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ABSTRACT 

Convent10nal C compilers tend to spend a great deal of time processmg text contamed m 

header files Worse yet, the same text may be processed over and over This occurs when a 

programmer 1s either engaged m the repetitive ed1t-comp1le-debug cycle or when a mas­

sive compllat1on 1s performed and the same header files are repeatedly mcluded by several 

comp1latton umts One approach to thts problem has been to design compllers which use 

precomptled versions of header files that can be processed much more rapidly than the 

ongmal source text of the header files The pnmary drawback of this strategy 1s that the 

meanmg of a header file 1s contextually dependent on where 1t 1s rncluded Smee precom­

p1led headers must be generated m advance then, m mstances where the current compila­

tion context does not match the context m wh1ch the header was precompiled, the source 

text of the header file must be reprocessed We present a more general, transparent, adap­

tive scheme whereby mtemal representations of header files are generated and reused as 

actual compilations are earned out The pnnc1pal benefit 1s that context mformat10n 1s 

taken d1rectly from real compilat1ons and 1f the context changes then new mtemal repre­

sentations can be generated automatically Our scheme performs at least as well as 1mple­

mentat1ons usmg precomp1led headers, but 1s more general and completely transparent to 

the user It ach1eves savmgs of 60% on average m the repet1ttve case and 40% m the mas­

s1ve case over the conventional comptler from wh1ch the comp1lat1on server was denved 

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

Imagme that a book, How to Achieve Financial Independence Through Widgets, 1s a 

national best-seller The author qmckly realizes that havmg a Canadian nat10nal best-seller 

1s no way to achieve financial mdependence In order to cap1tahze on the lucrative Amen­

can market she decides to have her book translated and pubhshed m Amencan English 

Havmg never employed the services of a translator before, she pays close attent10n to the 

work of her Canadian-Amencan translator She 1s stunned when he spends several days 

readmg large tracts of the dictionary as 1f he were completely unfamihar with the Cana­

dian language Fmally, he begms work on Chapter 1 and she relaxes as he pohshes 1t off m 

a few hours Unfortunately her sense of rehef 1s apparently premature as he agam spends 

several days with the d1ct10nary before even lookmg at Chapter 2 which, once he gets 

started, 1s also fimshed m a matter of hours This pamfully long process 1s repeated for 

each of the remammg chapters of her book leavmg the author relieved that the task has 

been completed yet susp1c1ous as to whether 1t could have been fimshed faster 

This seemingly mtolerable scenano 1s remarkably s1milar to the s1tuat10n programmers 

routinely encounter, possibly dozens of tunes a day, when they make use of a compiler 

The only thmg that makes the process seem bearable to programmers 1s that the absolute 

amount of time spent comptlmg a program or its parts 1s typically on the order of seconds 

or minutes rather than days or weeks which our 1magmary translator might be spent trans­

latmg a book Yet, hke our fict1t1ous wnter, the programmer has an mtu1t1ve sense that the 
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compilation process frequently takes longer than really seems necessary As a concrete 

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

#include <X11/lntnns1c h> 
#include <X11/Shell h> 
#include <X11/Xaw/Command h> 
#include <X11/Xaw/Form h> 
#include <X11/StnngDefs h> 

XtAppContext 
Display 

Xtac, 
*dpy, 
args[20], 
exit() , 

static Arg 
VOid 

void main(argc, argv ) 
int argc, 
char *argv[], 
{ 

Widget shell, form, button, 

XtToolk1tlnit1allze(), 
Xtac = XtCreateAppllcat1onContext(), 
dpy = XtOpenD1splay( Xtac, NULL, "hello", "Hello", NULL, 0, &argc, 

argv ), 
shell= XtAppCreateShell( "hello", "Hello", 

appllcat1onShellW1dgetClass,dpy, NULL, 0 ), 
form= XtCreateManagedW1dget( "form", formW1dgetClass, shell, 

args, 0 ), 
XtSetArg( args[0], XtNlabel, "Quit" ), 
button= XtCreateManagedW1dget( "qu1tButton", commandW1dgetClass, 

form, args, 1 ), 
XtAddCallback( button, XtNcallback, exit, 0 ), 
XtSetMappedWhenManaged( shell, True ), 
XtReal1zeW1dget( shell ), 
XtAppMainLoop( Xtac ), 

Figure 1. Tnvial program 

wmdow with a button labelled 'Qmt' When the user chcks on the button the program 

exits The unsuspecting programmer ffilght be surpnsed to discover that this tmy 851 char­

acter program, which generates a mere 2,675 characters of assembly code, takes a whop­

pmg four seconds to compile (on a SPARCstation IPC) Assuffilng the machme executes 

around ten ffillhon mstruct10ns per second, the 1mphcat10n 1s that the compiler executes 

approximately 11,000 mstruct10ns per character read or wntten which seems horribly mef-
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ficient What is more mfunatmg 1s that even after a simple change to the program, such as 

changmg the label of the button from 'Qull' to 'Exit', the program still takes four seconds 

to compile It 1s not the length of a smgle compilation which 1s most frustratmg but the 

cumulative effect of repeatedly wa1tmg for the compiler after makmg a small change to 

the program, which 1s charactenst1c of the edll-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 the1r work m which case comp1lat1on lime would be melevant However we 

acknowledge that 1t 1s generally easier to speed up the technology than reduce the expecta­

llons of society Recent history 1s replete with mvent1ons reflectmg contemporary western 

culture's growing 1mpat1ence touch tone d1almg, microwave ovens, "instant" teller 

machines, one hour photo fimshing, and dnve through restaurants As a result, this thesis 

exammes a techmque for making the compilat10n of C programs more efficient in the con­

text of the repetlllve ed1t-comp1le-debug cycle man attempt to relieve the anxiety felt by 

programmers everywhere The remainder of this chapter elaborates on why convenllonal 

C compilers are so inefficient in this regard 

1.1 Overview of compilation 

A convent10nal compiler is a specialized form of translator which transforms high level 

descnpllons of algonthms wntten by and/or mtended to be read by people mto low level 

sequences of mstrucllons mtended to be executed by a parllcular hardware platform Some 

desired charactensllcs of a compiler include correct code generat10n, efficient code gener­

allon, efficient generated code, effecllve error recovery and mformatlve diagnostics 

The relative importance of each of these charactenstics m a particular compiler depends 

on the intended use of the compiler In a teaching environment, mformallve diagnosllcs 

and good error recovery are desirable In a production environment, the efficiency of the 

generated code is extremely important 
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In any implementation, correct code generat10n 1s essential The semantics of the source 

text must be eqmvalent 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 eqmvalent source text for which correct code is gener­

ated, at worst, there may be no eqmvalent source text which generates the correct target 

code 

Informative diagnostics help a programmer qmckly locate lexical or syntactic errors in the 

program text An informative diagnostic would at least include mformatton regardmg the 

exact or approximate location of the error such as file name, line number and column 

number, and also descnbe the nature of the error (for example, unrecognizable lexical ele­

ment, redeclaration of an 1dent1fier, use of an undeclared identifier, missrng statement sep­

arator or terminator, or unbalanced parentheses in an expression) Error recovery refers to 

the ability of a compiler to continue processmg the remainmg source text after an error 1s 

encountered Combmed with rnformative diagnostics, good error recovery should allow as 

many errors as possible to be identified in a compilat10n umt 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 execut10n 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 m applications where memory resources are restncted such as embed­

ded systems Time efficiency 1s desirable in most other apphcat10ns 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 affectmg the speed of target code generat10n 1s the desired level 

of efficiency reqmred of the target code Increasmg 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 intermediate representation of the program Another factor, which 1s the subJect 
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of this thesis, that reduces the speed of target code generat10n 1s the redundant processmg 

of source text and other data Specifically, we are concerned with the case where the result 

1s discarded either because 1t 1s melevant or 1t duplicates a previous result The next sec­

tion discusses redundancy m the context of separately compiled languages 

1.2 Separate compilation 

The alternative to separate comp1lat1on could be descnbed as monohth1c comp1lat1on 

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

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

Program A 

Source text Compile 
Object Code 

--

--
ProgramB 

Figure 2. Monohth1c comp1lat1on 

contam common textual fragments, such as procedures or functions, which are compiled 

each time they encountered m a program, usually generatmg the same target code m the 

process Another obv10us meffic1ency occurs when the text of the program changes m a 

small area and the text of the entire program must be recompiled as result The advantage 

of a monohth1c system, at least for strongly typed imperative languages, 1s that every 

object m the program can be declared exactly once and object references can be type 

checked easily 



If a language supports separate compllat1on, rncomplete program fragments can be com­

piled and assembled later dunng a second phase, hnkmg, which resolves references to 

objects that are not defined rn the vanus compilation umts (see Figure 3) With separate 

Program A 
r ----- - ---- 7 

r I 
I 
I 
I 
I 
I 
I 
L 

I 
Source 

Compile I Text 
1 --
I 
I 

Module X I 
I 

-- ------7 I 
I I 
I I 
I I -
I -

I 
I I 

Module Y I I 
_ _ __ ____ _l _ ...J 

I 
I 
I 
I -
I -
I 

Module Z I L _____ __ __ ...J 

Pro ram B 

Object 
Code 

Lmk 

Figure 3. Separate comp1lat10n 

Object 
Code 

--

-

6 

comp1lat1on, common procedures and functions can be collected rnto one or more modules 

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

back 1s that the complier now reqmres a mecharusm for venfymg the use of objects 

declared m one module and referenced m one or more other modules 

C 1s properly called "rndependently comptled" rather than "separately compiled" smce the 

language defimtlon does not descnbe a formal mechamsm for type checkmg between 
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mdependently compiled umts C's # inc 1 ude d1rect1ve, however, can be used to sLmulate 

mtermodule type check.mg 1f used properly Moylan [ 15] gives a summary of the correct 

use of the #include d1rect1ve for intermodule type checkmg 

The # inc 1 ude d1rect1ve simply mstructs the compiler to mterrupt processmg the text of 

the current file and start processmg the file named m the d1rect1ve When the named file 1s 

fimshed berng processed, processmg contmues m the ongmal file Inclusion d1rect1ves can 

be nested If we restnct the contents of mcluded files to contammg only declarat10ns of 

objects appearmg m the mterface of modules then we can simulate mtermodule type 

checkmg by mcludmg these files m any compilation umt that references an object m the 

mterface of a particular module 

1.3 The problem 

The central problem with mdependent compilation m C 1s that the text constltutmg the 

mterfaces of modules 1s processed repeatedly rn the case where a comp1lat10n umt 1s com­

plied repeatedly, as durmg the complie-debug-ed1t cycle, or when several comp1lat10n 

umts are compiled which reference the same mterface In the days when C was m its 

mfancy, when 1t was used largely for 1mplementmg the collection of small programs that 

compnsed the Umx operatmg system, this problem was manageable smce the number of 

modules m the system was small and the mterfaces were simple Today, as the complexity 

of software bemg implemented m C mcreases, the number and complexity of mterfaces 1s 

mcreasmg and, furthermore, the number of declarations actually used by a compilation 

umt 1s gettmg smaller relative to the total number of declarat10ns appeanng m mcluded 

header files Kamel [12] reports that, for one large system, 60 percent of compile time was 

spent processmg mterfaces One rrnght consider addressmg the second problem by 

restnctmg each header to contam exactly one declarat10n and thus each comp1lat10n umt 

could mclude exactly the nght number of headers for contammg all the reqmred declara­

tions This has the obv10us disadvantage that 1t would be extremely difficult to keep the set 

of files reqmred by a compiiat10n umt up to date by hand, and, furthermore, the overhead 
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of openmg and closmg several small files for a smgle compilation umt would hkely be a 

sigmficant factor m slowmg down compllation for most operatmg systems At the other 

extreme we could keep all declarations m a smgle file which makes the second problem as 

bad as poss1ble smce the rat10 of declarations processed to declarations used 1s as high as 

possible, on the positive side each compilation umt only ever has to mclude one header 

With one monohthlc header file we also run mto the problem that C only has a smgle glo­

bal name space for functions and variables and so a scheme is required to name every 

exported obJect of every module umquely In practice, declarat10ns are grouped mto 

header files based on some meanmgful cntena for the programmer 

In hght of the above discuss10n we now reconsider the sample program of Figure 1 more 

carefully The five header files that are mcluded transitively reference 15 other header 

files On our system those seemmgly mnocuous five Imes actually correspond to 285,000 

bytes representing hundreds of declarations of which only 20 are even referenced by the 

function bemg comptled The 1mphcation of this analysis 1s that the average number of 

mstructions executed per byte read or wntten 1s only about 140 (based on 4 seconds to 

compile on a 10 MIPS machme) 

