attributes.

4, Evaluation order

The topological sort of the dependency graph decides the evaluation order in a
parse tree. In deciding evaluation order the semantic rules in the syntax-directed
definitions are used. Thus the translation is specified by syntax-directed definitions.
Therefore the precise definition of syntax-directed definition is required.

>

T.type __--=List 522@

2
e
-
Caz !
-
- I
-
- \ \ !
-

2
@Cm?:n:: t n©

/
|
7

@ Listin = int ' n@
/

’
’
’
,
.

@ "

Fig. 4.2.9 Evaluation order

The o -
“valuation order can be decided as follows. |
: ing the input token

éﬁ:& from lexical analyzer by analyZ AR
" knowleadge
TECHNICAL PUBLICATIONS - an up-thrust for Knowe _
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Compiler Design "

The List.in is assigned the type int from the sibling T-type.
2. e L1

3, The entry in the symbol aE.m for identifier ¢ gets associated with the pe 3
Hence variable ¢ becomes of integer type.

4. The Listin is assigned the type int ?oB.ﬁ.rm pare .

5. The entry in the symbol table for identifier b gets associated with the type ing

> Hence variable b becomes of integer type.

6. The Listin is assigned the type int from the parent List.in.

7. The entry in the symbol table for identifier a gets associated with the typ, ;.
Hence variable a becomes of integer type.

Thus by evaluation the semantic rules in this order stores the type int in the i

table entry for each identifier a, b and c.

E Write a syntax directed definition for desk calculator. Justify whether this is g
S-attributed definition or L-attributed definition. Using this definition draw annotate
parse tree for 3*5+4n. GTU : Winter-11,15, Marks 7

Solution : Syntax Directed Definition : Refer section 4.2 (1).

The annonated parse tree for 3 * 5 + 4n will be

i

nt List.in.

E.val =19 n
A
E.val=15 ._. Tval=4
ﬂ<m__u 15 _u.<m__ =4
72N
ﬁ<m__ =3 * Fval=5 Q_Ms._mv?m_ =4
|
Fval=3 digit.lexval = 5
|
digit.lexval = 3
Fig. 4.2.10

lm P _—
sl What is inherited attribute ? Write syntax directed definition with inhert
attributes for type declaration for list of identifiers. Show a for

ated parse e )
sentence real idy i id . %

= an up-thrust for knowledge

TECHNICAL vcmto>d02m@

4-15

e pesign

comP Syntax Dirscted Transiation

The annotateq parse tree real

\ S
T.type = real Lin = real

| @

real Lin= real ' _Qu

7 AN

Lin=real ' id,
)
Fig. 4.2.11
E\— robot is to be moved to a unit step in a direction specified as a command
w&«: to it. The robot moves in the direction North, South, East, West on receiving N, S,
EW command respectively and in the direction North-East, North-West, South-East,
South-West on receiving A, B, C, D commands respectively. The current position of the
%a initialized to (0,0) Cartesian coordinates on receiving command Start. Write
u&&:&&ﬁ rules for producing sequence of commands and semantic rules for knowing
position of a robot after receiving a sequence of commands. Draw annotated parse tree for
Sequence :
Start NNAACCN
Solution : The production rules and semantic actions are as given below -
Start — Command
Command— direction command |e
direction —» N |S|E|W|A|B|C|D
N=  Move North
S=  Move South
E>  Move East
W=  Move West
Move North-East
B - Move North-West
M = Move Sorth-East
= Move South-West

GTU : Winter-12, Marks 7

//

age
TECHNICAL PUBLICA .:02m® . an up-thrust for knowiedg
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The annotated parse tree can be as given below -
Start

4 Initialize position to (0.0)

Comman

\ / 4:@ dotted line
WA nd indicates the
direction Commg action to be

_ \ / performed
N Move North

a_aogo_._ Command

z _so<o North \ /

n_aozo: Command

A _so<o \ /
North - East

a_an._oz Command

North - East \ /

> z_o<o
a_anzo: Command

c Zo<m
South - East
direction and
\Zo<;o
c South - East

direction Command
I _
N Move ¢
North

SEVNIW RV Write a syntax directed definition of a simple desk calculator and dra
annotated parse tree for 4*3 + 2*5 n. GTU : Summer-14, Marks 6
Solution : Refer section 4.2(1)

m.<m_&+/ﬂ<m_ =10

_ S

T.Val = 12 T.Val =2+ F.Val =5

A |

TVal=4 . FVal=3FVal=2 digital.lexval =5

|
- digital.lexval = 2
F.Val = 4 digital.lexval = 3

aasm_.ioxﬁ_ =4
Fig. 4.2.12 Annotated parse tree

TECHNICAL PUBLICA .ZOZQO - an up-thrust for knowledge
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gsign
compier 2 Syntax Dirscted Transiation
% e ecentert free gravmar for the aritimec expresgions
10ns, eve,
irected definition Jor the grammar. Draw an annotated parse tres oy 1, inp Nnﬁ o
x Ut expression
: «w.oN.TNv 4 GTU : m:..:-s&_..—m E.:.nw.no. rvar
golutiont 2
gyntax n_qonnoa definition \
R Eval = 32
Semantic Actions A
e s it T.val = 32
W ' Print (Ee val) /| /
— W e s
| mlvm:\.. | Eeval := E;eVal + TeVal _ v
R :
A i | = ;
m.....v._. : ! Eeval := Teval \<4m digit _wém_
e e / |
Eval= ) 4

\/

Eval=6 +* Tval=2

Fe Val ;= Eeval _ _
T Tval=6 Fval=2

s Fe Val := digitelexval \ / h

Tval=3 s+ Fvalz=2 digitlexval =2

: The annotated parse tree will be shown _
in Fig. 4.2,13. Fval=3

digit.lexval = 2

digit.lexval = 3
Fig. 4.2.13 Annotated parse tree

Review Questions

] £ is attributed grammar ? Which phase o\ :R 85&&8: process does it facilitate ?
GTU : Summer-12, Winter-19,

Explain with example.
2 Explain synthesized attribute
3. What is inherited attribute ? Explain with suitable example
“. Differentiate synthesized and inherited attributes. (IR Summer-14, Winter-
. grammar

Dis ; - ’ i iy T
CUSS synthesized and inherited attributes using st e 10 e T

‘ 16age
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lon

\l\\\.\l\l\ S 0ad . I»“w‘\ ‘
———— directed definition for simple desk calculator. Dray annota
€

6. Write S-attributed syntax
tree for any valid input. GTU : Winten

7. Discuss synthesized attributes

d Parse
16, Marks 2

and inherited attributes in details.
GTU : Summer-17, Marks 7,Winter.

¥ s N 20, Marks 3
What is inherited attribute? Write syntax directed definition with inherited attribyt, for

declaration for list of identifiers GTU : Summer-18 zy._“(ﬂw
inherited attributes vs. synthesized attributes

GTU : Summer-20,

9. Compare

a Construction of Syntax Trees EE

The syntax tree is an abstract representation of the language constructs. The syt
trees are used to write the translation routines using syntax-directed definitions, [ mw
see how to construct syntax tree for expression and how to obtain translation routine s

IEEX] Construction of Syntax Tree for Expression

The grammar considered for the expression is
E—>E+T

E > E -T

E—- E*T

E->T

T - id

T — num
Constructing syntax tree for an expression means translation of expression info
postfix form. The nodes for each operator and
operand is created. Each node can be implemented &
| a record with multiple fields. Following are t
functions used in syntax tree for expression.

~t
—~—t

1. mknode(op,left,right) : This function creates a node
with the field operator having operator as label and
the two pointers to left and right.

num 2. mkleaf(id,entry) : This function creates an identif

node with label id and a pointer to symbol table ¥

given by ‘entry’.

{ J“n_m“mw_h“ﬂ“cm”mwmﬁsﬁmmob creates node for number with label num ¢

E Construct the syntax tree Jor the expression x*y-5+z.

TEC
HNICAL PUBLICA dOZQQ = an up-thrust for knowledge

jlor Design 4-19
gl
Syntax Directeq Translation
golution ¢
stop 1 Convert the expression from infix tq Postfix xyx5-
] Z+,
stop 2 ¢ Make use of the functions minode(mideaf(id py) gng 1y f
- eal(num,val).
stop 3 The sequence of function calls is given, mv
Postfix expression Xy*5 — z+
Symbol Operation
g Py=mkleaf(id, ptr to entry x)
y P2= mkleaf(id, Ptr to entry y)
: P3=mknode(*py,p,)
i m . P4 = mkleaf(num,5)
ST Ps=mknode(-, p;,p,)
bk Pg= mkleaf(id, ptr to entry z)
+ p7= mknode(+, ps,pg)

Consider the string x*y-5+z and let us draw the syntax tree.
The syntax-directed definition for the above grammar is as given below.

Pointer to

1 symtab

anle)

Pointer to Pointer to
symtab symtab
for x fory

Fig. 4.3.1 Syntax tree

// iR
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Compiler S — -
¢ operation |
Production rule m»i»:@ p |
S R . e H.:RVM
m.:vq.uggomm:\,m._. nptr,T.np
E-E+T _
R R T | Enptri=mknode('~'E; nptr,T.nptr)
el iy
i - Enptri=mknode("*’E; nptr,T.nptr) |
£ m..wmp... .m,, e |
E Era T ! E.nptr:=T.nptr
T 5 | tr:=mkleaf(id,id.ptr_entry)
o T — num Tnptr:=mkleaf(num,num.val) “
Eenptr
e
Eenptr  + b g
Eenptr
|
AN
|
}
i 4]
1
i |
_ " entry for
._..__‘_E_. : 2
=
]
1
id 1
I
I
1
|
I
|
\

_ id _ _ _
entry for entry for
X y
Fig. 4.3.1 (a) Constructed syntax tree
us nodes &

tr for E and
. t npt

As we have seen that in the function calls the pointers to vario
generated. Such pointer are p;, p,, p3 and so on. A synthesized attribute I
T is used to keep track of these pointers for the nodes E and T. Thus we &
Ptr_entry, val as synthesized attributes.

syntax tree for the expression q— 4 +¢ using SDD.

A -Hion ,;.
E Define syntax tree, What is s-attributed definition ? Explain constructt

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge

gl\b\ Design 4-21
\\\"

golution *
Syntax tree : Refer section 4.3.

g-attributed definition : Refer sections 4. ang 43,
The syntax tree is :

Syntax Dirscted Translation

Eenptrr
S B

entry for
c

entry for
a 4

entry for

Fig. 4.3.2 Syntax tree

XA Bottom Up Evaluation of S-Attributed Definitions

We have already discussed how to use syntax-directed definitions to specify
tanslations. Now in this section we will discuss how to implement syntax-directed
franslation scheme for the syntax-directed definitions. Hence a translator is built. The
task of building translator for any arbitrary syntax-directed definition is very difficult.
However, to accomplish this task there are large classes of syntax-directed definitions for
Which it is easy to construct translators.

* Sattributed definition is one such class of syntax-directed definition with synthesized
attributes only,

mﬁﬁﬁmﬁm& attributes can be evaluated using the bottom-up parser.

; ) " tes
The Purpose of stack is to keep track of values of the synthesized attributes
dsociated with the grammar symbol on its stack. This stack is commonly known as

//  ——
ey

@ thrust for knowledge
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XX] Synthesized Attributes on t
¢ S-attributed definition is implemented using LR o
T

he Parser Stack

1. A translator fo

generator.
2. A bottom up method is used to parse the input string.

3, A parser stack is used to hold the values of synthesized attribute.

plemented as a pair of state and value. Each state entry j5 the
pointer to the LR (1) parsing table. There is no need to store the grampy,
symbol implicitly in the parser stack at the state entry. But for ease
understanding we will refer the state by unique grammar symbol that is bee
placed in the parser stack. Hence parser stack can be denoted as stacki]. Ang
stack[i] is a combination of state[i] and value[i].For example, for the production
rule X — ABC the stack can be as shown in Fig. 4.4.1.

The stack is im

Production : X — ABC

State Value State Value
A Aa X X.x fe——top
B B.b =
top——xb= (0 Cc
Before reduction After reduction

Fig. 4.4.1 Parser stack

The top symbol on the stack is pointed by pointer top.

Production E._n Semantic action

X - ABC X.x = f(A.a,B.b,C.c)

Before reduction the states A, B and C can be inserted in the stack along wil
n..,m values A.a, Bb and C.c.The top pointer of value[top] will point the value C¢
similarly Bb is in value[top - 1] and A.a is in value[top — 2}.After reduct" ™
Fw hand side symbol of the production ie. X will be placed in the stack %
with the value X.x at the top. Hence after reduction value[top] = X.x.

4 nmmﬂ_. reduction top is decremented by 2 the state covering X is placed 3 5
o
state[top] and value of synthesized attribute X.x is put in value[top)-

top

TE
CHNICAL vcmto\».zozwa - an up-thrust for knowledge
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compiler Desia"
Syntax Directed Translation

5. If the symbol has no attribute then the cotre
will be kept undefined.

m. .
Ponding entry in the value array

Example 441 For the following given grammar constrycs the syntax-di
generate the code fragment (translator) using S-attyibyteq n%.:&ﬁ. irected definition and
on,

S — EN
E—->E+T
E—-E-T
E->T
T — T*F
T —» T/F
T > F
F — (E)
F — digit
N - ;
Also evaluate the input string 2+3+4; with parser stack using LR parsing method.
Solution :
* The syntax-directed definition for the given grammar can be written as follows.
Production rule Semantic actions
b mlw EN Print(E.val)
E- mH +T ml«,&umﬂ.(&oﬁc&
!IM|IV mﬂ i 1 E.val:=E,.val-T.val
el ,m - T E.val:=T.val
[ H = T,*F T.vak:=T,.val X Fval
B T - T)/F T.val=T,.val/Fal
skt I T—>F T.val:=F.val
e F - (B) F.val:=E.val
F—- digit F.val:=digitJexval
N - ; Can be ignored by lexical analyzer
as ; is terminating symbol.

The =
LR Parser table can be generated.

/ e ;1\,
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compile n
i ent can be generated by using the

: code fragm :
« To evaluate the mﬁ&“&ﬁﬁﬂ&g of each production and corresponding
ropria

tack. The m@ﬂ
fagment i 3 given belo™

Parsey
ngm

, the first input symbol 2, initially the symbol 2 is recognized as digit and

 F in the state stack. F corresponding to digit and the semantic action

val will be implemented and the valuetop] becomes = 2. In the next

ces by T—F. As no code fragment is associated with this production

d state[top] is left unchanged. Continuing in this fashion the evaluation

ring is done and the parser halts successfully when it reaches to
sate.

2 bottom-up evaluation of S-attributed definitions is done.

' that contains all the syntactic rules along with the semantic
d attributes only, is called s - attributed grammar. Such a

b - TECHNICAL PUBLICA TIONS® - an up-thrust for knowledge

© - an up-hrust for knowiedge :
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020 L8 Dincied Trangigy, piler DeS9" <AL
Compiler Design —— e corm ) . Syntax Dirscted Transiation
g d Semantic Rule | ., The attributes In and sy represent the inhey;
le ﬁ tion * ; : : inherited :
Production Ru , , me_=%m<m_<. The given mvsnmx-m:mﬂ.mm definition is not r-m:anww aw§=.._m.m_~3 attributes
L.val: =E val respe- - R S ed definition.
15> E ; | £ ,.H—.&:&g Semantic action Class of |
T Rl ELyal T ve | e attribute |
Eof2 | T vl | ol
E l.vm\u .H S e (ol _ ! E ..<9.~!. =" - cval 1- val >|..vmvo P.in = m&>5v L-attribute
b | E.val:=T:val Q.in:= g(P.s L-attribute |
E—-T B ol | . ..m Y) L-attribute |
Ty TR Ryl s T vl Fval | o= Q)
T .H\m »erv T.val:='/'T-valF-val _ AT XY Y.in:= y(A.in) L-attribute | Because here valye of
T S | ; o { ) : X.in:= x(Y.sy) ”.4\.3 L-attribute | W: symbol (X) is
i 4 :=F.v GRS SHEITY attrib epend
e S o8 A e R AT -1 -.H. RLESmE TR0 4' mm__\m..f. . A.sy:= f(X.sy) s W e..mm_mw owﬁmwmmwag_
F-F1TP . F.val:="T'F-valP-val e — ey
T L g F.val:=P-val This is because of the definition X.EHHxQ.wE. This semantic action suggests that
e value of X:in depends upon value of Y.sy. That means value of left symbol is depend a
P — (E) Sl P oval:=E-val on the value of the right symbol. This violates the 1% rule of the L-attributed %ﬂmnﬂﬁ
R LR AR i i hile parsing the scan is done from | j A :
; ‘ Coals = id s lexval (Logically also eft to right and not
P —id Ll ez Thus X.in :x(Y.sy) is not L-attribute. HPIEh i)

X3 L-Attributed Definition E Explain why every S-attributed definition is L-attributed.

The syntax-directed definition can be defined as the L-attributed for the production
rule A — xaxn.:xq_ where the inherited attribute X, is such that 1< k <n. The production
A - X X,...X, is such that

1) It depends upon the attributes of the symbol xu\x»:..xI to the left of X;

2) It also depends upon the inherited attribute A.

Note that because of these two conditions every S-attributed definition is also
L-attributed definition.

Let us discuss one example of L-attributed definitions.
SRR RE Check whether the given SDD (Syntax-Directed Definition) is L-attributed or nok

A - PQ P.ini=p(A.in)

Solution : Following are the restrictions that can be applied on inherited attributes of X
where 1Sk Snand A — X, X, ... X . :

i) Suppose A — X, X, ... xH —1° x“ ... X, is a production then attribute of X; should
depend upon attributes of X; X, ... X _q-
1i) The attributes of X, can be dependant upon inherited attributes of A.
Because of these restrictions on inherited attributes every S-attributed definition is
L-attributed.

Example 4.

B~

831 Differentiate between S-attributed grammar and L-attributed grammar.

Qin:=q(P.sy) m.wu»gvng grammar L-attributed grammar
Asy=fQey) 2 38,2 &—h& of attributed This is the class of grammar in swwm..r :._.m@
; ; sfammar having no inherited attributes to be evaluated in one left-to-right
4 Yin:=y(A.in) ﬁm.v_.smm but only synthesized traversal of the abstract syntax tree.
Xin:=x(Y.sy) g This js a class of attributed grammar in which
inherited attributes can be evaluated.
Asy:=f(X.sy) o hil d

/
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The L-attributed grammar is inco :
using top down parsing. "Porated

Syntax Directeq Trangg
on

- e A. =
The S-attributed grammar can
# incorporated in both top down
parsing and bottom up parsing.

dl
3. The YACC family can be broadly
considered as S-attributed

m—.ﬁ—ﬂawﬂ S

Many programming languages are 1-atr:
mvonw.& types of compilers, the :ES«”E.&:Q.
compilers, are based on some form of
Tmﬁ&.v:_.& grammar.

4  Sattributed grammar can be L-attributed grammar can not be S-attribyteq

Tﬁig”&m;n_amﬂ . .
5. Example - Refer example 44.2. Example - W&mm. Nwm p.m__ £y

|
_
|
|
m
,

| SRS

XY syntax Directed Definitions and Translation Schemes
GTU : Summer-12, Winter-14,15,18,20, Marks

As we have seen that the attributes are specified for each grammar symbol of g,

n. These attributes are used to evaluate the expression along the Process

the same time semantic rules are applied.

¢ During the process of parsing the evaluation of attribute takes place by consulting
the semantic action enclosed in { } at the right of the grammar symbol. This proces
of execution of code fragment semantic actions from the syntax-directed definition i
called syntax-directed translation. Thus the execution of syntax-directed definition
can be done by syntax-directed translation scheme.

e A translation scheme generates the output by executing the semantic actions in
ordered manner.

o This processing is using depth first traversal.

SPVWHRY Give the translation scheme that coverts infix to postfix form for the following
grammar. Also generate the annotated parse tree for input string 2+6-+1.
E E+T {print(‘+')}

given productio
of parsing. And exactly at

{print(‘0)}
{print(‘1)}
{print(‘2))
{print(‘3"))
{print(‘4’))
{print(‘5"))
{print(’6’)}
{print(‘7))
{print(‘8’))
(print('9))

SN RRR ey BEpiey S et
S A R T T S A A S I e
©W o N AR W N RSN

TEC)
HNICAL PUBLICATIONS® - an up-thrust for knowledge
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golution :
E—> TP

T — 0[1|2|3]|4]|5|6|7|8|9

P — +TP | €

4-29

Syntax Dirscteq Transiation

Let us convert this grammar into non Jefs recursive f
orm

The translation scheme for this grammar is as given below

Productions

E->TP
T—-0
T—1
T2
T—-3
T >4
T—5
To6
S mal
T8
I=>9

P — +TP e

Semantic actions |

{print('0"))
{print('1’))
{print("2"))
[print{'39}
{print('4))
{print('5"))
{print(’6")) W
; {print('7")) |
{print(’8)}
{print('9)}

{print{+)} P |€

The annotated parse tree for the string 2+6+1 is as given in Fig. 4.6.1.

The translation scheme proceeds
”5%3 depth first traversal. The
3538& parse tree shows the
A tic actions associated 2
Bovvsmsvnm?”m node. Thus this tree
ot translation scheme for
P g .H.—H infix form to postfix
Ktiong o wowwmoﬁmnma semantic
i shown using dotted

/

~3

b

2

u::L.N_V

-0

+ N print (')

\ P
6 print ('6) \a./
FIN Sy
+ T print('+ P

\ £
print "1
1

Fig. 4.6.1 Annotated parse tree

S—
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Compller Design : Lot g Trensig,
tax directed defination for translating following grammey 7

post
ted parse tree for 9-5+2. tfiy

Example 4.6.2 Write syn
notation. Also draw annota
expr— > €xpr +term
expr— > expr —term

term=>0|1}.--|9

Solution :
SDD for translating to postfix :
Annotated parse tree,

GTU : Summer-12, Winter-20 Marl :
E S

Refer example 4.6.1.

N
N
N

9 print ('9") -

_u//

T Print(+) P

N
N
A

2 Print(2) 1

Fig. 4.6.2 Annotated parse tree for 9 — 5 + 2

string “3*4+5*2".

Solution : The translation scheme is as given below -

Production “ Semantic action ,
E-SE+T ¥ I«W e ﬁvnb» .~.+.v_ : ”
e ot
e re |
Ch are—

The annotated parse tree for the conversion of '3 * 4 + 5 * 2' to postfix notation 5

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge

comple” pesign

following
E-E+T,E—-T, T—0|1 |2]|3|4|5]6|7|8|9

4-31
E \ - @f._
\ ﬂﬂ, @ ,
T E Print (+)
\
_ \ 0
F N e /, /
— /// \ /
3 > 3 . n:m_w.é P_ﬁ,: (2)
Print ('3") @

+

Fig. 4.6.3

CRXXY Give the translation scheme that converts infix to postfix expression for the
grammar and also generate the annotated parse free for input string 7+43+2

Solution : Let us convert this grammar into a form in which the left recursion is
removed

E-TP
T—0|1(2]|3|4|5|6|7|8|9
P> +TPle

The translation scheme will be

‘569_.&3 Semantic Actions

E-TP
T-0 { Print (0) }
i A { Print (1) |
T2 { Print (2) ]
T3 { Print (3) }
T—4  { Print (4) }
T—5 { Print (57 |
s { Print (6) |

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Compiler Desig e
- { Print (7) }
T8 - {Print (8) }
Teafiocid (Print (9))
oS TRISEA| (PincC)IELE |

The annotated prase tree for the s

q\m/_u

\

tring 7+3+2 is as given below

/I
T print ('+)

7 print(7) *

N
\
ﬁ N

P

3 print ('3) \_./

/ \ print (+) ﬂ
2 print(2) e
Fig. 4.6.4

(EIRIIXXE Give the translation scheme that converts infix to postfix expression fr t,
following grammar and also generate the annotated parse tree for input string "id+id%d"

E - E+T|T
T —» T*F|F
F—id GTU : Winter-18, Marks 4
Solution : Translation scheme for given grammar is
Production = Semantic action
mim+._. e, e
_EST (o)
.H.l._,. m M {Print (" * ") }
Lladiocy Crull}
5y o

TECHNICAL vcmEoSdOZm@ - an up-thrust for knowledge
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e

?53&& parse tree for id + id * id which converts infiy eXpress;
SIon to psotfix is as

follows ~ y
m\,_’/,_;./.vla (+)
ARG
.__. T + E Print ()
R ,_ﬂ _P /,.n%:.a.v
m_u ,/ m_u " Print (id')
Print ('id')

E Guideline for Designing the Translation Scheme
While designing the translation scheme -

We have to follow one restriction and that is for €very semantic action if it refers to
some attribute then that attribute value must be computed before that attribute gets

referred.

+ Computation of synthesized attribute is very easy. The synthesized attribute can be
computed as follows :

¢
|
{

- Production Rule Semantic Action

E - mu «T { m.ﬁwums.ﬁ_ % Tval )

Here val is synthesized attribute.

* For the computation of both the inherited and synthesized attributes

1) In any semantic action the computation of inherited attribute for the symbol on
the right side of the production must be done before that symbol. That means if
there is a production A—XY then computation of X.in must be done already.

i) In the semantic action there should not be any reference to the synthesized
attribute of the symbol that is right. That means for the production A — B;B,
Fn semantic action Eu.m“umn.m_ is invalid as computation of attribute for B,

. 15 based on computation of the attribute of B,

iij) For a computation of synthesized attribute for a non-terminal on the left, first do
all the computations of the attributes that refer this non terminal. Typically the
Semantic action containing the computation of all such attributes is placed at the
end of right side of the production.

//
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Compiler Design R i
i heme helps for the implementatiq,

: ¢ translation SC f the

Such a design ©

ax-directed definition.

s using suitable example.
E Explain the translator process g
R - R'|R|RR|Re|®)|a|b
Solution : The translator process is - B
Prod Semantic rules
et R i N
o W4|v”._.”} : HW.a&ﬂ—"ﬂma.<ﬂ_. _ .WN.<Q: M,
3 wﬂ.nh S & {R-val:=R;:-valR,-val } !
. (w.luwm 25 {R-val:=Rval'*"})
| (Roval s = Ry-val)
T TR
Sk Y
The annotated parse tree for a|bc will be
R /
m‘.<m_ _ xn.<m_
# Ry-val mm_,s_
—.—u (o]

Fig. 4.6.5 Annoted parse tree
X3 short Questions and Answers

Q1  What is a translation scheme ?

Ans. : During the process of parsing the evaluation of attributes take place by the
semantic actions. The semantic actions are defined along with the context free gramma~
The syntax directed translation scheme defines the code which is to be executed bastd
on these semantic actions.

Q2  Mention the two rules for type checking. ,
Ans. : i) Each identifier must be declared before the use |

ii) The use of identdifier must be within the scope.

=

iii)An identifier must not have multiple declarations at a gm\@

scope.

