Chapter 2

Lexical Analysis

In this chapter we study the implementation of Iexical analysisfor compilers. Asdefined
in Chapter 1, lexical analysisisthe identification of wordsin the source program. These
words are then passed as tokens to subsequent phases of the compiler, with each token
consisting of aclassand value. Thelexical analysis phase can also begin the construction
of tablesto be used later in the compilation; atable of identifiers (symbol table) and a
table of numeric constants are two examples of tables which can be constructed in this
phase of compilation.

However, before getting into lexical analysis we need to be sure that the student
understands those concepts of formal language and automata theory which are critical to
the design of the lexical analyser. The student who isfamiliar with regular expressions
and finite automata may wish to skip or skim Section 2.0 and move on to lexical analysis
in Section 2.1.

2.0 Formal Languages

This section introduces the subject of formal languages, which is critical to the study of
programming languages and compilers. A formal languageis one that can be specified
precisaly and is amenable for use with computers, whereas a natural language is one
which is normally spoken by people. The syntax of Pascal is an example of aformal
language, but it isalso possible for aformal language to have no apparent meaning or
purpose, as discussed in the following sections.

2.0.1 Language Elements

Before we can define alanguage, we need to make sure the student understands some
fundamental definitions from discrete mathematics. A set isacollection of unique
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objects. In listing the elements of a set, we normally list each element only once (though
it isnot incorrect to list an element more than once), and the elements may be listed in any
order. For example, {boy, girl, ani mal} isasetof words, but it represents the
samesetas{girl, boy, animal, girl}. A setmaycontainaninfinite number
of objects. The set which contains no elementsis still a set, and we call it the empty set
and designateit either by { } orby ¢ .

A string isalist of charactersfrom agiven alphabet. The elements of astring
need not be unique, and the order in which they are listed isimportant. For example,
“abc” and“ cha” aredifferent strings, asare “abb” and “ab”. The string which
consists of no charactersis till astring (of characters from the given al phabet), and we
cal it the null string and designate it by €. It isimportant to remember that if, for
example, we are speaking of strings of zeros and ones (i.e. strings from the alphabet
{0, 1}), then g isastring of zeros and ones.

In this and following chapters, we will be discussing languages. A (formal)
language is a set of strings from a given alphabet. In order to understand this, it is critical
that the student understand the difference between a set and a string and, in particular, the
difference between the empty set and the null string. The following are examples of
languages from the alphabet {0, 1} :

1 {0, 10, 1011}

2. {}

3. {e&, 0, 00, 000, 0000, 000QO, ...}

4 The set of all strings of zeroes and ones having an even number of ones.

The first two examples arefinite setswhile the last two examples are infinite. Thefirst
two examples do not contain the null string, while the last two examples do. The follow-
ing are four examples of languages from the alphabet of characters available on acom-

puter keyboard:

1. {0, 10, 1011}
2. {e}

3. Pascal syntax
4, Italian syntax

The third example is the syntax of a programming language (in which each string in the
language is a Pascal program without syntax errors), and the fourth exampleisanatural
language (in which each string in the language is a grammatically correct Italian sen-
tence). The second example is not the empty set.

2.0.2 Finite State Machines

We now encounter a problem in specifying, precisely, the stringsin an infinite (or very
large) language. If we describe the language in English, we lack the precision necessary
to make it clear exactly which strings are in the language and which are not in the lan-
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guage. One solution to this problemisto use amathematical or hypothetical machine
called afinite state machine. Thisisamachine which we will describe in mathematical
terms and whose operation should be perfectly clear, though we will not actually construct
such amachine. The study of theoretical machines such as the finite state machineis
called automata theory because “ automaton” is just another word for “machine’. A
finite state machine consists of:

1. A finite set of states, one of which is designated the starting state, and zero or more of
which are designated accepting states. The starting state may a so be an accepting state.

2. A state transition function which has two arguments — a state and an input symbol
(from agiven input alphabet) — and returns as result a state.

Here ishow the machine works. Theinput isastring of symbols from the input alphabet.
The machineisinitialy in the starting state. Aseach symbol isread from the input string,
the machine proceeds to a new state asindicated by the transition function, whichisa
function of the input symbol and the current state of the machine. When the entire input
string has been read, the machine is either in an accepting state or in a non-accepting
state. If itisin an accepting state, then we say the input string has been accepted. Other-
wise the input string has not been accepted, i.e. it has been rejected. The set of all input
strings which would be accepted by the machine form alanguage, and in thisway the
finite state machine provides a preci se specification of alanguage.

Finite state machines can be represented in many ways, one of which isa state
diagram. Anexample of afinite state machineis shownin Figure 2.1. Each state of the
machineisrepresented by acircle, and the transition function is represented by arcs
labeled by input symbols leading from one state to another. The accepting states are
double circles, and the starting state isindicated by an arc with no state at its source (tail)
end.

For example, in Figure 2.1, if themachineisin state B and theinputisa 0, the
machineentersstate C. If themachineisin state B and theinputisa 1, the machine
staysin state B. State A isthe starting state, and state C isthe only accepting state. This
machine accepts any string of zeroes and ones which begins with aone and endswith a
zero, because these strings (and only these) will cause the machine to be in an accepting

‘
0

0,1
Figure2.1 Example of aFinite State Machine
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state when the entire input string has been read.
Another finite state machineis shown in Figure
2.2. Thismachine accepts any string of zeroes
and ones which contains an even number of
ones (which includes the null string). Such a
1 machineis called a parity checker. For both of
Figure 2.2 Even Parity Checker these machines, the input alphabet is{ 0, 1} .
Notice that both of these machines are
completely specified, and there are no contra-
dictionsin the state transitions. This meansthat for each state there is exactly one arc
leaving that state labeled by each possible input symbol. For this reason, these machines
are called deterministic. Wewill be working only with deterministic finite state ma-
chines.

Another representation of the finite state machine isthe table, in which we assign
names to the states (A, B, C, ...) and these label the rows of thetable. The columns are
labeled by the input symbols. Each entry in the table shows the next state of the machine
for agiven input and current state. The machines of Figure 2.1 and Figure 2.2 are shown
intableform in Figure 2.3. Accepting states are designated with an asterisk, and the
starting state isthe first onelisted in the table.

With the table representation it is easier to ensure that the machine is completely
specified and deterministic (there should be exactly one entry in every cell of the table).
However, many studentsfind it easier to work with the state diagram representation when
designing or analyzing finite state machines.

0 1 0 1
Al_D B *ALA B
Bl_C B Bl B A

* ClC B
Dl D D

(a) (b)

Figure 2.3 Finite State Machinesin Table Form for the Machines of (a) Figure 2.1 and
(b) Figure 2.2.

