1992 IEEE Workshop on Visual Languages, Seattle, WA, Sept. 15-18, 1992, pp. 34-40.- 1 -A Declarative Approach to Event-Handling inVisual Programming LanguagesMargaret M. BurnettAllen L. AmblerMichigan Technological UniversityUniversity of KansasAbstractIn this paper, we address the question of event-handlingfor declarative visual languages. In the approachpresented, system-level, interactive, and user-defined eventsare fully-supported, while still maintaining the property ofreferential transparency. An approach to time termedtemporal assignment provides a unifying mechanism forevents to be defined as ordinary sequences of values, andconversely for ordinary sequences of values to be defined asevents. This allows event-handling without additionalconcepts, and in particular provides a natural means for theuser to define higher-level events of any kind.1 . IntroductionDeclarative programming languages effectively utilizevisual programming techniques because declarativeprogramming languages focus on the relationshipsbetween data as opposed to control flow, and theserelationships tend to be inherently multi-dimensional.Yet, declarative programming languages have weaknessesin other areas which limit their usefulness for visualprogramming. One such weakness is their ability toprogram actions based on events. Previous declarativevisual programming languages have either avoided theissue, limited event recognition capabilities to only a setof "built-in" events, or departed from the declarative modelto reach some compromise solution.The approach described in this paper addresses theproblem of event-handling in declarative VPLs. Thedistinguishing features of the approach are that it is fullydeclarative; it is completely supported by the visuallanguage, without requiring any other language or tool; ittreats events as normal values no different than othervalues; it is general; and its abstraction facilities supportprogramming at a high level, supporting both user-definedhigh-level events and composition of events and event-handlers with other kinds of data. This generality andsupport for high-level proramming seem well-suited notonly for traditional point-and-click user interactions, butalso for more complex, gestural interactions such as mightbe found in pen-based interfaces.Consider the following problem. An object within awindow can be moved by grabbing it and flicking it off insome direction. As long as the mouse button is down, theobject is actually being dragged. But if the mouse buttonis released while the mouse is still moving, the objectcontinues to move in the direction and speed used while itwas being dragged. The movement of the object continuesuntil it arrives at a border, or until it is again grabbed.This problem is indicative of the kind encountered in anysort of gestural interface, which generally requires theability to detect and abstract arbitrary sequences of events.Such sequences may be quite complex, going far beyondthe capabilities of systems able only to recognize discretebutton clicks, mouse movements, and keystrokes.This paper is organized as follows. Sections 2 and 3begin with a discussion of related work and the VPLForms/3 used in this research. The fundamentals of theapproach to event-handling are presented in Sections 4 and5. In Section 6, we present a solution in Forms/3 to theexample above. Section 7 discusses issues raised bydeclarative event-handling.2 . Related workIn most traditional approaches to events and event-handling, an event is regarded as a stimulus requiring themachine to make a response and enter a new state. Theseapproaches are inappropriate for declarative languages, andwould conflict with the notion of referential transparency.Although declarative languages traditionally have notprovided for event-handling, a few have done so throughdeclarative approaches involving time-based semantics [5-8]. However, these approaches are not visual, and do notaddress the issues raised by interactivity in a visuallanguage, but rather concentrate solely on system-generated events and interrupts.Much of the work on event-handling in declarativeVPLs has been done in special-purpose visual languagesspecifically pertaining to user interfaces. InterCONS [12]is a visual dataflow language which has certain primitivesassociated with user interaction (e.g. buttons, sliders).These primitives accept interactive input events and

