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Supervisor Dr R Nigel Horspool

ABSTRACT

Conventional C compilers tend to spend a great deal of time processing text contained 1n
header files Worse yet, the same text may be processed over and over This occurs when a
programmer 1s either engaged 1n the repetitive edit-compile-debug cycle or when a mas-
stve compilation 1s performed and the same header files are repeatedly included by several
compilation units One approach to this problem has been to design compilers which use
precompiled versions of header files that can be processed much more rapidly than the
original source text of the header files The primary drawback of this strategy 1s that the
meaning of a header file 1s contextually dependent on where 1t 15 included Since precom-
piled headers must be generated 1n advance then, 1n 1nstances where the current compila-
tion context does not match the context in which the header was precompiled, the source
text of the header file must be reprocessed We present a more general, transparent, adap-
tive scheme whereby 1nternal representations of header files are generated and reused as
actual compilations are carried out The principal benefit 1s that context information 1s
taken directly from real compilations and 1f the context changes then new internal repre-
sentations can be generated automatically Our scheme performs at least as well as imple-
mentations using precompiled headers, but 1s more general and completely transparent to
the user It achieves savings of 60% on average 1n the repetitive case and 40% 1n the mas-
sive case over the conventional compiler from which the compilation server was derived

The improvement comes at the expense of some increased use of memory resources
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1 Introduction

Imagine that a book, How to Achieve Financial Independence Through Widgets, 1s a
national best-seller The author quickly realizes that having a Canadian national best-seller
1s no way to achieve financial independence In order to capitalize on the lucrative Ameri-
can market she decides to have her book translated and published in American English
Having never employed the services of a translator before, she pays close attention to the
work of her Canadian-American translator She 1s stunned when he spends several days
reading large tracts of the dictionary as 1f he were completely unfamiliar with the Cana-
dian language Finally, he begins work on Chapter 1 and she relaxes as he polishes 1t off 1n
a few hours Unfortunately her sense of relief 1s apparently premature as he again spends
several days with the dictionary before even looking at Chapter 2 which, once he gets
started, 1s also finished 1n a matter of hours This painfully long process 1s repeated for
each of the remaining chapters of her book leaving the author relieved that the task has

been completed yet suspicious as to whether 1t could have been finished faster

This seemingly 1ntolerable scenario 1s remarkably similar to the situation programmers
routinely encounter, possibly dozens of times a day, when they make use of a compiler
The only thing that makes the process seem bearable to programmers 1s that the absolute
amount of time spent compiling a program or 1ts parts 1s typically on the order of seconds
or minutes rather than days or weeks which our imaginary translator might be spent trans-

lating a book Yet, like our fictitious writer, the programmer has an intuitive sense that the



compilation process frequently takes longer than really seems necessary As a concrete

example, consider the small program fragment in Figure 1 This verbose program creates a

#include <X11/Intrinsic h>
#include <X11/Shell h>

#include <X11/Xaw/Command h>
#include <X11/Xaw/Form h>
#include <X11/StringDefs h>

XtAppContext Xtac,

Display *dpy,
static Arg args[20],
void exit(),

void main(argc, argv )
Int argc,
char *argv(],

{
Widget shell, form, button,

XtToolkitintialize(),

Xtac = XtCreateApplicationContext(),

dpy = XtOpenDisplay( Xtac, NULL, “hello”, “Hello”, NULL, 0, &argc,
argv ),

shell = XtAppCreateShell( “hello”, “Hello”,
applicationShellWidgetClass,dpy, NULL, 0 ),

form = XtCreateManagedWdget( “form”, formWidgetClass, shell,
args, 0),

XtSetArg( args[0], XtNlabel, “Quit” ),

button = XtCreateManagedWidget( “quitButton”, commandWidgetClass,
form, args, 1),

XtAddCallback( button, XtNcallback, exit, 0 ),

XtSetMappedWhenManaged( shell, True ),

XtRealzeWidget( shell ),

XtAppMainLoop( Xtac ),

Figure 1. Trivial program

window with a button labelled ‘Quit” When the user clicks on the button the program
exits The unsuspecting programmer might be surprised to discover that this tiny 851 char-
acter program, which generates a mere 2,675 characters of assembly code, takes a whop-
ping four seconds to compile (on a SPARCstation [PC) Assuming the machine executes
around ten million 1nstructions per second, the implication 1s that the compiler executes

approximately 11,000 instructions per character read or written which seems horribly 1nef-



fictent What 1s more infuriating 1s that even after a simple change to the program, such as
changing the label of the button from ‘Quit’ to ‘Exit’, the program still takes four seconds
to compile It 1s not the length of a single compilation which 1s most frustrating but the
cumulative effect of repeatedly waiting for the compuler after making a small change to
the program, which 1s characteristic of the edit-compile-debug cycle programmers fre-

quently find themselves locked into

A possible solution to this problem would be for programmers to adopt a more Zen-like
attitude to their work 1n which case compilation time would be irrelevant However we
acknowledge that 1t 1s generally easier to speed up the technology than reduce the expecta-
tions of society Recent history 1s replete with inventions reflecting contemporary western
culture’s growing impatience touch tone dialing, microwave ovens, “instant” teller
machines, one hour photo finishing, and drive through restaurants As a result, this thesis
examines a technique for making the compilation of C programs more efficient in the con-
text of the repetitive edit-compile-debug cycle 1n an attempt to relieve the anxiety felt by
programmers everywhere The remainder of this chapter elaborates on why conventional

C compilers are so 1nefficient 1n this regard

1.1 Overview of compilation

A conventional compiler 1s a specialized form of translator which transforms high level
descriptions of algorithms written by and/or intended to be read by people into low level
sequences of instructions intended to be executed by a particular hardware platform Some
desired characteristics of a compiler include correct code generation, efficient code gener-

ation, efficient generated code, effective error recovery and informative diagnostics

The relative importance of each of these characteristics 1n a particular compiler depends
on the intended use of the compiler In a teaching environment, informative diagnostics
and good error recovery are desirable In a production environment, the efficiency of the

generated code 1s extremely important



In any implementation, correct code generation 1s essential The semantics of the source
text must be equivalent to the semantics of the generated target code At best, incorrect
code generation makes the source text of a program extremely difficult to debug and, fur-
thermore, 1t may be tedious to find equivalent source text for which correct code 1s gener-
ated, at worst, there may be no equivalent source text which generates the correct target

code

Informative diagnostics help a programmer quickly locate lexical or syntactic errors in the
program text An informative diagnostic would at least include information regarding the
exact or approximate location of the error such as file name, line number and column
number, and also describe the nature of the error (for example, unrecognizable lexical ele-
ment, redeclaration of an 1dentifier, use of an undeclared 1dentifier, missing statement sep-
arator or terminator, or unbalanced parentheses 1n an expression) Error recovery refers to
the ability of a compiler to continue processing the remaining source text after an error 1s
encountered Combined with informative diagnostics, good error recovery should allow as
many errors as possible to be identified in a compilation unit with a single run of the com-

piler

The efficiency of generated code can be measured on two scales time and space Time
efficiency refers to the execution speed of the generated code whereas space efficiency
refers to the amount of space the generated code and run-time data take up Space effi-
ciency 1s important 1n applications where memory resources are restricted such as embed-
ded systems Time efficiency 1s desirable in most other applications Note that the most
space efficient code 1s not necessarily the most time efficient and frequently a compromise

1s made between the two

Finally, efficient code generation refers to the speed at which target code 1s generated by
the compiler One factor affecting the speed of target code generation 1s the desired level
of efficiency required of the target code Increasing the quality of the target code typically
slows down code generation as a result of the increased analysis of either the source text

or some 1ntermediate representation of the program Another factor, which 1s the subject



of this thesis, that reduces the speed of target code generation 1s the redundant processing
of source text and other data Specifically, we are concerned with the case where the result
1s discarded either because 1t 1s irrelevant or 1t duplicates a previous result The next sec-

tion discusses redundancy 1n the context of separately compiled languages

1.2 Separate compilation

The alternative to separate compilation could be described as monolithic compilation

where the smallest unit a compiler can process 1s the entire source text of a complete pro-

gram (see Figure 2) The figure directly 1llustrates the notion that several programs may

Program A

Object Code
Source text Compile

Program B

Figure 2. Monolithic compilation

contain common textual fragments, such as procedures or functions, which are compiled
each time they encountered 1n a program, usually generating the same target code 1n the
process Another obvious inefficiency occurs when the text of the program changes 1n a
small area and the text of the entire program must be recompiled as result The advantage
of a monolithic system, at least for strongly typed imperative languages, 1s that every
object 1n the program can be declared exactly once and object references can be type

checked easily



If a language supports separate compilation, incomplete program fragments can be com-

piled and assembled later during a second phase, linking, which resolves references to

objects that are not defined 1n the varius compilation units (see Figure 3) With separate
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Figure 3. Separate compilation

compilation, common procedures and functions can be collected into one or more modules

and compiled exactly once rather than once for each program they are used in The draw-

back 1s that the compiler now requires a mechanism for verifying the use of objects

declared 1n one module and referenced in one or more other modules

C 1s properly called “independently compiled” rather than “separately compiled” since the

language definition does not describe a formal mechanism for type checking between



independently compiled units C’s #1nclude directive, however, can be used to simulate
intermodule type checking 1f used properly Moylan [15] gives a summary of the correct

use of the #1nclude directive for intermodule type checking

The #1nclude directive simply 1nstructs the compiler to interrupt processing the text of
the current file and start processing the file named 1n the directive When the named file 1s
finished being processed, processing continues in the original file Inclusion directives can
be nested If we restrict the contents of included files to containing only declarations of
objects appearing 1n the interface of modules then we can simulate intermodule type
checking by including these files 1n any compilation unit that references an object in the

interface of a particular module

1.3 The problem

The central problem with independent compilation 1n C 1s that the text constituting the
interfaces of modules 1s processed repeatedly 1n the case where a compilation unit 1s com-
piled repeatedly, as during the compile-debug-edit cycle, or when several compilation
units are compiled which reference the same interface In the days when C was 1n 1ts
infancy, when 1t was used largely for implementing the collection of small programs that
comprised the Unix operating system, this problem was manageable since the number of
modules 1n the system was small and the interfaces were simple Today, as the complexity
of software being implemented 1n C increases, the number and complexity of interfaces 1s
increasing and, furthermore, the number of declarations actually used by a compilation
unit 1s getting smaller relative to the total number of declarations appearing 1n included
header files Kamel [12] reports that, for one large system, 60 percent of compile time was
spent processing interfaces One might consider addressing the second problem by
restricting each header to contain exactly one declaration and thus each compilation unit
could include exactly the right number of headers for containing all the required declara-
tions This has the obvious disadvantage that 1t would be extremely difficult to keep the set

of files required by a compilation unit up to date by hand, and, furthermore, the overhead



of opening and closing several small files for a single compilation unit would likely be a
significant factor 1n slowing down compilation for most operating systems At the other
extreme we could keep all declarations 1n a single file which makes the second problem as
bad as possible since the ratio of declarations processed to declarations used 1s as high as
possible, on the positive side each compilation unit only ever has to include one header
With one monolithic header file we also run into the problem that C only has a single glo-
bal name space for functions and variables and so a scheme 1s required to name every
exported object of every module uniquely In practice, declarations are grouped into

header files based on some meaningful criteria for the programmer

In light of the above discussion we now reconsider the sample program of Figure 1 more
carefully The five header files that are included transitively reference 15 other header
files On our system those seemingly innocuous five lines actually correspond to 285,000
bytes representing hundreds of declarations of which only 20 are even referenced by the
function being compiled The implication of this analysis 1s that the average number of
instructions executed per byte read or written 1s only about 140 (based on 4 seconds to

compile on a 10 MIPS machine)

Looking even more closely at the compilation process we discover that the compiler 1s
actually implemented as two separate programs the preprocessor and the compiler proper
The preprocessor performs part of the translation and outputs preprocessed C text where
the #1nclude directives have been expanded, macros have been expanded, and com-
ments have been stripped out For our sample program the output of the preprocessing
phase alone 1s about 56,000 bytes So the preprocessor reads 285,000 and writes 56,000
bytes and the compiler proper reads 56,000 and writes 2,700 bytes for a total of 399,700
bytes The four second compile time now seems even more reasonable implying an aver-

age of 100 instructions executed per byte read or written

Considering the actual amount of work being done by the compiler, 1t no longer seems that
mefficient However, we doubt that 1t has to do that much work all the time, the compiler

essentially behaves like the imaginary translator in the opening paragraph of this chapter



