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14 A SSIMPLE COMPILER - THE FRONT END

At this point it may be of interest to consider the construction of a compiler for a simple
programming language, specifically that of section 8.7. In a text of this nature it is impossib
discuss a full-blown compiler, and the value of our treatment may arguably be reduced by t
that in dealing with toy languages and toy compilers we shall be evading some of the real it
that a compiler writer has to face. However, we hope the reader will find the ensuing discus
interest, and that it will serve as a useful preparation for the study of much larger compilers
technique we shall follow is one of slow refinement, supplementing the discussion with nun
asides on the issues that would be raised in compiling larger languages. Clearly, we could
develop a completely hand-crafted compiler, or simply to use a tool like Coco/R. We shall c
both approaches. Even when a compiler is constructed by hand, having an attributed gram
describe it is very worthwhile.

On the source diskette can be found a great deal of code, illustrating different stages of
development of our system. Although some of this code is listed in appendices, its volume
precludes printing all of it. Some of it has deliberately been written in a way that allows for ¢
modification when attempting the exercises, and is thus not really of "production quality". F
example, in order to allow components such as the symbol table handler and code generat
used either with hand-crafted or with Coco/R generated systems, some compromises in de
been necessary.

Nevertheless, the reader is urged to study the code along with the text, and to attempt at le
of the many exercises based on it. A particularly worthwhile project is to construct a similar
compiler, based on a language whose syntax resemblaatber more than it does Pascal, anc
whose development, like that o#€ will be marked by the steady assimilation of extra feature
This language we shall name "Topsy", after the little girl in Harriet Beecher Stowe’s story w
knew little of her genealogy except a suspicion that she had "grow’d". A simple Topsy prog
was illustrated in Exercise 8.25, where the reader was invited to create an initial syntactic
specification in Cocol.

14.1 Overall compiler structure

In Chapter 2 we commented that a compiler is often developed as a sequence of phases, ¢
syntactic analysis is only one. Although a recursive descent parser is easily written by appl'
ideas of earlier chapters, it should be clear that consideration will have to be given to the
relationship of this to the other phases. We can think of a compiler with a recursive descent
at its core as having the structure depicted in Figure 14.1.
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Figure 14.1 PRelationship between the main components of a simple compiler

We emphasize that phases need not be sequential, as passes would be. In a recursive des
compiler the phases of syntax analysis, semantic analysis and code generation are very off
interleaved, especially if the source language is designed in such a way as to permit one-pi
compilation. Nevertheless, it is useful to think of developing modular components to handle
various phases, with clear simple interfaces between them.

In our Modula-2 implementations, the various components of our diagram have been imple
as separate modules, wh@&El NI TI ON MODULE components export only those facilities that tf
clients need be aware of. The corresponding iBplementations use classes to achieve the si
sort of abstraction and protection.

In principle, the main routine of our compiler must resemble something like the following

void main(int argc, char *argv[])
{ char SourceNane[256], ListName[256];

/'l handl e command |ine paraneters
strcpy(SourceNane, argv[1]);

if (argc > 2) strcpy(ListNanme, argv[2]);

el se appendext ensi on( SourceNane, ".l|st", ListName);

/1 instantiate conpiler conponents

SRCE  *Source new SRCE( Sour ceNane, ListNanme, "Conpiler Version 1", true);
REPORT * Report new REPORT( Sour ce) ;

SCAN  *Scanner new SCAN( Sour ce, Report);

CGEN  *CGen new CGEN( Report);

TABLE *Tabl e new TABLE( Report);

PARSER * Par ser new PARSER( CGen, Scanner, Table, Report);

/] start conpilation
Par ser - >parse();

}

where we notice that instances of the various classes are constructed dynamically, and tha
constructors establish links between them that correspond to those shown in Figure 14.1.

In practice our compilers do not look exactly like this. For example, Coco/R generates only
scanner, a parser, a rudimentary error report generator and a driver routine. The scanner a
source handling section of the file handler are combined into one module, and the routines
producing the error listing are generated along with the main driver module +FheGion of
Coco/R makes use of a standard class hierarchy involving parser, scanner and error report
and establishes links between the various instances of these classes as they are construct
gives the flexibility of having multiple instances of parsers or scanners within one system (r
our case studies will not exploit this power).




