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Back Cover

A compiler translates a high-level language program into a functionally equivalent low-level language program that can be
understood and executed by the computer. Crucial to any computer system, effective compiler design is also one of the most
complex areas of system development. Before any code for a modern compiler is even written, many programmers have
difficulty with the high-level algorithms that will be necessary for the compiler to function. Written with this in mind, Algorithms
for Compiler Design teaches the fundamental algorithms that underlie modern compilers. The book focuses on the “front-end”
of compiler design: lexical analysis, parsing, and syntax. Blending theory with practical examples throughout, the book
presents these difficult topics clearly and thoroughly. The final chapters on code generation and optimization complete a

solid foundation for learning the broader requirements of an entire compiler design.

FEATURES

B Focuses on the “front-end” of compiler design—lexical analysis, parsing, and syntax—topics basic to any
introduction to compiler design

B Covers storage management, error handling, and recovery

B |ntroduces important “back-end” programming concepts, including code generation and optimization
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Preface

This book on algorithms for compiler design covers the various aspects of designing a language translator in depth.
The book is intended to be a basic reading material in compiler design.

Enough examples and algorithms have been used to effectively explain various tools of compiler design. The first
chapter gives a brief introduction of the compiler and is thus important for the rest of the book.

Other issues like context free grammar, parsing techniques, syntax directed definitions, symbol table, code
optimization and more are explain in various chapters of the book.

The final chapter has some exercises for the readers for practice.
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Chapter 1: Introduction

1.1 WHAT IS A COMPILER?

A compiler is a program that translates a high-level language program into a functionally equivalent low-level
language program. So, a compiler is basically a translator whose source language (i.e., language to be translated) is
the high-level language, and the target language is a low-level language; that is, a compiler is used to implement a
high-level language on a computer.

[« rrsviovs [exi)



1.2 WHAT IS A CROSS-COMPILER?

A cross-compiler is a compiler that runs on one machine and produces object code for another machine. The
cross-compiler is used to implement the compiler, which is characterized by three languages:

1. The source language,
2. The object language, and
3. The language in which it is written.

If a compiler has been implemented in its own language, then this arrangement is called a "bootstrap" arrangement.
The implementation of a compiler in its own language can be done as follows.

Implementing a Bootstrap Compiler

Suppose we have a new language, L, that we want to make available on machines A and B. As a first step, we can
write a small compiler: SCAA, which will translate an S subset of L to the object code for machine A, written in a
language available on A. We then write a compiler SCsA, which is compiled in language L and generates object code
written in an S subset of L for machine A. But this will not be able to execute unless and until it is translated by SCAA;
therefore, SCsA is an input into SCAA, as shown below, producing a compiler for L that will run on machine A and

self-generate code for machine A: SCAA.
S A S A Ly A4
ChA=oCoA—=2C

Now, if we want to produce another compiler to run on and produce code for machine B, the compiler can be written,
itself, in L and made available on machine B by using the following steps:

Ly B Lo A L B
CL — CH — CA

L B Lo B L B
C‘L —3 CA — C'ﬂ




1.3 COMPILATION

Compilation refers to the compiler's process of translating a high-level language program into a low-level language
program. This process is very complex; hence, from the logical as well as an implementation point of view, it is
customary to partition the compilation process into several phases, which are nothing more than logically cohesive
operations that input one representation of a source program and output another representation.

A typical compilation, broken down into phases, is shown in .

¢ Source Program

Lexical Analysis Phase

;

Syntax Analysis Phase

v

Intermediate Code
Generation Phase

I

Code Optimization Phase

;

Code Generation Phase

Object Code

Figure 1.1: Compilation process phases.

The initial process phases analyze the source program. The lexical analysis phase reads the characters in the source
program and groups them into streams of tokens; each token represents a logically cohesive sequence of characters,
such as identifiers, operators, and keywords. The character sequence that forms a token is called a "lexeme". Certain
tokens are augmented by the lexical value; that is, when an identifier like xyz is found, the lexical analyzer not only
returns id, but it also enters the lexeme xyz into the symbol table if it does not already exist there. It returns a pointer to
this symbol table entry as a lexical value associated with this occurrence of the token id. Therefore, when internally
representing a statement like X: =Y +Z, after the lexical analysis will be id1: = id2 + id3.

The subscripts 1, 2, and 3 are used for convenience; the actual token is id. The syntax analysis phase imposes a
hierarchical structure on the token string, as shown in figure 1.2
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id. .
2 id

Figure 1.2: Syntax analysis imposes a structure hierarchy on the token string.

Intermediate Code Generation

Some compilers generate an explicit intermediate code representation of the source program. The intermedj
can have a variety of forms. For example, a three-address code (TAC) representation for the tree shown in figure 1.
will be:

where T1 and T2 are compiler-generated temporaries.

Code Optimization

In the optimization phase, the compiler performs various transformations in order to improve the intermediate code.
These transformations will result in faster-running machine code.

Code Generation

The final phase in the compilation process is the generation of target code. This process involves selecting memory
locations for each variable used by the program. Then, each intermediate instruction is translated into a sequence of
machine instructions that performs the same task.

Compiler Phase Organization

This is the logical organization of compiler. It reveals that certain phases of the compiler are heavily dependent on the
source language and are independent of the code requirements of the target machine. All such phases, when grouped
together, constitute the front end of the compiler; whereas those phases that are dependent on the target machine
constitute the back end of the compiler. Grouping the compilation phases in the front and back ends facilitates the
re-targeting of the code; implementation of the same source language on different machines can be done by rewriting
only the back end.

Note Different languages can also be implemented on the same machine by rewriting the front end and using the
same back end. But to do this, all of the front ends are required to produce the same intermediate code; and this
is difficult, because the front end depends on the source language, and different languages are designed with
different viewpoints. Therefore, it becomes difficult to write the front ends for different languages by using a
common intermediate code.

Having relatively few passes is desirable from the point of view of reducing the compilation time. To reduce the
number of passes, it is required to group several phases in one pass. For some of the phases, being grouped into one
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pass is not a major problem. For example, the lexical analyzer and syntax analyzer can easily be grouped into one
pass, because the interface between them is a single token; that is, the processing required by the token is
independent of other tokens. Therefore, these phases can be easily grouped together, with the lexical analyzer
working as a subroutine of the syntax analyzer, which is charge of the entire analysis activity.

Conversely, grouping some of the phases into one pass is not that easy. Grouping intermediate and object
code-generation phases is difficult, because it is often very hard to perform object code generation until a sufficient
number of intermediate code statements have been generated. Here, the interface between the two is not based on
only one intermediate instruction-certain languages permit the use of a variable before it is declared. Similarly, many
languages also permit forward jumps. Therefore, it is not possible to generate object code for a construct until
sufficient intermediate code statements have been generated. To overcome this problem and enable the merging of
intermediate and object code generation into one pass, the technique called "back-patching" is used; the object code
is generated by leaving ‘statementholes,” which will be filled later when the information becomes available.

1.3.1 Lexical Analysis Phase

In the lexical analysis phase, the compiler scans the characters of the source program, one character at a time.
Whenever it gets a sufficient number of characters to constitute a token of the specified language, it outputs that
token. In order to perform this task, the lexical analyzer must know the keywords, identifiers, operators, delimiters, and
punctuation symbols of the language to be implemented. So, when it scans the source program, it will be able to
return a suitable token whenever it encounters a token lexeme. (Lexeme refers to the sequence of characters in the
source program that is matched by language's character patterns that specify identifiers, operators, keywords,
delimiters, punctuation symbols, and so forth.) Therefore, the lexical analyzer design must:

1. Specify the token of the language, and
2. Suitably recognize the tokens.

We cannot specify the language tokens by enumerating each and every identifier, operator, keyword, delimiter, and
punctuation symbol; our specification would end up spanning several pages—and perhaps never end, especially for
those languages that do not limit the number of characters that an identifier can have. Therefore, token specification
should be generated by specifying the rules that govern the way that the language's alphabet symbols can be
combined, so that the result of the combination will be a token of that language's identifiers, operators, and keywords.
This requires the use of suitable language-specific notation.

Regular Expression Notation

Regular expression notation can be used for specification of tokens because tokens constitute a regular set. It is
compact, precise, and contains a deterministic finite automata (DFA) that accepts the language specified by the
regular expression. The DFA is used to recognize the language specified by the regular expression notation, making
the automatic construction of recognizer of tokens possible. Therefore, the study of regular expression notation and
finite automata becomes necessary. Some definitions of the various terms used are described below.




1.4 REGULAR EXPRESSION NOTATION/FINITE AUTOMATA DEFINITIONS

String

A string is a finite sequence of symbols. We use a letter, such as w, to denote a string. If w is the string, then the
length of string is denoted as | w |, and it is a count of number of symbols of w. For example, ifw =xyz, |[w|=3. If | w]|
=0, then the string is called an "empty" string, and we use [ to denote the empty string.

Prefix

A string's prefix is the string formed by taking any number of leading symbols of string. For example, if w =abc, then [J,
a, ab, and abc are the prefixes of w. Any prefix of a string other than the string itself is called a "proper" prefix of the
string.

Suffix

A string's suffix is formed by taking any number of trailing symbols of a string. For example, if w =abc, then [, c, bc,
and abc are the suffixes of the w. Similar to prefixes, any suffix of a string other than the string itself is called a "proper"
suffix of the string.

Concatenation

If w1 and w2 are two strings, then the concatenation of w1 and w2 is denoted as wi.w2—simply, a string obtained by
writing w1 followed by w2 without any space in between (i.e., a juxtaposition of w1 and w2). For example, if w1 = xyz,
and w2 =abc, then wi1.w2 =xyzabc. If w is a string, then w.L] =w, and [0.w =w. Therefore, we conclude that (I (empty
string) is a concatenation identity.

Alphabet

An alphabet is a finite set of symbols denoted by the symbol Z.

Language

A language is a set of strings formed by using the symbols belonging to some previously chosen alphabet. For
example, if Z= {0, 1}, then one of the languages that can be defined over this Z will be L = { 1, 0, 00, 000, 1, 11, 111,

L)

Set

A set is a collection of objects. It is denoted by the following methods:

1. We can enumerate the members by placing them within curly brackets ({ }). For example, the set
Ais defined by:A={0,1,2}.

2. We can use a predetermined notation in which the set is denoted as: A ={ x| P (X) }. This means
that A is a set of all those elements x for which the predicate P (x) is true. For example, a set of all
integers divisible by three will be denoted as: A = { x| x is an integer and x mod 3 = 0}.

Set Operations

B ynion: If A and B are the two sets, then the union of A and B is denoted as: A0 B ={ x| xin A orx is

inB }.
|
Intersection: If A and B are the two sets, then the intersection of A and B is denoted as: A n B ={ x| x



isin AandxisinB }.

M set difference: If A and B are the two sets, then the difference of A and B is denoted as: A —B = { x | x
isin AbutnotinB }.

B Cartesian product: If A and B are the two sets, then the Cartesian product of A and B is denoted as: A x
B={(a,b)|aisinAandbisinB}.

B power set: IfA is the set, then the power set of A is denoted as : 2A =P | PisasubsetofA}(i.e., the
set contains of all possible subsets of A.) For example:

A=10,1}
24= {@, {0}, {1}, {0, 1} }

B Concatenation: If A and B are the two sets, then the concatenation of A and B is denoted as: AB = { ab |
aisinAandbisinB }. For example,ifA={0,1}andB ={1, 2}, then AB={01, 02, 11, 12 }.

B Cciosure: IfAis a set, then closure of A is denoted as: A* = A0 O A1 0 A2 0... IZIA°°, where A' is the ith

power of set A, defined as Ai =AAA ...itimes.
A'= e}
(i.e., the set of all possible combination of members of A of length 0)
A=A
(i.e., the set of all possible combination of members of A of length 1)
=
(i.e., the set of all possible combinations of members of A of length 2)

Therefore A* is the set of all possible combinations of the members of A. For example, if Z = { 0,1), then 2* will be the
set of all possible combinations of zeros and ones, which is one of the languages defined over .




1.5 RELATIONS

Let A and B be the two sets; then the relationship R between A and B is nothing more than a set of ordered pairs (a, b)
such thata isin A and b is in B, and a is related to b by relation R. That is:

R={(a,b)|aisinAandbisinB, and aisrelatedtob byR }

For example, if A={0,1}and B ={1, 2}, then we can define a relation of ‘less than,” denoted by < as follows:
<={0,1),{©2),{,2)}

A pair (1, 1) will not belong to the < relation, because one is not less than one. Therefore, we conclude that a relationR
between sets A and B is the subset of A xB.

If a pair (a, b) is in R, then aRb is true; otherwise, aRb is false.

A is called a "domain" of the relation, and B is called a "range" of the relation. If the domain of a relation R is a set A,
and the range is also a set A, then R is called as a relation on set A rather than calling a relation between sets A and
B. For example, if A ={0, 1, 2}, then a < relation defined on A will result in: <= { (0, 1), (0, 2), (1, 2) }.

1.5.1 Properties of the Relation

Let R be some relation defined on a setA. Therefore:
1. Ris said to be reflexive if aRa is true for every a in A; that is, if every element of A is related with

itself by relation R, then R is called as a reflexive relation.

2. If every aRb impliesbRa (i.e., when a is related to b by R, and if b is also related to a by the same
relation R), then a relation R will be a symmetric relation.

3. If every aRb and bRc implies aRc, then the relation R is said to be transitive; that is, when a is
related tob by R, and b is related to c by R, and if a is also related to ¢ by relation R, then R is a
transitive relation.

If R is reflexive and transitive, as well as symmetric, then R is an equivalence relation.

Property Closure of a Relation

Let R be a relation defined on a set A, and if P is a set of properties, then the property closure of a relation R, denoted
as P-closure, is the smallest relation, R’, which has the properties mentioned in P. It is obtained by adding every pair
(a, b) in R to R, and then adding those pairs of the members of A that will make relation R have the properties in P. If
P contains only transitivity properties, then the P-closure will be called as a transitive closure of the relation, and we

denote the transitive closure of relation R by R+; whereas when P contains transitive as well as reflexive properties,

then the P-closure is called as a reflexive-transitive closure of relation R, and we denote it by R*. R" can be obtained
from R as follows:

R* q=@®
Rt . =R
While (R, # R*

f
1

R+n|d = R+nc:w
for (everv pair (a. M and (b. O in R . ) do

EII".‘."-'I.'}



N § 5 L o

add pair (a, ¢) to R*___ if not already present
;
R* = R*

new

For example, if:

=110, 1), (1, 2),(3,4) } then
P=400,1),(1, 2), (3, 4), (0, 2) §
R*={(0,1),(1, 2), (3, 4), (0, 2), (0, O),
(1, 1), (2, 2), (3, 3), (4, 4) }
R*=R" | (g, a) | foreveryain 4 }

(rreviovs e o



Chapter 2: Finite Automata and Regular Expressions

2.1 FINITE AUTOMATA

A finite automata consists of a finite number of states and a finite number of transitions, and these transitions are
defined on certain, specific symbols called input symbols. One of the states of the finite automata is identified as the
initial state the state in which the automata always starts. Similarly, certain states are identified as final states.
Therefore, a finite automata is specified as using five things:

1. The states of the finite automata;

2. The input symbols on which transitions are made;

3. The transitions specifying from which state on which input symbol where the transition goes;
4. The initial state; and

5. The set of final states.

Therefore formally a finite automata is a five-tuple:
M=(Q, %5, qp F)

where:
u Q is a set of states of the finite automata,
B 5 s a set of input symbols, and
B 3 specifies the transitions in the automata.

If from a state p there exists a transition going to state g on an input symbol a, then we write (p, a) = g. Hence, 0 is a
function whose domain is a set of ordered pairs, (p, a), where p is a state and a is an input symbol, and the range is a
set of states.

Therefore, we conclude that & defines a mapping whose domain will be a set of ordered pairs of the form (p, a) and
whose range will be a set of states. That is, ® defines a mapping from

gxXtoQ,

go is the initial state, and F is a set of final sates of the automata. For example:

M= ({'fj-!rn: ‘?|:1 :D:u 1llii E'i ‘?ni :'?1}}
where

&gy, 0) = g, 8 (g5 1) = g
6(g,, 0) =g, 8 (g, 1) = g,

A directed graph exists that can be associated with finite automata. This

graph is called a "transition diagram of finite automata." To associate a graph with finite automata, the vertices of the
graph correspond to the states of the automata, and the edges in the transition diagram are determined as follows.



If d (p, a) = q, then put an edge from the vertex, which corresponds to state p, to the vertex that corresponds to state q,
labeled by a. To indicate the initial state, we place an arrow with its head pointing to the vertex that corresponds to the
initial state of the automata, and we label that arrow "start." We then encircle the vertices twice, which correspond to

ﬁ final states of the automata. Therefore, the transition diagram for the described finite automata will resemble ‘

| 0

do 1 q 1

Figure 2.1: Transition diagram for finite automata o (p, a) = q.

A tabular representation can also be used to specify the finite automata. A table whose number of rows is equal to the
number of states, and whose number of columns equals the number of input symbols, is used to specify the transitions
in the automata. The first row specifies the transitions from the initial state; the rows specifying the transitions from the
final states are marked as *. For example, the automata above can be specified as follows:

0 1

iy i dn

*g, g qy

A finite automata can be used to accept some particular set of strings. If x is a string made of symbols belonging to
of the finite automata, then x is accepted by the finite automata if a path corresponding to x in a finite automata starts
in an initial state and ends in one of the final states of the automata; that is, there must exist a sequence of moves forx
in the finite automata that takes the transitions from the initial state to one of the final states of the automata. Since x is

a member of 2*, we define a new transition function, d1, which defines a mapping from Q x 3* to Q. And if 81 (qo, X) =
a member of F, then x is accepted by the finite automata. If x is written as wa, where a is the last symbol of x, and w is
a string of the of remaining symbols of x, then:

&, (g *) = & 18,(g, W), a}, Since &, defines a mapping from Q x Z* to
B,(gp, @) = B (g, <)

For example:

MZ[:qﬂ! q[h :01 ]rTE! '?Ur {ql:}f

where

b (gg. 0) = ¢,, 6 (g,, 0) = g,
6(q;, M) =q,,8(q,, 1) =g,

Let x be 010. To find out if x is accepted by the automata or not, we proceed as follows:

01(qo, 0) =3 (g0, 0) = q1

Therefore, 1 (qo, 01 ) = & {31 (90, 0), 1} = qo



Therefore, 81 (qo, 010) = & {31 (qo, 0 1), 0} = g1

Since q1 is a member of F, x = 010 is accepted by the automata.

If x = 0101, then &1 (go, 0101) = & {41 (qo0, 010), 1} =qo

Since qo is not a member of F, x is not accepted by the above automata.

Therefore, if M is the finite automata, then the language accepted by the finite automata is denoted as L(M) = {x | 81
(9o, X) = member of F }.

In the finite automata discussed above, since d defines mapping from Q x X to Q, there exists exactly one transition
from a state on an input symbol; and therefore, this finite automata is considered a deterministic finite automata (DFA).

Therefore, we define the DFA as the finite automata:

M=(@Q, Z, 0, qo, F), such that there exists exactly one transition from a state on a input symbol.




2.2 NON-DETERMINISTIC FINITE AUTOMATA

If the basic finite automata model is modified in such a way that from a state on an input symbol zero, one or more
transitions are permitted, then the corresponding finite automata is called a "non-deterministic finite automata" (NFA).
Therefore, an NFA is a finite automata in which there may exist more than one paths corresponding to x in 2* (because
zero, one, or more transitions are permitted from a state on an input symbol). Whereas in a DFA, there exists exactly
one path corresponding to x in 2*. Hence, an NFA is nothing more than a finite automata:

M=(0Q%,3, g, F)

in which & defines mapping from Q x X to 2Q (to take care of zero, one, or more transitions). For example, consider the
finite automata shown below:

M= “‘:ﬁ}: Gy G2y G54, {0, 13, 6, Gy {‘?rj”
0(q, M= 1iq)}, O(q =@
a{‘?pﬂ): {gl}s E't:‘.f!|'11 1}= {QPQE}
0 (g, 0) = D, O (¢, 1) = {g,}
0(g;, 0)=1q5}, O(g;, 1) = {g5}

The transition diagram of this automata is:

O VA

N

Q;‘J ’ I“xix’l | A7 | l:a\i\j; /

Figure 2.2: Transition diagram for finite automata that handles several transitions.

2.2.1 Acceptance of Strings by Non-deterministic Finite Automata

Since an NFA is a finite automata in which there may exist more than one path corresponding to x in 2*, and if this is,
indeed, the case, then we are required to test the multiple paths corresponding to x in order to decide whether or not x
is accepted by the NFA, because, for the NFA to accept x, at least one path corresponding to x is required in the NFA.
This path should start in the initial state and end in one of the final states. Whereas in a DFA, since there exists exactly
one path corresponding to x in 2*, it is enough to test whether or not that path starts in the initial state and ends in one
of the final states in order to decide whether x is accepted by the DFA or not.

Therefore, if X is a string made of symbols in Z of the NFA (i.e., x is in Z*), then x is accepted by the NFA if at least one
path exists that corresponds to x in the NFA, which starts in an initial state and ends in one of the final states of the
NFA. Since x is a member of * and there may exist zero, one, or more transitions from a state on an input symbol, we

define a new transition function, 81, which defines a mapping from ZQ x 3* 10 ZQ; and if 31 ({go}.x) = P, where P is a set
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containing at least one member of F, then x is accepted by the NFA. If x is written as wa, where a is the last symbol of
X, and w is a string made of the remaining symbols of x then:

8, (1g,0, 2= 8,(8, (1g,}. w), a) since §, defines a mapping from 2¢ x E* 1o

EI Lﬂ‘ a) = Ufnrc‘mr qin P'E' '['E*- a)

For example, consider the finite automata shown below:

M={Iqﬂ,t}1rif31f£3}~ 10, ”’r ﬁl o :"I’j:)

where:

0 (g, 0) = g},  O(g, ==

0(g,00=1{g,}, oig, )= {9, ¢}

i (45, 0) = B, b (g, 1) = 144}

0(qy )= 15, 0(g; 1) = lgs!

If x =0111, then to find out whether or not x is accepted by the NFA, we proceed as follows:
E| {=q[|l1- = a (qu- u} - 14;"|
thEIE‘fﬂ'I"E EI {:'Eu}. E”-] = E [E {':q"“ ﬂ} ]}
= 3 (g1, D=8 (g, 1)

= {:?II ii"::
Therefore &, ({q,}, 011) =&, (8, ({q,}, 01), 1)

-h {I:'?l'r E.FE 1}
—ﬁ{m. 1) wbg, 1)
- :'?n qgi = ‘:lﬁ:'

= L G Gy
Therefore 8, ({g,}, 0111) =38, (5, ({g,}, 011), 1)
=8, (1), 45 73}, 1)
=8 (g, Dwdlg, 1)wdig 1)
= 19 4l Y olgl Vo,
= 14y s 931

Since 81 ({qo}, 0111) = {q1, g2, g3}, which contains g3, a member of F of the NFA—, hence, x = 0111 is accepted by
the NFA.

Therefore, if M is a NFA, then the language accepted by NFA is defined as:

L(M) = {x | 81 ({qa} x) = P, where P contains at least one member of F }.

[« rrsviovs [exi)



2.3 TRANSFORMING NFA TO DFA

For every non-deterministic finite automata, there exists an equivalent deterministic finite automata. The equivalence
between the two is defined in terms of language acceptance. Since an NFA is a nothing more than a finite automata in
which zero, one, or more transitions on an input symbol is permitted, we can always construct a finite automata that
will simulate all the moves of the NFA on a particular input symbol in parallel. We then get a finite automata in which
there will be exactly one transition on an input symbol; hence, it will be a DFA equivalent to the NFA.

Since the DFA equivalent of the NFA simulates (parallels) the moves of the NFA, every state of a DFA will be a
combination of one or more states of the NFA. Hence, every state of a DFA will be represented by some subset of the
set of states of the NFA; and therefore, the transformation from NFA to DFA is normally called the "construction”

subset. Therefore, if a given NFA has n states, then the equivalent DFA will have 2" number of states, with the initial
state corresponding to the subset {qo}. Therefore, the transformation from NFA to DFA involves finding all possible
subsets of the set states of the NFA, considering each subset to be a state of a DFA, and then finding the transition
from it on every input symbol. But all the states of a DFA obtained in this way might not be reachable from the initial
state; and if a state is not reachable from the initial state on any possible input sequence, then such a state does not
play role in deciding what language is accepted by the DFA. (Such states are those states of the DFA that have
outgoing transitions on the input symbols—but either no incoming transitions, or they only have incoming transitions
from other unreachable states.) Hence, the amount of work involved in transforming an NFA to a DFA can be
reduced if we attempt to generate only reachable states of a DFA. This can be done by proceeding as follows:

LetM=(Q, Z, 8, qo, F) be an NFA to be transformed into a DFA.

Let Q1 be the set states of equivalent DFA.

begin:
Qiold =P
Qlnew = {qo}

While (Q1old # Q1new)

{

Temp = Qlnew - Qlold

Q1= Q1lnew

for every subset P in Temp do

for every a in 2do

If transition from P on a goes to new subset S of Q
then
(transition from P on a is obtained by finding out
the transitions from every member of P on ain a given

NFA
and then taking the union of all such transitions)
Qlnew=Qilnew S

}
Q1=Qlnew
end

A subset P in Q| will be a final state of the DFA if P contains at least one member of F of the NFA. For example,
consider the following finite automata:

M={'=§:h- EF|1'?2- '?3}- “}1 H' E‘ I:J]IIII-1 {'?JE}

where:

L]
=,
i

2
i

L]
-,

= % — A




O Gfys VI = 0, O iy 1) =
S(g,, 0= {q,}, &(q. =g,
8 (g,, 0) =, 8 (g,, 1) = {g,)
0 (g5, D) = g5}, (g, 1) = g5

The DFA equivalent of this NFA can be obtained as follows:

0 1
{a0) {az} ®

{az} {az} {a1. q2}
{a1, g2} {a1} {a1, 02,93}
a1, 92, q3} {a1. a3} {a1, 92,93}
a1, a3} {a1. g3} {a1. 92,93}
@ o )

The transition diagram associated with this DFA is shown in .

Siart O

Figure 2.3: Transition diagram for M = ({qo, 91, 92, 93}, {0, 1} d, qo, {a3})-

(rreviovs e o
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2.4 THE NFA WITH U-MOVES

If a finite automata is modified to permit transitions without input symbols, along with zero, one, or more transitions on
the input symbols, then we get an NFA with ‘[J-moves,’ because the transitions made without symbols are called
"U-transitions."

Consider the NFA shown in .

% E -@—-( j}'}
do
start

Figure 2.4: Finite automata with [J-moves.

This is an NFA with [J-moves because it is possible to transition from state qo to q1 without consuming any of the
input symbols. Similarly, we can also transition from state g1 to g2 without consuming any input symbols. Since it is a

finite automata, an NFA with [J-moves will also be denoted as a five-tuple:
M={Qr E1 El q-n'F'}
where Q, Z, o, and F have the usual meanings, and & defines a mapping from

Ox(Zue w2
(to take care of the [-transitions as well as the non [J-transitions).

Acceptance of a String by the NFA with O-Moves

A string x in 2* will -moves will be accepted by the NFA, if at least one path exists that corresponds to x starts in an
initial state and ends in one of the final states. But since this path may be formed by O-transitions as well as
non-[J-transitions, to find out whether x is accepted or not by the NFA with [J-moves, we must define a function,
[-closure(q), where q is a state of the automata.

The function [-closure(q) is defined follows:

[-closure(q)= set of all those states of the automata that can be reached from q on a path labeled by
0.

For example, in the NFA with [J-moves given above:
O-closure(qo) = { 9o, q1, g2}
O-closure(q1) ={ g1, 2}
O-closure(g2) = { q2}
The function

[-closure (q) will never be an empty set, because q is always reachable from itself, without dependence on any input
symbol; that is, on a path labeled by [, q will always exist in [J-closure(q) on that labeled path.

If P is a set of states, then the [J-closure function can be extended to find [-closure(P ), as follows:
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€-closure(P ) = sviey 1P € closure(q)

2.4.1 Algorithm for Finding O-Closure(q)

Let T be the set that will comprise -closure(q). We begin by adding q to T, and then initialize the stack by pushing q
onto stack:

while (stack not empty) do

{
p = pop (stack)
R=38(p, )
for every member of R do
if it is not present in T then

{

add that memberto T
push member of R on stack

}
}

Since x is a member of 2*, and there may exist zero, one, or more transitions from a state on an input symbol, we

define a new transition function, 81, which defines a mapping from 2Q x 3% to 2Q. If x is written as wa, where a is the
last symbol of x and w is a string made of remaining symbols of x then:

8, (igoh, x) =8, (3, (igy}, W), a)
since 81 defines a mapping from 22 x =* to 2°.
€ -closure(d, (e-closure (g,), ¥)= P
such that P contains at least one member of F and:
e -closure(d, (e-closure (g,), x)
= e-closure (e-closure (6, (e-closure (g,), w}), a)

For example, in the NFA with [J-moves, given above, if x = 01, then to find out whether x is accepted by the automata
or not, we proceed as follows:

8, (e-closure (g,), 0) =8, (1 ¢, G21). )
=8 (g, )b (g,.0)wb(g0
= gyt YO g = gy 4
8, (e -closure (g,), 01) = &, ( e-closure (§, (& -closure (g,), 00), 1)
= &, (e-closure (ig, ¢.1), 1)
=8, (igy: 7, 1) 1)
=8(g, NV dlq, 1IVd(g, 1)
=0 g Vo

= {q,}
Therefore:

O-closure(d1 (O-closure (go), 01) = O-closure({q1}) = {q1, q2} Since g2 is a final state, x = 01 is accepted by the
automata.

Equivalence of NFA with O-Moves to NFA Without O-Moves



For every NFA with [J-moves, there exists an equivalent NFA without [1-moves that accepts the same language. To
obtain an equivalent NFA without [J-moves, given an NFA with [J-moves, what is required is an elimination of
[-transitions from a given automata. But simply eliminating the [-transitions from a given NFA with [J-moves will
change the language accepted by the automata. Hence, for every [I-transition to be eliminated, we have to add some
non-[I-transitions as substitutes in order to maintain the language's acceptance by the automata. Therefore,
transforming an NFA with [J-moves to and NFA without [J-moves involves finding the non-[-transitions that must be
added to the automata for every [-transition to be eliminated.

Consider the NFA with [J-moves shown in .

o

—Ih'i'u ', | | 92 ) 10

) — L/

Figure 2.5: Transitioning from an [1-move NFA to a non-[J-move NFA.

There are [-transitions from state qo to q1 and from state q1 to g2. To eliminate these [l-transitions, we must add a
transition on 0 from qo to q1, as well as from state qo to g2. Similarly, a transition must be added on 1 from qo to q1, as
well as from state qo to g2, because the presence of these [-transitions in a given automata makes it possible to
reach from qo to g1 on consuming only 0, and it is possible to reach from go to g2 on consuming only 0. Similarly, it is
possible to reach from qo to g1 on consuming only 1, and it is possible to reach from qo to g2 on consuming only 1. It is
also possible to reach from g1 to g2 on consuming 0 as well as 1; and therefore, a transition from q1to g2on 0 and 1 is
also required to be added. Since [ is also accepted by the given NFA [-moves, to accept [, and initial state of the
NFA without [J-moves is required to be marked as one of the final states. Therefore, by adding these
non-[I-transitions, and by making the initial state one of the final states, we get the automata shown in .

A\ 170 FC-\( 1/0

—»{ (% G ]

| 1 P

Lo
Start

Figure 2.6: Making the initial state of the NFA one of the final states.

Therefore, when transforming an NFA with [J-moves into an NFA without [J-moves, only the transitions are required
to be changed; the states are not required to be changed. But if a given NFA with gqo and [J-moves accepts [ (i.e., if
the [J-closure (qo) contains a member of F), then qo is also required to be marked as one of the final states if it is not
already a member of F. Hence:

IfM=(@Q, Z 0, qo, F) is an NFA with (J-moves, then its equivalent NFA without [J-moves will be M1 = (Q, Z, 81, qo, F1)
where 01 (g, a) = O-closure(d ( O-closure(q), a))

and

F1 =F [ (qo) if O-closure (qo) contains a member of F
F1 =F otherwise

For example, consider the following NFA with [J-moves:

M = ({dn, @, @t 10, 11, 0, Gn, lial)
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where
I 0 1 O
qo {ao} 0] {1}
a1 (0] {a1} {g2}
q2 0] {a2} 0]

Its equivalent NFA without [1-moves will be:

M[ = 'an! I"I;i‘l|l qzl 'lﬂ'r 1}1 E]r '?[lr l‘i"u- *i"g”

where
31 0 1
qo {70, 91, 92} {01, 92}
q1 0] {01, 92}
g2 (0] {a2}

Since there exists a DFA for every NFA without [1-moves, and for every NFA with [I-moves there exists an equivalent
NFA without [J-moves, we conclude that for every NFA with (J-moves there exists a DFA.

[« erevious e o
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2.5 THE NFA WITH U-MOVES TO THE DFA

There always exists a DFA equivalent to an NFA with [J-moves which can be obtained as follows:
Let M =1(Q, %, 8 g, F)be an NFA with e-moves.
A DFA equivalent to this NFA will be:

M, = (Q,, £, &,, q,, F,), where @, is a subset of 29, that is, every
state of a DFA corresponds to a subset of .

g, = €-closure(q,), and 1t 15 the initial state of the DFA. We
initially add g, to |, and then we find the transition from
¢, as follows:

8, (g,, @)= e-closure (& (subset representation of g, @))

If this transition generates a new subset of Q, then it will be added to Q1; and next time transitions from it are found,
we continue in this way until we cannot add any new states to Q1. After this, we identify those states of the DFA whose
subset representations contain at least one member of F. If [J-closure(qo) does not contain a member of F, and the set
of such states of DFA constitute F1, but if [J-closure(qo) contains a member of F, then we identify those members of
Q1 whose subset representations contain at least one member of F, or go and F1 will be set as a member of these
states.

Consider the following NFA with [J-moves:

M= (l9y, 4y, %21, 10, 11, 0, g 1451)

where
5 0 1 0
qo {ao} (0] {a1}
q1 0] {q1} {92}
qz 0] {a2} 0]

A DFA equivalent to this will be:

M| =[:{'JI|;|_'|1 I?|r '?21'1 ':qp I',TE:'. ¢1-} '":h 1:'1 ap
o @ Bty g G @) 19 @i 1)

where
o1 0 1
{90, a1, a2} {00, a1, a2} {a1, a2}
{a1, a2} 0] {a1, a2}
() ¢ ()




If we identify the subsets {qo, q1, 92}, {qo, 91, g2} and @ as A, B, and C, respectively, then the automata will be:

M, =({A, B, C}, {0,1}, &, 4, {4, B})

where
o1 0 1
A A B
B C B
C C C
EXAMPLE 2.1

Obtain a DFA equivalent to the NFA shown in .

r;Id I
Figure 2.7: Examgle 2.;]] NFA.

A DFA equivalent to NFA in will be:

0 1

{ao} {ao. q1} {ao}

{ao. a1} {qo, q1} {go. g2}
{go, 92} {go. q1} {go. g3}
{ao, 92, a3} {00, a1, a3} {ao. g3}
{go. q1, a3} {qo. a3} {q0.92, a3}
{go. qs}* {do. 91, a3} {go. g3}

where {qo} corresponds to the initial state of the automata, and the states marked as * are final states. If we rename
the states as follows:

{ao} A
{ao, a1} B
{qo, 92} C
{a0. 92, q3} D
{ao, a1, a3} E
{qo, 93} F

then the transition table will be:
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0 1
A B A
B B C
C B F
D* E F
E* F D
F* E F

EXAMPLE 2.2

Obtain a DFA equivalent to the NFA illustrated in .

i S N Y T I

. ;I iy

rar LY %, 7 % L% . : "'_.-r-'}

Figure 2.8: Examgle Zd DFA equivalent to an NFA.

A DFA equivalent to the NFA shown in will be:

0 1
{ao} {ao} {90, a1}

{ao. a1} {qo. 2} {go. q1}

{ao. a2} {ao} {g0. 91,93}
{0, a1, g3} {90, 92, 93} {90, 91,03}
{qo. 92, a3} {qo. g3} {go.q1, a3}
{go. qa}* {ao. g3} {g0. 91,93}

where {qo} corresponds to the initial state of the automata, and the states marked as * are final states. If we rename
the states as follows:

{ao} A
{qo, q1} B
{go, 92} C
{ao. g2, q3} D
{go.q1, g3} E
{go, 93} F

then the transition table will be:
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A B
B B
c E
D* E
E* E
F* E




2.6 MINIMIZATION/OPTIMIZATION OF A DFA

Minimization/optimization of a deterministic finite automata refers to detecting those states of a DFA whose presence
or absence in a DFA does not affect the language accepted by the automata. Hence, these states can be eliminated
from the automata without affecting the language accepted by the automata. Such states are:

B Unreachable States: Unreachable states of a DFA are not reachable from the initial state of DFA on any
possible input sequence.

B Dpead States: A dead state is a nonfinal state of a DFA whose transitions on every input symbol
terminates on itself. For example, q is a dead state ifq is in Q F, and &(q, a) = q for everya in 2.

B nondistinguishable States: Nondistinguishable states are those states of a DFA for which there exist no
distinguishing strings; hence, they cannot be distinguished from one another.

Therefore, optimization entails:

1. Detection of unreachable states and eliminating them from DFA,;
2. ldentification of nondistinguishable states, and merging them together; and

3. Detecting dead states and eliminating them from the DFA.

2.6.1 Algorithm to Detect Unreachable States

InputM=(@Q, Z, 8, qo, F)
Output = Set U (which is set of unreachable states)

{Let R be the set of reachable states of DFA. We take two R's, Rnew, and Rold so that we will be able to perform
iterations in the process of detecting unreachable states.}

begin
Rold =@
Rnew = {qo}
while (Rold # Rnew) do
begin
temp1 = Rnew — Rold
Rold = Rnew
temp2 =@

for every ain Z do
temp2 = temp2 (1 &( temp1, a)
Rnew = Rnew [ temp2
end
U =Q —Rnew
end

If p and q are the two states of a DFA, then p and q are said to be ‘distinguishable’ states if a distinguishing string w
exists that distinguishes p and g.

A string w is a distinguishing string for states p and q if transitions from p on w go to a nonfinal state, whereas
transitions from g on w go to a final state, or vice versa.

Therefore, to find nondistinguishable states of a DFA, we must find out whether some distinguishing string w, which
distinguishes the states, exists. If no such string exists, then the states are nondistinguishable and can be merged
together.

The technique that we use to find nondistinguishable states is the method of successive partitioning. We start with two



groups/partitions: one contains all nonfinal states, and other contains all the final state. This is because if every final
state is known to be distinguishable from a nonfinal state, then we find transitions from members of a partition on every
input symbol. If on a particular input symbol a we find that transitions from some of the members of a partition goes to
one place, whereas transitions from other members of a partition go to an other place, then we conclude that the
members whose transitions go to one place are distinguishable from members whose transitions goes to another
place. Therefore, we divide the partition in two; and we continue this partitioning until we get partitions that cannot be
partitioned further. This happens when either a partition contains only one state, or when a partition contains more

than one state, but they are not distinguishable from one another. If we get such aNe merge all of the states
!iure 2.9

of this partition into a single state. For example, consider the transition diagram in

Ciart -

E

Figure 2.9: Partitioning down to a single state.

Initially, we have two groups, as shown below:

A B CEF D
Group I Group II

Since

5(4 )= B
6(B a)y=C
5(C,a)=C
O(E, a)=E
S(FEa)y=C

Partitioning of Group | is not possible, because the transitions from all the members of Group | go only to Group I. But

5(4,b)=E
0 (5 )
o (C I

5 (£, b)
8 (F, )

1]
S o

state F is distinguishable from the rest of the members of Group |. Hence, we divide Group | into two groups: one

containing A, B, C, E, and the other containing F, as shown below:

AEBCE F 1)

Flemases T Femnsen TT Flcmaaes TTT
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Since

d(d, a)=D
§(Ba)=C
§(Ca)=C
o(E, a)=FE

partitioning of Group | is not possible, because the transitions from all the members of Group | go only to Group I. But
since

5(4, ) =E
§(B b)=F
§(CB)=F
S(E bB=E

states A and E are distinguishable from states B and C. Hence, we further divide Group | into two groups: one
containing A and E, and the other containing B and C, as shown below:

A E BC F D
Group | Group I1 Group I11 Group IV

Since

5(4,a)= B
S(Ea)=E

state A is distinguishable from state E. Hence, we divide Group | into two groups: one containing A and the other
containing E, as shown below:

A E BC F D
Group I Group Il GroupIll GrouplV GroupV

Since

§(Ba)=C
S§(Ca)=C

partitioning of Group Il is not possible, because the transitions from all the members of Group Ill on a go to group Ill
only. Similarly,

5(B b)=F
5(Ch=F

partitioning of Group Il is not possible, because the transitions from all the members of Group Ill on b also only go to
Group III.

