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Abstract

Usability andusefulnesshave madethe spreadsheetoneof the mostsuccessfulcomputingapplications
of all times: millions rely on it every day for anything from typing grocerylists to developingmulti-
million dollar budgets.Onething spreadsheetsarenot very goodat is manipulatingsymbolicdataand
helpingusersmake decisionsbasedon them.By tappinginto recentresearchin Logic Programming,
Databasesand Cognitive Psychology, we proposea deductive extensionto the spreadsheetparadigm
which addressespreciselythis issue.The accompanying tool, which we call NEXCEL, is intendedas
anautomatedassistantfor thedaily reasoninganddecision-makingneedsof computerusers,in thesame
wayasaspreadsheetapplicationsuchasMicrosoftExcelassiststhemeverydaywith calculationssimple
andcomplex. Userswithout formal training in Logic or evenComputerSciencecaninteractively de�ne
logical rulesin thesamesimpleway asthey de�ne formulasin Excel.NEXCEL immediatelyevaluates
theserulestherebyreturninglistsof valuesthatsatisfythem,againjust likewith numericalformulas.The
deductivecomponentis seamlesslyintegratedinto thetraditionalspreadsheetsothata usernot only still
hasaccessto theusualfunctionalities,but is ableto usethemaspartof thelogical inferenceand,dually,
to embeddeductivestepsin a numericalcalculation.

1 Intr oduction

Envisionedin theearly'60s,bornin thelate'70s andpopularizedduringthe'80s with thePersonalCom-
puter(Power10/04/2003),thespreadsheetis oneof themostubiquitouslyusedcomputingapplications(it
hasonly in recentyearsbeensurpassedby emailprogramsandwebbrowsers).Over50million people—
secretaries,accountants,teachers,engineers,of�cers, managersandmany others—relyonit everydayfor
anythingfrom grocerylists to multi-million dollar transactions(Boehm,Abts,Brown,Chulani,Horowitz,
Madachy, Reifer, Clark& Steece2000).Thevastmajorityof theseusershavenoor little formalComputer
Sciencetraining,andyet theintuitive interfaceandcleverdesignof thespreadsheetlet themput together
complex computationswith a few mouseclicks, instantlyturningtheminto unawareprogrammers.This
aspectcannotbe overemphasized:in almostno time cana novice userperformsimpletasks,andjust a
few hoursof exposurearesuf�cient to acquiretheskills to performnon-trivial computationsover large
amountsof data.2 Defacto,thespreadsheetis thetool of choicefor non-scienti�cnumericalcomputations
anddecision-makingbasedonnumericalanalysis.

However, a large percentage,if not the majority, of the decisionswe make every day dependson
informationthatis notnumerical,or notonly numerical.Considerthefollowing simpleexamplefrom the
academicworld:
1This work wassupportedby DARPA undercontractW31P4Q-05-C-R0405.
2Thefollowing anecdoteillustratesthispointwell: A friendof theauthor, physicianby trade,discoveredthePersonal
ComputerandExcela few yearsago.Within amonth,hehadenteredseveralyearsof ®nancialdatafor all thestocks
he owned,togetherwith variousformulasto predict their trend.He never found the silver bullet that would allow
him to beatthe market, but he eventually turnedhis self-taughtExcel skills to Medicineandbuilt a sophisticated
applicationto trackthecardiachistoryof his patients.It is believedthatseverallivesweresavedin thatway.
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Is Alice, a studentwhohastaken'OperatingSystems'and'Theoryof Computation',quali�ed
to attend'AdvancedNetworking'? If not, what other coursesdoessheneedto take �r st?
Wouldthatallow herto take'AdvancedNetworking'next semester?If not,whatis theearliest
dateshecantake it?

Answeringeachof thesequestionsrequireslogical reasoning.The lastalsohasa numericalcomponent.
Studentsand coursesare symbolic dataand they participatein relationsthat describewhat coursesa
studenthastaken,what theprerequisitesof a courseare,andwhencoursesareoffered.Inferencerules
(e.g.,a studentcantake a courseif hehaspassedall prerequisites) describethereasoningprocessesthat
needto beperformedto producetheanswers.Similar setupsandreasoningtasksroutinely take placein
many professionalandpersonalsettings:diagnosisof diseases,legalargumentation,combatreadinessof
troops,evenfashionablecolor coordinationrequirereasoningpatternsakin to theaboveexample.

For all their merits,spreadsheetsarepretty muchuselesswhenit comesto theseforms of symbolic
inference:they do offer a few logical operators,but thesearedesignedfor simpleconditionaltests,not
deductivereasoning;furthermore,althoughrelations�t snugglyin thefamiliarrow andcolumnlayout,the
handfulof commandsthatendorsethis view have little to dowith logical inference.Worse,thecomputer
applicationsthatdosupportthoseformsof reasoning,logic programminglanguages,somedatabases,and
many domain-speci�ctools,requirea level of sophisticationthatevenmany trainedprogrammersdo not
have.In fact,theseapplicationsareseldominstalledonanend-user'scomputingenvironment.This leaves
a wishful problem-solver to eitherundergo lengthytraining or give up on automation.This last option
oftenleadsto arbitrary, suboptimal,or incorrectdecisions.

In this paper, we describea deductive extensionto thespreadsheetthatsupportssophisticatedlogical
reasoningwith the samedegreeof usability asa traditionalspreadsheetapplicationsuchasMicrosoft
Excel,hencepotentially�lling thissigni�cant void in theend-user'scomputinglandscape.ThisDeductive
Spreadsheetallows usersto de�ne logical statementsandinferencerulesfor symbolicreasoningin the
samewaythatExcelallowsthemto de�ne mathematicalformulasfor numericalcalculations.Theserules
interpretareasof thespreadsheetaslogicalrelations(for exampleatableassociatingstudents,eachcourse
they have taken,andrelatedinformation)andcomputenew relationsbasedon them(e.g.,whatcourses
a studentmay take next). Valuessatisfyingthemarevisualizedon the �y andupdatesanywherein the
spreadsheetareinstantlypropagated,just aswith numericalformulas.As usersmaynot trust thevalidity
of valuesobtainedin this way, extensive explanationfacilitiesareprovided.TheDeductive Spreadsheet
is a conservativeextensionof theTraditionalSpreadsheetin thesensethatevery traditionalfunctionality
remainsavailable.Furthermorethedeductive extensionintegratesseamlesslyinto theexisting paradigm
in thesensethattraditionalformulascanparticipatein logical inferencesanddeducedvaluescanbeused
in arithmeticcalculations.

