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ABSTRACT

A COMPILER WRITING SYSTEM
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This thesis presents extensions to the. XPL compiler

' writing system [MK1] to facilitate ‘error repair during

N ot

‘parsing, paragraphing ‘the"source program, and semantic

-

. N
specification in terms of a high-level.abstrégf machine. -

“ oy L

o

1 - .I‘ . 'k ’ - ' '. .\ R
A ;echnlque for’ automat1c generation of .error-répair

tables 1is. also glven- th1s technique applies to all parsing

°

mé%héds._'Thls error-repair technique' is wused in the scan

phaée, and can be used in. conjunct1on w1th the ertor recovery

) in the parse phase. We have 1n$erted these algq/ithlms into a’

SLR(1l) parser generator4’ whxch,‘ along with a modified XPL

, Skelton qompilfr, can be used to pro&ﬁce compilers which "have

<
v

-
free
, Yy

Also investigated . are techniques for paraqréphing, to
expose'%Hb logical structure of the program input to the

coqpller, and to improve the rea@abilify of the output

Y

1¢stin§. N ,

’ 4 ot

v
14

.

‘This study also discusses techniques- concerned with -how
< : .

semantic specification§: can be associated with the syntact1c ‘

. / .
specificgtions of a language, in order tg9 generate synthesis
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Error Répair: Error repair is conéerned with repairing syntax
. : 3 .

errors so as  to permit continuation of the compilation

'

process. This thesis ‘'presents an error-répair,filter which

fits in between the scanner and the parser in the compiler.

Ihis filter checks the .syntactical wvalidity of any two

/

consecutive symbols indthe.input'program. If this given, pair

is syqtactically correct, then the symbols are passed on/to

the parser; if not, the given symbol pair is repaired ijg;t,

M \

before being passed on to thé parserT .

, ,
.
\ /

The compiler writer or the languEge designer utilizing
this technique can specify one of the fo r following actions

, - ' .
by which- the error will' be repairedj Firstly, to skip the

4

second .symbol. in thesgiven pair; secondly, to insert a given .

¢terminal symbol peéween 'the first ard the second symbol;
thirdly, to {eélace tJe first symbol of the pair .by a giLen‘
terminal symboi; fouréhly, to replace the second symbol of the
‘bair Qy a givg%,termingl symbol. It must|be’ undefstood 't1ét

the above-men ioned‘teLmina{\symbols must|be duly specified by

the language ‘designef in the course %of generating tbex

compiler.. This téthique allows th% language, désigner

complete contlral over eror repair througﬂ.thg‘above-mentioned
. | a

] .
four steps.{| If none of' the steps are{specified, then the
SN . ‘

!
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‘default action 35 to skip the second - symbol. of the

syntaqtic'all‘y incorrect pair of synibols{ AN

Il

?

This techniqhe offers a major advdntage insofar as.it ran

be uged in conjunction with different pqrsi'ncj 'tech‘niques,,'

thereby miaking it 4 highly adaptable approabh. In addition,
the parser error recovery can be used to augment - the - error

handling capabilities of this te®hnique. K

LI

Péragr?phing:» The basic aim of paragraphing, as dealt with in

‘ this study, is'to display the logical structure of the input

program ‘as well as (to improve its readability on the printed -

page. Of great impo:tahce, in this réspect, is the use  of

13

paragraphing in a\padagogical environment. When a student .

becomes accustomed to seeing his program paragraphed, it helps
him - to '_closely focus upo;'x .theﬂ relationéhips between program
hstructure. (e’mphasized by paragraﬁhing), program constructio'n
and program execution. The paragraphing technique proposed in
this thesis ‘rebuilds'the ent{re fnput text from the symbols

produced by. the scanner and, if necessary, repaired by the

proposed error repair technique.

[}

'The'proposed paragraphing method has adopted somé standard
rules for «displaying the 1logical structure of the input
programs, which involve indenting logically subordinate code

. Y .
and putting’ each statement on a new line, etc. This technique

handles, some special cases differexitly to improve the

readability of the input program. These cases include macros,
- N . " -

.

' .
~ !
f . N . . -
. , , .
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comments, declace“étatemegté, etc. In'brief, the macros ate

_not expanded, the position of the‘comments'with'reSpect to the

statement is preserved, ‘and, if a 1list of variables is, ~

declared ' in - one declare statement, “then each variable is

!

liéled on a seéaraté line and they are aligned,~and s

Semantics: .The propésed compiler writing syste also

generates ‘the synthesis procedures. To herate synthesls

¥ : v
procedures, oné has to associate the semgntic spe:ffication

‘syntactic specificatioh of ‘the language. The

o

semantics are specified in. HDG [RU}J,’nota

syntax is speéified in BNF ([KN1].

N
\

/ ,
1.1 THESIS OUTLINE : )
. ‘ ,

/

) ;rhis thesis coh.t;iﬂs//§'§chgpters and two ani:pend‘ices.
Chapter 2 presents- a bfiéf historical * review‘ of compiler
wr}ting sfste%s.' Chapter §'describg§ the préposed compiler
writing system. Chapter . 4 p?esénts the use of the XPL
skeleton compiler 'an& discussion. of results.” Chapter 5
co_ntains~ the summary and conclusions. Appendix A gives
details on how to use the SLR(1) ‘aﬁalyzer. Appendix—B
contains some examples of tqg

4

pprograms which were structured
and syntactically debugged ¥

a compiler generated’by the

compiler writing system proposed in this thesis. .

}on,' hile - the

)
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Co k R HISTORICAL REVEEW (
2.1 FORMAL DESCRIPTION OF LANGUAGES . - .

N ! .
, ' “
<

b Ca . ¢ 2 v .
_A.language, be it natural, formal, of artificial, has two

v
\ -5 ‘.

aspects: -‘syntax and semantics.

s

The syntactic specification of a context-free'lanéuage,

being simply the specification of the permissible sequences of

Backus Naur form for several years (BAl]. Other forms& such

‘
methods of specifying syntax rely on the fact that syntax\ is

DT T

an abstract concept; it is a series of rules for fofging
& K

v l .

sequences of tokens, or, conversely, for recognizing sequences

‘ - of tokens. . The tokens themselves afe simply labels and the

syntax of a language_is independent 0f the en;ities these

2

language [GOl] . AN .

'‘Semantics in general has not been rigorously definable

and, indeed, it can not be due to its dependence on some

-

ultimate reference that -has not vyet been agreed upon.

~ . -

Certainly ‘the adoption of a Universal Machine which'could

Ve . 4 perform any describable task in a well dbfined and unambiguous

~

.

way, and ‘whose description was equally rigorous, would permit"

<

as graphs, have also been postulated [FE2], but akf‘of\these‘

labels represent, These ~entitie8' are the semantics of the -

. words, or tokens, in the language, has been possible using ,

)
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syntax of a language_is independent 0f the eneities these
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‘labels represent. These ‘QgtitiES' are the semantics of the "

language [501]. . AN

Al

'Semantics in general has not been rigorously definable

gnd, indeed, it can not be due to its dependence on some

-

ultimate reference that -has not yet been agreed  upon.

~ . -

Certainly ‘the adoption of a Universal Machine which could

.
¥

~

f "an

perform any deqcribable task in a well-defined and unambiguous

*

as graphs, have&also beed postulated [FE2}, but ekf of\bhese‘
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+« statements in a new language. This technique depends on the

_a'lihbuist to describe seﬁantics"in a frame understood by all.. :
-A Turing ‘machine would do for the compqéer scientist. .- |

> However, such a machine is impractical, to say the least, ami -

-

semantic’ specifications. for formal languages must resort to

rs

"appeals to global concepts expressed in a natural lanéuage.

For gxamble, . the Algol 68 report givé8~sgqanti¢s'for the

syntax <integer> ::= <integer> '+ <integer> as ~the result

¢

s

obtained "in the sense of numerical analysis".

P
- I3
V

, An ' alternative approach has been to select a well-known' S

J lat y I~

formal language (such aé.Algol) to define the semantics of

4
fact that the semantics of the base language are well-defined,

"

B . i,
but. this is not always the case. (In Aigol, for example, the

semantic action for the addition of a character string and a

numbet 'is dependent on the compiler used)..

, p
o [

. N ‘
No matter what "approach to semantic specifications is )
“used, it must be remembered' that semantics .are yelf%defined
.. only when related to the actions of some predictabLg machine
)
’

(be ~t—real or pseudo) and, therefore,” in specifying

éemanfics, one must first specify thes device which will ’
A

éJ;cuxe the semantics ([GO1].. .- . .. EKE
. N s ‘ )
~ " . .
}\ . '5-‘ " \
2.2 COMPILERS ‘ ’ T : . :
. . . ’"‘\
( e !
. @ . . N : . , c_
In the beginning, there was machine languagg. It was not - .-
L
A\ . . V] » ,L N
*long bggore computer linguists were writing assemblérs to make . 5

-
-
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syntax <integer> ::= <integer> '+ <integer> as \tge result
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, An « alternative approdch has been to select a well-known'
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formal language (such aé.Algol) to define the semantics of

+«+ statements in a ned language. This technique depends on the
. , .

o - fact that the semantics of the base language are well-defined,

*

but this is not always the case. (In Algol, for ex ple, the
1 semantic actlon for the addltlon of a character string and a

number 'is dependent on the compller used) .

'
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o« No matter what 'approaéh to semantlc spec;flcatlons ls

',‘used, it ﬁust be remembered' that seqanths .are welf-def1ned
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' dource programs easier to code, and such a philosophy ' led

naturally to the creation of high-level llanguages and their
compilers. While the eafly compilers all. adopted ad hoc

technigues for tfanslating from a particular source language

.

to a particular object language, the formalization-of language

syntax spe’cificati‘ons permitted:various parsing techniques to

>

be developed and used in compiler writing. Included here are
:spuch things asA table-driven parsers, which were ‘used in many
earlir Sompilers and are’ still being revisited [FEl], the stack
algoéithms of 1Irons [IRl], ‘the transition matrices of Gries

. ¢
[(GR1], and recently ?:he‘ deterministic pushdown automata (DPDA)

e

parsers of-DeRemer [DR1l]. ° ; .

C . ~r \ ‘
» }owever, prior to the advent of compiler writing systems -
(discussed below), all of these techniques required the manual

creation of parsing tables by the compiler writer .- Further,

symbol tabley ortjanization " ‘and algorithms, althoujgh
/

’ . . . .
categorized, were igvariably coded by each compiler. writer, a%

wer\e\ the scanroutines and code generators and emitters. Each
major language spawned a variety of dialects and special
coxg\pile'rs. There were standard ' FORTRAN = compilers, fast

FORTRAN compilers, diagnostic FORTRAN _compilers, and
. , . /'

:optim‘izing FORTRAN compilers. Many seemed reco;;cil\ed ko this

i e

myriad cy\f languages and compilers,  for to d,e.C"ise‘ a new

s

language and then to write its compiler was b(;y()hd ~the scope

of anyone not prepared to invest at ‘least a man-year of work
('unl‘ess‘ he could suffice with modifying an existing compiler). ’

.
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" dource programs easier to code, and such a philosophy ' led

naturally to the creation of high-level llanguages and their
compilers. While the eafly compilers all- adopted ad hoc

technigues for tfanslating from a particular source language

to a particular object language, the formalization-of language

syntax spe‘cifica;:i‘ons permitted‘various parsing techniques to
be devé,lopéd and used in compiler writing. Included here are
such things asA table-driven parsers, which were ‘'used in many
early Sompilers and are’ still being revisited [FEl], the stack
algo;ithms of Irons [IR1l], ‘the transition matrices of Gries

. (
[GR1], and recently f:he‘ deterministic pushdown automata (DPDA)
‘parsers of-DeRemer [DR1]. , .4
C . ‘-’\ ‘
» Powever, prier to the advent of compiler writing systems .
(discussed below), all of these techniques required the manual

creation of parsing tables by the compiler writer.- Further,

symbol tabley oréanization " "and algorithms, althOUﬂh
/

4 . N . )
categorized, were igpvariably coded by each compiler. writer, a%

wer\i the scan routines and code generators and 'emitters. Each
major language spawned a variety of dialects and special
con}pile'rs. There were standard ' FORTRAN compilers, fast
FORTRAN campilers, diagnostic FORTRAN  compilers, and
:optirﬂzingy FORTRAN compilers. Many seemed reco%cil\.ed/):é/ this

myriad (if languages an‘d>compilers, for to devise- a new

s

language and then to write its compiler was bgybhd ~the scope

of anyone not prepared to invest at least a nian—year of work

('unl‘ess‘ he could suffice with modifying an existing compiler).

/
.



2.3 COMPILER WRITING SYSTEMS

-

: : ¢ L
- Since compiler-writing is a large programming task with .

1

- ‘ .
many aspects, any system feature which helps one produce
. Pieces of a compiler is a compiler writing tool. The work on

automated syntax analysis methods is the oldest and best -

A

8
understood aspect of compiler writing system research.

[
~ /

Historically, the existence of compiler writing systems . _— ]

+

(or, compiler compilers) is a_result of using syntax=dife%ted

compiling techniques in order .to ~Structure the compiler. .
: b & .
Syntax Dbecomes a language in which parts of a compiler may be

written, and the cohcept is extended to semantics by including _ 7

a compatible prodramming 1anguhgé, usually general purpose,

‘which allbws classical programming methods for those parts of

“

the compiler not susceptible to treatment by syntax. Compiler

compilers depend very.much on language definition techniques

S

since, for example, it 1is difficult ‘to use syntax-directed

methods for a language which has no syntax [GRl].

A compiler compiler offers a.computer user the opportunity

to devise his own language ,and, by simply specifying its 4
-syntax and semantics, to obtain a working' compiler for that.
language. We may consider them satisfactory when it is no

longer necessary for a programmer to intervene to achieve this

goai [GR1]. 'The ease with which syntax and semantics may be

—

¢ Qspecified, the dipénostics produced for any ambiguities or

-
[
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importantly) the/preeision of the  emitted compiler and thé
code it will produce, arevthé_criteria’for qugingAa compiler
compiler [GOl]. = : ) .

a., (&

The best known early compiler compiler system is _probably

that’ written’ in 'Atlag 'Autocode, by Brooker, Morris, et al

f R1]. 1In this system, the syntax of a language is given in a

BNF-like set of productions for the statements of a phrase-,

;

—structure language, and the semantics is' givel’. by a

corresponding set of ‘routines which define the machine

language to be emitted for- a - recognized statement. This

. o . ) b7
compiler compiler contains several concepts common to

succeeding systems, the obvious ones beiné the basic format of

‘e

making syntactic productions the basic elements of the’

'

language and associating semantics with _them, ~ and ' the
intrinsic extensibility of the system to permit a user to add
routines if those supplied are not sufficient. However,‘it is
extremely statement-ortented, with a global 'symbol tatle{ but

with no .provision for program structure or lexical ‘levels and

the accompanylng concepts of scope for symbols. Code emission

is seqhentlal as statements are recognized and there exists no

pafse/ stack or\ other such mechanism for subordinating: some
state%ents to others, such as in DO groups, IF THEN ELSE

sequeyces, and other now-common constructions. WNevertheless,

it.is 'still of considerable academicinterest. -

inconsistencies detected, and the efficiency- and (more

»

Y
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By the early-1960's, Qhere yas an. écbpmpénying array of
Icompilersﬂprodyced. Considéring the amount of effort that has .
gone into.compiler wriﬁing, there . was é' definité need to-

develob compil‘c writing syék{eins which could pfeducé efficient

. Y .
compilers. - The .efficiency. of a compiler depends on its

ability to conserve time and space, both whiie translating and

(x}

duringiexecution of the object prégram; The effic{ency ‘also

1 \

T

. \ .
depends on the error-detection and error-recovery facilities

: : v o ,
in the compiler. m T ’ -
“ s a , .. \\ N .

- S~
By that timé, as was discussed.earlie:,f sevéraﬂ stanﬁard'

R i kg S

.
- oo WA
<
~

techniques of compilation were known, and the task of writing

a compiier became a straight-forward though rather tedious

operation. Impatience on the-part of the proggammeréﬁ and the

-

v . eve;Jlowerin? costl of hardware (and .consequently computer
time) relative to the cost of pragramming, stimulated the
adoption of high-level }angugges for compiler writing s?steﬁ%.
ﬁhis led to the develépment of complete cémpiler compilers, -

} . ' i such as, 'a processor generator system' by orrie [GOl] and 'a

-vmi ' '
8 T compiler writing system' .by Lecarme [LEl]. Most of these
« 3 l‘ ) 4 . '
} oy compiler writing systems are pedagogical tools and sacrifice
. .
) : v error-handling capabilities to.achieve code efficiency of the
_ . generated compiler. ¥ , ° v
’ b . ™ .. i . v . - . .

,\ ¢ . Ahother compiler compiler is the XPL system created at

Stanford University .[MKI]. Using XPL, [the syntax of the
. ' 4

language specified in BNF is fed to a program called ANALYZER

1

which produces a set of parsing tables. Thesge, when combined

»

BN




" compiler, especially in the choice of .object code emitted, and

object language must be fixed to give the basis on whlch to -

symbol tab%e and as§ociated routines, code SYnthesi\ rs and
code emmiters. While the XPL s&stem offers an audtomatically y
generated recognizer with the framework for the rest the \\\‘
compller,, and a compllei r XPL 'source that praduces ™
eff1c1ent IBM/360 mac ine code, it does stop short of bei a R
proper compiler comprler. It . cgild ,oe argued that thls
provides desirable fre\e'dorn2 in designing the~‘rest of the

] \‘

this is of course true. However, the ability to specify

semantics in a high-level meta~language, or as a series of .
4 /'

macros, is a necessity if the goal of a com 11er system is’ to

be reallzed namely, the automatic generatlon of a complete

compiler, given only the specification of the source languagéf"g .

-

Such an extension of the XPL project has one possible

dlsadvantage~ for a given compildr  compiler the target or

spec1fy semantlcs. This restraint is: of no consequence,

LN

however, if the target language is object ‘code *fgr a high-

level pseudo-machine and, ®»in fact, the inclusion of the

pseudo-hachinev emulator in the generated céhpiler source _ B

program yields a complete 1language ,proiessor which, once

~

R VO , . .
compiled, will compile and .éxecute source programs written in™
. .\ -

L
S
.
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XPL source progr whlch compiles to produce afe )

gnizer for

)
- )

the spec1f1ed language. It is the ‘user's respons\ illty to-
symbol table and as§ociated routines, code sYnthesiK rs and

code emmiters. While the XPL system offers an adtomatically

A

generated recognizer with the framework for the rest the

compller, and a complle% or XPL 'source that produces

efflclent IBM/360 mac 1ne code, it does stop short of being a
g *

proper compiler comprler. It . could . be axgued that thls
X * 0 -
provides desirable fréedomt in designing the. rest of the
]

" compiler, especially in the choice of .object code emitted, and

this is of course true. However, the ability to specify
semantics in a high-level meta~language, or as a series of

macros, is a necessity if the goal of a com 1ler system is’ to

be reallzed namely, the automatic generaxlon of a complete

compiler, given only the specification of the source languagéf"2

-

Such an extension of the XPL project has one possible

dlsadvantage. for a given compilér compiler the target or

P

object language must be fixed to give the basis on whlch to

spec1fy semantlcs. This restraint |is: of nQ consequence,

however, if the target language is object ‘code *fgr a high-
level pseudo-machine and, ®in fact, the inclusion of the

-

pseudo-machine' emulator in the generated cémpiler source
program yields a complete 1language ,processor which, once

Coa q . ' . ] 3 ~
compiled, will compile and .éxecute source programs written in™
. ) -

;
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- " the  specifie \ language. ‘Thqs> the proposed compiler writing

system in this| thesis is the consequence of Jextending the
I B ;‘4 ‘ . .
theories of ¢ompiler compilers' to conceive of-a compiler

1 f

writing system 'which can produce compilers with improved error

repair and paragraphihg capabilities. -
,/ -~ J a
2.4 RELAfED\WORK IN. SEMANTICS
’ N ' : /s
- Lo B \\ . \ *./ .