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge

%89 gf 2 ; %
e What are synthesized and inherited attributes ?

Ans.

1 mvﬂz-numumz e called synthesizeq attribute of X ang
¢ an

G b e by are attributes belonging to the Production symbols
The value of synthesized attribute at a node js computed ?o:w th
attributes at the children of that node in the parse tree, fgaioes: o
Inherited attribute : The attribute ‘a’ is called inheriteq attribute of one of th
grammar symbol on the right side of the Production (ie. a) and b cm
are belonging to either X or o . jdal st K
a5 What is dependency graph ?
ans. : The directed graph that represents the interdependencies between synthesized
and inherited attributes at nodes in the parse tree is called dependency graph.
For the rule X—YZ the semantic action is given by X.x := f(Y.y, Z.z) then
Synthesized attribute is X.x and X.x depends upon attributes Y.y and Z.z.
Q6 While creating syntax tree for expression which functions are used ?
Ans. : The mknode and mkleaf are the functions that are used while creating syntax
tree for expression. The mknode function is used for creating an intermediate node.
The mkleaf function is used for creating the leaf nodes.

Q7 What are S-attributed definitions ?
Ans. : The grammar that contains all the syntactic rules along with the semantic rules
having synthesized attributes only, is called s - attributed definitions

Q8  What are L-attributed definitions ?
Ans.: The syntax-directed definition can be defined as the L-attributed for the
Production rule A — X;X,---Xn where the inherited attribute X, is such that 1<k<n.
The production A = X;X,...X,, is such that

1)1t depends upon the attributes of the symbol xﬂsxm\.,.xu. _ 1 to the left of x‘.

2) It also depends upon the inherited attribute A.
Q9 What is syntax directed translation scheme ? .
Ans.: A translation scheme generates the output by executing the semantic actions in
wsoaon.an manner.Thus the execution of syntax-directed definition can be done by
Yntax-directed translation scheme.

//

/
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compl BT of Syntax Directed Translation(SDT) ?
va

0 What is the cheme that indicate the order in whic,

Q.1 Jation is a S CMany;

d transla Manfj

Ans. : Syntax &anm:a& The main advantage of SDT is that it helps jn gqy,, -

rules uB to Mm mwrm evaluation of semantic actions associated with SDT May gener, »N
er.

ation in mvﬁ&o_ table, or may issue error messages.
rm
very §-attributed definition is L-attributed.

why e
a1 Mxm_“”n 2 mwm = ams._naoa that can be applied on inherited attributes X,
olo
i:mnmﬂmrmsw_& A - Xy Xp -

o suppose A = X; Xp - X _1 j
‘ %MM.& upon attributes of XH Xy ooe X5 1

ii) The attributes of X, can be dependant upon inherited attributes of A,
11

Because of these restrictions on inherited attributes every S-attributed definitioy ;
L-attributed.
X3 Multiple Choice Questions

Q1 The augmented context free grammar is mnnnnm.nu during

a type checking w syntax analysis
¢ syntax directed translation scheme

W none of the above

Q2 Evaluation of semantic rules <

a generates the code :c save information in symbol table

¢ issue error messages 'd all above is true

Q3  Synthesized attribute is computed at
a child node of the parse tree
b parent node of the parse tree
M root node of the parse tree

d sibling node of the parse tree

Q4 Inherited attribute is computed i

.‘m child node of the parse tree
w parent node of the parse tree
< root node of the parse tree

J m&gm node of the parse tree
/
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|

. X, is a production then attribute of x should
j

|
|

—

|
|
|
|
f

o
: The graph which represents the interde
& inherited attributes is

Syntax Directed Translation

Pendency between synthesized and

flow graph

'c| dependency graph

d' Direct Acyclic Graph(DAG)
For deciding the evaluation order from the dependency graph

Qb
‘a topological sort is used b] quickisort forused
w\m ' pubble sort is used d  heap sort is used
q7 Functions in semantic rule will often be written as

.‘m program code b’ expression

‘¢ production rule

d none of the above

Q8 A parse tree for S-attributed grammar can be annotated by evaluating it in

_M, top to bottom up manner b sibling to node manner

‘¢ bottom up manner d none of the above

Q9 Which of the following data structure is used evaluating the synthesized

attributes ?
a array b stack
mm. queue d linked list

Q10 M-.»uu_unon for the S-attributed definition can often be implemented with the
elp of

la. LEX

Fal
¢ LR parser generator

|

b semantic analyser
d both Band C

Il

;

QI The attributes of L-attributes definitions is evaluated in
@ breadth First Manner b depth First Manner
Q12 .
In semantic analysis following task is done ______

m Separation of tokens from the source program
ﬁw, building of syntax tree
aﬂm checking

TECHNICAL PUBLICATIONS
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003220%6:
Q13 Coercion is .
a implicit type conversion
b explicit type conversion
‘
|

it type conversion depending upon the expression

¢ implic
d none of the above “
Q.14 Checking the scope of the variable is done in :
a syntax analysis ;u semantic Analysis |

¢ lexical analysis m during the execution of the progr.
; am

Q.15 Semantic errors can be detected at

‘a compile time
‘b run time
n both at compile time and run time ‘

'd none of the above

Answer Keys for Multiple Choice Questions TR
n..» cwg | _ om ...... n .......... . ..O.w. L : _
o | .w < mm i n Oo . _u
Qa8 o s N | on i

aaa

QmF\g \ozm an :gahw 0
k P [o]

R

Error Recovery

/

o

é&&

Error Detection & Recovery, Ad-Hoc and Systematic Methods

i

[ Contents

51 Ermor Detection and Recovery

5.3 Short Questions and Answers

52 Ad-Hoc and Systematic Methods
.......... Winter-11, Summer-1
f -1214,15,
A SO O e Winter-13,14,17,20, - - - -

Marks 7
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- Error
Compiler Design mgoge

EX] Error Detection and Recovery

. ible errors made by the programme
' f compilation all possi . I are g
In this nrmm“oon& mo the user in the form of messages. This procesg 5 M&a
o Emwamavo%:m to user is called error handling process. ting
errors and re

Functions of error handler

1. The error handler should iden

; ith appropriate messages to the user /
uld report these errors wit . .

2. w:wrmne. Mmmmmmmm should be informative so that the programme

those.
3. The error handler should repair the errors at that instance in order COntingg

processing of the program.
4 The error handler should recover from errors in order to detect as many emor

tify all possible errors from the source cog,

ﬂﬂcmﬁmggmq
* AN cory

uowmmc_m.

EFY Ad-Hoc and Systematic Methods
GTU : Summer-12,14,15 Winter-1 1,13,14,17,20, Marks 7

Parser employs various strategies to recover from syntactic errors. These strategies are
i) Panic mode ii) Phrase level iii) Error productions iv) Global correction,

No one strategy is universally acceptable but can be applied to a broad domain
These strategies are given in detail as below -

i) Panic mode
¢ This strategy is used by most parsing methods.

* This is simple to implement.

* In this method on discovering error, the parser discards input symbol one at 2
time. This process is continued until one of a designated set of synchronizing
tokens is found. Synchronizing tokens are delimiters such as semicolon or end .
These tokens indicate an end of input statement.

* Thus in panic mode recovery a considerable amount of input is skipped withou!
checking it for additional errors.

* This method guarantees not to g0 in infinite loop.

* If there are less number of errors in the same statement then this strategy is @
best choice,

li) Phrase level recovery

. ”vwa method, on discovering error parser perform local correction on remaining

TECHNICAL vaEOSdOZme - an up-thrust for knowledge

pler DeS" &2
i\“ M m m\a\.mOOO.\OQ
lace a prefix of remaining inpy; 1,
ficam TeP P Put by some sty
. Wm_.mmn to continue its job. ¢ string. This actually helps the

The Jocal noqmn:MMS nm:.vw 2% _mn:._m ‘omma by Semicolon, de]
or inse missing semi . » deletion of
€ 6 colon; The type of local correction js MRMMM“

gathmQa
by compiler designer.

1 ing the replacement a care shoy]
while doing ould be taken for not going
£0ing in an infini
- & In an infinite
his method is used in many error-repairing compilers,
The drawback of this method is it finds difficult to h

andle the sityati
ctual exror has occured before the point of P Situations where the

i) Error Eon:o:o:
., If we have a knowledge of common errors that can be encountered then w
incorporate these errors by augmenting  the grammar of the corres MM&H:
Janguage with error productions that generate the €Ironeous constructs, 4 ’

o If exror production is used then during parsing, we can generate appropriate error
message and parsing can be continued.

o This method is extremely difficult to maintain. Because if we change the grammar
then it becomes necessary to change the corresponding error productions.

iv) Global production
» We often want such a compiler that makes very few changes in processing an
incorrect input string.
¢ We expect less number of insertions, deletions, and changes of tokens to recover
from erroneous input.

¢ Such methods increase time and space requirements at parsing time.

s Global production is thus simply a theoretical concept.

Review Questions

1. How can panic mode and En.:am level recovery be implemented in LR parsers ? Consider the
expression grammar E->E+E | E*E | (E) |id. Prepare the SLR parsing table with error detection

and recovery routines. é

[Ans. : Refer sections 5.3 and 3.11)

& Explain : Error recovery strategies in compiler in brief ,
GTU : Summer-12,14, Winter-14, Marks 7

3 Explain how panic mode recovery can be implemented.

GTU : Winter-13, Marks 7: Winter-17,20, Marks 4
/‘.f ¥
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Compiler Design w mmno;q
4 List the errors generated by the syntax analysis phase. Discuss error handling mety,y. iN fh /
S !
syntax analysis phase. e ORI —:*mﬂg@mmmﬁm
[ short Questions AndRANSWOLBEE OQH—@ G
g - ot 5 .
Explain the term error handling. . g m-.—@b.wﬁ—c:
5 Error handling is process of locating errors and reporting them to users, ,
: Brro
>:~u. What are the two types of errors that occur commonly ? e R e R
Q : ile t d i
es of errors : Compile time and run time erropg.
Ans. : Globally there are two tyP g .@ﬁh& us F.
y : diate Forms, Syntax Directed ;

3 Enlist lexical phase errors i ; Different Intermediat 5) cted Translation Mechgy: _
M:u. : Typical lexical phase errors are -Spelling errors. Hence get incorrect token, For R%.»%usu And Attributed Definition. echanisms And Attributeq
example - ) =

i) Exceeding length of identifier or numeric constants. 1\h€\=n&=\u

if) Appearance of illegal characters. 61 Introduction to Infermediate Code

iii) Normally due to typing mistakes the wrong spellings may appear in the progray, 62 Variants of Syntax Trees............. Summer-12,
Q4 Give examples of syntactical errors. o Winter-11,13,16,17

i nalysis phase of compiler. SO Mnasin o Marks 7

A Syriax winors appear SUESEIMBEREL T & 63 Three Address Code ............... Winter-11,14,15,18,19,20,
Typical phase errors are : - S D Summer-12,14,15,16,17,20, - - - Marks 7
i) Errors in structure  ii) Missing operators  iii) Unbalanced parenthesis. 64 Syntax Directed Translation Mechanisms
Q5 What are semantic errors ? 6.5 Types of Declarations
Ans. : Semantic errors are those errors which get detected during semantic analysis 6.6 Translation of Expressions . .......... Winter17, - -« -----.......... Marks 4
phase.Typical errors in this phase are : 6.7 Arays

i) Incompatible types of operands. 68 Boolean Expressions

ii) Undeclared variables. , 6.9 Type Checking

iii) Not matching of actual arguments with formal arguments. 6.10 Short Questions and Answers
Q.6  Enlist various strategies to recover from syntactic errors. 6.11 Multiple Choice Questions

Ans. : Parser employs various strategies to recover from syntactic errors. These
strategies are

i) Panic mode ii) Phrase level

iii) Error productions iv) Global correction.

Q7  What is panic mode strategy to recover from syntactic error ?

Ans. : In this method on discovering error, the parser discards input symbol one ¢

M::m.a This process is continued until one of a designated set of synchronizing tokers ¥
ound.

gdd
( .

(6-1)
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E Introducti

The task of compile
activity can be done dire
code directly in one pass. 21
of source language which 1
intermediate language leads to e

on to Intermediate Code

r is to convert the source ?.omw&: into machine Prograg ;
ctly, but it is not always possible to generate such , 39 is
Then, typically compilers generate an easy to repregey, m ine
s called intermediate language. The generatiq, 395
fficient code generation. an

XK} Benefits of Intermediate Code Generation

There are certain benefits of generating machine independent intermediate code -

1. A compiler for different machines can be created by attaching different Ty )
the existing front ends of each machine.

2. A compiler for different source languages (on the same machine) can be createq L
proving different front ends for corresponding source languages to existing bagj
end.

3. A machine independent code optimizer can be applied to intermediate code i
order to optimize the code generation.

The role of intermediate code generator in compiler is depicted by Fig. 6.1.1.

Front end Back end
Intermediate
; Intermediate code
Parser  [—] Staticype code (IC) .
ecker generator generator

Fig. 6.1.1 Intermediate code generator in compiler
[X®] Properties of Intermediate Languages

Following are the properties of intermediate languages.

1. The intermediate language is an easy form of source language which can be
generated efficiently by the compiler.

2. The generation of intermediate language should lead to efficient code generation

3. The intermediate language should act as effective mediator between front and
back end.

4. The intermediate language should b i imized cod
o ot g e flexible enough so that optimize

e can

Review Questions

by Wi ; i
. i, out the benefits of using machine independent intermediate forms.
2. Write the properties of intermediate languages.

TECHNICAL btmto‘»doz.w@ - an up-thrust for knowledge
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| GTU : w:.::.mq._m. Em:.mq.:._w.;.:.nc Mark
- By three types of intermediate code Tepresentationg - | B
|, Abstract syntax tree 3
5. Polish notation
3, Three address code.

These three representations are used to represent the inte

jiscuss each with the help of examples : rmediate languages. Let us

1, Abstract syntax tree

The natural hierarchical structure is represented by syntax trees. Directed
Graph or DAG is very much similar to syntax trees but they are in more compact

The code being generated as intermediate should be such that the
processing of the subsequent phases should be easy. 7

Acyclic
form.

maining

assign assign

7N

X \... / X +
* B
uminus b uminus b uminus b
a a a
Syntax tree DAG

Fig. 6.2.1 Syntax tree and DAG

Consj : -
onsider the Input string x:= —a*b + -a*b for the syntax free and DAG representation.

2 Poligh notation
wmmmnm._.—v&
ovmamgn can
EEE Sm%

In this representation, the

the linearization of syntax trees is polish notation.
This is the most

be easily associated with the corresponding operands.

of representation in expression evaluation.

ang Polish Notation is also called as Prefix notation in which the operator occurs first

th
/Béﬂgm&.

TECHNICAL PUBLICATIONS®

- an up-thrust for knowledge
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Now backward substituting the values of temporary yayigp
1ables -

Intermediate Code Gep,
Oralioy

can be written as

ample :
For examp @+ b)s(c —d)
._.m.—.
+ab~cd Two T3% -
{ _.|rm|o|ﬂmm.qv operands T,eT4 /i
Operator pe Tye fg+ /ike
Two rdlefg+ /o
operands
Fig. 6.2.2 Example of polish notation y+dfefg+/-
re is a reverse polish notation which is used using postfix o p,. aber +dTefg+/- is the postfi :
The Posiy Postfix expression
—.mmv—.mmmbgnop 3, Three address code
In three address code form at the most three addresses are tead
represent any

Consider that the input expression is -

then the required posix form is -
en the req posix form is satement. The general form of three address code representation is

x:= -a*b + -a*b,
xa-b*a-b*+:= .

E Construct syntax tree and postfix notation for the following expression,
(a+@rc)Td-e/(f+3)

Solution : Syntax Tree

where ab or ¢ are the operands that can be names, constants, compil
femporaries and op represents the operator. The operators can be mw&av mﬁ m_m:mﬁ.ma
arithmetic operator or logical operators on Boolean valued data. Only si or omnsm.vos"
right side of the expression is allowed at a time. L TEEopertion st

7

For the expression like a = b+c+d the three address code will be

+\e/n o\\/+ t; = b+c
m_\// *\/o ty = t;+d

He
- re ty m“& ty are the temporary names generated by the compiler. There are at the
o8 three a &.mmmmm allowed (two for operands and one for result). Hence, the name of
representation is three-address code.

Eﬂgg the arithmetic expression a * — (b + ¢) into
oyntax tree 2. Postfix notation 3. Three address code

*
o
b c
Fig. 6.2.3

Postfix Expression - In this expression the arrangement is operandl, operand2 operator
(a+*0) Td-e/(f+g)

(a+Ty) Td-e/(f+g) Where T; = bc *
T,Td-e/(f+g) Wh T GTU : Winter-11, 17, Marks 7
ere T, =aT+ Solution
s 2 =aly ution : Cmv.anxﬁon?nn*|?+&"
3-e/(f+g) Where T3 =T,dT .

T3-e/T4 Where T, = fg + \ /
Hu = a uminus

5 Where T; = eT, / _

Tg

Where Tg =T3T5 - \+/
b c

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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2) Pastfix notation :
*-(b+¢)

M =Ty o

Substituting in back
AL =X
WIbC =

3) Three address code :
Ty:= b+c
T:= uminus T;

bec +
N.H.wl*

ward direction,

is postfix notation

Ty=a* T,
PINSRRIIY XY What is the difference between parse tree and syntax tree 7 Draw the parse
tree for following sssion : a=a+a*b+a*b*c—a/b+a*b and write three addres

code for it.

GTU : May-12, Marks 4

Solution : Both parse trees and syntax trees are hierarchical data structures. But the
syntax trees are abstract ie. in syntax tree each node simply shows operator and
children node represents operands. On the other hand, the parse tree represents the
translation that took place for the expression.

For example - Consider an expression 2 + 3 * 4. Following are the two trees synX
tree and parse tree that represents the expression.

The syntax tree is also called as abstract syntax tree whereas the parse tree is called
concrete syntax tree.

Consider the production rules

\ list /
: list digit
3t /.« i
\ / list digit
2 3 _
digit
2 + 3 * a
Syntax ¢
e Parse tree
Fig. 6.2.5

TE
CHNIGAL PUBLICATIONS® . an up-thruat for. kowiledge
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canpler 2277_——

o will then be as shown in Fig, 6.2,

The P
S
\m/
E
m\ / \m
/m \m/ : /m
4
Z [\ |E E m/mm\/m
E E 7S
E E
a = a + a=* b+a *b * c-a / b+ta * b
Fig. 6.2.6
S 5 a=E
E > E+E
E > E*E
E 5 E-E
E—-SE/E

E - a|b|c
S LR RN What is the difference between parse tree and syntax tree 7 Write appropriate

| "GTU : Winter-13, Marks 7|

e u:&& draw parse as well as syntax tree for a*(a—a"a).
ammar whereas w%dawx tree

Solu P
3@&5._. Parse tree represents concrete syntax of the gr
Tesents the abstract syntax of the grammar.

P -
arse g w.s<m mbwmn-wOﬂ Hﬂo&mm as :Ozlﬁmagp—m WH—Q —mmm nodes as anNE-NHm.

In :
SYNfax tree interior nodes are operators and leaves are operands.

/

® ledge
TECHNICAL PUBLICATIONS v know

- an up-thrust fo
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For example : ¢ ’
]
g E
M

214
@
<

1
oI

Parse tree Syntax tree

Fig. 6.2.7

Review Question

1. What is intermediate code ? What is its importance ? Discuss various representations of th,
GTU : Winter-16,20, Marks 7

address code.

XY Three Address Code
GTU : Winter-11,14,15,18,19,20, Summer-12,14,15,16,17,20, Marks 7

Three address code is an abstract form of intermediate code that can be implemente
as a record with the address fields. There are three representations used for three
address code such as quadruples, triples and indirect triples.

Quadruple representation

The quadruple is a structure with at the most four fields such as op, argl, g
result. The op field is used to represent the internal code for operator, the argl and ﬁm
represent the two operands used and result field is used to store the result of &
expression.

For example : Consider the input statement x ;= —a * b + —a * b

Quadruple \
The three address code is Op Argl Arg2 Sma: |

t; i= uminus a ©) wuminus a 4

=t *b ) * t b )

nu == {2) uminus a ﬁu

n» = ~w * b @ » nw b ty

ts = t, + £ @) + b ty t

ol 0 MRS o

TEi
CHNICAL PUBLICA dOZm@ = an up-thrust for knowledge
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Triples th
; tation the use of te :
the triple represen Mporary variables is ayo;
h__”ma in the symbol table. % 18 avoided by referring the
po

A = —q % - i
o the expression X:=—a*b+-axbthe triple representation i as given bel
A - - - - OE

_M. 2:5@2 Op Al Arp

O |

P : ©® b

! (2)  uminus a

@ g @ b
@) + (1) ©)
(5) = X @)

Indirect triples
In the indirect triple representation the listing of triples is been done. And listing
pointers are used instead of using statements.

zgnn Op  Argl A Statement |
© s | o a |
8__ & L . | (1) (12
: a | @ (13)
(13) b €) (14)
(12) (14) (4) (13)
x (15) ) (16)

g Merits and Demerits of Quadruple, Triple and Indirect Triples

Uihithe quadruple representation using temporary names the entries in the symbol
table against those temporaries can be obtained.

. . ~
e advantage with quadruple representation 15 that one ¢

Value of temporary variables using symbol table. Use of te
the leve] of indirection for the use of symbol table in @:m&c?

/

an quickly access the
mporaries introduces

e ﬂmﬁ.‘mmmzazcz.

® rust for knowledge
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in triple representation the pointers are used. By using pointer one
an

tly the symbol table entry:
entation is beneficial for code optimization.

o Whereas,
access direc

The quadruple repres e
all references to computations is made separyyy

indirect triple list of . L Y a
. Mon& Thus indirect triple and quadruple representations are similar ,, b :ma
their r:.:@ is concerned. But indirect triple saves some amount of mvmnmmw

compared with quadruple representation.
Triple and Indirect Triple

Comparison between Quadruple,
gﬂmhmnw amv—n

| Quadruple Triple :

,_ The format of quadruple is The format of triple is The format of triple is
(operator, operandl, operand2, (operator, operandl, onm.n&ob operand1, Operand)
result) operand2y SRR STy but it makes use of two tables,
In this representation, the In triple representation the  In indirect triple list of al]
entries in the symbol table pointers are used. By using  references to computations i
against the temporaries can be pointers one can access made separately and stored,
obtained. directly the symbol table Thus indirect triple and
e o CAH kI acdedn the entry. quadruple representations are
N et gvowa RHAbIRs similar as far as their utility is
using symbol table. concerned.

But indirect triple saves some

amount of space as compared

with quadruple representation,
The quadruple representation  The use of pointer allows During the code optimization
is beneficial for code to access the symbol table  the task of moving the
optimization. entries quickly. instructions around and

_ deleting the instructions is

_ involved. These are the easy

* tasks for quadruples but difficult

for triples.

E Construct triples of an expression a* (b +¢)

Solution : Step 1:  We will first write the three address code for given expression

tti=a
t,i=b
w“n-+n
fuucaggnm
nm"uf*f

T
ECHNICAL hcmEOLEOZw@ = an up-thrust for knowledge
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Design quadruple representation from the three address coq
S code obtained in

g e = B
ivnﬂsmmmaob b~ il Avg. 1 AVg.2  regult |
i @ . a . m
o : ,M
e ¢ b ) s
B © Umings 4 o~
i SRR 4
step 3 Create SWWMMW Mwmwﬁww_o: m_‘oB n:maEEm representation obtained in step 2.
Location or. Saraid 4., |
o :
W ;
(2) + 1 ;
3) uminus @)
@ . © o)

Triple representation

SR Write the quadruples, triple and indirect triples for the expression :
~ N.ﬂ..m.V%Aﬂ.T&VlA&.T@.Tﬁ.T&V GTU : Winter-15, Marks 7
Solution : The three address code can be -

Eii="a*b
t2: = uminus t,
t3: = c+d
ty: = tr+t,
t5: = a+b
te: = t5+t,
t7: = tg—tg

/

TECHNICAL PUBLICA JOZm@ - an up-thrust for knowledge
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Tl the rsin (o) (o)
Quadruple s T A . Quadruples 2. Triples 3. Indirect triples, i
T 1 Operand A, !
QOperator Operand AT result (o three address code can be - §
Lot T e b golution : The :
ANV. gcmx ; n*s ty ty 2= uminus tq
< + . .Q by tg3: = c+d
t t =
@ + - BN b e wu ty ik try*ts \_.Lm+3.?.+&‘.\
) 4 i) a AT At ts 5t Sl /*a+b+cx/
oy tg ts t . =
..,@. e i 1~. s " 5 8 toln— ty +t5 \avﬁm+3Ln+&+3+v+3.\
@ - 4 6 v t 7
ia Quadruple : =
Triple = RIS B - Location  operator operand 1 operand 2  Result
Location A Ovs.ﬁs_.a O.ne..w.sn.u Operand 2 (o + a b t
(DA L o M B 2 @ Zhsins 4 ta
@ uminus @ ) + c d b
e
3) &+ : c d : ) * t, ty 1
@ i x ...ﬁv ®) (5) + ty c ts
L R
(5) - a b (6) - ty ts t
® + (5) ®) - :
= = N e i 7 riple :
@) i 4) 6) . s
: d2
R r.:.raas}mo: operator operand 1 operan
- i (1) + a b
Tocation Ovunngn; o _."_.._.i .p\ i Ono.nnu,a N | ‘ Statement zs @ T by
o P : e O 6 - z :
2 uminus 1L L 12 S W . @ @)
13) + o1 (S d e o ) . 0 :
) + ) (13) e @ . . @ &
(15) + 2 M. (15) e
. T H mv E . - -+ trinle fi “ s
9 o i : { ¢ 5 Convert the following into quadruple, triple and indirect 17} le forms :
+ 0 ﬁmv it (13) | (6) (16) l?.vs *c-d) GTU : Summer-14, Marks 6
17 4 REaR W, Solution »
(14) (16) [ 3 an tion : The three address code is
- =a+b e

TECHNICAL PUBLICA dozwe

- an up-thrust for knowledge
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) (14) i
6 (15)

on — (a*b)+(c*d)+(a*b=c) into

3) Indirect triples

code can be
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Oral %SE\O\ Intermeq
Design RaRSSES- - on s — late C
Compler ——— Il T E X)) Place the above generated 3-address coge i 1., N ey
2 uminus 1| 2. Plets and Indirect Ty
| Mww =0, R J gt | e O —
| t 95 | e . e
@ | £ ty H 3 4 Loc tion  Operator Operand; Operand2  Regy |
® .01 e 0] p_of y |
4; | e RE NSk
Sih () + ! t4 | ts s ¢ o - by
Tope . Lo e —
Location Operator Operand 1 Operand 2 ) g "N. 5
o s 2 - ik ‘V
@ . uminus (1) Triple - MBEEEEE S
e SRR i) L L . d m Location  Operator Operand1 Ovzgnm
2 3 ; =TI ,
Abv . - i By /1 Av o ) A ) Ae Hva.lom y
® v RGeS c o
© . @ (I e - : 2
5 e 2) addr_of X
Indirect Triple s . , @ = v =
Location Operator ~ Operand 1 Operand 2. geks) Statement BT = Sk
) N s e e iz indirect Triple
S5 SR 7 S ) (11) : R .
‘ munv‘ :uE.Em s xﬁuv A 2) 12) Sp OHOnNnON , oggmu Ounnwbnnu, Statement
@3) Y . e @) 13 g puof |y _ © 1)
S - R 0 ) 1 | = o .
CISERINE ) e o | R -
) + a4) 15 e o | e :
T : = a @ @ (14)

E Write three address code for x=xy; a=&x;

Solution :

100: t; := ptr_of y

% el &
B So .
101: x: t, lution ; Fﬁonmbnm : Refer section 6.1.1
102: t, := addr_of x Three address code
Houum”n»n S"ncﬂm:cmn
5 T = ax t1
5 L= 24+ 2

TECHNICAL PUBLICA :OZM,@ - an up-thrust for knowledge
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Quadruple .
Location  Operator Operand 1 Operand 2 Result
(1 uminus L fl
@ ! S i 2
6) + T 3
Triple IURRTE—— :
.v.anmmo: Operator Oﬂaﬂszu Operand 2
(L i
| (€ e & . 2

E Translate following arithmetic expression (a % b) + (¢ + d) = (a + b) into
1] Quadruples 2] Triple 3] Indirect Triple GTU : Winter-19, Marks 7

Solution : The given expression is
(@*xb)+(c+d)-(a+Db)
The three address code is,

:HHN*U

ty:=c+d
tyi=t; +tp
ty:=a+b
ts:=t3 -ty

Quadruples :

ST ——

Location Operator Operand 1 Operand 2 it
B Feiah ., : ; » S w (LR T ;
- - 8 d t;
- : | | : 4 , ._.N | 1
) 7 m e :
() % : B2l ,: | !