Look.mg even more closely at the compllation 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 translat10n and outputs preprocessed C text where 

the #include duectlves have been expanded, macros have been expanded, and com­

ments have been stnpped out For our sample program the output of the preprocessmg 

phase alone 1s about 56,000 bytes So the preprocessor reads 285,000 and wntes 56,000 

bytes and the compiler proper reads 56,000 and wntes 2,700 bytes for a total of 399,700 

bytes The four second compile time now seems even more reasonable 1mplymg an aver­

age of 100 mstruct10ns executed per byte read or wntten 

Considenng the actual amount of work berng done by the compiler, 1t no longer seems that 

meffic1ent However, we doubt that 1t has to do that much work all the time, the compiler 

essentially behaves hke the 1magmary translator m the openmg paragraph of this chapter 
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What we would really hke 1s a compiler which behaves more hke a typical human transla­

tor someone who only looks up unknown words as they are encountered m the document 

bemg translated and remembers defimt10ns between translations This thesis exammes the 

implementation of similar behavior m a C compiler 

1.4 Thesis overview 

In Chapter 2 we summarize prev10us work that has been done to overcome the problem 

outlmed m this chapter, but first look at the related problem of ehmmatmg the redundant 

generat10n of obJect code An overview of what we would like to achieve m general along 

with what 1s practical appears m Chapter 3 Chapter 4 descnbes some of the details of 

applymg our approach to an ex1stmg compiler Our modified compiler 1s measured agamst 

the ongmal 1mplementat10n m Chapter 5 Fmally, Chapter 6 summanzes the effectiveness 

of our approach and outlmes possible future work for this implementation as well as spec­

ulatmg on the general apphcabihty of the techruque to other programmmg languages 



10 

2 Background 

Extendmg the analogy of Chapter 1, suppose the book 1s so successful that 1t goes to a sec­

ond pnntmg Naturally the author will take the opportunity to make some correct10ns, per­

haps the correct10ns are confined to a smgle chapter or section The translator reports that 

he cannot really guarantee the quality of the translation unless he 1s allowed to translate 

the enttre book rather than JUSt the changed sect10ns Obviously the amount of gnef tlus 

causes 1s a function of the length of the book 

The approach of the translator may sound more outrageous than the ongmal scenario, yet 

the caut10us programmer often relies on exactly this, recomp1hng the enttre program, m 

order to ensure that any changes to the program text have thetr effects propagated through 

the enttre program The reason 1s that dependencies exist among the comp1lat1on umts 

compnsmg a complete program It may not even be JUSt the cautious programmer who 

recompiles the enttre program, the sloppy, 1mpat1ent programmer may recompile the 

entire program m the hope of removmg a bug caused by a hidden dependency which he 1s 

unaware of Recompilation of the enttre program after a small change may not be an issue 

1f the program 1s small but becomes less attractive as the size of the system mcreases 

This problem 1s actually qmte s1milar to the problem we are pnmar1ly cons1denng and 

descnbed m Chapter 1 In this case we want to av01d regeneratmg the same obJect code, of 

which we already have a copy m a file, which will be used later on as mput to the lmker 

For the problem descnbed m Chapter 1, we would like to avoid regenerating the same 



symbolic mformat10n from header files , of which we should retam a copy m memory, 

which can be thought of as mput to the remamder of the compilation This chapter sum­

manzes the work that has been done m both areas 

2.1 Eliminating redundant compilation of modules 

II 

Adams et al [ 1] provide an excellent summary of current techmques used m ehmmatmg 

redundant compilat10n of modules, which they term selective recompilat10n and ehmmat­

mg redundant comp1lat1on w1thm modules, which they term efficient environment pro­

cessmg Selective recomp1lat1on is concerned with estabhshmg the set of umts that are 

potentially affected by a particular change to the text of one umt As a runnmg example to 

be used throughout tlus section, we consider the program fragment of Figure 4 The 

exphcit dependencies created by the # i nc 1 u de d1rect1ves are illustrated m Figure 5 

/* types h */ /* f2 C */ 
typedef struct { #include "modvar h" 

double X, VOid f2( VOid } { 
double y, p1 X += 2 0, 

} RectPt, p1 y += 3 0, 
typedef struct { 

double rho, 
double r, /* f3 C */ 

} PolarPt, #include "types h" 
VOid f3( VOid ) { 

/* modvar h * / RectPt p, 
#include "types h" p X = 2 0, 
extern RectPt p1, p y = 3 0, 

} 
/* f1 C */ 
#include "modvar h" /* f4 C */ 
RectPt p1, #include <math h> 
VOid f 1 ( VOid ) { #include "types h" 

p1 X = 1 23, VOid f 4( VOid ) { 
p1y=456, PolarPt p, 

} p rho = M_Pl/3 0, 
pr= 2 0, 

} 

Figure 4. Program fragment with dependencies 
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types h math h 

modvarh 

fl C f2 C f3 C f4 C 

Figure 5. Dependency graph for program of Figure 4 

The eight methods of selective recomp1lat1on 1dent1fied by Adams et al are cascadmg 

recompilat1on, surface change, cut-off recomp1lat1on, serru-smart recompilat1on, smart 

recomp1lat1on, attnbute recomp1lat1on, smarter recomp1lat1on, and smartest recomp1lat1on 

There 1s a mnth, not very selective, method termed the big bang method where the entire 

system 1s recompiled when a smgle umt changes 

2.1.1 Cascading recompilation 

The rule for cascadmg recompilation 1s simple whenever a umt changes, all of its directly 

and mdirectly dependent umts are recompiled In implementations where spec1ficat10n 

umts are actually compiled (e g Ada and Modula-2 compilers), umts are compiled m the 

order of mcreasmg distance m the dependency graph from the changed umt In 1mplemen­

tat1ons where specification umts are not compiled (typical C and C++ compilers and the 

GNU Ada compiler) only the leaves on a path from the changed umt are recompiled For 

our example program fragment, 1f types h changed then all the" c " files would be 

recompiled, 1f math h changed only f 4 c would be recompiled, 1f mod var h changed 

only f 1 c and f2 c would be recompiled Make [4] 1s a tool designed to 1dent1fy which 

umts ma hierarchy have been changed and schedule recompilations accordmgly H1ston­

cally, the h1erarclucal descnpt10ns of programs were mamtamed by hand but now, at least 
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for some languages, there are tools for generatmg the descnpt10ns automatically from the 

program text 

Under stnct cascadmg recompilat10n, the nature of the change to a umt is considered irrel­

evant It is clear that not every change affects every dependent umt and so several refine­

ments to the method have been made 

The surface change method analyzes the changed umt to establish if the change is stnctly 

cosmetic, i e change is confined to comments and white space, if so, there is no need to 

recompile dependent umts If, for example we add a comment to types h then no umts 

need to be recompiled This analysis can be implemented easily by retarnrng a tokenized 

version of the compilation umt and retokemzing the umt when the text changes and com­

paring the sequence of tokens 

The cut-off recompilation method establishes the set of umts to be recompiled in the same 

manner as cascading recomp1lat10n The output of the compilation of each umt 1s com­

pared with the previous output In the event that there is no change, no further dependants 

of this umt need to be recompiled This method is not particularly applicable to C where 

specification umts (" h" files) are not exphc1tly compiled but could be apphed to lan­

guages like Ada or Modula-2 Consider the eqmvalent of the example program in a smt­

able language and the addition of a field to the PolarPt structure Cascadmg recompilation 

would select all umts for recomp1lat1on The output of comp1lmg mod var h would be no 

different from the previous compilation and so fl c and f 2 c would be "cut-off' from 

further recompilation 

2.1.2 Smart recompilation 

Smart recomp1lat10n methods analyze the nature of changes to compllat10n units in greater 

detail Semi-smart recompilat10n classifies the change to the umt as either adding declara­

tions to an exported interface, modifying procedure declarat10ns or vanables, 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 add1t10n of declarat10ns to an inter-
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face will have no effect on any directly or indirectly dependent umts Also 1f the language 

allows vanables and procedures to only propagate one level (also not C) then only directly 

dependent umts can be affected by a changes to procedure declarations or vanables All 

other changes generate cascading recompilation As an example consider the sample pro­

gram m a language supporting qualified object references and the add1t10n of the follow­

mg declaration to types h 

typedef struct { 
PolarPt 
double 

} Circle, 

centre, 
radius, 

In this case no umts would be recompiled because no unchanged umts can possibly 

depend on an added declarat10n For C of course we would have to recompile all files tran­

sitively dependent on types h smce the added identifier Circle may clash with another 

declarat10n of Circle smce all exported objects of modules m C end up m the same global 

name space 

Smart recomp1lat10n [20) 1s more precise m its analysis For each declaration m each com­

pilation umt the set of compilation umts referencmg that object 1s computed This mfor­

mat10n 1s used m conJunction with the sets of added, modified, and deleted declarat10ns 

when a comp1lation umt 1s changed m order to determme the set of comp1lation umts that 

must be recompiled For the sample program fragment we have 

Comptlat10n umt Declarat10n Transitively referenced m 

types h RectPt { modvar h, fl c, f2 c, f3 c } 

types h PolarPt { f4 C} 

modvarh pl { fl C, f2 C } 

fl C fl {} 

f2 C f2 {} 

f3 C f3 {} 

f4c f4 { } 
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Consider a change to a compilation umt that is syntactically valid Dealmg with the 

deleted declarations is easy, either the declaration is not referenced by any other umt, m 

which case the deletion is harmless and no other umt needs to be recompiled, or the decla­

ration is referenced elsewhere, m which case an error has been mtroduced smce there will 

be a reference to an identifier somewhere without a declaration Dealmg with added and 

modified declarations is slightly more complicated Firstly, both added and modified dec­

larations may contam references to identifiers not explicitly declared m the changed com­

pilation umt m which case a recompilation is necessary to establish that the use of the free 

1dent1fiers 1s vahd Added declarations must be checked agamst all other umts to establish 

if they redeclare identifiers declared m other umts Fmally, the set of umts that reference a 

modified declaration must be recompiled m order to ensure that uses of the declared iden­

tifier are still valid 

As an example, consider the addition of the declaration of Circle above to types h Th1s is 

not an error smce no other umt declares Circle and also nothmg needs to be recompiled 

As a further example consider the addition of a field, z, to Rec t Pt, m th1s case mod­

var h, f 1 c, f 2 c, and f 3 c would be recompiled because they all reference 

RectPt 

There is an efficient graph based implementation of smart recompilation [ 11] m which 

vertices represent modules and arcs represent dependencies between modules The arcs 

are labelled with the obJects that are exported d!fectly or mdirectly to the module at the 

other end of the arc The algonthm performs a traversal of the graph from the changed 

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

Attnbute recompilation refines the set of referencmg umts for a declaration to mclude 

more mformat10n regardmg the nature of the use of the identifier For example, if there is 

an identifier that names a record type and the name is only referenced to get the size of the 

type then changmg the fields of the record should not force a recompilat10n (provided the 

size of the record stays the same) This is not illustrated rn the example program fragment 



but suppose there was an addit10nal compilat10n umt 

/* f5 C */ 
#include "types h" 
VOid f 5( VOid ) { 

mt s = s1zeof( PolarPt ), 

} 
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Now, if we renamed a field m the Polar Pt record type that would constitute a change to 

the declaration of Po 1 ar Pt so under smart recompilation f 5 c would have to be recom­

piled Attnbute compilat10n would have the mformat10n that the reference to Polar Pt m 

f 5 c only uses the size of the type and so the renammg of a field would not cause the 

recompllat10n of f 5 c 

Smarter recompilat10n [17] recogmzes that symbols are frequently used mdependently m 

different parts of large system For example, consider agam addmg a field, z, to the 

RectPt type m the sample fragment and addmg a statement to fl c to mitiahze the z 

field of pl Smart recompilat10n would select modvar h, f 1 c, f 2 c, and f 3 c for 

recompilat10n The programmer knows that only a new field was added to the type 

RectPt and that this new field is only used m fl c so she selects the subset {mod­

var h, f 1 c} for recompilation The smarter recompilation algonthm would identify 

f 2 c as shanng an object of the modified type with f 1 c and so f 2 c would be added 

to the set of umts to be recompiled as well The umt f 3 c need not be recompiled if it 

contams an mdependent 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 recompilmg the entire 

system while still creatmg a funct10nal system If the test is successful then the entire sys­

tem can be recompiled at a later time The general process of smarter recompilat10n is 

1 The changed umts are analyzed to form the set of umts that would be selected for 
recompilation by the smart recomptlat10n method and presented to the program­
mer 

2 The programmer selects a subset of these to be recompiled 

3 The compllat10n system mfers any additional umts that must be recompiled that 
share objects of modified types with the umts selected by the programmer for 
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recompilation Shared obJects typically anse as module wide variables of modi­
fied types and procedure calls with arguments of modified types 

Fmally, smartest recompilation, normally only applicable to languages with no explicit 

specification umts such as ML, only recompiles changed implementations, mfers the most 

general types for undeclared identifiers and defers type resolution between modules until 

lmkmg 

2.2 Eliminating redundant compilation within modules 

Adams et al [1] identify two methods for elmunatmg redundant compilation w1thm mod­

ules selective embeddmg and environment prunmg Selective embeddmg ignores module 

mterfaces until the set of references to undeclared identifiers appearmg m a compilation 

umt has been determmed At this stage the required declarations are extracted and com­

piled This process might uncover more undeclared identifiers and so the process is iter­

ated until every referenced identifier has had its declaration compiled 

Environment prunmg 1s a more coarse approach to selective embeddmg Module mter­

faces are agam ignored until the set of referenced identifiers without declarations has been 

determmed For each undeclared 1dent1fier the entire mterface contammg its declaration 1s 

processed This techmque rehes on references to external symbols bemg qualified so the 

mterface can be 1dent1fied easily, otherwise all mterfaces specified by the compllat1on umt 

must be processed 

2.2.1 Precompiled headers 

A precomplled header 1s an mtermediate form of a header file mtended to be processed 

more qmckly by the compiler than the source form of the header The Lattice C compiler 

for the Arruga [13] has a utihty which removes unnecessary white space and comments 

from a header and replaces keywords with smgle character representations (d1stmgmshed 

from the regular text by havmg the high order bit set) This processed text still has to be 

parsed and analyzed hke an ordmary header However the volume of mput 1s much 

smaller m most mstances This compiler also has a mode of operation whereby the symbol 
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table of a compilation can be dumped mto a file and read dunng subsequent comp1lat10ns 

