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Compilers have bzditionJly been pro&ed as monolit@c entities. There is little or no  control over the 
- - - .  

p-ess of compilation since the behaviour of the compiler is completely determined by i ts fixed 

implementation. Much of a conventional compilef s inflexibility can be attributed to  the technique of 

mslat ing the high-level Language to  an inaccessible intermediate form. The proposed alternative is to  

use transformations which replace complex high-level constructions with equivalent iower-level 

constructions still in source form. The final transformed program is then directly translated t o  object 

code. Thus the source language is also the intermediate language. 

A source-to-source compiler is composed of general purpose components which can be used in many 

other applications. Compiler flexibility is achiwed through reconfiguration of the individual 

transformations. Yhese transformations produce conceptually simple changes and can therefore be 

reliably coinbined to produce a customized compiler. A Modula-2 compiler has been constructed to 

explore increases in functionality, flexibility and reliability. 
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Modem compiler design techniques [I], whichsystematically organize the compilation process as a 

series of relativety independent phases, have greatly simpiified the task of compiler implementation. 

The conventional compiler comprises a data sbucture called the symbol table, which records 

information about the names used in the source program, and modules which implement the following 

phases in the compilation process: 

The lexical analyzer extracts l o g i d  entities known as tokens from the character 

stream representation of the source program. - - 
The parser groups the tokens into syntactic * constructs according to  the source 

4angu%efs *. 
A The intermediate code generator roduces abstract instnrctions corresponding to  P the syntactic conrtNcts recogniz by the parser. 

0 The option'd code optimizer alters the abstract instructions t o  improve performance 

. * characteh~cs.  

The object code enerator produces the object code which implements the abstract g 
Z .  A .  

instructions. - 

A disadvantage of conventional compilers is the min'imal flexibility that is provided. Often only a few 

compiler options are wailable for controUing the nature of the object code produced. Optimization 

may be switched on or off but the actual behaviour of the optimizer is immutable and shrouded in 

obscurity. S i p i e  language extensions can not be easily integrated into the existing structure. The 

kinds of abstract instructions produced for a given source language construct a r m o t  subject to  

modification. Alternative object code generators for language retargetting are a major problem. In 

essence-a compiler is a mmdithic black bqx.  
4- 

This thesis considers an ahernative compiler organization which is designed to achieve certain goals. 

The first goal concerns the generalrty of the compilef s componeh .  A compiler is a complex tool with 

much effwt invested in its design and implementation. This effort is best invested into the design and 

implementation of general purpose components because the initial investment into the components is 



interpreters are just a few of the language-bW tools that can make use of compiler components. - 
Therefore, our first design gdat is to  construct the compiler out of general purpose components. 

The next goal concerns compiler complexity. Despite advances - in compiler design techniques, 

compilers are still extremely complex programs t o  write. This complexity J s o  makes compiler reliability 

a problem and makes the banslation process difficult to comprehend. tndeed, de&nstrating the 
3 

coneknessof compilen is a hard problem of considerable interest 161. It is desirable for the complexity 
- 

of conventional compilers to  be hidden in the general purpose components we have discussed. 

Therefore, the second design goal is to  ~oncep tua l l~  simplify the translatibn praccsi. 

The main goal of this thesis is to  make significant user modification of the compiler feasible. The 

conceptual simplification of the translation process is a prerequisite to this gcal since the user cannot 

modify what he does not understand. The abilrty to modrfy the compiler gives a user great freedom: he 
* L - .  

may extend or restiict the standard semantics of the language, he may customizt program optimization - 
and he may control cude generation. 

Compiler modification has been advocated as a mechanism to  allow for the implementation of special 

purpose abstractions [26]. It is argued that most languages have abstraciion mechanisms which are too 

restrictive. For example, most Algol-like languages have subroutines that take a fixed number of 

arguments. Such subroutines do  not- allow for abstractions that are most naturally expressed as - - 
subroutines taking a variable number of arguments. Although [261 argues the case for compiler 

modification, the practicality of such nibdtfication in the traditional compiler organization is not fully 

addressed. The problem of compiler modification is addressed by this thesis. 
4 

An examination of the literature reveals that there are many papers concerning the need for language - 
/ 

extensions. In [I31 an extension to the C programming language for dealing with mutual exclusion is 

described. In 1221 there is a description of a powerful macro processor which can be used to achieve 

high-level abstractions. The work of 1311 deals with how a language can be extended to make the " 

+ 
2 

underiying machine architecture visible at the source level. More recentty, [I61 has advocated a simple 
r 

language extension to Modula-2 to diow for special kinds of type checking. The need for language 

extensions is dear from the liierature. 

The abhy  to control optbhtim is another featwe that is very useful. A use4 can &sign optimizations 

that are particularly well suited for his styte of programming. Users making heavy use of data abstraction 



will benefft from the abilfty to idine-cde the abstraction. General ,purpose routines for inline-coding 

* are possible, but is often better to  have special purpose routines s p e w  tailored forin~ine-codi;~ a 

given-&straction. Such routink can make use of the properties of the abstraction for achieviilg a 

particularly efficient result. Compiler flexibility bWlgs the power of the compiler within the reach of 

users. 

The principal cause of inflexibility in the conventional compiler can be traced badc to the otganization 

techiques. Conventional compilers are just not designed to be flexible; they are designed to be 

efficient. The components of a conventional compiler are fine-tuned to  work as an efficient whole. 

The generality of the compiler's compoknts and their usefulness in other applicath&s is not 
0 

considered. 
- - 

Modifying the conventional compiler requires knowledge of a vast amount of representation4 detail. 

Representational complexity abounds in the compiler. This is seen in the number of different 
- - 

representations that a source program passes through as it is compiled. At various stages a source 

program is represented as a character stream, a token stream, a syntactic construct and an aggregate of 

abstract instructions (intermediate code). Significant user modification of the conventional compiler 

r p i r e s  great expertise. 

1.2 Compiler Flexibility using Source-to-Source Manipulation 

This thesis explores an alternative compiler organization which facilitates modification of the translation 

process. T o r  such modification to be practical, much of the needless complexity must be abstmcted 

a w y .  It must be possible to access the translation process without being subjected to  superfluous 

detail. 

we take the perspective that compilers are just metaprograms [41, that is, programs about programs. 

Many of the responsibilities of the conventional compiler.can tie delegated td a fi&taprogramming - 
system. The translation process is then implemented in terms of the metaprogramming system's 

abstraction; 

A metaprogramming system typically provides the following facilities: 

A parser which converts the tactual representation of a program to  an abstract 

syntactic representation (a parse tree). 



--fie DIANA 

0 

A pretty-printer which produces a textual representation for a given ahtract syntactic 

construction, 

A set of grammar-based manipulation routines. 

A set of- seypntic manipulation routines for symbol table construction, 

context-sensitive correctness-checking and other primitive context~sensithre 

operations (see 2.4). 

[lo] intermediate representation for Ada programs is a good recent example of a 

metaprogmming system. The representation was originally des i~ned  as an intermediate form for the 

front end of an Ada compiler. Its usefulness has been extended to make it an abstmction which can be 

wed  to  implement any9Ada language-based tool. The use of DIANA-for impiernenti"g program 

transformations is discussed in i251. 

%\ 
'There is growing recognition of the f a i t h a t  a common abstract representation, in terms of which all 

\ 
d 

languageased tools are implemented, is necessary (or at the very least. beneficiai) for lhe design of a 
P 

good programming environment [8]. The use of such a common abdiaction facilitates the integration 
m 

of separate to&iiito a single environment. This thesis will explore the desi n of such an abstraction . J 
and how it may be effectively used t o  implement a compiler. 

With the conventional compiler, the translation process mdst contend with all manner of 
.a 

representations and erroneous input. However, in a program manipulation environment, translation 
- -- 

begins 9 an abstrae' representation of a correit p r q p r a .  ~nnslation proceeds with ;5e source 

language as the intermediate language. The source program is gradidl)r redud in complexity through 
* 5 

transformations- which replace high-level constnictions with equivalent lower-lwei constructions. 

Individual transformations produce conceptually clear changes and are combined in sequence to yield a 
, - 

greatly s;mplified source program. Many optimizing transformations may be induded in the translation 
f 

process. The final program is directly translated to object code. 

With the source-to-source organization, the various tightty integrated components ~f the conventional 

compiler are disassociated into individually useful parts. This not onty increases the flexibility of the - - 
1 translator, it introduces a whole new functionality. C3t?ler appiications can use the fadtities which are 

traditionally available only within the compiler. ?he source-to-source organization results in a 

conceptually clear translator and a powerful metaprogramming system. 
- - 





ProgMn tnnsfofclutlon work has been extensively docwntnted in the literature 1211. This work 'has 
- 

m n r m t e d  h'huo main areas: program generation from specifications and pedomwc impmmnmt 

using zoufte-to-source bar#f~rrnations. The work on program generation from spedfiitions is at a 

much higherkt than the work we are considering in this thesis. We are not concerned with the use 

o f  program trwrfon_nation as a method for deriving an executable program from a formal specihcation. 

The work on source-to-source transformation for program improvement 17, 17, 18, 231 is more relevant 

to the work of this thesis. As far back as 1974 Knuth disntsses the advantages of being abk to express 

program optimizations at the sowce-level 1151. The work on source-to-source transformation has 

concentrated an the 'design of special program transformation tools. However, the work has not - 
ttsulted in any p;oductdn systems. The state o f  the art seems to be that "tcurrenil transformation - - \ 

systems ... must be considered mainly as experimental tools with restrictred abilities" 1211. This thesis 

aims to integrate the use of source-to-source transformations with the organization of the compiler 

rather than designing a speaal source-to-source tramformation t d .  - 
4 

The problem of source-tesource transformation is addressed at a lower level in this thesis. We are not 

concerned with the nature of source-to-source transformations tools but ~3t-1 how source-to-source 

tnnsjomrations may be convenientty expressed as programs and howothey make be effectively used in a 

compiler.' This thesis. presents a useful. abstraction for expressing program transformations and a 

cornpiit organization which makes practical the inclusion o f  transformations in the translation process. 
- .  

The source-to-source.s~ganization makes way for modification'of the translation process by facilitating: 

'- Extensions to  the type-chedting facility of the metaprograrnming system. 

Reconfiguration of the source-to-source transformations. 

Extensions to the code generator. 
z 

Provision is made in the rnetaprogramming system to allow the metaprogrammer to  supply routines for 

m n g  the correctness of special-purpose constructs. This permits the metaprogrammer to extend or 
4 

mtrid the standard semantics of the language. The extension is  done using procedure parameters so 

(he abstraction supplied by the rnetaprograhming system is not breached. 

- 

The ability to reconfigure the source-to-source trapsformations is the most obvious advantage of the 
+ 7- 

proposed organization. Metaprogrammers may add, modify or eliminate transformations to suit the 

application being compiled. The metaprograrnmer has complete control over the translation process. 



Extensions to the code generator q u i r e  a little mwe expnbK on the part of the metaprogramrner 

since a kmwkdbec~ f  the object code is required. However, most extensiok are very easy to express 

and are integrated into the code generator m a s b a i g h t f d  manner. The extensions to the code 

generator, like those to  the metaprogramming system, are made via procedure paramet . 
P ?= 
The three facilities for rnodifymg the translator can be used independently or in combination with each 

Other- For eT e, the metaprogramming system could be extended to  allow for a rbutine that takes 

an arbitrary number of arguments and the source-to-source transformations could be modified to  . 
indude a transformation which replaces calls to the routine with standard constructs. In such an 

instance the final transformed program is portable despite the fact that the original program made use of 
- 

extensions. 

To explore the multiple source-tesoune organization proposed in this thesis, a language on which to 

experiment is needed. &ing the source language as an intermediate language will be simplified if a . 

wide spectnrm language .[21 is used. A wide spectrum language is essentially a language which has both 

high-level constructs and low-level constructs. A systems programming language is a good candidate 

because the source-to-source process may be easi lyappki and systems programming, with its need for 

automated manipulation of large programs, is one of the areas that would benefit most from flexible 

compilation. Modula-2 1321 will be the language used for experimentation. -- 

The remainder of this thesis is organized as follows. Chapter 2 deals with the organization of the 

metaprogramming system. Chapter 3 examines source-to-source transformation and code generation. 

Chapter 4 investigates the applications of the tools described in Chapters 2 and 3. Chapter 5 condudes 
- 

the main body of the thesis. Appendix A gives the e R A M ~ ~  grammar for Modula-2. Appendix B 

provides a detailed description of the abstract symbol table. Finally Appendix C briefly describes the 

code generator. The index at the end of this thesis can be used to find detailed descriptions of the 

routines that have been implemented. 



2. THE MlTAPROCRAMMINC SYSTEM 

The f(mrmuiatidn of a metaprogramming system is the most important aspect in the d r g n  of a 

source-to-source compiler. Ease and clarity of expression is determined by the nature of the supplied 

abstraction. We will therefore pay particular attention to the formulation of this aspect of a 

source-to-source compiler. 

A metaprogmmming system is the core around which an integrated programming environment can be - - 
built. As such, the requirements of the various tools in the environment must be considered in the 

' metaprograrnming system's formulation. We do not want ;o design a system 9 h  is good for 

implementing a compiler but not much else. Conventional compiler organizations are quite adequate 

for this. 

* ?--\, 
,9 

, 

The GRAMPS methodology 141 has been used t$ generate the grammar-bked fac' ties of a c9 
metaprogmming system which shall be referred to ds MPS. MPS uses Modula-2 as both the host 

language and the target language. Hence metaprograms about Modula-2 are written in Modula-2. The 

complete GRAMPS grammar for Modula-2 is  given in Appendix A. We shall now provide a brief 

description of the GRAMPS approach. 

The GRAMPS grammatical formalism uses a variant of BNF to specify the syntax of a language. The ' 

formalism restricts each production rule to one of four classes: 

construction rules 

repetition rules 

< ExpressionList > :: = < Expression > ("," < Expression > ) P 

alternation rules 

<Statement > :: = <Assignment > I < Procedurecall> I < IfSta-tement > I < Casestatement > -1 
\ < Whi\eLoop> ) < RepeatLoop> I <  orl loo^ > I < Simple~oop> 1 < Exitstatement > 1 

< Returnstatement > I <Withstatement > I < Nullstatement > 

lexical rules 



As we shall describe below, the different grammar rules and classes of rules are the specification forXPS 

manipulation routines used for selection, recognition, construction and conversion of nodes (abstract 

parse trees). MPS also provides a parser for constNcting a node and a pretty-printer for producing a 

textual representation for a node. ~e CRAMPS grammar is the specification of an abmact data type for 

treating programs as data o b j d .  

The names of the grammar rules form the identifiers of the enumeration type tranred NodeClass. The 

routine N o d m  can be applied to a node to return the NodeClass identifier giving the dewused in - 

the construction of that node. 

A construction rule specifies routines which are used to select the various components of a node of that 

type. For example, the ProcedureCall  rule above specifies the selectors Procedureof and 

u g u m e n t s ~ f  for selecting respectively the node which is the procedure and the node which is the 

argument list. h e  names of the selection routines appear in the CRAMPS grammar. 
J , 1  

Nodes constructed according to  repetition rules represent lists. The routines NthElement, Next and 

~ r w i o u s  are of primary concern in the manipulation of lists. NthElement appliert-to a list node - - 
returns the node which is the nth element of that list. kt or Previous applied to a node which is an 

element of a list returns the next or previous node in that kt .  Other list operations such as Append and 

Concat are also supplied. 

Alternation ,uIes are used to specify recognition routines. For example, the Statement rule above 

specifies a recognizer of the form StatementQ which returns TRUE when applied to a node constructed 

according one of the alternatives of the rule. All the other grammar rules specify recognizers as well but 

the recognizers are most useful for alternations since the routine, N o d e w  can be easily used for 

recognition purposes in the other special recognizer -tyQ is used for recognizing empty 

nodes (the missing optional parts 

Nodes constructed according to lexical rules form the leaves of the parse tree. A lexical rule specifies a 

routine for coercing a node of that type to a character-by-character representation. For example, the 

I d e n t i f i e t  rule above specifies a routine of the form Coerce Iden t i f i e r  which returns 'the 

Str ingType value giving the identifier' s spelling. 

MPS provides various editing routines such as I nse r t ,  Replace, Delete and Exchange for modifymg 

existing nodes. Many other utilities [ 5 ]  are also supplied but are too numerous to mention here. 



