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Abstract

Evolutionin scienti ¢ softwareis oftenaccordingo aspeci c patternof softwarechangesprofessionatcientists,
who arenot professionabkoftwaredevelopers needrapid, dynamic,anddomain-speci cchangeof the software
they work with. To addressinanticipatedoftwareevolutionin this eld, ourobjectie is to enabletheseend-users
(here:biologists)to changesoftwarefrom theuserinterface.An approachs presentedhatintegratesechnological
andmethodologicabolutions.We explain why thesesolutionsarecomplementaryandhow they canbeintegrated
andco-evolvedfrom softwaredesignto actualuse.

1 Intr oduction

This paperaddressetheissueof softwareevolutionin thecontext of scienti®csoftware.In this®eld, softwaretools
mustbe rapidly adaptedo new scienti®cideas,situations,andresults;software evolution and e xibility thusare
fully inherentto the®eld. Many softwareengineeringapproacheprimarily copewith softwareevolutionissuedy
iterationsof software developmentor maintenanceycles. In scienti®cresearchhowever, softwaretools not only
mustadaptto a fastevolving domain,but they alsomustbe very adaptabldo differentusersandtheir particular
work tasks.As a consequencehe notion of softwareevolution hasto be extendedto customizatiorandend-user
programming or even,aswe shaw later, to full programmability

We will discusstheseissueswith practicalexamplesfrom the biology domainand experienceswith our pro-
totype,calledbiok [13]. On thetechnologicakide,the prototyperelieson the languageXOTcl [22] thatprovides
dynamicandre ective languagefunctionalities. Theseprovedto be extremelyef®cientin the designof biok by
enablingusto weave usingandprogrammingastwo levelsof interactionon theuserside.

The complex andfundamentahspecbf e xibility in scienti®csoftware,however, leadusto considemot only
technologicakolutionsfor softwareevolution, but alsomethodologicabnes. Theseenableusto addressoftware
evolution at thedesignlevel. Or, to be moreprecisewe have obsenedthattechnicalanddesignapproachebene®t
from beingusedtogether Conceptuallyour approachmainly draws from two ®elds:

Usercentied designand participatory designmethodg7]: Thesedesignmethodsenableusersto actively
participatein the early stagesf softwaredevelopment.That helpsthe developersto anticipatebothcritical
featuresof the softwareanddimensionghatmay be subjectto evolution.

Re ectivesystem¢18] and meta-objecprotocols[11]: We have exploredprotocols(bothintercessoryand
introspectve) to openthe systemandmalke it a “white box;” aswell asmeta-constructior enhancinginan-
ticipatedusercontrolinsidethefunctionalpartof our system.

Methodologicalandtechnologicapartsof our approacharedeeplytangled,aswe try to explainin this paper
This doesnot meanhowever thatthe end-usehasto understandhe meta-level functionalities.

In this paperwe ®rst describesomeimportantcharacteristicsf softwaredevelopmentandevolutionin biology;,
aswell as situationswherebiologistswho are not professionaprogrammersnay needto changethe software



they use. Next, we introducethe idea of programmability or how to enableprogrammatiacchangedor the end-
userwithin the userinterface. We also presenthe participatorydesignapproachor how to let the useractively

participatein the design. Next, we describeour prototypebiok andthe underlyinglanguage XOTcl, anddiscuss
how their re ective architecturepermitsa signi®cantrangeof software evolutions. Finally, we concludeon how
to combineusercenterediesignandtechnologicabpproacheto achieve developmentcyclessupportingsoftware
evolution ateachdesign developmentandusestep.

2 Scienti ¢ Software Evolution

The evolution of a scienti®ctool, in additionto changeghat occurin ary software, follows a somevhat speci®c
pattern. We describeit by ®rstly indicating somecharacteristic®f software developmentin biology that might
explain why and how biologists,as opposedo software engineersare concernedwith the activity of software
development. We also discusssomescenariosof programmingsituationsand somefundamentakeasonswhy
biologistsshouldbe ableto programthemseles.

2.1 Software Developmentin Biology

As we wereableto obsene by having installedscienti®csoftwarefor severalyearsat the Pasteurnstitute,andby
having taughtto biologistshow to usethescienti®csoftware,softwaredevelopmenin the®eld of academibiology
researctiollows two mainlines:

large-scaleprojectssuchas[23], developmentin importantbioinformaticscenterssuchasthe US National
Centerfor Biotechnologylinformation(NCBI) or the EuropearBioinformaticsinstitute(EBI), or researchin
algorithmicsby researcher; computerscience;

local developmentsy biologistswho have learnedsomeprogrammingout who arenot professionatlevel-
opers(usedeitherto dealwith everydaytasksfor managingdataandanalysisresults,or to modelandtest
scienti®cideas).

