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Abstract

Evolutionin scienti�c softwareis oftenaccordingto aspeci�c patternof softwarechanges:professionalscientists,
who arenot professionalsoftwaredevelopers,needrapid,dynamic,anddomain-speci�cchangesof thesoftware
they work with. To addressunanticipatedsoftwareevolutionin this �eld, ourobjective is to enabletheseend-users
(here:biologists)tochangesoftwarefromtheuserinterface.An approachispresentedthatintegratestechnological
andmethodologicalsolutions.Weexplainwhy thesesolutionsarecomplementary, andhow they canbeintegrated
andco-evolvedfrom softwaredesignto actualuse.

1 Intr oduction

Thispaperaddressestheissueof softwareevolutionin thecontext of scienti®csoftware.In this®eld,softwaretools
mustbe rapidly adaptedto new scienti®cideas,situations,andresults;softwareevolution and�e xibility thusare
fully inherentto the®eld. Many softwareengineeringapproachesprimarily copewith softwareevolution issuesby
iterationsof softwaredevelopmentor maintenancecycles. In scienti®cresearch,however, softwaretoolsnot only
mustadaptto a fastevolving domain,but they alsomustbe very adaptableto differentusersandtheir particular
work tasks.As a consequence,thenotionof softwareevolution hasto beextendedto customizationandend-user
programming, or even,asweshow later, to full programmability.

We will discusstheseissueswith practicalexamplesfrom the biology domainandexperienceswith our pro-
totype,calledbiok [13]. On thetechnologicalside,theprototyperelieson the languageXOTcl [22] thatprovides
dynamicandre�ective languagefunctionalities. Theseproved to be extremelyef®cient in the designof biok by
enablingusto weaveusingandprogrammingastwo levelsof interactionon theuserside.

Thecomplex andfundamentalaspectof �e xibility in scienti®csoftware,however, leadusto considernot only
technologicalsolutionsfor softwareevolution, but alsomethodologicalones.Theseenableusto addresssoftware
evolutionat thedesignlevel. Or, to bemoreprecise,wehaveobservedthattechnicalanddesignapproachesbene®t
from beingusedtogether. Conceptuallyour approachmainlydraws from two ®elds:

� User-centred designand participatory designmethods[7]: Thesedesignmethodsenableusersto actively
participatein theearlystagesof softwaredevelopment.Thathelpsthedevelopersto anticipatebothcritical
featuresof thesoftwareanddimensionsthatmaybesubjectto evolution.

� Re�ectivesystems[18] andmeta-objectprotocols[11]: We have exploredprotocols(both intercessoryand
introspective) to openthesystemandmake it a “white box,” aswell asmeta-constructsfor enhancingunan-
ticipatedusercontrolinsidethefunctionalpartof our system.

Methodologicalandtechnologicalpartsof our approacharedeeplytangled,aswe try to explain in this paper.
Thisdoesnotmeanhowever thattheend-userhasto understandthemeta-level functionalities.

In thispaper, we®rstdescribesomeimportantcharacteristicsof softwaredevelopmentandevolutionin biology,
as well as situationswherebiologistswho are not professionalprogrammersmay needto changethe software



they use. Next, we introducethe ideaof programmability, or how to enableprogrammaticchangesfor the end-
userwithin the userinterface. We alsopresentthe participatorydesignapproach,or how to let the useractively
participatein thedesign.Next, we describeour prototypebiok andtheunderlyinglanguage,XOTcl, anddiscuss
how their re�ective architecturepermitsa signi®cantrangeof softwareevolutions. Finally, we concludeon how
to combineuser-centereddesignandtechnologicalapproachesto achieve developmentcyclessupportingsoftware
evolutionat eachdesign,development,andusestep.

2 Scienti�c SoftwareEvolution

The evolution of a scienti®ctool, in additionto changesthat occurin any software,follows a somewhatspeci®c
pattern. We describeit by ®rstly indicatingsomecharacteristicsof softwaredevelopmentin biology that might
explain why andhow biologists,as opposedto software engineers,are concernedwith the activity of software
development. We also discusssomescenariosof programmingsituationsand somefundamentalreasonswhy
biologistsshouldbeableto programthemselves.

2.1 Software Developmentin Biology

As we wereableto observeby having installedscienti®csoftwarefor severalyearsat thePasteurInstitute,andby
having taughtto biologistshow to usethescienti®csoftware,softwaredevelopmentin the®eldof academicbiology
researchfollows two mainlines:

� large-scaleprojectssuchas[23], developmentin importantbioinformaticscenterssuchastheUS National
Centerfor BiotechnologyInformation(NCBI) or theEuropeanBioinformaticsInstitute(EBI), or researchin
algorithmicsby researchersin computerscience;

� local developmentsby biologistswho have learnedsomeprogrammingbut who arenot professionaldevel-
opers(usedeitherto dealwith everydaytasksfor managingdataandanalysisresults,or to modelandtest
scienti®cideas).

Thetwo linesoftenmerge,sincebiologistsalsocontributeto open-sourceprojectsanddistribute thesoftware
they have programmedfor their own researchin public repositories.We focuson thesecondtypeof development
thatshowsthefollowing characteristics:

� Very dynamicsoftware activity: Scienti®cideasneedto be put into an “active” modelandtestedon other
researcher's data. This sometimesrequiresa hands-onapproachof softwaredevelopment,the researcher
cannotalwayswait for a professionalsoftwaredeveloperto producea prototypeor softwareadaptation®rst,
beforetestingnew ideas.

