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Abstract

Whenan AutomatedTesting Equipment(ATE) company
designsa new systemthe issueof backward compatibil-
ity is alwaysa major concern,bothfor the companyand

its custaners. If badkward compatibility is maintained,
the ATE application enginees face the difbcult task of

trying to supportnew featueson an aging system.The
alternativeis to face the problemof cornverting old test
programsto the new ervironment. Translationof legacy
code involvesan automatictranslationtool, and some
applicationeffort appliedto thoseproblemsthe transla-

tor couldn©resolve To minimizethe amountof work

required from the application enginees, the tool needs
to be sematically-aware; that is, the tool mustcontain

domain-specibPknowledg and usethat knowledg when
translating The more knowledg a tool has at its dis-

posal,the lesscodean applicationengineeris forced to

translateby hand.

Until recently it has beendifbcultto perform auto-
matic translation satishctorily becauseit was not cost
effectiveto write a translatorthat possessedud seman-
tic undestandingof the testprograms. By makinggood
use of Functional Programming techniques and tools,
we were able to congruct a cost-efective semantically-
aware translationtool in a fraction of thetime needd by
traditional methods.Baseduponits performanceduring
testing we bdieve the tool to correctly translatethe ma-
jority of testprograms,thereby greatly easingthe appli-
cationsengineesCburden.

1 Introduction

CredenceSystens Corporation(Credencehasalongtra-
dition of maintaning 100%backwardcompatibility when
releasingnew software. Testprogramswritten 10 years
agowill executeon the latestversionof the Quartettest
system.Customersave beensaved from needingto port
testprogramsvhenanew systenor releasecameout, but
therehasbeena cost. The customersreforcedto usean
agingApplicationPrograminterface(API), andthekinds
of optimizationsavailableto Credencesoftware develop-
ersaregreatlyrestricted.

Credencaecantly madethe decisionto migratefrom
SunO$4.3to the Solaris. This in turn requireda change
from Kernighan& Ritchie (K&R) style C [KR78] to
ANSI C [KR88, 1IS090]. ThiswasforceduponCredence
becausehe C compiler usedon the original conbgura-
tion is notavailableunderSolaris. The C compilerchosen
for the new conbgirationis the GNU C Compiler(gcc),
which compilesANSI C. While gcc canbe conbguredo
be very forgiving of non-ANSI code, it is nowherenear
aslax asthe original C compiler In addition, the ben-
ebtsof requiring ANSI-complianceare great. Credence
alsotook this opportunityto make signibcantthangego
the AutomatedTestingEquipment(ATE) API; in partic-
ular, the centraldatastructurewas madeinto an abstract
datatype,in orderto give Credencesoftware developers
morefreedomin optimizingthe internals.

Committingto thesechangegresenteCredencewith
anage-oldproblem:how to copewith legacy code?Cus-
tomers@estprogramsnow neal to beupdated:

¥ They needto be Solaris-compliant;



¥ They needto be ANSI-compliant and
¥ They needto usethenewn API.

Caremustbetakento minimizetheimpactto customers,
while preservingthe readabilityand correctnes®f their
code.

This paperdescribesheautomatedranslatontool that
GaloisConnectiondnc. (Galois)developedto solve Cre-
denceflegagy codeproblem. By building uponan ex-
isting C parserand analysistoolkit written in the func-
tional programminglanguageML [MTHM 97], Galois
wasquickly ableto constructa translatorthatcould cope
with all threeof thepointsabove. Theoutputof the Trans-
lator is alist of necessarghangesn diff [MANa] for-
mat. This diff Pleis passé to the UNIX patch utility
[MAND], producingthe translatedprogam. Using the
diff formatfor changedhiasmary adwantages:

¥ Only thosepartsof theoriginal programthatneedto
bechangedjetchangedsoimpacton customercode
is minimized.

¥ Thediff Pleprovidesanexplicit log of thechanges
thatareproposed.

¥ patch canalsousethe Translator€diff outputto
reversethetranslation.

The Translatordoesnot constitutea 100%solution;there
areboundto becasedhatthe Translatoicannotcopewith.
In such casesa CredenceéApplicationsEngineerwill be
neededo do thetranslationby hand. In practice,we ex-
pectthetool to correctlytranslatemorethan95% of test
code.