Hence, B and C are nondistinguishable states; therefore, we merge B and C to form a single state, B1, as shown in

Fowe 21




%

Start

Figure 2.10: Merging nondistinguishable states B and C into a single state B1.

2.6.2 Algorithm for Detection of Dead States

InputM=@Q, %, 6,q0, F)
Output = Set X (which is a set of dead states) {

{
X=q
foreveryqin (Q—F) do
{
flag = true;

for every ain 2 do
if (O (g, @) #q) then
{
flag = false
break

}

if flag = true then
X=X0{q}
}
}

[« erevious e o
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2.7 EXAMPLES OF FINITE AUTOMATA CONSTRUCTION

EXAMPLE 2.3

Construct a finite automata accepting the set of all strings of zeros and ones, with at most one pair of consecutive
zeros and at most one pair of consecutive ones.

A transition diagram of the finite automata accepting the set of all string and ones, with at most one pair of
consecutive zeros and at most one pair of consecutive ones is shown in figure 2.11

®) ) RO ENE

i#[\i{.*

Figure 2.11: Transition diagram for Examgle Zd finite automata.

EXAMPLE 2.4

Construct a finite automata that will accept strings of zeros and ones that contain even numbers of zeros and odd
numbers of ones.

A transition diagram of the finite automata that accepts the set of all strings of zeros and ones that contains even
numbers of zeros and odd numbers of ones is shown in Figure 2.12.

]

Figure 2.12: Finite automata containing even number of zeros and odd number of ones.

EXAMPLE 2.5

Construct a finite automata that will accept a string of zeros and ones that contains an odd number of zeros and an
even number of ones.
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A transition diagram of finite automata accepting the set of all strings of zeros and ones that contains an odd number

of zeros and an even number of ones is shown in figure 2.13.

0

Figure 2.13: Finite automata containing odd number of zeros and even number of ones.

EXAMPLE 2.6

Construct the finite automata for accepting strings of zeros and ones that contain equal numbers of zeros and ones,
and no prefix of the string should contain two more zeros than ones or two more ones than zeros.

A transition diagram of the finite automata that will accept the set of all strings of zeros and ones, contain equal

numbers of zeros and ones, and contain no string prefixes of two more zeros than ones or two more ones than zeros
is shown in Eigure 2.14,.

—>| :K A

i
o

/}I* 1 Ih'%._ __,ff

e
I"/."{f- ""\I ."'-.I n .,I_,;’,r T
T
Start - )

A

Figure 2.14: Examgle Z.d finite automata considers the set prefix.

EXAMPLE 2.7

Construct a finite automata for accepting all possible strings of zeros and ones that do not contain 101 as a substring.

shows a transition diagram of the finite automata that accepts the strings containing 101 as a substring.
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Figure 2.15: Finite automata accepts strings containing the substring 101.

A DFA equivalent to this NFA will be:

0 1
(A} A} {A, B}

{A,B} {A,C} {A, B}

{A,C} {A} {A,B,D}
{A,B, D} {A,C,D} {A,B,D}
{A,C, D} {A, D} {A,B,D}
{A,C, Dy {A, D} {A,B,D}

Let us identify the states of this DFA using the names given below:

{A} ao
{A B} a1
{A.C} a2
{A,B,D} a3
{A.C,D} a4
{A, D} as

The transition diagram of this automata is shown in .

Figure 2.16: DFA using the names A-D and qo-5.

The complement of the automata in is shown in .
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Figure 2.17: Complement to Eigure 2.ld automata.

After minimization, we get the DFA shown in , because states g3, g4, and g5 are nondistinguishable states.
Hence, they get combined, and this combination becomes a dead state and, can be eliminated.

Figure 2.18: DFA after minimization.

EXAMPLE 2.8

Construct a finite automata that will accept those strings of decimal digits that are divisible by three (see ).

IMHH;;3:ﬁf;HMHH
f \

|

| | 14 "_E;-s';/
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Start @ 6 [' af ‘..r""f
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2/5/8 17477 \
| 15457
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Figure 2.19: Finite automata that accepts string decimals that are divisible by three.

EXAMPLE 2.9
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Figure 2.22: Complement to Eigure 2.2;] automata.

After minimization, we get the DFA shown in , because the states g3, g4, and g5 are nondistinguishable

states. Hence, they get combined, and this combination becomes a dead state that can be eliminated.

Figure 2.22

Figure 2.23: Minimization of nondistinguishable states of

EXAMPLE 2.10

Construct a finite automata that will accept those strings of a binary number that are divisible by three.

The transition diagram of this automata is shown in .

Figure 2.24: Automata that accepts binary strings that are divisible by three.
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2.8 REGULAR SETS AND REGULAR EXPRESSIONS

2.8.1 Regular Sets

A regular set is a set of strings for which there exists some finite automata that accepts that set. That is, if R is a
regular set, then R =L(M) for some finite automata M. Similarly, if M is a finite automata, then L(M) is always a regular
set.

2.8.2 Regular Expression

A regular expression is a notation to specify a regular set. Hence, for every regular expression, there exists a finite
automata that accepts the language specified by the regular expression. Similarly, for every finite automata M, there
exists a regular expression notation specifying L(M). Regular expressions and the regular sets they specify are shown
in the following table.




a regular
expression

Regular Regular Set Finite automata
expression
() {} o _,.""'. 5 HH"-.
e / Ej'ﬂxl' ( |:.I'-'El'l\ll :I
i P

Start  \ ') \

e
O {0}
EveryainZXis {a}

rp+ra2orry|r2

R1 0 R2 (WhereR1

and r2, respectively)

is a regular and R2 are regular

expression, sets corresponding to

r1 andr2, respectively)

where N1 is a finite automata acceptingR1, andN2 is a finite
automata accepting R2
rp.risa R1.R2 (WhereR1 and
regular R2 are regular sets Sta n-l . | ‘H"r] @ N!

expression, corresponding to r1

where N1 is a finite automata acceptingR1, andN2 is finite

automata accepting R2

r*is a regular
expression,

R* (whereR is a
regular set
corresponding to r)

Stamt
R

where N is a finite automata acceptingR.

Hence, we only have three regular-expression operators: | or + to denote union operations,. for concatenation
operations, and * for closure operations. The precedence of the operators in the decreasing order is: *, followed by.,
followed by | . For example, consider the following regular expression:

a. (a+ b~ bb

To construct a finite automata for this regular expression, we proceed as follows: the basic regular expressions
involved are a and b, and we start with automata for a and automata for b. Since brackets are evaluatﬁ
Figure 2.25.

initially construct the automata for a + b using the automata for a and the automata for b, as shown in |
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Figure 2.25: Transition diagram for (a +b).

ure is required next, we construct the automata for (a +b)*, using the automata for a +b, as shown in
igure 2.26.
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Figure 2.26: Transition diagram for (a + b)*.

The next atenation. We construct the automata for a. (a + b)* using the automata for (a + b)* and a, as

shown in .
>
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Figure 2.27: Transition diagram for a. (a + b)*.

Next we construct the automata for a.(a +b)*.b, as shown in .
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Figure 2.28: Automata for a.(a + b)* .b.

Finally, we construct the automata for a.(a + b)*.b.b 1 .

S — . — 1

N

-

: : f_,_:vL ,r' -.l;l-
e

Figure 2.29: Automata for a.(a + b)*.b.b.

This is an NFA with [1-moves, but an algorithm exists to transform the NFA to a DFA. So, we can obtain a DFA from

this NFA.
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2.9 OBTAINING THE REGULAR EXPRESSION FROM THE FINITE
AUTOMATA

Given a finite automata, to obtain a regular expression that specifies the regular set accepted by the given finite
automata, the following steps are necessary:

1. Associate suitable variables (e.g., A, B, C, etc.) with the states of finite automata.

2. Form a set of equations using the following rules:

a. If there exists a transition from a state associated with variable A to a state
associated with variable B on an input symbol a, then add the equation

A = aB to the set of equation.
b. If the state associated with variable A is a final state, add A = to the set of
equations.

c. If we have the two equations A = ab and A =bc, then they can be combined
asA =aB| bc.

3. Solve these equations to get the value of the variable associated with the starting state of the
automata. In order to solve these equations, it is necessary to bring the equation in the following
form:

§=aS/b

where S is a variable, and a and b are expressions that do not contain S. The solution to this equation is S =a*b.
(Here, the concatenation operator is between a* and b, and is not explicitly shown.) For example, consider the finite
automata whose transition diagram is shown in .

A
Start b 1 Ne

B

Figure 2.30: Deriving the regular expression for a regular set.
We use the names of the states of the automata as the variable names associated with the states.

The set of equations obtained by the application of the rules are:
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§=04|1B| (1
A=1S (11)
B=08 (111)

To solve these equations, we do the substitution of (1) and (1I1) in (1), to obtain:

§=015I105] e
5 = (01110)5] =
Therefore, the value of variable S comes out be:
F=(01|10)* e
= (01110) * (because € is a concatenation identity),
Therefore, the regular expression specifying the regular set accepted by the given finite automata is

(01] 10*.




2.10 LEXICAL ANALYZER DESIGN

Since the function of the lexical analyzer is to scan the source program and produce a stream of tokens as output, the
issues involved in the design of lexical analyzer are:

1. Identifying the tokens of the language for which the lexical analyzer is to be built, and to specify
these tokens by using suitable notation, and

2. Constructing a suitable recognizer for these tokens.

Therefore, the first thing that is required is to identify what the keywords are, what the operators are, and what the
delimiters are. These are the tokens of the language. After identifying the tokens of the language, we must use
suitable notation to specify these tokens. This notation, should be compact, precise, and easy to understand. Regular
expressions can be used to specify a set of strings, and a set of strings that can be specified by using
regular-expression notation is called a "regular set." The tokens of a programming language constitutes a regular set.
Hence, this regular set can be specified by using regular-expression notation. Therefore, we write regular expressions
for things like operators, keywords, and identifiers. For example, the regular expressions specifying the subset of
tokens of typical programming language are as follows:
operators = +| -| * |/ | mod]|div
keywords = iflwhile|do|then
letter = a|b|c|d|....|z|A|B|C]....|Z
digit = 0]1]2|3]4]5|6|7|8|9
identifier = letter (letter|digit)*

The advantage of using regular-expression notation for specifying tokens is that when regular expressions are used,
the recognizer for the tokens ends up being a DFA. Therefore, the next step is the construction of a DFA from the
regular expression that specifies the tokens of the language. But the DFA is a flow-chart (graphical) representation of
the lexical analyzer. Therefore, after constructing the DFA, the next step is to write a program in suitable programming
language that will simulate the DFA. This program acts as a token recognizer or lexical analyzer. Therefore, we find
that by using regular expressions for specifying the tokens, designing a lexical analyzer becomes a simple mechanical
process that involves transforming regular expressions into finite automata and generating the program for simulating
the finite automata.

Therefore, it is possible to automate the procedure of obtaining the lexical analyzer from the regular expressions and
specifying the tokens—and this is what precisely the tool LEX is used to do. LEX is a compiler-writing tool that

facilitates writing the lexical analyzer, and hence a compiler. It inputs a regular expression that specifies the token to
be recognized and generates a C program as output that acts as a lexical analyzer for the tokens specified by the
inputted regular expressions.

2.10.1 Format of the Input or Source File of LEX

The LEX source file contains two things:

1. Auxiliary definitions having the format: name = regular expression.
The purpose of the auxiliary definitions is to identify the larger regular expressions by using
suitable names.
LEX makes use of the auxiliary definitions to replace the names used for specifying the patterns
of corresponding regular expressions.

2. The translation rules having the format:
pattern {action}.
The ‘pattern’ specification is a regular expression that specifies the tokens, and ‘{action} is a program fragment written
in C to specify the action to be taken by the lexical analyzer generated by LEX when it encounters a string matching

the pattern. Normally, the action taken by the lexical analyzer is to return a pair to the parser or syntax analyzer. The
first member of the pair is a token, and the second member is the value or attribute of the token. For example, if the



token is an identifier, then the value of the token is a pointer to the symbol-table record that contains the
corresponding name of the identifier. Hence, the action taken by the lexical analyzer is to install the name in the
symbol table and return the token as an id, and to set the value of the token as a pointer to the symbol table record
where the name is installed. Consider the following sample source program:

letter [a-z,A-Z]

digit [0-9]

%%

begin { return ("BEGIN")}
end {return ("END")}

if {return ("IF")}

letter ( letter|digit)*  {install ();
return (“identifier")

}
< {return ("LT")}

<= {return ("LE")}
%%
definition of install()

In the above specification, we find that the keyword ‘begin’ can be matched against two patterns one specifying the
keyword and the other specifying identifiers. In this case, pattern-matching is done against whichever pattern comes
first in the physical order of the specification. Hence, ‘begin’ will be recognized as a keyword and not as an identifier.
Therefore, patterns that specify keywords of the language are required to be listed before a pattern-specifying
identifier; otherwise, every keyword will get recognized as identifier. A lexical analyzer generated by LEX always tries
to recognize the longest prefix of the input as a token. Hence, if < = is read, it will be recognized as a token "LE" not
"LT."




2.11 PROPERTIES OF REGULAR SETS

Since the union of two regular sets is always a regular set, regular sets are closed under the union operation. Similarly,
regular sets are closed under concatenation and closure operations, because the concatenation of a regular sets is
also a regular set, and the closure of a regular set is also a regular set.

Regular sets are also closed under the complement operation, because if L(M) is a language accepted by a finite
automata M, then the complement of L(M) is 2*— L(M). If we make all final states of M nonfinal, and we make all

nonfinal states of M final, then the automata accepts 2*— L(M);_hence, we conclude that the complement of L(M) is also
a regular set. For example, consider the transition diagram in
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Figure 2.31: Transition diagram.

The transition diagram of the complement to the automata shown in is shown in .
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Figure 2.32: Complement to transition diagram in figure 2. 3

Since the regular sets are closed under complement as well as union operations, they are closed under intersection
operations also, because intersection can be expressed in terms of both union and complement operations, as shown
below:

LI i 'LE = vl
where L1 denotes the complement of L1.

An automata for accepting L1 n L2 is required in order to simulate the moves of an automata that accepts L1 as well as
the moves of an automata that accepts L2 on the input string x. Hence, every state of the automata that accepts L1 n
L2 will be an ordered pair [p, g], where p is a state of the automata accepting L1 and q is a state of the automata
accepting L2.

Therefore, if M1 = (Q1, Z, 81, q1, F1) is an automata accepting L1, and if M2 = (Q2, Z, 82, g2, F2) is an automata
accepting L2, then the automata acceptingL1 n L2 will be: M = Q1 xQ2, Z, 8, [q1, 2], F1 x F2) where & ([p, q], a) = [01

(p, @), 82 (g, a)]. But all the members of Q1 x Q2 may not necessarily represent reachable states of M. Hence, to
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reduce the amount of work, we start with a pair [q1, g2] and find transitions on every member of 2 from [q1, g2]. If some
transitions go to a new pair, then we only generate that pair, because it will then represent a reachable state of M.

We next consider the newly generated pairs to find out the transitions from them. We continue this until no new pairs
can be generated.

Let M1 = (Q1, Z, 81, q1, F1) be a automata accepting L1, and let M2 = (Q2, Z, 2, g2, F2) be a automata accepting L2.
M=(Q, Z, 8, go, F) will be an automata accepting L1 n L2.

begin
Qold = ®
Qnew ={[q1,q2]}
While ( Qold # Qnew )

{

Temp = Qnew — Qold

Qold = Qnew

for every pair [p, g] in Temp do

for every ain Zdo
Qnew = Qnew U0 (p.q],
}
Q = Qnew
end

Consider the automatas and their transition diagrams shown in Iziqure 2.34 and i:iqure 2.34.

\:@

—_
N
[¥]
o
-—\—| i

Figure 2.33: Transition diagram of automata Mj.
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Figure 2.34: Transition diagram of automata M2.
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The transition table for the automata accepting L(M1) n L(M2) is:
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o A
[1, 1] [1, 1] [2, 4]
[2, 4] [3, 3] [4, 2]
[3, 3] [2, 2] [1, 1]
[4, 2] [1, 1] [2, 4]
[2, 2] [3, 1] [4, 4]
[3, 1] [2, 1] [1, 4]
[4, 4] [1, 3] [2, 2]
[2, 1] [3, 1] [4, 4]
[1, 4] [1, 3] [2, 2]
[1, 3] [1, 2] [2, 1]
[1, 2] [1, 1] [2, 4]

We associate the names with states of the automata obtained, as shown below:

[1,

1]

2,

4]

[3,

3]

2]

2]

1]

4]

1]

4]

. 3]

2]

The transition table of the automata using the names associated above is:

o a B
A A B
B C D
C E A
D A B
E F G
F H

G E




H G
I* E
J H
K* B




2.12 EQUIVALENCE OF TWO AUTOMATAS

Automatas M1 and M2 are said to be equivalent if they accept the same language; that is, L(M1) = L(M2). It is possible
to test whether the automatas M1 and M2 accept the same language—and hence, whether they are equivalent or not.
One method of doing this is to minimize both M1 and M2, and if the minimal state automatas obtained from M1 and M2
are identical, then Mz is equivalent to M2.

Another method to test whether or not M1 is equivalent to M2 is to find out if:

(L(M) A L(M;)) w (L(M,) ( L(M) = 6

For this, complement M2, and construct an automata that accepts both the intersection of language accepted by M1
and the complement of M2. If this automata accepts an empty set, then it means that there is no string acceptable to
M1 that is not acceptable to M2. Similarly, construct an automata that accepts the intersection of language accepted by
M2 and the complement of M1. If this automata accepts an empty set, then it means that there is no string acceptable
to M2 that is not acceptable to M1. Hence, the language accepted by M1 is same as the language accepted by M2.




Chapter 3: Context-Free Grammar and Syntax Analysis

3.1 SYNTAX ANALYSIS

In the syntax-analysis phase, a compiler verifies whether or not the tokens generated by the lexical analyzer are
grouped according to the syntactic rules of the language. If the tokens in a string are grouped according to the
language's rules of syntax, then the string of tokens generated by the lexical analyzer is accepted as a valid construct
of the language; otherwise, an error handler is called. Hence, two issues are involved when designing the
syntax-analysis phase of a compilation process:

1. Allvalid constructs of a programming language must be specified; and by using these
specifications, a valid program is formed. That is, we form a specification of what tokens the
lexical analyzer will return, and we specify in what manner these tokens are to be grouped so that
the result of the grouping will be a valid construct of the language.

2. A suitable recognizer will be designed to recognize whether a string of tokens generated by the
lexical analyzer is a valid construct or not.

Therefore, suitable notation must be used to specify the constructs of a language. The notation for the construct
specifications should be compact, precise, and easy to understand. The syntax-structure specification for the
programming language (i.e., the valid constructs of the language) uses context-free grammar (CFG), because for
certain classes of grammar, we can automatically construct an efficient parser that determines if a source program is
syntactically correct. Hence, CFG notation is required topic for study.




3.2 CONTEXT-FREE GRAMMAR

CFG notation specifies a context-free language that consists of terminals, nonterminals, a start symbol, and
productions. The terminals are nothing more than tokens of the language, used to form the language constructs.
Nonterminals are the variables that denote a set of strings. For example, S and E are nonterminals that denote
statement strings and expression strings, respectively, in a typical programming language. The nonterminals define
the sets of strings that are used to define the language generated by the grammar.

They also impose a hierarchical structure on the language, which is useful for both syntax analysis and translation.
Grammar productions specify the manner in which the terminals and string sets, defined by the nonterminals, can be
combined to form a set of strings defined by a particular nonterminal. For example, consider the production S — aSh.
This production specifies that the set of strings defined by the nonterminal S are obtained by concatenating terminal a
with any string belonging to the set of strings defined by nonterminal S, and then with terminal b. Each production
consists of a nonterminal on the left-hand side, and a string of terminals and nonterminals on the right-hand side. The
left-hand side of a production is separated from the right-hand side using the " - " symbol, which is used to identify a
relation on a set (V O T)*.

Therefore context-free grammar is a four-tuple denoted as:

G=(KTES)

where:
1. Vs afinite set of symbols called as nonterminals or variables,
2. Tis aset a symbols that are called as terminals,
3. P s a set of productions, and
4. Sis a member of V, called as start symbol.
For example:

G= ({5}, {a, b}, P, 5)where P contains:
P= [ § = asa,
5 — bsh,

§oe
H

3.2.1 Derivation

Derivation refers to replacing an instance of a given string's nonterminal, by the right-hand side of the production rule,
whose left-hand side contains the nonterminal to be replaced. Derivation produces a new string from a given string;
therefore, derivation can be used repeatedly to obtain a new string from a given string. If the string obtained as a result
of the derivation contains only terminal symbols, then no further derivations are possible. For example, consider the
following grammar for a string S:

G= ({5}, la, b}, P, 3)
where P contains the following productions:

P= {1 §— ala,
S — hSh,



e e I =

It is possible to replace the nonterminal S by a string aSa. Therefore, we obtain aSa from S by deriving S to aSa. It is
possible to replace S inaSa by [, to obtain a string aa, which cannot be further derived.

If a1 and a2 are the two strings, and if a2 can be obtained from a1, then we say a1 is related to a2 by "derives to
relation,” which is denoted by " - ". Hence, we write a1 — 02, which translates to: a1 derives to a2. The symbol -

denotes a derive to relation that relates the two strings a1 and a2 such thata? is a direct derivative of a1 (if a2 can be
+.
obtained from a1 by a derivation of only one step). Therefore, =* will denote the transitive closure of derives to

relation, and if we have the two strings a1 and a2 such that a2 can be obtained from a1 by derivation, but a2 may not
+.
be a direct derivative of 01, then we write a1 =—* a2, which translates to: a1 derives to a2 through one or more

derivations.

o
Similarly, =* denotes the reflexive transitive closure of derives to relation; and if we have two strings a1 and o2 such

that a1 derives to a2 in zero, one, or more derivations, then we write a1 =#* a2. For example, in the grammar above,

we find that S — aSa — abSba — abba. Therefore, we can write S = abba.

The language defined by a CFG is nothing but the set of strings of terminals that, in the case of the string S, can be
generated from S as a result of derivations using productions of the grammar. Hence, they are defined as the set of
those strings of terminals that are derivable from the grammar's start symbol. Therefore, ifG =(V, T, P, S) is a
grammar, then the language by the grammar is denoted as L(G) and defined as:

L =jw|wismT™and § - o}
The above grammar can generate the string [J, aa, bb, abba, ..., but not aba.

3.2.2 Standard Notation

1. The capital letters toward the start of the alphabet are used to denote nonterminals (e.g., A, B, C,
etc.).

2. Lowercase letters toward the start of the alphabet are used to denote terminals (e.g., a, b, c, etc.).
3. Sis used to denote the start symbol.

4. Lowercase letters toward the end of the alphabet (e.g., u, v, w, etc.) are used to denote strings of
terminals.

5. The symbols a, B, Y, and so forth are used to denote strings of terminals as well as strings of
nonterminals.

6. The capital letters toward the end of alphabet (e.g., X, Y, and Z) are used to denote grammar
symbols, and they may be terminals or nonterminals.

The benefit of using these notations is that it is not required to explicitly specify all four grammar components. A
grammar can be specified by only giving the list of productions; and from this list, we can easily get information about
the terminals, nonterminals, and start symbols of the grammar.

3.2.3 Derivation Tree or Parse Tree

When deriving a string w from S, if every derivation is considered to be a step in the tree construction, then we get the
graphical display of the derivation of string w as a tree. This is called a "derivation tree" or a "parse tree" of string w.
Therefore, a derivation tree or parse tree is the display of the derivations as a tree. Note that a tree is a derivation tree
if it satisfies the following requirements:

1. All the leaf nodes of the tree are labeled by terminals of the grammar.



2. The root node of the tree is labeled by the start symbol of the grammar.
3. The interior nodes are labeled by the nonterminals.

4. |If an interior node has a label A, and it has n descendents with labels X1, X2, ..., Xn from left to

right, then the production rule A - X1 X2X3...... Xn must exist in the grammar.

For example, consider a grammar whose list of productions is:

E-E+E
E— E*E
EF—ud
The tree shown in is a derivation tree for a string id + id * id.

Figure 3.1: Derivation tree for the string id + id * id.

Given a parse (derivation) tree, a string whose derivation is represented by the given tree is one obtained by
concatenating the labels of the leaf nodes of the parse tree in a left-to-right order.

Consider the parse tree shown in . A string whose derivation is represented by this parse tree is abba.
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Figure 3.2: Parse tree resulting from leaf-node concatenation.

Since a parse tree displays derivations as a tree, given a grammar G = (V, T, P, S) for every win T *, and which is
derivable from S, there exists a parse tree displaying the derivation of w as a tree. Therefore, we can define the
language generated by the grammar as:

HG)={w| wisin T* and there exists at least
one parse tree for w |

For some w in L(G), there may exist more than one parse tree. That means that more than one way may exist to
derive w from S, using the productions of the grammar. For example, consider a grammar having the productions
listed below:

F—=FE+FE
FSFE*FE
E—id

We find that for a string id + id* id, there exists more than one parse tree, as shown in .
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Figure 3.3: Multiple parse trees.

i

If more than one parse tree exists for some w in L(G), then G is said to be an "ambiguous" grammar. Therefore, the

grammar having the productions E - E +E | E * E | id is an ambiguous grammar, because there exists more than one
parse tree for the string id + id * id in L(G) of this grammar.

Consider a grammar having the following productions:

S —=aShS | bSaS | €

This gram i 0 an ambiguous grammar, because more than one parse tree exists for a string abab in L(G), as
shown in Eigure 3.4.
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Figure 3.4: Ambiguous grammar parse trees.

The parse tree construction process is such that the order in which the nonterminals are considered for replacement
does not matter. That is, given a string w, the parse tree for that string (if it exists) can be constructed by considering
the nonterminals for derivation in any order. The two specific orders of derivation, which are important from the point of
view of parsing, are:

1. Left-most order of derivation
2. Right-most order of derivation

The left-most order of derivation is that order of derivation in which a left-most nonterminal is considered first for
derivation at every stage in the derivation process. For example, one of the left-most orders of derivation for a string id
+id *id is:

E-E+E—-»uWd+E—id+ E"E —id + id"E — id + id*id

In a right-most order of derivation, the right-most nonterminal is considered first. For example, one of the right-most
orders of derivation for id + id* id is:

E-E+E—E+ E*E— E+ E*id - E+id*id — id + id*id

The parse tree generated by using the left-most order of derivation of id + id*id and the parse tree generated by using
the right-most order of derivation of id + id*id are the same; hence, these orders are equivalent. A parse tree
generated using these orders is shown in figure 3.5.
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Figure 3.5: Parse tree generated by using both the right- and left-most derivation orders.

Another left-most order of derivation of id + id* id is given below:
E-EFE-E+FEFE-aid+E*E—-id+d*E —id +1d*1d
And here is another right-most order of derivation of id + id*id:
ESEEsEid—= E+E*id—=E+id*id —id + id* id

The parse tree generated by using the left-most order of derivation of id + id* id and the parse tree generated using the
right-most order of derivation of id + id* id are the same. Hence, these orders are equivalent. A parse tree generated
using these orders is shown in Eigure 3.6.
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Figure 3.6: Parse tree generated from both the left- and right-most orders of derivation.

Therefore, we conclude that for every left-most order of derivation of a string w, there exists an equivalent right-most
order of derivation of w, generating the same parse tree.

Note If a grammar G is unambiguous, then for everyw in L(G), there exists exactly one parse tree. Hence, there exists
exactly one left-most order of derivation and (equivalently) one right-most order of derivation for every w in L(G).
But if grammar G is ambiguous, then for somew in L(G), there exists more than one parse tree. Therefore, there
is more than one left-most order of derivation; and equivalently, there is more than one right-most order of
derivation.

3.2.4 Reduction of Grammar

Reduction of a grammar refers to the identification of those grammar symbols (called "useless grammar symbols"),
and hence those productions, that do not play any role in the derivation of any w in L(G), and which we eliminate from
the grammar. This has no effect on the language generated by the grammar. For example, a grammar symbol X is
useful if and only if:

1. It derives to a string of terminals, and
2. ltis used in the derivation of at least one w in L(G).

Thus, X is useful if and only if:

1. X =*w, where wisin T *, and

2. S =¥ aXp =+ winL(G).

Therefore, reduction of a given grammar G, involves:

1. Identification of those grammar symbols that are not capable of deriving to a win T * and
eliminating them from the grammar; and

2. ldentification of those grammar symbols that are not used in any derivation and eliminating them
from the grammar.

When identifying the grammar symbols that do not derive a win T *, only nonterminals need be tested, because every
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terminal member of T will also be in T *; and by default, they satisfy the first condition. A simple, iterative algorithm can
be used to identify those nonterminals that do not derive to w in T *: we start with those productions that are of the form
A - wthat is, those productions whose right side isw in T *. We mark as nonterminal every A on the left side of every
production that is capable of deriving to w in T *, and then we consider every production of the form A - X1 X2... Xp,
where A is not yet marked. If every X, (for 1<=i <=n) is either a terminal or a nonterminal that is already marked, then
we mark A (nonterminal on the left side of the production).

We repeat this process until no new nonterminals can be marked. The nonterminals that are not marked are those not
deriving to w in T *. After identifying the nonterminals that do not derive to w in T *, we eliminate all productions
containing these nonterminals in order to obtain a grammar that does not contain any nonterminals that do not derive
in T *. The algorithm for identifying as well as eliminating the nonterminals that do not derive tow in T * is given below:

Input: G=(V,T,P,S)

Output:  G1=(V1,T,P1S)
{ where V1 is the set of nonterminals deriving tav in T *, we maintainV1 old and V1 new to continue
iterations, and P1 is the set of productions that do not contain nonterminals that do not derive tar in T

*}

Let U be the set of nonterminals that are not capable of deriving tow in T *.
Then,
begin
Viold=@
V1new=@
for every production of the form A — w do
Vinew=V1newd{A}
while (V1 old # V1 new) do
begin
temp =V — V1 new

V1 old = V1 new
For every A in temp do
for every A-production of the form A — X1 X2 ... Xnin P do
if each Xi is either in T or in V1 old, then
begin
V1new=V1new{A}
break;
end
end
V1=V1new
Uu=Vv-Vi
for every production in P do
if it does not contain a member of U then
add the production to P1
end

If S is itself a useless nonterminal, then the reduced grammar is a ‘null’ grammar.

When identifying the grammar symbols that are not used in the derivation of any w in L(G), terminals as well as
nonterminals must be tested. A simple, iterative algorithm can be used to identify those grammar symbols that are not
used in the derivation of any w in L(G): we start with S-productions and mark every grammar symbol X on the right
side of every S-production. We then consider every production of the form A —» X1 X2...Xn, where A is an
already-marked nonterminal; and we mark every X on the right side of these productions. We repeat this process until
no new nonterminals can be marked. We do not mark any terminals or nonterminals not used in the derivation of any
w in L(G). After identifying the terminals and nonterminals not used in the derivation of any w in L(G), we eliminate all
productions containing them; thus, we obtain a grammar that does not contain any useless symbols-hence, a reduced
grammar.



The algorithm for identifying as well as eliminating grammar symbols that are not used in the derivation of any w in
L(G) is given below:

Input: G1=(V1,T,P1S)
{ The grammar obtained after elimination of the nonterminals not deriving tevin T * }

Output:  G2=(V2,T2,P2,S)
{ where V2 is the set of nonterminals used in derivation of somev in L(G), and T2 is set of terminals
used in the derivation of some w in L(G), andP2 is set of productions containing the members o¥/2
and T2 only. We maintainV2 old and V2 new to continue iterations }

begin
T2=0
V2 old=0@
P2=@
V2new={S}
While (V2 old # V2 new) do
begin
temp = V2 new - V2 old
V2 old = V2 new for every A in temp do
for every A-production of the form A — X1 X2 ... Xnin P1 do
for each Xj (1 <=i<=n) do
begin
if (Xj is in V2 old) then
V2 new = V2 new O { Xi }
if (X1isin T) then
T2=T20{Xi}
end
V2 =V2 new
temp1=V1-V2
temp2=T1—T2
for every production in P1 do add the production to P2 if it does
not contain a member of tempy as well as temp?2
G2=(V2,T2,P2,S)
end
end

EXAMPLE 3.1

Find the reduced grammar equivalent to CFG

G=({SABClabd 5P

where P contains

S—= AC | SB
A— bASC | a
B—alB | bbC
C— Be| ad

Since the productions A —» a and C — ad exist in form A — w, nonterminals A and C are derivable tow in T *, The
production S — AC also exists, the right side of which contains the nonterminals A and C, which are derivable tow in T
*, Hence, S is also derivable tow in T *. But since the right side of both of the B-productions contain B, the nonterminal
B is not derivable tow in T *.



Hence, B can be eliminated from the grammar, and the following grammar is obtained:
G, = (5. 4,C) {a,b,d} S, P)

where P1 contains

S AC
A= bASC | a
C = ad

Since the right side of the S-production of this grammar contains the nonterminals A and C, A and C will be used in the
derivation of some w in L(G). Similarly, the right side of the A-production contains bASC and a; hence, the terminals a
and b will be used. The right side of the C-production contains ad, so terminal d will also be useful. Therefore, every
terminal, as well as the nonterminal in G1, is useful. So the reduced grammar is:

G,=(15,4,C} {a, b, d} 5, P)
where P1 contains

S = AC
A— bASC | a
= ad

3.2.5 Useless Grammar Symbols
A grammar symbol is a useless grammar symbol if it does not satisfy either of the following conditions:

Xw, where wisin T*
SoAPw wisin L(G)

That is, a grammar symbol X is useless if it does not derive to terminal strings. And even if it does derive to a string of
terminals, X is a useless grammar symbol if it does not occur in a derivation sequence of any w in L(G). For example,
consider the following grammatr:

S—=aB | bX

A— BAd | bSX | ¢

B — aSB | BBX

X > 5BD | aBx | ad
First, we find those nonterminals that do not derive to the string of terminals so that they can be separated out. The
nonterminals A and X directly derive to the string of terminals because the production A - g and X — ad existin a
grammar. There also exists a production S — bX, where b is a terminal and X is a nonterminal, which is already known
to derive to a string of terminals. Therefore, S also derives to string of terminals, and the nonterminals that are capable

of deriving to a string of terminals are: S, A, and X. B ends up being a useless nonterminal; and therefore, the
productions containing B can be eliminated from the given grammar to obtain the grammar given below:

S —bX
A—=b8X1g
X = ad

We next find in the grammar obtained those terminals and nonterminals that occur in the derivation sequence of some
w in L(G). Since every derivation sequence starts with S, S will always occur in the derivation sequence of every w in
L(G). We then consider those productions whose left-hand side is S, such as S — bX, since the right side of this



production contains a terminal b and a nonterminal X. We conclude that the terminal b will occur in the derivation
sequence, and a nonterminal X will also occur in the derivation sequence. Therefore, we next consider those
productions whose left-hand side is a nonterminal X. The production is X — ad. Since the right side of this production
contains terminals a and d, these terminals will occur in the derivation sequence. But since no new nonterminal is
found, we conclude that the nonterminals S and X, and the terminals a, b, and d are the grammar symbols that can
occur in the derivation sequence. Therefore, we conclude that the nonterminal A will be a useless nonterminal, even
though it derives to the string of terminals. So we eliminate the productions containing A to obtain a reduced grammar,
given below:

§—= bX
X = ad

EXAMPLE 3.2

Consider the following grammar, and obtain an equivalent grammar containing no useless grammar symbols.

A— oz | Xyzz
X Xz | xYx
Y= v¥y | AL
L2224y | z

Since A - xyz and Z - z are the productions of the form A — w, where wis in T *, nonterminals A and Z are capable
of deriving to w in T *. There are two X-productions: X — Xz and X — xYx. The right side of these productions contain
nonterminals X and Y, respectively. Similarly, there are two Y-productions: Y - yYyandY — XZ. The right side of
these productions contain nonterminals Y and X, respectively. Hence, both X and Y are not capable of deriving tow in
T *. Therefore, by eliminating the productions containing X and Y, we get:

A — xpz
Z—Zy| z

Since A is a start symbol, it will always be used in the derivation of everyw in L(G). And since A - xyz is a production
in the grammar, the terminals x, y, and z will also be used in the derivation. But no nonterminal Z occurs on the right
side of the A-production, so Z will not be used in the derivation of any w in L(G). Hence, by eliminating the productions
containing nonterminal Z, we get:

A = xyz
which is a grammar containing no useless grammar symbols.

EXAMPLE 3.3

Find the reduced grammar that is equivalent to the CFG given below:

S—=aC | SB
A — bSCa

B = aSB | bBC
C— aBC | ad

Since C - ad is the production of the form A - w, where wis in T *, nonterminal C is capable of deriving tow in T *.
The production S — aC contains a terminal a on the right side as well as a nonterminal C that is known to be capable



of derivingtow in T *.

Hence, nonterminal S is also capable of deriving to w in T *. The right side of the production A — bSCa contains the
nonterminals S and C, which are known to be capable of deriving to win T *. Hence, nonterminal A is also capable of
deriving tow in T *. There are two B-productions: B — aSB and B — bBC. The right side of these productions contain
the nonterminals S, B, and C; and even though S and C are known to be capable of deriving to w in T *, nonterminal B
is not. Hence, by eliminating the productions containing B, we get:

S alC
A = b5Ca
O = ad

Since S is a start symbol, it will always be used in the derivation of everyw in L(G). And since S — aC is a production
in the grammar, terminal a as well as nonterminal C will also be used in the derivation. But since a nonterminal C
occurs on the right side of the S-production, and C - ad is a production, terminal d will be used along with terminal a
in the derivation. A nonterminal A, though, occurs nowhere in the right side of either the S-production or the
C-production; it will not be used in the derivation of any w in L(G). Hence, by eliminating the productions containing
nonterminal A, we get:

§—=al
C— ad
which is a reduced grammar equivalent to the given grammar, but it contains no useless grammar symbols.

EXAMPLE 3.4

Find the useless symbols in the following grammar, and modify the grammar so that it has no useless symbols.

S—=0] A
A— AB
B—=1

Since S - 0 and B - 1 are productions of the form A — w, where wis in T *, the nonterminals S and B are capable of
deriving to w in T *. The production A - AB contains the nonterminals A and B on the right side; and even though B is
known to be capable of deriving to w in T *, nonterminal A is not capable of deriving to win T *. Therefore, by
eliminating the productions containing A, we get:

§—=0
81

Since S is a start symbol, it will always be used in the derivation of any w in L(G). And because S - 0 is a production
in the grammar, terminal O will also be used in the derivation. But nonterminal B does not occur anywhere in the right
side of the S-production, it will not be used in the derivation of any w in L(G). Hence, by eliminating the productions
containing nonterminal B, we get:

§5=0
which is a grammar equivalent to the given grammar and contains no useless grammar symbols.

EXAMPLE 3.5

Find the useless symbols in the following grammar, and modify the grammar to obtain one that has no useless
symbols.

S—=AB| CA



Caal| b




end

EXAMPLE 3.6

Consider the following grammar and identify the nullable nonterminals.

§—= ACB | CbB | Ba
A—da| BC
B—gC| e
C—ha| €

By applying the above algorithm, the results after each iteration are shown below:
Initially:

N, =6

Lul

Nnnv =0

After the first execution of the for loop:
de =0
Niew = 18 C}

After the first iteration of the while loop:

Nu= 18C}
Ny ={BC A

After the second iteration of the while loop:

Np =1 BC A, S

After the third iteration of the while loop:

Ny= {BCAS)
Ny =1 BCAS)

Therefore, N={S, A, B, C}; and hence, all the nonterminals of the grammar are nullable.

3.2.7 Eliminating O-Productions

Given a grammar G that contains [J-productions, if L(G) does not contain [, then it is possible to eliminate all
U-productions in the given grammar G. Whereas, if L(G) contains [, then elimination of all U-productions from G
gives a grammar G in which L(G1) = L(G) - { O }. To eliminate the [J-productions from a grammar, we use the
following technique.

If A » [is an O-production to be eliminated, then we look for all those productions in the grammar whose right side
contains A, and we replace each occurrence of A in these productions. Thus, we obtain the non-[-productions to be
added to the grammar so that the language's generation remains the same. For example, consider the following
grammar:

S = ad



A—=58]e

To eliminate A — [ form the above grammar, we replace A on the right side of the production S — aA and obtain a
non--production, S - a, which is added to the grammar as a substitute in order to keep the language generated by
the grammar the same. Therefore, the [I-free grammar equivalent to the given grammar is:

S—=ad|a
A= b

EXAMPLE 3.7

Consider the following grammar, and eliminate all the [J-productions from the grammar without changing the language
generated by the grammar.