TECHNICAL hcmto,»dOZm@ = an up-thrust for knowledge

comple” pesign 6-19 Intermediate Coge Goreratin
Triple ¢ S ——
_ _bn.»mvo: v Operator Operand 1 N
. m =
w. i :
e - 0 :
e - : -
e . o -
indirect Triple :
3 Sperator Operand 1 Operand 2
: b
i 3 C d
3 (11) (12)
+ a b
5 (13 (14)
o1 LOC Statement
| (€)] (11)
2) (12)
: 3 (13)
e o 09
o )
E Write three address code for
&= a+a*b+a*brc-a/b+a*h GTU : Summer-20, Marks 4
Solution: The three address code is as follows -
Tl = a%
2 = app
3 = aim1
T4 = 13471
T5 = Tyg*c
T6 = 1512
T = T —
® _ an up-thrust for knowiedge

TECHNICAL PUBLICATIONS



PR —

o Intermediate Co g Geng
S:oa

Compiler Design

Review Questions
? What are the advantages of it ? What gy, p
SNNEN

on for : (a+b)*(c+d)—(a+b+c), ly

EEEE

ndirect triple with suitable example.
GTU : Winter-14, Marks 7

diate form of the code

1. What is interme .
forms ? Write N-Tuple notati

used intermediate

2. Explain quadruple, triple and i

ediate code ? What is its importance ? Discuss VArious representations of th
J reg

3, What is interm
GTU : Summer-15,17, Winter-18 Marks
. 7

address code.

X1 syntax Directed Translation Mechanisms

For obtaining the three address code the SDD translation scheme or semantic |
must be written for each source code statement. There are various pro mSSM.a
constructs for which the semantic rules can be defined. Using these rules %m
corresponding intermediate code in the form of three address code can be mmzmsgm

Various programming constructs are -
1. Declarative statement

Assignment statement
Arrays

. Boolean expressions
Control statement

. Switch case
Procedure calls

I3 Types and Declarations
In the declarative statements the data items along with their data types are declared

N S G W N

For example :
§ D Jollheboll i o
D— idT {enter_tab(id.name, T.type,offset);
LR e offsetmoffbetyTowidth))
T— integer {T.type:=integer;
‘ ) Twidth=g),
T - real {T.type:=real; ,
AR T.width=8)
- array[num] of T, {T.type:=array(num.val T,.type)
T.width:=num.val X T,.width |

TECHNICAL PUBLICA EOZw@ - an up-thrust for knowledge
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e 5 ﬁ.aemi..s..:. T
Twidtiog P

\\:Q\S@Q‘. (] QAwOZO\N:OZ
at OOQ

nitially; the value of offset is set to zero The com :
& using the formula offset = offset + width Putation of offges can be d

. : one

., n the above translation scheme T.type, T.width a

type indicates the data type of no:mmvo_.EEm ;

indicate the memory units associated with an jde

instance integer has width 4 and real has 8,
. The n..Em D - m_.n:. is a declarative statement for iq declarati

function used for creating the symbol table entry for identi e The enter_tab is

and offset. entifier along with its type

The width of array is obtained by multiplyi :
qumber of elements in the array. PIying the width of each element by

The width of pointer type is supposed to be 4.

: M z:_m .&5533& attributes, Th
entifier ang width is :mm.a :M

ntifier of corresponding type. Fo
. For

[ Translation of Expressions oD : W

The assignment statement mainly deals with th :

A € expressions. .

of type m:ammv real, array and record. In this section we s.EHH.M mmmmmmssm can be

syntax directed translation scheme for generation of three address code onmmMM_nM:Em
ent

statement containing arithmetic expressions.
Example m.m..; Obtain the translation scheme for obtaining the tree address code for the
S = id=E
E>SE +E,
& E *E,
i - £,
E — (E)

e E - id
ution ; H ;
" 8&“8 we will use the translation scheme which in turn will generate the three

Semantic actions
{ id_entry:=look_up(id.name);
if id_entry # nil then
append(id_entry "=’ E.place)
else error; /* id not declared*/

TECHNICAL PUBLICATIONS - an up-thrust for knowiedge
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E-E + E, { E Eunm.n_ss,KBvP .

append(E.place’ :='Ey.place '+’ E)place) |

Compiler Design

}
{ m.v_nomun:msagvo“ w

B A% mnvn:&m.v_nnn."n.ma.v_mnm * E, place)
I . |
:= newtemp(); |
B ; “ﬂ“ﬂﬁ.ﬂ»nm;u. vchS:m E, place) ,
e
B> (B) (BplaceBlplace)
E— id { id_entry:=look_up(id.name); |

if id_entry # nil then

append(id_entry =" E.place) |

else error; /* id not declared*/ {
|

}

The look_up returns the entry for id.name in the symbol table if it exists there
The function append is for appending the three address code to the output f
Otherwise an error will be reported.

o newtemp() is the function for generating new temporary variables.

« E.place is used to hold the value of E.

E Obtain translation scheme and draw the annotated parse tree for the following

statement
xi=(a+b)*(c+d)
Solution :
Production Rule  Semantic action Output
for Attribute |
evaluation |
B > E,,. m.,_anm =a w
B e E.place := b : s |
_ EoEi+E; | Eplce=t B omath.
B2 i Eplace
E— id E.place := d

TECHNICAL PUBLICA ﬂ\OZmG - an up-thrust for knowledge

’

annotated parse tree can be drawn as followys -

- N

\ callfor ™.

The

new temp () \
\‘ y m_<mm 53832 ’

X = E.place : = ty

Juumdln

E. v_moo i=ty * E.place ; = ty

|m+c uuoa
m.v_moom

+ E.place=b E.place +
=c

m u_mom d

e

a U Cc d
Fig. 6.6.1 Annotated parse tree for generation of three address code

———————
——

Int _
———— !ttt.’!./’: 0\30930 OOQO ngaga

E.place := T

ﬁ nN nN = n..d |
E.place :=

5 B = (@tb)csq)
{
x = N

I

- ~
’ ~

look_up returns M
v Id.name=d '

N ’
~ -,

/

|}

7

Use the scheme for generating three address code for the assignment statement

g =a+h - c¥d.
me_aa: Refer section 6. m
i ‘Semantic action
E.place :
E.place :=b
E.place := t;
E.place :
E.place := d
E.place :=
E.place :=

Qutput
muumiu
Legtd
ey ~h
g=h

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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6-24 Intermediate oy pesign
compller Desig” Ode oozmi_s %\\\\‘ . Intermecigte Code Generation
il arly, for calculation of relative address ot
f ’ ; < S A imens;
mann { and j mccmmn._va.. Oo:mam:.:m\ row major 8?8»:5:.53_ aITay we need ¢
Write syntax directed definition to produce three address code for expression Containipg (. Jﬂwﬁ address for a[ij] using following formy; - on we wil] compute the
1. Write sy GTU : Winter. e : .
inter-17, alij] = base + (i —low)) xm, + (- low,)) x w

unary minus,( ) and id.

operators = 2 40
d low, are the two low
I e, low; an 2 er bounds on :
4l Arrays : £ el el A“m values that j can take. In other words; values of i ang j and n js
know array is a collection of contiguous storage of elements. For accessing 4n qumber . )
As we need is its address. For statically declared artays i Y n, = high, — low, + 1
is

element of an array what we |
possible to compute the relative address of each element. Typically there 4, %

representations of arrays -
1. Row major representation.

where, high, is the upper bound on j.
Assuming, that i and j are not known at compile time, we can re-write the formuy]
ormula as ;

2. Column major n%nmmm:smn? ' afijl = (i xXny) +j) xw + (base - ((low, x ) + low,) x w)
own below -

Row major representation The term (base — (i~ low 1 Xn3)+low 5)x w) can be computed af compile time.

These representations are as s
for example : Consider an array A of size 10 x 20 assuming low,=1 and low,=1. The

computation of Alij] is possible by assuming that w = 4 a5 .

Al1.3] Al2,1] Al2.2] Al2,3]

Al11] Al1.2]

e e row2 - Alijl .|.“ MM xny) +j) w + (base - ((low, x n,) + low,) x w)
Given, L=
Column major representation w =4
low, =1
Al1,1] Al2,1] Al1,2] A[2,2] Al1,3] Al2,3] low, = 1
o poge e s | Alij] = (Gx20) +) x4 + (base - (1 x20) + 1) x4
Alijl = 4 x(20i + j) + (base - 84)

Fig. 6.7.1 Row major and column major representation
The value base — 84 can be computed at compile time.

The generalized formula for multi-dimensional array by considering row major
representation is -
i, _n&ar_ = ((--(( in, +1i, g + iy ).)ny +i ) Xxw o+

base(...(( _oiHsn + lowy)n, +low,)..)n, + low; ) x w
where any value of j for n
I = Ewﬁ - _oﬁ +1
M”anogvﬁmmon of the term base (..(( low;n, *+ low; )ns +low; )...)my + low, ) x w is
3t compile time, after getting the base address.

Emro» US now discuss the translation scheme for generating three address code for array
es. We have to consider the context free grammar for array references :

L > id [List] | id

~— Lt > List, E|E

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge

To compute the address of any element ;
Let base is the address at a[ | and w is the width of the element (required memory

units) then to compute i address of a[ ]
base+(i — low) x w
where low is lower bound on subscript. Here a[low]=base
base+(i - low) x w = base + i X w — low X w
= iXWw + (base - low x w)

Let ¢ = base - low x w is computed at compile time. Then the relative address of afi
can be computed as,

C+ (ixw)

TECHNICAL PUBLICA dOZmG - an up-thrust for knowledge



6-26 Intermediate Code

ing limit of n and E could be any 5:555 v

t of index having

gﬁh the lis 3 :
Mww% This grammar should support any e e He,
M«xwm_a.&&&mmn%gmainsm;un we

L - [List]| id

List — List, E[id [E
name is associated with Jeftmost index expression (j.e, List) T

reference can be given as :

That means array
complete grammar for arrs),

§ »L:=E
E—- E+E
E - (B)
E-L
L — List]
L — id
List — List; E

List — id [E
The translation scheme for generating three address code is given by using

appropriate semantic actions.

: mou the rule 1) if L is simple name then normal assignment is done otherwise the

m—.v_mmxnm .mwmmmbgma is done at specified location in L. The attribute offset will gi
tive address for the corresponding entry in the symbol table E@MM

E place will refer to a pointer to symbol table entry for that =.»Bm Here
is a function used to generate the three address code and %wgm it to

file.

sﬁ temporary variable t, t,... The value of E can be denoted by E.place
puted using E;.place + E,.place.

rule E —» L we want rvalue of L. Hence in the semantic actions
of r-value of L can be done. If Loffset is NULL then it indicates that
id. Otherwise we will use indexing such as Luoffset to obtain the

nt the first term (of an expression for a [ iy, i, ik] e

i) ng +i3)..) ny +i)x w) Loffset is used and here L.offset is new

) 1N +low ) n 3 +low 2)e )0t low))x W AR be represented by
e function o( Listarray) is used to obtain the L.place. The function

qWOIZNSWQEo;dozﬁ@. an en.a::&?&.oio%o o T L fnowledge
5 R T P e R ~ TECHNICAL v%:%:ozme. an up-thrust for
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Compiler Deslgn
tes simple name of id.

- NULL indica . \

o The r.Hﬂa ) the List.ndim S&a&g number of index e
In Limit(List, array, dim) returns r. The n; means .:5;_5_”5m

0

¢ jons).Function
MH“”M”M.UMNW:N w.r dimension of array. The E.place denotes the temp

obtained by computing value from index expression.
o« Consider formula a [ iy ip fgelp] = ((A( iy Mg + i) By + ig)o) Mgt i) x4y
base (..(( low; ny + lowy) ny + low; )..) n, + Iy

0
NQNV <m—¢m

k) Xw

The List for expressions can be produced by
(. ((iny + ipn, + mu:.v:B [

Using recurrence relation
e =1
e, = ms..H N 15
By rule (7) List;.place corresponds to e, -1 and List.place corresponds to e
em = mBIH M ;
Listplace := List;.place * Limit(List, .array, dim)
In rule (8) The value of E is finalized.Hence E.place holds the value of expression £

and value of E for having dimension m = 1.

Example for Understanding

SIPYRY Generate the three address code for the expression x:=Alijl for an army
10x20. Assume low, =1 and low, =1

Solution : Given that

low; =1 and low, =1

n, =10,n,=20
Al j] = A2x=~v+~.vx€+?mmmnx _oéHx=Nv+_o«<~vx2V
Ali,j] = (ix20)+j) x4+ (base-((1x20)+1) x4
Ali,j] = 4x(20i+j) + (base - 84)

The three address code for this expression can be,

t=1i%20

b=+

t, := ¢ /*computation of ¢ = base — 84 */
tyi= 4%

ty = 4[]

X =t

TECHNICAL PUBLICA EOZmG - an up-thrust for knowledge

pesign

The

mnsowwﬁmm parse tree can be drawn as follows

- e
6-29

333353 Code Generatip,
n

S

L.place = x .
L.offset = NULL = E.place = ty
X
L.place = g
L.offset = b
List.place = ty /
List.ndim = 2 ]
Listarray = A
List.place = i , -
List.ndim = 1 i s
List.array = A r”oamm H _zc:.
A [ m.u_m_om =i
L.place =i
L.offset = NULL

|

Fig. 6.7.2 Annotated parse tree for x := A[ |, ] ]

E Translate the following integer array operation into three address code.

Alijl: =B [ jl + C [k] where A and B are of size 10 x 20 and C contains 50

elements,

w

Alijl

Solution : We will assume low; =1 and low, =1 and it is given that n) = 10 and
% = 20. Integer element

4 bytes
AAMXSNV.J.VXS. +A¢mmm> |AA_OZ 1 x:uv.Lorﬂuvx Sv

AAmxwov+_.vxp+Avmmm> |A®xN8+Cx¢

/

TECHNICAL PUBLICATIONS® - an up-thrust for knowiedge
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\ s 333..353 Code Oos\uaa

e Intermed|ate Code Geng,
Tation

Compiler Design
= ax(20i+j)+(basea - 84) tg =
Hence the three address code for A [i, j] will be ty = tlt) /*CIk]*/
3 %20 o =tstt /T BLlI+Clgry
A
= C
t =ty + j ) 1 :
t, = ¢/t computation of ¢, = base, - 84 */ t [t3] = o /* Al jl=Bij+C (k] * /
the given Py
B %m& .Ma e AL S
3 1 . ) Draw the annotated parse tree with the transigtios scheme to con owing :
ty = t[t;] /* A, j1*/ code. vert to three address
Similarly the value for B [i, j] can be computed as ii) Write &x«”&hﬂ“ﬂm SW\_ b
1 ine ress 5 where all . .
{, = c,/* computation of c, = baseg — 84 %/ g 10 with k = 2 are Integer arrays with size of A 45 19
TR and B as 10 x 10 wr = 2 and the start index position et 2 x 10
t = tslts] /*B i, jl*/ (Assume the base addresses). s is at ],
Solution : 1) The annotated parse tree -

The value for C [k] will be obtained as follows ;
Q.ﬁ:mﬁluuLu@wnN

kx w +(basec —low 1 X W) base address = 1000
Assume base address =

The array stores integer elements.

kx4 AEELx&

Clk] = 4k+¢
: = 2

Hence three address code for c[k] will be
The start index position of all arrays = 1.

t,=4*k
t; := c;/* computation of ¢, = base_ — 4 */ { e
Lt np=n; = 10
Hence the 3 address code for given expression - AlLjl = (G *n2) +j) * w + (base - ((low * np) +low) * w)
tyi=j*20 = (@ .
= ((i*10) +j) x w + (base - ((1*10) + 1) *2)
=t +j o
1R k) Ali,jl = 2% (10 +j) + (base - 42)
=4ty Similarly,
tei= ¢, B
b = tg[t;] /*B i, j]*/ ii) e (10 i + k) + (base - 42)
The
bi=drk three address code for this expression is,

TECHNI ®
ICAL PUBLICATIONS" - an up-thrust for knowledge TECHNICAL PUBLICA JOZm@ p-thrust for knowledge
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jler Design Sk -
Complle s 55 ] using rou, major
WGk = (%12 KW s ase (g,
] B [i, ; 1712) +low,) a y,
o nn»ﬁo~+5+9mmm|8v )
E. place = = N*Go*w+wv+ﬁ.ooolﬁmv
L. place = t2 _ = 1022
L. offset =15 L. place = t2 B —m\ N_
L. offset = t3 ddress,
the @ T B[
\ \ / pthe il = B li, k] Hence
L. place = t2 ] = 1022
List. ndim = 2 List. place = t1 Alij
r" ist. aray =A Rt ncien & 2 Generate intermediate code for the Jollowing coge segment along with
_/ ge ooy =8 directed translation scheme. required
tax
\ E. place =] A §:=8+alilljl
List. place =1 . lati
List. ndim = w _r, w“_wmoh -_zc_._. rince = | E. place = k 8___:2. Syntax Directed Transla Ms Scheme : Refer tabje ON page 6 - 24,
List. array List. ndim = W __“ u_%mnm” = vc_._. i rmediate Code in the Form of Three Address Code :
List. array = - ofiset =
>\ _ /m.um_oou. Assumption Assume array a of 10 x 20 size with low ; = low 2 = 1. Hence
_ ty = i* 20
g ey B SN place = | t; =t1 +]j
_ _ fs .= C /* ﬂo:mwmanucmmmm -84 x/
L.place = i =4 %t
_ L offset = NULL i3 *
| ty = ta[t3] ‘
i ts = S+ ty
Fig. 6.7.3 S = t5
tp =ty + Kk [¥ Boolean Expressions
tyimg /* base — 42 is ¢ */ | Normally there are two types of Boolean expressions used :
1. For computing the logical values.
2 e 2 In conditional expressions using if-then-else or while-do.
ty= tlts] /* B [i, K] »/ Consider the Boolean expression generated by following grammar :
E -5 EORE
t; = 1% 10
E > EANDE
ts :=t5 +j E -5 NOTE
E >
ts =2 * ts Amv
E - id relop id
ty [t5] =ty /*A i, j] =ty [ts] */ E - TRUE

E - FALSE

®
TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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relop is deno

Here the
to N

highest precedence

E— Numerical Rep

The translation schem

given below :

Translatio
Production rule

LB ln# OR E2
E— mT»ZU mn
ENOTE:

[ B Amo‘

E — id; relop idz

E —<TRUE

E —FALSE

ted _uv% <, 2 #, <
OT then AND an

n scheme for mm:mnmm

—_—

6-34 Intermediate ¢
Ode OQD
owmeo:

> The OR and AND are ]
R eft assogj

Smcssn_o:

e for Boolean expre

on of 3 address code for Boolean expressj
; } S10n

Semantic rule

E place:=newtemp()
%ﬂobnﬁ%_wnn ha! mu.v_»nm ‘OR’ mn.Emnmv

{
m%soﬁuumﬁmnﬁo
append(E.place "=’ E.place ‘AND’ E,.place)

{
E.place:=newtemp()

append(E.place “="NOT" E,.place)

E.place := E; place
}
{
E.place := newtemp()
append(if’ id, place rel i
1 op.op id,.place ‘goto’
g p id, place ‘goto’ next_state+3);
append(‘goto’ next_state +2);
_%Eaa.% =1)
{
E.place := newtemp();
”vvﬂaﬁ.nﬁnm = ‘1)

{
E.place ;= newtemp()
uﬂvﬁgﬁm.ﬁgnm f! .O\v

®

TECHN,
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ate, ;
e

gsions having numerical represen;
ation :
n i
a§

e
Th on of tem

op id, contains
relop id; a next_state whic e ryl
F e .

the output sequence. Let us
lati nmrm an
above trans ation scheme - .

%%:m_:m vva%nAmOw:v<
100: if p > q goto 103
101: t;:=
102: goto 104
103: t;:=1
104: if r < s goto 107
105: ty:=0
106: goto 108
107: ty=1
108: if u > v goto 111
109: ty:=0
110: goto 112
111: ty=1
112: tg=t; AND t,
113: t;=t, OR t;

In this three address code we have used goto to j
0 Jump on some specific statement

This method of evaluation i
over OR hence at ~0nmmo~w ”H_Nm %Mzwﬁo:-ﬁn&«» The AND :
g is performed and ES:M %: il
e immediate next

statement ORing is performed.

[¥¥] Flow of Control Statements

In this section we will di
will discuss th i
code.The control statements are MM&Emgo: of Boolean expression int
statements is as shown below jieielocand s whilerdo. The %Ewgw =
ar for such

mllmmm._m:m~
_mmgm_ else S,
| while E do S,

While generati
5 mm “MWH-W three address code -
enerate n i
ew symbolic label the function new_label() is used

* With the
expressi
on E.true and E.false are the labels associated.

TECHN.
ICAL PUBLICA dOZm® - an up-thrust for knowiedge



Compiler Design $e ormediete Goge oc%ig
i ddress code.
S.code and E.code is for generating SPIREA
I}
— |/ Etrue ag
e |{ €05 e T
Etve:| Sic0de E.true : S4.code
}
E false ! goto S.next
T E.false : I’mn.”oa,ol
S.next —_——— 55 |
if-then

E.true
s v E false

E.true : $,.code

goto S.begin

E.false : ST

while - do
Fig. 6.8.1
The short circuit code is as follows.
S —if E then S, Etrue := new_label()
Efalse := S.next
S;next := S.next

Scode := E.code | gen_code(E.true’) | S,.code

In' the above translation scheme | is used to concatenate the strings. The function
gen_code is used to evaluate the non quoted arguments passed to it and to concatenatt
important rule which ultimately generates the

complete string. The S.code is the
address code,

TEC,
HNICAL PUBLICATIONS® . 41 o knowledge

Jor DBSIgN 6-37

Consider the statement is if a < b then a=a+5 else a=a+7

ifa<sd = E true

E.true: a:=a+5 = g1

E false: a.=a+7

Fig. 6.8.2

The three address code for if-then is -
100:ifa <b goto L1
101 : goto 103
102 : L1: a=a+5 /*E.true*/
103: a:=a+7

Here E.code is “if a < b “ L1 denotes E.true and and E.false is shown by jumping to

line 103(i.e. S.next)

Similarly,
S - if E then S, else S, E.true := new_label()
E.false := new_label()
S;next := S.next
S,next := S.next
S.code := E.code | gen_code(E.true “') |
S,.code | gen_code(‘goto’, S.next) |
gen_code (E.false ") | S,.code
$ = while E do S, S.begin := new_label()
E.true := new_label()
Efalse := Snext
S,next := S.begin
S.code := gen_code(S.begin’ ) | E.code |
gen_code(E.true”’)| S;.code | gen_code('goto’ S.begin)
B

Intermediate Code Generation

TECHNICAL PUBLICA doz.wG - an up-thrust for knowledge
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Generate the three address code for

while (i<10)
{

i=i+1;

S rwmo: . The three address code can be generated as follows
0 :

100. L1 if i<10 goto L2
101. goto Lnext

102. L2: x=0

103. i=i+l

104. goto L1

105. Lnext:

Here we use the

Sbegin = new_label() = L1
E.true = new_label() = .2
E.code = “if i<10 goto “

translation scheme
for while. =
Efalse = S.next = Lnext

Sicode = x=0;i=1i+1;
ARy Construct 3 address code for the following

If [(a<b)and an d)or (a> &VH then

Z=X+y %z

else z=z+1
Solution : Three address code

100 : ifa <b goto 102
101 : goto 110
102 : if c < d goto 106
103 : goto 104
104 : vanmoSHom
105 . goto 110

106 : t = X+y
HOV ¢ ~N = np* z
ﬂom c Z:i= nN

TEC
HNICAL PUBLICATIONS® . e

'

complie” Design §s%0 Intermediate Code Generation
109 : goto 112
110 : ty:=2z+1
111 : z:=t
1128 ¢ Stop
mxmav_mm with Solution
% Consider the following while-statement-while A » Band A <=2+B-5 4o

A:A+B;
i) Construct the parse tree for the above given while-statement
ii) Write the intermediate code for while-statement.

solution : i) Parse Tree
statement

|

while - statement

NS

while do statement

E and E E
E > E E <= E E + E
id(A) id(B) id(A) A id(A) id(B)
const(2) /
E - E
id(B) const(5)
Fig. 6.8.3

1) Itermediate Code
Li: if A>BgotoL,
goto L, ;
et =2*B

TECHNICAL PUBLICA 302m..® - an up-thrust for knowledge




Example 6.8.4

Generate the three

stop

ém?Angamvcv%
fA=1thn C=CH
else while A < = =Ddo

A=

A+B

Solution : Three address code

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

if A < C then goto 102

: goto 115

if B> D then goto 104

: goto 115

if A = 1 then goto 106
goto 109
t;:=C+l

fiCeat
: goto 100
: if A < = D then goto 111

: goto 100

: ty 0= A+B
”>nHwN

goto 109
goto 100

address code for the following program fragmey; _

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge

three-address code :
h_ma&u ()
inti;
int a [10] ;
I'= L7
wehile (i < 10)
{
a i
=

e

+

—~

100 : i
101 : if i <= 10 then goto 103
102 : goto 108

103 : t; :
104:t,: =4*t;
105:a[t)]: =
106 :i:=1i+1
107 : goto 101
108 : stop

Tmau_m 2ol nSa syntax directed definition for N\ else statement.

i

maBBEn rule

m.gm zmiva_c

MQEMQ.HMBE

S; ® next : = Snext

w.ﬁamuﬂm.ﬂam __
mmFaﬁmaogm‘”\v:
S, ¢ code

E o true : = new_label ()

mom&mnnu:.mil_mgo

Sy e next : =5 e next

mwobmx»"umocmx»

Secode: = Eecode ||

%Ps&?as ) {1
.n&m__mmp-ncmmﬁmos Senext) | |

gen_code (B false ) ||

mn.no%

TECHNICAL hcmto\»ﬂazw@ - an up-thrust for knowledge
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Compiler Design 6-42 Intermediate Code Generation Compiler Design 6-43 Intermediate Code Generation
E Generate a three address code for the following segment of code. E Translate the following C fragment into three address code.
C=0 int i
do int a (10] [10]
{ 110
if (a < b) then while (i < 10)
X4+ ; {
else alil [i] =1;
X== ~.++~.
C+4; }
} while ( C < 5) Solution : We consider the values stored in 2-D array is in row major form. Assuming
Solution : The three address code is : 4 byte allocation per word a [i] [j] will be at location [addr(a) + (10*i+j)*4]
C:=0 afi][i] = addr (a) + 44 *1i
L, :ifa <b goto I - .,.__.Wm .@.ma&.mmm code then will be -
goto Ly e 1=0
_IN”-“HX+~ b w&wAPOQOﬂOH.M
X:=t ty = 44*i
1 afty] =1
goto L, t; =i+l
Lttt i=xe 2
3-hi=x=1 i=ty
X:i= J goto tq
goto _A NI 0
Li:b:=Csy Examp :
e WARRLY Translate the following statement to quadruple :
RJAmmonor m\&V@w}gR"h.#@
goto L, Sorn else x=a-b
Ly: Ution : Three address code
o:»&dv—m :
Operator Ovmnmnm 1 Ovn::& 2 Result
- b goto 102
100:ifa>p then goto 102 100 2 -
101 : goto 105 101 goin I
- a b t1
uON = a+b 102 L 5
tl 3
103:x: = t1 103 =
104 ; goto 108 104 g 2 b t
105 ; tl:=ap 105 >3 2 p
1
106 x . = t 106 = .
108
107 goto 108 107 o
108 .

rust for knowledge

® _ an up-th
TECHNICAL PUBLICATIONS - &1 4"

S . an intheriat boe limndadna



o Design 6-45 Int i 7
i 6-44 Intermediate Cod Oo:o:.aoa compiler Dé ntermediate Code Generation
Compiler T .
: e Checkin
E Write syntax directed translation for the flow-of-control statement - ;) e E Typ 9
Xi X. N A .
H)If - then - else iii) While and iv) For using the translation, convert the \e-o§.=w. E Type System
tement to three address code : ! Py : )
statem PR The type analysis and type checking is an important activity done in the semantic
while (a > 10) analysis phase. The need for type checking is -
y =xta i) To detect the errors arising in the expression due to incompatible operand.
elseif (y >100) y=a _ : : g ; .
St I Raier sectiom BN — ii) To generate intermediate code for expressions and statements. Typically language
olull : ASEees

supports two types of data types - basic and constructed.