- 2 -generate integer outputs, which can be routed into otherdataflow nodes for further calculation. However, thisapproach is not general enough for gestural interactionssuch as in our window example; it is intended only for thespecific problem domain of user interface generation. Asimilar approach can be found in ConMan [9] andPrograph [4]. Prograph also provides dataflowconnectibility to the low-level Macintosh Toolbox,allowing direct access and manipulation of the variousMacintosh data structures. This provides generality, butleaves the realm of high-level programming to do so.In the dataflow VPL Fabrick [10], primitive graphicalobjects called graphemes (e.g.: rectangles, bitmaps) can besensitized to certain kinds of interactive events. Thesensors that are incorporated into these graphemes providecontinuous tracking information, such as the mouse’sposition. This is similar in concept to our approach, andrepresents a more general approach to event-handling thanUIMS-oriented VPLs, but still ties event detection tospecific, viewable objects. Fabrick also supports certainnon-interactive event-related data such as the time of day.NoPump II [13] is a spreadsheet-like visual languagewith an emphasis on support for interactive graphics.While it does not include a general approach to events, itdoes handle certain events, namely system clock ticks andthe relocation of objects on the screen. These events aresupported through the ability to reference the event-supporting cells, one being the clock cell and the othersbeing pairs of coordinate cells for graphical objects. Theauthors also propose adding an additional distinguished cellto report the state of the mouse’s button. However,generality has not been a goal of the NoPump system, andthe generality of the event-handling proposed isinsufficient for complex interactions.The work with the strongest influence on our approachis Schoberth’s proposal [11] for event-handling in Forms/2[1]. In Forms/2, a form is a collection of cells each ofwhich has a formula defining its value and a set ofattributes, which can be formulated in cells themselves.In an extension of this fact, events are represented byspecial attribute-cells, whose values are maintained andupdated automatically whenever events occur in the cellsthey describe. Attribute-cells’ values can then bereferenced by formulas in other cells, thus contributing tocalculations as needed. Our current approach to events isdifferent from the Forms/2 approach, but borrows from itsdeclarative, time-based aspects.3 . Programming language aspects ofForms/3In order to facilitate discussion of our approach toevents in the later sections, we briefly describe theprogramming language aspects of the VPL Forms/3 [2].Forms/3 supports procedural abstraction, visual dataabstraction, polymorphic typing with type inference, files,error-handling, and both interactive and non-interactiveevents. A research prototype runs on Sun 3/160 andSPARCstation 2 color workstations using LucidCommon Lisp and the CLX interface to X Windows.Programming in Forms/3 consists of arranging anddefining one or more forms. In Forms/3, a form is acollection of cells and/or groups of cells called matricesand abstraction boxes. Each has a formula which definesits value. A formula is a functional expression, and henceno side-effecting is possible. Because the program’scalculations are entirely determined by these formulas, andbecause the formulas explicitly state the dependenciesinherent in the calculations, it is not necessary for theprogrammer to specify sequencing or control-flowinformation; all sequencing information can beautomatically derived from the dependencies. Thelanguage consists of a combination of cells containingformulas using a visual representation of text and graphicsincluding direct manipulation and concrete, immediatefeedback. Most of the formula operators describe obviouscalculation functions. Informal descriptions of otheroperations used in this paper follow:

earlier A: At time t, results in the value of A at time t-1.

if A then B else C: Functional if-then-else -- returns B ifA is true, otherwise returns C.

x fby A: Specifies a sequence of values starting with xand followed by the values computed by A.3.1 The role of form instances in generalizingcalculationsAfter the formulas on a form have been defined, otherinstances (copies) of the form can be created and modified.A form is normally named something mnemonic such as"Factorial". Besides its role in helping the user toinformally identify a form, the form’s name is also usedinternally by the system to construct a uniqueidentification of the calculations being performed. Forexample, a copy of Factorial in which cell N’s formula hasbeen changed to 10 is known to the system by the internalname "Factorial(N‹<10>)", denoting "Factorial in whichN’s formula is <10>". This copy’s internal namedescribes exactly how it differs from the original formFactorial. This provides a mechanism by which thesystem can request instances of forms needed forcalculations -- by naming the form, the system has exactlythe information needed to create the instance if it does notalready exist. The user does not know about these internalnames, but may request a new instance via directmanipulation.3.2 Evaluation and temporal assignmentThe computational dependencies between cellsconstrains evaluation ordering. Evaluation is lazy, i.e. a