� Majority of programsdevelopedbydomainexperts:Mostof thesoftwarein thescienti®careais notproduced
andevolvedby professionalprogrammers,but by domainexperts,which is a signthatit is thebiologistwho
needsto program.

� Softwareproductionis notthegoal: In scienti®cresearch,softwareis createdto testnew ideasrapidly, thusits
productiondoesnot alwaysfollow typical softwareengineeringlife-cycles. Exceptfor large-scaleprojects,
programmingandbuilding softwareis veryoftennot thegoalof thebiologist.

� Domain-speci�cevolution: Softwareevolution happensusuallyratheron a level of domainsemanticsthan
onthelevel of theinternalsoftwarestructuresof thesoftwaretool (seealsotheexamplesprovidedin thenext
section).

Thesecharacteristicsindicatethat thereis a needfor programmingin everydaybiology researchbut alsothat
thisactivity is not centralasaprofessionalobjective.



2.2 Examplesof Programming Situations

Recentincreasein theuseof biologicalcomputing,mainlydueto researchongenomics,meansthatbiologistshave
to manipulatea lot of dataandprogramsto do their research.This leadsto problemsfor biologistswho do not
programat all. Below is a list of realprogrammingsituationexamplesrequiredwhenworking with eitherDNA or
proteinsequences(asequenceis amoleculethatis veryoftenrepresentedby acharacterstring,composedof either
DNA letters– A, C, T, andG – or amino-acidletters– 20 letters):

� Scripting: searchfor a proteinsequencepattern,thenretrieveall thecorrespondingsecondarystructuresin a
database.

� Parsing: searchfor thebestmatchin a databasesimilarity searchreportbut relativeto each subsection.

� Formatting: renumberone'ssequencepositionsfrom �

�������

to ���

���

insteadof
�

to
�

�

���

.

� Variation: searchfor patternsin a sequence,exceptrepeatedones.

� Finer control on thecomputation:controlin whatordermultiple sequencesarecomparedandaligned.

� Simpleoperations (not available or prede�ned in the user interfaceor software tool): searchin a DNA
sequencefor thecharactersotherthanA, C, T, andG.

Theseexamplesshow that, in spite of the fact that thereare alreadymany software systemsfor biological
computing,unforeseenchangerequirementsmay ariseat any time. In thesesituations,programmingis needed,
eventhoughall examplesituationscorrespondto quitesimpleprograms.

Theexamplesillustratesomefundamentalreasonswhy biologistswouldneedto program;in particular:

� Scienti®cprogramsrepresentideasthatevolveandneedto berefutable.

� It is easierto think directly in themediumin which theproblemis generallyexpressed[4].

� Thereis a critical andgeneralneedfor �e xibility: hencetheuseof �e xible, informal toolssuchasspread-
sheetsandtext processorsto supportdataanalysis[21].

3 Programming and Using

Themajority of biologistsdo not program,although,asdiscussedin theprevioussection,they would really need
it for many of their particularwork tasks.Thereareseveralwaysto addresstheproblemsof programming,when
user-speci®ccustomizationsare required: a biologist caneither learnprogrammingor hire a programmer. The
secondsolutionis notalwaysfeasible,andbothsolutionsratherhavehigh costs.Regardingthe®rst solution,there
areactuallymany biologistswho have successfullylearnedhow to program,althoughvery few actuallydo. Our
hypothesisis that it is dif�cult to programa little, not only in thesenseof programmingoccasionally, but alsoin
thesenseof programmingincrementally.

In this section,we discussend-userprogrammingasanalternative solutionwith certainlimitations regarding
unanticipatedchanges.Programmabilityfor end-usersaddressestheselimitations.

3.1 End-UserProgramming

End-UserProgramming(EUP)approaches[15] basicallyrely ontheideathat,sincetheuseralreadyknowstheuser
interface,it canbeusedasan“indirect” programminglanguage.While usingthesoftware,theusermayde®nea
kind of program.This “program” canbesimplebehavior speci®cationthatcanbereusedlateron. Or it canbea
morecomplex softwareartifact,suchasadatabaserequestor a grammarrule [16].

The®rst problemin thisapproach,althoughverypowerful andnotenoughapplied,lies in its lackof generality.
The elementsof the userinterfacelanguage(like button click, line drawing, typing, selection,etc.) have to be



preparedin a wayor anotherto beusedasa meansfor building the“program.” Any possiblekind of changehasto
beanticipatedby thedesignerof theuserinterfacelanguage.

Themainproblemis thatthesetechniquesarenot reallydesignedfor softwareevolutionbut ratherfor end-user
programbuilding. The scopeof changes,if any, is oftenvery limited: for instance,in a spreadsheet,you cannot
changethebehaviour of thespreadsheetitself. Accordingto [19], theonly typeof evolution that is dealtwith by
EUPapproachesis integration,asopposedto extensionor modi®cation.