Therestof the paperis organizedasfollows. Secton 2
describesn more detail the requirementf the transla-
tor, givesexamplesof the kinds of translationgequired,
anddiscusestheissueghataroseasa resut of thosere-

quirements.Sedion 3 presentghe basicideaof GaloisO

solution,anddescribesn sone detail the translationpro-
cess. In Section4, we discussthe FunctionalProgram-
ming technologythatunderliesthe Translator

As the tool is still beingreadiedfor deploymentat the
time of writing, accuratebguresfor performancearenot
available. Section5 presentssomebguresbasedon the
Translator&performanceduring testingso far, and Sec-
tion 5 concludes.

2 The Problem

Thereare two fundanentalrequirementdor the transla-
tion tool:

¥ Translatedcodemustcompile correctly on the new
system.

¥ Code changesshould be as minimal as practical.
Translatedcode must presene macros,comments,
andexisting codestructure

Thebrstis acorrectnessriterion; thesecondensureshat
theupgradehasminimalimpact on Credencef@ustomers.
All of the challengesarisingfrom this projectstemfrom
the factthat thereis signibcantensbn betweenthe two
requirements.

The brstrequirementould mosteasily be satisbedf
the translatorcodeactedupon post-pocessedode that
is, codethathasbeenrunthroughthe C preprocessoipp.
This is the codethat C compilersactually work on: all
commenthave beenremoredandmacrosexpanded But
doingsowould violatethe secand requirement.

In order to satisfy both requirementsthe translator
mustproducepre<pp code.Thismeanghatthetrandator
mustbe awareof commaents, #define@ macros#ifdef
structureand# include Ples preserethemin theoutput,
and ensurehattheresultcomgles onthenewn system.

2.1 Compilation Requirements

Broadly, the requirementsstemmingfrom the needto
have codecompilewith gcc on the new systemmay be
dividedinto threecateyories:

¥ Translateccodemustconpile underSolaris;

¥ Translatedcodemustbe ANSI-compliant (or close
to),and

¥ Translateccodemustusethenew API.

We will look ateachof thesen turn.

Solaris Most of the differen@s betweenSunOS4 and
Solarislie in aspectsof the operating systemitself
(suchassignalmechanisms)Thetestprogramdend
notto be heavy in their useof OS primitives,sothis



aspectof the translationis simplerthan it brstap-

peared. However, the changeto Solaris hasintro-

ducedmary new systemfunction names,such as
signal andclock, which may collide with names
in testprograms. Thesenamesare conmon in test
programs,andthey mustbe renamedunderSolaris
to avoid confict.

ANSI Therearemajor differenceshetweerK&R C and
ANSI C, too mary to detail here. Mattersare fur-
ther complicatedn this casebecausehe original C
compilerwasa very lax implementationof K&R C.
Programghatwould be in errorwith otherK&R C
compilerswould passunscathedhroughthe original
C compiler Amongthe mostcommonproblemsin
this category arevariablesandfunctionsbeingused
withouttherelevant .h bPlebeingincluded. ANSI C
alsointrodued the conceptof function prototypes,
which area moredetaled kind of functiontype def-
inition not availablein K&R C. ANSI C compilers
usefunction prototypesdo perform more stringent
type-checking Thefactthatthe original C compiler
wassolax in its type-checkingonly exacerbateshe
situation. Thedifferencebetweertheway K&R and
ANSI dealwith #define macroscoupledwith some
veryimagindive macrousagespresentgaveryinter-
estingchallenggseeSection2.2 belaw).

New API CredencefAPI is basedarounda datastruc-
turecalledaPINLIST. In theoriginal API, it wasde-
Pnedasa typedefto an unsignedshort,andthis in-
formationwasvisible to testprogrammersThe nev
API makesthatstructureopaque Thus,ary testpro-
gramthatusedpointersto unsignedshors insteadof
explicitly debningp INLISTS, pointeraiithmeticover
PINLISTS, or otheroperationghat are possiblebe-
causethe inner structureof PINLIST is known, will
breakunderthenew API unlesschanged.