What we would really like 1s a compiler which behaves more like a typical human transla-
tor someone who only looks up unknown words as they are encountered 1n the document
being translated and remembers definitions between translations This thesis examines the

implementation of similar behavior in a C compiler

1.4 Thesis overview

In Chapter 2 we summarize previous work that has been done to overcome the problem
outlined 1n this chapter, but first look at the related problem of eliminating the redundant
generation of object code An overview of what we would like to achieve in general along
with what 1s practical appears in Chapter 3 Chapter 4 describes some of the details of
applying our approach to an existing compiler Our modified compiler 1s measured against
the original implementation in Chapter 5 Finally, Chapter 6 summarizes the effectiveness
of our approach and outlines possible future work for this implementation as well as spec-

ulating on the general applicability of the technique to other programming languages



2 Background

Extending the analogy of Chapter 1, suppose the book 1s so successful that it goes to a sec-
ond printing Naturally the author will take the opportunity to make some corrections, per-
haps the corrections are confined to a single chapter or section The translator reports that
he cannot really guarantee the quality of the translation unless he 1s allowed to translate
the entire book rather than just the changed sections Obviously the amount of grief this

causes 1s a function of the length of the book

The approach of the translator may sound more outrageous than the original scenario, yet
the cautious programmer often relies on exactly this, recompiling the entire program, 1n
order to ensure that any changes to the program text have their effects propagated through
the entire program The reason 1s that dependencies exist among the compilation units
comprising a complete program It may not even be just the cautious programmer who
recompiles the entire program, the sloppy, impatient programmer may recompile the
entire program 1n the hope of removing a bug caused by a hidden dependency which he 1s
unaware of Recompilation of the entire program after a small change may not be an 1ssue

if the program 1s small but becomes less attractive as the size of the system increases

This problem 1s actually quite similar to the problem we are primarily considering and
described 1n Chapter 1 In this case we want to avoid regenerating the same object code, of
which we already have a copy 1n a file, which will be used later on as input to the linker

For the problem described in Chapter 1, we would like to avoid regenerating the same
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symbolic information from header files, of which we should retain a copy 1n memory,
which can be thought of as input to the remainder of the compilation This chapter sum-

marizes the work that has been done 1n both areas

2.1 Eliminating redundant compilation of modules

Adams et al [1] provide an excellent summary of current techniques used 1n eliminating
redundant compilation of modules, which they term selective recompilation and eliminat-
ing redundant compilation within modules, which they term efficient environment pro-
cessing Selective recompilation 1s concerned with establishing the set of units that are
potentially affected by a particular change to the text of one unit As a running example to
be used throughout this section, we consider the program fragment of Figure 4 The

explicit dependencies created by the #1nclude directives are illustrated 1n Figure 5

/* types h*/

/*f2c*/

typedef struct { #include “modvar h”
double X, void f2( void ) {
double v, plx+=20,

} RectPt, ply+=30,

typedef struct { }
double rho,
double r, rfdec*/

} PolarPt, #include “types h”

void f3( void) {

/* modvarh */ RectPt p,
#include “types h” p.x=2.0;
extern RectPt p1, py=30,
}
flc*/
#include “modvar h” /*f4c*/
RectPt p1, #include <math h>
void f1( void ) { #include “types h”
p1 x=123, void f4(void ) {
ply=456, PolarPt p,
} p rho=M_PI/30,
pr=20Q,

Figure 4. Program fragment with dependencies
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types h math h

modvar h

N

flc f2¢c f3c f4 c

Figure 5. Dependency graph for program of Figure 4

The eight methods of selective recompilation 1dentified by Adams et al are cascading
recompilation, surface change, cut-off recompilation, semi-smart recompilation, smart
recompilation, attribute recompilation, smarter recompilation, and smartest recompilation
There 1s a ninth, not very selective, method termed the big bang method where the entire

system 1s recompiled when a single unit changes

2.1.1 Cascading recompilation

The rule for cascading recompilation 1s simple whenever a unit changes, all of 1ts directly
and indirectly dependent units are recompiled In implementations where specification
units are actually compiled (e g Ada and Modula-2 compilers), units are compiled 1n the
order of increasing distance 1n the dependency graph from the changed unit In implemen-
tations where specification units are not compiled (typical C and C++ compilers and the
GNU Ada compiler) only the leaves on a path from the changed unit are recompiled For
our example program fragment, if types h changed then all the “ c” files would be
recompiled, f math hchanged only £4 c would be recompiled, if modvar h changed
only f1 cand £2 c would be recompiled Make [4] 1s a tool designed to 1dentify which
units 1n a hierarchy have been changed and schedule recompilations accordingly Histori-

cally, the hierarchical descriptions of programs were maintained by hand but now, at least
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for some languages, there are tools for generating the descriptions automatically from the

program text

Under strict cascading recompilation, the nature of the change to a unit 1s considered 1rrel-
evant It 1s clear that not every change affects every dependent unit and so several refine-

ments to the method have been made

The surface change method analyzes the changed unit to establish 1f the change 1s strictly
cosmetic, 1 ¢ change 1s confined to comments and white space, if so, there 1s no need to
recompile dependent units If, for example we add a comment to types h then no units
need to be recompiled This analysis can be implemented easily by retaining a tokenized
version of the compilation unit and retokenizing the unit when the text changes and com-

paring the sequence of tokens

The cut-off recompilation method establishes the set of units to be recompiled 1n the same
manner as cascading recompilation The output of the compilation of each unit 1s com-
pared with the previous output In the event that there 1s no change, no further dependants
of this unit need to be recompiled This method 1s not particularly applicable to C where
specification units (“ h” files) are not explicitly compiled but could be applied to lan-
guages like Ada or Modula-2 Consider the equivalent of the example program 1n a suit-
able language and the addition of a field to the PolarPt structure Cascading recompilation
would select all units for recompilation The output of compiling modvar h would be no
different from the previous compilation and so £1 c and £2 ¢ would be “cut-off” from

further recompilation

2.1.2 Smart recompilation

Smart recompilation methods analyze the nature of changes to compilation units 1n greater
detail Semi-smart recompilation classifies the change to the unit as either adding declara-
tions to an exported interface, modifying procedure declarations or variables, or other

changes For some languages (not C, however) where the exported objects of an interface

of a module are qualified by the module name then the addition of declarations to an inter-
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face will have no effect on any directly or indirectly dependent units Also if the language
allows variables and procedures to only propagate one level (also not C) then only directly
dependent units can be affected by a changes to procedure declarations or variables All
other changes generate cascading recompilation As an example consider the sample pro-
gram 1n a language supporting qualified object references and the addition of the follow-

ing declaration to types h

typedef struct {
PolarPt centre,
double radius,
} Circle,

In this case no units would be recompiled because no unchanged units can possibly
depend on an added declaration For C of course we would have to recompile all files tran-
sitively dependent on types h since the added 1dentifier Circle may clash with another
declaration of Circle since all exported objects of modules 1n C end up 1n the same global

name space

Smart recompilation [20] 1s more precise 1n 1ts analysis For each declaration 1n each com-
pilation unit the set of compilation units referencing that object 1s computed This infor-
mation 1s used 1n conjunction with the sets of added, modified, and deleted declarations
when a compilation unit 1s changed 1n order to determine the set of compilation units that

must be recompiled For the sample program fragment we have

Compilation unit Declaration | Transitively referenced n
types h RectPt { modvarh, fl c,f2¢,f3¢c }
types h PolarPt {fdc}

modvar h pl {fle, ¢}

fle fl {}

f2¢c f2 {}

f3c f3 {}

f4c f4 {}
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Consider a change to a compilation unit that 1s syntactically valid Dealing with the
deleted declarations 1s easy, either the declaration 1s not referenced by any other unit, 1n
which case the deletion 1s harmless and no other unit needs to be recompiled, or the decla-
ration 1s referenced elsewhere, in which case an error has been introduced since there will
be a reference to an 1dentifier somewhere without a declaration Dealing with added and
modified declarations 1s slightly more complicated Firstly, both added and modified dec-
larations may contain references to identifiers not explicitly declared in the changed com-
pilation unit in which case a recompilation 1s necessary to establish that the use of the free
identifiers 1s valid Added declarations must be checked against all other units to establish
if they redeclare 1dentifiers declared 1n other units Finally, the set of units that reference a
modified declaration must be recompiled 1n order to ensure that uses of the declared 1den-

tifier are still valid

As an example, consider the addition of the declaration of Circle above to types h This 1s
not an error since no other unit declares Circle and also nothing needs to be recompiled
As a further example consider the addition of a field, z, to RectPt, 1n this case mod-
var h, fl c,f2 c,and £3 c would be recompiled because they all reference

RectPt

There 1s an efficient graph based implementation of smart recompilation [11] 1n which
vertices represent modules and arcs represent dependencies between modules The arcs
are labelled with the objects that are exported directly or indirectly to the module at the
other end of the arc The algorithm performs a traversal of the graph from the changed

module 1n order to establish the set of modules that need to be recompiled

Attribute recompilation refines the set of referencing units for a declaration to include

more information regarding the nature of the use of the identifier For example, 1f there 1s
an 1dentifier that names a record type and the name 1s only referenced to get the size of the
type then changing the fields of the record should not force a recompilation (provided the

size of the record stays the same) This 1s not 1llustrated 1n the example program fragment
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but suppose there was an additional compilation unit

/*f5¢c*/
#include “types h”
void f5( void ) {
int s = sizeof( PolarPt ),

Now, 1f we renamed a field 1n the PolarPt record type that would constitute a change to
the declaration of PolarPt so under smart recompilation £5 ¢ would have to be recom-
piled Attribute compilation would have the information that the reference to PolarPt in
£5 c only uses the size of the type and so the renaming of a field would not cause the

recompilation of £5 ¢

Smarter recompilation [17] recognizes that symbols are frequently used independently 1n
different parts of large system For example, consider again adding a field, z, to the
RectPt type 1n the sample fragment and adding a statement to £1 c to initialize the z
field of p1 Smart recompilation would select modvar h, £f1 c, £2 c,and £3 c for
recompilation The programmer knows that only a new field was added to the type
Rect Pt and that this new field 1s only used in £1 ¢ so she selects the subset {mod-
var h, f1 c} for recompilation The smarter recompilation algorithm would 1dentify
£2 c as sharing an object of the modified type with £1 c and so £2 ¢ would be added
to the set of units to be recompiled as well The unit £3 ¢ need not be recompiled 1if 1t
contains an independent use of the modified type This method has the benefit that a
change can be tested on a smaller part of a larger system without recompiling the entire
system while still creating a functional system If the test 1s successful then the entire sys-
tem can be recompiled at a later ttme The general process of smarter recompilation 1s

1 The changed units are analyzed to form the set of units that would be selected for

recompilation by the smart recompilation method and presented to the program-
mer

2 The programmer selects a subset of these to be recompiled

3 The compilation system infers any additional units that must be recompiled that
share objects of modified types with the units selected by the programmer for
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recompilation Shared objects typically arise as module wide variables of modi-
fied types and procedure calls with arguments of modified types

Finally, smartest recompilation, normally only applicable to languages with no explicit
specification units such as ML, only recompiles changed implementations, infers the most
general types for undeclared 1dentifiers and defers type resolution between modules until

linking

2.2 Eliminating redundant compilation within modules

Adams et al [1] identify two methods for eliminating redundant compilation within mod-
ules selective embedding and environment pruning Selective embedding 1gnores module
interfaces until the set of references to undeclared 1dentifiers appearing 1n a compilation
unit has been determined At this stage the required declarations are extracted and com-
piled This process might uncover more undeclared 1dentifiers and so the process 1s 1ter-

ated until every referenced 1dentifier has had 1its declaration compiled

Environment pruning 1s a more coarse approach to selective embedding Module inter-
faces are again 1ignored until the set of referenced 1dentifiers without declarations has been
determined For each undeclared 1dentifier the entire interface containing its declaration 1s
processed This technique relies on references to external symbols being qualified so the
interface can be 1dentified easily, otherwise all interfaces specified by the compilation unit

must be processed

2.2.1 Precompiled headers

A precompiled header 1s an intermediate form of a header file intended to be processed
more quickly by the compiler than the source form of the header The Lattice C compiler
for the Amiga [13] has a utility which removes unnecessary white space and comments
from a header and replaces keywords with single character representations (distinguished
from the regular text by having the high order bit set) This processed text still has to be
parsed and analyzed like an ordinary header However the volume of input 1s much

smaller 1n most instances This compiler also has a mode of operation whereby the symbol
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table of a compilation can be dumped 1nto a file and read during subsequent compilations
Several of these precompiled symbol files can be read in during a compilation before the
source file 1s processed However 1t 1s up to the programmer to ensure that each symbol
has a unique definition, the compiler does not seem to have a mechanism for checking

consistency among several symbol files

The THINK C compiler for the Macintosh [19] can also generate symbol files containing
declarations 1n a format suitable for quickly loading into the compiler’s symbol table

