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Source-level Debugging for Multiple Languages
With Modest Programming Effort
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Abstract. We presenttechniquesthatenablesource-level debuggingfor multi-
ple languages at thecostof only modestprogrammingeffort. Thekey ideais to
avoid letting debugging requirementsconstraintheinternalstructureof thecom-
piler. Constraintsare minimized primarily by hiding the source-languagetype
systemandtarget-machinerepresentationsfrom thedebugger. Thisapproach en-
ablesusto support anew languageandcompilerwhile reusingexistingelements:
a multi-language, multi-platform debugger; the compiler’s implementationof
source-languagetypesandexpressions; informationalreadypresentin thecom-
piler’s privatedatastructures;andour compile-timesupport library, which helps
the compiler meet its obligationsto the debugger without exposinglanguage-
dependentdetails.We evaluateour approachusingtwo casestudies:theproduc-
tion compiler � ��� andaninstructionalcompilerfor MiniJava.

1 Intr oduction

Wouldn’t it beniceif every high-level programminglanguagecamewith asource-level
debugger?Unfortunately, debuggingrequiresa wealthof informationthatdependson
both sourcelanguageand target machine:what the source-level type systemis, how
source-level valuesarerepresentedon the targetmachine,how suchvalues shouldbe
displayedto theuser, andsoon.A typicaldebuggerreceivesthisinformationthroughan
interfacelike  "!"# “stabs”or DWARF (Linton 1990; Unix Int’ l 1993). It is badenough
that theseinterfacesarecomplex anddifficult to use,but what is worse,they overcon-
strain the compiler: the compiler writer must shoehorn the sourcelanguage into the
debugger’s typemodel, andthecompiler writer’schoicesof representationsarelimited
by thedebugger’sassumptions.1 If thecompiler writer does not account for thedebug-
ger’s limitationsfrom thebeginning,theprogrammingeffort requiredto adddebugging
support canbeonerous.

Wehaveaddressedthisproblemby changing thecontractbetweenthecompilerand
debugger. Our new contractenablesusto reduceprogrammingeffort by reusingcode,
by reusinginformationalreadypresentin thecompiler’sprivatedatastructures,andby
avoidingconstraints on thecompiler’s representationchoicesandphaseordering.

1 For example,many debuggerswon’t let a compilerputa recordvaluein a register, evenif the
representationof therecordfits in a machineword.



– We have implementeda debugger that canbe reusedalmost in toto even with a
language or compiler that it did not previously support. The only part that is not
easilyreusedis the stackwalker—our current stackwalker supports only calling
conventionsthataresimilar to thestandardC calling convention.

– Ratherthanimplement aninterpreter for source-languageexpressions,our debug-
gerreusesthecompiler’s code to parseexpressions,type-checkthem,andtranslate
themto intermediate form. In additionto reducing programming effort, this tactic
makesit easierto guaranteethat the compileranddebugger implement the same
semanticsfor thesourcelanguage.

– Our debugger receives information from a compiler through a reusablecompile-
time support library. The library helps the compiler meet its obligations to the
debuggerwhile hiding language-dependentdetails.Our library doesnot force the
compiler’s private datastructures to fit the debugger’s model, doesnot require
changing thetiming or ordering of thecompiler’s phases,anddoesnot artificially
prolong thelifetimesof thecompiler’s internaldatastructures.
To beusedwith a particular compiler, the library mustprovide an interfacein the
implementation language of that compiler. We have therefore designed the inter-
facein two layers:an abstractlayer that is independentof implementation lan-
guage(Ryu and Ramsey 2004), and a concretelayer that containsinstancesfor
four implementationlanguages(C, Java,StandardML, andObjectiveCaml).Each
concrete instanceis backedup by animplementation.

Our primary goal is to reduce programmingeffort, which is notoriously difficult
to evaluate.As usual,we cannot afford a quantitative, comparative studyof different
implementationtechniques.Instead, werely onsimplemetricsandonebasicprinciple.

– Oncewe have addeddebugging support to a compiler, we measure the resulting
code:$

How many of thecompiler’smoduleswerechanged?How many new modules
wereadded?$
How big arethe new modules?In changedmodules,how many linesof code
wereaddedor changed?$
How muchcodeis duplicated?In particular, whatfunctionality is implemented
bothby thecompiler andby thedebugger?

Thereareothersoftwaremetrics,but thesesuffice to show that our technique re-
quiressignificantlylessprogrammingeffort thanstandardtechniques.

– Our basicprinciple is that the lessthe compiler writer is constrained, the smaller
theprogrammingeffort will be.Relevantconstraintsincluderequiring thatthecom-
piler writer present certaininformationto thedebugger; requiring thattheinforma-
tion bepresented in a certainorder; requiring that the informationbekept live for
a certaintime during compilation; andrequiring that thecompiler useonly certain
source-language typesandrepresentations.Minimizing theseconstraints hasbeen
themajorideabehind thedesignof our support library.

Our work builds on earlierwork with %" "! , which usedinformationhiding to make
it easierto retarget a debugger (Ramsey andHanson1992; Ramsey 1993). Thatwork
appliedonly to a singlelanguageandcompiler, andthecontractbetweencompiler and
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debugger wastoo complex andput too many constraintson the compilerwriter. Our
novel researchcontribution is anew contract, whichreducesprogrammingeffort in two
ways:it minimizesconstraints on thecompiler, andit removesthe intellectualburden
of organizingthe compiler’s information in the way the debugger wantsit. Insteadof
falling on thecompiler writer, this burdenis carriedby thesupport library.

Our new contract supports not only multiple machines,but also multiple source
languages.Thisdoesnotmeaneverylanguage—weassumethata languagecanbeexe-
cutedby threadswith stacks,hasmutable statethatcanbeexamined, hasa meaningful
notionof breakpoint,andsoon.While theseassumptionsapplyto mostlanguages,they
maynotapplyto a lazy functional language,a logic language,or aconstraintlanguage,
for example.Evenso,%" "! caneasilybeappliedto aninterestingclassof multi-language
programs.For example, Fig. 1 shows a debuggerstacktracein which someframesare
implementedin C andothersin theinstructional languageMiniJava.
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Fig.1. Example stacktraceshowing support for multiple languages.Frame0 contains
a C procedurethat is part of the MiniJava run-time system;frames1 and2 contain
MiniJavamethods;andframe3 containsstartupcodewritten in C.

2 Overview

Undera debugging contract, a compilerprovides information about eachprogram it
compiles,andthe debugger usesthis informationto give usersa source-level view at
run time. Informationabout a program is highly structured andmaydescribe suchel-
ementsassource-language types,variables,statements,functions,methods,andsoon.
We assumethat in any given compiler, suchelementshave natural,native representa-
tions,which we call language-level objects. But a debugger that works with multiple
languagesandcompilersmustusearepresentationthatis independentof any compiler;
this representationis composedof elementswe call debug-level objects. Under our
contract, acompilerusesits language-level objectsto createdebug-level objects,which
encapsulatethecompiler’s knowledgeabout thesourceprogramandits representation
on thetarget machine.Bothkindsof objectsaredescribedin Section3.
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A key property of debug-level objects is that language-dependent and machine-
dependentinformationis hiddenfrom thedebugger. This informationhiding leavesthe
compiler writer free to reflect the structureof the compiler’s language-level objects
directly in thestructureof debug-level objects,reducingtheeffort requiredto createthe
debug-level objects. For example, if the compiler’s natural representation of a record
type containsa list of pointers to representationsof the typesof the record’s fields,
thecompiler writer is freeto createa debug-level representationof therecordtypethat
containsasimilarlist. But if thecompiler’srepresentationof arecord typeinsteadkeeps
thefield informationin anauxiliary symbol-table entry(FraserandHanson1995,p 54),
thecompilerwriter is freeto reflectthatrepresentationinstead.

