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Abstract

Usability and usefulnes$ave madethe spreadsheeine of the mostsuccessfutomputingapplications
of all times: millions rely on it every day for anything from typing grocerylists to developing multi-
million dollar budgets.Onething spreadsheetare not very goodat is manipulatingsymbolicdataand
helping usersmake decisionsbasedon them.By tappinginto recentresearchin Logic Programming,
Databasesnd Cognitive Psychology we proposea deductve extensionto the spreadshegparadigm
which addressegreciselythis issue.The accompaying tool, which we call NEXCEL, is intendedas
anautomatedassistanfor thedaily reasoninganddecision-makingieedsof computerusersjn thesame
way asa spreadsheetpplicationsuchasMicrosoft Excelassistthemevery daywith calculationssimple
andcomplex. Userswithout formal trainingin Logic or even ComputerSciencecaninteractively de ne
logical rulesin the samesimpleway asthey de ne formulasin Excel. NEXCEL immediatelyevaluates
theserulestherebyreturninglists of valuesthatsatisfythem,againjustlik e with numericalformulas.The
deductve components seamlesslyntegratedinto the traditionalspreadsheeto thata usernot only still
hasaccesdo the usualfunctionalities but is ableto usethemaspartof the logical inferenceand,dually,
to embeddeductve stepsin a numericalcalculation.

1 Intr oduction

Envisionedin theearly'60s, bornin thelate'70s andpopularizedduringthe'80s with the PersonalCom-
puter(Power 10/04/2003)thespreadsheés oneof themostubiquitouslyusedcomputingapplicationgit
hasonly in recentyearsbeensurpassely email programsandweb browsers).Over 50 million people—
secretariesgccountantdeachersengineersof cers, managersandmary others—relyonit every dayfor
anything from grocerylists to multi-million dollartransactiongBoehm,Abts, Brown, Chulani,Horowitz,
MadachyReifer, Clark & Steece2000).Thevastmajority of theseusershave noor little formal Computer
Scienceraining,andyettheintuitive interfaceandclever designof the spreadshedét themputtogether
complex computationwith a few mouseclicks, instantlyturningtheminto unavare programmersThis
aspectcannotbe overemphasizedn almostno time cana novice userperformsimpletasks,andjust a
few hoursof exposureare sufcient to acquirethe skills to performnon-trivial computationsover large
amountof data? Defacto,thespreadsheds thetool of choicefor non-scienti cnumericakcomputations
anddecision-makindasedn numericalanalysis.

However, a large percentageif not the majority, of the decisionswe make every day dependson
informationthatis not numerical,or not only numerical Considetthefollowing simpleexamplefrom the
academiavorld:

1This work wassupportecby DARPA undercontractW31P4Q-05-C-R0405.

2Thefollowing anecdotéllustratesthis pointwell: A friend of theauthor physicianby trade discoveredthe Personal
ComputerandExcelafew yearsago.Within amonth,hehadenteredsereralyearsof ®nancialdatafor all the stocks
he owned, togetherwith variousformulasto predicttheir trend. He never found the silver bullet that would allow
him to beatthe market, but he eventually turnedhis self-taughtExcel skills to Medicine and built a sophisticated
applicationto trackthe cardiachistoryof his patientslt is believedthatseverallivesweresavedin thatway.
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Is Alice, a studentwhohastaken'Operating Systemsand'Theoryof Computation' quali ed
to attend'AdvancedNetworking'? If not, what other coursesdoessheneedto take r st?
Wouldthatallow herto take'Advanced\etworking'next semester# not,whatis theearliest
dateshecantake it?

Answeringeachof thesequestiongequiresiogical reasoningThe lastalsohasa numericalcomponent.
Studentsand coursesare symbolic dataand they participatein relationsthat describewhat coursesa
studenthastaken, what the prerequisite®f a courseare,andwhen coursesare offered.Inferencerules
(e.g.,a studentcantake a courseif he haspassedll prerequisite$ describethe reasoningorocessethat
needto be performedto producethe answersSimilar setupsandreasoningasksroutinely take placein
mary professionabndpersonakettings:diagnosisof diseasedgegal agumentationcombatreadinesf
troops,evenfashionableolor coordinatiorrequirereasoningatternsakin to the above example.

For all their merits, spreadsheetare pretty muchuselessvhenit comesto theseforms of symbolic
inference:they do offer a few logical operatorsput thesearedesignedor simple conditionaltests,not
deductvereasoningfurthermorealthoughrelationst snugglyin thefamiliarrow andcolumnlayout,the
handfulof commandgshatendorsehis view havelittle to do with logical inference Worse,the computer
applicationghatdo supportthoseformsof reasoninglogic programminganguagessomedatabasesnd
mary domain-speci ctools,requirea level of sophisticatiorthatevenmary trainedprogrammersio not
have.In fact,theseapplicationsareseldominstalledon anend-uses computingervironment.Thisleaves
a wishful problem-soler to eitherundego lengthytraining or give up on automation.This last option
oftenleadsto arbitrary suboptimalor incorrectdecisions.

In this paper we describea deductve extensionto the spreadshedhat supportssophisticatedogical
reasoningwith the samedegreeof usability as a traditional spreadsheetpplicationsuchas Microsoft
Excel,hencepotentially lling thissigni cant voidin theend-uses computingandscapeThis Deductive
Spreadsheestllows usersto de ne logical statementandinferencerulesfor symbolicreasoningn the
sameway thatExcelallows themto de ne mathematicalormulasfor numericalcalculationsTheserules
interpretarea®f thespreadsheetslogicalrelationg(for exampleatableassociatingtudentseachcourse
they have taken, andrelatedinformation)and computenew relationsbasedon them(e.g.,whatcourses
a studentmay take next). Valuessatisfyingthemarevisualizedon the y andupdatesanywherein the
spreadsheetreinstantlypropagatedjust aswith numericalformulas.As usersmay not trustthe validity
of valuesobtainedin this way, extensie explanationfacilities are provided. The Deductive Spreadsheet
is a consenative extensionof the TraditionalSpreadsheéh the sensehatevery traditionalfunctionality
remainsavailable.Furthermorehe deductve extensionintegratesseamlesslynto the existing paradigm
in the sensahattraditionalformulascanparticipaten logical inferencesanddeducedsaluescanbe used
in arithmeticcalculations.

Underthe hood,the addeddeductve capabilitiesare provided throughmachineryborroved from the

eld of Logic ProgrammingLloyd 1987),but adaptedo the peculiaritiesof the spreadsheeatrnvironment
and the usability requirementof our target audiencethose50 million managerspf cers, engineers,
teachersaccountantssecretariesetc., who do not have a formal training in either ComputerScience
or Logic, andyet would welcomeunintimidatingautomatedassistancevith their daily reasoningasks.
We useasmalllogic programminganguagenspiredby Datalog(Lloyd 1987)to de ne derivedrelations:
the target region of the spreadsheetontainsa setof logical clausesin the sameway that calculated
cellscontaina numericalformulain the TraditionalSpreadsheet herefore Jogical reasoningeducego
computingtablesof databy evaluatingDatalog-like de nitions, a procesgshatparallelsthe calculationof
numericalformulas.Eachrow in the calculatedrelationis a tuple of valuessatisfyingthe de nition for
thisrelation,sothatthe evaluatedablelists all suchsolutions without repetitions.