Sample Problem 2.0 (a)

Show afinite state machine in either state graph or table form for each of the following
languages (in each case the input alphabet is{0,1}):

1. Strings containing an odd number of zeros
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Solution: 0 1
Al B
*Bl A B

2. Strings containing three consecutive ones

Solution:

0 1
Al A B
Bl_A C
CLLA D
*Df D D

3. Strings containing exactly three zeros

Solution:
0 1
Al B A
B| C B
C| D C
*DI E D
E|l E E

4, Strings containing an odd number of zeros and an even number of ones

Solution: 0

ﬁ'
A 1 1
*B

: On®

0

OO0 |>|m |
@[> |00 |=
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2.0.3 Regular Expressions

Another method for specifying languagesisregular expressions. These are formulas or
expressions consisting of three possible operations on languages — union, concatenation,
and Kleene star:

(1) Union —since alanguage is a set, this operation is the union operation as defined in
set theory. The union of two setsisthat set which contains all the elementsin each of the
two sets and nothing else. The union operation on languagesis designated witha* +'.
For example,

{abc, ab, ba} + {ba, bb} = {abc, ab, ba, bb}
Note that the union of any language with the empty set is that language:

L+{} =1L

(2) Concatenation — In order to define concatenation of languages, we must first define
concatenation of strings. This operation will be designated by araised dot (whether
operating on strings or languages), which may be omitted. Thisissimply the juxtaposi-
tion of two strings forming anew string. For example,

abc - ba = abcba

Note that any string concatenated with the null string isthat stringitself: s - € = s.

In what follows, we will omit the quote marks around strings to avoid cluttering the page
needlessly. The concatenation of two languagesisthat language formed by concatenating
each string in one language with each string in the other language. For example,

{ab, a, ¢} -{b, ¢ = {ab'b, abg, ab, ag cb, ceg}
= {abb, ab, a, cb, c}

Inthis example, the string ab need not be listed twice. Notethatif L, andL, aretwo
languages, thenL, - L, isnot necessarily equalto L, L,. Also,L - {€} = L,but
L ¢=0o.

(3) Kleene* - This operation is aunary operation (designated by a postfix asterisk) and is
often called closure. If L isalanguage, we define:

L = {¢}
Lt =L
L2=1L L
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L" = L - L™?
L* = L+ L' + L2 + L3+ L* + L5+ ...

Notethat ¢* ={¢}. Intuitively, Kleene* generates zero or more concatenations of
strings from the language to which it is applied. We will use a shorthand notation in
regular expressions—if x isacharacter in theinput alphabet, thenx ={"“ x” };i.e, the
character X represents the set consisting of one string of length 1 consisting of the
character x. This simplifies some of the regular expressions we will write:

0+1
O+¢

= {0}+{1} ={0,1}

= {0, ¢}

A regular expression is an expression involving the above three operations and languages.
Note that Kleene * is unary (postfix) and the other two operations are binary. Precedence
may be specified with parentheses, but if parentheses are omitted, concatenation takes
precedence over union, and Kleene * takes precedence over concatenation. If L, L, and
L, arelanguages, then:

An example of aregular expressionis.; (0+1)*
To understand what strings arein thislanguage, let L = {0, 1} . Weneedtofind L*:

L° = {g

Lt = {0, 1}

L2 = L'L! = {00, 01, 10, 11}

L3 = L'L? = {000, 001, 010, 011, 100, 101, 110, 111}

L* = {g 0, 1, 00, 01, 10, 11, 000, 001, 010, 011, 100, 101,

110, 111, 0000, ...}
the set of al strings of zeros and ones.

Another example:

1-(0+1)*-0= 1(0+1)*0
= {10, 100, 110, 1000, 1010, 1100, 1110, ...}
= theset of al strings of zeros and ones which begin with a1 and end witha 0.
Note that we do not need to be concerned with the order of evaluation of several concat-
enationsin one regular expression, sinceit is an associative operation. The sameistrue
of union:
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L-(LL)y = (LL)L
L+(L+L) = (L+L)+L

A word of explanation on nested Kleene*’s isin order. When a* operation
occurs within another * operation, the two are independent. That is, in generating a
sample string, each * generates 0 or more occurrences independently. For example, the
regular expression (0*1)* could generatethe string 0001101. The outer * repeats
threetimes; thefirst timetheinner * repeatsthree times, the second time the inner *
repeats zero times, and the third time the inner * repeats once.

Sample Problem 2.0 (b)

For each of the following regular expressions, list six stringswhich arein itslanguage.

Solution:
1. (a(b+c)*)*d d ad abd acd aad abbchd
2. (at+b) *-(c+d) c d ac abd babc bad

3. (a*b*)* € a b ab ba aa
Notethat (a*b*)* = (a+b)*

Exercises 2.0

Suppose L1 represents the set of all strings from the alphabet { 0, 1} which
contain an even number of ones (even parity). Which of the following strings
belongto L1?

(8 0101 (b) 110211 (© 000
(d 010011 © ¢

Suppose L2 represents the set of al strings from the alphabet { a, b, ¢} which
contain an equal number of a’ s,b’ s,and ¢’ s. Which of the following strings
belongto L27?
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Sample Problem 2.0 (c)

Give aregular expression for each of the languages described in Sample Problem 2.0 (a)

Solutions:

1. 1*01*(01*01*)*
2. (0+1)*111(0+1)*
3. 1*01*01*01*

4. (00+11)*(01+10) (1(0(11)*0)*1+0(1(00)*1)*0)*1(0(11)*0)* +
(00+11) *0

An algorithm for converting afinite state machine to an equivalent regular expressionis
beyond the scope of this text, but may be found in Hopcroft & Ullman [1979].

@
(d)

bca (b) accbab (© €
aaa (e aabbcc

3. Which of the following are examples of languages?

(& L1 from Problem 1 above. (b) L2 from Problem 2 above.
(c) Pascd (d) Theset of al programming languages
(e) Swanhili

Which of the following strings are in the language specified by thisfinite state

machine? b

(@
(b)
(©
(d)
(€

abab
bbb
aaab
aaa
€

Show afinitestatemachinewithinput alphabet{ 0, 1} whichacceptsany string

having an odd number of 1's and an odd number of 0's.
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Describe, inyouownwords, thelanguagespecified by each of thefollowingfinitestate
machineswithalphabet{ a, b} .

@ | a b (b) a b
A B A A B A
B B C B B C
C B D C B D
*D B A *D D D
(© | a b (d) a b
*A A B A B A
*B C B B A B
C| C C *C | C B
() | a b
A B B
*B | B B

Which of the following strings belong to the language specified by this regular
expression: (a+bb) *a

@ e (b) aaa (© ba
(d) bba (6 abba

Write regular expressions to specify each of the languages specified by the finite
state machines given in Problem 6.

Construct finite state machines which specify the same language as each of the
following regular expressions.

(@ (atb)*c (b)  (aa)*(bb)*c
(© (a*b*)* (d) (a+bb+c) a*
() ((atb)(c+d))*

Show a string of zeros and ones which is not in the language of the regular expres-
son (0*1)*.