The CRAMPS grammar for Modula-2 does deviate from the standard grammar. The change to  the - 

standard syntax was considered very carefully and is intended t o  make program mar)ipulation more 

convenient. The syntax of qualified identifiers has been modified. The standard syntax uses a "." to  

separate the individual identifiers of a qualified Identifier. This is the same syntax used for separating a 

field from its record, creating an ambiguity between designators and qualified identifiers. The ambiguity 

serves only to  complicate program manipulation, so an "@" is used for the syntax of qualidents. The 

change to  the standard syntax allows context-free parsing into meaningful constructs. It is a very 

superficial change and proves quite beneficial. 

2.2 Context-Sensitive Considerations 

,- 
In the previous section we examined how the CRAMPS methodology is used to specify the core 

gammar-based facilities of MPS. Being based on a context-free gmmmar, the CRAMPS methodology 
t 

does not deal with the context-sensitive properties of a language. A node is guaranteed to be 

syn&ttdly conect but this says nothing about whether it satisfies context-sensit' e constraints such as 'Y L 

type restrictions and declaration requirements. The remainder of this chapter will examine the issues . 

involved in augmenting the grarnmar-based facilities with routines which facilitate context-sensitive 

- manipulation. 

The following are typical questions which we may ask about a node: 

Where is this name declared? ' 

What is  the type of this expression? *.+. - IN.\llr 

Is this expression a constant and what is the value of that constant! 

Is this statement context-sensitively correct? ..+" . 
*I 

-h 

In general, the above questions are extremely difficult to answer. Many pmgprn transf~onnations rely 

heavily on the answers to these questions, so a complete metaprogramming system must deal with 

these requirements. 

Conventional compiler design makes use of a symbol table. The same kind of information that is  

traditionally available in a symbol table must be available in MPS. An abstract formulltion of a symbol 

table is needed. 
T"""""""' 

We use the term contee-se~it ive loosely to mean context-dependent or semantic The 
term has a more fomal meaning in language theory. 



The road to an abstract symbol in two directions. The symbol table in formath  for a 

program can either be it is needed or it can be precalculated and saved. Each 

technique has i ts advantages and disadvantages. 

Recalculating symbol table information each time has the advantage that changes to the program will 

always be reflected in subsequent calls to the symbol table routines, whereas the information in a 

precalculated symbol table may be invalidated by subsequent of the program. The 

disadvantage of repeated recalculation of information is that it very cost6 However, 

regenerating the entire symbol table every time a change in the is  made will also lead to 

inefficiency if the program is changed frequently. 

The decididg factor which favours the use of a precalculated symbol table is the fact that in &any 

'situations the determination of a single piece of symbol table information can be as expensive as the 

generation of an entire symbol table. Consider the case in which the size of a record type is to be 

determined. ' The size of a record type depends on the sizes of the types of its fields which may in turn 

depend on the sizes of many other types. Thus the size of every type declared in the program may need 

to be determined for one operation. 

It also turns out that for Modula-2 the symtol table does not need to be regenerated every ti&'a 

change is made in the source program. The contents of the symbol table depend only on the 
- - 

declarations of the program; changes made to  the statements of  a program have no effect on the 

t syrnbol table. There are a great many metaprogramrning applications which use only statement-level 

modification. 

Further requirements for regeneration of the symbol table can be alleviated if common modifications of 

the declaration parts of a program can be made with routines which incrementally modify both the 

source program and the symbol table. Such routines have been supplied (see 2.4) and the 

source-to-source compiler implemented in terms of these routines requires no symbol table 
L 

regeneration. - 



2.3 Context-Sensitive Restrictions 

In the design of a symbol table abstraction for MPS we have carefully explored the properties of the 

Modula-2 language. This exploration has revealed several problems areas which complicate Goth the 

design of the symbol table abstraction, and program transfornation in general. To alleviate this 
1 

problem we have placed two restrictions on the context-sensitive properties of Modula-2. Careful use 

of restrictions can be very helpful in making programs easier to manipulate, without affecting the 

correctness of most programs. - 

A restriction has been placed on the reuse of names in nested scopes: 

- - A visible name may be redefined only if it denotes a variable or parameter and is 

redefined to denote another variable or parameter. 

A stronger restriction would be t o  forbid the redefinition of visible names entirely but this would be 

upsetting to  those of us who like to  use variables such as "i", "j" and "k" as loop control variables and 

don't want t o  come up with different names in nested scopes. 

Very few programmers will ever violate the restrict~on on the reuse of names even i f  they are not aware 

of the restriction. It is simply poor programming practice to have an name denote a type at one level 

and then denote a different type (or something else entirely) at a deeper level. With the restriction, the 

visibility of the names of constants, types, procedures and modules cannot be hidden by renaming. 

This allows the metaprogrammer to  make sirnplifymg assumptions about the visibility of these objects. 

The restriction also &events the renaming of standard identifiers (another bad practice). 

Another benefit of the redefinition restriction is  the prevention of the kind of ambiguity demonstrated 

by the following program: 

MODULE M; 

CONST 
T  = 2; 

PROCEDURE P (1  ; 

CON ST 
C = T + 2 ;  

Y 

TYPE 
T = POIHTER TO INTEGER; 



BEGIH 
E#0 P; 

END M. 

The reuse of T in the above example shows the confusion that can result from reusing names in nested 

scopes. It is likely that most compilers will not mark the use of T in C = T + 2 as an error. When the 

compiler processes the declaration for C the name T will denote a valid constant. However, later on in 

the procedurd~, the name T is redefined t o  denote a type. Thus either T denotes two things in the 
1 

same scope or T is used before it is defined. 

-- - If situations as in the above example are prevented the metaprograrnmer can be assured that a name 

.denotes only one thing in a given scope. Unfortunately, allowing the renaming of variables or 

parameters can still give rise to  a situation like the one above, as in the following example: 

VAR ' 

X : INTEGER; 

VAR 
X : CHAR; 

BEGIN 
END P; 

END M. 

A variable or parameter can appear in the context of a declaration only as a constant expression. The 

only expression which yields a constant value from a variaB-ie~~-parameter is the standard procedure 
2 

SIQ.  The abstract symbol table easily checks all calls @ SIZE - for use-before-definition errors. 

However, with thergdefinition restriction it is not necessary to  check all names used in all declarations 

for possible redeclaration later. The redefinition restriction increases the efficiency of the abstract 

symbol table, helps to ensure that programs will be more readable and makes programs easier to  

manipulate. 
- - 



l h e  second restriction is a r e s b i c t i ~ ~ o n  the type of an expression: 

. N o  expression, except for an expression which is a procedure name, may have a type - - 
- which is declared textually later in the program. 

- 

The restriction does not apply to  procedure names because this would prevent mutual recursion 

(Modula-2 does not have foward procedure declarations like Pascal). The following example 

demonstrates a violation of this restriction: 

MODULE M; 

PROCEDURE P O ;  

BEGIN 
w : = x + y * z ;  

m P; 

VAR 
W,X,Y,Z :. SetType; '.. 

END M. 

The use of the variables W, X, Y and Z are all erroneous according the expression-type restriction. *The 

type name SetType is visible in the statements of the procedure P but is not visible in the declarations 

of P. Therefore, declaring a temporary variable for the expression Y * 2 would require the following 

kind of  transformation: 
t 

MODULE M; 
d 

PROCEDURE P o ;  

TYPE 
DulamvTvpe : ARRAY [0..3] OF WORD; 

VAR 
Temporary : D m e ;  

BEGIN 
Temporary := DuIomyType(Y * 2); 
W := X + SetType(Temporafy); 

END P; 

TYPE 



SetType = SET OF (Red,Yellow,Blue); 

VAR 
W,X,Y,Z : SetType; -- 

END n. 

Although situations requiring complicated type transfers rarely occur, they must be dealt with by a 

complete transformation system. With the expression-type restriction, the situation can never occur 

) b e u s e  the type of an expression will be declared textually before the statement in which the 

'expression is used and can dways be made visible to  declare a variable of that type. Therefore P 

temporary of the correct type can be generated for all expressions. 

The expression-type restriction does not affect the power of Modula-2. The only place that problems 

like the one above can occur is in the body of a procedure. Modules can only import objects already - 
declared, so that in the body of a module the types of all expressions are necessarily declared textually 

- 

earlier In the program. If the body of a procedure must make use of types declared later in the program, 

the body can always be replaced with a call to a procedure which is itself declared later in the program. 

The expression-type restriction does not restrict the kinds of algorithms that can be expressed, but it 

does make transformations much easier to express. 

Context-sensitive restrictions can be very helpful for enforcing useful properties on programs. With 

careful use, they can make program manipulation cleaner without affecting the correctness of most 

programs.  

2.4 The Abstract symboi Table - - 
* 

We shall proceed with an overview of the symbol table abstraction that has been implemented for MPS. 

The aim of this section is to  provide the reader with an intuition as to what can be done by the routines 

of the abstract symbol table. A more detailed description of the abstraction is given in Appendix B. The 

following routines will be briefly described: 

DEFINITION MODULE symbol ; 
TPPE 

Scope ; 
= PROCEDURE (Node, Scope) : BOOLEAN; 
= PROCEDURE (Node, Scope) : Node; 

* 



Declare (x : Node) : BOOLEAN; 
PROCEDURE CorrectQ (x : Mode; s : Scope) : BOOLEIAN; 
PRO€EDURE Error (Location : Node; C a m a t  : StringType); 
PRDCEDURE ClearSymbolTable 0 ;  
PROCEDURE UserExpressionCheck (pl. : Recognize; p2 : TypeChecker); 
PROCEDURE UserStatementCheck (pl : Recognize; p2 : Checker) ; 

PFtOCEDURE Sco-le (x : Node) : Scope; 
PROCEDURE DefiningOccurrence (x : Node; s : Scope) : Node; 
PROCEDURE ConstantQ (x : Node; s : Scope) ,: BOOLEAN; 
PROCEDURE GetType (x : Node; s : Scope) : Node; 
PROCEDURE ~ualifjd.ng~esignator (x : Node; s : Scope) : Node; 
PROCEDURE GenerateName (x : StringType) : Node; 

PROCEDURE Rename (x,y : Node); 
PROCEDURE GetVisibleName ( x  : Node; s : Scope) : Node; 
PROCEDURE GetTypeName (x : Node; s : Scope) : Node; 
PROCEDURE Expressconstant (x : Node; s : Scope) : Node; 
END Symbol. 

The routines are divided into three classes: those for building the symbol table and checking 

correctness, those lor information lookup and analysis, and those for supporting program manipulation. 

We will discuss each class in turn. 

2.4.7 Symbol Table Building and Correctness Checking 

Building the symbol table and checking the correctness of a program are the most complex parts of a 

conventional compiler. The routines in this section provide a s/mple interface which hides this 

complexity. 

The procedure Declare, applied to a compilation unit, builds the corresponding symbol table and 

checks the correctness of all declarations. The correctness of statements and expressions may be 
-- 

determined by applying CorrectQ. Errors encountered by Declare and CorrectQ are marked with 

comments using Error. The symbol table may be reinitialized to its startup state using 

- - 

Declare may also be used to incrementally add new declarations. For example, toadd the declaration 

of a variable the new declaration is inserted in the appropriate place in the declaration list and Declare 

is applied to install the information in the symbol table. Most program manipulations which modify 



declarations simply add new dedarations, rather than modify existing declarations, so the incremental 
' 

feature of Declare eHminates much of the need for symbol table regeneration. 

-lare only checks the corf;ectness of the declarations of the node being processed. The 

comectness of the statements is determined separately. This is a reflection of the fact that the 

correctmiss of thedeclarations does not depend of the correctness qf the statements. Such a division 

of correctness checking also makes the symbol table more useful in conjunction with a syntactic editor. - - 
.Mort of the time when we are editting progkms, we are modifying statements and adding (not 

modifying) declarations. Thus a symbol table can be maintained as we edit programs making it possible 

to supply the abstract symbol table routines as editor commands. 

d 
To facilitate metaprogrammer extensions to the correctness checking capabilities - of MPS, the 

- ," 

procedures UserExpressionCheck and UserStatementCheck have been supplied. These 

procedures are used to install metaprogrammer-supplied checking routines into MPS. Both extension 

facilities follow the same basic organization. 

To create an extension, the metaprograrnmer must supply two procedures. The first procedure is a 

recognition procedure which takes a node and its scope as arguments and retums TRUE if the extension 

applies to that node. The second routine is called with the same arguments as the first and is called only 

i f  the first routine retums TRUE. The second routine is responsible for checking the correctness of the 

node; for expressions it must also re& the type name of the node if the node is correct. The checking 

routine must call the procedure Error for any errors that are encountered. 

The extensions written by the metaprograrnmer are installed in MPS by calling either 
. -- 

UserExpressionCheck for extensions to expressions, or UserStatementCheck for extensions to 

statements. Whenever MPS needs the type of an expression or checks the correctness of a node, the 

metaprograrnmer supplied recognizers are called in the order in which they were installed. The 

standard checks are performed only i f  no extension applies. Section 4.3 shows an application which 

makes use of these extension mechaniwe: 



2.4.2 information Lookup and Analysis 

The symbol table building routines of the previous subsection encode program propertks in a separate 
* 

data stnrdure. This information may be accessed using the routines described in this section. 

ScopgHandle is used to  determine the names that are visible at a given point in a program. It is applk?c) 

to a node and retums a valye of type Scope summarizing name-visibility information. Many of the o t b  

symbol table routines take a scope q u m e n t  because the information they supply, or operation they 

perform, is dependent on n k e  visibility. I t  is useful to  precalculate scope information because it is 

used repeatedly and allows context-sensitive information about a node to be determined as if it wwt. in 
Y 

a context to  which it is not attached. 

The meaning of a name is determined by the declaration which defines the name. When we are 

manipulating programs it is often necessary to  find the dedarationbf a name so that we may determine 
-.. I 

what kind of object it rse2ents and deal with it accordingly. The procedure ~ e f  iningOccurrence is  

supplied to meet this need. It is applied to a name and a scope and returns the identifier in the context 

of the declaration which defines the name. 

In Modula-2 it is very difficult t o  syntactically determine i f  an expression denotes a constant. Often in 

program manipulation, a constant expression must be dealt with as a separate case since such an 

expression is evaluated at compile-time rather that runtime. Therefore, we have designed the routine 

ConstantQ which determines whether or not a given expression represents a constant. 

In Modula-2, all expressions have type. Access to this property of the language fs made through the 

routine GetType which is applied to  an expression and returns the node which defines the type of this 

expression. The details of GetType are too involved to deal with here but we are all familiar with how a 

type declaration in a language is used to define a new type. It is the purpose of GetType to return such 

a type declaration. 

The routine ~ualifying~esi~nakor i s  supplied to deal with the implicit qualification of fidds as s 

result of the with-statement construct. QualifyingDesignator, applied to a name denoting a field 

of a record, returns the designator denoting the record of which the field is a component. Thus ii we 

apply QualiFyingDesignator to  a field which is impticitty qualified by a with-statement, it wilt return * 
the designator of that with-statement. 

f 





- 

mDuLE m3; O L 

VAR 
U,m2 : IIJTEGER; 
m3; - 

BND m. 
4 

Suppose that in the above example that the declaration of T in the module m2 is to be made visible ~J-I the 

module m3 using GetVisibleName. Matdrig T visible in m3 requires the following changes: 

MODULE m; 

MODULE ml; 
EXPORT m4; 

MODULE m4; 
EXPORT QUALIFIED T; 

TYPE 
T = CHAR; 

END m4; 

VAR 
H : m4@T; 

END mb; 

MODULE m3 
(* The T in "T = CHAR" is now visible as m4@T. *); 
IMPORT m4; 
VAR 
ml,m2 : INTEGER; 

END m3; 
END m. 

The above example demonstrates several important changes that GetVisibleName may produce. The 
c 

module m2 had to be exported out of ml in order to export m2@T. Importing the module m2 into m3 

creates a conflict so m2 is renamed to the generated name m4. - . - 

The next example illustrates conflicting names from two definition modules requiring the qualifici&on of 
* 

one of the names to  resolve the conflict: 
B 



MODULE m; 
PROH dl IMPORT X,Y,Z; 9 

IMPORT 62; .- 

MODULE m2; 
IMPORT x; 

& 

BEGIN 
' DEC(x) . - - -  - 
END m2; 

BEG2 N 
x : = y + z  

END ml; 

BEGIN 
x : = y + z  

END 'm. 