We basedour languageextensionon Datalogfor two reasonsFirst, it admits evaluationstrateies
thatarealwaysboundto terminate a propertythatdoesnot hold of otherlogic programminganguages
suchasProlog (Lloyd 1987).This is ratherimportantconsideringour target audience althoughexpert
Prologprogrammer&now how to detugin nite loops,end-usergxperiencenon-terminatioronly when
anapplicationhangsaneventoftenfollowedby areboot.Secondpnesuch(terminating)strateyy, bottom-
up evaluation,closely ts the intendedmodeof operationof the Deductive Spreadsheetsit explicitly
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computesand maintainsthe valuesof all de ned Datalog clauses.Other applicationsof Datalog,in
particularin the context of Deductive Databaseg$Ceri, Gottlob & Tancal1990),are query orientedand
oftentake advantageof morefocusedstrateies.Within the Deductive Spreadsheetye rely on a second
strat@y, a terminatingvariant of top-dowvn evaluation,as a basisfor an explanationmechanisnthat
permitsusersto inquire aboutwhy a particularentry appeardsn a calculatedrelation. We extendedthe
generallyacceptedle nition of Datalogto provide aninterfaceto the languageof numericaformulasof
theTraditionalSpreadsheeandalsoto extendtheexpressvenes®f thatlanguageo solve alargernumber
of practical problems.The resulting dialect of Datalog incorporatesnegation, constraints,calculated
valuesand at lists. This extensionhasbeenengineeredn sucha way asto maintainall the desirable
propertieof theoriginal language.

Thelinguistic extensiongust describedaremadeavailableto the usersy meanf aparallelextension
of the userinterfaceof the Traditional Spreadshee©ur main goalsin thatrespectvereto provide these
extendedfunctionalitiesin a minimally intrusive way sothatuserswho do notwantto take advantageof
themarenot penalizedneithercognitively nor from a performanceoint of view, andthatuserswho do
wantto usethemcanacquireskills graduallyby experimentingwith familiar conceptsAt rst sight,the
resultis nearlyindistinguishabldrom the layout of a traditionalspreadsheetpplication.However, once
a userselectsa rangeof cells, he can enterDatalogclausesusing an extensionof the currentmethods
for creatingnumericalformulas:a slightly beauti ed Datalogsyntaxallows typing themin directly, they
canbeconstructedy clicking anddraggingspreadsheeantitieswith the mouse andthey canbede ned
usingdedicatedwizards.In all casessophisticatedorm of visual feedbackand preciseerror reporting
assistheuserin thistask.Changego formulasandthe datathey referencearepropagatednstantly Most
modi cationsto primitive andderivedrelationsarehandledtransparentlyincluding the cut and pasteof
rows, but certainchangeso the geometryof thesetables.e.g.,deletinga column,requiretheintervention
of theuser Explanatiorfacilitiesareprovidedfor deluggingandauditingpurposesln particular adialog
akinto a directorybrowserallows a userto inspectthe reasoningprocesghatcausedtupleto appeain
theresult,stepby step.The possibility of performinglogical reasoningenablessupportfor a numberof
cornvenientnew productvity tools,suchasconnectiorgraphsor work o w graphs.

As we weredesigningthe userinterfaceof the Deductive Spreadsheetye heaily relied on recently
proposedmnethodologiesrom the eld of Cognitive Psychologynotablythe Cognitive Dimensionsof
Notation(Green& Petre1996)andthe psycho-economiéttentionInvestmentodel (Blackwell 2002).
Theseapproachediave beenusedwith greatsuccessn the developmentof other extensionsof the
Traditional SpreadsheePeyton Jones,Blackwell & Burnett 2003). We performeda small-scaleand
very preliminary userevaluationof the interfaceandthe extendedfunctionalities.We obtainedpositive
feedbaclkandafew suggestionfor improvementrom theintermediateandadvanceduserswhowe were
mainly targeting.To our surprise,we alsogot a goodfeedbackfrom the beginnerswe tested although
they clearly struggledwith someof the moreadvancedconcepts.

We arein the processof implementinga Deductve Spreadshegtrototypeas an add-onmoduleto
Microsoft Excel2003.Theresultingsystemwhichwe call NEXCEL, is primarily meantasanevaluation
testbedor theconceptpresentedhere,in preparatiorfor acommercial-strengtreimplementationgither
asanextensionof anexisting productor asa stand-alon@pplication.This work constitutesan extension
to thespreadshegiaradigmitself, andthereforecanberealizedin ary commerciabpplication.

The remainderof this paperoutlinesthe developmentof our proposalfor a Deductve Spreadsheet.
Section2 brie y examinesthe key conceptsunderlyingthe traditional spreadsheetnd recallsvarious
attemptsproposedthroughoutits history to supportlogical reasoning.Section 3 surweys the main
extensionsto the core functionalities of the Traditional Spreadsheetwhile Section4 examinesthe
correspondingxtensiongo the userinterface.ln Section5, we reporton the feedbackwe obtainedrom
usersin a preliminary evaluation.Section6 gives an overview of the ongoingimplementationeffort.
Although our designemploys sophisticatedechniquedrom Logic ProgrammingPatabasé heoryand
Cognitive Psychologywe will strive to maintainour presentatiorat anintuitive level. Readersnterested
in thetechnicalaspect®f this work arereferredto (Cervesata2005).
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2 Spreadsheetsand Beyond

In this section,we identify some of the key conceptsunderlying the Traditional Spreadsheetand
summarizesxtensionswith deductve capabilitiesproposedn the literature.In Section2.1, we outline
a simple model of the core functionalitiesof a spreadsheetgelying mainly on examples— a detailed
technicaltreatmentcanbe foundin (Ceresato2005).Then,in Section2.2,we brie y review historical
proposaldor extendingthe Traditional Spreadsheetith logical inference.

2.1 TheTraditional SpreadsheeiModel

To most people,a spreadshees a grid of cells in which one entersnumbers,strings and arithmetic
formulas,andsuchthatthe latter are automaticallycalculated We will now explore the variousobjects
thatconstituteaspreadsheethebasicscalarinfrastructurearrayformulas,andthelittle relationalsupport
availablein commerciaproducts We will emphasizeomeof thelesseiknown entitieswhichwe will use
asinspiration,andsometimesuilding blocks,for our deductie extensionin Section3. We alsodiscuss
the principal functionalitiessupportedby a spreadsheeipplication:evaluation,updateand explanation.
We delaythediscussiorof userinterfaceissueauntil Section4.

