Copyright 1998 IEEE. Published in the Proceedings of VL ’98, 1-4 September 1998 at Nova Scotia, Canada. Personal use of this material is permitted. However,permission to reprint/republish this material for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers or lists,or to reuse any copyrighted component of this work in other works, must be obtained from the IEEE. Contact: Manager, Copyrights and Permissions / IEEE ServiceCenter / 445 Hoes Lane / P.O. Box 1331 / Piscataway, NJ 08855-1331, USA. Telephone: + Intl. 732-562-3966.- 1 -Similarity Inheritance: A New Model of Inheritancefor Spreadsheet VPLsRebecca Walpole Djang and Margaret M. BurnettDepartment of Computer ScienceOregon State University, Corvallis, Oregon 97331{walpolr, burnett}@cs.orst.eduAbstractAlthough spreadsheets can be argued to be the mostwidely-used visual programming languages (VPLs) today,most are very limited compared to other VPLs,supporting only a few built-in types and offering onlyprimitive support for code reuse. The inheritancemechanisms of object-oriented programming might seemto offer help for the latter problem, but incorporatingthese mechanisms in a traditional way would introduceconcepts foreign to spreadsheets, such as messagepassing. In this paper, we present similarity inheritance, anew approach to inheritance that is suitable for seamlessintegration into the spreadsheet paradigm. We firstexplain the model independently of any implementation,and then present a prototype implementation in theresearch spreadsheet VPL Forms/3. We show thatbringing inheritance functionality to the spreadsheetparadigm can be done using the widely-understood idea ofcopy/paste. Further, we show why the approach requiresthe presence of a live, visual environment.1. IntroductionSpreadsheets have proven to be a popularprogramming paradigm, accessible even to non-programmers. Current spreadsheets, however, suffer fromsome of the problems that have been solved in otherprogramming languages. For example, in otherprogramming languages, object-oriented inheritancemechanisms have improved upon ad-hoc (cut-and-paste)reuse of code, but spreadsheets still support only ad-hocreuse through copy/paste and formula replication. Thusspreadsheet users must remember the reuse relationshipsthemselves and maintain them manually whenever areused formula changes. Some commercial spreadsheetssuch as Excel¤ have a few additional conveniences, suchas automated formula adjustment when a new copy of alinked spreadsheet is made. However, these features aresimply editing conveniences, and the user is still left tomanually maintain the reuse relationships.It occurred to us that incorporating inheritance intospreadsheets could result in stronger support for formulareuse than is found in current spreadsheets. However,existing models of inheritance do not seem suitable forthe spreadsheet paradigm because they introduce conceptsforeign to spreadsheets, such as message passing. Thus,we set out to find an approach to inheritance suitable forspreadsheet VPLs.We use the term spreadsheet VPLs to refer to a varietyof systems that follow the spreadsheet paradigm, fromcommercial spreadsheets to more sophisticated researchVPLs that follow the declarative, one-way constraintevaluation model. The essence of the paradigm issummarized by Alan Kay�s value rule for spreadsheets [9],which states that a cell�s value is defined solely by thedeclarative formula explicitly given it by the user.In this paper we present a new approach to inheritancesuitable for spreadsheet VPLs, and an instantiation of theapproach in the research spreadsheet VPL Forms/3 [1, 4].The approach, called similarity inheritance, provides aconcrete way of sharing behavior among objects in aspreadsheet VPL. The unique attributes of similarityinheritance are that:¥it includes an explicit visual representation of all theobject�s unique and shared behaviors, rather thanleaving some behaviors implied through parenthood;¥it is flexible enough to allow sharing at multiplegranularities and even allows mutual inheritance;¥it brings object-oriented concepts to spreadsheetVPLs without using external languages or macros;¥ it subsumes the current spreadsheet edit-basedmechanisms for formula propagation, unifyingformula reuse with inheritance.2. Related work2.1 Alternatives to traditional inheritanceOur approach aims at providing more concretenessthan is found in the traditional class/subclass model. This