Underthehood,theaddeddeductive capabilitiesareprovidedthroughmachineryborrowedfrom the
�eld of Logic Programming(Lloyd 1987),but adaptedto thepeculiaritiesof thespreadsheetenvironment
and the usability requirementof our target audience:those50 million managers,of�cers, engineers,
teachers,accountants,secretaries,etc., who do not have a formal training in either ComputerScience
or Logic, andyet would welcomeunintimidatingautomatedassistancewith their daily reasoningtasks.
Weuseasmalllogic programminglanguageinspiredby Datalog(Lloyd 1987)to de�ne derivedrelations:
the target region of the spreadsheetcontainsa set of logical clausesin the sameway that calculated
cellscontaina numericalformulain theTraditionalSpreadsheet.Therefore,logical reasoningreducesto
computingtablesof databy evaluatingDatalog-likede�nitions, a processthatparallelsthecalculationof
numericalformulas.Eachrow in thecalculatedrelationis a tuple of valuessatisfyingthe de�nition for
this relation,sothattheevaluatedtablelists all suchsolutions,without repetitions.

We basedour languageextensionon Datalogfor two reasons.First, it admitsevaluationstrategies
thatarealwaysboundto terminate,a propertythatdoesnot hold of otherlogic programminglanguages
suchasProlog(Lloyd 1987).This is ratherimportantconsideringour target audience:althoughexpert
Prologprogrammersknow how to debug in�nite loops,end-usersexperiencenon-terminationonly when
anapplicationhangs,aneventoftenfollowedbyareboot.Second,onesuch(terminating)strategy, bottom-
up evaluation,closely �ts the intendedmodeof operationof the Deductive Spreadsheetasit explicitly
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computesand maintainsthe valuesof all de�ned Datalogclauses.Other applicationsof Datalog, in
particularin the context of Deductive Databases(Ceri, Gottlob & Tanca1990),arequeryorientedand
oftentake advantageof morefocusedstrategies.Within theDeductive Spreadsheet,we rely on a second
strategy, a terminatingvariant of top-down evaluation,as a basisfor an explanationmechanismthat
permitsusersto inquire aboutwhy a particularentry appearsin a calculatedrelation.We extendedthe
generallyacceptedde�nition of Datalogto provideaninterfaceto thelanguageof numericalformulasof
theTraditionalSpreadsheet,andalsoto extendtheexpressivenessof thatlanguagetosolvealargernumber
of practical problems.The resulting dialect of Datalog incorporatesnegation, constraints,calculated
valuesand�at lists. This extensionhasbeenengineeredin sucha way asto maintainall the desirable
propertiesof theoriginal language.

Thelinguisticextensionsjustdescribedaremadeavailableto theusersby meansof aparallelextension
of theuserinterfaceof theTraditionalSpreadsheet.Our maingoalsin that respectwereto provide these
extendedfunctionalitiesin a minimally intrusive way sothatuserswho do not wantto take advantageof
themarenot penalized,neithercognitively nor from a performancepoint of view, andthatuserswho do
wantto usethemcanacquireskills graduallyby experimentingwith familiar concepts.At �rst sight,the
resultis nearlyindistinguishablefrom the layoutof a traditionalspreadsheetapplication.However, once
a userselectsa rangeof cells, he canenterDatalogclausesusingan extensionof the currentmethods
for creatingnumericalformulas:a slightly beauti�edDatalogsyntaxallows typing themin directly, they
canbeconstructedby clicking anddraggingspreadsheetentitieswith themouse,andthey canbede�ned
usingdedicatedwizards.In all cases,sophisticatedform of visual feedbackandpreciseerror reporting
assisttheuserin this task.Changesto formulasandthedatathey referencearepropagatedinstantly. Most
modi�cations to primitive andderivedrelationsarehandledtransparently, includingthecut andpasteof
rows,but certainchangesto thegeometryof thesetables,e.g.,deletingacolumn,requiretheintervention
of theuser. Explanationfacilitiesareprovidedfor debuggingandauditingpurposes.In particular, adialog
akin to a directorybrowserallows a userto inspectthereasoningprocessthatcauseda tupleto appearin
theresult,stepby step.Thepossibilityof performinglogical reasoningenablessupportfor a numberof
convenientnew productivity tools,suchasconnectiongraphsor work�o w graphs.

As we weredesigningtheuserinterfaceof theDeductive Spreadsheet,we heavily reliedon recently
proposedmethodologiesfrom the �eld of Cognitive Psychology, notably the Cognitive Dimensionsof
Notation(Green& Petre1996)andthepsycho-economicAttentionInvestmentModel (Blackwell 2002).
Theseapproacheshave beenusedwith great successin the developmentof other extensionsof the
Traditional Spreadsheet(Peyton Jones,Blackwell & Burnett 2003). We performeda small-scaleand
very preliminaryuserevaluationof the interfaceandthe extendedfunctionalities.We obtainedpositive
feedbackandafew suggestionsfor improvementfrom theintermediateandadvancedusers,whowewere
mainly targeting.To our surprise,we alsogot a goodfeedbackfrom the beginnerswe tested,although
they clearlystruggledwith someof themoreadvancedconcepts.

We are in the processof implementinga Deductive Spreadsheetprototypeasan add-onmoduleto
MicrosoftExcel2003.Theresultingsystem,whichwecall NEXCEL, is primarily meantasanevaluation
testbedfor theconceptspresentedhere,in preparationfor acommercial-strengthreimplementation,either
asanextensionof anexistingproductor asa stand-aloneapplication.This work constitutesanextension
to thespreadsheetparadigmitself, andthereforecanberealizedin any commercialapplication.

The remainderof this paperoutlinesthe developmentof our proposalfor a Deductive Spreadsheet.
Section2 brie�y examinesthe key conceptsunderlyingthe traditional spreadsheetand recallsvarious
attemptsproposedthroughoutits history to support logical reasoning.Section 3 surveys the main
extensionsto the core functionalitiesof the Traditional Spreadsheet,while Section4 examinesthe
correspondingextensionsto theuserinterface.In Section5, we reporton thefeedbackwe obtainedfrom
usersin a preliminary evaluation.Section6 gives an overview of the ongoingimplementationeffort.
Althoughour designemploys sophisticatedtechniquesfrom Logic Programming,DatabaseTheoryand
CognitivePsychology, we will strive to maintainour presentationat anintuitive level. Readersinterested
in thetechnicalaspectsof this work arereferredto (Cervesato2005).
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2 Spreadsheetsand Beyond

In this section,we identify some of the key conceptsunderlying the Traditional Spreadsheet,and
summarizeextensionswith deductive capabilitiesproposedin the literature.In Section2.1, we outline
a simplemodelof the core functionalitiesof a spreadsheet,relying mainly on examples— a detailed
technicaltreatmentcanbe found in (Cervesato2005).Then,in Section2.2,we brie�y review historical
proposalsfor extendingtheTraditionalSpreadsheetwith logical inference.

2.1 TheTraditionalSpreadsheetModel

To most people,a spreadsheetis a grid of cells in which one entersnumbers,stringsand arithmetic
formulas,andsuchthat the latter areautomaticallycalculated.We will now explore thevariousobjects
thatconstituteaspreadsheet:thebasicscalarinfrastructure,arrayformulas,andthelittle relationalsupport
availablein commercialproducts.Wewill emphasizesomeof thelesserknown entitieswhichwewill use
asinspiration,andsometimesbuilding blocks,for our deductive extensionin Section3. We alsodiscuss
theprincipal functionalitiessupportedby a spreadsheetapplication:evaluation,updateandexplanation.
We delaythediscussionof userinterfaceissuesuntil Section4.