Three address code The basic data types are - integer, character, real, Boolean, enumerated data type.

100 : mnawww%os 102 And arrays, record(structure), set and pointer are the constructed types. The constructed
101 : go ; : .
102 : if a>10 goto 104 data types are build using basic data types.
103 : oto 109
104 : w“ = Xx+a Source Jw“w - D JWMMO _:3%33
105 : goto 102 “ﬂmslav Parser ype e
106 : if y>100 goto 108
it gRtads ‘ Fig. 6.9.1 Role of type checker
108 : y:=a ey
saadaary Generate intermediate code for the following code segment along with the E Type Expression :
required syntax directed translation scheme. * The systematic way of expressing type of language construct is called type
while (i < 10) expression. Thus the type expression can be defined as -
1 i i i int, char, float, double, enum are
if(i%2==0) ) The basic type is called type expression. Hence in

type expressions.
Evensum = evensum + i

2) While performing type checking two special basic types are needed such as type_error
i and void. The type_error is for reporting error occurred during type checking and
Oddsum = oddsum + i void indicates that there is no type (NULL) associated with the statement.
Solution : Syntax directed translation scheme : Refer section 6.8.2. 3) The type name is also a type expression. For example -
g typedef int *INT_PTR el
| 3 . “
100: ifi<10 goto 102 This statements defines the type name INT_PTR as type exp

actually a integer pointer.

101 : :
goto 108 4) The type constructors are also type expressions. The type constructors are array,

102: ifi%2==9 goto 104 Product, struct, product, pointer, function. il
103:: goto 106 . * Each of these type expressions are explained with the help of an example as follows -
104 Evensuy ) Armay . op array (I,T) is a type expression where I is an index set which is ....m:p.:% an
) - ' = evensum + integer an, nts is given by T. The type expression is :
105 goto 100 d the data type of the array eleme gl
106 : Oddsum - array (LT)
* = oddsum + i
107 ; R ;
goto 100 o €xample - int arr[20); 3
108 The type expression for an array ‘arr’ having the elements from 0, 1,...19 s

/‘\\\ array(0,1,..19,int)
® thrust for knowledge
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n for the cartesian product is given by T1 x 1 Wh
es. Always x is assumed to be left associatiye =

Compiler Design

¢ expressio

5 . The typ
ii) Product o data typ

T1 and T2 are the t is also a
. jven by keyword struct is als0 2 type expression,
i) Struct - The SITUCKT® B et of the type of the fields (members) of ,_MM

_ 4 n
. Emmvvrmm&mﬁ .. .
.,HMMR. Such a product is a type expression in struct
m .

For example -

struct stud {
char name(10};

float marks;

}
struct stud student|10%;

Here the type name is stud having the type expression as :

struct ((name X wﬁiob.:&%w% x (marks float))

Thus the type expression for student is given as :

array(0 1.9 stud)
iv) Pointers - The type expression for pointer is given as pointer(T) where T is a data
type.
For example -
float *xyz;
then type expression for identifier xyz is given as :
pointer(float)

v) Function - The type expression for function is given by domain-range. In the sense

that the type expression for function is D — R.

For example -
int sum(int a,int b)

The type expression for sum is -

int X int — int

¢ The type expression can be represented using tree or DAG (Directed Acyclic SR

* Let us take an example for the same :

int maxi(int a,int bfloat *c)

1\\\\

CHNICA ®
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%325
The type expression for function maxi js -

Intermediate Code Generation

X
\ / int
\ // int
X Pointer X

\ / _ Pointer
int int float _

float

int
(a) Tree representation (b) DAG representation

Fig. 6.9.2

A type system is a collection of rules for assigning type expressions to the language
constructs. The type system is implemented by type checker. The type checker finds
whether the types are compatible to each other or not by finding the corresponding type

expressions.

g Specification of Simple Type Checker

In this section we will write a type checker for the simple language construct. In this
language construct the type of the identifier must be declared before the use of that
identifier. The type checker is a translation scheme in which the type of each expression
from the types of subexpressions is obtained. The type checker can decide the types for
arrays, pointers, statements and functions.

Let us consider a grammar for source language.

S— DE

D D;D|T LIST

T char | int | float

LIST — L, [num] | *L, |id

E literal | num | id | E mod E | E[E] | *E|E op E |E(E)

The type checker ensures following things -

) Each identifier must be declared before the use.
i) The use of identifier must be within the scope.

T : ithin the same scope.
i) An identifier must not have multiple definitions at a time within i

® r knowledge
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P mes as i float :
rammar has basic data types as char, int, and for amvoﬂa:m o

e_error.

errors typ rt at 0. For example if

i / sta
We assume that the index of the array st

int arr(100k; R
Jeads to type expression as array(0,1 ...99, int) sioiLacty

int *ptr; : .
or the above statement can be pointer(int)
The constructor pointer is applied to the type integer.

anslation scheme for the above grammar.

The type expression f

Let us write the tr

Production rule Type expression
S DE This means all declarations v&o—.m manmwmwoam
D - T LIST LIST.type:=T.type
LIST — id {addtype(id.entry,LIST type)} o Type
T — char {T.type:=char)
T — int {T.type:=int}
| T - float {T.type:=float}
LIST - *L, {L,type:= pointer(LIST.type)) B checker
LIST —» _J?Ea _I.sm”uwﬂmio...==B.<mwwm\ﬁu‘§m;w ,,,,, i

This translation scheme is given for declaration of identifiers. For the rule

D —T LIST the data type is saved in the symbol table entry for identifier. For
adding the entry of type for the identifier in the symbol table the function
addtype(id.entry, LIST.type) is used. If T.type=int then the type of that identifier is int of
if Ttype=char then the type of that identifier is char and so on. For the declaration of
pointer type variable, consider if ;

char *xyz; S
now the pointer(char) will be the data type of identifier xyz. In the first declaration
because of D — T LIST, the data type of LIST=char.

And Emﬂi.f gives

L,type = pointer( LIST.type)
= pointer(char)

hi :
ence pointer(char) entry will be added in the symbol table for identifier XyZ-

TEC
HNICAL PUBLICATIONS® - an up-thrust for knowledge
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gimilarly for

int A[10];

As,

H‘Hm.—. =¥ HQ ule.H..Sm - .H..gm

Here T.type=int hence LIST.type=int

. UST Lyfnum] - Ly type:={array(0...num.val-1) LIST. type]
L, .type={array(0...9),int} as num.val=10

The entry for A[10] will be array(0...9,int) as type expression.

[EXA1 Type Checking of Expression

After obtaining the type expression it becomes convenient to write the semantic rules.
These are the semantic rules for type checking of expression.

E - literal {E.type:= char}
E — num {E.type:= int}

Here as E can be literal or num, the data types associated with them can be char or
int respectively.
E—id {E.type = look_up(id.entry)

The function look_up(id.entry) can be used to obtain the data type of the id. The
look_up function reads the symbol table for id entry and thereby it obtains the type of
identifier.

E — E, mod E, { E.type: = if E,.type = int and E,type = int
then int
else
type_error
}

In the mod operation, if type of E; and type of E, is int then only type of E 6 5"
Otherwise the special data type type_error will raise the signal for reporting error in tie
type.

In the same way while performing binary operation the data types are decided.

E - E, op E, {E.type:= if E,.type:= int and E,.type:= int
then int
else if E, type:= float and E,.type:= float
then float
else if E,.type:= char and E,type:= char
then char
else

}

®
TECHNICAL PUBLICATIONS
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ne,
/ass
e B d type of E, is int then only type
- operation, if type of E; an 2 of E i
E the Muwmﬁwﬂ E, and E, should be float then only Jﬂ.vm of E will be fleig >H“
sy ¢ E. and E, should be char then only type of m will be char. OEm_.S..m@ the
the vﬂwmﬂ. awx cﬁm error will raise the signal for reporting error in the type.
specia -

For the array reference

E- E[E;]

Compiler Design

{ Etype : = if Etype:= int and Megonng?.

else
_error
}

Here s is the set of index and t is the data type of the array. Hence the -
returned for expression E will be t.

For example -

int x[10],2;
z=x[3|
ﬁ
int
value of x[3] is int hence z is also integer.

As E, .type = array(0,...2,int) hence

E, .type = int
Hence E.type = int
Similarly,

char p[5l.q;
q=pll]

i

int

Array p is of character type hence q has a data type char.
For the pointer type variable -

E - 'E, Mw Etype:=if E,type:=pointer(t) then t
-]
type_error
}
For the function call.
E-E o
i) { m.@ua.m_“wmegonu s and E;type:=s — t then t
E type =5 >t then't
else type_error

TECHNIC,
AL PUBLICATIONS® - an up-thrust for knowledge
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in the function call E,(E,) the s is the data type f :
g (E,). Hence Etype is & type for E, and t is the return type of
1

E Type Checking of Statements

Usually, the language constructs like statements do not have values. And therefore

the mmmam_ type void is used. The type_error is the basic :
al. Consider the grammar as - type used to raise the error

signal.
§ — id:=E
s - if (E) S
§ — while (E) 5;
§— 5,5,
First of all we will write the translation scheme for checking the type of statements.
Production rule mesn:nu rule j
S — id:=E {S:type:= if id.type=E.type then void
else type_error |
S—if (B)S; {S:type:=if E.type:=boolean(True) then S, .type |
else type_error
S while (B)S; (Stype:=if Etype:=boolean(True) then S, type L
else type_error
55,5, G.mmﬂﬁuﬂ S, -type:=void and S,.type = void then
voi
else type_error |
) |

.d,_ e semantic actions for 8 — id:=E tells us that the type of LHS and RHS of the
&signment statement should be same.

The statements S — if (E) S, and S - while (E) S, tells us that these are conditional
@d while statements and the type of E should be boolean i.e. either true or false.

For the last statement, if the subexpression has type void then the sequence of
Statementg has the type void.

If any mismatch in the type occurs then the basic type type_error reports the error.

Thus the simple type checker is a combination of production rules and semantic rules.

TECHNICAL PUBLICA dOZme - an up-thrust for knowledge
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a6 Why are quadruples preferred over c._u_o.u;_ : = ate Code Generation
nano

Ans. : In quadruple representation, the values of te

, VS mple type checker.

2. Explain the specificationt of simple i1 B Eo.

xp: et &6&& table. Hence the quadruples are preferred o<mw MH.WMM .nm: be accessed using the
In optimizing compi

piler.

nd Answers
E Short Questions a q7 List out the motivations for back patching

1 List out the benefits of using machine independent intermediate forms, ans. : 1) In a Boolean expression suppose ther
: .- X , e ar 1
Ans. : There are certain benefits of generating machine independent intermediate code - © tWo expression E1 && E2. If the

expression E1 i g

: w:m ey m:_m mw_mm then there is no need to compute rest of th ;
ler for different machines can be created by attaching differep generate the code for the expression E1 we e expression.
front ends of each machine. t must know where to

Review Questions

1. Explain with some suitable example simple type checker.

1. A compi
backend to the existing

_ A compiler for different source languages (on the same machine) can pe | i
ii) For the flow of
“ ) w of control statements(such as if, else,
|

created by proving dif

existing back end.
A machine independent code optimizer can be applied to intermediate code in | o Mﬂﬁwm_hmo:nﬂo idea behind generating three address codes duri
| uring

order to optimize the code generation.

o

ferent front ends for corresponding sour ; .
g ce _mbmcmmg to | can be identified using the backpatching while), the jumping location |

Ans. : The intermediate language is an m (i _ |
Q.2 Write the properties of intermediate language. ici i eagy ofommy.of. g9 gua i an be
generated efficiently by the compiler. It leads to efficient no:MM@Em mmbmmwn”””p E.Ena ts |
it ac

as an m@ﬁﬁw e SQ&DH .
Om A" or ansmmn— »nOn—ﬂ mH—AM NH—Q Uwﬂw Q:Q. mmm=ﬂm it is :ﬂﬂ@wms to |

Ans. :
1. The intermediate language is an easy form of source language which can be generate three address codes during compilation.
generated efficiently by the compiler. , o 4_.”““_&0 the arithmetic expression a~(b+c) into syntax tree and postfix
notation. _”
2. The generation of intermediate language should lead to efficient code generation. A |
ns. : |

3. The intermediate language should act as effective mediator between front and a)
b) Postfix Notation |

|
back end. i *
< . |

4. The intermediate language should be flexible enough so that optimized code m\ /l a*~(b+e

can be generated. . _ *

+ [ o .H._. .H~ = bc+
U\ /o ..—-N .HN =a .—._. -*

By backward substitution

1. Abstract syntax tree 2. Polish notation 3. Three address code. | Al o

Q.3 What are the types of three address statements ? ,

Ans. : There are three types of intermediate code representations :

Q4 What are the different ways of implementing the three address code ? abc+-*
is a postfix notation

Ans. : i .
ns. : The implementation of three address code can be done using : Fig. 6.10.1 Syntax tree

1. Quadruple representation 3
2. Triple 3. Indirect Triple Q10 w
v : , : hat are the ?
Q5  Write down the equation for arrays. ” Ans, : Vari trpes of It e #1)
Ans. : The equation for two di , * ¢ Various types of intermediate languages are
imensi i
ensional arrays is : L. Abstract Syntax Tree 2. Polish Notations 3. Three Address Code.

Alijl = ((1*n2) +§) * w + (base - ((low1 * n2) + low2) * ) =

TECHNICAL VrﬁtOLdOZM@
- an up-thrust for knowiedge
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Qi1 What is the intermediat

notc ?

Ans. : The expression

aorband not¢ . ;
n. We can generate an intermediate code for such o

is a boolean expressio rm. The three address code will be -

g three address code fo

usin,
: r=aor b
t,:=notc¢
t,:=tand t
o=ty thods of implementing three address statements

o..S What are the various me

Ans. : The three address code can be WBEmBmama using following methods.
ns. :

1) Quadruple : The quadruple is a structure with at the most four fields such as

OP, argl, arg2 and result.

2) Triples : In triple representation the use of temporary variables is avoideq by
referring the pointers in the symbol table.

3) Indirect triples : In indirect triple representation the listing of triples is been
done. And listing pointers are used instead of using statements.

o code representation for the expression 3 o, m/.., &
nd

|

|
|
|
{

xvnwmwmo: .

|
|
|
{
|
!
|

|
|
i
i
|
|
|
|

|
|

i
|

Ol .

XX} Muiltiple Choice Questions
Q1 Which of the following is not an intermediate code form ?

a Syntax Trees b Postfix notations

¢ Three Address code d Triples

Q.2 The three address code contains 5
a| exactly three address b, at the most three addresses

¢/ no operator d no temporary variables

Q3 While producing the target code from three address statements .

a, temporary variables will be discarded
b| temporary variables will be used as it is

¢| temporary variables will be assigned with some run time memory location
d' none of these

Q4 x[il=y is a E
a; Unary Operations

C ngmﬂv\ operation

b’ Binary Operations

TECHNICAL PUBLICA .:OZm@
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d/ None of these ] -

p jgn
npiler Desig ey :
e Intermediate Code Generation

a5 Evaluation of Postlix expression raquires

—

a operator stack
covasamBnr

¢, operator stack and operand stack both

d none of the above

a6 Inthe intermediate code, the non terminals generating
A m marker non terminal b

'b! null terminals
¢ empty production 'd none of t

are called “

a7 The relative address of A[i][j] in row major form having |
lower bounds can be calculated using formula B low 2. 29

m base+((i-low2)*nl+j-low1)*w
b base+((-lowl)*nl+i-low2)*w
‘¢ base+((i-low2)*n2+j-low1)*w

m base+((i-low1)*n2+j-low2)*w

Answer Keys for Multiple Choice Questions

Q1 dr b oz) b
i

Q3 ¢ rost c
Q.5 b Q.6 a

aaa
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Source Language Issues, Storage Organization. Stack Allocation of Space, Access to Nonlocal
Data on the Stack, Heap Management.
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Run Time Envijj

jet e Time Envionme

&1 source Language Issues b
anguage features that affect the organization of gt ]

ed by answering the following questions, The Source

Compiler Design_

There are various 1 ;
organization of data is deternun

uage issues are -

cursion ?
language allow re
Does the source : ay be several instance
recursive calls there may S of recursiy,

' s ha &75 the -
While handling active simultaneously. Memory allocation must be needed t,

~edures that are i
procedure nstance with its copy of local variables and parameters passed to tHa
: But the number of active instances is determined by run

How the parameters are passed to the procedure ?
There are two methods of parameter passing: call by value and call by reference,

The allocation strategies for each of these methods are different.

languages support passing of procedures itself as parameter or a return value

lang

store each i
recursive procedure.

Some
of the procedure itself could be a procedure.

Does the procedure refer nonlocal names ? How ?
Any procedure has a access to its local names. But a language should support the

method of accessing non local names by procedures.
e Does the language support the memory allocation and deallocation

dynamically ?
The dynamic allocation and deallocation of memory brings the effective utilization

of memory.
There is a great effect of these source language issues on run time environment.

Hence run-time storage management is very important.

EZ] storage Organization

e The compiler demands for a block of memory to operating system. The compiler
utilizes this block of memory for running (executing) the compiled program. This
block of memory is called run time storage.

¢ The run time storage is subdivided to hold code and data such as :
i) The generated target code

i) Data objects

iii) Information which keeps track of procedure activations.

* The size of generated code is fixed. Hence the target code occupies the statically
determined area of the memory. Compiler places the target code at the lower end
of the memory.

The amount of memory required by the data objects is known at the compiled time
and hence data objects also can be placed at the statically determined area of the
memory. Compiler prefers to place the data objects in the statically determined

TECHNICAL PUBLICA 302w® - an up-thrust for knowledge
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area because these data objects
compiled into target noam.H For JMMBJM vm Bottom
FORTRAN all the data objects are m% in Code area
statically. Hence the static data area s’ %Mm”mn .------.- ........
of code area. The subdivision of ryn i op wmuwomms
as shown by following figure. ory PR |

o The counterpart of control stack is useq to mana Stack
the active procedures. Managing of mnmmm B
vnonmnE.mm means that when a ca]l ol uuu«. ...... 4
execution of activation is interrupted  and
information about status of the stack is saved on [EaES ». .......
the stack. When the control returns from the call Heap
this suspended activation is resumed after storing .

op

the <.w_Cwm of relevant registers. Also the program  Fig. 7.21 Run time stora
counter is set to the point immediately after the organization: > 29°
call. This information is stored in the stack area of run time storage. Some data

objects which are contained in this activation can be all,
with the relevant information. ocated on the stack along

o The heap area is the area of run time storage in which the other information is
stored. For example memory for some data items is allocated under the program
control. Memory required for these data items is obtained from this heap area.
Memory for some activation is also allocated from heap area.

o The size of stack and heap is not fixed it may grow or shrink interchangeably
during the program execution.

o Pascal and C need the run time stack.

EE) storage Allocation Strategies
GTU : Winter-13,14,18,20, Summer-18,19, Marks 4

As we have already discussed that the run time storage is divided into :
1. Code area 2. Static data area

3. Stack area 4. Heap area
There are three different storage allocation strategies based on this division of run

time storage. The strategies are -
L. Static allocation - The static allocation is for all the data objects at compile time.
2. Stack allocation - In the stack allocation a stack is used to manage the run time
storage.
3. Heap allocation - In heap allocation the heap is used to manage the dynamic
memory allocation.
Let us discuss each of these strategies in detail.

TECHNICAL \ucmto\»dOZm@ - an up-thrust for knowiedge
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E static Allocation

G ta objects is known a :
a. The .,MNMOOM »Mwmwm m_n compile time only and such an allocation of data
boun S

done by static allocation. ook
b. The binding of name with the amount of storage allocated do not n_._mbmm "

time. Hence the name of this allocation is static allocation.
e.
tic allocation the compiler can determine the amount of storage required by

d therefore it becomes easy for a compiler to find the
ctivation record.

t compile time. The names of these objects o

Objects is

¢. In sta
each data object. An

addresses of these data in the a

d. At compile time compiler can fill the addresses at which the target code can find

the data it operates on.
e. FORTRAN uses the static allocation strategy.

Limitations of static allocation
1. The static allocation can be done only if the size of data object is known at compile
time.
2. The data structures can not be created dynamically. In the sense that, the static
allocation can not manage the allocation of memory at run time.

3. Recursive procedures are not supported by this type of allocation.

EEX] stack Allocation
a. Stack allocation strategy is a strategy in which the storage is organized as stack.
This stack is also called control stack.

b. As %an: begins the activation records are pushed onto the stack and on
completion of this activation the corresponding activation records can be popped.

¢. The locals .ms stored in the each activation record. Hence locals are bound to
corresponding activation record on each fresh activation.

d. Th
e data structures can be created dynamically for stack allocation.
Limitations of stack allocation

The memory addressin
type of allocation is s

7.33] Heap Allocation

2. If the valyes
f : ;
meooed e .,:M: Mowa_n.x& ,..m:mv_mm must be retained even after the activation
#ing is not possible by stack allocation. This limitation of

8 can be done using pointers and index registers. Hence %
ower than static allocation,

TECHNICAL PUBLICA 302m®
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stack allocation is because of its Last In First Ot natu

Jocal variables heap allocation strategy is used.

b, The heap allocation allocates the continuous block of m
storage of activation records or other data object. This
deallocated when activation ends. This deallocated (fr

reused by heap manager.

<. The efficient heap management can be done by

iy Creating a linked list for the free blocks and wh

re. For retaining of such
emory when required for

allocated memory can be
ee) space can be further

en any memory is

deallocated that block of memory is appended in the linked list.

ii) Allocate the most suitable block of memory from the linked list. i
fit technique for allocation of block. 24 € Mnked lit. L.e use best

[7.3.4] Comparison between Static, Stack and Heap Allocation

Sr. Static allocation
No.
1. Static allocation is done
for all data objects at
compile time.

2 Data structures can not
N be created dynamically
because in static
allocation compiler can
determine the amount of
storage required by each
data object.

3. Memory allocation : The

names of data objects are
bound to storage at
compile time.

4. Merits and limitations :
This allocation strategy is
simple to implement but
supports static allocation
only. Similarly recursive
procedures are not
supported by static
allocation strategy.

Stack allocation

In stack allocation, stack is
used to manage runtime
storage. kP
Data structures and data
objects can be created
dynamically.

Memory allocation : Using
Last In First Out (LIFO)
activation records and data
objects are pushed onto the
stack. The memory
addressing can be done

__using index and registers.

Merits and limitations : It
supports dynamic memory
allocation but it is slower
than static allocation
strategy. Supports recursive
procedures but references to
non local variables after
activation record can not be
retained.

Memory allocation : A

Heap allocation

In heap allocation, heap is
used to manage dynamic
memory allocation. i
Data structures and data |
objects can be created
dynamically.

contiguous block of memory |
from heap is allocated for |
activation record or data :
object. A linked list is
maintained for free blocks.
Merits and limitations :
Efficient BmBo_.w
management is done using
linked list. The deallocated
space can be reused. But
since memory block is A
allocated using best fit, holes
may get introduced in the
memory.

Review Questions

}

.- Winter-13, 14, 18, Marks 3
GTU : Summer-18, Marks 4
GTU : Summer-19, Marks 3

[GTU : Winter-20, Marks 3.

TECHNICAL btmt@»dOZm@ - an up-thrust for knowledge

Explain stack allocation in brief
Write differences between stack and heap memory allocation.
Explain static storage allocation.

What are the limitations of static storage allocation.
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X storage Allocation Space

XX Activation Record

« The activation record is
managing information neede

a block of memory used for
d by a single execution

of a procedure.

