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ABSTRACT

A tuterial report dealing with proeessors which seleet grammar
primitives from a source language. The processors preseanted range
from the most basie finite-state machines up to the mest sephistiecat-
ed analyzers capable of inserting synenyms for changing the meaning
of language symbels and inserting new language symbels. The amalyzers
diseussed are based om the theory of finite-state machimes and the pre-
pesal of addimg semantic reutines to these ma¢hinmes.

Two analyzer systems are presented. The first processor is AED-
RWORD, "the industry stamdard", which was developed at M.I.T. as part
of the AED-1 language translator. The RWORD system automatieally gen-
erates lexical processers from deseriptions of the language symbols
given in terms of regular expressioms. The second system presented
is a lexical analyzer hand-ceded from the proposed GENSCAN comcepts.
The GENSCAN eoncepts are a set of guidelines based on the theory of
inserting semantie routines into a fimite-state machine.

It is proposed that functlions exist whieh allow the dynamie ehang-
ing of the tables in such a manner as to change the meaning of symbels
in the language being proeessed. These fumctions may be applied teo
either the RWORD lexieal precesser eor te thé proeessor eonstructed by
GENSCAN concepts., These funetions allew the language user the eptien
of changing the meaning of symbols in order that the language is more

meaningful te that individual.



I. INTRODUCTION

BACKGROUND

The function of a lexical analyzer is to read the oeriginal source
program characters and assemble them into meaningful symbols, sometimes
called tokens. The extensible lexical analyzers proposed in this paper
are table-driven finite-state machines as opposed to less automatic ad
hoc systems, A finite-state lexical analyzer's transition from its cur-
rent state to its next state is driven by character classes represented
as tables of regular expressions. Regular expressions allow automatic
construction of the analyzer and make proof of validity of the automa-
ton feasible. A table-driven machine is used in order to allow for
static, interactive and dynamic extensibility of the lexical analyzer.

A finite-state lexical analyzer may be constructed by either of the fol-.

lowing two methods:

1. A constructer can be programmed which allews input of regular ex-
pressions for classes of symbols and outputs a lexical analyzer
(AED-RWORD) [ 6, 9, 10].

2. A modular scanning algorithm may be defined which is sufficiently
generalized to cover most uses for a lexical analyzer (GENSCAN),

The first approach requires a very large, complicated regular express-

ion processor which builds a deterministic finite-state machine from

a library of standard procedurss, An gutomatic constructer removes

the burden of program logic from the designer of the lexical analyzer,

but the use of standardized modules tends to make the lexical analyzer

somewhat inefficient. The second technique is a structuring extensioen



of an algorithm described by Gries [5]. The proposed algorithm 1is

structured in such & way that if a pertion of the lexical analyzer

is not needed, then it may be omitted, allowing a more compact code
for the scanner. In the extreme cases, when the algorithm does not
cever a situation, the user may write a procedure to complement the
general algorithm, The modularly-structured approach te building a
finite-state lexical analyzer does place some of the burden eof pro-
gram logic en the designer; and the predefined modules do make the

machine less efficient than a hand-coded lexical analyzer. However,
the modular approach does net require the definitien ef the regular

expression processor and autematic censtructer.

EXTENSIBILITY

The dynamic nature of the tables used by the lexical angdyzer pro-
vides the machine's extensibility. An extensible lexical analyzer has
three types of tables: First, the tables which describe the class of
characters (class tables). Next, a set of tables used to look up sym-
bols to find their internal code (losk-up tables), and last, a set of
tables used to store synenyms for symbels used in the look-up tables
(synenym tables). An efficient method of language development is to
define a basic subset ef the language and expand from this base. Allow-
ing the lexical analyzer to expand along with the language, without
completely rewriting the analyzer, can be accomplished by a prepeosed
set of functions which allow for dynamic changing of elass and leokup

tables. When specific rules are followed as to the content of classes



and leokup tables, these funetions are ecapable of checking the valid-
ity ef new characters and symbels te the language. Synenym tables are
dynamie in the sense that they are changeable by the souree pregram be-
ing 1ntefpreted. These tables allow the seurce language user the eptien
of changing the definition ef keywords, delimiters er eperaters during
execution of his program. This redefinitien eof symbels is carried sut
by what is referred to as the "Henceforth" functien, which gives the new
symbel the same internal cede as the eld symbel. One of the preblems
with mest modern pregrarming languages is that the vocabulary is orient-
ed towards one user community. It is propesed that a redefinitien of
the vocabulary may be accomplished by the user threugh the function de-
scribed above, Functions which allow the user to change the tables do
degrade the efficiency of the analyzer. However, the tokens passed to
the rest of the translater remain the same; therefore, ne degradation

of the rest of the system takes plaee. These features give the design-
er and user a very flexible lexical analyzer which is easy teo design

and extremely dynamic in character.

DEVELOPMENT

The appreach developed in this paper is te first diseuss reasens
for separating the lexical and syntax analysis,follewed by the GENSCAN
approach to defining a scanning algorithm. The uses and metheds eof
incorperating synenyms and extending tables fellowed by a review of the
extensibility preblem and the alternatives te the proepesed appreaches

are given. For the reader who iw not familiar with automata theory,



appendix A is a tutorial en the relatiemship of lexical amalyzers to
finite-state machines. Appendix B comtains a discussioen of the "in-
dustry standard" AED-RWORD approach to defining a scanming algorithm.
The maiﬁ pertion of the repsrt concludes with a coemparison of the
GENSCAN and RWORD approaches to building a scamaing algerithm with

consideration towards efficiency and extemsibility.



II. SEPARATION OF LEXICAL AND SINTACTIC ANALYSIS

JUSTIFICATION OF THE LEXICAL ANALYZER

With seme exceptiens, lexical preperties have been assigned a very

miner rele in computer languages and lexical nrocessing has been inecorp-

erated as an incidental part of the syntactic analysis pregram. It is

eften justly asked why the lexiecal analysis cannet be incerperated inte

the syntactic amalysis.

Several goed reasens fer separating lexieal frem syntactical analy-

sis are given here.

1.

A large portion of ecompile-time is spent in seanning characters.
Separation allews one to concentrate en reducing this time.

The syntax of symbols can be deseribed by very simple grammars, If
scanning is separated from syntax recognitien, the develepment of
efficient parsing techniques which are particularly well-suited for
these grammars is pessible,mereover the development of autematic
methods for constructing scanners which use these efficient techni-
ques is poaaible;

Sinee the scanner returns a symbel instead of a charaeter, the syn-
tax analyzer actually gets mere infermation about what te de at each
step.

Development of high-level languages requires attention to both lexi-
cal and syntactic properties., Separation of the twe alleows us te
investigate them independently.

Often one has twe different hardware representations for the same



languapge. Separation allows writing of one syntactic analyzer and
several scanners (which are simpler and easier to write), one for

each source program representation and/er input device. Each scan-
ner translates the symbols into the same internal form used by the

syntactic analyzer [5].



III. GENSCAN

INTRODUCTION TO GENSCAN

GENSCAN is not itself a lexical analyzer, but a set of concepts
of hew to apply semantic rules te a finite-state machine in order to
preduce almest any lexical analyzer needed by the designer. GENSCAN
(ggeralized Scanner constructer)censists of a set of coneepts for cover-
ing context decisians.and methods for building tables which allow the
resulting scanner te be extensible. The QENSCAN zlapproach is that the
translater designer defines his own lexical analyzer, class, and loek-
up tables from the concepts presented in this paper. Then the tables
may be expanded or contracted as needed by the designer or the user of
the translator by calling funetiens which make up the table constructer,
Figure 1 is a diagram of the propesed structure of a lexical analyzer
built with GENSCAN cencepts.

Deseriptien 7 /Builds Class and
of Symbols and Table y: Lesiup Synonym
Glgﬂes Censtruetor — Tables Tables
T/ 7
v Builds
Source : i r
Pregran Lexiea% ﬁ:}ﬁgzslgori_tm +d Translator

Tokens

Figure 1. The basic GENSCAN System.

In erder te discuss a generalized system,a general set of language



features must be described. The fellowing list of primitives is given
to deseribe the features of a general lexical analysis language. Its
features will be used in examples threougheut the rest of the paper.
I. Identiflers
A. Variable Names: A A3B A-B DO10I
B. Unqueted Keywords: WRITE BEJIN DO BIN
C. Quoted Keywords or Reserved Werds: "BEGIN" .,
II. Censtants
A. Integers: 23 0O
B. Decimals: 2.3 2.
C. Scientific Notation: .23E5 1E-7 5.E2
D. Special Digits: 38APHEX" 255"0CTAL" 10101"BIN®
III.Deliniters
A, Single Delimiters
1. Operators: +% = / «— ¢
2. Grouping Characters: ( ) [ 1 <>
3. Separaters: ; , :
B. Double Delimiters
1. Operaters: /e o= // <=
2. Greuping Characters: (K >> " *
3. Separaters: :: ..
IV. Literals
A. Strings: 'CHARACTER STRING' '1101!
V. Skips
A, Ignere: "carriage return®

B. Spacer or Invtermin: "blank"



C. Cemment: /®COMMENT*/ /#2, 3/

REGULAR GRAMMARS VS. CONTEXT-DEPENDENT GRAMMARS

The que;tion may arise as te the reason that the lexical analyzer
sheuld handle context-dependent situations when they ecan be handled by
the syntaetic analyzer. It is true that the lexical analyzer dees net
have to parse complex structures, but there are several good reasons why
it should.

1. If the scanner is able teo efficiently parse these structures with-
eut a loss of semantics, then it dees net matter where the parsing
takes place.

2, Allewing the scanner te relieve seme of the burden of the syntax
parser results in a simpler syntactical analyzer which.allows the
development of a mere efficient and automatie syntactical parsing
algorithm,

3. If the lexical analyzer is allewed to parse some of the complex
structures found in the source grammar, partial extensibility ef
the language can be accemplished in an efficient manner and with

minimal or ne change to the rest of the tramslator.

GENSCAN SIMANTICS

The lexical analyzer censtructed frem the GENSCAN cencepts is a
finite-state machine (fa) which fellews the rules set dewn im the sec-
tions on automata theery. As long as the grammar being parsed is a
regular grammar, the basic fa is able te parse the language. It is when
the grammar centains mere complex structures that the fa fails., In

order for the fa to parse these complex structures, semantie rules are
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added te the fa in the ferm of functiem calls, The semantic inser-

tiors used in GENSCAN are similar to these described in Appendix A's

section on Lexical Semantics. The fellewimg is a 1list ef semantic

routines used by GENSCAN:

1. GETCHAR is a functien whieh retrieves the next character of the
souree text, classifies it if it is in a elass,ard returns.