Whentalking aboutspreadsheets,we shall draw a distinctionbetweenwhat theusertypesusingher
keyboard(or entersin otherways)andwhatsheseesonherscreen.We referto theformermanifestation
asa “spreadsheet”,andusethe name“evaluatedspreadsheet”for the latter. A spreadsheetin the �rst
senseis thereforeasyntacticentity, andassuchit is savedto a �le, for example.An evaluatedspreadsheet
is the result of a semanticoperation,in particularevaluationor updatepropagation.As we model the
spreadsheetparadigmandtheproposedextensions,we will be interestedin bothaspects:the(syntactic)
way thingsarewritten, andthe operationsthat interpretthis syntaxandvisualizethe valuesthe useris
ultimatelyinterestedin.

2.1.1 ScalarSpreadsheets
We begin with a modelthat re�ects just thequintessentialaspectsof thespreadsheetparadigm,ignoring
advancedfeaturessuch as array formulas for the moment. We call this minimal model a “scalar
spreadsheet”:althoughit fallsshortof whatcommercialapplicationsoffer, it captureswhataspreadsheet
is to mostusers.

Froma syntacticpoint of view, a (scalar)spreadsheetis a collectionof cellswhich cancontaineither
valuesor formulas.Examplesof valuesarethenumbers“42” and“12.99”, or thestring“Total” (datesand
currenciesarejust numbersvisualizedin a specialway by meansof formattingdirectives).Most cells in
a typical spreadsheetcontainthedefault blankvalue.

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 constructedoutof values(e.g.,“32”, “5” and“9”), operators(here,
“ � ”, “ � ” and“=”), andcell referencessuchasA3 in this example.The symbol“=” is commonlyused
to distinguishformulasfrom values(stringsin particular);we will omit it hereafter. The cell reference
“A3” identi�es thecell on columnA androw 3 of thecurrentworksheet(theexactsyntaxfor references
is not importantfor our purposes,and indeedother notationsexist). Commercialapplicationssupport
spreadsheetsconsistingof severalworksheets,eachwith typically 65,536rowsand256columns— these
numbersareagainunimportantfrom a modelingstandpoint

In thisearlymodel,aspreadsheetis thereforeacollectionof cellseachof whichcontainseitheravalue
or a formula. Valid spreadsheetsaresubjectto onecondition:cells arenot allowed to containcircular
dependencies, i.e.,a cell c cannotcontaina formulathatreferencesc, directly or indirectly. For example,
theaboveformulacannotbeinsertedin cell A3, in any cell possiblyreferencedin cell A3 (if A3 contains
a formula), in any cell referencedin a cell referencedin cell A3, etc.3 From a programminglanguage
pointof view, a spreadsheetis a simplefunctionallanguagewithout recursion.

3To be fully precise,mostcommercialspreadsheetapplicationsallow advancedusersto enablea restrictedform of
circulardependency whichpermitscalculatingnumericalapproximationsof thesolutionsof sometypesof equations
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Of course,a useris not interestedin formulasperse,but in thevaluescomputedby them.Spreadsheet
applicationsprovidethreecorefunctionalitiesfor goingbackandforth betweena (syntactic)spreadsheet
andanevaluatedspreadsheet:evaluation,updatesandexplanation.

When loadinga spreadsheet�le (or pressinga specialkey combination),a spreadsheetapplication
computestheformulacontainedin eachcell anddisplaysthecorrespondingvalue.This processis called
evaluationandtheresultis theevaluatedspreadsheetdisplayedontheuser'sscreen.Intuitively, evaluation
startswith the cells, call them C0, that containa value in the original spreadsheetand displaysthem
unchanged.It thenexaminesthosecells,sayC1, containingformulasthatonly referencecellsamongC0

andcomputestheir value.It continueswith thecellsC2 thatreferenceat mostcellsin C0 andC1, andso
onuntil all thecellshavebeengivenavalue.Becauseof theabsenceof circulardependencies,thisprocess
alwaysterminateswith theevaluationof theentirespreadsheet.It canbeef�ciently performedin a time
proportionalto thenumberof non-blankcells.Thepartiallyevaluatedspreadsheetobtainedateachstepis
calledanenvironment: evaluationstartsfrom atotally unde�nedenvironmentandprogressivelypopulates
its cellswith values.Theevaluatedspreadsheetis thenthe�nal environment,whichdoesnot containany
unde�nedcell. Theinterestedreaderis referredto (Cervesato2005)for analgorithmicdescriptionanda
detailedanalysisof evaluation.

Full evaluationis avery rareeventthattakesplacemostlywhenloadingaspreadsheetfrom �le. Much
morecommonis updatingaspreadsheet,somethingthathappenseverytimetheusermodi�es thecontents
of a cell. Recalculationis theprocessof propagatingchangesto all partsof thespreadsheetthatdepend
on themodi�ed locationsby updatingthedisplayedvaluesof theaffectedcells.Althoughrecalculations
canbeimplementedasevaluation,it is almostinvariablymuchmoreef�cient to identify thecellsaffected
by the changes(eitherbecauseits contentshave beenmodi�ed, or becausethey dependon a modi�ed
cell) andreevaluateonly their contents.This canbe ef�ciently achieved by invoking a form of partial
evaluationthatstartsfrom anenvironmentthatsimplymarksall cellsaffectedby theupdateasunde�ned,
andpreservestheformervalueof everyothercell.

Explanationis theability to answerquestionssuchas“whydoesthis locationreportthisvalue?”. It has
beenrecognizedasoneof theessentialfunctionalitiesof a spreadsheetapplicationsasit hasbeenshown
that the vastmajority of spreadsheetsareriddled with errorsof all types(Panko 1998).Formulasarea
commonsourceof errors,especiallywhenthey referenceothercells.Commercialspreadsheetssupport
explanationby offering tools that visualizedependenciesamongcells in the evaluatedspreadsheet.By
usingthesetools,a usercanhighlight thecellsthatarereferencedin theformulacontainedin a cell, and
chasesuchdependenciesforwardor backwardoftenuntil anerroris discovered.