- 2 -goal is also characteristic of the prototype model ofinheritance [11], which is based on concrete parent objectsrather than abstract classes. In the prototype model, if anobject cannot handle a message directly, it delegates it toits parent object, which in turn handles it or delegates itto its parent, and so on. Prototypes remove the need forthe concepts of class, subclass and instance since anyobject can be used as the basis for defining a new object.Self [20] is perhaps the best-known prototype-basedlanguage. ObjectWorld [15] is a prototype-based languagethat uses visual mechanisms to emphasize concreteness.In the prototype model, objects include theirdefinitions, whereas in our approach definitions includeobjects. Another important difference between oursimilarity inheritance approach and most prototype-basedlanguages is that our model does not use messagepassing. Kevo [18] is one of the few prototype-basedlanguages that does not use message passing. Kevo is atextual language that emphasizes the concreteness andself-sufficiency of objects. Operations can be marked asapplying to individual objects or to clone families whichare groups of similar objects automatically inferred by thesystem. Thus Kevo does not require a designated parentprototype for a collection of objects, but consequentlythere are no change propagation mechanisms for objectsoutside the clone family.Most approaches to inheritance operate at thegranularity of entire classes or objects. Mixins [2] are atechnique for providing inheritance of partial classes. Alsoknown as abstract subclasses, mixins exist only to beinherited by other, complete classes. They usually definejust a small piece of functionality and, combined withmultiple inheritance, can cut down on the codeduplication that arises when the language allowsinheritance only at the class level. Another approach tofine-grained inheritance is found in the language I+ [14].I+ inheritance is not determined by subclassing, but byexplicitly listing the methods to inherit. Neither of theseapproaches supports a granularity finer than wholemethods.2.2 Combining spreadsheets with object-oriented programmingMany VPLs have incorporated object-oriented concepts[3, 5, 6]. However, spreadsheets and more advancedspreadsheet VPLs have had little work to date onapproaches to inheritance, perhaps because there has beenonly a little work that incorporates support for objectsinto spreadsheets.Commercial spreadsheets provide support only for afew built-in types�numbers, Booleans, and strings�asfirst-class values,and do not provide a formula-basedmechanism allowing users to add new types of objects.Although some spreadsheets gain partial support foradditional objects through the use of macro languages and�trapdoors� to other programming languages (such asVisual Basic), these approaches do not maintain aseamless integration with the spreadsheet paradigm,because they use notions such as global variables, statemodification, and imperative commands in a languagedifferent from the formula language of the spreadsheet.A few research spreadsheet VPLs have alsoincorporated external languages to support object-orientedfeatures. ASP (Analytic Spreadsheet Package) is aspreadsheet VPL in which every cell can be any object,and every formula is written in Smalltalk [16]. Smedley,Cox, and Byrne have incorporated the VPL Prograph withuser interface objects into a conventional spreadsheet forGUI programming [17]. C32 [12] is a spreadsheet VPLthat is part of the Garnet user interface developmentenvironment [13]. C32 does not itself feature thegraphical creation and manipulation of objects; thesemust be created by other tools or written in Lisp. Theseapproaches add some of the power of object-orientedprogramming, but do not enforce consistency with thevalue rule, since global variables and state-modifyingmechanisms circumvent it.Some research spreadsheet VPLs have moved towardexpanding the types of objects supported without the useof external programming languages. A pioneering systemin this direction was NoPumpG [10] and its successorNoPumpII [22], two spreadsheet VPLs designed tosupport interactive graphics. These languages includesome built-in graphical types that may be instantiatedusing cells and formulas, and support limited (built-in)manipulations for these objects, but do not support user-defined objects.Penguims [8] is a spreadsheet VPL for specifying userinterfaces. Penguims supports composition of objects bycollecting cells together, and formula inheritance at theobject level. Unlike our work, it employs severaltechniques that do not conform to the spreadsheet valuerule, such as interactor objects that can modify theformulas of other cells, and imperative code similar tomacros.3. Background: Introduction to Forms/3We have created a prototype implementation of ourapproach to inheritance in the spreadsheet VPL Forms/3,and the examples in this paper are presented in thatlanguage. This section provides the background inForms/3 necessary to understand the examples.A Forms/3 programmer creates a program by usingdirect manipulation to place cells on forms (spreadsheets)

- 3 -).Radio buttons and popup menus (e.g., lineForeColor)provide a way to reliably enter constant formulas whenonly a limited set of constants are valid.and to define a formula for each cell using a flexiblecombination of pointing, typing, and gesturing. Aprogram�s calculations are entirely determined by theseformulas.Forms/3 has long supported an extensible collectionof types. Attributes of a type are defined by formulas incells, and an instance of a type is the value of a cell,which can be referenced just like any cell. For example,the built-in circle object shown in Figure 1 is defined bycells defining its radius, line thickness, color, and otherattributes. One way to instantiate a circle is to copy thecircle form, changing any formulas necessary to achievethe desired attributes (as in the figure); another way is tographically define its attributes [4], such as by sketchinga new circle or by stretching an existing circle by directmanipulation. The graphical method is a shortcut for thefirst method, and we will use only the first method in thispaper.To implement a new user-defined type of object, theForms/3 programmer provides cells and formulas toconstruct a prototypical object. During the constructionthe system responds, as one would expect on aspreadsheet, with immediate visual feedback as each newformula is entered. The formulas specify the internalcomposition of the object, how it should appear visuallyon the screen, and any operations that it provides.The internal composition is defined by cells andmatrices that can be placed inside abstraction boxes,which provide information hiding. Abstraction boxes arecells whose formulas default to being the composition oftheir components. For example, Figure 2 shows a stackimplemented by a one-dimensional matrix (inside