2. ADD is a functiem which econcatemates the curremt eharaecter te the
string of characters already im the eurremt symbel amd returas.

3. LOOKUP is a funetiom which searches the table imdicated for the eur-
reﬁt symbol and returms its intermal cede if the symbel is founmd.
Otherwise a zero is returmed,

L. ERROR is a function which writes aﬁ error message that an umdefined
character 1s encountered amnd returns.

5. MARK is functien which marks the present character in the souree
text and in the current symbol so that backup can be aceomplished
and returms.

6. BACKUP iz a ?unction Fhich moves the source location pointer used
by GETCHAR, baek to the last charaeter which was marked in
the source text, removes all characters in the curreat symbol back

to the last charaecter which was marked,and returms.

EXTENSIBILITY

The proposed answer to the questien "What makes & lexiczal amalyzor
extensibile?" is:

1. A dynamie scanning algerithm or a secamming algerithm whieh is gem-
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erally emough to eover all kmown eases,
2. Dymamic tables.

A. The ability te build synomym tables for symbels im loekup
,tasles.

B. The ability to add and delete symbals represented im the
lookup tables,

C. The ability to add and delete charaeters represemting direct-
ed ares in the state diagranm.

D. The ability to build symonym tables for charaecters represeat-

ing direeted ares.

At the preseat time there is mot a dynamie lexiegl snalyzer, but
with some of the comeepts presented here and with more researech, such
an algerithm seems feasible, Iﬁ is feasible that the lexieal analyzer
may be capable of dymamieally changing itself by seleeting mnew maehines
from a library of modules. Therefore,if the designer of a lexieal scan-
ner wants a processor which is capable of extemnsibility, he must design
an algorithm which is capable of handling all known cases.

The SPEAKEASY lamguage [2, 3] uses a statemsnt called HENCEFORTH
whieh allows the language user the option of addimr synonyms for
keywords, or delimiters/eperaters im the lamguage. This funetien allows
the user to change the meaning of symbels se théy are more oriented
toward the jargem used in that users field, The propesal for addimg
this feature is presented in the seetion om LANGUAGE SYNONYMS. The abil-

ity te add and delete symbols in the language has two evident uses., First,
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the designer of the language cam start with a basie subset of his langu-
age and, by adding symbels, he can extemd that lamguage at his leisure,
The secend implicatiomn is that if a lamguage is te be extensible, the
user must be able to add eperators and keywerds whem new features are
imserted in the language. The dymamie changing of tables which allews
these features is accomplished by fumetiens diseussed in the sectiem

DINAMIC TRANSITIONS.

BASIC LEXICAL CONFIGURATIONS

The configurations that arise when analyzing a fa used as a lexi-
eal analyzer are ef three types. The first configuratiom being that a
character er ¢lass eof characters, representing a tramsitien imn the fa,
is imdependent of all other tramsitiens im the fa. That is, the charac-
ter or elass of echaracters dees net need te be unique ard may comtain
characters used elsewhere in the fa. Anm example is that the elass of
characters representing all but the first character in am idemtifier
may have characters in commen with ether lamguage symbols. The charac-
ter or class of charaecters that arises in this situation is ealled in-
dependent, The secend cenfiguration is when a character or elass of
characters must be unique from other characters used as transitions in
the fa. An example being that the starting character of an idemtifier
must be unique from the character used te describe the startimg charac-
of other symbols. This group of characters or class of characters is
called unique and is said te be mutually exclusive of oether classes.

The third configuration arises when twoe or more classes ef characters
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have several characters im common. This situation arises when des-
eribing the class of characters which make up single delimiters and
the ¢lass which describes the starting charaeters of double delimi-
ters, This type of class is called nonumique ard is said te have
characters in common with other elasses,

With the above configurations in mind, the designer caa produce
a fa lexical analyzer which will parse mest lamguage primitives with
no preoblems. Two preblems arise whem tryimgz te make chamges in the
transitions on previeusly designed machines. The first problem is
that ef trying te add a symbel whiech causes a unique class te become
norunique. An example being that of trying to add the dellar sign
as a starting character for an identifier when it is also used to
start seme other symbel. In this case the user is tryimg te change
the characters themselves. The second problem arises when a total
symbel is te be added teo a primitive group. In this situation the
new symbol may cause a unique class te become nemunique or may changs
the characters which two classes have in cemmon. The rest of this
section is devoted teo giving solutions to the abeve problems by pre-
senting examples and a set of comcepts which, when followed, elimi-
nate conflicts.

The first two examples deal with the basic fa and with backup.
These examples do not have to de with extensibility but deal with the

basic structure of the fa as propesed by Gries 5 .

Example 1:
Symbols to be parsed= {A] AB, ABG}

Character classes= {f} :



i4q

START

>RETURN ($ABC)

N
ADD; ADD /ADD 3
GETCHARg GETCHAR; GETCHAR;
ETURN ($AB)

»RETURN ($A)

H
GETCHAR;

This example shows:
GENSCAN Conecept 1l-- Backup is met needed as long as the next

seurce charaeter allows determination of the uniqueress of the symbel.

Example 2:
Symbols to be parsed= {A | ABCZ,

Character elasses= {ﬂ}.

START
s 4 \B c RETURN ($ABC)
ERROR; ADD;  \__/ MARK; ADD;
GETCHAR; GETCHAR; ADD; GETCHAR ;
GETCHAR;
BACKUP

—= RETURN ($A)

This example illustrates:
GIENSCAN Concept 2-=- If the next source character cammet be used
to determine uniqueness, then mark the last character imn the eurremt

symbsl amnd continus to try to parse the longest strimg. If parsing
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the longest string fails, them remeve all the echaracters from the

eurrent symbel back to the last mark and that is the symbol parsed.

DINAMIC TRANSITIONS

In this seetion two examples are giveam which eever the comn-
figurations deseribed in the previous sectiom. With each example
there are econcepts given for the ecemstruetiom of the fa and for the
ehanging of transitions after the fa is cemstrueted.

The first example deals with the eonceplis that arise when ehar-
acters or classes of echaraeters are takem imto eomsideration. The

example covers the cases of beth independent and umique charaeters.

Example 3:
Symbels to be parsed=
{ID::= LETTR {mel DIGIT},
INT::= DIGIT {DIGIT}}
Charaeter eclasses=
{IDBEGIN: := LEITER,
IDCHAR::= LETTER DIGIT ,

DIGIT::= DIGIT}}
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IDCHAR is a independent class of characters simee it dees not matter
whieh eharacters belomg to this elass. IDBEGIN and DIGIT are two umi-
que elasses since they cannet have characters in common. This ex-

ample illustrates the fellowing ecomeepts:

GENSCAN Concept 3-- If a character c¢lass 1s indepemdent of all
other classes in the fa,then any eharacter may belong to that elass,
and a charaecter may be added to or deleted from an imdependent class

without checking other classes in the fa,

GENSCAN Concept 4-- If a character class must be umique, then a
eharacter may be added to that elass by usimg the following algerithm.
1. If the character is of any other unique eharacter class, report
a message indicating eonflict amd failure.

2. If the character is already a member of the class, report mess-
age indicating same,

3. If steps 1 and 2 fail, insert character inte the proper class and

report suceess.



A charaeter may be removed from a unique e€lass by simply removing
it and reperting same.

The mnext example deals with symbels whieh are greuped by type,
and each type has a class deseribimg the characters which are al-
lowed te start each elass; but these twe elasses have some ehar-

acters in common, therefore, an additional elass is needed.

Exanple b
Synbols to be parseds=

{smoLe pmnaTms::= {x| 4| -|/ |. -4},
>},

QUOTD XEYWoRDS::= {.ED.|/aBs/ ||| | 11

DOVBLE DELTMITERS::= {x|//|=:

"o } }

Charaeter elasses=
{crass 1= NOKET-NODD: 2= {+]-|4],
CLASS 2= YESKEY-NODD::= {. |1 |},

CLASS 3= NOKEY-TESDD::={x|=|> 1,

CLASS Li= YESKEY-YESDD::= {/ ' '},

cLass Let::= {A|B...|2}}



START

= RETURN ($KEY)

(-3-]
FOUND? 0 m::ru&n ($DD)

Class=6. BACKUP;
Class 1 yes
ADD; — FOUND? GETCHAR; RETURN ($SD)

This example illustrates several GENSCAN comecepts. The first
deals with lookup tables and whem they are needed.

GINSCAN Conecept 5-- If a group of symbols has a eclass groupinmg
their starting characters and ar internal eode is needed for each sym-
bel, then a lookup table is required to find the internal code.

The next concept deals with elasses that have echaracters in com-
mon with other elasses.

GENSCAN Conecept 6-- If two or more echaraster classes have char-

acters whieh are common with one other class,add an additional elass
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to deseribe these common eharaeters and build the machine so that iﬁ,
parses the largest er most eommen greup first. As this strimg is be-
ing parsed, mark the first charaeter and continue parsimg until eem-
pletion. If at any time parsing-fails, backup and try parsing the next
group.

At this peint twe additiomal preblems arise. The first preblem is that
greuping start eharasters tegather inte a e¢lass for a small group ef sym-
bels may be less efficient then parsing the individual strings when in-
dividual internal eedes are needed. (Leokup tables are imefficient).

The seeond problem is that grouping start characters toszether inte a class
whiech has characters in common with other ¢lasses may be less efficient,
due te backup, then definimng unique classes.

With the addition eof tables comes the concept of allewing the de-
signer or user the option of changing emtries im these tables., It
should be noted that the user has me direet control over the eentents of
the e¢lasses whieh deseribe the starting eharacters in this situatien, but
that the aetual tables dietate what belongs in the elasses.

GENSCAN Coneept 7-= A symbol may be added to a table that requires
uniqueness from seme classes but net all classes by the fellewing al-
gerithm,

1. If the start eharacter is not unique from these charaecters in

classes requiring uniqueness, then repert same and return failure.
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If the start eharacter cenfliets with a character im a e¢lass des-
eribing anether type of symbel, them remeve that charaeter from
that elass and place it in the common elass. Add the symbol to

the pfaper table and report snceess amd return.