Suppose that in the above program we wish to  make the x from the definition module dl visiblecin the * 

module ml. . The following program will result: 

MODULE m; 
FROM dl IMPORT x,y,z; 
IMPORT d2; 

\ 
MODULE0 ml; 

L IMPORT x,y,z; 
IMPORT d2 ; 

\ - 
\* - MODULE m2; 

FR(3M d2 IMPORT x; 

BEGIN 
DEC(x) 

END m2; 

BEGIN 
d2Qx := y + z 

END ml; 
P 

BEGIN 
x : = y + z  

END m. 



Making the x from dl visible in m l  creates a conflict because the st from the definition module d2 
- - -- 

already visible there. Therefore, the x f romd2 is changed &make it visible as the qualified identifier 

d2@x, and the x from dl imported into ml. Notice that the import t o  the module m2 is also changd 

but'that its body remains the same. A d 

Get~isible~ame has the potential for creating a large number of changes in the program being 

manipulated but most of these changes will occur only in programs with a lot of name duplication. 

The routine GetTypeName is veTy similar to GetType described in is suggested by its name, 

2 - ~ e t ~ y p e ~ a m e  returns the name of the type rather than the type type name can be used to 

declare a variable of that type and is therefore useful in the generation of temporary variables lor 

subexpressions. If the type does not have a name, a name is automatically generated and the program 

is modified to  include the declaration associating the new name with the type. For example: 

MODULE m; 

TYPE 
ColourSet = SET OF (Red, Green, Blue); 

V AR 
y : ColourSet; - - -  

BEGIN 
y := ~ o l o u r ~ e t  hedl 
END m. 

If we applied &tl'ype~ame to the enumeration identifier Red in the body of the above module the 

following program results: 

MODULE m; 

TYPE 
H - 

Type0 = (Red, Green, Blue); 
ColourSet = SET OF TypeO; 

VAR 
y : ColourSet; 

BEGIN 



,c. 
The above example demonstratrat how GetTypeName automatically generates a unique type name. 

- - The other modification that G e t m a m e  may produce occurs when the type name is not visible where 

it is needed in which case Getvisib1~- is used tq make it visible. 
- -- 

The last routine we shall deal wiih is mressconstant. mress~&stant is used-to evaluate 

constant expressions. Like &t-ante, B.gress~n&mt may modify the program in order to 

make the result,of - the evaluation of a constant expression visible where i t  is needed. For example: 
' 

MODULE ml; 

~ D U L E  m2; 
r 

EXPORT SetType,SetConstant; 

TYPE 
SetType = SET OF (Red,Green,Blue); 

CONST 
Setconstant SetType b d )  ; 

END m2 ; 
- .  

VAR 
x : SetType; 

BEGIN 
x := Seteonstant 

EHD ml. 

Suppose that in the above program we with to express the value of Setconstant in the body of ml The 

following would be the result applying Expressconstant: 

L 

MODUGE ml; 

MODULE m2; 
EXPORT SetType,SetConstant,TypeO; 

TYPE 
Type0 = (Red,Green,Blue); 
Set- = SET OF TypeO; 



SetConstant = SetType (~d) ; 

VAR 
x : SetType; . .  

1 
BEGIN 
x := SetConstant 
(* "Set~onstant" may now be replaced with the result of 

ExpressConstant, namely "SetType ( ~ e d )  " . *) 
END ml. 

In the above example, SetType and R e d  were both required to be visible in the body of ml. To make 

~ e d  visible, its corresponding enumeration type had to  be given a name so that it could be exported out 

of m2, thereby also exporting Red itself. ExpressConstant uses GetVisibleName t o  make required 

names visible. 
L 

2.5 Generality 

A metaprogramming system can best be thought. of as an abstract data type. The concrete 

representation that actually implements the abstraction remains hidden from the user so that different 

realizations can be implemented. The generality and usefulness of implementing language-based tools 

in terms of an abstraction is well recognized [8,19]. 

 he DlANA representation for Ada programs selves as a good h i s  of comparison with the MPS , 
representation for Modda-2 programs. DlANA includes both an abstract syntax tree that results from a 

parse of an Ada program, and an attributed parse tree which is 5erived from the abstract syntax tree 

through static semantic analysis. As such, DlANA is essentially an intermediate representation of an Ada 

program than rather simply a representation of an Ada program. However, the source representation 

can be reconstructed from the DIANA representation. 

MPS includes only an abstract syntax tree representation. Static semantic analysis simply encodes 

inforination which can be accessed using a small set of routines. The representation of  source programs 

is therefore not tightly bound with various semantic attributes. This eliminates problems with confusing 

mappings between source constructs and their intermediate representation. The GRAMPS approach 

emphasizes the importance of the source program. 



It will be clear to anyone reading the DIANA reference manual that the sheer ornplexity of the c 
representation makes it a tool for experts only. The C W P S  approach is in sharp contrast with this. 

The use of a simpki@Zinrnatical formalism for specifymg the bulk of MPS results in a system which is 

both easy to document and simple to use. The abstract symbol table described in this chapter result in a 
4 

metapprogramming system which rivals the power of DIANA. 

In all fairness to the designers of DIANA, the complexity of DIANA is in some respects due to the 

complex nature of Ada itself. Modula-2 is a much simpler language so a metaprogtamming system for 

Modula-2 is inherently simpler than one for Ada. With all arguments about the best form of a ' 

metaprograrnming system aside both DIANA and MPS are good paradigms demonstrating the value of 
&- 

metaprogramming systems for implementing not only compilers but all language-based tools. 



3. THE TRANSLATOR 

Source-to-source transformations will be usgd t o  assist in the translation from a high-level language t o  a 

low-level language. The transformations deal with the substitution of high-level constructs with 

equivalent lower-level constructs. The elimination o f  difficult-to-translate constructs simplifies code 

generation. 
. - -  

For the purpose of this thesis, source-to-source transformations are used t o  translate t o  a low-level 

language, but the technique applies equally well for the translation t o  a high-level language 19, 271. 

Transformations can be used t o  reduce the dissimilarity of the source language and target lan'guage by 
, q 

eliminating constructs in  the source program which canpot be directly translated. There is nothing 
f 

inherent in  the technique dictating th6t the target language be a low-level language. 

". 
Source-to-source transformations can be used t o  translate Modula-2 t o  Pascal or C. In a translation 

from Modula-2 t o  Pascal there would be a transformation for eliminating local modules. In a translation 

from Modula-2 to  C there would also be transformations for eliminating with-statements and nested ,- 

procedures. Simplifying the source program prior t o  translation is very effective for dealing with 

difficult-to-translate constructs. 

The translation process is partitioned into a source-to-source phase and a code generation phase. The 

division between these two phases is very flexible and is determined by pragmatic concerns. Often 
*I 

there is a choice between eliminating a construct at the source level or extending the code generator to  

deal with the construct in its ungmplified form. The decisions are guided by the need t o  increaseihe 

efficiency of the generated object code and the need t o  reduce the overall complexity of the translator. 

3.1 Code Generation - 

We shall proceed with 

formulation. Appendix 

a discussion of the code generator and 

C provides further detail about the c ~ d e  

the decisions that went into its 

generator. The code generator 

accepts a subset of Modula-2 as input. The nature of this subset determines the transformations 

required to  simplify standard Modula-2 programs. These simplifying transformations will be described 
P 

in the subsequent section. The code generator is designed to  produce MC68020 assembler code for a 

SUN-3 running under the UNlX operating system (20, 281. 



The first decision in the formulation of the code generator was the decision to  make the calling 
- /-- 

convention for subroutines compatible with that of the existing BerWey Pascal compiler. This decision 

has led to a Moduh-2 compiler that produces object code which can be freely linked not only with 

Pascal routines but C routines as wed It seems only good sense to  make the compiler compatible with 

the existing tools provided by UNlX to avoid re-invention of the wheel. 

It was decided that the code generator should accept designators in an almost unrestricted form. The 

MC68020 has powerful addressing modes which can be used to efficiently implement the various 

address calculations required for designators. It is possible to eliminate indexed-variables in the source 

program, but the MC68020 has indexed addressing modes which are much more efficient than 

source-level address calculations. Another advantage of preserving the form of designators is that 

transformed programs will be much more readable than they would with designators fragmented into 

less meaningful address calculations. The only restriction on designators is that the index of an 

indexed-variable must be a constant or a (possibly type transferred) designator containing no 

non-constant indices. This restriction eliminates the need for the code generator to generate 

temporaries. 

The use of a typ name as the function of a function call is referred to as a type transfer. Type transfer is 

representation-d 3 endent and operates much like the overlaying of tagless variant records. The code 

generator expects the argument of a type transfer function to  be a designator (rather than a general 

expression). This allows type transfers to  be treated as designators. 

There are several restrictions which apply to expressions. Brackets which are not syntactically required 

are not accepted. The unary "+" (being an identity operation) is not permitted. The short circuit 

operators "AND" and "OR" are not accepted since their evaluation method deviates from the normal 

evaluation method of the other dyadic operators. Set-factors must be constant since generating code P 

for set-factors containing variables gets too complicated. And finally, the second operand of dyadic 

expressions must be a designator or constant rather than a more general expression. Like the restriction 

on designators the final restriction eliminates the need for the generation of temporaries by the code 

generator. 

The caning convention for functions requires them to return their result in a register. Therefore, the 

code generator does not accept functions which return values which are too large t o  fit in a register. In 

the next section, we shall see that this restriction to the code generator need not apply t o  the original 



-"-- 
-. 

- 

unsimplified Modula-2 program. 

, The code generator does not accept all the various kinds of statemitnts. Only assignments, 

procedure-calls; single-clause if-statements, simple-loops, exit-statements, ietum-statements and 

null-statements are accepted. Thus for-loops, repeat-loops, while-loops, case-statements and 

with-statements are not accepted. 

Appendix C describes the routines supplied for code generation. The code generator is invoked by a 

call to Modula2ToSunAssembler which takes a program module and an output file as arguments, and 

produces the program module's assembly language equivalent. The remaining code generation 

routines can be used by the metaprogrammer to  add extensions to  the code generator. 
\ 

# 
Foun procedures are provided for sending assembler instructions to the output- file. The procedures 

AssemblerLabel, Assemblerl, Ass and Assembler3 are used respectively to  send a label, 

a zero operand instruction, a single and a two operand instruction to the output file. 

The procedure Op is given a constant or (possibly type transferred) designator and a scope as-arguments 

and returns the effective address specification which can be used as the operand of an assembler 

instruction. Op may send address calculatior? instructions to the output file as a side-effect. 

The procedure &m is given an expression or statement and a scope and produces the instructions 

necessary to evaluate the expression or to execute the statement. Expressions leave their results in a 

register and thus behave very much like statements. \ I 

The rnetaprograrnmer may extend the code generator using a technique analogous to the extension of 

the metaprograrnming system. The procedures UserGen and User* are used to extend the domain 

of Gen and Op respectively. User- takes two procedures as parameters. The first procedure is a 

recognition routine which returns TRUE if the extension applies for the given node at the given scope. 

The second routine is called to generate the appropriate instructions only if the first routine returns 

TRUE. For UserOp the second routine must also return a StringType result giving the effective 

address specification of its argument. An example of a code generator extension is given in 4.5. 



3.2 Source-to-Source Transformation a 

We have briefly examined the code generator and the restricted form of Modula-2 that it accepts as 

input. Source-to-source transformations are used enforce the required restrictions on standard . 
Modula-2 programs. This section wifl describe these transformations. We will first examine the 

transformations for simplifying statements and then move on to  deal with the transformations for 

simplifying expressions. 

3.2.1 Statement-Oriented Transformations 

This subsection deals with the transformations for eliminating or simplifying various kinds of statements. 

The first three statement transforhations are purely syntactic; they d o  not rely on context-sensitive 

info%ation. There is a common motivation for their application. Each of the statements being dealt 

'with contains a boolean expression which may need simplification later in the translati6riprocess. This 

often gives rise to temporary variables for subexpressions. There are problems with where .these 

temporaries must - be - - -After the application of the following three transformations, subsequent _ -- - - 
- - -  

=--- 
- - -  tGFoGat ions  may assume that temporaries can always be placed before the endosing statement of 

the expression being simplified. 

PROCEDURE WhileLoopToSimpl.Loop (x I ~ o d e )  ; 

This procedure replaces the while-loop given by x with a simple-loop. 

At first glance it may seem somewhat pointless to  remove while-loops since they are already so  simple. 
--- 

However, temporaries generated for the condition of a while-loop must be placed both before the 

while-loop itself and at the end of the while-loop body. To eliminate this kind of undesirable code 

duplication, we perform the stated transformation: 

LOOP 
WHILE Condition DO IF NOT (Condition) THEN 
m y (  ==> EXIT 
END END; 

J 

Body( 
END 

- brackets are only put around Condition if necessary 



This procedure replaces the repeat-loop given by x with an equivalent simple-loop. 

Simplifying the condition of a repeat-loop requires the generation of temporaries which must be placed 

at the end of the loop body. This makes the condition of a repeat-loop an inconvenient special case for' 

expression simplification. The transformation does the following: 

LOOP 
REPEAT I* Boayo; 
WY( ==> IF Condition 

UNTIL Condition EXIT 
END 

END 

THEN 

This procedure simplifies the if-statement given by x by replacing multiple clauses with 
equivalent nested single-clause if-statements. 

The reason fgr the elimination of multiple clauses is .to make it possible to generate temporaries for all - 
clause conditions. There is no valid place to put the temporaries generated for the cor~dition of a clause 

(bther than the first clause) without breaking up the clause list into separate if-statements. The 

transform&ion does the following: 

IF cl THEN s l 0  
IF cl THEN sl() - ELSE 
ELSIF c2 THEN s2() ==> IF ~2 THEN s2() 
ELSIF c3 THEN s 3 0  ELSE 
ELSE s 4 0  IF c3 THEN s 3 0  ELSE s 4 0  END 
END END 

END 

The next three transformations depend on context-sensitive intomation and so also take a scope 

argument. 

PROCEDUREWithStatementToStatementList (x  :Node; s :Scope); 

This procedure replaces the with-statement with an equivalent statement-list. The address 
of the designator of the with-statement may be saved in a temporary variable if the 
designator contains non-constant indices or reference-variables. In the body of the 
with-statement, implicitly qualified fields are explicitly qualified making the with-statemept 
unr tcessary. 



With-statements are annoying to deal with when $amforming programs since they introduce a new 

scope that must be passed along when trawning statements. Wth the elimination of with-statements it 

is assured that all designators will be fully qualified-The following demonstrates the effect of the 

transformation: 
- 

, 

WITH a A  .f1 DO Temporary := ADR(aA . f l ) ;  
f2 := 10; ==> TemporaryA .f2 := 19; 
f 3  := x TemporaryA .f3 := x; 

END ; 

- f2 an8 f 3  are fields of a A . f l  
- TaqmrsVy i s  "DeclareWd to be a POINTER TO the a value of the 

type possessed by a A . f 1 

a PROCEDURE FofioopToSimpleLoop (x : Node; s : Scope) ; 

This procedure replaces the for-loop given by x with an equivalent simple-loop. 

The for-loop transformation is very tricky because for-loops must behave correctly when the final value 

of the loop control variable is the maximum value of its type. Thus the following straightforward 

transformation is is efficient but not correct: 

Temporary := 82 ; 
i := el;  

FOR i := e l  TO e2 BY c DO ==> LOOP 
Body( ) IFc i > Temporary THEN EXIT END; 
END W y (  ; 

INC(i,c) 
END 

- 

In the above solution the incrementing of i may result in a value for i which is out of range for a variable 

of that type. The following demonstrates how ForLwpToSimpleLoop transforms a for-loop: ' . 

- there are.two main cases of the transformation 

- i f  c > O  
tl := el ;  

9 t 2  := ORD(e2); 
FOR i := e l  TO 82 BY c DO ==> I F  ORD(t1) <= t 2  THEN 
Body( i := tl; 
END LOOP 

Boayo; 
IF t 2  - ORD(i )  < c THEN 



- i f  c < O  
tl := el;  
t 2  := ORD(e2); 

FOR i :=/elTO 82 BY c DO ==> IF O R D ( t 1 )  > = t 2  THEN 
Body( i := tl; 

END LOOP 
Body( 1 ; 
IF ORD(i )  - t 2  < -c THEN 
EXIT 

END ; 
DEC(i ,  -c) 

r END 
m 

- tl i s  "DeclareWd with the type possessed by i 
- t 2  is "Declarend with the type CARDINAL 
--if .the variable i i s  of type CARDINAL or subrange thereof then the 

calls to  ORD are replaced with the argument itself 
- i f  e l  or e2 are constants,. they are not assigned to  tempol'aries 

- but are used everywhere directly 
- the exit condition i s  changed t o  ORDti) = t 2  if c is. either 1 or -1 

In the above example, it is important to remember the interpretation that is  placed on the application ot 

ORD to INTEGER operands: ORD(MIN( INTEGER) ) = 0. 