Several of these precompiled symbol files can be read m durmg a comp1lat1on before the 

source file 1s processed However 1t 1s up to the programmer to ensure that each symbol 

has a umque defirnt10n, the compiler does not seem to have a mechamsm for checkmg 

consistency among several symbol files 

The THINK C compiler for the Macmtosh [ 19] can also generate symbol files contammg 

declarations ma format suitable for qmckly loadmg mto the compiler's symbol table 

Consistency issues are handled by restnctmg source files to only mclude a smgle precom­

p1led header and that header must be the first file mcluded The Borland C++ compiler [2] 

has a s1ffillar mechamsm and deals with consistency by restnctmg the use of precomp1led 

headers to source files where the same set of headers 1s mcluded m the same order and the 

same set of macro defimtions must be m effect 

Litman [14] descnbes a more flexible approach whereby the precompiled header contams 

an mdex of locat10ns of declarations m the source of the ongmal header keyed by identifi­

ers as illustrated m Figure 6 This mecharusm 1s used mstead of a dump of the symbol 

table of the compiler The precompiled header also contams the set of macro defimt1ons of 

1dent1fiers appearmg m the header when 1t was precomp1led which can be compared for 

consistency agamst the definitions m effect when the header 1s mcluded Two situations 

Precomp1led vers10n of zip h /* Zip h */ 

foo 
void bllm ( int x, floaty), 

bar 
struct bar { 

bhm }, 

extern double foo, 

Figure 6. L1tman's precomp1led headers 



19 

are identified which make the stored context and the current context mcompat1ble The 

first case 1s that a macro was defined m the stored context that 1s not defined m the current 

context This 1s problematic only 1f the macro 1s referenced somewhere m the text of the 

header and consequently the stored header contams a referenced flag for each defined 

1dent1fier to enable this test The second case 1s that a macro 1s defined m the current con­

text but not m the stored header Agarn this 1s a problem only 1f the macro m question 1s 

actually referenced rn the text of the header In this case the set of identifiers appeanng m 

the header 1s searched for the macro and m the event 1t 1s found the non-precomptled ver­

sion of the header 1s used mstead The check 1s conservative but m practice does not 

appear to ehmmate the use of the precomptled header too often The second contextual 

problem, any remammg references to undeclared identifiers after preprocessmg, does not 

cause a problem smce the extracted declarations are processed m thelf source form so any 

references will be looked up m the usual way Although not discussed m the paper, we 

assume L1tman's implementation will compile programs that do not conform to the lan­

guage standard For, example 1f a file mcludes two headers with confl1ctmg defimt1ons for 

a symbol then no error 1s reported provided the symbol 1s never referenced m the file 

because the text of the declarat10ns will never be processed We discuss this kmd of 

"harmless" non-conformance later 

A sophisticated preprocessor records when a precomp1led header 1s available for each 

header mcluded m the source file When a reference to an undeclared identifier 1s encoun­

tered later m the source file the md1ces of the precomp1led headers are searched The text 

of the appropnate 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 

techmque has reduced overall compile time for proJects by 25 to 65 percent Note that 

smce all declarat10ns are processed m theu source form by this method 1t reqmres a low 

use to v1Sib1hty ratio for the method to actually save time If every declaration 1s used by 

every compilation umt then this method could not possibly save time over convent10nal 

comptlat10n methods smce the techmque has the additional overhead of lookmg up decla­

rations m the precomp!led header as well processmg the text of the declaration itself The 
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case of every declaration bemg used by every compilation umt should not occur often m 

practice 

2.2.2 Compilation servers 

Onodera [ 16] presents an mterestmg approach wh1ch does not strictly correspond to either 

selective embeddmg or environment prunmg The central idea 1s to tum the compiler mto 

a server process wruch saves the mtemal representation (IR) of a header file m memory 

between compilations and reuses this representat10n when the header file 1s encountered m 

subsequent compilat1ons The approach 1s applied to COB, a C based obJect onented lan­

guage 

Two situations are identified which are expected to benefit from th1s scheme massive and 

repetitive compilation Massive comp1lat10n occurs when several source files are selected 

for recompilation, perhaps as a result of a change to a high level mterface Repetitive com­

pilation occurs dunng the ed1t-comp1le-debug cycle when the same source file 1s repeat­

edly compiled Perhaps a small part of the file 1s changed each time Imported mterfaces 

typically remam unchanged 

Header files m COB are partitioned mto two groups interface files and declaration files 

Declaration files are used m the usual way and can contam preprocessmg directives Inter­

face files consist solely of class declarat10ns, cannot contam preprocessmg duectives, and 

are mcluded on demand rather than exphc1tly by the # inc 1 ude duective When a class 

1s referenced for the first time m a compilation umt, the compiler suspends processmg of 

the mam text, finds and processes the correspondmg mterface file and then resumes pro­

cessmg of the mam file The COB compiler 1s restncted to only retammg the mtemal rep­

resentation of mterface files This simplifies a number of issues Firstly, the compiler does 

not have to check for compatible preprocessmg contexts smce mterface files are not sub­

Ject to preprocessmg Secondly, any exposed identifier remammg m an mterface file will 

have a defimt1on m another mterface file and so its defimt1on 1s the same across compila­

tions because of the rules for processmg mterface files 
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In particular the compilation server has a symbol table which is never completely "emp­

tied" between compilations Any symbol defimtions which were entered mto the symbol 

table as a result of processmg the text of mterface files are retamed between compilat10ns 

The symbol defimt10ns can be reused mdefimtely often m subsequent compilations with­

out re-readmg the mterface file as illustrated m Figure 7 The only time symbol defimt10ns 

from mterface files would need to be removed from the symbol table 1s when the text of 

the mterface file is updated 

i mtls I I i rntls3 I 
r - - 7 

locls2 
L - - ...J 

r--7 
loclsl i mtls21 

r - - 7 
L - - ...J locls3 

L - - ...J 

a) symbol table durmg one compilation 

i mtlsl I i mtls3 I 

i mtls21 i 
b) between compilations 

r - - 7 
loc8s3 

i mtls11 i mtls3 I 
L - - ...J 

i mtls21 i r - - 7 r - - 7 
loc8s1 loc8s2 

L - - ...J L - - ...J 

c) dunng a subsequent compilation 

□ -interface file symbol r - 7 

L - ...J 

- other symbol 

Figure 7. COB symbol table 

mt2sl I 

r - - 7 
loc8s4 

L - - ...J 

mt2sl I 
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The COB compiler 1s wntten m COB, a language whose runtime environment mcludes 

automatic garbage collection At the end of processmg a comp1lat1on umt, all structures 

not correspondmg to the mtemal representation file are marked as garbage The compiler 

also detects when an mtemal representat10n has become out of date with respect to the 

source text and purges 1t along with any dependent mterfaces Subsequent compilations 

reuse the mternal representations of class mterfaces provided they exist and are up to date 

The author reports real time savmgs of 40% when compilmg the ent1re compiler (massive 

case) and 50 to 70% m the repetitive case Note that, m contrast to L1tman's approach, this 

techmque may not break down when the use to v1S1b1hty ratio gets too high provided the 

overhead mvolved m retammg symbol table mformation between comp1lat10ns 1s not 

more expensive than processmg the text of headers m the conventional way 

Fyfe et al [6] descnbe how conventional compilers have been converted mto compilation 

servers Thelf implementation does not keep the mternal representat10n of header files m 

the address space of the server processes Instead the representation of a header file gets 

stored m object files Sharable representations of several header files may be stored m a 

separate object file for reference by all compilations that contnbute to 1t Dunng subse­

quent comp1lattons, the symbol table mformat10n can be read from the appropnate seg­

ments of the appropnate object files mstead of processmg the text of the header file The1r 

implementation also only reads symbol mformation for symbols that are actually used by 

a comp1lat1on umt rather than for all the symbols m an file They do not address the prob­

lem of dealmg with different contexts which may change the meanmg of the contents of 

the header file 

2.3 Summary 

This chapter has surveyed a number of techruques for estabhshmg the nummum number 

of comp1lat10n umts that are affected by a change to the program text Approaches to nun­

im1zmg the amount of work reqmred for processmg the interface needed by a compilation 

umt have also been covered We conclude by remarkmg that an efficient, complete pro-
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grammmg environment 1s likely to employ both techmques m sequence, mm1ffilzmg the 

number of comp1lat10n umts to be recompiled after a change and then comptlmg those 

umts selected as efficiently as possible It 1s the second step which forms the basis for the 

remamder of th.ts thesis 
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3 Approach 

This chapter descnbes, m general terms, the approach mtended to be used m implement­

mg a compilation server for C similar to the COB comp1lat10n server outlmed m the previ­

ous chapter Our approach differs pnmartly m terms of wh1ch header files are considered 

for retention m the compilation server and the mechamsm by which symbols are moved m 

bulk m and out of the symbol table 

The COB language d1stmgmshes between conventional header files wh1ch are explicitly 

mcluded m the usual way by the use of the #include d!fective, and mterface header 

files which are mcluded implicitly when a reference to a class appears m the program text 

The COB compiler only retams the mtemal representat10n of mterface files The 1mphca­

tion 1s that symbol defimtions which come from mterface files can be left m the symbol 

table mdefimtely until the text of the mterface file changes at which all symbols declared 

by the file would have to be removed In contrast our 1mplementat1on attempts to retam 

the mtemal representat10n of conventional header files Smee conventional header files are 

mcluded m program text exphc1tly, we need a different mechamsm for movmg large num­

ber of symbol defimt10ns m 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 mappmg the text of a compi­

lat10n umt to the correspondmg target text, usually either assembly or obJect code The 

source text has some structure and m practice the text of a compilation umt is processed 

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

Source text Target text 

I I Compiler 

~□ I I 
C) State 

I - - I -
~ 

-

□ C) I I 

§) I I 

Figure 8. Structure of conventional compilation 

the source text is much ncher than the structure of the target text The effect of processmg 

a construct is a function of the text and the state of the current compilation The effect may 

mvolve updatmg the state of the current compilation, generatmg a piece of the target text, 

or both The goal is to implement a compiler whlch can identify 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 identifymg the fragment and duphcatmg the effect to be 

less than processmg the fragment m its source form We define a pair compnsed of compi­

lation state and text fragment as eqmvalent to another pair if they both generate the same 

output and change m compilation state 
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3.1.1 Compilation state 

The compilation state can be thought of as a set where each element associates a meanmg 

with an identifier An 1dent1fier m a C program can be defined to represent a sequence of 

tokens which should replace the identifier whenever 1t appears m the program text, or 1t 

labels some obJect of a program such as a vanable, function, or type As identified m the 

mtroduction, the compiler 1s typically split mto two processes, the preprocessor and the 

compiler proper and so compilation state 1s split accordmgly 

3.1.2 Preprocessing state 

The preprocessor takes C text as mput and generates preprocessed C text as output The 

compiler proper takes preprocessed C text as rnput and generates assembly or obJect code 

as output The essence of preprocessmg state 1s a set of macro defimt1ons and a location m 

the mput Because of nested # inc 1 ude drrectives, the locat10n m the mput may be repre­

sented by a stack of pos1t1ons m several files A macro 1s a tnple cons1stmg of an identifier, 

the number of formal parameters the macro takes, and a replacement sequence of tokens, 

possibly empty The set contams at most one defimtion per 1dent1fier Defimtions become 

part of the set as the result of processmg #define direct1ves appearmg m the source text, 

for example, the Imes 

#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 melevant 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 defimtion 1s that subsequent occurrences of the defined identifier, and any argu­

ments immediately followmg, are replaced with the sequence of tokens given m the defi­

mtion with the actual parameters replacmg the formal parameters, for example 



Point Po l yline[ARRSIZE], 
slp = Slope( Polyline[?], cursor- >loc ) , 

1s replaced with 

Point Polyline[lOO], 
slp = ((cursor- >loc y-Polyline[7] y) /( cursor- >loc x­
Polyline [7] x) ) , 
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Defimtions are removed from the set as the result of processmg #unde f directives 

appearing m the source text Macro defimt1ons also affect the output of conditional compi­

lation d1rect1ves, for example 

#if ARRSIZE > 50 
short vec[ARRSIZE], 

#else 
long vec[ARRSIZE], 

#end1f 

1s replaced with 

long vec[30], 

1f, for example, ARRSIZE 1s defined to be 30 and with 

short vec [ 7 5] , 

1f ARRSIZE 1s defined to be 75 

3.1.3 The state of the compilation proper 

The essence of the state of a compilat10n 1s a set of symbol defimtions and the current 

location m the mput The elements of the symbol defimtion set are more complex than a 

macro defimt1on A symbol either names a variable, function, formal parameter, enumer­

at10n literal, type, or member of a structure or uruon, labels a statement, or 1s used as a tag 

for a structure, umon, or enumeration type Unlike macro identifiers which remam defined 

until the end of the translat10n umt or unttl a correspondmg #unde f d1rect1ve 1s encoun­

tered, each symbol 1s associated with a particular scope, either the ent1re comp1lat10n umt 

or a particular block Smee blocks can be nested, a local symbol hides a symbol with the 

same name m an enclosmg scope Furthermore, each scope 1s partitioned mto separate 
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name spaces so symbols m one scope can use the same name provided they exist m differ­

ent name spaces A separate name space exists m each scope for structure, umon, and enu­

meration tags, the members of a particular structure or umon, 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 computmg a func­

tion which maps text m a source language to text m a target language, 

Comp ST ext ➔ TT ext where the domam, SText, denotes the set of sequences of prepro­

cessmg tokens A preprocessmg token is either a header name, identifier, preprocessmg 

number, character constant, stnng literal, operator, or punctuator as specified m the ANSI 