Whentalking aboutspreadsheetsye shall drav a distinctionbetweenwhat the usertypesusingher
keyboard(or entersin otherways)andwhatsheseeson herscreenWe referto the formermanifestation
asa “spreadsheet”and usethe name*“evaluatedspreadsheetfor the latter A spreadshedhn the rst
sensas thereforea syntacticentity, andassuchit is savedto a le, for example.An evaluatedspreadsheet
is the resultof a semanticoperation,in particularevaluationor updatepropagationAs we modelthe
spreadshegiaradigmandthe proposedextensionswe will be interestedn both aspectsthe (syntactic)
way thingsarewritten, andthe operationghat interpretthis syntaxandvisualizethe valuesthe useris
ultimatelyinterestedn.

2.1.1 ScalarSpradsheets

We begin with a modelthatre ects just the quintessentiahspectof the spreadshegiaradigm,gnoring
adwancedfeaturessuch as array formulas for the moment. We call this minimal model a “scalar
spreadsheetalthoughit falls shortof whatcommercialpplicationffer, it capturesvhata spreadsheet
is to mostusers.

Froma syntacticpoint of view, a (scalar)spreadshees a collectionof cellswhich cancontaineither
valuesor formulas.Examplesof valuesarethenumbers'42” and“12.99”, or thestring“Total” (datesand
currenciesarejust numbersvisualizedin a specialway by meansof formattingdirectives).Most cellsin
atypical spreadsheeatontainthe default blank value.

A cell canalsocontaina formulasuchas“= (A3 32) 5=9": afterevaluation,this cell will display
the resultof taking the contentsof the cell A3, subtracting32 from it, multiplying the resultby 5 and
dividing it by 9. A (scalar)formulais constructedut of values(e.g.,“ 32", “5” and“9"), operators (here,
“ ot mand*="), andcell refeencessuchasA3 in this example. The symbol“=" is commonlyused
to distinguishformulasfrom values(stringsin particular);we will omit it hereafterThe cell reference
“A3" identi es thecell on columnA androw 3 of the currentworksheefthe exactsyntaxfor references
is not importantfor our purposesand indeedother notationsexist). Commercialapplicationssupport
spreadsheetonsistingof severalworksheetseachwith typically 65,536rows and256 columns— these
numbersareagainunimportanfrom a modelingstandpoint

In thisearlymodel,aspreadshees thereforea collectionof cellseachof which containseitheravalue
or a formula. Valid spreadsheetare subjectto one condition: cells are not allowed to containcircular
dependencies.e.,acell c cannotcontaina formulathatreferences, directly or indirectly. For example,
theaboveformulacannotbeinsertedn cell A3, in ary cell possiblyreferencedn cell A3 (if A3 contains
aformula),in ary cell referencedn a cell referencedn cell A3, etc3 From a programminglanguage
pointof view, a spreadsheas a simplefunctionallanguagewithoutrecursion.

3To befully precise mostcommercialspreadsheetpplicationsallow advancedusersto enablea restrictedform of
circulardependencwhich permitscalculatingnumericalapproximation®f the solutionsof sometypesof equations
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Of courseauseris notinterestedn formulasperse,but in the valuescomputedoy them.Spreadsheet
applicationgprovide threecorefunctionalitiesfor goingbackandforth betweera (syntactic)spreadsheet
andanevaluatedspreadsheegvaluation,updatesandexplanation.

When loading a spreadsheete (or pressinga specialkey combination),a spreadsheedpplication
computegheformulacontainedn eachcell anddisplaysthe correspondingalue. This processs called
evaluationandtheresultis theevaluatedspreadsheetisplayedntheusers screenlintuitively, evaluation
startswith the cells, call them Cy, that containa value in the original spreadsheednd displaysthem
unchangedit thenexaminesthosecells,sayC;, containingformulasthatonly referencecellsamongCy
andcomputegheir value.It continueswith the cellsC, thatreferenceat mostcellsin Cy andC;, andso
onuntil all thecellshave beengivenavalue.Becaus®f theabsencef circulardependencieshis process
alwaysterminateswith the evaluationof the entirespreadsheett canbe ef ciently performedn atime
proportionalto thenumberof non-blankcells. The partially evaluatedspreadsheetbtainedat eachstepis
calledanervironment evaluationstartsfrom atotally unde nedervironmentandprogressiely populates
its cellswith values.The evaluatedspreadshees thenthe nal ervironment,which doesnot containary
unde nedcell. Theinterestedeaderis referredto (Cervesato2005)for analgorithmicdescriptionanda
detailedanalysisof evaluation.

Full evaluationis averyrareeventthattakesplacemostlywhenloadinga spreadshedtom le. Much
morecommonis updatingaspreadsheesomethinghathappengverytime theusermodi es thecontents
of a cell. Recalculationis the procesof propagatingchangego all partsof the spreadsheghat depend
onthemodi ed locationsby updatingthe displayedvaluesof the affectedcells. Althoughrecalculations
canbeimplementedisevaluation,it is almostinvariablymuchmoreef cient to identify the cellsaffected
by the changeqeitherbecausets contentshave beenmodi ed, or becausehey dependon a modi ed
cell) andreevaluateonly their contents.This can be ef ciently achieved by invoking a form of partial
evaluationthatstartsfrom anervironmentthatsimply marksall cellsaffectedby the updateasunde ned,
andpreserestheformervalueof every othercell.

Explanationis theability to answerquestionsuchas”whydoeshislocationreportthisvalue?. It has
beenrecognizedhsoneof the essentiafunctionalitiesof a spreadsheetpplicationsasit hasbeenshavn
thatthe vastmajority of spreadsheetareriddled with errorsof all types(Panko 1998).Formulasarea
commonsourceof errors,especiallywhenthey referenceothercells. Commercialspreadsheetsupport
explanationby offering tools that visualizedependencieamongcells in the evaluatedspreadsheeBy
usingthesetools, a usercanhighlightthe cellsthatarereferencedn the formulacontainedn acell, and
chasesuchdependencierwardor backward oftenuntil anerroris discovered.