This procedure replaces the case-statement given by x with a straighrjorward if-statement.- 

Since it is difficult to  generate code for case-statements the easiest approach is to replace them with 

if-statements, although this may have its price in program efficiency. The trandormation has the 

following effect: 

CASE a[ i ]  
' a ' .  . ' 2 '  

' A ' . .  '2' 

OF t := a[i] ;  
IF ( t  2 ' a ' )  AND ( t  5 ' a ' )  s l 0  

: : s20 s10 I ==> ELSE IF ( t  2 ' A ' )  m ( t  s '2') THEN $ 2 0  
' O ' , * l t  : 530 ELSE IF  ( t  = ' 0 ' )  OR ( t  = '1') 9 3 0  

ELSE ELSE 
s4() s4() 

END END 



3 

ot &xed vl$DPbd$t, tt is timPOQIwt to apply thts trpnsfomatbn first. T k  tramfannation has 



It must be pointed out that the above transformation assumes that the value of the set-factor does not 

depend on t and that the evaluation of t does not produce side-effects. As can be seen in the 

* example, the value of t is modified when the constant part o f  the set-factor is assigned to it. If it cannot 

be assured that the set-fa~tor~does not depend on the value of t, then theset-factor can be assigned to 

a temp=ry and the transfomation can then be applied to that assignment. 

PROCEDURE BobleanSimplif ication (x : Node; s : Scope) ; 
- 

This procedure eliminates the use of the short-circuit operators AND and OR. The node x is 
an assignment with the expression being a BQDLEAN expression. 

BooleanSimplif ication applies itself recursively to the each of the one or two new assignments that 

it creates. If the expression is not of one of the forms given below then LinearizeExpression i s  

applied to that expressiqn. The transformation behaves as follows: 

t := el AND e2 ==> t := el; 
IF t THEN t := e2 END 

t := el OR e2 ==> t := el; 
I F  NOT t THEN t := e2 END 

t := NOT (el AND e2) ==> t := NOT el OR NOT e2 

t := NOT (el OR e2) ==> t := NOT el AWD NOT e2 

t := NOT NOT e ==> t := e 

Here is an example demonstrating the result of applying Booleansimplif ication to a more complex 

expression: 
5- 

t := el; 
t := el AND e2 AND e3 ==> IF t THEN t := e2 END; 

IF  THEN t := e3 END 

The above example shows that some redundant tests may be generated since a better result would hake 

been the following: 

t := el; 
t := el AND e2 AND e3 ==> IF t THEN 

t := e2; 
IF t THEN t := e3 END 



I 

However, a simple optimizing transformation can be used to achieve the above result and will also 
d optimize other occurrences of such situations. 

~RDCEDURE ~ineariz8Expression ( x  : Node; s : Scope) ; . 

This procedure is used to  reduce expressions to a simple form which is suitable for code 
generation. This procedure assumes that order of evaluation of operands is irrelevant and 
that previous simplifying transformations have been correctly applied. 

S -3 

LinearizeErpression is applied after the statements of the p r o g m  have been simplified. The only 

4 statements which remain are: assignments, procedure-calls, single-dause if-statements, simple-loops, 
- 

exit-statements, return-statements and null-statements. The restriction to just these statements is very 

convenient because such a restricted program has the property that when a temporary is to be 

generated for an exp;ession, it can simply be placed before the endosing statement of that expression. 
" - 

when we refer to  a designator On the following description, we will also include type-transferred 

designators even though they look like function calls. Lineariz&%pression behaves according to 

the following description: 

Constant expressions are evaluated using WressConstant and are replaced with the result. 

If an index of an indexed-variable is not a constant or designator, or is a designator containing 

non-constant indices, the index is stored in a kmporary and that temporary is used as an index. 

If an expression that is not a designator is type-transferred, i t  is stored in a temporary and that temporary 

is type-transferred. This ensures that all type-transfers can be treated as designators, 

K := INTEGER (i + j ==> t := i + j; 
x := INTEGER (t) ,- 



i 

If a bracketted expression is found in a context where the brackets are not required, the brackets are 

eliminated: - 

Signed terms with plus signs are eliminated. 

If the second operand of any dyadic expression (other than AND or OR expressionsj is not a desianator or 

a constant, i t  is assigned to a temporaty variable. 

Setf_ac_ton which are not constants are assigned to a temporary and SetPactorSimplificatiBn is  

applied to that assignment. This may result in the construction of for-loops which are eliminated using 

~ o r ~ o o p ~ o ~ h p l ~ o o ~ .  All expressions of statements created by SetPactorSimplif i ca t ion  are 

also linearized. See the documentation for SetFactorSimplification for an example of how this 

I- - _+ 4 + 
transformation works. 

Any expression involving AHD or OR is assigned to a temporary and BooleanSimplif fcat ion is 

applied to that assignment. See the documentation for BooleanSimplif i ch t ion  for examples of 

how this transformation works. 

That concludes the description of how Linearhempression behaves. 

This procedure is usedo to change function procedures that return records or arrays into 
regular procedures. This allows the code generator to assume that a function returns only 
small types but still allows the user the full power of writing a function that returns a v a l u e d  
any type. The node x must be a compilation-unit. 

PunctionCal1ToProcebureCall traverses the compilatian-unit x and all imported definition 

modules. It changes appropriate function procedure declarations to procedure declarations by deleting 

the result type and dedaring a new var-parameter of that type. It also changes appropriate function 



procedure types to procedure types in a similar manner. -- - 

V foo (x,y : t) : RecordTyps; ==> 

f& (x,y : t; VAR ReturnValue : RecordType) ; 

Once the declarations have been changed as~shown above, each function call of x is checked to see if its 

procedure type has been modified; if so, it is changed to  a procedure call. This is done by first assigning 

the function call to a temporary (if it is not already directly in the context of an assignment) and then 

replacing the assignment with a procedure call. 

Each return-statement is also checked to ,see if its enclosing procedure has been changed from a 

function procedure to a regular procedure; if so, the returned expression is assigned to fhe new 

parameter and just a return-statement remains. - -  

RETURN Rec ==> Returnvalue := Rec; 
RETURN 

There are several unusual aspects about this transformation. It is the only trinsformation we have 

described which modifies existing declarations. It is also the only transformation' which modifies a 

definition module. ~ o r m a l i ~  definition modules are meant not t o  be modified. ~ o k e v e r ,  if all uses of 

- the definition module make the same modification at compile time there will be no inconsistency. This 

may prove useful for other kinds of transformations which require uniform modification of definition 

modules (such as the applications which require the addition of monitor variables). 

It may seem that since existing declarations have been modified, the symbol table needs to  be 

regenerated. This is only partially true. If we were to apply CorrectQ to  the procedure calls and 

return-statements generated by the above transformations, we would most certainly detect errors. 
- 

Howepver the code generator does not do any further checking of the program and will not detect the 



inconsistency, so Wodula2ToSunAssembler may be applied to produce corrext code without 

regenerating the symbol table. 

3.3 Transformation - Reconfiguration 

t e metaprogrammer controls the simplifymg transformations of the previous section by writing a 

special implementation module. This implementation module must have the name UserTransform 

and will export from its corresponding definition module a single procedure named Simplify. This 

procedure will be called by the compiler with a program module as an argument and is responsible for 

simplifying the module to the form required by the code generator. The object code for the compiler 

will be available to the metaprogrammer and he may link his compiled implementation module to the 

compiler's object code to create his own customized compiler. The source code for the compiler need 

not be accessible to the metaprogrammer 

A minimal implementation of the transformations necessary for simplifying arbitrary Modula-2 programs 

is given below. We will subsequently discuss its components. 

IMPLEMENTATION MODULE UserTransform; 

PROCEDURE Simplify (X : Node); 

BEGIN 
Traverse(BlockOf(x), ScopeHandleiNouneOf(x)), Stagel); 
Traverse(BlockOf(x), ScopeHandle(NameOf(x)), Stage2); 
FunctionCallToProcedureCall(x) 

END Simplify; 

VAR 
ListPosition : INTEGER; 
ContainingList : Node; 

BEGIN 
IF ExpressionQ(x) THEN 
IF IndexedVarQ(x) THEN ListedIndicesToRecursiveInclices(x) END 

ELSEIF StatementQ(x) THEN 
CASE NodeType(x) OF 
Withstatement : WithStatementToStatementList (x, s I 
For Loop : ForLoopToSi@leLoop(x, s I 
Repeat Loop : Repeat LoopToSimpleLoop ( x) I 
WhileLoop : Whil6LoopToSimpleLoop(x) I 



 stat-t r ~ f ~ t a t ~ t ~ o ~ & p l e ~ f ~ t a t B m % n t  (x) 1 
casestatanent : 
ContainingList := Parent(x); 
ListPosition 31 Position(xF- Length(ContainingList) - 1; 
CaseStatomantToIfStatement(x,s); 
IfStatamntToSQpleIfStatement( _ 

NthEl~t(ContainingList,ListPosition)) 
END 

END Stagel; 

PROCEDURE Stage2 (x : Node; s : Scope); 

VAR 
i : INTEGER; 

BEGIN 
CASE NodeType(x) OF 
Assignment: 
LinearizeE;rrpression(VariablaOf(x),s); 
~ineariz~ression(ExpressionOf(g),  s) / 

ProcedureCall: 
~inearizeEpxression( ProcedureOf (x) , s ) ; 
FOR i := 1 TO Length(ArgumentsOf(x)) DO 

Linearizeression(NthE1-t ( ArgumentsOf (XI, i 1, s 1 
END I 

ReturnStatemant: 
IF NOT EmptyQ(ReturnValueOf(x)) THEN 
LinearizeExpression(ReturnValueOf(x),s) 

If Statement: 
~in~izeExpression(ConditionOf(NthE1ement(ClausesOf(x~,l~~,s~ 

ELSE 
END 

END Stage2; 

END UserTransform. 

For the sake of brevity, the imports of the MPS routines have not been shown in the above example. 

The corresponding definition module, imported by the compiler, appears as follows: 

DEFINITION MODULE UserTransform; 

FROM m BKWUWe; 

PROCEDURE Simplify (x : Node); 

END UserTransform. 



- - 
Simplify makes use of the procedure Traverse which takes a node, a scope and a procedure as 

arguments. The procedure argument must be a procedure which takes a node and a scope as 

arguments. Traverse is applied to a block and does a post-order traversal of all nested blocks and of 

all nodes nested in the bodies of those blocks. The procedure given as a parameter to  Traverse is 

applied t o  the nested nodes in  a depth-first manner. Traverse is a handy utility for applying 

transfomations. 

In Simplify we see that the progrim; is traversed twice; many transfomations are applied in a single 
4 

traversal. FunctionCallToProcedureCall is the final transformation and completes the 

simplifications required by the code generator. 

Most of the simplifymg transforma:ions are applied in the first traversal by Stagel. Earlier we 

mentioned that ListedIndicesToRecursiveIndices should be applied before any other 

transformation. Stagel ensures that it is applied first, because expressions in the body of a block are all 

nested in statements and thus Traverse will apply Stage1 to expressions before statements. The 

simplification of a case-statement results in a multiple clause if-statement so after a case-statement is 
\ 

simplified ~f StatementToSimpleIfStatement is applied t o  the resulting if-statement. This is  good 

example of how transformations can be combined t o  eliminate the need for additiogal traversals. The 

remaining transformations used in Stagel are independent of each other and are therefore applied in 
w 

the same traversal. 

LinearizeExpression depends o n  the simplifications of  Stagel and must therefore be applied in a 
L 

separate traversal. Stage2 is used t o  apply LinearizeExpression t o  the appropriate expressions. 

LinearizeErrpression does its own traversal o f  an expression so Stage2 applies it to  outer-most 

expressions. 

Combining all the simplifying transformations into a single procedure is a handy way of encapsulating 

the organization of the transformations. The UserTransform module is obviously very simple and is 

easily modified by a metaprogrammer to  create a customized compiler. Subsequent examples in 

Chapter 4 will demonstrate the ease with which extensions may be integrated into this organization. 



3.4 Generality 

Certainly the idea of compiling a program based on its parse tree representation is not a new idea. In 
I 

fact the DIANA intermediate representation for Ada was designed for precisely this purpose. The 

incremental progmnrning environment OPE) desuibed in [I91 $so compiles programs directly from a 

parse tree representation, which is somewhat similar to  that of MPS. 

The interesting appro&h that this thesis proposes is the use of 'source-to-source trar,;formations for 

simplifymg the process of code generation. Source-pmgram simplification r e k  on the fact that 

shplifications can be expressed in the source language. However, not r uages are expressive 

enough to allow high-level constructs to be expressed in terms of lower4 el constructs. For example, 

Pascal does not allow for address calculations so  arrays cannot be replaced with address calculations as is 

possible in Modula-2. If a less expressive language than Modula-2 were to be used, some language 

extensions might be necessary. 

The issue of language extension for the purpose of code generation is a very interesting one that has not 

been fully explored in this thesis. For the prototype code generator described in this chapter no 

language extensions were-fequired. However, it would be interesting to explore the use of register 

variables* and how they could be employed to  perform register allocatipn at the source level. In fact, it 

may well be possible to extend the source language in such a way that all the work of the code generator 

can be expressed at the source level with only a simple transliteration required to  produce assembler 

code. - 
We have examined the basic organization of a source-to-source compiler and have demdnstrated the 

feasibility of the organization with a working prototype. This chapter and the previous chapter have 

described the core facilities that are required to  implement a source-to-source compiler. The hext 

chapter will look at the flexibility m d  functionality that the source-to-source organization affords. 
- 



'g The success of the source-to-source compiler organization lies not in the ability to implement a static , 

compiler but in the ability to use and modify the compiler as a flexible tool. This chapter will examine 

just a few of the many applications for which the source-to-source organization is so aptly suited. 

4.1 Interactive Compilation 

- T t w e h ~ m @ o f  current research being conducted into integrated programming environments 18, 

19, 23, 29, 391. The research has focussed on the use of program editors that deal with programs on a 
1 

syntactic ( y d  in some cases semantic) basis. The v~rious other tools in the environment are closely 
\ 

integrated with the editoc through the use of a common representation of programs as data objects. 

The ultimate use for a source-to-source compiler is as p of such a programming environment. 7 
A program editor could be designed to use the various transformations of the source-to-source 

compiler as commands.+ii~h an environment the user would have a choice of compilation methods: 

he could use the system-supplied -~ compiler which makes all required simplifications for standard 

programs, he could create his own personalized compiler through the modification of the routine 

Simplify discussed in 3.3, or he could.apply transformations on an individual basis using commands in 

the program editor. Such an envimment would be an editing environment as wt$l as a program 

transformation environment. 

The concept of interactive compilation is an interesting area for research. The source-to-source 

organization makes it easy to open the black box of compilation. The educational aspects of an 
IC- \ 

interactive compilation system are very promising. Users could step-throogIi-i6 process of 
/ -------- 

source-to-source translation on a transformation-by-transformation basis. The relationship between the 

interactive commands and the MPS routines that implement them implies that users learning the 

commands are indirectly learning how to write a metaprogram and in particular a translator. - - 

The ability to monitor the - translation process can give users a greater understanding of how their 

programs are being processed. If various traisformations introduce unnecessary inefficiencies into their 

programs they may even modify the intermediate stages of the translation by hand. For example, if 

certain runtime checks are inserted in places where the user is sure they are unnecessary, he can 



eliminate them. -Interactive optimization of programs has the promise of becoming a very important 

tool for software development environments. 

