_________________________________________________________This work was supported in part by a grant from the IntelCorporation, and in part by the National Science Foundationunder grants IRI-9500942 and CDA-9501637.Supporting Dynamic Downloadable Appearances in anExtensible User Interface ToolkitScott E. HudsonHuman Computer Interaction InstituteCarnegie Mellon University5000 Forbes Ave.Pittsburgh, PA 15213-3891hudson@cs.cmu.eduIan SmithGraphics, Visualization, and Usability Center, andCollege of ComputingGeorgia Institute of TechnologyAtlanta, Georgia, 30332-0280iansmith@cc.gatech.eduABSTRACTMost consumer products, from automobiles tobreakfast cereals, pay significant attention to thevisual appearance they present to the consumer.Designers of these products normally create customappearances that reflect things such as thefunctionality or purpose of the product, the marketthey are trying to reach, and the image that thecompany creating the product is trying to create.As graphical user interfaces begin to fully penetratethe consumer market, we expect that similarcustomization of appearance will and shouldbecome part of every day practice in user interfacedesign as well. This paper describes new userinterface toolkit techniques designed to supportdynamic, even downloadable, appearance changesfor graphical user interfaces. The long term goal ofthis work is to create a system of styles which isanalogous to current systems of fonts. That is, toprovide a system for applying a style of visualappearance to an interface independent of thecontent of the interface, and for allowing such stylesto be developed at least partially independent ofspecific user interface components, even in manycases supporting custom interactive componentsthat did not exist when a style was created.Keywords: User Interface Toolkits, User InterfaceAppearance, Look and Feel, Constraint Systems,Web-Based Interfaces, Java“.INTRODUCTIONWith the recent emergence of the Internet as a massmarket, there are new demands for improved visualappearance for interactive programs. On the web,for example, we now see significant time and effortapplied to visual design. Almost all commercial ororganizational web sites now attempt to use theirvisual appearance to create an ambiance or stylewhich reflects their organization or products.However, because of the limitations of existingtools, most of this effort is concentrated in clicksensitive static images � a medium which is onlybarely interactive in nature. To employ moreinteractive components, a web page designer iscurrently forced to use a fixed style which may bearno relationship to their other visual design goals,and which may even detract from them.This paper considers new user interface toolkittechniques for allowing the appearance ofinteractive objects to be easily modified. The longterm goal of this work is to allow user interfaceappearance (but not necessarily �feel� or methodof operation) to be changed in a manner much likechanging the font for a body of text. Like thepractice of using fonts to convey subtle meaningand ambiance that accentuates the specific messagebeing conveyed by the words of the text, we hope toallow the look of an interface to be changed toconvey ambiance and general impression without(necessarily) changing the functionality oroperation of the interface.Specifically, an infrastructure for dynamicallyapplying styles to interfaces is described. Thisinfrastructure has been implemented in the Java“-based subArctic user interface toolkit [Hud96a,Hud96b], and allows for the creation of style objectswhich can be applied to user interfaces after theyhave been created. Such style objects can becreated independent of particular interfaces and, ina web-based environment, can even be downloadedseparately from the interface itself. Further, thestyle objects described here are designed to berobust across custom objects. They can providesupport for the appearance of both interactiveobjects (what we will henceforth call interactors)from the system supplied library, as well manycustom interactors created using toolkit extensionmechanisms � even providing some significant