14.2 Sour ce handling

Among the file handling routines is to be found one that has the task of transmitting the soL
character by character, to the scanner or lexical analyser (which assembles it into symbols
subsequent parsing by the syntax analyser). Ideally this source handler should have to sca
program text only once, from start to finish, and in a one-pass compiler this should always |
possible.

14.2.1 A hand-crafted sour ce handler

The interface needed between source handler and lexical analyser is straightforward, and ¢
supplied by a routine that simply extracts the next character from the source each time it is
It is convenient to package this with the routines that assume responsibility for producing a
listing, and, where necessary, producing an error message listing, because all these requir
will be input/output device dependent. It is useful to add some extra functionality, and so th
interface to our source handling class is defined by

class SRCE {
public:
FILE *I st; /Il listing file
char ch; /1 latest character read

voi d nextch(void);
/1 Returns ch as the next character on this source line, reading a new
/1 line where necessary. ch is returned as NUL if src is exhausted.

bool endline(void);
/1l Returns true when end of current line has been reached

void listingon(void);
/'l Requests source to be listed as it is read

voi d listingoff(void);
/1 Requests source not to be listed as it is read

void reporterror(int errorcode);
/1 Points out error identified by errorcode with suitabl e nessage

virtual void startnewline() {;}
/1l Called at start of each line

int getline(void);
/1l Returns current |ine nunber

SRCE(char *sourcenane, char *listname, char *version, bool |istwanted);
/1 Opens src and Ist files using given nanes.

/!l Resets internal state in readiness for starting to scan.

/1 Notes whether listwanted. Displays version information on Ist file.

~SRCE() ;
/1l Closes src and Ist files

H
Some aspects of this interface deserve further comment:

® \We have not shown the private members of the class, but of course there are several

® Thestartnew i ne routine has been declared virtual so that a simple class can be deri
from this one to allow for the addition of extra material at the start of each new line on
listing - for example, line numbers or object code addresses. In Modula-2, Pascal or C
same sort of functionality may be obtained by manipulating a procedure variable or fu
pointer.

® |deally, both source and listing files should remain private. This source handler declar



listing file public only so that we can add trace or debugging information while the syst
being developed.

® The class constructor and destructor assume responsibility for opening and closing th
whose names are passed as arguments.

The implementation of this class is fairly straightforward, and has much in common with the
similar class used for the assemblers of Chapter 6. The code appears in Appendix B, and t
following implementation features are worthy of brief comment:

® The source is scanned and reflected a whole line at a time, as this makes subsequent
reporting much easier.

® The handler effectively inserts an extra blank at the end of each line. This decouples t
of the system from the vagaries of whatever method the host operating system uses t
represent line ends in text files. It also ensures that no symbol may extend over a line

® [t is not possible to read past the end of file - attempts to do so simply returrcharacter.

® Thereporterror routine will not display an error message unless a minimum number
characters have been scanned since the last error was reported. This helps suppress
cascade of error messages that might otherwise appear at any one point during error
of the sort discussed in sections 10.3 and 14.6.

® Our implementation has chosen to usesth# o library, rather thamost r eans, mainly to
take advantage of the concise facilities provided bythet f routine.

Exercises

14.1 Thenext ch routine will be called once for every character in the source text. This can
represent a considerable bottleneck, especially as programs are often prepared with a gree
blanks at the starts of indented lines. Some editors also pad out the ends of lines with unne
blanks. Can you think of any way in which this overhead might be reduced?

14.2 Some systems allowing an ASCII character set (with ordinal values in the range 0 ... 1
used with input devices which generate characters having ordinal values in the range 0 ... 2
typically the "eighth bit" might always be set, or used or confused with parity checking. How

where could this bit be discarded?

14.3 A source handler might improve on efficiency rather dramatically were it able to read t
entire source file into a large memory buffer. Since modern systems are often blessed with
relatively huge amounts of RAM, this is usually quite feasible. Develop such a source hand
compatible with the class interface suggested above, bearing in mind that we wish to be ab
reflect the source line by line as it is read, so that error messages can be appended as exe
section 14.6.