2.1.2 Arrays
Arrays, or cell ranges, areafamiliarconceptto spreadsheetusers.For example,thesimplestwayto addall
thevaluesin columnA from row 2 to 31is to entertheformulaSUM(A2:A31) into acell: here,A2:A31is
anarray referenceandSUM is anoperatorthatacceptsanarrayasanargument.Not aswell known is the
factthatmostcommercialspreadsheetsmake availablea mechanismby which a formulacanevaluateto
anarray, i.e.,produceavaluenot just for asinglecell,but for multiplecellsatonce.Thesearecalledarray
formulas. In Microsoft Excel, this canbe achieved,for example,by selectingcellsC1:C3, enteringthe
formulaA1:A3 + B 1:B 3 andsealingit with thespecial“CTRL-SHIFT-ENTER” key combination.This
will havetheeffectof addingthecontentsof arraysA1:A3 andB 1:B 3 component-wiseanddisplayingthe
resultsin cellsC1 throughC3. Mismatchesbetweentheargumentgeometries(e.g.,addinga 3-element
arrayto a 5� 7-elementarray)areautomaticallyadjustedthroughdefaultexpansionandtruncationrules.

Array formulasdiffer from thescalarexpressionsdescribedearlierby thefactthatthey residenot in a
singlecell, but in a rangeof cellssuchasC1:C3 in theaboveexample.In orderto capturethisaspect,we
needto upgradeour notionof (syntactic)spreadsheet:not only individual cells,but alsogroupsof cells
canhold a formula.Clearly, any givencell canbeassociatedto 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 accommodatethis rarely used
feature,doingsowould beanunnecessarydistractionfrom themainfocusof this paper.
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oneof thepillarsof theextensionproposedin thispaper:noteagainthatit is astandard(althoughseldom
used)featureof any commercialspreadsheet.In Section3, we will assignto suchrangesnot traditional
arrayformulasbut inferencerulesthatpermit logically deriving setsof valuesfrom datapresentin other
partsof thespreadsheet.

Froma semanticstandpoint,thearrayoperatorsavailablein commercialspreadsheetapplicationsare
suchthatarrayexpressionscanalwaysbesimulatedwith scalarformulas:arraysintroduceconvenience,
but no extraexpressivepower. In particular, any spreadsheet(with arrayformulas)hasa canonicalscalar
counterpart(theabove exampleis simulatedby enteringthescalarformulasA1 + B 1, A2 + B 2, A3 +
B 3 in cellsC1, C2 andC3, respectively). Furthermore,thesemanticsof a genericspreadsheetis de�ned
on thebasisof thesemanticsof this canonicalscalarrepresentative.Not only areevaluation,updateand
explanationde�ned in this way, but so is thevery notionof dependency. Indeed,theapparentlycircular
insertionof thearrayformulaA1:A5 + A2:A6 in therangeA3:A7 is legal becauseits scalarexpansion
doesnothavecirculardependencies.

Although logical rules residein the samecell rangesas array formulas, the deductive extension
proposedin thispapercannotbesimulatedby currentscalarformulas,in general.Therefore,it represents
agenuine(andsigni�cant) increasein expressivepowerwith respectto theTraditionalSpreadsheet.

2.1.3 RelationalSupport
The tabular layout of a TraditionalSpreadsheetnaturally lendsitself to interpretinggroupsof columns
asrelations. For example,columnsA throughD in a worksheetmay be usedto recordstudentnames,
classes,thegradesof eachstudentfor thecorrespondingclass,andthedatesthey wereawarded.A row is
thenseenasa record of relatedvalues,for example“ (Alice; OperatingSystems; A-; 12/14/2005)”. The
valuesin eachparticipatingcolumnareunderstoodashaving thesamemeaning.

Thedeductiveextensionin Section3 will heavily rely onthenotionof relation,or morepreciselyonits
logical counterpart,theconceptof predicate.Indeed,inferenceruleswill generallycomputeto relations,
i.e., uponevaluation,they will �ll thecell rangein which they arede�ned with a setof records.In order
to do so,they will typically interpretotherareasof thespreadsheetasrelationsandcombineportionsof
their recordsinto theirown result.Section3 will bemainlyconcernedwith de�ning thelanguageof these
logical formulasandhow to evaluatethem,while Section4 will describehow to convenientlymakethem
availableto users.

It shouldbenotedthatcommercialproductsdo provide a limited toolkit for supportingtherelational
interpretationof a region of the spreadsheet.Microsoft Excel, for example,recognizesthis intent when
theuserenterstextual captionsin thetop row of a new worksheetandtheninputsthe �rst record.Excel
then interpretsthis group of columnsas a “data list” and makes available a numberof commandsto
manipulateit: it de�nes a “form” for inputingnew recordsor modifying existing ones;it offers“�lters”
to hide from view all recordsthatdo not satisfya givencondition;it permitssortinga datalist in place;
it providesa numberof “databasefunctions”to conditionallyperformoperationssuchasSUM on a data
list; �nally it allows a setof columnsto be importedfrom an externalapplication,eithera databaseor
anotherspreadsheet— this is theonly non-manualwayof creatinga relation.

This relationalsupportis limited and limiting in a numberof ways.First, it lacks completenessas
few rudimentaryoperationsare available to combinetwo or more relations(the most interestingare
VLOOKUP andHLOOKUP , whichallow simulatingatbestsomecasesof outerjoins,with mucheffort,
but not themoreusefulinnerjoin). Second,thissupportis mostlyprovidedin theform of commands(like
“Print”, say) ratherthan operators(like “+ ”) that can be woven into formulas.This endows relations
with a second-classnaturethatsitson top of but doesnot blendinto thespreadsheetparadigm:relational
commandare not boundto the relationsthey compute,they must be initiated by the userratherthan
performedautomaticallythroughcalculation,andupdatesarenotautomaticallypropagated.

By contrast,our effort makesavailablea linguistic extensionthat allows working with relations(or
moreaccuratelypredicates)as�rst-classobjectsin thesamewayascurrentformulasoperateoncells:the
logical rulesde�ning a predicateareboundto a cell rangeexactly like arrayformulas.In particular, they
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aresaved to �le just like any formula,they areevaluateduponloadinga (deductive) spreadsheetfrom a
�le, andthey immediatelypropagateany updateaffectingthedatathey dependon.

2.2 RelatedWork: Mixing SpreadsheetsandLogic

We will now review themainhistoricalattemptsat infusingspreadsheetswith deductivecapabilities.

2.2.1 1982–2004
The idea of combininglogic programmingand spreadsheetsstartedcirculating in the early 80's, at a
time when both technologieswere relatively new, and the personalcomputerhad just begun trickling
off theproductionlines.The�rst andmaybemostcomprehensiveearlyproposalwasput forth by Frank
Kriwaczekin his 1982Master's thesis(Kriwaczek1982),a revisedversionof which waslaterpublished
for a wider audienceas(Kriwaczek1988).His LogiCalcsystemwasmeantto “reconstructlogically, in
micro-Prolog,a typical spreadsheetprogram”.It not only capturedmostof the functionalitiesof early
spreadsheets,but alsoprovidedpowerful extensionssuchasrelationalviews, integrity constraints,bidi-
rectionalvariables,symbolicmanipulations,andcomplex objects(e.g.,lists, graphics,andspreadsheets
themselves).The input and output was basedon the limited teletypeinterfaceof early computersas
moderngraphicaluserinterfaceshadnotbeeninventedat thetime.