Consistency 1ssues are handled by restricting source files to only include a single precom-
piled header and that header must be the first file included The Borland C++ compiler [2]
has a similar mechanism and deals with consistency by restricting the use of precompiled
headers to source files where the same set of headers 1s included in the same order and the

same set of macro definitions must be 1n effect

Litman [14] describes a more flexible approach whereby the precompiled header contains
an index of locations of declarations 1n the source of the original header keyed by 1dentifi-
ers as 1llustrated 1n Figure 6 This mechanism 1s used 1nstead of a dump of the symbol
table of the compiler The precompiled header also contains the set of macro definitions of
identifiers appearing 1n the header when 1t was precompiled which can be compared for

consistency against the definitions 1n effect when the header 1s included Two situations

Precompiled version of zip h /*zph*/

foo
T void blim (int x, float y ),

bar 7

struct bar {

blim i | },

extern double foo,

Figure 6. Litman’s precompiled headers




are 1dentified which make the stored context and the current context incompatible The
first case 1s that a macro was defined 1n the stored context that 1s not defined 1n the current
context This 1s problematic only 1f the macro 1s referenced somewhere in the text of the
header and consequently the stored header contains a referenced flag for each defined
identifier to enable this test The second case 1s that a macro 1s defined 1n the current con-
text but not in the stored header Again this 1s a problem only 1f the macro 1n question 1s
actually referenced 1n the text of the header In this case the set of identifiers appearing 1n
the header 1s searched for the macro and 1n the event 1t 1s found the non-precompiled ver-

sion of the header 1s used 1nstead The check 1s conservative but 1n practice does not
appear to eliminate the use of the precompiled header too often The second contextual
problem, any remaining references to undeclared 1dentifiers after preprocessing, does not
cause a problem since the extracted declarations are processed 1n their source form so any
references will be looked up 1n the usual way Although not discussed 1n the paper, we
assume Litman’s implementation will compile programs that do not conform to the lan-
guage standard For, example 1f a file includes two headers with conflicting definitions for
a symbol then no error 1s reported provided the symbol 1s never referenced 1n the file
because the text of the declarations will never be processed We discuss this kind of

“harmless” non-conformance later

A sophisticated preprocessor records when a precompiled header 1s available for each
header included 1n the source file When a reference to an undeclared 1dentifier 1s encoun-
tered later 1n the source file the indices of the precompiled headers are searched The text
of the appropriate declaration 1s extracted from the source file and copied to the output
stream The output of the preprocessor 1s compiled as usual The author reports that this
technique has reduced overall compile time for projects by 25 to 65 percent Note that
since all declarations are processed 1n their source form by this method 1t requires a low
use to visibility ratio for the method to actually save time If every declaration 1s used by
every compilation unit then this method could not possibly save time over conventional
compilation methods since the technique has the additional overhead of looking up decla-

rations 1n the precompiled header as well processing the text of the declaration itself The
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case of every declaration being used by every compilation unit should not occur often 1n

practice

2.2.2 Compilation servers

Onodera [16] presents an interesting approach which does not strictly correspond to either
selective embedding or environment pruning The central 1dea 1s to turn the compiler into
a server process which saves the internal representation (IR) of a header file in memory
between compilations and reuses this representation when the header file 1s encountered 1n
subsequent compilations The approach 1s applied to COB, a C based object oriented lan-

guage

Two situations are 1dentified which are expected to benefit from this scheme massive and
repetitive compilation Massive compilation occurs when several source files are selected
for recompilation, perhaps as a result of a change to a high level interface Repetitive com-
pilation occurs during the edit-compile-debug cycle when the same source file 1s repeat-
edly compiled Perhaps a small part of the file 1s changed each time Imported interfaces

typically remain unchanged

Header files in COB are partitioned 1nto two groups interface files and declaration files
Declaration files are used 1n the usual way and can contain preprocessing directives Inter-
face files consist solely of class declarations, cannot contain preprocessing directives, and
are included on demand rather than explicitly by the #1nclude directive When a class
1s referenced for the first time 1n a compilation unit, the compiler suspends processing of
the main text, finds and processes the corresponding interface file and then resumes pro-
cessing of the main file The COB compiler 1s restricted to only retaining the internal rep-
resentation of interface files This simplifies a number of 1ssues Firstly, the compiler does
not have to check for compatible preprocessing contexts since interface files are not sub-
ject to preprocessing Secondly, any exposed 1dentifier remaining 1n an interface file will
have a definition 1n another interface file and so its definition 1s the same across compila-

tions because of the rules for processing interface files
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In particular the compilation server has a symbol table which 1s never completely “emp-
tied” between compilations Any symbol definitions which were entered 1nto the symbol
table as a result of processing the text of interface files are retained between compilations
The symbol definitions can be reused indefinitely often in subsequent compilations with-
out re-reading the interface file as illustrated in Figure 7 The only time symbol definitions
from interface files would need to be removed from the symbol table 1s when the text of

the interface file 1s updated
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Figure 7. COB symbol table
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The COB compiler 1s written 1n COB, a language whose runtime environment includes
automatic garbage collection At the end of processing a compilation unit, all structures
not corresponding to the internal representation file are marked as garbage The compiler
also detects when an internal representation has become out of date with respect to the
source text and purges 1t along with any dependent interfaces Subsequent compilations

reuse the internal representations of class interfaces provided they exist and are up to date

The author reports real time savings of 40% when compiling the entire compiler (massive
case) and 50 to 70% 1n the repetitive case Note that, 1n contrast to Litman’s approach, this
technique may not break down when the use to visibility ratio gets too high provided the
overhead 1nvolved 1n retaining symbol table information between compilations 1s not

more expensive than processing the text of headers 1n the conventional way

Fyfe et al [6] describe how conventional compilers have been converted into compilation
servers Their implementation does not keep the internal representation of header files in
the address space of the server processes Instead the representation of a header file gets
stored 1n object files Sharable representations of several header files may be stored 1n a
separate object file for reference by all compilations that contribute to 1t During subse-
quent compilations, the symbol table information can be read from the appropriate seg-
ments of the appropriate object files instead of processing the text of the header file Their
implementation also only reads symbol information for symbols that are actually used by
a compilation unit rather than for all the symbols 1n an file They do not address the prob-
lem of dealing with different contexts which may change the meaning of the contents of

the header file

2.3 Summary

This chapter has surveyed a number of techniques for establishing the mimimum number
of compilation units that are affected by a change to the program text Approaches to min-
mmuzing the amount of work required for processing the interface needed by a compilation

unit have also been covered We conclude by remarking that an efficient, complete pro-
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gramming environment 1s likely to employ both techniques 1n sequence, minimizing the
number of compilation units to be recompiled after a change and then compiling those
units selected as efficiently as possible It 1s the second step which forms the basis for the

remainder of this thesis
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3 Approach

This chapter describes, 1n general terms, the approach intended to be used 1n implement-
ing a compilation server for C similar to the COB compilation server outlined 1n the previ-
ous chapter Our approach differs primarily 1n terms of which header files are considered
for retention 1n the compilation server and the mechanism by which symbols are moved 1n

bulk 1n and out of the symbol table

The COB language distinguishes between conventional header files which are explicitly
included 1n the usual way by the use of the #1nclude directive, and interface header
files which are included implicitly when a reference to a class appears in the program text
The COB compiler only retains the internal representation of interface files The implica-
tion 1s that symbol definitions which come from interface files can be left in the symbol
table indefinitely until the text of the interface file changes at which all symbols declared
by the file would have to be removed In contrast our implementation attempts to retain
the internal representation of conventional header files Since conventional header files are
included 1n program text explicitly, we need a different mechanism for moving large num-

ber of symbol definitions 1n and out of the symbol table efficiently
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3.1 Equivalence of C program fragments

At the most abstract level, a C compiler computes a function mapping the text of a compi-
lation unit to the corresponding target text, usually either assembly or object code The
source text has some structure and 1n practice the text of a compilation unit 1s processed

one source language construct at a time (see Figure 8) For C compilers, the structure of

Source text Target text

Compiler

State

=
= o
S

Figure 8. Structure of conventional compilation

the source text 1s much richer than the structure of the target text The effect of processing
a construct 1s a function of the text and the state of the current compilation The effect may
mnvolve updating the state of the current compilation, generating a piece of the target text,
or both The goal 1s to implement a compiler which can 1dentify fragments of text that will
generate the same effect as fragments previously processed and duplicate the effect On
average we would like the cost of 1dentifying the fragment and duplicating the effect to be
less than processing the fragment 1n 1ts source form We define a pair comprised of compi-
lation state and text fragment as equivalent to another pair 1f they both generate the same

output and change 1n compilation state



26

3.1.1 Compilation state

The compilation state can be thought of as a set where each element associates a meaning
with an 1dentifier An identifier in a C program can be defined to represent a sequence of
tokens which should replace the 1dentifier whenever 1t appears 1n the program text, or 1t
labels some object of a program such as a variable, function, or type As identified in the
introduction, the compiler 1s typically split into two processes, the preprocessor and the

compiler proper and so compilation state 1s split accordingly

3.1.2 Preprocessing state

The preprocessor takes C text as input and generates preprocessed C text as output The
compiler proper takes preprocessed C text as input and generates assembly or object code
as output The essence of preprocessing state 1s a set of macro definitions and a location 1n
the mput Because of nested #1nclude directives, the location in the input may be repre-
sented by a stack of positions 1n several files A macro 1s a triple consisting of an 1dentifier,
the number of formal parameters the macro takes, and a replacement sequence of tokens,
possibly empty The set contains at most one definition per 1dentifier Definitions become
part of the set as the result of processing #de f 1ne directives appearing in the source text,

for example, the lines
#define ARRSIZE 100
#define Slope(pl,p2) ((p2 y-pl y)/(p2 x-pl X))

define the two macros

<ARRSIZE, 0, <100>>, and

<Slope, 2, <(,(,@2, y,-,@1, ,y,),/,(,@2, x,-,@1, x,),)>>
respectively The names of the formal parameters of a macro are irrelevant and so we have
replaced them with pseudo-tokens of the form @n, where @1 corresponds to the first for-
mal parameter, @2 corresponds to the second formal parameter, and so on The effect of a
macro definition 1s that subsequent occurrences of the defined 1dentifier, and any argu-
ments immediately following, are replaced with the sequence of tokens given in the defi-

nition with the actual parameters replacing the formal parameters, for example
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Point Polyline[ARRSIZE],
slp = Slope( Polyline([7], cursor->loc ),
1s replaced with
Point Polyline[100],

slp = ((cursor->loc y-Polyline[7] y)/(cursor->loc X-
Polylaine[7] X)),

Definitions are removed from the set as the result of processing #undef directives
appearing 1n the source text Macro definitions also affect the output of conditional compi-

lation directives, for example

#1f ARRSIZE > 50

short vec[ARRSIZE],
#else

long vec[ARRSIZE],
#endif

1s replaced with

long vec[30],
if, for example, ARRSIZE 1s defined to be 30 and with

short vec[75],

1f ARRSIZE 1s defined to be 75

3.1.3 The state of the compilation proper

The essence of the state of a compilation 1s a set of symbol definitions and the current
location 1n the input The elements of the symbol definition set are more complex than a
macro definition A symbol either names a variable, function, formal parameter, enumer-
ation literal, type, or member of a structure or union, labels a statement, or 1s used as a tag
for a structure, union, or enumeration type Unlike macro identifiers which remain defined
until the end of the translation unit or until a corresponding #undef directive 1s encoun-
tered, each symbol 1s associated with a particular scope, either the entire compilation unit
or a particular block Since blocks can be nested, a local symbol hides a symbol with the

same name 1n an enclosing scope Furthermore, each scope 1s partitioned 1nto separate
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name spaces so symbols 1n one scope can use the same name provided they exist in differ-
ent name spaces A separate name space exists 1n each scope for structure, union, and enu-
meration tags, the members of a particular structure or union, labels, and all other

identifiers

3.2 Identifying equivalent fragments

At the outset of this chapter we said that a compiler can be viewed as computing a func-
tion which maps text in a source language to text 1n a target language,

Comp SText — TText where the domain, SText, denotes the set of sequences of prepro-
cessing tokens A preprocessing token 1s either a header name, 1dentifier, preprocessing
number, character constant, string literal, operator, or punctuator as specified in the ANSI
C language definition [23] Additionally, we allow newline characters in the token
sequences 1n order to distinguish the correct or incorrect usage of preprocessing directives
The domain, T7ext, denotes the set of target code sequences which 1s implementation
defined, typically elements of this set are sequences of assembly language instructions,
this domain also includes sequences containing a special error token, err_tt, used for indi-
cating invalid source sequences The function Comp maps source sequences to target
sequences, 1f an element of S7ext constitutes a valid translation unit according to the lan-
guage definition then the sequence 1s mapped to the corresponding target sequence, 1if the
element does not constitute a valid compilation unit then the sequence 1s mapped to a tar-

get sequence containing one or more occurrences of err_tt by definition

Since the preprocessing and compilation proper phases are usually separated we could
consider breaking Comp 1nto two functions, Prep SText — PText, and