2.1.2 Arrays
Arrays or cellranges areafamiliarconcepto spreadsheetsersFor example thesimplestwayto addall
thevaluesin columnA fromrow 2 to 3listo entertheformulaSUM(A2:A31)into acell: here A2:A31is
anarray refelenceandSUM is anoperatotthatacceptanarrayasanargumentNot aswell known is the
factthatmostcommercialspreadsheetsake availablea mechanisnby which a formulacanevaluateto
anarrayi.e.,produceavaluenotjustfor asinglecell, but for multiple cellsatonce . Thesearecalledarray
formulas In Microsoft Excel, this canbe achiesed, for example,by selectingcells C1:C3, enteringthe
formulaA1:A3+ B 1:B 3 andsealingit with the special'CTRL-SHIFT-ENTER” key combination.This
will havetheeffectof addingthecontentof arraysA1:A3 andB 1:B 3 component-wisanddisplayingthe
resultsin cells C1 throughC3. Mismatchedbetweerthe algumentgeometriege.g.,addinga 3-element
arraytoa5 7-elemengrray)areautomaticallyadjustedhroughdefault expansiomandtruncationrules.
Array formulasdiffer from the scalarexpressionglescribedearlierby the factthatthey residenotin a
singlecell, but in arangeof cellssuchasC1:C3 in theabove example.In orderto capturethis aspectwe
needto upgradeour notion of (syntactic)spreadsheetot only individual cells, but alsogroupsof cells
canhold aformula.Clearly, ary givencell canbe associatedo at mostonearrayformulain this way (or
it canhold a valueor a scalarformula). This possibility, of writing an expressionin a rangeof cells, is

using boundediterations.While our model and the proposedextensioncan easily accommodatéhis rarely used
feature doingsowould bean unnecessarglistractionfrom the mainfocusof this paper
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oneof thepillars of the extensionproposedn this paper:noteagainthatit is a standardalthoughseldom
used)featureof any commercialspreadsheetn Section3, we will assignto suchrangesot traditional
arrayformulasbut inferencerulesthatpermitlogically deriving setsof valuesfrom datapresenin other
partsof thespreadsheet.

From a semanticstandpointthe arrayoperatorsvailablein commercialspreadsheetpplicationsare
suchthatarrayexpressioncanalwaysbe simulatedwith scalarformulas:arraysintroducecorvenience,
but no extra expressie power. In particular ary spreadshedtvith arrayformulas)hasa canonicalscalar
counterpar(the above exampleis simulatedby enteringthe scalarfformulasAl1+ B1, A2+ B2, A3+
B3in cellsC1, C2 andC3, respectiely). Furthermorethe semantic®f a genericspreadsheeés de ned
on the basisof the semanticof this canonicalscalarrepresentatie. Not only areevaluation,updateand
explanationde ned in this way, but sois the very notion of dependeng Indeed the apparentlycircular
insertionof thearrayformula A1:A5+ A2:A6 in therangeA3:A7 is legal becauséts scalarexpansion
doesnot have circulardependencies.

Although logical rules residein the samecell rangesas array formulas, the deductive extension
proposedn this papercannotbe simulatedby currentscalarformulas,in generalThereforejt represents
agenuineg(andsigni cant) increasen expressve power with respecto the TraditionalSpreadsheet.

2.1.3 RelationalSupport

The takular layout of a Traditional Spreadsheeataturallylendsitself to interpretinggroupsof columns
asrelations For example,columnsA throughD in a worksheetmay be usedto recordstudentnames,
classesthe gradesof eachstudentfor the correspondinglass,andthedateshey wereawarded A row is

thenseenasa recod of relatedvalues,for example” (Alice; OperatingSystemsA-; 12/14/200%". The

valuesin eachparticipatingcolumnareunderstoocshaving the samemeaning.

Thedeductve extensionin Section3 will heavily rely onthenotionof relation,or morepreciselyonits
logical counterpartthe conceptof predicatelndeed,inferenceruleswill generallycomputeto relations,
i.e.,uponevaluation,they will Il thecell rangein which they arede ned with a setof records.In order
to do so,they will typically interpretotherareasof the spreadsheetsrelationsandcombineportionsof
theirrecorddnto their own result.Section3 will bemainly concernedvith de ning thelanguageof these
logical formulasandhow to evaluatethem,while Sectiord will describehow to corvenientlymake them
availableto users.

It shouldbe notedthat commercialproductsdo provide a limited toolkit for supportingthe relational
interpretationof a region of the spreadsheeMicrosoft Excel, for example,recognizeghis intentwhen
the userenterstextual captionsin thetop row of a new worksheetandtheninputsthe rst record.Excel
theninterpretsthis group of columnsas a “data list” and makes available a numberof commandgo
manipulatet: it de nesa“form” for inputing new recordsor modifying existing ones;it offers* lters”
to hide from view all recordsthat do not satisfya givencondition;it permitssortinga datalist in place;
it providesa numberof “databasdunctions”to conditionallyperformoperationsuchasSUM on adata
list; nally it allows a setof columnsto be importedfrom an external application,eithera databaser
anotherspreadsheet- thisis theonly non-manualvay of creatingarelation.

This relationalsupportis limited and limiting in a numberof ways. First, it lacks completenesss
few rudimentaryoperationsare available to combinetwo or more relations(the most interestingare
VLOOKUP andHLOOKUP , whichallow simulatingatbestsomecase®f outerjoins, with mucheffort,
but notthemoreusefulinnerjoin). Secondthis supportis mostly providedin theform of commandglike
“Print”, say)ratherthan operatorg(like “+ ") that can be woven into formulas. This endavs relations
with a second-classaturethatsits on top of but doesnot blendinto the spreadshegiaradigmrelational
commandare not boundto the relationsthey compute,they mustbe initiated by the userratherthan
performedautomaticallythroughcalculation,andupdatesarenot automaticallypropagated.

By contrast,our effort makes available a linguistic extensionthat allows working with relations(or
moreaccuratelypredicatesas rst-class objectsin the sameway ascurrentformulasoperateon cells:the
logical rulesde ning a predicateareboundto a cell rangeexactly like arrayformulas.In particular they
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aresavedto le justlike ary formula,they areevaluateduponloadinga (deductive) spreadshedtom a
le, andthey immediatelypropagatery updateaffectingthe datathey dependon.

2.2 Relatedwork: Mixing SpreadsheetandLogic

We will now review the mainhistoricalattemptsat infusing spreadsheetsith deductve capabilities.

2.2.1 1982-2004

The idea of combininglogic programmingand spreadsheetstartedcirculatingin the early 80's, at a
time when both technologiesvere relatively new, and the personalcomputerhad just begun trickling
off the productionlines. The rst andmaybemostcomprehensie early proposalwasput forth by Frank
Kriwaczekin his 1982Masters thesis(Kriwaczek1982),a revisedversionof which waslater published
for awider audienceas (Kriwaczek1988).His LogiCalc systemwas meantto “reconstructiogically, in
micro-Prolog,a typical spreadshegirogram”. It not only capturedmostof the functionalitiesof early
spreadsheetbut alsoprovided powerful extensionssuchasrelationalviews, integrity constraintspidi-
rectionalvariables symbolicmanipulationsand complex objects(e.g.,lists, graphics,andspreadsheets
themseles). The input and output was basedon the limited teletypeinterface of early computersas
moderngraphicaluserinterfaceshadnot beeninventedat thetime.