2.2 Example Translation Issues
In this sectionwe give someexamplesof the kinds of
problemsthe Translatothasto dealwith.

Unit Macros. A commonuse of macrosin test pro-
gramsis to have macrosdenotingunits,asaform of doc-

umentation:
#define MS *0.001
#define MA *0.001
. func34 (20MA, 300MS);

Here, 20M2 is intenda to mean O20milliampsO,and
300Ms is intendedto meanO300millisecondsOIn K&R
C, thesework Pne, since macro expansionacts at the
stringlevel. In ANSI C, macroexpanson actsat the lex-
emelevel. Consequentlysince2 0MA and300MS constitute
singlelexemes.Theproblemis thatwhile 20+0.001 isle-
gal ANSI C syntax,the singlelexeme20Ma is not, andis
reportedasanerrorby gcc.

Functions whose return type has changed. Thereare
a numberof functionsdebnedby the CredenceAPl, but
not implementedby it; they are intendedto be imple-
mentedin the testprogram. Credencenadea few small
changeso thesdunctionsafew yearsago. Thesechanges
hadnoimpactto customersvhile they wereusinga K&R
C compilet

Since the original C compier didn® require a func-
tion® debnitionto be in scope beforethat function was
used,mary custoners didn®botherincluding the head-
ersthatdebnedhesefunctions,andasa resultthereturn
typeof thesefunctionsdefauttedto int. Thisallowedtest
programmergo returnvaluesfrom thesefunctions,even
thoughthosevalueswould alwaysbeignored:

testl () {

return SUCCESS;
}

Thesefunctionsall returnvoid. The return statement
above would yield an error undergcc, sothe Transhtor
mustreplacethe statementvith a simplereturn.

Opaque PINLIST. Theoriginal debnitionfor PINLIST

wasa typedefto unsignedshort. Occasionallyfor a va-
riety of reasonsgustomerslecidedto useunsignedshort
insteadof PINLIST whendebnig variables.This would
leadto situationssuchas:



unsigned short pl[] =

{1, 2, 3 | LAST_PIN};
int someUnrelatedVariable;
0,

func_test (pl, 10);

Herea functionin the CredenceAPI, func_test, is be-
ing called. The function expectsa PINLIST asits pbrst
parameter This works Pne underthe old API, but the
newv APl dePne®INLIST asastructure.In orderfor this
codeto functionasintendedunderthe new API, a num-
ber of changesnustbe made. Sincepl1 is beingpassed
into a function expectinga PINLIST, its dePnitionmust
be changed.This is morethanjust a simpletextual sub-
stitution, however. Sincep1@® original statc debnitionis
incompatiblewith p1 @ new type, it mustbeexplicitly ini-
tialized. Theresultingtrandationis:

PINLIST *pl = pinlist_init();
int someUnrelatedVariable;

pinlist_addPin(pl, O,
pinlist_addPin(pl, 1,
pinlist_addPin(pl, 2,
0,

func_test (pl, 10);

pinlist_destroy(pl);

Thevariablepl hasbeenchangedo aPINLIST, andthe
creationfunction hasbeencalled The static valuesare
also assignedto the structure. Function func_test is
calledasbefore,but now its parametergretype correct.
Finally, thepINLIST is destrged beforethe functionex-
its.

3 The Solution

The Translatorworks by parsingC sourceblesone at
a time, analyzingthem to discorer what changesare
neededjf ary, andthen outputtinga list of changege-
quired. This sectionexploresthat processn moredetail.

Thetranslationprocessastwo phasesThepbrstbuilds
a databasef known entities,andthe secondanalyzesa
sourcepble, usingthat databaseo build a list of required
changes.

Theinitial phasdnvolvesreadingin all relevantheader
ples. Theseinclude all Solarissystemples,all external
CredenceAPI bles,andall internal CredenceAPI Ples.
Every variabk, function, type, andmacio thatis debPned
in theseblesis enteredinto a database For eachentity,
we recordits name type, headele of origin, andwhich
of the threecatagyoriesabove it belongsto: Solaris,Ex-
ternal,or Internal. The distinction betweenexternaland
internalCredencéneaderblesis important,becausénter
nal functionsare not supported and are not intendedto
be usedby the testprogrammer The Translatorwams of
suchusagesbut doesnotremave them.