Thetwo lines often merge, sincebiologistsalsocontribute to open-sourc@rojectsanddistribute the software
they have programmedor their own researchin public repositories We focuson the secondype of development
thatshavs thefollowing characteristics:

Very dynamicsoftwae activity: Scienti®cideasneedto be put into an “active” modelandtestedon other
researches data. This sometimesequiresa hands-onapproachof software development,the researcher
cannotalwayswait for a professionasoftwaredeveloperto producea prototypeor softwareadaptatior®rst,

beforetestingnew ideas.

Majority of programsdevelopedy domainexperts: Most of thesoftwarein thescienti®careais notproduced
andevolvedby professionaprogrammershut by domainexperts,whichis a signthatit is the biologistwho
needgo program.

Softwae productionis notthegoal: In scienti®cresearchsoftwareis createdo testnew ideasrapidly, thusits
productiondoesnot alwaysfollow typical softwareengineerindife-cycles. Exceptfor large-scaleprojects,
programmingandbuilding softwareis very oftennotthe goalof thebiologist.

Domain-speci cevolution: Software evolution happensisuallyratheron a level of domainsemanticghan
onthelevel of theinternalsoftwarestructuref the softwaretool (seealsothe examplesprovidedin thenext
section).

Thesecharacteristicindicatethatthereis a needfor programmingn everydaybiology researchout alsothat
this actity is not centralasa professionabbjective.



2.2 Examplesof Programming Situations

Recenincreasen theuseof biologicalcomputingmainly dueto researcton genomicsmeanghatbiologistshave
to manipulatea lot of dataand programsto do their research.This leadsto problemsfor biologistswho do not
programatall. Below is alist of realprogrammingsituationexamplesrequiredwhenworking with eitherDNA or
proteinsequenceg sequencés amoleculethatis very oftenrepresentetly a charactestring,composef either
DNA letters— A, C, T, andG — or amino-acidetters— 20 letters):

Scripting: searctfor a proteinsequenceattern thenretrieve all the correspondingecondangtructuresn a
database.

Parsing: searchfor the bestmatchin a databassimilarity searctreportbut relativeto ead subsection
Formatting: renumbeione’s sequenc@ositionsfrom to insteadof to

Variation: searcHor patternsn a sequencegxceptrepeatednes

Finer control on the computation:controlin whatordermultiple sequencearecomparedndaligned.

Simpleoperations (not available or prede nedin the userinterfaceor softwae tool): searchin a DNA
sequencéor thecharacterstherthanA, C, T, andG.

Theseexamplesshow that, in spite of the fact that there are alreadymary software systemsfor biological
computing,unforeseerchangerequirementsnay ariseat ary time. In thesesituations,programmingis needed,
eventhoughall examplesituationscorrespondo quite simpleprograms.

Theexamplesllustratesomefundamentateasonsvhy biologistswould needto program;in particular:

Scienti®cprogramgepresenideasthatevolve andneedto berefutable.
It is easierto think directly in themediumin which the problemis generallyexpressed4].

Thereis a critical andgeneralneedfor e xibility: hencethe useof e xible, informal tools suchasspread-
sheetsaandtext processorso supportdataanalysig21].

3 Programming and Using

The majority of biologistsdo not program,although,asdiscussedn the previous section,they would really need
it for mary of their particularwork tasks. Thereare severalwaysto addresghe problemsof programmingwhen
userspeci®ccustomizationsare required: a biologist can eitherlearn programmingor hire a programmer The
secondsolutionis not alwaysfeasible andboth solutionsratherhave high costs.Regardingthe ®rst solution,there
areactuallymary biologistswho have successfulljjearnedhow to program,althoughvery few actuallydo. Our
hypothesids thatit is dif cult to programa little, not only in the senseof programmingoccasionally but alsoin
the senseof programmingncrementally

In this section,we discussend-useiprogrammingas an alternatve solutionwith certainlimitations regarding
unanticipateadhangesProgrammabilityfor end-useraddressethesdimitations.

3.1 End-UserProgramming

End-UseProgrammindEUP)approachefl5] basicallyrely ontheideathat,sincetheuseralreadyknowstheuser
interface,it canbe usedasan“indirect” programminganguage.While usingthe software,the usermay de®nea
kind of program. This “program” canbe simplebehaior speci®catiorthat canbe reusedateron. Or it canbea
morecomple softwareartifact, suchasa databaseequesor agrammarrule [16].

The®rst problemin this approachalthoughvery powerful andnotenoughapplied liesin its lack of generality
The elementsof the userinterfacelanguage(lik e button click, line drawing, typing, selection,etc.) have to be



preparedn away or anotherto be usedasa meandor building the“program? Any possiblekind of changehasto
beanticipatedby the designeiof the userinterfacelanguage.

Themainproblemis thatthesetechniquesrenotreally designedor softwareevolution but ratherfor end-user
programbuilding. The scopeof changesif ary, is oftenvery limited: for instancejn a spreadsheeyou cannot
changethe behaiour of the spreadsheeétself. Accordingto [19], the only type of evolution thatis dealtwith by
EUPapproachets integration,asopposedo extensionor modi®cation.