A few yearslater, vanEmdenproposedusingtheconceptof incrementalquery, by which a standard
Prolog query can be re�ned interactively, for solving spreadsheet-like problems(van Emden,Ohki &
Takeuchi1986).Theproof-of-conceptPrologimplementationrealizedcorespreadsheetfunctionalitiesas
well asexploratorylogic programming,but madeuseof the (still non-graphical)matrix displayof the
spreadsheetonly for output,onesolutionata time.This ideaswaslaterre�ned (Cheng,vanEmden& Lee
1988)to reportall solutionsto a Prologqueryin a tabular fashionusinga windowedgraphicalinterface.

The last attempt of the decadeat integrating logic and spreadsheetswas Spenke and Beilken's
PERPLEXsystem(Spenke & Beilken 1989),which relied on logical formulasto expressbidirectional
integrity constraintswithin a fully graphicalspreadsheet.The resultingsystemwas very powerful but
unlikely to beusableby anentrylevel user.

Surprisingly, this threadof researchdriedout in the late80's in spiteof thegiganticadvancesin user
interfacedesignandthecomingof ageof logic programmingin the1990's.The oneisolatedexception
wastheKnowledgesheetsystem(Gupta& Akhter2000),whichexploredanalternativewayof embedding
logicalconstraintswithin aspreadsheet.

2.3 RecentEfforts

In a sharpreversalof this trend toward oblivion, half a dozenlogical extensionsto the spreadsheet
paradigmwere proposedin 2004–05.This �urry of activity culminatedin the Workshopon Logical
Spreadsheets—WOLS'05 held at StanfordUniversity in the summerof 2005 (Workshopon Logical
Spreadsheets2005). The presentedsystemsfell into two clear classes:proposalswhich allowed the
Prolog-stylecomputationof new valuesfrom existing values,andsystemswhich provided supportfor
bidirectionalconstraints.Thepresentwork falls into the�rst class.

3 Extending CoreFunctionalities

We will now introducethe functionalextensionsunderlyingthe Deductive Spreadsheet.As mentioned
above,our objective is to make supportavailablefor manipulatingrelationsas�rst-classobjects,namely
to write formulasthatcomputeto relationsandto extendthetraditionalmechanismsfor evaluation,update
andexplanationto thesenew entities.As our languagefor relationalformulas,we designeda variant
of the logic programminglanguageDatalog(Lloyd 1987,Ceri et al. 1990).Dataloghasbeenstudied
for many yearsin thecontext of Deductive Databases(Ceri et al. 1990,Colomb1998),it hasexcellent
computationalpropertiesandexpressiveness,andit comeswith anumberof traditionalalgorithmsthatare
compatiblewith our intendedusein aspreadsheetcontext. Weextendits syntaxto supportembeddingthe
arrayandscalarformulasof theTraditionalSpreadsheetandto makeit usablein awiderrangeof practical
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circumstances.Supportedalgorithmsareextendedaccordingly. Wewill now outlinesalientaspectsof this
program,relying on examplesfor the mostpart.Formal de�nitions anddetailedanalysescanbe found
in (Cervesato2005).

3.1 First-ClassRelationsandLogical Infrastructure

Assumethat a tabular areaof a spreadsheethasbeenloadedwith informationaboutcommercial�ight
segments,for exampleusingthe “data list” forms available in the TraditionalSpreadsheet,or by some
other input method.In order to make this examplemore concrete,supposethat columnsA, B , and
C contain the origin and destinationairports of every such �ight, and the distancebetweenthem,
respectively.Figure1 partiallydisplaysthissettingwithin MicrosoftExcel2000(pleaseignorethetextbox
andmenusfor thetime being),with theadditionof captionsfor thewhole table(“directFlight”) andthe
individual columns(“From”, “To” and“Dist”). For the sake of readability, we will usethesenamesto
referto theactualtableandits columns,insteadof cell rangessuchasA3:C200for example(commercial
spreadsheetprovidemeansto associatesymbolicnamesto cell rangesandotherspreadsheetentities).

Wenow wantto computeall airportpairsthatarereachableby �ying throughatmostoneintermediate
city. Intuitively, they consistof all pairsof cities thatcanbereachedin eitheronehopor two hops.The
�rst optionis just thetabledirectFlight, with thedistanceinformationomitted:if onecan�y directly from
A to B, thenonecan�y in atmosttwo hopsfrom A to B. Thesecondway is to �y to anintermediatecity
andfrom thereto a destination:if onecan�y from A to X directly andthenfrom X to B directly, then
onecan�y in atmosttwo hopsfrom A to B. Thissimplereasoningpatternprovidesawayof building the
desiredrelation,call it twoHopsMax. The logic programminglanguageDatalog(Lloyd 1987,Ceri et al.
1990)formalizessuchpatternsandprovidesa syntaxto expressthem.This simpleexampleassumesthe
following form in Datalog:

twoHopsMax(A ; B)  directFlight(A ; B; ):
twoHopsMax(A ; B)  directFlight(A ; X; ) ^ directFlight(X ; B; ):

Here,the predicatedirectFlight(A ; B; ) describesa genericrecordof the tabledirectFlight, usingthe
variables“A” and“B” to identify thevaluesin its �rst andsecondcolumn,respectively; thenotation“ ”
is a way to ignorethethird valuein this record.Then,it suf�ces to readthereverseimplicationsymbol,
“  ”, as “if ” and the conjunctionsymbol, ^ , as “and”, and we obtain an exact readingof the above
informalde�nition of twoHopsMax: theformulaon the�rst line statesthatoneway to build a recordfor
twoHopsMaxis to take any tuple from directFlight andignorethe third component;thesecondformula
saysthatonecanalternatively combinethe�rst andsecondvaluein two arbitraryrecords,aslongastheir
secondand�rst valuescoincide.Eachof theseformulasis calleda clausein Datalog,andaltogetherthey
contributeto de�ning thepredicatetwoHopsMax.

Now, assumethatwe wantthis derivedrelationto bewritten in columnsD andE of our spreadsheet,
evaluatedwhen loading it from a �le, and automaticallyupdatedwhenever any value in directFlight
changes.Thereis noway to achievethis effectwithin theTraditionalSpreadsheet.

By contrast,theDeductive Spreadsheetallows associatinga clausalde�nition suchastheabove to a
region of thespreadsheet.Indeed,we canselectcell rangeD3:E500andassignthesetwo clausesto it,
in nearlythesameway aswe would install an arrayformula into it. Again, we usesymbolicnamesfor
this tableandits columns.Evaluatingtheseclauseswill �ll this tablewith uniquerecordssatisfyingthem,
startingfrom row 3. If therearelessthan497suchrecords,thebottomportionof the tablewill remain
blank, if therearemore,someentrieswill be dropped(the userinterfaceprovidesa notationfor ranges
suchas“columnsD andE from row 3 to thebottomof theworksheet).