3.2 Programmability for the End-User

What is neededfor softwaredevelopmentin biology is both softwareevolution andEUP. Meta-objectprotocols
(MOP) [11] providea conceptualframework for modifying theinternalsof a system.Themainideais thata base-
levelcomponentthatis subjectto evolutionshouldberei�ed to offeraproperinterfacefor modi®cation,ameta-level
interface. A metaphorthat canbe usedfor this is a theater, whereon-stagerepresentsthe systembehaviour, and
back-stage,the placewhereeverythingon the sceneis de®ned,i.e. the systemde®nition. A MOP doesnot only
openthe back-stage,but makesit an “on-back-stage”whereit is possibleto rede®nethe systembehaviour in a
constrainedway.

To make softwareevolution accessiblefor biologistsby openingthe back-stage,we have to requireseveral
aspects:

� As in a MOP, thesystemmustcontainexplicit anddocumentedplacesthatcanbesubjectto change.

� Sincethe user in our context is not a professionalprogrammer, there is a critical needfor tools to help
associateuserinterfaceelementswith systemelements(in thetheatermetaphor, theremustbesomethreads
betweenthestageandtheback-stageto show whatin theback-stagecontrolstheelementson thestage);this
helpsto reducethecognitivedistancebetweenthecodeandtheuserinterface[20].

� The userof our systemdoesnot have any particularinterestin programming:his or her taskis to perform
researchin biology. Whatwe wantfor thebiologistis just to have thesamesituationasfor theprogrammer,
where:

workenvironment� programmingenvironment.

For thebiologist, this meansthat thedataanalysisenvironmentshouldbeat thesametime a programming
environment.This way, no switch from a modeto anotheris required,programmingis just anotherkind of
using.This is theideaof ProgrammingIn TheUserInterface(PITUI) [8].

Theseaspectshave beenexploredin theprototype,describedin this paper, andaredetailedin furthersections.
Notethatourapproachis not to let theuserusetheMOPfunctionalitiesdirectly. InsteadweusetheMOPfunction-
alitiesin theprototypeto enablesimple,localizedprogrammingfor theuser. Theseuser-centeredsoftwareevolution
functionalitiesarenot only embeddedtechnicallyinto theuser's working environment,but alsomethodologically
(asdescribedin thenext section).

Anotherkey ideaof MOPsis theideaof a having botha genericanda default behaviour. Unlike frameworks,
systemsprovided with a MOP are ready-to-useand do not needany specializationin order to be usable. For
end-users,this meansthat the usershouldnot have to programto be ableto usethe system. Programmingand
customizationshouldbe possible,but not required. Furthermore,the available systemcan be usedas a set of
working examples[17]. In Section7, we describehow thewholesystemis madeavailable,not just asraw source
code,but in astructuredwayusingtheintrospectiontechniquesprovidedin XOTcl (whicharedescribedin Section
6).

4 User-centeredand Participatory Design

The user-centeredand participatorydesignapproaches,describedfor instancein [7], build on this ratherself-
understandableideathatthemoreyou involve theusersof thesoftwarein thesoftwarebuilding process,themore
your systemwill be adaptedto the user's requirements.But it canbe observed that often usermeetingsdo not



Figure1: Two graphicalobjects: the shell of the plot object is openedand the userhasenteredcommandsto
customizetheTk widget.

provide preciseenoughinformation. Thusthis approachalsosuggeststhat userparticipationshouldnot only let
theuserdescribewhat(s)hewants.Severalmethodscanbeappliedin orderto make theuser's involvementmore
active:

� Brainstorming:As opposedto a meeting,brainstormingenablesus to explore thedesignspace;in a brain-
stormingsession,usersareaskedto beinventiveandto suggestinfeasible,unrealistic,or even“stupid” ideas.

� Interviewsandscenarios:Thedesignercangetalot of informationthattheuserwouldhavesummarizedand
idealizedin a meetingby beingableto observe actualtasksat theuserwork place.For instance,designers
canobserve theuseof existing software.Videotapingthescreencanprovidedatafor furtheranalysisof the
task.An interview maybeanopportunityfor thedesignerto capturea use-scenariothatcanbeusedlaterin
prototypingsessions.

� Mockupprototyping: In a prototypingworkshopa fake softwareis built with paper, pens,tape,etc. That is,
materialis usedwhich is both dynamicandfamiliar to the user(asopposedto programsandabstractdia-
grams).For example,youcanplayascenarioby moving paperwindowsor coloringpartsof theprinteddata
without beinga professionalprogrammer. Thebene®tof this approachis to enabletheuserto show (instead
of describe)what(s)hewantswithin a realisticscenario.Designersstill candetectpotentialambiguities.

5 Biok: a Biological Interacti veObject Kit

Biok is a prototypeof a programmableenvironmentfor sequenceanalysis.It is written in XOTcl usingTK asa
graphicaltoolkit. In biok, thebasicbuilding blockfor bothusingandprogrammingis agraphicalobject. Graphical
objectshave a name,which actsasa globalvariable,andanareafor applicationwidgets. Objectcontentmaybe
de®nedby a formula. For instance,the formula of the plot object in Figure1 is just de®nedby a methodof the
proteinsequenceto computethehydrophobicity. Whenever the sequenceis changed,the formula is recalculated
(theusercancontrolthis by a switch).Graphicalobjectsareprovidedwith ashellto run methods(seeFigure1).