N ’ " v \ / :
Af great ' deal of progress has been madé in the last few

, 'years towards the_ development of a theoretical framework)

\ N

appropriate to formal’ analysis and spec}ﬁécation ‘Qf the
. ‘ . . ' .
semantic aspects of compuﬁe{‘languages. N

\
\/ '
\

. -k‘ ' 4
A general language-independent framework o semantic
' / /o .

‘ ’ . \ /
concepts would help’ to standardize .tertinoldgy, c}%rify

¥

/ , .
‘similarities and dilferences between languages, and allow

+ .

. i P -
rigorous formulatipn and proof of semantic properties of
\

¢

" " languages. , A l&nguage- deéignef could analyse proposed
constructs to help find \ndesirable restrictions,
" {ncompatibilities, ambiguities, and, so on. A theory of

'dbmantids, therefore, should contribute to systématic

p—

.composition and verification of ;oérams, especially‘

. q N\ :
ompilers. . . ‘
. - \ ~ v
i . .

Barly work in formalization of segéptics was done by

o

Feldman [FEl]. ‘He developed 'a semantic $§Fa—language for

rgpresentiﬁb the meanings .of statements in a large class of.
- ‘ N !
© computer languages.

This meta-landuage is known as Formal

PN . *
1S o .
.. )
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+ " the  specifie \ language. 'Thus} the proposed compiler writing

~ 4 7 system in this thei}s is the consequence of Jextending the
;
. ‘ . '
theories of g¢ompiler compilers ' to conceive of-a compiler

t
’

wrifing system 'which can produce compilers with improved error

repair and paragraphing ‘capabilities. ®
I/ . i ‘
2.4 RELAT\ED\ WORK IN SEMANTICS
g \ ‘ : /e
- Lo AN . ' v
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éf great"géal of progress has been madé in the last few

, years towards the_ development of a theoreticidl framework)
. . \ N

appropriate to formal' analysis and spec}ﬁ}cation ~Qf the
. ‘ - .

semantic aspects of compuﬁe{‘languages. N

A general language-indgapendentfL framework o

/
L] . /

V3 . \\ /,
concepts © would help to s;andardize .terthinology,

.similarities and differences \between languages, and allow

semantic
e .

clarify

¢

+” languages. . A language: designef could analyse proposed
constructs to help find \ndesirable restrictions,
‘1ncompa€ibilities, ambiguities, aﬁé SO on. A theory of

. -dmantjcs, therefore, should contribute to systématic

Aap—

_composition and verification of rograms, especially
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Feldman [FEl]. "He developed ‘a semantic $§§a—language for

rgpresentiﬁé the meanings .of statements in a large class of.

t
~

* computer languages. This meta—lanéuage is known as Formal
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rigorous formulation and proof ~ofs semantic properties of
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, Semantic Language (FSL). ' Among the 1languages for which'

. , .
i N

o : N ' \ \ ‘k/
- : Recent work in ﬂhls areathas been done by T nnent [TEl].

. . He started with the thqory of programmlng languaqe semantlcs

developed by Scott and Strachey [SCl]. Thi

theory was

> applied to formal language specification. Th languages

)
v

, . . \
considered in his work\ were LOOP [MEl] and GED NKEN [REl]

The semantic ideas 1ntroduced here, provide .\conceptual
framework for formal samantlc specification of almost all

i

features of high-level programming languages.. . )

. In an effort to specify the semantics of -a programming

L. - .
';’ ﬂ'langﬁage, a diagrammatic’ approach has also been used [col].

f Cordy has presented a concise' notation for describing the -

~

semantics of a programming'language. The notation utilizes
A

‘ ; : v )
~semanti¢ charts which, when encoded "*as tables, lead- to a

. . . o, '
semantic analyzer/synthesizer. ‘
. N ~
. N . 4.
n’ v . ' ¢

L

" A graphic notation has also beeh used to specify sémantics .
. [RUl]. Rudmik. proposed a model of ;n optimi;ing comprlet that
generates a hierarchical directed draph (HDG) représentaéion s
E%°% the program on which optimizing transformations »\are

performed. The HDG program represeﬁtatf?n and the model of

the optlmlzlng compiler proved to be ‘\ltable for compiler
b

writ1ng systems. , S . \

e e e IR

s P
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The compller wr1t1$g system proposed in thlS thesxs uses
the HDG notation to specify the semantics of -the glven‘

‘language. This is dicussed in section 3.2. A'review of HDG's
. L . . o

is given in section 3.2.1. .

.
| '
w\ . . | s

M

) ~ s
2.5 RELATED WORK IN ERROR REPAIR '
K Many technrqueg have been developgd for the purpQﬁe of
handll g syntax errors detected in ' the course of par51ng.

to the yntax_of any given language.
R ‘ : ) \

An injtial work by Irons [IR1] describes a technique whicﬁ

generates all parsing possibilities of an input string. An

—

| . :
error is detected once the parsing process can not proceed
. r .

past a certain input symbol. At this "point ‘a 1list of
potentially adoeptable input symbols is generated. The method

requires scanning the input string (or text) and discarding:

all symbols until an acceptable one from the generated list is

7 located. - Leinius [LE2] describes a technique whereby the
grammatical p¥rase containing the error is-. isolated and all

possible parsfng,possibilities are applied to the given phrase

: . L until a valid 6: acceptable parse is found. - If none exists

[

. i

within the glven phrase, a larger phrase is attempted. James

- [JAl] drew upon Leinius' approach, but limited the. size of the

, potential phrase to -be considered.‘ He also used spelling

-

s, /
R e R IRLIL (A
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\&\correction technique described by Morgan [MOl]}. raham .ané

i , :v . ayodes [GR1) proposed a variation wﬁefeby, before symbol is
{ ‘ .;f ‘ sgﬁfked, %- is cheéked to egsure thatait w?uld not ,upsgt the
N rigﬁ; hand side of the grammatical gonfiguration escr}bed by

F . a syéﬁax rule. In the eveptlof an error, the system attempts

N} ‘ to ag 1y {ammaticai Luies in the im é&ia?e neighbourhood of

~i:he erfbr t chuire relevant information priog to attempting

. ~ :\\ . . 1l :
most cases, syn&actic errors are due to omission or

& cohveying information about the

" In

wrong use \of symbols merel

structural\ properties of \the program, such as commas, semi-
colons, colons, aﬁd‘various ind of brackets.® Omission of
A}

elements xplicitly denoting program activity, such as

opéands and\ operators, is fare. Wirth [WI1l] uses heuristics

to andle these .frequent errors intelligengli, and is not
9 cerned with the large majority-of cases which seldom occur.
/s ) ,

/

/W ’ ' : )
- SP/k [BAl,\ HOl] 1is a compatible subset of' the PL/I

o

. . language that is‘designeg'for teaching'programmihg. SP/K is

actQally‘é sequepce of language subsets called SP/1, SPp/2,

f.;.,\ SP/8. ° Each subset introduces new prbgramming.langga e

. .coqﬁtfucts’yhﬁie, etaining all Fhe contructs of the ’ precdding
subsetg. One goal for the SP/k proceéor was to maximizg‘the'
'uséfu%\information‘ iven to students aboué‘ errors ‘in their
program. The compiler. attempté to isolate and repair a

v

particular error, and then continues processing .until .another
4 . a v

error is found. This\approach can diagnose a number of errors

od I
. .
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v

am on a single run. The nature of each repair -is

in a progr

' repoqﬁqd to the student in terms of the source program.

K -
* Litecky and Davis [LI1l] have provided data on Cobol error

-

frequency for correction of° errors in student-oiientedk

-compilers, improvemedt of teaching, and changes in the

t

programmfng language. They identifigd the types of errors in

a pilot study; \theh, using the 132 errot types found, 1,777
errors were .classified in 1,300 runs of 73 Cobol students.
Error density was high: 20 percent of the fPpes contained 80

. ¢ ' L
percent of the total frequency of errors, which implies high
’ '

potedtigl effectiveness :for software—baSg?~“correction of

Cobol, B '

©
-

N .
1} * N

In tﬁis thesis, we propose a very simple error-repair
technigue which is based on symbol-éai? matchipg. This method
‘acts .as ‘a filter betweén-the scanner‘én? the ;ﬁrsé;, -and is
"fdiscusséa in'section'3.3.~ o

o

_2.6 RELATED WORK IN PARAGRAPHING - )
~ . ’

. Most  compilers produce sou{gg\zi:zrém listings with one
line corresponding to ,ohe.'caEd {or: cord) of ‘the ‘input

program. The listing is a copy of the inpﬁt program with line’

numbers 6n left hand side. Some compilers have the facility

<

to format the input program before it is printed out. This

process is known as paragrapﬁing. Some ~examples of such

compilers are IBM's PL/I check-out compiler [IBM], the Project
s / N . . . ., .




Co SUE system language compiler [CL1] and the SP/k compiler [Bal,
I' -~ 3 \ . ’ '
BO1].. . . - : .| ,

’

a

( Barrard [BAl] developed a q}méle ' téchniqme - for

paragraphing and implemented it in the SP/k -processor. . He B

-

used syntax charts for describing the programming language. ;,

f g'v‘
These syntax charts use three basic paragraphlng cgmmands.

The first command is~Indent which causes the left margfn to ge
~ - ‘ S ;
.set one increment to the .rightw TRE second is Outdent wHiEhl'

causes the. deft margln to be set one increment to the 1eft.

The final command is New Logical Line which causes the current'

T . “l'ine to be printed out and the new line to be sgarged with the
N J\ ' .

v ,present left margin.

'
2

-

. . As a result, the SP/k processor always paragraphs students.

programs. éach statement is . placed on a separate 11ne.

4 - [}
’éﬁ/ ' Statements nested inside compound s@iﬁements are indented.
. . Nestedmprocedure definltlons are xndented. Statements that do I
. not fit on a single line have their continuation indented.

r /‘ ' : ’ ' ’
v Barnard [BAl] p01hts ont some weaknesses in his tecngmques

as follows-




tHe given text has the followibg form:

IF expressionl THEN o \

IF expression2 THEN \
‘ statementl . |
statementZ', . ’

¢ "
then the internal IF ... THEN will’generate a new line,

and the containing IF ... THEN will generate an'?utdent

followed by a new line. This will cause print?ng,of an

extra blank line. '

LY

-

IF expressionl THEN
IF expression2 THEN
statementl ’

statement2 o

]

¢
-

~ "2) Another problem concerns the placement of the END

statement.. Suppose it is desired to have t%%é}ormat?
. Nooay H . N R
.‘ o N ! » N'\ )
e Do clause, ‘
{statement list}
END; s.;m

o

-

4

[

. s

whete, the END is at the.same 1evql as the’ correspondlngi

)

DO; Barnard's technique cdnnot specify thif format.

. The closest that it 1is possible to come to is the
. I ~. '
~ w ot . ) P

following:

DO clause,
. {statement 115}}
“END;

1




n

A e o
. * ' X “~ ” L
The paragraphing technique proposed in tﬂis thesis is very

. siﬁplﬁ and handlesk all thé' featureq mentioned above. In

addition,.for'purposes,of impfoved"readabili Yy

".the _input

program, it hand s differently certain spgcfal cases such as
- . .

.

macros, comments, I;;Ks discussed in /detail in section

.

. co U
304- ‘ . .
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CHAPTER 3

¢ -

A COMPILER WRITING, SYSTEM

' )
‘l
- 2
-

Compiler writing g&stems are very useful . tools for

~-
.

implementing compilers. Such _systems reduce the "

e

implementation cost of a coempiler; therefore, one can

implement more compilers with less effort. They are also

excellent tools for a language designer. ' They encourage

experimentation in language design, to determine the effects

-

of various design decisions, especially as they permit one 'to
M £

! .

' »
see the results'in a fa{rly short time. There exist several

go;d c%mpiler wriéing systemsn as diéc&ssed in chapter. 2.
This hthesié addresses some Speci%ic aspects of comp}ler
wiﬁting systehs, Ss fo;lozs: : '
p ( .
- Erro} Repgir
; -, Paragraph;ng ’ | s o
- Semahtics/
, K
For a compiler writing system we nee¥ an implementation’
laAguage ’which is readéble, haé a powerful striucturing
mechanism and has a compiler which generates efficient code.
For this szpose wé chose the XPLilanguage [MK1] because it

sétisfies'the above requirements and, also, because there are

XPL compilers available for IBM/360 and CDC/6400. Above all,

the XPL compiler and SLR(1l) analyzer, witten in the XPL

- " * -
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* Compiler writing g&stems are very useful . tools for

~
.

implementing compilers. Such _systems reduce the .

-

implementation cost of a coempiler; therefore, one can

implement more compilers with less effort. They are also

excellent tools for a language designer. ' They encourage

experimentation in language design, to determine the effects

L

of various design decisions, especially as they permit one 'to
M [

! .

ts
see the results in a fdﬁrly short time. There exist several
P N ' 0 .
good compiler writing systems, as discussed in chapter. 2.

* a
This thesis addresses some specific aspects of compiler

+

Wj}ting systems, as fo;lozs:
B

- Erro} Repgir
- Paragraph%ng ’ -

‘- Semahtics/

For a compilér writing system we nee¥ an implemeniation‘
lagguage 'which is readéble, haé a powerful structuring
mechanism and has a compiler which generates efficient code.

& ; ' :
For this purpose we chose the XPL language [MK1] because it

satisfies the above requirements and, also, because there are

-

XPL compilers available for IBM/360 and CDC/6400. Above all,

the XPL compiler and SLR(l) analyzer, witten in the XPL '

5 -

. .
» . —

-



" analyzer, is examined to determine whether the string obeys

-decide whi?h°parsing action to take is called an LR(0) parser.

21 ) T

“ . "
.

3
.

lanétage, were avajlable at Congordia.‘Univetsity? »'A%l
programs described in this thesis are written in -the XPL

language. .?mgnﬂw

3.1 SYNTACTIC ANALYZER

»

Parsing, or syntax analysis, is a process in which whe
] ' a o .
string of tokens (symbols), received from. the lexical

-~ + r _’

cegtain structural conventions explicit 1in the syntactic
definition.'of the language [AHl]. The parser, when presented
yith an input string, attempti\tb\éonst;uct a paréé tree whose
leavgé ﬁatch the input string. If it is successful, then the

+

input string is syntactically correct for the given grammar;

~

otherwise, the input string is syntactically incorrect;/
» ’ . ¢
There exist bottom-up parsers for LR(K) grammars, where L

stands for left to right scan, and R stands for right
L § , |
sentential form. These parsers . analyse input strings from
left to right, and they‘attempt to construct the parse tree

for. 'a given input string starting from the leaves of the tree
- PV

to.its-root; this is called bottom-up parsing.

An LR parser that only reads the current symbol from ‘the

input string. and does not look ahead at the next symbpl to

3
Y

The LR paréer that looks ahead the next input symbol tb decide

- ¥ N
which parsing action to take is referred as an LR(l) pacLser. °

-\ .

&

\
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3
In general, an’ LR parser. that looks ahe ad at the next K 1nput

symbols to decide Wthh par51ng actlon to take/ is called ';n
v § .
LR(K) parser, where K >= 0, :

A smaller subset of LR(K) grammars, whiqp is a large and“

useful jiﬁ;éf grammars, ?B used for practical purposes. This
- . . . . (’
subset ~of * LR(K) grammars® is called SIMPLE LR(K) or SLR(K)

graﬁmars [DR1]) and has the followlng properties: e
. ,

- Adding look-ahead sets to the parsing tabtes : is
A : t

. ] -
sufficient to render them useful for analyzing the

~

éyntactic correctness of an input string and
- The computation of look-ahead sets is simple v
: . ,

4
¢

The aiéoritﬁms for mechanical generation of efficient | LR and

SLR paréérs for context-free grammars are given in {AHR]. "The
SLR(1) analyzer ‘analyzes a context-free grammar. |If the
grammar is SLR(K), for 0 <= K <= 1, then it ge;er tes the
parsing tableé‘and.look—ahead _sets for 'it. The -generated
parsing tables represent the d:terministic FSM (finité sﬁatg

machine) for the grammar and are composed of the fbllo&ing:

¥

- Parsing action table ’

- Parsing go-to table ' ' N

A brief description of the function of these tables is‘ given

below: - ‘ ¢

.&\:', i"aé' T 'Sm"u:!‘i*
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. = PARSING ACTION* TABLE: ' . . o

Given the chrrent state of the FSM and the incoh*ng

gnput symbol, \the parsind action table dictates -what ‘ 3
\ . ~ " /
o ' ,
41 action to takel. The actions are as follows: ' #
. - READ ¢ -

- ’

Read the current symbol from the input string.

N / . ) “*
.~ REDUCE - ' - X

-

A production . rule is being recognized; reduce the

production.

- LOOK-AHEAD .

»

A look-ahead to next symbol in the input Sstring is
B} . ; .
necessary to make®any parsing decision. ’ . '3

. N . ' r
' .=, ACCEPT " . ‘

The given input string is syntaétically correct;

[y

therefore, it is accepﬁ%d aqd’paré&ng is terminatép.

- ERROR , - A

-

The given input string 1is ’'syntactically incgrrect

B and error repair is neckssary.

[ . * g .
‘ - PARSING GO-TO TABLE: " .
. ) / . - . ;
Given the. current state of the FSM and the input
symbol, the pgrsing go-to table givés a state ‘number

' which becomes the current state. . © )

Es

‘

L e T e e e e
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PARSING ACTION* TABLE:

23 : ' S

\
X

Given the <clurrent state of the FSM and the incoé‘ng

g nput symbol,

the parsing action .table dictates :what

action to takel. The actions are as follows: *

ERROR . - , ’

READ y -

Read the current symbol from the input string.
7
REDUCE -

-

A production. rule 1is being recognized; reduce the

production.

LOOK-AHEAD .

-

A look-ahead to next symbol in the‘input string is
B} . ; .
necessary to make?®any parsing decision.

ACCEPT “

The given input string is synﬁadtically correct;

8

therefore, it is accepf%d and' parsing is terminaté@.

1

1
* -

The given input string is 'syntactically incgrrect

and error repair is neckssary.

§

PARSING GO-TO TABLE: . -, .

[ R -

Given the. cuyrrent state of the FSM and the input

symbol, the pgrsing go-to table givés a state number

which becomes the current state.

. e

" ::’."'"mr‘“"v‘"“.‘ ‘e A g Y T

* S

o
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' The' states of the deterministic FSM are stored -in a push-lf

4 T m
down stack, since only the current state is eger used at any

~

stage in the parsing process. In 'READ' actionlwe'stgck the

~

new state. In 'REDUCE' attion we replace a string o£§%?tates

from the top of the stack by the new stfate. ~—
' ' : 2

" In case of a grammar G which is not LR(0),," G has at least

N

.one situation where the parser will epcountes a read-reduce

~

conflict.

A

Example: Consider the following productién rules fo; some

ARx . .
n grammar G. . T ’

(N1)
(N2)
(N3)
) : k (N4) .
(N5)

HAmm O

" u..i “.

HH\¥mm
* 4]
= A

~.
.

519. 3.1: Grammar G

<

wbere‘Nl'to N5 afe production numbers and _!_denotes the end~-

of-program symbol. These production rules.can be represented

~'by the FSM a% shown in Fig. 3.2. ‘ -
» \

state n7, when the parser reads 'T', the FSM gdes from

statle n7 to state n8, as shown in Fig. 3.2. At this point the

Auestion is whiat should.the parser do now. Should the parser . .

perform the ‘action 'REDUCE' or the action 'READ'. Therefore,
' »

state n8 is called an inadequate state. The state n4 is jalso

" an inddequate state for the same reason.

f/




Fig. 3.2: FSM of gfammar G.