If the start character is net im the elass deseribing the start cha-
racters for its type, then place the start character in that elass,
place the symbol im the proper table, repert suecess and return.

Plaee the symbol in the preper table, report success aiﬂ return.

- Nete a user defined internal eode may be placed im the table at the

same time the symbol is,

GENSCAN Coneept 8-~ A symbel may be deleted from a table that has

a elass describing its start symbol with characters that are common

to other classes by the fellowing algerithm.

1.

If the starting character is the same as any ether starting cha-
racter for an entry in that table, delete the symbel from the table,
report suecess and retum.

If step 1 is false, but the elass deseribing the start eharaeters
for the table contains that start symbol, delete the character from
the elass, delete the symbol from the table, report success and re-
turn,

If steps 1 and 2 are false, then find the common elass whieh has the
start character in it and move that eharaecter to the e¢lass(es) that
the symbol start character is common with, delete the symbel from

the table, repert success and retura.
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Two more functions are needed in order that the user may be in-
formed as to the contents of the tables.

GENSCAN Coneept 9-- Tables may be listed by reporting their con-
tents. ‘

GENSCAN Concept 10-- If the intermal codes represented in a table
are unique as far as range is concerned, then an avail funetien may be
defined as faellows:

1. Report the values of all internal codes not having entries im the
table from the lowest to the highest value.

or alternately

1. Repori the value of the first internal ecode not having an entry in
the table.

The concepts deseribed in this seetion give the designef the tools
to eomstruet a lexieal amalyzer which is dynamie im nature. The add and
delete functions give the user the capabilities of inserting er chang-

ing the primitives of the language.

LANGUAGE SYNONYMS

When dealing with the subject of extensibility, one may ask "How ean
the language fealures be transmitted to non-professionals im different
areas?" er "How ean the vocabulary be redefined for different user com-
rmunities?". One answer to these questions is synenyms. Synonyms allow
the language to become flexible enough for many user eommnities. Synon-
yms are symbols which may be inserted in the language and which have the

same meaning as delimiters or words already in the language.
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The question arises of "Why handle synenyms in the lexieal scamner
and net in the symbel table?" The appreach takem here is met that
handl ing s&nnnyms in the lexical processer is "the" way it sheuld be
done, but emly that it is a way of appreaching the preblem amd sheuld
be investigated. The GENSCAN appreach is that simee there are "loekup"
tables in the scamner, them the addition ef synemym tables for refer-
encing is the mest practical appreach.

GENSCAN Cencept 1l-- When synenyms are needed and lookup tables
are available in the scammer, the additiom of synenym tables are of
little cost to the overall system.

A sample lexical analyzer may have the fellewing master leekup
tables:

1. Keyword Table (KEYTAB) A tahle used te store all queted amd unquot-
ed keywerds alomg with their imternal representatioms.

2. Single Delimiter Table (SDTAB) A table used te stere all single de-
limiters (eperaters, greuping characters, and separaters) aleng with
their internal representations.

3. Double Delimiter Table (DDTAB) A table used te store all deuble de-
limiters (eperaters, greupimng characters, and separaters) aleag with
their internal representatiems.

This same lexical analyzer then may have the following symonym tables:

1. Keyword Synenym Table (SYMKEY) A table of wariable mames which are
used as synonyms fer keywords, single delimiters or double delimi-
ters and a pointer te the table entry for the symbel fer which they

are symenyms,
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2. Simgle Delimiter Synonym Table (SYMSD) A table of simgle delimi
ters which are used as synonyms for keywerds, single delimiters or
double delimiters and a pointer to the table entry for the symbel
for which they are synmemyms.

3. Double Delimiter Synenym Table (SYMDD) A table of deuble delimiters
which are used as ‘synonyms for keywords, single delimiters or deuble
delimiters and a poimter to the table entry for the symbol fer which
they are synenyms. ‘

Example 5:

If a language had the following original definitiems:
KEYWORDS= {0, T0, .HQ.,...}
SINGLE DELIMITERS={*,=,...}
DOUBLE DELIMITERS={x¢, f...}

and the following synonyms are added:

SYnon, original
'. BRANCH is a symenym for GO
FLUS is a synonym for +
o is a synemym for =
4 is a synenym for
- is a synonym for .HQ.
< - is a synonym for =
// , is a synonym for /*

The resulting table eomfigurations after the synonyms are added are

shown in Figure 2
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SYHKEY KEYTAB
KEYWORD | PTR. K EYWORD REP.
BRANCH v > GO 10
FLUS T ) 0 11

. * -Eq. 12
: : i . :
SYNSD SDTAB
SINGLE
SINGLE
DELIMITER| PTR. DELIMITER | REP.
- — -_ \—’ + hs
L6

UBLE-
ELIMITER |REP,

¥ 100

DOUBLE
DELIMITER | PTR.
i

// = /% 101

RN P

[ ]
hly
I’ y,

.
.
“ag

L)

Figure 2 . Master and synonym tables.

It should be noted that the lexical processoer should look up internal

godes im the symenym tables before the master lookup tables, thereby

insuring the proper meanings of synonyms.
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HENCEFORTH FUNCTION

Now that the method of building symonym tables has been defined

for adding synonyms to the language, a funetion is needed to build

these tables.

GENSCAN Coneept 12-- The HENCEFORTH fumctiom fer building synomym
tables is defined by the follewing algorithm.

1. Determine the type (keyword, double delimiter, single delimiter, ete.)
of both the original symbel and the synomym symbol frem their unique
internal codes,

2. Add an entry to the proper synonym table (d?terﬁined in step 1) for
the symbol represemting the symonym.

3. Point the pointer in the synonym table to the entry in the master
lookup table representing the original symybel (determined in step 1).

Note that if the type of symbol has its owm unique ramnge of intermal codes,

step ene can be aecomplished im a much more efficient manner.

Now that the method of building the synonym tables has been defined,

a formal definition of the lookup function i3 needed.

When synonyms are employed in the language, the following modified

LOOKUP algorithm is needed.

1. Seareh the symonym table for the symbol.

2., If the symbol is found im the synonym table, then return the in-
ternal code for the entry peinted to by the symenym entry.

3. If the symbel is net found in the synmonym table, them search the

master table for the symbol.
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4., If the symbol is foumd in the master table,them returm its inter-
nal code,

5. If the symbol is not found in either table, return failure.

The henceforth funetion may be called by or may be part ef the syn-

tax driver. In either case it should be neted that the heneeferth

functién is a dynamie funetien amd must be interpreted whem the hemce-

ferth statement is eneountered.

MODULAR STRUCTURING

The next GEISCAN coneept pertains te the structuring of the lexi-
ezl scanner,

GENSCAN Conecept 13-~ A lexical scanmer should be construeted of modu-
les, where each module is a umit in itself and may be programmed as a
maere which ean be initiated from other programs.

This coneept implies that if a library of all possible medules were com-
structed, then the designer of a lexical analyzer could build a seamner
with a series of maecre ecalls,

The structure illustrated in Figure 3 shows how ome portien (the
section dealing with numbers) of the lexical scamner may be medularly
eonstructed.

The strueture is a portion of a lexical seanner which is capable of pars-
ing:
1. Integers of the form DIGIT {DIGIT}

2. Real numbers of the form <INT) . {DIGIT}
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+ From Start State

IDIGIT =
2 INT
GEICHAR;
- e e e e -
Medule for
Decimals j
Nodule forl Jg . DIGIT . ‘O
Scientifie FARK ; ’@ ADD; @_DIGIT
Notation ; WDD; GETCHAR; | ADD;
] GHM;J GETCHAR;
L jemokoey—! b RETURN (s80);
QUOTE _Sp1\ ID-BH @ e
Medule for MARK; “\_/ GETCHAR; #
ADD: T GETCHAR;
e | |GEICRAR 'QUOTE
Number up i €L "
pomer ‘LOOKUP(SD) ;
ten, 3
i no -
B (oDt ) s> RETURN (s);
i — T T T T T T RETURN ($INT):
Figure 3 ., Modular structuring of a lexical analyzer.

3. Seientific numbers of the form ( (INI)I(REAL}) E (INT>

i. Base numbers of the form (:[}JT;’( 'BIN!' ! '0CT!)
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This secanner is struetured so that whem amn integer is parsed the next
eharacter determinmes if a eall should be made. If that mext eharacter
is a "." then,a eall is made te the "real" routine (indicated by the
branch labeled ".," going imte state DEC ). The real routine them parses
as far as it is able and them checks the next eharacter to see if it is
an "E'. If the next eharaeter is am "E" then a call is made to the
"seientifie" routine (indieated by transitien from state DEC te state SN1)
If the next character is mot an "E' then a "real" tokem is returned. If
the "integer" routine finds the next character to be an "E" or a “QUDTEF,
ther the proper routine is called. If while inside the "sciemtifie" or
"base number” routines, failure oeeurs,then the backup is performed and
fajlure is reperted te the "integer" pertion (indiecated by the baekup

branches). The "integer" portion then returns an integer token.
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IV. TABLE CONSTRUCTOR

SAMPLE LEXICAL ANALYZER

The ability te dynamically change tables allews the user and the
designer the ultimate in extemsibility as far as lexical processers are
eoncerned.

Sine? the funetions used to dynamically construet tables and elasses
vary with the application, a sample scamner will be used to show these
applieations. Add, delete, and interrogate algorithms used to ecomstruct
tables will be defined for the sample. The sample scanner uses the con-
¢epts deseribed in the previeus seetions and has master and synonym tables
like these described in the section on synonym tables. If a set of rules
are set down for the contents of classes and tables, then the construction
funetion may be defined. Table 2 lists the restrietiéns om classes and
table entries for the sample language. In additien, the scamner has the
eiass definitions shown in Table 1. The scanner is represented by the
state diagram shown in Figure L. The semantie routines have the same
meanings as those desceribaed in the section omn semanties.

It should be noted that, although this sample scanner dees net parse
many of the primitives used in most languages, it does have all of the
basic fa econfigurations and illustrates all ef the sonstructor fumctions
needed to build a more eomplex eonstruetor. The designer using the con-
cepts deseribed im this chapter should have no trouble construeting a lexi-
¢al analyzer and table constructor capable of handling almest any language

primitive,.