« FORTRAN uses the static data area to store the
activation record where as in PASCAL and C the
activation record is situated in stack mmmm.. The
contents of activation record are as shown in the
Fig. 74.1.

o Various fields of activation record are as follows -

1. Temporary values - The temporary variables are
needed during the evaluation of expressions. Such
variables are stored in the temporary field of
activation record.

GTU : Winter-11,12,13,14,17,20, w:.::::.-_w._m.—u. M

Return valye
e

Actual Parameters

Control link
(Dynamic link)

Access link 1
(Static link)

Saved machine
status

Local variables

Temporaries

record

Fig. 7.4.1 Model of activation

2. Local variables - The local data is a data that is local to the execution of procedure

is stored in this field of activation record.

3. Saved machine registers - This field holds the information regarding the status of
machine just before the procedure is called. This field contains the machine

registers and program counter.

4. Control link - This field is optional. It points to the activation record of the calling

procedure. This link is also called dynamic link.

5. Access link - This field is also optional. It refers to the non local data in other

activation record. This field is also called static link field.

6. Actual parameters - This field holds the information about the actual parameters.

These actual parameters are passed to the called procedure.

7. Return values -

procedure is called.

E By taking the example

look Iike for every recursive call in case of factorial (3).

OR

This field is used to store the result of a function call.

The size of each field of activation record is determined at the time when a

of factorial program explain how activation record will

U..u,:anm: betwe
en the source text of @ procedure and its activation at run time.
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me_cmo—.— :
pain{)
e
int fi
¢ = factorial (3);
} ;
int mb%ﬁm_. Quuﬂ ﬁ.v
* if Q—“ = Hw
return 1;
else
return (n*factorial (n-1));
}
step 1
main
Act. e S e
record Local M f
for main 2L SR S i o b
Return value To
e calling
procedure
Act. Act. parameter 3
record v, s s s 2
for factorial Dynamic link
First call
Step 2 : Step 3:
Act.
Act. . P main
record for it =E ) main Local | f J
main Local | tactocial -~
3
factorial aowoa o Retum value | 6
Act. factorial (3) Parameter | 3
record for Return value Dynamic ink
ao%vq ial Parameter 3 Btoid) AJ
Dynamic link - oowm_.? Return value | 2
factorial (2) Parameter | 2
factorial j‘. Dy ic link
Act Return value factorial
:wnoa for Parameter 2 Act Return value “
actorial TR ecord for Parameter
() Dynamic link mﬁoﬁ_ 1) Bomamio WK
Third call
Second call
®
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Activation tree is a data structure used for specifying the flow f
0

Activation tres ¢ dures. In an activation tree -

control among the proce e
i) Each node shows an activation O . .
‘ i used.
ii) For showing activation of main program root is

: 4 2 1, 1 :

of 'x' occurs before the lifetime of 'y’ then x becomes left b }

y then 'x' is parent node of 'y'.

ﬁSnmaEm.

iii) If lifetime
iv) If control flows from x to . .
E Explain in detail stack based a:e..szoz o\.‘ mgnm.. Justify use of s -

and activation records in stack based allocation. Write a simple program to ~.523=§~ :

sort procedure. Draw the activation tree when the numbers 9, 8, 7, 6, 5, 4, 3,21 e

sorted. What is the largest number of activation records that ever appear together on e

stack ?
Solution : Refer section 7.4.

Implementation of sort procedure -

int Arr [10]
void readArray ()
{
/* Reads the 9 integers into Arr{1] to Arx[9] */
}
int partition (int m, int n)
{
/* Partitions the array Arr [m,n] into
Ar[m..p-1land Ar[p + 1..n]
2
}
void quicksort (int m, int n)
{
int i;
if (m>n)
{
i = partition (m,n);
quicksort (m, i-1);
) quicksort (i + 1, n);
}
main ()
{
readAnay ();
al0] = - 999
) quicksort (9,1);
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Run Time Enyi
>n=<m»_o= tree ironments

m
s,
q(9, 1)

P4 ke

q(8,2) 9

ol

q(7.3) 8

Wi

q(6,4) 7

P

95,5 6

5

r

Fig. 7.4.2 Activation Tree for quick sort

E Explain activation tree and control stack. EE

Solution : Activation tree :
¢ The activation tree is a graphical representation which describes the flow of
control over the procedure call-chains.
¢ Activation tree shows the way control enters and leaves activations for one run of
a program.
¢ Each call is represented by a node.
* The root of activation tree represents the activation of main procedure.

* If function A calls function B then node A can be represented as parent of node B.
This shows that control flows from A to B.

* Node A is to the left of node B if a terminates before B.
* For example : In the program of quick sort, the procedures ReadArray, quicksrt

and partition are the subroutines which are called. The activation tree for them is -

(Refer Fig. 7.4.3 on next page)
Control stack :

* The control stack is a data structure used at run-time to keep track of live

Procedure activations.
* When the lifetime of a procedure begins then push a node onto the stack and POP

it at the end of its lifetime.
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ﬂ‘ \:& et

ﬂm&_ﬂ.ﬂﬂca The delimiters mark the cmmgasm and end of o

other routines shion that means block B2 completely can pe eida Ewn_uh The blocks
The scope of declaration in a block o ock B1.

:&z& Joop or static rule. It is as given below.

the declaraions are visbl at @ program poin e

j  The declarations that are made locally in the .?o%aﬁm

j)  The names of all enclosing procedures, ;

The declarations of names made immediately within such proced
edures.

mﬁbmm\.m: 7-11

Run Time Environments

Main -—

can be in nesting

fa

ksrt (1,9)

n...aaavca _ —

tured language is given by most closely

Recursive

quicksrt (5,9)

e
partition (1.9) quickant (1.9 \ _ /
\ _ / partition (5,9) quicksrt (5,5) quicksrt (7,9)

quicksrt (2,3)

ik i / \ _ /

jii)

: i 3) partition (7,9)  quicksrt (7,7) quick:
23) quicksrt(2,1) quicksrt 3 st (9,9) . , . .
partition ( Fig. 7.4.3 Local variable : A variable declared in block b is called local variable of block b
Non local variable : A variable of an enclosing block that ; y
: i 3 1s a ithi
o For example : L s called non local variable of block b. ccessible within block b
a:wo”m” m Mw To understand the concept of scope let us see one example
quicksrt (2, s
Obtain the i
T E Local and Non Local variables from the following piece of code,
stack t
stack ton FOlT A4 Scope_test ()
Fesae {
Review Questions _“ intp,q;
1. Explain the structure of an activation record with all its components. T ] m m.....A tp;
[GTU: Summer.12. Marks 4 S
2. Explain activation record. How is task divided between calling and called program for stack _“ m m %
splating 7 [GTU : Winter-12, Marks 7| o A
| 3. Explain activation record organization in brief. GTU : Winter-13, 14, Marks 3 m i i
i e
4. Explain the term "activation record” in detail. E “_ i }
EE e
5. Explain activation record and activation tree in brief. GTU : Summer-17, Marks 7 md_“ L--2}
6. What is activation record ? Explain stack allocation of activation records using example. "_ emeeia
GTU : Winter-17, Marks 7 ! ===
7. What is activation tree ? GTU : Winter-17, Marks 4 "_ ."
|
ﬁ 8. What is activation record ? GTU : Winter-20, Marks 3 i mam
“ - intgst:
1 i S ST
A Block Structure and Non Block Structure Storage Allocation : “
I SRR
GTU : Winter-11, Summer-14,16, Marks 7 “ }
1
i e =
The block is a sequence of statements contain ing the local data declarations and
enclosed within the delimiters, Fig. 7.5
For example : Solution : To denote the scope of the variable we will use name of the variable followed
{ by the block name.
Declaration statements ; . e 3 ,
e | Block  Local variable  Non Local variable w
B1 pBLgBL e
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EEXN Access to Non Local Names “
roced i ariables which are not local
ure may sometimes refer to v
<§Wwﬂd are called as non local variables. For the non local names there ar
of scope rules that can be defined: static and dynamic S

i) The declarations that are made locally in the
ii) The names of all enclosing procedures. X %
Hognawnwazﬁmﬁmnmnavmn%wmnwwﬁhﬂﬁ  procedures, .,

v
N E ati i
r S( 3 (
w
¢ -

1. Static scope rule
The static scope rule is also called as lexical scope. In this type

determined by examining the program text. PASCAL, C and ADA are the

use the static scope rule. These languages are also called as block st

2. Dynamic scope rule
For non block structured languages this dynamic scope allocation rules are used
The dynamic scope rule determines the scope of declaration of the names a

by considering the current activation.

LISP and SNOBOL are the languages which use dynamic scope rule.

EEXE] static Scope or Lexical Scope

Handling non local data

Used by non block |

Used by block N
structured languages |

structured languages

Dynamic scope —

Access link Deep access

Display Shallow access

Fig. 7.5.2 Access to non local data

?s? .Em 388 we will first discuss the static scope rule. First of all let us understand
terminologies.

Block

Static scope or |
lexical scope |

.;mEonrmmm .n_a
) Sequence of statements containi ta declarations
enclosed within the delimiters, ntaining the local da

e o1 -

i v:mtox.:OZme - an up-thrust for knowledge
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Com ed for a complete procedure body at one time,

t
Solution : The storage can be alloca

The storage for the names nw:,m%w:&.nm‘wno nmnmniwﬂ.ﬂu_onw nw‘w.m,.,mm mrogs.
mo| e [P [EERY LEGAN A
o+ | 4By qBy) | | q(By) ‘ qBy) | — 4By )
top — | P(B) | | PG b _ ) ma& ]
=58 1(B3) w | wmw,».v!
| e
S

E Explain the behaviour of stack, used for allocation of storage, for the execution
of each statement of the block structured program :

a
b
BlockC  {¢
BlockA | B0 d
BlockD {e
f
g
Fig. 7.5.4 ;
Solution :  The block structure storage allocation which can be done using stack is as
given below.
Aal  [a@]  [A@)f oeA@ Aa)
B(b) B(b) B(b) o [AQ)
B(d) = B(d) B(d)
D(e) —1 B(f)
top top
el
Fig. 7.5.4 (a)

Thus block structure storage allocation can be done by stack.

BB Lexical scope for Nested Procedure

Z :
ested procedure is a procedure that can be declared within another procedure:
* A procedure Pi, can call

ot any procedure that is its di older siblings
of its direct ancestor. P at is its direct ancestor or

\

TE:
CHNICAL hcmh\o\»ﬂ\ozw@ = an up-thrust for knowledge
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| %32\2

, The nested vnon.maE.mm can be as shown below.
HvﬂOanEm main

anmmEm P1
procedure P2
procedure P3
procedure P4

+ Nesting depth - Nesting depth of a procedure is
The nesting depth can be calculated as follows.
i) The nesting depth of main program is 1.

For example : Consider the following piece of code
==== Procedure main

1. Access link

of procedure q.

For example : Consider following piece of code
#Xecution of the program.

ii) Add 1 to depth each time when a new procedure begins.

Run Time Environments

used to implement lexical scope.

iii) Subtract 1 from depth each time when you exit from a nested procedure
iv) The variable declared in specific procedure is associated with nesting depth

r
]
i
. === procedure A
| 1
I I
. “ ISR procedure B
} I
| depth =2 depth =3 i
i i -
i i l-———end —=depth=3-1=2
i | B
depth =1 | '———-end —depth=2-1=1
i
i - --~-procedure C
m “
I
| depth = 2! 4
m ”
1
“ _llllm:Q |'Q0b=,_"NIL_u4
! C
s end — depth =1
Fig. 7.5.5

* The lexical scope can be implemented using access link and displays.

..:.—m EV_OBOH;NU..O” of lexical scope can be obtained U% r—msm ﬂO—H—nﬁH nO mwg
dtivation record. These pointers are called access links. If procedure p 15 nmmn& e
Procedure q then access link of p points to access link of most recent activation record

and the run time stack during

®
TECHNICAL PUBLICATIONS
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var a : int;
procedure A;
var d : int;
begin a: = 1, end,
procedure B(i : int);
var b : int;
procedure C;
var k : int;
begin A; end;
begin
if (i<>0) then B(i-1)
else C;
end
begin B(1); end;

e To set up the access links at compile time.

i) If procedure A at depth n calls procedure B at depth ng then
Case 1: If ng < ng, then B is enclosed in A and ny = ng - 1.
Case 2 : If ny 2 ng, then it is either a recursive call or calling a previously

declared procedure.

ii) The access link of activation record of procedure A points to activation record
of procedure B where the procedure B has procedure A nested within it.

iii) The activation record for B must be active at the time of pointing.

iv) If there are several activation records for B then the most recent activation

record will be pointed.

Thus by traversing the access links, non locals can be correctly accessed.

2. Displays

It is expensive to traverse down access link every time when a particular non local
variable is accessed. To speed up the access to non locals can be achieved by

maintaining an array of pointers called display.

In display -

a) An array of pointers to activation record is maintained.

b) Array is indexed by nesting level.

¢) The pointers point to only accessible activation record.

d)The display changes when a new activation occurs and it must be reset when
control returns from the new activation.

TECHNICAL PUBLICA dozwa - an up-thrust for knowledge
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test
access link
a:
Access
link B (1)
access link
ib:
(a)

access link

ib:

access link

ib:

Run Time Environments

access link

ib:

(d)

Fig. 7.5.6 Access link

For example

Consider the scope of procedures as shown below
Nesting depth y calls a procedure at depth x then

® knowledge
TECHNICAL wtmtg.:ozw - an up-thrust for
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and the called procedure is nested within caller, Th

y array as it is we can set &m_&mix_ o o vw

Compiler Design

_:ﬂA,.rozx|V<+_
keeping first y elements of displa o ki
activation record.

ii)y 2 x then first x - 1 elements will be kept as it is in display array but &mv_mi :
. X

points to new activation record.

Comparison between access link and display
_ Access link take more time to access non local variables especially when non locg
0¢

—

variables are at many nested levels away.

. Display is used to generate code efficiently.

o

w

. Display requires more space at the run time than access links.

Procedure

(@)

Displa
ey Display

)
~

(b)
Fig. 7.5.7
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Review Questions

1. Explain the static scope rule and dynamic scope rul,
e.

» What is an activation record ? Explain how 5
= i they are used

variables. 0 access various local and global

V\\\\‘ GTU : Summer-14, 16, Marks 7

3 parameter Passing

There are two types of parameters.

GTU : Winter-

~N._O._.~‘~m<wo. m::::ﬁ,._m,_obc. Marks 7

i) Formal parameters ii) Actual parameters

And based on these parameters there are vari
vari ;
most common methods are, Ous parameter passing methods, the
1. Call by value : This is the simplest method of parameter passing
¢ The actual parameters are evaluated and ] 2
procedure. and their r-values are passed to called

o The operations on formal parameters do not chan

e ges the values of actual
Example : Languages like C, C++ use actual

’ arameter i

PASCAL the non-var parameters. y BReasneies.
Call by reference : This method is also called as call by address or call by location.
The L-value, the address of actual parameter is passed to the called routines
activation record.
The values of actual parameters can be changed.
The actual parameters should have an L-value.
Example : Reference parameters in C++, PASCAL'S var parameters.
Copy restore : This method is a hybrid between call by value and call by reference.

This method is also known as copy-in-copy-out or values result.
* The calling procedure calculates the value of actual parameter and it is then

copied to activation record for the called procedure.
the actual parameters value is not affected.

e value of formal parameter is

n

w

* During execution of called procedure,

* If the actual parameter has L-value then at return th
copied to actual parameter.

Example : In Ada this parameter

. Call by name : This is less popular method of par:
Procedure is treated like macro. The procedure bod
with actual parameters substituted for formals.

passing method is used.

ameter passing.
y is substituted for call in caller

e

TECHNICAL thEOS.:OZm@ - an up-thrust for knowledge
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The actual parameters can be surrounded by parenthesis to preserye their
o e @

integrity.
o The local names of called proce
ALGOL uses call by name method.
of code along with the output.

dure and names of calling procedure are distinct.

¢ Example :

For example : Consider the following piece

procedure exchange (m niinteger); S0
var t : integer;
begin
ti=m;
m:=n
n,;=t
end;

Tua ‘u
ali] := 50 { a:array [1....10] of integer} 2]
print (i,alil);

exchange{i,ali]); AL
print (i,a[1]); 7P

The output for all the above discussed method is

eI

Copy restore Call by name

|Call by value  Call by w
reference m
1 50 1 50 & 50 1 50 |
1 50 50 1 50 1 Error W
The error occurs because
o PR
i = ali] i:=>50 asali] =50
afi] =t ~ a[50] = t=1 then index is out of bounds.

_ 1. Explain various parameter passing methods. GTU : Winter-12, Summer-20, Marks 7

2. Explain the following parameter passing methods.

_ L. Call by value 2. Call by reference 3. Copy restore 4. Call by name.
GTU : Winter-16,17,18, Summer-18,19, Marks 4,

Summer-20, Winter-20, Marks 7
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Run Time Environments

g Memory Manager

. The task of memory manager is to keep
available in the heap. Following are the
manager -

1, Allocation : When a program requests for allocation of memory for bj
variable then the memory manager allocates a chunk _Nm 4 “Bm object or
object/variable. Sometimes the memory ) s ot ot EmonmS the

availab e Memory I gidest satisfy the request. If still the r “ﬂm“

free space is not available then it increases the size of heap storage by mMﬂ.n.:m
some bytes of memory from virtual memory of operating system.

track A.um all the free space that can be
tWo important functions of memory

2. Deallocation : The memory manager returns the deallocated memory to the pool of
free storage maintained in the heap memory. This free space is used by the
memory manager to satisfy the request for memory allocation.

o Following are some desired properties of memory manager -

1. Space efficiency : The memory manager must minimize the requirement of total
heap space required by the program. For that matter, the larger programs are
allowed to run in fixed virtual address space. The reduction in fragmentation also
helps in achieving the space efficiency.

2. Program efficiency : By using the heap memory appropriately the program
efficiency can be achieved. The object that are required more frequently must be
placed in the accessible region, this will help to run the program faster. The
principle of locality is used to achieve the program efficiency.

Memory allocation and deallocation are the most frequently

3. Low overhead : :
ciently

performed operations in the program. If these operations are executed effi
then it reduces the overhead in program execution.

E Memory Hierarchy

* Compiler optimization is very
technique.

* The efficiency of program is de
executed and 2) The amount time

much dependent upon the memory management

- 1) Number of instructions getting

rmined b
: s for execution. The

required by each instruction

$ wih
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piler
. programs has two types of localities - tem -
time taken by the instruction to execute greatly depends upon how much time it 0 BT - poral locality and Spatial locality.
e pro C
takes to access different parts of the memory. i o Th :w«ﬁmﬁ: i shen aN.. the locations it access are likely to accessed
¥ ; in memory access time is due to limitations of hardy, o y e The program has the spatial locali
o The significant difference in Y th are Jocations close to the locations it access are likel . selrieid
technologies. Quite often there are small storage wi ast access and _E.mm m:x.mmm . ely to be accessed Withineasdbect
with slow access. To make use of the efficient memory access all the modern time.
_ T hi . Fig. 7.7.1 represents the Following are some reasons why the pr 2
ters arrange in memory In hierarchy. Fig memgo . Programs spent most of ime i :
M,HM,MMR 8 Ty very small amount of code - !ts time in executing
e Approx.sizes 1. Most of the PrOSgA contain the instructions that are never executed. Programs
o e make use of libraries that use small amount of provided functionalities Many
- 0 > : . =
3to (Modern PCS have times there are changes in the requirements of the systems or the legacy systems
15ms In terabytes) mmw m<0_<mm. Cy sys
2, ?Enw:v.u mwbmc amount of code is often executed. For example the code for
- 256 MB to 2 GB performing input and output operations or exceptional cases.
o Now a d t U
oox B 3. Many programs spend a lot of time in executing the inner loops or the recursive
calls.
RRGRA Y Cache 1 ¢ The locality makes use of memory hierarchy for increasing the efficiency in
| | . . .
1| Secondleveicache | ! program execution. For instance by placing the most common data in fast but
510 | « { \ 16KBto small storage and less frequently needed data in slow and large storage the
g A i \R 58 memory access time can be reduced.
! First level cache i : .
! | ¢+ We can improve the temporal and special locality of data access in the program by
I |
SRR L EEEE ==d changing the order of computation. For example we can bring the data from slow
. level(main memory) to fast level(disk) and perform the computation on this data.
ns Registers 32 words This makes the execution faster.
Fig. 7.7.1 Memory hierarchy
E Fragmentation

* The processors has several registers which can be controlled by the software. Then
the levels of cache memory come. It is there in kilobytes to several megabytes.The
next level has the physical main memory which is made up of hundreds of |

* Due to frequent memory allocation and deallocation the heap memory becomes

fragmented. That is the memory contains many free slots as well as many ch
are called holes.

U : : o ¥ .
Hmmwm_v\MmeNwmwwﬁm of dynamic RAM. Finally the virtual memory which has | of allocated memory. The free slots in the memory
emory.
* During the me 4 . * When a memory allocation request comes, the memory manager EmnWm E.m i
.. mory access, the data is looked in the lower level of memory and if | into large enou gh hole. Thi ill satisfy the request but at the same time it creates

t
1t 1s not found there then the next level is accessed and so on. This simplifies the

ro, i
: MH?BSW mwx and the same program can work effectively on various
machines with different memory configurations

EZEY Locaiity in Programs

one more small hole.

Free

* Many programs W
very little NSoc:MvMM ”z_mo%w : :m:.ﬂ reeuting small amount of code by accessing Z%vaoa
ry. Thus exhibits the high degree of Io cality. Fig. 7.7.2 Heap memory (Fragmented)

® _ an up-thrust for knowledge
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freed space is returned to the pool of free Space
location is not done carefully many g Bm:
y may get created. This leads to ?mmgmgmmos

With the deallocation request, the

If memory allocation of deal
memor

noncontiguous holes in the
Strategies to Reduce Fragmentations

1) Best and Next Fit

o In the best fit strategy, . g

4 used.

demands for allocation of memory 18 . 2

searches the entire list of free slots and finds the hole which is the best possible

,z:: can be used for allocating the memory for the target object. >E~o:mr this

strategy produces best allocation space, this method is less efficient as it requires
more time in searching the appropriate hole and create many small holes,

the smallest hole which is large enough for the object that
In this method the memory s

Another strategy is the First fit. In this strategy, the free list of holes is simply
scanned to find the large enough hole to hold the object. This strategy is more
efficient than the best fit. However due to this strategy the small holes tend to
accumulate at the beginning of the free list. The problem of small holes
accumulating is solved with next fit strategy which starts each search where the
last one left off. It wraps around to the beginning when the end of the list is
reached

2) Managing and Coalescing Free Space

Due allocation of memory randomly many holes are created in the memory.
Calescing is the technique by which many free spaces are combined together to
form a large chunk of free space. The advantage of this strategy is that the
fragmentation gets reduced and a large free chunk is available for allocating the
space for the object of large size(since many small chunks can not hold the large
object)

Review Questions

1. Explain in detail, the strategy for reducing fragmentation in heap memory.

|
|
2. Explain the desirable properties of memory manager. m

XY short Questions and Answers
a1

Ans, :

Enlist the storage allocation strategies used in run time environment.
The storage allocation strategies are -

m L. Static allocation 2. Stack allocation

3. Heap allocation.

TECHNICAL PUBLICA TIons® . an up-thrust for knowledge
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A Run Time Environments

Q2 What is the purpose of control stack used in fun time storage organization 2
. zatio
ans. : The control stack is used to mana p

values of relevant registers.

q3 What are various ways to pass the parameters to the function ?
Ans. : Various ways to pass the parameters to the function are -
1. Call by value: In this method actual value of the parameter is passed.
2. Call by Reference: In this method the address of actual parameter is passed.

3. Copy-restore: This method is hybrid between call by value and call by
reference.

4. Call by name : In this method procedure is treated like Macro.

Q4 Suggest a suitable approach for computing the hash function.
Ans. : Using hash function we should obtain exact locations of name in symbol table.
The hash function should result in uniform distribution of names in symbol table. The
hash function should be such that there will be minimum number of collisions.
Collisions is such a situation where hash function results in same location for storing
the names.
Q5  What are the limitations of static allocation ?
Ans.: 1. The static allocation can be done only if the size of data object is known at
compile time.
2. The data structures can not be created dynamically. In other words, the static
allocation can not manage the allocation of memory at run time.

3. Recursive procedures are not supported by this type of allocation.

EE] Multiple Choice Questions

Q1  Activation of procedure refers to .

invoking the procedure

o'l i

execution of procedure

e}

returning from the procedure
d all of the above

Q2 Control stack in run time environment is used to manage _ -

a data object b active procedures

d e above
C target code 'd none of th

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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Q3 Compiler places target code at ______
a lower end of memory
b upper end of memory
¢ anywhere in the memory depending upon the code
d none of the above
Q4 Recursive procedures are not supported by .
a stack allocation b heap allocation
¢ static allocation d code area
Q5 The access link used In activation record is a :
a static link ‘b dynamic link
¢ control link 'd none of the above
Q.6 The control link used in activation record is a ¢
a static link b dynamic link
¢ control link d none of the above
Q.7 In C the activation record is stored in :
a code area c static area
¢ stack area d heap area
Q8 In FORTRAN the activation record is stored in .
a code area ‘b static area
¢ stack area mm heap area
Q39 In ability of handling recursive procedure handling Is the limitation of. LE
a static area b! stack area
¢ heap area d none of the above
Q.10 The dangling reference occurs when .
a reference is assigned to some address containing data
, b reference is assigned to something which is deallocated.
¢ referece is assigned to some address containing another address.
d' none of the above

TECHNICAL PUBLICA EOZMQ = an up-thrust for knowledge
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Run Time Environments

P performs the garbage collection,
all G

¢ LISP

\
Answer Keys for Multiple Choice Questions

bPASCAL
dJAVA

| Q1 ‘
Qi a

s [
=y .
o
Qmn

b |

Qaa

®
TECHNICAL PUBLICATIONS ™ - an up-thrust for knowledge




‘ T ———

7-28 Run Time m:swoasga

Notes e D |

Compller Design

Code Generation
and Optimization

\

\‘
Syllabus

in.. Issues in the Design of a Code Generator, The T arget Language, Addresses in the Target Code
Basic Blocks and Flow Graphs, Optimization of Basic Blocks, A Simple Code Generator, Machine

dependent optimization, Machine independent optimization Error detection of recovery.

