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Abstract. We presentiechniquesthat enablesource-lgel deluggingfor multi-

ple languags at the costof only modestprogrammingeffort. The key ideais to

avoid letting dehuggng requirementgonstrairthe internalstructureof thecom-
piler. Constraintsare minimized primarily by hiding the source-langagetype

systemandtarget-machinegepresentationsom thedetugger Thisapproab en-

ablesusto supprt anew languageandcompilerwhile reusingexisting elements:
a multi-langua@, multi-platform delugge; the compilers implementationof

source-langagetypesandexpressios; informationalreadypresentn the com-

piler's privatedatastructuresandour compile-timesupport library, which helps
the compiler meetits obligationsto the delugger without exposinglanguag-

depementdetails.We evaluateour approactusingtwo casestudiesthe prodic-

tion compilerlcc andaninstructionalcompilerfor MiniJava.

1 Intr oduction

Wouldn'tit beniceif every hightlevel progmmminglanguag camewith asource-level
delugger?Unfortunately dehuggingrequres a wealthof informationthatdepaxdson
both sourcelanguage and target machine:what the sourcelevel type systemis, how
sourcelevel valuesarerepresentedon the target machine how suchvalues shouldbe
displayedo theuser andsoon.A typical deluggerrecevesthisinformationthroughan
interfacelik e dbx “stabs” or DWARF (Linton 1990; Unix Int'l 1993. It is badenaigh
thattheseinterfacesare comple< anddifficult to use,but whatis worse,they overcon-
strainthe compiler: the compiler writer must shoetorn the sourcelanguae into the
delugger'stypemocdel, andthe conmpiler writer's choicesof representationsarelimited
by the delugger’s assumptias?! If thecompler writer does notaccoun for the detug-
ger’slimitationsfrom the beginning, theprogmmmingeffort requiredto adddelugging
suppot canbeonerais.

We have addessedhis probdem by changng thecortractbetweerthecompilerand
delugger. Our new contractenablesusto rediwce progammingeffort by reusingcode,
by reusinginformationalreadypresenin the comgler’s privatedatastructues,andby
avoiding constraitis onthe conmpiler’'s representatiorchoicesandphaseordeing.

1 For example,mary deluggerswon't let acompilerputarecordvaluein aregister evenif the
representatioof therecordfits in amachineword.



— We have implenmenteda dehugger that can be reusedalmostin toto even with a
languag or comgler thatit did not previously suppat. The only partthatis not
easilyreusedis the stackwalker—our current stackwalker suppats only calling
conventionsthataresimilar to thestandardC calling corvention

— Ratherthanimplemen aninterpreer for source-laguageexpressionspur delug
gerreuseghecompilefs code to parseexpressionstype-checkthem,andtranslate
themto intermediae form. In additionto reducirg programmirg effort, this tactic
malesit easierto guamanteethatthe compilerand deluggerimplemen the same
semanticgor the sourcelanguage.

— Our delugger recevesinformation from a compilerthrough a reusablecompile-

time supportlibrary. The library helpsthe comgler meetits obligaions to the
deluggerwhile hiding languaye-degndentdetails.Our library doesnot force the
compilefs private datastructure to fit the dehugger’'s mocel, doesnot require
changng thetiming or ordeing of the compilers phasesanddoesnot artificially
prolong thelifetimes of the comgler’sinternaldatastructues.
To be usedwith a particdar compilet the library mustprovide aninterfacein the
implemenation langua@ of that compler. We have therefae desigred the inter-
facein two layers:an abstractlayer that is indepexdentof implementsion lan-
guage(Ryu and Ramsg 2004), and a concretelayer that containsinstancesfor
fourimplemenationlanguayes(C, Java, StandardvL, andObjective Caml).Each
concree instancds bacledup by animplementation.

Our primary goal is to redwe progammingeffort, which is nototiously difficult
to evaluate.As usual,we canrot afford a quantitatve, compaative study of different
implemenationtechnques.Instead we rely on simplemetricsandonebasicprinciple.

— Oncewe have addeddeluggng suppot to a comgler, we measue the resulting

code:
e How mary of thecompilers moduleswerechange@ How mary nev modules
wereadded?
e How big arethe new modules?In chargedmodues, how mary lines of code
wereaddedor change?
e How muchcodeis dugicated?In particular whatfunctiorality is implemered
bothby the compler andby thedetugger?
Thereare other software metrics,but thesesuffice to show that our techrique re-
quiressignificantlylessprogmammingeffort thanstandardechniques.

— Our basicprinciple is thatthe lessthe compler writer is constraind, the smaller
theprogammingeffort will be.Relevantconstréntsinclude requring thatthecom-
piler writer preset certaininformationto thedehugger; requiring thattheinforma-
tion be presetedin a certainorder, requring thattheinformationbe keptlive for
a certaintime during compilation andrequiling thatthe corpiler useonly certain
source-laguagp typesandrepresetations.Minimizing theseconstrants hasbeen
themajorideabehird the designof our suppat library.

Ourwork builds on earlierwork with 1db, which usedinformation hiding to make
it easieno retaget a delugger (Ramsg andHanson1992 Ramsg 19%). Thatwork
appliedonly to asinglelanguageandcomiler, andthe contractbetweercompgler and



delugger wastoo complex and put too mary constraintson the compilerwriter. Our
novel researctrontibutionis anew contract, which reducegprogrammingeffort in two
ways:it minimizesconstrains on the compiler andit removesthe intellectualburden
of organizingthe compiler's information in the way the delugger wantsit. Insteadof
falling onthe compler writer, this burdenis carriedby the suppat library.

Our new contract suppats not only multiple machires, but also multiple source
languayes.This doesnot meaneverylanguag—weassumehatalangua@ canbe exe-
cutedby threalswith stackshasmutalle statethatcanbeexaminal, hasa meanirmgful
notionof brealpoint,andsoon. While theseassumptioaapplyto mostlanguayes,they
may notapplyto alazy functional languaye,alogic langua@, or aconstrainfanguag,
for exampe. Evenso,1db caneasilybeappliedto aninterestingclassof multi-language
progams.For example Fig. 1 showvs a detuggerstacktracein which someframesare
implemertedin C andothersin theinstructicnal languageMiniJava.