C language defimtion [23] Addit10nally, we allow newlme characters m the token 

sequences m order to distmgmsh the correct or mcorrect usage of preprocessmg directives 

The domam, IText, denotes the set of target code sequences which is implementation 

defined, typically elements of this set are sequences of assembly language mstructions, 

this domam also mcludes sequences contammg a special error token, err _tt, used for md1-

catmg mvalid source sequences The function Comp maps source sequences to target 

sequences, if an element of SText constitutes a valid translation umt accordmg to the lan­

guage defimtlon then the sequence is mapped to the correspondmg target sequence, 1f the 

element does not constitute a valid compllat10n umt then the sequence is mapped to a tar­

get sequence contammg one or more occurrences of err _tt by defimt10n 

Smee the preprocessmg and comp1lat1on proper phases are usually separated we could 

consider breakmg Comp mto two functions , Prep SText ➔ PText, and 

Compp PText ➔ TText where the domam, PText, denotes the set of sequences of com­

pilation tokens A compilation token 1s either a keyword, identifier, constant, stnng literal, 

operator, or punctuator as specified m the language defi01t1on, this domam also mcludes 

sequences with error tokens, err _pt, used for s1gnalmg mvalid preprocessmg sequences 

The function Prep maps sequences of preprocessmg tokens to sequences of compilation 
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tokens, m the event that the preprocessmg sequence 1s not valid accordmg to the language 

definition then the entire sequence 1s mapped to a sequence contammg one or more occur­

rences of err _pt by definition The funct10n Compp maps sequences of comp1lat10n tokens 

to target sequences, 1f the source sequence 1s mvahd then 1t 1s mapped to a sequence con­

tammg one or more occurrences of err _tt by definition, also Compp maps a sequence con­

tainmg err _pt to a sequence contammg err _tt by definition 

These functions descnbe how the compiler maps the entire text of comp1lat1on unit In 

practice the text 1s processed a fragment at a time and the text m con Junction with that part 

of the comp1lat10n state which represents the definitions of identifiers deterrnmes the out­

put So the three functions above could actually be computed with the related fragment 

functions 

CompF SText x ?State x CpState ➔ TText x PState x CpState 

PrepF SText x PState ➔ PText x PState 

ComppF PText x CpState ➔ TT ext x CpState 

Here, PState denotes the domam of macro defimt1on components of preprocessor states 

As ment10ned earher, the set of macro definit10ns can be represented as a set of tnples 

{ <ldent, Anty, Body > } 

where ldent represents the name of the macro, Anty 1s the number of formal parameters 

reqmred by the macro, and Body 1s a sequence of zero or more tokens with the pseudo­

tokens, @n, representmg the formal parameters The elements of the domam are subJect to 

the followmg constraint 

\fps ( ps E PState) 
\/mdI, md2 ( mdl, md2 E ps ) 

macid( mdl ) = macid( md'2 ) ➔ mdl = md2 

where macid 1s a function returning the identifier defined by a macro (1 e the first element 

of the tnple, mac id ( <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 poss1-
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bly different) preprocessor state Agam we have the convent10n that if a source text 

sequence is mvahd mput with respect to some preprocessor state (and the language defini­

tion) then the value of the funct10n for that pair is a pair where err _pt occurs m the 

sequence that forms the first component of the pa1r 

CpState denotes the domam of symbol definit10n components of compiler proper states 

The set of symbol definitions can be represented by a set of tnples 

{ <ldent, Loe, AttrList> } 

where !dent represents the name the of the symbol, Loe represents the scope and name 

space of the symbol, and AttrL1st 1s a hst of attribute values Loe 1s represented by a pa1r, 

<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 

w1thm a function definition Each scope 1s partitioned mto name spaces and there 1s a sep­

arate space for each of statement labels , the tags of structures, umons and enumerations, 

the members of each structure or union, and all other identifiers The hst of attnbute val­

ues 1s implementation defined but will at least contam mformation such as 1f a symbol is a 

tag, whether 1t 1s a structure, union, or enumeration tag, 1f a symbol is vanable, whether 1t 

was declared const or volat ile, its type, and so on The elements of the CpState 

domam are subJect to the followmg constraint 

V cs ( cs E CpState ) 
VsymI, sym2 ( symI, sym2 E cs) 

symid( sym 1 ) = symid( sym2 ) /\ symloc( sym 1 ) = symloc( sym2 ) 
➔ sym I = sym2 

where symid and symloc return the 1dent1fier and locat10n of the symbol respectively (1 e 

the first and second elements of the tnple, symid ( <x, y, z>) = x and 

symloc ( <x, y, z>) = y) ComppF 1s a funct10n mappmg pa1rs of preprocessed text 

sequences and compiler state to target text sequences and (a possibly different) compller 

state We have the convention that 1f the preprocessed text sequence 1s mvahd with respect 

to some compiler state ( and the language defimt10n) then the value of the funct10n for that 

pa1r 1s a pair with err _tt as the value of the first element by defimtion Also by definit10n, 
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ComppF maps any sequence containing err _pt to a sequence containing err _tt 

CompF 1s Just the compos1t10n of the funct10ns PrepF and ComppF 

As far as equivalency and a comp1lat10n server are concerned, we do not really care about 

the total output state of these functions but rather the change m 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 

!J.CompF ST ext x PState x CpState ➔ TText x !iPState x !J.CpState 

!J.PrepF SText x PState ➔ PT ext x !iPState 

!J.ComppF PText x CpState ➔ TText x !J.CpState 

Here, !iPState denotes the domam of changes m preprocessor state A change in prepro­

cessor state can be represented by a set operat10ns that change the state of the preproces­

sor, the operations are either of the form 

<Define_Macro, Ident, Anty, Body> 

or 

<Undefine_Macro, Ident> 

which represent either the addition or the deletion respectively of a macro defimtion to or 

from the state of the preprocessor The elements of this domain are subJect to the same 

kmd of constramt as elements of PState 

"ddps ( dps E MState) 
"dopl, op2 ( opl, op2 E dps) 

maczd( op 1 ) = maczd( op2 ) ➔ op 1 = op2 

!J.PrepF 1s essentially eqmvalent to PrepF but contains only the operat10ns required to 

update the state of the preprocessor rather than produce the entire resulting state of the 

preprocessor 

!J.CpState denotes the domam of changes in compiler state A change m 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, ldent, Loe, AttrL1st> 

Agam, the elements of this domam are subJect to the same kmds of constramt as elements 

of CpState 

'v des ( des E !1CpState ) 
'vopI, op2 ( opI, op2 E des) 

symzd( op I ) = symzd( op2 ) /\ symloe( op I ) = symloe( op2 ) 
~ op I= op2 

!1ComppF is equivalent to ComppF but contams only the operat10ns required to update 

the state of the compiler rather than produce the entire resultmg state of the compiler 

11CompF is the composition of MrepF and 11ComppF 

The basic concept 1s that every tnple of text fragment, preprocessor state, and compiler 

state corresponds to some output text and some change m preprocessor state and compiler 

state This 1s mtended to correspond closely to how a compiler operates m practice pro­

cessmg some textual fragment, outputtmg some target text, and updatmg state 

The function, !1CompF above, can be represented by a graph with two types of vertices, 

st, representing elements of the set ST ext , and (ttk, dps1, dcsJ) representmg elements of 

TText x MState x !1CpState 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 m state at the other vertex A port10n of the graph 1s shown m Figure 9 

As a concrete example we consider the text fragments s~ and stH I to be 

foo x, 

and 

bar x , 

respectively If csm denotes the state 

{ <foo, (global, other ), <typedef name, int> > } 



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

and psn+2 denotes the state 

{ <foo, 0, <blim>> } 

and csm+2 denotes the state 

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

and psn+4 denotes the state 

{ <bar, 0, <blim> > } 

then ttk and ttk+I both represent an empty output text sequence and the changes m state 

represented by dcsJ and dcsJ+ 1 are 

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

and 
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<Add_Symbol, x, (global, other ), <variable, float >> 

respectively Here the term other 1s used to md1cate the symbol is m the normal name 

space (as opposed to the space for structure tags or statement labels, etc), the term van­

able d1stmgmshes the symbol from a function , typedef name, etc The important thmg to 
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note about the graph is that one source fragment can generate several effects dependmg on 

state and that one effect can be generated by several different source fragments dependmg 

on state The funct10ns !1PrepF and !1ComppF can also be represented by a graph with 

three types of vertices, s1i as above, (pt0 , dps1) representmg elements of 

PText x tiPState , and (ttk, dcsJ) representmg elements of TTextF x !1CpState Edges 

only run from the first type of vertex to the second type and the second type to the thud 

type The edges are labelled with set of states which generates the effect at the destmat10n 

vertex from the text at the source vertex A portion of the graph is shown m Figure 10 In 

the context of the above example pt0 and pt0 + 1 could represent 

foo x, 

and 

blim x, 

respect! vel y 

The general goal of a compllat10n server is to retam a subset of associations between mput 

text and change m state, and identify when an upcommg text fragment along with the cur­

rent state is equivalent to some previously processed parr In the event that there is a 

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

more directly than processing the source text m the usual way 

3.3 Practical limitations on testing for equivalence 

It is unreahstic to expect to be able to achieve the general goal outlined m the previous 

section since, in general, the cost of 1dentifymg and duphcating 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 gomg to recur frequently, and also 

there 1s the question of identifying the largest possible reusable fragment As a result we 

restrict ourselves to only attempt to duphcate the effect of text contained in header files 

We expect to get a lot of leverage out of only cons1denng header files for two reasons 

Firstly, the very fact that the text has been put mto a header file is a signal that it 1s 

intended to be widely used throughout the software system Secondly, searching for a pre­

vious use of the header is extremely efficient srnce only file names and modificat10n times 

have to be compared rather than the entire text of the header itself 

3.3.1 Equivalent preprocessing states 

Having identified the inclusion of a header that has been previously processed, we proceed 

to determme if the preprocessmg state is such that the effect of preprocessing will be the 

same as the last time the header was processed As stated m the previous chapter, Litman 

[ 14] identifies preprocessing states as inconsistent in the case where a referenced identifier 

in the ongmal state does not have the same definition in the new state or the new state con­

tams a defimtlon for an identifier appearing m the header that was not defined in the ongi­

nal state This algonthm is conservative since it may IlllSS opportunities to reuse 

precomplled header files of the following form 

#define SomeType int 
extern SomeType foo, 

This algonthm would be sensitive to the m1tial definitions for both SomeType and foo but 

this header guarantees a defimt10n for Some Type so the actual output of the preprocessor 
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only depends on the mitial defimt10n of foo 

Onodera [16] presents a more aggressive algonthm which is less sensitive to the prepro­

cessing states An identifier is descnbed as free m a header file 1f and only if there is no 

defimt10n for the identifier m file before 1t is used Note that the set of free identifiers m a 

header 1s a function of preprocessmg state as well, consider the followmg header file 

#ifdef A_FLAG 
extern SomeType foo, 
#else 
extern OtherType bar, 
#endif 

For a state where A_ FLAG 1s defined the free identifiers are {A_FLAG, SomeType, foo, 

extern}, 1f A_FLAG 1s not defined then the free 1dent1fiers are {A_FLAG, OtherType, 

bar, extern} When a header file 1s first encountered an empty defimt1on hst 1s associ­

ated with the file Each time a free identifier 1s encountered its current defimt10n 1s added 

to the hst When the header file 1s subsequently encountered the defimt10ns for each iden­

tifier on the hst are compared with the current defimtions and any differences md1cate an 

mcons1stency Although this algorithm 1s more flexible 1t 1s still somewhat conservauve, 

for example 

#ifndef SomeType 
#define SomeType int 
#endif 
SomeType foo, 

Here Some Type 1s free m the file but the output of the preprocessor will be the same m 

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

In order to describe more precisely the cond1t10ns that the above algorithms are check.mg 

we adopt some notat10n Let L be the preprocessing state when the header file, h, was pre­

compiled or last saved, let N be the preprocessmg state at a pomt where the header file 1s 

to be mcluded and we wish to determme whether or not the precomp1led 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 funct10n 
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first which returns the set of first elements of a set of tnples and lettmg h denote the set of 

identifiers appeanng m header file, h, the condition sufficient for consistency eqmvalent to 