3.2 Programmability for the End-User

Whatis neededor software developmentin biology is both software evolution and EURP Meta-objectprotocols
(MOP)[11] provide a conceptuaframenork for modifying theinternalsof a system.The mainideais thata base-
level componenthatis subjecto evolutionshouldberei ed to offer aproperinterfacefor modi®cation ameta-level

interface. A metaphorthatcanbe usedfor this is a theatey whereon-stagerepresentshe systembehaiour, and

back-stagethe placewhereeverythingon the sceneis de®ned,i.e. the systemde®nition. A MOP doesnot only
openthe back-stagebut makesit an “on-back-stage'whereit is possibleto rede®nethe systembehaiour in a
constrainedvay.

To make software evolution accessibldor biologistsby openingthe back-stagewe have to require several
aspects:

As in aMORP, the systemmustcontainexplicit anddocumenteglaceshatcanbesubjectto change.

Sincethe userin our context is not a professionalprogrammeyrthereis a critical needfor tools to help
associataiserinterfaceelementsvith systemelementgin the theatemetaphoyrtheremustbe somethreads
betweerthe stageandthe back-stageo shov whatin the back-stageontrolsthe elementon the stage) this
helpsto reducethe cognitive distancebetweerthe codeandthe userinterface[20].

The userof our systemdoesnot have ary particularinterestin programming:his or her taskis to perform
researchn biology. Whatwe wantfor the biologistis just to have the samesituationasfor the programmeyr
where:

work ervironment programmingervironment

For the biologist, this meanghat the dataanalysiservironmentshouldbe at the sametime a programming
ernvironment. This way, no switch from a modeto anotheiis required,programmings just anotherkind of
using.Thisis theideaof Programmingn The UserInterface(PITUI) [8].

Theseaspecthave beenexploredin the prototype describedn this paper andaredetailedin furthersections.
Notethatourapproachs notto let theuserusethe MOP functionalitiesdirectly. Insteadwe usethe MOP function-
alitiesin theprototypeto enablesimple,localizedprogrammindor theuser Theseusercenteredgoftwareevolution
functionalitiesare not only embeddedechnicallyinto the users working ervironment,but alsomethodologically
(asdescribedn the next section).

Anotherkey ideaof MOPsis theideaof a having both a genericanda default behaiour. Unlike framenorks,
systemsprovided with a MOP are ready-to-useand do not needary specializationin orderto be usable. For
end-usersthis 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 exampleg17]. In Section?7, we describehow the whole systemis madeavailable,not just asraw source
code,butin astructuedway usingtheintrospectiortechniqueprovidedin XOTcl (which aredescribedn Section
6).

4 Usercentered and Participatory Design

The usercenteredand participatorydesignapproachesgescribedfor instancein [7], build on this ratherself-
understandabliEleathatthe moreyou involve the usersof the softwarein the softwarebuilding processthe more
your systemwill be adaptedo the users requirements.But it can be obsered that often usermeetingsdo not



Figure1: Two graphicalobjects: the shell of the plot objectis openedand the userhasenteredcommandso
customizethe Tk widget.

provide preciseenoughinformation. Thusthis approachalsosuggestshat userparticipationshouldnot only let
the userdescribewhat (s)hewants. Severalmethodscanbe appliedin orderto make the users involvementmore
active:

Brainstorming: As opposedo a meeting,brainstormingenablesusto explore the designspace;jn a brain-
stormingsessionusersareaskedto beinventive andto suggestnfeasible unrealistic,or even“stupid” ideas.

Interviewsandscenarios:The designercangetalot of informationthatthe userwould have summarizeénd
idealizedin a meetingby beingableto obsene actualtasksat the userwork place. For instancedesigners
canobsene the useof existing software. Videotapingthe screercanprovide datafor furtheranalysisof the
task. An interview may be anopportunityfor the designetto capturea use-scenarithatcanbe usedlaterin
prototypingsessions.

Modkup prototyping: In a prototypingworkshopa fake softwareis built with paper pens,tape,etc. Thatis,
materialis usedwhich is both dynamicandfamiliar to the user(asopposedo programsandabstractdia-
grams).For example,you canplay a scenaridoy moving papemwindows or coloring partsof the printeddata
without beinga professionaprogrammerThe bene®tof this approachis to enablethe userto show (instead
of describe)what(s)hewantswithin arealisticscenario Designersstill candetectpotentialambiguities.

5 Biok: aBiological Interacti ve Object Kit

Biok is a prototypeof a programmablesrvironmentfor sequencanalysis. It is written in XOTcl usingTK asa

graphicatoolkit. In biok, thebasicbuilding block for bothusingandprogrammings agraphicalobject Graphical
objectshave a name,which actsasa global variable,andan areafor applicationwidgets. Objectcontentmay be

de®nedby a formula. For instance the formula of the plot objectin Figurel is just de®nedby a methodof the
proteinsequencéo computethe hydrophobicity Wheneer the sequencés changedthe formulais recalculated
(theusercancontrolthis by a switch). Graphicalobjectsareprovidedwith a shellto run methodqseeFigurel).