Compp PText — TText where the domain, PText, denotes the set of sequences of com-
pilation tokens A compilation token 1s either a keyword, 1dentifier, constant, string literal,
operator, or punctuator as specified in the language definition, this domain also includes
sequences with error tokens, err_pt, used for signaling invalid preprocessing sequences

The function Prep maps sequences of preprocessing tokens to sequences of compilation
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tokens, 1n the event that the preprocessing sequence 1s not valid according to the language
definition then the entire sequence 1s mapped to a sequence containing one or more occur-
rences of err_pt by definition The function Compp maps sequences of compilation tokens
to target sequences, 1f the source sequence 1s mvalid then 1t 1s mapped to a sequence con-
taining one or more occurrences of err_tt by definition, also Compp maps a sequence con-

taining err_pt to a sequence containing err_tt by definition

These functions describe how the compiler maps the entire text of compilation unit In
practice the text 1s processed a fragment at a time and the text in conjunction with that part
of the compilation state which represents the definitions of 1dentifiers determines the out-
put So the three functions above could actually be computed with the related fragment

functions
CompF SText X PState X CpState — TText X PState X CpState
PrepF STextx PState — PText X PState

ComppF PTextx CpState — TText x CpState

Here, PState denotes the domain of macro definition components of preprocessor states

As mentioned earlier, the set of macro definitions can be represented as a set of triples
{ <Ident, Arity, Body > }

where Ident represents the name of the macro, Arity 1s the number of formal parameters
required by the macro, and Body 1s a sequence of zero or more tokens with the pseudo-
tokens, @n, representing the formal parameters The elements of the domain are subject to
the following constraint

Vps (ps € PSuate )

Vmdl, md2 ( mdl, md2 € ps)
macid( mdl ) = macid( md2 ) = mdl = md2

where macid 1s a function returning the 1dentifier defined by a macro (1 e the first element
of the triple, macid (<x,y,z>) = x) PrepF 1s thus a function mapping pairs of source

text sequences and preprocessor state to pairs of preprocessed text sequences and (a possi-
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bly different) preprocessor state Again we have the convention that 1f a source text
sequence 1s invalid mput with respect to some preprocessor state (and the language defini-
tion) then the value of the function for that pair 1s a pair where err_pt occurs 1n the

sequence that forms the first component of the pair

CpState denotes the domain of symbol definition components of compiler proper states

The set of symbol definitions can be represented by a set of triples
{ <Ident, Loc, AttrList> }

where Ident represents the name the of the symbol, Loc represents the scope and name
space of the symbol, and AttrList 1s a list of attribute values Loc 1s represented by a pair,
<Scope,Space>, where Scope 1s either the global scope, the scope created for the declara-
tion of parameters of each function, or the scope created for each compound statement
within a function definition Each scope 1s partitioned 1into name spaces and there 1s a sep-
arate space for each of statement labels, the tags of structures, unions and enumerations,
the members of each structure or union, and all other 1dentifiers The list of attribute val-
ues 1s implementation defined but will at least contain information such as 1f a symbol 1s a
tag, whether 1t 1s a structure, union, or enumeration tag, if a symbol 1s variable, whether 1t
was declared const or volatile, its type, and so on The elements of the CpState

domain are subject to the following constraint

Vs (cs € CpState)
Vsyml, sym2 ( syml, sym2 € cs)
symud( sym1 ) = symuid( sym2 ) A symloc( syml ) = symloc( sym2 )
— syml = sym2

where symid and symloc return the 1dentifier and location of the symbol respectively (1e
the first and second elements of the triple, symid (<x, y,z>) = x and

symloc (<x,y,z>) =y) ComppF 1s a function mapping pairs of preprocessed text
sequences and compiler state to target text sequences and (a possibly different) compiler
state We have the convention that 1f the preprocessed text sequence 1s invalid with respect
to some compiler state (and the language definition) then the value of the function for that

pair 18 a pair with err_tt as the value of the first element by definition Also by definition,
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ComppF maps any sequence containing err_pt to a sequence containing err_tt
CompF 1s just the composition of the functions PrepF and ComppF

As far as equivalency and a compilation server are concerned, we do not really care about
the total output state of these functions but rather the change 1n state that they generate
The functions above could be computed using the following functions which have change
of state as output rather than the entire state

ACompF STextx PState X CpState — TText X APState X ACpState
APrepF STextx PState — PText X APState

AComppF PTextx CpState = TText X ACpState

Here, APState denotes the domain of changes 1n preprocessor state A change 1n prepro-
cessor state can be represented by a set operations that change the state of the preproces-

sor, the operations are either of the form
<Define_Macro, Ident, Arity, Body>
or
<Undefine_Macro, Ident>

which represent either the addition or the deletion respectively of a macro definition to or
from the state of the preprocessor The elements of this domain are subject to the same
kind of constraint as elements of PState

Vdps (dps € APState )

Yopl, op2 (opl, op2 € dps)
macid( opl ) = macid( op2 ) — opl = op2

APrepF 1s essentially equivalent to PrepF but contains only the operations required to
update the state of the preprocessor rather than produce the entire resulting state of the

preprocessor

ACpState denotes the domain of changes in compiler state A change in compiler state

can be represented by a set of operations that change the state of the compiler, the opera-
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tions are of the form
<Add_Symbol, Ident, Loc, AttrList>

Again, the elements of this domain are subject to the same kinds of constraint as elements
of CpState
Ydcs (dcs € ACpState )
Vopl, op2 (opl, op2 € dcs)

symid( opl ) = symud( op2 ) A symloc( opl ) = symloc( op2 )
— opl = op2

AComppF 1s equivalent to ComppF but contains only the operations required to update

the state of the compiler rather than produce the entire resulting state of the compiler
ACompF 1s the composition of APrepF and AComppF

The basic concept 1s that every triple of text fragment, preprocessor state, and compiler
state corresponds to some output text and some change in preprocessor state and compiler
state Thus 1s intended to correspond closely to how a compiler operates 1n practice pro-

cessing some textual fragment, outputting some target text, and updating state

The function, ACompF above, can be represented by a graph with two types of vertices,
st, representing elements of the set SText , and (tty, dps), dcs) representing elements of
TText x APState X ACpState Edges only run from one type of vertex to vertices of the
other type and are labelled with the set of states for which the text at one vertex generates
the output/change 1n state at the other vertex A portion of the graph 1s shown 1n Figure 9

As a concrete example we consider the text fragments st, and st,,; to be

foo x,

and

bar x,

respectively If cs;, denotes the state

{ <foo, (global,other), <typedef name,1int> > }
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tty, dps;, des
{(pSn,CSm), (pSn+1,CSm+1), . l !

PSn12:C5m+2)s (PSn+3:CSma3)s ttk+1, PS4y, desyyy

{(PSn+4:5m+2)5 (PSp+5:CSm+5)s }

Figure 9. Relationship between source text, target text, and compilation state

and ps,,, denotes the state

{ <foo, 0, <blim>> }

and cs,,, denotes the state

{ <blim, (global,other), <typedef name, float> > }

and ps, ;4 denotes the state

{ <bar, 0, <blim> > }

then tt, and tt,,; both represent an empty output text sequence and the changes 1n state

represented by dcs,; and dcs;,  are

<Add_Symbol, x, (global,other), <variable, int > >

and

<Add_Symbol, x, (global,other), <variable, float> >
respectively Here the term other 1s used to indicate the symbol 1s in the normal name
space (as opposed to the space for structure tags or statement labels, etc ), the term vari-

able distinguishes the symbol from a function, typedef name, etc The important thing to



34

note about the graph 1s that one source fragment can generate several effects depending on
state and that one effect can be generated by several different source fragments depending
on state The functions APrepF and AComppF can also be represented by a graph with
three types of vertices, st as above, (pt,, dps) representing elements of

PText X APState , and (tty, dcs)) representing elements of 77extF X ACpState Edges
only run from the first type of vertex to the second type and the second type to the third
type The edges are labelled with set of states which generates the effect at the destination
vertex from the text at the source vertex A portion of the graph 1s shown 1n Figure 10 In

the context of the above example pt, and pt,, | could represent

foo %;

and

blim x,

respectively

The general goal of a compilation server 1s to retain a subset of associations between input
text and change 1n state, and 1dentify when an upcoming text fragment along with the cur-

rent state 1s equivalent to some previously processed pair In the event that there 1s a

{psns PSn+1s

{psn+2’ PSn+3s

Plo+1s APSiyg

{Csm+4’ CSm+5 }

{PSn+4> PSpss;

Figure 10. Refined version of Figure 9
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match, the compiler would generate that particular change of state and produce 1ts output

more directly than processing the source text in the usual way

3.3 Practical limitations on testing for equivalence

It 1s unrealistic to expect to be able to achieve the general goal outlined in the previous
section since, 1n general, the cost of 1dentifying and duplicating the effect of a fragment of
text 1s going to be more than processing the text in the conventional manner Furthermore,
1t 1s fairly obvious that every program fragment 1s not going to recur frequently, and also
there 1s the question of 1dentifying the largest possible reusable fragment As a result we
restrict ourselves to only attempt to duplicate the effect of text contained in header files
We expect to get a lot of leverage out of only considering header files for two reasons
Firstly, the very fact that the text has been put into a header file 1s a signal that 1t 1s
intended to be widely used throughout the software system Secondly, searching for a pre-
vious use of the header 1s extremely efficient since only file names and modification times

have to be compared rather than the entire text of the header 1tself

3.3.1 Equivalent preprocessing states

Having 1dentified the inclusion of a header that has been previously processed, we proceed
to determune 1f the preprocessing state 1s such that the effect of preprocessing will be the
same as the last time the header was processed As stated in the previous chapter, Litman
[14] 1dentifies preprocessing states as inconsistent in the case where a referenced 1dentifier
in the original state does not have the same definition 1n the new state or the new state con-
tains a definition for an 1dentifier appearing 1n the header that was not defined 1n the origi-
nal state This algorithm 1s conservative since 1t may miss opportunities to reuse

precompiled header files of the following form

#define SomeType 1nt
extern SomeType foo,

This algorithm would be sensitive to the initial definitions for both SomeType and foo but

this header guarantees a definition for SomeType so the actual output of the preprocessor
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only depends on the 1nitial definition of foo

Onodera [16] presents a more aggressive algorithm which 1s less sensitive to the prepro-
cessing states An 1dentifier 1s described as free 1n a header file if and only 1f there 1s no
definition for the 1dentifier 1n file before 1t 1s used Note that the set of free 1dentifiers in a
header 1s a function of preprocessing state as well, consider the following header file

#1fdef A_FLAG

extern SomeType foo,

#telse

extern OtherType bar,
#endaif

For a state where A_FLAG 1s defined the free 1dentifiers are {A_FLAG, SomeType, foo,
extern}, if A_FLAG 1s not defined then the free 1dentifiers are {A_FLAG, OtherType,
bar, extern} When a header file 1s first encountered an empty definition list 1s associ-
ated with the file Each time a free 1dentifier 1s encountered 1ts current definition 1s added
to the list When the header file 1s subsequently encountered the definitions for each 1den-
tifier on the list are compared with the current definitions and any differences indicate an
inconsistency Although this algorithm 1s more flexible 1t 1s still somewhat conservative,

for example
#1fndef SomeType
#define SomeType 1int

#endaif
SomeType foo,

Here SomeType 1s free 1n the file but the output of the preprocessor will be the same 1n

cases where SomeType 1s either undefined or 1t 1s defined to be int

In order to describe more precisely the conditions that the above algorithms are checking
we adopt some notation Let L be the preprocessing state when the header file, s, was pre-
compiled or last saved, let N be the preprocessing state at a point where the header file 1s
to be included and we wish to determine whether or not the precompiled or saved repre-
sentation can be reused In the absence of any information about the header file, the only

condition guaranteeing that the two states are consistent 1s L = N Assuming a function
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first which returns the set of first elements of a set of triples and letting 7, denote the set of
identifiers appearing 1n header file, A, the condition sufficient for consistency equivalent to

Litman’s algorithm 1s

first(LON) NI, = O (1)
where L @ N denotes the symmetric difference of the sets L and N and
first (S) = {x|<x,y,z>€ S} The condition expresses the 1dea that any 1dentifier that
had a definition 1n the last state must have the same definition 1n the new state and that any
identifier that has a definition 1n the new state must have the same definition 1n the last
state (1f the 1dentifier appears 1n the header) Letting F), denote the set of free identifiers in
the header with respect to state L the conditions sufficient for consistency equivalent to