Show afinite state machine which accepts multiples of 3, expressed in binary.
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2.1 Lexical Tokens

The first phase of acompiler iscalled lexical analysis. Because this phase scansthe
input string without backtracking (i.e. by reading each symbol once, and processing it
correctly), it isoften called alexical scanner. Asimplied by its name, lexical analysis
attemptsto isolate the “words’ in aninput string. We use the word “word” in atechnical
sense. A word, also known as alexeme, alexical item, or alexical token, isastring of
input characters which is taken as a unit and passed on to the next phase of compilation.
Examples of words are;

(1) keywords-whi l e, if, else, for, .. Thesearewordswhichmay havea
particular predefined meaning to the compiler, as opposed to identifiers which have no
particular meaning. Reserved words are keywords which are not available to the pro-
grammer for use asidentifiers. In most programming languages, such as Javaand C, all
keywords are reserved. PL/1isan example of alanguage which has no reserved words.

(2) identifiers - words that the programmer constructs to attach a name to a construct,
usually having someindication asto the purpose or intent of the construct. Identifiers
may be used to identify variables, classes, constants, functions, etc.

(3) operators - symbols used for arithmetic, character, or logical operations, such as +, -
, =, 1 =, etc. Noticethat operators may consist of more than one character.

(4) numeric constants - numberssuchas124, 12. 35, 0. 09E- 23, etc. These must
be converted to anumeric format so that they can be used in arithmetic operations,
because the compiler initially sees al input as a string of characters. Numeric constants
may be stored in atable.

(5) character constants - single characters or strings of characters enclosed in quotes.

(6) special characters - characters used asdelimiterssuchas., (,),{.,},;. These
are generally single-character words.

(7) comments - Though comments must be detected in the lexical analysis phase, they are
not put out as tokens to the next phase of compilation.

(8) white space - Spaces and tabs are generally ignored by the compiler, except to serve
as delimitersin most languages, and are not put out as tokens.

(9) newline - In languages with free format, newline characters should a so beignored,
otherwise a newline token should be put out by the lexical scanner.
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An example of C++ source input, showing the word boundaries and typesis
given below:

while ( x33 <= 2.5e+33 - total ) calc ( x33 ) ; //!

1 6 2 3 4 3 2 6 2 6 2 66

During lexical analysis, asymbol tableis constructed as identifiers are encountered.
Thisisadata structure which stores each identifier once, regardless of the number of
timesit occursin the source program. It also stores information about the identifier, such
asthekind of identifier and where associated run-timeinformation (such as the value
assigned to avariable) isstored. Thisdata structure is often organized as a binary search
tree, or hash table, for efficiency in searching.

When compiling block structured languages such as Java, C, or Algol, the
symbol table processing ismoreinvolved. Sincethe sameidentifier can have different
declarations in different blocks or procedures, both instances of the identifier must be
recorded. This can be done by setting up a separate symbol table for each block, or by
specifying block scopesin asingle symbol table. Thiswould be done during the parse or
syntax analysis phase of the compiler; the scanner could simply store the identifier in a
string space array and return a pointer to itsfirst character.

Numeric constants must be converted to an appropriate internal form. For
example, the constant “ 3. 4e+6" should be thought of asa string of six characters which
needs to be trandlated to floating point (or fixed point integer) format so that the computer
can perform appropriate arithmetic operationswith it. Aswe will seg, thisisnot atrivial
problem, and most compiler writers make use of library routines to handle this.

The output of this phaseis a stream of tokens, one token for each word encountered in
theinput program. Each token consists of two parts: (1) aclass indicating which kind of
token and (2) avalue indicating which member of the class. The above example might
produce the following stream of tokens:

Token Token
Class Vadue

[code for whi | e]

[code for (]

[ptr to symbol table entry for x33]
[code for <=]

[ptr to constant table entry for 2. 5e+33]
[code for -]

[ptr to symbol table entry for t ot al ]
[code for )]

[ptr to symbol table entry for cal c]
[code for (]

[ptr to symbol table entry for x33]

NONOIOINWEAWNOOLPER
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6 [code for )]
6 [codefor ;]

Note that the comment is not put out. Also, some token classes might not have avalue
part. For example, aleft parenthesis might be atoken class, with no need to specify a
value.

Some variations on this scheme are certainly possible, allowing greater effi-
ciency. For example, when an identifier isfollowed by an assignment operator, asingle
assignment token could be put out. The value part of the token would be a symbol table
pointer for the identifier. Thustheinput string "x =", would be put out as a single token,
rather than two tokens. Also, each keyword could be a distinct token class, which would
increase the number of classes significantly, but might simplify the syntax analysis phase.

Note that the lexical analysis phase does not check for proper syntax. Theinput
could be

} while if ({
and the lexical phase would put out five tokens corresponding to the five wordsin the
input. (Presumably the errorswill be detected in the syntax analysis phase.)

If the source language is not case sensitive, the scanner must accommodate this
feature. For example, the following would al represent the same keyword: t hen,

t HeN, Then, THEN. A preprocessor could be used to trandate all alphabetic
charactersto upper (or lower) case.

Exercises 2.1

For each of the following C/C++ input strings show the word boundaries and
token classes selected from the list in Section 2.1.

@

(b)
(©

for (i=start; i<=fin+3.5e6; i=i*3) ac=ac+/*incr*/
1;

{ ax=33;bx=/*if*/31.4 } /] ax + 3;

i f/%if*/a)}+whil es

Since C/C++ are free format, newline characters are ignored during lexical analy-
sSis (except to serve as white space delimiters and to count lines for diagnostic
purposes). Name at least two high-level programming languages for which
newline characters would not be ignored for syntax analysis.
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Which of the following will cause an error message from your C++ compiler?

@ A comment inside a quoted string:
"this is /*not*/ a comrent"”

(b) A quoted string inside a comment
/*this is "not" a string*/

(© A comment inside a comment
/[*this is /*not*/ a comrent*/

(d) A quoted string inside a quoted string
"this is "not" a string”
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2.2 Implementation with Finite State Machines

Finite state machines can be used to simplify lexical analysis. We will begin by looking
at some examples of problems which can be solved easily with finite state machines.

Then we will show how actions can be included to process the input, build a symbol table,
and provide output.

A finite state machine can be implemented very simply by an array in which
thereisarow for each state of the machine and a column for each possible input symbol.
Thisarray will look very much like the table form of the finite state machine shownin
Figure 2.3. It may be necessary or desirable to code the states and/or input symbols as
integers, depending on the implementation programming language. Oncethe array has
been initialized, the operation of the machine can be easily simulated, as shown below:

bool accept[ STATES];

{
int fsnf STATES] [| NPUTS]; /] state transition table
char inp; /1 input synbol (8-bit int)
int state = O; /1 starting state;
while (cin >> inp)
state = fsnistate] [inp];
}

if (accept[state]) cout << "Accepted";
el se cout << "Rejected";

When the loop terminates, the program would simply check to see whether the state is one
of the accepting states to determine whether the input is accepted. Thisimplementation
assumes that all input characters are represented by small integers, to be used as sub-
scripts of the array of states.

2.2.1 Examplesof Finite State Machinesfor Lexical Analysis

An exampl e of afinite state machine which accepts any identifier beginning with aletter
and followed by any number of letters and digitsis shown in Figure 2.4. Theletter “ L”
representsany letter (a-z), andtheletter “ D’ represents any numeric digit ( 0- 9) .
Thisimpliesthat a preprocessor would be needed to convert input characters to tokens
suitable for input to the finite state machine.