Oneof thecentraltoolsof biok is a spreadsheetspecializedin displayingandeditingsequences.This tool pro-
videsvisualizationmechanisms,aswell asthe3D moleculedisplayer(seeFigure2 and3). Thetwo objectsdisplay
structuralfeaturesof theprotein,suchashelicesandsheets(this visualizationfunctionwasrecentlydevelopedby
abiology student).

As in many otherscienti®cresearchareas,visualizationis really critical in biology. For this reason,several
visualizationfunctionalitiesarealreadypre-de®ned.Thereis ageneraltag framework to let theuserde®nerelations



Figure2: A spreadsheetspecializedin editingandvisualizingsequences:asecondarystructureis highlighted.

Figure3: Moleculeviewer: thesecondarystructureis highlightedaccordingly.

betweendomainvalues,aswell asgraphicalattributesandpositionsin thedifferentvisualizationtools. Tagsare
editedin a specializededitor, wheretheuserhasto de®nea methodto associatetagvaluesto datapositionsin a
script. This methodis typically eithera smallscript for simpletags,or an invocationof morecomplex operations
thatrunanalyzes,for instancefrom a WebServer [14].

A setof tagsis alreadyde®nedat thespreadsheetlevel (with tagsfor columns,rows,or cells)andat thebiology
level (particularly a tag to highlight partsof sequences).The usercan createsub-classesof tags: for instance
in Figure4 a userwantsto highlight speci®cpatternsin front of anothervisualizedtag showing transmembrane
segments.The latter taghasbeenimplementedby a biology student,who hadonly a programmingexperienceof
(ratherunsuccessfully)learningPythonfor onemonth.

6 Dynamic Intr ospectionand Inter ception in XOTcl

Biok usesa languagecalledXOTcl [22]. XOTcl is anobject-orientedscriptinglanguage.As aTcl extension,it is a
full-�edged programminglanguage.Scriptinglanguages,suchasTcl, Python,or Perlareoftenusedin thecontext
of end-userprogrammingandprogrammabilityto rapidlyhandlechangesthatarehardto anticipate.XOTcl specif-
ically addssomehigh-level, object-orientedfunctionalitiesto enablethesetasks.In the remainderof this section,
we explain someof thesefunctionalitiesof XOTcl with simpleexamples.Thedescribedlanguagefunctionalities



Figure4: Tagsub-classing:a tagshowing transmembranesegments(in blueandgreen)is augmentedby a sub-tag
highlightingsmallpatternsaroundthem(in red).

areusedfor enablingend-userprogrammabilityin biok andarealsousedin theinternalimplementationof biok.

In XOTcl an automatictype conversionsystemis usedto let programmersonly seeonetype (strings)in the
scripts,andthey donothaveto carefor furthertypeconversionissues.XOTcl scriptsdoonly usestringsanddonot
exposethenecessaryconversioncode.All XOTcl objectsandclassesareaddressableat runtimewith string-based
IDs. TheIDs arealsobeconvertedautomaticallyto therespectiveclassimplementingthefunctionality.

This internalarchitectureof XOTcl canbeusedfor incrementalprogrammanipulation.Classesandobjectscan
be incrementallyde®nedandmodi®edat runtimebecausecodeis treatedasdataandcanbeevaluatedby XOTcl
dynamically. For instance,wecande®neanew classat any timeby evaluatingthefollowing script:

Class C1

To this new classC1 (and to all existing classes)we can dynamicallyadd methodde®nitionsat any time, for
instance:

C1 instproc calc {a b} {
expr $a + $b

}

We have addeda simpleinstancemethodthat calculatesa sum. Upon a change,we candynamicallychangethe
methodimplementation,e.g.:

C1 instproc calc {a b} {
set r [expr $a + $b]
expr [$r - 0.25 * $r]

}

Wecalculatethesamesumbut lessenit by 25per-cent.Dynamically, wehaverede®nedthemethod,andwhenever
aninstanceof C1 callsthemethod,thenew implementationis invoked.

User-de®nedscripts(e.g.in thebiologydomain)areoftenof similarsimplicity astheexamplesabove. In a tool
suchasbiok we needto connectsuchscriptsto theenvironment,andtheusershouldnot have to understandthe
wholebiok systemin orderto provide customizations.Introspectionoptionsprovide a solution. Theseenableus
to directlyseeanddynamicallymanipulateeachof theelementsknown to theruntimeenvironment(here:XOTcl's
interpreter). A programmercan not only inspectall languageelements,but also manipulatethe languageand
customizeit to thecurrentrequirementsdynamically. In XOTcl, eachintrospectionoption is offeredin the info
method. info acceptsa numberof options. Anothermethod(mostoften directly correspondingto the option's
name)allows theprogrammerto changetheoptiondynamically.

For instance,wecanqueryaclassC1 for its superclasses:

C1 info superclass

We canalsochangethis settingat runtime.For instancewe canlet C1 haveanadditionalsuperclass:



C1 superclass [concat [C1 info superclass] Plotter]

Now wehaveaddedaPlotter classto theexistingsuperclasslist of C1. With introspectionoptionsa tool like
biok canconnectuserscriptsto existingclassesof thesystem.