IONORE, INTERM
GETCHAR;

[47]

DIGI
ADD;

DIGIT

GEI‘_(,JEAR;

GETCHAR;
~ RETURN ($INT);

ID-BEG
ADD;
GETCHAR;

YESK-NODD
or

ADD

MARK ;
ADD;

GETCHAR;

YESK-YESDD

no
LOOKUP KEYTAB;

. _yes
( romDz o

’ID-BEG

LOOKUP KEYTAB;

B FOUND?

es

BACKUP;
LASS=CLASS~-1;
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Effij
OK-YESDD

LOOKUP DDTAB;
\
T FOUND? [e3 /%2 2 » RETURN ($DD);
]
CLASS=33
NOK ~YESDD " FOUND? yes > RETURN ($SIN);
ADD; T J ’
LOOKUP SYMSD; no
O ETCHAR;
( FOUND? JEd > RETURN ($sD)
noe
> GO TO START;
GEITCHAR; ERROR; ’

Figure L. State diagram for sample scamnning algorithm continued.
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CLASS DEFINITION ‘RESTRICTION TNITIAL VALUE

IGNORE ‘Characters ignered | Unique from all Mearriage return"
or deleted. other elasses,

INTERM Charaeter that ends | Unique from "blank"
symbels but other- | all ether elass-
wise ignered. es.

DIGIT Charaeters in Unique frem Osl,250u5;8
"Integer" symbel. all but ID-CHAR.

ID-BEG First character of | Unique from ‘AyB,Cy...,2
"Identifier'symbel. | all but ID-CHAR.

ID-CHAR 2nd, 3rd,...charac= | Independent of 0,1,2,00039,4,
ters of "Identifier" all classes ex- B.Gan
symbel. cept IGNORE and

INTERM.

NOK -NODD Single delimiter Charaeters unique ! +,-,%
characters not be- |ite single delimi-
ginning Queted key- | ters.
words or Double de-
limiters.

YESK-NODD Single delimiter Charaeters common ' . , ', "
eharacters which te single delimi-
begin Quoted Key- ters end keywords. ,
words -but not a
double delimiter.

" NOK~-YESDD Single delimiter Characters common |#,=,>
characters whieh to single delimit-
begin a double de- !iters and deuble . |
limiters but not delimiters,
keywords.

YESK-YESDD |Characters which Charaeters cemmon '/,l
begin single de- te single delimi-
limiters, double ters, double delim-
delimiters and iters and quoted
quoted keywerds, keywords.

Table 1.

Class Definitions,



CONSTRUGTOR ADD AND DELETE FUNCTIONS

TABLE USE INITIAL ENTRIES INIT. CODE RANGE
KEYTAB | Queted and unquoted @, 1T, .R., 10 te Lk
keywords. /ABS/, NE ,'LT',
I‘IGTH
SDTAB Single delimiters. L X YN L5 to 99
DDTAB Deuble delimiters. we, /=2, ]| o= 100 te 12}
SINKEY Keyword Synonyms, NO ENTRIES KA
SINSD .Single delimiter NO ENTRIES NA
synenyms.
SINDD Double delimiter NO ENTRIES NA
SYRORYES.
Table 2. Table Definitioens.

The purpose of this seetion is te defime the funstiens necessary

to build a table eemstructor for the sample lexieal amalyzer deseribed

in the last sectien.

Each of the funetions will be diseussed in detail,

and flow charts representing each type of function are given.

Before the constructer functions cam be described,some of the no-

tations and functions used must be defined.

The variables KEY, SD, and

DD will represent the eharacter strings for keywords, single delimiters

and double delimiters,respectively.

eontains the internal eode number.

The variable represented by INT-NO

The notation SD] represents the first

eharacter of the single delimiter in the variable SD and the netation

KEYp_ 1ty represemts the second character threugh the last character in

the keyword represented in the variable KEY,

out this section are explained next.

The funetions used threugh-~
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CONFLICT (eharacter, class) -is a function whiech checks if the char-
acter or characters passed in the first argument cenfliet with any
of the characters in the elass passed im the seecond argumemt and
returﬁs a true or false value,

REPORT-CONFLICT is a functiom which reperts the situatiom of the

last eenflict.

REPORT-SUCCESS is a fumetion which reperts that add or deletiem was

aceomplished,

INSERT (table, symbol, (intermal eods number)) is a funetion which

performs one of the tasks deseribed belew.

A. If the table passed as the first argument is a synonym table,
then the symbel passed as the second argumeat is inserted in
the given table with an internal code of the third .argument
and suceess is reported.

B. If the table is a master table, them the symbol is inserted
at the entry dictated by the internal code amnd suceess is re-
ported. If that entry is mot available, then the comfliet is
reported.

C. If the argument representing the internal eode is omittied,then
the symbol is imserted at the next available entry amd the in-
ternal code number is reperted.

MOVE (character, classl, elass?) is a function which meves the char-

acter passed as argument from the class passed a3 the second argu-

ment teo the class passed as the third argument.
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6. PLACE (eharacter, class) is a function whieh places the character
passed as the first argument In the class passed as the seecond
argument.

7. REMOVE (eharacter , symbel, elass ] table) is a fumction which
remeves the character or symbel passed as the first argument from
the class or table passed as the second argument.

8. SEARCH (table | class, symboll character) is a funetion which search-
es the table or class passed as the first argument for the symbel
or character passed as the second argument and returns a true or
false value.

The first funetion to be discussed is that which changes the entries
in e¢lasses. Since changes im classes which represent the starting char-
acters for quoted keywords and delimiters are dictated by entries in
their tables, these classes will be discussed later. The class funetioms
are designed using GENSCAN Concepts 3 and .

The IGNORE and INTERM classes are similar in that they must be uni-
que from all other elasses, Therefere, they are discussed together. The
function to add a eharacter to the IGNORE or INTERM is deseribed as fsl-
lows:

1. If the character is already im the given c¢lass, report success, and
return.

2. Otherwise, if the character is in any other class, report the con-
fliet, and return.

3. Otherwise, insert the character im the given elass, report success,

and return.
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The DIGIT and IDBEG classes are sinilar therefore,they will be
diseussed together. The add funetien for DIGIT and IDBEG is deserib-
ed as follows:

1. If the charaster is already in the given class, report suceess, snd
return,

2. Otherwise, if the character is in any other e¢lass except IDCHAR,
report the conflict and return.

3. Otherwise, insert the character im the givem elass, repert suecess,
and return,.

The add function fer the e¢lass IDCHAR is deseribed as fellows:

1. If the character is already in the IDCHAR class, repert suceess
and returm.

2. Othecrwise, if the character is in the elass IGNORE er the class
INTERM, repert the confliets and return.

3. Otherwise insert the character in the IDCHAR elass, report sueccess,
and return.

Since all of the add functions are similar, a gemeralized flow ehart for

the funetions is given in Figure %a. The classes from whieh the given

elass must be unique are represented by CLASS; through CLASS, . The

character to be inserted is inm the variable ealled CHAR and the elass

in which it is te be inserted is ealled CLASS,.

The delete functions and the interrogate fumetioms are the same
for all of the classas given above and are illustrated in Figure 5b and

& respeectively.
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; f
( CO CHAR,CLAS 3 yes, / REFORT- /
RFL;GT( HAR, Sg) y SytE Ry RETURN
fo

@m’mcr(cm,cmsl@ﬂ’—xjﬁmm‘mmm 7___, RETURN;
'Lno

L] -
] L
F -

@mcr(cm,cmsn 3&7’ REmRT'cm;ch /Z__,. RETURN;

no
y

. 'REPORT~ N s
PLAGE(CHAR,CLASS0); [~ SUCCESS /_-> RETURN;

(a) Generalized ADD-CHAR-TO-CLASS funeciien.

START

1

i 7
| REMOVE(CHAR, CLASS0) —ﬁ‘égponr-succms [, RETURN;
(b) Generalized DELETE-CHAR-FROM CLASS funetion.

ST /
) ART;LREPORT "All characters in CLASSy"/ mRETURN;

(c¢) Generalized INTERROGATE-CLASS functien.

Figure 5. Flow charts for gemeralized class comstructor functions.
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The add functions for keywords ma; take on one of twe forms de-
pending on the designer’s meeds. First,there may be separate functiems
for keywords and quoted keywords and second,the keywords may diectate
the eontents of classes or the classes may determine legal keywords.
Twe add functions for keywords will bte discussed here. The firat
add-a-keyword functiom will be for unquoeted keywords which must con-
ferm to the charasters in the IDBES and IDCHAR elass. Im this case
the character eclasses dictate the legal characters allowed in the key-
word. This add function uses GENSCAN Concepts 5 and 7. This add fume-
tien is described as follews: |
1. If the keyword deoes not begin with a charaeter in the IDBEG class,
report conflict, amd return.

2. Otherwise, if all but the first character ef the keyword are net
in the IDCHAR class, repert conflict, and return.

3. Otherwlse, if prbper space is not available im KEYTAB, report same,
and retﬁrn.

k. Otherwise, insert in KEYTAB the keyword with the proper internal
code representation amd return.

The flow charts for this function, a delete function and an avail fune-

tion are givem in Figure 6,

The second add-a-keywerd funetion will be for quoted keywords only.
These guoted keywords comsist of a keyword as described in the first
part which is quoted with a legal single delimiter. 1In this example

the quotes dictate what is centained in some of the classes and the
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START

=

; REFORT-
ﬁ

] no
co CT(KEY . DeC REFORT~ :
( NFLIGT(KET?-1ipy, L CONFLICT ETURN;

yes

[NSERT(KEYTAB,KEY , INT-NO)| ../ REPORT-SUGCES}_,. RETURN ;
[

(a) Simple ADD-KEYWORD functien.

START

I_Emovz(m,xmm) ; ._7/ REPORT-SuccmS jlﬁ, RETURN;;

(b) Simple DELETE-KEYWORD function.

START

REPORT "All azvailable eatries im
KEYTAB" RETURN ;

(e) Simple INTERROGATE-KEYTAB fumctiom.

Figure 6. Flow charts for simple keyword eomstrueter fumctiems.
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contents of the body of the keyword is dictated by the contents of

the IDBEG and the IDCHAR classes. This add fumetiem uses GENSCAN

Concepts. 3 through 7. This add-a-keyword functiom is described as

folloews:

1. If the keyword does net begin amnd end with a preper single delimi-
ter, then report eonflict,and return.

2. Otherwise, if the keyuords body is not a proper keywerd, theam re-
port conflict, and retura.

3. Otherwise, if the keywerd begims with a character in the YESK-NODD
or the YESK-YESDD class,then enter the keyword in KEYTAB, report
success, and return.