TheDeductiveSpreadsheetprovidessyntaxto de�ne a wide rangeof relations.Let us�rst modify the
aboveexampleto returnonly thosepairsof citiesthatareatmost200milesapart.This is achievedby the
following two clauses:

twoHopsMax(A ; B)  directFlight(A ; B; D) ^ D < 200
twoHopsMax(A ; B)  directFlight(A ; X; D) ^ directFlight(X ; B; D0) ^ D + D0< 200
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The addedconjuncts,D < 200 and D + D0< 200, are called constraints. Constraintsare one of the
available interfacesto embeddingtraditional spreadsheetformulaswithin a clausalde�nition. Indeed,
200hereis just a value,while theexpressionD + D0 is closelyrelatedto scalarformulas.In general,a
constraintcancompareany expressionbuilt outof values,operators,cell referencesandclausalvariables.
Theotherway to referto a traditionalformulawithin aclauseis to usethecoercionoperator h: : :i , which
convertsagenericarrayformulato a relationwith thesamegeometry(thedual[: : :] coercioninterpretsa
clausalde�nition asanarrayfor inclusionin a traditionalformula).

The above examplesmake a fairly basicuseof the logical capabilitiesof Datalog.The following
recursiveclausescomputethepair of airportsthatcanbereachvia arbitrarilymany hops:

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

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

Datalogallows otherlogical operatorsto appearin clauses,in particulara restrictedform of negation
calledstrati�ed negation(Lloyd 1987,Ceri et al. 1990).Onething thatDatalogdoesnot permit is for a
clauseto returnvaluescomputedby applyinga functionaloperatorto recursive argument(for instance,
addingan argumentto indirect to keeptrack of the numberof segment):this is unsafeasit may cause
evaluationnever to terminate.From a practicalpoint of view, computingvaluesin this way is however
extremelyuseful:onedoeswantto know thenumberof hopsin his itinerary. TheDeductivespreadsheet
accommodatesthisneedby permittingsuchcalculations,but stoppingthecomputationafterauser-de�ned
boundon themaximumnumberof iterations.It is thenpossibleto computethenumberof premier(25%
bonus)frequent�yer milesanitinerarywill yield, whichwouldbeforbiddenin Datalog:

indirect(A ; B; M)  directFlight(A ; X; D) ^ M = 1:25� D:
indirect(A ; X; M)  directFlight(A ; X; D) ^ indirect(X ; B; M0) ^ M = 1:25� D + M0:

We similarly stretchthe traditional limits of Datalogby allowing �at lists, asin the following example
which returnsnot just pairsof airportsthatarelinkedby air, but alsotheactualitinerarybetweenthem:

indirect(A ; B; It )  directFlight(A ; B; ) ^ It = [A; B]
indirect(A ; B; It )  directFlight(A ; X; ) ^ indirect(X ; B; It 0) ^ It = [AjIt 0]:

Boundediterationis againusedto avoid thepossibilityof anin�nite computation.
Complex deductivepatternscanbeachievedbyappropriatelycombiningthelogicalfeaturesintroduced

so far. For example,it is possibleto �nd the shortestitinerary betweentwo cities, the numberof such
itineraries,the list of all airportsreachablefrom a given city, etc.Abbreviationsareavailablefor many
of theseadvancedpatterns.Theresultinglanguageallows expressingnumerousclassesof problemsthat
arenot solvablein theTraditionalSpreadsheet.Examplesincludethebill of materials,anti-trustcontrol,
meetingplanner, work�o w, andvarioustypesof transitiveclosure.See(Cervesato2005)for details.

3.2 EvaluationandUpdates

Datalog has beenextensively studiedin the context of databasesas its recursive clausesextend the
expressivenessof thetraditionalquerylanguagesof RelationalDatabases(Cerietal.1990,Colomb1998).
Particularly appealingis the fact that, differently from other logic programminglanguageslike Prolog,
therearealgorithmsthatguaranteethat theevaluationof a setof Datalogclauseswill alwaysterminate.
This is of primeimportancein thecontext of a spreadsheetastheprospectof non-terminationwould not
beacceptedby users.

A numberof (terminating)evaluationalgorithmshave beenproposedfor Datalog(Ceri et al. 1990).
Many of themareoptimizedfor ef�ciently answeringtypical databasequeries,which tendto be rather
focused,returningjust a few records.This is not the way we anticipatethe deductive extensionof the
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spreadsheetwill beused.Instead,we expectthe typical userwill de�ne rathergeneralrelations,similar
to the examplesgiven above, characterizedby a numberof recordscomparableto the tablesthey draw
their input from. Oneof the earliestproposalsfor evaluatingDatalogclauses,bottomup evaluation, is
particularlysuitedto this modeof operationas it ef�ciently computessetsof recordsuntil all possible
solutionshave beenproduced.In order to producethe setof valuessatisfyingindirect for example,it
would �rst returnthe pairsof cities that aredirectly linked (usingdirectFlight in the �rst clause),then
thosethat requireone stop, then two stops,and so on. At eachstep,recordspreviously obtainedare
discarded;theprocessendswhennonew recordis generatedin thisway. Wehaveextendedthisapproach
to encompassthe languageoutlinedin the previoussection,including the aspectsthat arenot found in
Datalog(Cervesato2005).

An optimizedversionof this evaluationmethod,known as the semi-nä�ve strategy, forms the basis
of anef�cient procedurefor updatepropagation.While updatesin theTraditionalSpreadsheetstatically
identify theaffectedcells,this methodattemptsto dynamicallyidentify therecordsthatshouldbeadded
or deletedto aderivedrelation.Thiscanbedonequiteef�ciently for commontypesof clausalde�nitions.
We invite theinterestedreaderto consult(Cervesato2005)for details.

3.3 Explanation

Explanationin theTraditionalSpreadsheetboils down to following cell referencesin formulas,which is
reasonablesincetheresultof a formulatypically dependson all thevaluesthatarereferencedin it. This
is notsoin ourdeductiveextension:althoughthede�nition of indirect referencestherelationdirectFlight
for example,any givenrecordin theformer is actuallycomputedon thebasisof very few recordsin the
latter. Therefore,just following staticreferencesis not particularlyusefulin this new setting.In fact,the
type of questionswe areinterestedin is not so much“Whatdoesthis relation dependon?”, but rather
“Whywasthis record returned?”. This requiresunfolding thecomputationthatproducedthis particular
record,not trackingdown staticdependencies.

Onewayto answersuchquestionsis to keeptrackof how eachrecordwasobtained.Thisapproachnot
only requiresconsiderablebookkeeping,but is ineffectivevis-a-visof anotherlegitimatetypeof questions:
“Whywas this record not returned?”. The explanationfacilities of the Deductive Spreadsheetoperate
differently: it startswith the suspectrecord(or in generalan arbitraryquery)andunfoldsthe available
clausesin searchof all supportingfactsin thespreadsheet(or their absence).This techniqueemploys a
top-downstrategy asit unravelsde�nitions from thetop queryall theway down to elementaryevidence.
Unlessconductedcarefully, top-down evaluationcanbenon-terminatingevenin Datalog.TheDeductive
Spreadsheetreliesonapproachesthatguaranteetermination(Smith,Genesereth& Ginsberg1986,Warren
1998).