14.4 Develop a source handler implementation that uses+thet@am-based facilities from the
i ost reams library.



14.2.2 Sour ce handling in Coco/R gener ated systems

As we have already mentioned, Coco/R integrates the functions of source handler and scai
as to be able to cut down on the number of files it has to generate. The source and listing fi
to be opened before making the call to instantiate or initialize the scanner, but this is handle
automatically by the generated driver routine. It is of interest that the standard frame files s
with Coco/R arrange for this initialization to read the entire source file into a buffer, as sugg
Exercise 14.3.

14.3 Error reporting

As can be seen from Figure 14.1, most components of a compiler have to be prepared to s
something has gone awry in the compilation process. To allow all of this to take place in a
way, we have chosen to introduce a base class with a very small interface:

cl ass REPORT {
public:
REPORT() ;
/1 Initializes error reporter

virtual void error(int errorcode);
/'l Reports on error designated by suitable errorcode nunber

bool anyerrors(void);
/'l Returns true if any errors have been reported

protected:
bool errors;
3

Error reporting is then standardized by calling onetlreor member of this class whenever an e
is detected, passing it a unique number to distinguish the error.

The base class can choose simply to abort compilation altogether. Although at least one hi
successful microcomputer Pascal compiler uses this strategy (Turbo Pascal, from Borland
International), it tends to become very annoying when one is developing large systems. Sir
error member is virtual, it is an easy matter to derive a more suitable class from this one, v
of course, having to amend any other part of the system. For our hand-crafted system we c
as follows:

class clangReport : public REPORT {
publi c:
cl angReport ( SRCE *S) { Srce = §S; }
virtual void error(int errorcode)
{ Srce->reporterror(errorcode); errors = true; }
private:
SRCE *Srce;
H

and the same technique can be used to enhance Coco/R generated systems. The Modula-
Pascal implementations achieve the same functionality through the use of procedure variat

14.4 Lexical analysis

The main task of the scanner is to provide some way of uniquely identifying each successi\
or symbol in the source code that is being compiled. Lexical analysis was discussed in sect



and presents few problems for a language as simple as ours.
14.4.1 A hand-crafted scanner

The interface between the scanner and the main parser is conveniently provided by a routii
get symfor returning a parametsiymof a record or structure type assembled from the source
This can be achieved by defining a class with a public interface as follows:

enum SCAN synt ypes {
SCAN_unknown, SCAN becones, SCAN | bracket, SCAN tines, SCAN sl ash, SCAN plus,
SCAN_m nus, SCAN_eql sym SCAN negsym SCAN | sssym SCAN | eqsym SCAN gtrsym
SCAN_gegqsym SCAN_t hensym SCAN_dosym SCAN rbracket, SCAN rparen, SCAN _comm,
SCAN_I| paren, SCAN nunber, SCAN stringsym SCAN.identifier, SCAN _coendsym
SCAN_endsym SCAN_i fsym SCAN whi |l esym SCAN stacksym SCAN readsym
SCAN writesym SCAN returnsym SCAN cobegsym SCAN waitsym SCAN_ signal sym
SCAN_semi col on, SCAN_begi nsym SCAN_constsym SCAN varsym SCAN_procsym
SCAN_funcsym SCAN period, SCAN progsym SCAN eof sym

H

const int lexlength = 128;
typedef char |exene[lexlength + 1];

struct SCAN_synbol s {

SCAN_syntypes sym /1 synbol type
int num /1 val ue

| exenme nane; Il | exene

b

cl ass SCAN {
public:
voi d get sym( SCAN_synbol s &SYM ;
/1 Ootains the next symbol in the source text

SCAN( SRCE *S, REPORT *R);
/1 Initializes scanner

H
Some aspects of this interface deserve further comment:

® SCAN synbol s makes provision for returning not only a unique symbol type, but also th
corresponding textual representation (known kex@me), and also the numeric value whe
symbol is recognized as a number.