Oneof the centraltools of biok is a spreadsheedpecializedn displayingandeditingsequencesThis tool pro-
videsvisualizationmechanismsaswell asthe 3D moleculedisplayer(seeFigure2 and3). Thetwo objectsdisplay
structuralfeaturesof the protein,suchashelicesandsheetqthis visualizationfunction wasrecentlydevelopedby
abiology student).

As in mary otherscienti®cresearchareas visualizationis really critical in biology. For this reason several
visualizationfunctionalitiesarealreadypre-de®nedThereis ageneratag framework to let theuserde®nerelations



Figure2: A spreadsheetpecializedn editingandvisualizingsequencesa secondangtructures highlighted.

Figure3: Moleculeviewer: the secondargtructureis highlightedaccordingly

betweendomainvalues,aswell asgraphicalattributesand positionsin the differentvisualizationtools. Tagsare
editedin a specializeceditor, wherethe userhasto de®nea methodto associatdag valuesto datapositionsin a
script. This methodis typically eithera small scriptfor simpletags,or aninvocationof morecomplex operations
thatrunanalyzesfor instancerom a Web Sener [14].

A setof tagsis alreadyde®nedatthe spreadshedéevel (with tagsfor columnsrows, or cells)andatthebiology
level (particularly a tag to highlight partsof sequences).The usercan createsub-classesf tags: for instance
in Figure 4 a userwantsto highlight speci®cpatternsin front of anothervisualizedtag shaving transmembrane
segments.The lattertag hasbeenimplementeddy a biology studentwho hadonly a programmingexperienceof
(ratherunsuccessfullylearningPythonfor onemonth.

6 Dynamic Intr ospectionand Inter ceptionin XOTcl

Biok usesalanguagecalledXOTcl [22]. XOTcl is anobject-orientedcriptinglanguageAs a Tcl extensionjt is a
full- edged programmindanguage ScriptinglanguagessuchasTcl, Python,or Perlareoftenusedin the context
of end-useprogrammingandprogrammabilityto rapidly handlechangeshatarehardto anticipate XOTcl specif-
ically addssomehigh-level, object-orientedunctionalitiesto enablethesetasks. In the remainderof this section,
we explain someof thesefunctionalitiesof XOTcl with simpleexamples.The describedanguagefunctionalities



Figure4: Tagsub-classingatagshaving transmembransggments(in blueandgreen)is augmentedby a sub-tag
highlightingsmall patternsaroundthem(in red).

areusedfor enablingend-useprogrammabilityin biok andarealsousedin theinternalimplementatiorof biok.

In XOTcl an automatictype corversionsystemis usedto let programmer®nly seeonetype (strings)in the
scripts,andthey do nothaveto carefor furthertype conversionissues XOTcl scriptsdo only usestringsanddo not
exposethe necessargorversioncode.All XOTcl objectsandclassesareaddressablat runtimewith string-based
IDs. ThelDs arealsobe convertedautomaticallyto the respectie classimplementingthe functionality.

Thisinternalarchitectureof XOTcl canbeusedfor incrementaprogrammanipulation.Classesandobjectscan
be incrementallyde®nedand modi®edat runtime becauseodeis treatedasdataand canbe evaluatedby XOTcl
dynamically For instancewe cande®nea new classatary time by evaluatingthe following script:

Class C1

To this new classC1 (andto all existing classes)we candynamicallyadd 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
methodimplementatione.g.:

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

We calculatethe samesumbut lesserit by 25 percent.Dynamically we have rede®nedhe method,andwheneer
aninstanceof C1 callsthe method the new implementatioris invoked.

Userde®nedscripts(e.g.in thebiology domain)areoftenof similar simplicity astheexamplesabove. In atool
suchashbiok we needto connectsuchscriptsto the ervironment,andthe usershouldnot have to understandhe
whole biok systemin orderto provide customizationsintrospectionoptionsprovide a solution. Theseenableus
to directly seeanddynamicallymanipulateeachof the elementknown to theruntimeervironment(here:XOTcl's
interpreter). A programmercan not only inspectall languageelements but also manipulatethe languageand
customizeit to the currentrequirementslynamically In XOTcl, eachintrospectionoptionis offeredin the info
method. info acceptsa numberof options. Another method(mostoften directly correspondindo the option's
name)allows the programmeto changehe optiondynamically

For instancewe canquerya classC1 for its superclasses:

C1 info superclass

We canalsochangethis settingat runtime. For instancewe canlet C1 have anadditionalsuperclass:



C1 superclass [concat [C1l info superclass] Plotter]

Now we have addeda Plotter  classto the existing superclas$ist of C1. With introspectioroptionsatool like
biok canconnectuserscriptsto existing classe®f the system.

Anothercommonexampleof incrementalprogrammings to adaptthe algorithmof a given method. For in-
stancewe canusetheinfo instbody introspectionoption to retrieve the currentbody of a methodandthen
dynamicallyenhancet with loggingfunctionality, if only thisonemethodshouldbelogged:

C1 instproc calc {a b} [concat \

{puts "Cl->calc $a $b"; } \

[C1 info instbody calc]]
Dynamicmanipulationtogetherwith introspectioris importantfor enablingrapid changeabilityin scriptswithout
knowing internaldetailsof the surroundingramework thatis to beenhanced.