In the next section, we will consider the basicconstructs and mechanisms used to createappearances in the subArctic style system. Next anexample will be considered. This will be followedby a description of the names used to designatestyle resources within the system, and then adescription of how custom interactors are supportedby the system. This will in turn be followed by adescription of how style objects are implementedand how dynamic restyling of images is performed.Finally, system implementation and future work willbe considered, along with some conclusions.CREATING APPEARANCEFor a fixed library of fixed sized interactors, a greatdeal of appearance customization can beaccomplished simply by basing interactorappearance on a set of images. In this situation,each type of interactor would expect to be providedwith a particular type of image or set of images.For example a vertical slider might expect to beprovided with "up button", "down button", "thumb"and "background pattern" images (along withversions of each corresponding to a depressedappearance and a disabled appearance). A stylewould then consist of a collection of named imagesin a lookup table. Under this design, dynamic stylechanges could be accomplished by switching to anew lookup table, informing each interactor that itmay need to reconstitute its appearance, and ifnecessary, computing a new layout for the interfacebased on new sizes.Use of images for appearance has a significantadvantage for high production value interfaces.Images can be created and modified withoutprogramming using a variety of high qualityinteractive drawing programs now in wide use (forexample, Adobe Photoshop [Ado96] or FractalDesign Painter [Fra95a]). Hence using images asthe primary controller of appearance makes themfully accessible to graphics design professionals andmakes available a wide range of easy to apply visualeffects (e.g., via drawing program "plug-ins") thatcan provide a significant visual richness at low cost.While use of display techniques such as realistic 3Drendering and new media such as video and audioare important for increasing the richness andexpressiveness of interfaces, we also believe thatthere has yet to be a full exploitation of the richnessof more conventional 2D graphical media � therichness that we currently see in the clickable imagemaps of web pages, but typically do not have ininteractive programs. An image lookup approachto appearance can open up this richness.Unfortunately, a pure image lookup approach tostyles is not normally sufficient. In particular, itcannot handle objects whose size or contents isdetermined at runtime. For example, containerobjects which form a backdrop to other displayedobjects must resize to fit those objects. Similarly,buttons, menus, and labels must normally be able toaccommodate textual information supplied at runtime (and in any case we would not want to requirea new image to be drawn "by hand" for everybutton label). Consequently, an at least partiallyprogrammatic approach to interactor appearance isneeded.The subArctic style system presented here, uses anapproach which is based partially on image lookup,but augmented with a simple programmaticmechanism. This mechanism is designed to becapable enough to support many different stylesand effects, but simple enough that it can eventuallybe encapsulated in a tool only slightly morecomplex than a typical drawing program. Themechanism provides five basic constructs:manipulation affordances, text renderers, blanks,look templates, and post processors.Manipulation affordances are individualcomponents � normally images � that aredesigned to serve some specific purpose or suggestto the user the possibility of a specific kind ofaction [Nor90, Gav91a]. For example, manysystems use a small down pointing triangle toindicate the presence of a pulldown menu. As aresult many styles might provide such an image as amenu-pulldown manipulation affordance. Otherexamples include the "up button", "thumb" and"down button" parts of a slider, which are eachdesigned to provide the visual cues that the objectafford a particular type of action at a particularlocation.For example, the image used for a slider thumboften has small simulated ridges. These ridgessimulate the knurling often found on physicalknobs and other surfaces in order to increase theirfriction with the fingertips when grasped. Althoughfew people think explicitly about the function ofknurling, it none the less affords grasp by thefingers because many graspable surfaces use it, andhence its appearance reminds us of those surfaces.As described below, each style provides a library ofnamed manipulation affordance images for a rangeof different common user actions. Further, asdescribed later, these named affordances aretaxonomized in a way that helps them to be robustand reusable.

Settings &PreferenceData

Style ResourceTable

InteractorInstance DataLookTemplatePost-ProcessorParameters

Image

InteractorClassDefault TemplateResourceNames

ResultImage

Button

Figure 5. Composing Appearancesmay do more sophisticated rendering. Forexample, the subArctic style system supplies textrenderers for drawing shadowed text and forcoloring text with gradients and patterns. The textshown in Figure 2, for example, is drawn using agradient text renderer which (when displayed incolor) simulates a copper appearance�. ThesubArctic system provides a small standard libraryof parameterized text renderers. In addition,particular styles can also introduce new textrenderers as needed.Blank

(external size)Available Drawing Area(internal size)

Menu

Contents Composed with Blank(text renderer and manipulation affordance)Figure 3. A Blank with Composed ComponentsBlanks are resizable graphical elements that arenormally used as the backdrop upon whichmanipulation affordances and text are placed. Forexample the appearance of a button without its textlabel, would normally be supplied by a blank.Blanks may be created based on either an internalor an external size as illustrated in Figure 3.Internal size indicates the space available to theobjects going inside the blank � for example, thetext label in the case of the button blank. External