1db Fib (stopped) > t
0 <_print:2> (Mips/mjr.c:25,2) void _print(char *s = (0x1000008c) " ")
* 1 <fib:51+0x24> (Fib.java:23,32)
void fib(Fib this = {int buffer = 10,
int[] a = {1, 1,
0, O,
}, int n = 10)
2 <main:3+0x18> (Fib.java:5,23) void main(String[] argv = {})
3 <mAiN:end+0x1c> (mininub.c:7,9)
int mAiN(int argc = 2, char **argv = Ox7fff7b24,
char **envp = Ox7fff7b34)

13, 21, 34, 55,

3’ 5) 8J
0, 0, 0, 0, 0, 0, O}

2;
0,

Fig. 1. Exanple stacktraceshowning suppat for multiple languags.Frame0 contains
a C procedurethat is part of the MiniJava runtime system;frames1 and 2 cortain
MiniJava method; andframe3 cortainsstartupcodewrittenin C.

2 Overview

Under a dehugging contiact, a compiler provides information abaut eachprogramiit
compiles,andthe delugger usesthis informationto give usersa source-lgel view at
run time. Informationabou a progamis highly structued andmay descrile suchel-
ementsassourcelanguag types,varialles, statementgunctions, methals,andsoon.
We assumehatin arny given compiler suchelementshave natural,native represeta-
tions, which we call language-levd objects But a detugger that works with multiple
languayesandconpilersmustusearepresetationthatis indepenientof any compler;
this representatioris compsedof elementswe call delug-level objects Under our
contra¢, acompilerusedts language-lerel objectsto createdehug-level objects which
encapslate the compilers knowvledgeabou the sourceprogramandits representation
onthetarget machine Both kinds of objectsaredescribedn Section3.



A key property of dehug-level objeds is that language-eépendeh and machire-
depementinformationis hiddenfrom thedelugger. This informationhiding leavesthe
compilerwriter free to reflectthe structureof the compilers languaye-levdl objects
directlyin thestructureof detug-evel objects redwcing the effort requiredto createthe
deluglevel objects. For exanple, if the comgler’s natura represetation of a recod
type containsa list of pointersto represetationsof the typesof the recod’s fields,
thecomiler writer is freeto createa dehug-level representatiorof therecordtypethat
contairsasimilarlist. Butif thecompler’'srepresetationof arecad typeinsteackeeps
thefield informationin anauxiliary symbol-tale entry(FrasemndHansonl 9%, p 54),
thecompilerwriter is freeto reflectthatrepresentationnstead.

To help the compiler createdelug-level objectsfrom languag-level objects,we
provide acomgle-time suppat library. Eachlibrary functionplacesa constrainon the
lifetimes of langua@-level objeds: all the language-lerel objectsneedd to createa
deluglevel objectmustbelive at the sametime. Section4 describegheseconstraints
andexplainshow we minimizethem.

Sectionb preseis two casestudiesandmakescompaisonswith gdb, andSectioné
discusseselatedwork.

3 What a compiler must represernt

Creatingdelug-level objectsfrom language-level objectsaccounts for mostof the pro-
gramming effort of using1db. To explain the effort, we discusshe language-leel ob-
jectsthe conpiler needsthe delug-level objeds the compilermustcreate andthe as-
sociatedprogammingeffort. We also discussexpressionevaluaion, which not only
requiresits own effort but alsoaffectsthe effort of creatingdelug-level objects.

To make exanplesconcete,weuseproceduref ib, shovnin Fig. 2, whichis written
in MiniJava.Procedirefib compuesandprintsFiboraccinumters.lt is translatednto
theassemblyfile Fib. s, anexcerg of whichis shovnin Fig. 3.

3.1 Languagelevel objects

To createthe delug-level objectsthat 1db requres, a comgler needsthe following
languaye-level objects.

— Souce<codelocations The compler mustassociatea sourcecodelocationwith
eachinstanceof an interestinglangua@ construt¢, suchas the declaration of a
variableor the startof a statementFor example,in Fig. 2, thesourceeodelocation
of varialde i isline 7, column11 of file Fib. java.

— Variable placemets. The compilermustknow whereeachlive varialle is placed
atruntime. Typically, avaiiableis placedeitherin a stackslot or in amachine reg-
ister. For exampe, the compilermight placevariablei in a stackslot addressedt
offset—4 from register$r2. Placemetmayvary asthe progamcounterchangs.

— Labels Onrequestfrom the suppat library, the compilermustinserta labelinto
assembly-laguageoutput. For exanple, thelibrary mayaskthe compilerto insert
alabelto markthe startof a statementln Fig. 3, label$L.X6 is suchalabel.



.text

1 void fib(int n) throws

2 java.io.IDException { .globl $L.Fib.fib
3 int[] a = new int[20]; .ent $L.Fib.fib
4 if (n > 20) n = 20; $L.Fib.fib:

5 alo] = 1; $L.Fib.fib_framesize=52
6 a[1] = 1;

! {int i=1; addu $22, $0, $5

8 vhile (i<=n) { .set noreorder

9 i = i+1; $L.X6:

10 alil = ali-1] + a[i-2]; .set reorder

n } addu $fp, $0, $21
12 i beq $fp, 0, _BADPTR1
13 { int j = 0; $L1:

14 while (j<n) { add $8, $fp, 4

15 this.printint(aljl); addu $fp, $0, $8
16 System.out.print(" "); set noreorder

v U ASE $L.X7:

18 ¥ .set reorder

19 System.out.println(); ori $8, $0, 20

20 3 .

21 }

Fig.2.Fib. java: MiniJavacode.

Fig.3.Fib.s: assemblycode

— Types The compilermustknow the source-laguag type of a varialde or expres-

sion. (If the sourcelanguae is dynanmically typed it sufiicesthat every varigble
andexpressiorhave the sametype,“value?) For exanple,i’'stypeis int.
Symbolslf anamedentityisto bevisible atdelugtime, thecompilermustdescribe
it with a symbd. For examge, if a usercanaskthe deluggerfor i’s value, the
compilermustdescribei with asymbad.

Stoppng points. Thecompilermustidentify stoppingpoints sourcecodelocations
whereexectuion of a program might stop at dehug time. For exanple, MiniJava
usesvely fine-graired stoppingpoints: not only befare and betweenstatements,
but alsobefore eachexpressionevennestedexpressions.A stoppirg poirt is also
calledalocusof control.

Environments The comgler mustbuild an ervironment (symbd table) mappirg
nameso symbols.In a languagethat allows local declaratims, a singlenamecan
meandifferent things at different points in a program, so the compiler must be
ableto recorstructa suitableervironmert at eachstoppingpoint. For exanple, the
compilermustbe ableto reconstrat two different ervironmerts at the conditional
expression®f thewhile statementi Fig. 2—variablei is visible from thecond-
tional expressionon line 8 but invisible from the conditional expressiononline 14.

Becausesuchlanguage-level objectsalreadyexist in atypical compler, evena student
compiler (Aho, Sethi,and Ullman 1986; Appel 1998), providing them usually takes



little progammingeffort. The two exceions are source-odelocationsand stoppirg
points.