L. Otherwise, if the keyword begins with a character in the NOK-YESD)
elass, then move that character from the NOK-YESDD class to the
YESK-YESDD class, report success,and retura.

5. Otherwise, move the character from the NOK-NODD class to the
YBSK-NODD class, repert success,and return.

The flow chart illustrating this fumction is given in Figure 7. The

delete functian for this type of keywords is deseribed as follews:

1. If the keyword is not listed in KEYTAB, report same, and return.

2, Otherwise, if the first character of the keyword is the same as the
first character ef any other keyword, them remeve keyword from
KEYTAB, report success, and returm.

3. Otherwise, if the first character of the keyword is the same as any

charaster that starts a double delimiter, them move the character
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START_

('SEARCH(SD,’ KET;)?

REPORT "net
uoted ggllprope%——— RETURN;

yes

yes
{
no REPORT-
(CONFLICT(KET,,IDBEG)? }7;—-—‘ CONFLICT RETURN ;
. yes

L

—

yes
¢
\\
GE&RCH( YESK-NODD ,KEI]_)‘.-’J'Z”Il INSERT(KEYTAB,KEY);
no

¢ |
(Smarca(rEsK-ESDD, kY )2 3 ﬁ.ﬂ?onr-succass /__, RETURN;
\

l’ Ro A

@RGH(NOK ~YESDD,KEY, )? UE{OVE( KEY; )NOK ~-YESDD,YESK~YESDD)
no—

,;QOVE(KEI]_ )NOK -NODD,YESK-NODD) ;

Figure 7. Complex ADD-A-KEYWORD funetionm.
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SEARCH(KEYTAB,KEY)? o _/REPORT "not a
(::_ ( ’ keyword" RETURN ;
es
3
€EARCH(KEITAB1, KEY, )? j’” 5
\ro

Cs EARCH(DD, ,K&Y. )? >_+,novE(xErl ,YESK-YESDD ,NOK-YESDD) §_|

f
EOVE( KEY, , YESK-NODD,NOK-NODD) ;

RIMOVE(KEY ,KEYTAB) ; __{REPORT-SUCCESS / RETURN;;

Figure 8. Complex flow chart for DALEIE-KZYWORD function.

from the class YESK-YESDD te the class NOK-YESDD, remove the key-
word from KEYTAB, repert success, and return.

L. Otherwise, move the first character of the keyword from the class
YESK-NODD to the class NOK-NODD, remove the keywerd from KEYTAB, re-
pert success and returr.

The flow chart for this delete functiom is given in Figure 8. The avail

function for this type of add-a-keyword is the same as the ene for simple

keywords and the flow cﬁart is 1llustrated in Figure 6c.
The functions for adding and deleting single delimiters use the
GENSCAN Concepts 3 - 8. The flow chart for the add-a-single-delimiter

is {1lustrated in Figure 9a. The add-a-single-delimiter functiom is



described as follews:

1.

The

and

If the single delimiter confliets with a character frem the IGNORE,
INTERM, IDBEG, or DIGIT classes, report same and ‘return.

Otherwise, if the single delimiter is in one of the YESK-YESDD, YESK-
NODD, or NOK~YESDD classes, thea insert the single delimiter im SDTAB,
report success, and return.

Otherwise, insert the single delimiter in the class ROKEY-NODD, insert
the single delimiter in SDTAB, report success, and retumrn.

flow chart.for deleting a single delimiter is illustrated in Figure %9
the function is desecribed as fellows:

If the single delimiter is not in SDTAB report same and return.
Otherwise, if the single deiimiter in one of the YESK-YESDD, YESK-NODD,
or NOK-YESDD classes, then remove the single delimiter from SDTAB
report success, and return.

Otherwise, remove the single delimiter from the elass NOKEY-NODD,

and the table SDTAB, repert success and return.

- It sheuld be noted that the simgle delimiter funection as deseribed

above allows a single delimiter to be removed when it may be used to

quote a keyword, This has an affect on the previosusly defined quoted

keywords,

The functions for adding and deleting double delimiters use

GENSCAN Consepts 3 - 8., If the rule is that a double delimiter must be

made up of two simgle delimiters, the add-a-double-delimiter may be

defined as follows:
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CONFLICT(SD,IGNORE)?
*T CONFLICT(SD,INTERM)?  yes JREFORT- /

er CONFLICT(SD,IDBEG)? CONFLI
or CONFLICT(SD,DIGIT)?

5 e /
fo

AEARCH(IESK-IESDD,SD)?\
/er SEARCH(YESK-NODD,SD)?
\or SEARCH(NOK-YESDD,SD)? —x LINSERT(SDTAB,SD);

/

/

\\\ _ id///// i
|

> RETURN;

[yes
|

¥

REPORT-
LPLACE(SD ,NOK-NODD) ; — / SHOCESS > RETURN;

(a) ADD-SD.

START

. REPORT "not  /
(smcn(snua,sn); ) a single de-  /— RETURN;
e . _ 1m1t.er“

i

/ S EARCH(YESK-YESDD,SD)?
SEARCH( YESK -NODD, SD )?

o :
SEARCH(NOK -YESDD,SD)? —7 ] REMOVE(SD,SDTAB); ‘

lyes

t
l
| REMOVE(SD,NOK-NODD) ; -

3
REPORT- /
/ SUCCESS RETURN ;

(b) DELETE-SD.

Figure 9. Flow charts for adding and deleting single delimiters.
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START

SEARCH(SDTAB,DD; )? REPORT" 111legal
SEARCH(SDTAB,DD,)? RETURN:
double delimiter g

yes
y

SEARCH( YESK-YESDD, DD);)?
SEARCH(NOK-YESDD,DD 3

I

Gmcn(nsx-nonn,nnl')? }‘i—, MOVE( DD, , YESK -NODD, YESK -YESDD) ;

r

MOVE( DD; ,NOK -NODD ,NOX -YESDD) ;

Lmsm:r( DOTAB,DD) ; Lo /AEORT gm0 Ess SRETURN ;

Figure 10. Flow chart for ADD-DD fumctien.

1. If both charaeters in the double delimiter are not single de-
limiters, theam report same, and return,

2. Otherwise, if the first character of the deuble delimiter is
in the elass YESK-YESDD or the elass NOK-YESDD, them insert
the double delimiter in DDTAB, repert success, and return.

3. Otherwise, if the first character of the double delimiter is in
the c¢lass YESK-NODD, then meve the character from the elass

YESK-NODD to the class YESK-YESDD, insert the double delimi-



GEARCH(DDTAB,BD)? ° REPORT "not a ]
double delimiter'/—— RETURN;

chn(nnmgl, DD} )? )_Ves _ -

N

( SEARCH(YESK 'HSDD:DD:L)D-)EH-}{OVE( DDy ,YESK-YESDD,YESK-NODD); |

Y

MOVE(DD; ,NOK-YESDD,NOK-NODD) ;

-

REMOVE(DD,DDTAB) ; ——T/REFORT-SUCCES /\*nm;

Figure 11. Flow chart for DELETE-DD fumctien.

ter in DDTAB, report success and return.

. Otherwise, move the first character of the double delimiter from
the class NOK-NODD to the elass NOK-YESDD, imsert the double de-
limiter in DDTAB report success and returm. The flow chart for
the delete-a-simgle-delimiter functiom is illustrated in Figure
10. The delete-a-double-delimiter flow chart is givem in Figure
11 and the function is defined as follows:

1. If the double delimiter is not in DDTAB, report same and return.

2. Otherwise, if the first character of the double delimiter is the

same as another first character in any other deuble delimiter,



remove the double delimiter from DDTAB, -repert suecess, and
return,

3. Otherwise, if the first character 6f the double delimiter is
in the class YESK-YESDD, then meve the character from the class
YESK-YESDD to the class YESK-NODD, remeve the double delimit-
ter from DDTAB, repert suceess, and return.

h. Otherwise, move the first character of the deuble delimiter from
the class NOK-YESDD te the class NOK-NODD, remove the deuble de-
limiter from DDTAB, report success, amd returm.

The interrogate functioens are approximately the same as the pre-
vious interrogate functiona and will not be discussed in this paper.

The constructor functions described in this section may be used
by the language desigmner with direct calls to the functions or they
may be used by the language user threugh interpreter routines. For

a overall view of the structure of an extemsible lexical analyzer and

a deseription of how the table comstructor routines fit in and are used,

see the diagram illustrated in Figure 12, It should be neted that in

order to use the function described in this seetion, the user must
know the names of the scannerS classes and tables. It is expectad that
the language designer would know these names, but this is toe much to
ask of the language user. It is suggested that the interpreter rou-
tines which use the add, delete, and interrogats fumction help resolve

the names of the classes and tables for the user.
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Figure 12, Diagram of Extensible Lexical Analyzer.
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. SINONYM CONSTRUCTOR

The HENCEFORTH function allows the language user the optiom
of giving a symonym feor amy primitive used in the language. The
HENCEFORTH functien uses the variables SYN, SYN-NO, amnd OLD-NO te
represent the synonym, the imternal cede mumber for the symenym,
and the intermal code for the original er eld symbel respectively.
These internal cedes are determined when the HENCEFORTH statement
is scanned by the lexical analyzer. Since the functien desecribed
in this seetiom requires that the type of the symenym be known, the
types of symbels must have unique ranges of imternal cedes. The
HENCEFORTH function desecribed here requires the definitiem of a
functien called SYNTAB. SINTAB is a functiom which determimes the
type of symbol frem the intermal code passed as its argument. SINTAB
returns the rame of the synonym table inte which this type of sym-
bel can be inserted., The HENCEFORTH fumction assumes that space is
available for a new entry in the synonym table. The HENCEFORTH func-
tion is described as fellews:
1. Determine the symemym table in which the synmomym belongs.
2. Insert the synemym in the proper synmemym table aleng with the eld

interral code, repert success, and return,.
The flow chart for this functien is illustrated in Figure 13. The
way the HENCEFORTH function fits inte the structure of the extensi-

ble lexical analyzer is illustrated in Figure 12.