To help the compiler createdebug-level objectsfrom language-level objects,we
provideacompile-timesupport library. Eachlibrary functionplacesaconstrainton the
lifetimes of language-level objects: all the language-level objectsneeded to createa
debug-level objectmustbelive at thesametime. Section4 describestheseconstraints
andexplainshow weminimizethem.

Section5 presents two casestudiesandmakescomparisonswith r2 "! , andSection6
discussesrelatedwork.

3 What a compiler must represent

Creatingdebug-level objectsfrom language-level objectsaccountsfor mostof thepro-
gramming effort of using %" "! . To explain theeffort, we discussthelanguage-level ob-
jectsthecompiler needs,thedebug-level objects thecompilermustcreate,andtheas-
sociatedprogrammingeffort. We alsodiscussexpressionevaluation, which not only
requiresits own effort but alsoaffectstheeffort of creatingdebug-level objects.

Tomakeexamplesconcrete,weuseproceduresft�! , shownin Fig.2,whichiswritten
in MiniJava.Procedure sft�! computesandprintsFibonaccinumbers.It is translatedinto
theassemblyfile uft�!wv�x , anexcerpt of which is shown in Fig. 3.

3.1 Language-level objects

To createthe debug-level objectsthat %" 2! requires, a compiler needsthe following
language-level objects.

– Source-codelocations. The compiler mustassociatea source-codelocationwith
eachinstanceof an interestinglanguage construct, suchas the declaration of a
variableor thestartof astatement.For example,in Fig. 2, thesource-codelocation
of variable t is line 7, column11 of file uft�!wvzy"{"|2{ .

– Variable placements. The compilermustknow whereeachlive variable is placed
at run time.Typically, avariableis placedeitherin astackslotor in amachine reg-
ister. For example, thecompilermight placevariable t in a stackslot addressedat
offset } 4 from register ~"�2� . Placement mayvaryastheprogramcounterchanges.

– Labels. On requestfrom the support library, the compilermust inserta label into
assembly-languageoutput. For example, thelibrary mayaskthecompilerto insert
a labelto markthestartof a statement.In Fig. 3, label ~"�wvz�2� is sucha label.
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Fig.2. uft�!�vzy"{"|"{ : MiniJavacode.
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Fig.3. uft�!�v�x : assemblycode.

– Types. Thecompilermustknow thesource-language typeof a variable or expres-
sion. (If the sourcelanguage is dynamically typed, it sufficesthat every variable
andexpressionhave thesametype,“value.”) For example, t ’s typeis t��"� .

– Symbols. If anamedentityis to bevisibleatdebugtime,thecompilermustdescribe
it with a symbol. For example, if a usercanask the debuggerfor t ’s value,the
compilermustdescribet with a symbol.

– Stopping points. Thecompilermustidentify stoppingpoints: source-codelocations
whereexecution of a program might stopat debug time. For example, MiniJava
usesvery fine-grained stoppingpoints: not only before and betweenstatements,
but alsobefore eachexpression,evennestedexpressions.A stopping point is also
calleda locusof control.

– Environments. The compiler mustbuild an environment (symbol table)mapping
namesto symbols.In a languagethatallows local declarations,a singlenamecan
meandifferent things at different points in a program,so the compiler must be
ableto reconstructa suitableenvironment at eachstoppingpoint.For example, the
compilermustbeableto reconstruct two different environments at theconditional
expressionsof the  "¡ft�%"¢ statementsin Fig. 2—variable t is visible from thecondi-
tionalexpressionon line 8 but invisible from theconditionalexpressionon line 14.

Becausesuchlanguage-level objectsalreadyexist in a typical compiler, evena student
compiler (Aho, Sethi,andUllman 1986; Appel 1998), providing themusually takes

5



little programmingeffort. The two exceptions aresource-codelocationsandstopping
points.

Serious compilers track source-codelocations, but a student’s compiler may not.
Addingsource-codelocationsrequirescapturing themduring lexical analysisandpush-
ing themthroughtheparserto anintermediaterepresentation. If addingsourcelocations
takestoo mucheffort, a compilerwriter canexpendlesseffort in return for lessdebug-
ging functionality. For example, if a compiler providesthesamesource-codelocation
for everything, thedebugger will still beuseful,but it will not support suchoperations
assettinga breakpoint ata givensource-codelocation.

Stopping pointsrequiremoreeffort thansourcelocations.First is theintellectualef-
fort of determining whatsortsof programpointsshouldbeconsideredstoppingpoints.
Thisdeterminationis language-specificbut shouldnotbedifficult; commonchoicesin-
cludestatements,control-flow points,anddeclarationsof named variables.(Werecom-
mendagainstanothercommon choice:sourcelines.)Secondis theprogrammingeffort,
which we discussin moredetail in Section3.2.While debugging without sourceloca-
tions is still useful,debuggingwithout stoppingpointsis not; without stoppingpoints,
thedebuggercannotsupport breakpointsor single-stepping.

3.2 Debug-level objects to be created by the compiler

The language-level objects listed above are usedto createdebug-level objects.The
structureof the language-level objects,especiallytypesandsymbols, necessarilyre-
flectsthe structureof the language beingcompiled. But different languageshave dif-
ferentstructures.How, then,canwe defineonesetof debug-level objectsthatsupports
multiple languages?Theansweris that %" 2! ’sdebug-levelobjectsmakeit possibleto re-
flect linguistic structureat debug level, but they do not require any particularlinguistic
structureat debug level.

Theinterface to our support library is basedon a hierarchy of types.Thebasetype
of a debug-level object is info. Somedebug-level objectscanbe extended with key-
valuepairs(property lists) thathold informationprivateto the compiler; suchobjects
aretables. Particularinstancesof tablesinclude symbolsandtypes. In C, our interface
definesthesetypesasfollows:
.���12���
� V �/.����"��. � ��&")W� V 0 � �/&"�*� V 0£� A�JT�U�
��&���j�� � ���
� � 0�&�C�����.SJ�A.���12���
� V �/.����"��. � ��&
.
��& � � � �/&
����& � �G�¤A�JT� O .����"��)*& � �6�2)�.��91
��)/�
��.��5�
�/.��(J�A.���12���
� V �/.����"��. � ��&"����B�&20 �T� �/&�i���B�&�0 � �.���12���
� V �/.����"��. � ��&
.���12� � �/&
����12�£�
Whenour interfaceis instantiatedin anobject-orientedlanguage,wedefinethesetypes
asclasses,andwe expressrelationships amongthemusingsubtyping andimplicit sub-
sumption. In C, however, we definean abstracttype asan incompletestructuretype,
andweexpressrelationshipsamong typesusingexplicit conversionfunctions.