4 User Interface Extension

The Traditional Spreadsheetowes much of its successto a user interfacethat hasevolved to provide
intuitive accessto the underlyingfunctionalities,for the most part (array formulasare an unfortunate
exception).In particular, it offersconsistentinteractionmodalitiesacrossfeaturesanda gentlelearning
curve that allows usersto progressthroughexposureand minimal experimentation.One of our main
goalsin thedesignof theDeductive Spreadsheetwasto maintainthis very samelevel of usabilityaswe
madeavailabletheaddedexpressivenessof logical reasoning.For this reason,wereliedon userinterface
designmethodologiesrecentlyproposedwithin the�eld of CognitivePsychologyandappliedwith great
successin otherextensionsof thespreadsheet(Peyton Joneset al. 2003).Using themasguidelines,we
developeda minimally intrusiveextensionof theuserinterfaceof theTraditionalSpreadsheetto support
the deductive functionalitiesdescribedabove. It extendsall traditionalmethodsfor interactingwith the
spreadsheetto thenew deductive features,in particularasfar asformulamanipulationis concerned.We
will now brie�y review boththeinterfacedesignapproachandtheoutcomeof adoptingit. Detailscanbe
foundin (Cervesato2005).
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Figure1 Mouse-AssistedClausalDe®nition

4.1 Approach

Following thestepsof (PeytonJonesetal. 2003),weusedtwo CognitiveSciencemethodologiesto design
our initial userinterfaceof theDeductive Spreadsheet:theCognitive Dimensionsof Notation(Green&
Petre1996)and the Attention InvestmentModel (Blackwell 2002).The �rst relieson the observation
that the designersof a system,languageor computerinterfaceoften lack namesto talk aboutsomeof
thecognitive conceptsthey use,especiallythoseconceptsthatmostdirectly impacttheenduser. It then
proceedsto providing a concretevocabulary to bring theseoftenimplicit conceptsto theforegroundand
help make informed user-centereddecisions.For example,it de�nes “prematurecommitment”as the
degreeto which a useris forcedto make a decisionbeforeall the informationis available.By contrast
theAttention InvestmentModel (Blackwell 2002)“offers a cost/bene�tanalysisof abstractionusethat
allowsusto predictthecircumstancesin which userswill chooseto engagein [them]”, henceencouraging
thedesignerto put himself in theshoesof theuserandanticipatehow they will copewith aspectsof the
notation.

4.2 Realization

Our primary concernin designingthe userinterfaceof the Deductive Spreadsheethasbeento remain
conservativewith respectto thechoicesthathavesedimentedin themostlyexcellentinterfacesof modern
spreadsheetapplications,choicesto which usershave becomeaccustomedand sometimesdependent.
Within thesenecessarybounds,our major designobjective hasbeento provide the userwith a simple
andintuitive accessto theenhancedexpressive power of thedeductive infrastructure.For themostpart,
this is realizedby simply extendingthecurrentinteractionmodalitiesto thenew deductive components.
For example,all the graphicalapproachesto constructinga scalaror array formula areavailablewhen
building aclausalde�nition. Weoccasionallyextendcurrentsupportin orderto furthersimplify theuser's
experience,in particularby offering a new interactive way to assembleclauses,or to take advantageof
thedeductive infrastructure,for instanceby providing novel �o w graphvisualizationmechanisms.

At �rst glance,theuserinterfaceof theDeductiveSpreadsheetis indistinguishablefrom thescreenof a
typicalTraditionalSpreadsheet.Indeed,theuserstill seesagrid of cellswhichshecanformatin theusual
ways.They form aworksheetandseveralworksheetsconstituteaworkbook.All thetraditionalnavigation
methods,selectiontechniques,andcommandsat largeoperateasusual.It is only whenshestartsworking
with thesystemthat thenew possibilitiesreveal themselvesasaddedmenuitemsandextensionsto old
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Figure2 Deductive ExplanationDialog

functionalities.Themajorchangesto thestaticlayoutof theapplicationwindow cateraroundproviding
simpleandef�cient methodsfor designatingareasof theworksheetasrelations,andmakingaconvenient
interfaceavailablefor associatinga clausaltheorywith a rangeof cells.Althoughthe �rst objective can
berealizedby chainingcommandsin thetraditionalspreadsheet,westreamlinethisprocessby providing
asimpledialogfor achieving it.

The secondobjective comprisesenteringclausalde�nitions andinvoking deductive capabilities.We
currentlyoffer two equivalentsyntaxesfor writing clauses:oneis a slightly beauti�ed form of Datalog
(seeFigure 1 for an example)and the other extendsthe traditional SQL query languageof relational
databases— see(Cervesato2005).Our main motivation for this dual languageapproachis that some
usersmay �nd it easierto expresstheir problemlogically, while othersmay have moreof a relational
mind-set.Thetextual syntaxof logical formulasis however likely to evolve aswe gatherfeedbackfrom
user.

The most immediateway to createa logical de�nitions is to enterit into the formula input textbox,
just as for scalarformulas.Becauseclausalrules (or SQL statements)tend to be more complex than
a typical arithmetic formulas, we have enhancedthis capability by effectively making available a
syntacticeditor that highlightskeywordsandprovidesvisual feedbackfor relationsandtheir columns,
autoformatscomplex de�nitions, possiblyover several lines, andmonitorswhat the userwrites in real
time, recognizingpotentialerrorsandsuggestingcorrections.A secondway to de�ne a derivedrelation
is to usethe mouseto draganddrop predicatesin a clause,or selectthemfrom dedicatedmenus.An
exampleis given in Figure1. Finally, the formula insertionwizard, althoughseldomusedin practice,
hasbeenextendedto supportde�ning clauses.The traditionalcut andpastemechanismfor propagating
formulas,a favorite amongusers,hasbeenextendedto work seamlesslyover logical formulas(andby
extensionoverarrayformulas,whosesupportis ratherde�cient in commercialspreadsheetapplications).

Corefunctionalitiesareinvokedasin theTraditionalSpreadsheet.In particular, evaluationis automati-
cally performedwhena �le is loaded.Recalculationis automaticby default,but it canbe�ne tunedusing
menudialogs,and forcedby invoking dedicatedcommands.Explanationcan be invoked by choosing
a menuitem, which brings up the dialog in Figure 2, which inquiresabouthow outbounditineraries
from 'JFK' havebeenobtained.Theexplanationmechanismallows theuserto cycle throughall possible
answersto a query(hereit examinesitinerariesbetween'JFK' and 'LAX') andall possiblewaysthey
canbe obtained.For each,the left panedisplaysa directory-like structurethatoutlinesthe sequenceof
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stepstaken,i.e.,all therecordsit dependson.Becausesuchexplanationscanberatherlarge,theusercan
minimizepartsthatarenot deemedinteresting,andincrementallyexpandthemlater. Whenany recordis
selected,theright paneshowstheinstantiatedclausethatproducedit.

