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ABSTRACT

This paperdescribesa new methodfor specifyingwidgets,the InteractiveObject Graph(10G).
IOGs are an extensionof statechartslesignedor widget specification. They add specialstates
which representhangesn the widget'sappearance Thesestatesenhancehe readabilityof IOG
diagrams. In addition, IOGs have the ability to represent and modify widget attributes.
IOGsaredescribedandtheir useillustratedby specifyingfive new widgets: a range-selection
slider, the AlphaSlider,a tree viewer, a treemapviewer, and a secureswitch. For eachwidget
thereis a brief descriptionof its operationand a specification. Our experienceusing IOGs to
communicate the designs when implementing the above widgets is also described.

Note: The applicationprograminterface(API) is definedin an appendixto this report. This
appendix is not normally included with the report and must be requested.
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1 INTRODUCTION

The University of Maryland Human-ComputeinteractionLaboratory(HCIL) hasdesignedand
developeda numberof new widgets. Thesewidgets were generally developedas part of a
prototypeapplication. However,recentdevelopmentsn platform-independentJser Interface
DevelopmenSystemgqUIDS) hasmadeit possibleto build thesewidgetsfor all major computer
systems. Therefore,we decidedto re-implementour more recentwidgets usinga commercial
system. At the sametime, we wantedto incorporateimprovementsdiscoveredwhen these
widgets were tested by users. These widgets include:
1. A range-selectioslider that allows the userto seta rangeof valuesin the display space
needed for a conventional slider.

2. An AlphaSliderthatallowsthe userto selectoneitem from alist of thousandsvith minimal
display space.

3. A node-linktreeviewerthatalongwith the treemapviewer presentdwo different views of
the same data and share a common data structure.

4. A treemapviewerthatusesa space-fillingalgorithmto reducethe displayspacerequiredto
view a hierarchy.

5. A secure toggle switcthatrequiresthe userto dragthe switch betweernpositionsto reduce
the chance of accidental operation.

An immediateneedof this projectwasa methodto communicatehe new widget design. We
wanted a system which was compact and formal. While not immediately requerddsiredthat
this method could be the basis for rapid prototypilmgorderto fulfill theseneedshe Interaction
Object Graph was developed.

2 THE IOG SPECIFICATION METHOD

Specificationof userinterfaceshasbeenusedto aid in the designof user-computedialog and
software. This work hasled to the developmentof User Interface ManagementSystemsor

UIMSs. Thesesystemssignificantly reducethe work requiredto designand specify a user-
computerdialog. They also allow non-programmerdo prototype and design complex user
interfaces. However, current UIMSs assumethat a set of widgets exist and manipulatethe

presentatiorof thesewidgets. If none of the interactionobjectsare quite what the designer
wants, then either the designermust compromiseand redesignthe dialog with the interaction
objectsprovided,or the desireddialog mustbe codedin a programminganguageandintegrated
into the UIMS. This sectionpresentghe InteractionObjectGraph(IOG) asan approachto this

widget-buildingproblem. 10Gs canbe usedto specifyinteractionobjectsat a higherlevel than
programming languages. In succeeding sections I0Gs have$edio specifythe University of

Maryland widgets.

2.1 Previous Research

Over the yearsa numberof methodshave beernusedto specify userinterfaces. Theseinclude
grammars algebraicspecifications task descriptionlanguagesfransition diagrams,statecharts,
interface representation graphs, rule-based systems and by demonstration.
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Shneiderman'gl982] multiparty grammarsare an exampleof a grammar-basedpecification.
A multiparty grammardividesnon-terminalsnto threeclasses:user-inputcomputer andmixed.
User-input and computer non-terminals representuser actions and computer responses,
respectively. Mixed non-terminals representsequencesin the human-computerdialogs.
Multiparty grammarsaregoodfor modelingkeyboard-basedommandanguageanteractionsput
are very awkwardfor direct-manipulationinterfaces. Multiparty grammarsdo not model the
inherently non-sequentiahature of direct manipulationwell. For example,considera direct-
manipulation interface with two forms. The usan,andprobablywill, interleavecompletingthe
forms. In orderto specify suchaninterface,the notationmustsupportsomeway of describing
interleavedaction. While this is possiblewith a grammarthe numberof productionstendsto
increaseas a product of the numberof widgets. Thus, the numberof productionsquickly
becomes unmanageable.

Algebraic specificationof window systemswas introducedby Guttag and Horning [1980].
They proposedthe designof a windowing systembasedon axiomatic specificationof abstract
datatypes. This methodpermitsformally proving propertiesof the userinterface. However,
algebraicspecificationshave seriousdrawbacks. They are very difficult to read and require
considerableéime andtrainingto understand.They are evenmoredifficult to write. This makes
them unsuited for communicating interface behavior.