Seriows complers track sour@-codelocatiors, but a students comgler may not.
Adding sourcecodelocationsrequrescaptuing themduring lexical analysisandpush-
ing themthroughtheparseto anintermediaterepresentdon. If addingsourcedocations
takestoo mucheffort, acompilerwriter canexpendlesseffort in retum for lessdelug
ging functiorality. For example, if a comgler providesthe samesour@-codelocation
for everything, the debugger will still be useful,but it will not suppet suchoperdions
assettinga brealpoint ata givensourcecodelocation

Stoppng pointsrequiremore effort thansourcdocations Firstis theintellectualef-
fort of deternining whatsortsof proggam pointsshouldbe consideed stoppingpoints.
This deterninationis language-specifibut shouldnot bedifficult; comnon chdcesin-
cludestatements;ortrol-flow points, anddeclaratios of namel varialdes. (We recom
mendagainstandhercomma choice:sourcdines.)Seconds theprogammingeffort,
which we discussn moredetailin Section3.2. While dehuggng without sourceloca-
tionsis still useful,detuggingwithout stoppingpointsis not; without stoppingpoints,
thedeluggercannotsuppot breakmintsor single-stepimg.

3.2 Debug-level objectsto be created by the compiler

The language-level objects listed above are usedto createdelug-level objects. The
structureof the langua@-level objects,especiallytypesand symbds, necessarilyre-
flectsthe structureof the langua@ being compiled But different languageshave dif-
ferentstructuresHow, then,canwe defineonesetof dehug-level objectsthat supports
multiple languagesTheanswelis that1db’s delug-level objectsmakeit possibleo re-
flectlinguistic structureat dehug level, but they do notrequire any particularlinguistic
structureat delug level.

Theinterface to our suppat library is basedon a hierarchy of types.The basetype
of a delug-level objectis info. Somedehugdevel objectscanbe extended with key-
value pairs (property lists) that hold information private to the comgler; suchobjects
aretables Particularinstanceof tablesinclude symbolsandtypes In C, our interface
defineshesetypesasfollows:

typedef struct ldbinfo  LdbInfo; /* a debug-level object */

typedef struct ldbtable LdbTable; /* extensible with private data */
typedef struct ldbsymbol LdbSymbol;

typedef struct ldbtype LdbType;

Whenourinterfaceis instantiatedn anobjectorientedlanguage we definethesetypes
asclassesandwe expressrelationslips amongthemusingsubtypirg andimplicit sub-
sumption In C, however, we definean abstracttype asan inconmplete structuretype,
andwe expressrelatiorshipsamory typesusingexplicit corversionfunctions.

LdbInfo *1dbTable_asInfo (LdbTable *table);
LdbTable *1dbSymbol_asTable(LdbSymbol *symbol);
LdbTable *1dbType_asTable (LdbType  *ty);

Privatekey-valuepairs(properties)areaddedo atableusingldbTable put.



void 1dbTable_put(LdbTable #t, const char *key, LdbInfo *val);

With this hierarcly of typesasbackgound we describeldb’s requrementsandthe
associategprogammirg effort.

Simple objects: Souce-codelocations, labels, and variable placements To 1db, a
sourceeodelocationis atriple containirg a file name line nunber, andcolurm nunm
ber;alabelis astring;andaplacenentis atermin analgebawith labels registersand
addressarithmeic. Suchobjectsarecreatedusingconstrctor functionslike these:

LdbSrcLoc *1dbSrcLoc_make (const char *file, int line, int col);
LdbLabel *ldbLabel_makeInCodeSpace(const char *asmname) ;

LdbLabel *1dbLabel_makeInDataSpace(const char *asmname);

LdbPlcmt *1dbPlcmt_makeAtLabel (LdbLabel *label) ;

LdbPlcmt *1dbPlcmt_makeAbsolute (char space, int offset);
LdbPlcmt *1dbPlcmt_makeShifted ( LdbPlcmt *loc, int offset);
LdbPlcmt #*1dbPlcmt_makeIndirect (char space, LdbPlcmt *loc, int offset);

For exanple, i's delug-level sourcdocationandplacemenarecreatedasfollows:

1dbSrcloc_make ("Fib. java", 7, 11)
1dbPlcmt_makeIndirect(’d’, 1dbPlcmt_makeAbsolute(’r’, 2), -4)

andfib’sassemblyabelis createdy 1dbLabel makeInCodeSpace ("$L.Fib.fib").

Creatingtheseobjectstypically requres modfying only a coupleof existing mod
ules.For exanple, 1cc required19linesto creatdabelnamesand13linesto translate
its registernamesinto 1db’s placementlgebra.

Types 1db imposesno structureon types;it usesa dehug-level type only to deter
mine how avalueis printed To suppot printing, eachdehug-level type mustinclude a
procalure or methodthat prints values of thattype. Writing theseprocediresrequres
significanteffort. For eachtype constructo in the sourcelanguage,the conpiler writer
mustwrite a procedurethat1db canuseto print avaluewhosetypeis formedusingthat
typeconstructo. To write sucha procedure onemustknow how valuesarerepreseted
andhow they shouldbe printed.For printing, 1db providesa flexible prettyprinter, but
for manipdating representations]db providesonly basicmachire-level primitiveslike
load, store,and arithmetic. But becase expressingsource-l@el manipulationsusing
machire-level primitives is whata compler does,a compilerwriter is well equigpedto
write printing procelures.

In whatlanguagearetheseprinting procediresto bewritten?They cant bewritten
in the sourcelanguage of the target program, becase 1db mustwork with multiple
sourcdanguaes.They couldbewrittenin machne languag, but thisis abadidea;not
only canmachinecodebetricky to loaddynamically, but becaseldb candelugovera
network, machire codecompiledfor 1db’s target mightnotrun on 1db’s machinelde-
ally, printing procedureswvould be written in a simple, high-level scriptinglanguag.
Today popuar languaeslike Perl, Python,and Schemecanbe embediedin apdica-
tions; thereareevenlanguagsdesigred expresslyto be embedled,like Luaand Tcl.
Any of thesdanguagscouldwork in 1db. But whenthe 1db prgectwasstartedthese
optiors did not exist. Instead Ramsg andHanson(19, §5) choseto extend1db with



a new implemernation of an existing langua@: PostScriptPostScriptdoeshave some
adwartages,but if we wereto retuild 1db from scratch,we would chosea languag
thatis betterknown andmore friendy to progammes.

Thechoiceof languageaffeds the effort required to write printing procalures.This
effort, while modest,is not trivial; someexanples may help you judge. A PostScript
printing procedurereceves threeargumentson the stack:an“abstractmemoy,” which
represets the stateof the target program;the locationof the valueto be printed; and
a delug-level objectcontainng the printing procedire. This lastagumentmeanshat
printing proceduresareeffectively equivdentto method in anobjed-orientedsetting.