Contents

8.1 Code Generation
8.2 Issues in the Design of a Code Generator
B Winter-11,12,13,14,15,16,17,18,19,20,

MESSON.QN.AQ B08 Slin el e s v a ab S EAR o1 S Nem I a6 Marks 7

8.3  The Target Language
T 84  Basic Blocks and Flow Graphs . . ...... Winter-13, Summer-19 - - - - - - - Marks 7
. 85 LoopsinFlowGraph ............... Summer-17 - - RIS RAELT Marks 7

86  Next Use Information
8.7  The DAG Representation of Basic Blocks
............... Winter-12,18,Summer-19 - - - - - Marks 7
8.8 Machine Dependent Optimization
Summer-14,16,19, Winter-11,16 - - - - - - -~~~ " Marks 7
B 89 A Simple Code Generator
e 8.10 Register Allocation and Assignment

8.11  More Examples on Code Generation
— 8.12  Machine Independent Optimization
8.13  Few Selected Optimizations

Winter-12,14,15,16,17, 18,19,20,
e Summer-12,18 ..
8.14 Loop Optimization — ......-«--o=se
8.15 Short Questions and Answers
—— 516 Muitiple Choice Questions

——e N

, \\\l\\\\
g )

TECHNICAL PUBLICA 302m®

’

= an up-thrust for knowledge

et



8-2

Code Generation and Onzs\gzo
Compiler Design n

lm; Code Generation .

el , in the process of compilation. It takes interme diat

tion is the final phase in | L '

aﬂoamm WM:MMME and generates target machine code as output. The position of codg
code a :

generator in compilation process is illustrated by following Fig. 8.1.1.

rmediate Code .ogo )
Source i optimization - generator § code
program L i
Symbol
table

Fig. 8.1.1 Position of code generator in compiler

IE¥] Issues in the Design of a Code Generator
GTU : Winter-11,12,13,14,15,16,17,18,19,20, Summer-12, 18, Marks 7

Let us discuss some common issues in design of code generator.

¢ Input to the code generator

The code generation phase takes intermediate code as input. This intermediate code
along with the symbol table information is used to determine the runtime addresses of
the data objects. These data objects are denoted by the names in the intermediate
representation. The intermediate code may be in any form such as three address code,
quadruple, posix notation or it may be represented using graphical representations such
as syntax trees or DAGs. The intermediate code generated by the front end should be
such that the target machine can easily manipulate it, in order to generate appropriate
target machine code. In the front end of compiler necessary type checking and type
conversion needs to be done. The detection of the semantic errors should be done before

submitting the input to the code generator. The code generation phase requires the
complete error free intermediate code as input.

e Target programs

The output of code generator is target code. Typically, the target code comes in three
forms such as : absolute machine language, relocatable machine language and assembly
language.

The advantage of producin
placed directly at the fixed me
benefit of such target code is

g target code in absolute machine form is that it can be
mory location and then can be executed immediately. The
that small programs can be quickly compiled.

T
ECHNICAL hcmEO\»dOZwQ - an up-thrust for knowledge
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xample :  The WATFIV and PL/C are i .
N”momm A the compilers which Produce the absolute
¢

The advantage of producing the relocatable

eloacation automatically then the compiler must

] provide explicit relocation inf ti
{o the loader in order to link the separately comp T

iled subroutine segments,
The advantage of producing assembly code as output makes the code generation
process easier. The symbolic instructions and Macro facilities of assembler can be used

f peneiss the code. It 1a SdVenEREae C are assembly language as output for the
machines with small memory.

However, out of these three forms of output target code it is always preferable to
have relocatable machine code as target code.

» Memory management

Both the front end and code generator performs the task of mapping the names in
the source program to addresses to the data objects in run time memory. The names
used in the three address code refer to the entries in the symbol table. The type in a
declaration statement determines the amount of storage(memory) needed to store the
declared identifier. Thus using the symbol table information about memory requirements
code generator determines the addresses in the target code.

Similarly if the three address code contains the labels then those labels can. cm
converted into equivalent memory addresses. For instance if a reference to ‘goto j* is
encountered in three address code then appropriate jump instruction can be generated
by computing the memory address for label j.

¢ Instruction selection
The uniformity and completeness of instruction set is an important factor for the code

; : 1 target
generator. The selection of instruction depends upon the Em.rb.pnao: mm” .“0 MﬁoMmE
machine. The speed of instruction and machine m&on .E,m pug Evonwua mnrmb the
selection of instructions. If we do not consider the efficiency of target code

instruction selection becomes a straightforward task. ared which
For each type of three address code the code skeleton can be prep be

utimately gives the target code for the corresponding construct.
For example x:=a+b then the code sequence that can be generated as
MOV a,R0 /* loads the a to register RO */
ADD b,R0 /* performs the addition of b to RO o

® for knowledge
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S

he contents of register RO to x */

In the above example the code is generated line by line. m:n.: a line by line s
ess generates the poor code because the redundancies can be achieved
redundancies can not be considered in the process of ling vw

MOV RO,x /* stores t

generation proc
subsequent lines and those
line code generation.

For example

x= y+z w
a=x+t G

The code for the above statements can be generated as follows :

MOV y, RO e
ADD z, RO s
MOV RO, x T
MOV x,RO Nl
ADD tR0O
MOV RO,a ity
The above generated code is a poor code because MOV RO,a is not used mba

statement MOV a,R0 is redundant. Hence the efficient code can be

MOV y, RO
ADD z, RO
ADD t,RO

MOV RO,a
The quality of generated code is decided by its speed and size. Simply line by line

translation of three address code into target code leads to correct code but it can
generate unacceptably non efficient target code.

Sk

¢ Register allocation

If the instruction contains register operands then such a use becomes shorter and
faster than that of using operands in the memory. Hence while generating a good code
efficient utilization of register is an important factor. There are two important activities
done while using registers.

1. Register allocation - During register allocation,select appropriate set of variables
that will reside in registers.

2, wmm.&.ﬁ assignment - During register assignment, pick up the specific register
in which corresponding variable will reside.

Obtaini : o .
aining the optimal (minimum) assignment of registers to variable is difficult.

Certain machin i i
€5 require register pairs s :
uch as ev edifp
Some operands and results, i

For example in IB i
p M systems Integer multiplication requires register pair.

ﬂ
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Consider the three address code

n—““ n~t0
ﬁnu“ ﬁ—\ Q
The efficient machine code sequence will be

MOV &R0
ADD b,RO

MUL c,RO
pIV d,RO
MOV RO,t,

o Choice of evaluation order

The evaluation order is an important factor in generating an efficient target code.
ome orders require less number of registers to hold the intermediate results than the
others. Picking up the best order is one of the difficulty in code generation. Mostly, we
can avoid this problem by referring the order in which the three address code is
generated by semantic actions.

¢ Approaches to code generation

The most important factor for a code generation is that it should produce the correct
code. With this approach of code generation various algorithms for generating code are

designed.

Review Questions

1. Write the generic issues in the design of code generators

GTU : Winter-11,13,16, Marks 7

2. Discuss the factors affecting the target code generation.

3. Describe code generator design issues.
GTU : Winter-12,17,18,19,20, Marks 4, Winter-14,15, Summer-18, Marks 7

EE] The Target Language
For designing the good code generator it is necessary to have prior knowledge of
target machine and instruction set used for this target machine.
In this chapter we will assume that the target machine code is a register ﬂmn?bm like
minicomputers. Specifically following assumptions are made for no.% mm.bmnmaon. )
* We will assume that in the target computer addresses are given in bytes and four
bytes form a word.

* There are n general purpose registers RORL,....Rn-1.

TECHNICAL vcm>\0>ﬂ\02m® - an up-thrust for knowledge
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o The two address instruction is of the form. % Cost of the Instruction
op source destination . The instruction cost can be computed as one v_:u ccet .
Mrma op is an opcode and source and destination are SAEEUEES destination na&mmmEm Bonmm given cw w&& associated with the source and

For instance :
MOV - moves from source to destination.

ADD - add source to destination.

SUB - substracts source from destination.

The source and destination are specified by registers and memory locations
e The addressing modes used are as follows

Eioﬁ(v. *e(R)
el
If we have absolute or resister addressing mode we can use M or register for | {
or destination.
For example, the instrucion MOV R1M stores the contents of register R, wﬁu
memory location M. uw
For the indexed addressing mode the address offset ¢ from the value of 3@55. F )
can be written as
MOV 7(R1), M
Means it strores the value contents (7+ contents(R1) to the memory location M.

The last two addressing modes represent the indirect addresses indicated by *.
For the instruction MOV *7(R0O),M

It stores the value contents(contents (7+ contents(R0)) to the memory location M. _.B..
In the literal addressing mode the source becomes constant. -
For example MOV #5,R0 _,.

wo_ﬂmo_-‘" | i) MOV B, RO
ADD C, RO

By this instruction we can store the constant 5 into register R0.

® for knowledge
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MOV RO, A

For instruction
MOV B, RO
[} ! ﬁr
1 1

i.e. Costof Cost of 0 cost of

instruction  memory register
location
MOVB, RO— cost=1+1+0=2
ADDC, RO— cost=1+1+0=2
MOV RO,A— cost=1+0+1=2
Total cost =6
i)
ﬁ Oo&omu— Gt
instruction memory
c Cost of location
memory
1 location C

C 1
1
MOVB, A —cost=1+1+1=3

ADDC, A > cost=1+1+1=3

Total cost =6

EXA Basic Blocks and Flow Graphs

GTU : Winter-13, Summer-19, Marks 7
The basic block is a se

uence of cons i - :
enters at the beginning Eaa ecutive statements in which flow of control

leaves at the end without halt or possibility of branching.

An example of the basic block is as shown below
tii=awh i
L= t,47 =
bi=t6
Y=t | ”
= t,+b ._

I

TECH,
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H Some Terminologies used in Basic Blocks

. Define and use - The three address statement a :
use b and c.

Code Generation and Optimization

= b+c is said to define a and to

o Live and dead - The name in the basic block is said to be live at a given point if
its value is used after that point in the program. And v

e the name(variable) i
pasic block is said to be dead at a given point if its value is never used wwﬁ_wmn”
point in the program.

P Algorithm for Partitioning into Blocks

Any given program can be partitioned into basic blocks by using following algorithm.
We assume that an intermediate code is already generated for the given program.
1. First determine the leaders by using following rules.
a) The first statement is a leader.

b) Any target statement of conditional or unconditional goto is a leader.
¢) Any statement that immediately follow a goto or unconditional goto is a
leader.

2. The basic block is formed starting at the leader statement and ending just before
the next leader statement appearing.

E Consider the following program code for computing dot product of two vectors
a and b of length 10 and partition it into basic blocks.
prod = 0;
i=1
do

{
prod = prod + ali] * b[i];
i=i+1;

}while(i<=10);

Solution : First we will write the equivalent three address code for the above program.
1. prod =0

i=1

ti=4 i

a[t,] /* computation of ali] */

=4 %
:= blt,] /* computation of bfi] */

=ty
6= ﬁnomim

w

-
-

-+

® N o U ®N
-~
wm

-
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9. prod =t

10. nu = i+l

1. i=t

12. if i< = 10 goto (3)

According to the algorithm
Statement 1 is a leader by rule 1(a).
Statement 3 is also leader by rule 1(b).

Hence, statement 1 and 2 form the basic block. Similarly statement 3 to 12 form
another basic block.

Block 1

—

prod := 0

Block 2

3. t =4¢+i {
4 a[t,]
5. t,i=4x*i |
6. t,:=Db[t,]
7
8
9

-
»
"

=t *t,
t; i= prod+t; i
prod := t, {
1. t=i+1
1. =t !

12, if i<=10 goto (3)

EXEL Fiow Graph

A flow graph is a directed
the basic blocks.

graph in which the flow control information is added to

The nodes to the flow graph are represented by basic blocks.

* The block whose leader is the first statement is called initial block.

There is a directed edge from block B,
the given sequence. We can say that B,

to block B, if B, immediately follows B; in
1s a predecessor of B,.

—

TECHNICAL PUBLICA 302m® = @n up-thrust for knowledge
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For example, consider the three address code as
1 ﬁHOQ =10 2. i=
3 t=4ri 4 t=alt) /x computation of a[j] =/
5, ty = 4 xi 6. ty = Enu_ /* computation of b[j] */
7. t,mbty 8. t:= prod+t,
9. prod =t 10. t, = i+1
0 i=t 12. if i<=10 goto (3)

The flow graph for the above code can be drawn as follows.

prod: =0 Block B,: the
hi %1 initial block
ty =44
tri=afty]
ty:= 4%i
t4 = b[ts)
tg = tyxty
tg := prod+ts
prod := tg
ty:=i+1
i=t
if i<=10goto (3)

Ny

Fig. 8.4.1 Flow graph
In this flow graph block B is a initial block.

Loop
Loop is a collection of nodes in the flow graph such that, .
) v>= such nodes are strongly connected. That means always there is a path from
any node to any other node within that loop.
i) The collection of nodes has unique entry. That me

from a node outside the loop to the node inside the loop.
is called inner loop.

ans there is only one path

iii) The loop that contains no other loop

®
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Review Questions

[ GTU : Winter-13. Marks 7 |

GTU : Summer-19, Marks 3

EX3 Loops in Flow Graph [ GTU : Summer-17, Marks 7 |

Let us get introduced with some common terminologies being used for loops in flow

graph.

1. Write dotwn the algorithm for basic blocks.

2. Define basic block with simple example.

1. Dominators

In a flow graph, a node d dominates n if every path to node n from initial node goes
through d only. This can be denoted as ‘d dom n’. Every initial node dominates all the
remaining nodes in the flow graph. Similarly every node dominates itself.

For example : a

(2)

In the flow graph,

Node 1 is initial node and it dominates every node as
it is a initial node.

Node 2 dominates 3, 4 and 5 as there exists only one (3) (4)
path from initial node to node 2 which is going through 2
(it is 1-2-3). Similarly for node 4 the only path exists is
1-2-4 and for node 5 the only path existing is 1-2-4-5 or (5)

1-2-3-5 which is going through node 2. Fig. 8.5.1 Flow graph

Node 3 dominates itself similarly node 4 dominates
itself. The reason is that for going to remaining node 5 we have another path 1-4-5
which is not through 3 (hence 3 dominates itself). Similary for going to node 5 there is
another path 1-3-5 which is not through 4 (hence 4 dominates itself).

Node 5 dominates no node.

2. Natural loops

Loop in a flow graph can be denoted by n -
d such that d dom n. These edges are called back
edges and for a loop there can be more than one
back edges. If there is P — q then q is a head and
P 1s a tail. And head dominates tail.

For example :
The loops in the above

by4d - 1ie
5

graph can be denoted
1 dom 4. Similarly 5 — 4 je. 4 dom

Fig. 8.5.2 Flow graph with loops

7
ECHNICAL vcmh\oxﬂ\OZm@ ™ 80 up-thrust for knowledge
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For example :

6—1 is a natural loop because we can reach to (8] (3)
4l the remaining nodes from 6.

By observing all the predecessors of node 6 we
can obtain a natural loop. Hence 2-3-4-5-6-1 is a (5)
collection in natural loop. A

Fig. 8.5.3 Flow graph of natural loop

0
()

3. Inner loops ©.

The inner loop is a loop that contains
no other loop. (3)

Here the inner loop is 4 — 2 that
means edge given by 2-3-4. (5)
Fig. 8.5.4 Flow graph for inner loop

4. Pre-header

The pre-header is a new block [ Preheader |
treated such that successor of this
block is the header block. All the
®mputations that can be made before
the header block can be made before

the pre-header block. B

The pre-header can be as shown in
Fig. 85,5,

[ header |

Fig. 8.5.5 Pre-header

® knowledge
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5. Reducible flow graphs
The reducible graph is a flow graph in which E.mnm
edges and backward edges. These mmmmm. have following
i) The forward edge form an acyclic graph. | "
i) The back edges are such edges whose head dominates their tail.

© @
(2)

Fig. 8.5.6 Flow graph

are two types of edges forwarqg
properties,

The above flow graph is reducible. We can reduce this graph by removing the back
edge from 3 to 2 edge. Similarly by removing the backedge from 5 to 1 we can reduce
the above flow graph. And the resultant graph is a cyclic graph.

The program structure in which there is exclusive use of if-then, while-do or goto
statements generates a flow graph which is always reducible.

6. Non-reducible flow graph

A non reducible flow graph is a flow graph in
which -

c;mamm_.m:ovmnrmammm
5mo_‘iwamummmamwvnomcnmQQmSEa
mSvr. ° °
mOmeE:v_m-mo:oiimmoi mamv:m
non-reducible. °

Fig. 8.5.7

T,
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(EEIRER) Construct DAG for a 4 * (5~ ) 4 5 _ e
code for same. €)* d. also generate three address

GTU : Summer-17, Marks 7

golution : The three address code is
wu = Uln \.v/
t, = ax* ﬁ_ 0/ \./
t3 = a+tj \./ :
a P
ty = ty*d
o\ /n

e = ta+t
t5 3Tl _"_n.m.m.mo>9_"o;+o.?..3+?|£.n

X3 Next Use Information

The next-use information is a collection of all the names that are useful for next
subsequent statement in a block. The use of a name is defined as follows,

Consider a statement,

X =1

j=xopy

that means the statement j uses value of x.

The next-use information can be collected by making the backward scan of the
programming code in that specific block. Suppose the three address statement is as
given below.

L:a:=b op c then the steps in backward scan are -

i) The currently found information in symbol table regarding the next use
and liveness of a, b and c is associated with the statement L.

i) In the symbol table set ‘a’ to “not live” and “no next use”.
iii) Set ‘b’ and ‘¢’ to live and next uses of b and c in symbol table.

E Storage for Temporary Names

g i ts
For the distinct names each time a temporary m.smm%m. bl mwmnr mw_mmﬂ M«Mﬂ.ﬂ:m“m
allocated for each temporary. To have optimization in the ?onmmm o “M_E Smb L
@n pack two temporaries into the same location if they are DQESHSS

Consider three address code as,

.:”Mm*m
bi=axb
Jnuh*wm

® knowledge
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(6) sum = t
ty = :+»u Aﬂv f = i+1;
t::=bxb :
: @) i=t
e := tarts i follows o 3
This can be packed into two temporaries as ] o) if i<=10 goto (3)
tpi=a*a We can partition above code into basic blocks as follows :
t,:=a*b
p=drt sum 20 B,
t=tb
tp:=b*b / A\
t = ST0) .
Many times the temporaries can be packed into registers rather than memory by =4
locations. Ry
tz3:=sum+t,
EXd The DAG Representation of Basic Blocks . G,
GTU : Winter-12,18, Summer-19, Marks 7 tor=i+d
Pt
The directed acyclic graph is used to apply transformations on the basic block. To w“.u Y A
apply the transformations on basic block a DAG is constructed from three address ifi < =10 goto B,
statement. \
A DAG can be constructed for the following type of labels on nodes
1) Leaf nodes are labeled by identifiers or variable names or constants. Generally Fig. 8.7.1 Basic blocks
leaves represent r-values. : Y
P Now let us consider block B, for construction of DAG by numbering it.
2) Interior nodes store operator values. (1) t, :=4x*i
T
The DAG and flow graphs are two different pictorial representations. Each node of @) t, := at,]
the flow graph can be represented by DAG because each node of the flow graph is a 3 =
basic block. @) t;:=sum + t,
E Consider (4) sum := t,
sum = 0; G) ty:=i+1
for (i-0;i<=10;i++) 6)i:= ty

Sum = sum+alij;

Solution : The three address code for above code is @) if <10 wotoll)

(1) sum :=0 Y 9
* = ay
(2) i;=0 \ /u ty \
B) t, =44 ; ; - 4
@) t: aft,] \/
4 i

(5) t = sum+t,

i
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Continuing in this fashion, - =3
At node <= we have specified the goto 1 condition by mentioning Statemen

number (1).
®°

sum L @ (1)

gL

Fig. 8.7.2 DAG for block B,

EXZN Algorithm for Construction of DAG
We assume the three address statement could of following types
Case (i) x:=y op 2
Case (ii)x:=op y
Case (iii) x:=y
With the help of following steps the DAG can be constructed

Step 1: If y is undefined then create node(y). Similarly if z is undefined create a
node(z).

Step 2 For the case(i) create a node(op) whose left child is node(y) and node(z) will
be the :m.rn child. Also check for any common subexpressions. For the case(ii) determine
whether is a node labeled op,such node will have a child node(y). In case(iii) node n
will be node(y).

Step 3:  Delete x from list of identifiers f
i or node(x). A i
Slentifiers fof nodiuh SR (x). Append x to the list of attached

EXZE] Applications of DAG
The DAG is used in

1. Determinin mm .
once). g the common sub-expressions (expressions computed more than

N.Dmﬁm:EE,:SEr .,
blod m € names are used inside the block and computed outside the

TEC
HNICAL PUBLICA dOZm@ - @n up-thrust for knowledge
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3, Determining which statements of
outside the block.

4. Simplifying the list of quadruples by eliminati
and not performing the assignment of the monnM.m xn._u.a MUEBBos sub-expressions
must. “=Y unless and until it is a

E DAG based Local Optimization

the block coulq have their computed value

As mentioned earlier, a DAG can be constructed for a block and certain
yansformations such as common subexpression elimi T an.
pe applied for performing the local optimization. limination can

For example : Construct the DAG for the following block

ar:=ebic
dr=1b
el:=Vdia
b :i=e
f:=b+c
g:=f+d
The optimized code can be generated by traversing the DAG.
Step 1: Step 2: Step 3:
> a ae
b (> b,d c b.d c
(a) (b) (c)
. . 6:
Step 4: Step 5: 4 u/ Step ¢/
+ f
+ f \
aeb \ rvare b
*.aeb \ /
d c \ / d c
d c
(U]

(d) (e)
Fig. 8.7.3 Construction of DAG

o WA block can be done.
The local optimization on the above b*c(since d:=b) is eliminated.

1. A common subexpression e=d*c which is actually
2. A dead code for b=e is eliminated.

® e
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The optimized code and basic block is

+/ﬁ
a:=b*cs \+
d=0>b 3
f=a+c¢ \/b
b, d c

g f+d

Fig. 8.7.4 Optimized code and DAG

E Explain  how  following expression can be converted in g DA
a+b*(a+b)+c+d. . .

Solution : We will build the three address code for given expression.

t,:=a+b

tb:=a+b

h* b

t3 +¢

ts:=t, +d
Now the DAG can be constructed in step by step manner.

-~
&
nn

DAG
Fig. 8.7.5

S R X&) Explain how type checking and error reporting is performed in a compiler.
Draw syntax tree and DAG for follo

wing statement. Write three address codes from both.
=@+b*c)A(b*c)+ b,

[ GTU : Winter-12, Marks 7

which the type of each
d. The type checker can decide the

MM_E_,c: * The type checker is a translation scheme in
pression from Em. types of subexpressions is obtaine
types for arrays, pointers, statements and functions

T
ECHNICAL PUBLICA .:OZm@ - an up-thrust for knowledge
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The type checker ensures mo:oiw:m things -
i) Each identifier must be declared before the use.
ii) The use of identifier must be within the scope.

iii) An identifier must not have multiple definitions at a time within the same
scope.

The given grammar has basic data types as char, int, float and for reporting the
errors type_error.

We assume that the index of the array start at 0. For example if

int arr(100}; s S

leads to type expression as array(0,1...99,int) similarly

int *ptx; R : AT :

The type expression for the above statement can be pointer(int)

Let us write the translation scheme for the above grammar.

[ Production rule Type expression
m l;m.m,w This means all declarations before
expressions
D»THLIST = LOLtpesTéype =~
USToid  (addypeldentrylSTope)
| Tk {T.type:=int} o =
Trrfloato oo s htypesfioatl e iR Lo
 UST—*L;  (Lytype:=pointer(LiSToype)l
M LIST — Ly[num] Pf@ﬂﬂﬂnﬂmﬁczbﬁ?<&uﬁ§.§_

i i antic rules.
After obtaining the type expression it becomes convenient to write the sem

These are the semantic rules for type checking of expression.
For example : while performing binary operation the

follows

E>E opE,

data types are decided as

{E type:= if E,type:= int and Eptype:= int
then int %

else if E, type:= float and E,.type:= float
then float

else if E.type:= char and E,.type
then char

else type_emor

The type_error routine is used to repo

:= char

rt the error that occur during type checking.

® knowledge
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+

Syntax tree DAG
Three address code for syntax tree Three address code for
DAG

ty:= b ty;= brc

tri= atly tr=a+t

”w“" [ d nmnu nw >r

:“" ~N>~w :”" nu+~._

tg:= bxe
| te= ty +15 Seus RN s RIS i

PN R N Draw syntax tree and DAG for the statement
x = (a+b)"a+b+c)(a+b+c+d)

N e
WA B

+

2N

a b
Fig. 8.7.6

GTU : Winter-18, Marks 7

Solution : Syntax Tree :

A
AN

—

AN Ay

Fig. 8.7.7

TE
CHNICAL PUBLICA .:02w® - an up-thrust for knowledge
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E Construct syntax tree and DAG for followin ,
g=(b+c+d)*(b+c~d) +q g expression,

golution:a=(b+c+d)*(b+c-d)+a

GTU : Summer-19, Marks 7

Fig. 8.7.8 Syntax tree

s
B
PR
%

+,

: TN 4

b c
Fig. 8.7.9 DAG

E Machine Dependent Optimization
GTU : Summer-14,16,19, Winter-11,16, Marks 7

Machine dependent optimization involves transformations that .Brm :.:o
consideration, the properties of the target machine like registers and special Bm%ﬁbm
instruction sequences available. These techniques are applied on generated target code.

Definition

ffective technique for locally improving target
code. This technique is applied to improve the performance o.m n_..Mr Enm”“m M.HMM“ ”W
€Xamining the short sequence of target instructions and 312.5%02 m.MmBoém s
shorter or faster sequence. [Note that : a vmm_uso_m - a small win

i ame !
target code and transformations can be made. And hence is the n ]

Peephole optimization is a simple and e

® wiedge
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E Characteristics of Peephole Optimization

The peephole optimization can be applied on the target code using mocoigm

characteristic.
1. Redundant instruction elimination. 2. Flow of control optimization.
3. Algebraic simplification. 4. Use of machine idioms.

Let us discuss each one by one.

1. Redundant instruction elimination
e Especially the redundant loads and stores can be eliminated in this type of

transformations.
For example :

MOV RO,x
MOV x,RO S
We can eliminate the second instruction since x is already in RO. But if (MOV x, R0)

is a label statement then we cannot remove it.
e We can eliminate the unreachable instructions. For example, following is a piece of
C code.
sum=0 ¢
if{sum) !
printf(“%d",sum); o N
Now this if statement will never get executed hence we can eliminate such a
unreachable code. Similarly
int fun(int a,int b)
{
c=a+b;
retum c;
wﬁbﬁ "%d".c); /*unreachable code and hence can be eliminated */

2. Flow of control optimization

1

Using peephole optimization unnecessary jumps on jumps can be eliminated.
For example,

oto t
? oo goto done

test: goto d srive
g one > test: goto done

dons: ¥ VRS SR el
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Thus we reduce one jump by this transformation.

if a<b goto test if a<b goto done

test: goto done C———> [test: goto done

done: done:

Another example could be
3, Algebraic simplification
Peephole optimization is an effective technique for algebraic simplification.
The statements such as
x:=x+0

or
xi=x*1

can be eliminated by peephole optimization.