L1tman's algonthm 1s 

first (L ffi N) ri lh = 0 (1) 

where L EB N denotes the symmetnc difference of the sets L and N and 

first (S) = {xl<x, y, z> E S} The condition expresses the idea that any identifier that 

had a defimtion m the last state must have the same defimt1on m the new state and that any 

identifier that has a defimtion m the new state must have the same defimtion m the last 

state (1f the identifier appears m the header) Lettmg F h denote the set of free identifiers m 

the header with respect to state L the conditions sufficient for consistency eqmvalent to 

Onodera's algonthm are the same as m equation (1) above but substitutmg Fh for Ih 

A proof that the above cond1t1ons are sufficient for consistency follows 

Theorem: The mclus1on of a header file, h, m two states L and N generates the same 

sequence of tokens provided the defimt1ons of any free 1dent1fiers, with respect to L, are 

the same m both states 

Proof: 

Equation (1) above, with Fh substituted for Ih, 1s eqmvalent to the statement the defim­

tlons of any free identifiers are the same m both states The proof proceeds by structural 

mductlon on the header file 

Case 1 1 The file 1s empty The mclus1on of an empty header will yield no output, which 

1s the same m both cases 

Case 1 2 The file contams a smgle token which 1s not an identifier The preprocessmg of a 

token which 1s not an identifier 1s unaffected by the state of the preprocessor and so the 

output 1s the same m both cases 

Case 1 3 a) The file contams a smgle identifier id which has no defimtion m L Smee zd 1s 

the only thmg m the file, 1t 1s certamly free with respect to L, so Fh = { zd } Smee (1) 1s 
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satisfied then there 1s also no defimt10n for id m N and so the output 1s 1d m both cases 

Case 1 3 b) The file contams a smgle identifier id which has a defimtion m L with no argu­

ments Smee id 1s the only thmg m the file, 1t 1s certamly free with respect to L, so 

Fh = { id} u S where S 1s the set of identifiers encountered on recursively rescanmng 

the replacement stnng Smee ( 1) 1s satisfied, there 1s a matchmg defimt10n for all 1dent1fi­

ers m F h m N and so the output 1s the sequence of tokens that id 1s defined to be after res­

cannmg m both cases 

Case 1 3 c) The file 1s of the form 

where id has a defimhon m L with n arguments The 1dent1fier, id, any identifiers appear­

mg many of the arguments and any identifiers formed by the## operator (the## operator 

JOms its operands 1f one of the operands 1s a formal argument, e g argX # # 12 3 would 

be replaced with abc marg123 1f abc marg was the actual parameter for argX) m the 

replacement sequence for id are all free with respect to L, so F h = { id} u A u S where 

A 1s the set of 1dent1fiers appeanng m the arguments and S 1s the set of identifiers encoun­

tered on recursively rescannmg the replacement stnng, mcludmg those formed by the # # 

operator Smee (1) 1s satisfied, there 1s a matchmg defimt1on for all 1dent1fiers m Fh m N 

and so the output 1s replacement sequence of tokens that id 1s defined to be with the appro­

pnate argument subst1tut1on and rescannmg m both cases 

Case 1 4 The file contams a smgle d1rect1ve of the form #def 1ne id token_sequence 

This d1rective generates no output so the output matches m both cases 

Case 1 5 The file contams a smgle d1rective of the form #undef id This d1rect1ve gen­

erates no output so the output matches m both cases 

Case 1 6 The file contams a smgle d1rect1ve of the form #include "hl" Assume the 

theorem 1s true for the text of hl alone The effect of th1s dlfective 1s to replace itself with 

the text of the named file If we define F h = Fhl then (1) will be satisfied 1f the dlfective 1s 
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replaced with the text of the named file and smce we have assumed that the theorem 1s true 

for the text of the named file then the output will be the same m both cases 

Case 1 7 The file, h, 1s of the form 

#if constant-expr 
hl 
#else 
h2 
#endif 

Assume the theorem 1s true for hl and h2 alone Let Ebe the set of identifiers appearmg m 

constant-expr It 1s certamly the case that E c Fh and smce (1) 1s satisfied each identifier 

will have matchmg defimtions m both Land N, thus either hl 1s processed m both cases or 

h2 1s processed m both cases If the value of the constant expression with respect to L 1s 1 

then F h = F h I u E and smce (1) 1s satisfied for F h 1t will certamly be satisfied for F hl 

and smce the theorem 1s true for hl the output will be the same m both cases If the value 

of the constant express10n with respect to L 1s O then F h = F h2 u E and ( 1) will certamly 

be satisfied for F h2 and smce the theorem 1s true for h2 the output will be the same m both 

cases Note that the #if def and #ifndef forms of cond1t10nal comp1lat10n can be con­

verted mto the #if form usmg 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 

#pragrna token_sequence 

The # error direct1ve only generates a diagnostic message and no output to the compiler 

so the output text 1s the same m both cases The #pragrna direct1ve causes implementa­

tion defined behaviour to occur In our case, pragma directives are ignored so no output 1s 

generated and the output to the compiler 1s the same m both cases 



Case 2 The file, h, 1s of the form 

hl 
h2 
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Assume the theorem 1s true for hi and h2 alone Obviously Fh I c F h and so ( 1) will cer­

tarnly be satisfied for Fhl srnce 1t 1s satisfied for Fh thus the output of the processmg of the 

part of h corresponding to hi will be the same rn both cases srnce the theorem 1s true for 

hi In order to show that the output of the processrng of the part of h correspondrng to h2 

will be the same rn both cases we need to show that (1) will be satisfied for L ', N ', and 

F' hZ where these correspond to the states and the free identifiers after the processrng of 

hl The only reason that L', N', and F' hZ would differ from L, N, and F h2 would be 1f 

#define and #undef direct1ves were encountered rn the processrng of hi If a 

#define directive 1s encountered then the same defimt10n 1s added to (or replaces an 

ex1strng definition rn) Land N and the 1dent1fier 1s (possibly) removed from Fh2 and so (1) 

1s sttll satisfied If an #undef directive 1s encountered the defimtion of the identifier 1s (pos­

sibly) removed from Land N and the identifier 1s (possibly) removed from Fh2 and (1) will 

sttll be satisfied After hi 1s completely processed L', N', and F' hZ will contrnue to satisfy 

( 1) and thus the output of the processmg of the part of h correspondmg to h2 will be the 

same m both cases 

The above proof 1s only vahd for h and L for which the expansion of h with respect to L 1s 

fimte In general 1t 1s possible that a particular header file will generate an mfimte expan­

sion under a certam state as a result of processmg mfimtely recursive # inc 1 ude direc­

tives or expandmg a recursive macro These s1tuat1ons are of httle practical mterest smce 

an mfimte expansion could never be compiled anyway If we 1magme a pomter movmg 

through the mput text as the proof proceeds we remark that the remamrng mput past the 

pomter may grow temporanly as result of encountenng an # inc 1 ude directive or 

expandmg a macro However, ultimately the construct 1mmed1ately followmg pomter will 

be an mstance of base case 1 2, 1 3a, 1 4, 1 5, 1 7, or 1 8 and mput can be consumed and 

the pomter advanced 
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3.3.2 Equivalent compilation states 

Havmg estabhshed that the preprocessor would produce the same text for a given header 

for some paLr of preprocessmg states, we now consider the cond1t10ns on the state of the 

compiler proper required m order for the text of a preprocessed header to generate the 

same effect m two different states In general we have the same reqmrement as for the pre­

processor any symbol with an exposed use m the header must have the same meanmg m 

both states In contrast to preprocessor where the meanmg of "sameness" simply means 

that the sequence of tokens are the same, sameness m the compiler proper 1s more comph­

cated For example, m the declaration 

blirn avar[7*foo], 

there are two exposed uses of symbols bl irn and f oo The attnbutes of both of these 

symbols must be the same m both states Dealmg with f oo 1s easy, 1t must be an enumer­

ation hteral with the same value m both states The case of bl irn 1s a httle more comph­

cated, 1t must be a typedef name and 1f 1t names a structure or umon type then all the 

symbols that are fields of the type must have identical attnbutes as well, and 1f any of 

those fields are of structure or umon type then thelf field symbols must have the same 

attnbutes, and so on Checkmg the general condition could be comphcated and expensive 

Instead we take an approach that 1s more restnctive, dictated pnmar1ly by the 1mplementa­

t1on we have chosen We say the effect of header 1s the same provided any symbols with 

exposed uses are declared mother header files and that set of header files has been previ­

ously mcluded m both compilat10ns The problem of ensunng that the headers have been 

mcluded m the correct order 1s dealt with 1mphc1tly by testmg the condition for each 

header as 1t 1s mcluded, e g 1f A needs B and C and B needs C and we are considenng the 

mclus10n of A, and B and C have been mcluded then C has been mcluded before B 

because the test would have been performed for B when 1t was mcluded Under this 

method, we lose the ability to reuse headers which may have free identifiers defined m the 

body of the compilat10n umt rather than another header however we do not expect this sit­

uation to occur very often m practice 



42 

4 Implementation 

We chose to modify an existing C preprocessor and compiler rather than implement a 

compilation server from scratch as m the case of the COB compiler The overhead of 

reimplementmg 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 expenence gamed from modifymg a compiler for a purpose 

which presumably was never considered m the ongmal design may be mstructive for any­

one considermg surular modifications to other compilers 

A natural select10n would have been the GNU C compiler Given that we were unfarruhar 

with the implementat10n details of any freely available C compilers, this choice was 

reJected due to its large size and complexity In the final analysis, we settled on the C pre­

processor that comes distnbuted with the X wmdow system distnbut10n and the lee com­

piler [8] 1 Usmg thousands of Imes of code (KLOC) as a measure of source code 

complexity, the GNU compiler consists of roughly 322 KLOC m the preprocessor and 

front end of the comptler, m 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 settmg many different modes of operation 

1 The technical report descnbmg the comp1ler has been s1gmficantly expanded and will be pub­
lished m book format m A Retargetable C Compiler Design and lmplementatwn [7] 
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4.1 Overview 

The current structure and mteractlon of the ex1stmg preprocessor and compiler are shown 

m Figure 11 The preprocessor is given a primary mput file and 1t may read other files as a 

Primary 
Input 
File 

Preprocessor 

Header 
Files 

(pipe or 

temporary 
file) 

Compiler 

Assembly 
File 

CState 

Figure 11. Ongmal compiler orgaruzat10n 

result of # inc 1 ude directives As it processes text its state may be updated and 1t may 

generate output text The preprocessed text is passed to the compiler either through a tem­

porary file or pipe The compiler processes text generated by the preprocessor updatmg its 

state or generatmg assembly code The preprocessor termmates when it reaches the end of 

the pnmary mput file The compiler termmates when it reaches the end of the temporary 

file or the pipe is closed 

The new structure of our implementat10n is shown m Figure 12 In addit10n to state, the 

preprocessor mamtams mtemal representations (IRs) of header files, the same is true of 

the compiler The preprocessor and compiler commumcate by a pipe Additionally, the 

compiler mamtams the preprocessed text of headers m files for the event that it is unable 

to use its IR of a header Both processes are long-lived, processmg an mdefimte number of 

compilation umts, and must be termmated explicitly 
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Figure 12. New comptler orgamzatton 

Preprocessed 
Files 

The remamder of this chapter describes the details of mamtammg and reusmg IRs m the 

preprocessor and compiler proper 

4.2 A preprocessing server based on cpp 
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lnterestmgly, the X wmdow system comes with the source for a C preprocessor This is 

because the preprocessors that come bundled with some operatmg systems cannot cope 

with the huge number of macro defimt10ns that must be processed when mcludmg the 

header files for the X wmdow system Although the implementat10n is easy to understand, 
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1t 1s not parucularly efficient The preprocessor was compared agamst others and the rela­

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

X cpp/lcc cc ace gee 

1 00 0 72 074 0 80 

Table 1: Relative performance of preprocessors 

spends 32 percent of its time in a funct10n which returns the next significant character on 

the input stream Performance probably could be improved significantly by basmg the pre­

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

Three maJor changes were reqmred for transforming the conventional preprocessor mto a 

preprocessing server Mechanisms are reqmred for creating and stonng the IR of a header 

file, estabhshmg 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 examme 1t first 

4.2.1 Preprocessing state representation 

As discussed m the previous chapter, the preprocessing state 1s defined by a set of macro 

definitions Smee the source text of programs typically con tams many 1dent1fier tokens, 

the set 1s implemented by a hash table where colhs1ons are resolved through chammg in 

order to determine qmckly whether or not 1dent1fiers have a macro replacement The hash 

funct10n used by the ongmal 1mplementat10n 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 mdex mto the hash 

table The FS 1s stored with each identifier in the table m order to speed up compansons 

along the hash cham, only the FS values of identifiers are compared until a match 1s found 

and then the more expensive stnng comparison 1s done 

The only change we made to this scheme was to order the chams pnmarily by FS value 

and lex1cograph1cally for elements with the same FS value This has the benefit that 

lookup and msert10n are st1ll lmear based on the load factor of the table but set compan-
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son, umon, and mtersect1on 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 a and ~ then the worst and expected case performance for the set umon operation 1s 

O(a~), whereas for ordered tables the worst and expected case performance 1s O(a+~) 