� ��&"�*� V 0¥J � ��&�����& � � : �����*� V 0 + � ��&
�
��& � �¦J/.
��& � ��3
�� ��&
����& � �(J � ��&�i���B�&20 � : ���/�
��& � �£+ � ��&�i��/B�&20 � J�����B�&20 � 3��� ��&
����& � �(J � ��&�����12� : ���/����& � � + � ��&
����12� J/.��"3��
Privatekey-valuepairs(properties)areaddedto a tableusing %" "!"§2{"!"%"¢ ¨"©"� .
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0�)�� � �/&
����& � � : 1��
.�+ � ��&
�
��& � �SJ/.fFª��0*�"�/.l�*�����SJ�«����[F � ��&"�W� V 0(J/��� � 3��
With this hierarchy of typesasbackground, we describe%2 "! ’s requirementsandthe
associatedprogramming effort.

Simpleobjects: Source-codelocations, labels, and variable placements To %" "! , a
source-codelocationis a triple containing a file name, line number, andcolumn num-
ber;a labelis astring;andaplacementis atermin analgebrawith labels,registers,and
addressarithmetic. Suchobjectsarecreatedusingconstructor functionslike these:

� ��&�i���� � 0��9J � �/&�i���� � 0�� : B"��«�� +-��0��2�/.S�*�2���]J V ) � �£Fª)*�
. � )*�2�GF¬)*��.l��0 � 3
�� ��& � ��&�� � J � �/& � ��&2� � : B"�/«����*��­
0��
��i/12�����£+-��0/�2�/.?�*�2���]J����WB����*B"��3��� ��& � ��&�� � J � �/& � ��&2� � : B"�/«����*�����/.���i/12�����£+-��0/�2�/.?�*�2���]J����WB����*B"��3��� ��&
� � �®B�.¯J � �/&
� � �WB
. : B"�/«���m�. � �*&2� � + � ��& � ��&2� � J � ��&2� � 3��� ��&
� � �®B�.¯J � �/&
� � �WB
. : B"�/«���m�&"��0 � �
.�� +-�*�2�/�l�*12�����GF )*��.]0 V�V ����."3��
� ��&
� � �®B�.¯J � �/&
� � �WB
. : B"�/«���i/�") V .���� + � ��&
� � �WB�.SJ � 0��£Fª)*��.]0 V�V ����."3��� ��&
� � �®B�.¯J � �/&
� � �WB
. : B"�/«����*����)������/. +-�*�2�/�l�*12�����GF � ��&
� � �WB�.SJ � 0��£Fª)*��.]0 V�V ����."3��
For example, t ’s debug-level sourcelocationandplacement arecreatedasfollows:

� ��&�i���� � 0�� : B2�/«��£+/Rz'�)*&X�>C������"R2F°o�F P�P 3� ��&
� � �®B�. : B"��«����*���
)/�����/.�+�±��[±�F � ��&
� � �WB�. : B2�/«���m�&2��0 � �
.
�£+�±>�f±�FM=�3�Fe�/Z"3
andsft�! ’sassemblylabeliscreatedby %2 "!"�"{"!2¢"% ²2{"³"¢f´��2µ"¶" "¢"·2¨"{f¸�¢w¹/º�~"�»vzu[t�!�vHsft/!fº2¼ .

Creatingtheseobjectstypically requiresmodifying only a coupleof existing mod-
ules.For example, %f¸"¸ required19 linesto createlabelnamesand13 linesto translate
its registernamesinto %" 2! ’s placementalgebra.

Types %" 2! imposesno structureon types; it usesa debug-level type only to deter-
minehow a valueis printed. To support printing, eachdebug-level typemustinclude a
procedureor methodthatprintsvalues of that type.Writing theseproceduresrequires
significanteffort. For eachtypeconstructor in thesourcelanguage,thecompiler writer
mustwrite aprocedurethat %" 2! canuseto print avaluewhosetypeis formedusingthat
typeconstructor. To write suchaprocedure, onemustknow how valuesarerepresented
andhow they shouldbeprinted.For printing, %" "! providesa flexible prettyprinter, but
for manipulatingrepresentations,%" "! providesonly basicmachine-level primitiveslike
load, store,andarithmetic. But because expressingsource-level manipulationsusing
machine-level primitives is whatacompiler does,acompilerwriter is well equippedto
write printing procedures.

In whatlanguagearetheseprinting proceduresto bewritten?They can’t bewritten
in the sourcelanguageof the target program,because %2 "! must work with multiple
sourcelanguages.They couldbewritten in machine language,but this is abadidea;not
only canmachinecodebetricky to loaddynamically, but because%" "! candebugovera
network, machinecodecompiledfor %2 "! ’s targetmightnot runon %" 2! ’smachine.Ide-
ally, printing procedureswould be written in a simple,high-level scriptinglanguage.
Today, popular languageslike Perl,Python,andSchemecanbeembeddedin applica-
tions; thereareeven languagesdesigned expresslyto be embedded,like Lua andTcl.
Any of theselanguagescouldwork in %2 "! . But whenthe %" 2! projectwasstarted,these
optionsdid notexist. Instead,Ramsey andHanson(1992, ½ 5) choseto extend%" "! with
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a new implementationof anexisting language: PostScript.PostScriptdoeshave some
advantages,but if we wereto rebuild %" 2! from scratch,we would choosea language
thatis betterknown andmore friendly to programmers.

Thechoiceof languageaffects theeffort required to write printing procedures.This
effort, while modest,is not trivial; someexamplesmay help you judge. A PostScript
printing procedurereceives threeargumentson thestack:an“abstractmemory,” which
represents the stateof the target program;the locationof the valueto be printed; and
a debug-level objectcontaining theprinting procedure.This lastargumentmeansthat
printing proceduresareeffectively equivalent to methods in anobject-orientedsetting.

Thebasictechniquecanbeillustratedby averysimpleexample.The %f¸2¸ compiler
supports two different machine-level representationsof floating-point numbers.In the
debug-level object representing a floating-point type, %f¸2¸ identifiesthe representation
by usinga private property ²"�2¾"¨"¢ . This property, which is bound into thedebug-level
objectusing the support-library function %" 2!"§"{"!"%2¢ ¨"©2� , is thenusedin the printing
procedure:
¿"À uÂÁ ¿ ²"�"¾"¨"¢Ãr2¢"��Ä2¢"²"¶"�"¾�vzu"¢"�f¸�¡ À ©2��ÅÆ "¢"s

ThePostScriptcode“
¿ ²"�2¾"¨"¢Ãr"¢"� ” fetchesthevalueof the ²2�"¾"¨"¢ property, afterwhich

the PostScriptstackholds exactly the argumentsneededby Ä"¢2²"¶"�"¾wvHu"¢"�f¸�¡ , which
leavesthe floating-point number on thestack.As a primitive machine-level value,the
floating-pointnumbercanthenbeprintedusing%" "! ’sprimitive

À ©"� . Crucially, thevery
existenceof the ²"�2¾"¨"¢ field is hiddenfrom thedebugger.