4.2 Instrumentation 
d 

We shall now deal with an extension for inserting runtime checks of array indices. Strictly speaking, it is 

not really an extension at all since a Modula-2 compiler needs to have runtime checking for array indices, 

subrange conformity, tha correct use of variant records, etc. However, in the source-to-source 

organization, transformations for inserting these runtime checks must be included in Simplify and it is 

therefore up to  the metaprogrammer to  (conscientiously!) decide which checks he wants to  have 

inserted. The following procedure, which we will subsequently describe, caii be used to insert code for 

checking that array indices are within the bounds of the array: 

~ R D C E D ~  Indexcheck (x : Node; s : Scope); 

VAR 
TheType, LowerLimit, UpperLimit : Node; 

BEGIN 
T h e m e  := GetType(ArrayOf(x), s); 
IF ParameterSect.ionQ(TheType) THEN 
LowerLFmit := MakeIntber(HakeIntegerString('0')); 
UpperLimit := MakeFunctionCall( 

Mgh, 
Listl(EgpressionList, ArrayOfb))) 

ELSE 
ThetType := NthElement(IndexTypesOf(TheType),l); 
LowerLimit := Minimum(TheType,s); 
UpperLimit := Maximum(TheType,s) 

END ; 
Insert(Enclosing(StatemantList,x), 

Position(Enclosing(Statemnt,x)), 
MakeIf Statement ( 
Listl( 
IfClauseList , 
MakeIfClause( 
MakeAdditiveExpr( 
MakeBracket t dExpr( 
MakeRelationalExpr( 
NthElement(IndicesOf(x),l), 
MakeLessOp( ) , 
LowerLimIt)), 

1 MakeOrOp( , 
MakeBrackettedExpr( 
MakeFtelationalExpr( 



IndexCheck assumes that LinearizeExpression has already been applied to the program. Thus 

indexed variables will have only a single index which will be a simplified designator, and a node which 

must be evaluated before the evaluation of a given expression may be inserted before the enclosing 

statement of that expression. IndexCheck is called with an indexed variable x and a scope s as 

arguments. The bounds on the index are determined first. There are two cases depending on whether 

the array is an open array. If the array is an open array, the lower bound is zer and the upper bound is b 
given by applying HIGH to  the array name. if the array is not an open array, the declaration of the array's 

type will have an ordinal type as the index type. The utilities Mhmum and Maximum are used to return 

the minimum and maximum values of this index type. Once the expressions for the bounds of the 

index are determined, an if-statement is inserted which calls HALT for indices which are out of bounds. 

The following demonstrates the effect of applying Indexcheck to an open array: 

x := a[ i ]  ==> IF ( i  < 0) OR (i > HIGH(a)) THEN HALTO END; 
x := a[ i ]  

Indexcheck is a simple transformation for inserting runtime checks of array subscripts. It can be 

installed in UserTransf o m  by adding a procedure Stage3 which applies Indetxcheck to expressions 

whicb ace indexed variables. Stage3 would be used as the third traversal of the program. Since 
,' 

IndexCheck generates an expression using OR it will be necessary to reapply Stage2 after the 

application of Stage3. It would be more practical to  design IndexCheck so that it does not use OR, in 

which case Stage2 need not be reapplied. In the design of extensions it is  important to be aware of 

such dependencies between transformations. 

There are many applications for which automatic insertion of code is useful. The example given in this 

section eliminates the possibility that an index will exceed the bounds of the array. Similar routines can 

be designed for checking pointer references, subrange bounds and variant records. With the 

source-to-source organization, runtime checks are inserted directly into the source program so the - 

metaprograrnmer may easily control runtime checking. 



6' The use of automa c code insertion for the purpose of debugging programs is an important area of 

research [33]. Execution analyzers, which insert c o k  into the source program, are another relevant area 

of rcsemh [?I, 241. Most of such research has focussed on the theoretical aspects of prog~anr --- 
instrumentation with very little being done about the actual implementation of such tools. 'Fhe 

source-to-source organization is well suited for implementing program tnstrumentation tools. 

4.3 Generics 

S 
The restrictions of a language often limit the kinds of abstractions that may be expressed 1261. 

Modula-2 does not allow routines with a variable number of arguments so abstractions which would 

benefit from such routines mu be expressed in a less elegant manner. With the source-to-source 
%. A 

organization, there is the fa for the use of generic capabilities when the application dictates 
I 

1161. 

0 We will examine an example making use of the ability to extend the type checking mechanism of MPS. 

The example concerns the use of the MPS procedures N u l l L i s t  and L i s t 1  thr~ugh L i s t s ,  which are 

used to construct lists from individual elements. N u l l L i s t  is given a N o d e C l a s s  argument and builds 

an empty list of that type. The remaining procedures are each given a N d e C l a s s  argument and the 

9: appropriate number of nodes, and build a list out of those nodes. The list building .functions were 

designed to eliminate the use of Append1 for building small lists. For examp the following two 

expression are equivalent: 

The list building operations are a notational improvement over the u of nested appends. However, 

what is really needed is a generic list building operation which takes a N c d e C l a s s  argument and an 

arbitrary number of node arguments and combines the given nodes into a list of the specified type. The 

problem is of course that a procedure which takes an atbitrary number of arguments cannot be defined 

in Modula-2. However, the following implementation module, which we shall subsequently describe, 
C 

makes it possible to extend the compiler to allow for calls to a generic list building function called ~ i s t :  



IMPLEMENTATION MODULE Listcall; 

VAR 
ListOccurrence, 'NodeOccurrence, NodaClassOccurrence, 
AppendlOccurrence, NullListOccurrance : Node 

P-URE IsListCall (x : Node; s : Scope) : BOOLEAN; 

BEGIN 
RETURN FunctionCallQ(x) AND 

( ~ e f  ining~ccurrence(~unction~f ( 9 )  , s ) = ListOccurrsnce) 
END IsListCall; 

PROCEDURE ListCallCheck (x : Node; s : Scope ). : Node; 

VAR 
i : INTEGER; 

PROCEDURE RemoveListCall ( x  : Node; s : Scope); 

VAR 
i : INTEGER; 
Substitution : Node; 

BEGIN 
Substitution := MakeFunctionCall( 

~et~isibleName(~ull~istOccurre&e, s) , 
Listl( 
ExpressionList, 





implemented m terms of the two imported procedures. The body of Listcall makes use of the fact 

that the procedures and types for which defining occurrences arc required are visible in Genwic. The 

required defining occurrences are computed and then UserExpressionCheck is called to install the , 
routine for checking the correctness of calls to  List. 

The module Listcall declares three procedures. One for recognizing calls to  List, one for ctiecking 

the correctness of a call to  List and one for replacing a call to List with an equivalent construct 

expressed in standard Modula-2. 

The recognition routine IsListCall is very simple. For a node to  be a call to List it must be a 

function call and the defining occurrence of the function must the declaration of List in the module 

The checking routine CheckListCall must check that calls to List are correctly formed. There must 
-- 

be at least one argument. The first argument must be of type Nodeclass and any remaining arguments 

must all be oi type Node. CheckListCalJ. calls Error for violations. Checking routines for 

expressions must return the defining occurrence ofothe name of the type of that expression, so 

ListCallChedr returns the defining occurrence of Node. 

The routine RemoveListCall is responsible for replacing a call to  List with standard Modula-2 

constructs. There is a very simple equivalence between calls to  List and the use of the procedures 

Nulltist and Append1 which is illustrated as follows: 

* 

List(Kind,xl,~2) ==> Appendl(Appendl(Appendl(NullList(Kind) ,xl) ,x2))  

/ 

To include the extension in UserTransform the procedures IsListCall and RemoveListCall are ~ 

imported from the following definition module: 

DEFINITION MODULE Listcall; 

FROM m IMPORT Node; 
FROM Symbol IMPORT Scope; 

- - 
-PE!OCEDURE IsListCaJl (X : Node; s : Scope);: BOOLEAN; 
.PROCEDURE ~emoveL'istCal1 (x : Node; s : Scope); 

END Listcall. 



Importing from-I.-tCall will automatically install the routine for --checking calls to L i s t  The two 

imported procedures can then be used in Stagel to eliminate calls to ~ i s t  by inserting the statement: 

I F  IsL is tCal l (x ,s)  THEN RemoveListCall(x,s) END; 

The extension in very easy to integrate with the existing structure of the compiler. 

- - -- 
4.4 Macros - 

The generic list building function of the previous section is essentially a macro. As such, we may 

compare the ability to define macros in MPS with the macro preprocessor of the C programming 

language 1141. The C macro preprocessor is a text-based facility used for notational convenience and 

efficient inline coding of subroutines. Extensions to MPS can be used to achieve similar effects. 

b 

The most commonly cited example of a macro in C is a macro which returns the maximum of two 

arguments. Such a macro may be defined in terms of a conditional expression as follows: 

is handy to use and is  often more efficient thm an actual procedure call. It is also more general 

than a procedure could be because it applies equally well to any type for which the ">" operator.applies. 

However, there are disadvantages to C style macros which can be seen in this particular example. The 

arguments are not type-checked until after the macro substitution i s  made, leading to confusing error 

messages. Furthermore, arguments which are used more than once in dhe macro body lead to 

problems when there are side-effects in the evaluation of those arguments.' Even if re-evaluation of the 

argumentsdoes not lead to erroneous results, it is nevertheless a source inefficiency. 
4 - 

In MPS we can define a macro like Har without the disadvantages we have discussed. We may design 

~ a r r  to take an arbitrary number of arguments. This an improvement over C macros, which require a 

fixed number of arguments. ~ a z t  wi appropriate type checking of the arguemnts and takes 

arguments of any type for which the " erator applies. The procedure for replacing calls to &ax 
r 

eximines iti arguments and generates temporaries for those arguments which require them (due to 

side-effects or efficiency considerations). The following is an example of how such a macro in MPS 



7 

WOUM behave: 

Result := afi];  
Temporary := f(i); 
IF Tmporary > Result THEW 

Largest [i ] := !&x(a[il , f  (i) , X I  -> Result := T-rary 
m; 
IF x > Result THPM 
Result := x 

/ =; 
Largest f i] := Result 

, 

The main advantages of the C macro preprocessor are the fact that a macro is defined as part of the 

program and that the definition of a macro is very terse. In MPS the macro must be defined separately 

and that definition must be compiled and integrated with the compiler before it can be used. However, . 
L 

more powerful macros can be designed in MPS than are possible using the C macro preprocessor. In 

MPS, macros can make use of program properties (such as type) which are not available to text based 

macros. 

The literature contains many examples of systems that make use of macro preprocessors 113, 221. The 

power and unrestricted. nature of  macros make them a useful tool for extendhg languages in a 

convenient way. The preprocessing capabilities of dhe source-to-source organization can be used to 

easily implement the kinds of preprocessors that are described in the literature. 

4.5 lnline Assembler Code 

To complete our discussions of extensions, we shall deal with an application concerning an extension to 

the code generator. The purpose of the extension is  to make efficient use of the hardware instruction 

for computing a square root. The following implementation mod~ le~can  be used to inline-code, at the 

assembler level, calls to  Sqrt: 

IMPLEMENTkTION MODULE InlineMath; 

VAR 
SqrtOccurrence : Node; 

PROCEDURE IsSqrtCall (x : Node; s : Scope) : BOOLEAN; 



BEGIN 

- RElrURN 

END IsSqrtCal! t 

PROSEDURE InlineSqrt (x : Node; s : Scope); 

VAR 
Arg : Node; 

VAR - - 
mthLib : Node; a -- 

BEGIN 
MathLib := ~as&ile(Dd~tionn~dule,~eset ( ~ t r  ( *MathLib.def ' ) ) ) ; 
IF NOT Declare(t4athLib) THEN HALT() END; 
SqrtOccurrence := DefiningI)ccurrence(MakeSentifier(Str('Sqrt')), 

ScopeHandle(NameOf(MathLib)); 
UserGen(IsSqrtCal1,InlineSqrt) 

END InlineMath. 

In the bfody of InlineHath the definition module ~ath~ib, containing the defining occurrence of 

Sqrt, is p a ~ e d  and Declared. The defining occurrence for Sqrt is determined and saved. Then 

UserGen is called to  install in the code generator, the extension for inline coding 

The recognition routine IsSqrtCall tests if its node argument is a function call and if the defining 

occurrence of the funkion is the declaration of Sqrt in the module ~ a t h ~ i b .  fnline~qrt generatesc, 
- - 

the assembler code for calling the floating point hardware in: truction. If the argument t o  Sqrt is a 

constant or  designatorthen InlineSqrt uses Op t o  get the effective address of the argument which it 

then uses as the first operand of the f sqrt assembler instruction. Otherwise Gen is used t o  evaluate 

the expression leaving the result in register fpO which is then used as the first operand t o  f sqrt. In 

either case the result of the operation is put in f pO. 



The extension to the code generator can be installed as part of the compiler by simply having 

Usermansf o m  import the module I nlineMath. Nothing else need be done! 

With the source-to-source organization, it is very easy t o  implement extensions involving the assembler 

output. A facility for extending languages to allow assembler code to be embedded in source programs 

is described in [31]. An interface t o  the machine-dependent layer is carefully considered. The 

source-to-source organization' makes the implementation of such language extensions 'extremely 

simple. in fact, because the organization is so  flexible, programmers requiring access to the'machine 

layer can design the kind of interface that is appropriate for their particular application. 

We have examined several different applications which extend the type checking facility of MPS, 

reconfigure the source-to-source transformations used by the compiler and extend the code generator. 

These extensions have proven to be both easy to express and easy to integrate into the existing 

structure of the compiler. The success of the source-to-source organization is clearly demonstrated by 

the power and flexibility that h k  been observed in the applications described in this chapter. 



5. CONCLUSION 

The implementation of a source-to-source compiler is partitioned among ,three components: the 

metaprogramming system, the source-to-source transformations and the code generator. Much of 
a 

MPS is generated from the CRAMPS grammar but the context-sensitive manipulations are highly 

language-specffic and are implemented by hand. The source-to-source transformations and the code 

generator are both implemented in terms of the abstraction supplied by MPS. The division of effort that 

went into the implementation of each of the t h ~ e e  components is roughly 70% for the context-sensitive 
.- - -  

manipulatio"~, 20% for the code generator and 10% for the source-to-source transformations. 

By far the most effort in the implementation of a source-to-source compiler goes into the design and 

implementation of the context-sensitive manipulations. This is definitely worthwhile because the 

metaprograrnming system is an extremely general purpose tootthat can be used in countless other 

applications. Thus the cost of implementing MPS is amortized by its general usefulness and the ease 

with which applications, such as a compiler, can be implemented. 

The implementation of the required source-to-source transformations is almost a trivial matter with all 

the tools provided by MPS. The code generator takes a fair bit more effort to implement than the 

source-to-source transformations. However, there was often the choice of simplifytng a construct at 

the source-level or designing the code generator to  handle it directly. Many such choices were made in 

favour of a more general code generator, leading to  a larger percentage of implementation effort going 
5 

into the code generator. 

The source-to-source organization opens up new areas of research. Compilation algorithms need not 

be concerned with the textual order of a program since nodes may be traversed in any order. This 

allows for the design of languages with less restriction on forward reference. Translation algorithms may 

be simplified by being able to process pmgrarn components in any order. This capability is useful for 

Modula-'2; a module's exports are most convenieniiy processed after the declarations of the module but 

textually appear before. - - -  

An interesting area of research is the design of a language which is s~ecificafly tailored for 
'*r 

s a m e - t o m c e  compilation. Such a language could be designed to allow for the efficient 

implementation of an incremental symbol table rather than requiring a precalculated symbol table like 

the one used for Modula-2. Facilities to  allow for flexible language extension could be built right into 



the definition of the language. Consider the power of having a mebprocedure which, instead of 

specifying the code for canying out a given operation, specifies how the operation is to be inline-coded. 

Metaprocedures would perform their own type checking and would therefore be f lexibkemqh to 

specify any abstraction. In fact, the routine for inline coding NUK described in 4.4 is a very simple 

example of a metaprocedure. 

The nature of the division between source-to-source simplification and code generation is another area 

in need of further research. It would be very interesting to investigate the possibility of using language 

extensions to allow a model of the underlying machine architecture to be visible at the source level. In 

Modula-2 such extensions could take the form of a special module containing variables corresponding 

to registers and procedures corresponding to hardware instructions. It may well be possible to express 

all the work of the code generator in the source program so that only a simple transliteration is  needed 

to convert the program to assembly language. 

The source-to-source organization focusses more pn the flexibility of the compiler than on its efficiency. 