4. Reduction in strength

Certain machine instructions are cheaper than the other. In order to improve the
performance of the intermediate code we can replace these instructions by equivalent
cheaper instruction. For example, x* is cheaper than x * x. Similarly addition and
subtraction is cheaper than multiplication and division. So we can effectively use
equivalent addition and subtraction for multiplication and division.

5. Machine idioms

The target instructions have equivalent machine instructions for performing sqme
operations. Hence we can replace these target instructions by 3E<&m3. machine
instructions in order to improve the efficiency. For example, some machines Mm<m
auto-increment or auto-decrement addressing modes that are used to perform add or

subtract operations.

Review Questions

:::ﬂ Winter-16, Marks 7

OAC Nov.-11, Summer-
GTU : Summer-19, Marks 7

1. Explain nmmur.&m optimization.
2. Explain various methods of peephole optimization.

E A Simple Code Generator

A this section we will discuss the method of g
address statement.

enerating target code from three

® I
TECHNICAL PUBLICATIONS ™~ - an up-thrust for knowledge
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rs as long as possible.
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opt i iste
o In this method computed results can be kept in reg

For example
x ;= a+tb;

The corresponding target code is \ ‘
Here R; holds value ofa

ADD b,
o Here cost u,u; ‘ ¥
OR ek 5
MOV bRy Here Ry holds value of a _
ADD xﬂ\\wc : xS Here 8m.m..|..,~..; |

e The code generator algorithm uses descriptors to keep track of register contents

and addresses for names. . .
1. A register descriptor is used to keep track of what is currently in each register,

The register descriptors show that initially all the registers are empty. As the
code generation for the block progresses the registers will hold the values of
computations.

2. The address descriptor stores the location where the current value of the name
can be found at run time. The information about locations can be stored in the
symbol table and is used to access the variables.

* The modes of operand addressability are as given below.
S is used to indicate value of operand in storage.
R is used to indicate value of operand in register.

IS indicates that the address of operand is stored in storage i.e. indirect
accessing.

Addressing Storage
Attributes mode Location / Register

)\{\(\)

Fig. 8.9.1 Address descriptor

IR indicates that the address of o
accessing,

¢ The addre:

perand is stored in register i.e. indirect

< ss descriptor has following fields.
e attributes mean ty
Biich ype of the operand. It generally refers to the name of temporary

—_—
TECHNICAL PUBLICA dozw@
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The addressing mode indicates whether the addresses are of type

hird Beld 14! locationd Get) ‘S/R'/IS'/ IR’
The third field is location field which indicates wheth o
ocation or in register. er the address is in storage

o Similarly the register descriptor can be shown as below.

Operand
Status descriptors

Fig. 8.9.2 Registe

r descriptor

By using register descriptors we can keep track of the registers which are currently
occupied. The status field is of Boolean type which is used to check whether the register
is occupied with some data or not. When the status field holds the value “True’ then
operand descriptors fields contains the pointer to the operand descriptor who is having
the latest value in the register.

Algorithm for code generation using GETREG

Read the expression in the form of Operator, operandl and operand2 and generate
code using following algorithm -

Gen_Code(operator,operand1,operand2)
{
if (operand1.addressmode = ‘R’)
{
if (operator = '+')
Generate('ADD operand2,R0’);
else if(operator = ')
Generate('SUB operand2,R0);
else if(operator = '*')
Generate('MUL operand2,R0%);
else if(operator = /')
Generate('DIV operand2,R0');

else if (operand2.addressmode = R')

if (operator = ‘+)
Generate('ADD operand?,R0');
else if(operator = '+’
Generate('SUB operand1,R0');
else if(operator = ')
e m”“wwsazar operand1,R0');
else if(operator = '/')

®
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Generate('DIV operand1,R0');

else

Generate('MOV operand2,R0);

if (operator = ‘+')

Generate('ADD operand2,R0');

else if(operator = '-')
Generate('SUB operand2,R0');
else if(operator = '*’')
Generate('MUL operand2,R0');
else if(operator = '/')
Generate('DIV operand2,R0');

}

Example

We will generate code for following expression

x:=(a+b)*(c-d) +(e/f)*(a+Db))

The corresponding three address code can be given as

t; := a+b
t, == cd
ty = e/f
tyi=t vty
ts =ty
tg=to+ts

Code Generation and Optimizatiop

Using the simple code generation algorithm the sequence target code can be

generated as

Register

Three address code  Target code Operand descriptor
sequence descriptor
t; = a+b MOV a, Ry Empty I t R.LR
.. _ ADDb, Ry R contains t; - _
t = cd MOV ¢, R, R; contains ¢ f ” I R
e PRI  SUD 4R, Ry contains t, R e b 5
nw = eff MOV e uﬂw R g w?v e —
DIV £, R g | 5 | R | R
Loy R, contains t GRC IR A i

TECHNICAL PUBLICA 302m@

= an up-thrust for knowledge

mpiler Design 8-29

co
Code Generation and Optimization

=t * b MUL Ro By

=ty MUL Ry Ry j
| _ETE T S e

Ve ADD Ry Ry Ry contains t ——

wo contains »u ts i R xo

i Ry contains t;

EEDXER) Gererate the code sequence using code generaton algorthm for the follui
expression "8
W:=(A-B)+(A-C)+(A~-C)

Solution : We will write the 3 address code for given expression

n._”H»PIW
ﬁNu">|n
tz3 :=t1+ tp

tg :=t3 +ty

2 = n.m
| Three address Target code Register  Operand/ address
. code sequence descriptor descriptor
ti:=A~B MOV A, Rg  Empty t is Ry
i SUB B, Ry R, contains 4
ty =A-C zo<?—ﬂ.— ”v%b »»mmw—”u
,,,,,,,,,,,,,,, SUB C, Ry R, contains tp
t3:=htty ADD Ry, Ry R contains t3 tyinRy
tyi=ty +t; ADD Ry, Ry Ry confains W is in Ry .
L iwial MOV Ry, W R, contains W |

E Register Allocation and Assignment

As we know the use of register operands instead of memory owmae.&m is m_iwwm the
faster and shorter. This also means that proper use of registers help S.Wmsmnmubm the
800d code. There are various strategies for deciding how to —.pmm these .nmmmnmnm and Swmz
values are to be stored in the registers. In other words certain strategies are adopted by

TECHNICAL PUBLICA T1oNS® - an up-thrust for knowledge
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the compiler for register allocation and mmam:Bmz.” (as $” HME nﬂwcammﬂmﬂmn rm:&p:m in
code generation can be done using register &_Onmnw: and a W:B Q. . .
e The most commonly used strategy to Sm_m:.:. allocation an Mmm_mﬁgmﬂ is to
assign specific values to specific registers. For Sm*.m:nm for base a memmmm Separate
set of registers can be used. Similarly for .mno::m the mﬁmnr.vosnmnm again ,
separate set of registers can be assigned; E,_EBm.nn computations can be done
using separate set of registers. Remaining set of registers are used by the compiler
for suitable purposes.
» The advantage of this approach is that the design process of compiler for code
generation becomes simplified.
¢ The disadvantage of this method is that the design of compiler becomes
complicated because of restrictive use of registers. At the same time certain set of
registers remain totally unused over substantial portions of code and some set of
registers get overloaded. But this disadvantage can be tolerable by most of the
compiler and this approach can be adopted in most of the computing
environment.
Now we will discuss various strategies used in register allocation and assignment
and those are
1. Global register allocation.
2. Usage count.
3. Register assignment for outer loop.
4

Graph coloring for register assignment.

EXTXE Global Register Allocation

While generating the code the registers are used to hold the values for the duration
of single block. All the live variables are stored at the end of each block. For the
variables that are used consistently we can allocate specific set of registers. Hence
allocation of variables to specific registers that is consistent across the block boundaries
is called global register allocation.

Following are the strategies adopted while doing the global register allocation.

* The global register allocation has a strategy of storing the most frequently used

variables in fixed registers throughout the loop.

* Another strategy is to assign some fixed number of global registers to hold the
most active values in each inner loop.

* The registers not already allocated ma

* In certain languages like C or Blis
using register declaration,

y be used to hold values local to one block.
S pProgrammer can do the register allocation by

TECHNICAL PUBLICA .:OZm@ = an up-thrust for knowledge
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) S ea about how many uni
saved by selecting a specific variable for global register allocatio

formula for usage count for the Loop L in some basic block B can be
M (use(x,B) + 2* live(x,B))
blockBin L
where use(x,B) is number of times x used in block B Prior to any definition of x and
live(x,B) =1 is x is live on exit from B; otherwise live(x) = 0.

- The approximate
given as

For example :
Consider a block B1, B2, B3, B4 and count the usage count for block B in following
loop L

:=b+c
d:=d-b B1
e:=a+f
¢zl b:=bsf
B2 helomg -
b:=d+c
B4
Fig. 8.10.1
The usage count for block Bl for variable a is
use(a,Bl) = 0 -+ a is defined in B1 before use.
2*live(aBl) = 2 - ais live on exit of Bl hence live(a,B1)=1

(use(a,B1) + 2* live(a,B)) = 2

iable a is
The usage count for block B2 and B3 for varia o
use(a,B2) = use(aB2)=1 ' aisused inBl and B2 before definition

2*live(a,B1) = 2*live(a,B2) =0

Y use(@B) = 2
BinL

-+ a is not live on exit of Bl and B2

® for knowledge
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M use(a,B) +2 *live(a,b) 2+2
Binl =
Hence the usage count of a is 4. That means compiler can save 4 units of cost by

selecting a for the global register allocation.

E Register Assignment for Outer Loop

Consider that there are two loops L1 is outer loop and L2 is m: inner loop. Ang
allocation of variable a is to be done to some register. The approximate scenario is ag

given below -

Pzl TTS

Wr._lrm

Following criteria should be adopted for register assignment for outer loop
1) If a is allocated in loop L2 then it should not be alocated in L1 — L2.

Fig. 8.10.2 Nested loops

2) If a is allocated in in L1 and it is not allocated in L2 then store a on a
entrance to L2 and load a while leaving L2.

3) If a is allocated in L2 and not in L1 then load a on entrance of L2 and
store a on exite from L2.

LBXY Graph Coloring for Register Assignment

As we encounter the variable, the register is allocated for it. Thus we go on allocating
the registers for the variables that we visit. But a time may come when a register is
needed for computation but all the registers are occupied. In such a situation we may
need to make some registers free for reusability. Again from the heap of allocated
registers which register is can be freed is a big question. To solve this problem a graph
coloring technique is used.

The graph coloring works in two

: passes. The working is as given below

In the first pass the specific machine instruction is selected for register allocation.
For each variable a symbolic register is allocated.

TECHNICAL vcmto\pﬂ\OZm@ - an up-thrust for knowledge
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2. In the second pass the register inference graph is prepared, In register i
graph each node is a symbolic registers and an e gma om erence
one is live at a point where other is defined. 0 nodes where

3. Then a graph coloring technique is applied for this regi ter inf .
k-color. The k-colors can be assumed to be n 5 erence graph using

i : umber of assignable registers. In
graph coloring technique no two adjacent nodes can have same no_o_..mannm in

register inference graph using such graph coloring principle each node (actually
a variable) is assigned the symbolic registers so that no two symbolic registers
can interfere with each other with assigned physical registers.

E- More Examples on Code Generation

EEPXXER) Compute DAG for following three address statements. Considering this DAG
as an example, explain the process of code generation from DAG.

fr=a+b
ty=c+d
ty=e-t,
ty=t; - 13

Solution : We will construct a DAG for

tp=a+b
tb=c+d
ty=e-t,
ty=t —t3

/+
e\ /Qo

get the code as [Assuming two registers Ry and

i

Cl)

S

For the above order of evaluation we
R, are available]

MOV a, Ry
ADD b, Ry

® Knowi
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=b*c
MOV ¢, R, d:
ADD d, R, e=ath
ZO<~NO\»~ N”“mlm
ZO< e, —No W" = Q
SUB Ry, R The three code can be generated as follows
MOV t,, R, A
e t = a+b
MOV Ry, t,
2 nm = nN - nm
If we change the sequence of computation as :
tb=c+d ty =t
ty=e-t The code can be generated using one register as follows
t,=a+b MOV b, RO

nh < : = nw
Then the generated code will be

ZO< WO\ ﬂ._. — n_.nﬂc

MOV ¢, R, ADD aR0 — RO:=a+b
ADD d, R, MUL ¢, t; — tli=b*c
MOV e, R, SUB t;, R0 — RO:=(a+b)-(b*c)
SUB Ry R, MOV R0,a
MOV a, R,
ADD b, R,
SUB Ry, R,
MOV Ry, t,
Thus by rearranging the order the code can be generated. int i;
; ; int af10];
mx»“:w“m..._m ¥l Construct the DAG for the following basic block s&.mha.muae
. afi]=0;
e=a+b : }
b=b*c Solution : First of all we will generate three address codes for the given C code.
a:=e~d

Label 1 : if i<=10 goto Label 2
Then generate the code for above constructed DAG using only one register. 8

Solution : We will change the order of evaluation as follows L st Lo
abel 2 : ty = i*4

\ // t, := addr(a)

- .db nNTL =0
\ // \ / goto Labell
a

c Label 3 : stop

Fig. 8.11.2 DAG
TECHNICAL bcmh\o\»do\,\w@
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Y
|
|

The code generation using simple code generation algorithm for the corresponding

$oiir : " golution : mﬁ%%m:iog:iemmgggmﬁmﬁgeﬁﬁng
T...:._.a.:\:, ; : e SRR . il
Solution : (3 | tp = d+e

x »
\ / . ty3 = c-2 M'J..
ty = t1-t3 J\.1 .

\ / \ // The generated code using simple code generation algorithm will be
7N
Fig. 8.11.3 O>Oqo..-|v¢o.a\ov i |

_ |
The code being generated is d

Example 8.11.5§¢

a=b+c;
d=a+e;
Solution : The code will be
MOV b, RO : mo—ﬁmo-— .
ADD c, RO .

oved Step2:X-Y+X
| Step 1 .

MOV RO, a Redund

MOV a, RO undant code, it can be rem

ADD e, RO
MOV RO, d

® _ an up-thrust for knowledge
- an up 4
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CopN Oear PIRPTRBLE) Generate code for following ¢ statements
Step3:X-Y+X*Y Step 42X = Xt A i) x = f(a)+f(a)+ f(a) ) x = f(a) /g (b,c)
iii) x = f(f(a)) ) x =+ + f(a)
Y Solution : i) f(a) denotes a call to the function. This ¢

all is made thrice. And then
stored in variable x.
We will first write a three address code for given statement.

n~ L= O

tr S]]
ﬁwnﬂw
Step6: X-Y+X*Y*U-V/W Ly: ifty<=tj3 goto Loop

addition of their return values is done. The result is finally

X Y

Step5:V/W ot
Loop : parama
call f,1

return ty

ty =ty +ty
tr) i =ty +1
goto L

End :
The code will be

(10) MOV #0, R,
(11) MOV #1, R,
(12) MOV #3, R,
(13) CMP Ry, R,
(14) CJ < = (16)
(15) HALT

is i ister R3 */
16) MOV a, R, /* parameter a is in register . : :
MGW GOTO Scw ~u\q., At location 100 E.o.nm&:ma m is bm.mwma */
(18) MOV AH, Ry/* return val from function fis in

(19) ADD Ry, Ry /+ it is stored in R4 then added to RO #\
(200 MOV Ry, x /* RO value is stored in x */

(21) INCR,

(22) Loop (13)

mnouunx|<+x;<¢C|<\<<+X+<

(100) /* procedure for £/

s®

TECHNICAL PUBLICA TION.
S

® _ an up-thrust for know
- 8n up-thrust for ksoioneo

TECHNICAL PUBLICATIONS



compiler Design 8-41

Compiler Design 8-40 Code Generation and Optimization Code Generation and Optimization
The code will be
ii) x=f(a)/g :«& (1) MOV a, R; /* parameter a in Ry */
Param a ) GOTO 100 /* at location 100 f(a) is defined = /
1f1

ca (3) MOV AX, Ry /* return addres of AX is stored in R #/

return t;

Param b (4) MOV Ry, Ry /* Take parameter R, in register R, +/
(55 GOTO 200 /* at 200 location procedure f(f(a)) */

Param ¢
(6) MOV AX, Rz /* return value in R; %/

call g, 2 /* 2 parameter to g */
(7) MOV Rjy, x /* finally in x */

return t,

X =t /t;.

The code will be

(1) MOV a, R

(2) GOTO 100

(3) MOV AX, R, /* return value of f(a) in Ry */
(4 MOVb,R,

(100) /#* procedure for f(a) */
(200) /* f(f(a)) */

iv) x=+ + f(a)

param a A

(5 MOV ¢ Ry
(6) GOTO 200 call £ 1
(7) MOV AX, Ry /* return value of g(b, ¢) in Ry */ return t4
8) DIV Ry, Ry /*f(a)/g(b <}/ ty = tq 321
(99 MOV Ry x. /* store result in x */ X:=1t
: The code will be
(100) /* procedure for f */ (1) MOV a, R, /* parameter a is in Ry */
A, (2) GOTO 100 /* At location 100 f(a) is defined */
(200) /* procedure for g */ (3) MOV AX, R; /* MOV return value in R1 */
> (49 ADD#1, Ry
iif) Three address code for x=f(f(a)) (5) MOV Ry, x /* Final result in variable x */
param a ;
R (100) /x procedure for f(a) */ a.

p i et inte
return t, TSR Generate code for following statements for the target peckpe g a.nmwé
R is a byte addressable machine with 4 bytes to a word and N general purpose Tegisters).

: i ble.
call f 1 Assuming all variables are static. Assume 3 registers are §s§~ 5
return t, @ x=a[l+1] «Sa:_—uvﬁn_” W:M
=alll+
X =t (@af[I)[J]=b[1][k]*c[k]]] @a[l]=a[l]

- an up-thrust for knowledge
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Solution: (a) x=a[lI ]+l

MOV [, R,
MOV a(Ry), R,
ADD #1, R,
MOV R,, x.

®) a[I]=b[c[1]]
MOV |, R,
MOV ¢(Rg), Ry /*c[I1]*/
MOV b (R;), R, /*bc[l]]*/
MOV R, a ( Ryp)

© afrj{J]=b[I])[k]*C[k][J]

The two dimensional array can be represented by one dimensional array.

For instance : Consider elements 10, 20, 30, 40, 50, 60, 70, 80
In2D array i =2,j=3
1 2 3 4

1 10 | 20 | 30 | 40

2 | 50|60 ['70] 80

Two dimensional array
1 2 3 4 5 6 7 8
E_No_uo_s_mo_mo_s_mo_

1
In2D array i=2,j=3

Hence in row major representation
Ali ] [ ] = Base address + (j * row-size + i) x Element size
Element size = 4 bytes.
Row-size = 2
Then A [i] [j] = Base address + (2 % j+ i) x4,
The code will be
MOV ], R,
MUL #2, R,
ADD k, R,
MUL #4, R,

Code Generation and OE\S\Nm:o:
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MOV c(Ry), R, /* c[K] 1] #/
MOV k, R,
MUL #2, R,
ADD I, R,
MUL #4, R,
MUL b (Rp), R; /* Ry =b [1] [k] = c[k] p] =/
MOV ], R,
MUL #2, R,
ADD [, R,
MUL #4, R,
MOV Ry, a(Ry)
d a[I]=a[l]+b[]]
MOV I, R,
MOV a(Ry) , R,
MOV J, R,
ADD b(Rj), R,
MOV ], R,
MOV a(Ry), R,
MOV Ry, R,

E Machine Independent Optimization

Code optimization is required to produce an efficient target code. Following are the

advantages of code optimization
(1) The intermediate code can be optimized to produce efficient object code.

(2) The code optimization allows faster execution of source program by making

minor modifications.

The classification of optimization can be done in two categories machine dependant

Optimization and machine independent optimization.

ﬂcao optimization _

?mnz:m dependant '

Fig. 8.12.1 Classificaiton of optimization

Machine independent

e knowl
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The machine dependant optimization is based on characteristics of the target machine

for the instruction set used and addressing modes used for the instructions to produce

the efficient target code.
The machine independent optimization is based on the characteristics of the
cture and usage of efficient

programming languages for appropriate programming stru
arithmetic properties in order to reduce the execution time.
The machine dependant optimization can be achieved using following criteria -
1. Allocation of sufficient number of resources to improve the execution mmmﬂmzn%
of the program.
Using immediate instructions wherever necessary.
The use of intermix instructions. The intermixing of instruction along with the
data increases the speed of execution.
The machine independent optimization can be achieved using following criteria -
1. The code should be analyzed completely and use alternative equivalent sequence
of source code that will produce a minimum amount of target code.
2. Use appropriate program structure in order to improve the efficiency of target

code.

I

i

)

From the source program eliminate the unreachable code.

4. Move two or more identical computations at one place and make use of the
result instead of each time computing the expressions.

EXE] Few Selected Optimizations
GTU : Winter-12,14,15,16,17,18,19,20, Summer-12,18, Marks 7

The optimization can be done locally or globally. If the transformation is applied on
the same basic block then that kind of transformation is done locally otherwise
transformation is done globally. Generally the local transformations are done first.

While applying the optimizing transformations the semantics of the source program
should not be changed.

EXEXD Compile Time Evaluation

Compile time evaluation means shifting of computations from run time to
compilation time. There are two methods used to obtain the compile time evaluation.

1. Folding

In the folding technique the computation of constant is done at compile time instead
of execution time.

For example : length = (22/7) * d

TECHNICAL PUBLICA dOZme - @n up-thrust for knowledge
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Here folding is implied by performin
instead of execution time.

2. Constant propagation

is done at the compilation time.

For example :
pi = 3.14; I
r=5;
Area = pi*r*r LT
Here at the compilation time the value of — . : 5
1 is 1
computation of 3.14 * r # r is done during noBv%mmoswmv aced by 3.14 and r by 5 then

[XE¥Y Common Sub Expression Elimination

The common sub expression is an expression a i i
The, ) ppearing repeatedly in the pro
which is computed previously. Then if the operands of this sub mxﬁnﬂmmmoa movncmwﬂ_

changed at all then result of such sub expression is used instead of recomputing it each
time.

For example :

tyi= 4%i

t) = a[ty]

ty 1= 4%j

tg = 4 i

ts = n;

te = b[ty]+ts
The above code can be optimized using the common sub expression elimination as,

tp = 4%*i

t == alty]

ty = 4%j

t; == n;

tg = blt]+ts

The common sub expression ty := 4 # i is eliminated as its computation is already in

"1and value of i is not been changed from definition to use.

® wi
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EXEX] variable Propagation

Variable propagation means use of on

e variable instead of another.

For example :
X = pi;

area = X *I *1;
The optimization using variable propagation can be done as follows,

area = pi *rx*r;
Here the variable x is eliminated. Here the necessary condition is that a variable must
be assigned to another variable or some constant.

LR KXY Code Movement

There are two basic goals of code movement -
1. To reduce the size of the code i.e. to obtain the space complexity.

2. To reduce the frequency of execution of code i.e. to obtain the time complexity.
For example :

temp = y*z;

i=0i<=10j++)

LG E R
R & S

PSS

The code for y + 5 will be .wm_smna ity :
nce. And t
computation is used wherever necessary. 4 simply the result of tha

Loop invariant computation

Thé Koo invariant: coti i
00p invariant optimization can be obtained by moving some amount of code

outside the 1 and placing it j g
called code motion, ¢ )25 before entering in the loop. This method is also

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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For example :

el

st

EEEXA strength Reduction

The strength of certain operators is higher than others. For instance
. strength of * i
higher than +. In strength reduction technique the higher strength ovﬂ»ggh
replaced by lower strength operators. v

For example :

fes ,
Here we get the count values as 7, 14, 21 and so on upto less than 50.
- This code can be replaced by using strength reduction as follows -

S

us we get the value of count as 7, 14, 21 and so on upto less than 50.
The induction variable is integer scalar identifier used in the form of
v + constant, Here v is a induction variable.

v =
The strength reduction is not applied to the floating point expressions because such a
Use may yield different results.
TECHNICAL pUBLICATIONS® - an up-thrust for knowledge
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EXEXJ Dead Code Elimination
f the value contained into it is used

: . — i
A variable is said to be live in a program . AL
subsequently. On the other hand, the variable is said to be dead mfm.voSn :w a vnom.qu
_w the <&=m. contained into it is never been used. The code containing an a .<mnmEm
supposed to be a dead code. And an optimization can be performed by eliminating such
a dead code.
For example :

i=j;

=i+10;

....;m optimization can be performed by eliminating the assignment statement i = j,

This assignment statement is called dead assignment.

Another example :

i=0;
if(i=1)
{
a=x+5;
}
Here if statement is a dead code as this condition will never get satisfied hence, if
statement can be eliminated and optimization can be done.

Review Questions

1. Explain various code optimization techniques.
GTU : May-12, Marks 4, Winter-14,18,20,

2. Explain any three types of optimization techniques.
GTU : Winter-12, Winter-15,16,19, Summer-18,

Marks 7

GTU : Winter-17, Marks 7

3. Explain function preserving transformations with example.

\

GTU : Winter-17,

E Loop Optimization

The code optimization can be significantly done in loops of the program. Specially
inner loop is a place where program spends large amount of time. Hence if number of
instructions are less in inner loop then the running time of the program will get
decreased to a large extent. Hence loop optimization is a technique in which code
optimization performed on inner loops. The loop optimization is carried out by
following methods -

1 ot .
Code motion. 2. Induction variable and strength reduction.

TECHNICAL PUBLICA 102m® - an up-thrust for knowledge
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3. Loop invariant method. 4. Loop unrolling

5. Loop fusion.
Let us discuss these methods with the help of example.

1, Code motion

Code motion is a technique which moves the code outside the loop. Hence is the
name. If there lies some expression in the loop whose result remains M:nrms mn:mm<
sfter executing the loop for several times, then such an expression should be Emwnmn cm.“
pefore the loop (i.e. outside the loop). Here before the loop means at the entry of ,Em

loop-

For example :
while (i<=Max-1) 2
{

}

The above code can be optimized by removing the computation of Max-1 outside the
loop. Hence the optimized code can be -

L,n.. g&?. 1;
while (i<=n)

{ ]
 sum=sum+alil;
} e .

: sum=sum-+alil;

2. Induction variables and reduction in strength
A variable x is called an induction variable of loop L if the value of variable gets
changed every time. It is either decremented or incremented by some constant.

For example :
Consider the block given below.

P —e— B—"
¢

=il
iotgi= 4%

tp:= alty] m
~ift; < 10 goto Bl |

e

That is, when value of i gets
4 are induction variables.

In above code the values of i and t; are in locked mnwam. >
incremented by 1 then t; gets incremented by 4. Hence 1 an | n
When there are two or more induction variables in a loop, it may be possible to ge

rid of all but one.

®
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Reduction in strength
The strength of certain operators is higher than others.
For example : Strength of * is higher than +. In strength reduction technique the

higher strength operators can be replaced by lower strength operators.