S5 — ABAC

A—ad| e
B—=88| €
C—c

To eliminate A — [ from this grammar, the non-[J-productions to be added are obtained as follows: the list of the
productions containing A on the right-hand side is:

S = ABAC
A= ad

Replace each occurrence of A in each of these productions in order to obtain the non--productions to be added to
the grammar. The list of these productions is:

5= BAC | ABC | BC

A=—a
Add these productions to the grammar, and eliminate A — [ from the grammar. This gives us the following grammar:

S = ABAC | BAC | ABC | BC

A—ad| a
B—bB| e
C—=¢

To eliminate B — [J from the grammar, the non-{J-productions to be added are obtained as follows. The productions
containing B on the right-hand side are:

8§ — ABAC | BAC | ABC | BC
B—= b8

Replace each occurrence of B in these productions in order to obtain the non--productions to be added to the
grammar. The list of these productions is:

S — AAC
S = AC



B e

B—=b
Add these productions to the grammar, and eliminate A — [ from the grammar in order to obtain the following:

S ABAC | BAC | ABC | BC | 4AC| AC | C

A—ad| a

B=bB| b

C—c
EXAMPLE 3.8

Consider the following grammar and eliminate all the O-productions without changing the language generated by the
grammar.

& — Aad
A—= 5| BOC |
C— OC | abb

To eliminate A — [ from the grammar, the non-lJ-productions to be added are obtained as follows: the list of
productions containing A on right is:

5= dad

Replace each occurrence of A in this production to obtain the non-[J-productions to be added to the grammar. This
are:

Soad | da| a

Add these productions to the grammar, and eliminate A — [ from the grammar to obtain the following:

S—odad |ad | Aa| a
A —= 56| 6CC
C— CC | abb

3.2.8 Eliminating Unit Productions

A production of the form A - B, where A and B are both nonterminals, is called a "unit production”. Unit productions in
the grammar increase the cost of derivations. The following algorithm can be used to eliminate unit productions from
the grammar:

While there exist a unit production A — B in the grammar do
{

select a unit production A — B such that there exists
at least one nonunit production

B - a
for every nonunit production B — O do
add production A — d to the grammar

eliminate A - B from the grammar

EXAMPLE 3.9

Given the grammar shown below, eliminate all the unit productions from the grammar.






grammar by replacing A — Ad | 3 with the productionsA — B and B - of3 | O . In general, if a grammar contain
productions:

A= Aw, | Aoy | ... | Ao, | B I By | ... | B,

then the left-recursion can be eliminated by adding the following productions in place of the ones above.

A—PBBI|BBI| ... |BB
BoowB|lo,B| .. | B|e

EXAMPLE 3.10

Consider the following grammar:

§ — aBDh
B—=Bb|c
D — EF
E—oygle
F—=f|e

The grammar is left-recursive because it contains a pair of productions, B — Bb | c. To eliminate the left-recursion from
the grammar, replace this pair of productions with the following productions:

B=eC
C— bl e
Therefore, the grammar that we get after the elimination of left-recursion is:
8§ — aBDH
B—eC
C—=bC | e
L — EF
Eopgle
F—=Jle

EXAMPLE 3.11

Consider the following grammar:

§—= 4
A—-Ad| Ae | aB | aC
B—+hBC| f

C—g

The grammar is left-recursive because it contains the productions A — Ad| Ae | aB | aC. To eliminate the left-recursion
from the grammar, replace these productions by the following productions:

A— aBD | aCD



DadD| el &

Therefore, the resulting grammar after the elimination of left-recursion is:

S—= 4
A—aBD | aCD
DadD) el |
B=0Bc| f
C—=y

EXAMPLE 3.12

Consider the following grammar:

S—o(L)]| a
L1 585|858

The grammar is left-recursive because it contains the productionsL — L, S | S. To eliminate the left-recursion from the
grammar, replace these productions by the following productions:

L — 854
A—> 84 | e
Therefore, after the elimination of left-recursion, we get:
S=(L)|a
L — 54
A5 854 | €




3.3 REGULAR GRAMMAR

Regular grammar is a context-free grammar in which every production is restricted to one of the following forms:

1. A- aB, or
2. A - w, where A and B are the nonterminals, a is a terminal symbol, andwisin T *.

The [-productions are permitted as a special case when L(G) contains [J. This grammar is called "regular grammar,"
because if the format of every production in CFG is restricted to A - aBor A - a, then the grammar can specify only
regular sets. Hence, a finite automata exists that accepts L(G), if G is regular grammar. Given a regular grammar G, a
finite automata accepting L(G) can be obtained as follows:

1. The number of states of the automata will be equal to the number of nonterminals of the grammar
plus one; that is, there will be a state corresponding to every nonterminal of the grammar. And one
more state will be there, which will be the final state of the automata. The state corresponding to
the start symbol of the grammar will be the initial state of the automata. If L(G) contains [, then
make the start state also the final state.

2. The transitions in the automata can be obtained as follows:

for every production A —» aB do
make 8 (A, a) =B
for every production of the form A - a do

make & (A, @) = final state

EXAMPLE 3.13

Consider the regular grammar shown below and the transition diagram of the automata, shown in , that
accepts the language generated by the grammar.

S04 1181011
A—05| 1B 1
B 50418

Start
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Start

S—=0511411
A—-=04 114101
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Figure 3.9: Non-deterministic automata.

This is a non-determjnisti ata. Its deterministic equivalent can be obtained as follows, and the transition
diagram is shown in Figure 3.10.

0 1
15} 15} {4, C)
*(A4,C}) {4,C) {4,C}

U

Figure 3.10: Transition diagram for deterministic automata equivalent shown in Ifigure Sé.

Given a finite automata M, a regular grammar G that generates L(M) can be obtained as follows:
1. Associate suitable variables like A, B, C, etc, with the states of the automata. The labels of the

states can also be used as variable names.

2. Obtain the productions of the grammar as follows. If & (A, a) = B, then add a production A — aBto

the list of productions of the grammar. If B is a final state, then add either A - a orB - [, to the
grammar's list of productions.

3. The variable associated with the initial state of the automata is the start symbol of the grammar.

For example consider the automata shown in .
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E——
Start

Figure 3.11: Regular-grammar automata.

The regular grammar that generates the language accepted by the automata shown in will have the
following productions:

A—=08 | 1C| €
B—14
C—-04

or

A=08|1C
B-1411
€ 5040

where A is the start symbol. Both the grammars are same, but the first one contains U-productions, whereas the
second is U-free.

EXAMPLE 3.14

Find out whether the following grammar generates the same language.

G
A—=08 | 1E
B—=o04 | 1F | e
C—0C ) 14
D04 1D | e
E—0C14
F—=04 118 e
where 4 15 a start symbol
G2:

A—=0Y 0] 12
Y—=0X|1¥] 1
Z—=0Z2| 11X

where X is a start symbol
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Since the grammars G1 and G2 are the regular grammars, L(G1) = L(G2) if the minimal state automata accepting

L(G1), and the minimal state automata accepting L(G2) are identical. The transition diagram of the automata accepting

L(G1) is shown in .

Vol
\)

Figure 3.12: Transition diagram of automata that accepts L(G1).

The automata is deterministic. Hence, to minimize, it we proceed as follows. Since sta AN unreachable state,
eliminate it first. So, after eliminating state D, we get the transition diagram shown in .

Figure 3.13: Transition diagram of automata after removal of state D.

We then identify the nondistinguishable states of the automata shown in , as follows. Initially, we have two
groups:

A4 EC B F
Group [ Group II

Since

6(4,0)=8

Rl Dh —
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wr ‘l.""l' l.i_, -
6(C0)=C

state B is distinguishable from rest of the members of Group I. Hence, we divide Group | into two groups—one
containing A, and other containing E and C, as shown below:

A EC B F

Group | Group 11 Group II1
Since

S(E,0)=C

s(CO=C

partitioning of Group Il is not possible, because the transitions from all the members of Group Il only go to Group Il
Similarly:

S(E 1)= A
§(C1)=4

Partitioning of Group Il is not possible, because the transitions from all the members of Group Il only go to Group I. And
since:

5(B,0)= A
S(F0)=4

partitioning of Group lll is not possible, because the transitions from all the members of Group Ill only go to Group I.
Similarly:

S(B 1)=F
G(F 1)=8

Partitioning of Group Il is not possible, because the transitions from all the members of Group IIl only go to Group 11

Hence, states E and C are nondistinguishable states. States B and F are also nondistinguishable states,_Therefore, if
we merge E and C to form a state E1, and we merge B and F to form B1, we get the automata shown in .

Figure 3.14: Transition diagram for the automata that results from merged states.
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Since no dead states exist in the automata shown in , it is a minimal state automata that accepts L(G1).
The transition diagram of the non-deterministic automata that accepts L(G2) is shown in .

Figure 3.15: Non-deterministic automata that accepts L(G2).

Its equivalent deterministic automata is as follows, and the transition diagram is shown in .

0 1
{X} {Y,F} {z}
Y, F} {X} {Y,F}

{z} {z} {X}
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Figure 3.16: Transition diagram of the equivalent deterministic automata for Eigure 3.1§.

This automata does not contain unreachable, nondistinguishable states or dead states. Hence, it is a minimal state
automata accepting L(G2), and since it is identical to the minimal state automata accepting L(G1), L(G2) = L(G2); and
therefore, G1 and G2 generate the same language.

Obtaining a Regular Expression from the Regular Grammar

Given a regular grammar G, a regular expression that specifies L(G) can be directly obtained as follows:

1. Replace the " -" symbols in the grammar's productions with "=" symbols to get a set of equations.

2. Solve the set of equations obtained above to obtain the value of the variable S, where S is the
start symbol of the grammar. The result is the regular expression specifying L(G).

For example consider the following regular grammar:
§—=0410]| 18
A—=141|1
B—-08]15

3. Replacing the " " symbol in the productions of the grammar with the "=" symbol, we get the
following set of equations:

§=04|01|18 (1)
A=1411 iy
B=08|15 (1LD)

From equation (Ill) we get:
&=0%15

because equation () is of the form A =aA | b, where a and b are the expressions that do not contain variable A, and
the solution of this is A =a*b. Similarly, from equation (ll) we get:

A=1%
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Substituting the values of A in (I) gives:

S=01*1 10| 10*1§
S=(10*1)8 | (O1*1 | O}
Therefore, § = (10*)*(01*1 | 0).

Hence, the required regular expression is:

(10*1)*(01*1 | 0

[ rrevious e



3.4 RIGHT LINEAR AND LEFT LINEAR GRAMMAR

3.4.1 Right Linear Grammar

Right linear grammar is a context-free grammar in which every production is restricted to one of the following forms:

1. A->wB
2. A - w, where A and B are the nonterminals, and wisin T *

Since wis in T *, w can also be a single terminal; hence, every regular grammar, by default, satisfies this requirement
of a right linear grammar. Therefore every regular grammar is a right linear grammar. Similarly, when | w | > 1,
productions containing w on the right side can be split into more than one production. Each contains only one terminal
and only one nonterminal on the right side by using additional nonterminals, because w can be written as ay, where a
is the first terminal symbol of w and y is string made of the remaining symbols of w. Therefore, a production A - wB
can be split into the productions A - aB1 and B1 — yB without affecting the language generated by the grammar. The
production B1 — yB can be further split in a similar manner. And this can continue until | y | becomes one. A production
A - w can also be split into the productions A — aB1 and B1 — y without affecting the language generated by the
grammar. The production B1 — y can be further split in a similar manner, and this can continue until | y | becomes one,
bringing the productions into the form required by the regular grammar. Therefore, we conclude that every right linear
grammar can be rewritten in such a manner; every production of the grammar will satisfy the requirement of the
regular grammar. For example, consider the following grammar:

S = agal | ab
B—hB | bh

The grammar is a right linear grammar; the production S — aaB can be split into the productions S - aC and C - aB
without affecting what is derived from S. Similarly, the production S — ab can be split into the productions S — ab and
D - a. The production B — bb can also be split into the productions B — bE and E — b. Therefore, the above
grammar can be rewritten as:

S—=al
C—alB
S —=al
D—a
B — bB
B = bE
E—=b

which is a regular grammar.

3.4.2 Left Linear Grammar

Left linear grammar is a context-free grammar in which every production is restricted to one of the following forms:
1. A - Bw
2. A - w, where A and B are the nonterminals, and wisin T *

For every left linear grammar, there exists an equivalent right linear grammar that generates the same language, and
vice versa. Hence, we conclude that every linear grammar (left or right) is a regular grammar. Given a right linear



grammar, an equivalent left linear grammar can be obtained as follows:

1. Obtain a regular expression for the language generated by the given grammar.
2. Reverse the regular expression obtained in step 1, above.
3. Obtain the regular, right linear grammar for the regular expression obtained in step 2.

4. Reverse the right side of every production of the grammar obtained in step 3. The resulting
grammar will be an equivalent left linear grammar.

For example consider the right linear grammar given below:

S5=0l8|0
B 18] 11

The regular expression for the above grammar is obtained as follows. Replace the — by = in the above productions
to obtain the equations:

§S=01810 ()
B=1B1 11 (1)
Solving equation (Il) gives:
8= 1*11)
By substituting the value of B in (1), we get:

5=011*11 1 0
Therefore, the required regular expression is:
(O11%11 | 0}
And the reverse regular expression is:
(0 | 111*10)

The finite automata accepting the language specified by the above regular expression is shown in .

Figure 3.17: Finite automata accepting the right linear grammar for a regular expression.
Therefore, the right linear grammar that generates the language accepted by the automata in is:

S=1410C|0
A—= 1B

o o A o
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B— 11| 18
D—=0C]10

Since C is not useful, eliminating C gives:

S—=1410
A— 1B
B8—=1D| 1B
D=0

which can be further simplified by replacing D inB — 1D, using D - 0O to give:

5=1410

A—= 1B
B—10] 18
Reversing the right side of the productions yields:
S—= AL 0
A— Bl
A—=01] R |

which is the equivalent left linear grammar. So, given a left linear grammar, an equivalent right linear grammar can be
obtained as follows:

1. Reverse the right side of every production of the given grammar.

2. Obtain a regular expression for the language generated by the grammar obtained in step 1,
above.

3. Reverse the regular expression obtained in the step 2.
4. Obtain the regular, right linear grammar for the regular expression obtained in the step 3.

The resulting grammar will be an equivalent left linear grammar. For example, consider the following left linear
grammar:

85— Sab | Aa
A — Abb | b

Reversing the right side of the productions gives us:

S = baf | ad
A= bbd | bb

The regular expression that specifies the language generated by the above grammar can be obtained as follows.
Replace the — symbols with "=" symbols in the productions of the above grammar to get the following set of
equations:

S=bad | ad (1)
A= bbd | bb (L1)
From equation (Il), we get:

A = (bbY*(bb)



Substituting this value in (1) gives us:
&= bal | a(bb)*(bh)

Therefore,
§ = (ba)*{a(bb)*bb)

and the regular expression is:

(ba)*(a(bb)*bb)

The reversed regular expression is:
(bb(bbY*a)(aby*

The finite automata that accepts the language specified by the reversed regular expression is shown in .

Start . \] b @ b

Figure 3.18: Transition diagram for a finite automata specified by a reversed regular expression.
Therefore, the regular grammar that generates the language accepted by the automata shown in is:

S — b4

A — bB
B=alC | b | a
D — bB

C— aE
F—-hC| b

which can be reduced to:

S — bR
B—aaaE | bbB | a
E s baE | b

which is the required right linear grammar.
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EXAMPLE 3.15

Consider the following grammar to obtain an equivalent left linear grammar.

85— g4
A—ad|eB|g

B — pA

The regular expression for the above grammar is obtained as follows. Replace the — by = in the above productions
to obtain the equations:

S=gd (1)
A=ad|gB| g (1)
B =g (11)
By substituting (l11) in (1) we get:
A=ad | gA | g
Therefore, A=(@a | gg)A | g and A = (@ | gg)*g. By substituting this value in (I) we get:
§=ala | g )g
And the regular expression is:
ala | ge)"e
Therefore, the reversed regular expression is:
a(ge | a)'g

But since (a | gg)* is the same as (gg | a)*, the reversed regular expression is same. Hence, the regular, right linear
grammar that generates the language specified by the reversed regular expression is the given grammar itself.
Therefore, an equivalent left linear grammar can be obtained by reversing the right side of the productions of the given
grammar:

5— Ag
A Ada| Be | g

b5 — Ag




Chapter 4: Top-Down Parsing

INTRODUCTION

A syntax analyzer or parser is a program that performs syntax analysis. A parser obtains a string of tokens from the
lexical analyzer and verifies whether or not the string is a valid construct of the source language-that is, whether or not
it can be generated by the grammar for the source language. And for this, the parser either attempts to derive the
string of tokens w from the start symbol S, or it attempts to reduce w to the start symbol of the grammar by tracing the
derivations of w in reverse. An attempt to derive w from the grammar's start symbol S is equivalent to an attempt to
construct the top-down parse tree; that is, it starts from the root node and proceeds toward the leaves. Similarly, an
attempt to reduce w to the grammar's start symbol S is equivalent to an attempt to construct a bottom-up parse tree;
that is, it starts with w and traces the derivations in reverse, obtaining the root S.




4.1 TOP-DOWN PARSING

Top-down parsing attempts to find the left-most derivations for an input string w, which is equivalent to constructing a
parse tree for the input string w that starts from the root and creates the nodes of the parse tree in a predefined order.
The reason that top-down parsing seeks the left-most derivations for an input string w and not the right-most
derivations is that the input string w is scanned by the parser from left to right, one symbol/token at a time, and the
left-most derivations generate the leaves of the parse tree in left-to-right order, which matches the input scan order.

Since top-down parsing attempts to find the left-most derivations for an input string w, a top-down parser may require
backtracking (i.e., repeated scanning of the input); because in the attempt to obtain the left-most derivation of the input
string w, a parser may encounter a situation in which a nonterminal A is required to be derived next, and there are
multiple A-productions, suchas A - a1]0a2] ... | dn. In such a situation, deciding which A-production to use for the
derivation of A is a problem. Therefore, the parser will select one of the A-productions to derive A, and if this derivation
finally leads to the derivation of w, then the parser announces the successful completion of parsing. Otherwise, the
parser resets the input pointer to where it was when the nonterminal A was derived, and it tries another A-production.
The parser will continue this until it either announces the successful completion of the parsing or reports failure after
trying all of the alternatives. For example, consider the top-down parser for the following grammar:

S — adb
A—=cd|r

Let the input string be w =acb. The parser initially creates a tree consisting of a single node, labeled S, and the input

pointer points to a. the first symbol of input string w. The parser then uses the S-production S - aAb to expand the
tree as shown in Eigure 4.1).

N\

Figure 4.1: Parser uses the S-production to expand the parse tree.

The left-most leaf, labeled a, matches the first input symbol of w. Hence, the parser will now advance the input pointer
to ¢, the second symbol of string w, and consider the_next leaf labeled A. It will then expand A, using the first
alternative for A in order to obtain the tree shown in Figure 4.4.
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Figure 4.2: Parser uses the first alternative for A in order to expand the tree.

The parser now has the match for the second input symbol. So, it advances the pointer to b, the third symbol of w,
and compares it tg the label of the next leaf. If the label does not match d, it reports failure and goes back (backtracks)
to A, as shown in . The parser will also reset the input pointer to the second input symbol—the position it
had when the parser encountered A—and it will try a second alternative to A in order to obtain the tree. If the leafc
matches the second symbol, and if the next leaf b matches the third symbol of w, then the parser will halt and
announce the successful completion of parsing.

o~ / -
a | | A \\JR( b b
N . N
backtracking
s —.

I\_f /’l I‘\ 8 f;'l-l—pc-int of failure

Figure 4.3: If the parser fails to match a leaf, the point of failure, d, reroutes (backtracks) the pointer to
alternative paths from A.

(rreviovs e o


file:///C:/DOCUME~1/pferguso/LOCALS~1/Temp/Charles.River.Media.Algorithms.For.Compiler.Design.eBook-LiB.chm/7264final/images/fig4%2D2%5F0%2Ejpg
file:///C:/DOCUME~1/pferguso/LOCALS~1/Temp/Charles.River.Media.Algorithms.For.Compiler.Design.eBook-LiB.chm/7264final/images/fig4%2D3%5F0%2Ejpg

4.2 IMPLEMENTATION

A top-down parser can be implemented by writing a set of recursive procedures to process the input. One procedure
will take care of the left-most derivations for each nonterminal while processing the input. Each procedure should also
provide for the storing of the input pointer in some local variable so that it can be reset properly when the parser
backtracks. This implementation, called a "recursive descent parser," is a top-down parser for the above-described
grammar that can be implemented by writing the following set of procedures:

S()
{
if (input =="a")
{
advance();
if (A() != error)
if (input =='b")
{ advance();
if (input == endmarker)
return(success);
else
return(error);
}
else
return(error);
}
else
return(error);

}

A()

{

if (input =='c")
{
advance();
if (input =="'d")
advance(); }
else
return(error);

}

main( )
{
Append the endmarker to the string w to be parsed;
Set the input pointer to the left most token of w;
if (S() !=error)
print f ("Successful completion of the parsing");
else
printf ("Failure");

}
where advance() is a routine that, when called, advances the input's pointer to the next occurrence of the symbol w.

Caution In a backtracking parser, the order in which alternatives are tried affects the language accepted by the parser.

For example, in the above parser, if a production A — cis tf eA - cd, then the parser will fail to accept
the string w = acdb, because it first expandsS, as shown infEigure 4.4.




SN

4 ! N
a | , ) b
L N, ./

Figure 4.4: The parser first expands S and fails to accept w = acdb.

"

The first input symbol matches the left-most leaf; and therefore, the parser wil| advance the pointer to ¢ and consider
the nonterminal A for expansion in order to obtain the tree shown in figure 4.5.

S
. backtracking

point of failure
-~

Figure 4.5: The parser advances to ¢ and considers nonterminal A for expension.

The second input symbol also matcheE ?f[f_fre the parser will advance the pointer to d, the third input symbol,
and consider the next leaf, labeled b in Eigure 4.5. It finds that there is no match; and therefore, it will backtrack to S
(as shown in by the thick arrow). But since there is no alternative to S that can be tried, the parser will return
failure. Because the point of mismatch is the descendent of a node labeled by S, the parser will backtrack to S. It
cannot backtrack to A. Therefore, the parser will not accept the string acdb. Whereas, if the parser tries the alternative

A - cdfirstand A - c¢ second, then the parser is capable of accepting the string acdb as well as acb because, for the
string w = ach, when the parser encounters a mismatch, it is at a node labeled by d, which is a descendent of a node
labeled by A. Hence, it will backtrack to A and try A — ¢, and end up in the parse tree for ach. Hence, we conclude that
the order in which alternatives are tried in a backtracking parser affect the language accepted by the compiler or
parser.

EXAMPLE 4.1

Consider a grammar S — aa | aSa. If a top-down backtracking parser for this grammar tries S — aSa before S - aa,
show that the parser succeeds on two occurrences of a and four occurrences of a, but not on six occurrences of a.

In the case of two occurrences of a, the parser will first expand S, as shown in .
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Figure 4.6: The parser first expands S.

The first input symbol matches the left-most leaf. Therefore, the parser will gdvance the pointer to a second a and
consider the nonterminal S for expansion in order to obtain the tree shown in Eigure 4.7.

|'/ _5'-\|

ofFoRe
\__ AA

|/: | I'f_sﬂ\l - ;\
S NS\

Figure 4.7: The parser advances the pointer to a second occurrence of a.

The second inp
shown in

mbol also matches. Therefore, the parser will consider the next leaf labeled S and expand it, as
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i

required parse tree, shown in

Figure 4.8: The parser expands the next leaf labeled S.

e parser now finds that there is no match. Therefore, it will backtrac
ing and backtracking, as shown in

The parser then continue

wn by th

§

Figure 4.9: The parser finds no match, so it backtracks.

| through

@ck arrow in

, until it arrives at the
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Figure 4.11: There is no further alternate of S that can be tried, so the parser will backtrack one more step.
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Figure 4.12: The parser again finds a mismatch; hence, it backtracks.

Figure 4.13: The parser tries an alternate aa.
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Figure 4.15: The parser tries an alternate aa.

/
"/ ")

Figure 4.16: The parser arrives at the required parse tree.

Now, consider a string of four occurrences of a. The parser will first expand S, as shown in .
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Figure 4.17: The parser first expands S.

The first input symbol matches the left-most leaf. Therefore, the parsep will advance the pointer to a second a and
consider the nonterminal S for expansion, obtaining the tree shown in figure 4.14.
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Figure 4.18: The parser advances the pointer to a second occurrence of a.

The second inp nbol also matches. Therefore, the parser will consider the next leaf labeled by S and expand it, as

Fioure 419

shown in
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Figure 4.19: The parser considers the next leaf labeled by S.

e third inp

in

Figure 4.20.

t symbol also matches. So, the parser moves on to the next leaf labeled by S and expands it, as shown
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Figure 4.20: The parser matches the third input symbol and moves on to the next leaf labeled by S.

The four
shown in

mbol also matches. Therefore, the next leaf labeled by S is considered. The parser expands it, as

Fiqure 4.2
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Figure 4.21: The parser considers the fourth occurrence of the input symbol a.

NcM_L[n_ds_m;at there i atch. Therefore, it will backtrack to S ) and continue backtracking, as shown
nFigures 4.2 throughﬁuntil the parser finally arrives at the successful generation of a parse tree for aaaa in
Figure 4.3
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Figure 4.22: The parser finds no match, so it backtracks.
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Figure 4.23: The parser tries an alternate aa.
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Figure 4.24: No alternate of S can be tried, so the parser will backtrack one more step.
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Figure 4.25: Again finding a mismatch, the parser backtracks.
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Figure 4.26: The par
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Figure 4.27: No alternate of S remains to be tried, so the parser will backtrack one more step.
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Figure 4.28: The parser again finds a mismatch; therefore, it backtracks.
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Figure 4.30: The parser then tries an alternate aa.
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Figure 4.31: The parser successfully generates the parse tree for aaaa.

Now consider a string of six occurrences of a. The parser will first expand S, as shown in .

L

Figure 4.32: The parser expands S.

The first input symbol matches the left-most leaf. Therefore, the parser will advance the pointer to the second a and
consider the nonterminal S for expansion. The tree shown in is obtained.
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Figure 4.33: The parser matches the first symbol, advances to the second occurrence of a, and considers S for
expansion.

N A

o S—

The secaond input symbol also matches. Therefore, the parser will consider next leaf labeled S and expand it, as
shown in Eigure 4.34.

&
a a
a 9 a

Figure 4.34: The parser finds a match for the second occurrence of a and expands S.

The third input symbol also matches, as do the fourth through sixth ols. In each case, the parser will consider
next leaf labeled S and expand it, as shown in figures 4.35 through .
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Figure 4.35: The parser matches the third input symbol, considers the next leaf, and expands S.
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Figure 4.36: The parser matches the fourth input symbol, considers the next leaf, and expands S.
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Figure 4.37: A match is found for the fifth input symbol, so the parser considers the next leaf, and expands S.
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Figure 4.38: The sixth input symbol also matches. So the next leaf is considered, and S is expanded.

ﬁv the parser finds that there is no match. Therefore, it will backtrack to S, as shown by the thick arrow in
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Figure 4.39: No match is found, so the parser backtracks to S.

Since there is no alternate_of S that can be tried, the parser will backtrack one more step, as shown in Eiourn 4.4E].
This procedure continues (Eigures 4.4 through §.47), until the parser tries the sixth alternate aa (Eigure 4.48) and
fails to find a match.
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Figure 4.40: The parser backtracks one more step.
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Figure 4.41: The parser tries the alternate aa.
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Figure 4.42: Again, a mismatch is found. So, the parser backtracks.
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will back-track one more step.
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Figure 4.43: No alternate of S remains, so
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4.45: Again, a mismatch is found. The parser backtracks.
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Figure 4.47: A mismatch is found, and the parser backtracks.

Figure 4.48: The parser tries for the alternate aa, fails to find a match, and cannot generate the parse tree for six

occurrences of a.
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4.3 THE PREDICTIVE TOP-DOWN PARSER

A backtracking parser is a non-deterministic recognizer of the language generated by the grammar. The backtracking
problems in the top-down parser can be solved; that is, a top-down parser can function as a deterministic recognizer if
it is capable of predicting or detecting which alternatives are right choices for the expansion of nonterminals (that
derive to more than one alternative) during the parsing of input string w. By carefully writing a grammar, eliminating
left recursion, and left-factoring the result, we obtain a grammar that can be parsed by a top-down parser. This
grammar will be able to predict the right alternative for the expansion of a nonterminal during the parsing process; and
hence, it need not backtrack.

IfA - a1|a2] ... |anare the A-productions in the grammar, then a top-down parser can decide if a nonterminal A is
to be expanded or not. And if it is to be expanded, the parser decides which A-production should be used. It looks at
the next input symbol and finds out which of the aj derivatives to a string that start with the terminal symbol comes next
in the input. If none of the aj derives to a string starting with a terminal symbol, the parser reports the failure; otherwise,
it carries out the derivation of A using a production A — aj, where aj derives to a string whose first terminal symbol is
the symbol coming next in the input. Therefore, we conclude that if the set of first-terminal symbols of the strings
derivable from aj is computed for each aij, and this set is made available to the parser, then the parser can predict the
right choice for the expansion of nonterminal A. This information can be easily computed using the productions of the
grammar. We define a function FIRST(a), where a is in (V O T)*, as follows:

FIRST(a) = Set of those terminals with which the strings derivable from a start
If a =XYZ, then FIRST(a) is computed as follows:

FIRST(ar) = FIRST(XYZ) = { X } if X is terminal.

Otherwise,

FIRST(a) = FIRST(XYZ) = FIRST(X) if X does not derive to an empty string; that is, if
FIRST(X) does not contain [I.

If FIRST(X) contains [, then

FIRST(a) = FIRST(XYZ) = FIRST(X) - {0 } 0 FIRST(YZ)

FIRST(YZ) is computed in an identical manner:

FIRST(YZ) ={Y }ifY is terminal.

Otherwise,

FIRST(YZ) = FIRST(Y) if Y does not derive to an empty string (i.e., if FIRST(Y) does not contain 0). If FIRST(Y)
contains [J, then

FIRST(YZ) = FIRST(Y) —{U } 0 FIRST(2)
For example, consider the grammar:
§— ACB | ChB | Ba

A= da| BC
B—=pgle
C—h| e

FIRST(S) = FIRST(ACB) O FIRST(CbB) [J



FIRST(Ba) (D
FIRST(A) = FIRST(da) O FIRST(BC)
= { d} v FIRST(BC) (1)
FIRST(B) = FIRST(g) U FIRST()
=18 € |
FIRST(C) = FIRST(h) O FIRST(O)
={h e}
Therefore:
FIRST(BC) = FIRST(B) — {0 } O FIRST(C)
=lge)-{eivihe}
=1 & he ]
Substituting in (II) we get:
FIRST(A)={d }0{g,h, O}
= {d,g.h e}
FIRST(ACB) =FIRST(A) — { 0 } 0 FIRST(CB)
=i{d g h e} FIRST(CA) (1)
FIRST(CB) =FIRST(C) - {0 } O FIRST(B)
={hel-letuige;
={gh e
Therefore, substituting in (Ill) we get:
FIRST(ACB)={d, g, h, 0}0{g, h, O}
={dghe]
Similarly,

FIRST(CbB) =FIRST(C) - {0 } O FIRST(bB)

Similarly,

FIRST(Ba) =FIRST(B) — {0 } O FIRST(a)
=lgei-leivia]
={agiiag)

Therefore, substituting in (), we get:

FIRST(S)={d,g,h, 0}0{b,h,0}0{a,g, 0}



=ta b d g h e

EXAMPLE 4.2

Consider the following grammar:

5 = adb
A—cadl| e

FIRST(aAb)={a}
FIRST(cd)={c}, and

FIRST(ef)={e}

Hence, while deriving S, the parser looks at the next input symbol. And if it happens to be the terminal a, then the
parser derives S using S - aAb. Otherwise, the parser reports an error. Similarly, when expanding A, the parser looks
at the next input symbol; if it happens to be the terminal c, then the parser derives A using A — cd. If the next terminal
input symbol happens to be e, then the parser derives A using A — ef. Otherwise, an error is reported.

Therefore, we conclude that if the right-hand FIRST for the production S — aAb is computed, we can decide when the
parser should do the derivation using the production S — aAb. Similarly, if the right-hand FIRST for the productions A
- cd and A - ef are computed, then we can decide when derivation is to be dq ing A - cdand A - ef,
respectively. These decisions can be encoded in the form of table, as shown in[Table 4.;], and can be made available
to the parser for the correct selection of productions for derivations during parsing.

Table 4.1: Production Selections for Parsing Derivations

S S - aAb

A A - cd A - ef

The number of rows of the table are equal to the number of nonterminals, whereas the number of columns are equal to
the number of terminals, including the end marker. The parser uses of the nonterminal to be derived as the row index
of the table, and the next input symbol is used as the column index when the parser decides which production will be
derived. Here, the production S — aAb is added in the table at [S, a] because FIRST(aAb) contains a terminal a.
Hence, S must be derived using S — aAb if and only if the terminal symbol coming next in the input is a. Similarly, the
production A — cd is added at [A, c], because FIRST(cd) contain c. Hence, A must be derived using A — cd if and only
if the terminal symbol coming next in the input is c. Finally, A must be derived using A - efif and only if the terminal
symbol coming next in the input is e. Hence, the production A — ef is added at [A, €]. Therefore, we conclude that the
table can be constructed as follows:

for every production A — a do
for every ain FIRST(Q) do
TABLE[A, a]=A - O

Using the above method, every production of the grammar gets added into the table at the proper place when the
grammar is [-free. But when the grammar is not O-free, [I-productions will not get added to the table. If there is an
O-production A — 0 in the grammar, then deciding when A is to be derived to [ is not possible using the production's

right-hand FIRST. Some additional information is required to decide where the production A — [ is to be added to the
table.



Tip The derivation by A — [ is a right choice when the parser is on the verge of expanding the nontermina and the
next input symbol happens to be a terminal, which can occur immediately following A in any string occurring on the
right side of the production. This will lead to the expansion of A to [, and the next leaf in the parse tree will be

considered, which is labeled by the symbol immediately following A and, therefore, may match the next input
symbol.

Therefore, we conclude that the production A — [ is to be added in the table at [A, b] for every b that immediately

follows A in any of the production grammar's right-hand strings. To compute the set of all such terminals, we make use
of the function FOLLOW(A), where A is a nonterminal, as defined below:

FOLLOW(A) = Set of terminals that immediately follow A in any string occurring on the right side of productions of the
grammar

For example, if A — aBf is a production, then FOLLOW(B) can be computed using A — aBf3, as shown below:

FOLLOW(B) = FIRST(p) if FIRST(P) does not contain .

= FIRST(P) - { € | FOLLOW(A)
when FIRST(B) contains €.

/* because when B derives toe |, that time the terminal symbol
immediately following A, will follow B*f

Therefore, we conclude that when the grammar is not [-free, then the table can be constructed as follows:

1. Compute FIRST and FOLLOW for every nonterminal of the grammar.

2. For every production A - a, do:

{

for every non-LJ member ain FIRST(Q) do
TABLE[A, a]=A — O

If FIRST(Q) contain [ then

For every b in FOLLOW(A) do

TABLE[A, b]=A =

}

Therefore, we conclude that if the table is constructed using the above algorithm, a top-down parser can be
constructed that will be a nonbacktracking, or ‘predictive’ parser.

4.3.1 Implementation of a Table-Driven Predictive Parser

A table-driven parser can be implemented using an input buffer, a stack, and a parsing table. The input buffer is used
to hold the string to be parsed. The string is followed by a "$" symbol that is used as a right-end maker to indicate the
end of the input string. The stack is used to hold the sequence of grammar symbols. A "$" indicates bottom of the
stack. Initially, the stack has the start symbol of a grammar above the $. The parsing table is a table obtained by using
the above algorithm presented in the . It is a two-dimensional array TABLEIA, a], where A is a
nonterminal and a is a terminal, or $ symbol. The parser is controlled by a program that behaves as follows:

1. The program considers X, the symbol on the top of the stack, and the next input symbol a.
2. If X =a =3, then parser announces the successful completion of the parsing and halts.

3. If X =a#$, then the parser pops the X off the stack and advances the input pointer to the next
input symbol.

4. If Xis a nonterminal, then the program consults the parsing table entry TABLE][x, a]. If TABLE[X, a]
=X - UVW, then the parser replaces X on the top of the stack by UVW in such a manner that U
will come on the top. If TABLE[X, a] = error, then the parser calls the error-recovery routine.

For example consider the following grammar:



FOLLOW(S) = ! $ |

FOLLOW({A) = FIRST(Bb)
= FIRST(B)- | € } w FIRST(H
=ide}-letuib}i={d0b}

FOLLOW(B) = FIRST(d) = | b }







the parser acts as a recognizer of only the members of L(G); hence, the grammar is LL(1).

Therefore, LL(1) is the grammar for which an LL(1) parser can be constructed, which acts as a deterministic recognizer
of L(G). If a grammar is LL(1), then a deterministic top-down table-driven recognizer can be constructed to recognize
L(G). A parsing table constructed for a given grammar G will have multiple entries if the grammar contains multiple
productions that derive the same nonterminal-that is, the grammar contains the productions A — a | 3, and both a and
[ derive to a string that starts with the same terminal symbol. Therefore, one of the basic requirements for a grammar
to be considered LL(1) is when the grammar contains multiple productions that derive the same nonterminal, such as:

for every pair of productions A - o | B

FIRST(a) n FIRST(B) = @ (i.e., FIRST(0) and FIRST(B) should be disjoint sets for every pair of productions A — o | B)

For a grammar to be LL(1), the satisfaction of the condition above is necessary as well sufficient if the grammar is
O-free. When the grammar is not [-free, then the satisfaction of the above condition is necessary but not sufficient,
because either FIRST(a) or FIRST() might contain [J, but not both. The above condition will still be satisfied; but if
FIRST(B) contains 0, then production A —  will be added in the table on all terminals in  FOLLOW(A). Hence, it also
required that FIRST(a) and FOLLOW(A) contain no common symbols. Therefore, an additional condition must be
satisfied in order for a grammar to be LL(1). When the grammar is not [-free: for every pair of productions A - o | B

if FIRST(P) contains [, and FIRST(a) does not contain [J, then
FIRST(a) n FOLLOWA) = @
Therefore, for a grammar to be LL(1), the following conditions must be satisfied:

For every pair of productions

{
(1) FIRST(Q) N FIRST(R) =@
and

if FIRST() contains [, and FIRST(0) does not contain [
then

(1) FIRST(0) N FOLLOW(A) = ¢

4.3.2 Examples

EXAMPLE 4.3

Test whether the grammar is LL(1) or not, and construct a predictive parsing table for it.

S = dadb | BbBa
A— e
B—=e

Since the grammar contains a pair of productions S — AaAb | BbBa, for the grammar to be LL(1), it is required that:

FIRST(AaAdb) ~ FIRST(BbBa) = ¢

FIRST(AaAdb) = FIRST(4) - | € ! U FIRST(adb) = | a }
FIRST(BbBa) = FIRST(B) - { € } w FIRST(bBa)= | b}
FIRST(AaAdb) » FIRST(B6Ba)= {a} i b} =b

Hence, the grammar is LL(1).

To construct a parsing table, the FIRST and FOLLOW sets are computed, as shown below:

FIRST(S) = FIRST(4adb) U FIRST(BbBa)
FIRETISi=1abt it ht=4a h?



FIRST(B) = |
FOLLOW(S) = |

iz
$

FOLLOW(B) = FIRST(bBa)={ b |
FOLLOW(B) = FIRST(a)= 1} a }.
FOLLOW(E) Va, b

5= 148 | €

FIRST(1AB) N FIRST(€)={ 1. N} € |
FIRST(1AB) n FOLLOW(S)= {1} | § ]




If a grammar is left-recursive, then the set of productions will contain at least one pair of the form A - Aa | 3; and
hence, FIRST(Aa) and FIRST([) will not be disjointed sets, because everything in the FIRST(3) will also be in the
FIRST(AQ). It thereby violates the condition for LL(1) grammar. Hence, a grammar containing a pair of productions A
- Ad | B (i.e., a left-recursive grammar) cannot be LL(1).

Now, let X be a nullable nonterminal that derives to at least two terminal strings. Show that in LL(1) grammar, no
production rule can have two consecutive occurrences of X on the right side of the production.