Theprinting proceduresthat %f¸"¸ usesfor unsigned integers andfor characters are
similar. Theprinting procedurefor signedintegers is

À ´ :
¿"À ´bÁ� 2©"¨ÂÇÉÈ9�"¶"%"% ¿ ²"�2¾"¨"¢Ãr"¢"�ÂÄ"¢2²"¶"�"¾wvHu"¢"�f¸�¡

¢2#f¸�¡ ¿ !ft��[x"t�Ê"¢Kr2¢"��·[t�r"�"Ë"#2�"¢"�" À ©"�ÂÅ? "¢2s
“  "©"¨ÂÇÌÈ]�"¶2%"% ” savesa copy of the debug-level type beforeextracting ²"�"¾"¨"¢ and
fetchingthevalue. In thedebug-level type,theprivatekey ![t��fx"t�Ê2¢ is associatedwith
thenumberof bitsin theinteger, andit is usedto sign-extendtheintegerbeforeprinting.

MiniJavasupportsonly onebasictypeinteger type,whoseprinting procedureis
¿ ´�Í"§ÂÁÆ¨"¶"¨ÂÄ"¢"²"¶2�"¾wvz§"¾2¨"¢wv�´�Î2�]Ä2¢"²"¶"�"¾�vzu"¢"�f¸�¡SÎ"�Æ·ft�r"�2Ë"#"�"¢"�2 À ©"�ÆÅÆ "¢"s

Becauseevery MiniJava value fits in oneword, this procedureis simpler than %f¸2¸ ’s
printing procedurefor integers.

Structuredtypes,likearrays,require morecomplicatedprintingprocedures.To help
print anarray, %f¸"¸ includesthe following private valuesin thedebug-level objectthat
represents thetypeof thearray:

�"¾2¨"¢ Thetypeof anelementof thearray(asa debug-level object)
x"t�Ê"¢ Numberof bytesin thearray

Usingthoseprivatefields, %f¸"¸ ’s printing procedurefor arrays is
A/m�����m�ÏS^
P �T��)��/.5&2��j�)*�
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A�Ð�.���12�9� O �W�]�
� V Ñ �2�*B"�6.��2�6.���1��A�Ð � 0���� O �W�]�
� V Ñ �2�*B"�6.��2� � 0�����.�)�0��A�Ð�B � O �W�]�
� V Ñ �2�*B"�6.��2��B"�*B20����A�Ð��/����������)��
�TÐ�.���1�� A���)��
�6j
��.9�
� V Ñ �2�*B"�6.��2�b�����
���f±z�9��)/�
�A�Ð�� � �*B�.���12�ÒÐ�.���1�� A/.���12�6j
��.9�
� V Ñ �2�*B"�6.��2�b� � �WB"���
.9.���12�A�Ð�� � �*B
��)/�
�ÒÐ�� � �WB�.���12�9A���)��
�6j
��.9�
� V Ñ �2�*B"�6.��2�9��)����b0 V 0����b� � �*B2���
.A�Ð � )WB
)/. � m�������� � )WB
)/.9Ð�� � �*B
��)/�
�UB�� � �
� V ÑTV )*���T.��2�b�����90 V .����b�������/�+z^�3°���
. 7 ����j�)*�7 Ð
� � �*B
��)��
�TÐ������
������)���� P �*��& Ñ � 0�0�1 V ��0*B 7 .�06Ð�������������)/�
��� PÑ &��bÐ�� � �WB
��)��
�^6�/��1 7 �2�5^�+�F�3����
. 7 ��������« g ) V�/��1(Ð � )®B
)/.9j��b^Â+������H3����
.51�0�1S� O )�. g ) VÐ/B]Ð � 0��6\9� P �
0 ��� i/�2) V .����bÐ
� � �*B�.���12�61
��)*��. Ñ 1���)*�
.]�*�S� � �*B2���
.g6V 0��+ g 3°���
.b���
������
g &")*���9��� V
Theprint procedurefirstputsrelevantinformationin localvariables,whosenamesbegin
with ampersands.Thecode thenprintsanopening braceandloopsthrough theoffsets
of the arrayelements.At eachiteration, the ·"¡[t�s"�"¢" function addsthe offset to the
locationof the array, and ¨"�ft��"� prints the element.Eachelementexcept the first is
precededby a comma anda potentialline break. If thenumber of elementsexceeds an
adjustablelimit, anellipsis is printed andthe loop terminates.Finally, a closingbrace
is printed.

MiniJavausesa differentsetof privatekeys for anarraytype:

¢"%2¢"²"�"¾ Thetypeof anelementof thearray

In MiniJava,unlike in C, thesizeof anarrayis not partof thearray’s type;insteadit is
storedin memory atoffset } 4 from thestartof thearray.

MiniJava’s printing procedurefor arrays isA/m�����m�ÏS^
P �T��)��/.5&2��j�)*�A�Ð�.���12�9� O �W�]�
� VA�Ð � 0���� O �W�]�
� VA�Ð�B � O �W�]�
� VA�Ð����/� � 0��6Ð/B]Ð � 0���@��*B"0����<�a����1��[�D��\�=5@��WB"0����<��'���.��*�Ó±���±�m�&"��0 � �
.��T�
� VA�Ð � ���
j�.��]Ð/B]Ð��2�/� � 0��T��Z9i/�") V .
���T@��*B"0/���<�a����12�[�D��\�=b@��WB"0����<��'���.��*�S�
� VA�Ð�� � �*B�.���12�5Ð�.���1��9A�� � �*B
.��9j���.9��� V+z^�3°���
. 7 ����j�)*�7lP Ð � ���
j�.�� P �*��&^TA/Ð�)T� O �W�]�
� VÐ�) 7 �2�5^�+�F¬3°���
. 7 �������/« g ) VÐ�) � m����
��� � )WB")/.(j��T^�+
�����z3����
.5120�1l� O )/. g ) VÐ/B]Ð��2�/� � 0��6Ð�)UZMB�� � i��") V .����bÐ�� � �*B
.���12�U1
��)*�
.g6V 0��+ g 3°���
.b���
������

g &")*���9��� V
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After accounting for differencesin representation,this procedure is quite similar to
%[¸"¸ ’s procedure. But it is preciselythe ability to accomodatesmall differencesthat
makes it easierto work with %" "! than with a large, complex type systemthat (for
example) prescribesoneandonly onerepresentationfor arrays.

Theexamplesabove maybeslightly intimidating, but onceonemasterssomerudi-
mentaryPostScript,writing printing proceduresis straightforward.Moreover, our case
studiesshowedthatprinting proceduresfor %f¸"¸ andMiniJava arevery similar. We ex-
pect,therefore, thatonecoulduseexisting printing procedures asguidesto implement
new ones.And our case-studycompilersdo not require many printing procedures.For
example, the %f¸2¸ front endrecognizes14 language-level type constructors, which it
prints using13 printing procedures.(Sometype constructors sharea printing proce-
dure,andsometypes,notably ¸�¡"{2�ÌÔ , requirespecializedprinting procedures.)

