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Abstract
We demorstrateand discussthe advantages of bioinformatical workflows which have no side-efects over those
which do have them.In particular we describea methodto give a formal, mathematicakemanticgo the side-efect-free
workflows definedin SCUFL, the workflow definitionlanguageof Taverna. This is achieved by translatingtheminto a
naturalextensionof the NestedRelationalCalculusNRC.

1 Intr oduction

Bioinformaticiansconduct their researchy reasonig abou large amouwnts of data. For eachexperimentthey usespe-
cializedsoftwaretools, eitherby installing their local copiesor by accessinghemvia Intemet. Thesesystemsarethen
organizedinto a kind of network through which the dataflows andis processedTheflow is oftenorganizedin anad hoc
manrer, eitherby manual invoking of the necessaryools, or by shell scripts. Sucha systemcanbe calleda workflow

by ananalog to similar systemdound in the sciencesor industry. But whatreally courts in bioinformaticsis the data
manipulationandnot mereinvoking of particula opeations.Sobioinformaticd workflows aretypically datafows

Therearespecialsoftwaresystemdgor defining andexecuing bioinformaticd workflows. Oneof themis Tavernal6].
At presentime theworkflow definitionlanguag of Taverm, calledSCUFL, allows for arange of abstractiorievels[1].
The usercanapgy Taverra for web serviceorchestrationand definehis own bioinformatical opeationsasworkflows.
Suchoperatio definitiors are usuallycomgicatedbecausef the needto communicatewith statefulweb serviceqi.e.,
oneswhich simulateover HTTP a sessiorwith the user by meansof a sessionid), which caneven provide messages
(e.g, thatthecompuationwill take moretime), to which theworkflow mustproperly react(e.g, to avoid acceptingsuch
amessag@asthe resultof the compuation). Theseopeationdefinitionscanbe thennestedto yield morecompgicated
bioinformaticalworkflows.

ShavGOlntesection(seeFig. 1) workflow exanple, distributedwith Taverna,is agoodexanple of aworkflow whose
goalis to definea sessiorwith a statefulwebservice,.e., a singleoperatian from the datacetric pointof view. A quick
glanceat this exanple revealsthatit doesnot represena real dataflav. It's outputis obtaired thanksto side-efectsof
usingcertainfunctions of a statefulweb service.The only dataitem really flowing through this workflow is the session
ID which in a call to the correspnding web serviceis transfamedinto the result. The otheropeationscorsumetheir
inputandmove the datato theweb services memay. An extersive synchonizationmechaismhasto be usedto ensure
thecorred orderof operatims.

It is ouropinion thatthislevel of abstractia is notreally apprgriatefor bioinformatics.A workflow constructd from
mary basicoperdions whosereal functionalitiesareachiezed by usingside-efectsis not a well-corstructedone—rote
thatin procediral progamminglanguags,writing procedureswith side-efectsis geneally regadedasa badprogram-
ming style. It is muchbetterto keepthe necessarympurities of the progammirg methodliocal in separategrocedires
andfunctions,whoseinteractioms arethenalreadypurelyfundional.

We suggestthe samemethal for workflows: a well constricted bioinformaticalworkflow is onein which thereare
no side-efects. Of course certainweb servicesarestateful,andtherefae cannotbe usedassuchin dataflavs. A simple
solutionis to wrapthem, sothatthey appearasblackbox functions without side-efectsto the workflow. Our focus in
this paperis on the side-efects-freeworkflows, andwe do not intendto look insidetheir blackboxes. Suchworkflows
(whichwe call dataflavsbelowv) have a numter of advartagesover thosewhich permitside-efects.
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Figurel: ShovGOlntersectiorworkflow exanple from Taverra
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— A formal, mathenaticalsemanticdor dataflavs.
— A theoeticalframework in which onecanreasoraboutdataflavs, simplify andoptimizethem.

¢ Dataflavs canbemeanindully treatedasdataitemsthemseles, andassuchstoredin repositoies alongwith their
outputsandqueried This openghefollowing possibilities:

— Searchindor alreadyexisting dataflavs of analogusfunctionality, thuspreventingonefrom reddng already
existing researchandgiving thereviewersa chanceo identify unaiginal work.

— Searchindor alreadyexisting dataflavs which realizefragmernts of a planred expetiment, which sarestime
andresouces.

— Automatedcreatingand invoking of dataflavs asthe resultsof queies apgied to dataflavs found in the
repositoy (e.g, “execue adataflav A with inputsprovidedby all thedataflavs B in therepaitory which did
BLAST andeveryieldeda given sequenceX amangtheirtop 10%of theresults sortedby the score”).