A finite state machine which accepts numeric constantsis shown in Figure 2.5.
Note that these constants must begin with adigit, and numbers such as .099 are not
acceptable. Thisisthe casein some languages, such as Pascal, whereas C++ does permit
constants which do not begin with adigit. We could haveincluded constants which begin
with adecimal point, but thiswould have required additional states.
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A third example of the use of
o state machinesinlexical analysisis
@ ' shownin Figure2.6. Thismachine
accepts keywordsif, int, inline, for,
float . Thismachineisnot completely
D specified, because in order for it to be
LD used in acompiler it would have to
accommodateidentifiersaswell as
keywords. Inparticular, identifiers
such asi, wh, fo, which are prefixes of
Figure 2.4 Finite State Machine to Accept keywords, and identifiers such asfork,
Identifiers which contain keywords as prefixes,
would have to be handled. This
problem will be discussed below when

we include actionsin the finite state
machine.

D D
——— -
D
D
D
) @p
All unspecified transistions
are to the "dead" state

Figure2.5 A Finite State Machine to Accept Numeric Constants

Figure 2.6 Keyword Recognizer
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FiniteStateM achines

At this point, we have seen how finite state machines are capable of specifying alanguage
and how they can be used in lexical analysis. But lexical analysisinvolves more than
simply recognizing words. It may involve building asymbol table, converting numeric
constants to the appropriate datatype, and putting out tokens. For this reason, we wish to
associate an action, or function to be invoked, with each state transition in the finite state
machine.

This can be implemented with another array of the same dimension asthe state
transition array, which would be an arrray of functions to be called as each state transition
ismade. For example, suppose we wish to put out keyword tokens corresponding to each
of the keywords recognized by the machine of Figure 2.6. We could associate an action
with each state transition in the finite state machine. Moreover, we could recognize
identifiersand call afunction to storethem in asymbol table.

In Figure 2.7, below, we show an example of afinite state machine with actions.
The purpose of the machine isto generate a parity bit so that the input string and parity bit
will aways have an even number of ones. The parity bit, pari t y, isinitialized to 0 and
is complemented by the function P() .

P()

1/P()
voi d P()
{ if (parity==0) parity = 1;
el se parity = 0;
}

Figure 2.7 Parity Bit Generator

SampleProblem 2.2

Design afinite state machine, with actions, to read numeric strings and convert them to an
appropriate internal numeric format, such as floating point.

Solution:

In the state diagram shown below, we have included function calls designated P1( ) ,
P2(), P3(), ..whicharetobeinvoked asthe corresponding transition occurs. In
other words, atransition marked i / P() meansthat if theinputis i , invoke function
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P() before changing state and reading the next input symbol. The functions referred to
in the state diagram are shown below:

D/P3

"dead" state.
D/P6
dead

int Places, N, D, Exp, Sign; [/ global variables

voi d P1()
{
Pl aces = 0; /1 Places after decimal point
N = D /1 1nput synbol is a nurmeric digit
Exp = 0; /] Default exponent of 10 is O
Sign = +1; /1 Default sign of exponent is
/1 positive
}
voi d P2()
{
N = N*10 + D /1 1nput synbol is a nurmeric digit
}
void P3()
{
N = N*10 + D /1 1nput synbol is a nurmeric digit

/] after a decimal point
Places = Places + 1; // Count decimal places

}

voi d P4()
{

}

if (input=="-") then sign = -1; // sign of exponent




48

Chapter 2 Lexical Analysis

void P5()

{
Exp = D /1 Input synbol is a nunmeric digit in the
/1 exponent

void P6()

{
Exp

Exp*10 + D; // Input synbol is a numeric
/] digit in the Exponent

}

The value of the numeric constant may then be computed asfollows:
Result = N * Power (10, Sign*Exp - Places);

where Power (X,y) = x¥

Exercises 2.2

Show afinitestatemachinewhichwill recognizethewordsRENT, RENEW, RED,
RAID, RAG, and SENT. Useadifferent accepting statefor each of thesewords.

Modify the finite state machine of Figure 2.5 (see p. 45) to include numeric
constants which begin with adecimal point and have digits after the decimal
point, such as .25, without excluding any constants accepted by that machine.

Show afinite state machine that will accept C-style comments /* as shown
here*/. Usethe symbol A to represent any character other than * or /; thus the
input alphabet will be{/,* ,A}.

Add actions to your solution to Problem 2 so that numeric constants will be
computed asin Sample Problem 2.2.

What i stheoutput of thefinitestatemachine, bel ow, for each of thefollowinginputs(L
representsany | etter, and Drepresentsany numericdigit; also, assumethat eachinputis
terminatedwithaperiod):
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int sum

voi d P1()
{

sum = L;

}

Voi d P3()
{

sum += D

}

Voi d P4()
{

}

cout << Hash (sum;

ab3.
XyZ.
a49.

Voi d P2()
{

}

int Hash (int n)
{

}

sum += L;

return n % 10;

Al'l unspecified
transitions are
to state d.

Show the values that will be asigned to the variable N in Sample Problem 2.2 (see
p. 46) asthe input string 46.73e-21 is read.
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2.3 Lexical Tables

One of the most important functions of the lexical analysis phaseisthe creation of tables
which are used later in the compiler. Such tables could include a symbol table for
identifiers, atable of numeric constants, string constants, statement labels, and line
numbersfor languages such as Basic. The implementation techniques discussed below
could apply to any of these tables.

2.3.1 Sequential Search

The table could be organized as an array or linked list. Each time aword is encountered,
thelist isscanned and if the word is not aready inthelist, it isadded at theend. Aswe
learned in our data structures course, the time required to build atable of n wordsis

Q( n?) . Thissequential search techniqueiseasy to implement but not very efficient,
particularly asthe number of words becomeslarge. This method is generally not used for
symbol tables, or tables of line numbers, but could be used for tables of statement labels,
or constants.

2.3.2 Binary Search Tree

The table could be organized as a binary tree having the property that all of the wordsin
the left subtree of any word precede that word (according to a sort sequence), and all of
thewordsin the right subtree follow that word. Such atreeiscalled abinary search tree.
Sincethetreeisinitially empty, the first word encountered is placed at the root. Each
timeaword, w, isencountered the search begins at the root; wis compared with the word
at theroot. If w issmaller, it must bein the left subtree; if it is greater, it must be in the
right subtree; and if itisequal, it isalready in thetree. Thisis repeated until whas been
found in the tree, or we arrive at aleaf node not equal to w, in which casew must be
inserted at that point. Note that the structure of the tree depends on the sequence in which
the words were encountered as depicted in Figure 2.8, which shows binary search treesfor
(& frog, tree, hill, bird, bat, cat andfor(b)bat, bird, cat,
frog, hill, tree. Asyoucanseg, itispossiblefor the treeto take the form of a
linked list (in which case the treeis said not to be balanced). Thetime required to build
such atable of n wordsisQ(n | og,n) inthe best case (the tree is balanced), but could
be Q(n?) intheworst case (the tree is not balanced).