Onecreatesa printing procedureby supplying sourcecodeto %" "! À x À �"¶f¸ ²"{"³2¢ .
Onecanthenusetheprocedureto createa debug-level type:

� ��&
���/����0��9J � �/&
���/���
0�� : B"��«��£+-��0*�"�/.Æ�W�2���lJ���0��
��3��� ��&
����1�� J � �/&
����12� : B"�/«�� +-��0��"�/.l�W�2���lJ������ � F � �/&
���/���
0��9J*1
��)W�
.����"3
�
The type also takes a  "¢f¸�% field, which is a ¨"�ft��2�"s format string that enablesthe
debugger to print a declaration of a variable of the type.For example, t ’s debug-level
typeis createdby %" "!"§"¾2¨"¢ ²"{2³"¢w¹�º"t��"�SÕfx2ºfÖ�%" "! À x À �"¶f¸ ²"{"³"¢�¹�º"´�Í"§[º"¼"¼ .

symbol

symbol with type

symbol with value

proceduresymbol

inheritance

– print type

– print value

– searchstopping points,walk a call stack,...

Fig.4. Symbols andtheoperationsthey support

Symbols Debug-level symbols comein four flavors: bare,with type, with type and
value,andprocedure.In Fig. 4, the leastfeatureful flavor is at the top and the most
featureful at the bottom. Eachflavor is alsoa table andso canbe extended with pri-
vate properties. A baresymbol hasa nameand a source-codelocation but no other
information;sucha symbol is not directly useful to %2 "! , but it may help a compiler
writer embedthecompiler’s privatedatastructuresinto debug-level objects.A symbol
with only a typecanhave its typeprinted; sucha symbol might represent a language-
level type.A symbol with a typeandvaluecanhavebothits typeandits valueprinted;
suchasymbol might representa language-level variable or constant.A proceduresym-
bol cansupport many debug-timeoperations,including enumeratingformalparameters
andlocalvariables,searchingstopping points,andwalkingacall stack.To support these
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operations,a proceduresymbolmustprovide the nameof its returntype,an environ-
mentthat includes its arguments,its stack-framesize,informationaboutcallee-saved
registers,its assembly-outputlabel,anda list of stopping points.

Becausethelinguistic structureof symbols is not partof thecontractbetween%" 2!
andthecompiler, thiscontractsupportsmultiplelanguagesandcompilers.Thecompiler
writer mustembedthecompiler’s symbols into %2 "! ’s symbols,but becauseeachflavor
canbe extendedwith privateproperties,this doesnot requiretoo muchprogramming
effort. For example, %f¸"¸ maintainsfive kinds of symbols:types,constants,variables,
procedures,and �"¾"¨2¢fx�¾"² s. (The �2¾"¨"¢fx�¾2² is part of %f¸"¸ ’s privaterepresentation of a
C-language type.) %f¸2¸ ’s types,constants, variables, andproceduresareembedded in
symbols with types,symbolswith values,symbols with values,andproceduresymbols,
respectively. Because%" "! doesnot use�"¾2¨"¢fx�¾"² sdirectly, �"¾"¨2¢fx�¾"² sareembeddedin
baresymbols.

Stopping points At debug time,stoppingpoints areusednot only to plantbreakpoints
by source-code locationbut alsoto identify thesource-codelocationnearestthepoint
of a programfault.Theseoperationsrequire thedebuggerto mapbetweenobject-code
locationsandsource-codelocations.Themapis definedby thesetof all stoppingpoints
in theprogram,so %" 2! requiresthecompiler to associateeachstopping pointwith both
a source-code locationandan object-codelocation. (The object-codelocationis rep-
resentedby an assembly-languagelabel like ~"�wvz�"� in Fig. 3.) At a stoppingpoint,
the debugger mustbe ableto look up symbols, so %" "! requiresthe compiler to asso-
ciateeachstopping point with anenvironment. Therefore,adebug-level stopping point,
which is alsocalleda “locus of control,” is createdwith threearguments:

� ��& � 0��W�"�9J � ��& � 0��*�"� : B"�/«��×+ � ��&�i���� � 0��SJ��/���£F � ��& � �*&2� � J � �*&2� � F � �/&
���
�SJ��*�
�"3��
As describedin Section3.1, theprimary effort required to support stoppingpoints

is to createanexplicit, language-level representation in thecompiler. Givena suitable
language-level representation,creatingthecorrespondingdebug-levelobjectis straight-
forward. Section5.2 discusseshow we modified the %f¸2¸ andMiniJava compilers to
createstopping points.

Environments At debug time, looking up symbolsby namerequires an environment.
Becausea compileralreadymaintains its own language-level environments, creating
debug-level environmentsshouldnot requiremuchprogramming effort. Someextraef-
fort mayberequiredto propagateenvironmentsthroughtheintermediaterepresentation
sothey canbeassociatedwith stopping points.

Compilationunit The %" 2! support library maintainsanabstractionthat representsthe
compiler’s knowledgeabout theentirecompilation unit. This debug-level compilation
unit is createdincrementally:every time thecompiler processesa top-level symbol, it
shouldannouncethe symbol to the compilation unit. In the C interface,for example,%2 "!"µ"¶"²2¨"Ø"�ft�� {" 2 À �"¶f¸ adds a procedureto thecompilationunit, which is animplicit
partof thelibrary’s state:�
0�)�� � �/&�­
0*B�1�Ù��")/. : ���������
0��×+ � �/&
����0��ÃJW1
��0��
3
�
Similar functions add private and exported symbols. Becausea symbol can be an-
nouncedfrom wherever it is created, little programming effort is required.
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3.3 Expressionevaluation

Unlike otherdebuggers,which require that thesourcelanguage bereimplemented in-
sidethedebugger, %" 2! evaluatesexpressionsby reusinga key componentof thecom-
piler: thetranslationfrom sourcelanguageto low-level intermediatecode.After being
wrapped in a thin layer that communicateswith thedebugger, this translationcompo-
nentactsasanexpression-evaluationserver. Theservercommunicateswith %2 "! overa
TCPconnection: %2 "! sendsASCII to theserver, andtheserver replieswith PostScript
codethat %" "! interprets.To evaluateanexpression,%" 2! sendsthetext of theexpression
to theserver, which parsestheexpression,type-checksit, andreplieswith a PostScript
procedurefollowedby codethat,wheninterpreted,hastheeffect of evaluatingtheex-
pression(Ramsey andHanson1992).

Building anexpression-evaluationserver mayrequire significantintellectualeffort
aswell asprogrammingeffort: onemustdefinewhatit meansto evaluateanexpression
at a stoppingpoint. For an explicitly typed language suchas Java or C, this task is
easy;onecansimply reconstructtheoriginal environmentin which thestopping point
occurs. But for an implicitly typed languagesuchas Haskell or ML, an expression
that is evaluatedat debug time cannot participatein typeinferencein thesameway as
an expressionthat is part of the original program.For example, Hindley-Milner type
variablescannot beunifiedwith known typesbut mustbetreatedasabstracttypes.For
suchlanguages,thesemanticsof debug-timeevaluation remainsatopicfor futurework.

Even given a semantics,implementing expressionevaluation requires significant
programming effort. The processis described in detail by Ramsey (1993, Chapter5),
but we summarize here.