The above effects cannotbe reasonaly achieved for workflows with side-efecs. We do not speakhereabouta
theoetical impossibility, however. We believe that thereis an urgent needof datafbw engineeringthe courterpartof
softwae engireering for dataflavs of bioinformatics. We think it is extremely importantto creategood principles of
constrieting dataflavs, which canbe usedby evely bioinformaticianto condict goad, correctandefficientexpeaimentsin
silico. And we think from theworkflow engireeringpoint of view it is counteprodictive to attemptto achieve theabove
goalsfor workflows with side-efects.lt is clearthatthe costof maintainng softwaregrows atleastlinearly with the size
of its code. Fromthis point of view, drawving 15 boxesanddozens of edgesto do eachactionon the data(have alook at
thepicture abore) meansncreaingthe compexity of checkirg the correctnes®f theworkflow by a factorof atleast15.
Of coursethetotal sizeof thecodedoes notdecreasgust by wrappirg webserviceshput thesecanbethenmaintaine by
professionakoftwareengireers,andnotby bioinformaticiars. Next, the onceawebserviceaccesss wrappa andtested
for correctnessit canbe usedoverandoveragainanddoesnotreally countin themaintenacecostsary more. Thisis a
classicaldwartageof separatingoftwarelibrariesfrom theapplication code

To feelthatdifficulty, thereade is asledto follow ShavGOlntersectiorandmake surethatits goalis really achieved:
theserviceis properly activated,andthe outpu is eventwally compued.

Relatedreseach. The (unextenced) NRC hasbeenalreadyusedasthe corelanguag to expressa kind of workflows
in the BioKleisli system[3]. However, BioKleisli’s focus was only on specifyirg and running the workflows, while
our intentionsgo in the directin of dataflav engneeringand are therdore muchbroadr. The ISXL prgect [8] has
motivations similar to ours. However, it introducesa completelynew ad-foc language, while NRC wasalreadyexisting
andread to beusedformalism. Again, from the engineeing point of view it is alwaysbetterto stick to anexisting and
well undestoodsolutionthanto introdwce a new one,unlessthe latter is intended to remedyimportant shortcaning of
theformerone.

2 Technicalmatters

Informally, we corsidera workflow to be well-corstructed(andcall it a dataflav) if theinputsto all its basicopeations
aretransferedin anexplicit way (i.e., thereis no externd memory no stateof anexterral webservice etc.),andtheonly
effectof execuing anextemal functionis its outpu (i.e.,thereareno side-efects).Consequetly, in dataflavsthereis no
needof synchpnizationor functionswhich yield no output. Thereis no unique formal definitionof aworkflow. In fact,
therearemary suchcompetirgy definitiors, onefor eachof thesystemslik e BioKleisli, Taverra, ISXL, etc. Therefae we
presenburideason a particularexampge. Our choiceis to give a formal semanticgor the dataflav partof SCUFL,the
workflow definitionlanguageof Taverna We definethe semanticsndirectly, by translatingdataflavs into anextensionof
the NestedRelationalCalculus(NRC) [2]. This extensionwill bedendedeNRCin thesequel.

Nestedrelationalcalcults (NRC) is a corelanguage allowing to describefunctional programsusingcollectiontypes,
e.g.lists, bagssets,etc. A mostimportan featureof thelanguag is the possibility to iterateover a collection. The only
collectiors usedin thefollowing arelists, hencen the descripti belowv we ignore othe collectiontypesof NRC.

NRC containsa setof basetypes. Moreover, it is allowedto combinethesetypesto form recods andlists. NRC is
strondy typed but we do notfocusonthis aspectere.



Besidesstandardccorstructsenating manipulationof recodsandlists, NRC contairs threeconstruts sng map and
flatten. For avaluev of a certaintype,sng(v) yieldsa singletm list containirg v. Operationrmap, appliedto afundion
fromtyper to o, yieldsafunction from lists of type T to lists of types. We usethefollowing notationfor map(f)(X):

[f(z)]z € X].

Finally, the opeationflatten, givenallist of lists of type 7, yields a flattenedlist of type =, by conatenation.These
threebasicopertionsarepowerful enowgh for specifyirg functiors by structur& recursionover collectiors, cf. [2].

Theinspirationfor theseconstructomesrom the category-theoeticalnotionof amonal andthemonadc apprach
to uniformly describedifferent notions of computation[5]. Similarly asin compuational lambdacalculus[5], each
nortrivial compuation processing collectiontype yields alwaysa collectiontype again Evenif thereis a singlefinal
value,it will bereturredasasingletonlist.