For example :

Here we get values of 3&: as 7, S 21 Bﬁ S0 on cweo mc
ﬂ:u nono can va Sv_»o& ww 55@ mqng n&cnuo: as follows -

.:5 8@?89@3 Om Bﬁnvrnncg cw m&&aou s::wv«& up the o_u_mﬁ nono. .H._.Eu the
strength of operation is reduced without changing the meaning of above code.

The strength reduction is not applied to the floating point expressions because such a
use may yield different results.
3. Loop invariant method

In this optimization technique the computation inside the loop is avoided and thereby
the computation overhead on compiler is avoided. This ultimately optimizes code
generation.

For example :

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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4. Loop unrolling

In this method the number of . ) e
two times. Jumps and tests can be reduced by writing the code

For example : ek e s

5. Loop fusion SR T o e

In loop fusion method several loops are merged to one loop
For example : . .

Example 8.14.1

T

"1 gl !
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Solution :

if| <=ngoto By

A:=B+C/D
ji=j+1

ifi < ngoto B,
Fig. 8.14.1
The loop invariant statement is
while (j < = n) t:=C/D
( while (j < = n)
. {
A=B*C/D Optiized A=B*t
as

Review Question

1. Explain three loop optimization techniques with example.

GTU : Winter-17, Marks 3

EXH short Questions and Answers
Q1  What are the properties of object code generation phase ?

Ans.: Following are the properties of object code generation -

.Oo:,mﬁbmuu-a.mroﬁavaoacnmmnoﬁmﬁnoam m:&nosoﬂm:mnﬁrmﬁﬁnﬁo%”
of source code, |

* High quality - It should produce a high quality object code.

TECHNICAL vcan\»EOZMG = an up-thrust for knowledge
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* Quick code generation - This is a most desired feature of code generation |

phase. ~.~ is necessary that the code generation phase should produce the
code quickly after compiling the source program.
Q.2  What are various forms of object code ?

Ans.: Various forms of object code are
1. Absolute code 2. Relocatable code 3. Assembler code

1. Absolute code - Absolute code is a machine code that contains reference to
actual addresses within program's address space. The generated code can be
placed directly in the memory and execution starts immediately.

N

Relocatable code - Producing a relocatable machine language program as |
output allows subprograms to be compiled separately. A set of relocatable
object modules can be linked together and loaded for execution with the help |
of a linking loader.

3. Assembler code - Producing an assembly language program as output makes |
the process of code generation somewhat easier. We can generate symbolic |
instructions and use the macro facilities of the assembler to help in generation |

of code.
Q3 Explain various addressing modes used In code generation.

Ans. :

Wbm&n%iw mode Form —  SagS i Adgress SEL - Added cost

ot o abaohgtmdlabt v o MUt on IR S RS D G

~ register TE Rt i:i:mwli} <2 ) Vs i

| pdesd <®) jSicheontena@®URR 1 |

[ it g . E contents(R) 0

| indirectindexed  c®  contents(crcontents(R) 1
i . : .

ost of an instruction ?
ted as one plus cost associated with the

n by "added cost”.

Q4 How do you calculate the ¢
Ans.: The instruction cost can be compu
source and des

tination addressing modes give

®
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Instruction Cost Interpretation |
MOV ROR1 1 Cost of register mode +1=0+1=1 w
MOV R1,M 2 Use of memory variable +1=1+1=2 m
Use of first constant +use of second |
SUB 5(R0),10(R1) 3 ouian m

Q.5 What s the use of temporary names in code generation process ?

Ans. : The temporaries are used to store the distinct values of the operands during the |
code generation. It optimizes the compilation process. Sometimes these temporaries can
be reused during evaluation of expression. |

Q.6 What are the uses of register and address descriptors in code generation ?

Ans. : The register descriptor is used to keep track of the contents within the registers.
The address descriptor stores the location where the current value of the name can be

found at run time.
Q.7 What is the need of code optimization ?
The code optimization is used to produce the efficient target code.

Ans. :

Q.8 What are the criteria that needs to be considered while applying the code
optimization techniques ? ,m

Ans. : There are two important issues that need to be considered while applying the

techniques for code optimization and those are,
1. The semantic equivalence of the program must not be changed. In simple
words the meaning of program must not be changed. |
2. The improvement over the program efficiency must be achieved without |
changing the algorithm of the program.
Q9 What are the transformation techniques that can be applied in code
optimization ?
Ans. : Following are some commonly used transformations that can be applied during
the code optimization -
1. Constant folding
3. Common sub expression elimination 4. Variable propagation f
6. Strength reduction .”
8. Loop invariant computation

2. Constant propagation

5. Code movement

7. Dead code elimination

9. Loop optimization
Q.10 What is code motion ?

“au. : Code motion is an cmngnoz technique in which amount of code in a loop is
ecreased. This transformation is applicable to the expression that yields the same |
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compiler Design 8-55

v_mnmm before the loop.

For example -

while (i < Max - 1) n=Max-1

{ while (i < = n)
sum = sum + a [iJ; {

} *m_ﬁuEB;En

Q.11 Explain loop fusion or loop Jamming.

Ans. : In loop fusion method several loops are merged into one loop.

For example
for i:=1 to n do for i:=1 to nm do
for j:=1 to m do ali]:=10

afi, jl:=10
Q.12 What is dead code elimination ?

Code Generation and Optimization

Ans.: Dead code elimination is an optimization technique in which the code |

containing the variable whose value is never used is removed.

Q.13 What is constant folding ?

Ans. : Constant folding is an optimization technique in which the computation of

constant is done at compile time instead of execution time.

Q.14 Define loop unrolling with example

Ans. : The loop unrolling is the loop optimization technique in which the number of
jumps and tests can be reduced by writing the code two times.

For example -
=1; inti=1;
wm_&auae , wziw&s
e afl=bii;
_mh._ucs i _+~.___.“
T aij=bli];
i+
}

Q15 What is an optimizing compiler ?

Ans. : The optimizing compiler is a comp

execute the program and also takes less amount of BwEoQ:mou mxmﬁ_gm the program,

iler that take minimum amount of time to |

®
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Q.16

Ans. :

Name the techniques in loop optimization
Various techniques in loop optimization are -
1. Code motion

_Induction variable and strength reduction
3. Loop invariant method

4. Loop unrolling

m.roow?mmos

N

EXTA Multiple Choice Questions

Q.1

Q.2

Q.3

Q4

Qs

Q.6

Following is a form of an object code
'b! Polish notation

d! None of the above

a Three address code

¢ Relocatable code

Following are the properties of code generation

Producing correct code
Generation of high quality code
Utilization of resources of target machine

o ®

n

None of the above

o

is a form of object code produced by WATFIV.
‘b Relocatable code

d Assembler code

a Absolute code
¢ Three address code

Code generation take as Input.

b, Assembly language code
_m None of the above

a Source code

¢ Intermediate code

Selection of appropriate instruction is an important factor in .

code optimization phase

o

code generation phase

N

syntax analysis phase

d lexical analysis phase

Register allocation is an important factor In

————

a code optimization phase

TECHNICAL PUBLICA dOZmQ - an up-thrust for knowledge
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v code mm:mqmaosgmmm Usaitie R b

¢ syntax analysis phase
'd lexical analysis phase

Q.7 Match the following
m ~ Absolute 1. *¢(R)
‘b Indirect register 2, c(R)
‘¢ Indexed 3."R
'd Indirect indexed  4.M

A. (A-4),(B-3)(C-2),(D-1) B. (A-1),(B-2)(C4),(D-3)
C. (A-3),(B-1)(C-2)(D-4) D. (A-2),(B-4)(C-1),(D-3)

Q.8 Consider the following code
MOV a,R0
ADD b, RO
MOV RO,c
The cost is

a3
| 5

on function preserving
{

Q.9 Following techniques are
transformations -

‘a common sub-expression elimination
b code motion

n reduction in strength
'd induction variable elimination.

Q.10 Following techniques are based on loop optimization
'a common sub-expression elimination

code motion

E1E]

iin

copy propagation
'd dead code elimination.

Q.11 Reduction in strength means :
m removing loop invariant computations
b replacing run time computation by compile time computation

®
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¢ removing common sub-expression elimination
d replacing costly operation by cheaper one.

Q.12 Basic block can be analyzed by
b flow graph

a DAG
d none of these

¢ graph that involves cycle

Q.13 The loops can be Identified using
b’ reducible graphs

a dominators
d all of the above.

¢ depth first ordering

Q.14 Peephole optimization is

a applied to a small part of the code
b can be applied to the portion of the code that is not contiguous

it can be applied repeatedly to get the optimized code

C
d all of the above.

Q.15 Data flow equations can be computed using

b reaching definition

c live variable analysis d all of the above.

a available expression

Answer Keys for Multiple Choice Questions

Q1 c Q2 ab,c
Q3 a Q4 c
Q5 ab Q.6 b
Q7 a Qs d
Q9 a Q.10 b
Q.11 d Q.12 a
Q.13 d Q.14 d
Q.15 d

aao
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ompiler Design -

E Processor Architectures

EXEN instruction Pipelines and Branch Delays

While achieving the instruction level parallelism, R is .mxvmnﬁma to wmm:m
several operations in a single clock cycle. In fact, machine issues just on.qperatior;
per clock and yet achieve instruction level parallelism using concept of pipelining.

Instruction pipelining is a mechanism in which every new Em:dnzos. is fetched at .
every clock and at the same time the preceding instructions are getting processed

through pipeline.

Every single instruction undergoes through five different stages. .
These stages are

1. Fetch(IF),

2. Decode(ID),

9-3

Instruction-Level Parallelism

As shown in the above Fig. 9.1.1, at the first clock tick, the first instruction is
fetched from the memory. Then the mamﬁ.

In this way,

multiple instructions are processed simultaneously using pipelining
mechanism.

Branch instructions are especially problematic because until they are fetched,

anommambamxmncﬁmm;rm processor does not know which instruction will execute
next.

When a branch instruction is encountered, the instruction pipeline is emptied and
branch target is fetched. While handling the branch instruction the delay get

introduced as branch target needs to be fetched. These delays cause

"hiccups” in
the instruction pipeline.

3. Execute(EX) EX®1 Pipelined Execution

4. Memory Access(MEM), and ;

5. Write(WB).

That means, first of all the instruction is fetched, then it is decoded, executes the

operation, access the memory and result is written back. .

Following figure shows how five instructions are getting executed using

instruction pipelining mechanism.
>

Instruction pipelining is possible only when the instruction is not dependant on
the result of other instruction to proceed.

There are some instructions that take several clocks to execute. For instance,
memory load is one such operation that takes several clocks to execute.

Even if a processor can issue only one operation per clock, several operations

might be in their execution stages at the same time. So all the instructions can not
”. Instruction I, I I3 Iy Is be fully/pipelined.
M * Floating point add and multiplication can be fully pipelined. But floating point
U_QOOX | i 3 - division can not be fully pipelined as this operation is complex.
N 1 IF * Most general purpose processors dynamically detect dependences between
2 D IF . consecutive instructions.
ﬁ 3 ‘ EX D F | R * Some processors especially those embedded in hand-held devices, leave the
_ 1 T mx e wm i dependence checking to the software in order to keep hardware simple and power
u a  ME e consumption low.
| MEM 1D
M 5 ka5 Bl e * The compiler inserts "no-op" instructions in the code if necessary to assure that the
_ 6 WB i MEMG) B (il results are available when needed.
, WB | MEM EX
| 7 { I
,_ t i i _— MEM E Multiple Instruction Issue
| 8 : X ; : s
d , WB * Multiple instructions can be issued at every clock tick. In the instruction pipeline

9

.l.m.n. 9.1.1 Instruction viﬁfﬁ:c using instruction pipelining
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Mechanism, multiple instructions can be processed. For that purpose .Em
arrangement of execution of multiple instructions can be made by multiplying
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e by the number of instructions issue

Review Question

1. Explain how

X1 Code - Scheduling Constraints
timization which is applied on the machine

» Code scheduling is a form of code op
duling has three types of

number of available stages in the pipelin

width.

Just similar to instruc
handled hardware or SO
The machines that rely on §
issue are called Very Long Instruc
The machines that rely on hardwar
issue are called superscalar machines.

The VLWI machines have wider instructio
single clock. In these machines the compiler

issued in parallel and encode the information.
hine on the other hand have regular instruction set with ordinary

hanism. Superscalar machines automatically detect
tions and issue them as operands.

tion pipeline mechanism, multiple instructions issue can be

frware parallelism.

oftware to manage parallelis
tion Word(VLIW) machines.

e to manage parallelism for multiple instruction

m for multiple instructions

n words to decode the operation in a
decides which operations are to be

Superscalar mac
sequential execution mec
dependencies among the instruc

code generated by the code generator. The code-sche
constraints -

1)
program must be executed in the optimized program.

2) Data dependence constraints : The operations must generate the same results

as the corresponding ones in the original program.

3) Resource constraints : The scheduler must not oversubscribe the resources on

the machine.

E- Data Dependence

e D :
ata dependence is based on two basic operations read and write. The orde

e : -
xecution of these operations determine the three types of data dependence -

1) T T4 i
%M.Mma”vws%m% : It is read after write. If a write is followed by a read of
S p.x.oamno:. zﬁ. read depends on the value written; In other words, a
must continue to follow previous write of x. such dependence #

known as a true dependence.

T
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Control dependence constraints : All the operations executed in the original
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before the read, then the read

operation will pick u
p the wrong value, In
- In other words, a write
: of 'x' must

continue to follow previous reads of x

Wv O: :n Qﬁvmn—ﬂmnﬂﬂﬂ . Hﬁ 1s write Nmnﬂﬁ ccuunm. Ncco writes to m—m Same ~°ga°=
q

performed. Anti-dependence
and output
Mﬁmmméwmﬁmm m.mﬁmbmm:nmm. These E.Mv :2.—.ﬁ“.&“:nnmm Mnm referred to as
inated by using different locations to store aﬁmnmavw.“:“anm et e

EXX] Finding Dependences Among Memory Access

To find the data de
pendence when some o i
s : perations are ormed,
eck if the operations are performed on the same BaBonMMMmoE Q.M_M%m& s
Data dependence is i :
generally undecidable at compile ti i i
code fragment for finding the data dependence. A s

1) x=10
2) *ptr=20
3) y=x

There can be output de
. pendence between the statements

write after write statements. e e
There can be true depend

pendence between the statement (1) and (3
after write statements. o ek
Umnm dependence analysis is highly sensitive to the programming languages used
in the program. For the type-unsafe languages like C and C++ where pointer can
wm cast to point to any kind of object, sophisticated analysis is necessary to prove
independence between any pair of pointer based memory access.

g Tradeoff between Register Usage and Parallelism

Tradeoff means when one entity is used less then other entity needs to be used

more and vice versa.

The typical tradeoff occurs between the n
code representation and the instruction
represents how the usage of number of re

instructions.

umber of registers used in intermediate
level parallelism. Following example
gisters used affect the use of parallel
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1) Consider following code
LDtl,a //tl=a
ST b, t1  //b=tl
LD t2c //t2=¢
ST dt2 //d=t2
Now suppose
can not execute the above ;
sequence need to be executed sequentiall
registers will affect the parallelism.

7) Following example illustrates that t
we need to have large number of re

Consider the expression (a * b) + ¢+ (
Now the above computation is possible with the h

LDl ,a//1l=a
LDr2,b//12=Db
MUL 1, 1, 12 // =112
LDr2,c//r2=¢
ADD 1, 1l , 12 // fl=11+12 : 2
LDr2,d//12=d
LD13,e//13=@ N
ADD 12, 12, 13 //12 = 12+13
ADD1l, 11,12 // 1l = rl+12 ‘ D
« But when we use only three registers to accomplish above expression evaluation,
we have to execute the above code serially, the instruction level parallelism is not
possible over here. To achieve the instruction level parallelism, we must use

multiple number of registers to store the results of subexpressions. It can be

Compiler Design

we use only one register RO for assigning the ﬁ and t2 then we
ve set of instructions in paralle], in fact this code

y. Thus minimizing the number of

o achieve the instruction level parallelism,

gisters.
d+e
elp of three registers

&

achieved as follows -

Execution of tasks in Parallel

Task1 | Task2 | Task3 | Taskd | Task5
rl =a Eu b 3 _.ucuw M 3 ='d | . 5=e
_duﬁ.nw | 7=r4 +_.m .
B+ |
9=18+17

EXX] Phase ordering between Register Allocation and Code Scheduling

* There are two im iviti
portant activities that influ i location
and cude scheduling ence each other - Register al

—
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e The non numeric applications do not re

is possible to have code schedulin
variables. 3

M._“Wm high ammu.mo of parallelism. Hence it
t and assign registers to temporary

* In case of numeric applicati

pplications, there are lar
: . ge numbe i

MMME Emnmnnrﬁm_. approach for these applications. ;Mnop“vhmwmgm_gm. 2 <.<m e
er most loop, instructions are scheduled first with the help o\m@vmmﬁn 59 &
O-registers.

Physical register allocation is i
applied aft : : =
the code in the outer loop. 4% er scheduling. This process is repeated for

EEXR control Dependence
® An instruction il is said to be
: control dependent i ion i2 i i
determines whether il is to be executed. B e

. ;

m.mMN N%wd_u_m - Consider mozosmum code statement . =l
a=x i

oo B |

* Here the statements a=x and b=x is control dependent o:. the condition 'x>y'

* Similarly in the following while statement

while(c)
S;

® The body S is control nm_umbmm,a o: ,n |

g Speculative Execution Support

* Speculative execution is an optimization technique in which a processor performs
a series of tasks before it is prompted to, in order to have the information ready if
it is required at any point.
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Instruction-Level Parallgfisy,

9-8
e —
hars used for speculative execution

echni that are
o There are three commonly used techniques
support -
1) Prefetching :
0 Prefetching is a tec
before it is used.

instruction indicate :
t likely to be used in near future.

hnique in which data is fetched from memory to cache
i

h s that the data being fetched from memory
0 The v_,mmmqn
to cache is mos

2) Poison Bits :

O Poi bit is a kind of tag marked to indicate that the instruction ig
01s0n

%?.Emaﬁ.
0 Each register on the

o If illegal memory access Oanc.am then
exception immediately but it simply se

machine is accompanied with a poison bit.
the processor does not raise the
ts the poison bit of the destination

register. . .
O An exception is raised only if the contents of the register with marked
poison bit is used.
3) Predicated Execution
0 Predicated instruction is like a normal instruction with some extra operand.

The instruction is executed only if the predicate is found to be true.

O For example -

Consider following code Pt
if(x==0) . &
y=z*t c b A TRREN

If we use the registers R1, R2, R4 and R5 for the variables x,y,z and t respectively
then the machine code for the above code fragment is

1 MUL R3, R4, R

(2) CMOVZ R2 R3,R1

The first instruction is Multiplication operation in which R4*R5= z*t and
stored in register R3.

The CMOVZ is a predicate instruction. The meaning of this instruction is contents of
R3 register are moved to R2(i.e. for variable y) if R1(i.e. meant for x) is zero. Thus if the
condition x=0 gets true then only multiplication operation will be performed.

* By using the predicate execution, the series of control dependence can be replaced

by data dependence.

* The predicate instruction is costly because the data needs to be fetched and
decoded for execution of this instruction. This activity requires resources to be
utilized. Hence predicate execution should not be used aggressively unless
machine has sufficient number of resources.

the result is

TECHNICAL PUBLICATIONS® - an up-thrust for knowledge
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o The basic machine model] is r

gom.m of resources are - ; ifhmet
floating point functiona] units. e ‘¢ Logic Units and
O T stands for type of operation. Vari

operations, loads and stores,

* Each operation has a set of input
i, . Put operands, set of output operands and resource
input lat indicati i

value must be m§.EmEm. The input ovmnmb% rmuu M__.Mw Mﬂmnuwgmﬁir.m: et
values are needed Immediately at the clock when the Operation \w WMHMMN e

* Similarly associated with each output i tency
: operand is the i
that the result is available when the Operation gets mSMMm,ﬂﬁ 3 s
* There exists a two dimensional table called resource reservation table RT The
. . . n {
.s:n_nr of .w:m table is number of different kinds of resources available and length
is the duration over which resources are used by the operation.
* The entry RT,[i,j] is the number of units of jth resource used by the operation
type t. Here i indicates the clocks.

* For any t, i and j the RT;[i,j] must be less than or equal to R[j] ie. number of
resources of type j that the machine has.

o m<mQ.3wngm operation occupy only one unit of resource at the time an
operation is issued. But some operations may have more than one functional units.
For instance - in multiply and add operation , the multiplication is done at first
clock and the addition is done at the second clock.

* In case of the fully pipelined operations, the operations are performed at every
clock.

Review Questions

‘What is phase ordering between register allocation and code scheduling.
Explain the techniques used in support of speculative execution of the instructions.
What are the three types of data dependence that occur ?

Explain the basic machine model used in instruction level parallelism.
KXY Basic - Block Scheduling

In this section we will get introduced with the simple scheduling &moan.ﬁz
associated with basic block. The basic block contains finite number of machine

instructions. This is list scheduling algorithm.
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EEX] Data Dependence Graph

» The data dependence graph is a collectio
as G = (N,E).

The nodes represent the machine instructions. The meaning of edge i->j is that
edge is present among the nodes when instruction j has data dependence on

n of nodes(N) and edges(E). It is denoted

instruction i
In the data dependence graph the edge is labelled with minimum delay interval
between when(i) may initiate and when (j) may initiate. The delay is measured in

clock cycles.
o For simplicity we consider a machine model that executes two operations .
O One type of operation is basic arithmetic operation(ALU). It has following
syntax
Op dest, srcl, src2 :
0 Another type of operation is either load or store operation. It has following
syntax:
LD dest, addr
ST addr, src
The load operation takes two clocks and store requires one clock to

complete.
O The arithmetic operation requires one unit of ALU and LD/ST requires one

unit of MEM(memory buffer)
o To represent the data dependence graph consider following code fragment.

Instructions Resources reservation
ALU MEM _
LDR1,a Du \_ This means memory
is occupied by this

ALU MEM operation.

LDR2,b B L

ALU MEM
Mul R3, R1, R2 This means Arithmetic
H Logic Unit is reserved
by this operation
ALU MEM
e [ B
ALU
A
ST¢,R3 _HD_.C 5N

TECHNICAL bcmto‘»:OZm@ - an up-thrust for knowledge
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LDR1, 3
2
1
LDR2, b This is true
dependence
2 regarding R2
MULR3, R1, R2 2
ST a, R1
1
ST b, R2 This is true
dependence
regarding R3
STc,R3

EEXY List Scheduling Algorithm

List scheduling is a simple heuristic.
The data dependence

Rt i 0
topological order . graph is visited using the approach of "prioritized

.;mo prioritized topological order can be followed as follows -
Traverse through each edge in the data dependence graph.
© Pick up the first node with the longest path extending from the node being
prioritized.
For example consider following data dependence graph
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Step 1:
2
2
MULR3, R1, R2
1
STa,R1
ST b, R2
STc,R3
Step 2 :

NJ LDR1,a

MUL R3, R1,

ST a, R1

STb, R2

STc, R3

TECHNICAL PUBLICATIONS®

Pick either of
these two nodes

as they have no
predecessor,

Now these three
are enabled. But
pick up MUL

as it has longest
path extending.
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Step 3 :
2 LDR1,a
2
1
LDR2, b
ﬁ 2
2
MUL R3, R1, R2
1
ST a, R1 1
‘Illll
e L_| Now these three
STb, R2 Rt S s ey 5 -~~-1 are enabled. In any
e order we can
S pick it up.
STc,R3 -
Step 4 : The schedule can be
LD R1,a
LD R2,b
ST b, R1

Review Question

1. Explain basic block scheduling with suitable example.

E Pass Structure of Assembler

Assembler is a kind of translator that converts assembly

Machine language.

language program into

Assembly ;
language Machine
program language

—_— Assembler T

TECHNICAL PUBLICATIONS

®

- an up-thrust for knowledge



9-14 Instruction-Leve/ bmi:o:.ma

Compller Design

For example consider, following assembly language program for finding X+Y

START 101
READ X
READ Y
MOVER AREG, X
ADD AREG, Y
MOVEM AREG, RESULT
PRINT RESULT
STOP 3
X DS 1
Y DS 1
RESULT DS 1
END

The machine code is generated by the assembler. It is shown belong adjacent to the
source code. The machine code is marked by the dotted rectangle.

Opcode Register
Memory
START 101 LC // \\ \ operand
READ X 101 m.-w-- 09 0 108 !
]
e § 102 i + 09 0 109 !
MOVER \ !
s AREG, X 103 Al A e
D AREG, ! |
8 o+ 011 109 |
MOVEM  AReg, RESULT T | !
PRINT i + 06 0 110 |
RESULT 106 1 1
STOP IS 10NN 110 -
107 ! |
5 Ds 1 oot 29040 L0008}
o 108
14 DS 1
RESULT DS 1 100
END 110

An assembly level statement has the following format:
od . > <operand spec> .
Opcode aﬂ.gnm _Hsmgean 0 < .
Peration codes, : )
For example - es. They specify the operation
STOp; Stops executi
ADD: Arithmetic operat;
SUB . g 0
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MULT: Arithmetic Operation
MOVER: register[] memory

MOVEM: memory' register.

COMP: sets condition codes

BC: Branch on condition

READ, PRINT: Reading and printing.

Introduction to Two Pass Assembler

The assembly process is divided into two phases- ANALYSIS, SYNTHESIS. The
primary function of the analysis phase is building the symbol table. For this, it uses the
addresses of symbolic names in the program (memory allocation). For this, a data
structure called location counter is used, which points to the next memory word of
target program. This is called LC processing. Meanwhile, synthesis phase uses both
symbol table for symbolic names and mnemonic table for the accepted list of
mnemonics. Thus, the machine code is obtained. So, the functions can be given as :

Analysis phase :
* Isolate label, mnemonic opcode and operand fields of a statement.
* If alabel is present, enter the pair (symbol, ) to symbol table.
¢ Check validity of mnemonic opcode using mnemonic table.
e Perform LC processing.
Synthesis phase :
* Obtain machine code for the mnemonic from the mnemonic table.

* Obtain address of memory operand from symbol table. Synthesize the machine
instruction. The phases can be represented as :
Mnemonic table

Mnemonic | Opcode Length
Source Analysls | Synthesis Target
program phase - [~ TEr=Saaa==aa ™ phase program
Symbol Address
Symbol table
®
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Functions of Two pass Assembler

¢ two pass assembler performs the following functions. It ?ioan
w.?a:auons?s&oasvpzn. |
Pass 1

1) Assign address to all statements in the assembly language ?.omuuB. N
2) Save the address with label for use in pass 2. L

3) Define symbols and literals.

4) Determine the length of machine instructions

5) Keep track of location counter.

6) Process some assembler directions or operations.

Pass 2
1) Perform processing of assembler directives which are not done ...—E.Bm.

2) Generate the object program.

Review Question
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