– The expressionserver must reconstruct the language-level objectsthat represent
thecontext at a stopping point.Theprivatecontentsof theseobjectscanbestored
in property lists on %2 "! ’s debug-level objects.An additional property, “serialize,”
shouldbePostScriptcodethat,wheninterpreted,sendstheprivatepropertiesto the
expressionserver. To getits privatedata,theserver asks%2 "! to execute“serialize.”
A servershouldreconstruct contextsincrementally. Forexample, %f¸2¸ ’sserverstarts
working with an emptysymboltable.Whenit looks up an identifier { that is not
present,it asks%" "! for thedebug-level objectthatrepresentssymbol { , andit uses
thepropertieson thatobjectto reconstruct asuitablelanguage-level symbol for { .

– Oncethecontext hasbeenreconstructedandanexpressiontranslatedto intermedi-
atecode,theservermustturn thiscodeinto PostScript.As astack-basedlanguage,
PostScriptis anidealtarget for suchtranslation,sothereis notmuchintellectualef-
fort involved.But theprogrammingeffort is proportional to thenumber of different
kindsof nodesin thecompiler’s intermediatecode,which canbeconsiderable.

– If theexpressionsto beevaluatedincludeprocedurecalls,thetarget-language run-
time systemmay have to be modified to be able to execute a procedurecall on
behalfof %" 2! . Depending on thecomplexity of thecalling convention,this feature
canbequitedifficult to implement.

– If the compiler supports multiple target machines,the expressionserver mustbe
specializedto therequirementsof thetarget beingdebugged.For example, theex-
pressionserver mustknow thesizesandalignments of basicdatatypes.Thecom-
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piler writer may createa specializedexpressionserver for eachtarget, or better,
createa singleexpressionserver thatis specializedatstartuptime.
Theserver for %f¸"¸ is specializedat startuptime.Adding this capability took some
effort, but becausestartup-time specializationoffersmajorbenefitsfor configura-
tion management,theproductionversion of %f¸"¸ hasadoptedit, soit is now “free.”

While implementing anexpression-evaluationserver requiressignificantprogram-
ming effort, this effort is not absolutelyrequired—becausea debugger is useful even
withoutanexpression-evaluationserver, wecanagain tradeprogramming effort for de-
bugging functionality. In particular, if noexpression-evaluationserver is provided, %" 2!
usesa“default” evaluatorthatcanprint thevaluesof variablesonly.

4 When representationsmust be available

� ��& interface

C M M E

debug-level
object

complete

Fig.5. Incrementalconstruction of a debug-level object

Section3 explains what language-level objects a compilermustprovide in order
to createdebug-level objectsfor %2 "! . But whenmusttheseobjectsbe provided?One
strategy is to accumulateall theobjects,andoncecompilation is over, emit them(Ram-
sey 1993, Chapter4). Although this strategy hasthe merit of simplicity, it prolongs
the lifetimes of the compiler’s language-level objects,andit cancomplicatememory
managementandslow thecompiler. A betterstrategy is asfollows:

– Createdebug-level objectsas soonas is convenient,possibly leaving out some
parts.For example,a procedure’sobjectmight becreatedwithout stoppingpoints.

– Incrementallymutatedebug-level objectsto accumulatemissingparts.
– Whenall informationhasbeenaccumulated,externalizetheobjectby writing it to

assembly-languageoutput.

Thisstrategy, asappliedto asingleobject,is depictedin Fig. 5. Eachsmallboxdenotes
aphaseof thecompiler. Thephaselabelled“C” createstheobject;phaseslabelled“M”
mutatetheobject,thephaselabelled“E” externalizestheobject, anddottedphasesig-
noretheobject.Thelifetimeof theobjectrunsfrom “C” to “E;” afterbeingexternalized,
theobjectcanbediscarded.

Thecreate-mutate-externalizestrategy is built into thedesignof oursupport library.
Thelibrary providesthecreateandmutateoperations for eachtypeof debug-level ob-
ject. For example, a debug-level procedure is createdwithout stoppingpoints;when
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a stopping point becomes available, the compiler mutatesthe procedure by calling%2 "! À �"¶[¸ {" " 2�"¶f¸�©fx .
� ��&
����0��9J � ��&
����0�� : B2�/«�� +-��0��"�/.l�W�2���lJ*���*B"�GF � �/&�i���� � 0��9J��/����3���
0�)�� � ��&
����0�� : ����� � 0��W�"�×+ � �/&
����0�� J*1���0��£F � �/& � 0��*�2�ÚJ � 0��W�"�
3��
In thelibrary interface,anexternalizeoperation is exportedonly for acompilation unit;
otherobjectsareexternalized by thelibrary’s implementation.

Theprimarybenefitof ourapproachis thatthecompiler writer neednotworry about
how long objectsshouldlive or whenobjectsshouldbewritten to disk; thesetasksare
handled by thesupport library. A secondary benefit is thatthesupport library becomes
free to changeandexperimentwith theexternal representationof debug-level objects,
perhaps to improve performance.For example, it is possibleto externalizeindividual
objectsincrementally, bywriting createandmutateoperationsto alog.Experimentation
with thesepossibilitiesis a topic for futurework.

5 Results

To assessthe programming effort required by our approach,we undertook casestud-
ies with the %f¸"¸ (FraserandHanson1995) andMiniJava (Appel andPalsberg 2002;
Hosking2003)compilers.Weexplainhow programmingeffort is decomposed,present
internalmetricsfor themodificationsdone to eachcompiler, discusstheeffort of creat-
ing thecompile-time support library, andcomparewith r2 "! .

5.1 Decomposition of programming effort

We distinguish two kinds of programmingeffort: modifying the compiler’s existing
phasemodulesandadding new utility modules. A phasemodule implementsaphaseof
thecompiler; autility moduleis usedby phasemodulesor by thesupport library. Utility
moduleshave well-defined interfacesanddo not depend on otherpartsof thecode,so
it is easyto addthem.To modify an existing phasemodule requiresmoreeffort: the
compilerwriter mustunderstandhow to dothemodification safely. Wethereforereduce
programming effort by puttingmostnew code,especiallymostof theintellectualwork
of creatingdebug-level objects, into utility modules. This organization requires less
programming effort thanwouldberequiredto do thesamework in phasemodules.

5.2 Inter nal metrics

Measurementsof our two case-studycompilers aresummarizedin Fig. 6. Theblock at
the top of Fig. 6 shows the sizesof the original compilers; back-endcodeis split by
targetmachine.Thenext four blocks summarize four kindsof modifications:

– We modifiedMiniJava to propagatesource-codelocations into intermediatecode
andto definestopping points.

– WemodifiedMiniJavato generatecodethatcouldrunonMIPShardware,notonly
on theSPIM simulator(Larus 2003).