-
e}
[
(53 P
4

[*]

C

* .
i' x' . : \ . . .

Clranges required to convert 'the FSM
of Fig. 3.2 into a Deteministic FSM.

| - ’ i
! ‘ Where n. denotes the state of the FSM,
- ) T N  denotes the production number,
| ‘ B (. ] indicates the look-ahead state, and
| - [ 1 indicates the look-ahead set.
| ., :,
| . -\ '
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“i'\\is‘. s1tuat10n, however, can be resalved by looking ahead .
at the pbint where the FSM' goes into an inadequate state,
i.e., the !*sm\:nters into. a state. which is now called a look-

ahead state, where the’ FSM does not try to read; rather, it
‘n)- looks ahead at\ e sy'rr.tbol to be read and‘decu'Ies accordingly .-
what to do. The - changes qequired to convert the FSM. of ‘ )
Fig. 3.2 into a deterministic FSM are s’hown in Fitcj, 3.’3’.,
. . [ TN |

- .
The state n8 1n Fig. 3 3 is a look ahead stattauIL At this
point the FSM looks ahead to the next symbolE from the ‘in‘put

string and determines J.f the look- ahead sym ol is a member of . -

the set [+,-47]"C ot is a xflember of the set [*]. The FSM  goes

PN

to state nl3 if the look-ahead symbol belongs to the set-

4 N - . . N

(+,_1.1; otherw1se ({'\the look-ahead symbol belongs . to the -

B

) e
yset [*]), it ‘goes to the state nl4. L,

iAd

P

All context-free LR (K) .‘grax'nmars which can be parsed using
an FSM and some look-ahead sets associated with the inadequate’

stateés are called’ LALR(K) grammars, and the following

condition holds: . v .

'

- L
o}
SLR(K) ( LALR(K). C . LR(K) . ’

The computation of look-ahead sets for some of the LALR(K) -~ /

* . grammars is non-trivial® and the compléxity of the parsing

technique grows with the complexity of the grammar, On the

s
other hand, the computation of look-ahead sets for SLR(K)

4 )

[ 3 - 3 s L3 IOA -
. grammars is simpler and the sets are disjoint.
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/ ‘ '
In practice, the SLR(l) syntax andlysis method igcq,useful

.and ’versatile‘techni‘ciue for parsingcontext-free languages in

~compiling applicatjons. We can pitture an S[;R(lj parser _’as.
shown in Fig. 3.4, ] ,

. .
l
f ¢ .

Input symbols are stacked until the parser. can perform a g

_reduction (or apply a production r‘ule) and, therefore, the

.-contents &of the""‘i.)arse stack change dynamically while the
parser is parsing the input program. The parser may make a

reductidn which may turn out to be incorrect. This may be

»

. hand1€d in one of two different ways. The first method is to -

) backup {or to backtrack) to the point where another

a3

alternative may be tried. This involves restoring parts of B

""the string té the previous form or erasing some of the

I3

"reductions made. The second. ,method is to carry out all
possible parses in parallel. As some of them .léad to 'dead
ends' (na more reduct:fions are pos;sible), they are dropped.:"
o Either method makes it a little difficult to rec;over when the ‘

parser goes into an error state. In this® thesis we have

suggested a different and simpler appfoach for error repair

“

! which also: avoids the parse;:"going into an error state. This

is discussed in section 3.3.

o s

—
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3.2 SEMANTIC SPECIFICATION ‘ '

. . ~ "
R . %
. .

Ideally a compiler writing - sy‘s.tem should \automaticall'y

L4

generate the whole compiler. A g\enerai notation for semafztic_

specification would permit the develogmenﬁ of a ﬁrue compiler

A

[]
‘generator, just as BNF led to -thedlz"a\‘r'elopment of parser
. : ' . ‘

generators. There exist a few. compilér writing sysi:éms that

produce whole éompilers"[GOI, LE1l]: The basic ‘aim* of a

compiler writing system is to generate as much of a compile;

A
7

as pos§ible. ‘ ‘ . <!

¥

When the parser recbgnizeé. a grammatical rule, it calls -
\thé- semantic analyzer or synthesizer. The synthesizer is-

.‘composed of synthesis procedures and semantic routines which

<

perform _all. the semantic checking and ’generate»the target

language '(pseudo or machine language). The standard, semantic

> '

routines are the static part of the sy thes\zer and are called

from the synthesis procedures which change |from language to

lang uégev..

To generate the synthesis procedures, we associate the
. . ~ 8

semantic specification with each'. syntactic rule of a grammar,
which ‘'is called the augmented—grammar-. The semantics can be
specified by the method used in SLAP [GOl] or by Hierarehical
Dihz:;ected éraphs (HDG's) [RU1]. T ‘ ] )

B 5
We have selected to specify semantics using the HDG

[a? -

' o . ) .
representation. HDG's are a method of representing a program
f +

B
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3.2 SEMANTIC SPECIFICATION ) :

N . ~ -
. . 5
. N

Ideally a compiler wrlt,mg system should \automaticall'y

L4

generaté the whole compiler. A generai notation for semar‘xtic,

specxglcatlon would permit the develogment of a t/rue compiler

+

'generator, just as BNF led to-the‘lZavelopment of parser

generators. There exlst a few compilér writing systems that

produce whole éompilers, [GOl, LEl1]. The basic 'aim* of a

compiler writing system is to generate as much of a compile;

A
s

as pos§ible. ‘ - : <! : -

When the parser recognizes a grammatical rule, it «calls -
\thé- semantic analyzer or synthesizer. The synthesizer is-

.‘composed of synthesis procedures and semantic routines which

perform _all. the seméntic checking and cgenerate»the target

language (pseudo or machine language) . The standard, semantic

routines are the static part of the sy thes\zer and are called

from the synthesis procedures which chinge [from language to

language.

To: generate the synthesis procedures, we associa}:‘e the
semantic specification with each’ syntactié rule of a grammar,
which 'is called the augmented—grammar-. The semantics can be
specified by the method used in SLAP [GOl] or by " Hierarehical
Directed Graphs (HDG's) (RUL]. | o

]

We have selected to specify semantics using the HDG

[l -

. : . \ _
representation. HDG's are ahmethod of representing a program
f +

-



\J

' './Tah(HDG-i‘s constructed from.Control Structure Graphs (CSG's).

D

in which the control flow is expressed. in the form of a
flowchart notation. The HDG representatigfl is convenient for

° : ' ' z
expressing the program, and also facili;ates effective program

- . -
o t S . " a

optimigzatipn.

S ' \ , .
3.2.1 A REVIEW OF HIERARCHICAL DIRECTED-GRAPHS (HDG'S) ' | .

-
4
" - . - . N .

Rudmik _pr‘oposeé to represent a program by’ HDG's [(RU1l].

: At . .
.CSG's consist of four bas;/c nodes, .each-of which 1s  proper, .

reducible and constructed from the basic structure nodes as
. , 3 ‘
given in Fig. 3.5. The properties of these nodes are used. to

determine .the control- flow of -the’ CS5G. No other type of node
is permitted except for a‘'single node having no entry edge and

no exit edge., This node represents the program and contains

the rest of the, HDG.

[
-

4 .
v . . J

Fig. 3.8 :“i.llustrates.an HDG representétion of a sample XPL

program as given in " Fig. 3'.7‘, where expl and exp2 are
arithmetic expressions and Si (i=1,...,n) are stat’:ements.
Fig. 3.6 ini_xsuites ‘the set of .csc"s used. A CSG being
contained within a'particular node is ‘indicated b"y / ; dotted

v directed edge from that node 0 the CSG"cont;ined in that .

YA
4 [Rs —

nOde . N ' -
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.

:‘“‘

e e G MBI W
,
-
'

: R S .
” : SIMPLE  CHAIN -DOWHILE
“ l . . 1

b .

] . DO WHILE (expl);
‘ ‘ sl;
§2;
IF (exp2) THEN
53; SR
ELSE
S4;
S5;
END:

> Id

’

FIG. 3.7:7A PROGRAM . FIG. 3.8:

FIG." 3.5:', BASIC S'E‘RUCTURB NODE

N . ~

COLLECTOR_SELECTOR

>

IFTHENELSE

- FIG. 3.6: SET OF CSG'S .

HDG REPRESENPATION OF
PROGRAM OF FIG. 3.7
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3.2.2 EXAMPLE OF SEMANTIC SPECIFICATION - s

. : . -
~ ' i - 1

, o ‘ |
/Eét us consider the following syntax rule: | . ) (
) o i ’ \ L -
. ) “¥n B . \‘ . .

. <ARITHMETIC EXP> ::= <ARITHMETIC EXP> + <TE\(M>

. o
By the time that the parser recognizes this rule,. it has
already built the partial derivation \ trees for

CARITHMETIC EXP> and <TERM>. The Semantic meaning we want to
0 ‘ ‘»,\ ) ~
associate with the above-mentioned production rule is to join

the two partial trees with a node having t:hé arithmetic
. operator '+', ‘and . this can be specified in HDG notation as
i / follows:

, B

[

; \
G1(MP) = BINARY EXPRESSION(OP_ADD,Gl(MP),GL(SP)); S

where MP and SP are po’inters‘ into the parse ~stacl§ G.l which
point to the -symbols on the\extreme left and extrem right of
tk}é right hand side of the production rule. Gl(MP) and Gl (SP)
point to the partially built trees for the symbo'is ointed at

! .
! - by MP and SP. 'BINARY_EXPRESSION' is a functfion which

performs the above—mentioned " operation. It is | shown ih
Fig. 3.9(a) and in Fig. 3.9(b). Fig. 3.9(a) tepresent . the

- state of the parse ' stack, for the right hand side of .the

above-mentioned production rule, before the function

'BINARY_EXPRESSION' is called. Fig. 3.9(b) represent the

state of the parse stack, for the left-hand side of/ the said

E production rule, after the function 'BINARY EXPRESSION' is

- / ¢alled. ‘ : o |
| ! . '
| . e .

'
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In the grammar we will associate the semantics with the

0 - . : : '
. syntax of the above~-mentioned production rule as follows:
. ~
Al - - <ARITHMETIC EXP> ::= <ARITHMETIC EXP> + CTERM> .

G1(MP) = BINARY EXPRESSION (OP_ADD,G1(MP),Gl(SP));

o . y \\ '
: .This is called the augmented grammar, which will be input to

the language analyzer 1in order té generate the synthesis

- procedures., A complete'example is given in Appendix A.

a4 L 4

' 4 : ’ N " s
3..‘3 EBROR ARECOVERY

J
’ - 3 .
. . - . .
. . - ’
% = . .

_M&ny programs that' are submitted to compilers will have

! ' errors. These errors can be classified as follows:
~ compiler errors C I
» .o . .
!
- semantic errors . . g s )
i . . N '
‘ . - syntax errors ‘ . s\

b - Compiler’ errors are caused by faulty design or by
. ) . ' « ‘ ) ' % ° -
+. implementation-defined limitations of a compiler. Semantic

-

. @rrors ind%cate that thé proéram submitted to the’ compiler
viqlates the semantic specificgt{on of the programming\
ianguage."Fihally, syntax errors indic;te that thé program is
not‘éontructed accorQing to the syntax rules of the languagg.

\
\, w '
A '

In an educational environment most compilation results in
. \ .

compile-time<érrors. Many programs submitted to the compiler
- »

3. . -
>

.
.
.
. .

. - N ~ . ’
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In the grammar we will associate the semantics with the

syntax of the above-mentioned'production rule as follows:

~

® <ARITHMETIC EXI{) 1= <ARI'i'HMETIC EXP> '+ <TERM> ,.
Gl(MP) = BINARY__EXPRESSION (OP__ADD,Gl (MP) ,G1(SP));
\ , '

,Tbﬁs is <called the auémenteﬂ grammar, which will be input to

the language analyzer in order té generate the synthesis

procedures. A complete'example is given in Appendix A.

a4 v

' 2 ° ‘s
3.3 ERROR RECOVERY

3
“ *

f

-

-

_Mény programs that' are submitted to compilers will have

errors. These errors can be classiffe§ as follows:

~

o

- compiler errors - B
» PN - .

-~ semantic errors . . 2 s ¥

- syntax errors  © : s\

Compileri -errors are caused by faulty design or by
) . € “ ) ‘ ° -
implementation-defined limitations of a compiler. Semantic

bl

) - - ’ L, .
. @rLors ind%cate that the program submitted to the compiler

viqQlates the semantic specificat{on of  the programming\

language. Finally, syntax errors indicate that the program is

nct‘éontructed according to the syntax rules of the language.

N © '
N '

In an educational environment most compilation results in
. \ .

compile-time'érrors. Many programs submitted to the compiler

». . ) -

1

;
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[l

have .more syntax |errors than any other kind of error. Our

t , - T
" main interest is to%detect]and repair syntax errors in’ order

to permit the 'éd@pilation process’ to continue. Different

'repaig technique rgpqirs the syntactically\incorrect sentence
i .

A

e’ compiler to

We use the term ‘repair'.tq éuggest that

to a valid one, and consequently helps ')
: |
continue parsing.{

the modified sentence is not necessar1ly what the praq\ammer

[
intended. Error }repalr permits compllatron to contlnqg w1th

/gh:ee ﬂ0551b1e.ougcomes: ;; ' ) .
- - s - - N
i 1

N J

] ' oA " ' *
1) Correctly réepair the error. to what the programmer had

intended, e.q., - : '
. . - o ., [

. ! -
.o N . .,

p - Incorrect code:

A=B+C*D . ' R
U ' o

7 =2 *C; ' . \ 

- Corrected code:
A=B+C*Dj " v ,

3= 3 * C; : \




2) Repair the syntax of the

+intended meaning, e.g.

B “\ -—— —=—Incerrect—Tode:

A= (B + C*D/E;-

Repaired. code:

A = (B + C*D/E);

, . .
/ a ! «

following:

(1) A = (B + C)*D/E;
(2) A = (B + C*D)/E;
(3) A = (B + C*D/E);

_ e

*
1

subsequent errors, e.g.,

Incorrect code:

A=B+C D

2 = Z*C;

~ Repaired code:

, . [
A=8B+c;lp;

——

3 = Z*C; .

Intended code:

A=38B+ é*bq\

1 = Z*C;

e . . “ L ".zj
v v
- “) .

e A 14y oo

n e e e et T aqd 23 T T Y R

i - Programmer's inteéntion

ﬁ) Repair the syn%ak of the program

.b‘

. .
. . - -
' . . . .
- - B
{ N -
. . . a [ . ‘
R '
. ar . . -
. \

-

©

program but éhange the
. )-

poL ) -
could be-. one of
- ,- ’
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" . .
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,3.3.1‘MOTIVATION FOR' ERROR REPAIR

v .

i ~

Since it is clearly difficult for a’ compiler’ to handle
‘ . / . N
, ‘Eerrbts in any non-trivial way, the aim is to develop a better

- : , L. - . . , s
error repair technique in order to allow the compilation
+ - N r . -

. ' process to continue. In fact, many compilers that are widely

used do‘not.have good error recovery facilities, althouéh

S
.

* there ‘.are a few exceptions (e.g., PL/C [CDO2], SP/k [BAl)).

R ad

N

This seems to be a consequence of defining the purpose of a
1 - . y

. iécompilet in a rather narrow sense as something which .
, > ’ . \

.

“3tqanslates 'syntactically and semantically valid programs'.

v . ‘Given this goal, it is conceivably acceptable to have error

.

conditions cause printing of a message and termination of

compilation. However, we would+«define compilers as tools to

A}

help humans in the creation of programs. The tool should help *
"the user as much as possible, while not introdhcing any errors

- of its own. As Knuth [KN2] says:

+ i , : . c )
.. "Another important way for a production program to be

. ‘good 1is for it to interact gracefully with its users,

«

. especially when recovering from human errors in the * -
o . . ) |

. J
‘ . “input data.“‘ (

D A
Pl v o

pe

The error - repair technique in this thesis is designed to
be used .in an educational environment. Syntax repair makes a
modification ,and the parser then continues processing the

program so that errars do not inﬁibit ghrthep ‘checking.

- Pt ) . .
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-‘_Thiough the )ﬁseA of syntax‘*tepa?t, we\hopg to cut d?wg ‘the
effort reqdired to ggé a program horking correctly. It is
expected that this will result in a more efficient use of
computer resources and suppliés,‘becausé fewer runs should Se

»

L required to complete an assignment. Conway and Wilcox [CO2]

point out that observation by users of different installations

f . . . \ ) [ ! . i
using PE/C indicates that 30 to 50 per cent fewer runs are

. < ' L] » ' .
) . needed on a syntax-repairing compiler. /////////”////

e
-
.

A good error repair technique in a compiler can make it a

. better programming tool iﬁfit/%aH( erform the following:
- p g; g / . p - g !

. e - ‘

- Print out error messages indicating the nature and
‘l ,5 \ . ' ) . N
E . . location of the error. . . K ) i

~ 1Indicate how the errors were repaired.

- Print out the repaired source statement.

o d
According to Conway ?nd Wilcox [CO2]: .

" ....most effective communication rests not in the

‘specific messages but in a reconstruction of: the

i

source statement’'that syntactic amalysis is actually

passing on to semantic analysis."

“ . .
’ . ’
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we would display the repair

//

39

For example, given the input sentence A
. —— P
. BN (M 4

A

C = ((A%(B + A)/(a;

¥F

P s

- . ’// .
L C=(TR¥(B +p)/(A)));

" Some compilers print the error messages following the

-

source statement having syntax error(s), while others print
»them at the end of the compiled listing. A compiler generated
by the proposed compiler writing system prints the repaired

. .
source statements as the compilation listing. After the

compilation ligﬁing is.a listing of the error messages, if

_there are any. Since the proposed compiler writing system

also includes \paragraphing, there is no one-to-one

. correspondence between line numbers of the input text and line

numbers of the compilation 1listing (paragraphed output).
Therefore, each efror(message has a card number ofwthe input
‘text and a.line‘number of the paragraphed output, indicaéing

the location of the error. These are folldved.py, on the same

\

lihe, a message specifying the nature of the eérbr. The

second _line of, an error message indicates how the error was
'repaired; An example of the error messages produced by - a

‘generated‘compilep is given in Appendix B




3.3.2\ SYMBOL PAIR MATCHING ERROR REPAIR

\ : f -

4

In'\order to recover from a certain class of errors, it:is

N . ¢ L
desirable to have a history of the parser steps. Most bottom-

1

up-parsihg techniques do not maintain this histogy..
[ ! ,

7

-

We have " adopted a Iéimple approach for our error repair

tecﬁniqde.} It seems to be effective, efficient and easy .to

implement. ~ By this technique the errors are recovered in the-

- scan phase. We believe-in recognizing the error as early as

i . . ¢

possible, 1i.®., ., not waiting until the parser recognizes the

-

error in the input text, when it can be. recognized by ™ the

scanner . This approach 'has, the advantage that the proposed

&rror ‘repair- technique can* be, used, in conjunction .with

different parsing techniques. In addition, parser error

recovery can be used to aughent the error handling capabiIiEy

’

of .our compiler.’ o ‘. . L

. .
e

The lexical analyzer (scanner):is a translator wbdsé input

is the string.of symbols representing the source 'program and

whose output is a stream of tokens (symbols). What ,

. constitutes a token is implied by the specification of the b

programming language. These tokens form the input to the '

syntactic analyzer (parser).

Parsing, or syntactic analysis, is a process in which .the

string of tokens is examined to determine whether the -string !

oBeys certain structural conventions’expliEit in the symtactic

- . + .
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definition of the‘langdage fadl).