The student should bear in mind that each word should appear in the table only
once, regardless how many timesit may appear in the source program. Later in the course
we will see how the symbol table is used and what additional information is stored init.

2.3.3 Hash Table

A hash table can a so be used to implement a symbol table, atable of constants, line
numbers, etc. It can be organized asan array, or asan array of linked lists, whichisthe
method used here. We start with an array of null pointers, each of which isto become the



Section 2.3 Lexical Tables 51

bat
bird

frog cat

bird tree frog

bat cat hill hill

b)
@ ® tree

Figure 2.8 (a) A Balanced Binary Search Tree (b) A Binary Search Tree Which isNot
Balanced

head of alinked list. A word to be stored in the table is added to one of thelists. A hash
function is used to determine which list the word isto be stored in. Thisisafunction
which takes as argument the word itself and returns an integer valuewhichisavalid
subscript to the array of pointers. The corresponding list is then searched sequentialy,
until the word isfound aready in the table, or the end of thelist is encountered, in which
case theword is appended to that list.

The selection of agood hash function iscritical to the efficiency of this method.
Generally, we will use some arithmetic combination of the letters of the word, followed
by dividing by the size of the hash table and taking the remainder. An example of ahash
function would be to add the length of the word to the ascii code of the first |etter and take
the remainder on division by the array size, sothat hash(bird) = (4+98) %
HASHVAX where HASHMAX is the size of the array of pointers. The resulting value will
alwaysbeintherange 0. . HASHMAX- 1 and can be used as a subscript to the array.
Figure 2.9, below, depicts the hash table corresponding to the words entered for Figure
2.8 (a), where the value of HASHMAX is 6. Note that the structure of the table does not

0 *4" tree ‘*‘—’{ hill ‘*‘—’\ bird ‘H cat M

hash (frog) = (4+102) % 6 = 4

n hash (tree) = (4+116) % 6 =0
hash (hill) = (4+104) % 6 = 0

mn hash (bird) = (4+98) % 6 = 0

hash (bat) = (3+98) % 6 = 5
hash (cat) = (3+99) % 6 = 0

INANN

Figure 2.9 Hash Table Corresponding to the Words Entered for Figure 2.8(a)
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depend on the sequence in which the words are encountered (though the sequence of
wordsin aparticular list could vary).

Exercises 2.3

Show the binary search tree which would be constructed to store each of the
following lists of identifiers:

@ m nsky, babbage, turing, ada, boole, pascal
vonneuman

(b) ada, babbage, boole, m nsky, pascal, turing,
vonneuman

(© sum x3, count, x210, x, x33

Show how many string comparisons would be needed to store anew identifier in a
symbol table organized as a binary search tree containing:

(a) 2047 identifiers, and perfectly balanced

(b) 2047 identifiers which had been entered inal phabetic order (worst case)
(c) 2n-1identifiers, perfectly balanced

(d) nidentifers, and perfectly balanced

WriteaprograminCor C++whichwill read alist of words(withnomorethansixteen
charactersinaword) fromthekeyboard, oneword per line. If theword hasbeen
entered previously, theoutput should be OLD WORD. Otherwisetheoutput should
be NEWWORD. Usethefollowing declarationtoimplement abinary searchtreeto
storethewords.

struct node { struct node * left;
char data[ 16];
struct node * right;
}  * bst;
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Many textbookson datastructuresimplement ahashtableasanarray of wordstobe
stored, whereaswesuggestimplementingwithanarray of linkedlists. Whatisthemain
advantageof our method? What i sthemai n di sadvantageof our method?

Show thehashtablewhichwouldresult for thefollowingidentifiersusingtheexample
hash function of Section 2.3.3 (seep. 51): bog, cab, bc, cb, h33,
h22, cater.

Show a single hash function for a hash table consisting of ten linked lists such that
none of the word sequences shown below causes a single collision.

€) ab, ac, ad, ae
(b) ae, bd, cc, db
(© aa, ba, ca, da

Show a sequence of four identifiers which would cause your hash function in
Problem 6 to generate a collision for each identifier after thefirst.
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The Unix programming environment includes several utility programswhich areintended
to improve the programmer’ s productivity. One such utility, called lex, isused to
generate alexical analyzer. The programmer specifies the wordsto be put out as tokens,
using an extension of regular expressions. Lex then generates a C function, yylex(),
which, when compiled, will bethe lexical analysis phase of acompiler.

Lex isdesigned to be used with another Unix utility called yacc. Yaccisa
parser generator which generates a C function, yyparse(), which contains calls to
yyl ex() whenit wantsto read atoken. However, it isalso possible to use lex indepen-
dently of yacc and yacc independently of lex. Wewill discussyacc in greater detail in
Section 5.3.

Lex may be useful for any software devel opment project that requireslexical
analysis, not just compilers. For example, a database query language that permits
statementssuchasRetri eve All Records For Salary >= $100, 000
would require lexical analysisand could be implemented with lex.

2.4.1 Lex Source

Theinput to lex isstoredin afilewitha. | suffix (suchasf ortran. |). Thestructure
of thisfile, consisting of three sections, is shown below:

C decl arations and #i ncl udes

I ex definitions

%0

[ ex patterns and actions

%0

C functions called by the above actions

The “ 94 symbolsare used as delimitersfor the three sections of alex program. The
first and third sections are optional .

24.1.1 Section 1 of aLex Program

The first section of the lex source fileisfor lex definitions and C declarations. The lex
definitions are generally macro definitions which may be substituted in patternsin the
second section. A macro definition consists of a name (preceded by no white space),
followed by alex pattern (see Section 2.4.1.2) to be substituted for that name. When the
macro isused in apattern, it must be enclosed in curly braces{} . For example,

MAC ab*c

isamacro named MAC, anditsvalueis ab*c. It could be used in a pattern:
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hel | o{ MAC}
whichiseguivaent to
hel | oab*c

Note that thisis asimple and direct substitution! Be careful that you do not make
assumptions about operator precedence in a pattern which uses macros.

The C declarations in the first section of the lex source file are those declarations
which areto be global totheyyl ex() function. They should beinside lex curly braces.
For example:

%

#i ncl ude “header. h”
#define MAX 1000
char c;

%
2.4.1.2 Section 2 of the Lex Program

The second section of the lex program, containing lex patterns and actions, isthe most
important part. Thisis sometimes called the rules section because these rules define the
lexical tokens. Each linein this section consists of a pattern and an action. Each timethe
yyl ex() functionisableto find input which matches one of the patterns, the associated
actionisexecuted. This pattern language is just an extension of regular expressionsand is
described below. Inthefollowing, x and y represent any pattern.