START

INSERT(SYNTAB(SYN-NO),SYN,OLD-NO);

/REPORT-SUCCESS ’[— —>-RETURN;

Figure 13: Flow chart for HENCEFORTH function.

hu



V. CONCLUSION

GENSCAN VS. RWORD
If a iexieal analyzer desigmed with GQENSCAN Cemcept i3 ceded

using a tramsition table, them the resultimg fa would be apprexi-

mately the same as a scamner built by AED-RWORD. The basic dif-
ferences between the twe machines are as follows:

1. A GENSCAN scammer is a routine which is called by the rest of
the tramslator, while a RWORD seanner is the main procedure which
calls the rest of the tramslater,

2. BEach time the GRNSCAN scammer is called the precedure is enter-
ed at the start state, but each time the RWORD scammer is emvek-
ed the start peinrt is the mext state after the last state which
sent a symbel te the rest of the tranmslater.

3. A GENSCAN scammer always parses the lemgest pessible symbel (um-
| less a special routine is writtem), while a RWORD scanmer may not
parse the lomgest symbel (what is parsed may rely on the last

symbel parsed).

If the desipner has a geod library ef GENSCAN medules available, them

the building of a scanmer from these medules would require the design-

er to do mere program logic them is required with RWORD.

EFFICIENCY
An efficient hand-ceded scanner is appreximately twice as fast
as the same scamner built by RWORD, The RWORD scamner itself does

not use back up but the checkiamg for back ﬁp is passed on te the rest
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of the translator, Since RWORD scanmers themselves dom't use back

up they would be mere efficient tham a GENSCAN scanmer, but the ef-
ficiemcy of the total system would mot vary that much. The efficiemcy
lost due to the propesed extensibility features are directly proper-
tioned to the lookup algerithm used im searching tables. If the synmonym
feature were added to amy translator some type of lookup is inevid-

able.

ALTERNATIVES

There seems to be twe altermatives te allowing the proposed
extensibility to be handled by the lexical amalyzer. The first al-
ternative is to redesign the translater whenever the lampguage is ex-
tended which is absurd and the second altermative is to hamile exten-
siens and symenyms threugh the symbel table. Simee at this peint in
time a system using GENSCAN cencepts has mot been implemented, the

twe appreaches cannot be discussed as far as efficiemcy is cemcermed.

FUTURE DIRECTION

The next future step, other themn the implememtatien of a GENSCAN
lexical analyzer, is a system which allews the user to chamge the
structure of the fa used as a lexical amalyzer. With a preper library
of the propesed medules it is conceivable that interpreter routines
could be writtem te allew this dymamic structuring of the lexical

analyzer.
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AFPENDIX A

AUTOMATA THEORY

FINITE-STATE MACHINES

The general approach used in RWORD and GENSCAN is based on the
theory of finite-state automata er sequential machines. The RWORD
system requires the user te specify the lexical pfoperties of his lan-
guage in a limited subset of regular expressiens. These regular ex-
pressiens are then translated inte a determimistie finite-state aute-
maton. Most of the diagrams used in this paper te deseribe GENSCAN
are graphieal representatiens (state diagrams) ef finite-state mach-
ines. In erder te show preof of validity ef the RWORD and GENSCAN
systems, the relationships between regular expressiens and finite-
state machines must be defined. Therefore, an understanding of re-
gular grammars and their assoceiated parsing machines (finite-state
automata) is essential to the understanding of this paper. The pur-
pese of the appendix on autemata is not te present a complete examina-
tien of automata theory with rigorous preofs; but, te give a general
overview of finite-state machines which is essential te the under-
standing eof this paper.

In the following definitions ef regular grammars, regular ex-
pressiens, state diagrams and finite-state machines are given. The
main concern ef this paper is te understand hew RWORD and GINSCAN
operate. Therefore, seme results are not formally proven. (For fer-

mal preofs, see Kain [7]).
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REGULAR GRAMMAR

Threugheut this paper the need arises for a basic language te use
in examples. The language, called G, is made up of symbels found in
mest programming languages. These symbels fall inte one ef the fellow-
ing types:.

identifiers (including keywords)

reserved words (which are a subset of the identifiers)

integers

single character delimiters (+, -, (, ), /, ete.)

double character delimiters ( //, /*, %%, :=, ete.)
These symbols can be deseribed by the fellowing simple rules:

{identifier> 11= letter| (identifier) letter

|(Ldentifier) aigit

(integer) 1= digit\(integer} digit

{single deliniter) ::= + ’ / |**

{double delimiter) ::=(SLASH) /ksu.sn) *

I<l$f>’*

{SLasyy 1=/

Qs 1i=

Of course the rules eould be simpler, but the rules are written
se that each rule has the ferm

U::=T or 1z= VT
where T is a terminal and V is a nenterminal. A grammar with sueh rules

is called a type 3 or regular grammar. The syntax of mest pregramming



language symbols can be specified in such a ferm, se that it weuld be
advantageous to find an efficient way of parsing sentences of a repu-

lar grammar.

STATE DIAGRAM

Consider the regular grammar specified by the identifier preductien
of G,

<ideatifier> ::= letter |<I.dentif1‘er> letter | ddentlfier) digit

@ letter 1D ﬂ

Figure 1,,. State diagram ef identifier recegnizer.

The state diagram te recegnize the identifier preduction is shown in
Figure 14. The cireles or nodes are the states and the arrows are the
transitions. Each state represents a unique condition-ef-tensien in
reading the character string, and all such legal pessible cenditions are
represented. At each state the machine reads a new character and changes
te the new state indicated by the transitien. If the readirg operatien
eomes up with any character other then these indicated en the transi-
tiens, an errer cendition is indicated. Mere formally, in a state dia-
gram, each nonterminal V in the regular grammar is represented by a

nede er state, and it has a start state 3. Fer each productien U ::= T
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in the grammar, there is-a directed arc labeled T from the start state S
to a state Q. For each rule U ::= VT in the grammar there is an arc
labeled T from state V to state U.

The ﬁse of the state diagram to parse or recognize a string x as

an identifier is as follows:

1. Begin in the start state S (it is the initial "current® state).
Starting with the leftmost character of x, iterate step 2 until the
right end of x is reached.

2. Scan the next character of x. Proceed along an arc labeled with
that character emanating from the current state te the next current
state.

If at any iteration of step 2 there is no such arc, x is not a identifier

and the machine stoeps. If we reach the end of x, then x 1s a identifier

if and only if the last current state is ID.

DETERMINISTIC FINITE-STATE MACHINES

In order to be able to manipulate state diagrams, the need arises to
foermalize the concepts of: the states, the input characters, the start
state S, a mapping M which, given the current state U and input character
T, tells what the next state is, and the final state Z.

The definition of a (deterministic) finite-state autematon (fa) is
a S-tuple (K, VI, M, S, Z) where:

1. X is an alphabet of elements, called states;
2. VT is an alphabet called the input alphabet (the characters which can

appear in a string or sentence);
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3. M is a mapping (or function) from K x VT inte K (1f M (Q, T) = R,

then when in state Q with incoming character T, switch te sta£e

R).
4. S (which must be in K) is the start state; and
5. Z is a nonempty set of final states, all of which must be in K.

fa are machines having only a finite number of internal states that
can be used for memory and cemputatien. At any peint in the reading of
the input character string this machine will be in some uniqﬁa state.
Upon reading the next input character the machine will change to a new
state as dictated by the particular character read. A more formal de-
finition of running the fa (or state diagram) with an input string x
is accomplished by extending the mapping to:

M(U,E) = U for all states U;

M(U,Tt) = M(M(U,T),t) for each t in VT* and T in VT.
The first line means that if the input character is the empty symbol,
the machine stays in the same state. The second line indicates that
when in state U, with input string Tt, we apply the mapping M to get teo
state P=M(U,T) with input string t and then apply the mapping M(P,t). A

string is accepted by an fa if M(s,t)= P where P is a final state.

TRANSITION GRAPHS

An fa with states 51,...,5n and input characters T1,...,Tm can be
represented by an n by m matrix B. The element B(i,j) contains the
letter k of the state Sk such that M(Si,Tj) = Sk. Adepting the conven-

tion that S1 is the start state, and can have a list of the final states
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in a veetor. Such a matrix is sometimes called a transitien matrix,
since it indicates how to switch from one state to anether. A cemplete
deseription of a machine to recognize an identifier described above is
shewn 1n'F1gure'15-

input string

state | letter | digit | other | output

S ID HALT HALT Fail

ID ID ID HALT Aecept

Figure 15. Transition graph for identifier.

NONDETERMINISTIC FINITE-STATE MACHINES

Trouble is encountered when constructing an fa 1f G contains twe
rules
S ::=T R::=T
V :1:= 0T and W ::= UT
with the same right parts. For then there will be two arcs labeled T
emanating from U in the state diagram, and the mapping M will net be
single-valued. An fa constructed from such a diagram is called a non-
deterministic fa and is defined as:
A nondeterministic fa, or nfa, is a 5-tuple (K,VI,M,5,Z) where
1. K is an alphabet of states;
2. VT is the input alphabat;
3. M is a mapping of K x VT into subsets of K;
4. S in K is the set of start states; and
5. Z is the set of final states (which are all in K).

Again, the important difference here is that the mapping M ylelds a set



,of states instead of a single state. The secend difference is that
several states may be start states. We extend the mapping M to K x
VI* as before by defining
M (U,E) = f{u]
and
M(Q,Tt) is the unien of the sets M(P,t) for P in M(Q,T) for each T

in VT and t in VT,

Figure 16. Nondeterministic state diagram.
The state diagram for a nfa te recegnize the preductions for a
single delimiter and a double delimiter in grammar G is shown in Fig-
-ure 16.
where S 1s the start state and F is the final state. The problem here
is thaﬁ at the start state S there is more then one arc labeled with a
n/m, so it 1s impossible to tell which path to take.
A technigue employed to develop a deterministic machine from a non-
deterministic machine is: Whenever a state transfers to more than one
other state on a given character, represent this indecision by creating

a single compound state having the combined properties of the states
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‘transferred te. Whem this proecess is ecomtinued systematically te eom-
pletion, the resulting machine will eomtaim states which tramsfer to a
unique state on eaeh charaster. A mere formal appreach is the let F =
(K,VI,M,3,Z) be an nfa accepting a set of strings L. Defime the fa F'=
(k',VT,M',S',2') as fellows:
1. The alphabet of states eensists of all the subsets of K. We demote
an element of K' ﬁy' 51,52,...,51 where 51,32,;..,81 are states of
K.
2. The set of input eharaeters VI are the same for F amd F'.
3. We defime the mappimg M'by
MT( 81,82,00558 ,T) = R, R, uusuR]
where
M( 51,52,...,51 sT) * BRI B2, Bl
4y, LetS S1,...,5n . Then S' S1,...,5a .
5. Let Z be Sk,5j,...,51 . Then Z'= Sk,5j,...51 .
Then the set of strings aceepted by F' is the same as that fer F.
The state diagram fer am fa to recognize the productiom for a single

delimiter and a double delimiter im the grammer G is illustrated im

Figure 17.