� The gradients used here are smooth interpolations betweena sequence of colors, not simply two colors. With properlydesigned color sequences this technique can simulate a fairlywide range of materials and effects [Fra95b].size indicates the overall size of the resulting image,including any border at the edges.The subArctic style system provides a small libraryof standard parameterized blank types. Thisincludes several types of blanks that can beconstructed from a series of images. As illustratedin Figure 4, one of the more commonly used blankscan be constructed from nine images � four fixedsize corner images, four pattern images for the top,bottom, left, and right which are repeatedhorizontally or vertically to fill the respective edgeborders, and one image which is tiled horizontallyand vertically to fill the center area.FixedCornersRepeated Elements

Text Item internal sizeexternal size blankimageFigure 6. Example Constraintsimages, text items, blanks, and even the imagesresulting from other templates), as well as objectssuch as text strings, colors, and integers that areused to specify final runtime details. Individualparameter values can be specified either concretelyas simple values, or symbolically as names whichcan be looked up in the current style to obtain avalue.A look template provides a plan for creating a finalimage based on its parameters. The plan consists oftwo parts: an initialization of a series of compositionparts (an object that will appear in the final imageresult � typically an image, text item, or blank),and a series of constraints for specifying theposition and/or size of each part.Initialization of each composition part is specifiedby indicating a type of composition object and thelist of parameters and constants to be passed to itsinitialization routine.The constraints used by look templates are simpleone-way constraints [Mye90. Hud90, Hud91] takenfrom a fixed set of layout oriented constraintssupporting things such as offsets, proportionality,and centering. (These constraints are similar tothose described in [Hud96a]). Each constraintcontrols one coordinate of the bounding box ofone composition part. Constraint equations mayuse values from parameters, as well as thecoordinates from the bounding boxes of othercomposition parts, to compute their final values(cyclic constraints are considered an error andcause a run-time exception to be thrown). Forconstraints involving the coordinates of a blank,either the external or internal dimensions of theblank may be controlled and/or be used as input toother constraints.Although at present the constraints of a looktemplate are provided programmatically, they couldalso be easily specified using an a simple "arrow"notation similar to that found in the author’sprevious Apogee [Hud89] and Pluto [Hud90,Moh93] systems. This is illustrated in mockupform in Figure 6. Based on past experience andpreliminary user tests with previousimplementations of this notation, we believe it willmake constraints of this form suitable for use bymany non-programming graphic designers.A template is instantiated by gathering together aseries of appropriate parameters, using thoseparameters to instantiate each composition part,then executing each constraint equation (intopological order) to establish the final size andposition of each part. Parameter values come fromseveral sources. A number of parameters typicallycome from the style object. These style resourcestypically include the manipulation affordanceimages, text renderers, and blanks that control theprimary appearance of the final image, as well asspacing and color values that may be associatedwith the style. Additional parameters can also betaken from a set of defaults or global preferences.Finally, parameter values often come from theinteractor object requesting the stylized image (e.g.,for the text string needed to create the label of abutton).Once a look template has been instantiated and laidout, it can easily be drawn simply by drawing eachof its composition parts at their proper size andlocation. The resulting image is then optionallymanipulated by a post-processing object providedby the style in order to add final effects to theimage.Post Processors are objects which accept an image,process its pixels in some way, and return an newimage. As illustrated earlier in Figure 5, postprocessors are used in the subArctic style system toapply systematic visual effects to images. Theirmost common use is in darkening, "graying out", orblurring images to indicate a disabled status. Theycould also be used to systematically brighten orhighlight images to indicate selection, or to applyother systematic special effects such as embossing.AN EXAMPLEAs an example of using the constructs of thesubArctic style system to create the appearance ofan interactor, this section considers the example of amenu_button object. To construct the imagesneeded to depict it in normal, depressed, anddisabled states, the initialization code (constructor)of the menu_button makes requests of a styleobject (normally the global current style which isfound via the style_manager object). Theconstructor calls the b u i l d _ i m a g e _ s e t ( ) method of the style object, passing the name of theimage set being requested, along with the text stringforming the label of the button.As illustrated in Figure 7, this style object provides alook template, along with a background blank, atext renderer, and the image for a "menu pulldown"