- 3 -

CounterDoneNCounterFibAnsfalse501false11false33false22false45

true58

timeThe Workspace

FibFigure 1value is calculated only when it is required. A value maybe required for one of two reasons. Either it is needed forthe computation of another required value, or it is neededto produce a screen image. Screen images of all cells onthe screen are by virtue of their presence required. Once avalue has been calculated, the result may be saved for re-use in later calculations.The formula for a cell actually defines a vector ofvalues along a time dimension, rather than an atomicvalue. The idea of this notion of temporal assignment isthat any given cell can define a single value or a sequenceof values. If no cell’s formula is expressed as a sequenceover time, then only a single value for each cell will everbe computed. But if a cell’s formula defines a sequence,each new computation in the sequence will also cause acascade of further evaluations (if demanded) starting withthose cells dependent on the original cell, and computing anew value for each dependent cell. This time-indexedmodel then produces for a given cell only a single valuewithin each time interval, but over time it produces avector of values called a temporal vector. A temporalvector is similar to a stream, but there is no notion ofmovement nor of consumption of its values.Although it is usual for the user (and the system) to beinterested mainly in the values of computations at themost recent unit in the time dimension, it is possible toview older values. When done interactively by the user,we term this positioning the workspace. Conceptually,the workspace is a large, strictly two-dimensional pane ofglass with one-way visibility positioned somewhere intime, providing a vantage point from which forms andcells can be viewed, as depicted in figure 1.4 . A temporal approach to eventsThe temporal assignment principle provides thefoundation for our approach. For simplicity, suppose fora moment that the formula for cell X is simply the eventsequence in that cell. Since the sequence of events for cellX is a temporal vector of values from a unique queue ofevents, events do not compromise the referentialtransparency property. This will be discussed in moredetail later.We will consider first events not generated by userinteraction. The other case, events relating to userinteraction, will be addressed in section 6. Examples ofnon-interactive events include system clock ticks, inputfrom a sensor port, printer-out-of-paper interrupts, etc.This kind of event fits naturally into the temporal model,because an event at time t can be defined as the presence ofa value at time t in a temporal vector whose formula issome event queue.

- 4 -These values can all be combined and composed as desiredwithout restriction. This fact carries the implication thatevent-based programming and traditional calculation-basedprogramming are indistinguishable from one another.The ability to combine any combination of events andordinary data may be used to create any arbitrary new kindof data, including higher-level events. A formula operatorthat is often used for this purpose is the if-then construct.It is similar to if-then-else, except that there is no "else",meaning that if the condition is not true at time t, then nonew value is defined at time t. Thus, a formula can definea value on the condition that the cells to which it refersturn out to have "interesting" values. For example, eventsgenerated by the calculation of even numbers can bedefined via the formula of some cell Even? as:if answer/2 = truncated (answer/2)then "Even"If cells X and Y depend on cell Even?, then if (and onlyif) a new entry in the temporal vector for Even? isdefined, then an entry for X and Y (and everythingdependent on them as well) will also be defined. Thissimulates the traditional notion of an event, because itallows the definition of a value only when something ofinterest has happened, providing the capability of higher-level events to be defined from sequences of lower-levelevents or any arbitrary values. This uniform treatment ofdata as events and events as data provides the user theflexibility to write programs using an event-drivenphilosophy even when no events (in the traditional sense)are involved.6 . Interactive eventsAlthough user-interaction events could also be handledusing the same mechanism as system events, such anapproach would centralize interactive event-processing.Instead, we choose an approach which distributes theevent-handling of interactive events to the objects forwhich those events were intended. To this end, we definea primitive data type to handle interactive events, called anevent receptor. It is the only object in the languagecapable of receiving interactive events. Conceptually, anevent receptor is an invisible window which when placedstrategically on the screen will receive events over thatportion of the screen. Like any data type, it can becomposed with other types, allowing the user to defineinteractive objects with any desired behavior.The essence of an event receptor is an invisible imageand temporal vectors of pertinent event information. Anevent receptor is instantiated via a copy of the built-invisual abstract data type form shown in figure 3. Usingthis form, the user can specify the events of interest, theshape of the region, the desired amount of transparency,and the name describing the use of the event receptor. (Alldata types in Forms/3 are defined via visual abstract datatype definition forms, and the types themselves are termedvisual abstract data types (VADT). A discussion of visualabstract data types is given in [2]). The capabilities anduses of event receptors are given in [3]. In this paper wefocus on how it fits into the overall declarative approach,and in particular how it preserves referential transparency.The example introduced earlier in which objects in awindow can be moved via dragging and flicking gesturesdemonstrates many of the features of our approach. Thehigher-level events dragging and flicking are defined, usingthe integrated approach to event-handling and calculations.Although we have kept the example very simple, it givessome sense of the flexibility inherent in the approach.We will use an event receptor to program a VADTwhich we will call an ImageMover. Instances of this newtype can then be placed directly on a window and moved,or they can be incorporated into other types (customers,stacks, etc.), to give them the same movability properties.Like all programming in Forms/3, defining the newVADT ImageMover involves placing cells, matrices, andabstraction boxes1 on a form and defining their formulas.The formulas are entered by the user using a combinationof direct manipulation (pointing at cell references,selecting forms from menus, etc.) and text. On a colorworkstation, they are displayed using a combination oftext and color-encoding2; they are shown in this paperusing a simulation of that notation without the color-encoding. The form in figure 4 defining an image moverrefers to several cells in the EventReceptor form of figure3. Formulas are shown superimposed over the screendump. Cell e r ’s formula is a reference to cellEventReceptor in figure 3. The person eating ice cream isan instance of type Glyph. Glyphs are drawn using anormal bitmap editor provided by the window server.Once the VADT ImageMover has been defined, newinstances can be created as discussed in section 3. Thebehavior of these imageMovers is affected by the formulasdefined for the parameter-like cells at the top of the figure.The actual implementation details of an instance of animage mover are encapsulated in the abstraction boxaMover. The cells at the bottom of the form provideaccess to information about an image mover. Cell imageis a distinguished cell which defines the appearance of aninstance of an imageMover; thus any cell on any formwhich contains an image mover uses the user-defined