The traditional concern for efficiency has lead to organizations consisting of interdependent 

components that are not generally useful. Hence, much of the effort that goes into the implementation 
- - 

of a conventional compiler cannot be applied to solving other program manipulation problems. The 

source-to-source organization consists of a toolkit of components. Not only can the compiler be easily 

modified but the components of the toolkit are useful for other language-based tools such as program 

editors, debuggers and interpreters. In fact, the organization is such that we have a compiler and a 

powerful program manipulation system. 

a Using the source language as the intermediate language is conducive to achieving a thorough 

understanding of that language. Both users and metaprogrammers may benefit from this. The 

properties of source language programs are carefully explored and considered in the design of the. 

metaprogramming system. Problem areas in the language are therefore resolved and documented 

abng with the metaprogramming system and the tools of the programming environment. This results in 

a cleaner environment for program development. 
+ 

The emphasis on the use of the source language has an educational benefit. Users can learn more 

about the source language by monitoring the kinds of changes that are made to their program as it is 

prepared for final translation to assembly language. Seeing the power that is available for writing 

automated program manipulations should serve as a source of motivation for learning to use MPS. An 



understanding of the metaprograrnmlng system for a language leads to  a deep insight into the 

properties of that language. 

The flexibility of the source-to-source compiler lies in the ability to  modify the translation process. This" 
'3 

ability is a e d  through modification of type-chechg in MPS, reconfiguration of the transformations 

for sirnplif#&j programs in preparation for code generation, and extension to the code generator for 

special-purpose constructs. The combination of these three facilities provides a degree of flexibility that 

is not possible with traditional organizations. 

b 

Chapter 4 has demonstrated the effectiveness of the facilities for rnodifyrng the translation process. We 

have seen applications for: inserting code for runtime checks, extending Modula-2 to  accept a generic 

function, and extending the code generator to generate efficient code for a numeric operation. These 

examples show the ease with which extensions can be designed and integrated into the existing 

structure of the compiler. 

When dealing with extensions to a language, the question of portability naturally arises. A program 

making use of extensions can be difficult to  port t o  a system which doesn't provide the same 

extensions. However, we have seen that extensions in MPS can act as macros which replace instances 

of the extension with standard constructs. A program using such macros can be transformed to a 

program which does not use macros so the program is still easily portable. 

)D - 
The ability to  extend the compiler can also be used to eliminate a portability problem. If a program from 

another system is to  be ported, the source-to-source compiler could be modified to accept certain 
. - 

non-standard constructs allowing the program to be compiled in its original form. Therefore, while the 

ability to extend the compiler can lead to portability problems, this is .not necessarily the case and 
-- - -  

- 

extensions can even be used to  solve portability problems. 

The source-to-source organization helps in achieving a reliable compiler. Y t h  so much work done at 

the source level the actions of the translator are easily monitored to  reveal bugs that might otherwise be 

very obscure. The tools of MPS can even be applied to ensure that transformations produce 
-- 

context-sensitively correct, results. The conceptual simplification alone makes the compiler more 

reliable simply because i t  is easier to  understand. 

- The current research into integrated programming environments is also relevant to the source-to-source 

organization. The various tools of an integrated programming environment must share a common view 



- 

of programs as data objects. MPS can be used to achieve such a common view by supplying the 

abstnai-on that is used to implement all tools in the environment. A souice-to-source compiler, 

implemented in terms of the abst&ion supplied by MPS, is therefore well suited for use ip an 

integrated programming environment. There is even the potential having interactive compilation in 

such m environment. 

The source-to-source organization results in an extremely flexible compiler which may be easily 

msdified to suit the requirements of special applications. Increased reliability is also achieved as a direct 
I 

result of the conceptual simplihcation of the translation process. The toolkit configuration of the 

compiler's components gives rise to  a functionality that extends beyond the domain of compilers into . 

the domain of general program transformation. 



APPENDIX A - CRAMPS MODULAZ GRAMMAR 

1 hogram Modules - and Declarations 

< Compilationunit > :: = < DefinitionModule> / < PrograrnModule > 

< DefinitionModule> :: = "DEFINITION" "MODULE" < Name:ldentifier> ( *  *) ";" 

[< Imports:lmportList>] [< Exports:ExportDecl>l < Declarations:ExterndDecltist > "ENDR "." 

< Prog-h+odule > :: = 1 < lmplementationlndication:lmplementationlndication > I "MODULEn 
< Name:ldentifier> ["[" < Priodty:Expression > "I"](* *) ";" [ C Imports:lmporttist > 1 
<Block:Block> "END" "." 

* 
< ModuleDecl> :: r "MODULE" < Name:ldentifier> ["[" < Priority:Expression> . - "I"] (* *) ";" 

[< lmports:lmportList > I [ < Exports:ExportDecl> I < Block:Block> "END" ";" 

< IrnportSection> :: = ["FROM" < ExportingModule:ldentifier> 1 "IMPORT" 
< IrnportedNames:ldentifierList > (* *) ";" &. 

< Identifiertist > :: = <Identifier> ("," <Identifier>) 

< ExportDecl> :: = "EXPORT" [ < ~ualifiedlndication:~ualifiedlndication >I  

/ <Block> :: = [ < Dec1arations:DeclList > 1 ["BEGIN* C Body:StatementList> I 
I 

< DeclList > :: = < DeclSection> { C  DeclSection>) 

< DeclSection > :: = < ConstSection > I <Typesection > I < VarSection > ( C ProcedureDecl > I 
< ModuieDecl> 

< ~ o n s t ~ e c t i o n  > :: = "CONST" < ConstDefs:ConstDefList > ,f* 

< ~ o n s t ~ e f ~ i ; t  > ::= CConstDef > { c ~ o n s t ~ e f  > ) ~  

< ConstDef > :: = <ConstNam:ldentifier> "=" <Value:Expression> ( *) ";" 

<Typesection> :: = "TYPE" <TypeDefs:TypeDefList > 

<TypeDefList > :: = CTypeDef > {CTypeDef >) 

<TypeDef > :: = <TypeName:ldentifier> I"=* < DefiningType:Type > I  (*  * )  ";" 

< Varkction > :: = "VAR" < VarDec1s:VarDedList > , 

CVarDedList > :: = < VarDecl> {<VarDecl>) 

<VarDecl> :: = < VarNamesAdentifierList > ":" < Dec1aredType:Type > ( +) ";* 



< ProcedureDecl> :: = "PROCEDURE" < Name:ldentifier> < Profile:ProcedureProfile > ( *  +) ";" 

<Block:Block> "END" ";" ' 

<ProcedureHeader> ::= "PROCEDURE" < Narrte:ldentifier> <Profile:ProcechreProfite> (*  *) ";" 
. * 

< ProcedureProfile> :: = "(" [< Pararneters:Parameterlist > I ")" [*:" < Resu1tType:Narne >] 

< ParameterList > :: = < Parametersection > (";" < ParameterSection >) 
- 

c Arraylndication > :: = "ARRAYn "OFn 

2 Statements 

< StatementList > :: = <statement> {";" < Statement >) 
1 

<Statement > :: = <Assignment > I < Procedurecall > I < Ifstatement > ( < CaseStatement > I 
< WhileLoop> I < RepeatLoop> I < ForLoop> I cSimpleLoop> 1 < ExitStatement > 1 
< ReturnStatement > I < Withstatement > I < NullStatement > 

< Ifstatement> :: = "IF" < Clauses:lfClauseList>*["ELSEn < Defau1tStatements:StatementList > I "END" 
/ 

< IfClauseList > :: = < Ifclause> {"ELSIF" < lf~lause>) 
Y 

< Ifclause> :: = :Expression> "THEN" ( +  *)  < Body:StatementList > 

< CaseStatement > %= "CASE" < Selector:Expression > "OF" < Clauses:CaseClauseList > 
["ELSE" < DefaultStatements:StatementList > 1 "END* 

< CaseClauseList > :: = < Caseclause > {"I" € CaseClause >) 

9 < CaseClause >f i~ase~abels:~et~ lement~ist  > ":" (+  * < Bo y:StatementList > 

< ~ h i l e ~ o o ~ > ' : :  = *WHILEw <Condition:Expression> "DO" ( *  + ) \<~od~ :~ ta temen t~ i s t  > "END" 

< RepeatLoop> :: = "REPEAT" ( *  *) < Body:StatementList> "UNTI 1 " < Condition:Expression> 

< ForLoop> :: = "FOR" < LoopVar:ldentifier> ": =" < InitialValue:Expression> "TO" \ 
< FinalValue:Expression > [%BY" < Increment:Expression > 1 "DO" (+ * ) < Body:StatementList > 
"END" 

< SimpleLoop> :: = "LOOP" (+  * )  < Body: Statement List > "END" 

< ExitStatement > :: = "EXIT" ( + *) 

< Returnstatement > :: = "RETURN" [ < ReturnValue:Expression > I ( + ) 



<Withstatement> ::= W H "  <Qesignator:Designator> "DO" (* +) <Body.StatementList> "END" 

3 Types 

<Type > :: = <SimpleType> I < PointerType > I < RecordType> I < SetType > I <ArrayType> I 
.< ProcedureType > 

< SimpleType > :: = < EnumeratedType> I < RangeType > I < Name > 

< Enumerateflype> :: = "(" < EnumerationConstants:IdentifierList > ")" 

< RangeType - ~ > :: = [< BaseType:Narne > 1 "[" < LowerBound:Expression > ".." 
< Upper0ound:Expression > "I" 

< PointerType > :: = "POINTER" "TO" < 0aseType:Type > 

< SetType> :: = " S I T  "OF" < BaseType:SimpieType > 

< ArrayType > :: = "ARRAY" < IhdexTypes:lndexTypeList > "OFH < BaseType:Type > 

< IndexTypeList > :: = < SimpleType> {"," CSimpleType >) 9 
< RecordType > :: = "RECORD" < RecordSections:RecordSectionList > "ENDH 

< RecordSectionList > :: = < RecordSection > {";" < RecordSection >) 

< RecordSection > :: = < FixedSection > I <Variantsection> 

< FixedSection > :: = < Fie1dNames:ldentifierList > ":" <Type:T;ye > 

< Variantsection > :: = "CASE" [ < SelectionField:Identifier> I ":" < SelectionType: Name > "OF" 
< Va1iants:VariantList > ["ELSE" < DefaultFields:RecordSectionList > 1 "END" 

< ProcedureType 3 :: = "PROCEDURE" "(" [ < ParameterTypes:ParameterTypeList > I  ")" 
[":" C ResultType:Name > I 

< ParameterTypeList > :: = < ParameterType> {",!-< ParameterType >) 

< Parameter7 ype > :: = [ <Varlndication:Varlndication > 1 [ < Arraylndication,:Arraylndication > 1 
< BaseType: Name > 



4 Expressions 

< Expressionlist > :: = < ~xpressiorb ("," < Expression>) 
-- 

< Expression > :: = < SimpleExpr> I < Relation > 

< SimpleExpr> :: = <Term > I < SignedTerm > ( < AdditiveExpr> 

< Factor > :: = < Designator> I < String > I < Number > I < FunctionCall > I < BrackettedExpr > ) 
< NotExpr> I < SetFactor> 

< Designator > :: = < Name > I < IndexedVar > I < Componenti/ar > 1 C ReferenceVar > 

< ~ o r n ~ o n e n t ~ a r  > :: = < Record: Designator > "." < FieldAdentifier > 

< ReferenceVar > :: = < Pointer:Designator> " A " 

< B~cketteelExpr > :: = "(" (* ) C Expression: Expression > ")" 

. < NotExpr> ::= "NOT" <Operand:Factor> ' 

- - 
< SetFactor> :: = [ < ~ e t ~ ~ ~ e : ~ a m e  > I "{" [ < Elements:SetElernentList > 1 "1" 

< SetElementList > :: = <SetElement > in," < SetElement >) 

< SetElement > :: = < Expression> I < RangeElernent > 

< AdditiveExpr> :: = <Operandl:SimpleExpr> <Oper?tor:AddingOp > < Operand2:lerm > 

< Relation > :: = < Operand1 :SimpleExpr > < 0perator:RelationalOp > < Operand2:SimpleExpr > 

< SignedTenn > :: = < Sign:Sign> < 0perand:Term > 

<MultiplyingOp> ::= <Timesop> I <DivideOp> I <DivOp> I < ~ o d O p >  I < ~ n d O p >  

< RelationalOp > :: = < EqualOp > ( < LessOp > I < LessOrEquaIOp > I < CreaterOrEquaIOp > I 
< GreaterOp > 1 < NotEqualOp > I < InOp > 

< Sign > :: = < Plussign > 1 < Minussign > 

<Number> ::= <Integer> I <RealNumber> 

< Name > :: = <Identifier> I < Qualldent > 

< Qualldent > :: = < Module:ldentifier> "@" < Loca1Name:Name > 





. . 
APPENDiX B - SYMBOL TABLE ROUTINES 

- 

This appendix describes the symbol table routines for dealing with context-sensitive properties of 

Modula-2. A ~dimentary knowledge of Modula-2 and Multi-MPS is assumed [4, 5, 321. The complete 

&finition module is given in sectbn 3. - 

2 Scopes, Denotations, Declarations and Correctness - - 
2.7 Name Layers 

Evety name occuning in a comct  Modula-2 program has an a s s 0 4  meaning. The meaning 

associated with the use of a name depends on context since this determines name visibility. It is 
I 

essential that we have a good understanding of exactly how the meaning of a name is determined from 

itscontext so that we may manipulate the program correctly. 

We will follow an approach for describing the scope rules of Modula-2 that is  closely tied to the 

CRAMPS grammar. We notice that the visibility of names chRges at the following critical points in the 

grammar: 

7 .  A definition module, program module or IocaJ module brings into visibility the names of its 

imports and declarations, obstructing the visibility of all names outside the module. 

2 .  A p ~ w d u r e  brings into visibility the names of its declarations, obstructing the visibility of 

only those names that are redefined. 

3. A 'with-statement brings into visibility the field names associated with i t s  designator, 

obstructing the visibility of only those names that are duplicates of the field names. 

4. A component variable brings mta visibiiity the fieM names associated with its record, 

obstructing the wfsibility of all other names. 

w 

Let us define a name layer to  be a mapping of names to meanings and ray that wery 

Ccwqxm~tVar has an associated name layer. There is  also a global name layer, associated with the 

universe endosing all compilation units, which contains the names of definition modules and at the 



standard identifiers. Let us not worry for the moment about how a name comes to appear 'n a given - 

?., 
name layer and concentrate i ns team how the name layers can be used to determine the meaning of a 

name. 

- 
To determine e we must search through some n e layers until we find a mapping 4 

~cop.~andle is given an arbitmy node z and computes its 

scope, the list of name layers used to determine the meaning of names at the node x. Assume that we 
' - 

have an opaque Modula type Scope, a function procedure AppendLayer which returns the result of 

appending a name layer to a Scope and a function procedure NameLayer which returns the namelayer. 

associated with its node argument. 

PROCEDURE ScopeHandle ( x : Node ) : Scope; 

- BEGIN 
CASE NoBeType(Parent(x)) OF 
Empty: 
RETURN GlobaWameLayer 

I 
DefinitionModule, ProgranrModule, ModuleDecl: 
RETURN ~ame~a~ei(~arent(x)) 

I 
ProcedureDecl : 
RETURN AppendLayer ( NamLayer ( Parent ( x) , 

ScopeHandle(Parent(x) ) ) 
I 

Withstatement: 
IF x = BodyOf(Parent(x)) THEN 

RETURN AppendLayer(NameLayar(Parent(x)), 
ScopeHandle(Parent (x) ) ) 

ELSE 
RETURN ScopeHandle(Paryt (x) 
END 

I 
CompanantVar : 

IF x = FieldOf(Parent(x)) THEN 
RETURN ~ppendLayer(NameLayer(Par~t(x), 

ScopeIiandla( Par ent (x) ) ) 
ELSE 
RETURN ScopeHandle ( Par ent ( x) ) 
END 

I 
ImportSection: 
IF x = ExportingModuleOf(Parent(x)) THEN 
RETURN ScopeHandle(Enclosing(13oduleDecl,x)) 
ELSE 
RETURN ScopeHandle(Parent (x) ) 

END 



ELSE 
ScopeHandle(Parent (x) ) 

END 
END ~cope~landle; 

In the above algorithm it is interesting t o  note that the exporting-module of an import-section begins its 

scope outside the endoring mbdu~e .  This is so.because the specified exporting module is not itself 

imported and its name is therefore not visible in the module containing the import section. 
L 

The list of n a k e  layers returned by ScopeHanale can have one  of th:ee forms: 

1. If  x is the exporting module of an import section or has an empty parent then a list 

containing just the global name layer is returned. 
# 

2. If x is a field then a list containing a single componc.:t variable name layer is retumed. 

3. Otherwise, a list containing zero or  more with-statement name layers followed by zero or 
-, - - 

more procedure name layers followed by the name layer of a module is retumed. 