Onodera’s algorithm are the same as 1n equation (1) above but substituting F, for I,
A proof that the above conditions are sufficient for consistency follows

Theorem: The inclusion of a header file, A, in two states L and N generates the same
sequence of tokens provided the definitions of any free identifiers, with respect to L, are

the same 1n both states
Proof:

Equation (1) above, with F, substituted for 7, 1s equivalent to the statement the defini-
tions of any free 1dentifiers are the same 1n both states The proof proceeds by structural

induction on the header file

Case 1 1 The file 1s empty The inclusion of an empty header will yield no output, which

1s the same 1n both cases

Case 1 2 The file contains a single token which 1s not an identifier The preprocessing of a
token which 1s not an 1dentifier 1s unaffected by the state of the preprocessor and so the

output 1s the same 1n both cases

Case 1 3 a) The file contains a single 1dentifier :d which has no definition in L Since id 1s

the only thing 1n the file, 1t 1s certainly free with respect to L, so Fj, = { 1d } Since (1) 1s
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satisfied then there 1s also no definition for id 1n N and so the output 1s 1d 1n both cases

Case 1 3 b) The file contains a single 1dentifier :d which has a definition in L with no argu-
ments Since id 1s the only thing 1n the file, 1t 1s certainly free with respect to L, so

F, = {id} U S where S 1s the set of 1dentifiers encountered on recursively rescanning
the replacement string Since (1) 1s satisfied, there 1s a matching definition for all identifi-
ers in F, in N and so the output 1s the sequence of tokens that id 1s defined to be after res-

canning 1n both cases

Case 1 3 ¢) The file 1s of the form

id(argy, args,  BLGy)
where 1d has a definition 1n L with n arguments The 1dentifier, 1d, any 1dentifiers appear-
ing 1n any of the arguments and any 1dentifiers formed by the # # operator (the # # operator
joins 1ts operands 1f one of the operands 1s a formal argument, e g argX ## 123 would
be replaced with abc margl23 if abc marg was the actual parameter for argX) in the
replacement sequence for id are all free with respectto L,so F, = {1d} UA U S where
A 15 the set of 1dentifiers appearing 1n the arguments and S 1s the set of 1dentifiers encoun-
tered on recursively rescanning the replacement string, including those formed by the ##
operator Since (1) 1s satisfied, there 1s a matching definition for all identifiers in Fj, in N
and so the output 1s replacement sequence of tokens that :d 1s defined to be with the appro-

priate argument substitution and rescanning 1n both cases

Case 1 4 The file contains a single directive of the form #define id token_sequence

This directive generates no output so the output matches in both cases

Case 1 5 The file contains a single directive of the form #undef 1d This directive gen-

erates no output so the output matches n both cases

Case 1 6 The file contains a single directive of the form #i1nclude “hl1” Assume the
theorem 1s true for the text of 4/ alone The effect of this directive 1s to replace itself with

the text of the named file If we define F), = F},; then (1) will be satisfied 1f the directive 1s
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replaced with the text of the named file and since we have assumed that the theorem 1s true

for the text of the named file then the output will be the same 1n both cases
Case 1 7 The file, A, 1s of the form

#1f constant-expr
hl

#else

h2

#endaif

Assume the theorem 1s true for 27 and h2 alone Let E be the set of 1dentifiers appearing 1n
constant-expr It 1s certainly the case that £ c F, and since (1) 1s satisfied each 1dentifier
will have matching definitions 1n both L and N, thus either 41 1s processed 1n both cases or
h2 1s processed 1n both cases If the value of the constant expression with respect to L 1s 1
then F, = F,, U E and since (1) 1s satisfied for F}, 1t will certainly be satisfied for F,
and since the theorem 1s true for i/ the output will be the same 1n both cases If the value
of the constant expression with respectto L1s O then F, = F,, U E and (1) will certainly
be satisfied for F},, and since the theorem 1s true for 42 the output will be the same 1n both
cases Note that the #1fdef and #1 fndef forms of conditional compilation can be con-
verted into the #1 f form using the defined () operator and so the theorem 1s valid for

these forms as well
Case 1 8 The file, h, 1s of the form

#error token_sequence

or

#pragma token_sequence
The #error directive only generates a diagnostic message and no output to the compiler
so the output text 1s the same 1n both cases The #pragma directive causes implementa-
tion defined behaviour to occur In our case, pragma directives are 1gnored so no output 18

generated and the output to the compiler 1s the same 1n both cases
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Case 2 The file, A, 1s of the form

hl

h2
Assume the theorem 1s true for £/ and h2 alone Obviously F,, < F, and so (1) will cer-
tainly be satisfied for F,; since 1t 1s satisfied for F, thus the output of the processing of the
part of & corresponding to 4/ will be the same 1n both cases since the theorem 1s true for
hl In order to show that the output of the processing of the part of 4 corresponding to h2
will be the same 1n both cases we need to show that (1) will be satisfied for L’, N’, and
F’,, where these correspond to the states and the free 1dentifiers after the processing of
hl The only reason that L', N', and F’;, would differ from L, N, and F};, would be 1f
#define and #undef directives were encountered 1n the processing of 4l If a
#define directive 1s encountered then the same definition 1s added to (or replaces an
existing definition 1n) L and N and the 1dentifier 1s (possibly) removed from F,, and so (1)
1s still satisfied If an #undef directive 1s encountered the definition of the identifier 1s (pos-
sibly) removed from L and N and the 1dentifier 1s (possibly) removed from F,, and (1) will
still be satisfied After 4/ 1s completely processed L', N, and F”,, will continue to satisfy
(1) and thus the output of the processing of the part of 4 corresponding to 42 will be the

same 1n both cases

The above proof 1s only valid for 4 and L for which the expansion of /& with respect to L 1s
finite In general 1t 1s possible that a particular header file will generate an infinite expan-
ston under a certain state as a result of processing infinitely recursive #1nclude direc-
tives or expanding a recursive macro These situations are of little practical interest since
an infinite expansion could never be compiled anyway If we imagine a pointer moving
through the input text as the proof proceeds we remark that the remaining input past the
pointer may grow temporarily as result of encountering an #1nclude directive or
expanding a macro However, ultimately the construct immediately following pointer will
be an instance of base case 12, 13a,14,15,17,or1 8 and input can be consumed and

the pointer advanced
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3.3.2 Equivalent compilation states

Having established that the preprocessor would produce the same text for a given header
for some pair of preprocessing states, we now consider the conditions on the state of the
compiler proper required 1n order for the text of a preprocessed header to generate the
same effect in two different states In general we have the same requirement as for the pre-
processor any symbol with an exposed use 1n the header must have the same meaning 1n
both states In contrast to preprocessor where the meaning of “sameness” simply means
that the sequence of tokens are the same, sameness 1n the compiler proper 1s more compli-

cated For example, in the declaration

blim avar[7*foo],
there are two exposed uses of symbols bl1m and foo The attributes of both of these
symbols must be the same 1n both states Dealing with foo 1s easy, 1t must be an enumer-
ation literal with the same value 1n both states The case of b11im 1s a little more compli-
cated, 1t must be a typedef name and 1if 1t names a structure or union type then all the
symbols that are fields of the type must have 1dentical attributes as well, and 1f any of
those fields are of structure or union type then their field symbols must have the same
attributes, and so on Checking the general condition could be complicated and expensive
Instead we take an approach that 1s more restrictive, dictated primarily by the implementa-
tion we have chosen We say the effect of header 1s the same provided any symbols with
exposed uses are declared 1n other header files and that set of header files has been previ-
ously included 1n both compilations The problem of ensuring that the headers have been
included 1n the correct order 1s dealt with implicitly by testing the condition for each
header as 1t 1s included, e g 1f A needs B and C and B needs C and we are considering the
inclusion of A, and B and C have been included then C has been included before B
because the test would have been performed for B when 1t was included Under this
method, we lose the ability to reuse headers which may have free identifiers defined 1n the
body of the compilation unit rather than another header however we do not expect this sit-

uation to occur very often 1n practice



42

4 Implementation

We chose to modify an existing C preprocessor and compiler rather than implement a
compilation server from scratch as 1n the case of the COB compiler The overhead of
reimplementing a lexical analyzer, parser, semantic analyzer, and code generator seems
unnecessary given that several free C compilers of acceptable quality are already widely
available Furthermore, the experience gained from modifying a compiler for a purpose
which presumably was never considered 1n the original design may be instructive for any-

one considering similar modifications to other compilers

A natural selection would have been the GNU C compiler Given that we were unfamiliar
with the implementation details of any freely available C compilers, this choice was
rejected due to 1ts large size and complexity In the final analysis, we settled on the C pre-
processor that comes distributed with the X window system distribution and the lcc com-
piler [8]I Using thousands of lines of code (KLOC) as a measure of source code
complexity, the GNU compiler consists of roughly 322 KLOC 1n the preprocessor and
front end of the compiler, 1n contrast the selected preprocessor and front end consist of
roughly 16 KLOC The GNU compiler’s size results from the fact that the front end pro-
cesses three languages C, C++, and Objective-C, also the compiler has a large number of

compilation flags for setting many different modes of operation

1 The technical report describing the compiler has been significantly expanded and will be pub-
lished 1n book format in A Retargetable C Compiler Design and Implementation [7]
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4.1 Overview

The current structure and 1nteraction of the existing preprocessor and compiler are shown

in Figure 11 The preprocessor 1s given a primary 1nput file and it may read other files as a

Primary ]
Input ] Assembly
File Header Bl
Files

Preprocessor Compiler

(p1pe or

temporary

file)

Figure 11. Original compiler organization

result of #1nclude directives As 1t processes text its state may be updated and 1t may
generate output text The preprocessed text 1s passed to the compiler either through a tem-
porary file or pipe The compiler processes text generated by the preprocessor updating its
state or generating assembly code The preprocessor terminates when 1t reaches the end of
the primary 1nput file The compiler terminates when 1t reaches the end of the temporary

file or the pipe 1s closed

The new structure of our implementation 1s shown 1n Figure 12 In addition to state, the
preprocessor maintains internal representations (IRs) of header files, the same 1s true of
the compiler The preprocessor and compiler communicate by a pipe Additionally, the
compiler maintains the preprocessed text of headers 1n files for the event that 1t 1s unable
to use 1ts IR of a header Both processes are long-lived, processing an indefinite number of

compilation units, and must be terminated explicitly
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Figure 12. New compiler organization

The remainder of this chapter describes the details of maintaining and reusing IRs 1n the

preprocessor and compiler proper

4.2 A preprocessing server based on cpp

Interestingly, the X window system comes with the source for a C preprocessor This 1s
because the preprocessors that come bundled with some operating systems cannot cope
with the huge number of macro definitions that must be processed when including the

header files for the X window system Although the implementation 1s easy to understand,
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1t 1s not particularly efficient The preprocessor was compared against others and the rela-

tive results are shown 1n Table 1 An execution profile revealed that the preprocessor

X cpp/lce cc acc gce

1 00 072 074 080

Table 1: Relative performance of preprocessors

spends 32 percent of 1ts time 1n a function which returns the next significant character on
the input stream Performance probably could be improved significantly by basing the pre-

processor on a function that returns a token at a time rather than a character at a time

Three major changes were required for transforming the conventional preprocessor into a
preprocessing server Mechanisms are required for creating and storing the IR of a header
file, establishing when the IR of a header file can be reused, and finally, using the IR to

update the state of the preprocessor The representation of the state of the preprocessor 1s

key to all three tasks and hence we examine 1t first

4.2.1 Preprocessing state representation

As discussed 1n the previous chapter, the preprocessing state 1s defined by a set of macro
definitions Since the source text of programs typically contains many 1dentifier tokens,
the set 1s implemented by a hash table where collisions are resolved through chaining 1n
order to determine quickly whether or not 1dentifiers have a macro replacement The hash
function used by the original implementation sums the ASCII values which we call the
full sum (FS) The value of the last few bits of the FS are used as the index into the hash
table The FS 1s stored with each 1dentifier 1n the table 1n order to speed up comparisons
along the hash chain, only the FS values of 1dentifiers are compared until a match 1s found

and then the more expensive string comparison 1s done

The only change we made to this scheme was to order the chains primarily by FS value
and lexicographically for elements with the same FS value This has the benefit that

lookup and 1nsertion are still linear based on the load factor of the table but set compari-
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son, union, and 1ntersection can be performed much more efficiently than for the unor-
dered case If we have two sets implemented by unordered hash tables whose load factors
are o and [ then the worst and expected case performance for the set union operation 1s

O(af3), whereas for ordered tables the worst and expected case performance 1s O(0+f3)

4.2.2 Internal representation of header files

The IR of a header file contains three pieces of information the set of files upon which the
IR depends, the set of exposed 1dentifiers along with their definitions when the IR was cre-

ated, and the set of changes to state of the preprocessor the header file represents