Style

menu_buttonInstance

Shadow TextRendererShadow TextRendererShadow TextRenderer�MENU�

able to reuse manipulation affordance images. ThesubArctic style system includes facilities to try tomaximize support for custom interactors, andprovide fallbacks to make it more likely that newinteractor classes that do not have specific supportbuilt into a particular style, may still be supportedby that style (perhaps in a somewhat degradedform).To do this, the subArctic style system uses theconcept of manipulation affordances. Eachmanipulation affordance image provided by a styleis classified as to its specific purpose. In additionthese purposes are taxonomized and generalizedinto a hierarchy of manipulation affordances.

menu_pulldownpulldown

Fallback Chain

Figure 8. A Fallback Chain in the AffordanceHierarchyFigure 8 shows a partial example of this. Themenu_pulldown affordance used in our previousexamples has a very specific purpose � to indicatethe presence of a pulldown menu. A slightly moregeneral affordance is that of a pulldown for anypurpose. This in turn is an instance of avertical_move_grip � an affordance for "grasping"then moving (dragging) vertically. This in turn is aspecial case of a move_grip � an affordance forgrasping and moving in some direction. Thisfinally is an instance of a grip affordance � onewhich is designed to be grasped in some way.Figure 8 shows one path in the affordancehierarchy along with the image resources that ahypothetical style might supply for those names.Examples of other parts of the hierarchy includevertical_slider_thumb and vertical_resize_grip bothof which are specializations of vertical_move_grip,as well as corner_resize_grip which is aspecialization of move_grip. The full affordancehierarchy consists of a classified set of affordancetrees. Each name used by the style system is placedin this affordance hierarchy.Currently, root affordances are provided for thefollowing categories: grip, press, text_display, box,backdrop, separator, font, color, and color_scheme.This set of affordance trees is thought to cover theinteractive objects found in most GUI toolkits.However, the full affordance hierarchy is still underdevelopment, and additional experience will beneeded before a full assessment of coverage by thisset is possible.New interactor classes may introduce newaffordances to suit their specific needs and registerthe name of that affordance with the style system.However, each such name must also have a fallbacklink which indicates another affordance in thehierarchy which serves a more general purpose.This effectively places each custom affordancewithin the affordance hierarchy.Whenever any affordance name is requested from aparticular style, the style returns the "best" resourceavailable. In particular, if the specific resourcebeing requested is not available, then the fallbackchain (corresponding to a path up the affordancehierarchy tree) for that affordance is consulted tofind a resource that the style actually contains. Thesystem provides a set of required standardaffordance names which must be supported byevery style. As a result, a request for anyaffordance which has been properly linked into theaffordance hierarchy will always be fulfilled.Further, the style will always return the resourcewhich is semantically closest to the requestedresource (where semantic closeness is defined bythe affordance hierarchy).Although custom affordances may in some casesnot be closely related to any standard affordance,this scheme of fallbacks provides significantrobustness and allows for graceful degradation.Since resource requests are always fulfilled, custominteractors are guaranteed to be at least operableunder any style. Further, the interactor designer isnormally able to judge how closely matching theclosest standard affordance is and see what thislooks like in a variety of existing styles.In cases where the closest standard affordance maybe an awkward match, the interactor designer has atleast two additional alternatives. As describedbelow, styles can easily be extended via inheritance.This allows the designer to easily extend severalexisting styles to work with their new interactor. Asa final alternative for cases where existing fallbackaffordances are not acceptable substitutes, it is alsopossible for a custom interactor to override thefallback mechanism and supply a default resourcewhich will be used for all styles which do notexplicitly provide a particular resource.STYLE OBJECTSAs indicated above, style objects are primarilycollections of images, look templates, and otherresources, indexed by a hierarchical set of names.However, in order to make the creation of styles aseasy as possible, the system allows styles to be