TraditionalSpreadsheetscomewith a numberof tools aimedat visualizingraw datain an intuitive
manner, hencemaking them more readily usable,augmentingproductivity, and improving the user's
experience(or her customers').Many of thesetools target tabular data,allowing to summarizethem
as chartsor graphs,and to build complex what-if analysisscenarioswith a few mouseclicks. The
deductive extensionopensthe doorsto new opportunities.For example,a relationsucha directFlight
canconvenientlybedisplayedasagraphwith airportsasnodesandconnectionsasedgespossiblylabeled
with distanceor other information.Overlaying other relationsprovides an immediatevisual intuition
that is not easilyachievablein tabular form. We call this typeof renderinga connectiongraph. Another
productivity toolswe have beeninvestigatingin thecontext of theDeductiveSpreadsheetis a �o w graph
generator(Cervesato2005).

5 Preliminary Evaluation and UserFeedback

We have conducteda small-scaleand very preliminary usability experimenton potentialusersof the
Deductive Spreadsheet.We interviewed eight current usersof Traditional Spreadsheetapplications,
principally Microsoft Excel, with diverse backgroundsand sophisticationlevels. We explained the
generalidea underlyingthe proposedextension,showed themscreenshotsfor a simulatedexampleof
theDeductiveSpreadsheet,andnotedtheir reactions.

Altogether, thisexperimentshowedthatour targetaudience,namelyintermediateandadvancedusers,
couldeasilygraspthepotentialof theDeductiveSpreadsheet.Indeed,they suggestedseveralusesfor it in
theircurrentactivities.They commentedfavorablyontheuserinterface,especiallytheexplanationfacility
andthepossibilityof displayingtablesasaconnectiongraph.To oursurprise,alsobeginners,whichwere
not a targetcategory, showedinterestin thebasicrelationalfunctionalities,althoughthey haddif�culties
with someof moreadvancedconceptssuchasrecursion.Beginnerstook issuewith thewordingof menu
itemsandotherinterfacetext anddemandedfriendlierapproachesto building simpleclausalde�nitions so
thatthey couldperformbasicmanipulationsof tabulardatain unintimidatingways.In essence,beginners
pressedfor beingincludedasthebene�ciariesof this technology.

Testedusersacrossthe boardwerevery positive aboutthe integrationof persistentrelationalquery
facilities in a spreadsheet,a key aspectof the Deductive Spreadsheet.They were clearly interestedin
thepossibilityof usingspreadsheetsassmall homegrown databases,without thesteeplearningcurve of
typicaldatabasemanagementsystems.Theideaof tabularviewsof datawherechangesareautomatically
propagatedseemedparticularlyappealingto them.

Thefeedbackfrom volunteersin ourtargetaudience,advancedandintermediateusers,suggeststhatwe
mayhave achievedour cognitive objectives.We alsoseethekeeninterestof beginnersfor whatthecore
technologyof theDeductiveSpreadsheetcandeliverasanunexpectedniche.If rigoroustestingcon�rms
thesepreliminaryresults,we intendto concentratefutureeffortsto makingavailableintuitivetoolsto take
advantageof basicbut usefulaspectsof oursolution.Wealsoplanto build onthenumerousimprovements
suggestedby theadvancedandespeciallyintermediateusers.

6 Towards an Implementation

At the time of writing, we are in the early phaseof an implementationof the Deductive Spreadsheet
into a prototype that we call NEXCEL. When completed,this systemwill embedall the primary
operationalfunctionalitiesdiscussedin Section3, in particularevaluation,updateandexplanationover
the entire linguistic extension,anda majority of interfacefunctionalitiespreviewed in Section4. This
implementationis intendedasa testinggroundfor our design,andis principally aimedat assessingtwo
aspectsof this proposal:performanceandusability. Abstractmodeling(Cervesato2005)anticipatesthat,
in practice,typical clausalde�nition will beevaluatedin a time comparableto traditionalformulas(and
thereforehave no tangiblecostfor theuser),althoughcomplexity analysisindicatesthepossibility of a
polynomialdegradationin theworstcase.An actualprototypewill allow us to assessperformancefor a
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Figure3 Structureof theNEXCEL Prototype

widerangeof usage,andalsoto experimentwith optimizations.Ontheusabilityfront, thisprototypewill
permitactualusertestingandexperimentationwith differentwaysof makingfunctionalitiesavailableto
users.Ultimately, it will preparethe stagefor an actualimplementationof the Deductive Spreadsheet,
eitheran ef�cient modulefor an existing spreadsheetapplication(eitherMicrosoft Excel or someother
commercialproduct),or asanindependentapplication.

The NEXCEL prototypeconsistsof two components,assketchedin Figure3: an add-onmoduleto
Microsoft Excel2003andan inferenceengine.Our implementationrelieson anoff-the-shelfMicrosoft
Excel 2003executablefor all traditional functionalitiesaswell asmost userinterfaceoperations.The
add-onmodule,written in VisualBasicfor Applications,actsasabridgebetweenExcelandtheinference
engine:it recognizesuserinteractionsintendedto accessextendedfunctionalitiesanddispatchesthemas
neededto theinferenceengine.Whenloadinga deductivespreadsheetfrom �le, it will communicatethe
contentsof all regionsusedrelationally, aswell asany de�ning clausesit �nds, andinstall theevaluated
recordsin the appropriatecells as soon as it receives them from the inferenceengine(this process
will often be conductedover several iterations).Similarly, it will relay any changeaffecting the logical
fragmentof the spreadsheetandupdatededucedvaluesasreportedby the deductive engine.Finally, it
will passonexplanationrequestsanddisplaytheir resultasdescribedin Section4. It will handledirectly
only themostbasicrequests,suchassomechangesin thegeometryof a relation.

Theinferenceengineimplementsall thefunctionalitiesdescribedin Section3, evaluation,update,and
explanation,andmaintainsappropriatedatastructuresfor thesepurpose.Thesecurrentlyincludeaneval-
uatedcopy of everyrelationreferencedor de�ned in theDeductiveSpreadsheet,andof coursetheclauses
de�ning thelatter. They alsoincludegraphstrackingvarioustypesof dependenciesbetweenpredicates,in
particulartheircall graph,which includesstrati�cation informationneededduringevaluation.Ourcurrent
prototypeis beingwritten in thefunctionallanguageHaskell, which combinesreasonableef�ciency and
rapidprototyping.

7 Conclusions

In this paper, we have outlined a designfor an extensionof the TraditionalSpreadsheetthat supports
powerful formsof symbolicreasoningwhile maintainingtheusabilityof its userinterface,asembodiedin
successfulcommercialproducts.Thisdesignis currentlybeingimplementedinto theNEXCEL prototype.
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