A few yearslater, van Emdenproposedisingthe conceptof incrementaluery by which a standard
Prolog query can be re ned interactvely, for solving spreadsheet-likproblems(van Emden,Ohki &
Takeuchi1986).The proof-of-concepPrologimplementatiorrealizedcorespreadshedtinctionalitiesas
well asexploratorylogic programmingbut madeuseof the (still non-graphical)matrix display of the
spreadsheainly for output,onesolutionatatime. Thisideaswaslaterre ned (ChengyvanEmden& Lee
1988)to reportall solutionsto a Prologqueryin atakular fashionusinga windowedgraphicalinterface.

The last attemptof the decadeat integrating logic and spreadsheetw/as Spenle and Beilken's
PERPLEXsystem(Spenle & Beilken 1989),which relied on logical formulasto expressbidirectional
integrity constraintswithin a fully graphicalspreadsheeflhe resultingsystemwas very powerful but
unlikely to be usableby anentrylevel user

Surprisingly this threadof researctdried outin the late 80's in spiteof the giganticadvancesn user
interfacedesignandthe comingof ageof logic programmingn the 1990's. The oneisolatedexception
wasthe Knowledgesheetystem(Gupta& Akhter2000),whichexploredanalternatve way of embedding
logical constraintswithin a spreadsheet.

2.3 Recen€&fforts

In a sharpreversalof this trend toward oblivion, half a dozenlogical extensionsto the spreadsheet
paradigmwere proposedin 2004—05.This urry of actvity culminatedin the Workshopon Logical
Spreadsheets—®@LS'05 held at StanfordUniversity in the summerof 2005 (Workshopon Logical
Spradsheet005). The presentedsystemsfell into two clear classesproposalswhich allowed the
Prolog-stylecomputationof new valuesfrom existing values,and systemswhich provided supportfor
bidirectionalconstraintsThe presentvork fallsinto the rst class.

3 Extending Core Functionalities

We will now introducethe functional extensionsunderlyingthe Deductive SpreadsheefAs mentioned
above, our objectiveis to make supportavailablefor manipulatingrelationsas rst-class objects,namely
towrite formulasthatcomputeto relationsandto extendthetraditionalmechanisméor evaluation,update
and explanationto thesenew entities.As our languagefor relationalformulas,we designeda variant
of the logic programminglanguageDatalog(Lloyd 1987, Ceri et al. 1990). Dataloghasbeenstudied
for mary yearsin the context of Deductve Database¢Ceri et al. 1990,Colomb1998),it hasexcellent
computationapropertiesandexpressvenessandit comeswith anumberof traditionalalgorithmsthatare
compatiblewith ourintendedusein aspreadsheetontet. We extendits syntaxto supportembeddinghe
arrayandscalarformulasof the TraditionalSpreadsheeindto make it usablein awiderrangeof practical
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circumstancesSupportedilgorithmsareextendedaccordingly We will now outlinesalientaspect®f this
program,relying on examplesfor the mostpart. Formal de nitions and detailedanalysescan be found
in (Cerwesata2005).

3.1 First-ClassRelationsandLogical Infrastructue

Assumethat a takular areaof a spreadshedtasbeenloadedwith informationaboutcommercial ight
segments,for exampleusingthe “datalist” forms availablein the Traditional Spreadsheetr by some
other input method.In orderto make this example more concrete,supposethat columnsA, B, and
C containthe origin and destinationairports of every such ight, and the distancebetweenthem,
respectiely. Figurel partially displaysthis settingwithin Microsoft Excel2000(pleaseégnorethetextbox
andmenusfor the time being),with the additionof captionsfor thewhole table(“directFlight’) andthe
individual columns(“From’, “To” and“Dist”). For the sale of readability we will usethesenamesto
referto theactualtableandits columns jnsteadof cell rangessuchasA3:C200for example(commercial
spreadsheqtrovide meango associatesymbolicnamedo cell rangesandotherspreadsheetntities).

We now wantto computeall airportpairsthatarereachabldy ying throughatmostoneintermediate
city. Intuitively, they consistof all pairsof citiesthat canbe reachedn eitheronehop or two hops.The
rst optionis justthetabledirectFlight, with thedistancenformationomitted:if onecany directlyfrom
A to B, thenonecan y in atmosttwo hopsfrom A to B. Thesecondwvayisto y to anintermediatecity
andfrom thereto a destinationif onecan y from A to X directly andthenfrom X to B directly, then
onecany in atmosttwo hopsfrom A to B. This simplereasoningpatternprovidesaway of building the
desiredrelation,call it twoHopsMax The logic programmindanguageDatalog(Lloyd 1987,Cerietal.
1990)formalizessuchpatternsandprovidesa syntaxto expressthem. This simpleexampleassumeshe
following form in Datalog:

twoHopsMaxA ; B) directFlight(A; B; .):
twoHopsMaxA ; B) directFlight(A; X; ) ~ directFlight(X; B; ):

Here,the predicatedirectFlight(A; B; ) describesa genericrecordof the table directFlight, usingthe
variables*A” and“B” to identify thevaluesin its rst andsecondcolumn,respectiely; the notation® "
is away to ignorethethird valuein this record.Then,it sufces to readthe reverseimplication symbol,
“ 7, as“if” andthe conjunctionsymbol,”, as“and”, and we obtain an exact readingof the above
informal de nition of twoHopsMax theformulaonthe rst line stateghatoneway to build arecordfor
twoHopsMaxis to take ary tuple from directFlight andignorethe third componentthe secondormula
saysthatonecanalternatiely combinethe rst andsecondrsaluein two arbitraryrecordsaslong astheir
secondand rst valuescoincide.Eachof theseformulasis calleda clausein Datalog,andaltogethethey
contrituteto de ning the predicatewoHopsMax

Now, assumehatwe wantthis derivedrelationto bewrittenin columnsD andE of our spreadsheet,
evaluatedwhenloading it from a le, and automaticallyupdatedwheneer ary valuein directFlight
changesThereis noway to achieve this effect within the TraditionalSpreadsheet.

By contrastthe Deductive Spreadsheeatllows associatinga clausalde nition suchastheaboveto a
region of the spreadsheetndeed,we canselectcell rangeD 3:E 500 and assignthesetwo clausedo it,
in nearlythe sameway aswe would install an arrayformulainto it. Again, we usesymbolichamesfor
thistableandits columns Evaluatingtheseclausewill 1l thistablewith uniquerecordssatisfyingthem,
startingfrom row 3. If therearelessthan497 suchrecords the bottomportion of the tablewill remain
blank, if therearemore,someentrieswill be dropped(the userinterfaceprovidesa notationfor ranges
suchas“columnsD andE from row 3 to thebottomof the worksheet).