.symbols will be referred to as:

. The pafserfnormally works with 'curreﬁt_s?mﬁol' unless it is

41 e

N ’ . {

" ‘ - -
.

ahead one token (symbol) to resolve any read-reduce conflictg/
as discussed in section 3.1. Therefore, most of the parsers

always have two tokens- or symbols from the input program at

.any given time to work with. 1In-this thesis these tokens or

AN
o v ’ -

- 'current_symbol'

:
L}

- 'next_symbol' ' 3
: ) . ,

* B

re%uired to look’ ahead;’ only then does it 1look aﬁ_

'next_symbol' to make the decision. When the| parser needs
andkher symbol - from the inéut program, it first copies’

'next_symbol' into ‘'current_symbol!; and then invokes: the
lexical analyggf¥tovgéf/;fnew token as 'next_symbol'.

-

'current_symbol'' and 'next _symbol' make a pair. In the
proposed error'feéair techniqu;,'the validity of the  pair of
symbols  (‘'current_symbol' and '?Bext_§§mbol') is checked
thfough,a boolean matrix which is ;efe;réq< to as the error

~
table. @ The [.error table only specifies -whether.

'current_symbol' can be followed by 'nex;_symbol}, for any:

given pair-of symbols. The automatic generation of the error -

table will be discussed in section 3.3.3. '
) . ’

-’

The parsers for most prodramming languades require looking

@

!

»
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‘definition of the‘langﬁage [AH1].

.symbols will be referred to as:

a1 ., ‘ y

\ ’ 1 {

¢ ! - .
v

allead one token (symbol) to resolve any read-reduce conflictﬁ/
as discussed in section 3.1. Therefore, most of the parsers

always have two tokens-or symbols from the input program at

.any given time to work with. In- this thesis these tokens or

N\

\ «
o Y —

E

- 'current_symbol'

- 'next_symbol! ' N )
« ) . o ,

* B

. The pafsergnormally works with 'curreﬁt_s?mﬁol"unless it 1is

xe%uired to look ahead; only then does:it 1look aﬁ_

'next_symbol' to make the decision. When the| parser needs

andiher symbol - from the inﬁut program, it first copies’
'next_symbol' into 'current symbol!; and then invokes: the
lexical analyggfﬂtovgéffgfnew token as 'next_symbol'.

o e

'current_symbol'' and ‘'next_symbol' make a pair. In the
probosed error ‘repair technique,” the validity of the’.pair of
symbols  (‘current_symbol' and 'faext_§§mbol') is checked

through a boolean matrix which is referréd{ to as the error
. SN

table.  The I'.error table ‘only specifies -whether
tcurrent_symbol' can be followed by 'nex;_symbol}, for any:

given pair of symbols. The automatic generation of the error -

table will be discussed in section 3.3.3. '
X :

-

I

’

The parsers for most prodramming languages require looking -

RN

»

¢
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Whenever the parser needs a new téken, it invokes the
; ' ‘ lexical .analyzer to éet one. .Consequently, the parser ‘has 3
new pair of symbols. Before the parser~dses this new pai¥ of -
symbols, the error repair précess takes over control frém the

' parsef. First the validity of the pair -of symbols is checked

through the error table. If the pair is syntacticallly
.correct, then‘control,is given back to the pérset. Otherwfée,
before 'control‘“is. given back to the éa:ser, one of the
) folloﬁing actions (specified by compiler writer ‘or language

g ‘ designer) is taken (by default the action:is to skip the next

‘ - ~

symbol) :

1

. ' - - SKIP NEXT SYMBOL .

b - - Example:

P

hY
‘A = B+*C;

.
- 4
»

4

When 'current_symbol' is' '+' and 'next_symbol' is '*'

then “*{ will be skipped and reggired statement will be

as follows:

A =B+C; «




L N

° L] \442 . ) Con - LY

Whenever the parser needs a new téken, it invokes the
lexical .analyzer to éét one. .Consequently, the parser "has 3
new pair of symbols. Before the parser~dses this new pai? of
symbols, the error repair précess takes over control frém the
parsef. First the validity of the pair-of symbols is checked

through the error table. If the pair 1is syntactically

* 1] i - Ub
.correct, then control is given back to the parser. Otherwise,

before control is. given back to the parser, one of the

folloﬁing actions (specified by compiler writer or 1language

designer) is taken (by default the action:is to skip the next

< - ~

symbol) :

[

- SKIP. NEXT_SYMBOL .

Example:

A}
* A = B+*C;

- ’

When 'current_symbol' is' '+' and 'next_symbol' is '*!
then “*{ will be skipped and reg;ired statement will be

as follows:

A=B+C: «

4
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P

y 4
‘ . R
- 43 i .
. - REPLACE CURRENT_SYMBQL BY A TERMINAL SYMBOL
. N , Co ’ : /
' Example: . Cr o ‘ .
'RANDOM_NO; ™ . "
PROCEDURE (I) ; S N
2 .
END RANDOM_NO; ‘ Lot
, When ‘'gurrent_symbol' is ';' and ‘'next_symbol' is

'PROCEDURE' then '+t will be replaced by ':'‘and the

w

repaired text will be as follows:

RANDOM_NO: o | "
. , A
" PROCEDURE(I) ;

-
\J’\ °

END RANDOM ‘NO; L
\ s :

- . REPLACE NEXT_SYMBOL BY A TERMINAL.SYMBOL

Example:

. ' DECLARE -I ‘FIXED:

-~

When 'current_symbol"ié-LFIkEDL—énd« ‘next_symbol' |is
, ':' them ':' will be replaced by ';' and the repaired

text will be as follows:

' DECLARE I FIXED; . g



Yo . . 4

- .o 43 ;e .

’ - REPLACE CURRENT SYMBQL BY A TERMINAL SYMBOL

. N , Co ) : / .
' Example: , i o ‘ N
y ‘ 'RANDOM_NO; ™ S
PROCEDURE (I) ; A N
2 .
o END RANDOM_NO; : R

: When ‘'qurrent_symbol'' is ';' and ‘'next_symbol' is

'PROCEDURE' then ':'*  will be replaced by ':'‘and the

A\

repaired text will be as follows:

RANDOM NO: o
, , .
' PROCEDURE(I);

\J’\\ .
' END RANDOM ‘NO; ’
. ‘ I
- . REPLACE NEXT_SYMBOL BY A TERMINAL.SYMBOL
Example: .
? . _' ' ‘.
. DECLARE -1 ‘FIXED: ‘ -

When 'current_symbol"i's-!-FI;xEDL—éndl ‘next_symbol' is
: ':' them ':' will be replaced by ';' and the repaired

text will be as follows:

DECLARE I FIXED; g )

ERTIERE T T AU o TP

B v gtk s 4 gyt
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- - INSERT A TERMINAL SYMBOD BETWEEN CURRENT SYHBOD AND

NEXT__SYMBOL RN S - .

. . N , . . - l} ~
o , Ekample: ' L \
( A = B+C . ; - ~l . o
Z = 2*C; . . L |
/ When ‘current_symbol' is. ' an identifier 'C° and

R 'next_symbol' is also an identifier *'2' then };' will

be inserted. between .the two identifiers and |the

repaired text will be as follows:

A = B+C; -

- ) 9 ; \k‘) . ‘A ) k v
- . 2-= Z*C; .
. ' ‘ ¥
: %
« , . ’ . ' ' |
% L ' ' , N MU |
\ : In addition to the above-mentioned error. repairs, this ' f
! ) '

method also recovers from errors wh1ch are due to m1351ng ‘ j

termlnal symbols which should occur in pairs. In this tNesE;

we refer to these symbols as grouping elements. For example,

the most.common terminal symbol palrs wh1ch fall in ' this

N - . l
category are: - ! / ¢
4 A ]
: U ) , : ' /
‘DO END. ' ’ ' : . R

PROGEDURE END. ° : .. ’ |

n . , .
. .. . .- |
* ' N

o S




*~

R '‘next_symbol' is also an identifier "'Z' then ;' Lill

3

IO . - .
\
t N

- INSERT A TERMINAL SYMBOL BETWEEN CURRENT SYMBOL AND

+

NEXT_SYMBOL S L . oo

: , . - [ y ~
Ekample: |
( A = B+C . ' b
z = 2%C; . . . |
When 'c9rrenq_symbolf igl' an identlfiér 'c' and

be inserted. between .the two identifiers and |the

repaired text will be as follows:

.A = B+C;’d. . .- 3 . l ' g
7z = Z*C; .

»

In addition to the above-mentioned errég. repairs, fthis
! ' :

method , also recbvers from errors which are due to missing

[

;
terminal symbols which should occur in pairs. In this t$e§?7

we refer to these symboys as grouping elements. For example,

the mdst.common terminal symbol pairs which- fall in' this

N - . ) ]
category- are: . ' / .
4 A ‘ ]
L ) , : ' /
‘DO END. ‘ ’ ' ’ ;D
PROGEDURE END. * ‘ .. : [
. . ) i -



.Consider, the following input -statements f£ér parenthesis

‘ cpeckingz. ' _ ' 1!

AN S
‘1) DECLARE (VAR1,VAR2 FIXED;
2) DECLARE VAR3(10 FIXED INITIAL(O 1,2,3,4,5,6,7, B 9, 10,

3) C(I.= ((A*(B+A)/(A
4) IE‘(I)J THEN OUTPUT='TRUE'

3

These statements will be repaired as: o ' //

1) DECLARE (VARL, ‘ :
VAR2) FIXED; /. ‘ .
2) DECLARE VAR3(10) FIXED INITIAL( \
o, 1,2, 3, 4,5, 6, 7,8, 9, 10); -, ,
3) C(I) = ((A*(B + A)/(A))), . , .
4) IF (I >~J) THEN . . . - . ,
OUTPUT = 'TRUE'; S ‘x

.

¢ The proposed error repair technique localizes this type of

error by keeping check-points to permit efficient repair. 1In

the above example, when the scanner recognizes the symbol-
‘FIXED', 'THEN'} ‘s, or ';', the error fepair method checks
at these points whether all the left parentheses are matched, ,

with correspohding right parentheses. Ifliight parentheses;'

. f
are missing, then they are supplied. Also at any given point,

if the scanner rbcognizés a right parenthesis, which also
marks a check-point, then‘it is checked whether there éxistg'a
left parenthesis with which it can be matched (details of this .

-

check are given in ‘section’ 3.3.4 under proifdure

‘check_group_elements'). If so, then the right parefithesis is )

accepted; otherwise, it is rejected as an input symbol.

[
.




y

N - The check-points for grouping elements, as mentioned

above, are determined by analyzing the grammar manually.

3

. ) :
. -These check-points help in confining the errors 'and,

lconsequently, improvéf the error repair. 1If all the ‘grouping

element paﬁrs are disjoint¢ then they provide better check-
- : ¢ {

L
~

ts, while [PROCEDURE, “END] and [DO, END] are not. In this
case the “only check point we can have for these pairs is the
v ‘end of filé (EOF) mark of the input text. Only at this point

is it possible to determine if all the DO's and PROCEDURE's

- i n

have their matchlng 'END's. Therefore, we have changed the XPL

f .
grammar so that the PROCEDURE is terminated by END_PROC. Now

the grouping pairs [(, )}, [DO, END], and [PROCED?RE,
’ /7

. :
END_PROC] are all disjoint. Wwhen the scanner regognizes

END_PROGC, it is checked if all the DO's have thei;/fmatching
. ) .
END's, thus confining the error. Also at the ?OF mark, it is

checked whether all the DO's anq the PROCEDURE's have their

i

matching‘ END's and END PROC's, respectively. Consider the

f v e
following input text for grouping element checking.

7

.++ . INPUT TEXT:
\.
4 .
+  FLUSH_CARDS :!
PROCEDURE; /* FLUSHES THE CARDBS */
‘DO WHILE LENGTH (BUFFER)_ NE 0;
' BUFFER = INPUT;

CARDCOUNT = CARDCOUNT +°'1;
IF LENGTH(BUFFER) > 0 THEN :

"DO; \ ' <

OUTPUT = BUFFER; .
END PROC FLUSH_CARDS; - \

points. For example, the pair [(,,)] is disjoint, from other




REPATRED TEXT :

FLUSH_CARDS : \
PROCEDURE; /* FLUSHES THE CARDS */- :
LO WHILE LENGTH(BUFFER) NE 0; . - .
BUFFER = INPUT; ‘
~@BARDCOUNT = CARDCOUNT + 1; ‘

IF LENGTH (BUFFER) > 0 THEN . S
. DO; '
OUTPUT = BUFFER; S T
. END; - ‘ o
END; )

END_PROC FLUSH_CARDS; : ' N
N ..

Further discussion on groupingfeiéments and Eﬁeir check-points-

for a given grammar is givéh in 'Appendix A. More examples of

error repair are given in Appendix B. o - \

—

3.3.3 ALGORITHM FOR GENERATION OF ERROR_TABLE

§

§
i

g v
+ + 1 N

As was mentioned inlsectiqn 3.3,2, the 'error_table' for a.
{

bl 2
grammar is a boolean matrix which speci%ies for any given pair

of symbols (i.e., 'current_symbol' and?”neit_symbol‘) whether
the current symbol can be followed by the next syﬁbol. Ah
- 2 . ;

element of the 'error_tabBle' can have the value one or zero

A

$
«for a given pair of symbols. 1If the value is one, then the

CJd

symbol pair is valid, an@jif the value is zero then fhe symbol’

pair is invalid.

A very éimple method is used for automatic generation of'
the matrix 'error_table'. This method analyzes the
characterstic finite state machine generated by the SLR(1)

language analyzer. The following is the algorithm hich is

»

o




iy e -

-

" .
. 1 '

I

oo

used to generate the 'error_table'.

v~ 1) Each element of 'error_table' is set to false.
. .

- - ——"

~

[

Each read state 1is inspected

7

for all terminal

2) and
’ symbols (s2) which may legally follow (legél
~ . M /;7
transitions) .the accessing terminal symbol (terminal

symbol.béfore read state) sl;d'érror_table(sl, s2)' s

> . .

f set to true. g \ -

\

1 . 1 '
Each production of the grammar which terminates in a

&

k}'

Y

3)

terminal symbol (e.g., sl) is inspected. For each

symbol 82 in the look-ahead set of that production -

e

head, 'error_table(sl, s2)' is set to true.

) “ ‘ ’ :
3.3.4 A[.:GORITHM FOR PROCEDURE XERROR___REPA:[R ‘

v

A simplified block diagram of data flow for‘ﬁthe' error

repair techniqué is shown in Fig. 3.10. Here we will briefly

.
L)

discuss the functions of each block.

+

When the syntax analyzer needs the next symbol, it $calls

the procedure 'push_and _read'. The nucleus of this procedure,

A

T

which plays the most. important pa}t in etror  repair, is as

folloys; ’

\ Y
PUSH_AND_READ:
PROCEDURE; ~ )
"CURRENT_SYMBOL = NEXT_ SYMBOL;
ACTION = 0; T

»

=
[}

”

e i s I e A

<
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6\'«\ . . | » e . \
49 \ ST R ’ '
. 8 . )
. N . R
DO WHILE ACTION = 0; . rj\\ :
IF ERROR DETECTED THEN : ’ ]
DO; o -
NEXT_SYMBOL = NEW_SYMBOL;
Coo ERROR DETECTED = FALSE;
END; - }
ELSE RS )
DO; . i ’
CALL SCAN; ' - .
END;
CALL CHECK_ERROR; : ‘
END; , ) .
CALL PARAGRAPHING:; ‘ ¢
.END PUSH_AND READ;" |
. . Y -
Tge flag ‘'error_detected' and the variable 'new_symbol' are
4 1
sét in the procedure 'handle error' which will be. diséussed.

later. The variable 'acfion' “is set in the procedure’ ' ;
'check_error}, and its value is zero if the action to take is ,
to skib the 'next_symbo%'. Thus, .when this procé@ure is
called, it first makes | ‘next_symbol' to - be the
‘current_symbol' and sets 'act{on' to zero; thgn,‘it goes'into
a loop as long as 'action' remains zero. 1Inside the 1loop it

checks for the flag 'error_detected', If it is false, then

the scaﬁning’proceaure is called to get‘the next symbol. But,

if the flag is true, then the next symbol\is received: from the

,:gemporary storage called 'new_symbol'. By now we have a ~new-

pair ‘of éywbol;, i.e., 'currenﬁ_symbol‘ and :next_symbol', so

the procedure 'check_error' is called. 1If this procedure sets_

.

.the value of ‘action' to zero, then the implication is that’

the next symbol has to be skippeq;//We will, -therefore remain
LI / ’ -
in* the 1loop. For anxﬁaé Iue of 'action' other than zero,

procedure 'paraéraph;ng1 is called. . . ,
~ ' -
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- ’ v '
49’ N . T D
- 8 .
1 v : . .." . *
DO WHILE ACTION = 0; , /j\‘
IF ERROR DETECTED THEN | ’
DO; o .

NEXT_SYMBOL = NEW_SYMBOL;
N ERROR_DETECTED = FALSE;
END; \
ELSE R )
DO; . 4 .
CALL SCAN; ' -
END;
CALL CHECK_ERROR; .
END; , i
CALL PARAGRAPHING; ‘ ¢
.END PUSH_AND READ;" |
. . A ”
fge flag ‘'error_detected' and the variable 'new_symbol' are
’ 1
sét in the procedure 'handle error' which will be. diséussed°
later. The variable ‘'action' "~ is set in the procedure’
'check_error', and its value is zero if the action to take is ,
to skip the 'next_symbo%'. Thus, _when this procédure is
called, it first makes ‘'next_symbol' to - be the
‘current_symbol' and sets 'act{on' to zero: then,‘it goes'into
a loop as long as 'action' remains zero. Inside the 1loop it
checks for the flag 'error_detected', 1If it is false, then
the scaﬁning'proceaure is called to get\the next symbol. But,
if the flag is true, then the next s&mbol\is received from the
.:gemporary storage called 'new_symbol'. By now we have a ~—new
pair ‘of éypbol;, i.e., 'currenﬁ_symbol‘ and ;next_symbol', so
the procedure 'check _error' is called. If this procedure sets
_the value of 'action' to zero, then the implication is that’
the next symbol has to be skippeﬁ;//We will, -therefore remain
L. / : -
in® the 1loop. For anxﬁaé 1ue of 'action' ,other than zero,

procedure 'paraéraph;ng1 is called. . . ,
— ’ ]
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CHECK_ERROR:

. 0 Y

The 'chgck_error' procedute has two distinct parts. When.

thie ‘procedure is c¢alled, it ‘checks through 'error_gable'

. .whether the current pair of symbols:fs legal or illegal.

If. the pair is legal then actlon is first set to .1 so

\\ that on return to 'push_ and read' we will get out of .the loop.
en it 1is checked whether the nex% symbol' is a member of. the

grouping elements or- thelr check points. If 1t is not, then

contlol is returned to the calling procedure; otherw1se, the

ptqudure 'check grouping element' is. called. After return

<

4
fgbm this 'procedure, the error flags are checked. If there

- - 5 -
g
/y%s -no error, then control is 51mp1y returned to the- calling

/ prpcedure; otherwise, a proper action, depending on the error,

e

’ *

‘is assighed and proceduré 'handle_er:gr/ is invoked before

. returning to the calling procedure.
Fd

[ >

..+~ . The other part Qf the.

'check_error' prOCedure is executed

when the current palr of symbols is 1llegal. In this event,

} - ‘'action_ table' is searched-to see if an action is specified by.
' ' - the user (compiler wrlter or language designer) for this palr.

» . .

v , If there is.no data .in the act1on table for this pair,

that —the next—symbol has to be

action

then,

/ .
» .+ by default, it 1is assumed

. . “skipped; otherﬁise, the action is retrieved from the

o ‘ ﬁ teble and the procedure 'handle error' is called before

) ' . returning to the calling procedure. i ,
. ' 4 -

~ < . . Y
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HANDLE_ERROR: °

-The handle_error piocedure is composed of one DO CASE

- statemerit whdich handles only four cases. These cases are
P . . r

. listed below: : . ‘

Y

~CASE(0) :

[ ar

o ‘ . ‘ ;
When the next symbol has to be skipped, then this case  is

executed. It simply prints the proper message. Control.