® SCAN_unknown caters for erroneous characters like # and ? which do not really form pa
the terminal alphabet. Rather than take action, the humble scanner returns the symba
comment, and leaves the parser to cope. Similarly, an e)guieit eof symis always
returned ifget symis called after the source code has been exhausted.

® The ordering of th&éCAN_synt ypes enumeration is significant, and supports an interestit
form of error recovery that will be discussed in section 14.6.1.

® The enumeration has also made provision for a few symbol types that will be used in f
extensions of later chapters.

A scanner for Clang is readily programmed iradinoc manner, driven by a selection statemer
and an implementation can be found in Appendix B. As with source handling, some
implementation issues call for comment:

® Some ingenuity has to be applied to the recognition of literal strings. A repeated quote
a string is used (as in Pascal) to denote a single quote, so that the end of a string can
detected when an odd number of quotes is followed by a non-quote.



® The scanner has assumed responsibility for a small amount of semantic activity, name
evaluation of a number. Although it may seem a convenient place to do this, such ane
not always as easy as it might appear. It becomes slightly more difficult to develop sc:
that have to distinguish between numbers represented in different bases, or between
integer numbers.

® There are two areas where the scanner has been given responsibility for detecting err

Although the syntactic description of the language does not demand it, practical
considerations require that the value of a numeric constant should be within the range
machine. This is somewhat tricky to ensure in the case of cross-compilers, where the
the host and target machines may be different. Some authors go so far as to suggest
semantic activity be divorced from lexical analysis for that reason. Our implementatior
how range checking can be handled for a self-resident compiler.

Not only do many languages insist that no identifier (or any other symbol) be carried &
line break, they usually do this for strings as well. This helps to guard against the chac
would arise were a closing quote to be omitted - further code would become string tex
future string text would become code! The limitation that a string be confined to one si
line is, in practice, rarely a handicap, and the restriction is easily enforced.

® \We have chosen to use a binary search to recognize the reserved keywords. Tables ¢
types that correspond to keywords, and symbols that correspond to single character t
are initialized as the scanner is instantiated. The idioms-ep@gramming suggest that
such activities are best achieved by having static members of the class, set up by a
“initializer" that forms part of their definition. For a binary search to function correctly it
necessary that the table of keywords be in alphabetic order, and care must be taken i
when the scanner is extended.

Exercises

14.5 The only screening this scanner does is to strip blanks separating symbols. How woul
arrange for it to strip comments

(a) of the form{ comment in curly braces }

(b) of the form(* comment in Modul a-2 braces *)

(c) of the fornv/ conment to end of the line as in C++
(d) of either or both of forms (a) and (b), allowing for nesting?

14.6 Balanced comments are actually dangerous. If not properly closed, they may consumt
source code. One way of assisting the coder is to issue a warning if a semicolon is found w
comment. How could this be implemented as part of the answer to Exercise 14.5?

14.7 The scanner does not react sensibly to the presence of tab or formfeed characters in 1
How can this be improved?

14.8 Although the problem does not arise in the case of Clang, how do you suppose a hant
scanner is written for languages like Modula-2 and Pascal that must distinguish trEeen
literals of the forns. 4 and subrange specifiers of the fadm 4, where no spaces delimit the "..’



as is quite legal? Can you think of an alternative syntax which avoids the issue altogether?
you suppose Modula-2 and Pascal do not use such a syntax?

14.9 Modula-2 allow string literals to be delimited by either single or double quotes, but not
contain the delimiter as a member of the string. C anduSe single and double quotes to
distinguish between character literals and string literals. Develop scanners that meet such
requirements.

14.10 In G+, two strings that appear in source with nothing but white space between them
automatically concatenated into a single string. This allows long strings to be spread over s
lines, if necessary. Extend your scanner to support this feature.

14.11 Extend the scanner to allow escape sequences like the fam{li@wline) ont (tab) to
represent "control” characters in literal strings, as+n.C

14.12 Literal strings present other difficulties to the rest of the system that may have to proc
them. Unlike identifiers (which usually find their way into a symbol table), strings may have
stored in some other way until the code generator is able to handle them. Consider extendi
SCAN_synbol s structure so that it contains a member that points to a dynamically allocated :
exactly the correct length for storing any string that has been recognized (and is a null poin
otherwise).