4.2.2 Internal representation of header files 

The IR of a header file contams three pieces of mformatton the set of files upon which the 

IR depends, the set of exposed identifiers along with their defimllons 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 reqmred m 

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 mformat10n, 

the IR must be discarded Smee this set 1s relatively small, 1t 1s represented simply by a 

hnked hst The hst 1s constructed when the IR 1s created by addmg an element to the hst 

each time an # inc 1 ude directive 1s encountered when processmg the header and stonng 

the name of the file and the time of mod1fication 

Havmg found an IR for which the set of dependent files are unchanged smce the IR was 

created, the next step 1s to check the set of exposed identifier defimt10ns agamst the cur­

rent state of as descnbed m the previous chapter If no IR has a consistent set of exposed 

identifier defimt1ons then another IR 1s created The set of exposed 1dent1fier defimt1ons 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 msertmg an element mto the table 

each time a new exposed identifier 1s encountered m the header and stormg the identifier's 

current defimt1on 

Once an IR with a consistent set of exposed identifier defimt10ns 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 msertmg an element mto the table each 
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time a #define or #undef directive is encountered m the header If there is already an 

entry m the table for an identifier when it is inserted, then the definition is overwntten 

smce, m 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 

Smee we have the convention that all hash tables are the same size, they use the same hash 

funct10n, and all hash chams are kept m sorted order then we can implement the state con­

sistency test efficiently In general, each exposed identifier m a header file has to be looked 

up m the current preprocessor state to ensure that its definition ( or lack of one) matches the 

defimt10n for the identifier when the IR was created Given that both sets are represented 

with similar tables, the test can be implemented simply by traversmg correspondmg hash 

chains m tandem, in a s1ID1lar manner to a merging operation The updating of the prepro­

cessing state can be earned out m a s1ID1lar manner, insertmg, deleting, and updatmg ele­

ments along each hash cham as appropnate In Figure 13 1, an IR along w1 th 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 preprocessmg server cannot go on creatmg IRs indefimtely 

without deleting other IRs Eventually a pomt will be reached where 1t becomes more 

expensive to find a smtable IR rather than to process the text of the header file m the nor­

mal way Also, we would ideally hke a s1tuat10n where a maJonty of IRs are m memory 

mstead of paged out to disk Instead of trymg to get an accurate estimate of how much 

memory each IR takes up and adJustmg the number of IRs retamed accordmgly, our 

1mplementat10n simply retams a fixed number of IRs This scheme may leave of lot of 

memory unused in the case where all the IRs are small, or lead to a lot of pagmg 1f all the 

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

I The exposed defimt1on set and changed set are actually represented by hash tables but are illus­
trated m the figure as hnked lists for clanty In the remamder of this thesis hash tables will be illus­
trated as linked li sts since 1t 1s the list structure of the hash chains that 1s usually s1gmficant 
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reached its lurut on IRs and needs to create a new one, an existmg one is discarded based 

on a least recently (or frequently) used strategy The selection strategy may be tempered 

with size strategey as well, choosmg to discard larger IRs mstead of smaller ones for 

example 

An IR normally consists of a large number of small dynaffilcally allocated objects In our 

situation, we have a set of obJects that we want to allocate space for mdividually and deal­

locate as a group The conventional C library functions mal loc () and free () do not 

provide this functionality directly Instead we borrow the memory allocation scheme pro­

vided m the ongmal compiler proper [10] Essentially, rnalloc () 1s used to dynaffilcally 

allocate large segments of memory as needed and objects are allocated contiguously 

w1thm each large block When the objects, as a group, are no longer needed the large 

blocks are freed mstead of freemg up each object md1v1dually In our implementat10n, 

each IR has its own hst of large blocks (arenas) and when the IR 1s discarded each arena 

on the hst 1s freed This memory management scheme distmgmshes our implementat10n 

Exposed defimtions I a I undefl1---~►~I f I 10 -I ----►-I k I foo I 

Changed defimtions I c I undefl--►-1 g I bar I ► l~~~l _1~21--►-I z I undefl 

a) sample IR 

If I 101 ► I gl bhml ► I kl fool ► I z I blaml 

b) mitial state 

I f I 101 ► I gl barl ► lkl fool ► I xi 121 

c) final state 

Figure 13. Example use of an IR 
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from Onodera's which rehes on garbage collection m the runtime environment to reclaim 

storage from discarded objects Our observation 1s that source programs have structure, 

groupmg many small objects together which get discarded all at once so an exphc1t deallo­

cat1on scheme 1s simpler to implement as well as more efficient 

4.3 A compilation server based on lee 

Lee is a small fast retargetable ANSI C compiler Its speed stems from an efficient front 

end which mcludes a hand wntten lexical analyzer and recursive descent parser Its small 

size precludes a global optimization phase, however the mclus10n of important local code 

transformat10ns 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 combmed performance 1s better than compilers hsted m Table 2 

X cpp/lcc cc ace gee 

1 00 1 08 128 1 79 

Table 2: Relative performance of combmed preprocessors/compilers 

Part of the attract10n of transformmg lee mto a compilation server 1s the arena method 

used for storage management descnbed bnefly m the prev10us sect10n The ongmal com­

piler made use of two arena hsts, one for objects which persist for the durat10n of the 

translation of a comp1lat1on umt and one for objects local to a funct10n defimtion The are­

nas for local objects are reused for each function defined m the translation umt In the 

modified compiler we extend this by havmg arena hsts which persist for the duration of 

the server process, for the duration of one translat10n umt, and for the duration of one 

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

Like the preprocessor, three major add1t10ns are required to transform the compiler from a 

short hved process that translates a smgle comp!latlon umt to a server which translates 

several Procedures are required for creatmg and stonng the IR of a header, 1dent1fymg 

when the IR of a header can be reused, and updatmg the comp1lat1on state All these pro-



cedures depend somewhat on the representat10n of cornp1lat1on state and so we descnbe 

that first 

4.3.1 Compilation state representation 
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The comp1lat10n state 1s defined by a set of symbol declarations Like the preprocessor, 

smce the source text contams many symbols, the set 1s implemented by a hash table m 

order to locate symbol declarat10ns qmckly Collisions m the table are resolved through 

chammg Unlike the preprocessor, the elements of this set are much more soph1st1cated 

Whereas a macro identifier simply has zero or more arguments and a replacement 

sequence of tokens, a symbol m the compiler has attnbutes such as type, name space, and 

scope, furthermore, a symbol may depend directly or mdirectly on the declaration of other 

symbols A further difference 1s that elements of the set are hashed based on a pomter to a 

stnng representmg the 1dent1fier rather than the stnng itself, this creates some d1fficult1es 

which are descnbed below The symbol table orgamzat10n was not altered s1gmficantly 

except for the add1t1on of attnbutes for each symbol which will be descnbed as reqmred 

below 

4.3.2 Internal representation of header files 

The IR of a header file contams two d1stmct pieces of mformat1on 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 m order to establish whether or not the 

IR can be used m the current comp1lat10n For each comp1lat1on we record the set of IRs m 

use, 1f this set 1s a superset of the IRs required then we can use this IR and add to the set of 

IRs m use, otherwise we process the preprocessed text of the header file dtrectly Smee 

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 camed out as a bmary 

AND operat10n The set 1s constructed when the IR 1s created by recordmg the IR from 

which each referenced symbol comes m the bit vector 
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If all the dependent IRs of an IR are m use, then the next step is to update the compilation 

state The set of symbols which the IR represents is a hash table with the same size and 

format of the table representmg the comp1lat10n state The table 1s constructed when the 

IR 1s created by mitially savmg the pomters to the last elements m the hash table repre­

sentmg the comp1lat1on state When the end of the text correspondmg to the header file 1s 

reached, the pomters to the last elements m the hash table are saved These two sets of 

saved pomters completely define all the symbols declared m the header Note that the 

symbol table does not contam any representation for m1tiahzers of a vanable or function 

bodies so any declarations m a header file which contam a constant mitiahzer or function 

body are lost and render the IR unusable Furthermore, a header file can contam arbitrary 

text and so may contam fragments of declarat10ns, m this case the IR 1s unusable as well 

In either of these two cases, the preprocessor may have a vahd IR of a header whereas the 

compiler may not have a correspondmg IR 

In the event that not all the IRs are muse that are depended on by an IR, 1t may be possible 

to create an additional IR for the preprocessed header text JUSt hke the preprocessor may 

create several IRs for the same unpreprocessed header files We expect the s1tuat10n of 

havmg several preprocessor IRs of an unpreprocessed header to be mfrequent and the case 

of havmg several compiler IRs of a preprocessed header even more mfrequent so we do 

not even bother at the level of the compiler proper Thus the compiler contams at most one 

IR for each preprocessor IR 

4.4 Reusing IRs in the compiler proper 

Smee the IR has a hash table of the same size and format of the table representmg compi­

lation state, we can reuse an IR simply by lmkmg m the corresponding hash chams mto 

the mam table The ent1re concept of retammg and reusmg these symbol table fragments 1s 

illustrated m Figure 14 In part a) the symbol table m effect at the end of processmg a com­

p1lat10n unit wluch mcluded three header files 1s illustrated Part b) shows what 1s retamed 

between compilat1ons Part c) shows the reuse of two of the IRs m a subsequent comp1la-
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\ IRo 

bG 
\ IR1 I 

bG 
a) compllat1on state at the end of one comp1lat10n 

pq 
IR0 

bG 
\ IR1 / 

bG 
\ IR2 / 

bG 
b) between comp1lat1ons 

IR0 

b 
\ IR1 / 

bG 
\ IR2 / 

bG 
c) dunng a subsequent comp1lat10n 

Figure 14. Reuse of compiler IRs 

hon umt Whenever an IR 1s reused we simply flag all symbols m the IR as reused and 

defer any further analysis until a symbol is actually referenced elsewhere m the program 

text This has the benefit that we do very little work for unreferenced symbols and we 

expect the maJonty of symbols declared m header file to go unreferenced m a particular 

comp1lat1on umt 

It 1s the repetitive movement of large number symbols m and out of the symbol which d1s­

tmgmshes our work from Onodera's Onodera's 1mplementat1on restncts itself to retammg 

only mterface files which get 1mphc1tly mcluded and so any symbols declared m the mter-
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face file can be left m the symbol table for the hfe of the compilation server or at least until 

the text of the mterface file changes In contrast, m C, header files are explicitly mcluded 

and so the symbols declared therem can only be present m the symbol table 1f the file has 

be explicitly named 

4.4.1 Deferred semantic analysis of declarations - laziness 

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

other symbols For example 

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

declares blam and zip and references foo and bar There are additional constramts 

blim must have been declared prev10usly or eventually as a structure tag, foo and bar 

must be enumeration constants, blam and zip must not have been declared previously 

( or 1f the declarat10n 1s m the global scope then they can have multiple declarations as long 

as the types are compatible) We ensure that each referenced symbol man IR of a header 

file has at least one definition when the IR is reused through the use of the dependency 

mformat10n We do not ensure that there 1s exactly one defimt10n ( or multiple compatible 

defimt1ons) for referenced symbols or compatible definmons for declared symbols until a 

declared symbol is actually referenced This lazy strategy 1s expected to save time m the 

case that compilation umt makes httle use of symbols declared m header files The pn­

mary drawback 1s that the server may accept non-conformmg programs however we con­

sider the non-conformance "harmless" m the sense that multiply (or mcompatlbly) defined 

symbols are never referenced, i e for example, the mcompat1ble declarations 

st ruct foo { 
char a, 

} ' 
struct foo { 

} 

double b, 
int c, 

are harmless provided the structure tag f oo 1s never used later on m the compilation umt 

The remamder of this sect10n descnbes m more detail some of the issues surrounding this 
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lazy analysis strategy 

Type equality 1s a problem because, hke stnngs, types are frequently compared by com­

parmg pomters If a data structure represents a type and two symbols have thelf types rep­

resented by pomters to a type data structure, then their types are deemed to be equal 1f 

their type pomters are equal This test breaks down when we start reusmg symbols gener­

ated by separate compilat10ns especially where structure and umon types are concerned 

Consider the followrng program fragment 

struct foo a, 
struct foo b, 

The first declaration declares f oo as a structure tag and creates a structure type and 

declares a to be a vanable of that structure type The second declaration looks up the dec­

laration for f oo and declares b to be a variable of the same structure type The symbol 

table entnes for a and b both have the same value m the type pornter field and so would be 

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

! * a h * / / * t2 C * / 
struct foo a, #include "b h" 

!* b h * / / * t3 C * / 
struct foo b, #include "a h" 

#include "b h" 
! * tl C * / a= b, 
#include "a h" 

Figure 15. Type equality example fragment 

tional compilation oft 3 c would have the same effect as descnbed above and the assign­

ment would be vahd because a and b would have 1dent1cal type pomters Consider mstead 

the compilat10n of t 1 c, t 2 c , and t 3 c m that order by a compilation server Compil­

mg tl c creates a structure type for f oo Comp1hng t2 c creates another structure 

type for Joo The conventional compiler's symbol table only ever has one entry for a par­

ticular symbol The comp1lat10n server may have multiple entnes for the same symbol 
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when IRs are taken from different prev10us comp1lat1ons In this example when t 3 c 1s 

compiled there would be two entnes for f oo m the symbol table, both nammg d1stmct 

types as far as pomters are concerned, hence the types of a and b would be deemed to be 

different because their type pomters pomt to two different structures even though the types 

are really the same We correct for this by mod1fymg the type equality operation If two 

type pomters do not match but they are both structure/union types and the1r tags are the 

same then the types are equal 

A second problem 1s mcomplete structure and umon types Dependmg on where a header 