2.2 Denotations 

The meaning of a name is referred t o  as its denotation and this denotation is determined by the defining 

occurrence of the name. The defining occurrence of a name is the identifier node at which the name is 

conceptually associated with its various properties. We can now more concretely define a name layer as 

a mapping of names t o  defining occurrences since this uniquely determines meaning. We will 

characterize all the possible contexts in which defining occurrences appear, the denotations implied by 

those contexts, and the name layer(s) in which the names appear: 

If x satisfies the above condition then x is the name of a definition module and is said to 

denote a definition module. The name of a definition module appears in the global name 

layer. 

2. ProgramModule(Parent(x))AND (x=NameOf(Parent(x))) 

If x satisfies the above condition then x is the name of a program module and is said t o  

denote a program module.. I f  the condition NOT EmptyQ( 

ImplementationIndicationOf (Parent (x) ) ) is true then we may say that x denotes 

an implementation module. Interestingly enough, the name of a program module does 



not appear in any name layer. 

i f  satisfies the above condttion then x isathe name of a module dectaration and is said t o  

denote a'local module. The name appears in the name layer of the nearest enctosing 
--  

procedure declaration, module declaration or program module. 

4. ~rwedure~eclQ(Par~nt(x))AND(~~NameOf(Parent(~))) 

. If x satisfies the above condition then x is the name of a procedure declaration and is said 

to denote a procedure. The name appears in both the name layer of the Parent (x) as 

well as the name layer of the nearest enclosing procedure declaration, module declaration 

or program module. 

5. ProcdureHeaderQ(Parent(x))AND (x=NameOf(Parent(x)-1) 

If x satisfies the above condition then x i s  the name of a procedure header and is said t o  

d e ~ o t e  a procedure. The makeappears in the name layer d the enclosing definition 

module. 

6. ~onst~gf~(~arent(x))~~~(x~Cons~ameOf(Parent(x))) 

If x satisfies the above condition then x is name of a constant definition and is said to  

denote a constant. The name appears in the name layer of the nearest enclosing definition 

module, module declaration, procedure declaration or program module. 

7. TypeDefQ(Parent(x))AND(x=mmf(Parent(x)) )  

If x satisfies the above condition then x is the name of a type definition and is  said to 

denote a type. The name appears in the name layer of the nearest enclosing definition 

module, module declaration, procedure declaration or program module. 

If x satisfies the above condition then x is the name of an enumeration constant of an 

enumerated type and is said to denote an enumerated value. The name appears in the 

name layer of the nearest enclosing definition module, module declaration, procedure 

declaration or program module. 

If x satisfies the above condition then x is the name of a field in the field name List of a fixed 
L 

section of a record type ,and is said to denote a field. The name appears in the name layer 

of each Withstatement having a designator possessing the type 



Enclosing(RecordType,x). 

VariantSectionQ(Parent(x)) AND 
(x=SsletionPieldOf(Parent(x))) 

If x satisfies the above condition then x is the name of the 

section of a record type and is said to denote a tag field. We 

denotes a field. The name appears in the name layer of a 

Enclosing (RecordType, x) and each ComponentVar possessing the type 

- 

selection field of a variant 

may also state that x simply 

Withstatement having a 

designator with- Enclosing(RecordType,x) as its type and a CamponentVar having a 

record with Enclosing(RecordType,x) as its type. 

ParameterSectionQ(Parent(Parent(x))) AND 
((Parent(x)=ParametarsOf(Parent(Parent(x))) 

If x satisfies the above condition then x is the name of a parameter in  a parameter section 

and is said t o  denote a parameter. If x has an enclosing procedure declaration then the 

name appears in the name layer of Enclosing(ProcedureDec1 ,x). Notice that the 

names of parameters of procedure headers do  not appear in any name layer. 

~ar~ecl~(~arent(~arent (XI) ) AND 

a variable in  a variable declaration 

and is said to denote a variable. The name appears in  the name layer of the nearest 

enclosing definition module, module declaration, procedure declaration or program 

2.3 Imports and Exports 

lmports and exports provide controlled duplication of names between name layers. Name duplication 

can be explicitly controlled with export declarations and import sections. There are also several forms 

o f  implicit importation and exportation t o  be discussed subsequently. 

Export declarations may appear only in local modules. The CRAMPS grammar.allows export declarations 

in definition modules but they are totally ignored in accordance with Wirth's 3rd edition "Report on  

Modula-2n [321. If an identifier x is exported qualified then the name, qualified with the name of the 

exporting module, will appear in the name layer of the module's nearest enclosing procedure 

declaration, module declaration or program module. If an identifer x is exported unqualified then x 

itself will appear in  the name layer of the module's nearest enclosing procedure declaration, module 

declaration or program module. 



Import sections may appear in any kind of module. If the exporting module is specified then the name 
- - 

layer of that -sed as a source of names and the module is treated as if its exports are 

unqualified. If no exporting module is specified then the name layer($ of the node enclosing the 

importing module are used as a source of nahes and the names are all treated as if they are exported 

unqualified. The effect of importing a name from some source to  some destination is exactly the same 

as if that source exported the name to the destination, so the rules for exporting can be applied to 

describe the effect of importing. 

The standard identifiers are "pervasive", that is, they are automatically imported into all modules and may 

not be explicitly imported or exported. All names declared in a definition module are implicitly ' 
. 

exported qualified. An implementation module's name layer automatically contains all the names 

appearing in the name layer of its associated definiti n module. However, the names of the opaque e, 
types and procedure headers must map to defining occurrences appearing in the implementation 

module since these names must be redefined. 

Imports to a module may not be subsequently exported. The names of individual enumerated values 

may not be imported/exported since they are automatically importedlexported when the name of their 

type is importedlexported. If  the name of a module is imported/exported the names exported by that 

module are also importedlexported. The exportation of module names can lead to  multiple levels of 

qualification as shown in the following example=- 

MODULE Program; 

MODULE ml; -- -- 
EXPORT QUALIFIED m2; 

MODULE m2i 
EXPORT QUALIFIED x; 

VAR x : INTEGER; 
END m2; 

END ml; s 

#ODULE m3; 
FROM ml IMPORT m2; 

MODULE m4; 
FROM m2 IMPORT x; 

'7 BEGIN 
x := 0 (*  notice how the qualification is undone *) 



END m4; 

BEGIN 
m2Qx := 1 (* notice how importing m2 also imports m28x *) 

END m3; 

BEGIN 
mlQm2Qx := 2 (*  notice the multiple levels of qualification *) 

END Program. 

2.4 Standard Identifiers 

The standard identifiers are ndt declared anywhere so there is no actual defining occurrence. However, 

the predefined names can be thought of as corresponding to the following declarations: 

TYPE 
BITSEP = 

- -- 
BOOLEAN = 
CARDINAL = 
CHAR - - 
INTEGER = 
LONGINT = 
LONGREAL = 
PROC - - 

BITSET ; 
(FALSE,TRUE); 
CARDINAL ; 
-; 
INTEGER ; 
LONGINT ; 
LONGREAL ; 
PROCEDURE 0 ;  

REAL = REAL; 

PROCEDURE ABS 
PROCEDURE CAE' 
PROCEDURE CHI? 
PROCEDURE DEC 
PROCEDURE EXCL 
PROCEDURE FLOAT 
PROCEDURE HALT 
PROCEDURE HIGH 
PROCEDURE INC 
PROCEDURE INCL 
PROCEDURE MAX 
PROCEDURE MIN 
PROCEDURE ODD 
PROCEDURE OR. 
PROCEDURE SIZE 
PROCEDURE TRUNC 
PROCEDURE VAL 

(x : 
(x : 
(X : 
( VAR 
( VAR 
(x : 
0 ;  
( VAR 
( VAR 
( VAR 
(X  : 
(x : 
(x : 
(x : 
(x : 
(x : 
(X,Y 

ARRAY OF WORD) : WORD; 
CHAR) : CHAR; 
CARDINAL) : CHAR; 
x : ARRAY OF WDRD; y : CARDINAL); 
x : ARRAY OF WORD; y : WORD); 
CARDINAL) : REAL; 

x : ARRAY OF WORD) : CARDINAL; 
x : ARRAY OF WORD; y : CARDINAL); 
x : ARRAY OF WORD; y : WORD); 
WORD) ; 
WORD ; 
WORD) : BOOLEAN; 
WORD) : CARDINAL; 
WORD) : CARDINAL; 
m) : CARDINAL; 
: WORD) : WORD; 

--- 



It is convenient to use the above declarations to represent the defining occukences of the standard 

identifiers. Standard identifiers thushave a defining occurrence with enough context to reflect their 

denotation. Notke however, that many of the above declarations are not valid declarations nor do all 

the declarations of the standard procedures correctly specify the parameter types. - 
- 

The standard module SYSTEM is represented as follows: 

TYPE 
ADDRESS = ADDRESS; 
WORD = POINTER TO ADDRESS; 

PROCEDURE ADR (VAR x : ARRAY OF WORD) : ADDRESS; 

END SYSTEM. 

3 Basic Symbol Table Routines - - 

The following is the complete definition module for the symbol table routines: 

DEFINITION MODULE Symbol; 

FROM m IMPORT Node; 
FRQM String IMPORT StringType; 

TYPE 
Scope ; 
Recognize = PROCEDURE (Node, Scope) : BOOLEAN; 
Typechecker = PROCEDURE (Node, Scope) : Node; 
Checker = PROCEDURE (Node, Scope) ; 

PROCEDURE Clear SymbolTable ( ) ; 
PROCEDURE Declare (x : Node) : BOOLEAN; 
PRDCEDURE ScopeHanale (x : Node) : Scope; 
PROCEDURE DefiningOccurrence (x : Node; s : Scope) : Node; 
PROCEDURE CorrectQ (x : Node; s : Scope) : BOOLEAN; 
PROCEDURE ConstantQ (x : #ode; s : Scope) : BOOLEAN; 
PROCXDURE ExpressConstant (x t Node; s : Scope) : Node; 
PRXmURF: Get- (r : Node; s : Scope) : Node; 
PR0CH)URE GetTypeWame (x : Node; s : Scope) : Node; 
PIEOCEDURE QualifyingDesignator (x : Node; s : Scope) : Node; 
PROCEDtIRl! GenerateWW (x : StringType) : Node; - 
PROCEDURE R B  (x,y : NQde); 



PROCEDURE GetVisiblau4ma (x : Node; s : Scope) : Node; 
PROCEDURE ActivationRecordSize (x : Node; s : Scope) : INTEGER; 
PROCEDURE Offset (x : Node; s : Scope) : INTEGPR; 
PROCEDURE UserExpressionCheck (pl  : Recognize; p2 : TypeChecker); 
PROCEDURE UserStatemantCheck (pl : Recognize; p2 : Checker); 
PROCEDURE Error (Location : Node; Commant : StringType); 

VAR 
BitSet, Boolean, Cardinal, Char, Int, LongInt, LongReal, Proc, 
Real, Abs, &p, Chr, Dec, Excl, Float, Halt, High, Inc, Incl, 
Mag, Min, Odd, Ord, Size, Trunc, Val, System, SystemAddress, 
SystemWord, SystemAdr : Node; 

END Symbol. 

Node is imported from the module m which contains the grammar-based MPS routines. The variables 

in the Symbol definition module contain the defining occurrences of the standard identifiers as 

described in the previous section. Notice that the defining occurrence for INTEGER is given by Int. 

This is done to avoid conflict with the NodeClass identifier which is named Integer. 

If  we wish to  use the concepts described in the previous sections to assist in program transformation, 

the program must be preprocessed to  compute the contents of all name layers. The following routines 

give the metaprogrammer this ability. 

This procedure initializes the data structures used by the symbol table. It is implicitly called 
when the module Symbol is imported and may be called again to restore the symbol table 
to  the startup state. 

U R E D a c l a r e ( x : N o d e ) : B O O L W ;  

This procedure is used for building the symbol table. The node type of x must be one of 
DefinitionModule, ProgramModule, ModuleDecl, ProcedureDecl, ConstDef, 
TypeDef, Parametersection or VarDecl and x must either be a CompilationUnit or 
have an enclosing Compilationunit. If any errors are encountered, they are marked 
with comments and FALSE is returned. -d 

Using Declare on-nodes other than compilation units allows for the addition of new declarations. It is 

essential to be aware that the declaration which is added is processed as if it were the last declaration to 

appear in its enclosing declaration list. If  the metaprogrammer actually places it elsewhere in the 

declaration list, it is his responsibility to ensure that no names are used before they are defined. For 

example, in the following module, adding the declaration x : T1 using Declare will not result in 



Declare returning FALSE w e n  though rededaring the entire module would result in an error being 

detected: 

MODULE m; 
- VAR 

MODULE m; H : T1 
TYPE ==> - 
T1 = INTEGER; TYPE 

END m. TI = INTEGER; 
END m. 

Incremental modification of definition modules is possible but it should be done very cautiously since 

definition modules are meant to  be quite static. For example, if a variable is added to  a definition 

module, then the corresponding implementation module must be recompiled and the metaprogrammer 

m y  not even have access to this implementation module. However, if all uses of the definition module 

have the same modification then there will be no inconsistency. See the documentation for the 

FunctlonCallToProcedureCall transformation for an example of a valid incremental modification 

of a definition module. 

Declare processes only declarations and does not check .- the context-sensitive correctness of 

statements appearing in the nested blocks. This is in keeping with the conceptual division of a program 

into a declaration part and a statement part, as well as a reflection of the fact that the correctness of 

declarations does not depend on the correctness of the statements. The procedure CorrectQ can be 

used to check the context sensitive-correctness of statements and expressions. 

. A declaration which produces a name conflict will be ignored in whole or in part. Notice that this may 

result in large portions of the program being ignored since the declaration causing fhe conflict may be a 

procedure or module and thus all its intemals will he ignored. As much of a declaration is processed as 

possible in order to detect more than a single error at a time. 

For the time being, the symbol table routines assume that any definition modules which are mentioned 

in the import-list of a compilation unit will appear in the current UNlX directory under the name of the 

definition module with a '.def' suffix. Eventually some kind of database containing the mapping of 

definition modules to  file names may be used for representing the global name layer. 



In order to  reduce the complexity caused by duplicate names, the following restriction is placed on the 

redefinition of names. If a name is visible in the block of a declaration then that dederation may 

redefine the name only if the name dewtes a variable or parameter and is redefined to denote another 
c- 

variable or parameter. Thus the following segment of code is incorrect: 

MODULE m; 

PROCEDURE p o ;  
TYPE 
t = SET OF BOOLEAN; 
P; 

TYPE 
t = INTEGER 
( *  This declaration is visible i ~ i  3 block containing another 

declaration of "t" so one of the declarations must 
be changed. *); 

END m. 

, e 

The following segment of code correctly redefines the variable i but demonstrates another kind of 

error: 

MQDULE m; 
VAR 
i : BOOLEAN; 

PROCEDURE P O ;  
CONST 
c = SIZE(i) 
( *  This use 

later in 
of "i" is not permitted because "i" is redefined 
this block. *); 

VAR 
i : INTEGER 
( *  Another declaration of "i" is visible here but it also 

defines "in to be a variable so this is allowed. *); 

END p; * >  

END m. 

The above program fragment demonstrates a case where the particular i being referred to in c = 

SIZE(i) is ambiguous. It is  necessary for a name to have the same denotation throughout a given 

. declaration list so the i in c = SIZe(i) should refer to the declaration i : INTEGER. ~ ~ & e r ,  , if i 



- I 

does refer t o  i : IIQTEGE61 then i is used before it is defined and so this is an error. Notice that the 

restriction concerning the redefinition of names implies that the only way this kind of error can occur is 

by the use of the standard procedure Sf ZE on a variable or parameter which is redefined later in the 

block. 

One last point to M n t i o n  about Declare is that the short-hand notation for multidimensional arrays 

ARRAY TI, T2 OF T3 is not allowed, so the notation ARRAY T1 OF ARFtAY T2 OF T3 should be used. See 

section 4.2 for a discussion of this matter. 

The procedure for computing a scope handle is provided for the metaprogrammer. It is very useful to 

precalculate a scope handle because it is often constant over a large section of program and is used 

repeatedly. 