The Deductie Spreadshegirovidessyntaxto de ne awide rangeof relations.Let us rst modify the
above exampleto returnonly thosepairsof citiesthatareatmost200 milesapart. Thisis achievedby the
following two clauses:

twoHopsMaxA; B) directFlightfA; B; D) ~ D < 200
twoHopsMaxA ; B) directFlight(A; X; D) ~ directFlightX;B;D% ~ D+ D%< 200
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The addedconjuncts,D < 200 and D + D%< 200, are called constaints. Constraintsare one of the
available interfacesto embeddingtraditional spreadshedbrmulaswithin a clausalde nition. Indeed,
200 hereis just a value,while the expressiorD + D0 is closelyrelatedto scalarformulas.In generala
constraintancompareary expressiorbuilt outof valuesoperatorscell referencesindclausalvariables.
Theotherwayto referto atraditionalformulawithin aclauses to usethecoercionopemtor h : :i, which
corvertsa genericarrayformulato arelationwith the samegeometry(theduall: : :] coercioninterpretsa
clausalde nition asanarrayfor inclusionin atraditionalformula).

The abore examplesmake a fairly basicuse of the logical capabilitiesof Datalog. The following
recursve clausexomputethe pair of airportsthatcanbereachvia arbitrarily mary hops:

indirect(A; B) directFlight(A; B; ):
indirect(A; B) directFlight(A; X; ) ~ indirect(X; B):

Noticethatindirectis de ned in termsof itself: thereis anitineraryfrom A to B if thereis adirect ight
betweenthem,or if thereis a direct ight from A to someintermediatedestinationX andan itinerary
from X to B.

Datalogallows otherlogical operatordo appeaiin clausesjn particulara restrictedform of negation
calledstrati ed negation(Lloyd 1987,Ceri et al. 1990).Onething that Datalogdoesnot permitis for a
clauseto returnvaluescomputedby applyinga functionaloperatorto recursve argument(for instance,
addingan argumentto indirect to keeptrack of the numberof sggment):this is unsafeasit may cause
evaluationnever to terminate.From a practicalpoint of view, computingvaluesin this way is however
extremelyuseful:onedoeswantto know the numberof hopsin hisitinerary. The Deductive spreadsheet
accommodatethis needby permittingsuchcalculationsbut stoppingthecomputatiorafterauserde ned
boundon the maximumnumberof iterations.It is thenpossibleto computethe numberof premier(25%
bonus)frequentyer milesanitinerarywill yield, whichwould beforbiddenin Datalog:

indirect(A; B; M) directFlight(A; X; D) ~ M= 125 D:
indirect(A; X; M) directFlight(A; X; D) ~ indirectX;B;M% ~ M= 1:25 D+ M%

We similarly stretchthe traditionallimits of Datalogby allowing at lists, asin the following example
whichreturnsnotjust pairsof airportsthatarelinkedby air, but alsothe actualitinerary betweerthem:

indirect(A; B; It) directFlighttA; B; ) ~ It = [A; B]
indirect(A; B; It) directFlight(A; X; ) ~ indirect(X;B;1t%) ~ 1t = [AjItY:

Boundedterationis againusedto avoid the possibility of anin nite computation.

Complexdeductive patternsanbeachievedby appropriatelfcombiningthelogicalfeaturesntroduced
sofar. For example,it is possibleto nd the shortestitinerary betweentwo cities, the numberof such
itineraries,the list of all airportsreachabldrom a given city, etc. Abbreviationsareavailablefor mary
of theseadvancedpatterns The resultinglanguageallows expressinghumeroustlassef problemsthat
arenot solvablein the Traditional SpreadsheeExamplesncludethebill of materials anti-trustcontrol,
meetingplannerwork o w, andvarioustypesof transitve closure . See(Cenesata?2005)for details.

3.2 EvaluationandUpdates

Datalog has beenextensvely studiedin the context of databasess its recursve clausesextend the
expressvenes®f thetraditionalquerylanguagesf RelationalDatabasefCerietal. 1990,Colomb1998).
Particularly appealings the fact that, differently from otherlogic programminglanguagedik e Prolog,
therearealgorithmsthat guaranteehat the evaluationof a setof Datalogclauseswill alwaysterminate.
Thisis of primeimportancen the contet of a spreadsheetsthe prospecof non-terminatiorwould not
beacceptedy users.

A numberof (terminating)evaluationalgorithmshave beenproposedor Datalog(Ceri et al. 1990).
Many of themare optimizedfor ef ciently answeringtypical databaseueries,which tendto be rather
focused,returningjust a few records.This is not the way we anticipatethe deductve extensionof the
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spreadsheetill be used.Insteadwe expectthe typical userwill de ne rathergeneralrelations,similar

to the examplesgiven above, characterizedy a numberof recordscomparablégo the tablesthey draw

their input from. One of the earliestproposaldor evaluatingDatalogclausesbottomup evaluation is

particularly suitedto this modeof operationasit ef ciently computessetsof recordsuntil all possible
solutionshave beenproduced.In orderto producethe setof valuessatisfyingindirect for example, it

would rst returnthe pairsof cities that aredirectly linked (usingdirectFlight in the rst clause)then
thosethat require one stop, then two stops,and so on. At eachstep, recordspreviously obtainedare
discardedthe procesendswhenno new recordis generatedh thisway. We have extendedhis approach
to encompasshe languageoutlinedin the previous section,including the aspectghat are not foundin

Datalog(Cerwesata2005).

An optimizedversionof this evaluationmethod,known asthe semi-néve strategy, forms the basis
of anefcient procedurdor updatepropagationWhile updatesn the Traditional Spreadsheettatically
identify the affectedcells, this methodattemptsto dynamicallyidentify the recordsthatshouldbe added
or deletedo aderivedrelation.This canbedonequiteef ciently for commontypesof clausalde nitions.
We invite theinterestedeaderto consult(Ceresata2005)for details.

3.3 Explanation

Explanationin the Traditional Spreadshedioils down to following cell referenceén formulas,whichis
reasonablsincetheresultof aformulatypically depend®on all the valuesthatarereferencedn it. This
is notsoin ourdeductve extension:althoughthede nition of indirectreferencesherelationdirectFlight
for example,ary givenrecordin the formeris actuallycomputedon the basisof very few recordsin the
latter Therefore just following staticreferencess not particularlyusefulin this new setting.In fact,the
type of questionswe areinterestedn is not so much“Whatdoesthis relation dependon?’, but rather
“Whywasthis recor returned?. This requiresunfoldingthe computationthat producedhis particular
record,nottrackingdown staticdependencies.