Figure 17. Deterministie state diagram. Where S is the start state

and SLH AST and Z are the final states,
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REGULAR EXPRESSIONS

Notations used through out this paper will deviate from standard

Backus Normal Form (BNF) in the follewing ways:

l.

Braces { a.nd} are metasymbols used te bracket a string and mean
zere or mare eccurences of that strimg. If the elesing braces are
fellowed by a number, this indicates the maximum number of oceur-
ences 9! that string. The BNF for the integer produetion is
(integery ::= digit | (integerddigit. The same productien is writ-
ten (i.nteger) $3= digit[digit}using the metasymbols. If the maxi-
mum length of the integer is defined to be five then the preductien
is written as integer ::= digit{digit}h.

The metasymbel | inside braces is used to indieate a cheice. Using :
the metasymbols te rewrite the ENF representatien of the fdentifier
preduction, (identifiery ::= Letter|{identifier)letter [(identi-
fier}digit s preduces (identi.fier) ::= letter {1etter’ digit} .
Brackets are used teo indicate an optienal string and are equivalent
te using braces followed dirsctly by a 1._

In the right part of preductien rules, the ecencatenztion operator
has precedence over alternatien. When necessary, parentheses are
used to override this normal precedence.

When a language is used which contains a terminal whieh is alse a
metasymbol, then the terminal is distinquished by using quote marks

areund it.
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There i3 a clese connection between right parts of productien
using the above described metasymbels and regular expressions. With
the exception of the symbel g (the empty set) the meaning ef a regu-
lar expression is similiar to that fer the set of right parts ef rules
for a nenterminal. Fer example, the preductien <ﬁntego§> L digit

digit generates a digit follewed by any number of digits, while the
regular expression digit {digié} defines the same set ef strings.
From the previous discussion, it is obvieus that regular expressiens
are just another method of describing a regular grammar.
- A review of what ﬁas been stated in the preceding sectiens en
finite-state machines leads us to the ecenclusion that an fa ean be cen-
stmcted'fram a description of the grammar given in regular expressienms,

and in fact this is what RWORD does.

LEXICAL ANALYZERS AND FINITE-STATE MACHINES

A lexical analyzer is a processer which recognizes the simple syn-
tactic strucures of a language. If these simple structures can be re-
presented by a regular grammar, then the} may be recognized by a deter-
ministic finite-state machine. The eutput from a lexical analyzer is the
terminal symbels er primitives for the remaining syntactic strueture
which is recognized by the syntaetic analyzer. Obvibusly, a machine
which dees nothing but read characters and change states is net eof much
value, However, these machines previde the structure upen which the actu-

al processors are built. To make an fa function as a processer, various



operatiens must be carried out each time the machine changes states.
These operations econsist of the semantics fer the scanner. A seanner
may be programmed a3 a separate pass which performs a complete lexical
analysis of the seurce program and which gives to the syntax analyzer
a table containing the source pregram in an intermal symbql form. Al-
ternatively, it can be a subroutine called by the syntax analyzer when-
ever the syntax analyzer needs a new symbel, This preduces the rela-

tionship of lexieal and syntax analysis displayed in Figure 18.

sourece go get symbel SYNTAX

program im | .
eharaeter ?|  SCANNER symbol ) ANALYZER

form

Figure 18, Basic relationship of scanner te rest ef translater.

CONFLICTS

The differenee between symbols and higher eenstruets is vague at
times. For example, consider both integers and real numbers ef the form

{integerd> . <{integer)

as symbols, or consider an integer to be a symbel and a real number te be
a high-level coenstruct. Te this point a symbol was considered to be the
token which can be recognized by a simple recognizing mechanism which,
upon reading each character, the precessor ecan determine unambiguously if
that character starts a new item or if it should be included as part of

the same item as the previous character. If a lexical analyzer is een-



fined te only this type of eperation, its usefulness is extremely re-
strieted. For some languages it eannot be determined whether a eharae-
ter belongs to the current symbol er begins a new symbol until several
more characters have been read. FORTRAN IV illustrates this problen.

Consider the following character strings:

Strings Jtem Structures Number of Items
2.M.X : 2 .R. K 3
2.E10 2.E10 1l

A simple processer does not allow these twe strings sinee it is necessary
to read past the "E" before the dispesitien of the "." ecan be determined.
A cemplex lexical analyzer must cope with this type of look-ahead.

A scanner builds an intermal representation of each symbel. In mest
cases this is a fixed-length integer (a byte, halfword, word, etc.). The
rest of the compiler can process these integers much more efficiently than
the variab e length strings which are the actual symbols, Hewever, the
symbol itself may be needed by the semantic analyzer, so it must be stored
somewhere. The solutien is to output two values; the first 1s the inter-
‘nal representation, and the second is the actual symbol itself or a point-
er to 1t. (It is sometimes easier if the scanner keeps a table of all
different symbols and returns a fixed integer as the second value (the
index of the entry in the table)). Througheut the rest of this paper
it is assumed that the lexical analyzer passes twe values to the rest of
the translator. Following this convention allows us to have one less con-
cept included in examples, thereby making their structure simpler and

easier to understand.



LEXICAL SEMANTICS

An example of the state diagram for the lexical analyzer of G will
help illustrate the semantic insertions made to the finite-state machine.
Assuming that G has three reserved words (BE}IN, ABS, and END), and com-
ments of the form /% COMMINT #/ are allowed, where Table3 gives the in-

ternal representations of the symbels.

INTERNAL MNEMONIC INTERNAL MNEMONIC
REPR, ° SYMBOL  NAME REPR, SYMBOL  NAME
0 unidefined $UND 5 END $END
1  identifier $ID 3 / $sLH
2 integer  $INT 7 + $PLS
3 BEGIN  $BGN 8 * $AST
L ABS $ABS 9 /! $SLSL

Table 3. Internal representatien of symbels.

In the state diagram the mmemonic names will be used in place of the
internal representations te make the diagram easier to read. There
are several points to be discussed here., The label DIGIT is am ab-
breviation for the labels "0,1,2,...,9". That is, DIGIT represents the
¢lass of digits. This is dene to keep the diagram simple. Similarly,
~ the label LETTIR represents the class of letters "A,B,...,2" and DELIM
represents the class of single character delimiters "+" and "#", Note
that "/" is not in the class since it can oecur in conjunction with "M
er "/" and must be handled in a special manner. Several ef the arcs
have no labels on them, These are the arcs to be taken if the charac-

ter scanned is one that does not explicitly appear on an arc, For ex-
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ample, when in state INT, as long as we scan a digit we stay in state

INT. If a non-digit is scanned we proceed along the arc to RETURN.

This example is a d;terministic rather than a nondeterministic diagram.

Thus, the problem of determining whether "/" begins a $SLH, $SLSL or a

comment is solved by always going to the common state SIA.

The scanner will need the following variables and routines:

1. GEICHAR is a functien which retrieves the next character of the
source text and places it in CHAR.

2. ADD is a function which concatenates the current character to the
string of characters in the buffer, called DATA, whiech is part ef
the token. |

3. ILOOKUP is a function which searches the table indicated for the
data-portion of the token and places the internal representation
found in the I-REP portien of the token,

L. INIT is a function which makes sure that the present input eharac-
ter in CHAR is not a blamk.

5. ERROR is a function which writes an error message that an undefined
character has been encountered.

6. CHAR is a variable which always holds the character being scanned.

7. TOKEN is the variable returmed by the secanner. It consists of two
parts; the data pertion and the imternal representation.

These variables and functions are used to add semanties to the state

diagram shown in figure 19.

It should be neted that the lexical scanners described thus far in this

appendix always returns the longest symbol possible. For example, if an
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>~ ($INT,DATA)

5 (I-REP,DATA)
($LD,DATA)

RETURN; ($SLH,DATA)
RETURN; ($SLSL,DATA)

GOTO START;

GETCHAR ; _
DELIM RETURN ;
ADD; LOOKUP; GEICHAR; > (I-REP, DATA)
ERROR > GOTO START;
GETCHAR ;

Figure 19. State diagram with semantics.

input string of A2 is encountered, the scanner will return the identi-
fier A2 and not an identifier followed by an integer. This works well
in most cases, but in the FORTRAN IV statement D010I=1,20, the DO10I
is not an identifier. Obviously, the scanmer described thus far fails

in some instances, but a small program segment to look ahead may be in-

serted to make a decision in such-cases.
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APPENDIX B
AED-RWORD LEXICAL PROCESSOR

ABD SYSTEM

AED RWORD (Read-a-Word) is part of a software generating system
called AED (Automated Engineerimg Design). AED was originally intend-
ed to design engineering preblem-solving systems, but it is now used as
a2 method of rapidly fabricating software packages. AED works om the
theory that software can be tailered from the assembly of medular soft-
ware compements, The AED system is composed of the structure deScribed
in Figurse 20. )
The lexical precessor is a speclalized finite-atate machine program
which uses descriptions ef how sequences of characters group together
te form symbols. The parsing precessor uses metalinguistic definitions
to do both syntactic and semantic parsing of the problem. The modeling
processer uses a deseription of the physical structure and the assembly
language of the target machine to produce a symbolic machine-language
- program, Finally the analysis phase produces an aésembler which i3 used
to solve the problem. AED-RWORD composes a small pertion of a completed

system and has features which make it more gemeralized than are needed

in a lexical scanner.
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RWORD AED-JR Seeond-pass Setup

System System System
T tens T T fashime @md  Faehme
DesE:E;tion -Dizzingz list..in;. :.d°

N Deseription Maeres
Lexical . Parsing Modeling Analysis

 Processo Processen Precessor ' Processop— >
charaeter item struetured symbelie
string string statements model

"Figure 2Q. AED system structure.