Since X is a nullable X [, X is also deriving to at least to two terminal strings-Xw1 and Xw2-where w1 and w2 are the
strings of terminals. Therefore, for a grammar using X to be LL(1), it is required that:

FIRST(w1) N FIRST(W2) = @
FIRST (w1) n FOLLOW(X) and FIRST(w2) n FOLLOW(X) = ¢

If this grammar contains a production rule A — aXXp-a production whose right side has two consecutive occurrences
of X-then everything in FIRST(X) will also be in the FOLLOW(X); and since FIRST(X) contains FIRST(w1) as well as
FIRST(wp), the second condition will therefore not be satisfied. Hence, a grammar containing a production of the form

A > aXXp will never be LL(1), thereby proving that in LL(1) grammar, no production rule can have two consecutive
occurrences of X on the right side of the production.

EXAMPLE 4.5

Construct a predictive parsing table for the following grammar where S| is a start symbol and # is the end marker.

S| — 5%

S§—= gABC
A= al bbD
B—= alce€

C— b|e
Do ¢le

Here, # is taken as one of the grammar symbols. And therefore, the initial configuration of the parser will be (S|, w#),
where the first member of the pair is the contents of the stack and the second member is the contents of input buffer.

FIRST(S|)= FIRST(S#) ()
FIRST(S) = FIRST(¢ABC) = | g |

Therefore, by substituting in (1), we get:

FIRST(S|)=14¢1
FIRST(A) = FIRST(a) w FIRST(60DH={a} W { b}
={lab)
FIRST(B) = FIRST(a) W FIRST (e)= {4, & |
FIRST(C) = FIRST(h) w FIRST(e)={ b e}
FIRST(Y) = FIRST(c) w FIRST(e)={¢ € }
FOLLOW(S[)=} |

1. UsingS| —» S# we get:

FOLLOWS(S) = | # }



2. UsingS - gABC we get:

FOLLOW(A) = FIRST(BC) - { e } w FOLLOWS(S)
FIRST(BC) = FIRST(B) - | € } U FIRST(()

=tae|-{ejibi=labe]
Substituting in (I) we get:

FOLLOW(A) = {a be !~{elul#t=1ab#)

FOLLOW(5B) = FIRST(C) - { € | w FOLLOW(S)
={bel-{etui#i={4#}

FOLLOW(C) = FOLLOW(S) = | # !

3. Using A - bbD we get:
FOLLOW(D) = FOLLOW({A) = { a, b # |
Therefore, the parsing table is derived as shown in .

Table 4.7: Production Selections for Parsing Derivations

q a b c #
S S - S#

S S - gabc

A A-a A - bbD

B B -a B -0 B - [
Cc C-b c-0
D D-0O D-0O D-c D- [

EXAMPLE 4.6

Construct predictive parsing table for the following grammar:

S§=24
A—=aB | Ad
B—=bBC| S
C—og

FIRST(S) = FIRST(A)={a!
FIRST(B)= | b,f}
FIRST(C)= {g}

Since the grammar is [I-free, FOLLOW sets are not requijred to be computed in order to enter the productions into the
parsing table. Therefore the parsing table is as shown in [Table 4.4.

()



Table 4.8: Production Selections for Parsing Derivations

a b f g d
S S-A
A A - aS A-d
B B - bBC B f
C C-g

EXAMPLE 4.7

Construct a predictive parsing table for the following grammar, where S is a start symbol.

§— iEt55, | a

Sl —wef| €

E—=b

FIRST(S) = FIRST{iEtSS1) w FIRST(a) = ! i, a |}
FIRST(S1) = FIRST(eS) w FIRST(e) =} e, & |
FIRST(E) =FIRST(&H = b}

FOLLOW(S) =1%1

1. UsingS - IiEtSS1:

FOLLOW(E) = {t}

FOLLOW(S) = FIRST(S,)- { € } w FOLLOW(S)
=lee}l-{leluli}
={eh]

FOLLOWS(S,) = FOLLOW(S)=1{¢ %}

2. UsingS1 - eS:
FOLLOW(5) = FOLLOW(S)=1{¢e$§]
Therefore, the parsing table is as shown in .

Table 4.9: Production Selections for Parsing Derivations

a b e T $
S S - IEtSS1 S-a
S1 S1 - eS S1-0
S1 s1-0
E E-b

EXAMPLE 4.8




5 — aBDh

FIRST(S) = FIRST(aBDk) = | a |
FIRST(H) = FIRST(cC)y = | ¢ |

FIRST(F) = FIRST{f) w FIRST{e) = { [, €

FIRST(D) = | g,
FOLLOW{(S) = 1§}

= 1 —
£ g

FOLLOW(B) = FIRST(D#) = FIRST(D) - | € ! U FIRST(h)

]

=lgfej-fetulh]
=lgfhi
FOLLOW(D) = FIRST(l) = | k|

FOLLOW(C) = FOLLOW(B) =
FOLLOW(C) = FOLLOW(C) =

FOLLOW(E) = FIRST(F) - | € } w FOLLOW(D)
=i{fei-1eluihi=1fh]
FOLLOW(F) = FOLLOW(D)




Table 4.10: Production Selections for Parsing Derivations

a b c g f h $
S S -aBDh

B B - cC

C C - bC c-0 c-0 c-04

D D - EF D - EF D - EF

E E-g E-O E-DO

F Fof F-O




Chapter 5: Bottom-up Parsing

5.1 WHAT IS BOTTOM-UP PARSING?

Bottom-up parsing can be defined as an attempt to reduce the input string w to the start symbol of a grammar by
tracing out the right-most derivations of w in reverse. This is equivalent to constructing a parse tree for the input string
w by starting with leaves and proceeding toward the root—that is, attempting to construct the parse tree from the
bottom, up. This involves searching for the substring that matches the right side of any of the productions of the
grammar. This substring is replaced by the left-hand-side nonterminal of the production if this replacement leads to the
generation of the sentential form that comes one step before in the right-most derivation. This process of replacing the
right side of the production by the left side nonterminal is called "reduction”. Hence, reduction is nothing more than
performing derivations in reverse. The reason why bottom-up parsing tries to trace out the right-most derivations of an
input string w in reverse and not the left-most derivations is because the parser scans the input string w from the left to
right, one symbol/token at a time. And to trace out right-most derivations of an input string w in reverse, the tokens ofw
must be made available in a left-to-right order. For example, if the right-most derivation sequence of some w is:

St a0, ... 30, 2w

then the bottom-up parser starts with w and searches for the occurrence of a substring of w that matches the right side
of some production A — B such that the replacement of 3 by A will lead to the generation of an—1. The parser replaces
B by A, then it searches for the occurrence of a substring of an—1 that matches the right side of some production B - y
such that replacement of y by B will lead to the generation of an—2. This process continues until the entire w substring
is reduced to S, or until the parser encounters an error.

Therefore, bottom-up parsing involves the selection of a substring that matches the right side of the production, whose
reduction to the nonterminal on the left side of the production represents one step along the reverse of a right-most
derivation. That is, it leads to the generation of the previous right-most derivation. This means that selecting a
substring that matches the right side of production is not enough; the position of this substring in the sentential form is
also important.

Tip The substring should occur in the position and sentential form that is currently under consideration and, if it is
replaced by the left-side nonterminal of the production, that it leads to the generation of the previous right-hand
sentential form of the currently considered sentential form. Therefore, finding a substring that matches the right
side of a production, as well as its position in the current sentential form, are both equally important. In order to take
both of these factors into account, we will define a "handle" of the right sentential form.




5.2 A HANDLE OF A RIGHT SENTENTIAL FORM

A handle of a right sentential form y is a production A - [3 and a position of 3 in y. The string 3 will be found and
replaced by A to produce the previous right sentential form in the right-most derivation of y. That is, if S —» adAB - ayf3,
then A - yis a handle of ay[, in the position following a. Consider the grammar:

F—= FE+E| E*E | d
and the right-most derivation:

E—= E+E = E+E*E — E+E+id = E+id * id—1d +1d *id

The handles of the sentential forms occurring in the above derivation are shown in .

Table 5.1: Sentential Form Handles

Sentential Form Handle

id +id *id E - id at the position preceding +

E+id*id E - id at the position following +

E+E*id E - id at the position following*

E+E*E E - E * E at the position following +

E+E E - E + E at the position preceding the end marker

Therefore, the bottom-up parsing is only an attempt to detect the handle of a right sentential form. And whenever a
handle is detected, the reduction is performed. This is equivalent to performing right-most derivations in reverse and is
called "handle pruning".

Therefore, if the right-most derivation sequence of some wis S - 01 - 02 - 03 - ... » On-1 —» W, then handle
pruning starts with w, the nth right sentential form, the handle 3n of w is located, and [3n is replaced by the left side of
some production An — Bn in order to obtain an—1. By continuing this process, if the parser obtains a right sentential
form that consists of only a start symbol, then it halts and announces the successful completion of parsing.

EXAMPLE 5.1

Consider the following grammar, and show the handle of each right sentential form for the string (a,(a, a)).
S—=(L)|a
Lo>LS|S
The right-most derivation of the string (a, (a, a)) is:
S=(L)= (L = (L LY = (L (L SN —=(L (L a)
= (L, (5, a)) = (L, (g, @)} = (5, (&, a)) — (a, (2, a))

presents the handles of the sentential forms occurring in the above derivation.
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5.3 IMPLEMENTATION

A convenient way to implement a bottom-up parser is to use a shift-reduce technique: a parser goes on shifting the
input symbols onto the stack until a handle comes on the top of the stack. When a handle appears on the top of the
stack, it performs reduction. This implementation makes use of a stack to hold grammar symbols and an input buffer to
hold the string w to be parsed, which is terminated by the right endmarker $, the same symbol used to mark the bottom
of the stack. The configuration of the parser is given by a token pair-the first component of which is a stack content,
and second component is an unexpended input.

Initially, the parser will be in the configuration given by the pair ($, w$); that is, the stack is initially empty, and the
buffer contains the entire string w. The parser shifts zero or more symbols from the input on to the stack until handle a
appears on the top of the stack. The parser then reduces a to the left side of the appropriate production. This cycle is
repeated until the parser either detects an error or until the stack contains a start symbol and the input is empty, giving
the configuration ($S, $). If the parser enters ($S, $), then it announces the successful completion of parsing. Thus,
the primary operation of the parser is to shift and reduce.

For example consider the bottom-up parser for the grammar having the productions:

F—-FE+T| T
T—=T* | F
F—=ad

and the input string: id+id * id. The various steps in parsing this string are shown in in terms of the contents
of the stack and unspent input.

Table 5.3: Steps in Parsing the String id + id * id

Stack Contents Input Moves
$ id + id*id$ shift id
$id + id*id$ reduce byF - id
$F + id*id$ reduce byT - F
$T +id*id$ reduce byE - T
$E + id*id$ shift +
$E + id*id$ shift id
$E +id *id$ reduce byF- id
$E +F *id$ reduce by T— F
SE+T *id$ shift *
SE+T * id$ shift id
$E + T*id $ reduce byF - id
$E +T*F $ reduce by T— T*F
$E+T $ reduce byE - E+T
$E $ accept




Shift-reduce implementation does not tell us anything about the technique used for detecting the handles; hence, it is
possible to make use of any suitable technique to detect handles. Depending upon the technique that is used to detect
handles, we get different shift-reduce parsers. For example, an operator-precedence parser is a shift-reduce parser
that uses the precedence relationship between certain pairs of terminals to guide the selection of handles. Whereas
LR parsers make use of a deterministic finite automata that recognizes the set of all viable prefixes; by reading the
stack from bottom to top, it determines what handle, if any, is on the top of the stack.




5.4 THE LR PARSER

The LR parser is a shift-reduce parser that makes use of a deterministic finite automata, recognizing the set of all
viable prefixes by reading the stack from bottom to top. It determines what handle, if any, is available. A viable prefix of
a right sentential form is that prefix that contains a handle, but no symbol to the right of the handle. Therefore, if a
finite-state machine that recognizes viable prefixes of the right sentential forms is constructed, it can be used to guide
the handle selection in the shift-reduce parser.

Since the LR parser makes use of a DFA that recognizes viable prefixes to guide the selection of handles, it must keep
track of the states of the DFA. Hence, the LR parser stack contains two types of symbols: state symbols used to
identify the states of the DFA and grammar symbols. The parser starts with the initial state of a DFA 10 on the stack.
The parser operates by looking at the next input symbol a and the state symbol lj on the top of the stack. If there is a
transition from the state |j on a in the DFA going to state lj, then it shifts the symbol a, followed by the state symbol |j,
onto the stack. If there is no transition from li on a in the DFA, and if the state |j on the top of the stack recognizes,
when entered, a viable prefix that contains the handle A — a, then the parser carries out the reduction by popping a
and pushing A onto the stack. This is equivalent to making a backward transition from lj on a in the DFA and then
making a forward transition on A. Every shift action of the parser corresponds to a transition on a terminal symbol in
the DFA. Therefore, the current state of the DFA and the next input symbol determine whether the parser shifts the
next input symbol goes for reduction.

If we construct a table mapping every state and input symbol pair as either "shift," "reduce," "accept," or "error," we get
a table that can be used to guide the parsing process. Such a table is called a parsing "action” table. When carrying
out the reduction by A - a, the parser has to pop a and push A onto the stack. This requires knowledge of where the
transition goes in a DFA from the state brought onto the top of the stack after popping a on the nonterminal A; and
hence, we require another table mapping of every state and nonterminal pair into a state. The table of transitions on
the nonterminals in the DFA is called a "goto" table. Therefore, to create an LR parser we require an Action|GOTO
table.

If the current state of a DFA has a transition on the terminal symbol a to the state lj, then the next move will be to shift
the symbol a and enter the state |j. But if the current state of the DFA is one in which when entered recognizes that a
viable prefix contains the handle, then the next move of the parser will be to reduce.

Therefore, an LR parser is comprised of an input buffer (which holds the input string w to be parsed and assumed to
be terminated by the right endmarker $), a stack holding the viable prefixes of the right sentential forms, and a parsing
table that is obtain by mapping the moves of a DFA that recognizes viable prefixes and controls the parsing actions.
The configuration of a parser is given by a token pair: the first component is a stack’s content, and second component
is unexpended input. If, at a particular instant (and $ is used as bottom-of-the-stack marker, also), a parser is
configured as follows:

Stack Contents Input
$LXLX, ... X 1 ad,, ... as

where lj is a state symbol identifying the state of a DFA recognizing the viable prefixes, and X; is the grammar symbol.
The parser consults the parsing action table entry, [Im, ai]. If action[lm, ai] = Sj, then the parser shifts the next input
symbol followed by the state lj on the stack and enters into the configuration:

Stack Contents Input
$'!i'F":E"'F[I"iH‘EI s ‘xmfrlrﬂJ ‘Tr Eﬂ-l A 'ﬂus

If action[Im, ai] = reduce by production A - a, then the parser carries out the reduction as follows. If |a| = r, then the
parser pops two r symbols from the stack (because every shift action shifts a grammar symbol as well as state
symbol), thereby bringing Im—r on the top. It then consults the goto table entry, goto[lm—-r, Al. If goto[lm-r, A] = Ik, then



it shifts A followed by Ik onto the stack, thereby entering into the configuration:

Stack Contents Input
S;IUXUIIXI ""rm rfnr .r"'”rl' -ﬂ‘_. H."H H.u's

If action[Im, ai] = accept, then the parser halts and accepts the input string. If action[Im, ai] = error, then the parser
invokes a suitable error-recovery routine. Initially the parser will be in the configuration given by the pair ($lo, w$).
Therefore, we conclude that parsing table construction involves constructing a DFA that recognizes the viable prefixes
of the right sentential forms, using the given grammar, and then maps its the moves into the form of the Action|GOTO
table. To construct such a DFA, we make use of the items that are part of a grammar's productions. Here, an item
called the "LR(0)" of a production is a production with a dot placed at some position on the right side of the production.
For example if A - XYZ is a production, then the following items can be generated from it:

A= X¥Z
A XYZ

A— XYZ
A4 = XYZ

If the length of the right side of the production is n, then there are (n+1) different positions on the right side of a
production where a dot can be placed. Hence, the number of items that can be generated are (n+1).

The dot's position on the right side tells us how much of the right-hand side of the production is seen in the process of
parsing. For example, the item A - X.YZ tells us that we have already seen a string derivable from X in the input and
expect to see the string derivable from YZ next in the input.

5.4.1 Augmented Grammar

To construct a DFA that recognizes the viable prefixes, we make use of augmented grammar, which is defined as
follows: if G = (V, T, P, S) is a given grammar, then the augmented grammar willbe G1=(V O {S1}, T, P O {S1 — S},
S1); that is, we add a unit production S1 — S to the grammar G and make S1 the new start symbol. The resulting
grammar will be an augmented grammar. The purpose of augmenting the grammar is to make it explicitly clear to
parser when to accept the string. Parsing will stop when the parser is on the verge of carrying out the reduction using
S1 - S. A NFA that recognizes the viable prefixes will be a finite automata whose states correspond to the production
items of the augmented grammar. Every item represents one state in the automata, with the initial state corresponding
to anitem S1 — S. The transitions in the automata are defined as follows:

O(d = o XP, X)=d = X p

o (A - a.BB, ) =B - y(This transition is required, because if the current state is A — 0.B[3, that means we have not
yet seen a string derivable from the nonterminal B; and since B — Y is a production of the grammar, unless we seey,
we will not get B. Therefore, we have to travel the path that recognizes y, which requires entering into the state
identified by B — .y without consuming any input symbols.)

This NFA can then be transformed into a DFA using the subset construction method. For example, consider the
following grammar:

EFE-E+T| T
T=T*F | F
F—=id

The augmented grammar is:

S= FE
E=E+T|T



T—=T*F|F
F—id

The items that can be generated using these productions are:
S§—= E
S E
E=E+T
E—=E+T
E—=E+.T
F+E+T
E—.T
F—-T.
T—.T*F
T—=T*F
' T*F
T'— T*F
IT'— F
= F.
F—.d
F—id

Therefore, the transition diagram of the NFA that recognizes viable prefixes is as shown in .



Figure 5.1: NFA transition diagram recognizes viable prefixes.

The DFA equivalent of the NFA shown in is, by using subset construction, illustrated in .

-"f:d
T E

L F —id Id

Figure 5.2: Using subset construction, a DFA equivalent is derived from the transition diagram in .

Therefore, every state of the DFA that recognizes viable prefixes is a set of items; and hence, the set of DFA states
will be a collection of sets of items—but any arbitrary collection of set of items will not correspond to the DFA set of
states. A set of items that corresponds to the states of a DFA that recognizes viable prefixes is called a "canonical
collection". Therefore, construction of a DFA involves finding canonical collection. An algorithm exists that directly
obtains the canonical collection of LR(0) sets of items, thereby allowing us to obtain the DFA. Using this algorithm, we
can directly obtain a DFA that recognizes the viable prefixes, rather than going through NFA to DFA transformation, as
explained above. The algorithm for finding out the canonical collection of LR(0) sets of items makes use of the closure
and goto functions. The set closure(l), where | is a set of items, is computed as follows:
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1. Add every itemin|to closure(l)

2. Repeat

For every item of the form A — a.Bf3 in closure(l) do

For every production B 3 - do
Add B 3 .- to closure(l)

Until no new item can be added to closure(l)

For example, consider the following grammar:

E=E+T|T
T T*F| F
F—id
The closure{({E€ — .E+T})= | E— E+T
E-.T
T—.T*F
Ir'— F
F—.id

]
]
goto(f, X ) =closure({d - oXpB | A - XPisin [})

That is, to find out goto from | on X, first identify all the items in I in which the dot precedes X on the right side. Then,

move the dot in all the selected items one position to the right(i.e., over X), and then take a closure of the set of these
items.

For example, if set /= { E— .E+T
E—.T
T—= T*F
T— F
F— .id

then goto(l, T) = closure (| £ — T.
T— T*F
}
)={ E=T.
I'—= T*F

|
|

5.4.2 An Algorithm for Finding the Canonical Collection of Sets of LR(0) Items

[* Let C be the canonical collection of sets of LR(0) items. We maintain Cnew and Cold to continue the iterations*/
Input: augmented grammar

Output: canonical collection of sets of LR(0) items (i.e., set C)

1. Cold=¢

2. addclosure ({S1 - S})to C



3. while Cold # Chew do

| temp = cn:‘.-w o Cnld
Cnl:t = C.tcu.-

for every I 1n temp do

for every Xin Vo T (i.e, for every grammar symbol X)
do

if goto(d, A} 1s not empty and not in C___ then
add goto(J, X)to C

]

4. C=Cpew

For example consider the following grammar:

E-E+T| T
T T*F|F
F—d
The augmented grammar is:
S—= FE
ESE+T|T
T>T*F|F
F-id

Initially, Cold = @. First we obtain:

closure({§ — EF\)=1 5= E
E— FE+T
E—.T
T— T*F
I'— F
F—.id

|
|

We call it g and add it to Cnew. Therefore:

l:\Ilnnr:'.-.': :IﬂE
Temp=1{ I, |
Caa= 1451

In the first iteration, we obtain the goto from lp on every grammar symbol, as shown below:

goto(l,, E) = closure({S — E.
EFoE+T)
)= 8§ —=E.
E=E+T



LS |

Add it to Cnew:

goto(f, T) = closurc(1£ — T.

T— T*F}
y={E> T
T—= T*F
y=1,

Add it to Cnew:

goto(ly, F) = closure({T— F.

E
)= {T>F
P =

Add it to Cnew:
goto (I, id) = closure({F — id.}
y=1F - id.
F=1y
Add it to Cnew:

goto(f,, +) = &, therefore, not added to €,
goto (fy, *) = 4, therefore not added o C,

TIR

ko)

Therefore, at the end of first iteration:

Coa= t Iy}
Coow = Ve Iy B B, 0y

ne
In the second the iteration:
Temp={ I, b, I, [}
Coa= 1l Iy o 15 14

So, in the second iteration, we obtain goto from {I1, 12, 13, l4}on every grammar symbol, as shown below:

goto(J,, E) = ¢, therefore not added to C__,
goto({;, T) = ¢, therefore not added to C__,
goto(f,, F) = ¢, therefore not added to C,

e

goto(]}, id) = ¢, therefore not added to C,

goto([;, *) = ¢, therefore not added to C___
goto(/,, +) = closure({£ — £ +.T })
={E=E+.T
T— .T*F
T'— F



F—id
E:j’j

Add it to Cnew:

goto(l,, E) = ¢, therefore not added to C,_,
goto(l,, T) = ¢, therefore not added to C__,
goto(d,, F) = ¢, therefore not added to C
goto(,, id) = ¢, therefore not added o C_ |
gotold,, +) = ¢, therefore not added o C
gotoldy, *) = closure({ T — T *.F

}

)= T—= T*F

F— id

=4

Add it to Cnhew:

goto(l;, E) = ¢, therefore not added to C__
goto(l;, T) = ¢, therefore not added to C__
gotol(d;, F) = ¢, therefore not added to €,
goto(i;, id) = ¢, therefore notr added o C .,
goto(ly, +) = ¢, therefore not added to C_,
goto(ly, *) = ¢, therefore not added 1o C_,
goto(d,, E) = ¢, therefore not added to C o
goto(l,, T) = &, therefore not added to C__
goto(i,, F) = ¢, therefore not added to C___
goto({y, 1d) = ¢, therefore not added to C
goto(d, +) = ¢, therefore not added to €
goto(l,, *) = 0, therefore not added 10 C_,

Therefore, at the end of the second iteration:

Cl:illi = = IU' JF-I' IE’ 'lr]* I—'L E
Coew = Ui Iy B I I B, 1 )

In the third iteration:

Temp=1{ L, I |
Coa = Uy Iy Dy I Iy 1y, B )

In the third iteration, we obtain goto from {I5, ls } on every grammar symbol, as shown below:

goto(, E) = ¢, therefore not added to C__,
goto(d;, T) = closure({E—= E+ T.
T— T*F



E
)
={E—E+T.
T— T*F

I
Add it to Cnew:

goto(l., F) = closure({ T — I

[]
L]
y=4T = F.
{ =same as [,
hence, not added to C__,
gulu[f_q, 1d) = closure{ | F — 1d.
'
}= {F—d.
} =sameas [,
hence, not added to Cm.
goto(l,, *) = ¢, therefore not added to C__
goto([, +) = &, therefore not added to C__,
goto(f,, E) = o, therefore not added to C_,,
goto(l;, T) = ¢, therefore not added to C_
goto(l,, F) = closure({ T — T *F,
i

1
)= T— T*F
P =1

Add it to Cnew:

goto(l, id) = closure({F — id.

y

)= {F = 1d.

{ =same as [,
hence not added to C__
goto(/,, *) = o0, therefore not added to C

e

goto(le, +) = b, therefore not added to C,

Therefore, at the end of the third iteration:

In the fourth iteration:

g TRTP | r r ¥



LCLUP — § 29, 2y §

Cota = Vg Dy D I By dg B 1 I
So, in the fourth iteration, we obtain a goto from {I7, Ig} on every grammar symbol, as shown below:

goto(l., E) = ¢, therefore not added to C

goto(l, T) = o, therefore not added to E’nm
goto(L., F) = &, thercfore not added to C__
goto(f;, id) = ¢, therefore not added o C_,
goto(f;, +) = @, therefore not added to €,

goto(f, *) = closure(|¥ — T'*.F

F—ad
E
={T> T*F
F—ad
} = same as [,
hence not added to Cm_w
gotolfy, E) = o, therefore not added to C_,,

goto(fy, T) = o, therefore not added to €,
goto(f;, F) = ¢, therefore not added to C,

new

goto(fy, id) = ¢, therefore not added to C__,
goto(f, +) = ¢, therefore not added to C,

ncw

goto(Z,, *) = ¢, therefore not added to C

oW

At the end of fourth iteration:

Cag =Vl Iy L I I, K, &, 1 I
I

Coew = 1 Jos Iy By Iy 2, L5, B, 1y Ay
Therefore, C = { I, I, L, Iy, I, Iy, I, €, I }

The transition diagram of the DFA is shown in .



Figure 5.3: DFA transition diagram showing four iterations for a canonical collection of sets.

5.4.3 Construction of a Parsing Action|GOTO Table for an SLR(1) Parser

The methods for constructing the parsing Action|GOTO table are described below.

Construction of the Action Table

1. For every state I1in C do
for every terminal symbol a do
if goto(li, a) = Ij, then
make action[li, a] = Sj /*for shift and enter into the state j*/

2. For every state li in C whose underlying set of LR(0) items contains an item of the form A - a.do
for every b in FOLLOW(A) do
make action[li, b] = Rk /*where k is the number of the production A - a standing for reduce by A
- a*

3. Make [li, $) = accept if lj contains an item S1 - S.

It is obvious that if a state lj has a transition on a terminal a going to lj, then the parser's next move will be to shift and
enter into state j. Therefore, the shift entries in the action table are the mappings of the transitions in the DFA on
terminals. Similarly, if state li corresponds to the viable prefix that contains the right side of the production A — a, then
the parser will call a reduction by A — o on all those symbols that are in the FOLLOW(A). This is because if the next
input symbol happens to be a terminal symbol that can FOLLOW(A), then only the reduction by A - a may lead to a
previous right-most derivation. That is, if the next input symbol belongs to FOLLOW(A), then the position of a can be
considered to be the one where, if it is replaced by A, we might get a previous right-most derivation. Whether or not A
— 0 is a handle is decided in this manner.

The initial state is the one whose underlying set of items' representations contain an item S1 — .S. This method is

called "SLR(1)"—a Simple LR; and the (1) indicates a length of one lookahead (the next symbol used by the parser to
decide its next move) used. Therefore, this parsing table is an SLR parsing table. (When the parentheses are not
specified, the length of the lookahead is assumed to be one.)

Construction of the Goto Table
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A goto table is simply a mapping of transitions in the DFA on nonterminals. Therefore, it is constructed as follows:

For every liin C do
For every nonterminal A do

if goto(li, A) = li then
Make GOTO[li, A) =

Therefore, the SLR parsing table for the grammar having the following productions is shown in .

S—>F
ESE+T|T
T— T*F| F
F—=id

Table 5.4: Action|GOTO SLR Parsing Table

Action Table GOTO Table

id + * $ E T F
lo S4 1 2 3
I S5 Accept
I2 R2 S6 R2
13 Ra Ra Ra
14 Rs Rs Rs
I5 S4 7 3
I6 Sq 8
17 R1 S6 R1
Is R3 R3 R3

The productions are numbered as:

E=E+T (1)

E=T (2)

T T*F 3)

T—F (4)

F—id (5)
EXAMPLE 5.2

Consider the following grammar:

§—=CC



[ =closure( (% — 5)= 18§ = .§
&= 00

— oL

By
=

gotoll, 5) = dosure({$, = S})=1 § = &
goted [, ©) = closure({§ - C.C ) =1| § —»
=l
Cadi=1
gotedf, ) = closure{ {C — cCl)= | ' — o
C= o0
C— =1

gotod [, d) = closure({C = d j)= | C=d | =1,

gotoll,, ) = closure{{§ - ()= | § = OC
=1
gotelf,, o) = closune{ {0 = oL} ) = [ O = el
C— ol
O—d
= same as [y
gotofl,, dy = closure{ | —+ d. )= | O d
1 = same as
gotelf;, ©) = closure{{C = cll}) = | &= el

gotell,, o) = closure( |0 — O} )= | U= O
C—=
C—
| = same as [,
potedlds, = closure((C — i [y = | O
= same as J;




Figure 5.4: Transition diagram for Examgle 5.3 DFA.

Therefore, the grammar has the following productions:
5 =5
5= CC
C = cC
C—d

which are numbered as:
§— CC (1)
CocC (2)
C—d (3)
has an SLR parsing table as shown in .
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Table 5.5: SLR Parsing Table

Action Table GOTO Table

c d $ S C
lo S3 S4 1 2
11 accept
12 S3 S4 5
13 S3 S 6
4 R3 R3 R3
I5 R1
I6 R2 R2 R2

By using the method discussed above, a parsing table can be obtained for any grammar. But the action table
obtained from the method above will not necessarily be without multiple entries for every grammar. Therefore, we
define a SLR(1) grammar as one in which we can obtain the action table without multiple entries by using the method
described. If the action table contains multiple entries, then the grammar for which the table is obtained is not SLR(1)
grammar.

For example, consider the following grammar:

5 = Aadb
S — BbBa
A—= e
B—=e

The augmented grammar will be:
§, =&
S — Aadb
S — BbBa
A= e
B—e

The canonical collection sets of LR(0) items are computed as follows.

I, =closure ({5, = .5}) = {5, = .5

§ = .Aadb

§ — .BbBa

A= .

B—.

|
gotelf, §) = closure({§, = S.})={ 5 =8 |=1
goto(f,, A) = closure({§ — d.adb})= | § = Aadb | = I,
goto(l;, B) = closure({§ — B.bBa})={ § — B.bBa | = I,

svaprnd T b = mlamaeal (8 0 da AR — & & da AL



BUWALy, ) — CIVBULEL (W T ALAN ) — ) @ T Ak

A=
t =1,
goto(l., &) = closure({S — Bb.Ba}) = | 5§ — Bb.Ba
B—.
| =1
gotolf,, A) = closure({§ — dad.b})=1{ 8 = Aadb =
goto(l,, B) = closure({§ — BbB.al)=| § — BbBa} = I

goto(f,, ) = closure(}5 — Aadb.})= | 5 = Aadb. } = I
goto(l,, a) = closure(}§ — BbBa.})= | 5 — BbBa. | = I

The transition diagram for the DFA is shown in .

A U
1 / A ¢ ] .
e ! I R r
i .
B I e H..J e I
———*_ g i

Figure 5.5: DFA Transition diagram.
shows the SLR parsing table for the grammar having the following productions:

§ =235
S = dadb
& — BbBa
A—e
B—e
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Table 5.6: Action | GOTO SLR Parsing Table

Action Table GOTO Table

a b $ S A B
lo R3/R4 R3/R4 1 2 3
I1 Accept
12 S4
13 S5
l4 R3 R3 6
I5 R4 R4 7
I6 Sg
I7 S9
I8 R1
I9 R2

The productions are numbered as follows:

5 — Aadb (1)
S — BbBa (2)
A—e (3)
B—e (4)

Since the action table shown in contains multiple entries, the above grammar is not SLR(1).

SLR(1) grammars constitute a small subset of context-free grammars, so an SLR parser can only succeed on a small
number of context-free grammars. That means an SLR parser is a less-powerful LR parser. (The power of the parser is
measured in terms of the number of grammars on which it can succeed.) This is because when an SLR parser sees a
right-hand-side production rule A — a on the top of the stack, it replaces this rule by the left-hand-side nonterminal A if
the next input symbol can FOLLOW the nonterminal A. But sometimes this reduction may not lead to the generation of
previous right-most derivations. For example, the parser constructed above can do the reduction by the production A
— [ in the state I if the next input symbol happens to be eithera or b, because both a and b are in the FOLLOW(A).
But since the reduction by A - [ in lg leads to the generation of a first instance of A in the sentential form AaAb, this
reduction proves to be a proper one if the next input symbol is a. This is because the first instance of A in the sentential
form AaAb is followed by a. But if the next input symbol is b, then this is not a proper reduction, because even though
b follows A, b follows a second instance of A in the sentential form AaAb. Similarly, if the parser carries out the
reduction by A — [ in the state l4, then it should be done if the next input symbol is b, because reduction by A — [ in
l4 leads to the generation of a second instance of A in the sentential form AaAb.

Therefore, we conclude that if:

1. We let terminal a follow the first instance of A and let terminal b follow the second instance of A in
the sentential form AaAb;

2. We associate a with the item A - . in lp and terminal b with item A - . inlg;

The parser has been asked to carry out a reduction by A — [ in Ip on those terminals associated



with the item A - . in lg, and carry out the reduction A - [ in I4 on those terminals associated with
the item A - .inlg;

then there would have been no conflict and the parser would have re powerful. But this requires associating a
list of terminals (lookaheads) with the items. You may recall (see [Chapter 4) that lookaheads are symbols that the

parser uses to ‘look ahead’ in the input buffer to decide whether or not reduction is to be done. That is, we have to
work with items of the form A - a.X[. The item a is called as an LR(1) item, because the length of the lookahead is
one; therefore, an item without a lookahead is one with lookahead length of zero 0, an LR(0) item. In the SLR method,
we were working with LR(0) items. Therefore, we define an LR(K) item to be an item using lookaheads of length k. So,
an LR(1) item is comprised of two parts: the LR(0) item and the lookahead associated with the item.

Note We conclude that if we work with LR(1) items instead of using LR(0) items, then every state of the parser will
correspond to a set of LR(1) items. When the parser looks ahead in the input buffer to decide whether reduction
is to be done or not, the information about the terminals will be available in the state of the parser itself, which is
not the case with the SLR parser state. Hence, with LR(1), we get a more powerful parser.

Therefore, if we modify the closure and the goto functions to work suitably with the LR(1) items, by allowing them to
compute the lookaheads, we can obtain the canonical collection of sets of LR(1). And from this we can obtain the
parsing Action|GOTO table. For example, closure(l), where | is a set of LR(1) items, is computed as follows:

1. Add every item in | to closure(l).
2. Repeat

For every item of the form A - a.B[3, a in closure(l) do
For every production B — y do
Add B - Y, FIRST([3a) to closure(l)

* because the reduction by B - y generates B preceding 3 in the right side of A — aB[3; and hence, the reduction by B
- Yis proper only on those symbols that are in the FIRST([3). But if 3 derives to an empty string, then a will also follow
B, and the lookaheads of B — y will be FIRST((3a)

until no new item can be added to closure(l)

For example, consider the following grammar:

S=E
FAE+T| T
T=T*F|F
F—=1d

The closure(}|§ — .E, $))=| § > .E, §
E—= E+T. 5| +
E—.T.%5|+
T— . T*F,. S|+ |*
T .E$|+]*
F— id, S +1*

goto(l, X) = closure(fA - aX.3,a|A - a.XBaisinl})

That is, to find out goto from | on X, first identify all the items in | with a dot preceding X in the LR(0) section of the item.

Then, move the dot in all the selected items one position to the right (i.e., over X), and then take this new set's closure.
For example:

ifset I={ §— E. $

= « == a0



L= LTi,2]| T
E= T3 |+
F'=.T*F3|+1*
T F3|+]|*
F—id,§1+1*
H
then goto{d, £) = closure ( } § = £, §
E=E+T§%|+

-

J=18§—-2£E.8
E=E+T.%5 |+
}

5.4.4 An Algorithm for Finding the Canonical Collection of Sets of LR(1) ltems

[* Let C be the canonical collection of sets of LR(1) items. We maintain Cnew and Cold to continue the iterations */
Input : augmented grammar
Output: canonical collection of sets of LR(1) items (i.e., set C)

1. Cold=¢
2. add closure({S1 —.S,$})toC

3. while Cold # Cnew do

temp = Cnew — Cold
Cold = Cnew
for every | in temp do

for every Xin VO T (i.e., for every grammar symbol X) do
if goto(l, X) is not empty and not in Cnew, then

add goto(l, X) to Cnew

}

4. C=Cnew

For example, consider the following grammar:

S — Aadb
S — BbBa
A—e
B —e
The augmented grammar will be:
5= 8
5 — Aadb
5 — BbBa
A—= e
B—e

The canonical collection of sets of LR(1) items are computed as follows:



I, =closure ({5, = .5.8))=1{ § —=.5%
S — .Aadb, 5
S — .BbBa, $
A= . a

B—= b

goto( {1, 8}) = closure({S, > 5..8})=1 5, > 5., 8} =1,
goto{{ I, A}) = closure({S — A.adb, $}) = { S - Ad.adb, §} = L,
goto({f,, B}) = closure({S — B.bBa, $})={ S— BbBa, 3} =1,
goto(15,, al) = closure({5 — Aa.Ab, 81)= | § — Aa.Ab, §

A— . b

} =1
goto( {1, b)) = closure(}S — Bb.Ba,$})= | § — Bb.Ba, $

B— ., a

F =1
goto(1f,, A}) = closure({S — Aad.b,3})={ § — Aad.b, S} = I,
goto({L, B}) = closure({5 — BbB.a, $}) = { § — BbBa,$} = I,

goto( {1, b}) = closure({§ — Aadb., $})= | § — Aadd, §} = I,
goto({1., a}) = closure({§ — BbBa., $}) = { § — BbBa., $) = I,

The transition diagram of the DFA is shown in .

& Rt ! s I | o I} v

g

L
=ad

Figure 5.6: Transition diagram for the canonical collection of sets of LR(1) items.

5.4.5 Construction of the Action|GOTO Table for the LR(1) Parser

The following steps will construct the parsing action table for the LR(1) parser:
1. for every state lj in C do

for every terminal symbol a do

if goto(li, &) = Ij then
make action[lj, a] = Sj /*for shift and enter
into the state j*/

2. for every state lj in C whose underlying set of LR(1) items contains an item of the form A - a., a
do

make action[lj, a] = Rk /*where k is the number of
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the production A — Q, standing for reduce by A — o */

3. make [li, $] = accept if li contains an itemS1 - S., $

The goto table is simply a mapping of transitions in the DFA on nonterminals. Therefore, it is constructed as follows:

for every ljin C do

for every nonterminal A do
if goto (li, A) = lj then

make goto[lj, A] =

This method is called as CLR(1) or LR(1), and is more powerful than SLR(1). Therefore, the CLR or LR parsing table

for the grammar having the following productions is:
§—=35
S — Aadb
S5 — BbBa
A—=e
B—e

Table 5.7: CLR/LR Parsing Action | GOTO Table

Action Table GOTO Table
a b $ A
lo R3 R4 2
I1 Accept
I2 S4
13 S5
Ia R3 R3 6
I5 R4 Ra
I6 S8
I7 So9
Is R1
[ R2

The productions are numbered as follows:

8§ — AaAb
S — BhBa
A— e

B—e

By comparing the SLR(1) parser with the CLR(1) parser, we find that the CLR(1) parser is more powerful. But the
CLR(1) has a greater number of states than the SLR(1) parser; hence, its storage requirement is also greater than the

(1)
(2)
(3)
(4)




SLR(2) parser. Therefore, we can devise a parser that is an intermediate between the two; that is, the parser's power
will be in between that of SLR(1) and CLR(1), and its storage requirement will be the same as SLR(1)'s. Such a parser,
LALR(1), will be much more useful: since each of its states corresponds to the set of LR(1) items, the information
about the lookaheads is available in the state itself, making it more powerful than the SLR parser. But a state of the
LALR(1) parser is obtained by combining those states of the CLR parser that have identical LR(0) (core) items, but
which differ in the lookaheads in their item set representations. Therefore, even if there is no reduce-reduce conflict in
the states of the CLR parser that has been combined to form an LALR parser, a conflict may get generated in the state
of LALR parser. We may be able to obtain a CLR parsing table without multiple entries for a grammar, but when we
construct the LALR parsing table for the same grammar, it might have multiple entries.