We exterd NRC by thefollowing two additioral constriets:

e Zzip onlists definedsemanticallyby zip([a1, - . ., anl, [b1, - - -, bm]) = [(a1,D1), - - -, (Gmin(n,m)» Dmin(n,m))]- CON-
sequentlyzip outputsanemptylist if eitherof its argumentsis empty
Zip is necessaryo modelthe dot prodict of Tavernaandcannad besimulatedn pureNRC.

e Externalfunctiors
f:T—o0.

Externalfunctionsareintendedto modé the behavior of the properly wrappea web servicestreatedn a dataflav
asblack-toxes. Suchfunctionshave beenalreadycorsideredn the context of pureNRC [4].

It is alsopossibleto addinternalfundion definitiors, by allowing oneto give namesto well formed expressionsof
eNRCwith oneinput,andusethemhencefeoth in thedataflav, undertherestrictionthatnoform of recursia is permitted.
Thisis hawever only syntacticsugar

It is worth noting thatthe definitionof SCUFLIit is permittedto userecusive definitiors of internalfunctiors, which
really increasesxpressve power of the languag@. However, we haverit seenary exanple which malkes useof this
possibilityand,crucially, do not seeary really mearngful way to terminatesucha recusion (which couldhapgenonly if
evertually thebodyof therecursve loop gotaninputbut producedno output—whch is forbiddenin dataflavs).

3 SCUFL vs.eNRC

It would betemptingto formuate atheoremnstatingthatfor every side-efects-feeworkflowexpressedn SCUFLthereis
anequivdentexpressionn eNRC However, thisis impossiblebecasethereis noformal semantic®f SCUFL. Therefae
our translationof the dataflavs of SCUFL into eNRCshoud beregadedasa methodto provide a formal semanticgor
theside-efectfreefragmentof SCUFL

Dueto thespacdimitationswe cannd give thetranslatiorin thepresenpaperdefering it to thefull version Instead,
asamatterof exampe, we encodehe (badlyconstructd) exampe from thefigure.

[[IT;({get Di agr am(sid), showl nt er sect i on(sid, join,i nt er sect i onCol our ())))
| sid € flatten(flatten(shortcut))] | sid € [cr eat eVi zSessi on()]]

whereshortcut shouldbe substitutedy

[[II;({(get Joi nAncest ry(I1,12),col our Ter mLAncest or s(sid, 1, Ter mLAncest or sCol our ())))
|11 € flatter(shortcutl)] | 12 € flatter(shortcut2))

whereagainshortcutl shouldbesubstitutedy

[IT; ({(get Ancest or sFor Ter miL(¢1),addTer mil(sid, ¢1))) | t1 € [t er mL()]]
andshortcut2 shouldbe substitutedy

[IT; ({get Ancest or sFor Ter nR2(¢2),addTer n2(sid, t2))) | t2 € [t er m2()]].



However, this large expressioris semantically(in the senseof eNRC)equivdlent to nothirg more than
get Di agr am(cr eat eVi zSessi on())

becawse our tricks to representan operationwhich yields no output (111 ((u, v))) andof synchonization(ju|z € [[v]]],
wherex is notafreevariabe in ©) aresemanticallwacuais.

This penerseexanple shavs that we canindead model workflows in eNRC, andthat one canthink of (manué or
autonated)optimizationof dataflavs. In thiscasetheunderlyingassumptiornf side-efect-fremesdeadsto aconclision
that the workflow doesnothing. Similarly, evenin a well-corstructedones,one canaim at detectim andremoval of
semanticallywacuaisfragmentsof workflows. Indeed theauthas of BioKleisli [3] have alreadyconsideed optimizéion
andfoundit to be practicallydoabe. It is not surpising, sinceeNRC allows oneto specify certaindatamanipuations
typical for databaseueying—anareawhereautonatedoptimizatian is anindustrialstandard.

4 Further reseach

Ourtopicsfor furtherresearctareasfollows:

e A graphicallanguagfor eNRC,to havea“graphcal syntax”for theside-efect-freefragmentof Taverna Taverra’s
original graphical languageis notvery well suitedfor this, aspartof its semanticss deterninedat runtime. E.g.,if
anextemal functiondoesnotaccepiawholelist asits input, it startsiteratingover it.

e A quey langwagefor dataflavs, ableto selectandmanipulatetheir structureto yield new dataflavs. We hope the
experierce of queryng the syntaxandoutputs of SQL queriesin Meta-SQL[9] canbeusefulhere.

e Optimizationtechniqeesfor dataflavs. Therearemary waysto definethe costof anexeaition of a dataflav, and
equallymary optimizationprodems.
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