Thebasictechnigwe canbeillustratedby avery simpleexanple. The1cc comgler
suppats two differentmachire-level representationf floatingpoint nunbers.In the
deluglevel objed represeting a floatingpoint type, 1cc identifiesthe representation
by usinga private property mtype. This property; which is bound into the detug-level
objectusing the suppot-library function 1dbTable put, is thenusedin the printing
procealure:

/PF { /mtype get Memory.Fetch Put } def

ThePostScriptode" /mtype get” fetcheghevalueof themtype property; afterwhich
the PostScriptstack holds exactly the agumentsneededby Memory.Fetch, which
leavesthe floating-point numbe on the stack.As a primitive machinelevel value,the
floatingpointnumter canthenbeprintedusingldb’s primitive Put. Crucially, thevery
existenceof themtype field is hiddenfrom thedelugger.

The printing proceduresthat 1cc usesfor unsignel integers andfor charactes are
similar. Theprinting procedirefor signedintegersis PI:

/PI { dup 4 1 roll /mtype get Memory.Fetch
exch /bitsize get SignExtend Put } def

“dup 4 1 roll” savesa copy of the delug-leve type beforeextractingmtype and

fetchingthevalue In the dehug-level type,the privatekey bitsize is associatedvith

thenunberof bitsin theinteger, andit is usedto sign-extendtheinteger before printing.
MiniJava supmrtsonly onebasictypeinteger type,whoseprinting procedureis

/INT { pop Memory.Type.I32 Memory.Fetch 32 SignExtend Put } def

Becauseevely MiniJava value fits in oneword, this procedureis simplerthanlcc’s
printing procedurefor integers.

Structuedtypes like arraysrequre morecomgicatedprinting procedires.To help
print anarray 1cc includesthe following private valuesin the detug-level objectthat
represets thetypeof thearray:

type Thetypeof anelemenbf thearray(asadehuglevel object)
size Numberof bytesin thearray

Usingthoseprivatefields, 1cc’s printing procedirefor arrays is

/ARRAY {
16 dict begin



/&type exch def % name the type

/&loc exch def % name the location

/&n exch def % name the memory

/&arraysize &type /size get def % name the array’s size
/&elemtype &type /type get def % name the element type
/&elemsize &elemtype /size get def % name the size of one element

/&limit $ArraylLimit &elemsize mul def % find the end of the array
({) Put 0 Begin
0 &elemsize &arraysize 1 sub % loop from O to &arraysize-1
% by &elemsize
{ dup O ne { (, ) Put O Break } if
dup &limit ge { (...) Put pop exit } if
&m &loc 3 -1 roll Shifted &elemtype print % print an element
} for
(}) Put End
end
} bind def

Theprint procedurdirst putsrelevantinformationin localvariabes,whosenameegin

with ampesands.The coce thenprintsan opering braceandloopsthrowgh the offsets
of the array elements At eachiteration the Shifted fundion addsthe offsetto the
location of the array andprint prints the element.Eachelementexceptthe first is

prece@dby a comna anda potentialline break If the numker of elementexceed an
adjustabldimit, anellipsisis printed andthe loop termirates.Finally, a closingbrace
is printed

MiniJava usesa differentsetof privatekeys for anarraytype:

elemty Thetypeof anelemenbofthearray

In MiniJava, unlikein C, the sizeof anarrayis not partof thearrays type;insteadt is
storedin memoy atoffset—4 from the startof thearray
MiniJava’s printing procedurefor arrays is

/ARRAY {
16 dict begin
/&type exch def
/&loc exch def
/&m exch def
/&newloc &m &loc Memory.Type.I32 Memory.Fetch ’d’ Absolute def
/&length &m &newloc -4 Shifted Memory.Type.I32 Memory.Fetch def
/&elemtype &type /elemty get def
({) Put O Begin
0 1 &length 1 sub
{ /&i exch def
&i 0 ne { (, ) Put O Break } if
&i $ArrayLimit ge { (...) Put pop exit } if
&m &newloc &i 4 mul Shifted &elemtype print
} for
(}) Put End
end
} bind def



After accountirg for differencesin representation this procedire is quite similar to
lcc's procedure But it is preciselythe ability to accomalate small differercesthat
makesit easierto work with 1db thanwith a large, comgex type systemthat (for
exampe) prescribe®oneandonly onerepresetationfor arrays.

The exanplesabove maybeslightly intimidating but onceonemastersomerudi-
mentaryPostScriptwriting printing procedureds straightfoward. Moreover, our case
studiesshovedthat printing procediresfor 1cc andMiniJava arevery similar. We ex-
pect,therefoe, thatonecould useexisting printing procedurs asguidesto implement
new ones.And our case-studygonmpilers do not require mary printing procedires.For
exampe, the 1cc front endrecogrizes 14 language-leel type construtors, which it
prints using 13 printing procedures(Sometype constructes sharea printing proce-
dure,andsometypes,notablychar *, requirespecializedprinting procedures.)

One createsa printing procedureby supplying sourcecodeto 1dbPsProc_make.
Onecanthenusethe procedireto createa detug-level type:

LdbPsProc *1dbPsProc_make(const char *code);
LdbType  *1dbType_make (const char *decl, LdbPsProc #*printer);

The type alsotakes a decl field, which is a printf format string that enablesthe
dehuggerto print a declaration of a varialde of the type. For example,i’s detug-level
typeis createdby 1dbType make ("int %s", 1dbPsProc make("INT")).

| symbad |
4\ inheiitance
| symbol with type | - print type

‘ symbol with value ‘—printvalue

‘ proceduresymbol ‘ — searchstoppirg points, walk a call stack,...

Fig. 4. Symhols andthe opeationsthey suppot

Symbts Deluglevel symbds comein four flavors: bare,with type, with type and
value,and procedure.In Fig. 4, the leastfeaturefu flavor is at the top and the most
featurefil at the bottam. Eachflavor is alsoa table and so canbe extenced with pri-

vate propeaties. A bare symbol hasa nameand a sourceeode location but no other
information; sucha symbolis not directly usefulto 1db, but it may help a comgler

writer embedthe compilers privatedatastructuesinto detug-evel objects. A symbol
with only atype canhave its type printed; sucha symtol might represeha language-
level type.A symbd with atypeandvaluecanhave bothits typeandits valueprinted;

sucha symbd mightrepresentalangwage-level variale or constantA procediresym-
bol cansuppot mary dehug-time operatims,including enumeatingformal paraneters
andlocalvariablessearchingtoppirg points,andwalkingacall stack.To suppaet these

10



operdions, a procadure symbolmust provide the nameof its returntype, an erviron-
mentthatincludes its arguments,its stack-famesize,informationaboutcallee-saed
registers,its assemblysutputlabel,andalist of stoppirg points.