5.4.6 Construction of the LALR Parsing Table

The steps in constructing an LALR parsing table are as follows:

1. Obtain the canonical collection of sets of LR(1) items.

2. If more than one set of LR(1) items exists in the canonical collection obtained that have identical
cores or LR(0)s, but which have different in lookaheads, then combine these sets of LR(1) items to
obtain a reduced collection, C1, of sets of LR(1) items.

3. Construct the parsing table by using this reduced collection, as follows.

Construction of the Action Table
1. for every state ljin C1 do

for every terminal symbol a do

if goto(li, a) = Ij then
make action[lj, a] = Sj /*for shift and enter
into the state j*/

2. for every state lj in C1 whose underlying set of LR(1) items contains an item of the form A - a., a,
do

make action[li, a] = Rk /*where k is the number of the production

A — O standing for reduce by A — O */

3. make [li, $] = accept if lj contains an itemS1 - S., $

Construction of the Goto Table

The goto table simply maps transitions on nonterminals in the DFA. Therefore, the table is constructed as follows:

for every ljin C1do

for every nonterminal A do
if goto(li, A) = lj then

make goto(li, A) = j

For example, consider the following grammar:

5= A4
A= ad
A= b

The augmented grammar is:
5, =3
5 — AA
A—ad
A=b



The canonical collection of sets of LR(1) items are computed as follows:

I, =closure ({8, = .5, 5}) = {5, =+ .5, 5

5= .44, %

A= ad, alb

A= b arh

¥
goto(fy, 5) = closure({S, = 5., $})=1 5§, = 5,8} = [,
gotol(f,, A) = closure({S — 4.4,8})= |5 —= 44, $

A— ad,$
A= b3S
i
goto({,, u) = closure(ld — a.d, afbl})={ A — ad a/b
A= ad, alb
A= b alb
] =4
gota(f,y, &) = closure({Ad — b., alby=14—=b, alb
=1,
goto(f,, A) = closure({S — A4, $})=1| §— AA.,§
=1
goto(l,, @) = closure({4 <+ a.4,$})=14 —>ad$
A= ad B
A— b 3
=L
goto(f,, b) = closure({4 - b, 8})=| A= b,
b= A
goto(f,, A) = closure( {4 — ad., a/bj)= 1 A — ad., a/b
HE fs
gutu[.’a, a) = closure({Ad — a.d a/bl) =14 > ad alh
A= ad a/b
A— b oalb

i =same as [,
goto(l;, b) = closure({4 — b.,a/b})={ A = b., alb
b =same as I,
goto(l,, 4) = closure(}d — ad., $})=1 4 —ad., }
=1,
goto(l,, @) = closure({4 = a.4,8})={ A > aA$
A= ad 3
A— b 3
| = same as [



goto(f,, b) = closure(}4 — b, 8})={ A —b,§

We see that the states 13 and Ig have identical LR(0) set items that differ only in their lookaheads. The same goes for
the pair of states l4, 17 and the pair of states Ig, l9. Hence, we can combine 13 with Ig, 14 with 17, and Ig with Ig to obtain

the reduced collection shown below:

{= same as [

I, = closure ({S, = .5,%})={ § — .58

L= 1.8 ~55.5]
L=1852344F%
A— ad, §
A b5
|

Le=1 A= ad, a/b/$
A — .ad, a/b/3
A= b, alb/$

t
I.=1{ A= b., alb/$

L={S—A44.,$
i
I,=1{A—ad., a/b/$

I
¥

S—= .44 %
A— .ad, a’/b
A= b alb

i

where 136 stands for combination of I3 and lg, 147 stands for the combination of I4 and I7, and Igg stands for th

combination of Ig and lg. The transition diagram of the DFA using the reduced collection is shown in figure 5.7.




‘IrF-!i'

Figure 5.7: Transition diagram for a DFA using a reduced collection.
Therefore, shows the LALR parsing table for the grammar having the following productions:
85— A4
A —ad
A—b

which are numbered as:

A— AA (1
A = ad (2)
A—b (3)

Table 5.8: LALR Parsing Table for a DFA Using a Reduced Collection

Action Table GOTO Table
a b $ S
lo S36 S47 1
11 Accept
12 S36 S47
136 S36 S47
la7 R3 R3 R3
I5 R1
Is9 R2 R2 R2

5.4.7 Parser Conflicts
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An LR parser may encounter two types of conflicts: shift-reduce conflicts and reduce-reduce conflicts.

Shift-Reduce Conflict

A shift-reduce (S-R) conflict in an SLR parser state if the underlying set of LR(0) item representations contains
items of the form depicted in Ei:ure 5.4, and FOLLOW(B) contains terminal a.

Figure 5.8: LR(0) underlying set representations that can cause SLR parser conflicts.

Similarly, an S-R conflict occurs in a state of the CLR or LA

parser if the underlying set of LR(1) items
representation contains items of the form shown in .

Figure 5.9: LR(1) underlying set representations that can cause CLR/LALR parser conflicts.

Reduce-Reduce Conflict

A reduce-reduce (R-R) conflict occurs if the underlying set of LR(0) items representation in a state of an SLR parser
contains items of the form shown in , and FOLLOW(A) and FOLLOW(B) are not disjoint sets.

Figure 5.10: LR(0) underlying set representations that can cause an SLR parser reduce-reduce conflict.

Similarly an R-R conflict occurs if the_underlying set of LR(1) items representation in a state of a CLR or LALR parser
contains items of the form shown in .




A->aab
B—v.,b

Figure 5.11: LR(1) underlying set representations that can cause an CLR/LALR parser.

If a set of items' representation contains only nonfinal items, then there is no conflict in the corresponding state. (An
item in which the dot is in the right-most position, like A - XYZ., is called as a final item; and an item in which the dot
is not in the right-most position, like A - X.YZ, is a nonfinal item).

Even if there is no R-R conflict in the states of a CLR parser, conflicts may be generated in the state of a LALR parser
that is obtained by combining the states of the CLR parser. We combine the states of the CLR parser in order to form
an LALR state. The items' lookaheads in the LALR parser state are obtained by combining the lookaheads of the
corresponding items in the states of the CLR parser. And since reduction depends on the lookaheads, even if there is
no R-R conflict in the states of the CLR parser, a conflict may become generated in the state of the LALR parser as a
result of this state combination. %ii ff?i!e consider the sets of LR(1) items that represent the two different states of
the CLR(1) parser, as shown in figure 5.12.

A [Lh

B=v,a

A—=o b

B—=1v.,a

Figure 5.12: Sets of LR(1) items represent two different CLR(1) parser states.

There is no R-R conflict in these sta
representation will be as shown in|

hen we combine these states to form an LALR, the state's set of items

A—-ob/a

B—-vy,b/a

Figure 5.13: States are combined to form an LALR.

We see that there is an R-R conflict in this state, because the parser will call a reduction by A - a aswellasby B -y
on both a and b. If there is a S-R conflict in the CLR(1) states, it will never be reflected in the LALR(1) state obtained by
combining the CLR(2) states. For example consider the sets of LR(1) items representing the two different states of the
CLR(1) parser as shown in figure 5.14].

/:—-i,:) oLaP, b A oaf, d
Q]’.,c H—}T..E.‘_,/

Figure 5.14: LR(1) items represent two different states of the CLR(1) parser.
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There is no_S-R conflict in these states. But when we combine these states, the resulting LALR state set will be as
shown in Figure 5.15. There is no S-R conflict in this state, as well.

A->o.af, b/d

B—>y.,c/e

Figure 5.15: LALR state set resulting from the combination of CLR(1) state sets.

5.4.8 Handling Ambiguous Grammars

Since every ambiguous grammar fails to be LR, they will not belong to either the SLR, CLR, or LALR grammar
classes. But some ambiguous grammars are quite useful for specifying languages. Hence, the question is how to deal
with these grammars in the framework of LR parsing. For example, the natural grammar that specifies
nonparenthesized expressions with + and * operators is:

E=FE+FE

E-E*E

E —d
But this is ambiguous grammar, because the precedence and associations of the operators has not been specified.
Even so, we prefer this grammar, because we can easily change the precedence and associations as required,

thereby allowing us more flexibility. Similarly, if we use unambiguous grammar instead of the above grammar to
specify the same language, it will have the following productions:

E-E+T| T
Tr—=T*F| F
F—=id

This parser will spend a substantial portion its time in carrying out reductions by the unit productionsE - Tand T - F.
These production are in the grammar to enforce associations and precedence, thereby making the parsing time
excessive. With an ambiguous grammar, every LR parser construction method will have conflicts. But these conflicts
can be resolved by using the precedence and association information of + and * as per the language's usage. For
example, consider the SLR parser construction for the above grammar. The augmented grammar is:

5= F
E>E+E
E—=E*E
E—d
The canonical collection of sets of LR(0) items is shown below:

IE,:EI{]ﬁurE{{S—r.E:]‘: (S = E
E—= E+E
E— E*E

E—= ad
'



goto(l,, E) = closure({5 — .E
E=E +F
E—-E*E
i
J={ 5= .E
E—=E +F
E=sE*E
L =1
goto(f, 1d) = closure(} E — id.
i
y=41 E—=id
i=1,
goto({,, +) = closure({E — E +.E
;
)=l E=E+ .E
E— E+E
E— E*E
E— .id

=1,

goto(l,, *) = closure({ £E—= E*.E
f
y={E—SE*E
E— E+ E
E—= E*E
E— ad
} =i
goto([,, id) = closure{{E — id.

y={ E—id
t= samcasfz
goto(l,, E') = closure({ E— L+ E
E—=E+E
E-E*E
'
J=S{E=E+E
E—-E+E
E=E*E
y=1,



goto({,, id) = closure({ £ — 1d.
i
)= {E = id.
{= same as f,
goto(f,, E) = closure(| E—» E*E
E—-E+FE
E=E*E
i
1={E=E*E.
E—=EFE +F
E—SE*E
it A
goto(/,, id) = closure({ £ — id.
i
)=1{ E—id
{= same as [,

goto(/,, +) = closure( | E— E+.E
i
J={ E=E+ .FE
E— . E+F
E— E*E
E—.id
= same as f,
goto{f., *) = closure(| £— E£* .E
H
)= E—= E™.E
E— E+F
E— .E*E
E—ad
{ =same as I,
goto(fy, +) =closure({ E—» E+ E

]
I

=|\E—=E+.F
EFE— E+F
E— E*E
F— id
| =same as I,
goto{f,, *) = closure({ E — E*E

I
]



)=V E—=E* E
E— E+ F
E— E*FE
F — .id
| =sameas [,

diagram of the DFA for the augmented grammar is shown in . The SLR parsing table is

rable 5.9

Figure 5.16: Transition diagram for augmented grammar DFA.

Table 5.9: SLR Parsing Table for Augmented Grammar

Action Table GOTO Table
+ * id $ E
lo S2 1
11 S3 S4 accept
12 R3 R3 R3
13 S2 5
I4 S2 6
I5 S3R1 S4R1 R1
I6 S3/R2 Sa/R2 R2

We see that there are shift-reduce conflicts in I5 and lg on + as well as *. Therefore, for an input string id + id + id$,
when the parser enters into the state Is, the parser will be in the configuration:

Stack Contents Unexpended Input
ILEIL + LEL +id$
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Hence, the parser can either reduce by E - E +E or shift the + onto the stack and enter into the state I3. To resolve

this conflict, we make use of associations. If we want left-associativity, then a reduction by E - E +E is the right
choice. Whereas if we want right-associativity, then shift is a right choice.

Similarly, if the input string is id + id * id$ when the parser enters into the state Is, it will be in the configuration:

Stack Contents Unexpended Input
LEI + LEI *id$

Hence, the parser can either reduce by E — E +E or shift the * onto the stack and enter into the state l4 in order to

resolve this conflict. We must make use of precedence if we want a higher precedence for + then the reduction by E —
E +E. If we want a higher precedence for *, then shift is a right choice.

Similarly if the input string is id * id + id$ when the parser enters into the state Ig, it will be in the configuration:

Stack Contents Unexpended Input
LEI *IEI +id$

Hence, the parser can either reduce by E — E * E or shift the + onto the stack and enter into the state I3 in order to

resolve this conflict. We have to make use of precedence if we want a higher precedence for *; then reduction by E —
E * E is a right choice. Whereas if we want a higher precedence for +, then shift is right choice.

Similarly, if the input string is id * id * id$ when the parser enters into the state 16, the parser will be in the configuration:

Stack Contents Unexpended Input
I,EI * LEI, *id$

The parser can either reduce by E — E * E or shift the * onto the stack and enter into the state l4. To resolve this

conflict, we have to make use of associations. If we want left-associativity, then a reduction by E — E * E is a right
choice. If we want right-associativity, then shift is a right choice.

Therefore, for a higher precedence to *, and for left-associativity for both + and *, we get the SLR parsing table shown
in[fable 5.1d.

Table 5.10: SLR Parsing Table Reflects Higher Precedence and Left-Associativity

Action Table GOTO Table
+ * id $ E
lo S2 1
I1 S3 Sq Accept
I2 R3 R3 R3
13 S2 5
l4 S2 6
I5 R1 S4 R1
I R2 R2 R2

Therefore, we have a way to deal with ambiguous grammars. We can make use of honambiguous rules to resolve
parsing action conflicts.



[rrevious [next )



5.5 DATA STRUCTURES FOR REPRESENTING PARSING TABLES

Since there are only a few entries in the goto table, separate data structures must be used for the action table and the
goto table. These data structures are described below.

Representing the Action Table

One of the simplest ways to represent the action table is to use a two-dimensional array. But since many rows of the
action table are identical, we can save considerable space (and expend a negligible cost in processing time) by

creating an array of pointers for each state. Then, pointers for states with the same actions will point to the same
location, as shown in .

id 5
i » 5
f " ] [ 5 Adcepl
{ " i iy iy
I — " R :] Ry
3 R, R,

Figure 5.17: States with actions in common point to the same location via an array.

To access information, we assign each terminal a number from zero to one less than the number of terminals. We use
this integer as an offset from the pointer value for each state. Further reduction in the space is possible at the expense
of speed by creating a list of actions for each state. Each node on a list will be comprised of a terminal symbol and the
action for that terminal symbol. It is here that the most frequent actions, like error_actions. can be appended at the end
of the list. For example, for the state lp in [fable 5.1d, the list will be as shown in Eigure 5.18.

id 5, r——® any error

Figure 5.18: List that incorporates the ability to append actions.

Representing the GOTO Table

An efficient way to represent the goto table is to make a list of pairs for each nonterminal A. Each pair is of the form:

goto(current-state, A) = next-state

Since the error entries in the goto table are never consulted, we can replace each error entry by the most common
nonerror entry in its column is represented by any in place of current-state.
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5.6 WHY LR PARSING IS ATTRACTIVE

There are several reasons why LR parsers are attractive:

1. An LR parser can be constructed to recognize virtually all programming language constructs for
which a CFG can be written.

2. The LR parsing method is the most general, nonbacktracking shift-reduce method known. Yet it
can be implemented as efficiently as any other method.

3. The class of grammars that can be parsed by using the LR method is a proper superset of the
class of grammars that can be parsed with a predictive parser.

4. The LR parser can quickly detect a syntactic error via the left-to-right scanning of input.

The main drawback of the LR method is that it is too much work to construct an LR parser by hand for a typical
programming language grammar. But fortunately, many LR parser generators are available that automatically
generate the required LR parser.




5.7 EXAMPLES

The examples that follow further illustrate the concepts covered within this chapter.

EXAMPLE 5.3

Construct an SLR(1) parsing table for the following grammar:

S = xdy | xBy | xAz
A—al| g
B—oyg

First, augment the given grammar by adding a production S1 — S to the grammar. Therefore, the augmented
grammar is:

5 —=5

S — xdy | xBy | x4z
A — al|g

=g

Next, we obtain the canonical collection of sets of LR(0) items, as follows:

closure (15, = .5})={ 5§, = .5
S — xAdy
8§ — .xBy
§— xdz
F =0
goto(l,, 5) = closure({5, = 5.})=1{ 8§ = 5. | =1
goto(l, , x) = closure( {5 — x.Ay
S — x.By
S — x.Az
=18 = xdy
5 — x.By
S = x.Adz
A— qb
A= g
B— g
$ =1,
goto(f,, A) = cdosure{{ 5§ — xA.y
5 — xA.z
=1 8= xdy
S—=xdz | =L



goto(l, , B) = closure(}{5 — xBy }) = :-
gotoll,, g) = closure({d — q.5
A—=g.

Bogl)={Ad-o438
A=g
B g
S = .xdy
S — xBy
S = xdz
=1,
goto(l,, y) = closure({§ = xdy.) = { S = xdy. } = L,
goto(fy, z) = closure({S = xdz ) ={ § s xdz. | =1
goto(l,, ¥) = closure({S = xBy.}}) = { § = xBy. | =i
goto(f;, &) = closure({d —» gS.}))= 1A —>¢5 | =]
gotoll,, x) = closure(| 5 — x. Ay
5 — x By
5= x.Az

=1,
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4. UsingS - xAz, we get FOLLOW(A) = {z}

Therefore, FOLLOW(A) ={y, z}. Using A - @S, we get FOLLOW(S) = FOLLOW(A) ={y, z}. Therefore, FOLLOW(S) =
{y, z, $}. Let the productions of the grammar be numbered as follows:

§ — xAy (1)
§ — xBy (2)
S = xAz (3)
A= g§ (4)
A—q (3)
B—g (6)

The SLR parsing table for the productions above is shown in [Table 5.11].

Table 5.11: SLR(1) Parsing Table

Action Table GOTO Table

X Y z q $ S A B
lo S2 R3/R4 1
11 Accept
12 S5 3 4
I3 Sé S7
14 Sg
I5 S2 Rs/R6 Rs 9
ls R1 R1 R1
I7 R3 R3 R3
Is R2 R2 R2
lg R4 R4

EXAMPLE 5.4

Construct an SLR(1) parsing table for the following grammar:
§—=050] 151110
First, augment the given grammar by adding the production S1 — S to the grammar. The augmented grammar is:
5 =5
S— 080 | 151 | 10
Next, we obtain the canonical collection of sets of LR(0) items, as follows:

closure (15, = .5})=1 51 = .§
5 = 050



goto(ly, §) =closure({5, = 5.1)= {5, = 58] =1,
gotof(l,, 0) = closure({§ — 0.501) = | § — 0.50

5 — 050

& = 151

&= .10

V=1
goto(ly, 1) = closure(} 5 — 1.51
S= 1.0
11=158— L5
= 1.0
& = 050
§ = .151
S0 =1,

gotol(l,, 3) = closure({§ = 050} = S =050} = [,
goto(ly, 0) = closure( |5 — (.50

=1
goto(l,, 1) = closure( |5 — 1.51
&= 1.0
n=1,
goto(l,, 5) = closure( |5 — 15.1
=1
goto(l,, 0) = closure(|§ — 10.
&= 0.50
=15 = 10.
5 — 0.50
S = 050
5= 151
S = .10
y =1
goto({,, 1) = closure({ 5 — 15.1
5= 1.0
=1
goto(fy, 0) = closure({5 — 030.
D=1
goto([;, 1) = closure(|§ — 151
=10
goto(d,, 8) = closure(1§ — 05.0
=1

goto(f,, 0) = closure({§ — 0.50



=1
goto(f,, 1) = closure({§ — 1.51
§—->10
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Table 5.12: SLR Parsing Table for

Action Table GOTO Table

0 1 $ S
lo S2 S3 1
I accept
I2 S2 S3 4
13 Se S3 5
la S7
I5 Sg
I6 S2/R3 S3/R3 R3 4
I7 R1 R1 R1
I8 R2 R2 R2

EXAMPLE 5.5

Consider the following grammar, and construct the LR(1) parsing table.

S —»aShS | bSaS | €

The augmented grammar is:

5| —= &
S —=adhs | bSaS | €

The canonical collection of sets of LR(1) items is:

=T

i

5= .58

5 —. alhs, §
85— b5al §
o .

goto{l,, $H= (5| » 5,8} =],
gotol, a) = |5 — a.5b5, $

5 = 505, b
§— bSal b
S=_ b
=4

goto(l, B) = {5 — b.5a5, $

&= akhs, a
5= .b5al, a
F= .0
1=4

gotoll,, 5) = {S— aShs, §} = I,
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gel{l? g = 15— 0. 505 b
& = .afhy, b
85— b%as b
S=.,b
y=1,

goto{ly, b) = {§— bSal b
5= albs, a
&= b8al, a
=,
}=I¢,

gotoll;, §) = {§— bSaS, §} = I

gotolly, a) = |§— o 585, a
&=, aShS, b
5= b%al, b
=, b
y=1,

gotoly, B = (5= b.5ad, a
& = .t 5hE, o
5 = bFal, a
S, 4
y=14,
fpotolf,, &) = |
5 = afh5 5§
5 — aShs §
8 = bEal §
F=.5%
=1y
ofl, = {F—=albS b} =1,
fo, @)= I,
wb =k
L. 8= S=bSal b} =1,
fo @)= I
olly, )=,
I, d) = {

8= b5 5
5 —. alhs, §
5 — bSal §
5=.,8%
1=1;
I, §) = {5 aS.b8, a) = I,
o IS' ay) = Is
Iy B)= 1y
L S={5=>b8af a}=],
moto(l, a4y = fa
oto(l, &) = I,
goto(l,,, §) = | 5 aShS,$ = I,
potollyy, a) = I
goto(ly,, b) = I
potolf,,, 8 = |
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o =k 0, b
S —», aShS b

5= bhaS b
5= a5hS, b
5= b8l b
Fe=r ., b

P =1y

5= adhl a

E-m"}ﬂljl N=f{fabfus f)= :I':'l
§— afhs, a
§— bSal, a

fya) =1,
LB =1
'FH"H = |

S=_ 0

b =I,

potoldy., a) = |
5= bS50 5, a
S = akhl a
5= bS8 g
Fet ., a

b=y
IF|1ln'-;".|= | B— afhf, b :Iﬂ

The parsing table for the production above is shown in[lable 5.13.
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Table 5.13: Parsing Table for

Action Table GOTO Table

A B $ S
lo S2 S3 R3 1
I1 Accept
I2 S5 Se/R3 4
I3 S8R3 Sg 7
I4 S10
I5 S5 Se/R3 11
(3 Sg/R3 Sg 12
I7 S13
I8 S5 Se/R3 14
¢ Sg/R3 Sg 15
110 S2 S3 R3 16
111 S17
112 S18
113 S2 S3 R3 19
114 S20
115 S21
I16 R1
117 S5 Se/R3 22
l18 S5 Se/R3 23
119 R2
120 Sg/R3 Sg 24
121 Sg/R3 Sg 25
122 R1
123 R2
124 R1
125 R2

The productions for the grammar are numbered as shown below:

§— aSb5
§ —.b5al

o

L

(1)
(2)

Flr B Y




Q= Kad)

EXAMPLE 5.6

Construct an LALR(1) parsing table for the following grammar:

S = da | bAc | de | bda
A= d

The augmented grammar is:

S| =5
S — Aa
S — bAc
S —de
S = bda
A= d

The canonical collection of sets of LR(1) items is:

£L=151 = .55
§—= Aa, §
5§ — .bAc, §
§— dc, §
S = .bda, §
A— da

goto(fy, )= (S| =5.8 =1
goto(y, A)= {5 —Aa$}=1
goto(d, B) = {§ — b.Ac, §
S —=bida, 5
A— dc
=1
gotoldy, d) = {8 — dc, §
A—=d, a
F =1
gotolly, a) = |S— da. . § | = I,
goto{l, A)={§ =+ bd.c,$ | =1,

goto{fy, ) = | § — bda, §
A—d, ¢
=1,
goto{f,, )= | §—=dec, 5| =1
goto(f,, )= 1 5§ 2 d4c, 5} =,

..... i I —% = § EF e L X i o= F



BUWNLL, () — § O = DL, D § — Iy,

Action Table GOTO Table

S—=da| adc | Bc | bBa
A—=d
B—=d

5l =85
S — Ada | ade| Be | bBa
A—d




5 = .5 %
et ..-"Il'J', $
§ = adc, §
§— B §
3 — .bBa %
A —» .1‘2',. a
B— -l‘f, (A

goto(dy, )= {51 = 58,8} =1
gotoll Ay=18 > Aa | I,
goto(f, Bj={§ =B 5} =1
gotolfy, @) = {S—= a.dc, §

Fs

goto(d,, b) =

goto(l,, ) = 15— 4a, 5} =1,
LL‘ITLI“,_ =i8=B.%= _H
={§—ade $i =
goto(d ,Jj- d—d, =1,
goto(l;, B) = |8 = bBa,§ | = I,
goto(l,, )= {B—d,a} =1,
goto(ly, ) = {§ s ade, 5| =1,
gotold,,,a) = |S > bBa. . § | = [,




Table 5.15: LALR(1) Parsing Table for

Action Table

GOTO Table

S4

S5

S6

Accept

S7

S8

S10

S12

11

R5

R6

R1

R3

S13

10

R5

11

S14

112

R6

113

R2

114

R4

The productions of the grammar are numbered as shown below:

EXAMPLE 5.8

1.

S - Aa

S - aAc

S - Bc

S - bBa

A-d

B-d

Construct the nonempty sets of LR(1) items for the following grammar:

S§—= 4
A—=AEB | e
B—ab | b

The collection of nonempty sets of LR(1) items is shown in .




S A8
A= AB§
LA KA

¥l Tt
(_!T—t.l# 5a ':-__':

-

—— —

Figure 5.21: Collection of nonempty sets of LR(1) items for Examgle 5. Zl
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Chapter 6: Syntax-Directed Definitions and Translations

6.1 SPECIFICATION OF TRANSLATIONS

The specification of a construct's translation in a programming language involves specifying what the construct is, as
well as specifying the translating rules for the construct. Whenever a compiler encounters that construct in a program,
it will translate the construct according to the rules of translation. Here, the term "translation" is used in a much broader
sense. Translation does not necessarily mean generating either intermediate code or object code. Translation also
involves adding information into the symbol table as well as performing construct-specific computations. For example,
if a construct is a declarative statement, then its translation adds information about the construct's type attribute into
the symbol table. Whereas, if the construct is an expression, then its translation generates the code for evaluating the
expression.

When we specify what the construct is, we specify the syntactic structure of the construct; hence, syntactic
specification is the part of the specification of the construct's translation. Therefore, if we suitably extend the notation
that we use for syntactic specification so that it will allow for both the syntactic structure and the rules of translation that
go along with it, then we can use this notation as a framework for the specification of the construct translation.

Translation of a construct involves manipulating the values of various quantities. For example, when translating the
declarative statementint a, b, ¢, the compiler needs to extract the type int and add it to the symbol records of a, b,
and c. This requires that the compiler keep track of the type int, as well as the pointers to the symbol records
containing a, b, and c.

Since we use a context-free grammar to specify the syntactic structure of a programming language, we extend that
context-free grammar by associating sets of attributes with the grammar symbols. These sets hold the values of the
quantities, which a compiler is required to track, as well as the associated set of production rules of the grammar that
specify the how the attributed values of the grammar symbols of the production are manipulated. These extensions
allow us to specify the translations. Syntax-directed definitions and translation schemes are examples of these
extensions of context-free grammars, allowing us to specify the translations.

Syntax-directed definitions use CFG to specify the syntactic structure of the construct. It associates a set of attributes
with each grammar symbol; and with each production, it associates a set of semantic rules for computing the values of
the attributes of the grammar symbols appearing in that production. Therefore, the grammar and the set of semantic
rules constitute syntax-directed definitions.




6.2 IMPLEMENTATION OF THE TRANSLATIONS SPECIFIED BY
SYNTAX-DIRECTED DEFINITIONS

Attributes are associated with the grammar symbols that are the labels of the parse tree nodes. They are thus
associated with the construct's parse tree translation specification. Therefore, when a semantic rule is evaluated, the
parser computes the value of an attribute at a parse tree node. For example, a semantic rule could specify the
computation of the value of an attribute val that is associated with the grammar symbol X (a labeled parse tree node).
To refer to the attribute val associated with the grammar symbol X, we use the notation X.val. Therefore, to evaluate
the semantic rules and carry out translations, we must traverse the parse tree and get the values of the attributes at
the nodes computed. The order in which we traverse the parse tree nodes depends on the dependencies of the
attributes at the parse tree node hat is, if an attribute val at a parse tree node X depends on the attribute val at the
parse tree node Y, as shown in , then the val attribute at node X cannot be computed unless the val attribute
at Y is also computed.

4 N

X Y

val » val

Figure 6.1: The attribute value of node X is inherently dependent on the attribute value of node Y.

Hence, carrying out the translation specified by the syntax-directed definitions involves:

1. Generating the parse tree for the input string W,

2. Finding out the traversal order of the parse tree nodes by generating a dependency graph and
doing a topological sort of that graph, and

3. Traversing the parse tree in the proper order and getting the semantic rules evaluated.

If the parse tree attribute's dependencies are such that an attribute of node X depends on the attributes of nodes
generated before it in the parse tree-construction process, then it is possible to get X's attribute value during the
parsing itself; the parser is not required to generate an explicit parse tree, and the translations can be carried out along
with the parsing. The attributes associated with a grammar symbol are classified into two categories: the synthesized
and the inherited attributes of the grammar symbol.

Synthesized Attributes

An attribute is said to be synthesized if its value at a parse tree node is determined by the attribute values at the child
nodes. A synthesized attribute has a desirable property; it can be evaluated during a single bottom-up traversal of the
parse tree. Synthesized attributes are, in practice, extensively used. Syntax-directed definitions that only use
synthesized attributes are shown below:

E—E +T Eval:=Elyval+ Tval
E->T Eval : = T3.val

fhE O I Tval:= Tl.val * F.val
T F Tval . = Fval

F—id Ewval . = num.lexval
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These definitions specify the translations that must be carried by the expression evaluator. A parse tree, along with the
values of the attributes at the nodes (called an "annotated parse tree"), for an expression 2+3*5 is shown in .

~

Eval=32 F

\h‘l
| Fval=§
r

um j fi
"'x_,-f‘ .
humoval = 2 num,val = 3
Figure 6.2: An annotated parse tree.

Syntax-directed definitions that only use synthesized attributes are known as "S-attributed" definitions. If translations
are specified using S-attributed definitions, then the semantic rules can be conveniently evaluated by the LR parser
itself during the parsing, thereby making translation more efficient. Therefore, S-attributed definitions constitute a
subclass of the syntax-directed definitions that can be implemented using an LR parser.

Inherited Attributes

Inherited attributes are those whose initial value at a node in the parse tree is defined in terms of the attributes of the
parent and/or siblings of that node. For example, syntax-directed definitions that use inherited attributes are given
below:

D—->TL L.type = T.type

T — int T.type = int

T — real T type = real

I — Llad Ll.type = L.type
enter(id.prt, L.type)

L —id enter(id.prt, L.type)

ree, along with the attributes' values at the parse tree nodes, for an input string int id1,id2,id3 is shown in
igure 6.3.
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Figure 6.3: Parse tree with node attributes for the string int id1,id2,id3.

Inherited attributes are convenient for expressing the dependency of a programming language construct on the
context in which it appears. When inherited attributes are used, then the interdependencies among the attributes at
the nodes of the parse tree must be taken into account when evaluating their semantic rules, and these
interdependencies among attributes are depicted by a directed graph called a "dependency graph". For example, if a
semantic rule is of the form A.val = f(X.val,Y .val,Z.val)—that is, if A.val is function of X.val, Y.val, and Z.val)-and is
associated with a production A - XYZ, then we conclude that A.val depends on X.val, Y.val, and Z.val. Therefore,
every semantic rule must adopt the above form (if it hasn't already) by introducing a dummy, synthesized attribute.

Dummy Synthesized Attributes

If the semantic rule is in the form of a procedure call fun(al,a2,a3,..., ak), then we can transform it into the form b =
fun(al,a2,a3,..., ak), where b is a dummy synthesized attribute. The dependency graph has a node for each attribute

and an edge from node b to node a if attribute a depends on attribute b. For example, if a production A — XYZ is
used in the parse tree, then there will be four nodes in the dependency graph—A.val, X.val, Y.val, and Z.val—with
edges from X.val, Y.val, and Z.val to A.val.

The dependency graph for such a parse tree is shown in . The ellipses denote the nodes of the dependency
graph, and the circles denote the nodes of the parse tree.
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Figure 6.4: Dependency graph with four nodes.

This topological sort of a dependency graph results in an order in which the semantic rules can be evaluated. But for
reasons of efficiency, it is better to get the semantic rules evaluated (i.e., carry out the translation) during the parsing
itself. If the translations are to be carried out during the parsing, then the evaluation order of the semantic rules gets
linked to the order in which the parse tree nodes are created, even though the actual parse tree is not required to be
generated by the parser. Many top-down as well as bottom-up parsers generate nodes in a depth-first left-to-right
order; so the semantic rules must be evaluated in this same order if the translations are to be carried out during the
parsing itself. A class of syntax-directed definitions, called "L-attributed" definitions, has attributes that can always be
evaluated in depth-first, left-to-right order. Hence, if the translations are specified using L-attributed definitions, then it
is possible to carry out translations during the parsing.
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6.3 L-ATTRIBUTED DEFINITIONS

A syntax-directed definition is L-attributed if each inherited attribute of Xj fori between 1 and n, and on the right side of

production A - X1X2...,Xn, depends only on:

1. The attributes (both inherited as well as synthesized) of the symbols X1,X2,..., Xj—1 (i.e., the
symbols to the left of Xj in the production, and

2. The inherited attributes of A.

The syntax-directed definition above is an example of the L-attributed definition, because the inherited attribute L.type
depends on T.type, and T is to the left of L in the production D — TL. Similarly, the inherited attribute L1.type depends
on the inherited attribute L.type, and L is parent of L1 in the productionL — L1,id.

When translations carried out during parsing, the order in which the semantic rules are evaluated by the parser must
be explicitly specified. Hence, instead of using the syntax-directed definitions, we use syntax-directed translation
schemes to specify the translations. Syntax-directed definitions are more abstract specifications for translations;
therefore, they hide many implementation details, freeing the user from having to explicitly specify the order in which
translation takes place. Whereas the syntax-directed translation schemes indicate the order in which semantic rules
are evaluated, allowing some implementation details to be specified.




6.4 SYNTAX-DIRECTED TRANSLATION SCHEMES

A syntax-directed translation scheme is a context-free grammar in which attributes are associated with the grammar
symbols, and semantic actions, enclosed within braces ({ }), are inserted in the right sides of the productions. These
semantic actions are basically the subroutines that are called at the appropriate times by the parser, enabling the
translation. The position of the semantic action on the right side of the production indicates the time when it will be
called for execution by the parser. When we design a translation scheme, we must ensure that an attribute value is
available when the action refers to it. This requires that:

1. Aninherited attribute of a symbol on the right side of a production must be computed in an action
immediately preceding (to the left of) that symbol, because it may be referred to by an action
computing the inherited attribute of the symbol to the right of (following) it.

2. An action that computes the synthesized attribute of a nonterminal on the left side of the
production should be placed at the end of the right side of the production, because it might refer to
the attributes of any of the right-side grammar symbols. Therefore, unless they are computed, the
synthesized attribute of a nonterminal on the left cannot be computed.

These restrictions are motivated by the L-attributed definitions. Below is an example of a syntax-directed translation
scheme that satisfies these requirements, which are implemented during predictive parsing:

D—> T{Ltype:= Ttype }L;

T —int{ T.type : = int }

T — real{ T.type:=real }

L — { Ll.type = L.type L1, id{enter(id.prt, L.type);}
L — id{enter(id.prt, L. type);}

The advantage of a top-down parser is that semantic actions can be called in the middle of the productions. Thus, in
the above translation scheme, while using the production D — TL to expand D, we call a routine after recognizing T
(i.e., after T has been fully expanded), thereby making it easier to handle the inherited attributes. Whereas a bottom-up
parser reduces the right side of the production D — TL by popping T and L from the top of the parser stack and
replacing them by D, the value of the synthesized attribute T.type is already on the parser stack at a known position. It
can be inherited by L. Since L.type is defined by a copy rule, L.type = T.type, the value of T.type can be used in place
of L.type. Thus, if the parser stack is implemented as two parallel arrays—state and value—and state [I] holds a
grammar symbol X, then value [I] holds a synthesized attribute of X. Therefore, the translation scheme implemented
during bottom-up parsing is as follows, where [top] is value of stack top before the reduction and [newtop] is the value
of the stack top after the reduction:

D— T

T — int{value[newtop] = int}

T — real{value[newtop] = real}

L — L1, id{enter{value[top], value[top-3]);}
L — id{enter(value[top], value[top-1]);}




6.5 INTERMEDIATE CODE GENERATION

While translating a source program into a functionally equivalent object code representation, a parser may first
generate an intermediate representation. This makes retargeting of the code possible and allows some optimizations
to be carried out that would otherwise not be possible. The following are commonly used intermediate representations:

1. Postfix notation
2. Syntax tree

3. Three-address code

Postfix Notation

In postfix notation, the operator follows the operand. For example, in the expression (a —b) * (c +d) + (a —b), the
postfix representation is:

Ab— Cd x Ab— +
Syntax Tree

The syntax tree is nothing more than a condensed form of the parse tree. The operator and keyword nodes of the
@)se tree ) are moved to their parent, and a chain of single productions is replaced by single link ‘

Figure 6.5: Parse tree for the string id+id*id.
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Figure 6.6: Syntax tree for id+id*id.

Three-Address Code

Three address code is a sequence of statements of the form x =y op z. Since a statement involves no more than
three references, it is called a "three-address statement,” and a sequence of such statements is referred to as
three-address code. For example, the three-address code for the expressiona +b *c +d is:

I'=8%C
Q=A+%
,=T,+D

Sometimes a statement might contain less than three references; but it is still called a three-address statement. The
following are the three-address statements used to represent various programming language constructs:

B Used for representing arithmetic expressions:
X=YmwZ
A=op¥
X=Y

B Used for representing Boolean expressions:
if A= Bgoto L
goto L

B Used for representing array references and dereferencing operations:

x = y[d]
il =y
¥ ="y
*I:y

B ysed for representing a procedure call:

param T’

a4
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6.6 REPRESENTING THREE-ADDRESS STATEMENTS

Records with fields for the operators and operands can be used to represent three-address statements. It is possible
to use a record structure with four fields: the first holds the operator, the next two hold the operandl and operand2,
respectively, and the last one holds the result. This representation of a three-address statement is called a "quadruple
representation”.

Quadruple Representation

Using quadruple representation, the three-address statement x =y op z is represented by placing op in the operator
field, y in the operandl field, z in the operand?2 field, and x in the result field. The statement x =op y, where op is a
unary operator, is represented by placing op in the operator field, y in the operand1 field, and x in the result field; the
operand? field is not used. A statement like param t1 is represented by placing param in the operator field and t1 in the
operand1 field; neither operand2 nor the result field are used. Unconditional and conditional jump statements are
represented by placing the target labels in the result field. For exarE? f ff,ladruple representation of the
three-address code for the statement x = (a +b) * - c¢/d is shown in[[able 6.1]. The numbers in parentheses represent
the pointers to the triple structure.

Table 6.1: Quadruple Representation of x = (a + b) * —c/d

Operator Operandl Operand2 Result
@) + a b tl
2) - c 2
@) - tl 2 t3
4 / t3 d t4
(5) = 4 X

Triple Representation

The contents of the operandl, operand2, and result fields are therefore normally the pointers to the symbol records
for the names represented by these fields. Hence, it becomes necessary to enter temporary names into the symbol
table as they are created. This can be avoided by using the position of the statement to refer to a temporary value. If
this is done, then a record structure with three fields is enough to represent the three-address statements: the first
holds the operator value, and the next two holding values for the operandl and operand2, respectively. Such a
representation is called a "triple representation”. The contents of the operandl and operand? fields are either pointers
to the symbol table records, or they are pointers to records (for temporary names) within the triple representation itself.

For example, a triple representation of the three-address code for the statement x = (a+b)*—c/d is shown in ‘.



Table 6.2: Triple Representation of x = (a + b) * —c/d

Operator Operand1 Operand2
@) + a b
@) - c
3) - @) @)
4) / ®) d
() = X @)

Indirect Triple Representation

Another representation uses an additional array to list the pointers to the triples in the desired order. This is called an
indirect triple representation. For example, a triple representation of the three-address code for the statement x =

(a+b)*—c/dis shown in[Table 6.3.