Pattern Meani ng

c Thechar “c”

“c” Thechar “c” evenifitisaspecial charinthistable
\c Sameas “c”, used to quote asingle char

[ cd] Thechar ¢ orthechar d

[ a-z] Any single char intherange a through z

[~c] Any char but ¢

. Any char but newline

X The pattern x if it occurs at the beginning of aline
x$ The pattern x at theend of aline

X? An optional x

X* Zero or more occurrences of the pattern x

X+ One or more occurrences of the pattern x

Xy The pattern x concatenated with the pattern y

X|y An x oray

(x) An X

x/y An x onlyif followed by y
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<S>X The pattern x whenlex isin start condition S

{ nane} The value of amacro from definitions section

x{n} m occurrences of the pattern x

x{m n} mthrough n occurrencesof X  (takes precedence over concatentation)

The start condition is used to specify left context for a pattern. For example, to
match a number only when it followsa $ :

/* Enter start condition DOLLAR */
“$” BEG N DOLLAR;

/* mat ches nunber preceded by $ */
<DOLLAR>[ 0- 9] + BEG N 0;

/* Return to default start condition */

In thisexample, the BEG N DOLLAR statement puts lex into a start condition (DOLLAR
isthe name of the start condition). The pattern <DOLLAR>[ 0- 9] + can be matched only
when lex isin this start condition. TheBEA N 0 statement returnslex to the original,
default, start condition. Note that patterns written without any start condition specified
can be matched regardless of the start condition state of lex. Lex must be informed of all
start conditionsin section 1 of the lex program with a%st ar t declaration:

%start DOLLAR

This example should become more clear after the student has compl eted this section.

Right context can be specified by the / operation, in which x/ y matchesthe
pattern x when it occursin right contexty. For examplethe pattern[ a- z] */ [ 0- 9]
matches the first three characters of theinput string abc 3, but does not match the first
three characters of the string abc @

The action associated with each pattern is simply a C statement (it could be a
compound statement) to be executed when the corresponding pattern is matched. The
second section of the lex source file will then consist of one rule on each line, each of
which isapattern followed by an action:

%W
pattern action
pattern action
pattern action
%W

Eachtimeyyl ex() iscaled it reads characters from stdin, the Unix standard
input file (by default, st di n ispointing to the user’ skeyboard). It then attemptsto
match input characters with your patterns. If it cannot find a pattern which matches the
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input beginning with the first character, it prints that character to stdout, the Unix standard
output file (by default, st dout ispointing to the user’ s display) and moves on to the
next character. We generally wish to write our patterns so that this does not happen; we
do not want the input characters to be put out with thetokens. If there are severa patterns
which match the current input, yyl ex() chooses one of them according to these rules:

(1) The pattern that matches the longest possible string of characters starting at the current
input is chosen.

(2) If there is more than one such pattern — all matching input strings of the same length —
the pattern listed first in the lex sourcefile is chosen.

After the pattern is chosen, the corresponding action is executed, and yyl ex()
moves the current input pointer to the character following the matched input string. No
pattern may match input on more than one line, though it is possible to have a pattern
which matches anewline character - \ n. Anexample of alex sourcefileis shown

below:

%W

[a-z] + printf (“al pha\n”); [* pattern 1 */
[0-9] + printf (“numeric\n”); /* pattern 2 */
[a-z0-9] + printf (“al phanumeric\n”); /* pattern 3 */
[ \t]+ printf (“white space\n”); /* pattern 4 */
. printf (“special char\n”); /* pattern 5 */
\n ; /* pattern 6 */
%W

The above lex source could be used to classify input strings as al phabetic, numeric,
alphanumeric, or special, using white space as delimiters. Note that the action executed
when anewline character isread isanull statement.

Lex declares global variableschar * yytext and int yyl eng foryour
use. yyt ext isacharacter string which always contains the input characters matched
by the pattern, and yyl eng isthelength of that string. Y ou may refer to these in your
actionsand C functions.

2.4.1.3 Section 3 of the Lex Program

Section 3 consists merely of C functions which are called by the actionsin section 2.
These functions are copied to the lex output file asis, with no changes. The user may also
need toincludea mai n() function in this section, depending on whether lex is being
used in conjunction with yacc.
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SampleProblem 2.4 (a)

Show the output if theinput toyyl ex() generated by the lex program aboveis

abc123 abc 1237?7x

Solution:

al phanuneri c
whi t e space
al pha

whi t e space
numeri c
speci al char
al pha

The characters abc are matched by Pattern 1, and the charactersabc 123 are matched
by Pattern 3. Since abc123 islonger than abc, Pattern 3 is selected. The input
pointer isthen advanced to the next character following abc123, which isa space.
Pattern 4 matches the space. yyl ex() continuesin that way until the entireinput file
has been read.

2.4.1.4 An Exampleof aLex SourceFile

In this section we present an example of alex sourcefile. It converts numeric constantsto
internal floating-point form, and prints out atoken called | nt or Fl oat , depending on
the type of the number. It makes use of astandard C function called sscanf () which
hasthe arguments;

sscanf (char * str, char * fnt, int * ptr_list)

Thisfunctionissimilar to thefunction scanf () , but differsin that the first argument isa
string of characters. The function reads from this string of characters, rather than from the
standard input file, st di n. Inour exampleit readsfromthe string yyt ext , which
always contains the characters matched by the lex pattern. The other argumentsto
sscanf () areaformat string and one or more pointers to allocated storage. Aswith
scanf (), the characters are converted to another form, as specified by the format string,
and stored in the allocated storage areas pointed to by the pointers. The use of

sscanf () eiminatesthe need to convert numeric constantsto internal formats aswe
did in Sample Problem 2.2. The example of alex sourcefile is shown below:

| NT [0-9] +
E?P ([eE] [+-]1?{INT})
%
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int i;
float f;
%
%6
{1 NT} {sscanf (yytext, “%l", & );

cout << "Int" << endl;}
{INTI\.{INT}?{EXP}? {sscanf (yytext, “%f”, &f);
cout << "Float" << endl;}
. ;/* gobble up anything else */
%6
mai n ()
{ yylex(); }
yywap ()
{}

Note that the parentheses around the definition of EXP in this example are necessary
because this macro is called below and followed by a“ ?’ in the pattern which matches
real numbers (numbers containing decimal points). A macro call isimplemented with a
simple substitution of the macro definition. Consequently, if the macro definition had not
been in parentheses, the substitution would have produced:

{INT}\. {INT}?[ eE] [ +-] ?{I NT} ?

inwhichthelast* ?’ isoperating only onthelast { | NT} and not on the entire exponent.

Sample Problem 2.4 (b)

Improve the lex program shown above to recognize identifiers, assignment operator (=),
arithmetic operators, comparison operators, and the keywordsi f, while, el se
for alanguage such as C++.