1s mcluded, a structure or union type may be complete or mcomplete and the type of 

reused symbols may have to be adjusted accordmgly We accomphsh this by stormg with 

each symbol its type when the end of its header was reached along with its current type 

As a concrete example, consider the program fragment m Figure 16 and comp1lmg t 4 c 

/ *Ch* / 
struct bar *a, 

/ * t4 C * / 
#include "ch" 
struct bar { 

int X, 

floaty, 
} , 

/ * t5 C * / 
# i nclude "ch" 
a- >y = 3 14, 

Figure 16. Incomplete type example #1 

followed by t 5 c A conventional compiler would detect the error m t 5 c when refer­

encmg the y field of a smce the bar record type 1s mcomplete The comp1lat1on server 

has to take care to save the mcomplete type of a when It finishes processmg c h m t 4 c 

and reset the type to the incomplete state when 1t reuses the symbols of c h m t 5 c The 

correct action also has to be taken m the converse case, completing types for reused sym­

bols where the type IS completed earlier than the declaration of the variable This 1s dem-



/ * t6 C * / 
#include "ch" 

/* t7 C * / 
struct bar { 

double blim, 
double blam, 

}, 

#include "ch" 

Figure 17. Incomplete type example #2 
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onstrated in Figure 17 where t 6 c is compiled before t 7 c Here the type for a has to 

be set to the completed type for the structure 

Another problem is dealing with duplicate declarat10ns In the conventional compiler each 

distmct object in the program has a unique entry in the symbol table In the compilation 

server this may or may not be the case dependmg on the symbol in quest10n Functions 

and global vanables can be declared many times provided that thelf types are compatible 

Other objects, such as enumerat10n constants, can only be declared once When a reused 

object is first used, the hash chain is searched for objects of the same name to ensure there 

is only one entry or if there is more than one entry that their types are compatible as well 

as umfying the types We also store with a symbol a list of symbols which its declaration 

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

A final issue surroundmg this lazy strategy is that it is only applied to symbols contained 

in IRs When the text of declarat10n is processed in the usual way, the symbol table is 

checked immediately for confhcting declarat10ns This has the unfortunate drawback that 

the order in -which compilation umts are compiled may have an effect on whether the com­

pilat10n succeeds or fails depending upon which IRs are present m the compilation server 

In Figure 18 a program fragment is shown which is compiled satlsfactonly by the compi­

lat10n server as long as t 2 c is compiled before t 3 c If t 3 c is compiled before t 2 c 

then the error of the multiple declaration of the typedef name X is revealed because the 

text of both header files is processed 



/ * hl h * / 
typdef int X, 
extern double a, 

/ * h2 h * / 
typedef doub le X, 
extern char b, 

/ * tl C */ 
#include "hl h" 

/ * t2 C * / 
#include "h2 h" 

/ * t3 C * / 
#include "hl h" 
#include "h2 h" 
void f (void) { 

a= 3 14, 
b = 'x', 

} 

Figure 18. Lazy order example 
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This apparent mcons1stency 1s irntatmg at worst and although there was no perce1vble 

benefit ( or detnment) of the lazy strategy for compllat10n umts m our test smte, we were 

able to construct compllation umts for which the time savmgs were s1gmficant We would 

classify compllat10n umts that would benefit from this scheme as havmg a large overall 

number of declarations and where the ratio of declarations to executable statements 1s 

high Although 1t 1s difficult to 1magme hand wntten code satisfymg this cntena, automat­

ically generated programs ITI1ght The time savmgs 1s essentially proportional to the load 

factor for the hash table used to implement the symbol table That 1s, the cost of check.mg 

each declarat10n basically mvolves searchmg for duphcate declarat10ns of a symbol along 

the hash cham 1t 1s stored on, the cost of this operation depends how long the hash cham 

1s, 1 e the load factor of the hash table 

4.4.2 Memory management 

Memory management m the compller 1s dnven by the preprocessor There 1s at most one 

IR m the compiler for each IR m the preprocessor When the preprocessor discards an IR, 

either because a dependent text file has changed or because the space is needed to store a 

new IR, the correspondmg IR m 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 identifiers are represented by pointers creates some difficulties Every use of 

an identifier must have the same pointer value A single identifier may be used in several 

different contexts in several different headers The stnngs corresponding to identifiers are 

dynarrucally allocated in the arena style data structure and thus cannot be deallocated 

independently Without any changes the string data area would grow indefinitely in size 

One opt10n would be to implement a reference counting algonthm and a separate dynarruc 

allocat10n/deallocat10n scheme for stnngs so that the space for a stnng could be freed 

independently when no IR was left containing any references to a particular stnng Instead 

we take a simpler, although less precise, approach discarding all stnngs and IRs when the 

stnng 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 

Havmg described our 1mplementat1on, we now attempt to quantify its effectiveness The 

measurements made m this chapter are based on the comptlatton of 253 comp1lat10n umts 

taken from the preprocessor, the compiler, Emacs, Gnuplot, an image display/annotation 

utthty, and two fhght simulators In order to provide some context for the analysts we 

compute the usage of declarations m each comp1lat1on umt 

5.1 Declaration usage 

Our baste prerrnse 1s that we can reduce comp1lat10n time by retammg the mternal repre­

sentatrnn of header files provided that the header 1s mcluded by several comptlatrnn umts 

or the same comptlat10n umt 1s compiled several times, and the usage of declaratrnns con­

tamed m the header by the comp1lat1on umt 1s low In order estimate the effectiveness of 

selective embeddmg, Adams et al [1] use the Ratio of Use of V1s1b1hty (RUY) metnc For 

a given declaration, d, and a set of comp1lat1on umts, the number of comp1lat10n umts 



where d 1s v1s1ble 1s counted, v1s(d), and the number of umts where d 1s actually used 1s 

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

L use (d) 
= d E D 

L VlS (d) 
dE D 
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In thelf analysis of a large program the RUV value for the set of all declaratJons appearmg 

m specJficat1on umts of the entlfe program was O 2 We compute the same metnc m a 

slightly different way For each compilation umt, c, we count the number of identifiers 

declared m the comp1lat10n umt, decl(c), and the number of identifiers used m the comp1-

lat10n umt, mse(c) The RUV value for a gJven set, C, of compilation umts JS computed as 

I, iuse (c) 

= C E C 

I, decl (c) 
CE C 

R UV D (D) = R UV c ( C) for correspondmg sets of declarat10ns, D, and compJlat10n 

umts, C, and so we simply refer the metnc as RUV m the remamder of thJs sect10n In our 

analysis we consJder all global identifiers appeanng m a comp1lat10n umt rather than Just 

the ones appeanng m header files We compute RUVs separately for macro identifiers and 

for all other 1dent1fiers The results for macro 1dentJfiers are qmte accurate smce we only 

count an identifier m mse( c) 1f the macro 1s actually expanded The results for all other 

Jdentifiers 1s somewhat more conservative smce we count an identifier m mse(c) even 1f 1t 

1s only used rn the declaration of other unused identifiers As an example the followmg 

compilat10n umt has an RUV value of O 5 because of the use of IntType m the declarat10n 

of foo even though the identifier foo JS itself never used 

typedef int lntType, 
lntType 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 distnbut10n of RUV values for each compilation unit 

for macro identifiers and all other identifiers is shown m Figure 19 and Figure 20 respec-

tively 
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Figure 19. RUV d1stnbution for macro identifiers 

5.2 Methodology 

The time and space reqmrements of the ongmal compiler and preprocessor are used as the 

basis for most compansons The time it takes to compile a compilat10n unit is computed 

sumrrung the system and user time values returned by the getrusage () function Com­

pilation time 1s broken down mto time spent m the preprocessor and time spent m the 

compiler proper Space reqmrements are assessed by measunng size of the data segment 

of the process which includes the static data area and the heap The value is computed as 

sbrk ( 0) -&et ext We break down data segment size mto size of the preprocessor and 

size of the compiler proper We do not concern ourselves with the size of the text segment 
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Figure 20. RUV d1stnbut1on for all other 1dent1fiers 

smce its change m size 1s fixed and modest The effect of our changes on stack size 1s also 

ms1gmficant and 1s ignored as well 

5.3 Measurements 

We measured the performance of the modified compiler m three s1tuat10ns 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 scenano Secondly, we look at the case where the largest number possi­

ble of IRs are available for a comptlat10n urut, this 1s the best possible case and we would 

consider 1t to be typical of the repetitive comp1lat10ns executed man ed1t-comp1le-debug 

cycle The final situation mvolves the massive compilation of several related comp1lat10n 

umts compnsmg a program or a hbrary 
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5.3.1 Initial compilation 

The measurements for this s1tuat10n were made as follows for each compilation umt m 

the test set, start the compilation server, compde the comp1lat10n umt, and record the com­

pilat10n time and resultmg size of the data segment 

The d1stnbut1on of preprocessmg times (relative to the amount time spent m the ongmal 

un modified preprocessor) 1s shown m Figure 21 The d1stnbut10n of relative comp1lat10n 
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Figure 21. D1stnbut1on of relative m1tial preprocessmg times 

times 1s shown m Figure 22 The d1stnbut1on of relative combmed preprocessmg and 

comp1lat10n times 1s shown m Figure 23 The graphs show that the overhead of construct­

mg the IRs of header files 1s qmte modest While the time penalty 1s small the space pen­

alty 1s another matter In Figure 24 and Figure 25 the d1stnbut1on of relative mcreases m 
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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 size (bytes) Relatl ve size 

Preprocessor Conventional 140135 1 00 

Modified 335959 2 40 

Compiler Conventional 342994 1 00 

Modified 768971 2 24 

Combmed Convent10nal 483129 1 00 

Modified 1104930 2 29 

Table 3 Data segment sizes 

5.3.2 Repetitive compilation 
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The measurements for this situation were made as follows for each compilation umt, start 

the comp1lat1on server, compile the comp1lat10n umt twice m succession, and record the 

comp1lat10n ume of the second compilat10n The sizes of the resultmg data segments were 

almost md1stmgmshable from the case where the compilation umt was Just compiled once 

and so 1s not reported 

Relative repetitive processmg times are shown m Figures 26, 27 and 28 The mtmtive 

explanat10n of the difference between the d1stnbutions has to do with the amount of work 

that 1s ellmmated from each phase For the preprocessor, 1f 1t 1s possible to reuse an IR 

then the text of the header does not have to be read m and the preprocessed text of the 

header does not have to be wntten out For the compiler proper, there 1s a reduct10n m the 

amount of mput text bemg processed but the same output must be generated by both the 

conventional and the modified vers10n of the compiler It seems reasonable that there 1s a 

bigger improvement for the preprocessor where both the mput and output text 1s reduced 

compared to the compiler for which Just the size of the input text 1s reduced 



(/J -a 
::l 

= 0 
;:; 
Cs::I 

0.. 
E 
0 
(.) 

4-
0 ,_ 
1l 
E 
::l z 

(/J -a 
::, 

= s ..... 
~ 
0.. 
E 
0 
(.) ..... 
0 ,_ 
Q) 

.D 
E 
::l z 

120 

-
100 

80 

60 

-

40 --
20 Average 15% 

0 l-i7 
0 50 100 150 200 250 

Processmg time as % of ongmal processmg time 

Figure 26. Distnbut10n of relative repetitive preprocessmg times 

45 

-40 

35 --
30 

25 -
>--- -

20 - Average 75% -
-

15 -
10 

-5 

0 
---, 

0 50 100 150 200 250 
Processmg time as % of ongmal processmg time 

Figure 27. Distnbution of relative repetitive compilation times 

67 

300 

300 



68 

70 

-60 
V, ..... 
i: 50 ::, 
C: 
0 
;:; 
c<j 

40 0.. 
E 
0 - >-
u 

30 ..... -
0 ... 
2 

>---
E 20 ::, 

Average 38% 
z -

10 

0 n ' ' ' 

0 50 100 150 200 250 300 
Processmg time as % of ongmal process mg time 

Figure 28 Distnbution of relative repetitive overall times 

5.3.3 Massive compilation 

The measurements for this situation were made as follows for each group of related com­

pllat10n umts, start the compilation server, compile each compilation umt m the group 

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

The relative processmg times are shown m Figures 29, 30 and 31 The preprocessmg dis­

tnbution is naturally shghtly worse than it was for the repetitive case This is because, for 

each compilat10n umt m the massive case, there 1s a mix of processmg the ongmal text of 

the header and processmg the IR of a header whereas m the repetitive case the IR of the 

header 1s always processed The performance of the compiler proper, m contrast to the 

repetitive case 1s much worse and can be attnbuted to three causes Firstly, the stnng table 

grows between comp1lat1ons rather than bemg reset to empty and so the speed of stnng 

lookup gets progressively worse as the compllat10n server contmues to run Secondly, at 

some arbitrary size, the stnng table 1s discarded completely along with all the IRs and so 

some commonly used [Rs are generated several times Fmally, hke the preprocessor, there 
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is a rrux of processing the ongmal text of a header and the IR of a header, the situation is 

somewhat worse for the compiler proper smce the context reqmrements for reusmg and IR 

are more restnctive than for the preprocessor, m particular the compiler may reqmre the 

reuse of several other IRs m 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 ha'\le been reused 