The set of files upon which the IR depends along with their update times 1s required 1n
order to establish whether or not the IR 1s up to date with respect to the source text If the
text of one of the dependent files has changed then, at least without any other information,
the IR must be discarded Since this set 1s relatively small, 1t 1s represented simply by a
linked list The list 1s constructed when the IR 1s created by adding an element to the list
each time an # 1nclude directive 1s encountered when processing the header and storing

the name of the file and the time of modification

Having found an IR for which the set of dependent files are unchanged since the IR was
created, the next step 1s to check the set of exposed 1dentifier definitions against the cur-
rent state of as described 1n the previous chapter If no IR has a consistent set of exposed
identifier definitions then another IR 1s created The set of exposed 1dentifier definitions 1s
represented by a hash table with the same size and hash function as the preprocessor state
table The table 1s constructed when the IR 1s created by inserting an element into the table
each time a new exposed 1dentifier 1s encountered 1n the header and storing the 1dentifier’s

current definition

Once an IR with a consistent set of exposed 1dentifier definitions 1s found, the final step 1s
to apply the set of changes to the current preprocessor state The set of changes 1s also rep-
resented by a hash table with the same size and function as the preprocessor state table

The table 1s constructed when the IR 1s created by inserting an element into the table each
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time a #define or #undef directive 1s encountered in the header If there 1s already an
entry 1n the table for an identifier when 1t 1s 1nserted, then the definition 1s overwritten
since, 1n terms of updating the state of the preprocessor, only the final definition for an

identifier really matters

4.2.3 Identifying consistent states and updating state

Since we have the convention that all hash tables are the same size, they use the same hash
function, and all hash chains are kept in sorted order then we can implement the state con-
sistency test efficiently In general, each exposed 1dentifier 1n a header file has to be looked
up 1n the current preprocessor state to ensure that its definition (or lack of one) matches the
definition for the 1dentifier when the IR was created Given that both sets are represented
with similar tables, the test can be implemented simply by traversing corresponding hash
chains 1n tandem, 1n a similar manner to a merging operation The updating of the prepro-
cessing state can be carried out 1n a similar manner, inserting, deleting, and updating ele-
ments along each hash chain as appropriate In Figure 13!, an IR along with the state of

the preprocessor before and after the use of the IR 1s shown

4.2.4 Memory management

It should be obvious that a preprocessing server cannot go on creating IRs indefinitely
without deleting other IRs Eventually a point will be reached where 1t becomes more
expensive to find a suitable IR rather than to process the text of the header file in the nor-
mal way Also, we would 1deally like a situation where a majority of IRs are in memory
instead of paged out to disk Instead of trying to get an accurate estimate of how much
memory each IR takes up and adjusting the number of IRs retained accordingly, our
implementation simply retains a fixed number of IRs This scheme may leave of lot of
memory unused 1n the case where all the IRs are small, or lead to a lot of paging 1f all the

IRs are large, but we expect 1t to work well in the normal case When the server has

1 The exposed definition set and changed set are actually represented by hash tables but are 1llus-
trated 1n the figure as linked lists for clarity In the remainder of this thesis hash tables will be 1llus-
trated as linked lists since 1t 1s the list structure of the hash chains that 1s usually significant
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reached 1ts limit on IRs and needs to create a new one, an existing one 1s discarded based
on a least recently (or frequently) used strategy The selection strategy may be tempered
with size strategey as well, choosing to discard larger IRs instead of smaller ones for

example

An IR normally consists of a large number of small dynamically allocated objects In our
situation, we have a set of objects that we want to allocate space for individually and deal-
locate as a group The conventional C library functionsmalloc () and free () do not
provide this functionality directly Instead we borrow the memory allocation scheme pro-
vided 1n the original compiler proper [10] Essentially, malloc () 1s used to dynamically
allocate large segments of memory as needed and objects are allocated contiguously
within each large block When the objects, as a group, are no longer needed the large
blocks are freed instead of freeing up each object individually In our implementation,
each IR has its own list of large blocks (arenas) and when the IR 1s discarded each arena

on the list 1s freed This memory management scheme distinguishes our implementation

Exposed definitions | a| undef———» f 10 » k| foo

Changed definitions | c | undef—® g| bar—» x 12— z| undef

a) sample IR

f{ 10— g| bimf———»{k| fool————{z| blam

b) initial state

f|  10——lg| barf——»{k| fool———»{x| 12

¢) final state

Figure 13. Example use of an IR
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from Onodera’s which relies on garbage collection 1n the runtime environment to reclaim
storage from discarded objects Our observation 1s that source programs have structure,
grouping many small objects together which get discarded all at once so an explicit deallo-

cation scheme 1s simpler to implement as well as more efficient

4.3 A compilation server based on lcc

Lcc 1s a small fast retargetable ANSI C compiler Its speed stems from an efficient front
end which includes a hand written lexical analyzer and recursive descent parser Its small
size precludes a global optimization phase, however the inclusion of important local code
transformations means 1t normally generates reasonably good code The compiler 1s
implemented so efficiently that 1t overcomes the slowness of the preprocessor such that

the relative combined performance 1s better than compilers listed in Table 2

X cpp/lcc cc acc gcc

100 108 128 179

Table 2: Relative performance of combined preprocessors/compilers

Part of the attraction of transforming lcc 1nto a compilation server 1s the arena method
used for storage management described briefly in the previous section The original com-
piler made use of two arena lists, one for objects which persist for the duration of the
translation of a compilation unit and one for objects local to a function definition The are-
nas for local objects are reused for each function defined 1n the translation unit In the
modified compiler we extend this by having arena lists which persist for the duration of
the server process, for the duration of one translation unit, and for the duration of one

function definition Additionally, there 1s an arena list for each IR of a header file

Like the preprocessor, three major additions are required to transform the compiler from a
short lived process that translates a single compilation unit to a server which translates
several Procedures are required for creating and storing the IR of a header, identifying

when the IR of a header can be reused, and updating the compuilation state All these pro-
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cedures depend somewhat on the representation of compilation state and so we describe

that first

4.3.1 Compilation state representation

The compilation state 1s defined by a set of symbol declarations Like the preprocessor,
since the source text contains many symbols, the set 1s implemented by a hash table 1n
order to locate symbol declarations quickly Collisions in the table are resolved through
chaining Unlike the preprocessor, the elements of this set are much more sophisticated
Whereas a macro 1dentifier simply has zero or more arguments and a replacement
sequence of tokens, a symbol 1n the compiler has attributes such as type, name space, and
scope, furthermore, a symbol may depend directly or indirectly on the declaration of other
symbols A further difference 1s that elements of the set are hashed based on a pointer to a
string representing the 1dentifier rather than the string itself, this creates some difficulties
which are described below The symbol table organization was not altered significantly
except for the addition of attributes for each symbol which will be described as required

below

4.3.2 Internal representation of header files

The IR of a header file contains two distinct pieces of information the set of IRs upon

which the IR depends and the set of symbols which the IR represents

The set of IRs upon which the IR depends 1s used 1n order to establish whether or not the
IR can be used 1n the current compilation For each compilation we record the set of IRs 1n
use, 1f this set 1s a superset of the IRs required then we can use this IR and add to the set of
IRs 1n use, otherwise we process the preprocessed text of the header file directly Since
this set 1s relatively small and there 1s a fixed number of possible IRs available, the set 1s
implemented as a bit vector, this means the superset test can be carried out as a binary
AND operation The set 1s constructed when the IR 1s created by recording the IR from

which each referenced symbol comes 1n the bit vector
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If all the dependent IRs of an IR are 1n use, then the next step 1s to update the compilation
state The set of symbols which the IR represents 1s a hash table with the same size and
format of the table representing the compilation state The table 1s constructed when the
IR 1s created by 1nitially saving the pointers to the last elements 1n the hash table repre-
senting the compilation state When the end of the text corresponding to the header file 1s
reached, the pointers to the last elements 1n the hash table are saved These two sets of
saved pointers completely define all the symbols declared 1n the header Note that the
symbol table does not contain any representation for initializers of a variable or function
bodies so any declarations 1n a header file which contain a constant initializer or function
body are lost and render the IR unusable Furthermore, a header file can contain arbitrary
text and so may contain fragments of declarations, in this case the IR 1s unusable as well
In erther of these two cases, the preprocessor may have a valid IR of a header whereas the

compiler may not have a corresponding IR

In the event that not all the IRs are 1n use that are depended on by an IR, 1t may be possible
to create an additional IR for the preprocessed header text just like the preprocessor may
create several IRs for the same unpreprocessed header files We expect the situation of
having several preprocessor IRs of an unpreprocessed header to be infrequent and the case
of having several compiler IRs of a preprocessed header even more infrequent so we do
not even bother at the level of the compiler proper Thus the compiler contains at most one

IR for each preprocessor IR

4.4 Reusing IRs in the compiler proper

Since the IR has a hash table of the same size and format of the table representing compi-
lation state, we can reuse an IR simply by linking 1n the corresponding hash chains into

the main table The entire concept of retaining and reusing these symbol table fragments 1s
illustrated in Figure 14 In part a) the symbol table 1n effect at the end of processing a com-
pilation unit which included three header files 1s 1llustrated Part b) shows what 1s retained

between compilations Part ¢) shows the reuse of two of the IRs 1n a subsequent compila-
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¢) during a subsequent compilation

Figure 14. Reuse of compiler IRs

tion unit Whenever an IR 1s reused we simply flag all symbols 1n the IR as reused and
defer any further analysis until a symbol 1s actually referenced elsewhere in the program
text This has the benefit that we do very little work for unreferenced symbols and we
expect the majority of symbols declared in header file to go unreferenced 1n a particular

compilation unit

It 1s the repetitive movement of large number symbols 1n and out of the symbol which dis-
tinguishes our work from Onodera’s Onodera’s implementation restricts itself to retaining

only interface files which get implicitly included and so any symbols declared in the inter-
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face file can be left in the symbol table for the life of the compilation server or at least until
the text of the interface file changes In contrast, in C, header files are explicitly included
and so the symbols declared therein can only be present in the symbol table 1f the file has

be explicitly named

4.4.1 Deferred semantic analysis of declarations - laziness

A declaration 1n C typically declares one or more symbols and may reference zero or more

other symbols For example

struct blim blam[10], zip[foo+bar*3],

declares blam and z1p and references foo and bar There are additional constraints
blim must have been declared previously or eventually as a structure tag, foo and bar
must be enumeration constants, blam and z1p must not have been declared previously
(or 1f the declaration 1s 1n the global scope then they can have multiple declarations as long
as the types are compatible) We ensure that each referenced symbol 1n an IR of a header
file has at least one definition when the IR 1s reused through the use of the dependency
information We do not ensure that there 1s exactly one definition (or multiple compatible
definitions) for referenced symbols or compatible definitions for declared symbols until a
declared symbol 1s actually referenced This lazy strategy 1s expected to save time 1n the
case that compilation unit makes little use of symbols declared 1n header files The pri-
mary drawback 1s that the server may accept non-conforming programs however we con-
sider the non-conformance “harmless” in the sense that multiply (or incompatibly) defined

symbols are never referenced, 1 e for example, the incompatible declarations

struct foo {

char &,

3

struct foo {
double b,
int c;

}

are harmless provided the structure tag foo 1s never used later on 1n the compilation unit

The remainder of this section describes 1n more detail some of the 1ssues surrounding this
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lazy analysis strategy

Type equality 1s a problem because, like strings, types are frequently compared by com-
paring pointers If a data structure represents a type and two symbols have their types rep-
resented by pointers to a type data structure, then their types are deemed to be equal 1f
their type pointers are equal This test breaks down when we start reusing symbols gener-
ated by separate compilations especially where structure and union types are concerned
Consider the following program fragment

struct foo a;
struct foo Db,

The first declaration declares foo as a structure tag and creates a structure type and
declares a to be a variable of that structure type The second declaration looks up the dec-
laration for foo and declares b to be a variable of the same structure type The symbol
table entries for a and b both have the same value 1n the type pointer field and so would be

deemed to be the same type Now consider the program fragment 1n Figure 15 A conven-

/* a.h */ /¥ £2.¢ */
struct foo a, #include “b h”
/* b h */ [* €3.¢c */
struct foo b; #include “a h”

#include “b h”
/¥ tl.e */ a = b,
#include “a h”