constructed based on other styles. In particular, aform of delegation-based multiple inheritance issupported. Each style may declare a list of super-styles which are consulted if a particular namedresource is not found locally within a style. This listof super-styles is consulted in order. When lookingfor a particular named resource, the local lookuptable of the style is consulted first. If the namedresource is not found, then a complete search of thefirst style in the super-style list (implicitly includingits super-styles) is performed. If the resource is notfound there, then the second super-style isconsulted, and so forth. This scheme makes it easyto make small additions or changes to styles, andallows partial or mixin styles to be created that canbe easily composed to create full styles.All styles directly or indirectly inherit from aspecial style called root_style. This styleprovides a resource for all required standard namesand in general provides a set of guaranteed finalfallbacks for all styles. In order to increase themodularity of the system, each interactor class inthe standard library is responsible for bothregistering the names it owns, and adding finalfallback resources for those names to the root style.In addition, custom interactors may add resourcesto the root style if they wish to require use of agiven default resource in preference to anyavailable fallback resources.Note, that the resource name fallback systemdescribed in the previous section interacts with styleinheritance�. A complete search is performed asfollows: first a full search of the style is performed(implicitly including all its super-styles) looking forthe exact name requested. If this search fails, thenthe first fallback name is searched for, etc. until asuitable fallback resource is found.While this full search process may seem somewhatcomplex, in actual practice it does not cause unduedifficulties because the two primary users of thesystem � the style author, and the interactorimplementor � are each almost exclusiveconcerned with one aspect of the system. Styleauthors are normally only concerned with the styleinheritance part of the system, and simply considerwhat resources are needed to cover the set ofrequired and optional resource names. Those whodevelop interactors, on the other hand, typically doso in a style independent fashion, concerningthemselves only with the name fallback system and,if they are considered at all, treating styles asmonolithic in nature.