Anothercommonexampleof incrementalprogrammingis to adaptthe algorithmof a given method. For in-
stance,we canusethe info instbody introspectionoption to retrieve the currentbody of a methodandthen
dynamicallyenhanceit with loggingfunctionality, if only thisonemethodshouldbelogged:
C1 instproc calc {a b} [concat \

{puts "C1->calc $a $b"; } \
[C1 info instbody calc]]

Dynamicmanipulationtogetherwith introspectionis importantfor enablingrapidchangeabilityin scriptswithout
knowing internaldetailsof thesurroundingframework thatis to beenhanced.

Another importantfeaturefor incrementalprogrammingis the invocationcontext. The invocationcontext is
built from the interpreter's callstackandallows us to ®nd out the calling context of the currentobject. Thusfor
dealingwith rapidchangesthecurrentcontext canbe queriedandthescriptcandeal,for instance,with different
invocationsourcesin a context-sensitive way. In XOTcl the invocationcontext is given by the self command.
In particular, self without argumentsreturnsthecurrentobjectID. self class returnstheclassexecutingthe
currentmethod,and self proc returnsthe currentmethodname. self callingobject returnsthe calling
object,self callingclass returnsthecalling class,andself callingproc returnsthecalling method.For
messageinterceptors(seebelow) therearealsooptionsreturningthenameof theobject,method,andclassto be
calledby theInterceptor.

Customizationsperformedby a tool shouldbe transparentfor the user. This canbe reachedusingmessage
interceptors. A messageinterceptoris dynamicallyaddedto a computationalentity (like an object, a class,a
classhierarchy),andit interceptsall (speci®ed)messagesthataresentto this computationalentity before,after, or
instead-oftheoriginal messagedispatch.User-de®nedfunctionalitycanbeaddedto theexisting systemby using
introspectionoptionsandinvocationcontexts togetherwith messageinterceptors.In XOTcl therearetwo kindsof
messageinterceptors:

� Per-class/per-objectmixinsareclassesthataredynamicallyattachedto or detachedfrom a classor object.
They interceptevery messagesentto a classor objectandcanhandlethemessagebefore/aftertheoriginal
receiver.

� Per-class/per-object�lter sarespecialinstancemethodswhicharedynamicallyregisteredor de-registeredfor
a classhierarchyor object. Every time an instanceof this classhierarchyor objectreceivesa message,the
®lter is invokedautomaticallyandinterceptsthis message.

Both®ltersandmixin classesinterceptmessagessentto anobjector aclasshierarchybeforethey reachtheoriginal
receiver. Theinterceptorcanadaptthemessageto anotherreceiver, handleit directly, or decorateit with arbitrary
behavior before/aftertheoriginal receivergetsit. Filtersareusedto implemententitiesandconcernscuttingacross
anentity asa whole,whereasmixins only interceptcertainmessagecalls. Filter andmixin classescanbeusedto
transparentlyobservetheuser'sactions,andperhapsmanipulatethem.A simple®lter exampleis a logging®lter:
Class Logger
Logger instproc loggingFilter args {

puts "called: [self]->[self calledproc]"
next

}

Thissimple®lter usestheinvocationcontext to write thecurrentobjectandcalledmethodto thestandardoutput.
next meansthatthenext ®lter in the®lter chainand®nally theoriginal receiver is invoked.A ®lter methodcanbe
registeredfor any classor speci®cobjectto log theclass'or object'sactions:
C1 instfilter Logger

Now all instancesof C1 arelogged.Filtershandleall methodsof aspeci®cclassor object.Mixin classeshandle
only thosemethodsthatarespeci®edonthemixin class.Considerwewantto handleall user-de®nedmethods(then
wehave to interceptall callsto themethodproc ):
Class ProcHandler
ProcHanlder instproc proc args {

puts "called: [self]->[self proc]"
# handle proc
# ....
next

}



Figure 5: Programmingin biok: the methoddisplayedin the editor computesthe length of the alignment. A
breakpoint,setfrom within thesourcecode,hasoccurred(smalldebugwindow).

Thismixin only interceptstheproc methodcallsof theclassor objectit is registeredfor, e.g.only instancesof
C1:

C1 instmixin ProcHandler

XOTcl hasbeenchosento beusedin biok for differentreasons.First, thescriptingcapabilitiesof Tcl (suchas
text processing,integrationtools, simplesyntax)allow usersto rapidly learnthe language.Many tools, required
for biok's internalimplementation,areavailableandwell-integratedwith thelanguageat thescriptlevel, including
Tk (asthegraphicaltoolkit), network, andsystemlibraries.XOTcl combinesthesefeatureswith high-level object-
orientedfunctionalities,suchasintrospection,languagedynamics,andinterceptors.In biok thesefunctionalities
areusedfor incrementalprogramevolutionat runtime.