Figure 15. Type equality example fragment

tional compilation of t3 ¢ would have the same effect as described above and the assign-
ment would be valid because a and b would have 1dentical type pointers Consider instead
the compilationof t1 c,t2 c,and t3 c 1n that order by a compilation server Compil-
ing t1 c creates a structure type for foo Compiling t2 c creates another structure
type for foo The conventional compiler’s symbol table only ever has one entry for a par-

ticular symbol The compilation server may have multiple entries for the same symbol
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when IRs are taken from different previous compilations In this example when £t3 c1s
compiled there would be two entries for £oo in the symbol table, both naming distinct
types as far as pointers are concerned, hence the types of a and b would be deemed to be
different because their type pointers point to two different structures even though the types
are really the same We correct for this by modifying the type equality operation If two
type pointers do not match but they are both structure/union types and their tags are the

same then the types are equal

A second problem 1s incomplete structure and union types Depending on where a header
1s included, a structure or union type may be complete or incomplete and the type of
reused symbols may have to be adjusted accordingly We accomplish this by storing with
each symbol its type when the end of its header was reached along with 1ts current type

As a concrete example, consider the program fragment in Figure 16 and compiling t4 ¢

/% €.h %/ /* £E5.¢€ */
struct bar *a, #include “c h”

a->y = 3.14;
1% td.c */

#include “c h”

struct bar {
int X;
float vy,

¥i

Figure 16. Incomplete type example #1

followed by t5 c A conventional compiler would detect the error in t5 ¢ when refer-
encing the y field of a since the bar record type 1s incomplete The compilation server

has to take care to save the incomplete type of a when 1t finishes processingc hint4d c
and reset the type to the incomplete state when 1t reuses the symbols of c hint5 ¢ The
correct action also has to be taken 1n the converse case, completing types for reused sym-

bols where the type 1s completed earlier than the declaration of the variable This 1s dem-
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/1% £6.€ */ f® E].E *]
#include “c h” struct bar {
double blim,
double blam,
}:
#include “c h”

Figure 17. Incomplete type example #2

onstrated 1n Figure 17 where t6 c 1s compiled before t7 c Here the type for a has to

be set to the completed type for the structure

Another problem 1s dealing with duplicate declarations In the conventional compiler each
distinct object 1n the program has a unique entry 1n the symbol table In the compilation
server this may or may not be the case depending on the symbol in question Functions
and global variables can be declared many times provided that their types are compatible
Other objects, such as enumeration constants, can only be declared once When a reused
object 1s first used, the hash chain 1s searched for objects of the same name to ensure there
1s only one entry or 1if there 1s more than one entry that their types are compatible as well
as unifying the types We also store with a symbol a list of symbols which 1ts declaration

depended on and these symbols must be tested for validity as well

A final 1ssue surrounding this lazy strategy 1s that 1t 1s only applied to symbols contained
in IRs When the text of declaration 1s processed 1n the usual way, the symbol table 1s
checked immediately for conflicting declarations This has the unfortunate drawback that
the order in which compilation units are compiled may have an effect on whether the com-
pilation succeeds or fails depending upon which IRs are present in the compilation server
In Figure 18 a program fragment 1s shown which 1s compiled satisfactorily by the compi-
lation server as long as t 2 c 1s compiled before t3 ¢ Ift3 c 1s compiled before t2 ¢
then the error of the multiple declaration of the typedef name X 1s revealed because the

text of both header files 1s processed
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/* hl.h */ /% t2.¢ %/
typdef int X, #1nclude "h2 h"
extern double a,

[* €38 */
fE¥ h2.h #*/ #1nclude "hl h"
typedef double X, #include "h2 h"
extern char b, void f(void) {

a = 3.14,

/* £l.e =/ b = *%7;
#1nclude "hl h" }

Figure 18. Lazy order example

This apparent inconsistency 1s 1rritating at worst and although there was no perceivble
benefit (or detriment) of the lazy strategy for compilation units in our test suite, we were
able to construct compilation units for which the time savings were significant We would
classify compilation units that would benefit from this scheme as having a large overall
number of declarations and where the ratio of declarations to executable statements 1s
high Although 1t 1s difficult to imagine hand written code satisfying this criteria, automat-
1cally generated programs mught The time savings 1s essentially proportional to the load
factor for the hash table used to implement the symbol table That 1s, the cost of checking
each declaration basically involves searching for duplicate declarations of a symbol along
the hash chain 1t 1s stored on, the cost of this operation depends how long the hash chain

18, 1 ¢ the load factor of the hash table

4.4.2 Memory management

Memory management 1n the compiler 1s driven by the preprocessor There 1s at most one
IR 1n the compiler for each IR 1n the preprocessor When the preprocessor discards an IR,
either because a dependent text file has changed or because the space 1s needed to store a
new IR, the corresponding IR 1n the compilation server must be discarded as well, further-

more, any IRs which depend on the discarded IR must be discarded as well
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The fact that 1dentifiers are represented by pointers creates some difficulties Every use of
an 1dentifier must have the same pointer value A single identifier may be used 1n several
different contexts 1n several different headers The strings corresponding to identifiers are
dynamically allocated 1n the arena style data structure and thus cannot be deallocated
independently Without any changes the string data area would grow indefinitely 1n size
One option would be to implement a reference counting algorithm and a separate dynamic
allocation/deallocation scheme for strings so that the space for a string could be freed
independently when no IR was left containing any references to a particular string Instead
we take a simpler, although less precise, approach discarding all strings and IRs when the
string table becomes too full This has the drawback that some IRs have to be recreated

from the preprocessed source text
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5 Results

Having described our implementation, we now attempt to quantify its effectiveness The
measurements made 1n this chapter are based on the compilation of 253 compilation units
taken from the preprocessor, the compiler, Emacs, Gnuplot, an image display/annotation
utility, and two flight simulators In order to provide some context for the analysis we

compute the usage of declarations 1n each compilation unit

5.1 Declaration usage

Our basic premuse 1s that we can reduce compilation time by retaining the internal repre-
sentation of header files provided that the header 1s included by several compilation units
or the same compilation unit 1s compiled several times, and the usage of declarations con-
tained 1n the header by the compilation unit 1s low In order estimate the effectiveness of
selective embedding, Adams et al [1] use the Ratio of Use of Visibility (RUV) metric For

a given declaration, d, and a set of compilation units, the number of compilation units
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where d 1s visible 1s counted, vis(d), and the number of units where d 1s actually used 1s

counted, use(d) The RUV value for a given set, D, of declarations 1s computed as

Z use (d)

RUV,(D) =42
z vis (d)
de D

In their analysis of a large program the RUV value for the set of all declarations appearing
1n specification units of the entire program was 0 2 We compute the same metric 1n a
slightly different way For each compilation unit, ¢, we count the number of 1dentifiers
declared 1n the compilation unit, decl(c), and the number of 1dentifiers used in the compi-

lation unit, wse(c) The RUV value for a given set, C, of compilation units 1s computed as

Z 1use (c)

RUV.(C) = 56
¢ Z decl(c)

ceC

RUV (D) = RUV(C) for corresponding sets of declarations, D, and compilation
units, C, and so we simply refer the metric as RUV 1n the remainder of this section In our
analysis we consider all global identifiers appearing 1n a compilation unit rather than just
the ones appearing 1n header files We compute RUVs separately for macro 1dentifiers and
for all other 1dentifiers The results for macro 1dentifiers are quite accurate since we only
count an 1dentifier 1n 1se(c) 1f the macro 1s actually expanded The results for all other
identifiers 1s somewhat more conservative since we count an identifier 1n wse(c) even if 1t
1s only used 1n the declaration of other unused 1dentifiers As an example the following
compilation unit has an RUV value of 0 5 because of the use of IntType 1n the declaration

of foo even though the 1dentifier foo 1s itself never used

typedef int IntType,
IntType foo,
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For our set of sample compilation units the RUV value for macro identifiers was 0 06 and
for all other identifiers was 0 11 The distribution of RUV values for each compilation unit
for macro 1dentifiers and all other 1dentifiers 1s shown 1n Figure 19 and Figure 20 respec-

tively
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Figure 19. RUV distribution for macro 1dentifiers

5.2 Methodology

The time and space requirements of the original compiler and preprocessor are used as the
basis for most comparisons The time 1t takes to compile a compilation unit 1s computed
summing the system and user time values returned by the get rusage () function Com-
pilation time 1s broken down 1nto time spent 1n the preprocessor and time spent in the
compiler proper Space requirements are assessed by measuring size of the data segment
of the process which includes the static data area and the heap The value 1s computed as
sbrk (0) -&etext We break down data segment size into size of the preprocessor and

s1ze of the compiler proper We do not concern ourselves with the size of the text segment
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since 1ts change 1n size 1s fixed and modest The effect of our changes on stack size 1s also

insignificant and 1s 1gnored as well

5.3 Measurements

We measured the performance of the modified compiler 1n three situations In the first case
we looked at the situation where the server has no IRs of header files which we consider to
be the worst case scenario Secondly, we look at the case where the largest number possi-
ble of IRs are available for a compilation unit, this 1s the best possible case and we would
consider 1t to be typical of the repetitive compilations executed 1n an edit-compile-debug
cycle The final situation involves the massive compilation of several related compilation

units comprising a program or a library
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5.3.1 Initial compilation
The measurements for this situation were made as follows for each compilation unit in
the test set, start the compilation server, compile the compilation unit, and record the com-

pilation time and resulting size of the data segment

The distribution of preprocessing times (relative to the amount time spent 1n the original

un modified preprocessor) 1s shown 1n Figure 21 The distribution of relative compilation
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Figure 21. Distribution of relative initial preprocessing times

times 1s shown 1n Figure 22 The distribution of relative combined preprocessing and
compilation times 1s shown 1n Figure 23 The graphs show that the overhead of construct-
ing the IRs of header files 1s quite modest While the time penalty 1s small the space pen-

alty 1s another matter In Figure 24 and Figure 25 the distribution of relative increases in



Number of compilation units

Number of compilation units

100 T T T T T
9 r
80 B

60
50

40 m

20 + Average 110%

110
0 — — 1 [ .

1

]

0 50 100 150 200 250
Processing time as % of original processing time

Figure 22. Distribution of relative initial compilation times

300

180 T T ' T

160

140 1

120

100

80

60

40 r

20 r ’> Average 105%

L 1

0 : :
0 50 100 150 200 250
Processing time as % of original processing time

Figure 23. Distribution of relative initial overall times

300



Number of compilation units

Number of compilation units

60

50

40

30

20

10

0

Figure 24. Relative increases 1n preprocessor data segment size

30

29

20

15

10

0

T

T

T

T

Average 140%

i [ 1 [ 1

=)

0 50 100 150

200 250 300 350

400

Additional space required as % of original space requirements

Average 124%

{

0 50 100 150

H—H—W dMHRI(]
200 250 300 350

400

Additional space required as % of original space requirements

Figure 25 Relative increases in compiler data segment size

65



66

the size of the data segment 1s shown for the preprocessor and compiler respectively In

Table 3 the average absolute and relative data segment sizes are given

Program Absolute s1ze (bytes) | Relative size
Preprocessor | Conventional 140135 | 1 00
Modified 335959 | 240
Compiler Conventional 342994 | 100
Modified 768971 | 224
Combined Conventional 483129 | 100
Modified 1104930 | 2 29

Table 3- Data segment sizes

5.3.2 Repetitive compilation

The measurements for this situation were made as follows for each compilation unit, start
the compilation server, compile the compilation unit twice 1n succession, and record the

compilation time of the second compilation The sizes of the resulting data segments were
almost indistinguishable from the case where the compilation unit was just compiled once

and so 1s not reported

Relative repetitive processing times are shown in Figures 26, 27 and 28 The intuitive
explanation of the difference between the distributions has to do with the amount of work
that 1s eliminated from each phase For the preprocessor, if 1t 1s possible to reuse an IR
then the text of the header does not have to be read 1n and the preprocessed text of the
header does not have to be written out For the compiler proper, there 1s a reduction 1n the
amount of nput text being processed but the same output must be generated by both the
conventional and the modified version of the compiler It seems reasonable that there 1s a
bigger improvement for the preprocessor where both the input and output text 1s reduced

compared to the compiler for which just the size of the input text 1s reduced
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5.3.3 Massive compilation

The measurements for this situation were made as follows for each group of related com-
pilation units, start the compilation server, compile each compilation unit in the group

recording the compilation time for each, record the final size of the data segment