�In fact the name fallback system is itself really anotherform of inheritance. We choose to use differentterminology for it primarily to avoid some of the confusionthat results from two simultaneous inheritance hierarchies.A final issue concerning style objects is thecapability to download them. In the subArcticsystem style objects are currently each implementedby a new Java subclass with resource loadingperformed by static code and tables. This schemeallows styles to be downloaded with the normal Javadynamic class loading facilities. We are currentlyinvestigating the use of object serializationcapabilities [Rig96] to allow pre-initialized styleobjects to be placed on persistent storage andreloaded on demand.RESTYLING STYLE CONSTRUCTED IMAGESAnother goal of the subArctic style system has beento allow dynamic style switching � that is to allowthe style applied to an interface (or to an individualinteractor) to be changed while the interface isrunning. This is useful for end user customization,and other occasions that involve modifications tolive running interfaces. However, perhaps moreinterestingly, this capability is useful for migratoryinterfaces. In this situation we would like to be ableto move a running interface from, for example, acolor desktop machine, to a black and white laptop,or to a hand-held PDA. In these cases it would beextremely useful to change styles so that a styledesigned to look good in black and white, or ahighly compact style, could be used.On the other hand, the ability to change stylesdynamically is not always of central importance,and in the overall design of the style system we wishto keep the style system as simple as possible so thatprogrammers see it as a resource to make their jobeasier, rather than as another thing to beimplemented or conformed to. As a result, a verysimple API for restyling is needed.To achieve this, a design was constructed wherebyany image created by the style system could beautomatically restyled by another style. To restyle,the interactor programmer needs only to re-requestnon-image resources from the new style, pass eachof its images to a new style for restyling, and thenrecompute its size. It need not, for example,explicitly store things such as the text string used togenerate a label. (Recomputation of the overalluser interface layout is handled in subArctic bymeans of constraints, so that part of the restylingprocess also happens very automatically, as a sideeffect of changing the size of the objects involved.)To implement restylable images, the system uses asmall "trick" of object oriented programming.Rather than return images or arrays of images fromstyle operations, a special subclass of image isreturned instead. This subclass contains additionalbookkeeping attached by the style system. Sincethis object is a subclass of the normal toolkit imageclass, the interactor can draw it or perform anyother image operation on it as normal. However,when asked to restyle the image object, the style system can use the runtime type query mechanismof Java (the instanceof operator) to detect thatit is actually an instance of the specialstyled_image class used by the style system.(If the programmer has substituted a custom image,this can be detected as well, in which case theoriginal image is returned unmodified).The bookkeeping attached to each image objectincludes all the resource names (including thingssuch as the look template name and the names ofany parameters supplied symbolically), and specificparameter values originally used to create theimage. These names can then be looked up in thenew style and combined with any specific parametervalues to recreate the equivalent of the image undera new style. By placing the bookkeeping necessaryto recreate an image in "hidden" data within theimage we can effectively keep most of the work ofrestyling an image inside the style system and verylittle extra work is need from the programmer.Once a system for storing information about thenature of images is in place, it is possible to use thatinformation in other ways as well. For example, it ispossible to extract the set of manipulationaffordances used in constructing the display of aparticular interactor. Since manipulationaffordances are categorized as to purpose, thisinformation can be used to extract informationabout the interactions supported by the interactorwithout requiring that information to be explicitlyprovided by the programmer.We are currently exploring techniques for using thisand other hidden or implicit information to obtainsome of the benefits of model based user interfacedevelopment environments [Piy93, Sze93] withoutrequiring the explicit construction of a model. Forexample, we are currently exploring the use of thisinformation to transform interfaces from the GUIdomain into the audio domain (using techniquessimilar to the Mercator system [Myn92]). Here thechallenge is again to deal intelligently with custominteractors that go beyond a fixed library. Forthese audio translations, we may be able to useembedded information about the affordances of anobject’s display to synthesize an audio icon[Gav91b] that conveys some or all of thoseaffordances in the audio domain.IMPLEMENTATION AND FUTURE WORKThe style system described in this paper has beenimplemented in approximately 8000 lines of Javacode (not including individual style objects) as apart of the subArctic user interface toolkit. At thetime of this writing, some of the toolkit library isstill being converted to use the style system and thefull manipulation affordance hierarchy is still beingenumerated (on the basis of the components of thesubArctic interactor library as well as a survey ofother toolkits). Although we cannot at this timefully assess the coverage that will be provided bythe affordance hierarchy, we believe that, becausethere is a relatively small set of basic operations in agraphical interface (such as clicking and dragging)it will converge over time to provide coverage fornearly all interactive objects in a GUI setting.A major area of planned future work is in thecreation of the style designers interface. In this areawe plan to provide an interface for conveniently"cutting" small image components from largeimages (that would typically be created in acommercial drawing or painting program), agraphical layout constraint editor (similar to the oneillustrated in Figure 6, and described in [Hud90]),and an environment for exploring the appearanceof objects drawn with partially completed styles inthe context of example interfaces.Additional areas of future work include addingserialization [Rig96] support for storing anddownloading style objects as data instead of code, aswell as a number of new text renderer, postprocessor and blank implementations.CONCLUSIONSThis paper has described the design andimplementation of the subArctic style system. Thissystem provides an infrastructure for the dynamicapplication of a coordinated set of interactorappearances in order to implement a consistent andrich look for an interface � a style. Thesetechniques are designed to be easy to use for boththe programmer and (eventually) the style author,with the eventual goal of allowing appearances to beapplied to interfaces nearly as easily as fonts arecurrently applied to text. Further, the systemprovides the capability to support many custominteractors, even in cases where interactor classeswere created after the styles that support them.REFERENCES[Ado96]Adobe Systems Inc., AdobePhotoshop“ Version 4.0 User Guidefor Macintosh and Windows, San JoseCA, 1996.[Chi93]Chimera, R., Barr, J., Brunecky, M.,Pausch, R., Rappaport, A., PlatformIndependent User Interface Builders:Where are we Headed?, Proceedings ofthe ACM Symposium on User InterfaceSoftware and Technology, pp. 235-236,November 1993.[Fra95a]Fractal Design Corp., Fractal DesignPainter“ 4 User Guide, Aptos, CA,1995.[Fra95b]Frank, S., Kai’s Power Tools“ 3:Explorer’s Guide, MetaTools Inc.,Carpinteria. CA. 1995.[Gav91a]Gaver, W., Technology Affordances,Proceedings of the ACM CHI ’91