1The purpose of an abstraction box is to encapsulate theimplementation of a data type. In the figure, aMover is anabstraction box. Its formula definition is simply thecollection of cells it encloses.2The implementation does not yet include this capability.

- 5 -

- 6 -

Compose Box:aBox at ( 0, 0 ) withMatrix atXs atYs

11 65 35Figure 5window are displayed via the formula in the image cell,the objects can be dragged and flicked around as desired.7 . Event receptors, evaluation, andreferential transparencyThe behavior of event receptors is relatively lazy. Tosee why this is true, recall that the only calculations thatare demanded are those required to compute the images onthe screen. Since it is impossible for the user to click onor otherwise interact with something that isn’t on thescreen, this evaluation rule serves interactive eventprocessing well. An event receptor whose image is not onthe screen will rest lazily in the background, and when onthe screen will be continually demanded to respond to userinteractions within the confines of its image.The Name parameter on the event receptor’s definitionform, in addition to its informal documentation purpose,also plays a necessary role in maintaining referentialtransparency. Recall that under referential transparency, ifall incoming parameter-like values to a form are the same(which are reflected in the internal form names), then theydescribe exactly the same calculation. Now suppose theuser wants to construct two different event receptors (oneto be composed with a button and one to be composedwith a menu), both shaped identically and both respondingto only Button-Press and Button-Release events. If thereare no differing formulas, the two seemingly identicalrequests for such an event receptor (i.e. two requests withidentical internal names) would have to have identicalevent sequences by the principle of referentialtransparency. This apparent difficulty arises because thereis another "parameter" which is needed to describe thecalculation completely—namely its input stream of events.From a theoretical standpoint then, it is necessary toinclude the event sequence as part of the internaldescription of the calculation. From a practical standpointthis is not possible, since the values of the events are notknown in advance. The Name cell allows the user toidentify the forthcoming sequence of screen interactions ina concrete fashion, just as filenames in traditionallanguages allow naming of forthcoming external valuesand updates. In the example above, the user might chooseto formulate one event receptor’s Name cell as"ButtonEvents" and the other as "MenuEvents", forcing adifference in the description of the two calculations.7.1 Evaluation of an ImageMover and WindowSuppose that an image mover exists and that its imageis on the screen in an instance of type Window. Thismeans that the image of an event receptor is on the screentoo (since it is part of the image mover’s image). If theuser generates mouse events on the image mover, theevent receptor will receive that information via its image,into its event queue.Suppose the user’s interaction so far has been a buttonpress, motion, and button release while moving themouse. Each of these events adds an entry to the temporalvector that is defined by the cell whatEvent?, which inturn affects the event receptor in cell er. Since er is part ofthe image mover, new values for it and for the containingimage mover are defined. These in turn define newchangeX, changeY, x, and y values. Since x and y areused by the window in calculating its composed image, anew value for it too will be computed. Since the mostrecent value of the window’s image will be displayed, theappearance of the screen will be updated as a result of thisevent sequence. Figure 6 depicts the effects of thesemanipulations over time. The window form shows thevalues that would be displayed on the screen as of themost recent moment in time, and the values along thearrows show their progression over time. Notice that theonly values that are defined along the time dimension arethose affected by the user’s interaction with the firstobject. Since that object includes an event receptor (withan event history), new values for that object, as well as itsx- and y-position and the final image are defined.Note that since an event receptor includes in itsdefinition a mask of events to which it should respond,only relevant events will cause any new value definitions—

- 7 -Objects6 60 30

8 10