Table 6.3: Indirect Triple Representation of x = (a + b) * —c/d

Operator Operand1 Operand2
@) @) + a b
@ &) - c
®) @) * @ @)
@) @) / ®) d
() (5) = X 4)
Comparison

By using quadruples, we can move a statement that computes A without requiring any changes in the statements
using A, because the result field is explicit. However, in a triple representation, if we want to move a statement that
defines a temporary value, then we must change all of the pointers in the operandl and operand? fields of the records
in which this temporary value is used. Thus, quadruple representation is easier to work with when using an optimizing
compiler, which entails a lot of code movement. Indirect triple representation presents no such problems, because a
separate list of pointers to the triple structure is maintained. When statements are moved, this list is reordered, and no
change in the triple structure is necessary; hence, the utility of indirect triples is almost the same as that of quadruples.
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6.7 SYNTAX-DIRECTED TRANSLATION SCHEMES TO SPECIFY THE
TRANSLATION OF VARIOUS PROGRAMMING LANGUAGE CONSTRUCTS

Specifying the translation of the construct involves specifying the construct's syntactic structure, using CFG, and
associating suitable semantic actions with the productions of the CFG. For example, if we want to specify the
translation of the arithmetic expressions into postfix notation so they can be carried along with the parsing, and if the
parsing method is LR, then first we write a grammar that specifies the syntactic structure of the arithmetic expressions.
We then associate suitable semantic actions with the productions of the grammar. The expressions used for these
associations are covered below.

6.7.1 Arithmetic Expressions

The grammar that specifies the syntactic structure of the expressions in a typical programming language will have the
following productions:

E—=E+T
E—T
T— T*F
I'—F
F—ud

Translating arithmetic expressions involves generating code to evaluate the given expression. Hence, for an
expression a +b * c, the three-address code that is required to be generated is:

t1=6%c¢

2=aga+1tl

where t1 and t2 are pointers to the symbol table records that contain compiler-generated temporaries, and a, b, and c
are pointers to the symbol table records that contain the programmer-defined names a, b, and c, respectively.
Syntax-directed translation schemes to specify the translation of an expression into postfix notation are as follows:

E—E +T {E.code = concate(E,.code, T.code,“+");}
E—T {E.code = T.code;}
T—T,*F {T.code = concate(T,.code, F.code,"*");}
> F | I.code = F.code;!
F—id {F.code = getname(1d.place); }
where code is a string value attribute used to hold the postfix expression, and place is pointer value attribute used to
link the pointer to the symbol record that contains the name of the identifier. The label getname returns the name of
the identifier from the symbol table record that is pointed to by ptr, and concate(s1, s2, s3) returns the concatenation of

the strings s1, s2, and s3, respectively. For the string a+b*c, the values of the attributes at the parse tree node are
shown in .




| E ' E.code = abe* +
Ecode=g | E [+ ) | T | Tcode =&
Teode=a | T T ) o F | Frodesc
Toode = b
r "'- .
Feode=a | F F ) Feode =b id |
id place = addr (symeak rec of ¢
X
id |
I id place = addr (symtab rec of &)
| Wl ._

Figure 6.7: Values of attributes at the parse tree node for the stringa +b * c.

id.place = addr(symtab rec of a)

Syntax-directed translation schemes to specify the translation of an expression into the syntax tree are as follows:

E—E +T
E->T
T—-T*F
Tr— F
F—id

{E.ptr = mknode (‘+',E,.ptr, T.ptr)}
{E.ptr = T'ptr}

i I.ptr = mknode (**', T, .ptr, F.ptr)
| T.ptr = Foptr}

\Fl.ptr = mkleaf (1d.place)}

where ptr is pointer value attribute used to link the pointer to a node in the syntax tree, and place is pointer value
attribute used to link the pointer to the symbol record that contains the name of the identifier. The mkleaf generates
leaf nodes, and mknode generates intermediate nodes.

For the string a+b*c, the values of the attributes at the parse tree nodes are shown in .
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Figure 6.8: Values of the attributes at the parse tree nodes for a +b * ¢, id.place = addr(symtab rec of a).

id.place = addr(sumtab rec of a)
Syntax-directed translation schemes specify the translation of an expression into three-address code, as follows:
E—E +T {$,=gentemp (),
gencode ('+’, E, .place, T.place);
E.place = §,}
E—>=T |E.place = T.place!
T— T *F {$, = gentemp ();

gencode (**',T,.place, F.place),
T.place = §, |

Ir—=F | T.ptr = F.ptr}
F—id \F.ptr = 1d.place]

where ptr is a pointer value attribute used to link the pointer to the symbol record that contains the name of the
identifier, mkleaf generates leafnodes, and mknode

the attributes at the parse tree nodes are shown in|

generates intermediate nodes. For the string a+b*c, the values of

igure 6.9.
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Figure 6.9: Values of the attributes at the parse tree nodes for a + b * ¢, id.place = addr(sumtab rec of a).
6.7.2 Boolean Expressions

One way of translating a Boolean expression is to encode the expression's true and false values as the integers one
and zero, respectively. The code to evaluate the value of the expression in some temporary is generated as shown
below:

E — E1relop E2

{
t1 = gentemp();
gencode(if E1.place relop.val E2.place
goto(nextquad + 3));
gencode(tl = 0);
gencode(goto(nextquad+2))
gencode(tl = 1)}
E.place =11,

}

where nextquad keeps track of the index in the code array. The next statement will be inserted by the gencode
procedure, and will update the value of nextquad. The following translation scheme:

relop — < i relop.val = *<' |
relop — > | relop.val ='>" |
relop = == | relop.val = "<=" |
relop — >= relop.oval ='>=" |

i
I
relop = == | relop.val = *=="}
relop = 1= i relop.val = ‘=" }
translates the expression a <b to the following three-address code:

N if a<b goto i + 3

S 1% il = M
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iTml} i1 = Lr
+2)  goto i+4
+3) 11=1
i+4)

Similarly, a Boolean expression formed by using logical operators involves generating code to evaluate those
operators in some temporary form, as shown below:

E - EllopE2
{
t1 = gentemp();
gencode (t1 = El.place lop.val E2.place);
E.place =11;
}
E - notEl

{
t1 = gentemp();
gencode (t1 = not El.place)
E.place =t1

}

lop — and { lop.val = and}

lop — or {lop.val = or}

The translation scheme above translates the expressions a <b and ¢ >d to the following three-address code:
) if a<f goto i+3
i+1) =0
i+2) goto [+4

+3 =1
i+4) if c=d goto i+7
+5) =0

i+6) goto [+8
+7) =1
i+8) 3 =1¢1 and 2

Another way to translate a Boolean expression is to represent its value by a position in the three-address code
sequence. For example, if we point to the statement labeled L1, then the value of the expression is true (1); whereas if
we point to the statement labeled L2, then the value of the expression is false (0). In this case, the use of a temporary
to hold either a one or zero, depending upon the true of false value of the expression, becomes redundant. This also
makes it possible to decide the value of the expression without evaluating it completely. This is called a "short circuit"
or "jumping the code". To discover the true/false value of the expression a<b or c>d, it is not necessary to completely
evaluate the expression; if a<b is true, then the entire expression will be true. Similarly to discover the true/false value
of the expression a<b and c>d, it is not necessary to completely evaluate the expression, because if a<b is false, then
the entire expression will be false.

Tip Therefore a Boolean expression can be translated into two to three address statements, a conditional jump, and an
unconditional jump. But the targets of these jumps are known at the time of translating a Boolean expression;
hence, these jumps are generated without their targets, which are filled in later on.

Therefore, we must remember the indices of these jumps in the code array by using suitable attributes of E. For this,
we use two pointer value attributes: E.true and E.false. The attribute E.true will hold the pointer to the list that contains
the index of the conditional jump in the code array, whereas the attribute E.false will hold the pointer to the list that
contains the index of the unconditional jump. The translation scheme for the Boolean expression that uses relational
operators is as follows:



E — Elrelop E2
{
E.true = mklist(nextquad);
E.false = mklist(nextquad + I);
gencode (if E1.place relop.val E2.place goto);
gencode (goto_);
}

where mklist(ind) is a procedure that creates a list containing ind and returns a pointer to the created list.

relop = < | relop.val = ‘<’ |
relop — > | relop.val = *=" |
relop — <= | relop.val = '<=" |

.,.
o

relop = >= | relopval = '>=
relop — == | relop.val = ‘==
relop — 1= { relop.val = *1=" |

]
-

The above translation scheme translates the expression a <b to the following three address code:

Etrug ——— ) if @ < b goto_
E false — [+2) goto_

6.7.3 Short-Circuit Code for Logical Expressions

There are several methods to adequately handle the various elements of Boolean operators. These are covered by
type below.

AND

Logical expressions that use the ‘and’ operator are expressions defined by the production E — E1 and E2. Generating
the short-circuit code for these logical expressions involves setting the true value of the first expression, E1, to the
start of the second expression, E2, in the code array. We make the true value of E the same as the true value of
expression E2; and we make the false value of E the same as the false values of both E1 and E2. This requires

remembering where E2 starts in the code array index, which means we must provision the memory of the nextquad
value just before E2 is processed. This can accomplished by introducing a nullable nonterminal M before E2 in the
above production, providing for a reduction by M — [ just before the processing of E2. Hence, we can get a semantic
action associated with this production and executed at this point. We therefore have a method for remembering the
value of nextquad just before the E2 code is generated.

E - Elrand M E2 { backpatch(El.true, M.quad);
E.true = E2.true,
E.false = merge(El.false, E2.false);
}
M - [0 {M.quad = nextquad; }

where backpatch(ptr,L) is a procedure that takes a pointer ptr to a list containing indices of the code array and fills the
target of the statements at these indices in the code array by L.

OR

For an expression using the ‘or’ operator-that is, an expression defined by the production E — E1 or E2—generating
the short-circuit code involves setting the false value of the first expression, E1, to the start of E2 in the code array,
and making the false value of E the same as the false value of E2. The true value of E is assigned the same true value
as both E1 and E2. This requires remembering where E2 starts in the code array index, which requires making a
provision for remembering the value of nextquad just before the expression E2 is processed. This can achieved by
introducing a nullable nonterminal M before E2 in the above production, providing for a reduction by M — [ just before



the processing of E2. Hence, we obtain a semantic action that is associated with this production and executed at this
point; therefore, we have provisioned the recall of the value of nextquad just before the E2 code is generated.

E - Elor ME2 { backpatch(El.false, M.quad);
E.false = E2.false;
E.true = merge(El.true, E2.true);

}
M - O {M.quad = nextquad; }

NOT

For the logical expression using the ‘not’ operator, that is, one defined by the production E — notE1, generating the
short-circuit code involves making the false value of the expression E the same as the true value of E1. And the true
value of E is assigned the false value of E1.

E - notE1l {
E.true = El.false
E.false = El.true

}

The above translation scheme translates the expression a <b and ¢ >d to the following three-address code:

1) if a<b goto I+2

I+1) goto_
E.ftalse +2)  if e=d poto_
+3) pgoto_

E.true

For example, consider the following Boolean expression:
not (P<@ and R<S or not (T<U and R<(?))

When the above translation scheme is used to translate this construct, the three-address code generated for it is as
shown below, and the translation scheme is shown in figure 6.10.

i) if p < g goto(i+2)
i+1) goto(i+4)

i+2) if < s goto_
i+3) goto(i+4)

i+4) if r < u goto(i+6)
+5) goro_

+6) if ¥ < g goto_
i+7) goto_

Etrue —» H+6

Efalse ——» 42 ——» [+5 ——» +7

Figure 6.10: Translation scheme for a Boolean expression containing and, not, and or.

IF-THEN-ELSE
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Since an if-then-else statement is composed of three components—a boolean expression E, a statement S1 that is to
be executed when E is true, and a statement S2 that is to be executed when E is false—the translation of if-then-else
involves making a provision for transferring control to the start of S1 if E is true, for transferring control to the start of
S2 if E is false, and for transferring control to the next statement after the execution of S1 and S2 is over. This

requires remembering where S1 starts in the index of the code array as well as remembering where S2 starts in the
index of the code array.

This is achieved by introducing a nullable nonterminal M1 before the S1 and a nullable nonterminal M2 before the S2
in the above production, providing for the reduction by M1 - [ just before processing S1. Hence, we get a semantic
action associated with this production and executed at this point, which enables the recall of the value of nextquad just
before generating S1 code. Similarly, it provides for the reduction by M2 — [ just before processing S2, and we get a
semantic action associated with production executed at this point, enabling the recall of the value of nextquad just
before generating S2 code.

In addition, an unconditional jump is required at the end of S1 in order to transfer control to the statement that follows
the if-then-else statement. To generate this unconditional jump, we add a nullable nonterminal N after S1 to the

production and associate a semanti with the production N - [, which takes care of generating this
unconditional jump, as shown in figure 6.11].

S — ifEthen M1 S1I N
else M2 S2 {
backpatch (E.true, M1.quad)
backpatch (E.false, M2.quad)
S.next:
= merge (S1.next, S2.next, N.next)
}
M1 - [0 {M1l.quad = nextquad;}
M2 - [0 {M2.quad = nextquad}
N - Of
N.next = mklist (nextquad);
gencode (goto...);

False

Codeof £

True

h J

Mext af 51
Code of 51 —

Mexe of if-then-cls
[ [ em— .

Code of 52 *
Mext of &2
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Figure 6.11: The addition of the nullable nonterminal N facilitates an unconditional jump.
Hence, for the statement if a<b thenx =y + z else p =q +r, the three-address code that is required to be generated is:
f if @ < b goto(f + 2)
i+1) gotoli + 3)
i+2) tl=y+2z
+3) xr=1l

+4) goro...
+5) R=g+r
+6) p=1i2

IF-THEN

Since an if-then statement is comprised of two components, a Boolean expression E and an S1 statement that will be
executed when E is true, the translation of if-then involves making a provision for transferring control to the start of S1
code if E is either true or false, and a provision is made for transferring control to the next statement after the execution
of S1is over. This requires recalling the index of the start of S1 in the code array, and can be achieved by introducing
a nullable nonterminal M before S1 in the production. This will provide for a reduction by M - [, just before the
processing of S1. Hence, we can get a semantic action associated with this production and executed at this point,

which makes a provisioning the recall of for remembering the value of nextquad just before generating code of S1
code is generated, as shown in below:

S - ifEthenM S1  {
backpatch (E.true, M.quad);
S.next = merge(E.false, S1.next)
}
M - O {M.quad = nextquad; }

) False
Codeolb E —

True »
¥ _ MWext of if-then

Code of §1 —
Next of 51

Figure 6.12: A nullable nonterminal M provisions the translation of if-then.

Hence, for the statement if a<b then x =y + z, the three-address code that is required to be generated is:

) if a<b goto(i+2)
i+1) goro. ..

i+2) tl=y+2z

i+3) x=1l

WHILE

Since a while statement has two components, a Boolean expression E and a statement S1, which is the statement to
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be executed repeatedly as long as E is true, the translation of while involves provisioning the transfer of control to the
start of S1 code if E is true. The expression must be tested again after S1 execution is over, control must be
transferred to the next statement if E is false. This requires remembering the index in the code array where S1 code
starts as well as where the E code starts. This can be achieved by introducing a nullable nonterminal M2 before S1 in
the production. This will provide for the reduction by M2 — [ just before the processing of S1. Hence, a semantic
action is associated with this production and is executed at this point, enabling the recall of the value of nextquad just
before generating S code. Similarly, introducing a nullable nonterminal M1 before E will provide for the reduction by M1
- [ just before the processing of E. Hence, a semantic action is now associated with this production and |
at this point, provisioning the recall of the value of nextquad just before E code is generated, as shown in

S — while M1 E
doM2 S1 {
backpatch (E.true, M2.quad)
backpatch (S1.next, M1.quad)
S.next = E.false
gencode (goto(M1.quad))
}
M1 - {Ml.quad = nextquad; }
M2 [ {M2.quad = nextquad; }

¥
False
Code of £ 1

Irue Next of while

Mext of Sl .
+————— Codeof 51

Choto .

e '

Figure 6.13: The translation of the Boolean while statement is facilitated by a nullable nonterminal M.

Hence, for the statement while a<b do x =y +z, the three-address code that is required to be generated is:

f) if a < b goro(i+2)
i+1) gOLO...
i+2) fl=y+:z
i+3) x =il
i+4) 2O
DO-WHILE

Since a do-while statement is comprised of two components, a Boolean expression E and an S1 statement that is
executed repeatedly as long as E is true (as well as the test for whether E is true or false at the end of S1 execution),
translation involves provisioning the transfer of control to test the expression after the execution of S1 is over. Control
must also be transferred to the start of S1 code if E is true, and conversely to the next statement if E is false.

This requires recalling the S1 start index in the code array as well as the E start index. We introduce a nullable
nonterminal M1 before S1 in the production, providing for the reduction by M1 — [ just before the processing of S1.
Hence, a semantic action is now associated with this production and is executed at this point, provisioning the recall of
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the value of nextquad just before S1 code generates. Similarly, introducing a nullable nonterminal M2 before E will
provide for the reduction by M2 — [ just before the processing of E. We then have a semantic action associated with

this production and exe point, and which provisions the recall of the value of nextquad just before E code

J 1 al U1
generates, as shown in Eigure 6.14].

S — do M1 S1 while M2 E{
backpatch (E.true, M1.quad)
backpatch (S1.next, M2.quad)
S.next = F.false

}
M1 — [{ Ml.quad = nextquad; }
M2 — [{ M2.quad = nextquad; }

Mext of 1

Code of 51

T True Mext ol do-whild

Code of E

f

Figure 6.14: Translation of the Boolean do-while.

False

Hence, for a statement do x =y +z while a<b, the three-address code that is required to be generated is:

f) fl=y+:z
i+1) y=rl

i+2) if a < b poto(r)
i+3) goto. ..

REPEAT-UNTIL

Since a repeat-until statement has two components, a Boolean expression E and an S1 statement that is executed
repeatedly until E becomes true (as well as the test of whether E is true or false at the end of S1), the translation of
repeat-until involves provisioning transfer of control to a test of the expression after the execution of S1 is over. We
must also engineer a transfer a control to the start code of S1 if E is false and to the next statement if E is true.

This requires recalling the index in the code array where S1 code starts as well as the index in the code array where E
code starts. We achieve this by introducing a nullable nonterminal M1 before S1 in the production. This will provide for
the reduction by M1 — [, just before the processing of S1. Hence, we can get a semantic action that is associated
with this production and is executed at this point. This makes a provision for remembering the value of nextquad just
before S code generates, and introduces a nullable non-terminal M2 before E. This will provide for the reduction by M2
- [, just before the processing of E. Now we can get a semantic action associated with this production and exe
ﬁis point, and which provisions the recall of the value of nextquad just before E code generates, as shown in .;ii_l

S - repeat M1 S1
untiM2 E  {
backpatch (E.false, M1.quad)
backpatch (S1.next, M2.quad)
S.next = E.true
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}
M1 — [{ Ml.quad = nextquad; }
M2 - [J{ M2.quad = nextquad; }

Mext of 51
Code of 51
i R
. Next of repeat-until
false ;
Codecof E truc

Figure 6.15: Translation of Boolean repeat-until.

Hence, for the Boolean statement repeat x =y +z until a<b, the three-address code that is required to be generated
is:

i tl=y+z
i+1) x=l
i+2) if @ < b goto. ..

i+3) goto(s)

FOR

A for statement is composed of four components: an expression E1, which is used to initialize the iteration variable; an
expression E2, which is a Boolean expression used to test whether or not the value of the iteration variable exceeds
the final value; an expression E3, which is used to specify the step by which the value of the iteration variable is to be
incremented or decremented; and an S1 statement, which is the statement to be executed as long as the value of the
iteration variable is less than or equal to the final value. Hence, the translation of a for statement involves provisioning
the transfer a control to the start of S1 code if E2 is true, transferring control to the start of E3 code after the execution
of Sl is over, transferring control to t?i fff[f f TZ code after E3 code is executed, and transferring control to the next
statement if E2 is false, as shown in figure 6.16.

S - for (E1; M1 E2; M2 E3) M3 S1

{
backpatch (E2.true, M3.quad)
backpatch (M3.next, M1.quad)
backpatch (S1.next, M2.quad)
gencode (goto(M2.quad))
S.next = E2.false

}

M1 — [{M1l.quad = nextquad; }

M2 — [{ M2.quad = nextquad; }

M3 - [ {
M3.next: = mklist (nextquad)
gencode (goto...)
M3.quad = nextquad;
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Code of El

true Code of E2 false
. —
Codeof £3 |< v
F 3
Goto-----4
L
Code of §1 -
Mext of &l
T 1) D

*
Blext of [or

Figure 6.16: Handling the translation of the Boolean for.

Hence, for a statement for(i = 1; i< = 20; i+ +) x =y +z, the three-address code that is required to be generated is:

1)

J*1)
J+2)
J*3)
jtd)
Jt3)
J+o)
J+7)
J+8)

i=1

if i <= 20 goto(j + 6)

goto...

t1 = i+l
i=rl
goto{j+1)
2=y+z
x=1
goto(j+3)
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6.8 IMPLEMENTATION OF INCREMENT AND DECREMENT OPERATORS

L - id++ {
t1 = gentemp();
t2 = gentemp();
gencode(tl = id.place);

gencode(t2 = id.place +1);

gencode (id.place = t2);

L.place =t1;
}
L - ++id {
t1 = gentemp();
gencode(tl = id.place +1);
gencode(id.place = t1);
L.place =t1;
}
L —id-- {
t1 = gentemp();
t2 = gentemp();
gencode(tl = id.place);
gencode(t2 = id.place -1);
gencode(id.place = t2);
L.place =11,
}
L - --id {
t1 = gentemp();
gencode (t1 = id.place -1);
gencode (id.place = t1);
L.place =t1;
}



6.9 THE ARRAY REFERENCE

An array reference is an expression with an |-value. Therefore, to capture its syntactic structure, we add the following
productions to the grammar:

L — 1d[elist)
chst —»elistf, E | E

An array reference in a source program is replaced by the I-value of an expression that specifies the arrayreference to
an element of the array. Computing the I-value involves finding the offset of the referred element of the array and then
adding it to the base. But since deriving an offset depends on the subscripts used in an array reference, and the
values of these subscripts are not known during the compilation, unless the subscripts are constant expressions, a
compiler has to generate the code for evaluating the |-value of an expression that specifies the reference to an
element of an array. This I-value computation is achieved as follows:

Evalue(a[d,2,i3,..., ik])= addr(a) + offset
Offset = [(il — B1) (b2 — B2+1)(ub3 — 1H3+1)
bk — [BE+1) + (2 — ID2Xub3 — [H3+1)
(ubd — [b4+1).. (ubk — [Bk+1) + ... +(ik— bE)]*
size of element

where |bi and ubi are the lower and upper bounds of the ith dimension.

If the lower bound of each dimension is one, and the upper bound of the ith dimension is di, then the offset computing
formula becomes:

Offset

(il = 1y*d2*d3*
CFde (2 = 1) d3*deF
et (R - DY bpw
Offset = [A*d2*d3* ... *dk+ 2*d3*d4*
Lk ik bpw
[d2*d3*
ket 3 adE Lk +
ot dk)*bpw
The [i1*d2*d3*...*dk +i2*d3*d4*...*dk +...+ ik]*bpw is a variable part of the offset computation, whereas [d2* d3*...*dk
+d3*d4*...*dk +...+dk]*bpw is a constant part of the offset computation and is not required to be computed for every

reference to an array a. It can be computed once while processing the declaration of the array a. We call this value
"constant C". Therefore:

Offset= V- C

where V is the variable part, and
Ivalue(a[il,i2,43,...,ik]) = addr(a) + V- C

Since addr(a) is fixed, we can combine C with addr(a) and store this value in an attribute, L.place, and we can store V
in another attribute, L.off, so that:

L] L] - rord ey -y =F W - 4 e O




I-valuela)rl,i,0d,...,18]) = L.place|L.olr |

Hence, the translation of an array reference involves generating code for computing V, and V is made a value of

attribute L.off. We compute addr(a) — C and make it the value of the attribute L.place. Computing V involves evaluating
the expression:

[[1]*d2*d3*.. *dk+ 2%d3V*d4*.. *dk+. + ik]*hpw
This expression can be rewritten as:
(D2 + 2)d3+i3)dd +...+1)*Bpw

Therefore, the three-address code that is required to be generated for computing V is:

tl =4l

tl = t1%d2
tl = tl+a2
t1 = :1%d3
t1 = 143

tl =¢l * dk
tl =t¢l + ik
V =1(l7%* bpw

Therefore, the translation scheme is:

elist - E (Initialize queue by adding E.place)
elist — elistl, E (Append E.place to queue)
L — id[elist] {T1:=gentemp ()
elist.Ndim =1
gencode(T1 = retrieve();
while (queue not empty ) do

{
gencode (T1=T1 * limit (id.place, elist.Ndim))

gencode (T1:=T1 + retrieve())
elist.Ndim = elist.Ndim + 1

}

V = gentemp();

U = gentemp();

gencode (V: =T1 * bpw)
gencode (U : =id.place - C)
L.off =V

L.place: = U

}

where retrieve() is a function that retrieves a value from the queue, and limit() returns the upper bound of the
dimension of the array.

In this translation scheme, the attribute id.place cannot be accessed in the semantic action associated with the
production elist — E or in the semantic action associated with the production elist - elist|, E. So it is not possible to
make use of the value of the subscript that is available in E.place to get the required three-address statements
generated. Hence, a queue is necessary in order to maintain the subscripts' storage. These subscripts are used later
on for generating the code for computing the offset.

Another way to approach this is to modify the grammar to make it suitable for translation. This requires rewriting the



productions in such a manner that both id and E exist in the same production so that the pointer to the symbol table
record of the array name is available in id.place. This can be used to retrieve the upper-bound dimension information
of the array. And the value of the subscript is available E.place; so by using both of these, the required three-address
statements can be generated, and the value of the subscript does not need to be stored. Therefore, the modified
grammar, along with the semantic actions, is:

L —elist { U = newtemp(); V = newtemp()
V = elist.place * bpw
U = gencode (elist.array - C)

L.place = U
L.off=V
}
elist —id E {elist.place = E.place

elist.array = id.place
elist.Ndim = 1; }
elist - elist, E { T1=newtemp ();

gencode (T1 = elist.place *
limit (elist.array, elist.Ndim +1))
gencode (T1 =T1 + E.place)
elist.array = elistl.array
elist.place = T1,
elist.Ndim = elist.Ndim +1

}

For example, consider the following assignment statement:

dalif]] = blé j 1 + dali j 1] + dli + /]

where a and b are arrays of size 30 x 40, and c and d are arrays of size 20.

There are four bytes per word, and the arrays are allocated statically. When the above translation scheme is used to
translate this construct, the three-address code generated is:

tl=i*40
=11+
tl=1n"4

1l = addna) -164
13 = 2]
A=03%*4

td = addr(c) - 4
5e=ir40
I5=15 +f
h=15*%4

t6 = addr(h) - 164
7 = 16[e5]
M=ivd40
B=m+y
B=m*4q

{9 = adde(a) - 164
(10 = @8]
Ad=¢0"4

(1] = addn(e) — 4
t12 = 111]e10]
Hi=ji+jy

4 = addrd - 4
(A5 = 14l 31



i "= tRTT N

e =17+ ¢12
e =16 + /15
]3] = 116

s



6.10 SWITCH/CASE

To capture the syntactic structure of the switch statement, we add the following productions to the grammar. Here,
break is assumed to be a part of statement that is derivable from a nonterminal S.

S — switch E { caselist}
caselist — caselistcase V: S
caselist — case V: S

caselist — default: S

caselist — caselist default: S

A switch statement is comprised of two components: an expression E, which is used to select a particular case from
the list of cases; and a caselist, which is a list of n number of cases, each of which corresponds to one of the possible
values of the expression E, perhaps including a default case.

Note A case statement can be implemented in a variety of different ways. If the number of cases is not too great, then
a case statement can be implemented by generating a sequence of conditional jumps, each of which tests for an
individual value and transfers to the code for the corresponding statement. If the number of cases is large, then it
is more efficient to construct a hash table for the case values with the labels of the various statements as entries.

A syntax-directed translation scheme that translates a case statement into a sequence of conditional jumps, each of
which tests for an individual value and transfers to the code for the corresponding statement, is considered below. We
begin with a typical switch statement:

switch (E)

{
case V1: S1

case V2: S2

case Vn:Sn

}

The generated three-address that is required for the statement is shown in . Here, next is the label of the
code for the statement that comes next in the switch statement execution order.



Code for evaluating E

goto L

L1 : Code for 51

goto Next

{2 : Code for §2

goto Next

goto Next.

In : Code for Sn

goto Next

In: Code for default

goto Next
L:1if vl = 11 goto Ll
if v2=rl goto L2

if Vn = ¢1 goto Ln
poto Ld

Figure 6.17: A switch/case three-address translation.

Therefore, switch statement translation involves generating an unconditional jump after the code of every S1, S2,...,
Sn statement in order to transfer control to the next element of the switch statement, as well as to remember the code
start of S1, S2,..., Sn, and to generate the conditional jumps. Each of these jumps tests for an individual value and
transfers for the corresponding statement. This requires introducing nullable nonterminals before S1, as

shown in
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Code for evaluating E

M. first » goto L
51 .next L1: Code for §1
goto Next
_aselist next L2: Code for 52
= S.next 4
goto MNext
goto Next.

L Code [or Sn

goto Next

In: Code for default

goto Next
Lol vl =11 goto L1
if ¥v2 =11 goto L2

if ¥ =1tl goto Ln
poto Ld

Figure 6.18: Nullable nonterminals are introduced into a switch statement translation.

EXAMPLE 6.1

Consider the following switch statement:

switch (i +j)
{
case l: x=y+z
defaul: p=q+r
case2:u=v+w

}

The above translation scheme translates into the following three-address code, which is also shown in :
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1) tl=1+;
i+ 1) gotoli + 11)
i+2) 1l=y+:z

i+ 3) x=1l
i+ 4) goto_
i+ 3) 12=g+r
i+6) p=12
I+ 7) goto_
i+ 8) 3= utw
I+ u=1i3

i+ 1) goto_

i+ 11)1if t1 = 1 goto(i+2)
i+ 12)1f 11 = 2 goto(i+8)
i+ 13) goto{i + 3)

*|I.f+3- 1 *-E

+8

Figure 6.19: Contents of queue during the translation.

EXAMPLE 6.2

Using the above translation scheme translates the following switch statement:

switch (a+b)
{
case 2: {x =y, break; }
case 5: {switch x
{
case 0: {a=b+1; break; }
case 1: {a=b + 3; break; }
default: {a = 2; break; }
}
break;
case 9: {x =y - 1; break; }
default: { a = 2; break; }

The three address code is:

1. t1l=a+b
2. goto(23)

3. x=y

4. goto NEXT
5. goto(14)

6. t3=b+1
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

a=t3

goto NEXT
4=b+3
a=t4

goto NEXT
a=2

goto NEXT

if x = 0 goto(6)
if x =1 goto(9)
goto(12)

goto NEXT
Bb=y-1

X =t5

goto NEXT
a=2

goto NEXT

if tL = 2 goto(3)
if tL =5 goto(5)
if t1 = 9 goto(18)

goto(21)
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6.11 THE PROCEDURE CALL

S - callid (arglist)
{ for every value T in queue generate
Param T gencode
(call id.place, arglist.count)
}
arglist — arglist, E{ append (queue, E.place)
arglist.count:= arglist. count + 1}
arglist — E { initialize queue by E.place
arglist.count: = 1}

(rreviovs e o



6.12 EXAMPLES

Following are additional examples of syntax-directed definitions and translations.

EXAMPLE 6.3

Generate the three-address code for the following C program:

main()
{inti=1,
int a[10];
while(i <= 10)
afi] =;

}

The three-address code for the above C program is:

1. i=1
2. ifi<=10 goto(4)
3. goto(8)
4. t1=i*width
5. t2 = addr(a) — width
6. 2[t1]=0
7. goto(2)
where width is the number of bytes required for each element.

EXAMPLE 6.4

Generate the three-address code for the following program fragment:

while (A < C and B > D) do
ifA=1thenC=C+1
else
while A <=D do
A=A+3

The three-address code is:

1. if a <cgoto(3)
2. goto(16)
3. if b >d goto(5)
4. goto(16)
5. ifa=1 goto(7)
6. goto(10)

7. t1=c+l



8. c=t1
9. goto(1)
10. if a<=d goto
11. goto(1)
12. 2=a+3
13. a=t2
14. goto(10)
15. goto(1)

EXAMPLE 6.5

Generate the three-address code for the following program fragment, where a and b are arrays of size 20 x 20, and
there are four bytes per word.

begin
add = 0;
i=1,
i=1
do
begin
add = add + a[i,j] * b[j,i]
i=i+1;
i=i+y
end
while i <= 20 and j <= 20;
end

The three-address code is:

1. add=0

2. i=1

3. j=1

4. t1=i*20

5. tl=tl+]

6. t1=t1*4

7. t2=addr(a) -84
8. t3=12[tl]

9. 4=j*20

10. 4A=t4+i

11. 4A=14*4

12. t5=addr(b) -84
13. 16 = t5[t4]

14, t7=t3*t6

15. t7 =add +t7



16. t88=i+1

17. i=t8
18. 19=j+1
19. j=19

20. if i <= 20 goto(22)
21. goto NEXT

22. if j<=20 goto(4)
23. goto NEXT

EXAMPLE 6.6

Consider the program fragment:

sum =0
for(i = 1; i<= 20; i++)
sum = sum + afi] + b[i];

and generate the three-address code for it. There are four bytes per word.

The three address code is:

1. sum=0

2. i=1

3. ifi<=20goto(8)

4. goto NEXT

5. t1=i+l

6. i=tl

7. goto(3)

8. 2=i*4

9. t3=addr(a)—-4
10. t=3[t2]
11. 5=i*4
12. t6=addr(b) -4
13. t7 = t6[t5]
14. B8=sum+t4
15. 8=t8+1t7
16. sum=t8

17. goto(5)




Chapter 7: Symbol Table Management

7.1 THE SYMBOL TABLE

A symbol table is a data structure used by a compiler to keep track of scope/ binding information about names. This
information is used in the source program to identify the various program elements, like variables, constants,
procedures, and the labels of statements. The symbol table is searched every time a name is encountered in the
source text. When a new name or new information about an existing name is discovered, the content of the symbol
table changes. Therefore, a symbol table must have an efficient mechanism for accessing the information held in the
table as well as for adding new entries to the symbol table.

For efficiency, our choice of the implementation data structure for the symbol table and the organization its contents
should be stress a minimal cost when adding new entries or accessing the information on existing entries. Also, if the
symbol table can grow dynamically as necessary, then it is more useful for a compiler.
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7.2 IMPLEMENTATION

Each entry in a symbol table can be implemented as a record that consists of several fields. These fields are
dependent on the information to be saved about the name. But since the information about a name depends on the
usage of the name (i.e., on the program element identified by the name), the entries in the symbol table records will
not be uniform. Hence, to keep the symbol table records uniform, some of the information about the name is kept
?i]fg_jf fi the symbol table record, and a pointer to this information is stored in the symbol table record, as shown in
Figure 7.1]. Here, the information about the lower and upper bounds of the dimension of the array named a is kept
outside of the symbol table record, and the pointer to this information is stored within the symbol table record.

o B,

i | nt

i

UB,

SYMBOL TABLE

*

Figure 7.1: A pointer steers the symbol table to remotely stored information for the array a.

[« rrevious | o
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7.3 ENTERING INFORMATION INTO THE SYMBOL TABLE

Information is entered into the symbol table in various ways. In some cases, the symbol table record is created by the
lexical analyzer as soon as the name is encountered in the input, and the attributes of the name are entered when the
declarations are processed. But very often, the same name is used to denote different objects, perhaps even in the
same block. For example, in C programming, the same name can be used as a variable name and as a member
name of a structure, both in the same block. In such cases, the lexical analyzer only returns the name to the parser,
rather than a pointer to the symbol table record. That is, a symbol table record is not created by the lexical analyzer;
the string itself is returned to the parser, and the symbol table record is created when the name's syntactic role is
discovered.




[ rneviovs e

7.4 WHERE SHOULD NAMES BE HELD?

If there is a modest upper bound on the length of the name, then the name can be stored in the symbol table record
itself. But if there is no such limit, or if the limit is rarely reached, then an indirect scheme of storing name is used. A

separate array of characters, calle "string table," is used to store the name, and a pointer to the name is kept in the
symbol table record, as shown in figure 7.4.

im

LB,

L,
SYMBOL TABLE

v v

A ¥ Z

o Ny TA TR
Figure 7.2: Symbol table names are held either in the symbol table record or in a separate string table.
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7.5 INFORMATION ABOUT THE RUNTIME STORAGE LOCATION

The information about the runtime, name storage location is kept in the symbol table. If the compiler is going to be
generating assembly code, then the assembler takes care of the storage locations of the various names. After
generating the assembly code, the compiler scans the symbol table and generates the assembly language data
definitions. These are appended to the assembly language code for each name. But if machine code is being
generated, then the compiler must ascertain the position of each data object relative to a fixed origin.




7.6 VARIOUS APPROACHES TO SYMBOL TABLE ORGANIZATION

There are several methods of organizing the symbol table. These methods are discussed below.

7.6.1 The Linear List

A linear list of records is the easiest way to implement a symbol table. The new names are added to the table in the
order that they arrive. Whenever a new name is to be added to the table, the table is first searched linearly or
sequentially to check whether or not the name is already present in the table. If the name is not present, then the
,ﬂnew name is created and added to the list at a position specified by the available pointer, as shown in the
Figure 7.3.

name,

info,

name,

1r1ﬁ‘:|2

available —————»

Figure 7.3: A new record is added to the linear list of records.

To retrieve the information about the name, the table is searched sequentially, starting from the first record in the
table. The average number of comparisons, p, required for search are p = (n + 1)/2 for successful search and p =n for
an unsuccessful search, where n is the number of records in symbol table. The advantage of this organization is that it
takes less space, and additions to the table are simple. This method's disadvantage is that it has a higher accessing
time.

7.6.2 Search Trees

A search tree is a more efficient approach to symbol table organization. We add two links, left and right, in each
record, and these links point to the record in the search tree. Whenever a name is to be added, first the name is
searched in the tree. If it does not exist, then a record for the new name is created and added at the proper position in
the search tree. This organization has the property of alphabetical accessibility; that is, all the names accessible from
name;j will, by following a left link, precede name1 in alphabetical order. Similarly, all the name accessible from name;
will follow namej in alphabetical order by following the right link (see Eigure 7.4). The expected time needed to enter n
names and to make m queries is proportional to (m + n) log2n; so for greater numbers of records (higher n) this method

has advantages over linear list organization.
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Figure 7.4: The search tree organization approach to a symbol table.

7.6.3 Hash Tables

A hash table is a table of k pointers numbered from zero to k-1 that point to the symbol table and a record within the
symbol table. To enter a name into symbol table, we find out the hash value of the name by applying a suitable hash

function. The hash function maps the name into an integer between zero and k-1, and using this value as an index in
the hash table, we search the list of the symbol table records that is built on that hash index. If the name is not present
in that list, we create a record for name and insert it at the head of the list. When retrieving the information associated

searched for information about the name (|

tained, and then the list that was built on this hash value is

with the name, the hash value of the name_is first ot

mamdc |

mlfn

mame

info

LA |

info

fe-1

| Hash Table

Figure 7.5: Hash table method of symbol table organization.
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7.7 REPRESENTING THE SCOPE INFORMATION IN THE SYMBOL TABLE

Every name possesses a region of validity within the source program, called the "scope" of that name. The rules
governing the scope of names in a block-structured language are as follows:

1. A name declared within a block B is valid only within B.

2. If block B1 is nested within B2, then any name that is valid for B2 is also valid for B1, unless the
identifier for that name is re-declared in B1.

These scope rules require a more complicated symbol table organization than simply a list of associations between
names and attributes. One technique that can be used is to keep multiple symbol tables, one for each active block,
such as the block that the compiler is currently in. Each table is list of names and their associated attributes, and the
tables are organized into a stack. Whenever a new block is entered, a new empty table is pushed onto the stack for
holding the names that are declared as local to this block. And when a declaration is compiled, the table on the stack is
searched for a name. If the name is not found, then the new name is inserted. When a reference to a name is
translated, each table is searched, starting from the top table on the stack, ensuring compliance with static scope

ﬁs. For example, consider following program structure. The symbol table organization will be as shown in

Program main
Var X,y : integer :
Procedure P :
Var x,a : boolean;
Procedure q

Var x,y,z : real;
Begin

end
begin :
end
begin :
end



Symbol table tor block g

Top —»f = Real
¥ Real
X Real
symbol table for main
L 4
4 | Proc

a Boolean
A | Boolean

Symbaol table for main

p Proc

Y [nteger

X Integer
null

Figure 7.6: Symbol table organization that complies with static scope information rules.