Conference on Human Factors inComputing Systems, May 1991, pp. 79-84.[Gav91b]Gaver, W., Smith, R. O’ Shea, T.,Effective Sounds in Complex Systems:The ARKola Simulation, Proceedings ofthe ACM CHI ’91 Conference on HumanFactors in Computing Systems, May1991, pp. 85-90.[Gos96]Gosling, J., Yellin, F., The JavaApplication Programming Interface,Vol 2: Window Toolkit & Applets,Addison-Wesley, NY, 1996.[Hud89]Hudson, S., Graphical Specification ofFlexible User Interface Displays,Proceedings of the ACM Symposium onUser Interface Software andTechnology, pp. 105-114, November,1989.[Hud90]Hudson, S. , Mohamed, S., InteractiveSpecification of Flexible User InterfaceDisplays, ACM Transactions onInformation Systems, v8, n3, pp. 269-288, July 1990.[Hud91]Hudson, S., Incremental AttributeEvaluation: A Flexible Algorithm forLazy Update, ACM Transactions onProgramming Languages and Systems,v13, n3, pp. 315-341, July 1991.[Hud96a]Hudson, S., Smith, I., Ultra-LightweightConstraints, Proceedings of the ACMSymposium on User Interface Softwarea n d T e c h n o l o g y , pp. 147-155,November 1996.[Hud96b]Hudson, S., Smith, I., SubArctic UIToolkit User’s Guide, WWW documenthttp://www.cc.gatech.edu/gvu/ui/sub_arctic/sub_arctic/doc/users_manual.html,1996.[McC88]McCormack, J., An Overview of the XToolkit, Proceedings of the ACMSymposium on User Interface Softwareand Technology, Oct. 1988, pp. 46-55.[Moh93]Mohamed, S., End-User Specification ofInteractive Displays, Ph.D. Dissertation,University of Arizona, Department ofComputer Science, 1993.[Mye90]Myers, B., Guise, D., Dannenberg, R.,Vander Zanden, B., Kosbie, D., Pervin,E., Mickish, A., and Marchal, P., Garnet:Comprehensive Support for Graphical,Highly-Interactive User Interfaces, IEEEComputer, 23(11), Nov. 1990, pp. 71-85.[Myn92]Mynatt, E., Edwards, K., Mapping GUIsto Auditory Interfaces, Proceedings ofthe ACM Symposium on User InterfaceSoftware and Technology, November1992, pp. 61-70.[Nor90]Norman, D., The Design of EverydayThings. Doubleday, New York, 1990.[Piy93]Piyawadee, S., Foley, J., Griffith, T., ASecond Generation User InterfaceDesign Environment: The Model andthe Runtime Architecture, Proceedingsof the ACM INTERCHI ’93 Conferenceon Human Factors in ComputingSystems, Amsterdam, May 1993, pp.375-382.[Rig96]Riggs, R., Waldo, J., Wollrath, A., Bharat,K., Pickling State in the Java“ System,Computing Systems, 9(4), Fall 1996, pp.265-290.[Roc92]Rochkind, M., An Extensible VirtualToolkit (XVT) for Portable GUIApplications, P r o c e e d i n g s o f COMPCON ’92, Spring, 1992, pp. 485-494.[Sze93]Szekely, P., Ping, L., Neches, R., BeyondInterface Builders: Model-BasedInterface Tools, Proceedings of theACM INTERCHI ’93 Conference onHuman Factors in Computing Systems,Amsterdam, May 1993, pp. 383-390.