Task descriptionlanguagesconcentrateon describinguser actions. They were originally
developedo modeluserperformanceandmostdo not haveany provisionfor describingsystem
actions. SiochiandHartson'sUser Action Notation (UAN) [1989; Hartsonand Gray, 1992] is
onelanguagewhich also makesa contributionby specifyingcomputerfeedbackandthe internal
stateof the interface. Another paper[Hartsonet al., 1990] correcteda major shortcomingby
addinga link to the applicationcomputation. However,UAN concentratesieavily on describing
useractionsandis not well adaptedo describingsoftwarestate. In addition,UAN suffersfrom
its task-descriptionheritage. Traditionally, theselanguageshave concentratedon specifying
error-freebehavior. Specifyingsystemresponses$o unexpectediseractionsis awkward. Often
the designermust explicitly considerevery possibleuser input sequenceand write an explicit
systemresponse.Unlike multiparty grammarsJUAN doesnot havea symbolwhich matchesall
unspecifiedsequences. Finally, UAN's tabular notation does not readily show interactions
between tasks which are governed by interface state variables.

Anotherapproachto modelinguserinterfacess the transitiondiagram[Wasserman1985]. In
this approaclhthe transitionsrepresentserinputs,andthe nodesrepresenstatesof the interface.
Computeroutputs are specified as either annotationsto the state or transitions. However,
transitiondiagramssuffer from a combinatorialexplosionin the numberof statesand transitions
assystemcomplexityincreases.Jacob[1986] solvedpart of this problemby allowing concurrent
statesto coexistas parallel machinesor co-routines. Co-routinesdid not completelysolve the
transition complexity problems for specifying interfaces with modal dialog boxes.

Harel's[1987 & 1988; Wellner, 1989] statechartsvere designedas a formal solutionto the
combinatorial problems with transition diagrams. The statechart adds the cofrcaptta-state.
Meta-stategrouptogethersetsof stateswith commontransitionsthat areinheritedby all states
enclosedin the meta-state. Since meta-statesmay enclose other meta-statesa complete
inheritancehierarchyis supported.A specialhistory stateis supportedo returnthe meta-stateo
its previous statuson return transitionsfrom eventssuch as invoking help. Meta-statesare
divided into two types: parallel or AND-statesand sequentialor XOR-states. Meta-states
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enclosedwithin AND-statesmay executein paralleland fulfill the function of co-routines. As
originally defined, statecharts do not incorporate data flow or abstraction.

Interface RepresentatiorGraphs (IRGs) were used by Rouff [1991; Rouff and Horowitz,
1991] as the underlying representatiorfor their Rapid ProgramPrototyper. IRGs extendthe
statecharto representlialog. Theseextensionsare: IRG nodesrepresent physicalor logical
component of the interface as well as a state. Data flow as well as control flow can be specified
an IRG. IRGs supportinheritanceof interfaceobjects,dataflow, control flow, and attributes.
Constrainton dataandcontrolflow aresupported.Finally to supportUIMS functionality, IRGs
permit specification of semantic feedback betweenthe application and the user interface.
However,the IRG specifiesinteractionbetween"widgets" and is not designedto specify new
ones.

The User Interface Design Environment (UIDE) uses pre- and post- conddioostroluser-
interface dialog [Gieskensand Foley, 1992]. Each widget in the user interface has two
preconditions associated with it. One specifies whrvisible, andthe otherspecifieswhenit is
active. Eachfunctionally separateaction of the widget hasa post-conditionassociatedvith it.
As the useroperateghe interface,the post-conditionsnodify a blackboardrepresentationf the
user interface state. While expressedin a different style than state diagrams, the pre-
condition/post-conditiomotationcanbe mappednto a statediagram. (Takethe powersetof all
possible conditions which may be postedto the blackboardand use the precondition/post-
condition pairsasthe transitionfunction.) The UIDE systemdoesnot provide for definition of
new interactionobjects. Both Olsen'sPPS[1990; 1992] and Hill's Sassafra$1986] use rule-
based systems which are similar to the precondition/post-condition method.

A final techniqueusedfor specifyinghuman-computedialog is to do so by demonstration.
Using this techniquethe designemplaceswidgetson the screenandthe systemmakesinferences
aboutthe intendeddesign. "Druid" [Singh et al., 1990] and "Peridot" [Myers, 1988] are two
systemswhich build userinterfacesby demonstration.Druid providesfor interactivelayoutand
dialog definition. However, its dialog model does not include constraintsbetweeninterface
objects or the modification of interface objects. Peridotis a similar systemwhich includes
constraints and modification igdrawing. Myers stateghatPeridothastwo limitations. First, it
does not support text input. Second, specifying operation sequences requires research.

The above specificationmethodsconcentrateon describinginterface behavior. However,
interfacelayoutandspatialrelationsbetweenobjectsarealsoimportant. Oneapproacho layout
is simply to draw the interface. This methoddoesnot do very well when run-time re-sizingis
allowed. Drawingtheinterfaceprovidesanabsolutdayoutof the objectsin theinterfacewithout
any informationaboutwhich spatialrelationshipscan be adjustedwhenthe interfaceis re-sized.
ConstraintgrammargVanderZanden, 1989] solvethis problemby usingequationgo specifythe
position of interfaceobjectsrelativeto a few, designer-defineghositionsin the interface. (e.g.,
the upper-leftcornerof a window or the window'smidpoint.) Hudson'§1989] "Apogee"UIMS
has a particularly clever method for graphicaftinglayoutconstraints.Galaxy ™[Visix, 1994]
uses a springs and struts model for layout constraints.