Anotherimportantfeaturefor incrementalprogrammings the invocationcontext. The invocationcontext is
built from the interpreters callstackandallows usto ®nd out the calling context of the currentobject. Thusfor
dealingwith rapid changeghe currentcontext canbe queriedandthe scriptcandeal, for instancewith different
invocationsourcesin a context-sensitve way. In XOTcl the invocationcontext is given by theself command.
In particulat self without agumentseturnsthe currentobjectID. self class returnsthe classexecutingthe
currentmethod,andself proc returnsthe currentmethodname. self  callingobject returnsthe calling
object,self callingclass returnsthe calling class,andself  callingproc returnsthe calling method. For
messagénterceptorgseebelow) therearealsooptionsreturningthe nameof the object, method,andclassto be
calledby the Interceptor

Customizationgperformedby a tool shouldbe transparenfor the user This canbe reachedusingmessage
interceptors. A messageénterceptoris dynamicallyaddedto a computationalentity (like an object, a class,a
classhierarchy),andit interceptsall (speci®edmessagethataresentto this computationaéntity before,after, or
instead-ofthe original messagelispatch.Userde®nedfunctionality canbe addedto the existing systemby using
introspectioroptionsandinvocationcontexts togethemwith messagénterceptorsin XOTcl therearetwo kinds of
messagé@terceptors:

Per-class/pefobjectmixinsare classeghat are dynamicallyattachedo or detachedrom a classor object.
They interceptevery messageentto a classor objectand canhandlethe messagédefore/aftetthe original
recever.

Per-class/petobject Iter sarespecialinstancenethodswvhich aredynamicallyregisteredor de-registeredor
a classhierarchyor object. Every time aninstanceof this classhierarchyor objectrecevesa messagethe
®lter is invokedautomaticallyandinterceptghis message.

Both®Itersandmixin classesnterceptmessagesentto anobjector aclasshierarchybeforethey reachtheoriginal
recever. Theinterceptorcanadaptthe messagéo anothemrecever, handleit directly, or decoratet with arbitrary
behaior before/aftetheoriginal recever getsit. Filtersareusedto implemententitiesandconcernsuttingacross
anentity asa whole, whereaamixins only interceptcertainmessagealls. Filter andmixin classesanbe usedto
transpaentlyobsene theusers actions andperhapsnanipulatehem. A simple®Ilter exampleis alogging®lter:
Class Logger

Logger instproc loggingFilter args {

puts “called: [self]->[self calledproc]”
next

}

This simple®Ilter usegheinvocationcontet to write thecurrentobjectandcalledmethodto thestandarautput.
next meanghatthenext ®lter in the®lter chainand®nally the original receveris invoked. A ®Ilter methodcanbe
registeredor ary classor speci®cobjectto log theclass'or objects actions:

C1 instfilter Logger

Now all instance®f C1 arelogged.Filtershandleall method=f a speci®cclassor object. Mixin classehandle
only thosemethodghatarespeci®ednthemixin class.Considemwe wantto handleall userde®nedmethodgthen
we haveto interceptall callsto the methodproc ):

Class ProcHandler

ProcHanlder instproc proc args {
puts “called: [self]->[self proc]"
# handle proc

#o..

next



Figure5: Programmingn biok: the methoddisplayedin the editor computesthe length of the alignment. A
breakpointsetfrom within the sourcecode,hasoccurred(smalldetug window).

This mixin only interceptsheproc methodcallsof the classor objectit is registeredfor, e.g.only instance®f
CL

C1 instmixin ProcHandler

XOTcl hasbeenchoserto be usedin biok for differentreasonsFirst, the scriptingcapabilitiesof Tcl (suchas
text processingintegrationtools, simple syntax)allow usersto rapidly learnthe language.Many tools, required
for biok'sinternalimplementationareavailableandwell-integratedwith thelanguageat the scriptlevel, including
Tk (asthe graphicaltoolkit), network, andsystemlibraries. XOTcl combineghesefeatureswith high-level object-
orientedfunctionalities,suchasintrospectionJanguagedynamics,andinterceptors.In biok thesefunctionalities
areusedfor incrementaprogramevolution atruntime.

Note that XOTcl is just a technicalsolutionfor the conceptspresentedn this paper Many otherlanguages
(andlanguageextensionsprovide similar means Often,however, somefunctionalitiesof XOTcl would haveto be
re-implementedn the otherlanguagesbeforethey couldbe usedfor atool like biok. Aspect-orientedanguages,
for instanceprovide aspect@salanguageconstructhatcouldbe usedinsteadof messagé@nterceptorsFor theuse
in biok a dynamicaspectvearer would berequiredsothatbiok cancombine(andremove) aspectgor the existing
systemsdynamically Languagessuchas Smalltalkor Lisp variants,provide languagedynamicsbut high-level
interceptorsvould have to beimplementedandaddedto theselanguagegwhichis evenin theselanguages non-
trivial taskastranspareninterceptorsequirecomplec callstackmanipulations) However, eventhoughsomeeffort
might be requiredto provide similar functionalitiesin otherlanguageswe do not seea principal problemin doing
Sso.