Solution:

| NT [0-9]+

EXP ([eEl [+ ]?{INT})
| DENT [a-zA-Z][a-zA-Z0-9]*
A

int i;

float f;

%




60

Chapter 2 Lexical Analysis

W

i f printf ("keyword - if\n");

whil e printf ("keyword - while\n");

el se printf ("keyword - else\n");

{1 DENT} printf ("identifier\n");

R AT AR RV printf ("arithmetic operator\n");

"= printf ("assignnent\n");

==t N NS =" > =" printf ("conparison operator\n');

{1 NT} {sscanf (yytext, "%", & );
printf ("Int\n");}

{INT}\ . {I NT} ?{ EXP} ? {sscanf (yytext, "%f",6 &f);
printf ("Float\n");}

. ;1 * gobble up anything else */

W

main ()

{ yylex(); }

yywrap()

{}

Note that the keywords are all reserved words—i.e., they are reserved by the compiler
for a specific purpose and may not be used as identifiers. That iswhy they must precede
the pattern for identifiersin the lex sourcefile.

2.4.2 RunningLex

Thereis now atwo-step process to generate your program:

(1) Uselex to generatethe Cfunction. Itisplacedinafilecalled | ex. yy. c

(2) Usethe C compiler to compilethat file. If you have used C++ constructs which are not
C compatiblein your actions or functions, you must compilewith aC++ compiler.

It may be necessary to link the lex library with the output of the C compiler. Thisisdone
withthe- I | option, but for our examplesit won’t be necessary.

Assuming your lex sourcefileisl anguage. | , these two steps are shown below:

$ | ex | anguage. |
$ cc lex.yy.c -o |l anguage

Some versions of lex may include acall to afunction namedyywr ap() . This
call always takes place when the entire input file has been scanned and yyl ex() is
ready to terminate. The purpose of yywr ap() isto give you the opportunity to do
additional processing in order to “wrap” things up before terminating. 1n most cases you
can make thisanull function if necessary and include it in section 3 of your lex source
file.
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In Chapter 5we will usetheyyl ex() function asasubprogram rather than as
amain program. Theyyl ex() function will be called repeatedly, scan the input file,
and return an integer code each time it finds acomplete token. 1n general it will not print
tost dout unlessit detectsalexical error.

Exercises 2.4

Write alex “program” to print out the following token class numbers for C++
source input:
Q) Identifier (beginswith letter, followed by letters, digits, )
2 Numeric constant (float or int)
3 = (assignment)
4) Comparison operator (== < > <= >= | =)
) Arithmetic operator (+ - /)
(6) String constant
@) Keyword (i f el se while do for const )
Comments  /* using this method */
/I or this method, but don't print a token number

Show the output of the following lex program for each of the given input strings:

CHAR [a-z][0-9]

%

{ CHAR} * printf (“pattern 1\n”);
{ CHAR} x printf (“pattern 2\n”);
({CHAR})* printf (“pattern 3\n");
: printf (“pattern 4\n”);
\n ;

%

@ alb2c3

(b) abc3+al23
(© adx+ab22+a22
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2.5 Case Study: Lexical Analysisfor MiniC

In this section we present adescription of the lexical analysis phase for the subset of C++
we call MiniC. Thisrepresentsthefirst phasein our case study —acomplete MiniC
compiler. Thelexical analysis phaseisimplemented with thelex utility, and the lex
source fileisshowninits entirety in Appendix B.2 (refer to thefilesM ni C. | and

M ni C. h).

The MiniC case study isimplemented as a two-pass compiler. The syntax and
lexical phases combine for thefirst pass, producing afile of atoms, and the code generator
formsthe second pass. This meansthat control isinitially given to the syntax phase,
which callsyyl ex() eachtimeit needsatoken. Consequently, our lex program (which
isused to generatetheyyl ex() function) returnsatoken classto the calling programin
the action associated with each pattern.

Thelex sourcefileis divided into three sections, separated by the %86symbol as
described abovein Section 2.4. We now describe the content of each of these sectionsin
MniCl.

Thefirst three lines, shown below, are lex macro definitions:

INT [0-9]+
EXP  ([eEl [+ ]1?{INT})
NUM {1 NT}\.?{1 NT} ?{ EXP} ?

An | NT isdefined to be a string of one or more digits; an EXP is the exponent part of a
number (the signisoptional), and a NUMis any numeric constant (in MiniC we constrain
numeric constants to begin with adigit, but the decimal point, fractional part, and
exponent part are all independently optional).

Alsoin thefirst section, the macro definitions are followed by global C declara
tions to be copied verbatim into the output file. Thest dl i b. h header file allowsfor
ANSI C compatibility, and the three function declarations specify that the functions return
atype ADDRESS, representing a run-time address on the target machine. Thetype
definition for ADDRESS isin the header fileM ni C. h, and is explained further in
Chapter 6.

The second section of the lex source file contains the patterns and actions which
define the tokens to be returned to the calling program. Single character tokens, such as
parentheses, semicolon, arithmetic operations, etc., can be returned as the token class (the
ascii code of the character isthe token class). Other token classes are defined in the yacc
file, M ni C. y, with % oken declarations. They are assigned integer values over 255 by
yacc, but we need not be concerned with those values.

The MiniC keywords each constitute a distinct token class, e.g. the keyword f or
isreturned as a FOR token, the keyword whi | e isreturned asaWHI LE token, etc.

Since MiniC is case sensitive, all keywords must be lower case. Inlanguageswhich are
not case sensitive, such as Pascal, we would have to accept keywords with mixed case,
such aswHi LE. This could be done with apatternlike [WW [hH [i I ][I L] [ eE] for
the WHI LE token. Alternatively, we could use afilter on the source program to convert
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all upper-case letters (excepting those in string constants) to lower case before
proceessing by the compiler.

The six keywords are found in the MiniC definition in Appendix A, where they
are the symbols beginning with lower-case letters. Each keyword formsits own token
class, with no value part, except for the type declarationsi nt and f | oat , which have
value parts 2 and 3, respectively. These values are stored in the global variable
yyl val . code (the. code qualifier will be explained in the case study for Chapter 5),
and are used to indicate the type of an identifier in the symbol table.

The keywords are followed by the six comparison operators, forming the token
class COMPARI SON. Again, thevalue part, storedinyyl val . code, indicates which of
the six comparison operators has been matched.

The pattern for identifiersis[ a- zA- Z] [ a- zA- Z0- 9_]1 *, whichindicates
that an identifier isastring of letters, numeric digits, and underscores which beginswith a
letter (either lower or upper case). |n addition to returning the token class| DENTI Fl ER,
theaction also callsthesear chl dent () function, which installsthe identifier in the
symbol table (implemented as a hash table) and returns a run-time address for the identi-
fier.

The pattern for numeric constants is simply the macro { NUM as defined in the
first section. In this case the action callsthe function sear chNuns() toinstall the
constant in atable of numeric constants (implemented as a binary search tree, just to
expose a different technique to the student).

White space (spaces, tabs, and newline characters) may serve as delimitersfor
tokens, but white space does not, itself, congtitute atoken, since MiniC, like C++, isfree
format. Both kinds of comments, C style and C++ style, arerecognized. C style com-
ments are enclosed in /* and */, while C++ style comments begin with // and continue to
the end of theline. Start conditions are used to recognize the fact that the scanner is
inside a comment, and that no tokens are to be returned until the end of the comment is
found. When processing comments, it isimportant that we not use a pattern such as" /

*u oxux [t Thiswould beincorrect since

/* commentl */ x = 2; /* comment2 */

would be taken as one long comment.