Becausdhe linguistic structureof symbds is not partof the contractbetweenidb
andthecomygler, thiscontractsuppots multiple languagesandcompiless. Thecompgler
writer mustembedhe comgler's symbds into 1db’s syminls, but becauseachflavor
canbe exterdedwith private properties,this doesnot requiretoo much progammirg
effort. For examge, 1cc maintainsfive kinds of symbols:types,constantsyaiiables,
procalures,andtypesynms. (The typesym is partof 1cc’s privaterepresetation of a
C-language type.) 1cc’s types,constaits, variables, and proceduresare embeded in
symbds with types,symbolswith values,symbds with values andprocediresymbols,
respectiely. Becausadb doesnotusetypesymsdirectly, typesyms areembededin
baresymbds.

Stoppng points At delug time, stoppingpoints areusednot only to plantbrepoints
by source-cde locationbut alsoto identify the sourcecodelocationnearesthe point

of aprogamfault. Theseoperatimsrequire the detuggerto mapbetweerobjed-code
locationsandsour@-coddocatiors. Themapis definedby the setof all stoppingpoints
in theprogram,so1db requresthe comgler to associateachstoppirg pointwith both

a source-cde locationandan object-ode location (The objectcodelocationis rep-
resentecby an assembly-laguagelabel like $L..X6 in Fig. 3.) At a stoppingpoint,

the dehugger mustbe ableto look up symbds, so 1db requiresthe compilerto asso-
ciateeachstoppirg point with anervironmeri. Therefae,adetugevel stoppirg point,

whichis alsocalleda“locus of contol,” is createdwith threearguments:

LdbLocus *1dbLocus_make(LdbSrcLoc *src, LdbLabel *label, LdbEnv *env);

As describedn Section3.1, the primary effort requirel to suppat stoppingpoints
is to createan explicit, language-leel represetationin the compler. Givena suitable
languaye-levd representationgreatingthecorrespadingdehug-level objectis straight-
forwad. Section5.2 discussesiow we modfied the 1cc and MiniJava compiless to
createstoppirg points.

Environments At delug time, looking up symbolsby namerequres an ervironmert.
Becausea compiler alreadymaintairs its own language-level environments, creatirg
deluglevel ervironmerts shouldnotrequiremuchprogrammirg effort. Someextra ef-
fort mayberequredto propagateervironmentsthroughtheintermediaterepresentation
sothey canbeassociatedavith stoppng points.

Compilationunit The 1db suppat library maintainsan abstractiorthatrepresentghe
compilers knowledgeabou the entirecomplation unit. This delug-level compilatian
unit is createdncrenentally: every time the comgler processes topdevel symba, it
shouldannouncethe symbad to the compilatin unit. In the C interface,for examge,
1dbCompUnit_addProc adds a procedureto the compilationunit, which is animplicit
partof thelibrary's state:

void 1dbCompUnit_addProc(LdbProc *proc);

Similar functions add private and exported symbds. Becausea symbol can be an-
nourcedfrom whereverit is createdlittle programmirg effort is requred.
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3.3 Expressionevaluation

Unlike otherdehluggers,which requre thatthe sourcelanguae be reimplemenedin-
sidethe delugger, 1db evaluatesexpressiondy reusinga key commpnentof the com-
piler: the translationfrom sourcelanguageto low-level intermedate code.After being
wrappel in a thin layerthat comnmunicateswith the delugger, this translationcompe
nentactsasanexpression-gauation server The senercommunicateswith 1db overa
TCP conrection:1db sendsASCII to the sener, andthe sener replieswith PostScript
codethat1db interprets.To evaluge anexpression,Ldb sendghetext of theexpression
to thesener, which parseghe expressiontype-checksit, andreplieswith a PostScript
procalurefollowed by codethat, wheninterpraed, hasthe effect of evaluatingthe ex-
pressionRamsg andHanson1992.

Building an expression-galuationsener may requite significantintellectualeffort
aswell asprogammingeffort: onemustdefinewhatit meango evaluateanexpression
at a stoppingpoint. For an explicitly typed langua@ suchas Java or C, this taskis
easy;onecansimply recorstructthe original ervironmentin which the stoppirg point
occuss. But for an implicitly typed languagesuchas Haslell or ML, an expression
thatis evaluatedat dehug time cannda participatein typeinferencein the sameway as
an expressionthatis part of the original program. For examge, Hindley-Milner type
variades canna be unifiedwith known typesbut mustbetreatedasabstractypes.For
suchlanglagesthesemantic®f detug-time evaluation remainsatopicfor future work.

Even given a semanticsjmplemerting expressionevaluaion requires significant
progammirg effort. The processis descriled in detail by Ramsg (1993, Chapterb),
but we summaize here.

— The expressionsener mustreconstrgt the language-levdl objectsthat represent
the context at a stoppng point. The privatecontentsof theseobjectscanbe stored
in property lists on 1db’s delug-level objects.An additioral property, “serialize’
shouldbe PostScriptodethat,wheninterpreted,sendshe privatepropertiesto the
expressionsener. To getits privatedata,the sener asksldb to execute“serialize’
A senershouldreconstrat contextsincremeitally. For exampe, 1cc’ssenerstarts
working with an empty symboltable.Whenit looks up anidentifier a thatis not
presentjt asksldb for the delug-level objectthatrepresentsymbola, andit uses
the propetieson thatobjectto reconstret a suitablelanguag-level symbad for a.

— Oncethecontet hasbeenrecorstructedandanexpressiortranslatedo intermed-
atecode,the sener mustturn this codeinto PostScriptAs a stack-basethnguag,
PostScripts anidealtarget for suchtranslationsothereis notmuchintellectualef-
fort involved.But the progammingeffort is proportioral to thenumbe of different
kindsof nodesin thecompgler’s intermedate code which canbe consideable.

— If theexpressiongo be evaluatedincludeprocedire calls, thetargetianguag run-
time systemmay have to be modfied to be ableto exeaite a procedurecall on
behalfof 1db. Dependhg onthe comgexity of the calling corvention,this feature
canbe quitedifficult to implemer.

— If the comgler suppots multiple target machires, the expressionsener mustbe
specializedo therequrementsof the tarmget beingdehugged.For example the ex-
pressiorsener mustknow the sizesandalignmerts of basicdatatypes.The com-
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piler writer may createa specializedexpressionsener for eachtarget, or better
createa singleexpressionsener thatis specializedat startuptime.