- 4 -4. Similarity inheritance modelIn this section we show how the preceding approach toobjects in spreadsheets can be extended to supportinheritance. We begin by describing our new model ofinheritance, independently of any languageimplementation. In the model description, we will useobject-oriented terminology to facilitate comparison withother models of inheritance, although it will later bedemonstrated (Section 5.5) that the approach is notrestricted to relationships among objects, and can be usedfor relationships among Excel-like spreadsheets as well.We define the similarity inheritance model to becomprised of a model of interaction (between theprogrammer and the computer) and a semantic model. Theinteraction model is composed of the tuple (C,F,L,R)where C is the copy operation that creates a shared defini-tion, F is the formula definition operation, L is aliveness level 3 or higher from Tanimoto�s liveness scale[19] indicating that immediate semantic feedback isautomatically provided1, and R is a representationmechanism that explicitly includes all shared formulasand relationships in each object�s definition.Three important points about the interaction modelare: (1) it separates the syntax with which the humancommunicates to the computer about program semanticsfrom that used by the computer to communicate to thehuman about program semantics (for example allowinganimations or graphical views), (2) it does not necessarilymap to a static textual syntax (for example, it allowsdynamic syntaxes) and (3) it depends on environmentalcharacteristics that are not usually guaranteed by textualprogramming languages but are common in visual ones.Note that the elements of the interaction model are notmere editing details of an environment, but rather definethe general characteristics upon which our semantics rest.The semantic model can now be defined as follows.Each object definition D in a program is a set of behaviors{Db1,Db2,...,Dbn}. For example, in Forms/3, an objectdefinition is a form. Each Dbi is a formula residing in acell. The symbol fi (pronounced �shares with�) indicatesa shared behavior; the arrow points from the originalversion to the copied one. The semantics of fi areAbifiBbi � Abi=Bbi .

1At liveness level 1 no semantic feedback is available. Atlevel 2 the user can obtain semantic feedback, but it is notprovided automatically (as in interpreters). At level 3,incremental semantic feedback is automatically providedafter each program edit, and all affected on-screen values areautomatically redisplayed (as in the automatic recalculationfeature of spreadsheets). At level 4, the system responds toedits as in level 3, as well as to other events such as systemclock ticks.The operations C and F determine when fi holds, assummarized in the following table (i ˛{1..n} and thetable omits postconditions that duplicate preconditions):OperationPreconditionPostcondition

C appliedto AA is an object definitionB does not existB exists and"i, AbifiBbi

C applied toAbk and BA and B are objectdefinitions and A„BAbkfiBbk

F appliedto BbkB is an object definition"A, Abkfi/Bbk

The first row defines large-grained similarity, andmeans that if C is applied to an object definition A, asimilarity relationship will be created between A and anew object definition B such that all of A�s behaviorsshare with B (this can be abbreviated AfiB). The secondrow defines fine-grained similarity, which allows a singlebehavior Abi to be copied to object definition B to createa shared relationship between Abi and Bbi. The third rowimplies that overriding removes �upstream� sharingrelationships, but not �downstream� relationships.Due to element R of the interaction model, objects inthe similarity inheritance model have the property of selfsufficiency from the programmer�s perspective, meaningthat every supported operation for an object and everypiece of data it contains can be determined by examiningthe object�s own definition rather than also requiring theinspection of parent objects or descriptive classes. Theimplication of the L element of the model is that theprogrammer, rather than working with abstractdescriptions (as in the class-based model), creates andmanipulates concrete descriptions, in which live objectsreside. A significant difference in the concreteness justdescribed from that of the prototype model is that thesharing relationships are created statically rather thandynamically.From this model, the granularity difference betweensimilarity inheritance and other approaches becomes clear.Both the class-based and prototype-based models supportfi/ at the granularity of methods (overriding), but neithersupports fi at the granularity of methods, e.g. the abilityto inherit just one method. Multiple and mutualinheritance are direct by-products of fine-grainedsimilarity. Multiple inheritance occurs in cases such asAfiB, and Cb1fiBb1. Mutual inheritance occurs in casessuch as Bb2fiCb2 and Cb3fiBb3.5. Similarity inheritance in Forms/35.1 Interaction modelThe interaction model is instantiated in the researchspreadsheet VPL Forms/3 as follows. Operation C is