-

is then returred to the calling procedure.

-~

FASE(l):'

*

When a terminal symbol has to be inSerted between " the

-

‘current pair of symbols, then this case is executed. 1In

4

thi§ case, the flag ‘error_detected’' is set to true and
thé' variable 'ney;gyﬁboi' is assigned the value of
‘next_symbol'. If this procedure was invoked becaise an
illegal pair of symbols‘was encountered (rather than due
to an error being flagged by thé 'check__gron.xp_elements'i
proéedure), then tbé symbol to be inserted is taken from
"action_table' and gssigned'to 'nqx;_symbol'. Now we have
d new pair of symbols, so procedure ‘check;group_efeménts'
‘is called. At this point it dééé\not‘matter"whd invoked
this procedure; the program ?roceeés by checking if there .
was any error flagged by procedure-'check_g}oup_elements'.
If there yés\no error, then it simply prints the message

about what is done here before returning to the fcallind
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I ’ ‘
, i \ . . . N s v

) procedure. 1In the event of an error, it is handled first.

! R ‘ :
vé ) \

g .
;_ . CASE (2) : .
i .

\ . ' When the current symbol has to be replaced by some other
‘ ‘ _ : ) "
terminal symbol, then this case is-executed before control

N

is  transfered 'to the calling procedure. Thebnew value of

k) ~ 'current_symbol' is, take om 'action_table! and a proper

-

message for this replacement is issued. Procedure

. 'check_group_elements' is invoked next. L

| .

3
; . N CASE (3): 4
| o | . o

st ‘ . This is the same as case(2), ;except here we deal with

. - ’
' w 'next_symbol' instead of 'current_symbol'. .

~

Before this procedure is idvoﬂeﬁ, the value of
'action' should be known; this would, subsequently,

" specify the case o be executed. The value of 'action' is
either retrieved from ‘actidn_table', or specifically

,\ . :
assigned in the program logic.
) .

)

*
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CHECK_GROUP_ELEMENTS:

TPhe ‘procedure 'check;group_eiements' is invoked whenever
we have a new pair of symbols, to check if the;next symbol 1is '
one of the grouping \elements or marks one of their check ’
points. This p;oqedete also consists » of one' DO CASE
sﬁatement, which deals with a number of ceses. The number of
cases depends upon the number of grouping elements, and on the . : o

o
number of groups of ‘their check points. Case(0) is reserfed

dnd only contains a null statement.. It is executed only when
the\\gext symbol is not a grouping elemest or does not mark a ‘
check 901nt\\\sach of the other cases performs a unique
function. For ample, if we only consider the left and ﬂlght
parentheses, then if.'next_symbol' is a '(', case(l) will be
’ “ executed. Here we simply incremeﬂt_‘the counter for left
parentheses by one. If ‘next_symbol' is ')', case(2) wilj\
executed. -Here we Tfirst increment the counter for riéht

‘parenthe51s, and then check if us have more rlght parentheses

.than 1left parentheses. If so, there is an error; otherwise,

~— .
we return to the calling procedure., In. the event of an error,
we issue an error message, decrement the right parenthesis -

/dounter by cne and set the flag for right parenthgsis error:
then we. return to the calling procedure. !
N . 1

- i If 'next symbol’' marks a check pdint for parentheses, then

\

case(6) will be executed. Here we simply check if the number ; 1
‘of left .parentheses is greater than the number of right

T .',,,_.:__A rf.,,,iﬁw R
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parentheses. If not, then we set their respective counters to

error message for unmatched left parenthesis and

" zero and return to the calling procedure. If so, we issue an
’ - ¢

~

set up the

proper flag for. this error before returning to the calling

procedure:

MR S

The other case statements follow almost the ., same

philosophy.

names, insi

will be exec

CASE(0) :
CASE(1) :
CASE(2) :
CASE(3) :
CASE(4) :
_CASE(5) :
CAéE(G):

CASE(7) =~

CASE(8B) :

uted:

7/?0'1' USED
LEFT PARENTHESIS

In- 'check_group elements’ we have rine cases in

/* RIGHT 'PARENTHESIS
*/* PROCEDURE
/* DO

/* END
/*

-e

FIXED.CHARACTER THEN

de the comment delimiters indicate wh

*/

*/

*/
*/

*/ o

*/

.*]

\ ,
. 411, which are listed below; the tokens, or their symbolic .

ach case

A




. 3.4 PARAGRAPHING P . <

-

The output Iisting that is produced by ‘the compiler is

intended. to reflect the 1logical structure of the program,
rather than ‘the physiégl structure of the input- text, and to
imﬁrovg the readability of the‘output listing. The proposed
paragraphiﬁg,technique can be automa;ed to expose the logical
‘structute of the inpug‘program. The tgéhnique considered‘can
be used to paragrgph'program components, such as comments,
“ macros, adding blank\ lines etc.,.yhicq are not part of the
1angpage. Therefore, ;t‘ is difficult fb aLtomatically\

geénerate a paragraphing module having the above-mentioned

characterséics for-a‘given‘language. Instead, we have coded a

- -

paragraphing module which is sufficient, for 'most of the XPL- . ;
like languages. It may require modification 4o handle

programming structures which are not in XPL-like languages.

. . N
The modification will be minimal and straightforward. The * .
algorithm for ' the paragraphing technique is given in section
3.4.3. This section deals with .some 'of. the reasons 'fér \

compiler—~controlled paragraphing and discusséé the details of -

ouf paragraphing technique. .

The-basic aim of paragraphing is to display ‘the logical
structure of the input program -and to make it more readable on
L\ . ’

r s
the printed page. This helps in conveying information about
' .
the program and its understanding, especially to someone other

than the programmer. In this respect, consistency id the
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péragraphing style ié ver.y 'important', bec\ause'it ér}hancés the
readabiliq'(' of the programs. Automa;ic pe;ragraphing is

certainly consistent. It. is easier to understand and. ‘
visualize the étrugture of a proéram paragraphéd in a ‘faxﬁiliar

style (i.e., some preferred style), than it is for a program

paragraphed in an unfamiliar style. Paragraphing is more

. important in a pedagogical environment. When a student always

sees his programs paragraphed, it helps him to learn the close
relationships between program structure (emphasized by

paragraphing), program construction and program execution.

To achieve the above objectives, the proposed paragraphing
technique rebuilds the - entire input text from the symbols
(tokens) produced by the scanner . Each symbol received by the .

paragraphing module, or the péragrabher, is.appended into the

‘outpl.lt,buffer. The output buffer is printed out (emptied)

under two different circumstances. Firstly, the program logic

.0f ‘the paragrapher may force the output buffer to be printed

out when the paragraphing rules call for the new line.

\Secohdly,, due to the 1limited 1length of the output buffe'r

(which is kept the same as the limited length of the physical
. . f
print line), when a symbol cannot be appended into the output

buffer then the output -buffer, in its present state, is

printed out, reéulting in the truncation of the source
_statement. The ocutput buffer is then re-initialized with the
;eft'margin indented one level to the right. The symbol is

now ,placed into the output buffer, and the process of

g T EAR. T VT ARt ™% ' 1N BT x* 2 vl e L 3t e
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* examples of paragraphed output are given in Appendix B. 1In
4 ) .

. .
.
'
/ ' ’
v -
. . . ¥ .
v

pa—y—

paragraphing cont inves.

N
\

Like most parsers, this paragraphing technique also looks

.ahead ohe symbol, in order to make certain decisions related

It was mentioned in the above

to achieving its objective.
paragraph, that, when the output': buffer is printed out, it is . . {

re-initialized, and the left margin is set. There are cases.

where the next iﬁcgming symbol dictates the left margin of the
J;ext_ output’ 1line. (For example, consider thew_\u compound
statement” 'DO; {do-body} ENlﬂ;-', where t)he symbol 'DO’ Wilil - ’ /
é;use‘ the ‘do-body to be indented one level to "the rigl?t) . |

efore -each statement of the do-body is printed out, a look . . I

head will be performed to see if the next symbol |is 'END'_.'

v . A
If it is, then the _ indentation level will be adjusted one

]';\evel to the 1eft,v otherwise the‘indenl_:ation level will remain
u\ changed. Now the output buffer is. printed out and it will
be're—initialized with the proper left margin. Det§iled -

the following sections we will highlight specific aspects of

el

our ,paragraphing method, with short exampi‘es.

.

‘o
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e D = E*F;

:3.4.1 PARAGRAPHIN To.r-:fposg LOGICAL STRUCTURE ' - B i
- « ' : ¢ s ' . - ‘ ) 1
- . ’ pe

To l"xighli'ghtrJ the logical 'structure!of the input program,"
“three basic constructs of the source language are considered+——

{

* These 'are the simple Statement, the compound statement, and -

the procedufe, and'are}iiscussed below. X .

o

M

i

N .

3.4.1.1 SIMPLE STATEMENTS : . . - 1.
.- / i
Each simple statement goes on a new line with the <current

left-hand margin, so that the vertical spacing reflects the B

’

. logical sequence of Statements. If the source statement
' ' ' S

cannot £it on 'the output line, then the statement is truncated
and the partial statement is printed. The cohtinuai:ion.- of thé
| statement 1is pr inted on thefnext line(s) \\‘with the lef}: margin
indented. - The following 'is. an example of‘an input text a‘r:ﬂd

its paragraphed output: b

*.' ‘ . - » \«:;? )

INPUT |TEXT:

A=B+C ; D=E*F ; G=D/A* (D%A) ; OUTPUT=G; - o

PARAGRAPHED OUTPUT:
A=B 4C;

G = D/A*(D + A)y
OUTPUT = G;

,
¢
TN e st T T e har ot
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" 3.4.1,2 COMPOUND STATEMENTS

/ The body of.a compound statement/‘;sxind’ented 80, that thé
v 28

’

“horizontal spacing reflects logical’ subordination

information at one logical level is listed with a common left

margip. The compound statements are DO, DO WHILE, DO CASE and
IF statements, The following is an exaple of an input \text

its paragraphed output:
#

t
-

INPUT TEXT:

J=0;D0 I=1 TO 10;J=J+1;END;I=0;D0 WHILE (J>0) ;
J=J-1; I=I+1}END;IF I>10 THEN OUTPUT=

"1 IS .GREATER THAN 10."; N
ELSE OUTPUT="I IS LESS THAN OR EQUAL TO 10.";

OUTPUT="END OF TEST";

J

PARAGRAPHED OUTPUT:

DO WHILE
- J = J
I=1
END;
IF I > 10 THEN
OUPPUT = "I IS'GREATER THAN 10."
ELSE - ’
OUTPUT = "I IS LESS THAN OR EQUAL To Y0.";
OUTPUT = "END OF TEST.";

7
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3.4.1.3 PROCEDURES | ' . - -, . ‘ y
) = - \ . e ’ ‘
. , L% :

The procedures are paragraphed in a style which ?E |
B . [ .

- preferable to many programmers, ‘ that is, the name of the Lo, |

procedure is prlnted on a new line with the current left |
. ’ - N . |
'marglﬂ The keyword 'PROCEDURE‘ followed' by the argument -

list, ﬂf any, goes on a new line,indented one ‘level to the
right. ' The body of the procedureris further indented one
level to the right. The followiny is an example of an Pinput

text and its paragraphed~output.

Y

_ INPUT TEXT:
AV

w o : . : \
IFORMAT : PROCEDURE (NUMBER ,WIDTH) CHARACTER (STRINGLIMIT) ;
DECLARE NUMBER FIXED;DECLARE WIDTH '‘FIXED;
DECLARE L FIXED;DECLARE STRING CHARACTER (STRINGLIMIT);
STRING=NUMBER;L=LENGTH(STRING);IF L<WIDTH THEN
STRING=SUBSTR(X80,0,WIDTH-L) 7?STRING; RETURN STRING;
END IFORMAT;

1

Y

RARAGRAPHED OUTPUT: ' .

IFORMAT: ' - -
BROCEDURE (NUMBER, WIDTH)' CHARACTER(STRINGLIMIT)‘ . : :
DECLARE NUMBER FIXED;, . .
DECLARE WIDTH FIXED; . . 2
K\ DECLARE L FIXED; i
DECLARE STRING CHARACTER (STRINGLIMIT) ;
STRING = NUMBER;
L = LENGTH (STRING); e -
IF L < WIDTH THEN - . .

STRING = SUBSTR(X80, 0, WIDTH - L) ?? STRING; -- .
RETURN STRING; ' N
END IFORMAT; PR : ¢ : -
» / o
. ( ' = ;v. v L‘
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3.4.2 PARAGRAPHING TQ IMPROVE READABILITY .~ s
- Al B . . '

B
f " . ¢

0
- . "

To acheive readability in the paragraphed output we impose

certain restrictions without taking away all the freedom a

programmer has to write programs in a readable form. This is-

N : achieved by different -handling of declare ' statements,
. A
~ﬁh.{ ' comments, macros, and blank lines, @pd to some extent operator

N +

4 p:eéédence. The§ are discussed Sepqrétely‘ in the following -
k.
é ’ . sections. - : .

~

.

L

E', " 3.4.2.1 DECLARE:STATEMENTS . | .
‘,

s . . !
v
PR ~

’ ’ N

Each declate statement is printed on a new line. " If more
‘Ehaﬂrbne variable is declared in the same declare statement,

then each’'variable will go on a new line andrwill be alignéd.‘*a

. If a variable is jpitialized with a value "in. the declare
Al

o

.

statement, then this value is put oﬁ:the same line as the rest

' < .
«“'\\idf * of fﬁe declare Btatement. On the other hand, if an -array
?\ ! f é varia&leﬁ }s initialized with vﬁlues, thehAthgse values are .
.yisFed on ‘the next }iﬁgks) and are iﬁdgnteﬂ one level tg“'the
oo ' figﬁt. ‘The féllowing is an example of 7F‘input text and its
paraqrapheé ougput. e . ’ J _ -
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o

-

;) DECALRE VARIABLEO FIXED; . A s

- 'should not be ﬁa agraphed. We propose the follgwing rules for

" - INPUT TEXT:

’

H
-

DECLARE VARIABLEQ FIXED:
- DECLARE VARIABLEl FIXED,VARIABLE2 CHARACTER(IO),
VARIABLE3 FIXED;
DECLARE (VARIABLE4,VARIABLES, VARIABLEG)FTXED,
VARIABLE7 FIXED;
DECLARE VARIABLES FIXED INITIAL (0), VARIABLEQ(IO)
i é§~ INITIAL(O,1,2,3,4,5,6,7,8,9,10);

.. H&

PARAGRAPHED OUTPUT: ‘ N

o N ® K
s ra

DECLARE VARIABLEl FIXED, ¥ S
. VARIABLE2 CHARACTER(10),  / ’ '
. VARIABLE3 FIXED; ° . e .
 DECLARE (VARIABLE4, 4 ; e
VARIABLES, . ) /
VARIABLE6) FIXED, A ‘
. VARIABLE7 FIXED; - !
DECLARE VARIABLES FIXED INITIAL(0), ¢
VARIABLEY (16) FIXED INITIAL( , 4
0, 11'2,1 3, 47 5,6, 7, 8, 9, 10)5 . A

3.4.2+2 COMMENTS  _ . o
. c ‘ _ o / b
‘ ; B
Comments are not part of the language but, . when 'inclﬁded

in. the program, they make 1t more readable. A well commented
program is easier to understand Different programmers have
different styles of commentypg their programs. Sometime it is

‘preferable to put the heading of a program (or a module in the

program) in the centre of the output page. More often; it is
desirable to put a shprt comment at,the end of the statement .
] . ’ . [y

or at the end 6f the‘procedure name defining the function it

-

perfoims; Whatever the case may be, we prefer that comments




[ S

handling'commentsm-! ' T ' L

A ‘ - if the entire input line (card image) has nothing but a

_ comment then the position of the comment is preserved

o : and it is printed as it is.

~ -

- = if the input line has a statement followed by a comment

then the statement is paragraphed by‘ the rules of.
1 ) - ' . logical structure and feadability, as méntioned above,

o and the position of the comment/with respect to the -

L - logical Statement is preserved. This means that if

‘ - o there are, d£0r example,‘five blanks between a. logical

e - statement -and, the commeht, then the paragraphed listing .
‘ will have the logical statement,’ followed by five

L —+——blanks, followed by the comment.

N

v v ~

- if*the comment is embedded within the logical

- * statement, then its ,position within the logical
. p :

statement is - preserved while the, statement s

- I ' ¢ paragraphed according to the p§ragraphing rules. .‘,'

. ¥ = e ,

., The ‘following is an éfample of an fhédt text and its

. paragraphied outpuk,_ - ‘ S .
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INPUT TEXT: ‘ .

/*****************/

/* TEST COMMENTS */ - :
/*****************/ ' "
DECLARE I FIXED;DECLARE J FIXED;DECLARE K FIXED;
I=10; /* INITIALIZE I */ J=I+l; \
/* COMPUTE K */ K = J+1*J;K=K+5; .
IF,I>k /* CONDITION */ THEN /* TRUE */
OUTPUT="1 IS GREATER THAN K";ELSE . /* FALSE */
QUTPUT="I IS NOT GREATER THAN K"; : A

PARAGRAPHER OUTPUT: -

/*******t*********/

;o /* TEST COMMENTS */ ' Ny -
' ° /************ﬁ****/

DECLARE I FIXED; . '
DECLARE J FIXED; . .
DECLARE K FIXED; - A S
I = 10; /* INITIAL;ZE 1%/ AR o .
J=1+1; T . S
/* COMPUTE K }*/ . © .
J + I*J; . . ‘ .
K + 5; : . T
FID>K /* CONDITION */ THEN /* TRUE*/
OUTPUT = "I IS' GREATER THAN K"

ELSE  /* FALSE */ ~

K
K
I

OUTPUT = "I IS NOT GREATER THAN K"; N
- t . . 2 . 8 ..’
N , \ ] '
. .
) . , » . . K - v .
3.4.2.3 MACROS k - ' e
. ’ ” ‘, ~
L9

Macros symbolically represents.a character string (téxt),

s

the strlng being part.of the program whose function is well

, \

_understood. Macros may ,contaln _other macros within

themselves. Instead of these strings in the program, their

respective symbolic names are used. This makes the program
1 “ : . .
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more readable and rfeduces its complexjty. When the. scanner

Eecognizes these symbolic "names, they are. ‘replaced by their

r
respective - character strings\ and then these strings are

s 4 g * i 13
scanned. To preserve their basic aim, the present

paragraphing technique * does not expand macros on the

paragiaphed output.

bl

The macrés may have logical stucture in their text, 'which’

requires paragraphing. Since macros are not expanded on the

~ output listing, the first token received from the macro text

plays' a role in the paragraphing. The paragréphiﬁ§ is
¢

deferred until the entire: macro text 1is scanned. In the

followiné{ example two macros"THENN[ and 'ELSEE' are used and

- L4 3 .
are declared to,represent the character strings 'THEN DO;' and

1

'END;ELSE DO;' respectively. These strings are also used in

the exahble by themsqlves to expose the  different handling of

the macros by the proposed paragraphiﬁg technique. ’
- ¢ !