Thesenerfor 1cc is specializedat startuptime. Adding this capaliity took some
effort, but becausestartuptime specializatioroffers major benefitsfor configura-
tion manag@ment;he productionversia of 1cc hasadogedit, soit is now “free.”

While implementiry an expression-galuation sener requres significantprogam-
ming effort, this effort is not absolutelyrequirel—because dehuggeris usefu even
withoutanexpression-galuationsener, we canagan tradeprogrammirg effort for de-
buggng functionality. In particuar, if no expression-&aluationseneris provided,1db
usesa“default” evaluatorthatcanprint the valuesof variabdesonly.

4 When representationsmust be available

decl)ll;?e;cl?lel complee
‘ C M M E
| |

1db interface

Fig.5. Incrementalconstriction of a delug-level object

Section3 explains what language-leel objeds a compiler mustprovide in order
to createdehug-level objectsfor 1db. But whenmusttheseobjectsbe provided?One
strat@yy is to accumulée all theobjects,andoncecomglation is over, emitthem(Ram-
segy 1993 Chapter4). Although this stratgyy hasthe merit of simplicity, it prolongs
the lifetimes of the compler’'s language-lerel objects,andit cancomplicatememoy
managmentandslow the compiler A betterstratey is asfollows:

— Create delug-level objectsas soonasis corvenient, possiblyleaving out some
parts.For exanple, a procalure’s objectmight be createdwithout stoppingpoints.

— Incrementally mutatedehug-level objectsto accunulatemissingparts.

— Whenall informationhasbeenaccumuated,externalizethe objectby writing it to
assembly-laguageoutput.

This strategyy, asappliedto a singleobject,is depictedn Fig. 5. Eachsmallbox denotes
aphaseof thecompler. Thephaselabelled“C” creategheobject;phasedabelled“M”
mutatethe object,the phasdabelled“E” exterralizesthe object, anddottedphasesg-
noretheobject.Thelifetime of theobjectrunsfrom “C” to “E;” afterbeingextemalized,
theobjectcanbediscarded

Thecreate-mtate-extemalizestratey is built into the designof our support library.
Thelibrary providesthe createandmutateoperatiors for eachtype of detug-evel ob-
ject. For exanple, a delug-evel procedire is createdwithout stoppingpoints; when
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a stoppirg point becoms available, the compler mutatesthe procedire by calling
1dbProc_addLocus.

LdbProc *1dbProc_make (const char *name, LdbSrcLoc *src);
void 1dbProc_addLocus (LdbProc xproc, LdbLocus *locus);

In thelibrary interface,anexterralize operaion is exportedonly for acomgpglation unit;
otherobjectsareexternalizel by thelibrary’simplemeration.

Theprimary benefitof ourapgoachis thatthecomgler writer neednotworry about
how long objectsshouldlive or whenobjectsshouldbe written to disk; thesetasksare
handed by the suppat library. A seconday berefit is thatthe suppot library becomes
freeto charge andexperimentwith the extemal representatiorof delug-level objects,
perhas to improve perfamance.For examge, it is possibleto extemalizeindividual
objectsncrerrentally, by writing createandmutateopeitionsto alog. Experimentatio
with thesepossibilitiesis a topic for futurework.

5 Results

To assesshe progammirg effort requred by our appioach,we undetook casestud-
ieswith the 1cc (FraserandHanson1995 andMiniJava (Appel and Palsbeg 20@2;
Hosking2003)compiles. We explain how progmammingeffort is decompsed present
internalmetricsfor the modficationsdore to eachcompiler discusghe effort of creat-
ing thecompiletime support library, andcomparewith gdb.

5.1 Decomposition of programming effort

We distingush two kinds of progrmammingeffort: modfying the comgler’s existing
phasemoduesandaddirg new utility modulesA phasemodue implemerts a phaseof
thecomgler; autility moduleis usedby phasemoduesor by thesuport library. Utility

modues have well-definedinterfacesanddo not depen on otherpartsof the code,so
it is easyto addthem.To modfy an existing phasemodule requiresmore effort: the
compilerwriter mustundestandhow to dothemodification safely We therebreredwce
progammirg effort by puttingmostnew code,especiallymostof theintellectualwork
of creatingdehug-level objeds, into utility modues. This organizatio requites less
progammirg effort thanwould berequiredto do the samework in phasemodues.

5.2 Inter nal metrics

Measurerantsof our two case-studgompglers aresummarizedn Fig. 6. Theblock at
the top of Fig. 6 shows the sizesof the original complers; backend codeis split by
targetmachine The next four blodks summarie four kinds of modfications:

— We modified MiniJava to propagatesource-ode locatiors into intermediatecode
andto definestoppirg points.

— We modifiedMiniJavato geneatecodethatcouldrunon MIPS hardvare,notonly
onthe SPIM simulator(Larus 2003).
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lcc MiniJava
core | driver& | total || core| driver& | total
backends backends
totalmodules 36 9 45|| 132 6| 138
total sourcelines 13,730 4,83918,569|5,673 1,4727,145
Driver source 268 121
originalcompiler|  Alphasource 1,192
MIPS source 1,129 1,351
SFARC source 1,163
x86-linux source 1,087
utility modulesadded (none)
eﬁ‘orttoa}dd phasenoddeschangd 8 0 8
sourcelocations& | (none)
stoppingpoints .I!nesadded 131 0] 131
e lineschangd 53 0] 53
utility modulesadded 0 1 1
effort to support e linestherein 0 49 49
MIPS hardvare phasemoddeschangd (none) 4 3 7
e linesadded 45 429 474
e lineschangd 9 10,
utility modulesadded 6 0 6 2 0 2
offort to add e linestherein 990 0| 990|| 343 0| 343
detuggingsuppat phasemoddeschangd 4 4 8 29 2 31
e linesadded 18 43 61| 340 46| 386
e lineschangd 0 4 4 57 9] 66
utility modulesadded 0 8 8
efforttoaqldan e linestherein 0 1,172 1,172
igiisi(lgonﬂ phasenoddeschangd 24 0 24 (none)
sener e linesadded 730 0] 730
e lineschangd 105 0] 105
| total sourcelinesaddedor changed || 1,843 1,219 3,062 978 5341,512]

Fig. 6. Casestudieslcc andMiniJava

C/C++| Java | Fortran| Pascal |Modula-2
lang-exp.y 1,715 1,462 1,175 1,485 1,094
lang-lang.c 522 1,097 957 465 468
lang-lang.h 84 66 98 75| 31
lang-typeprint.c|| 1,154 343 435 858 41
lang-valprint.c 573 527 739 1,115 39
total sourcelines 4,048 3,495 3,404 3,998 1,673

Fig. 7. Linesof codefor gdb’s languagesuppat
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— We modfied bothcomplers to adddelugging supyort.
— We implementedanexpression-galuationsenerfor 1cc.