The relative processing times are shown 1n Figures 29, 30 and 31 The preprocessing dis-
tribution 1s naturally slightly worse than 1t was for the repetitive case Thus 1s because, for
each compilation unit in the massive case, there 1s a mix of processing the original text of
the header and processing the IR of a header whereas 1n the repetitive case the IR of the
header 1s always processed The performance of the compiler proper, 1n contrast to the
repetitive case 1s much worse and can be attributed to three causes Firstly, the string table
grows between compilations rather than being reset to empty and so the speed of string
lookup gets progressively worse as the compilation server continues to run Secondly, at
some arbitrary size, the string table 1s discarded completely along with all the IRs and so

some commonly used [Rs are generated several imes Finally, like the preprocessor, there
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1s a mix of processing the original text of a header and the IR of a header, the situation 1s
somewhat worse for the compiler proper since the context requirements for reusing and IR
are more restrictive than for the preprocessor, 1n particular the compiler may require the

reuse of several other IRs 1n order to reuse an IR whereas the preprocessor only demands
that the state of the preprocessor be compatible with the IR to be reused regardless of what

other IRs have been reused

It 1s obviously nappropriate to compare the data segment size of the compilation server
after compiling a large number of files to the size of the original compiler after compiling
a single file Instead we simply report that for our test cases the preprocessor server and
compilation server reached maximum data segment sizes of 3 and 5 megabytes respec-

tively
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As a final measure of the usefulness of the technique, we look at the amount of number of

times IRs get reused In Table 4 the number of IRs created and used 1n the various situa-

Situation Number of pre- | Number of com- | Number of uses
processor IRs piler IRs of compiler IRs

Repetitive 1329 1226 1177

compilation

Massive 494 409 657

compilation

Table 4: IR usage

tions tested 1s shown The repetitive situation generated many more IRs because each
compilation unit was compiled twice and then the compilation server was restarted so any
IR could be reused at most once The number of compiler IRs 1s smaller than the number
of preprocessor IRs because the contents of some header files are not strictly declarative,
1e they contain function bodies, static initializers, or consist of one or more fragments of
declarations Still, the number of compiler IRs 1s quite good relative to the number of pre-
processor IRs The reason we did not get 100% usage of the compiler IRs 1n the repetitive
situation was because some headers made use of 1dentifiers declared 1n the main text of the
compilation unit and not 1n another header, for example, 1n the following compilation
unit

typedef int SomeType,
#i1include “foo h”

where the contents of “foo h”1s

SomeType SomeVariable,
the IR of “foo h” can never be reused because SomeType was declared in the main text
of a compilation unit rather than another header file Interestingly we don’t seem to get
that much leverage out of IRs 1n the massive situation, each IR 1s used on average 1 6
times Although we have not measured 1t, we suspect there are a small number of IRs

which get reused a lot and a large number of IRs which never get reused
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6 Conclusions and future work

The main contribution of this thesis was to demonstrate that C compilation units can be
processed more quickly 1f the compiler’s internal representation of header files 1s retained
for reuse among compilations A secondary result was that, with some compromises, an
existing conventional compiler could be modified to achieve these results, 1t was not nec-
essary to write a compiler from scratch In terms of future work, we consider possible
improvements to our current implementation and speculate on the applicability of the

technique to other programming languages

6.1 A faster C compiler

We began with a preprocessor/compiler combination which was comparable 1n terms of
compilation speed with both the bundled and unbundled compulers available on the test
system as well as the GNU C compiler The modified preprocessor and compiler were
noticeably faster on average than the original implementation The test compilation units
were compiled an average of 62 percent faster under the best possible conditions where
each unit was able to reuse the maximum number of internal representations possible
under the scheme We consider this to be typical of the situation a programmer finds her-
self in while debugging a single unit which might be compiled over and over Another
case that was investigated was the successive compilation of several related compilation

units Under this situation, units were compiled an average of 41 percent faster We also
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considered the worst case, the situation 1n which no internal representation of headers
were available to the compilation unit In this case compilation was 5 percent slower on

average

The time savings do come at a price, however, and 1n this case the cost manifests itself in
terms of memory usage The compilation of a single unit by the compilation server

required around 1 3 times more storage on average than the original compiler The amount
of storage continues to increase 1n the massive compilation case as the collection of inter-

nal representations of headers 1s built up

The primary compromise made 1n this implementation was to discard all internal repre-
sentations of headers periodically 1n the compiler proper when the string table grows
beyond some threshold Although not an 1deal solution, this seems to work well enough 1n
practice A secondary compromise was the introduction of a lazy strategy for checking the
validity of cached declarations This yielded an implementation which no longer conforms
exactly to the ANSI standard, however any inconsistencies are harmless, and the tech-
nique greatly speeds up the compilation of certain kinds of compilation units (a reduction
1in time proportional to the load factor of the hash table used to implement the symbol table

for the compiler)

6.2 Future work

As far as this implementation 1s concerned, one area of interest would be finding a reason-
able solution to the string deallocation problem described above Another area of study
would be examining the possibilities for retaining the internal representations for constant
mnitializers and function bodies (see the section on C++ below) Other more general con-
siderations 1nclude 1ssues relating to industrial implementations such as mechanisms for

scheduling multiple compilation requests and managing security between clients

This work also only considered the time saved 1n generating assembly code If the assem-

bly code 1s generated successfully then that code will likely be assembled into object code
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If the assembly 1s successful then the object code will likely be linked to create an execut-
able Our technique obviously has no effect on the speed of the assembly or linking phase
In order to observe the real benefit of our technique, 1t would be useful to instrument a
“live” compiler to count the number of times the compiler, assembler, and linker are each

invoked

An obvious question that arises 1s what are the implications for compilation servers for

other programming languages?

6.2.1 C++

If C++ enjoys continued success then we can expect to see systems implemented in C++
as large as or larger than those already implemented in C Unfortunately the high degree of
simularity between C and C++ will likely result 1in a high degree of similarity in the way
C++ compilers are implemented If C++ programs are to be compiled efficiently, a server
scheme should be seriously investigated C++ shares all of the context problems associ-
ated with C since header files are allowed to contain arbitrary text C++ has the additional
problem that “good” C++ programs will contain some member function definitions right
in the class declarations so that references to these functions can be inlined As a result,
any practical compilation sever for C++ will have to retain the internal representation of

function bodies as well

6.2.2 Ada

Ignoring generics and subunits 1n order to simplify the discussion, the smallest constructs
of Ada that can be separately compiled are subprogram declarations, package declara-
tions, subprogram bodies, and package bodies A package, at the outermost level of a pro-
gram, 1s a construct for grouping related objects such as subprograms, variables, types,
and other packages, the subset of these objects intended to be visible to other top level
packages or subprograms constitute the interface of the package The interface of a pack-
age consists of all objects declared 1n the package specification For some packages the

package specification completely describes the package, other packages require a body
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Package specifications are restricted 1n the sense that they cannot contain subprogram or
package bodies Package bodies contain corresponding bodies for subprograms and pack-
ages appearing 1n the package specification as well as declarations of other objects

required privately by the package

A sample Ada program 1s shown 1n Figure 32 The lines of dashes delimit the smallest

package stack is with stack,
procedure push( x Integer), procedure main IS
function pop return integer, -- declarations
end, elem integer,
-------------------- begin
package body stack is -- statements
s array (1 100) of integer, -
top integerrange 0 100 =0, stack push( 7 ),

procedure push( x Integer) Is -

-- elem = stack pop,
end push, --
function pop return integer i1s end,

end pop,

Figure 32. Ada example

possible textual fragments that could be separately compiled according to the language
definition (1n theory, with enough contextual information, individual symbols could be
separately compiled) The first unit 1s the package specification and ‘push’ and ‘pop’ form
the interface of the package The second unit 1s the package body which additionally
defines ‘s’ and ‘top’ which are private to the package The third unit 1s a subprogram since
a complete Ada program requires at least one subprogram The with clause appearing
before the subprogram ‘main’ illustrates how the interface of a package 1s made available
to other packages and subprograms, 1n this case the with clause signals the compiler to
make the interface of the package ‘stack’ available to the subprogram ‘main’ In this
example the package specification and body for ‘stack’ depend on the same set of pack-

ages (1n this case no other packages), 1n general, however, package bodies can depend on
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a superset of the packages appearing in their corresponding specifications, likewise for
subprogram specifications and bodies Every body implicitly depends on the packages
appearing 1n the with clause of 1its corresponding declaration so only any additional

packages need to be specified

Type checking between compilation units by an Ada compiler 1s facilitated by what 1s
described as a library file in the Ada standard [21] The standard does not state explicitly
what 1s contained 1n a library file, however 1t implies that 1t contains at least symbol tables
for each successfully compiled unit and information regarding the order of compilation
The 1dea 1s that when a compilation unit 1s compiled the library file 1s read, in whole or in
part, for the purposes of type checking across compilation units and 1s updated on the suc-
cessful compilation of a unit The existence of this external file imposes an order in which
units must be compiled The standard states that consistency 1s guaranteed provided speci-
fications are compiled before their corresponding bodies and a unit 1s compiled after all
units named 1n 1ts with clause Simular rules apply to recompilations but the standard
allows that a particular implementation may skip compilations if 1t can deduce that some
units are not affected by the change (see Chapter 2) In practice the library file exists in a
compressed format [1] rather than containing the original textual declarations 1n order to
speed up compilation At least one implementation, the GNU Ada compiler [3], does not
use a library file at all and processes library information directly from the appropriate
source file This method has the disadvantage that source files have to be named 1n such a
way that the compiler can find the correct text when processing a with clause, 1t also
restricts files to containing exactly one compilation unit The GNU compiler also stores
source file dependencies directly 1n the object file so that a set of object files can be exam-
ined to see 1f they depend on a consistent set of sources before being linked together This

method makes some compilation order 1ssues 1rrelevant

We would expect a compilation server for a conventional Ada compiler to offer a modest
improvement in compilation speed The library file 1s already 1n an intermediate format,
however we could eliminate the rereading and reprocessing of commonly used interfaces

by retaining the internal representation in the compiler A compilation server would also
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be relatively easy to implement since the module interface 1s a source language construct
and the context of an interface 1s made explicit by the with clause unlike C and C++

where the context depends on where an interface gets included

6.2.3 Modula-2

The smallest constructs of Modula-2 that can be separately compiled are definition mod-
ules and implementation modules A module, at the outermost level of a program, 1s a
construct for grouping related objects such as procedures, variables, types and other mod-
ules, the subset of objects intended to be visible to other top level modules constitute the
interface of the module The interface of a module consists of all objects declared 1n the
definition module Every definition module has a corresponding implementation module
Definition modules are restricted 1n the sense that they cannot contain procedure bodies or
local module declarations Implementation modules contain corresponding bodies for pro-
cedures appearing 1n the definition module as well as declarations of other objects

required privately by the module

A sample Modula-2 program 1s shown Figure 33 The lines of asterisks delimit the small-

DEFINITION MODULE stack, MODULE main,
PROCEDURE push(x INTEGER), IMPORT stack,
PROCEDURE pop() INTEGER, (* declarations *)

END stack VAR elem INTEGER,

(****ﬁtit*tt**t**i**t) BEGIN

IMPLEMENTATION MODULE stack, (* statements *)
VAR s ARRAY [1 100] OF INTEGER, (*..:")

VAR top [0 100], stack push(7),
PROCEDURE push(x INTEGER), (* *)

(* ") elem = stack pop(),
END push, (= *)
PROCEDURE pop() INTEGER, END main

. .-

END pop,

BEGIN
top =0,

END stack

(*t*i***itttt*******i)

Figure 33. Modula-2 example
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est possible textual fragments that could be separately compiled according to the language
definition The first unit 1s the definition module for ‘stack’, the second unit 1s the imple-
mentation module for ‘stack’, and the third unit 1s a main module which performs a simi-
lar function to the subprogram ‘main’ in the Ada example The IMPORT clause appearing
in the main module 1llustrates how modules access the interfaces of other modules In this
case 1t 1s expected that the declarations or statements of the main module will directly ref-
erence objects 1n the interface of the ‘stack’ module As in Ada, an implementation mod-
ule can depend on a superset of modules upon which its corresponding definition module
depends Also, implementation modules implicitly depend on the modules specified in
their corresponding definition modules and need only explicitly mention any additional

modules

Type checking between compilation units by Modula-2 compilers 1s typically achieved
through the use of symbol files A symbol file 1s created for each definition module com-
piled and contains an intermediate representation of the corresponding text The existence
of these intermedaiate files imposes a compilation order on compilation units similar to that
for Ada Implementations use a broad range of symbol file formats At one extreme there
1s at least one implementation [5] that does not use symbol files at all and processes import
clauses by recompiling the text directly from the file containing the module definition At
the other end of the spectrum, another implementation [9] uses a symbol file which 1s
close 1n format to the internal representation of the symbol table used by the compiler and
1s complete 1n the sense that 1t contains all the symbols from all definition modules appear-

ing 1n the transitive closure of 1ts text’s import clauses

The benefits of a compilation server for Modula-2 are quite similar to Ada essentially
avoiding rereading and reprocessing commonly used symbol files Again we expect
implementation to be relative easy since the module interface 1s an explicit source lan-

guage construct and context 1s made explicit by the IMPORT clause

Ultimately, we have demonstrated that retaining information between invocations of a

compiler can significantly speed up compilations in most practical cases As a result we



79

believe that this should be seriously kept 1n mind when considering the design or redesign

of new or existing compilers
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