7 Biok Programming Environment

Biok usesthe XOTcl featuresdiscussedn the previous sectionto enableprogrammabilityfor end-users At ary
momenttheusercanaskagraphicalobjectfor its sourcecodeby amenu.In Figure5, amethodeditoris shovn for
amethodof thespreadsheet® hecodeof themethods foundby XOTcl introspectioroptions,andcanberede®ned
atary time. It canbe saved at the userlevel, in a separate®le, that the usercanedit independently This ®le is
loadedat the start-upof the biok ervironment,afterthe systemitself is loaded.Accordingto the usersof biok, this
simplemechanisnhelpsthemto feel moresecure:they canmake errorsandtry new things. For instancea user
canchangethe codeof a methodto computethe alignmentlength differently (thereis indeeda variationon this
computatiorin currenttools).
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In Figure5 sequencearewhatbiologistscall 'aligned’, meaningthat after comparisoncorrespondindetters
areput togethey andletterswithout ary correspondencare alignedto 'gaps', representetiereashyphens.The
well-known algorithm, basedon dynamicprogramming,to computethis alignmenthasbeenimplementedby a
biology studenthaving learnedprogrammingor only oneyeatr

Thebiok editorprovidestoolsfor delugging,suchasbreakpointsor traceson methodcalls. It alsoallows you
to run the editedmethodwith parameters.You canalso put breakpointdn the code. Thesedisplay a small box
with a custommessage Thereis alsoa tool to spy all the execution(implementedasan XOTcl ®lter): you can
obsene all the methodsthat are called during a certaintime, for instance to ®nd out which methodsare called
whenclicking on a speci®cbutton. This way, delugging(whatis reallyimportantin incrementaprogramming)is
availabledirectly in the programmingervironment(andaccessibléo end-usersgsa ®rst classfeature.

8 Algorithmic Evolutions

We describewo variantsof whatwe call “algorithmic e xibility.” The conceptdravs from Wegner's concep{25]
thatcomputemlgorithmsshouldbemorecleverandmoreinteractiveto taketheusers'knowledgeinto account First
we describea meta-protocoto let the biologist modify an algorithmbehaiour by adaptingan internalstructure.
Secondlywe describehow to enableuserinteractionswith the graphicalinterfaceon top of a meta-protocol.

In bothvariantswe canuseintrospectioroptionsavailablein XOTcl to querythecurrentsettingof thisinternal
structureanduseinterceptiontechniquesparticularlymixins for dealingnon-intrusvely with unexpectedchanges
of theinternalstructuresandalgorithms.Thatis, the beha/iour canbe modi®edfor somepartsof the programand
data,notall, andthe modi®cationcanbe dynamicallyremovedby de-ragisteringthe mixin.

8.1 MAP: Meta-application Protocols

As illustratedin Figure6, theideaof a MAP (Meta-applicatiorProtocol)is basedon the MOP concept.However,
wefeelmorecomfortablenith themetaapplicationterm,as“MOP” comesrom thespeci®a®eld of object-oriented
languages- hence“meta-object” In a meta-applicatiorprotocol,the meta-modebf the application(the internal
representationjorrespondso the meta-object.

Similarly, the applicationexposegthe languagevisible to the end-uselin biok basedon graphicobjects). Fi-
nally, theusercorrespondso the programmerAs in MOPs,anexplicit partof theinternalstructurethathasa key
rolein thecomputatioris documenteésa meta-levelinterfaceto changehe systembehaviour.
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Recentlya studentappliedthis ideato a dynamicprogrammingalgorithmfor aligning molecularsequences
(Figure5). Herethe protocol of the MAP is: The heuristicof the algorithm canbe expressedn a de®nite state
automaton. It is both easyto extend (by addingstatescorrespondingo external knowledge)and editableby a
knowledgableuser Comparedo [1] thatalsoexpressedlynamicprogrammingalgorithmswith ade®nitestateau-
tomaton(DFA), the stratgly choserherejustaddsexternalknowledge whereagl] computesverythinginternally,
whichis morecostly.

Although it could seemawkward to let a biologist edit the datastructureof a DFA, we have conductedan
interview with a scientistin Pasteurhaving programmeda graphicalsimulationernvironmentfor living cells. In
this systemuserscanenterdifferentialequationsn C++ in a speci®cpart of the code[10]. Having suchfeature
providedin a softwarewritten by a biologist showvs thatthe effort for editing the datastructureshouldnot be too
huge.