Eachkind of modificatian is descriledin moredetail below.

Theoriginal MiniJava comgler providedno source-odelocationsfor symbolsand
no stoppirg points. We modfied MiniJava’s parserto captue eachsymbd’'s soure-
codelocationandto propagatethe locatiors into MiniJava’s intermedate represeta-
tion. We also modified MiniJava to include a stoppng point before eachexpression,
including nestedexpressionsaswell asbefare eachstatementandat the endof each
block. Adding source-ode locatiors changd only 17 lines; adding stoppingpoints
addedl31llinesandcharged36lines.

The original MiniJava compiler generéed codethat ran only on the SPIM simu-
lator (Larus 2003). Origind MiniJava alsoassumedhatthemain methodis passedn
emptyarray whichis trueon SPIM but notonrealhardvare.Sinceour deluggerworks
onrealhardware, we modifiedMiniJavato producesuitableassemblycode.ln particu
lar, we modified6 moduesto emit MIPS instrudions,andwe addel a nev modue to
the MiniJavarun-ime system:Treatingthe commau-line argumentscorsistentlywith
SPIMrequired4 moduesto be modfied. In total, we added 1 C modue andmodfied
7 Javamodulesfor MIPS suppat.

The bulk of our effort wasinvestedin true detugging suppat, which we did for
both MiniJava and 1cc. Becauselcc hasa well-defined interral interfacefor emit-
ting detugging information, mostof our effort wasin writing a new implementation
of thatinterface.We added6 moduesto 1cc: 1 big modue emitsdehugging informa-
tion, andthe other5 implement utility functiors. For MiniJava, we added2 modules
to the core of MiniJava: 1 for varigble placemets and 1 for printing proceduresWe
hadto change31 modues, but becase MiniJava usesvisitor patterrs, this numter is
deceptvely large:of the31 changdmodules22 collabaateto defineMiniJava’sinter-
mediateform, definingonetype of node permodue. Leaving asidethesemodues,we
changdrougHy the samefractionof moduesasin 1cc: abou 10%.

We implementedan expression-galuationsener only for 1cc. To implementcom-
municdion betweenldb andthe sener, we modified105linesandaddedl,172 lines.
Of the 8 modulesaddel, 1 module of 239linesis a driver, and1 modue of 617 lines
implemerts a newv back endthat generées PostScript.The remairing 6 modues, to-
talling 316lines, enalte the expressionsenerto be specializecht startuptime; thereis
onespecializatiormodue for eachof 6 differert architectues.

We alsoconsicer dugication of effort. Only nameresolutian is implementedboth
by 1db andby our case-studgompiless. Thecodeis 316linesfor 1cc and77 linesfor
MiniJava. Becausahe compileranddelugger bothneednameresoludion, andbecause
they canbeimplemernedin differentlanguags,we seenowayto avoid thisdugication.

5.3 The compile-time support library

Our casestudiesdo not includethe effort requiredto createldb’s suppat library. We
have investedsignificanteffort in developingfour implemenationsof this library: one
in eachof C, Java, Standadl ML, andObjective Caml.If acomgpler is writtenin oneof
thesdanguagestheapprriatelibrary canbereusedwith no additional progammirg
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effort. But if a comgler is written in anothe language,the library interfacemustbe
instantiatedor the new langua@, andthe new interfacemustbeimplemerned.

To instantiatethe interfacerequres choosingsuitableidioms in the new languag.
But our four existing instancesalreadyembod idioms from a range of paradgms:
Java is objed-oriented Standad ML is functional, Objectve Camlis both andC is
neither We expect,therefae, thatoneof the existing instancesvould be a goad guide
to creatinga new one Furthernore, the library itself is not large for exanple, the
C interfaceis 1,154lines, of which only 366 are nonblank nornrcommaent lines. The
correspnding implemenationis 1,001 lines. Givena new progammirg languag, we
couldprabablyinstantiatethelibrary interfaceandimplementationin lessthanaweek.

5.4 Comparisonswith gdb

Ourcasestudiedook atprogrammirg effort for individualcomplers. Here,we compae
our methal with gdb. Accordng to our basicprindple—thelessthe compilerwriter is
constraird, the smallerthe progammirg effort will be—wecomparehow our methal
andgdb constrairthe conpiler writer.

The compilerwriter mustpresentcertain information to the dehugger. In Section3,
we describewhatlanguage-level objectsthe compilermustprovide. We didn’t needto
addary languaye-level objectsto 1cc; to MiniJava, we added131 lines and modfied
53 linesfor source-odelocatiors of symbds andfor stoppirg points. Thesecharges
affectedonly small,isolatedpartsof the compiler

gdb doesnot descrile its requirenentsclearly. Gilmore (2000, Chapter7) tells a
compilerwriter to adda new sourcdanguag@ to gdb by providing 5 files. Fig. 7 shavs
the sizesof thefiles for the sourcelanguagessuppoted by gdb-5.1.1: C/C++, Java,
Fortran Pascal,and Modula2. Languagesuppot is threeor four thousandlines of
C code exceptfor Modula-2. The suppat for Modula-2 is much smallerbecase it
reuseshemoduesfor printing C typesandvalues.Commets in the soure codeindi-
catethatthis reuseis a stopg@® measureandgdb’s implementorsintendeventually to
implemen correctprinting suppat for Modula2. By contrast,1db’s languagesuppat
is threethousau lines of C cock for 1cc, including its expressiorevaludion sener,
and half that for MiniJava, which lacks an expressionsener. According to Gilmore,
a compilerwriter who wantsto adda new languageto gdb mustunderstandat least
3 headefilesand5 sourcefiles, whichare11,5321 linesaltogetter, of which 7,727 lines
arenon-blank,non-ommert lines. Our suppot library is far smallerandsimpler

The information mustbe presentedn a certain order and be kept live for a certain
time during compildion. For eachsymbd, gdb representshe symbd informationas
a“stabstring”which is the symbol’s nameappemledby the encodng of typeinforma-
tion. While the stabstringrequires a compilerto geneate a symbd’'s informationall
atonce,our suppat library canaccumuate informationincremantally, which gives the
compilerthefreecbmto geneatedifferentpartsof theinformationin ary order More-
over, becaseldb usesa nativedangua@ interface not strings,our suppot library can
guaranteethe well-formednesof the geneatedinformation.
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Thelessthe source language is constained the smallerthe programmirg effort. To
work with gdb, a comgler mustuseonly typesthatgdb undestandsandit mustuse
gdb’srepresentationBy contrastpur technqueshidethe sourcelanguag typesystem
anddatarepresetations,so the compler writer never hasto charge themin order to
suit the delugger—this is a whade cateyory of progmammingeffort we guaanteeto
eliminate.For examge, we keptlcc’'sandMiniJava’s datarepresentdonsuncranged

Themorethecompiler’scodeis reusedthesmallertheprogrammirg effort. gdb’scode
for expressionevaluation dugicatessubstantiafunctionality thatis alreadypresentn
the comgpler, including parsing type checkng, and geneation of intermedate code.
Becausethe codein gdb mustrespectgdb’s namirg conventionsand other internal
constraitts, it is not possiblesimply to reusethe correspondig codein the compilet
even if the compiler happensto be implenentedin C. By contrast, as describedin
Section3.3,our methal reuseghecompler’'s code.