Another technique can be used to represent scope information in the symbol table. We store the nesting depth of
each procedure block in the symbol table and use the [procedure name, nesting depth] pair as the key to accessing
the information from the table. A nesting depth of a procedure is a number that is obtained by starting with a value of
one for the main and adding one to it every time we go from an enclosing to an enclosed procedure. This number is
basically a count of how many procedures are there in the referencing environment of the procedure.

For example, refer to the program code structure above. The symbol table's contents are shown in .
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Table 7.1: Symbol Table Contents Using a Nesting Depth Approach

X real

Y real

z real

q proc

a Boolean
X Boolean
P proc

Y integer
X integer




Chapter 8: Storage Management

8.1 STORAGE ALLOCATION

One of the important tasks that a compiler must perform is to allocate the resources of the target machine to
represent the data objects that are being manipulated by the source program. That is, a compiler must decide the
run-time representation of the data objects in the source program. Source program run-time representations of the
data objects, such as integers and real variables, usually take the form of equivalent data objects at the machine level;
whereas data structures, such as arrays and strings, are represented by several words of machine memory.

The strategies that can be used to allocate storage to the data objects are determined by the rules defining the scope
and duration of the names in the programming language. The simplest strategy is static allocation, which is used in
languages like FORTRAN. With static allocation, it is possible to determine the run-time size and relative position of
each data object during compilation. A more-complex strategy for dynamic memory allocation that involves stacks is
required for languages that support recursion: an entry to a new block or procedure causes the allocation of space on
a stack, which is freed on exit from the block or procedure. An even more-complex strategy is required for languages,
which allows the allocation and freeing of memory for some data in a hon-nested fashion. This storage space can be
allocated and freed arbitrarily from an area called a "heap". Therefore, implementation of languages like PASCAL and
allow data to be allocated under program control. The run-time organization of the memory will be as shown in

Figure 8.1,

Code

Static data

Stack

I
1

Heap

Figure 8.1: Heap memory storage allows program-controlled data allocation.

The run-time storage has been subdivided to hold the generated target code and the data objects, which are allocated
statically for the stack and heap. The sizes of the stack and heap can change as the program executes.
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8.2 ACTIVATION OF THE PROCEDURE AND THE ACTIVATION RECORD

Each execution of a procedure is referred to as an activation of the procedure. This is different from the procedure
definition, which in its simplest form is the association of an identifier with a statement; the identifier is the name of the
procedure, and the statement is the body of the procedure.

If a procedure is non-recursive, then there exists only one activation of procedure at any one time. Whereas if a
procedure is recursive, several activations of that procedure may be active at the same time. The information needed
by a single execution or a single activation of a procedure is managed using a contiguous block of storage called an
"activation record" or fiactivation framefl consisting of the collection of fields. (Very often, registers take the place of
one or more of the fields in the activation record.) The activation record contains the following information:

1. Temporary values, such as those arising during the evaluation of the expression.
2. Local data of a procedure.

3. The information about the machine state (i.e., the machine status) just before a procedure is
called, including PC values and the values of these registers that must be restored when control is
relinquished after the procedure.

4. Access links (optional) referring to non-local data that is held in other activation records. This is
not required for a language like FORTRAN, because non-local data is kept in fixed place. But it is
required for Pascal.

5. Actual parameters (i.e., the parameters supplied to the called procedure). These parameters may
also be passed in machine registers for greater efficiency.

6. The return value used by called procedure to return a value to calling procedure. Again, for
greater efficiency, a machine register may be used for returning values.

The size of almost all of the fields of the activation record can be determined at compile time. An exception is if a
called procedure has a local array whose size is determined by the values of the actual parameters.

The information in the activation record is organized in a manner that enables easy access at execution time. A pointer
to the activation record is required. This pointer is called the current environment pointer (CEP), and it points to one of
the fixed fields in the activation record. Using the proper offset from this pai d depending upon the format of the
activation record, the contents of the activation record can be accessed. Ei:ure 8.4 shows the organization of
information in a typical activation record.




Return value

Actual parameters

Control links

Access links +
Machine status Direction of growth
Local data

Temporaries

Figure 8.2: Typical format of an activation record.
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8.3 STATIC ALLOCATION

In static allocation, the names are bound to specific storage locations as the program is compiled. These storage
locations cannot be changed during the program'’s execution. Since the binding does not change at run time, every
time a procedure is called, its names are bound to the same storage locations. Hence, if the local names are allocated
statically, then their values will be retained throughout the activation of a procedure. The compiler uses the name type
to determine the amount of storage to set aside for that name. The address of this storage consists of an offset from
an end-of-activation record for the procedure. The compiler must decide where the activation records go relative to the
target code and relative to other activation records. Once this decision is made, the storage position for each name in
the record is fixed. Therefore, at compile time, it is possible to fill in both the address at which the target code can find
the data and the address at which information is saved. However, there are some limitations to using static allocation:

1. The size of the data object and any constraints on its position in memory must be known at
compile time.

2. Recursive procedures cannot be permitted, because all activations of a procedure use the same
binding for local names.

3. Data structures cannot be created dynamically, since there is no mechanism for storage
allocation at run time.




8.4 STACK ALLOCATION

In stack allocation, storage is organized as a stack, and activation records are pushed and popped as the activation of
procedures begin and end, respectively, thereby permitting recursive procedures. The storage for the locals in each
procedure call is contained in the activation record for that call. Hence, the locals are bound to fresh storage in each
activation, because a new activation record is pushed onto stack when a call is made. The storage values of locals are
deleted when the activation ends.

8.4.1 The Call and Return Sequence

Procedure calls are implemented by generating what is called a "call sequence and return sequence" in the target
code. The job of a call sequence is to set up an activation record. Setting up an activation record means entering the

information into the fields of the activation record if the storage for the activation record is allocated statically. When
the storage for the activation record is allocated dynamically, storage is allocated for it on the stack, and the
information is entered in its fields.

On the other hand, the job of a return sequence is to restore the state of machine so that the machine's calling
procedure can continue executing. This also involves destroying the activation record if it was allocated dynamically on
the stack.

The code in a call sequence is often divided between the caller and the callee. But there is no exact division of
run-time tasks between the caller and callee. It depends on the source language, the target machine, and the
operating system. Hence, even when using a common language, the call sequence may differ from implementation to
implementation. But it is desirable to put as much of the calling sequence into the callee as possible, because there
may be several calls for a procedure. And even though that portion of the calling sequence is generated for each call

y the varjous callers, this portion of the calling sequence is shared within the callee, so it is generated only once.
Figure 8.3 shows the format of a typical activation record. Here, the contents of the activation record are accessed
using the CEP pointer.

Return value
Parameters
Argument count
Return address

- > ' Direction of growth
CEP Old CEP value 5

Local data

top

Temporaries ‘

Figure 8.3: The CEP pointer is used to access the contents of the activation record.

The stack is assumed to be growing from higher to lower addresses. A positive offset will be used to access the

tents of the activation record when we want to go in a direction opposite to that of the growth of the stack (in
@I, the field pointed to by the CEP). A negative offset will be used to access the contents of the activation record
when we want to go in the same direction as the growth of stack. A typical call sequence for caller code to evaluate
parameters is as follows:
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push () /* for return value
push (T1) /* T1 is holding the first argument
push (T2) /* T2 is holding the second argument

push (Tn) /* Tnis holding the nth argument
push (n) /* nis the count of arguments
push (return address)

push (CEP)

goto start of code segment of callee

A typical callee code segment is shown in .

Call sequence

Object code of the callee

Return sequence

Figure 8.4: Typical callee code segment.

A typical call sequence in the callee will be:

CEP =top /*

Code for pushing the local data of

the callee

And a typical return sequence is:

top=CEP+1

1 = *top /* for retrieving return address

top=top+1

CEP =*CEP / for resetting the CEP to point to the activation record of the caller

top = top+ *top +2 /*for resetting top to point to the top of the activation record of caller gotol

8.4.2 Access to Nonlocal Names

The way that the nonlocals are accessed depends on the scope rules of the language (see ). There are two
different types of scope rules: static scope rules and dynamic scope rules.

Static scope rules determine which declaration a name's reference will be associated with, depending upon the
program's language, thereby determining from where the name's value will be obtained at run time. When static scope
rules are used during compilation, the compiler knows how the declarations are bound to the name references, and
hence, from where their values will be obtained at run time. What the compiler has to do is to provision the retrieval of
the nonlocal name value when it is accessed at run time.

Whereas when dynamic scope rules are used, the values of nonlocal names are retrieved at run time by scanning
down the stack, starting at the top-most activation record. The rule for associating a nonlocal reference to a declaration
is simple when procedure nesting is not permitted. In the absence of nested procedures, the storage for all names
declared outside any procedure can be allocated statically. The position of this storage is known at compile time, so if
a name is nonlocal in some procedure's body, its statically determined address is used; whereas if a name is local, it is
assessed via a CEP pointer using the suitable offset.

An important benefit of static allocation for nonlocals is that declared procedures can be freely passed as parameters
and returned as results. For example, a function inCis passed by address; that is, a pointer is passed to it. When the
procedures are nested, declarations are bound to name references according to the following rule: if a name x is not
declared in a procedure P, then an occurrence of x in P is in the scope of a declaration of x in an enclosing procedure



P1 such that:

1. The enclosing procedure P1 has a declaration of x, and
2. P1is more closely nested around P than any other procedure with a declaration of x.

Therefore, a reference to a nonlocal name x is resolved by associating it with the declaration of x in P1, and the
compiler is required to provision getting the value of x at run time from the most-recent activation record of P1 by

generating a suitable call sequence.

One of the ways to implement this is to add a pointer, called an "access link," to each activation record. And if a

procedure P is nested immediately within Q in the source text, then make the access link in the activation record P,

the most-recent activation record of Q. This requires an activation record with a format like that shown in
igure 8.5

Return value
Parameters
Argument count
Return address
CEP —> 01d CEP value
Access link

. Direction of growth

Local data
! . | top
[emporaries -—

Figure 8.5: An activation record that deals with nonlocal name references.

The modified call and return sequence, required for setting up the activation record shown in , is:

push () /* for return value
push (T1) /* T1 is holding the first argument
push (T2) /* T2 is holding the second argument

push (Tn) /* Tnis holding the nth argument
push(n) /* nis the count of arguments
push (return address)

push (CEP)

code to set up access link

goto start of code segment of callee

A typical callee segment is shown in Eigure 8.6.

Call sequence

Object code of the callee

Return sequence
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Figure 8.6: A typical callee segment.

A typical call sequence in the callee is:

CEP = top+1/* code for pushing the local data of the callee

A typical return sequence is:

top = CEP+1

1 = *top /* for retrieving return address

top = top+1

CEP = *CEP / for resetting the CEP to point to the activation record of caller

top = top + *top +2/* for resetting top to point to the top of the activation record of caller goto 1

8.4.3 Setting Up the Access Link

To generate the code for setting up the access link, a compiler makes use of the following information: the nesting
depth of the caller procedure and the nesting depth of the callee procedure. A procedure's nesting depth is number
that is obtained by starting with value of one for the main and adding one to it every time we go from an enclosing to
an enclosed procedure. This number is basically a count of how many procedures are there in the referencing
environment of the procedure.

Suppose that procedure p at a nesting depth Np calls a procedure at nesting depth Ng. Then the access link in the
activation record of procedure q is set up as follows:

if (Ng > Np) then

The access link in the activation record of procedure ¢ is set to point to the activation record of procedure p.

else
if (Ng =Np) then

Copy the access link in the activation record of procedure p into the activation record of procedure q.

else
if (Ng < Np) then

Follow (Np — Nq) links to reach to the activation record, and copy the access link of this activation record into the
activation record of procedure g.

The Block Statement

A block is a statement that contains its own local data declarations. Blocks can either be independent—like B1 begin
and B1 end, then B2 begin and B2 end—or they can be nested—like B1 begin and B2 begin, then B2 end and B1
end. This nesting property is sometimes called a "block structure”. The scope of a declaration in a block-structured
language is given by the most closely nested rule:

1. The scope of a declaration in a block B includes B.

2. If aname X is not declared in a block B, then an occurrence of X in B is in the scope of a
declaration of X in an enclosing block B’, such that:

a. B’ has a declaration of X, and

b. B'is more closely nested around B than any other block with a declaration of
X.

Block structure can be implemented using stack allocation. Space is allocated for declared names. The block is
entered by pushing an activation record, and it is de-allocated when control leaves the block and the activation record
is destroyed. That is, a block is treated like a parameter-less procedure, called only at the entry to the block and
returned upon exit from the block. An alternative is to allocate storage for a complete procedure body at one time. If
there are blocks within the procedure, then an allowance is made for the storage needed by the declarations within the
block, as shown in Eigure 8.7. For example, consider the following program structure:




main ()
{
int a;
{
int b;
{
intc;
printf ("% d% d\n", b,c);
}
{
intd;
printf("% d% d\n", b, d);
}
}
printf("% d\n",a);
}

cd

Figure 8.7: Storage for declared names.
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Chapter 9: Error Handling

9.1 ERROR RECOVERY

One of the important tasks that a compiler must perform is the detection of and recovery from errors. Recovery from
errors is important, because the compiler will be scanning and compiling the entire program, perhaps in the presence
of errors; so as many errors as possible need to be detected.

Every phase of a compilation expects the input to be in a particular format, and whenever that input is not in the
required format, an error is returned. When detecting an error, a compiler scans some of the tokens that are ahead of
the error's point of occurrence. The fewer the number of tokens that must be scanned ahead of the point of error
occurrence, the better the compiler's error-detection capability. For example, consider the following statement:

ifa=bthenx =y +z

The error in the above statement will be detected in the syntactic analysis phase, but not before the syntax analyzer
sees the token "then"; but the first token, itself, is in error.

After detecting an error, the first thing that a compiler is supposed to do is to report the error by producing a suitable
diagnostic. A good error diagnostic should possess the following properties.

1. The message should be produced in terms of the original source program rather than in terms of
some internal representation of the source program. For example, the message should be
produced along with the line numbers of the source program.

2. The error message should be easy to understand by the user.

3. The error message should be specific and should localize the problem. For example, an error
message should read, "x is not declared in function fun," and not just, "missing declaration".

4. The message should not be redundant; that is, the same message should not be produced again
and again.

Therefore, a compiler should report errors by generating messages with the above properties. The errors captured by
the compiler can be classified as either syntactic errors or semantic errors. Syntactic errors are those errors that are
detected in the lexical or syntactic analysis phase by the compiler. Semantic errors are those errors detected by the
compiler.




9.2 RECOVERY FROM LEXICAL PHASE ERRORS

The lexical analyzer detects an error when it discovers that an input's prefix does not fit the specification of any token
class. After detecting an error, the lexical analyzer can invoke an error recovery routine. This can entail a variety of
remedial actions.

The simplest possible error recovery is to skip the erroneous characters until the lexical analyzer finds another token.
But this is likely to cause the parser to read a deletion error, which can cause severe difficulties in the syntaxanalysis
and remaining phases. One way the parser can help the lexical analyzer can improve its ability to recover from errors
is to make its list of legitimate tokens (in the current context) available to the error recovery routine. The error-recovery
routine can then decide whether a remaining input's prefix matches one of these tokens closely enough to be treated
as that token.




9.3 RECOVERY FROM SYNTACTIC PHASE ERRORS

A parser detects an error when it has no legal move from its current configuration. The LL(1) and LR(1) parsers use
the valid prefix property; therefore, they are capable of announcing an error as soon as they read an input that is not a
valid continuation of the previous input's prefix. This is earliest time that a left-to-right parser can announce an error.
But there are a variety of other types of parsers that do not necessarily have this property.

The advantages of using a parser with a valid-prefix-property capability is that it reports an error as soon as possible,
and it minimizes the amount of erroneous output passed to subsequent phases of the compiler.

Panic Mode Recovery

Panic mode recovery is an error recovery method that can be used in any kind of parsing, because error recovery
depends somewhat on the type of parsing technique used. In panic mode recovery, a parser discards input symbols
until a statement delimiter, such as a semicolon or an end, is encountered. The parser then deletes stack entries until it
finds an entry that will allow it to continue parsing, given the synchronizing token on the input. This method is simple to
implement, and it never gets into an infinite loop.
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9.4 ERROR RECOVERY IN LR PARSING

A systematic method for error recovery in LR parsing is to scan down the stack until a state S with a goto on a
particular nonterminal A is found, and then discard zero or more input symbols until a symbol a is found that can
legitimately follow A. The parser then shifts the state goto [S, A] on the stack and resumes normal parsing.

There might be more than one choice for the nonterminal A. Normally, these would be nonterminals representing
major program pieces, such as statements.

Another method of error recovery that can be implemented is called "phrase level recovery". Each error entry in the LR
parsing table is examined, and, based on language usage, an appropriate error-recovery procedure is constructed.
For example, to recover from an construct error that starts with an operator, the error-recovery routine will push an
imaginary id onto the stack and cover it with the appropriate state. While doing this, the error entries in a particular
state that call for a particular reduction on some input symbols are replaced by that reduction. This has the effect of
postponing the error detection until one or more reductions are made; but the error will still be caught before a shift.

A phrase level error-recovery implementation for an LR parser is shown below. The parsing table's grammar is:
E=F+E|E*E]|id
The SLR parsing table for the above grammar is shown in .

Table 9.1: Parsing Table forE - E+E|E*E|id

id + * $ E
lo S2 1
11 S3 S4 Accept
I2 R3 R3 R3
13 S2 5
I4 S2 6
I5 S3R1 S4R1 R1
l6 S3R2 S4/R2 R2

The conflict is resolved by giving higher precedence to * and using leftassociativity, as shown in .



Table 9.2: Higher Precedent * and Left-Associativity

id + * $ E
lo S2 1
Il S3 S4 Accept
12 R3 R3 R3
13 S2 5
l4 S2 6
I5 R1 S4 R1
I6 R2 R2 R2

The parsing table with error routines is shown in , where routine e is called from states lp, 13, and l4, which
pushes an imaginary id onto the stack and covers it with state I2. The routine e2 is called from state I1, which pushes +
onto stack and covers it with state I3.

Table 9.3: Parsing Table with Error Routines

id + * $ E
lo S2 el e1 e1 1
I1 E2 S3 S4 Accept
I2 R3 R3 R3 R3
13 S2 el E1 E1 5
l4 S2 E1 E1 E1 6
I5 R1 R1 S4 R1
I6 R2 R2 R2 R2

For example, if we trace the behavior of the parser described above for the input id + *id $:

Stack Contents Unspent Input Moves

$lo id+*id$ shift and enter into state 2
$loidl2 +*id$ reduce by production number 3
$loEl1L +*id$ shift and enter into state 3
$IoEl1+I3 *id$ call error routineel

$loEl1+13id I2 *id$ reduce by production number 3

(id 12 pushed byel)
$I0EI1+I3El5 *id$ shift and enter into state 4
$I0EI11+I3E 1514 id$ shift and enter into state 2

$I0EI1+I3E I5*l4id12 $ reduce by production number 3



Stack Contents

$I0EI1+I3E I5*I4El6

$I0EI1+I3El5

$IoEI1L

Unspent Input

Moves
reduce by production number 2
reduce by production number 1

accept

Similarly, if we trace the behavior of the parser for the input id id*id $:

Stack Contents
$lo

$loidl2

$loEI1

$IoEI1+ 13

(13 pushed bye2)
$IoEI1+13id 12
$I0EI1+I3EI5
$I0EI1+I13EI5*14
$I0EI1+I3El5*l4id 12
$loElI1+I3EI5*I4El6
$I0EI1+I3El5

$loElIL

Unspent Input
id id*id$
id*id$
id*id$

id*id$

*id$
*id$
id$

® #B B &

Moves
shift and enter into state 2
reduce by production number 3
call error routinee2

shift and enter into state 2

reduce by production number 3
shift and enter into state 4
shift and enter into state 2
reduce by production number 3
reduce by production number 2
reduce by production number 1

accept




9.5 AUTOMATIC ERROR RECOVERY IN YACC

The tool YACC can generate a parser with the ability to automatically recover from the errors. Major nonterminals,
such as those for program blocks or statements, are identified; and then error productions of the form A — error a are
added to the grammar, where a is usually [J.

When YACC-generated parser encounters an error, it finds the top-most state on its stack, whose underlying set of
items includes an item of the form A — .error. Therefore, the parser shifts the token error, and a reduction to A is
immediately possible. The parser then invokes a semantic action associated with production A — error, and this
semantic action takes care of recovering from the error.




9.6 PREDICTIVE PARSING ERROR RECOVERY

An error is detected during predictive parsing when the terminal on the top of the stack does not match the next input
symbol, or when nonterminal A is on top of the stack and a is the next input symbol. M[A,a] is the error entry used to
for recovery. Panic mode recovery can be used to recover from an error detected by the LL parser. The effectiveness
of panic mode recovery depends on the choice of the synchronizing token. Several heuristics can be used when
selecting the synchronizing token in order to ensure quick recovery from common errors:

1. All the symbols in the FOLLOW(A) must be kept in the set of synchronizing tokens, because if we
skip until an a symbol in FOLLOW(A) is read, and we pop A from the stack, it is likely that the
parsing can continue.

2. Since the syntactic structure of a language is very often hierarchical, we add the symbols that
begin higher constructs to the synchronizing set of lower constructs. For example, we add
keywords to the synchronizing sets of nonterminals that generate expressions.

3. We also add the symbols in FIRST(A) to the synchronizing set of nonterminal A. This provides for
a resumption of parsing according to A if a symbol in FIRST(A) appears in the input.

4. A derivation by an U-production can be used as a default. Error detection will be postponed, but
the error will still be captured. This method reduces the number of nonterminals that must be
considered during error recovery.

Note Another method of error recovery that can be implemented is called "phrase level recovery". In phrase level
recovery, each error entry in the LL parsing table is examined, and based on language usage, an appropriate
error-recovery procedure is constructed. For example, to recover from a construct error that starts with an
operator, the error-recovery routine will insert an imaginary id into the input. Then, if some state terminal symbols
are derived using an O-production, the error entries in that state are replaced by the derivation using the
imaginary-id [-production. This has the effect of postponing error detection.

A phrase level error-recovery implementation for an LR parser is shown in and @ The parsing table is
constructed for the following grammar:

E— TE,
E,—=+TE | €
T— FI,
TI — * FTI |

F—id



Table 9.4: LR Parsing Table

id + * $
E E - TE1
T T-FT1
F F - id
E1 E1- +TE1 E1- O
T1 T1 -0 T1 - *FT1 T1 -0
id pop
+ pop
* pop
$ accept

The modified table is shown in . Routine e1, when called, pushes an imaginary id into the input; and routine

e2, when called, removes all the remaining symbols from the input.

Table 9.5: Phrase Level Error-Recovery Implementation

id + * $
E E - TE1 e1 e1 e1
T T-FT1 e1 e1 e1
F - id €1 €1 €1
E1 Ei- O E1- +TE1 E1- 0O E1- 0O
T1 T1-0 T1- 0O T1 - *FT1 T1- 0O
id pop
+ pop
* pop
$ e2 e2 e2 accept

For example, if we trace the behavior of the parser shown in for the input id + *id $:

Stack Contents Unspent Input Moves
$E id+*id$ derive using E - TE1
$EIT id+*id$ derive using T -FT1
$E1TIF id+*id$ derive using F - id
$E1T1id id+*id$ pop

$E1T1 +*id$ derive using T1 - O




Stack Contents Unspent Input Moves

$E1 +*id$ derive using E1—~ +TE1

$E1T+ +*id$ pop

$EIT *id$ call error routineel

$E1T id*id$ derive using T - FT1
(imaginary id is pushed by e1)

$E1TIF id*id$ derive using F - id

$E1Taid id*id$ pop

$E1T1 *id$ derive using T1 —» *FT1

$E1TIF id$ derive using F - id

$E1T1id id$ pop

$E1T1 $ derive using T1 —» [

$E1 $ derive using E1 - [

$ $ accept

Similarly, if we trace the behavior for the input id id*id $:

Stack Contents Unspent Input Moves

$E id id*id$ derive using E - TE1

$SEAT id+*id$ derive using T - FT1

$E1TIF id+*id$ derive using F - id

$E1T1id id+*id$ pop

$EIT1 id*id$ derive using T1- 0

$E1 id*id$ derive using E1 - [

$ id*id$ call error routinee2
(id*id$ is removed by e2)

$ $ accept




9.7 RECOVERY FROM SEMANTIC ERRORS

The primary sources of semantic errors are undeclared names and type incompatibilities. Recovery from an
undeclared name is rather straightforward. The first time the undeclared name is encountered, an entry can be made
in the symbol table for that name with an attribute that is appropriate to the current context. For example, if missing
declaration error of x is encountered, then the error-recovery routine enters the appropriate attribute for x in x's symbol
table, depending on the current context of x. A flag is then set in the x symbol table record to indicate that an attribute
has been added, and to recover from an error or not in response to the declaration of x.




Chapter 10: Code Optimization

10.1 INTRODUCTION TO CODE OPTIMIZATION

The translation of a source program to an object program is basically one of many mappings; that is, there are many
object programs for the same source program, which implement the same computations. Some of these
object-translated source programs may be better than other object programs when it comes to storage requirements
and execution speeds. Code optimization refers to techniques a compiler can employ in order to produce an improved
object code for a given source program.

How beneficial the optimization is depends upon the situation. For a program that is only expected to be run a few
times, and which will then be discarded, no optimization is necessary. Whereas if a program is expected to run
indefinitely, or if it is expected to run many times, then optimization is useful, because the effort spent on improving the
program'’s execution time will be paid back, even if execution time is only reduced by a small percentage.

What follows are some optimization techniques that are useful when designing optimizing compilers.




10.2 WHAT IS CODE OPTIMIZATION?

Code optimization refers to the techniques used by the compiler to improve the execution efficiency of the generated
object code. It involves a complex analysis of the intermediate code and the performance of various transformations;
but every optimizing transformation must also preserve the semantics of the program. That is, a compiler should not
attempt any optimization that would lead to a change in the program's semantics.

Optimization can be machine-independent or machine-dependent. Machine-independent optimizations can be
performed independently of the target machine for which the compiler is generating code; that is, the optimizations are
not tied to the target machine's specific platform or language. Examples of machine-independent optimizations are:
elimination of loop invariant computation, induction variable elimination, and elimination of common subexpressions.

On the other hand, machine-dependent optimization requires knowledge of the target machine. An attempt to generate
object code that will utilize the target machine's registers more efficiently is an example of machine-dependent code
optimization. Actually, code optimization is a misnomer; even after performing various optimizing transformations,
there is no guarantee that the generated object code will be optimal. Hence, we are actually performing code
improvement. When attempting any optimizing transformation, the following criteria should be applied:

1. The optimization should capture most of the potential improvements without an unreasonable
amount of effort.

2. The optimization should be such that the meaning of the source program is preserved.

3. The optimization should, on average, reduce the time and space expended by the object code.




10.3 LOOP OPTIMIZATION

Loop optimization is the most valuable machine-independent optimization because a program's inner loops are good
candidates for improvement. The important loop optimizations are elimination of loop invariant computations and
elimination of induction variables. A loop invariant computation is one that computes the same value every time a loop
is executed. Therefore, moving such a computation outside the loop leads to a reduction in the execution time.
Induction variables are those variables used in a loop; their values are in lock-step, and hence, it may be possible to
eliminate all except one.

10.3.1 Eliminating Loop Invariant Computations

To eliminate loop invariant computations, we first identify the invariant computations and then move them outside
loop if the move does not lead to a change in the program's meaning. ldentification of loop invariant computation
requires the detection of loops in the program. Whether a loop exists in the program or not depends on the program's
control flow, therefore, requiring a control flow analysis. For loop detection, a graphical representation, called a
"program flow graph," shows how the control is flowing in the program and how the control is being used. To obtain
such a graph, we must partition the intermediate code into basic blocks. This requires identifying leader statements,
which are defined as follows:

1. The first statement is a leader statement.
2. The target of a conditional or unconditional goto is a leader.
3. A statement that immediately follows a conditional goto is a leader.

A basic block is a sequence of three-address statements that can be entered only at the beginning, and control ends
after the execution of the last statement, without a halt or any possibility of branching, except at the end.

10.3.2 Algorithm to Partition Three-Address Code into Basic Blocks

To partition three-address code into basic blocks, we must identify the leader statements in the three-address code
and then include all the statements, starting from a leader, and up to, but not including, the next leader. The basic
blocks into which the three-address code is partitioned constitute the nodes or vertices of the program flow graph. The
edges in the flow graph are decided as follows. If B1 and B2 are the two blocks, then add an edge from B1 to B2 in the
program flow graph, if the block B2 follows B1 in an execution sequence. The block B2 follows B1 in an execution
sequence if and only if:

1. The first statement of block B2 immediately follows the last statement of block B1 in the
three-address code, and the last statement of block B1 is not an unconditional goto statement.

2. The last statement of block B1 is either a conditional or unconditional goto statement, and the first
statement of block B2 is the target of the last statement of block B1.

For example, consider the following program fragment:

Fact(x)
{
intf=1,
for(i = 2; i<=x; i++)
f=f*i;
return(f);

}

The three-address-code representation for the program fragment above is:

1. f=1;

2. i=2



7.

8.

if i <=x goto(8)

goto(3)

goto calling program

The leader statements are:

Therefore

shown in

Statement number 1, because it is the first statement.

Statement number 3, because it is the target of a goto.

Statement number 4, because it immediately follows a conditional goto statement.

Statement number 8, because it is a target of a conditional goto statement.

ﬁalocks into which the above code can be partitioned are as follows, and the program flow graph is
igure 10.1]

f=1L
i=2
B plock BIL:
B Bjock B2 if i<z x goto(8)
=i
f(1=i+1
i=1l
goto(3)
B Block B3:
goto calling pmgraml
B Block B4:
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Figure 10.1: Program flow graph.

10.3.3 Loop Detection

A loop is a cycle in the flow graph that satisfies two properties:

1. It should have a single entry node or header, so that it will be possible to move all of the loop
invariant computations to a unique place, called a "preheader," which is a block/node placed
outside the loop, just in front of the header.

2. It should be strongly connected; that is, it should be possible to go from any node of the loop to
any other node while staying within the loop. This is required until at least some of the loops get

executed repeatedly.

If the flow graph contains one or more back edges, then only one or more loops/ xcycles exist in the program.
Therefore, we must identify any back edges in the flow graph.

10.3.4 Identification of the Back Edges

To identify the back edges in the flow graph, we compute the dominators of every node of the program flow graph. A

node a is a dominator of node b if all the pa

ths startin

a. For example, consider the flow graph in

Figure 10.

at the initial node of the graph that reach to node b go through
. In this flow graph, the dominator of node 3 is only node 1,

because all the paths reaching up to node 3 from node 1 do not go through node 2.
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Figure 10.2: The flow graph back edges are identified by computing the dominators.

Dominator (dom) relationships have the following properties:

1. They are reflexive; that is, every node dominates itself.

2. That are transitive; that is, if a dom b and b dom ¢, this implies a dom c.

10.3.5 Reducible Flow Graphs

Several code-optimization transformations are easy to perform on reducible flow graphs. A flow graph G is reducible if
and only if we can partition the edges into two disjointed groups, forward edges and back edges, with the following two
properties:
1. The forward edges form an acyclic graph in which every node can be reached from the initial
node G.

2. The back edges consist only of edges whose heads dominate their tails.

For example, consider the flow graph shown in . This flow graph has no back edges, because no edge's
head dominates the tail of that edge. Hence, it could have been a reducible graph if the entire graph had been acyclic.
But that is not the case. Therefore, it is not a reducible flow graph.

7N

P A
| o 3
S A N

Figure 10.3: A flow graph with no back edges.

After identifying the back edges, if any, the natural loop of every back edge must be identified. The natural loop of a
back edge a — b is the set of all those nodes that can reach a without going through b, including node b itself.
Therefore, to find a natural loop of the back edge n — d, we start with node n and add all the predecessors of node n
to the loop. Then we add the predecessors of the nodes that were just added to the loop; and we continue this process
until we reach node d. These nodes plus node d constitute the set of all those nodes that can reach node n without
going through node d. This is the natural loop of the edge n — d. Therefore, the algorithm for detecting the natural loop
of a back edge is:

Input: back edgen — d.
Output:  set loop, which is a set of nodes forming the natural

loop of the back edge n — d.
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main()

{
loop ={d}/* Initialize by adding node d to the set loop*/
insert(n); /* call a procedure insert with the node n */

}

procedure insert(m)

{

if m is not in the loop then
{
loop =loop L1 {m}
for every predecessor p of m do
insert(p);
}
}

For example in the flow graph shown in , the back edges are edge B3 — B2, and the loop is comprised of
the blocks B2 and B3.

After the natural loops of the back edges are identified, the next task is to identify the loop invariant computations. The
three-address statement x =y op z, which exists in the basic block B (a part of the loop), is a loop invariant statement if
all possible definitions of b and c that reach upto this statement are outside the loop, or if b and ¢ are constants,
because then the calculation b op c will be the same each time the statement is encountered in the loop. Hence, to
decide whether the statement x =b op c is loop invariant or not, we must compute the u—d chaining information. The
u—d chaining information is computed by doing a global data flow analysis of the flow graph. All of the definitions that
are capable of reaching to a point immediately before the start of the basic block are computed, and we call the set of
all such definitions for a block B the IN(B). The set of all the definitions capable of reaching to a point immediately after
the last statement of block B will be called OUT(B). We compute both IN(B) and OUT(B) for every block B, GEN(B)
and KILL(B), which are defined as:

B GEN(B): The set of all the definitions generated in block B.

B KILL(B): The set of all the definitions outside block B that define the same variables as are defined in
block B.

Consider the flow graph in .
The GEN and KILL sets for the basic blocks are as shown in [Table 10.1].

Table 10.1: GEN and KILL sets for Flow Graph

Block GEN KILL
B1 {1,2} {6,10,11}
B2 (3,4} {5,8}
B3 {5} {4.8}
B4 6,7} {2,9,11}
B5 {8,9} {4.5,7}
B6 {10,11} {1,2,6}
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Figure 10.4: Flow graph with GEN and KILL block sets.

IN(B) and OUT(B) are defined by the following set of equations, which are called "data flow equations™:

IN(B) = w OUT(P)
QUT(B) = IN(B) — KILL(E) v GEN(5)

The next step, therefore, is to solve these equations. If there are n nodes, there will be 2n equations in 2n unknowns.
he solution to these equations is not generally unique. This is because we may have a situation like that shown in

, where a block B is a predecessor of itself.

4
>

Figure 10.5: Nonunique solution to a data flow equation, where B is a predecessor of itself.

If there is a solution to the data flow equations for block B, and if the solution is IN(B) = INg and OUT(B) = OUTJ, then
INo O {d} and OUTo O {d}, where d is any definition not in INo. OUTg and KILL(B) also satisfy the equations, because if
we take OUTp 0 {d} as the value of OUT(B), since B is one of the predecessors of itself according to IN(B) = [
OUT(P), d gets added to IN(B), because d is not in the KILL(B). Hence, we get IN(B) = INp [] {d}. And according to
OUT(B) = IN(B) — KILL(B) GEN(B), OUT(B) = OUTo U {d} gets satisfied. Therefore, INo, OUTq is one of the solutions,
whereas INo U {d}, OUTo [ {d} is another solution to the equations—no unique solution. What we are interested in is
finding smallest solution, that is, the smallest IN(B) and OUT(B) for every block B, which consists of values that are in
all solutions. For example, since INgis in INg (I {d}, and OUTq s in OUTo U {d}, INg, OUTg is the smallest solution. And
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this is what we want, because the smallest IN(B) turns out to be the set of all definitions reaching the point just before
the beginning of B. The algorithm for computing the smallest IN(B) and OUT(B) is as follows:

1. For each block B do

{
IN(B)= @
OUT(B)= GEN(B)
}
2. flag = true

3. while (flag) do
{

flag = false
for each block B do

{
INnew(B) = @
for each predecessor P of B
INnew(B) = INnew(B) LJ OUT(P)
if INnew(B) # IN(B) then

{

flag = true

IN(B) = INnew(B)

OUT(B) = IN(B) - KILL(B) [ GEN(B)
}

}
}

Initially, we take IN(B) for every block that is to be an empty set, and we take OUT(B) for GEN(B), and we compute
INnew(B). If it is different from IN(B), we compute a new OUT(B) and go for the next iteration. This is continued until
IN(B) comes out to be the same for every B in a previous or current iteration.

For example, for the flow graph.shown in Figure 10.5, the IN and OUT iterations for the blocks are computed using
above algorithm, as shown in [Tables lO.Z—M.

Table 10.2: IN and OUT Computation for

Block IN ouT
B1 o) {1.2}
B2 o {34}
B3 o) {5}

B4 o) {67}
B5 o {8,9}
B6 ® {10,11}




Table 10.3: First Iteration for the IN and OUT Values

Block IN ouT
B1 (o) {1,2}
B2 {1,2,6,7} {1,2,3,4,6,7}
B3 {3,4,8,9} {3,5,9}
B4 {3,4,5} {3,4,5,6,7}
B5 {5} {8.9}
B6 {6,7} {7,10,11}
Table 10.4: Second lteration for the IN and OUT Values
Block IN ouT

B1 o) {1.2}

B2 {1,2,3,4,5,6,7} {1,2,3,4,6,7}

B3 {1,2,3,4,6,7,8,9} {1,2,3,5,6,7,9}

B4 {1,2,3,4,5,6,7,9} {1,3,4,5,6,7}

B5 {3,5,9} {3,8,9}

B6 {3,4,5,6,7} {3,4,5,7,10,11}

Table 10.5: Third Iteration for the IN and OUT Values

Block IN ouT
B1 ® {1.2}
B2 {1,2,3,4,5,6,7} {1,2,3,4,6,7}
B3 {1,2,3,4,6,7,8,9} {1,2,3,5,6,7,9}
B4 {1,2,3,4,5,6,7,9} {1,3,4,5,6,7}
B5 {1,2,3,5,6,7,9} {1,2,3,6,8,9}
B6 {1,3,4,5,6,7} {1,3,4,5,7,10,11}




Table 10.6: Fourth Iteration for the IN and OUT Values

Block IN ouT
B1 ® {1.2}
B2 {1,2,3,4,5,6,7} {1,2,3,4,6,7}
B3 {1,2,3,4,6,7,8,9} {1,2,3,5,6,7,9}
B4 {1,2,3,4,5,6,7,9} {1,3,4,5,6,7}
B5 {1,2,3,5,6,7,9} {1,2,3,6,8,9}
B6 {1,3,4,5,6,7} {1,3,4,5,7,10,11}

The next step is to compute the u—d chains from the reaching definitions information, as follows.

If the use of A in block B is preceded by its definition, then the u—d chain of A contains only the last definition prior to
this use of A. If the use of A in block B is not preceded by any definition of A, then the u—d chain for this use consists of
all definitions of A in IN(B).

For example, in the flow graph for which IN and OUT were computed in[Tables 10.4 , the use of a in definition 4,

block B2 is preceded by definition 3, which is the definition of a. Hence, the u—d chain for this use ofa only contains
definition 3. But the use of b in B2 is not preceded by any definition of b in B2. Therefore, the u—d chain for this use of
B will be {1}, because this is the only definition of b in IN(B2).

The u—d chain information is used to identify the loop invariant computations. The next step is to perform the code
motion, which moves a loop invariant statement to a newly created node, called "preheader," whose only successor is
a header of the loop. All the predecessors of the header that lie outside the loop will become predecessors of the
preheader.

But sometimes the movement of a loop invariant statement to the preheader is not possible because such a move
would alter the semantics of the program. For example, if a loop invariant statement exists in a basic block that is not a
dominator of all the exits of the loop (where an exit of the loop is the node whose successor is outside the loop), then
moving the loop invariant statement in the preheader may change the semantics of the program. Therefore, before
moving a loop invariant statement to the preheader, we must check whether the code motion is legal or not. Consider

the flow graph shown in .

¥=x B3

Figure 10.6: A flow graph containing a loop invariant statement.

In the flow graph shown in , X = 2 is the loop invariant. But since it occurs in B3, which is not the dominator
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of the exit of loop, if we move it to the preheader, as shown in , a value of two will always get assigned to y

in B5; whereas in the original program, y in B5 may get value one as well as two.

preheader
r/ o

AN

——e

R

uJ i3

Figure 10.7: Moving a loop invariant statement changes the semantics of the program.

After Moving x = 2 to the Preheader

In the flow graph shown in , if X is not used outside the loop, then the statemen

preheader. Therefore, for a code motion to be legal, the following conditions must be met,
encountered:

tx = 2 can be moved to the
even if no errors are

1. The block in which a loop invariant statement occurs should be a dominator of all exits of the loop,
or the name assigned to the block should not be used outside the loop.