This procedure is given an arbitrary node x lying in a context which has been previously 
processed using Declare and returns the scope information necessary for fast access to  
visible names. If the surrounding context contains errors such as a with-statement with an 
invalid designator or a module not previously declared, NIL is returned. - 

Now we need a procedure which will map names to defining occurrences. The following procedure 

provides this facility. 
e 

PROCEOUREDsfiningOccurrence (x :Nodes : Scope) :Node; 

This procedure is given a node x which is a Name and a scope handle s and returns the 
definir?: xcurrence of x in s. Def iningOccurrence returns NIL if x is not defined in s. 

The call ~ e f  iningOccurrence(x, ScopeHandle(x) ) will return the defining occurrence of x in its 

context except for two special exceptions in which x is itself a defining occurrence: 

1. The case where x is the defining occurrence of the name of some kind of module is an 

exception because the name of a module is not visible in that module; ScopeHandle 

returns the scope for things visible inside a module when applied to  the name of a module. 

2. Parameter names of a procedure header are an exception because these names are not 

used anywhere and thus are ,lot visible anywhere. The parameter names of a. procedure 

header are just place-holders so that the syhtax of a procedure header looks like that of a 
\ 

procedure declaration. 



C 

An extremely useful facility is the ability to  check whether a g iwn statement or expressjon is 

context-sensitively con- ,t in a given scope. This facility is provided by the following procedure. 

PROCEDURE CorrectQ (x : Node; s : Scope) : BOOLEAN; 
- .  

This procedure checks the c6ntext-sensitive correctness of the statement or expression x 
in the scope s and returns the result of this check. Any errors encountered are marked 
with comments. 

To check the correctness of an exit-statement it must be determined that the exit-statement has an 

enclosing loop-statement. This is the only situation where the node to  which x is attached is examined. 

In all other cases the required contextual infomation is summarized by the scope argument s. In other 

words, for all cases except exit-statements it doesn't matter whether or not x is actually attached to 
s 

some context since it will be treated as if it were in thekontext of the scope given by s. It i s  beyond the 

scope of this documentation to give a detailed description of what constitutes a correct expression or 

statement. 

4 - The @ of an Expression -- 

With the exception of an expression that is just a type name (as in type-name arguments to the standard 

procedures MAX, MIN, SIZE and VAL), an expression has a type. However, the type of a constant 

expression may be ambiguous and depends on the context in which the expression is used. The type 

of an expression determines the kind of valuer that can be represented and the context in which the 

expression may be used. 

4.1 Constants 

Type transfer is not defined on constant arguments since the result o f  a type transfer is dependent on 

internal representation, which is unspecified for a constant argument. Thus there are only the following 

kinds of constants: 

1. Integer constants represent the values of signed whole numbers. An expression which is 

an integer constant may be said to be of type INTEGER i f  the value of the expression is  

between MIN< INTEGER) and M( INTEGER). The same can be said for C W I N A L  and 
- 

Q2 

LONGINT. lnteger constants have an ambiguous type. - 

2. Decimal constants represent the values of signed real numbers. An expression whidv is a 





of the &mrrteter. 'hhc secord case is the sttffation where f ie expression i s  a procedure name, in which 

See subsection 2.4.3 of the main the thesis for examples. 7 

5 More S y d w l  Table Operations - - 
5.1 fields of Records b 

.?? 

PIlOCEDF QualifyingDesig~tor Irr : Woda; s : Scope) : Node; 
** 

This procedure is given a node a denoting a field in a and returns the designailor of whkh ~r 

is a component. NIL k returned if there is M, quaiifylng designator. 

This procedure returns tho designator of the with-statement which quidifies x, or the record of the 

component variable endadng x. it is mmt usefur in the f i n 1  czw, since the setand case can be handled 

5.2 Name Uniqueness, ~ e m & i n ~  and Nan* Visibility 



This procedure return a name which b g-teed to be different from any other name 
akeady t k c b d .  Any t d h g  digits ih tbe sthg rr are i g m d  A unique name is 
produced by appending a larger trailing m b e r  than appears in any other dedared name 
with the string s as a prefix. For example, H the names 'al' and 'a13 * are defined 
somewhere then meratsllaam(Str ( *a' ) 1 will return the identifier with the name 
*a14'. 

This pr~)(:ecJure is given a defining occurrence node x and renames all occurencis in the 
endosing compilation unit containing s to be the new name y. Any conflicts created by 
the ma&g are marked wfth comments. 

,.-I 

"$. 
This procedure is used to return a name visible in s which has t as ib defining crccu'mnce. 
If t k  scope s contains tbe name layers of with-statements or component-variables; that - 
part of the scope is ignored. 
whkh is not an enumerated exports. MIL is 
retufned'fot enoneous 

4though' this last pmcedure sounds it on a luge number of changes to the 

dedarations of the program. The name may need to be exported a d o r  imported m s s  several 

modules krd there may be name conflicts almg the way whid.i must be resolved. We shall describe 

how the name is imported/exported how name c d d s  are resow. 

To make a rnsme visible k ur arbitmq scope, the name must flrst be exported aut to a p r d u r e  or 

&duk wMh 430th the delMng occumme of the name a d  the scope in which the rume is to 

be made visible. Notice that a riame cannot be made visible adside Its containing procedure, so a 

name cannot be made'vlsible mqwkte. If a quJIfied name is  to be expated, the &me of its 



case the objeet with whi.ch it conflicts is renamed, unless it too is from a definition module, in which a e  

a qualified version of the name is made visible and the unqualified name is eliminated; Examples are 

given subsection 2.4.3 of fhe main body of the thesis. 

5.3 Runtime Information 

Most program transformations do not rely on information related to runtime storage allacation. 

However, if object code is to be generated for a given program, the size of the address space for local - 
variables and the offsets of variables within that space are very important. Two routines have been 

supplied to provide this kind of information. 

This procedure is given a node x denoting a procedure in s and retums th&-sizg in bytes of 
the space needed to store that procedure's local variables. 

P8fCEDUR.E Off set (x : Node; s : Scope) : INTEEFt; 

This procedure is given a node x denoting a variable, parameter or field in s and retums the 
offset d the wi&e or parameteP from the base of the activation record, or the offset of 
the field from the base ofits record. 

The infamution returned by @e above two procedures is dependent on the machine for which code is 

to be generated. See Appendix C for hardware related detdls. . . 

6 Metoprogrammer Extensions 

Meuprognmmnr may wish to mate extensions-to the type-checking mechanism of the symbol table. 
. 

The procedures UserExpressf onChsck and ~ser~tat&entCheck have been provided to serve this 

pnpose. These rdutines Jlow the metaprogrammet to over-ride'the type checking of statements and 
' 

exprnsbn; before ;hc standard checks are applied. ! 

To mate an extension the mebgfogrammer must supply two routines. The first routine is a recognition 

- routine which takes a nude and its scope handle as arguments and returns TRUE i f  the extension applies 

to the given node. The &cond routine is called with the same arguments as the first routine and is 

cakd only if the first routine returns T m .  It is responsible for checking the correctness of the node 
8 

and for expression nodes it must also return the defining occurrence of the type name of the node. The 

c h a n g  routine Galls Bror to mark any errors that ft detects. 



V Error (Location : Node; Coament : StringType) ; 

This procedure,is used to  mark errors with a Com~ent. The error comment is placed as 
dose as p s l b  node to the d e  gfven by Location. This procedure is in particular 

, meant to be used by the user-defined checking routines to  communicate to the syrnbol 
table the fact that an error has been encountered. 

N o d e ;  

This procedure is given two procedures as parameters which will be installed in a list of 
@er 'such procedures. Whenever and expression is to be checked or the type of an 
expression is to be determined by the symbol table, the recognizer p l  is applied. If it 
ptums TRUE the type checker p2 is applied to return the defining occurrence of the type 
nqne of the expression. The procedure Error is called by p2 to indicate where errors 
h&bbeen encountered. The type name retumed by p2 is ignored if Error has been 
called. The rectqpition routines are applied in the order in which they are installed by calls 
uo psetExpressionCheck, and standard checks are performed only if no recognizer 

.m returns TIWE. 
1 - 

Notice that type names must be returned. as opposed to just types. This means that 

rnetaprogrammer-eeed expressions can only have trim whichxare naked. This restriction is not 

very severe since the same restriction applies to the types of parameters and the return types of function 

procedures. The retumed type name must be a defining occurrence because the name might not be 

visible in the scope of the expression being checked. 

7 PROCEDURE user Stat ementCheck (pl  : Recognize; p2 : Checker ) :'   ode; 

This procedure works analogousty to UserExpressionChedr 6xcept that no type name is 
retumed by p2 because statements don't have types. 

* 
F 

The above routines are eqpmely general and ma/ be used in very uncontrolled ways to make arbitrary 

1 changes to the standard Modula-2 semantics. It must be stressed that these routines should be used 
/ 

careful&: There may be subtle interactions between efdnsions and with.existin6 &pee of the type 

checking system. 'One of the main applications of user extension is the definition of procedures with 

special kinds of  parameters such as a procedures which take an arbitrary number of arguments or 

arguments requiring special type checking. I 



APPZNDIX C - CODE GENERATION 

1 Introduction 
# 

This appendix describes code generation for simplified Modula-2 programs. Sun Assembler code is 

generated for an MC68020 with an MC68881 floating point coprocessor. It is beyond the-scope of this 

documentation to describe in detail all relevant aspects of the assembler and the underlying hardware; 

refer to  the references for details 120, 281. The generated code was designed to be compatible with 

that produced by lhe  P a d  and C compilers, making it possible to link Pascal and C routines with 

Modula-2 programs. &.- 
i )  

We will first give the definition module containing tile routines to be described and then proceed with a 

*brief discussion of the hardware and the assembler. 
I 

,DEFINTION MODULE Gemrate; 
I 

FROM String IMPORT Text, StringType; I 

FROM rn IMPORT Node; .. 
FROM Symbol IMPORT Scope, Recognize; 

TYPE i 
Generat ion = PROCEDURE (Node, Scope ) ; 
MakeSpecification = PROCEDURE (Node,Scope) : ~ t r i n M ;  

PXXZDURE Modula2ToSunAssembler (f  : Text; x : Node); 
PROCEDURE Assembler1 (x : StringType); 
PRKEDURE Assembler2 (x,y : StringTLpe) ; 
PROCEDURE Assembler3 (x,y,z : StringType); 
PROCEDURE AssemblerLabel (x : StringType); 
mCOCEDURE Op (XI : Node; s : Scope : Stringme; 
PROCEDURE Gen ( x  : Node; s : Scope); 
pRDcEDURE User- (pl : Recognize; p2 : Genecation); . 
~ZOCEDURE UserOp Recognizs: p2 : Makespecif ication) ; 

END Generate. 



2 Overview 
/-' 

The Sun-3s for which code is generated have: eight address registers, a0 through a7; eight data 

registers, 80 through d7; and eight floating point registers, fpO through fp7. Memory is 

byte-addressable and there are no a'ignment restrictions. 

Register a7 is used as the stack pointer and the stack starts in high memory and grows downward. The 

stack pointer always points at the last byte on the stack and there are predecrement and postincrement 

addressing modes for efficient stack mmipulation. 

Register a6 is used as a frame pointer. The frame pointer always points into the stack and just below it is 

the address space for the local variables. The frame pointer points at the value of the old frame pointer 

and above that are the return address, display pointers and finally the parameters. The parameters are 
L 

addressed with positive offsets -from the f m e  pointer and local variables with negative offsets. 

Parameters are pushed onto the stack in rmaerse order. 

Registers d0 and fpd are used for the return values of functions and the results of expressions. Register' 

fpO .is used for floating point results and do is used otherwise. Registers dl,  a0 and a1 are used as 

temporaries for address calculation3 and other things. The remaining registers are available for general' 
3 

- use but the code generator does not use them. 

The most important concept of concern in the assembler is that of effective address specification. The 

MC68000 family have very uniform address modes which can be used with most instructions. These 

modes are adequately described in the referezces and are too numerous to discuss 

description for Op gives some examples of the kinds of operand specifications that are used. 

here. The 

I B 

3 The Translator - 

0 m ~ ~ ~ ~ ~ U R E ~ o d u l - ~ u n ~ s s e m b l e r  ( f  : Text; x : Node) ; 

This procedure writes the Sun Assembler equivalent of the program module x to  the file f .  

odule x must be in simplified form. The only statements allowed are assignments, 

procedure-calls, 

null-statements. 

shgk-clause if-statements, simple-loops, exit-statements, return-statements and 

Expressions must be simplified as described for LineatizeExpression in Chapter 3. 



The result type of functions must be small enough to fit in an appropriate register. 
- 

0 

There is no code generation for definition modules because all the required code for them is gemeked 

when their corresponding implementation module is compiled. The assembly language programs 

generated by ~ula2ToSunAssembler may subsequently be assembled and linked using the Pascal 

compiler "pc". 

4 Metaprogrammer extensions 

L 
The following routines can be used by the metaprogrammer to define special purpose extensions to the 

code generator. The extension mechanism is analogous to the one used to extend the symbol table 

che&ing mechanism. 

PROCEDURE User* (pl : Recognize; p2 : MakeSpecif icationk StringType 

This procedure is given two procedures as parameters which will be installed in a list of 
other such procedures. Whenever an operand specification is  to be generated, the 
recognizer p l  is called with a constant or (possibly type-transferred) designator and its 
scope handle as arguments. If it returns TRUE, p2 is called with the same arguments to 
return the specification of the effective address of the argument. The recognition routines 
are applied in the order in which they are installed by calls to  UserOp . 

The routine p2 which returns an operand specification, may generate instructions to calculate the 

effective address as a side-eff ect, just as Op does. The way registers are used should be considered very 

weful ly t o  make sure that contlicts do  not arise. For example, register do should not be used since 

important values may be stored in do when an operand specification is generated. One important 

application for user extension is the definition of register variables so that certain variables will actually 

map to registers. 

PROCEDURE UserGen (pl : Recognize ; p2 : Generation) ; 

This procedure is analogous to User*. Whenever code is to be generated for an 
expression or statement (not a designator or constant), the routine pl is called with the - - 

expression or statement and its scope handle as arguments. If it returns TRUE, p2 is called 
with the same arguments to  generate the assembler code. 

The following four procedures are used to write Sun Assembler instyctions out t o  the file given by the 

call t o  Modula2ToSunAssembler. Each call t o  any of the four procedures produces a new line of 

output in the assembly output file. 



This procedure writes the string x immediately followed by a colon. 

PROCEDURE Assmblerl (x : StringType) ; - 

This procedure writes the string x. 

This procedure writes the string x, some spaces, andthe string y. 

PROCEDURE Assembler3 (x,y,z : StringType) ; 

This procedure writes the string x; some spaces, the stringy, a comma, and the string z. 

~ -- 

The following two routines can be used by the metaprogrammer to employ existing code generation 

facilities in the extensions that he writes. These are precisely the routines that can be extended by calls 

PROCEDUREOp (x : Node; s : Scope) : StringType; 

This procedure is used to  return the operand specification for (possibl)l type-transferred) 
designators and constants. Assembler instructions for calculating the effective address 
may be generated as a side-effect. Registers aO, a1 and d l  may be used. 

* 
Depending on the kind of argument given to Op, certain registers may or may notkwused. . Registersal 

and d l  are used only if the argument to  Op is a designator containtng ngn-consPant indices. Register a0 

is used orily if the argument to  Op is a designator containing a reference variable, an indexed variable 

with non-constant indices, a var-parameter, an open-array parameter or a non-local non-global variable. 

(Global variables are those variables which are not enclosed by a procedure.) . 

A few examples of what %.does will be given here, but to get a good idea of how both Op and Gen 
e 

work, just apply the routines t o  simple examples and examine the output. When Op is applied to  an 

integer constant such as 1234 it retums 11234. Applying Op t o  a variable named x in a program 

module named m returns - m.x. Applying Op to  a local variable of a procedure returns a6@ (-of f set). 

Applying Op to  a global pointer variable named p in a program module named m results in aO@ with the 

instruction mwl -Is .p, a0 begin generated as a side-effect. 

v" 



PFtOCEDUFtEGen (x : Node; s : Scope); 

This procedure is used to generate assembler code for expressions and statements. 
Expressions leave their kfsult in register fpO if their result is REAL or Lo#-, and in 6. 

register do otherwise. 
8 
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