Othersetsof headeiblesmaybeaddedo thedatabase,
asneedé. For exanple,acustomersite mayhave acom-
mon testinglibrary of their own thattheir testprograms
use. The Translatorwill be deplo/ed with a database
already populatedwith standardSolaris and Credence
headelbles,sothatusersneedonly addthoseheadershat
arespecibdo their siteor project.

The secondphaseof the translationproceedsby read-
ing in a singlesourceble. The Pleis parsed: translated
from text into anabstrackyntaxtree,a data-struture en-
abling analysisof the sourceble. This is similar to the
secondphaseof a C compiler which follows application
of the preprocessr. In fact, the Translator€parseris a
little more sophisticatedhan that of mostC compilers,
becaus®f our specialneedsandthe factthatwe needto
parset-directivesaswell.

The heartof the Translatoris a suite of functionsthat
walk over the abstractsyntaxtree and generatechanges
that mustbe made. Eachof the tasksmentionedabove
hasa correspondingunction Someof the functionsare
simple,liketheonethatdiscorers whenareturnvalue ap-
pearsin afunction thatreturnsvoid, andchangegshere-
turn statemeninto a simplereturn. Others,like discover-
ing whena headetleneedgo beincluded,requiremore
analysis.The mostcomple of all of the functionsis the
oneresponsibldor the PINLIST translation. It incorpo-
ratesa clever type inferencealgorithm,which is capable
of discarering whenvariablesnot declaredaspINLISTS
arein factusedassuch.

The changesgeneratedby all of these functions are
fed into a differenceengine,which conmposesall of the
changesndoutputsthemin di f £ format. Typical output
looksthis:



a3, 9

#include "summary_protos.h"

2

>

>

> #include "box.h"

>

> #include "shutdown_device.h"
>
>

3cl10

< int initialize_tester(){
> void initialize_tester() {
4cll

< return 99;

> return;

TheUNIX patch utility understandshis outputand uses
it to transformthe original test programinto the a pro-
gramthatusesthe new API, andcompilesunderSolaris
with gcc. The notation2, 3a9 meansthat the following
8 lines will be addedto the original program. In this
example, three #includes were needed. The next two
patchdirectivesresult in changeselRectingthe fact that
initialize_tester hasbeenchangedto returnvoid.
Linesprebxed by G:OQarethelinesin the original thatare
to bereplacedjinesprebPxedby O Oarethelinesintended
to appeatin their place.

All of the changegderived by the Translatorare pre-
sentedn thiseasyto understandormat,enablingapplica-
tionsengneersandcustonersto readilyseewhatchanges
are proposedor have beenenacted).The sameble can
alsobe usedto undo any changesshouldthey be erro-
neous.

4 The Underlying Technology

In this sectionwe discussthe possibleapproacheso the
problem, and explain someaspectsof Functional Pro-
gramming,the powerful technologybehindthe Transla-
tor.

4.1 Possible Approaches

Thereare at leastthree possibleapproaches$o generat-
ing thecodechangegequiredto allow themigrationfrom

Sun0S4.3 to Solaris and enforcethe use of the new
opaquerINLIST API.

Firstly, we could provide detailedguidelinesto allow
clientsto translatetheir programsby hand. This may be
acceptabléf the numberof programsweresmall, but the
installedbaseof testprogramsis in the order of tensof
thousandslt wassimply not feasibleto expectclients to
changesomary linesof theirlegacy testercode.

Secondly we could provide scripts (written, for ex-
ample,in perl [Vro96]) that make syntacticchangego
client programs. In the past, Credencehas usedsuch
scriptsto translatgorogramdsrom oneversionto the next,
butthecurrentranslatiortaskis muchmorecomple than
ary attemptedpreviously. The differencebetweenK&R
C and ANSI C is profound, and the task of corverting
programghathadusedan opendatatypeto the useof an
abstracbneis daunting.Thisis beyondwhatcanreason-
ably be donewith a scriptinglanguage.

Thirdly, we could provide a semantically-aaretrans-
lator. It becameobviousvery quickly thatsuchatransla-
tor wasneededthe problemquickly becameneof where
to Pnd suchabeast.The brstattemptiookedat modifying
the opensourceANSI C compilergce. Thereare some
fundamentaproblemswith usingsuch a compilerto pro-
vide atranslator

¥ Compilershave someof the requiredlevel of se-
manticunderstandinghut compilersarecomple to
modify, requiringspecializecknowledgeof their in-
ternalalgorithms. A seniorengineemwith someex-
periencewith compilersspenta monthworking on
modifying gcc with verylittle success.