Note that XOTcl is just a technicalsolutionfor the conceptspresentedin this paper. Many other languages
(andlanguageextensions)providesimilarmeans.Often,however, somefunctionalitiesof XOTcl wouldhaveto be
re-implementedin theotherlanguages,beforethey couldbeusedfor a tool like biok. Aspect-orientedlanguages,
for instance,provideaspectsasa languageconstructthatcouldbeusedinsteadof messageinterceptors.For theuse
in biok a dynamicaspectweaverwould berequiredsothatbiok cancombine(andremove)aspectsfor theexisting
systemsdynamically. Languages,suchasSmalltalkor Lisp variants,provide languagedynamicsbut high-level
interceptorswould have to beimplementedandaddedto theselanguages(which is evenin theselanguagesa non-
trivial taskastransparentinterceptorsrequirecomplex callstackmanipulations).However, eventhoughsomeeffort
might berequiredto providesimilar functionalitiesin otherlanguages,we donot seea principalproblemin doing
so.

7 Biok Programming Envir onment

Biok usesthe XOTcl featuresdiscussedin the previoussectionto enableprogrammabilityfor end-users.At any
moment,theusercanaskagraphicalobjectfor its sourcecodeby amenu.In Figure5, amethodeditoris shown for
amethodof thespreadsheet.Thecodeof themethodis foundby XOTcl introspectionoptions,andcanberede®ned
at any time. It canbe saved at the userlevel, in a separate®le, that the usercanedit independently. This ®le is
loadedat thestart-upof thebiok environment,afterthesystemitself is loaded.Accordingto theusersof biok, this
simplemechanismhelpsthemto feel moresecure:they canmake errorsandtry new things. For instance,a user
canchangethe codeof a methodto computethe alignmentlengthdifferently (thereis indeeda variationon this
computationin currenttools).
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In Figure5 sequencesarewhatbiologistscall 'aligned', meaningthataftercomparison,correspondingletters
areput together, andletterswithout any correspondencearealignedto 'gaps', representedhereashyphens.The
well-known algorithm,basedon dynamicprogramming,to computethis alignmenthasbeenimplementedby a
biologystudenthaving learnedprogrammingfor only oneyear.

Thebiok editorprovidestoolsfor debugging,suchasbreakpointsor traceson methodcalls. It alsoallowsyou
to run the editedmethodwith parameters.You canalsoput breakpointsin the code. Thesedisplaya small box
with a custommessage.Thereis alsoa tool to spy all the execution(implementedasan XOTcl ®lter): you can
observe all the methodsthat arecalledduring a certaintime, for instance,to ®nd out which methodsarecalled
whenclicking onaspeci®cbutton.This way, debugging(whatis really importantin incrementalprogramming),is
availabledirectly in theprogrammingenvironment(andaccessibleto end-users)asa ®rst classfeature.

8 Algorithmic Evolutions

We describetwo variantsof whatwe call “algorithmic �e xibility .” Theconceptdraws from Wegner's concept[25]
thatcomputeralgorithmsshouldbemorecleverandmoreinteractiveto taketheusers'knowledgeintoaccount.First
we describea meta-protocolto let thebiologistmodify an algorithmbehaviour by adaptingan internalstructure.
Secondlywe describehow to enableuserinteractionswith thegraphicalinterfaceon topof a meta-protocol.

In bothvariants,wecanuseintrospectionoptionsavailablein XOTcl to querythecurrentsettingof this internal
structureanduseinterceptiontechniques,particularlymixins, for dealingnon-intrusively with unexpectedchanges
of theinternalstructuresandalgorithms.Thatis, thebehaviour canbemodi®edfor somepartsof theprogramand
data,notall, andthemodi®cationcanbedynamicallyremovedby de-registeringthemixin.

8.1 MAP: Meta-application Protocols

As illustratedin Figure6, theideaof a MAP (Meta-applicationProtocol)is basedon theMOP concept.However,
wefeelmorecomfortablewith themeta-applicationterm,as“MOP” comesfromthespeci®c®eldof object-oriented
languages– hence“meta-object.” In a meta-applicationprotocol,themeta-modelof theapplication(the internal
representation)correspondsto themeta-object.

Similarly, theapplicationexposesthe languagevisible to theend-user(in biok basedon graphicobjects).Fi-
nally, theusercorrespondsto theprogrammer. As in MOPs,anexplicit partof theinternalstructurethathasa key
role in thecomputationis documentedasa meta-level interfaceto changethesystembehaviour.
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Recentlya studentappliedthis ideato a dynamicprogrammingalgorithmfor aligning molecularsequences
(Figure5). Herethe protocol of the MAP is: The heuristicof the algorithmcanbe expressedin a de®nitestate
automaton.It is both easyto extend(by addingstatescorrespondingto externalknowledge)andeditableby a
knowledgeableuser. Comparedto [1] thatalsoexpresseddynamicprogrammingalgorithmswith ade®nitestateau-
tomaton(DFA), thestrategy chosenherejustaddsexternalknowledge,whereas[1] computeseverythinginternally,
which is morecostly.

Although it could seemawkward to let a biologist edit the datastructureof a DFA, we have conductedan
interview with a scientistin Pasteurhaving programmeda graphicalsimulationenvironmentfor living cells. In
this systemuserscanenterdifferentialequationsin C++ in a speci®cpart of thecode[10]. Having suchfeature
providedin a softwarewritten by a biologist shows that theeffort for editing thedatastructureshouldnot be too
huge.