The lessthe dehugger’s codeis revealed the smaller the programmirg effort. The
compilerwriter interactswith 1db only throughthe compler-suppat interface which
hidesthedetailsof thedehugger. By cortrast,gdb requresthecompilerwriter readand
undestandlarge chunks of C code.

6 Relatedwork

Therearetwo fundamentabppoachego source-lgel dehuggingof compiledcode.To
suppat the reverse engireering appioach,a compilergeneatescodemuch asit nor
mally would, andit emitsadditiona informationthatenable the delugger to analyze
the objectcode andrepot informationat the sourcelevel. To suppat theinstrumenta
tion apprach,acomgler or othertool modifiesthe progambefore codegeneation;for
exampe, a compilermight inserta conditional branchat every stoppingpoint. Debug-
gersthatusereverseengineeng include 1db, gdb, anddbx; detuggersthatuseinstru-
mentationinclude sm1d (Tolmach and Appel 199Q Tolmach199) and cdb (Hansm
andRaghaachari1996.

Instrumentationcan suppot detugging with modestprogammirg effort. Instru-
mentationcanalsosuppat advaned deluggng featuessuchastime travel, which is
moredifficult to suppot usingreverseengireering(FeldmanandBrown 1988). Unfor-
tunatelythecorveniencecomesatasubstantiatostin perfaomancecodeinstrumerted
for delugging typically runs 3—4 timesaslong asuninstrunentedcode. We therefae
limit our attentionto delhuggersthatusereverseengireering.

The standad appoachto reverse engineeing, which is exenplified by dbx, gdb,
andDWAREF, is for thedehuggerto provide a union modelof all languagesit suppats.
Becausethe union model provides the interface by which the comgpler tells the de-
bugger abou thetypesof variablesjt mustinclude every type corstructorusedin ary
languaye the detuggermight suppot.

There aretwo difficulties with aunionmodel:

— The compler and detugger must agreeon a represetation for eachtype. Be-
causethe representationmay be machire-depedent, a differentagreenent may
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be neededor eachtarget machine.Typically, the comgler writer cannotchoose
represetationsfor high-level valuessuchasrecodsandstrings;thecompilermust
usetherepresentationthatareassumedby thedelugger.

— A union modelmight notincludethe typesneededby a new languag. Forcing a
new languag to fit anold union mocel may require substantiakeffort, andsuccess
is not guarareed,asis shovn by expeiiencewith SRCModula-3.2

A unionmodelexposesthe detailsof sourcelangua@ typesandtargetimachinerepre-
sentationsBy hiding thesedetails,we leave the compilerwriter free to changethem,
sono programmirg effort is expendedforcing the compilerto be compdible with an
unsuitalte unionmode.

Like1db, theAcid delugger avoidsa unionmodé andinsteadprints sourcevalues
by usingfunctions written in aninternalproggamminglanguag (Winterbdtom 1994)
Aswith 1db, thesgunctionsmustbeemittedby thecompiler But Acid takesits internal
languaemuchfurther. thelanguageis thedehuggersonly userinterface.For examge,
commandssuchasbre&pointsand stepping which areprimitivesin othe deluggers,
areinsteadimplementd in the Acid languaye, wherethey canbe adjustedto suit the
needof delugging particdar targetprogams.The Acid languagecanalsobeturnedto
otherusesjncluding faultdetectiorandtest-caoverageanalysis. It is difficult to evaluate
the programmiry effort required for a compilerto work with Acid, but it looks similar
to the effort requred to work with early versiors of 1db: it appeas to be up to the
compilerwriter, without assistanceio emitinformationin the form thatthe dehugger
expeds.

A greatdealof relatedwork hasheeninvestedn detuggingoptimizedcode To de-
bug optimized code,the dehuggerneed to know the relationbetweenoptimizedcode
andsourcecode.In particular whenexecttion is suspendd, the delugger mustfind a
way to explain theactualstateof themachire, evenif thatstateis not consistentvith a
sequentiakxectution of the sourceprogam. This may hapgenif, for examge, the opti-
mizerhaschangdthe orde of execution, eliminateddeadassignmets, eliminatedin-
ductionvariadesfrom loops,andsoon. Evenfor afairly simpleoptimization, building
adehuggerthatis capalte of finding suchexplamationsrequiressubstantiaintellectual
andprogammirg effort. This prodem hasengederedalargebodyof literature which
fallsinto two broadcamps. Henressy(1982 exenvplifies the campthattriesto “unda”
optimizatilnssothatthe detuggercanpresentinexplanationthatmakesit appeaasif
theprogramhadneverbeenoptimized Brooks,HansenandSimmong199), Ticeand
Graham(1998), andJaramillo,Gupta,andSoffa (199, 2000) exemgify the campthat
triesto explain how the optimized codeis execued asit is. In eithercamp building a
deluggerrequreslots of compilersuppat andalsoa deepundestandingof optimiza-
tion. We believe thatdehugging optimizedcodeis orthogoral to the problemof building
adehuggerthatsuppats multiple languages compileis,andmachires.

2 In Modula-3folklore, gdb supmrt wascomingRealSoonNow from theearly1990son. Partial
suppot arrivedeventually but it wastoo lateto helppreventModula-3from falling into disuse.
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7 Conclusion

We have preseited a new kind of contract betweena conpiler and detugger The
key ideasareto distinguishlanguag-level objectsfrom delug-level objects;to build
deluglevel objectsincremetally; to hide the memoy managmentandexterral rep-
resentatiorof dehug-evel objectsin a reusablesuppat library; andto hide langwage-
depenlent,machinedepementinformationbehindthe method of the dehug-level ob-
jects.Thecontractsuppats multiple progammirg languagesandtargetmachires,and
it helpsa compler writer add delhuggng suppat while experding only modest pro-
gramming effort.
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