Pl -

Consider the macrd name 'THENN' and its corresponéing text
. , "

'THEN DO;'. When this text is-used by itself, then the symbol’

'THEN' will- be appended "into the output buffer by the

:

paragrapher. It will also cause the indentation level .to be
incremghteq, one level to the right and the output buffer will

be printed out. As a result, the next output line will be
. N N «

indented one level to the right. The symbol 'DO' will be

e Y ¢

'appeﬁdéd into the .output buffer and will also cause the
indentaion level to. be incremen;ed one level to the rigﬁt,<p

‘The symbol ';' will be appended to the 6utput1buffer and ;the

- ! . \ 1

I3 . ¢

P —

0 ;. ’
18

s
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M I h

“loutput buffer will be forced to be printed out. As a net

esult, after paragraphing the  text’ 'THEN DO;', “the

"\
he other hand, when the macro 'THENN' is used, the

-

Kndentatlon level is incremented two ‘levels to the right.-

|
| o .
%aragrapher w111 take the actlons noted above upon receiving
. //’.’
,The symbol 'THEN'--—of “the macro text; except, instead of
/“

ppendiﬁE/Ehe symbol 'THEN', the macro name ‘THENNf will Dbe
Jppended into .the output buffer. The rest of the.symbOIS}of
the macro text (that is, 'DO' and ';') wfii go unnoticed as
far as the'parﬁgraphed 6utput is conqgrﬁgd. Therefore, as &
neF resuit after paragraphing the macro texﬁ; '"THEN DO;', the

indentation 1level-is incremented one level to the right. The'
[ r/ .
following is an example of an input text and its paragraphed

o

output. . , .

INPUT TEXT: ' .

~

DECLARE I FIXED INITMAL(10);DECLARE J FIXED
INITIAL(20) ; PECLARE THENN LITERALLY'THEN DO; " " : )
ELSEE LITERALLY'END;ELSE DO;!; .
IF I»10 THEN DO; {=I-1;J=J-1; END-
ELSE DO;f=I+1;J=J+1;END;
OUTPUT= I 2?7 ' ' 22 J3 ;.
IF I>10 THENN I=I-1;J=J-1; S o .
‘ELSEE I=I+1;J=J+1;END;OUTPUT=I?7' '2@J;

\ .




A

[y o . ‘ . -

PARAGRAPHED OUTPUT: '
f .

‘DECLARE I FIXED INITIAL(10); - -
DECLARE J FIXED INITIAL(20): .
DECLARE THENN LITERALLY 'THEN DO;', .

‘ ELSEE LITERALLY 'END;ELSE DO;'; ~ -

IF I > 10 THEN '

DO . ‘
'I,=1I - 1; 2 '
Jd=J - 1; . )

END; ) , ; ' -

ELSE - . )
;DO: . +
I1=1I+1; '
: J=J + 1;

END; .

OQUTPUT = I 2?2 ' ' 2?2 J;

IF I > 10 THENN '
I =1I-1; " *
Jd=J =1 . -

ELSEE . 2 ~
I =1+ 1:; . J - -

J=J + 1;
END: .. .
OUTPUT =1 2?2 * ' 2?2 J;

o4

3.4.2.4 BLANK LINES_

"

\ .. -

All the blank lines in thé?input text are retained in the
baragraphe& output. There is only ‘one occasion when, - if "’
necessary, blank lines are inserted in the output according to

)

the following rule: ,
k4

-

If there are two cénsegutive procedufgs in the input
program and there ’are N blank éines between these
procgdures, then in the paragraphed output N 'bladk
lines will be printed ig N > 2, otherwise 2 blank

lines will be printed. - .



Y

The following is

paragraphed output.

o

. INPUT TEXT:

v

N
»

PRAGRAPHED OUTPUT:
; ‘

PROC1:
PROCEDURE;
GLOBAL VAR =.1;
RETURN; :
END PROCL;

PROC2:

PRUCEDURE; .
GLOBAL VAR .
RETURN ;+

END PROC2;

L}
[ M)
~

.

~

PROC3:
PROCEDURE;
* GLOBAL_VAR = 3;
RETURN; ° i
ENQ PROC3; _ .

;

/

PROC3: PROCEDURE ; GLOBAL_VAR=

69

’

o

|

[ .

|

. \'

\

L4

-

b

' PROCL: PROCEDURE ;GLOBAL_VAR%1;RETURN;END PROC;
PROC2: PROCEDURE ; GLOBAL_VAR=2; RETURN; END PROC2;

Vd

-
St mnp
. ;.&{_f;)_gg‘;
7
N
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-

gt L I TR
S BT = L oy

an exampﬁe *of , an input text and its

¢

1 -
3i;; RETURN 3;END PROC3;
¢




>3.4.2.5 OPERATOR PRECEDENCE
- ‘ »
The . evaluation of an expression. is peiformed from left té
right following the ' rules of the heira;chy of operatots
present in the expression. 'This process of-. expression

y’evaluaE}on can also be hiéhlighted on the output iisting.'
Here we are dealing with arlthmetlc operators omly, and the
language we are u51ng has only fbur of them, These are -, +,
*, and /. The operators * and / have higher pr1or1ty\“han :
and +. The operators - and + have the same’ prlority, so do
_the operators * and /. This operator precedence is shown on,
the‘baragraphed outﬁqt by printing a blank on either ‘side of -

and + operatofs, and no blank at all on either side of * and'/

]

operators. The following ‘is an example of an input text and
its paragraphed output.

. |

oot N . o

- INPUT TEXT:

PARAGRAFHED OU?PUR:

A =B +C*D/E - F; -

\
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3.4.3 ALGORITHM FOR PARAGRAPHING:

t Vo

. &

B simple approach is used for paragraphing the pfogram_

input to the compiller. This paragraphing technique 1is table-
. : ) 1

driven and "is not automated like the error repair technique,

for the reasons mentioned in section 3.4. Although ~ the

paragraphing module included in the XPL skeleton.compiler is

~

sufficient for most XPL-like languages, a minimal effort will:

be fequireé to modify the paragraphing module for handling the

&

features of a éiven language which do not, exist in the XPL

language. This téchniqpe could easily be automated if the

\

features of readability, as discussed in section 3.4, are not

desired.

\

The table for paragraphing called 'paragraph' is a one

dimensional array whose size is the same as the number of

- A

terminal symbols in the ‘ grammarc. ' The nth element
(n=1,...,Vt) of the pafagraphing table represents the nth
Aterminal symbol as 1§§ted in the vocaBulary produced by ghe
1angﬁage anaiyzer. The conﬁents \of each element of the

paragraphing table indicate the case number of a DO CASE

statement which will be executed for its corresponding

terminal symboi. There is a great possibility that in a givén
language mpfe than one terminal symbol’ will fequire to be
treated, in the same fashion. Therefore, one case element
(same p;ece of ‘code) can héndle more than one terminal symboi
,ig in éhe paragraphing table their respective eyements‘contain

- . ) 7

7

¢
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-

the same Cdase stateﬁént number. Consequently, the main
" paragraphing routiné consists of .a DO CASE statement which

‘handles

. W b ]
- +

all the cases. Selected elements of this case
r's .

statement are listed below; the tokens inside the delimiters

indicate when each case will be executed: . .

.
] .o o . ! -

A

DO CASE PARAGRAPH (CURRENT: SYMBOL) ;
)

CASE(0): /* NOT USED */ - . - ' ' . 1.

3 . . .
. o ’ !

*/ L .

CASE(l): /* _1I
CASE(2): /* -3 */ < - |

[ v . .

CASE(3): /* DECLARE */ - . )
; ( \ o - S
LCASE(4): /* , */ . o .

¢ ! - , N

CASE(5): /* <KIDENTIFIER> */
; ’ ) . - —
Lo .. : "1 : T
“a i

CASE(20): /* RETURN CALL RECURSIVE NOT */

.
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The code associated with each case statement is

v

each case consists mainly of procedure calls

.—‘shortly. The paragraphing module constructed in

program input to the compiler.

G RN

‘¥
. improve the readability of the paragraphed output,

e ow, e
e IR

. [ Al
vt ¢ 4RI ATL 1

this thesis.
-~ N "“ .

- The following are the utility routines of the.
paragrapﬁing 'modu{e. Their functions are discussed
o i . - briefly: 3
i . - it

& ADD_IN_OUTBUF':

L
3

- ' . Te

This rout1ne is ¢talled with two parameters, PARM1

PARMZ, and they could be one of the following:

-

¥

=~

- PARMl}
NO SPACE

;- NO_ ,
. : SV

SPACE_BEFORE

SPACE_, AFTER .

- .SPACE BEFORE _AFTER

)

) .
‘ ‘ o
) . )
| ‘ . ,
E U e N R
v ) L A LN -, © s 2, y
w— . ¢ T et o Dy & e £t

not.

shown in the DO CASE statement listed above. The code for

to

paragraphing utility routines which will bé discuséed:‘
‘ this -
’H'ﬁanner will be aole to expose the oqical structure of.the

jiis is straightéorward'

work and, therefore,r,could be automated ea511y. But to

as

discussed 1in section 3.4.2, more code is associated with
each case statement and is specific to "XPL or“ XPL-like
languages. It will, therefore, will not be discussed in

s

and




l : . " . - PARM2: .

% * ‘ .

{— O ‘. - RESERVED

N ' : - ID_OR_FUNCTION ‘
o Te - ,

) AN

. 77N = CHAR_STRINGS .

. , - _ . -
EY I | ~  NUMBERS ,

. -~

«

The function of this routine is to append the

t

specified’ character string at the end of the output.buffer

. N ~ Wt

. ‘ according to 'PARMl, which is self explanatory. PARM2
The actual character string to be appended is received by

é , - specifies the type of ‘the character s.tring to be appended.
\ calling the procedure 'get_temp' with parameter PARM2,

k
*

routir%\ is -called by . the procedure

'add/in_outbuf' with PARM2 as parameter. , If PARM2 is
‘reserved', then it implies that the terminal symbol is a

\

j L reserved word ' and wi’.ll t;/e retrieved) from the vocabul?g/y

'id_or_function', then the.identifier or the function name

"0“ ) 'i\ will be retrieved from the string table, where it was

be fetched from the string table. When tx scanner scans
a number, it stores its value in a ,\;ariable“. So, for
'numbers' as PARM2, the number value .will be fetched from

that variable and returne( as chanacﬁer string to the

e

A ‘ and returned to the calling procedure. If PARM2  is.

| \ stored ~ by ‘the scanner, ané_, returned to the calling .,

procedure. For ‘char_strings', the character strir;g will: ’




' - . —— iy N
\{L i 7 ‘\‘ . , “ . '
e —— — —n  ————S———
i . (I
W AR ot
) =) PRI S :
\ . \ 75 : ‘ ,
) 1] - , - »
\;)~- g calling . procedure. . R R ; ’ o
'PRINT_OUT: L . .
\ . .
' ’ This -routine i$ cglled by the routine 'add_in_outbuf’
’ ) ’ R
. ~ » .
. to print out the buffer character strfing to ‘-be
appended cannot fit in the current buffer. This’rou;ine

0} N ’ Y N
is also called from the main DO CASE statement of the
. paragraphing module, when thefgutgd; buffer is required to
be printed out at any time, to exposg_ the logicalL
] ) .-

A ot K
‘structure of the program. When the oh;pué[buffenzrs

-

printed out, the buffer is initialized wiéh. the prdpeg

indentation. <
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. CHAPTER 4 N o
] h . N
i . a ’%,.' ‘ ” ‘ . - . ' - . ) \\‘ . R \ '
r ‘ - ' USE OF THE XPL SKELETOt“l COMPILER, . » K T Wb“
R . ' 4 ' N 4. . k
- “ . AND .+ 7, \_‘ v , ‘
\ & /DISCUSSION OF RESULTS * : o \
4 ~ 13 -
o o N P .. § o H\
\ . . { . i L % ‘4 .
¢ . The proposed compiler writing system is.broken .into four
P - . . ’ o - ' { « “
. v . ﬁhjbr steps. The steps, or. phases, are identified as_the A \gf

*
*

“ ¢semantic phase’, .the parse phJSe, the error repair phase, and A
. fhe mex:ge5 ph§§g. The ggrst phi:e generates synthesis ’
. [ \J - 2 " - , N
procedures, the next two phases gener#te tables. }n the -
Y - § .- . J»;
- fourth phase, the tables and the synthesis procedures are -
’ - ~ N i
, merged manually with the XPL skeleton compiler to produce the
bor . .
final compiler for the given language., AN
[} j\/’\ . N “~ ,
) ’ . t } e . .
v ‘The language analyzer, has .been modified to handle the’ i
first three phases, (see Appendix &). The XPL skeleton
compiler is used in the final phase to produce the .compiler.
s - | .; a
The ' compiler writing system presented in this thesis is ¢
composed of the followigg two major parts: ' -
~. ‘ 1)'Tﬁé 'SLR(1) °language 'analyzer which générate% the ' ,
; . . A «
following: . . .
¥ _ parsing tables : " . ’ \
L X h -
. " = Error repair tables ‘ - ’
A ¥ .7 .
3 Synthesis procedures
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sl

Al . Y

. «

/27 The - XPL skeleton cbmpiler

' " following

’

D e 2
Scannker routines

Error repair routines
_Paragréphing routines
. Standard éemantic routines

- HDG bhilaing routines | )'

r ' &
- HOG -traversing foutines

A

. ‘ ' ‘
.. Parsing foutlnes

N
- ¢

- .
. - ‘

. A&Ne merging of’the rqsu;é ~frof the first pa:t?kgnfb' the

second part ig done manually. The whole piocess‘of~proﬁﬁcing

. ' ~ 1 +
a compiler is shown in Fig/ 4.1, and' the data flow and control
. . ,4‘ s ‘ A ..

.flow of the geherated compiler is shown in Fig. 4.2.
“ .9 7 S T (&' <y,
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The major modules of the XPL skeleton &ompiler were
. . P

extracted from the existing XPL compiler .at Concordia

Uﬁi’érsity. These modules ‘ihéldde: the scanning routines,

standard semantic routines, parsiﬁg ‘routines, and the «code
'V),." ) ! .. R &.
" emission.  routines. The error prepair routines and the
- 9
. . . . . s
paragraphing routines were ¢odéd and included imn the iskeleton

compiler to support the work presented in khis thesis. Minor

’
N

changes were made in the - scanning, routines to make them

A

éthagible with the para%ééppiné routines. One of the parsings,
routines }n the parser as aksp slightly'modified to allow the

parsir b& glve' cont ol to tHe-error repalr and paragraphing

routlnes. The nucleu { thlS modified routlne is® listed 1in
. .

sectlon 3.3.4. The/ transfer of the control from parser ‘to

v

error repalr and paragrapﬁﬁhg rout1nes is digcussed ' in

section 3.3.4 and section 3.4.3 respectlyely. o
« * M ' . g :

P S
-

S

| P |
g The present /étateﬂ of the XPL skeleton compiler is quite

sufflcment to proauce compllers ‘for diffeteént’ pedagogical
‘,@&pgramﬁlng languages. It may . be necessary to augment tHb

existing‘ §emant1c routlnes ‘ip the skeletdn compiler to

P

H
e .
s ’ Lo s 5[' »
Dependlng,/on ,the grammar - and com?ilef impleméntation
L > - .
restr1ctlons, the,follow1ng routines may ;equire mod1fication-
'y >

w

' ' ™ A 2, ~ N . N
implement certain special features iof the .language. This will

- 4 . Al
» pequire manual work. . ¢
. N .

- .
Wahvyme g cl D ARl L. L %, e 3 e



P e P | -

NP (Y&t) is a ,proper subset ‘of thg termlnal symbols of the XPL

L modiflcatlon. It may .be noted that the amount of Qo:k
- ., h" -« . -, ’
.involved is negli bl 4 OnLthe other hand, if VLt iswgnot -a

an:j - Scanning‘routines oo . v
X . N, v

. y R AB,/' -
- Error repair routinés - - %Q o o . |

. i . . .
' -  Paragraphing routines . . o |
ks ' . ’ h * - ' '! +

| ‘ .- S o
v * “ . . . ¢ 3 I3 v * , ks -
' The scanning routines willi{require modification if, for b / {
. 8 5 « |
. example, it is desired to write comments inside’the program by _

. - ' . !
¢ any method other than. enclosing comments between  '/*' and  __ N

4/, " similarly, if it is desired not ‘to alld string , . /
constants in a program to continue on the next line (card), ‘ :
L}

. S - ce S S : .
the scannlng routines must be ﬁodlflé/. e ' ' h

13 ~ '

The part ‘of the error repair routines whicﬁyhandle; the ' ¢ .
grouping elemeets\qgey be modified, or Tre-written, if so

required. It 1is the pser's (that is, the tompiler writer or. -

N ” [ ! - - ~
& . A

the language designer)‘responsipility to write the: procedure, '«

»

which handles the "grouping elements.g This is discussed in .,

;m\_g%gefail in appendix A. , , T

» -

[}
- . & C . ;A -
' The paragraphlng technigye presented . in. tﬁis hesis 1is

'Aexplic1t te " the XPL 1anguage. ~ As dlscussed ,ea;ller in
, N - S \
. section 3.4, this technique is‘ not aubomated due to the
. ,‘ -
special cases regarding readaplllty of the programs on the

-

.

output listings. : ' ‘ L
L] R y . . ﬂ . \ i . (‘.
P T 3
Lo For a- glven language, if the set of mts 'terminal symbols

.

idhguage (VXt), then ohly the paragraphlng table needs’




o e v A - - - i i T e g . SO

proper” subset of VXt, then .the code for the new terminal

-

symb¥ls must be written ~a’nd included in the par‘agraphi{‘

’

mod'ule .,

¢
)

[ We believe ‘- that , the terminal symbol.;\hnd their usage in

XPL grammar is Fuite similer to those wused |in :other

e mercial languages. Therefore, it is safe to state that the

l’;

f“g

0" ‘pakagraphlnq module included in the XPL skeleton compiler is

’ sufficient, and if any,modific'ationis,fequired t will be ‘
- P e LN . .

i minimal. 7

'-::,v “A h

%~ ‘ ’
% In the rest of this chapter we w11_1 present the results

%1 from the first part of the proppsed com-p11er‘writing sy"stem
\)\%

L (Lies, the SLR(1) language .analyzer). We have used the XPL
e ‘ -
language - jtself and implemented most of its fe%tures in the

s/generated compilesto support all the proposed features of the
error ‘repair “*And* paragraphing techniques. 'The ease of
producing the compiler, with Dbetter error repair “‘pnd

) paregraphing by thé proposed compiler wrxtmg system, w111 be

] < evrdent ' by the results produéed by " the SLR(1) language
<0 analyz\e'r. These include, the parsing ‘tables, error repair
- . _ ta-b'les", ;nd ‘the‘ synthesis procedures.
] e ' . ® ) P
‘ 1\"/,{ - “‘;‘he :inpUt to and. the. ,output from- the SLR‘(l) langu‘age V

-~ = .analyzer is presented in the follow1ng pages. The pror:edure

gien 1n appendlx A 1s%sed to supply the input and to obtaln

i ' the output from the“andlyzer. s .
* F‘ N . v ! I ﬁi‘
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L  CHAPTER 5
\ : : SUMMARY' AND CONCLUSIONS .
- , ‘ e

A’ compiler' writing system 1is presented in this thesis
- t

which is an extension of the XPL system [yxl]; The” proposed
‘system includes automatic generatidn of error'repair‘tables
and syathesis proceéures. Also discussed is a paragraphihg
technique which expoées the logical structure of the program

input to the compiler as well as improves its readability on

the oﬁtput page. , ' . (f

-t

_ The proposed compiler system is composed of two'parts.

The first part 1is- the SLR(1l). language analyzer which is
modified to genefa;e, in addition to parsing tables, the error

repair tables and the systhesis procedures. The “second - part

of the compiler writing system is the XPL skeleton compler
¢ which includes the scanning routines, error repair roufines,
paragraphing routines, 'standard semantic routines, parsing
routines and codé emissibn routines for CDC 6400 computer. To

produce the compiler for. a language, the results from the

first pa?t of the compiler‘wrifing systgh are manualli‘ herged

"into the second part. » ' .
’ - ° »

L 3

.

“Tp generate the synthesis procedures, the languaée
¥ . ! o'

analyzer requires an , augmented grammar as an - input. The

o

augmented grammar is constructed by associating the semantics

|

L 146




N // - ' - . ’
(in HDG [RU1l] notation) with eadh syntactic rule of <the .

il

-

grammar . ) : .

For- the language analyzer to generate the complete set of -

o~

error repair tables, the input data has to be supplied by the

compiler writer, specifying how the errQors should be Eepaired.