¥ Compilersare written to undersand programwith
the aim of producingan executableimage,not out-
putting the original programswith modibcations.
Compilespay no attentionto things that matterto
humanusers like comnentsandlayout of code. If
no one was ever going to needto read or main-
tainthemodibPedorogram,a compilerwould make a
solid basefor a translator However, makingthere-
sult readablenterferesseverely with the functional
changesequired.

¥ Even having overcomethesedifpculties, the ma-
jor changeof making PINLIST@ structureopaque



requiresknowledge of analysis systemspowerful
enoughto recover the underlyingabstraction.

ThroughsomeresearctCredencaliscoveredtha there
was a technoloy that was capable of providing a
semantically-avaretranslation: FunctionalProgramming.

4.2 Functional Programming

Functionalprogramminganguagesave beenunderde-
velopmenin universitiesfor thelasttwentyyearsandare
now readyfor prime-time. They provide mary features
thataredirectly relevantto thelegacy codeproblem:

¥ Tree-manipulatioris the breadand butter of func-
tional languages.They provide very concisemeth-
ods for specifyingthe structureof recusive trees,
and for describingpassesover treeswhich collect
information, and which can generatenewn versions
of thetrees. This is directly relevantto codetrans-
formersbecauseafter parsing,codeis represented
asanabstactsyntaxtree. Writing analysispassess
straightforvard, even whenvery complex or subtle
informationis beinggathered Functionallanguages
are not appropriatefor all tasks,but of all the ap-
plication for which functionallanguagesave been
demonstratedhandlingand manipulatingcomputer
programshasconsistentlybean the mostpopular

Functionallanguageprogramsaretypically 1/10to
1/5 the size of correspondingorogramswritten in
languagedike C++ or Java, andthis translatesdi-
rectly to a productvity increase. It hasoften been
saidthatawell-writtenfunctionprogramreaddike a
design-documengndthatprogrammingn thefunc-
tional languageis design-evel programming This
raiseghequestiorasto how all theimplementations
detailsgetadded. The ansver is thatthe functional
languagecompiler providesthem. Oftenit cando
a greatjob, and producecode comparablein ef-
cieng/ to C++ codethat might take daysto produce
by hand. In other casesthe code may be signip-
cantlylessefpcient. However, whenthe codeis not
speed-criticalthe trade-off betweencodeefbcieny
andprogrammeproductvity shouldbeweightecto-
wardsproductvity. The ensuingredudion both in
softwarecostandin time to market arecompelling.

Building upon the SML/NJ C-Kit [HOM], a C

front-endfor the functionallanguage StandardviL

[MTHM97], Galoiswasableto produceatranslator
prototypé in justfour weeks. The protaype®core
moduleswere of sufpcient quality that they com-
prisethe core of the Pnishedtool. We estimatethat
the sametask, using traditional methodsand build-

ing upona similar toolkit for manipulatingC code,
would have takenat least3 months.

Functionalprogramsmalke strong use of powerful

type sysems,andGalois@ngineersareexperienced
in both the designandimplementatiornof type sys-
temsin functionallanguagesThetechniquesndex-

perienceof implementingype systemswvasdirectly

appliedto the analysisrequiredto recover the ab-
stractionbehindthePINLIST structure.

Galois chosethe functional languageStandardML pri-

marily becausef the existenceof the C-Kit andthe fact
thatPasalichaddonesignibcantvork in StandardviL us-
ing the C-Kit to implementa prototypeP INLIST analysis.
OtherfunctionallanguagessuchasHaslell [PJHA'] and
OCaml[Ler], would alsohave beensuitable.

4.3 Other translators

AnnoDomini [EHM199], producedby Danishsoftware
compary Hafnium ApS, useda comple type systemto
Pnd Y2K related shortcomingsin software. The tool
was implementedusing the ML Kit [BRTT93], a Stan-
dard ML compilerwith somespecialmemory manage-
mentfeatures. The authorsclaim that the projectwould
have beenimpossiblewithout the useof functional pro-
grammingtechnology

The trandator FermaT[War99]is ableto capturethe
entirefunctionality of anIBM mainframeassemblepro-
gram, and produce an equivalent, maintainabe C or
COBAL program.