8.2 Interacti veMAP protocols

A promisingextensionof theMAP conceptis to ®nd a way to integrateuser's knowledgein computationneither
asa parameternor asprogrambut just by interacting.In theexampleshown in Figure7, we hadnoticedthatthe
heuristicof the algorithmdetectingtransmembranesegmentsby their hydrophobicity[9] could fail in situations
dif®cult to specifyin thealgorithm,but easyto show by theuser. As asolution,we implementedawayfor theuser
to indicatedifferentstartsfor the segments.The implementationjust addsa messageinterceptor(mixin) to two
methods:

1. segments : selectsthetransmembranesegments;

2. result segments : displaysthepredictedtransmembranesegments(userde®nedsegmentsaredisplayedin
a differentcolor).

Let us take the sequencealignmentexampleagain. We setan interactive mechanismwherethe useris able to
indicate,by selectingareasin thespreadsheet,which segmentsshouldbe aligned. This is thentakenasinput for
theMAP describedin 8.1.Constraintsspeci®edby theuser, actingasexternalknowledge,just leadto new statesin
theDFA.

This way, by interfacingtheMAP featurewith a smallsetof interactiveactions,theprotocolis madeavailable
to biologistsnothaving any knowledgeaboutmeta-protocols.
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9 End-User Programming and Participatory Design: a Complementary
Approach

Theconsiderationsin this sectionrely heavily on [24] which describeshow MOP andparticipatorydesigncanbe
combinedasaway to designsoftwarefor �e xibility .

Let us ®rst seewhat participatorydesigncontributeswhen appliedwithout end-userprogramming. When
adoptinguser-centeredandparticipatorydesign,the chanceto get an unadaptedsystemreally dropsdown. This
wasclearlythecasefor thespreadsheettool andtheprogrammabletagsystemin ourprototype.Wehaveconducted
designworkshops,and the subjectsthat are approachedduring theseworkshopsare generallyselectedthrough
either interviews andbrainstormingsessions.Not surprisingly, amongthe 9 participatoryworkshopsorganized
over thelast5 years,about6 of themwerefocusedon patternsearchingandsequencefeaturesvisualization,both
handledby thesetools.

Thepropertythatis gainedis thusdesignstability, in otherwords,lessneedfor re-design.However, aswehave
observed,evolution is anintrinsic needof biology researchsoftware,andparticipatorydesigndoesnot necessarily
lead to �e xibility: it leadsto the propertiesthat are useful in a speci®ccontext, and thereare contexts where
�e xibility is ratherprohibited.

But therearebene®tsof usingbothprogrammabilityandparticipatorydesigntogether. As statedin Section3.1,
above, end-userprogramminggenerallyrequiresa stronganticipation: the softwaremustbe instrumentedto let
theuserprogramwith theuserinterface.This resultsin takingheavy designdecisionsaboutwhatshouldbeopen
to programmingwithin the tool. On the otherhand,we wereableto statethat general programmabilitythrough
introspection,structuredin agoodprogrammingenvironment,couldhelpin enablinganypartof thesoftwareto be
changed.As ageneralpropertyof thesystem,youdonothaveto specifyprogrammingfeaturesfor varioussystem
parts.But thereis still a risk thatprogrammingremainstoodif®cult for theuser, justbecausetheenvironmentdoes
notprovide therequiredhelp.We observedthatby usingtheparticipatoryapproach:

1. Dimensionsof �exibility, i.e. potentialunexpectedchanges,aregenerallybetteranticipated.A user-centred
approachlet simultaneouslyshow up spotsof stability andspotsof variability (see[24]), which wascon-
®rmedby our experiences.In scienti®csoftware,for instance,during the interviews andworkshops,three
dimensionsof �e xibility appearedasimportant(seeFigure8):

� system�exibility: capacityof thesystemto supportchange,
� algorithmic�exibility (or interactivity): capacityof thesystemto becontrolledby theuser, asillustrated

by the interactive MAP describedin Section8.2, that emergedalmostassuchduring a participatory
workshop,and

� interface�exibility (or integrability): capacityof thesystemto becombinedwith others.

2. Programmingfeaturesand tools are betterdesignedand adaptedto the userneeds: just having any pro-
grammingenvironmentdoesnothelpassuch.Thisenvironment'sfeaturesmustbecorrectlyanticipated.For
instance,we observedthat“creatingnew classes”rarelyoccursin thetasksof thebiologist,whereasmethod
creationor rede®nitionis very often used. Actually, users,ableto designa classhierarchy, canalsodo it
outsideof biok, ashappenedwith oneof our student,whodesignedtheMAP andtheDFA (with a little help
from us).
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Similarly, wehadnot identi®edthetagcreationasbeingthatimportantfor thetool, and,duringaprototyping
workshop,it appearedhow critical it is to have a well-adaptedtool for this. So,we organizedanadditional
workshopwith a pre-built mockup(botha storyboardanda mockupin fact)which is very closeto the®nal
tool, andwe playedwith thedatain it.

Thus,it is thecombinationof generalprogrammingcapabilitiesandtheuser-centeredapproachwhich enables
to designfor unanticipatedevolutionby supportinggenerallinesof changes.