It is obviously mappropnate to compare the data segment size of the compilation server 

after compihng a large number of files to the size of the ongmal compiler after compiling 

a smgle file lnstead 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 



71 

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

times IRs get reused In Table 4 the number of IRs created and used m the vanous s1tua-

S1tuat10n Number of pre- Number of com- Number of uses 
processor IRs piler IRs of compiler IRs 

Repetitive 1329 1226 1177 
comptlat10n 

Massive 494 409 657 
compilation 

Table 4: IR usage 

tlons tested IS shown The repetltive Situat10n generated many more IRs because each 

compilation umt was compiled twice and then the comptlatlon server was restarted so any 

IR could be reused at most once The number of compiler IRs is smaller than the number 

of preprocessor IRs because the contents of some header files are not stnctly declarative, 

i e they contam funct10n bodies, static m1t1ahzers, or consist of one or more fragments of 

declarations Sttll, the number of compiler IRs 1s qmte good relauve to the number of pre­

processor IRs The reason we did not get 100% usage of the comptler IRs m the repetitive 

situation was because some headers made use of identifiers declared m the mam text of the 

compilation umt and not m another header, for example, m the followmg compilation 

umt 

typedef int SomeType , 
#include "foo h" 

where the contents of" f oo h" is 

SomeType SorneVariable, 

the IR of" f oo h" can never be reused because SomeT)pe was declared m the mam text 

of a compilation umt rather than another header file Interestmgly we don't seem to get 

that much leverage out of IRs m the massive situation, each IR is used on average 1 6 

times Although we have not measured It, 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 mam contnbution of this thesis was to demonstrate that C compilat10n umts can be 

processed more qmckly if the compiler's mternal representation of header files is retamed 

for reuse among compilations A secondary result was that, with some comprorruses, an 

existmg conventional compiler could be modified to achieve these results, it was not nec­

essary to wnte a compiler from scratch In terms of future work, we consider possible 

improvements to our current implementat10n and speculate on the apphcabihty of the 

techmque to other programrrung languages 

6.1 A faster C compiler 

We began with a preprocessor/compiler combmation which was comparable m terms of 

compilation speed with both the bundled and unbundled compilers available on the test 

system as well as the GNU C compiler The modified preprocessor and compller were 

noticeably faster on average than the ongmal implementation The test compilation umts 

were compiled an average of 62 percent faster under the best possible condit10ns where 

each umt was able to reuse the maximum number of mternal representat10ns possible 

under the scheme We consider this to be typical of the situation a programmer finds her­

self m wlule debuggmg a smgle umt which rrught be compiled over and over Another 

case that was mvestigated was the successive comp1lat1on of several related comp1lat10n 

umts Under this situation, umts were compiled an average of 41 percent faster We also 



considered the worst case, the situat10n m which no mternal representation of headers 

were available to the compilation umt In this case compilat10n was 5 percent slower on 

average 
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The time savmgs do come at a price, however, and m this case the cost mamfests itself m 

terms of memory usage The compilat10n of a smgle urut by the compilation server 

requtred around 1 3 times more storage on average than the origmal compiler The amount 

of storage contmues to mcrease m the massive compilation case as the collection of mter­

nal representations of headers 1s bmlt up 

The primary compromise made m this implementation was to discard all mternal repre­

sentations of headers periodically m the compiler proper when the string table grows 

beyond some threshold Although not an ideal solution, tlus seems to work well enough m 

practice A secondary compromise was the mtroduction of a lazy strategy for checkmg the 

validity of cached declarations This yielded an implementation which no longer conforms 

exactly to the ANSI standard, however any mconsistencies are harmless, and the tech­

mque greatly speeds up the compilat10n of certam kinds of compilat10n umts (a reduction 

m 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 1mplementat10n 1s concerned, one area of interest would be findmg a reason­

able solution to the stnng deallocation problem described above Another area of study 

would be examimng the possibiht1es for retammg the mternal representat10ns for constant 

imtiahzers and funct10n bodies (see the section on C++ below) Other more general con­

s1derat10ns mclude issues relatmg to mdustnal implementations such as mechamsms for 

scheduhng multiple compilation requests and managmg security between clients 

This work also only considered the time saved m generatmg assembly code If the assem­

bly code is generated successfully then that code will likely be assembled mto obJect code 
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If the assembly 1s successful then the object code will hkely be hnked to create an execut­

able Our techmque obviously has no effect on the speed of the assembly or lmkmg phase 

In order to observe the real benefit of our techmque, 1t would be useful to mstrument a 

"hve" compiler to count the number of times the compiler, assembler, and hnker are each 

mvoked 

An obvious question that anses 1s what are the 1mphcations for comp1lat1on servers for 

other programmmg languages? 

6.2.1 C++ 

If C++ enjoys contmued success then we can expect to see systems implemented m C++ 

as large as or larger than those already implemented m C Unfortunately the high degree of 

siffillarity between C and C++ will likely result m a high degree of siffillarity m the way 

C++ compilers are implemented If C++ programs are to be complled efficiently, a server 

scheme should be senously mvestigated C++ shares all of the context problems associ­

ated with C smce header files are allowed to contam arbitrary text C++ has the add1t1onal 

problem that "good" C++ programs will contain some member funct10n defimtions nght 

m the class declarat10ns so that references to these funct10ns can be mlmed As a result, 

any practical compilation sever for C++ will have to retam the internal representat10n of 

funct10n bodies as well 

6.2.2 Ada 

Ignormg genencs and subumts m order to simplify the discuss10n, 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 groupmg related objects such as subprograms, vanables, types, 

and other packages, the subset of these objects intended to be v1s1ble to other top level 

packages or subprograms constitute the mterface of the package The mterface of a pack­

age consists of all objects declared m the package specification For some packages the 

package spec1ficat1on completely descnbes the package, other packages reqmre a body 



75 

Package spec1ficat10ns are restncted m the sense that they cannot contam subprogram or 

package bodies Package bodies contam correspondmg bodies for subprograms and pack­

ages appeanng m the package specification as well as declarat10ns of other objects 

reqmred pnvately by the package 

A sample Ada program 1s shown m Figure 32 The Imes of dashes dehm1t the smallest 

package stack 1s 
procedure push( x integer), 
function pop return integer, 

end, 

package body stack 1s 
s array (1 100) of integer, 
top integer range 0 100 = 0, 
procedure push( x integer ) 1s 

end push, 

with stack, 
procedure main 1s 

-· declarations 
elem integer, 

begin 
-- statements 

stack push( 7 ), 

elem = stack pop, 

function pop return integer 1s end, 

end pop, 
end, 

Figure 32. Ada example 

possible textual fragments that could be separately compiled accordmg to the language 

defimt10n (m theory, with enough contextual mformatlon, md1v1dual symbols could be 

separately compiled) The first umt 1s the package spec1ficat1on and 'push' and 'pop' form 

the mterface of the package The second umt 1s the package body which add1t1onally 

defines 's' and 'top' which are pnvate to the package The thlfd umt 1s a subprogram smce 

a complete Ada program reqmres at least one subprogram The w1 th clause appeanng 

before the subprogram 'mam' illustrates how the mterface of a package 1s made available 

to other packages and subprograms, m this case the with clause signals the compiler to 

make the mterface 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 (m this case no other packages), m general, however, package bodies can depend on 



a superset of the packages appeanng m the1r correspondmg specifications, likewise for 

subprogram specifications and bodies Every body implicitly depends on the packages 

appeanng m the with clause of its correspondmg declaration so only any addit10nal 

packages need to be specified 
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Type checkmg between compilation umts by an Ada compiler 1s facilitated by what 1s 

descnbed as a library file m the Ada standard [21] The standard does not state explicitly 

what 1s contamed m a library file, however it implies that it contams at least symbol tables 

for each successfully compiled umt and mformation regardmg the order of compilation 

The idea 1s that when a compilation umt 1s compiled the library file 1s read, m whole or m 

part, for the purposes of type checkmg across compilat10n umts and 1s updated on the suc­

cessful compilat10n of a umt The existence of this external file imposes an order m which 

umts must be compiled The standard states that consistency 1s guaranteed provided spec1-

ficat1ons are compiled before the1r correspondmg bodies and a unit 1s compiled after all 

umts named m its with clause Similar rules apply to recomp1lat10ns but the standard 

allows that a particular implementation may skip compilations if 1t can deduce that some 

umts are not affected by the change (see Chapter 2) In practice the library file exists ma 

compressed format [ 1] rather than contammg the ongmal textual declarations m 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 mformat10n drrectly from the appropnate 

source file This method has the disadvantage that source files have to be named m such a 

way that the compiler can find the correct text when processmg a with clause, 1t also 

restncts files to contammg exactly one compilat10n umt The GNU compiler also stores 

source file dependencies directly m the object file so that a set of object files can be exam­

med to see if they depend on a consistent set of sources before bemg lmked together This 

method makes some comp1lat10n order issues melevant 

We would expect a compilation server for a conventional Ada compiler to offer a modest 

improvement m compilation speed The library file is already m an mtermediate format, 

however we could ehminate the rereadmg and reprocessmg of commonly used mterfaces 

by retammg the mtemal representation m the compiler A compilat10n server would also 
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be relatively easy to implement smce the module mterface 1s a source language construct 

and the context of an mterface 1s made explicit by the w1 th clause unlike C and C++ 

where the context depends on where an mterface gets included 

6.2.3 Modula-2 

The smallest constructs of Modula-2 that can be separately compiled are defimt10n mod­

ules and 1mplementat10n modules A module, at the outermost level of a program, 1s a 

construct for groupmg related objects such as procedures, vanables, types and other mod­

ules , the subset of obJects intended to be v1S1ble to other top level modules constitute the 

mterface of the module The interface of a module consists of all objects declared m the 

defimt10n module Every definition module has a correspondmg 1mplementat10n module 

Defimt1on modules are restncted m the sense that they cannot contam procedure bodies or 

local module declarations Implementat10n modules contam correspondmg bodies for pro­

cedures appeanng m the definition module as well as declarations of other objects 

reqmred prnately by the module 

A sample Modula-2 program 1s shown Figure 33 The Imes of astensks dehffilt the small-

DEFINITION MODULE stack, 
PROCEDURE push( X INTEGER), 
PROCEDURE pop() INTEGER, 

END stack 
(********************) 

IMPLEMENTATION MODULE stack, 
VAR s ARRAY [1 100] OF INTEGER, 
VAR top [0 100], 
PROCEDURE push( x INTEGER), 

(* *) 
END push, 
PROCEDURE pop() INTEGER, 

(* *) 
END pop, 

BEGIN 
top = 0, 

END stack 
(********************) 

MODULE main, 
IMPORT stack, 

(* declarations *) 
VAR elem INTEGER, 

BEGIN 
(* statements *) 
(* *) 
stack,push( 7 ), 
(* *) 
elem = stack pop(), 
(* *) 

END main 

Figure 33. Modula-2 example 
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est possible textual fragments that could be separately compiled accordmg to the language 

defimt10n The first umt is the defimtion module for 'stack', the second umt is the imple­

mentation module for 'stack', and the th1rd umt is a mam module which performs a siffil­

lar function to the subprogram 'mam' m the Ada example The IMPORT clause appearmg 

m the mam module illustrates how modules access the mterfaces of other modules In this 

case it is expected that the declarations or statements of the marn module will directly ref­

erence obJects m the mterface of the 'stack' module As m Ada, an implementat10n mod­

ule can depend on a superset of modules upon which its correspondmg defimtion module 

depends Also, implementat10n modules imphc1tly depend on the modules specified m 

the1r correspondmg defimtion modules and need only exphc1tly mention any add1t1onal 

modules 

Type checking between compilation umts by Modula-2 compilers 1s typically ach1eved 

through the use of symbol files A symbol file 1s created for each defimt10n module com­

piled and contams an mtermediate representation of the correspondmg text The existence 

of these mtermediate files imposes a compilation order on compilation umts siffillar to that 

for Ada Implementations use a broad range of symbol file formats At one extreme there 

is at least one implementat10n [5] that does not use symbol files at all and processes import 

clauses by recompilmg the text d1rectly from the file contammg the module defimt1on At 

the other end of the spectrum, another 1mplementat1on [9] uses a symbol file which 1s 

close m format to the mternal representation of the symbol table used by the compiler and 

1s complete rn the sense that 1t contams all the symbols from all defimt10n modules appear­

mg m the transitive closure of its text's import clauses 

The benefits of a comp1lat10n server for Modula-2 are qmte s1ffillar to Ada essentially 

avo1dmg rereadmg and reprocessmg commonly used symbol files Agam we expect 

implementat10n to be relative easy smce the module mterface 1s an explicit source lan­

guage construct and context 1s made exphc1t by the IMPORT clause 

Ultimately, we have demonstrated that retammg mformat10n between mvocat10ns of a 

compiler can s1gmficantly speed up compilations m most practical cases As a result we 
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believe that this should be seriously kept m mmd when considering the design or redesign 

of new or existmg compilers 
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