AED-RWORD

Th; reason for including RWORD in this paper is that RWORD is
"the standard" in lexical analyzers and presents a system to compare
the proposed (GENSCAN) lexical analyzer againmst.

The general approach used in RWORD is based upon the theory of
finite-state maheines. The specialized lexical proeessor which is con-
structed by the RWORD System has the follewing characteristics:

"At any instant, the machine will be in some unique

state and some unique character will Jjust have been read

from the continuous string of input characters. This causes

the machine to change its state to some other unique state,

performing soeme unique action. The machine them is ready to

accept the next character in a similar fashion." Ross 8.
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It should be noted at this point that if the unique action is the
same as the semantic action of the previsus moedel discussed, them the
AED lexical processor and the previous model eperate in almost the
same manner. The ene exceptiom being that once the AED seanmer recog-
nizes a Qynbol , it may mot returm te the start state.

The RWORD System accepts as imput a description of the seurce sym-
bels and a description of eclasses of characters. From these descrip-
tions, the RWORD processor builds the machine described above., The

RWORD System has the general structure illustrated im Figure 21.

User Item Regular Expression
Deseription Precesser / Class Tables
/_,,Bu ds
o +— Reads
Source
Program Lexical Amalyzer Algerithm s Tramslater
Tokens

Figure 21. Basic RWORD structure.

RWORD INPUT

The input to the RWORD constructer is a program compesed of two
ALGOL-1ike blocks. The first block contains statements which describe
classes of characters used in the source lanpuage. The block starts

with a BEGIN statement and terminates with an IND statement, The se-



eond bleck econtainas statements which describe the symbols used in the
source language. The block starts with a BEGIN statement and termi-
nates with an END FINI statement.
Class statements have the following format:
class-name= delimiter list-of-characters delimiter,
where
class-name is a mmemenic mame for the elass eof charaeters amd
it will be used im regular expressions whemever that class of
characters is needed;
delimiter is a delimiter where the first nemblank character
after the equals sign is treated as the delimiter;
list-of -characters is a 1list ef seuree characters which make
up the class.
The RWORD ceomnstruecter uses these statements to build tables which are
consulted whenever the class is encountered in the lexieal analyzer.
The symbol description statement is used by the RWORD constructor
to determine how individual seuree characters amd/er character classes
are combined to form symboels. The format for the statement by which
the user describes a symbel to RWORD is as follows:
iten-name (eode)= regular-expression §,
where
item name is a mnemonic name for the lexical type of symbol being
described;
code is an integer which provides the intermal representation for

the lexical type!



$'15 a terminater which indicates the end of the regular expressiem
and of the aymbel description statement;
regular-expression 1s e presaien which describes the compesition
rules for symbels of a lexical iype.
The reguiar expression operatien used by RWORD has the same meaning as
those deseribed in the section on regulaf expressions, The difference
here is that RWORD uses a different set of characters to represent these
operations. Also, RWORD has the added eperators of " ", wgM,6 "iv yhieh
are used mot as regular expression eperators but as metasymbols in the
regular expression statememt.
The operators which are applied to individual characters or cyaracter

¢la3ses are deseribed in Tablel .



- Operater

Meanings

/

#n

()

$

NULL

Concatenate

unien, or

none or more of
the preceding

none or more, but
net exceeding mn

the usual phrase
separation

is defined as

item-description
terminater

the following cha-
racter is net to
be treated as an
operater

ne e¢haracter

Table L. RWORD metasymbels.

RWORD OUTPUT

AUB

B/Ax

B/A%2
A/(B U C)

EXAMPLE
(1)=AUBS,

'/ /A

A/(B U NULL)

qa

Interpretation

A concatenated
with B, i.s. AB

AerB

B concatenated with
none or more A's,
i.e. BAA or B or BAAA
ete.

B or BA or BAA

A concatenated with
BerC, i.e. AB or AC

The item type mamed
AEYAMPLE" with inter-
nal code "1" is de-
fined as A or B

/ followed by A

[6].

AB or A

The output of RWORD is a table of infermation which comtrols

the operation of the lexical processing procedures,

The combimation

of the table and the precedures make up the lexieal analyzer whieh

will itemize a source character string in the manner specified by the

description imput.

The lexical analyzer is activated by a eall te it.
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‘The analyzer returns one symbol for each call, by settimg a pointer
to a block of storage which contains the internal representation code,
the string representing the symbol and the symbel's length.

Whenever a context-dependent situation arises, it is handled by
eonstructing a separate precesser for eash comtext situatien and
switching between these proeessors when the appropriate character is
encountered. |

| The RWORD system allows the user to specify procedures whieh are
ealled by the processor. These procedures may be used te hamdle con-
text situations, as aeseribed above, or they may be used to insert

nenlexical functions where needed.

RWORD SYSTEM

The RWORD System is divided inte three parts as illustrated in
Figure 22. The first two parts are used to automatieally construct
tables used by the third part. Im the first part, the regular ex-
pressions used to deseribe the source symbols are accepted as input.
This first part generates parallel nondeterministic finite-state
machines for each regular expression, builds a deterministie machine
from the nondeterministic ones and finally generates an ordered se-
quence of calls on a library of standard pregrams (secomd part) which
are used to build tables of machine cede. These tables plus a library
of standard lexical processing routines make up the third part of
the system. This third part is the lexieal analyzer whieh operates on

the user's character string.
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RWORD PART I Machines

A// Maehine
Regular Regular Expressioms v —>{- Generatien
Expressions | Language Processor Algerithm
Ordered Sequence of FA

Calls on Procedures te | P

Build Tables te Guide
Lexieal Proecesser
AED=-0 Output
Cempiler ¥ Pregram

Machine Codg
’,rPraeedure Calls

-1 b e - — - -

ibrary of Standard

1
RWORD PART II| Maero Versionm
of Tables

.

Maero Definitions

¥

v

Tables te GQuide the

]

]

i

t

! Programs Whieh Build
'

: [Lexieal Processer

-—e— e e e o e o e e o = o o = -

R m e s e e o e w e e o w e W = wm

{ RWORD PART IIT

Assembler

Machine Cede Lexical

Proeesser Table

" §

\ (User's Lexical

Machine Code

5
t
: Preecessor) ke :
: Table Based en the T }
! Current Charaecter amd Call on :
Call em Procedure |  Previeus Sequemce of _~ Lexieal |
in Librar'y l Events Pruedure :
4 ! __’ELibrary of !
User's T tandard Lexi- i
Pregram . al Processing :
: outines I
Pointer and Code,_ _ _ _ _ __ __ e T X ———__ )
te Item
User's
Character
String

Figure 22, Detailed structure of the RWORD system.



RWORD PROGRAM

In order to understand the RWORD System, an example using a subset
of G is in order. Only integers, identifiers, comments, and the delimi-
ter "/" are used since they show all the concepts and amy larger subset

ould only tend to confuse the issue. Figure 23 shows the imput pregram
to RWORD and the resulting nendeterministie machines.

Resulting Nondetermimnistie

Progzam Machine
BEGIN

LET=/ABCDEFGHI JKLMNOPQRSTUVWXYZ /
DIG=/123L567890/

SPAGE=/ / ' r
or
SL=A/A

- ‘ ﬂ/@
ID(1)=LET/(LET U DIG)*5$ ~~~~~~""~°~ i 04@

N {

SLH(6)=SL$
REMARK =(10,COMM) SL/'#$

IGNORE=SPACE$

IN ) SPACE ouT
oD FINT (=)

Figure 23. RWORD program and resulting machines.




The regular expression lamguage precesser reads in the pregram
shown in Figure 23 and comstruets n-n—determiuistic machines fer each
regular expressiem given in the input program. These machines are re-
preseﬁted a3 separate machimes in the diagram, but actually they are
one large n;chine since they have the states IN and OUT in commen.

Using these nomdeterministic machines, the Machine Generatioen algo-
rithm develops a deterministic machime., The technique used by the
Machine Generator is that whemever a state tramsfers to more than one
other state on a given eharacter, represent this indecision by ereat-
ing a single compound state having the eombimed propertiés of the states
transferred to. in the example, the "IN" state for a slash and a con-
ment will go to a cembined state which will be an output state if the
next character is not am "x",

The State Diagram for the detarﬁinistie machine with the semantics added
is showm in Figure 2L,

The building of macro tables to represent the deterministie machine
is outside the scope of this paper; therefore, there will be mo fur-
ther discussion of this part ef the RWORD cemstruetor.

RWORD uses the same semantics described previeusly; but the actiems
are represented on a state diagram in a different manner. The conven-

tions used to deseribe the semantics im RWORD state diagrams are:

_JEEL Put the character in the echaracter buffer
|S| Report all the characters im the buffer as

item 5, and empty the buffer



Call proeedure "COMM"
Reset ths counter
N=N+1 Increment the counter

no Test the ecounter

yes

Note that the eharacters of ignorable items are not put in the
character buffer, and the item is mot reperted. Also the actiom
"read another character" eoceurs as the last aetion on every transi-

tion.

SPACE

START

N>5 “N:=0[1[1N]

Figure 2l, State diagram eenstructed by RWORD.
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A tutorial repert dealing with precessers which select grammar
primitives from a source lamguage. The precessers presented range
from the most basic finite-state machines up te the mest sephisticat-
ed analyzers capable of inserting synemyms, feor changing the meaning
of and inserting mew language symbels. The analyzers discussed are
based on the theory of finite-state machines and the prepesal eof addimg
semantic reutines teo these machines.

Twe analyzer systems are presented. The first processer is AED-
RWORD, "the industry standard", which was develeped at M.I.T. as part
of the AED-1 language tramnslater. The RWORD system automatically gen-
erates lexical proecessers frem descriptiens eof the language symbels
given in terms of regular expressions. The second system presented is
a lexical analyzer hand-ceded from the proposed GENSCAN cencepts. The
GENSCAN concepts ars a set of guidelines based on the theory of imsert-
ing semantic routines into a finite-state machine.

It is prepesed that functions exist which allow the dynamic chang-
ing of the tables in such a manner as to change the meaning of symbels
in the language being precessed. These functions may be applied to
either the RWORD lexical processor or to the processer comstructed by
GENSCAN concepts., These functions allew the lamguage user the optiem
of changing the meaning ef symbels in order that the lamguage is mere

meaningful te that individual.