Thefinal pattern, asingle period, matches any single character not matched by
any of the preceding patterns. This character isitself returned as atoken class (its ascii
codeistheclass). For characters such as parentheses, semicolons, arithmetic operations,
etc., thisisfine. Other, unexpected characters, such as$%# etc., will also be returned as
tokens and ultimately will cause the syntax phase to generate a syntax error message.

The third section of the lex sourcefile (after the second 9%®6delimiter) contains
supporting functions called either from the actions in the second section or from the main
program. Thefirst such supporting function, yyw ap() , iscalled from themain
program when the entire MiniC program has been read. It’'s purposeisto permit house-
keeping such as releasing unneeded storage, closing files, etc. In our case, we do not need
to do any of these, so wejust return with a successful return code.
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The next supporting function, sear chl dent () , iscalled from the action for
| DENTI FI ERtokens and isused to install theidentifier in the symbol table. The symbol
tableisimplemented as a hash table of HashMax linked lists, as described in Section
2.3.3. The hash function simply sums the charactersin the identifier (storedinyyt ext)
and returns a subscript in the range 0 to HashMax- 1. The function then searchesthe
appropriate linked list. If theidentifier isnot found, it installs the identifier in the hash
table by allocating space (with the standard nal | oc() function) for anode and the
identifier, as shown in Figure 2.10. The function returns the run-time address of the
identifier, provided by theal | oc() function. Thegloba variabledcl isTRUE if the
compiler is scanning adeclaration. In this case we expect identifiers not to bein the
symbol table. If dcl isFALSE, the compiler is not scanning a declaration, and we expect
identifiersto be in the symbol table, since they should have been declared previousdly.
This enables us to detect undeclared, and multiply declared, identifiers.

In Figure 2.10, below, we show adiagram of what the symbol table would look
like after two identifiers, b and cad, have been scanned. Each symbol table entry
consists of four parts: 1) apointer to the identifier, 2) a pointer to the next entry in the
linked list, 3) acode for the type of theidentifier, and 4) arun-time address for the value
of thisidentifier. The run-timevalue of b will be stored at location 0 and the run-time
value of cad will be stored at location 1.

——————————————————— char * nane;
O, struct ldent * Iink;
N int type;

0 : H . ===~ ADDRESS men oc;

. cad II
Target machine memory at
run time
== - - Runtime value of b
== - - Runtimevalueof cad

A wN PO

Figure 2.10 A Hash Table Storing the Identifierscad and b, with Target Machine
Memory
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LR TETETITRTRTRET ADDRESS nenl oc;
B R R REERRERES Struct nunms * |eft;

RS Struct nums * right;

Run-time memory

125

2.4e7

199

o o M w N P O
w

Figure 2.11 Binary Search Tree Storing the Constants 12.5, 2.4e7, 3, and 199, With
Target Machine Memory

Thesear chNuns() supporting function isvery similar to sear ch-
I dent () . Itinstalls numeric constantsin abinary search tree, in which each constant
found in the MiniC program is stored once, as shown, above, in Figure 2.11. A pointer to
theroot node of thetreeisin the variable nunms BST. The constant, stored as characters
inthe string, yyt ext , must be converted to a numeric dataformat. Thisisdonewith the
sscanf () function, whichissimilartoscanf (), but readsfrom astring—yyt ext in
this case —rather than fromthe st di n file. Thesear chNuns () function also returns
the run-time address of the numeric constant, and the constant is stored in an array,
nmenor y, which will become part of the output file when code is generated. Thiswill be
described in the case study section for Chapter 6.

Exercises 2.5

Use lex to write afilter which converts all alphabetic charactersto lower case,
unlessthey are inside double quote marks. The quote mark may beincluded in a
guoted string by using the backslash to quote a single character. Backslashes also
may beincluded in astring. Assume that quoted strings may not contain newline
characters. Your filter should read from st di n and writeto st dout . Some
examples are:
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[ nput Output
"A String\"s Life" Is Good "A String\"s Life" is good
OPEN "C\\dir\\File. Ext" open "C\\dir\\File. Ext"

Revise the lex sourcefileM ni C. | shownin Appendix B.2 to permitaswi t ch
statement and ado whi | e statement in MiniC:

Swi t chSt mt

> switch (Expr) { CaselList }
Caseli st - case NUM: StntlList
Caseli st - case default: StntlList
Caseli st - case NUM: StntList Caselist
St nt - break ;

DoStmt - do Stnt while ( Expr )

You will not beabletorunlex onM ni C. | sinceit isdesigned to be used with
the yacc utility, which we will discussin Chapter 5.

Revise the macro definitionsin the lex sourcefileM ni C. | shown in Appendix
B.2 to exclude numeric constants which do not begin with adigit, such as. 25
and . 03e-4. Youwill not beabletorunlexonM ni C. | sinceitisdesignedto
be used with the yacc utility, which we will discussin chapter 5.

Rather than having a separate token class for each MiniC keyword, the scanner
could have asingle classfor all keywords, and the value part could indicate which
keyword hasbeen scanned (e.g.int =1,float =2,for =3, ..). Show the
changes needed inthefileM ni C. | todo this.



Section 2.6 Chapter Summary 67

2.6 Chapter Summary

Chapter 2, on Lexical Analysis, began with some introductory theory of formal languages
and automata. A language, defined as set of strings, isavital concept in the study of
programming languages and compilers. An automaton is a theoretic machine, introduced
in this chapter with finite state machines. It was shown how these theoretic machines can
be used to specify programming language elements such as identifiers, constants, and
keywords. We also introduced the concept of regular expressions, which can be used to
specify the same language elements. Regular expressions are useful not only inlexical
analysis, but also in utility programs and editors such as awk, ed, and grep, inwhichitis
necessary to specify search patterns.

We then discussed the problem of lexical analysisin more detail, and showed
how finite state machine theory can be used to implement alexical scanner. Thelexical
scanner must determine the word boundariesin the input string. The scanner accepts as
input the source program, which is seen as one long string of characters. Itsoutputisa
stream of tokens, where each token consists of aclass and possibly avalue. Each token
represents alexical entity, or word, such as an identifier, keyword, constant, operator, or
special character.

A lexical scanner can be organized to write al the tokens to afile, at which point
the syntax phase isinvoked and reads from the beginning of thefile. Alternatively, the
scanner can be called as a subroutine to the syntax phase. Each time the syntax phase
needs atoken it calls the scanner, which reads just enough input characters to produce a
single token to be returned to the syntax phase.

We also showed how alexical scanner can create tables of information, such asa
symbol table, to be used by subsequent phases of the compiler.

We introduced alexical scanner generator, lex, which makes use of regular
expressionsin specifying patterns to match lexical tokensin the source language. The lex
source file consists of three sections: (1) lex macros and C declarations; (2) rules, each
rule consisting of a pattern and action; and (3) supporting functions. We concluded the
chapter with alook at alex program which implements the lexical scanner for our case
study —MiniC.