2. We cannot move a loop invariant statement assigned to A into preheader if there is ang
ment in the loop that assigns to A. For example, consider the flow graph shown in |
10.9

Fi:urel

Il

o
/

'

¥=x

A3

Figure 10.8: Moving the preheader changes the meaning of the program.

Even though the statement x = 3 in B2 satisfies condition (1), moving i

t to the preheader will

change the meaning of the program. Because if x = 3 is moved to the preheader, then the value
that will be assigned to y in B5 will be two if the execution path is B1-B2—B3—-B4—-B2-B4-B5.
Whereas for the same execution path, the original program assigns a three to y in B5.

3. The move is illegal if A is used in the loop, and A is reached by any defi
statement to be moved. For example, consider the flow graph shown in

nition of A gther than the
igure 10.9.
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!

Figure 10.9: Moving a value to the preheader changes the original meaning of the program.

| &5

Even though x is not used outside the loop, the statement x = 2 in the block B2 cannot be moved to the preheader,
because the use of x in B4 is also reached by the definition x = 1 in B1. Therefore, if we move x = 2 to the preheader,
then the value that will get assigned to a in B4 will always be a one, which is not the case in the original program.

s
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10.4 ELIMINATING INDUCTION VARIABLES

We define basic induction variables of a loop as those names whose only assignments within the loop are of the form |
=1z C, where Cis a constant or a name whose value does not change within the loop. A basic induction variable may
or may not form an arithmetic progression at the loop header.

For example, consider the flow graph shown in . In the loop formed by B2, | is a basic induction variable.

(1)
(2)

(3)
(4)

(2)
(6)
(7)
(8)
9
(10)
(11)

PROD =0

=1 l

T2 = addr (A) -4
T4

addr (B) -4

Tl=4%*]

T3 = T2 [T1]
TS = T4 [T1]
T6=T3*T5

PROD =PROD + T6
I=1+1
if I <20 goto B2

-

Figure 10.10: Flow graph where | is a basic induction variable.

We then define an induction variable of loop L as either a basic induction variable or a name J for which there is a
basic induction variable I, such that each time J is assigned in L, J's value is some linear function or value of I. That is,
the value of Jin L should be C1l + C2, where C1 and C2 could be functions of both constants and loop invariant

names. For example, in loop L, | is a basic induction variable; and T1 is also an induction variable, because the only
assignment of T1 in the loop assigns a value to T1 that is a linear function of I, computed as 4 * I.

Algorithm for Detecting and Eliminating Induction Variables

An algorithm exists that will detect and eliminate induction variables. Its method is as follows:

1.
2.

Find all of the basic induction variables by scanning the statements of loop L.

Find any additional induction variables, and for each such additional induction variable A, find the
family of some basic induction B to which A belongs. (If the value of A at the point of assignment is
expressed as C1B + C2, then A is said to belong to the family of basic induction variable B).
Specifically, we search for names A with single assignments to A within loop L, and which have
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one of the following forms:

A=
A=
M=
A=
A=

B*C
cC*B
B/IC

B+C
Cth

where C is a loop constant, and B is an induction variable, basic or otherwise. If B is basic, then A
is in the family of B. If B is not basic, let B be in the family of D, then the additional requirements to

be satisfied are:

a.

b.

There must be no assignment to D between the lone point of assignment to B
in L and the assignment to A.

There must be no definition of B outside of L reaches A.

Consider each basic induction variable B in turn. For every induction variable A in the family of B:

a.

b.

Create a new name, temp.
Replace the assignment to A in the loop with A = temp.
Set temp to C1B + C2 at the end of the preheader by adding the statements:
— ®
temp= () * B
temp = temp + C, /* omit if C, = 0%/

Immediately after each assignment B =B + D, where D is a loop invariant,
append:

temp = temp + C,* D

If D is a loop invariant name, and if C1 # 1, create a new loop invariant name
for C1* D, and add the statements:

templ = G, * D
temp = temp + templ

For each basic induction variable B whose only uses are to compute other
induction variables in its family and in conditional branches, take some A inB's
family, preferably one whose function expresses its value simply, and replace
each test of the form B reloop X goto Y by:

— *
temp2 =, * X
temp2 = temp2 + C, /* omit if C, =0 */
U temp reloop temp2 goto ¥
Delete all assignments to B from the loop, as they will now be useless.

If there is no assignment to temp between the introduced statement A = temp
(step 1) and the only use of A, then replace all uses of A by temp and delete
the statement A = temp.

In the flow graph shown in , we see that | is a basic induction

variable, and T1 is the additional induction variable in the family of I, because



the value of T1 at the point of assignment in the loop is expressed as T1 =4 *
I. Therefore, according to step 3b, we replace T1 =4 * | by T1 = temp. And

according to step 3c, we add temp =4 * reheader. We then append
the statement temp = temp + 4 after figure 10.1d statement (10), as per step

3d. And according to step 3e, we replace the statement if | < 20 goto B2 by:

templ = B0
if (temp = templ) goto B2, and delete =1+ |
The results of these modifications are shown in .

PROD =0
Bl
I=1
T2 = addr (A) - 4
T4 = addr(B) -4 B2
Temp=4*1] preheader|

Il =temp

T3 =T2|T1]
T5=T4[T1]
Te=T3*T5

PROD = PROD + Té
Temp =temp + 4
Temp2 = 80

if temp = temp2 goto B2

-

Figure 10.11: Modified flow graph.

By step 3f, replace T1 by temp. And by copy propagation, temp = 4 * |, in the preheader, can be replaced by temp =

4, and the statement | = 1 can be eliminated. In B1, the statement if temp < temp2 goto B2 can be replaced by if temp
< 80 goto B2, and we can eliminate temp2 = 80, as shown in ‘.
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PROD =10

l

T2 = addr(A) - 4
T4 = addr(B) - 4

l

temp =4

l

T3 =T2 [temp]

T5 = T4 [temp]
Te=T3*T5

PROD = PROD +Té6
Temp = temp + 4

If temp < 80 goto B2

Bl

B2

preheaden

Figure 10.12: Flow graph preheader modifications.
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10.5 ELIMINATING LOCAL COMMON SUBEXPRESSIONS

The first step in eliminating local common subexpressions is to detect the common subexpression in a basic block.
The common subexpressions in a basic block can be automatically detected if we construct a directed acyclic graph
(DAG).

DAG Construction

For constructing a basic block DAG, we make use of the function node(id), which returns the most recently created
node associated with id. For every three-address statement X =y op z, x =op Y, or X =y in the block we:

do
{

1. If node(y) is undefined, create a leaf labeled y, and let node(y) be this node. If node(z) is
undefined, create a leaf labeled z, and let that leaf be node(z). If the statement is of the form x =
op y or x =y, then if node(y) is undefined, create a leaf labeled y, and let node(y) be this node.

2. If anode exists that is labeled op whose left child is node(y) and whose right child is node(z) (to
catch the common subexpressions), then return this node. Otherwise, create such a node, and
return it. If the statement is of the form x =op y, then check if a node exists that is labeled op
whose only child is node(y). Return this node. Otherwise, create such a node and return. Let the
returned node be n.

3. Append x to the list of identifiers for the node n returned in step 2. Delete x from the list of
attached identifiers for node(x), and set node(x) to be node n.

}

Therefore, we first go for a DAG representation of the basic block. And if the interior nodes in the DAG have more than
one label, then those nodes of the DAG represent the common subexpressions in the basic block. After detecting
these common subexpressions, we eliminate them from the basic block, The following example shows the elimination
of local common subexpressions, and the DAG is shown in .

1. S1:=4*|
2. S2:addr(A) -4
3. S3:52([S1]
4. S4:4*|
5. S5:=addr(B) -4
6. S6:=S5][S4]
7. S7:=S3*S6
8. S8:PROD + S7
9. PROD:=S8
10. S9:=1+1
11. 1=89

12. if <20 goto (1).



4, RO

"'5.'

L

AR

50, 54+ 591

/W NN

PROLY O addr (A addr (£) 4
Figure 10.13: DAG representation of a basic block.

In , PROD 0 indicates the initial value of PROD, and I0 indicates the initial value of I. We see that the
same value is assigned to S8 and PROD. Similarly, the value assigned to S9 is the same as . And the value
computed for S1 and S4 are the same; hence, we can eliminate these common subexpressions by selecting one of
the attached identifiers (one that is needed outside the block). We assume that none of the temporaries is needed
outside the block. The rewritten block will be:

1. S1:=4*%*|

2. S2:=addr(A)-4

3. S3:=52([S1]

4. S5:=addr(B) -4

5. S6:=S5][S1]

6. S7:=S3*S6

7. PROD:=PROD + S7
8. I:=1+1

9. ifI<20goto (1)
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10.6 ELIMINATING GLOBAL COMMON SUBEXPRESSIONS

Global common subexpressions are expressions that compute the same value but in different basic blocks. To detect
such expressions, we need to compute available expressions.

10.6.1 Available Expressions

An expression x op y is available at a point p if every path from the initial node of the flow graph reaching top
evaluates x op y, and if after the last such evaluation and prior to reaching p there are no subsequent assignments to x
ory. To eliminate global common subexpressions, we need to compute the set of all the expressions available at the
point just before the start of every block. This requires computing the set all the expressions available at a point just
after the end of every block. We call these sets IN(b) and OUT(b), respectively. The computation of IN(b) and OUT(b)
requires computing the set of all expressions generated by the basic block and the set of all expressions killed by the
basic block, respectively:

B A block kills an expression x op y if it assigns to x or y and if does not subsequently recompute as op
y.

B A block generates an expression x op v if it evaluates x op y and subsequently does not redefine x or
y.

To compute the available expressions, we solve the following equations:

OUT(®) = IN(b) — KILL(5) GEN(b)
IN(6) = n OUT(p)

Here, also, we obtain the smallest solution.

The algorithm for computing the smallest IN(b) and OUT(b) is given below, where b1 is the initial block, and U is a
"universal" set of all expressions appearing on the right of one or more statements of the program.

1. INGL) =@
OUT(b1) = GEN(b1);

2. for (i=2; i <=n; i++)
{
IN(b) = U
OUT(b) = U - GEN(b)
}

3. flag = true

4. while (flag) do
{

flag = false
for (i=2; i <=n; i++)
{
INnew(bi) = @
for each predecessor p of bi
INnew(bi) = INnew(bi) N OUT(p)
if INnew(bi) # IN(bi) then

{

flag = true
IN(bi) = INnew(bi)



OUT(bi) = IN(bi) - KILL(bi) O GEN(bi)
}
}
}

After computing IN(b) and OUT(b), eliminating the global common subexpressions is done as follows. For every
statement s of the form x =y op z such thaty op z is available at the beginning of the block containing s, and neithery
nor z is defined prior to the statement x =y op z in that block, do:

1.

2.

Find all definitions reaching up to the s statement block that have y op z on the right.
Create a new temp.
Replace each statement U =y op z found in step 1 by:

temp = yopz

U = temp

Replace the statement x =y op z in block by x = temp.




10.7 LOOP UNROLLING

Loop unrolling involves replicating the body of the loop to reduce the required number of tests if the number of
iterations are constant. For example consider the following loop:
=1
while (I <= 100)
{
X[I] = 0;
I++;

In this case, the test | <= 100 will be performed 100 times. But if the body of the loop is replicated, then the number of
times this test will need to be performed will be 50. After replication of the body, the loop will be:
=1
while(I<= 100)
{
X[I] = 0;
[++;
X[l = 0;
[++;

}

It is possible to choose any divisor for the number of times the loop is executed, and the body will be replicated that
many times. Unrolling once—that is, replicating the body to form two copies of the body—saves 50% of the maximum
possible executions.




10.8 LOOP JAMMING

Loop jamming is a technique that merges the bodies of two loops if the two loops have the same number of iterations
and they use the same indices. This eliminates the test of one loop. For example, consider the following loop:
{
for (1=0; 1< 10; I++)
for (J = 0; J < 10; J++)

X[1,J] =0;
for (I=0; 1< 10; I++)
X[,11=1;
}
Here, the bodies of the loops on | can be concatenated. The result of loop jamming will be:
{
for (I1=0; 1< 10; I++)
{
for 3 =0; J < 10; J++)
X[1,J] = 0;
X[,1] = 1;
}
}

The following conditions are sufficient for making loop jamming legal:

1. No quantity is computed by the second loop at the iteration | if it is computed by the first loop at
iteration J = 1.

2. If avalue is computed by the first loop at iteration J =1, then this value should not be used by
second loop at iteration |I.




Chapter 11: Code Generation

11.1 AN INTRODUCTION TO CODE GENERATION

Code generation is the last phase in the compilation process. Being a machine-dependent phase, it is not possible to
generate good code without considering the details of the particular machine for which the compiler is expected to
generate code. Even so, a carefully selected code-generation algorithm can produce code that is twice as fast as code
generated by an ill-considered code-generation algorithm.

In this chapter, we first discuss straightforward code generation from a sequence of three-address statements. This is
followed by a discussion of the code-generation algorithm that takes into account the flow of control structures in the
program when assigning registers to names. Then we will look at a code-generation algorithm that is capable of
generating reasonably good code from a basic block. Finally, various machine-dependent optimizations that are
capable of improving the efficiency of object code are discussed. Throughout our discussion, we assume that the input
to the code-generation algorithm is a sequence of three-address statements partitioned into basic blocks.




11.2 PROBLEMS THAT HINDER GOOD CODE GENERATION

There are three main difficulties that we face when attempting to generate efficient object code, namely:

1. Selection of the most-efficient instructions to represent the computation specified by the
three-address statement;

2. Deciding on a computation order that leads to the generation of the more-efficient object code;
and

3. Deciding which registers to use.

Selecting the Most-Efficient Instructions to Represent the Computation Specified by the
Three-Address Statement

Many machines allow certain computations to be done in more than one way. For example, if a machine permits an
instruction AOS for incrementing the contents of a storage location directly, then for a three-address statementa =a +
1, itis possible to generate the instruction AOS a, rather than a sequence of instructions like the following:

MOVE a, R
ADD #1, R
MOVER, a

Now, deciding which instruction sequence is better is the problem. This decision requires an extensive knowledge
about the context in which these three-address statements will appear.

Deciding on the Computation Order that Will Lead to the Generation of More-Efficient

Object Code

Some computation orders require fewer registers to hold intermediate results than others. Now, deciding the best
order is very difficult. For example, consider the basic block:

fl=ag+ b
R2=c+d
t3=e-12
4=1tl-143
If the order of computation used is the one given in the basic block t1-t2-t3-t4, then the number of registers required for
holding the intermediate result is more than when the order t2-t3-t1-t4 is used.
Deciding on Registers

Deciding which register should handle the computation is another problem that stands in the way of good code
generation. The problem is further complicated when a machine requires register-pairs for some operands and results.




11.3 THE MACHINE MODEL

Being a machine-dependent phase, we will need to describe some of the features of a typical computer in order to
discuss the various issues involved in code generation. For this purpose, we describe a hypothetical machine model,
as follows.

We assume that the machine is byte-addressable with two bytes per word, having 216 bytes, and eight
general-purpose registers, RO to R7, that are capable of holding a 16-bit quantity. The format of the instruction is an op
source destination with four-bit opcode, and the source and destination are each six-bit fields. Since a six-bit field is
not capable of holding a memory address (a memory address is a 16-bit), when sources and destinations are memory
addresses, then these six-bit fields hold certain bit patterns that specify that the words following an instruction contain
memory addresses used as source and destination operands, respectively. The following addressing modes are
assumed to be supported by the machine model:

1. r (register addressing)
2. *r (indirect register)
3. X (absolute address)
4. #data (immediate)
5. X(r) (indexed address)
6. *X(r) (indirect indexed address)
We assume that opcodes like the one listed below are available:

B MOV (for moving source to destination),

B ADD (for adding source to destination), and

B SUB (for subtracting source from destination), and so on.

The cost of the instruction is considered to be its length, because generating a shorter instruction not only reduces the
storage requirement of the object code, but it also reduces the time taken to perform the operation. This is because
most machines spend more time fetching words from memory than they spend in executing the instruction. Hence, by
minimizing the instruction length, we minimize the time taken to perform the instruction, as well.

For example, length of the instruction MOV RO, R1 is one memory word, because, three-bit code is enough for
uniquely identifying each of the registers. Therefore, the six-bit fields, each for source and destination operand, can
easily hold the three-bit codes for the registers shown in [Table 11.1.

Table 11.1: Six-Bit Registers for the Instruction MOV RO, R1

MOV I RO I R1

Similarly, the length of the instruction MOV RO, M is two memory words, because since the destination operand is a
memory address, it will occupy the word following an instruction, as shown in [Table 11.2.




Table 11.2: Six-Bit Registers for the Instruction MOV RO, R2

MOV RO bit pattern

and the destination

able 11..

Similarly, the length of the instruction MOV M1, M2 is three memory words, because the source
operands, being memory addresses, will occupy the words following the instruction, as shown in

Table 11.3: Six-Bit Registers for the Instruction MOV M1, M2

MOV bit pattern bit pattern

M1

M2

For example, consider a three-address statement, a =b +c. We can generate the following different instruction
sequences for this statement, depending upon where the values of operand b and c can be found.

If the values of b and c can be found in the memory locations of the same name, then the following instruction
sequences can be generated:

1. MOV b, RO
ADD c, RO
MOV RO, a  length = six words

2. MOVb, a
ADDc, a length = six words

If the addresses of a, b, and c are assumed to be in registers RO, R1, and R2, respectively then
the following instruction sequence can be generated:

3. MOV *R1, *R0O
ADD *R2, *R0O length = two words

If the values of b and c are assumed to be in registers RO and R1, respectively, then the following
instruction sequence can be generated:

4, ADD R2, R1
MOV R1, a length = three words

Therefore, we conclude that for generating good code, we must utilize the addressing capabilities of the machine
efficiently. And this will be possible if we keep the one-value or the r-value of the name in the register if it is going to be
used in the future.

[« erevious e o



11.4 STRAIGHTFORWARD CODE GENERATION

Given a sequence of three-address statements partitioned into basic blocks, straightforward code generation involves
generating code for each three-address statement in turn by taking the advantage of any of the operands of the
three-address statements that are in the register, and leaving the computed result in the register as long as possible.
We store it only if the register is needed for another computation or just before a procedure call, jump, or labeled
statement, such as at the end of a basic block. The reason for this is that after leaving a basic block, we may go to
several different blocks, or we may go to one particular block that can be reached from several others. In either case,
we cannot assume that a datum used by a block appears in the same register, no matter how the program's control
reached that block. Hence, to avoid possible error, our code-generation strategy stores everything across the basic
block boundaries.

When generating code by using the above strategy, we need to keep track of what is currently in
each register. For this, we maintain what is called a "register descriptor,” which is simply a pointer
to a list that contains information about what is currently in each of the registers. Initially, all of the
registers are empty.

We also need to keep track of the locations for each name—where the current value of the name can be found at run
time. For this, we maintain what is called an "address descriptor" for each name in the block. This information can be
stored in the symbol table.

We also need a location to perform the computation specified by each of the three-address statements. For this, we
make use of the function getreg(). When called, getreg() returns a location specifying the computation performed by a
three-address statement. For example, if x =y op z is performed, getreg() returns a location L where the computation y
op z should be performed; and if possible, it returns a register.

Algorithm for the Function Getreg()

What follows is an algorithm for storing and returning the register locations for three-address statements by using the
function getreg().

{

For every three-address statement of the formx =y op z
in the basic block do

{

1. Call getreg() to obtain the location L in which the computation y op z should be performed. /* This
requires passing the three-address statement x =y op z as a parameter to getreg(), which can be
done by passing the index of this statement in the quadruple array.

2. Obtain the current location of the operand y by consulting its address descriptor, and if the value
of y is currently both in the memory location as well as in the register, then prefer the register. If
the value of y is currently not available inL, then generate an instruction MOV y, L (where y as
assumed to represent the current location of y).

3. Generate the instruction OP z, L, and update the address descriptor of x to indicate that x is now
available in L, and if L is in a register, then update its descriptor to indicate that it will contain the
run-time value of x.

4. If the current values of y and /or z are in the register, we have no further uses for them, and they
are not live at the end of the block, then alter the register descriptor to indicate that after the
execution of the statement x =y op z, those registers will no longer contain y and /or z.

}

Store all the results.

}

The function getreg(), when called upon to return a location where the computation specified by the three-address




statement x =y op z should be performed, returns a location L as follows:

1. First, it searches for a register already containing the name y. If such a register exists, and ify
has no further use after the execution of x =y op z, and if it is not live at the end of the block and
holds the value of no other name, then return the register for L.

2. Otherwise, getreg() searches for an empty register; and if an empty register is available, then it
returns it for L.

3. If no empty register exists, and if x has further use in the block, or op is an operator such as
indexing that requires a register, then getreg() it finds a suitable, occupied register. The register is
emptied by storing its value in the proper memory location M, the address descriptor is updated,
the register is returned for L. (The least-recently used strategy can be used to find a suitable,
occupied register to be emptied.)

4. If xis not used in the block or no suitable, occupied register can be found, getreg() selects a
memory location of x and returns it for L.

EXAMPLE 11.1

Consider the expression:
x=(a+b-(ctd-e

The three-address code for this is:

fl=a+bh
2=c+d
3=12-¢
x=¢tl-13
Applying the algorithm above results in .

Table 11.4: Computation for the Expression x = (a+b) —(c +d) —e)

Statement L Instructions Generated Register Descriptor Address Descriptor
All registers empty
tl=a+b RO MOV a, RO ADD b, RO RO will holdtl tlisinRO
2=c+d R1 MOV c, R1 ADDd, R1 R1 will holdt2 2 isinR1
t3=t2-e R1 SUB e, R1 R1 will holdt3 t3isinR1
Xx=t1 —t3 RO SUB R1, RO RO will holdx X isinRO
MOV RO, x x is inRO and memory

The algorithm makes use of the next-use information of each name in order to make more-informed decisions
regarding register allocation. Therefore, it is required to compute the next-use information. If:

B A statement at the index i in a block assigns a value to name X,
B And if a statement at the index j in the same block uses x as an operand,

B And if the path from the statement at index i to the statement at index | is a path without any
intervening assignment to name x, then



we say that the value of x computed by the statement at index i is used in the statement at index j. Hence, the next use
of the name x in the statement i is statement . For each three-address statement i, we need to compute information
about those three-address statements in the block that are the next uses of the names coming in statement i. This
requires the backward scanning of the basic block, which will allow us to attach to every statement i under
consideration the information about those statements that are the next uses of each hame in the statement i. The
algorithm is as follows:

For each statement i of the form x =y op z do

{

attach information about the next uses of x, y, and z

to statement i

set the information for x to no next-use /* This information
can be kept into the symbol table */

set the information for y and z to be the next use

in statement i

}

Consider the basic block:
tl=a+ b
2=c+d
B3=e=-12
=1l -3

When straightforward code generation is done usi
available, then the generated code is as shown in




Table 11.5: Generated Code with Only Two Available Registers, RO and R1

Statement L Instructions Generated Cost Register Descriptor Address
Descriptor
RO and R1 empty
tl=a+b RO MOV a, RO 2 RO will hold tlisintl RO
ADD b, RO words
2
words
2=c+d R1 MOV ¢, R1 2 R1 will holdt2 2isinR1
ADDd, R1 words
2
words
3=e-12 MOV RO, t1 (generated 2 tlisin
memory by getreg()) words
t3isinR0O
RO MOV e, ROSUB R1, RO 2 RO will holdt3
words R1 will be empty
1 word because t2 has no next
use
X =11 —t3 R1 MOV t1, R1 SUB RO, R1 2 R1 will holdx xisinR1
words RO will be empty
1 word because t3 has no next
use
MOV R1, x 2 xisinR1 and
words memory

We see that the total length of the instruction sequence generated is 18 memory words. If we rearrange the final
computations as:

2=c+d

13
1
14

e — 12
a+h
tl1=-13

and then generate the code, we get [Table 11.4.




Table 11.6: Generated Code with Rearranged Computations

Statement L Instructions Cost Register Descriptor Address
Generated Descriptor
RO and R1 empty
t2=c+d RO MOV ¢, RO ADD 2 RO will holdt2 t2isinRO
d, RO words
2
words
3=e-12 R1 MOV e, R1SUB 2 R1 will holdt3 RO will be empty t3isinR1
RO, R1 words because t2 has no next use
1 word
tl=a+b RO MOV a, RO ADD 2 RO will holdtl tlisinRO
b, RO words
2
words
Xx=t1—-13 R1 SUB R1, RO 1 word RO will holdx R1 will be empty XisinRO
because t3 has no next use
MOV RO, x 2 X is inRO and
words memory

Here, the length of the instruction sequence generated is 14 memory words. This indicates that the order of the
computation is a deciding factor in the cost of the code generated. In the above example, the cost is reduced when the
order t2-t3-t1-t4 is used, because t1 gets computed immediately before the statement that computes t4, which uses t1
as its left operand. Hence, no intermediate store-and-load is required, as is the case when the order t1-t2-13-t4 is used.
Good code generation requires rearranging the final computation order, and this can be done conveniently with a DAG
representation of a basic block rather than with a linear sequence of three-address statements.

[« rrsviovs [exi)



11.5 USING DAG FOR CODE GENERATION

To rearrange the final computation order for more-efficient code-generation, we first obtain a DAG representation of
the basic block, and then we order the nodes of the DAG using heuristics. Heuristics attempts to order the nodes of a
DAG so that, if possible, a node immediately follows the evaluation of its left-most operand.

11.5.1 Heuristic DAG Ordering

The algorithm for heuristic ordering is given below. It lists the nodes of a DAG such that the node's reverse listing
results in the computation order.

{

While there exists an unlisted interior node do

{

select an unlisted node n whose parents have been listed
list n
while there exists a left-most child m of n that has no
unlisted parents and m is not a leaf do

{

list m
m=n

}

order = reverse of the order of listing of nodes

}

EXAMPLE 11.2

Consider the DAG shown in .

Figure 11.1: DAG Representation.

The order in which the nodes are listed by the heuristic ordering is shown in .
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Figure 11.2: DAG Representation with heuristic ordering.

Therefore, the computation order is:
To=b+rc

I5=16+d
Td=a+ 6
TB=m+15
2= -15
Tl=42-13
If the DAG representation turns out to be a tremachine model described above, we can obtain the
optimal order using the algorithm described in , below. Here, an optimal order means the order that

yields the shortest instruction sequence.

11.5.2 The Labeling Algorithm

This algorithm works on the tree representation of a sequence of three-address statements. It could also be made to
work if the intermediate code form was a parse tree. This algorithm has two parts: the first part labels each node of the
tree from the bottom up, with an integer that denotes the minimum number of registers required to evaluate the tree
and with no storing of intermediate results. The second part of the algorithm is a tree traversal that travels the tree in
an order governed by the computed labels in the first part, and which generates the code during the tree traversal.

{

if nis a leaf node then
if nis the left-most child of its parent then
label(n) =1
else
label(n) =0
else
label(n) = max[label(nj) + (i - 1)]
fori=1tok
/* where n1, n2,..., nk are the children of n, ordered by their labels; that is,

label(n1) = label(n2) = ... = label(nk) */
}

For k = 2, the formula label(n) = max[label(nj) + (i - 1)] becomes:
label(n) = max[11, 12 + 1]
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where 11 is label(n1), and 12 is label(n2). Since either 11 or 12 will be same, or since there will be a difference of at

least the difference between 11 and 12 (i.e., 11 — 12), which is greater than or equal to one, we get:
label(n) = I, + 1if I, = I,
= max(/,, L)if [ =1,

EXAMPLE 11.3

Consider the following three-address code and its DAG representation, shown in :

tl=a+ b
2=c+d
d=e-12
td=1r1—-13

Figure 11.3: DAG representation of three-address code for Example 11.3.

The tree, after labeling, is shown in .
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Figure 11.4: DAG representation tree after labeling.

11.5.3 Code Generation by Traversing the Labeled Tree

We will now examine an algorithm that traverses the labeled tree and generates machine code to evaluate the tree in
the register RO. The content of RO can then be stored in the appropriate memory location. We assume that only binary
operators are used in the tree. The algorithm uses a recursive procedure, gencode(n), to generate the code for
evaluating into a register a subtree that has its root in node n. This procedure makes use of RSTACK to allocate
registers.

Initially, RSTACK contains all available registers. We assume the order of the registers to be RO, R1,..., from top to
bottom. A call to gencode() may find a subset of registers, perhaps in a different order in RSTACK, but when
gencode() returns, it leaves the registers in RSTACK in the same order in which they were found. The resulting code
computes the value of the tree in the top register of RSTACK. It also makes use of TSTACK to allocate temporary
memory locations. Depending upon the type of node n with which gencode() is called, gencode() performs the
following:

1. Ifnisaleaf node and is the left-most child of its parent, then gencode() generates a load

instruction for loading the top register of RSTACK by the label of node n:

MOV name, RSTACK][top]

2. Ifnis an interior node, it will be an operator node labeled by op with the children n1 and n2, and
n2 is a simple operand and not a root of the subtree, as shown infigure 11.5.

7N
[ o )

lh- \
A A

, . , N

H ] _|: A ’ 31 i

My \_ _/name

- =

e -

/ \ subtree

Figure 11.5: The node n is an operand and not a subtree root.

In this case, gencode() will first generate the code to evaluate the subtree rooted at n1 in the
top{RSTACK]. It will then generate the instruction, OP name, RSTACK]top].

3. Ifnis an interior node, it will be an operator node labeled by op with the children n1 and n2, and
both n1 and n2 are roots of subtrees, as shown in.Fi;ure 11.&.
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Figure 11.6: The node n is an operator, and n1 and n2 are subtree roots.

In this case, gencode() examines the labels of n1 and n2. If label(n2) > label(n1), then n2 requires
a greater number of registers to evaluate without storing the intermediate results than n1 does.
Therefore, gencode() checks whether the total number of registers available to r is greater than
the label(n1). If it is, then the subtree rooted at n1 can be evaluated without storing the
intermediate results. It first swaps the top two registers of RSTACK, then generates the code for
evaluating the subtree rooted at n2, which is harder to evaluate in RSTACK][top]. It removes the
top-most register from RSTACK and stores it in R, then generates code for evaluating the subtree
rooted at n1 in RSTACK([top]. An instruction, OP R, RSTACK([top], is generated, pushing R onto
RSTACK. The top two registers are swapped so that the register holding the value of n will be in
the top register of RSTACK.

4. If label(n2) <= label(n1), then n1 requires a greater number of register to evaluate without storing
the intermediate results than n2 does. Therefore, gencode() checks whether the total number of
registers available to r is greater than label(n2). If it is, then the subtree rooted at n2 can be
evaluated without storing the intermediate results. Hence, it first generates the code for evaluating
subtree rooted at n1, which is harder to evaluate in RSTACK]top], removes the top-most register
from RSTACK, and stores it in R. It then generates code for evaluating the subtree rooted at n2 in
RSTACK([top]. An instruction, OP RSTACK([top], R, is generated that pushes register R onto
RSTACK. In this case, the top register, after pushing R onto RSTACK, holds the value ofn.
Therefore, swapping and reswapping is needed.

5. Iflabel(n1) as well as label(n2) are greater than or equal to r (i.e., both subtrees require r or more
registers to evaluate without intermediate storage), a temporary memory location is required. In
this case, gencode() first generates the code for evaluating n2 in a temporary memory location,
then generates code to evaluate n1, followed by an instruction to evaluate root n in the top
register of RSTACK.

Algorithm for Implementing Gencode()
The procedure for gencode() is outlined as follows:

Procedure gencode(n)

{
if nis a leaf node and the left-most child of its parent then
generate MOV name, RSTACK[top]
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if nis an interior node with children n1 and n2, with
label(n2) = 0 then
{
gencode(n1)
generate op name RSTACK]top] /* name is the operand
represented by n2 and op is the operator
represented by n*/

}

if n is an interior node with children n1 and n2,

label(n2) > label(n1), and label(n1) < r then
{
swap top two registers of RSTACK
gencode(n2)
R = pop(RSTACK)
gencode(n1)
generate op R, RSTACK][top] /* op is the operator
represented by n */
PUSH(R,RSTACK)
swap top two registers of RSTACK
}

if n is an interior node with children n1 and n2,

label(n2) <= label(n1), and label(n2) < r then
{
gencode(n1)
R = pop(RSTACK)
gencode(n2)
generate op RSTACK][top], R /* op is the operator
represented by n */
PUSH(R, RSTACK)
}

if n is an interior node with children n1 and n2,

label(n2) <= label(n1), and label(n1) > r as well as
label(n2) > r then
{
gencode(n2)
T = pop(TSTACK)
generate MOV RSTACK(top], T
gencode(nl)
PUSH(T, TSTACK)
generate op T, RSTACK]Jtop] /* op is the operator
represented by n*/
}
}

The algorithm above can be used when the DAG represented is a tree; but when there are common subexpressions in
the basic block, the DAG representation will no longer be a tree, because the common subexpressions will correspond
to nodes with more than one parent. These are called "shared nodes". In this case, we can apply the labeling and the
gencode() algorithm by partitioning the DAG into a set of trees. We find, for each shared node as well as root n, the

maximal subtree with n as a root that includes no other shared nodes, except as leaves. For exa]
DAG shown in . It is not a tree, but it can be partitioned into the set of trees shown in Eigure 11.§
procedure gencode() can be used to generate code for each node of this tree.

der the

. The



Figure 11.7: A nontree DAG.
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Figure 11.8: A DAG that has been partitioned into a set of trees.

EXAMPLE 11.4

Consider the labeled tree shown in .
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Figure 11.9: Labeled tree for Examgle 11.4,

in|

Table 11.7: Recursive Gencode Calls

T nerated by gencode() when this tree is given as input along with the recursive calls of gencode is shown
Table 11.7. It starts with call to gencode() of t4. Initially, the top two registers will be RO and R1.

Call to Action Taken RSTACK Contents Code
Gencode() Top Two Generated
Registers
RO, R1
gencode(t4) Swap top two registers Call gencode(t3) Pop R1 R1, RO MOV E, R1
Call gencode(tl) Generate an instruction SUB RO, R1 MOV C, RO
R1,R0 Push R1 Swap top two registers ADD D, RO
SUB RO, R1
R1, RO MOV A, RO
RO, R1 ADD B, RO
SUB R1, RO
gencode(t3) Call gencode(E) Pop R1 Call gencode(t2) R1, RO MOV E, R1
Generate an instruction SUB R0O,R1 Push R1 MOV C, RO
RO ADD D, RO
SUB RO, R1
R1, RO
gencode(E) Generate an instruction MOV E, R1 R1, RO MOV E, R1
gencode(t2) gencode(c) Generate an instruction ADD D, RO RO MOV C, RO
ADD D, RO
gencode(c) Generate an instruction MOV C, RO RO
gencode(tl) gencode(A) Generate an instruction ADD B, RO RO MOV A, RO
ADD B, RO
gencode(A) Generate an instruction MOV A, RO RO MOV A, RO
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11.6 USING ALGEBRAIC PROPERTIES TO REDUCE THE REGISTER

REQUIREMENT

It is possible to make use of algebraic properties like operator cow,nd associativity to reduce the register
igure 11.10

requirements of the tree. For example, consider the tree shown in

Label = 1

_|_

Label = 1 Label = (

Label =0

Figure 11.10: Tree with a label of two.

The label of the tree in Fiq re 11 1(] ist

Vo, but since + is a commutative operator, we can interchange the left and the

right subtrees, as shown in

iqure 11.11]

. This brings the register requirement of the tree down to one.
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=1

Label = ()

{:I

Label = 1 Label =0

Figure 11.11: The left and right subtrees have been interchanged, reducing the register requirement to one.

Similarly, associativity can be used to reduce the register requirement. Consider the tree shown in .

Lk
Label = | :

Labed = |
Lahel = Label =

Ls u |“-|-|‘- Label = | Lahel = 1

Figure 11.12: Associativity is used to reduce a tree's register requirement.
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11.7 PEEPHOLE OPTIMIZATION

Code generated by using the statement-by-statement code-generation strategy contains redundant instructions and
suboptimal constructs. Therefore, to improve the quality of the target code, optimization is required. Peephole
optimization is an effective technique for locally improving the target code. Short sequences of target code instructions
are examined and replacement by faster sequences wherever possible. Typical optimizations that can be performed
are:

Elimination of redundant loads and stores
B Elimination of multiple jumps

B Elimination of unreachable code

B Algebraic simplifications

B Reducing for strength

B Use of machine idioms

Eliminating Redundant Loads and Stores

If the target code contains the instruction sequence:

1. MOVR,a
2. MOV a, R

we can delete the second instruction if it an unlabeled instruction. This is because the first instruction ensures that the
value of a is already in the register R. If it is labeled, there is no guarantee that step 1 will always be executed before
step 2.

Eliminating Multiple Jumps

If we have jumps to other jumps, then the unnecessary jumps can be eliminated in either intermediate code or the
target code. If we have a jump sequence:

goto L1

L1: gotolL2

then this can be replaced by:

goto L2

L1: gotolL2

If there are now no jumps to L1, then it may be possible to eliminate the statement, provided it is preceded by an
unconditional jump. Similarly, the sequence:

if a<bgoto L1
L1: gotolL2

can be replaced by:

if a<bgoto L2

L1: gotoL2

Eliminating Unreachable Code




An unlabeled instruction that immediately follows an unconditional jump can possibly be removed, and this operation
can be repeated in order to eliminate a sequence of instructions. For debugging purposes, a large program may have
within it certain segments that are executed only if a debug variable is one. For example, the source code may be:

#define debug 0

ill;.(debug)
{

print debugging information

}

This if statement is translated in the intermediate code to:
if debug = 1 goto LI

goto L2

L1 : print debugging information

L2:

One of the optimizations is to replace the pair:

if debug =1 goto L1

goto L2

within the statements with a single conditional goto statement by negating the condition and changing its target, as
shown below:

if debug 2 1 goto L2
Print debugging information
L2:
Since debug is a constant zero by constant propagation, this code will become:
if0#1gotoL2
Print debugging information
L2:
Since 0 # 1 is always true this will become:
goto L2
Print debugging information
L2:

Therefore, the statements that print the debugging information are unreachable and can be eliminated, one at a time.

Algebraic Simplifications
If statements like:
a=a+ 0
a=a*l

are generated in the code, they can be eliminated, because zero is an additive identity, and one is a multiplicative
identity.



Reducing Strength

Certain machine instructions are considered to be cheaper than others. Hence, if we replace expensive operations by

equivalent cheaper ones on the target machine, then the efficiency will be better. For example, x2 is invariable cheaper
to implement as x * x than as a call to an exponentiation routine. Similarly, fixed-point multiplication or division by a
power of two is cheaper to implement as a shift.

Using Machine Idioms

The target machine may have hardware instructions to implement certain specific operations efficiently. Detecting
situations that permit the use of these instructions can reduce execution time significantly. For example, some
machines have auto-increment and auto-decrement addressing modes. Using these modes can greatly improve the
quality of the code when pushing or popping a stack. These modes can also be used for implementing statements like
a=a+l1l.




Chapter 12: Exercises

The exercises that follow are designed to provide further examples of the concepts covered in this book. Their
purpose is to put these concepts to work in practical contexts that will enable you, as a programmer, to better and
more-efficiently use algorithms when designing your compiler.

EXERCISE 12.1

Construct the regular expression that corresponds to the state transition diagram shown in .

Figure 12.1: State transition diagram.

EXERCISE 12.2

Prove that regular sets are closed under intersection. Present a method for constructing a DFA with an intersection of
two regular sets.

EXERCISE 12.3

Transform the following NFA into an optimal/minimal state DFA.

0 1 g
A A C B D
B B D C
C C A C D
D D A -
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EXERCISE 12.4

Obtain the canonical collection of sets of LR(1) items for the following grammar:

5—= 854 | Ba
A—=4db | e
B—ad | c

EXERCISE 12.5

Construct an LR(1) parsing table for the following grammar:
T — int
L—Ld|d

EXERCISE 12.6

Construct an LALR(1) parsing table for the following grammar:

D= L:T
L—-Ld]|d
T — integer

EXERCISE 12.7

Construct an SLR(1) parsing table for the following grammar:

5 — A)
S>API(RP

F — 'num, num!

EXERCISE 12.8

Consider the following code fragment. Generate the three-address-code for it.

if a < b then
while ¢ > d do
X=X+Yy
else
do
p=p+q
while e <=f

EXERCISE 12.9

Consider the following code fragment. Generate the three-address code for it.

for (i=1;i<=10; i++)



S = AE
5 = DS while
I — do

L —» elist

list —» elist|E] | | E]
E—=E+T|T
IT'->T*F| F
' —ad
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