- 5 -relationship. Operation F is supported by allowing theprogrammer to edit any formula that is visible. Livenesslevel L is level 4, so after every formula edit, immediatevisual feedback is given about the edit�s effect on theprogram. In Forms/3�s representation R, each behavior(cell and formula), whether the result of sharing or not, isvisible, which allows it to be edited by operation F.Shading indicates whether a form or cell is the result ofsharing. Section 6 explains additional features ofForms/3�s representation.5.2 Large-grained inheritanceThe Stack in Section 3 is an example of an objectcreated from scratch. Multiple Stack objects can be createdwith the copy operation C, as was illustrated by the circleexample. But suppose the programmer wants not anotherstack but something else that is similar to a stack, forexample, a queue. Taking advantage of that similarity, theprogrammer can start with a copy of Stack, then modifythe behavior using operation F. Inheritance and overridingof cell names as well as of cell formulas are allowed. Achange to the push operation and some renaming of cellsare all that is required to turn the copy into a Queue (seeFigure 3).Note that using similarity inheritance, the programmeridentifies that two objects are simply similar inimplementation or purpose. In contrast to this, in a class-based language, the programmer may spend extra timewondering what the �right� relationship is between astack and a queue. One is not a subtype of the other, yetthey are similar. In fact, extra work to reorder theinheritance hierarchy may be needed in some cases just toadd one new class. As we saw above, however, similarityinheritance allows the programmer to create a similarityrelationship without implying �is-a� subtype or subclassrelationships. Instead, it defines a �like-a� relationship.For example, a queue is like a stack except that newitems are inserted at the opposite end.Because of the fi relationship between Stack andQueue, changes to formula definitions on Stack willpropagate to Queue unless they have been overridden. Forexample, a fix to the push operation on Stack would nothave any effect on Queue, but a fix to the pop operationwould propagate to the dequeue on the Queue form. Someprototype-based languages lose this ability to propagatechanges to groups of objects because of their emphasis onobject individuality; instead, shared parts must beabstracted out of the objects, as in Self�s traits [20].5.3 Fine-grained and multiple inheritanceAs noted in the discussion of the model, thecombination of large-grained and fine-grained similarityallows multiple inheritance. For example, in Forms/3suppose a new form Deque is created via large-grainedsimilarity from Queue. (A deque is a double-ended queue.)This new object needs to allow items to be added to eitherend of the queue. The programmer may notice thatStack�s push is exactly the required behavior for Dequeand can use fine-grained similarity, copying push, toallow Deque to inherit just that one operation from Stack.Because of the interaction element R, the programmernow sees the new cells as part of the definition of Dequealso (Figure 4).

- 6 -

- 7 - relationship. The depen-dencies can be at either the form or cell level. For each,the programmer may be interested in both �what affectsthis?� and �what does this affect?� for a total of four kindsof dependencies. Because of the importance of explicitrepresentation to the similarity inheritance model, it wasimportant that all four kinds of dependencies be explicitlyrepresented.The two �what affects this� questions are handled bylegends. A legend under each formula lists the cell that itwas directly copied from. If that cell was in turn copiedfrom another, ellipsis follow and the name of the originalcell is also given. The same legend mechanism is used forexplicit representation at the form level (see Figure 7).The two �what does this affect� questions are answeredby optional copy dependency arrows (Figure 7) and by asummary view (Figure 8). The summary view representseach form as a node labeled with its name. Arrowsbetween nodes make different kinds of relationshipsexplicit. Our current design has three kinds of arrowsindicating form copies, dataflow, and cell copies. Thesummary view is part of a package of �live� views wepreviously implemented that address other, non-inheritance oriented, reuse issues [21].Visibility of program logic is another benchmark thatinfluenced our design. The program logic of interest hereis the logic of inherited formula. The current design