14.13 In our compiler, a diagnostic listing of the symbol table will be provided if the Do is
used for the main program. Several compilers make use of pragmatic comments as compil
directives, so as to make such demands of the system - for example a comment of the forn
(*$L- *) might request that the listing be switched off, and one of the (fosm+ *) that it be
reinstated. These requests are usually handled by the scanner. Implement such facilities fo
controlling listing of the source program, and listing the symbol table (for example (us$ing *)
to request a symbol table listing). What action should be taken if a source listing has been
suppressed, and if errors are discovered?

14.14 The restriction imposed on the recognizable length of a lexeme, while generous, cou
embarrassing at some stage. If, as suggested in Exercise 14.3, a source handler is develoj
stores the entire source text in a memory buffer, it becomes possible to use a less restrictiv
structure foISCAN_synbol s, like that defined by

struct SCAN synbol s {
SCAN_syntypes sym // synbol type
int num /1 val ue
| ong pos, |ength; /] starting position and | ength of |exene

Develop a scanner based on this idea. While this is easy to do, it may have ramifications ol
parts of the system. Can you predict what these might be?

14.15 Develop a hand-crafted scanner for the Topsy language of Exercise 8.25. Incorporat
the features suggested in Exercises 14.5 to 14.14.

14.4.2 A Coco/R generated scanner

A Cocol specification of the token grammar for our language is straightforward, and little m¢
need be said. In4G, the generated scanner class is derived from a standard base class that
that the source file has already been opened; its constructor takes an argument specifying
corresponding "file handle". As we have already noted in Chapter 12, calls&a treutine of thi:



scanner simply return a token number. If we need to determine the text of a string, the nam
identifier, or the value of a numeric literal, we are obliged to write appropriately attributed
productions into the phrase structure grammar. This is easily done, as will be seen by stud
productions in the grammars to be presented later.

Exercises

14.16 Is it possible to write a Cocol specification that generates a scanner that can handle 1
suggestions made in Exercises 14.10 and 14.11 (allowing strings that immediately follow o
another to be automatically concatenated, and allowing for escape sequences tlkeppear
within strings to have the meanings that they do+im)€ If not, how else might such features be
incorporated into Coco/R generated systems?

14.4.3 Efficient keyword recognition

The subject of keyword recognition is important enough to warrant further comment. It is pc
to write a FSA to do this directly (see section 10.5). However, in most languages, including
and Topsy, identifiers and keywords have the same basic format, suggesting the constructi
scanners that simply extract a "word" into a string, which is then tested to see whether it is,
a keyword. Since string comparisons are tedious, and since typically 50%-70% of program
consists of either identifiers or keywords, it makes sense to be able to perform this test as ¢
possible. The technique used in our hand-crafted scanner of arranging the keywords in an

alphabetically ordered table and then using a binary search is only one of several ideas tha
for efficiency. At least three other methods are often advocated:

® The keywords can be stored in a table in length order, and a sequential search used ¢
those that have the same length as the word just assembled.

® The keywords can be stored in alphabetic order, and a sequential search used amonc
that have the same initial letter as the word just assembled. This is the technique emg
Coco/R.

® A "perfect hashing function" can be derived for the keyword set, allowing for a single ¢
comparison to distinguish between all identifiers and keywords.

A hashing function is one that is applied to a string so as to extract particular characters, m
onto small integer values, and return some combination of those. The function is usually ke
simple, so that no time is wasted in its computatioperect hash function is one chosen to be
clever enough so that its application to each of the strings in a set of keywords results in a |
value for each keyword. Several such functions are known. For example, if we use an ASC
character set, then the-€function

int hash (char *s)

{ int L =strlen(s); return (256 * s[0] + s[L-1] + L) % 139; }
will return 40 unique values in the range 0 ... 138 when applied to the 40 strings that are the
keywords of Modula-2 (Gough and Mohay, 1988). Of course, it will return some of these va
non-keywords as well (for example the keywovdrR' maps to the value 0, as does any other tl
letter word starting with "V" and ending with "R"). To use this function one would first consti
139 element string table, with the appropriate 40 elements initialized to store the keywords,