The error repair technique proposed in this thesis acts as 1 S

filter 'between the seanner and the parser. The information

7

SRR S ST

B e Tl

fiowrng from the scanner to the parser is f?tercep ed

14
checked, and if necessary, repaiféd by tfie efror‘repaléi

technique as specified by the compjiler writer or the language

designer. The advantage of this technique is that it can be

used 'in conjunction with the error recovery. capabilities of

the parser and also with any parsing algorithm.

~

. The error repair technique, presented in this thesis, is- - _
based on symbol pair matc@%ng.' It checks 'the syntactical
validity of symbol pairs of the input program. If a pair is

valid then the pair is passed to the parser, otherwise’ it is

repaiged first and then passed to the parser. It also rebairS‘

,tﬁe errors caused by the absence of grouping eleménts, or the

presence of too many grouping elements. ' The grouping elements
\‘ ¢ are those elements or terminal symbpls whicb occur in pairs,

3

. A such as: 4 o .

! ( )
’ ’ DO END -
PROCEDURE  END_PROC




2

Design consideration of a language also plays an important
X ) ) 4 .

role in the simplicity and effectiveness of an error repair
technique.  as mentioned in section 3.3.2, a minor.change in
the grammar, i.e., that a procedure terminaées with SND;PROC'
instead of BND, helped the error répair mechén}sm to ;onfine
the error, within the scope of a procedure, caused by missing

END's for their corresponding DO's.
. . * .

[}

Similarly, the situation which leads to a locally correct

v

\ .
but globally wrong\construct, for example:

IF I J THEN; .
'OUTPUT = 'I IS GREATER THAN J.';
" ELSE :

OUTPUT = 'I IS LESS THAN OR EQUAL .TO J.';
L

could be avoided by slight modification in the grammar rather

" than by introducing complexity into the error repair algorithm

to handle this situation. Currentlyu‘ the proposed error
~ repair technique, which is based on symbol pair métching, will
'not détect any error in the above-mentidned example. The ';'
after the symbol 'THEN' is perfectly valid and represents,™
accordiﬁg to the grammgr, an empf&' or null statement.' To
avoid as well as to repéir this type of effér, it is

preferable and practical to modify the grammar so ghat the

null statement is defined as 'NULL;' instead of ';%.

The proposed _error repair technique certainly adds space
~ N R N\
and time overhead to the compiler, but it is considered to be

negligible. The results for a fairly large grammar given in

P
i
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-
N

. . . , ¢ ! .
L . chapter 4, indicate that. the total space required for the set

of the genérated error repair tables is 251 words. This space
requirement could vary if théaamount of data supplied for the
'action_table' (which specifiés how the errors should be

repaired) is varied. Still it is felt that ‘the space overhead

‘

is 'sma;l in view of the benifits of perforhing the error

-

repair.

7

f - To evaluate the time overhead consider an input program

- " ,which 1is syntactically correct. Fér each symbol scanned by «-

- the scanner, the control is transfered to the error repair

algorithm which 1looks up an entry in 'error_éable' and an
entry in the grouping_table. If the scanned ‘symbol is a
~rouping element o:smarks one of their check points, then some

dditional work is performed, such as, comparing counters, _

crementing or decrementing counters, etc., as discussed én

‘

s ctibn 3.3.2, before control 1is transfered back to the

calling program. _ Compared to the amount of work involved in

the whole compilation process, the above-mentioned .additional

"~ 'y -

’ work is negligible.

» ~

- On the other hand, if the input program is synt cticélly‘
A .

incorrect, then the work involved, in addition to the abbye-:
mentioned work, includes that which is required to repair the

error. However, in this case,. the adﬁitional amount of work
- pays for itself by- helping the programmar to repair the

- . - . . '
syntactically incorrect input program, and  consequently,

reducing the number of chpilations. In a pedagogical " e

! -
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N i
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éhvironment, where most of the students programs have syntax
errors, the proposed error repair technique, despite its time
overhead, will save more computer time by’ reducing the number
of compilations required to debug the syntactically incorrect

program to a correct one.

The proposed pgaggraphing fechnique is intended.to expose
the logical structure of the input program, as. well as to
improve the readability of the output listingt This

paragraphing technique is not automated,  due to the special

.cases considered to improve the readability of ‘the Woutput

listing, such as, comments, macros, adding blank lines, etc.
As these things are not part of the language it is difficult
to automatically generate a paragraphing module, heving the

above-mentioned characterstics, for a given grammar. Instead,

we have coded a paragraphing module which is sufficient for - -

most XPL-like 1anguaggs.’ This technique requires further
investigatjon so that it could be automated for any given

language. -

~




: ! APPENDIX A .
SLR(1) ANALYZER, VERSION 2.0 | . ///

C - - HOW TO USE THE SLR(l) ANALYZER

The SLR(1l) language analyzer .is 5 program which accepts as
input a grammar specified in BACKUS-NAUR FORM (BNF) and
generates parsing tables go be used by -a bottom—ué éarser.
The capabilities”™ of the program [DR1l] have been augmentéd'to
produce tables for improved error recovery as well as to
geﬁerate the synthesis procedures for "'the XPL skeleton

. . -

compiler. The following is a description of the format of the

input accepted by the modified SLR(1l) analyzer.

LN

. N
N .
' \g\’_-/ -
. .
|

’ INPUT GRAMMAR

The SLR(1l) analyzer accepts input in either of two forms:

- .

the ‘'standard' form, which is a specification of .the Jrammar
in ~ BNF format, or the 'augmented’ form, where the semantic

code is associated with.each production.
Y

i

-~

STANDARD FORM:

o .
. * )

Productions are pldgggvone to a card. If the first column

is non-blank, then the first token on the card is taken to be

the left part of the production. Otherwise, the left part is

.

L ,151
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C - : HOW TO USE THE SLR(1) ANALYZER

: 3 APPENDIX A o

SLR(1) ANALYZER, VERSION 2.0 .

The SLR(1l) language analyzer  is a program which accepts as
input a grammar specified in BACKUS-NAUR FORM (BNF) and
generates parsing tables éo be used by -a bottom-up éarser.
The capabilities® of the program [DR1] have been augmentéd'to
produce tables for improved error recovery as well as to
geﬁerate the synthesis procedures for 'the XPL skeleton

compiler. The following is a description of the format of the

input accepted by the modified SLR(1l) analyzer.

123

. N
,
v
. \4 N
. .
)

’ INPUT GRAMMAR

The SLR(1l) analyzer accepts input in either of two forms:

the 'standard"form, which is a specification of . the grammar
in BNF format, or the 'augmented’ form, where the semantic

code is associated with each production.

W

i

[

STANDARD FORM:

,_' 1
// .
Productions are placed one to a card. If the first column
is noanlank, then thelfirst token on the card is taken to be

tbe left part of the production. Otherwise, the left part |is

-~

151 ) -



assumed: to be the left part of the preceding production. The
balance of the card is taken to be the right part' of the

production. .

L

Any token that does not occur as a left part of ahy

N -

production is a terminal symbol; any token that only occurs 'as

a left part is a GOAL SYMBOL (there should be exactly one in a -

grammarj. All productions with the same 1left part must be

grouped.
A token is either | p
(1) the character '<' followed by a blank, or

(2) any codsecutlve group of non-blank characters not begin-

b

ing with '<',-followed by a blank or the end of the card,

or
)

ter '<', Jollbd@& by. a non-blank character and

(3) the cha

tTing of blank and non-blank characters, up to

)

and including the next occurance of the character '>'.

ih’

s are ignored. Cards with the character '_' in

- then any

Blanﬁ car

the first col 3h are treated as comment or control cards

(TOGGLES) Ong' toggle per card 1s effective. The description

of the toggles }s glven on the next page.




)

TOGGLE  INITIAL

»

I OFF
. 6 " ON
C OFF
_F . ON
- L by ON
D ~ ON
C ' P~ ./, OFF
. T e A
\ ,
_E OFF
T . OFF
M OFF
. A OFF
l
Y , S OFF
; ' N
r |

DESCRIPTION WHEN TOGGLE IS ON

List the input grammar card.
(including text for augmented
<~grammar)

List ‘the reformated grammar.
(only grammatical rules)

X
‘List the configuration sets.

List the characterstic FSM.
Lfst the look~ahead sets;
List the DPDA.

Write the DPDA onto file
OPUT3 (parsing tables).

Compute and write é\ror_tablé
onto file OPUT2.

List the decoded error_table.
Compute and write
grouping_table onto file OPUT2.
Input data is read from file
IPUT2.

Compute and write action_table
onto file OPUT2.

Input data is read from file
IPUT2.

When this todgle is off,f:he
input grammar should be
STANDARD form.,

" when this toggle is on, the ipput :

grammar should be in AUGMENTED
form. * -




" AUGMENTED FORM:

- The  AUGMENTED grammar is for ciating the

Semantics with each production r ‘ ar. The

i§ to-automatically generate the 'synthesis' modul

? g .
compiler. To include the semantics in the grammar, it is
t

a4

desired to distinguish between procedure e, declaration

procedure. Therefore, some control toggles ate introduced to

achieve this purpose. The meaning of these toggles arfd how to

use them 'is‘e,xplained below.

<

For the aixgmented form of a gram‘rﬁar, the first two columns

of the cards are reserved. The second column should be blank

-

R and the first column should contain one of the following

" control characters (except comment or control cards):

—

-~

P Starting from the third column all the blan

will be ignored and the first character string "will be
! taken as- a 'procedure name'. One card of this type must

14
precede the first card with the control character 'R’'.
P :

D Starting from the third c¢olumn, the card image. will be

written as it 1is. This control character could be used

- . for ‘'declaration statements' and . 'comments'. all
. - declaration statements must fall between the P card and
. [ ) . »

T the R card following it. g

Ly AEERTT

‘e
R N N Y R TR T ”&f;' 15
T e A AL RN

o«
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.- - : ) ‘ .

R This control character indicates that starting from the

third column is the 'production rul®e' which follows the

3 " specification of the standard form. J

+

S . Starting from the third column the card image will be

written as it is. This control character is used if the

. . f) .

. card image contains- a ‘'statement' of the semantic

procedure.. The difference between the ‘D and the S control
\

characters lies in their implementation. If there is no

semantic code E?a‘cemen\t(s) associated with a production
\ T * f

rule, then an empty statement (;) is automatically

-

inserted.

¢

E.- ' Indicates the end of a procedure. The last procedure

J
should mbt be terminatedﬁ; this control character.

¢

D T e e—————r———
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GENERATED TABLES AND SYNTHESIS PROCEDURES

This language analyzer géneiates a set of parsing tablés
when thelh/i'n'gut grammar is in standarci form. If the input
grammar is in augmented form, the l'anguage qnalyzer, along
with the.parsing tables, generates a set of errbr repair
tables and synthesis ‘procedures, provided that the ° necgssary
data is supplied. The set of er‘r)gr repair tables consisi:s of
three tablesu, namely, ‘'error_table', ‘action_table', and
'grouping_table'. Synthesis procedures and error repair

tables a‘re discussed below.

SYNTHESIS PROCEDURES:

f ~

- a
The data required to generatehthe synthesis pfocedures {s |,

embedded in the augmented grammar (refer to augmented form),

whi*ch is read by the énalyzer as card 1images. The, £irst

column of the card is chécked. If it is a 'Yy, tht;n it is
consi/dered as a comment card (refer.to standard form). The
character in the second column of the comment card’ is
considered as a toggle character and its value is switched
from on to off (or vice versa) at(d the rest of the information
on the card is ignored. If the firstacharacter of the card
" image is the control character 'R’ (which specifies production
rule), then the text from column 3 to column 80, inclusive, is
passed on to a procedure which analyzes the gr.ammar. If the

first column of the card image has a legal control character

.




- 157
other than 'R', then the text from column 3 to column 80,
inclusive, is' passed on to the procedure which generates the

synthesis procedures.

The structure of these z:cedures is shown in Fig. A-1,
where the contents between '{' d *}' are taken from the card
images (of-the augmented grammar) hawving e control ‘_character

The contents between '/*' and '*/' are the

~ A

other than 'R’.,

production rules taken from the augmented grammar, -i.e., the

card images having 'R' as the control character. The rest of
the code for ' synthesis pfocedqre, as shown in fig. a-1, i

generated by the SLR(1l) analyzer. .

This structure of synthesis gigocedures requires that there
shou)ld "be, at least, one proceddre within the main procedure
'called 'SYNTHESIS'., . For this recaso('n, it is required to have
one card (i.n the augmented grammar) \é‘u:h control character 'P‘!

Béfore any card having a control chara”ctea: 'R

- f/

d
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other than 'R', then the text from column 3 to column 80,
inclusive, is' passed on to the procedure which generates the

synthesis procedures.

The structure of these tcedures is shown in Fig. A-1,
where the cgontents between '{’ d *}' are taken from the card
images (of-the augmented grammar) having e control character

The contents between '/*' and '*/' are the

~ S

other than 'R’.

production rules taken from the augmented grammar, ‘i.e., the

g
card images having 'R' as the control character. The rest of
the code for ' synthesis pfocedqre, as shown in \Fig. A-1l, i

generated by the SLR(1l) analyzer. .

This structure of synthesis Ev';:ocedures requires that there
should "be, at least, one procedd're within the main procedure
'called 'SYNTHESIS'. .For this re(asoﬁ., it is required to have
one card (i.n the augmented grammar) \?:.'Lth control character 'P*

before any card having a control character 'R'«

| P
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S ‘ SO FIG. A-1
STRUCTURE -OF THE SYNTHESIS PROCEDURE

o

‘

"/* The brace { and } delimit information that
is supplied by the compiler wrlter in the

augmented grammar.

SYNTHESIS:
. PROCEDURE (PROD); .
DECLARE PROD §IXED; - " ;
{declare statements} - [

{PROC1}: ' . '
F L *PROCEDURE (PROD_NO) ;
S

DECLARE PROD NO FIXED;
P, : ' lf .
4

- {declare statements}

5

DO CASE PROD_NO;"

= o~
CASEE0(0): /¥ ‘NOT USED */ - !
’ : . ; N . - ' H -
- CASEE(1l): - ‘ ]
/* production rule no. 1 */ i
" {statements} : ‘
) ' CAEEE(N) o ‘
.« /* production rule no. N */
( {statements}
- END_CASE; ’ / ' o

END {PROCl}'

Yy

. &
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R FIG. A-1
STRUCTURE . OF THE SYNTHESIS PROCEDURE

o

/*‘The brace { and } delimit information that
is supplied by the compiler wrxter in the

augmented grammar.

SYNTHESIS:
_ PROCEDURE (PROD) j .
DECLARE PROD §IXED;

{declare statements}

{PROC1}: .
\PROCEDURE(PROD NO) ;
DECLARE PROD NO FIXED;

{declare statements}

. 2D
T e

R
e e L

' = DO CASE PROD_NO;"
CASEEO(0): /* NOT USED */ B
CASEE(1): ) ¢
b /* production rule no. 1 */
o . {statements} ~
' cabeE () : | '
« /* productionr rule no. N */
( {statements}
\ END_CASE; | /

END {PROCl};

S

-
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TN

[

(B4

{PROE2} : o P
PROCEDURE (PROD NO), -
. DECLARE PROD NO FIXED;’
{declare staténents}

' DO CASE pRoqhno;
CASEE (N+1) :

/* production rule no.

- . {Statements}

CASEE.(N+M) :

/* production rule no.

- {statements}
END_CASE;
—<YEND {proc2};
IF PROD <= N THENN
CALL {PROCl}(PROD _NO) ;

ELSEE -
IF PROD <= N+M THENN

PARE

N+l */

’

N+M */

CALL {PROCZ}(PRDD - N+ 1);

¢

ELSEE \
. OuTPUT =;'ILLEGA%fBRODUCTION NUMBER' &
END; .
END; .
. " ) _ f
END' SYNTHESES; . . . " o5
3 "‘ " ‘ 4 } 1
{ i} . -
N ) .
L % " -
v‘ ,“ l) o -
A ] a )
v ‘
S
¢ ' e w \‘
) - ‘- - 7 * [ 4
..’. R Y “‘ v
k . : ‘c ‘ .
. B 4 -~ N . B “‘ "
* / ~ . , .
) | 4 .
] o “ v ')\ &
r s R A ? . ‘ ,
) - o n'JA o "

— "

e o S—



fon

(54

‘

{PRO€2}: .

PROCEDURE (PROD_NO) ;.
. DECLARE PROD NO FIXED;
{declare staténents}
' DO CASE PROQ_NO;

CASEE(N+1)

/* production rule no. N+1 */

- \ {Statements}

CASEE.(N+M) :

/* production rule no. N+M */

- {statements}
END_CASE;
—YEND {proc2};
IF PROD <= N THENN
CALL {PROCl}(PROD _NO) ;

ELSEE 5
IF PROD <= N+M THENN

CALL {pnocz}(pnpn - N+ 1); I

ELSEE
.. OUTPUT =_'ILLEGA
END;

END;

. 'g
END SYNTHESES; =

’

s .

¢

RODUCTION NUMBER'
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ERROR TABLE: .o

The analyses of the graﬁmar provide the data required to

(\\\ generat; the errc::,v table. The size of thics table is NXN
F values, where N is ihé number of terminal _symbols in the
grammar. ' Since the val&es this table is to hold arF boolean

values (i.e., 0 and 1), aﬁq the CDC 6460 computer's word is 60

=~ bits 1long, the éLR(l) analyzer,generafés N bit-tables, each N
bits lqng (N <= 60). A grammar ha?ing 60 terminal symbolsf is

N o

a sufficiently large grammar. The analyzer has to be modified
if it has to éenerate an error table for- a grammar having more

than 60 terminal symbols. o : .

. / . '
The analyzer also generates - /a vocabulary of all the

,. symbols (termiﬁ'& and.non-terminal)q of' a grammar. If two
I3 ’ ¥ ~

terminal symbols, Say, TSI and TS2, are given, and. their
correspondiné locations in the wvocabulary are; say, L1 and L2

respectively, (the locations are counted from zero), then to

-

find out if, according to syntactic rules, TSl can be followed

by\ TS2, one has _to 1look ﬁt word number L1, (counting from
“ A

‘ ‘'zero), of ‘error_table' and its bit number L2, 'wheére .bit '

numbers ‘are assigned from 0 to 59 and from right to left. "If - ¢
= ’ . .

-this bit ‘is on (i.e., 1), then TSl 'can be followed by TS2 -and
this isk called a leqal pair. If the bit is off (i.e., 0),

then TS1 cannot be followed by TS2, and L this is callgd an

~wf )
illegal pair. . - -
. e T \
» ] '
[ j j
«l Lo o v
Y 4 L
v : N L
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ERROR TABLE: .o

The analyses of the graﬁmar provide the data required to

generate the errc::.' table. The- size of this table is NXN

values, where N is the number of terminal symbols in the
) .
grammar. ' Since the values this table is to hold are boolean

values (i.e., 0 and 1), and the CDC 6400 computer's word is 60
bits 1long, the SLR(l) analyzer,generaﬁés N bit-tables, each N

bits long (N <= 60). A grammar having 60 terminal symbols’ is

i)

a sufficiently large grammar. The analyzer has to be modified
if it has to éenerate an error table for- a grammar having more

than 60 terminal symbols. o ‘ .