- 8 -inheritance for spreadsheet VPLs. The model supportslarge-grained inheritance, fine-grained inheritance,multiple inheritance, and mutual inheritance. Theprototype implementation shows that the model can beincorporated into the spreadsheet paradigm, using onlycells and declarative formulas, without violating the valuerule or requiring users to learn other programminglanguages or macro languages.We have shown also that the approach to inheritancecan be used to manage reuse relationships among cellseven in simple formula reuse, which traditionally hasbeen supported only by copying or replicating a formulato other cells. This flexibility not only increases thesupport for this kind of operation, it also affords a gradualpath for a user to progress from simple formulacopy/paste to more advanced applications of the techniquesuch as inheritance among user-defined types.An important feature of similarity inheritance is objectself-sufficiency. Self-sufficiency enables a concrete styleof programming, and avoids the yo-yo problem. Thesefeatures are a result of the semantic model�s reliance on aninteraction model. Although two of the four elements inthe interaction model�the copy operation and theformula definition operation�could be accomplishedtextually, the other two elements�an explicitrepresentation and a liveness level of 3 or higher�requirevisual elements in the environment that textual languagesusually do not guarantee. Hence, it is unlikely thatsimilarity inheritance would be possible for a textuallanguage.AcknowledgmentsThis work was supported in part by Hewlett-Packard,by Harlequin, by the National Science Foundation undergrant CCR-9308649 and an NSF Young InvestigatorAward, and by a NASA Graduate Student ResearcherAward.References[1] Atwood, J., M. Burnett, R. Walpole, E. Wilcox, S. Yang,�Steering programs via time travel,� IEEE Symp. onVisual Languages, 4-11, Sept. 1996.[2] Bracha, G. and W. Cook, �Mixin-based inheritance,�OOPSLA �90, 303-311, Oct. 1990.[3] Lee Braine and Chris Clack. �Object-flow,� IEEE Symp.on Visual Languages, 418-419, Sept. 1997.[4] Burnett, M. and H. Gottfried, �Graphical definitions:Expanding spreadsheet languages through directmanipulation and gestures,� ACM Trans. on Computer-Human Interaction, March 1998.[5] Burnett, M., A. Goldberg, T. Lewis, (eds.), Visual Object-Oriented Programming Concepts and Environments.Prentice-Hall/Manning Pubs., 1995.[6] Cox, P., F. Giles, T. Pietrzykowski. �Prograph: a steptowards liberating programming from textualconditioning,� IEEE Workshop on Visual Languages,150-156, Oct. 1989.[7] Green, T. and M. Petre, �Usability analysis of visualprogramming environments: A �cognitive dimensions�framework," J. Visual Languages and Computing, 131-174, June 1996.[8] Hudson, S., �User interface specification using anenhanced spreadsheet model,� ACM Trans. on Graphics,209-239, July 1994.[9] Kay, A., �Computer software,� Scientific American, 53-59, Sept. 1984.[10] Lewis, C., �NoPumpG: Creating interactive graphicswith spreadsheet machinery,� in Visual ProgrammingEnvironments: Paradigms and Systems (E. Glinert, ed.),IEEE CS Press, 526-546, 1990.[11] Lieberman, H., �Using prototypical objects toimplement shared behavior in object oriented systems,�OOPSLA, Nov. 1986, 214-223.[12] Myers, B., �Graphical techniques in a spreadsheet forspecifying user interfaces,� CHI �91, 243-249, May1991.[13] Myers, B., et al., �Garnet: Comprehensive support forgraphical, highly interactive user interfaces,� Computer,71-85, Nov. 1990.[14] Ng, K. and C. Luk. �I+: A multiparadigm language forobject-oriented declarative programming,� ComputerLanguages 21(2), 81-100, 1995.[15] Penz, F., �Visual programming in the ObjectWorld,� J.Visual Languages and Computing 2(1), 17-41, March1991.[16] Piersol, K., �Object oriented spreadsheets: The AnalyticSpreadsheet Package," OOPSLA �86, 385-390, Sept.1986.[17] Smedley, T., P. Cox, S. Byrne, �Expanding the utility ofspreadsheets through the integration of visualprogramming and user interface objects,� Adv. VisualInterfaces �96, 148-155, May 1996.[18] Taivalsaari, A., �A critical view of inheritance andreusability in object-oriented programming,� Ph.D.Thesis, Univ. of Jyvaskyla, 1993.[19] Tanimoto, S., �VIVA: A visual language for imageprocessing,� J. Visual Languages and Computing 2(2),127-139, June 1990.[20] Ungar, D., C. Chambers, B. Chang, U. H�lze,�Organizing programs without classes,� J. Lisp andSymbolic Computation 4(3), 1991.[21] Walpole, R. and M. Burnett, �Supporting reuse ofevolving visual code,� 1997 IEEE Symposium on VisualLanguages, 68-75, Sept. 1997.[22] Wilde, N. and C. Lewis, �Spreadsheet-based interactivegraphics: From prototype to tool,� CHI �90 Conferenceon Human Factors in Computing Systems, 153-159, Apr.1990.[23] Yang, S., M. Burnett, E. DeKoven, M. Zloof,�Representation design benchmarks: A design-time aidfor VPL navigable static representations," J. VisualLanguages and Computing 8(5/6), Oct./Dec. 1997.

- 9 -