14



� ��� MiniJava
core driver & total core driver & total

backends backends

original compiler

totalmodules 36 9 45 132 6 138
total sourcelines 13,730 4,83918,569 5,673 1,472 7,145

Driver source 268 121
Alpha source 1,192
MIPSsource 1,129 1,351
SPARC source 1,163
x86-linux source 1,087

effort to add
sourcelocations&

stoppingpoints

utility modulesadded

(none)

(none)
phasemoduleschanged 8 0 8Û linesadded 131 0 131Û lineschanged 53 0 53

effort to support
MIPShardware

utility modulesadded

(none)

0 1 1Û linestherein 0 49 49
phasemoduleschanged 4 3 7Û linesadded 45 429 474Û lineschanged 9 1 10

effort to add
debuggingsupport

utility modulesadded 6 0 6 2 0 2Û linestherein 990 0 990 343 0 343
phasemoduleschanged 4 4 8 29 2 31Û linesadded 18 43 61 340 46 386Û lineschanged 0 4 4 57 9 66

effort to addan
expression-
evaluation

server

utility modulesadded 0 8 8

(none)

Û linestherein 0 1,172 1,172
phasemoduleschanged 24 0 24Û linesadded 730 0 730Û lineschanged 105 0 105

total sourcelinesaddedor changed 1
	
843 1

	
219 3

	
062 978 534 1

	
512

Fig.6. Casestudies:%f¸2¸ andMiniJava

C/C++ Java Fortran Pascal Modula-2
lang

��� O 1X�a�
1,715 1,462 1,175 1,485 1,094

lang
� � ���
j<��� 522 1,097 957 465 468

lang
� � ���
j<��� 84 66 98 75 31

lang
�/.���12��1���)*�
.<���

1,154 343 435 858 41
lang

�/��� � 1
��)*�
.<�D� 573 527 739 1,115 39
total sourcelines 4

	
048 3

	
495 3

	
404 3

	
998 1

	
673

Fig.7. Linesof codefor r" "! ’s languagesupport
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– We modified bothcompilers to adddebugging support.
– We implementedanexpression-evaluationserver for %f¸"¸ .

Eachkind of modification is describedin moredetailbelow.
Theoriginal MiniJavacompiler providednosource-codelocationsfor symbolsand

no stopping points. We modified MiniJava’s parserto capture eachsymbol’s source-
codelocationandto propagatethe locations into MiniJava’s intermediate representa-
tion. We alsomodifiedMiniJava to includea stopping point before eachexpression,
including nestedexpressions,aswell asbefore eachstatementandat the endof each
block. Adding source-code locations changed only 17 lines; addingstoppingpoints
added131linesandchanged36 lines.

The original MiniJava compilergenerated codethat ran only on the SPIM simu-
lator (Larus 2003). Original MiniJava alsoassumedthat the ²"{ft�� methodis passedan
emptyarray, whichis trueonSPIMbut notonrealhardware.Sinceourdebuggerworks
onrealhardware,wemodifiedMiniJava to producesuitableassemblycode.In particu-
lar, we modified6 modulesto emit MIPS instructions,andwe added a new module to
theMiniJava run-time system.Treatingthecommand-line argumentsconsistentlywith
SPIM required4 modulesto bemodified. In total,we added1 C module andmodified
7 Java modulesfor MIPSsupport.

The bulk of our effort was investedin true debugging support, which we did for
both MiniJava and %f¸2¸ . Because%f¸2¸ hasa well-defined internal interfacefor emit-
ting debugging information,mostof our effort was in writing a new implementation
of that interface.We added6 modulesto %f¸"¸ : 1 big module emitsdebugging informa-
tion, andthe other5 implement utility functions. For MiniJava, we added2 modules
to the coreof MiniJava: 1 for variable placements and1 for printing procedures.We
hadto change31 modules,but becauseMiniJava usesvisitor patterns, this number is
deceptively large:of the31changedmodules,22collaborateto defineMiniJava’s inter-
mediateform, definingonetypeof node permodule. Leaving asidethesemodules,we
changedroughly thesamefractionof modulesasin %f¸2¸ : about 10%.

We implementedanexpression-evaluationserveronly for %f¸"¸ . To implementcom-
munication between%" "! andtheserver, we modified105linesandadded1,172 lines.
Of the8 modulesadded, 1 module of 239 lines is a driver, and1 module of 617 lines
implements a new backendthat generatesPostScript.The remaining 6 modules, to-
talling 316lines,enable theexpressionserver to bespecializedat startuptime; thereis
onespecializationmodule for eachof 6 different architectures.

We alsoconsider duplication of effort. Only nameresolution is implementedboth
by %" "! andby ourcase-studycompilers.Thecodeis 316linesfor %f¸"¸ and77 linesfor
MiniJava.Becausethecompileranddebugger bothneednameresolution, andbecause
they canbeimplementedin differentlanguages,weseenowayto avoid thisduplication.

5.3 The compile-timesupport library

Our casestudiesdo not includetheeffort requiredto create%" "! ’s support library. We
have investedsignificanteffort in developingfour implementationsof this library: one
in eachof C, Java,Standard ML, andObjectiveCaml.If acompiler is written in oneof
theselanguages,theappropriatelibrary canbereusedwith no additional programming
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effort. But if a compiler is written in another language,the library interfacemustbe
instantiatedfor thenew language,andthenew interfacemustbeimplemented.

To instantiatethe interfacerequireschoosingsuitableidioms in thenew language.
But our four existing instancesalreadyembody idioms from a range of paradigms:
Java is object-oriented, Standard ML is functional, Objective Caml is both, andC is
neither. We expect,therefore, thatoneof theexisting instanceswould bea good guide
to creatinga new one. Furthermore, the library itself is not large; for example, the
C interfaceis 1,154lines,of which only 366 arenon-blank, non-comment lines.The
corresponding implementationis 1,001 lines.Givena new programming language,we
couldprobablyinstantiatethelibrary interfaceandimplementationin lessthanaweek.

5.4 Comparisonswith r" 2!
Ourcasestudieslook atprogramming effort for individualcompilers.Here,wecompare
our method with r2 "! . According to ourbasicprinciple—thelessthecompilerwriter is
constrained,thesmallertheprogramming effort will be—wecomparehow ourmethod
and r" 2! constrainthecompiler writer.

Thecompilerwriter mustpresentcertain information to the debugger. In Section3,
we describewhat language-level objectsthecompilermustprovide.We didn’t needto
addany language-level objectsto %f¸"¸ ; to MiniJava, we added131 linesandmodified
53 lines for source-codelocations of symbols andfor stopping points.Thesechanges
affectedonly small,isolatedpartsof thecompiler.
r2 "! doesnot describe its requirementsclearly. Gilmore (2000, Chapter7) tells a

compilerwriter to adda new sourcelanguage to r" 2! by providing 5 files.Fig. 7 shows
thesizesof thefiles for the sourcelanguagessupported by r" "!"Ü"Ý�v�Èfv�È : C/C++,Java,
Fortran, Pascal,and Modula-2. Languagesupport is threeor four thousandlines of
C code, except for Modula-2. The support for Modula-2 is much smallerbecause it
reusesthemodulesfor printing C typesandvalues.Comments in thesource codeindi-
catethat this reuseis a stopgap measure,and r" 2! ’s implementorsintendeventually to
implement correctprinting support for Modula-2. By contrast,%" "! ’s languagesupport
is threethousand lines of C code for %f¸"¸ , including its expression-evaluation server,
andhalf that for MiniJava, which lacksan expressionserver. According to Gilmore,
a compilerwriter who wantsto adda new languageto r2 "! mustunderstandat least
3 header filesand5 sourcefiles,whichare11,521 linesaltogether, of which7,727 lines
arenon-blank,non-comment lines.Oursupport library is far smallerandsimpler.