: / . '
The analyzer also generates:-/a vocabulary of all the

@

/. ’ -
terminal symbols, say, TSl and TS2, are given, and. their

correspondiné locations in the vocabulary are; say, L1 and L2

respectively, (the ocations are counted from zero), then to

-

find out if, according to syntactic rules, TSl,can be followed

’

by\ TS2, one has to 1look gt word number L1, (counting from
. g R\ ,

'zero), of ‘error_table' and its bit number L2, 'whé€re (bit °

numbers ‘aré assigned from 0 to 59 and froﬁ right to lgft. “If - ¢

- this bit ‘is on (i.e., 1), then TSl 'can be foilowed by TS2 -and’
this isX called a ledal pair. If the bit is off (i.e., 0),
then TS1 éaﬁno;,be«followed by TS2, and itﬁis is éa;}sd, an

~wf

illegal pair. ) - -

i’
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The éarser whieh _uses the parsing tables generated by the
SLR(l) analyzer always has two termlnal symbols at hand whlle
it is parsing the 1nputl text. These symbols are known as
'current _symbol' and 'next;symﬁdl'. Before this pair of
symbols is used by the parsing algotithm, it'is checkeg
through the error table to determine if the pair is "a 1legal
one. If the pair at hand is'IEQal, then it is passed on to
the parsing algorithm. The question arises as to what to do
if the. pair 'ig not legal, i.e., a syqtactic\'error is

*

sencountered. This is discussed next.

.. . | , ¥

“z
L3

ACTION TABLE:

Y

The action table specifies the action to be ‘taken when a

- ‘ %

syntactic error is encountered. The table is generated by the
analyzer provided the data are supplied. The details of the

data format are discussed later. The size of this table is
. :

the same as the number of t?;/éeta cards provided to generatF
A~ . |}
this table. Each vord of*‘this table is divided into four

fields. Fields one and twd of thlS word contain the locatlons
&

L

of the purrent symbol and the next symbol, respectivelyf in

the vocabulary. The third field of this word contains the

<

action code _ for the illegal pair . (current_symbol,
next_symbo{ft Depending on the action code, the fourth fief&

of this word will contain the lqcation of another terminal

’

r
symbol in the vocabulary. This terﬁ;nal symbol could ‘be the
L 4 .
replacement for either the current symbol or the next symbol,

»
> . ¢

ey Sk M Ca amerare e
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The éarser whieh _uses the parsing tables generated by the
SLR(1l) analyzer always has two term1nal symbol; at hand whlle
it, is parsing the 1nputl text. These symbols are known as
‘current_symbol® and 'next;symndl'. Before this pair of
symbols is used’ by the parsing algorithm, it'is checkeg
through the error table to determine. if the pair is "a legal
one. If the pair at hand is'IEQal, then it is passed on to
the parsing algorithm. The question arises as to what to do
if the. pair 14 not legal, i.e., a syntactic “error is

3

sencountered. This is discussed next.

v
<. - , 7

~x
&

ACTION_TABLE:
The actlon table spec1f1es the actlon to be ‘taken when a
syntactic error is encountered. The table is generated by the

analyzer provided the data are supplied. The details of the

data format are discussed later. The size of this table is

. \

the same as the number of tns/é;ta cards provided to generaYﬁ
- . i

this table. Each ‘ord of*‘thls table is divided into four

fields. Fields one and twd of thls word contain the 1ocat10ns
“ )
of the purrent symbol and the next symbdl, respectively» in

the vogcabulary. The third field of tnis word contains the

action code  for  the illegal  pair . (current_symbol,
next_sxmbobf: Depending on the action code, the feurth’ fieié
of this word will contain the lqcetion‘of another terminal
symbol in the vocabulary. This terﬁinal symbol con&d ‘be the

- '
replacement for either the current symbol or the next symbol,

s
» . ‘

/
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or it could be inserted between the  two. The selection of

these actions depends upon the action code. 1If the data is

not provided for some illegal palr(s), then by default the

‘GROvﬂlPﬁING_TABLE :
The 'grqupiné_table' is generated by the analyzer,
provided the data are supplied, to allow the compiler wrifer‘
to issue specific efrof messages 'when a grouping 'error
sznmetched parenthgsis, DO's etc.) occurs.  The details of the
data format are discussed later. ' The size of this table is N
words, where N'is Ehe number of terminal symbols in the
gramﬁarl Th%s table is used ?pr the grouping elements and
their check poinss. Grouping elements, are those termlnal
symbels which occur in pairs, ‘such as [{ , )], [DO, END] ,
[PROCEDURE, END_PROC] etc; They = must -appear in - the
‘grouping_table' so \;h;t they can be counted. The check-
points are terminal symbols which signal wheq to check whether

the grouping elements are matched.

-

It is the responsibility of the language designer to write '
a procedure whose function is ta check the grouping elements

by using.the 'grouping table'. This procedure consists of one
Y = - )

P

DO. CASE statement, where each case statement will perfbtm' a

v

speclflc function. An example of such a procedure is given in

Fig. -@—2, whxch only handles parentheses for the XPL grammar.

’ ' o

action 'SKIP' is assumed, i.e., skip tﬁe next symbol. .

.

>
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. _ The . 'grouping_table' contains the case number to be
executed when a grouéing element or any ch;ck point is
encountered. As shown in Fig. A-2, when a '(' is encountered,
the CASEE(l) will be executed, that is, the‘éouﬁ‘~of the left
parentheses'will be incremented by 1. It is also shown that
if —certain funct{ons are yet to be implemented, a null///
.statemenF ';" should be provided for that case statement. For
example, when- a 'DO' is encountgred in the input text, the
CASEE(4) is executed. Since this has a null statemen!&
’ﬁheqeforel .no action will be taken. CASEEO is reserved and
sho&ld not ,be used for grqyping g;gments or for their eheck
points, By default, all other terminal symb&ls will go to

CASEEQ. : . . .




p

CHECK_GROUP_ELEMENTS : ‘
PROCEDURE; .
DECLARE MSG CHARA@TBR(aoy;
DO CASE GROUPING_TABLE (NEXT_SYMBOL);

CASEEOQ: /* NOT USED */

.
1

CASEE(1): /* LEFT PARENTHESES */ 4

LEFT_PAREN = LEFT_ PAREN + 1; .

CASEE (2): /* RIGHT PARENTHESES */

RIGHT PAREN = RIGHT PAREN + 1;

IF RIGHT PAREN > LEET_PAREN THENN
OUTPUT(2) = ' '; R :
MSG = ! ' 11 IFORMAT (CARDCOUNT, 6) !

. ' !! IFORMAT(LINE_COUNT, 6)!
OUTPUT (2) = MSGl!I'*** ERROR: TOO MANY
!1 ' RIGHT PARENTHESES.';
RIGHT PAREN = RIGHT PAREN - 1; .
RP_ERROR = TRUE;
END; -

!
!
1

CASEE(3): /** PROCEDURE */

. CASEE (4) : /"'r DO "~ */
. I

1

CASEE(5): /* END */

’ . !

CASEE(6): /* ~; FIXED CHARACTER. THEN. */ -
IF LEFT_PAREN > RIGHT_PAREN THENN e
OUTPUT(2) = ' ';
MSG = ! ' {1 IFORMAT (CARDCOUNT, 6) !!
!! IFORMAT (LINE_COUNT, 6)!!
OUTPUT (2) = MSG!!'*** ERROR: UNMATCHED'
. 1! ' LEFT PARENTHESES.';
LP_ERROR = TRUE;
ELSEE -
s LEFT_PAREN = 0;
‘// : RIGHT PAREN = 0;
END;
END_CASE; .o
END' CHECK_GROUP_ELEMENTS;
Ny
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’ FORMAT OF DATA

'

The data for the combutation of the 'grouping_table' and

[y

the 'aciion_table' should be provided on file IPUT2. The data

for the 'grouping_table' should be given first, followed by

{ .
the data for the 'action_table'. The two sets of data should

be separated by a card having EOD starting in the first
column. EOD stands for 'end of data'. i ,

o

GROUPING_TABLE:

Each data' card - for the"grouping_table' shoulq contqin two
daga elements sepdrated by at least one blank. The first data
elegent shouiglbe a. terminal- symbol, say Vt. The second data
element should be an integer number, say Ci. It is the user'é
responsibility to write a procedure which contains a DO CASE

STATEMENT. Each case stidtement Ci of the DO CASE STATEMENT

kS t !
should be coded to handle the terminal symbol(s) Vt which are

'

recognized by the scanner. Basically this code will be for
incrementing some bounters; for comparing counters or for

1

making some other decisions.

The generated table wil% have the following form:
DECLARE GROUPING_TABLE(DIM) FIXED INJTIAL(CO,Cl,...., Cdim);
where DIM is the dimension (number of terminal symbois) and Ci

is the case number to handle the ith terminal symbol as listed

in the vocabulary. For a terminal symbol which. is not

~
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’ FORMAT OF DATA

The data for the combutation of the ‘'grouping_table’ and
the 'aciion_table' should beiprovided on file IPUT2. The data
for the ‘grouSing_téble' should be given first, followed by
the 'data for theg'action_table'. The two sets of data should
?e separated by a card héving EOD' starting in the first

column. EOD stands for ‘'end of data'. .

o

GROUR{NG_TABLE:

Each data card-for the"grouping_table' shoulq contqin two
daga elements sepdarated by at least one blank. The first data
elegent shoui%lbe a terminal- symbol, say Vt. The second data
element should be an integer number, 'say Ci. It is the user'é
responsibility to write a procedure which contains a ‘DO CASE

STATEMENT. Each case stidtement Ci of the DO CASE STATEMENT

kS t !
should be coded to handle the terminal symbol(s) Vt which are

LS

recognized by the scanner. Basically this code will be for
incrementing some éouﬁters} for comparing. counters or for
making some other decisions. |

. The generated taple wil; have the following form;
DECLARE GROUPING TABLE (DIM) FIXED INJTIAL(CO,Cl,...., Cdim);
where DIM is the dimension (number of terminal symbois) and Ci
is the case number to handle the ith terminal symbol as listed

‘in the vocabulary. For a terminal symbol which. is not

~



A A AR W Ml ettt s o

L

‘ ' ; 166

E—

e
Y

" provided on the data cérd) the program initializes its case

’ number to zero. Therefore, in the user's coded proceéure}
‘ ; . . . .
A case _zero of the DO CASE STATEMENT should be an empty
_ t .
statqment {(;). \ . .
. \ . . ' <
A +

ACTION TABLE:

D Each data card for the action_taBle should ‘contain

character string data items separated by at %east'one blank in
- 4

- -

the following order:

&

CURRENT_SYMBOL NEXT SYMBOL ACTION REPLACEMENT/iNSERTION.

th‘ere

CURRENT_SYMBOL 4is a terminal. symbol.

NEXT_SYMBOL is a terminal symbol.

! ACTION is one of the following:
‘ 1) REPLACE_CURRENT_SYMBOL

]
2) REPLACE_NEXT SYMBOL

i ¢

3) INSERT
4) SKIP

2

)

the terminal symbol specified by Ehe

/ For actions 1) and 2) 'current'/'next symbol'
4th data item.

s

is replaced by

For

action 3) the terminal symbol specified by the 4th data item

is  inserted between ‘current_symbol'

! : ' Action 4) skips the 'next_symbol*. Fo

the

illegal pair of Symbols, if no other ac

/ data element on data card is

j default action is to 6KIP.

°

. H - R
DR

- ——— o 2a ; .
. ; " — DRI

this

and

action

‘next symbol'.’

the 4th

not required. For any

ionﬂis specified, the
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o
A}

provided on the data cérd) the program initializes its case

i v »
number to zero. Therefore, in the' user's coded procedure,
‘ i ] .

case _zero of the DO CASE STATEMENT should be an empty .
T

{
statement (;). | . . *

| | ¢

Each data card for the action_taBle should k'pontain

ACTION TABLE:

character string data items separated by at %east'one blank in

SN

the following order: A - -~ i

CURRENT_SYMBOL NEXT SYMBOL ACTION REPLACEMENT/iNSERTION.
' ’

vhere CURRENT SYMBOL is a terminal. symbol.

ACTION is one of the following: *

' 1) REPLACE_CURRENT SYMBOL
] 3
2) REPLACE_NEXT SYMBOL

' | e

3) INSERT

—

4) SKIP

R
3}

For actions 1) and 2) 'current'/'next symbol' is replaced by

the terminal symbol specified by the 4th data item. For I’
1

action 3) the terminal symbol specified by the 4th data item

is inserted between ‘'current_symbol' and ‘'next_symbol'.
Action 4) skips the"nexg_symbolﬁ. Fok this action the 4th
data element on t@e data card 1is |not requiéed. For any
illegal pair of gymbols,\if no other ac ion‘is sbeéified, the

default action is to 6KIP. - , - ‘ |

. -
»
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The data for this table must appear in the same order as .

-

"they appear in tgF decoded error table. Not much effort is

* required to produce - the data, in the required order,*if the

kY

following procedure is used: .

~

First get the listiﬁg' of the decoded error. table.
This 1listing has two par;s. Inhthe first part, the
terminal symbols are printed. gﬁt one at, a timé,
followed by their légal successor*term&nal symbols.
In the second part, the terminal symbols are printed
out one at a time, followed ?y their illegal succéssor
termin;l symbols. It.is only necessgry to go through
the second part of this listing sequentially, to write

the data for the actioﬂ table in the order required.

E
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The data for this table must appear in the same order as,

"they appear in tﬁ? decoded error table. Not much effort is

* required to produce: the data, in the required order,'if the

-~ \'\

following procedure is used: .

First get the listigg‘ of the decoded error. table.
This 1listing has two parés. Inhthe first part, the
terminal symbols are printed. gﬁt one at, a timé,
followed by their légal sucgessor terminal symbols.
In the second part, the terminal symbols are printed
out one at a time, followed @y their illegal succéssor
termjn;l symbols. It,is only necessgty to go through

the second part of this listing sequentially, to write

the data for the actioﬂ table in the order required.

K4
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* PROCEDURE FOR USING THE SLR(*) ANALYZER

- ‘ . P

J

The following are the systematic steps to use " the SLR(1)

analyzer.

(1) Feed the grammar to the analyzer in ‘'standard' form
- If the grammar is SLR(1) then pefform STEP (2).
- If the grammar is not SLR(1) then modify the grammar

- and repeat STEP (1). -

>

» ’ . L.
: v - M‘“’M
(2) Feed the grammar to the analyzer in 'standard' form with E
and T toggles ON. ) . \ ;~

-

»

(3) With the help of the grammar build the data for.
'groyping_table', and with the help of the deboded' error
table build the data for ;actioq_table'. Storecthe data
fo{?the grouping table and thé data for'the actiqn table, ’
separated by 'EOD', onto file IPUT2. .Change the grammar
"from STANDARp FORM to AUGMENTED FORM anq associate thq
semantic code with the broduction rules where necessary.

Feed the augmented grammar to/the analyzgr‘élong with the

data file IPUT2 with the E, M, A, S and P toggles ON.

~
[y
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" PROCEDURE FOR USING THE SLR(l) ANALYZER

J

The following are the systematic steps to use " the SLR(1)

- ‘ . /

analyzer.

(1) Feed the grammar to the analyzer in 'standard' form
- If the grammar is SLR(1) then pefform STEP (2).
- If the grammar is not SLR(l) then modlfy t grammar

- and repeat STEP (1) . -

>

» ’ . L.
F) ! - M"““”M
(2) Feed the grammar to the analyzer in 'standard' form with E
and T toggles ON. ) ; \ ;.

-

»

(3) With  the help of the grammar build the data for.
'grouping_table', and with the help of the deboded' error
table build the data for ;actioq_table'. Storecthe data
for@the grouping tabla anq tha data for'the actiqn table, ‘
separated by 'EOD', onto file IPUT2. Change the grammar
‘from STANDARD FORM to AUGMENTED FORM anq associate the
semantic code with the broduction rules where necessary.

Feed the augmented grammar to/the analyzer along with the

data file IPUT2 with the E, M, A, S and P toggles ON.

[y
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j TEST PROGRAMS ‘ -

r

o

This Appendix . contains the test programs submitted to a

compiler generated by the proposed, compiler writing sysﬁem.
. h . E1d

Each test program 'is written to highlight the capabilities of

the error repair and the paragraphing of this study.

Following is a brief summary of each test program followed by

&

the input testprograms_and their paragraphed output.
Test Program No. 1: A syntactically . correct program

highlighting the paragraphing of a 'declare' statement and

operator precedence.
‘ : R

Test Program No. 2: a’ syntact}cally incorrect program
highlighting the error ‘ 5ep$ir performed .on vmiésihg
parenthesis, missing statement terminator, missing operator,
invalid punctuation, more than aone coﬁsecutive arithmeéic
operator and incorrect use of keyword 'CALL' after '=' sign.
The paragraphed output is of the. repaired’ inpqt program

highlighting the paragraphing of ‘'declare' and ‘procedure'
* ' N

" statements.

L e

) o

e R L A e

Test” Program No. 3: A syntactically correct prégram
highlighting the ‘paragraphing of ‘'declare' statemehts

. %

. 169 - -
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o

This Appendix . contains the test programs submitted to a

compiler generated by the proposed , compiler writing sysﬁem.
) - . £1 )

Each test program 'is written to highlight the capabilities of

the error repair and the paragraphing of this study.

Following is a brief summary of each test program‘followed by

4

the input test programs_and their paragraphed output.
Test Program No. 1: A syntactically = correct program

highlighting the paragraphing of a 'declare' statement and

L3 S 2

operator precedence.
4 1 -
‘ ' l

*

Test Program No. 2: A ° syntactically incorrect program

highlighting the error repair performed .on vmiésihg
parenthesis, missing statement terminator, missing operator,
invalid punctuation, more than ane coﬁsecutive arithmeéic
operator and incorrect use of keyword 'CALL' after '=' sign.
The paragraphed output is of the_ repaired’ inpqt program

highlighting the paragraphing of ‘declare' and 'pfocedure'
° ' )

‘statements.

oL o e —

) T

TR e

Test‘Prog;gﬁ'No. 3¢ a syntactically correct prégram
highlighting the -paragraphing of ‘declare’ statemehts

. - ¥
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declaring an array with a list of initial values; paragraphing

0of nested 'do’ statements,' 'if-then—-else' statements and:

comments.
Test Program No. 4: , A syntactically correct program

highlighting the paragraphing of 'declare’ statements

declaring a variable with a initial value; paragraphing of

procedures' and adding of blank llnes between two consecut1ve

'procedures’', and also—tHe truncation of the source statement

which could not fit on an outputxline.

Test Programﬁyo. 5: A syntactically correct program which is
exaqtly the same as test|program no. 4, except at macros are
used representing the text which. would ‘qtherwise require
paragraphing. The compariision of the paragraphed output of
test program no. 4 and no. will highlight the d%fference i
paragraphing.’ This progr also highlights the fact that the
first symbol in the macro text plays a role in par#&raphing.

- \\ K
Tést Program No. 6: h\syntactféglly correct program des&gned
to highlight the weakness of tﬁe paragtjphing when macros are
“used representing text which woulld
paragraphing. * In this test program the macro 'END_CASE' is
deciared to represent the text 'END;END'. The first 'END' of

the macro text will piay a role in the paragraphiﬁg and will

cause the indeqpation level to Ee decremented one level to the

left and the macro name will be appended in the output buffer;

. v
S . 8

otherwise require
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therefoge, deforming the structure of the 'DO CASE' “statement.

However, the indentation level will be adjusted properly for

the next output-line. ) .

Test Program No. 7: A syntactically incorrect program obtained
from test program no. 5 by introducin§ several syntax errors
including some in the macro text, This programxpigﬁlightsmthe
error repair performed on missingﬁ\pareﬁtheses, missing
statement terminat;rs, unmatched DO's which are confined}
within the scope of a procedure. The Error repair performed
on the syntac%ically incorrect macro text, and its effect on
the patagraphed‘outpuv are also illustrated. A macro 'ELSEE’,
instead of being “kdeclared to represent  the. text
'EﬁD;ELSE DO; ', | is. declared to represent the  text
'END ELSE DO '.- Error_repair is performed on the macro text
by providing a ';' after 'END' and a ';' after 00'. But the

o

first ';' will fall within the macro text while the second ';°

-

will fall outs@de the macro text. Therefore, the second ';'

is printed out following the macro name ‘elsee’.
b

.
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