The DesignMaintenanceSystem[MB97] is a software
engineeringoolkit producedoy Texassoftwarecompary
Semantidesigns.lt is intendedo supportheincremen-
tal engineeringandmaintenancef large applicationsys-

1it wasableto derive a list of headerblesneededo beincludedin
a sourceble, discorer when CredenceAPI entitieswere shadaved by
local depbnitionsandoutputtheappropriateiiff ple.



tems,driven by domainknowledge,semanticscaptured
designsandautomation.

The principalsbehindthe latter pair of productshave
a backgroundn rewrite systemswhich arevery closely
relatedto functionalprogramming.

5 Performance

The tool is being readiedfor deploymentat the time of
writing, so accuratemetricsof its peformanceandtime
saveddueto its useareobviously not available. However,
we cangive same Pgureshaseduponthe Translatorébe-
havior duringthe (ongoing)teging phase.

Recallthat the Translator&operaion may be divided
into two phases: known entity databasecreation, and
translation:

¥ Typically, whencreatingthe databasef known en-
tities, the Translatorprocessedbetveen 1,000 and
2,500 headerbles. Our test suite containsaround
2,500headerbles, comprisingaround100,000lines
of code. The Translatorprocessesheseblesin less
than45 second®naPentiumlll 900 MHz.

¥ We have testedthe Translatoron about 1000 bles
(some 100 created by Galois, for unit and regres-
siontesting;therestbeingrepresentate of realtest
programsprovidedby Credence)¢comprisingovera
million lines of code. On thatinput, the Translator
processesnore than 300 lines per secondon aver
agé.

Themostimportantfactorin judgingthesucces®f the
Translatorfrom Credencelpoint of view is time: how
muchtimewill besavedby usingthe Translatolinstead of
somealternatve? This is impossibleto measureandeven
quite difbcult to estimate. (It is worth noting that Cre-
dence€xlients have mary millions of lines of testcode
betweerthem Translationby handis simply notaneco-
nomicallyviableoption.)

2processingime variesgreatlybetweerthe Solaris/ANSIcorversion
passandthe PINLIST translationpass:the latteris an orderof magni-
tudeslower. This is mainly dueto the fact thatthe Solaris/ANSIpass

neednot processheaderblesif they exist in theknown entity database,

whereaghePINLIST passmustprocesgshemregardlessjn orderto de-
rive accurataypeinformation.

Thatsaid,we aresurethatthe Translatomwill beprove
to invaluable. Credencehad a teamof engineerscomb
throughthe900blesmentionedabore, translatinghemto
Solaris/ANSIby hand. This took approximatelyé engi-
neermonths. TheTranslatorcantranslatehesamesetof
Plesin lessthantwo hours. Of course sincethe Transla-
toris nota 100%solution,anapplicationsengineemould
needto work on someof thosebles. Justhow muchbeld
interventionwill be requiredremainsto be seen,but we
areconbdenthatit will bewithin tolerablelimits.

6 Concluding Remarks

The Trarslatoris cgpable of suaessfullytranslatingal-

most all test code, and the translatedresultis as easy
to read as the original code. By making the PINLIST

datatypeopaque,Credencehasgiven itself greaterfree-
domto optimizethe implementatiorof its systemarchi-
tecturewithoutincorveniencingts custaners.Their cus-
tomerscannow take advantageof state-of-the-arbperat-
ing systemsandfastertestingervironmentswith a mini-

mum of fuss.

By usingfunctionalprogramning, Galds wasableto
producea high-qualitytool with asmallteamof engineers
in a matterof months. Suchtechnquesare not limited
to the translationof legacy code. Galoisusesfunctional
programminggsits coretechnologydesigningexecutable
modelsof comple systemsdomain-specibspecialpur
poselanguagesandpowerful aralyses.
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3Themaintaskof theteamwasto discoser howto dothetranslation,
sothisis anunfair comparisonBut it@ theonly onewe areablemalke.
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