8.2 Interactive MAP protocols

A promisingextensionof the MAP conceptis to ®nd a way to integrateusers knowledgein computatiomeither
asa parameteror as program but just by interacting.In the exampleshavn in Figure 7, we hadnoticedthatthe
heuristicof the algorithm detectingtransmembane segmentsby their hydrophobicity[9] could fail in situations
dif®cult to specifyin thealgorithm,but easyto shav by theuser As a solution,we implementedaway for theuser
to indicatedifferentstartsfor the sggments. The implementatiorjust addsa messagénterceptor(mixin) to two
methods:

1. segments : selectghetransmembransgments;

2. result _segments : displaysthe predictedransmembranseggmentguserde®nedsegmentsaredisplayedn
adifferentcolor).

Let us take the sequencalignmentexample again. We setan interactve mechanisnwherethe useris ableto
indicate,by selectingareasn the spreadsheetyhich sggmentsshouldbe aligned. This is thentaken asinput for
the MAP describedn 8.1. Constraintspeci®edy theuser actingasexternalknowledge justleadto new statesn
the DFA.

Thisway, by interfacingthe MAP featurewith a smallsetof interactize actions the protocolis madeavailable
to biologistsnot having any knowledgeaboutmeta-protocols.
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9 End-User Programming and Participatory Design: a Complementary
Approach

The considerationn this sectionrely heavily on[24] which describesiow MOP andparticipatorydesigncanbe
combinedasaway to designsoftwarefor e xibility .

Let us ®rst seewhat participatorydesigncontrituteswhen applied without end-usermprogramming. When
adoptingusercenteredand participatorydesign,the chanceto getan unadaptedystemreally dropsdown. This
wasclearlythecasegor the spreadsheabol andthe programmabléagsystemin our prototype We have conducted
designworkshops,and the subjectsthat are approachedluring theseworkshopsare generallyselectedthrough
eitherinterviews and brainstormingsessions.Not surprisingly amongthe 9 participatoryworkshopsorganized
overthelast5 years,about6 of themwerefocusedon patternsearchingandsequencéeaturesvisualization,both
handledby thesetools.

Thepropertythatis gainedis thusdesignstability, in otherwords,lessneedfor re-design However, aswe have
obsened,evolutionis anintrinsic needof biology researctsoftware,andparticipatorydesigndoesnot necessarily

leadto e xibility: it leadsto the propertiesthat are usefulin a speci®ccontet, and there are contexts where
e xibility is ratherprohibited.

But therearebene®tof usingbothprogrammabilityandparticipatorydesigntogether As statedn Section3.1,
above, end-usemprogramminggenerallyrequiresa stronganticipation the software mustbe instrumentedo let
the userprogramwith the userinterface. This resultsin taking heary designdecisionsaboutwhatshouldbe open
to programmingwithin the tool. On the otherhand,we wereableto statethat generl programmabilitythrough
introspectionstructuredn agoodprogrammingervironment,couldhelpin enablinganypartof the softwareto be
changedAs agenerabropertyof the systemyou do not have to specifyprogrammingeaturedor varioussystem
parts.But thereis still arisk thatprogrammingemaingoo dif®cult for the user justbecauseheervironmentdoes
notprovide therequiredhelp. We obsenedthatby usingthe participatoryapproach:

1. Dimensionsof exibility, i.e. potentialunexpectedchangesaregenerallybetteranticipated.A usercentred
approacHet simultaneouslyshov up spotsof stability and spotsof variability (see[24]), which was con-
®rmed by our experiences.In scienti®csoftware,for instance during the interviens andworkshopsthree
dimensionf e xibility appearedsimportant(seeFigure8):

systeme xibility: capacityof the systemto supportchange,

algorithmic e xibility (or interactvity): capacityof thesystento becontrolledby theuser asillustrated
by the interactve MAP describedn Section8.2, that emegedalmostas suchduring a participatory
workshop,and

interface e xibility (or integrability): capacityof the systemto be combinedwith others.

2. Programmingfeatuies and tools are better designedand adaptedto the userneeds just having ary pro-
grammingervironmentdoesnot helpassuch.This ervironments featureamustbe correctlyanticipated For
instancewe obsenedthat“creatingnew classes'tarelyoccursin thetasksof the biologist, whereasnethod
creationor rede®nitionis very often used. Actually, users,ableto designa classhierarchy canalsodo it

outsideof biok, ashappenedvith oneof our studentwho designedhe MAP andthe DFA (with alittle help
from us).
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Similarly, we hadnotidenti®edthetagcreationasbeingthatimportantfor thetool, and,duringa prototyping
workshop,it appearedhow critical it is to have a well-adaptedool for this. So,we organizedan additional
workshopwith a pre-tuilt mockup(both a storyboardanda mockupin fact)which is very closeto the ®nal
tool, andwe playedwith thedatain it.

Thus, it is the combinationof generaprogrammingcapabilitiesandthe usercenteredapproachwhich enables

to designfor unanticipatedaolution by supportinggeneralinesof changes.