Onewayto answeisuchquestionss to keeptrackof how eachrecordwasobtained Thisapproacmot
onlyrequiresconsiderabl®ookkeepingputis ineffective vis-a-visof anothetegitimatetypeof questions:
“Whywas this recod not returned?. The explanationfacilities of the Deductve Spreadsheebperate
differently: it startswith the suspectecord(or in generalan arbitrary query)and unfoldsthe available
clausedn searchof all supportingfactsin the spreadshedbr their absence)This techniqgueemploys a
top-downstratgy asit unravelsde nitions from thetop queryall the way down to elementaryevidence.
Unlessconductedcarefully, top-dovn evaluationcanbe non-terminatingevenin Datalog.The Deductive
Spreadsheeeliesonapproachethatguarante¢ermination(Smith,Geneseretl® Ginsbeg 1986,Warren
1998).

4 User Interface Extension

The Traditional Spreadsheedwes much of its succesgo a userinterfacethat hasevolved to provide

intuitive accesgo the underlyingfunctionalities,for the most part (array formulasare an unfortunate
exception).In particular it offers consisteninteractionmodalitiesacrossfeaturesanda gentlelearning
curve that allows usersto progressthrough exposureand minimal experimentation.One of our main

goalsin the designof the Deductive Spreadsheetiasto maintainthis very samelevel of usabilityaswe

madeavailablethe addedexpressivenessf logical reasoningFor this reasonwe relied on userinterface
designmethodologiesecentlyproposedwithin the eld of Cognitive Psychologyandappliedwith great
successn otherextensionsof the spreadshegfPeyton Joneset al. 2003).Using themasguidelineswe

developeda minimally intrusive extensionof the userinterfaceof the Traditional Spreadsheeb support
the deductve functionalitiesdescribedabore. It extendsall traditionalmethodsfor interactingwith the

spreadshedb the new deductve featuresjn particularasfar asformulamanipulationis concernedWe

will now brie y review boththeinterfacedesignapproactandthe outcomeof adoptingit. Detailscanbe

foundin (Cervwesato2005).
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Figurel Mouse-AssistecClausalDe®nition

4.1 Approac

Following thestepsof (Peyton Jonesetal. 2003),we usedtwo Cognitive Sciencemethodologieso design
our initial userinterfaceof the Deductve Spreadsheethe Cognitive Dimensionsof Notation(Green&
Petre1996) and the Attention InvestmentModel (Blackwell 2002). The rst relies on the obsenation
thatthe designersof a system languageor computerinterfaceoften lack namesto talk aboutsomeof
the cognitive conceptghey use,especiallythoseconceptghat mostdirectly impactthe enduser It then
proceedgo providing a concretevocahlulary to bring theseoftenimplicit conceptgo the foregroundand
help make informed usercentereddecisions.For example,it de nes “prematurecommitment”as the
degreeto which a useris forcedto make a decisionbeforeall the informationis available.By contrast
the Attention InvestmentModel (Blackwell 2002)“ offers a cost/bene tanalysisof abstraction usethat
allowsusto predictthecircumstances which useswill chooseo engagein [them]”, hencesncouraging
the designetto put himselfin the shoesf the userandanticipatehow they will copewith aspect®f the
notation.

4.2 Realization

Our primary concernin designingthe userinterfaceof the Deductive Spreadshedtasbeento remain
conservativavith respecto thechoiceghathave sedimentedh the mostly excellentinterfacesof modern
spreadsheedpplications,choicesto which usershave becomeaccustomedind sometimesdependent.
Within thesenecessarypounds,our major designobjective hasbeento provide the userwith a simple
andintuitive accesdo the enhanceaxpressve power of the deductie infrastructure For the mostpart,
thisis realizedby simply extendingthe currentinteractionmodalitiesto the new deducti’e components.
For example,all the graphicalapproaches$o constructinga scalaror array formula are availablewhen
building a clausalde nition. We occasionallyextendcurrentsupportin orderto furthersimplify theusers
experiencejn particularby offering a new interactive way to assemblelausespr to take advantageof
thedeductveinfrastructurefor instanceby providing novel o w graphvisualizationmechanisms.

At rst glancetheuserinterfaceof the Deductive Spreadsheés indistinguishablérom the screerof a
typical TraditionalSpreadsheemndeed the userstill seesagrid of cellswhich shecanformatin theusual
ways.They form aworksheetindseveralworksheetgonstituteaworkbook.All thetraditionalnavigation
methodsselectiontechniquesandcommandsatlargeoperateasusual.lt is only whenshestartsworking
with the systemthatthe new possibilitiesreveal themselesasaddedmenuitemsandextensionso old
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Figure2 Deductie ExplanationDialog

functionalities.The major changego the staticlayout of the applicationwindow cateraroundproviding
simpleandef cient methoddor designatingareasof theworksheetsrelations,andmakinga corvenient
interfaceavailablefor associating clausaltheorywith a rangeof cells. Althoughthe rst objective can
berealizedby chainingcommandsn thetraditionalspreadsheetye streamlinethis procesdy providing
asimpledialogfor achieving it.

The secondobjective comprisesenteringclausalde nitions andinvoking deductve capabilities.We
currently offer two equivalentsyntaxesfor writing clausesoneis a slightly beauti ed form of Datalog
(seeFigure 1 for an example)and the other extendsthe traditional SQL query languageof relational
databases— see(Ceresato2005). Our main motivation for this dual languageapproachis that some
usersmay nd it easierto expresstheir problemlogically, while othersmay have more of a relational
mind-set.The textual syntaxof logical formulasis however likely to evolve aswe gatherfeedbackrom
user

The mostimmediateway to createa logical de nitions is to enterit into the formula input textbox,
just asfor scalarformulas.Becauseclausalrules (or SQL statementsjend to be more comple than
a typical arithmetic formulas, we have enhancedthis capability by effectively making available a
syntacticeditor that highlights keywords and providesvisual feedbackfor relationsandtheir columns,
autoformatscomplex de nitions, possiblyover several lines, and monitorswhat the userwrites in real
time, recognizingpotentialerrorsand suggestingorrections A secondway to de ne a derivedrelation
is to usethe mouseto draganddrop predicatesn a clause,or selectthemfrom dedicatedmenus.An
exampleis givenin Figure 1. Finally, the formulainsertionwizard, althoughseldomusedin practice,
hasbeenextendedto supportde ning clausesThe traditionalcut and pastemechanisnfor propagating
formulas,a favorite amongusers hasbeenextendedto work seamlesslyver logical formulas(andby
extensionover arrayformulas,whosesupportis ratherde cient in commerciakpreadsheetpplications).

Corefunctionalitiesareinvokedasin the TraditionalSpreadsheeln particular evaluationis automati-
cally performedvhena le isloaded Recalculatioris automatidoy default, but it canbe ne tunedusing
menudialogs,and forced by invoking dedicatedcommandsExplanationcan be invoked by choosing
a menuitem, which brings up the dialog in Figure 2, which inquiresabouthow outbounditineraries
from'JFK' have beenobtained.The explanationmechanisnallows the userto cycle throughall possible
answerdgo a query (hereit examinesitinerariesbhetweenJFK' and'LAX") andall possiblewaysthey
canbe obtained.For each the left panedisplaysa directory-like structurethat outlinesthe sequenc®f
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stepgaken,i.e., all therecordst depend®n. Becausesuchexplanationsanberatherlarge, the usercan
minimize partsthatarenot deemednteresting andincrementallyexpandthemlater Whenary recordis
selectedtheright paneshovs theinstantiatedclausethatproducedt.