10 Summary of the GeneralApproach

In summary, it is importantto enabletheuserto adaptthesystemor to evolve it over time, andto have a system
properlydesignedandalreadyadaptedto theuser's tasksby usinguser-centredmethodsanda participatorydesign
approach.Both aspectsactuallybelongto thesamemethodologicalapproachrelying on the ideaof co-evolution
[2] of design,development,anduseof asoftwaresystem.This leadsto softwaredevelopmentcycleswith evolution
anticipatedateverystep(seeFigure9):

� involving usersat thedesignstep(participatorydesign),

� includingdevelopmentat theusestep(end-userprogramming),and

� developinga prototypingapproach:asaugmentedin [3], prototyping,i.e. usingrapid prototypingtools to
programsomeof thecritical partsof asystemcaneconomizea lot of time; in thisaspect,the�e xibility of the
programminglanguageandtoolsis important.

We canalsosituatethis framework by comparingit to theUSEframework asdescribedin [12]:

� Timeof change: design,prototyping,developmentandsoftwareusearesupported.

� Type of evolution (sequentialor parallel): both sequentialevolution, whereusersdevelopmentsare re-
integratedin the system(which happenedseveral times), andparallel evolution, whereusersare allowed
to exploreindependently, aresupported.

� Incrementality: the main granularityof changeareobject-orientedmethods.XOTcl providesready-to-use
featuresfor incrementalmethodre-de®nition;furthermore,mostof thechangeswewereableto observewere
eitherdoneor to bedoneat themethodlevel (adaptinga functionality). Mixins canbe usedto bundleand
reusemethodre-de®nitions.

� Automation:none;theintegrationof theuser'scodeinto thesystemshouldbeasubjectof discussionbetween
thesoftwareengineerandthebiologist.Sometimes,theuser'scodestandsasakind of “active” speci®cation.



� Change effort: the conceptualframework of cognitive dimensionsin [6] providessometools for checking
this aspect.Viscosityis the term to describethe effort necessaryto performa change,and it is relatedto
othervariablesdescribedin this framework. For instance,closenessof mappingdescribeshow theprogram
or theenvironmentcorrespondto theproblem.Hiddendependencieshinderincrementalchanges.Premature
commitmentmay requirefor the userto anticipatetoo many things in order to begin a change. In biok,
we decidedto mapgeneralclassesof biologicalobjects(sequences,alignments,3D molecules)to graphical
objects.Thentheusercanlocalisethecodemoreeasily. Efforts to undoa change mustalsobe evaluated:
in biok, the userjust hasto remove the ®les containinghis or her codein order to go backto the system
de®nitions.

� Openness:basically, thebiok systemis openfor change,andall thesourcecodeis availableto theuser.

Thebene®tsof our approachhave beendiscussedwidely in this paper. In summary, themainbene®tsarethat
we provide anapproachfor co-evolution of theaspectsdesign,development,anduseof (scienti®c)software. We
provideda conceptualintegrationof technical�e xibility functionalitiesanddesignmethodsto enablethe userto
easilyevolve thesoftware.Theuserdoesnot have to understandadvancedprogrammingconceptsor largepartsof
thebiok framework, but only thegraphicalobjectsof the familiar work task. Internally, however, we canusethe
MOP, languagedynamics,andre�ection capabilitiesto supportthedesiredsoftwareevolutionnon-intrusively.

Of course,in somesituationsourapproachmayalsoincursomeliabilities. Theapproachcannotbeusedin any
software,but requiresa preparationof thescienti®csoftwaretool to beopenfor end-userevolution. This requires
someefforts to integratethe MOP, dynamiclanguage,andre�ection with the GUI that is usedfor the scienti®c
tasks.User-centeredandparticipatorydesignrequiresomeorganizationaleffort, and,asin any quality process,an
approachbasedonco-evolutionhasanoverheadcomparedto adhocapproaches.

11 Conclusion

We havedescribedanapproachandaprototypedesignedfor incrementalevolution, from thedesignstepto theuse
step. Theobjective of this researchis to explore thedimensionsof software�e xibility thathasbeenobservedas
beingcritical in the®eld of biology researchandis likely to becritical in otherscienti®cresearchareasaswell.

Thuswe believe thattheapproachcouldbegeneralizedto othersoftwaredevelopmentareas.We have already
appliedsimilar ideasfor domain-speci®ccustomizationsby contenteditorsin the ®eld of interactive television
(see[5]). In particular, user-centereddesignprovedto bea very rich tool to bettercaptureandanticipatesoftware
evolution.

Theprototypewe have describedhasbeenusedby severalstudentsduringa few months. Theuseby students
bothplaysa proof-of-conceptanda methodologicalrole in this research.We alsoaimedat exploring theproblem
space,morethantried to evaluatea uniquetechnicalsolutionto awell-de®nedproblem.

The�e xibility on thetechnologicalside(providedby the languageXOTcl) playeda key role in our approach,
andwehopethatourapproachillustrateshow important�e xibility is onthetechnologicalside.Technical�e xibility
andadvancedprogrammingfunctionalities,however, canalsobecounter-productive in theend-userrealm(if they
only addcomplexity). Thuswe have provideda technicalsolutionfor letting usersonly dealwith the graphical
objectsassociatedwith theparticularwork task. Thesetechnicalsolutionsaretightly integratedwith user-centred
designandparticipatorydesignmethodsto helptheend-userdealwith theprogrammingtaskconceptually.
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