The information mustbe presentedin a certain order and be kept live for a certain
timeduring compilation. For eachsymbol, r" "! representsthesymbol informationas
a “stabstring”which is thesymbol’s nameappendedby theencoding of typeinforma-
tion. While the stabstringrequiresa compiler to generatea symbol’s informationall
at once,our support library canaccumulateinformationincrementally, which gives the
compilerthefreedom to generatedifferentpartsof theinformationin any order. More-
over, because %" "! usesa native-language interface, not strings,our support library can
guaranteethewell-formednessof thegeneratedinformation.
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Thelessthe source language is constrained, the smaller the programming effort. To
work with r" "! , a compiler mustuseonly typesthat r" 2! understands,andit mustuse
r2 "! ’s representation.By contrast,our techniqueshidethesource-language typesystem
anddatarepresentations,so the compiler writer never hasto change themin order to
suit the debugger—this is a whole category of programmingeffort we guaranteeto
eliminate.For example, wekept %f¸"¸ ’sandMiniJava’sdatarepresentationsunchanged.

Themorethecompiler’scodeis reused,thesmallertheprogramming effort. r" "! ’scode
for expressionevaluationduplicatessubstantialfunctionality that is alreadypresentin
the compiler, including parsing, type checking, andgeneration of intermediate code.
Becausethe codein r" 2! must respectr" "! ’s naming conventionsand other internal
constraints, it is not possiblesimply to reusethe corresponding codein the compiler,
even if the compiler happens to be implementedin C. By contrast, as describedin
Section3.3,our method reusesthecompiler’s code.

The less the debugger’s code is revealed, the smaller the programming effort. The
compilerwriter interactswith %" "! only through thecompiler-support interface, which
hidesthedetailsof thedebugger. By contrast,r" 2! requiresthecompilerwriter readand
understandlargechunksof C code.

6 Relatedwork

Therearetwo fundamentalapproachesto source-level debuggingof compiledcode.To
support the reverseengineeringapproach,a compilergeneratescodemuch asit nor-
mally would, andit emitsadditional informationthatenables thedebugger to analyze
theobjectcode andreport informationat thesourcelevel. To support the instrumenta-
tion approach,acompiler or othertool modifiestheprogrambeforecodegeneration;for
example, a compilermight inserta conditional branchat every stoppingpoint. Debug-
gersthatusereverseengineering include %2 "! , r" "! , and  "!"# ; debuggersthatuseinstru-
mentationinclude x�²"%" (Tolmach andAppel 1990; Tolmach1992) and ¸� "! (Hanson
andRaghavachari1996).

Instrumentationcan support debugging with modestprogramming effort. Instru-
mentationcanalsosupport advanceddebugging featuressuchastime travel, which is
moredifficult to support usingreverseengineering(FeldmanandBrown 1988). Unfor-
tunately, theconveniencecomesatasubstantialcostin performance:codeinstrumented
for debugging typically runs 3–4 timesaslong asuninstrumentedcode. We therefore
limit ourattentionto debuggersthatusereverseengineering.

The standard approachto reverseengineering, which is exemplified by  "!"# , r2 "! ,
andDWARF, is for thedebuggerto provide a union modelof all languagesit supports.
Becausethe union model provides the interfaceby which the compiler tells the de-
bugger about thetypesof variables,it mustinclude every typeconstructorusedin any
languagethedebuggermight support.

There aretwo difficultieswith aunionmodel:

– The compiler and debugger must agreeon a representation for eachtype. Be-
causethe representationmay be machine-dependent,a differentagreement may
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be neededfor eachtarget machine.Typically, the compiler writer cannotchoose
representationsfor high-level valuessuchasrecordsandstrings;thecompilermust
usetherepresentationsthatareassumedby thedebugger.

– A union modelmight not includethe typesneededby a new language. Forcing a
new language to fit anold union model mayrequire substantialeffort, andsuccess
is not guaranteed,asis shown by experiencewith SRCModula-3.2

A unionmodelexposesthedetailsof source-language typesandtarget-machinerepre-
sentations.By hiding thesedetails,we leave the compilerwriter free to changethem,
so no programming effort is expendedforcing the compiler to be compatible with an
unsuitable unionmodel.

Like %" 2! , theAcid debuggeravoidsaunionmodel andinsteadprintssourcevalues
by usingfunctions written in aninternalprogramminglanguage (Winterbottom 1994).
Aswith %" "! , thesefunctionsmustbeemittedby thecompiler. ButAcid takesits internal
languagemuchfurther: thelanguageis thedebugger’sonly userinterface.For example,
commandssuchasbreakpointsandstepping, which areprimitivesin other debuggers,
areinsteadimplemented in the Acid language,wherethey canbe adjustedto suit the
needsof debuggingparticular targetprograms.TheAcid languagecanalsobeturnedto
otheruses,including faultdetectionandtest-coverageanalysis.It is difficult to evaluate
theprogramming effort required for a compilerto work with Acid, but it looks similar
to the effort required to work with early versions of %" "! : it appears to be up to the
compilerwriter, without assistance,to emit information in the form that the debugger
expects.

A greatdealof relatedwork hasbeeninvestedin debuggingoptimizedcode. To de-
bug optimizedcode,thedebuggerneeds to know therelationbetweenoptimizedcode
andsourcecode.In particular, whenexecution is suspended,thedebuggermustfind a
way to explain theactualstateof themachine,evenif thatstateis not consistentwith a
sequentialexecution of thesourceprogram.This mayhappenif, for example, theopti-
mizerhaschangedtheorder of execution, eliminateddeadassignments,eliminatedin-
ductionvariablesfrom loops,andsoon.Evenfor a fairly simpleoptimization,building
a debuggerthat is capable of finding suchexplanationsrequiressubstantialintellectual
andprogramming effort. Thisproblemhasengendereda largebodyof literature,which
falls into two broadcamps.Hennessy(1982) exemplifies thecampthattriesto “undo”
optimizationssothatthedebuggercanpresentanexplanationthatmakesit appear asif
theprogramhadneverbeenoptimized. Brooks,Hansen,andSimmons(1992),Ticeand
Graham(1998),andJaramillo,Gupta,andSoffa (1999, 2000) exemplify thecampthat
tries to explain how theoptimized codeis executedasit is. In eithercamp, building a
debuggerrequires lots of compilersupport andalsoa deepunderstandingof optimiza-
tion.Webelievethatdebuggingoptimizedcodeis orthogonal to theproblemof building
a debuggerthatsupports multiple languages,compilers,andmachines.

2 In Modula-3folklore,
j���&

supportwascomingRealSoonNow from theearly1990son.Partial
support arrivedeventually, but it wastoolateto helppreventModula-3from falling into disuse.
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7 Conclusion

We have presented a new kind of contract betweena compiler and debugger. The
key ideasareto distinguishlanguage-level objectsfrom debug-level objects;to build
debug-level objectsincrementally; to hide thememory managementandexternal rep-
resentationof debug-level objectsin a reusablesupport library; andto hide language-
dependent,machine-dependentinformationbehindthemethods of thedebug-level ob-
jects.Thecontractsupports multiple programming languagesandtargetmachines,and
it helpsa compiler writer adddebugging support while expending only modest pro-
gramming effort.
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