10 Summary of the General Approach

In summaryit is importantto enablethe userto adaptthe systemor to evolve it overtime, andto have a system
properlydesignecandalreadyadaptedo the userstasksby usingusercentrednethodsanda participatorydesign
approach.Both aspectsactuallybelongto the samemethodologicabpproactrelying on the ideaof co-esolution
[2] of design developmentanduseof a softwaresystem.Thisleadsto softwaredevelopmentycleswith evolution
anticipatedat every step(seeFigure9):

involving usersat the designstep(participatorydesign),
including developmentat the usestep(end-useprogramming)and

developinga prototypingapproach:asaugmentedn [3], prototyping,i.e. usingrapid prototypingtools to
programsomeof thecritical partsof asystemcaneconomizealot of time;in thisaspectthe e xibility of the
programminganguageandtoolsis important.

We canalsosituatethis framewvork by comparingt to the USE framework asdescribedn [12]:

Time of change: design prototyping,developmentandsoftwareusearesupported.

Type of evolution (sequentialor parallel): both sequentialevolution, where usersdevelopmentsare re-
integratedin the system(which happenedseveral times), and parallel evolution, where usersare allowed
to exploreindependentlyaresupported.

Incrementality: the main granularityof changeare object-orientednethods. XOTcl providesready-to-use
featuredor incrementamethodre-de®nition;furthermoremostof thechangesve wereableto obsernewere
eitherdoneor to be doneat the methodlevel (adaptinga functionality). Mixins canbe usedto bundleand

reusemethodre-de®nitions.

Automation:none;theintegrationof theusers codeinto thesystenshouldbe a subjectof discussiorbetween
thesoftwareengineeandthebiologist. Sometimestheusers codestandsasakind of “active” speci®cation.



Change effort: the conceptuaframenork of cognitive dimensiondn [6] providessometools for checking
this aspect. Viscosityis the termto describethe effort necessaryo performa changeandit is relatedto
othervariablesdescribedn this framework. For instance closenessf mappingdescribesow the program
or theervironmentcorrespondo the problem.HiddendependencieinderincrementathangesPrematue
commitmenimay requirefor the userto anticipatetoo mary thingsin orderto begin a change. In biok,
we decidedto mapgeneraklasse®f biological objects(sequenceslignments 3D molecules)}o graphical
objects. Thenthe usercanlocalisethe codemoreeasily Effortsto undoa change mustalsobe evaluated:
in biok, the userjust hasto remove the ®les containinghis or her codein orderto go backto the system
de®nitions.

Opennessbasically thebiok systemis openfor changeandall the sourcecodeis availableto theuser

The bene®tsof our approachtave beendiscussedvidely in this paper In summarythe mainbene®tsarethat
we provide an approacHor co-evolution of the aspectglesign,developmentanduseof (scienti®c)software. We
provided a conceptualntegrationof technical e xibility functionalitiesanddesignmethodsto enablethe userto
easilyevolve the software. The userdoesnot have to understan@dwancedprogrammingconceptor large partsof
the biok framawork, but only the graphicalobjectsof the familiar work task. Internally, however, we canusethe
MOP, languagedynamicsandre ection capabilitiesto supportthe desiredsoftwareevolution non-intrusvely.

Of coursejn somesituationsour approachmayalsoincur someliabilities. Theapproactcannotbeusedin ary
software,but requiresa preparatiorof the scienti®csoftwaretool to be openfor end-useevolution. This requires
someefforts to integratethe MOP, dynamiclanguageandre ection with the GUI thatis usedfor the scienti®c
tasks.Usercenterechndparticipatorydesignrequiresomeorganizationakffort, and,asin arny quality processan
approactbasedn co-evolution hasanoverheadcomparedo adhocapproaches.

11 Conclusion

We have describedanapproactanda prototypedesignedor incrementakvolution, from thedesignstepto theuse
step. Theobjective of this researchs to explore the dimensionof software e xibility thathasbeenobsenedas
beingcritical in the ®eld of biology researctandis likely to becritical in otherscienti®cresearctareasaswell.

Thuswe believe thatthe approactcould be generalizedo othersoftwaredevelopmentareas.We have already
appliedsimilar ideasfor domain-speci®customizationdy contenteditorsin the ®eld of interactie television
(see[5]). In particular usercentereddesignprovedto be averyrich tool to bettercaptureandanticipatesoftware
evolution.

The prototypewe have describechasbeenusedby several studentduringafew months. Theuseby students
bothplaysa proof-of-conceptinda methodologicatole in this researchWe alsoaimedat exploring the problem
spacemorethantried to evaluatea uniquetechnicalsolutionto a well-de®nedproblem.

The e xibility onthetechnologicakide (providedby thelanguageXOTcl) playeda key role in our approach,
andwe hopethatourapproachllustrateshow important e xibility is onthetechnologicakide. Technical e xibility
andadwancedprogrammingunctionalities however, canalsobe counterproductivein the end-userealm(if they
only add compleity). Thuswe have provided a technicalsolutionfor letting usersonly dealwith the graphical
objectsassociatedvith the particularwork task. Thesetechnicalsolutionsaretightly integratedwith usercentred
designandparticipatorydesignmethodgo helpthe end-usedealwith the programmingaskconceptually
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