Traditional Spreadsheetsomewith a numberof tools aimedat visualizing raw datain anintuitive
manney hencemaking them more readily usable,augmentingproductizity, and improving the users
experience(or her customers').Many of thesetools target takular data, allowing to summarizethem
as chartsor graphs,and to build complex what-if analysisscenarioswith a few mouseclicks. The
deductve extensionopensthe doorsto new opportunities.For example,a relation sucha directFlight
cancorvenientlybedisplayedasa graphwith airportsasnodesandconnectionssedgegossiblylabeled
with distanceor other information. Overlaying other relationsprovides an immediatevisual intuition
thatis not easilyachievablein takular form. We call this type of renderinga connectiongraph Another
productvity toolswe have beeninvestigatingn the context of the Deductve Spreadsheés a o w graph
generatofCerwesata2005).

5 Preliminary Evaluation and User Feedback

We have conducteda small-scaleand very preliminary usability experimenton potentialusersof the
Deductive SpreadsheetWe interviewed eight current usersof Traditional Spreadsheeapplications,
principally Microsoft Excel, with diverse backgroundsand sophisticationlevels. We explained the
generalidea underlyingthe proposedextension,shoved them screenshot$or a simulatedexample of
the Deductive Spreadsheefndnotedtheir reactions.

Altogether this experimentshavedthatour targetaudiencepamelyintermediateandadvancedusers,
couldeasilygraspthe potentialof the Deductive Spreadsheelndeed they suggestedeveralusedor it in
theircurrentactiities. They commentedavorablyontheuserinterface gspeciallytheexplanationfacility
andthe possibilityof displayingtablesasa connectiorgraph.To our surprise alsobeginnerswhich were
not atargetcategory, shavedinterestin the basicrelationalfunctionalitiesalthoughthey haddif culties
with someof moreadwancedconceptsuchasrecursion Beginnerstook issuewith thewording of menu
itemsandotherinterfacetext anddemandedriendlierapproacheto building simpleclausalde nitions so
thatthey could performbasicmanipulation®f takular datain unintimidatingways.In essenceheginners
pressedor beingincludedasthebene ciariesof this technology

Testedusersacrossthe boardwere very positive aboutthe integration of persistentelationalquery
facilities in a spreadsheef key aspectof the Deductive Spreadsheeilhey were clearly interestedn
the possibility of usingspreadsheetssmall homegrown databasesyithout the steeplearningcurve of
typical databasenanagemendystemsTheideaof takular views of datawherechangesreautomatically
propagatedeemedarticularlyappealingo them.

ThefeedbacKrom volunteersn ourtargetaudienceadvancedandintermediateiserssuggestshatwe
may have achiezed our cognitive objectives.We alsoseethe keeninterestof beginnersfor whatthe core
technologyof the Deductive Spreadsheeatandeliver asanunexpectedniche.If rigoroustestingcon rms
thesepreliminaryresults we intendto concentratéuture effortsto makingavailableintuitive toolsto take
adwantageof basicbut usefulaspect®f our solution.We alsoplanto build onthenumerousmprovements
suggestetby theadvancedandespeciallyintermediatausers.

6 Towards an Implementation

At the time of writing, we arein the early phaseof an implementationof the Deductve Spreadsheet
into a prototypethat we call NEXCEL. When completed,this systemwill embedall the primary
operationafunctionalitiesdiscussedn Section3, in particularevaluation,updateand explanationover
the entire linguistic extension,and a majority of interfacefunctionalitiespreviewed in Section4. This
implementatioris intendedasa testinggroundfor our design,andis principally aimedat assessingwo
aspectf this proposalperformanceindusability Abstractmodeling(Cernesata2005)anticipateshat,
in practice typical clausalde nition will be evaluatedin atime comparabldo traditionalformulas(and
thereforehave no tangiblecostfor the user),althoughcompleity analysisindicatesthe possibility of a
polynomialdegradationin the worstcase An actualprototypewill allow usto assesperformancdor a
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Figure3 Structureof the NEXCEL Prototype

widerangeof usageandalsoto experimentwith optimizations On theusabilityfront, this prototypewill
permitactualusertestingandexperimentatiorwith differentwaysof makingfunctionalitiesavailableto
users.Ultimately, it will preparethe stagefor an actualimplementationof the Deductive Spreadsheet,
eitheran ef cient modulefor an existing spreadsheetpplication(either Microsoft Excel or someother
commerciaproduct),or asanindependenapplication.

The NEXCEL prototypeconsistsof two componentsas sketchedin Figure 3: an add-onmoduleto
Microsoft Excel 2003andan inferenceengine.Our implementatiorrelieson an off-the-shelfMicrosoft
Excel 2003 executablefor all traditional functionalitiesaswell as mostuserinterface operationsThe
add-onmodule writtenin VisualBasicfor Applications,actsasabridgebetweerExcelandtheinference
engine:it recognizesiserinteractionsntendedo accesgxtendedfunctionalitiesanddispatcheshemas
neededo theinferenceengine Whenloadinga deductive spreadshedtom le, it will communicateéhe
contentof all regionsusedrelationally aswell asarny de ning clausest nds, andinstall the evaluated
recordsin the appropriatecells as soonas it receves them from the inferenceengine (this process
will often be conductedover severaliterations).Similarly, it will relay any changeaffectingthe logical
fragmentof the spreadsheeind updatededucedvaluesasreportedby the deductve engine.Finally, it
will passon explanationrequestanddisplaytheir resultasdescribedn Sectiond. It will handledirectly
only themostbasicrequestssuchassomechangesn the geometryof arelation.

Theinferenceengineimplementsall the functionalitiesdescribedn Section3, evaluation,update and
explanationandmaintainsappropriatedatastructuregor thesepurpose Thesecurrentlyincludeaneval-
uatedcopy of everyrelationreferencedr de ned in theDeductve Spreadsheeandof coursetheclauses
de ning thelatter They alsoincludegraphgrackingvarioustypesof dependenciesetweerpredicatesin
particulartheir call graph,whichincludesstrati cation informationneededluringevaluation.Our current
prototypeis beingwritten in the functionallanguageHaslell, which combineseasonablef ciency and
rapidprototyping.

7 Conclusions

In this paper we have outlined a designfor an extensionof the Traditional Spreadsheethat supports
powerful formsof symbolicreasoningvhile maintainingthe usabilityof its userinterface asembodiedn
successfutommerciaproductsThisdesignis currentlybeingimplementednto the NEXCEL prototype.
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