2.2 Interaction Object Graphs

Interaction Object Graphs (I0Gs) [Carr, 1994] are designedto add widget specificationto
Interface Representatiosraphs. They combinethe dataflow and constraintspecificationsof
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IRGs with the statecharttransition-diagramexecutionmodel. This expandsthe statecharto
show data relationshipsas well as control flow. It also permits specificationof low-level
interactionobjectswhich cannotbe specifiedby Interface RepresentatioiGraphs. Below is a
brief descriptionof the IOG statediagram,and a transitiondescriptionlanguageusedto specify
transition conditions.

ThelOG statediagramtracesits lineagefrom UAN, statechartsandIRGs. Statechartedded
four new statetypesto the traditional statediagram. Thesestatesare usedin I0Gs. They are:
the XOR meta-state, the AND meta-state, and two types of history state.

The meta-statesancontainboth normalstatesandother meta-states.Transitionsfrom meta-
statesareinheritedby all containedstates. This helpsreducethe problemof arc explosion. The
XOR meta-statecontainsa sequentiatransitionnetwork. Exactly one stateinside of an XOR
meta-statas active when the XOR stateis active. On the other hand,an AND meta-state
contains more than one transition network. Each of these networks executes in parallel.

A history statecanonly be containedn an XOR meta-state.Whenevera transitiontransfers
controlfrom a meta-statethe history stateremembersvhich statewasactiveimmediatelybefore
the transition. If a later transition returcentrolto the history state the meta-stateas returnedto
the rememberedstate. History stateshelp control state explosion. To seethis, considera
specificationof a help systemwhich is independenof the userinterface. An ordinarytransition
networkwould requirereplicatingthe help-systenspecificationoncefor every statein the user
interface. Otherwise therewould be no way to returnto the userinterfacestatethat wasactive
beforehelpwasrequested.A statecharhistory statecould receivethe returntransitionfrom the
help system,andonly one copy would be required. Therearetwo typesof history states. They
differ in how theytreata returnwhenthe lastactive statewasa meta-state.The H staterestarts
meta-stateat their startstateand providesonelevel of history. Onthe otherhand,the H* state
restartsmeta-statest their history statewhenthey haveonetherebyallowing multilevel history.
Figurel shows the representation of the new states.

IOGs addtwo additionalnodetypesto the statechartdataobjectsand display states. Data
objects were present in IRGs. However, their meaning is slightly different in IOGRG#data
objectsrepresentedommunicatiorbetweerthe userinterfaceandthe restof the application. In
IOGs they representhe storageof a dataitem, and control is neverpassedo them. They can

Standard State [ O Display State

History States object name Data Object

XOR Meta-state AND Meta-state

g @0 [
L

. Start State

Figure 1 -- I0G node symbols.
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Condition Condition everp\name Condition datz/a_\\/alue
& o/
Control Arc Event Arc Data Flow Arc
Figure 2 -- I0G arc symbols.

only bedestinationdor the dataarcsdiscussedelow. Display statesare control stateshathave
a changen the displayassociatedavith them. In I0G diagramsa picture of the displaychanges
usedwheneverpossibleinsteadof a program-likestatementsuchas "draw(ActiveON)". Data
objects are represented as parallelograms. (Figure

IOGs also add two special arc types: the evendadthe dataarc. Eventsallow the designer
to define "messagesivhich may be lacking in the underlyingspecificationmodel. For example
whenspecifyingthe trashcanin the Maclntoshinterface,oneneedsto know whena file is being
draggedover it as opposedio whenthe pointeris beingdraggedoverit. Oneway to do this
would be for the file icon to generate a "dragging started" event and a "dropped" evetrasithe
canwould then be highlightedwheneverthe pointer was over it betweena "dragging started"
event and a "dropped" event. An event is representadpgcialtransitionpassinghroughankE
in a diamond. (Figurg).

Minimalistswill arguethateventarcsarenot neededor internalwidgetcontrol,andthatthey
can be simulated by data. While narfiehe widgetsspecifiedhereshowit, sometimeshe sizeof
a widget'slOG diagramcan be significantly reducedby splitting its behaviorinto two parallel
XOR statesandusingan eventto communicatdbetweerthem. Also, replacingan eventarc with
data requiresat least one data object and two data arcs. Furthermore,the data arcs are
constrainedto end at the data object while the eventarcs needonly passout of the widget
diagram. The net effect of this substitutionis to increasediagramclutter and decreasaliagram
readability.

Dataflow is representeth a mannersimilar to events— anarc passinghrougha D in a circle
(Figure2). A data flow arc may have any state as a source and can only teratmetgaobject
or have an unspecifiedtermination. In addition, at leastone end must be attachedto a data
object. Dataflow arcswith dataobjectsasa source whosedestinatiorarrowis unspecifiedand
whosedestinations outsideof the containinginteractionobject,indicateexternally-readabldata
(Figure 3). This data may be used by the application or attachedto other user interface
component&sa morecompletespecificationis constructed.Dataflow arcswith dataobjectsas
destinationgepresentpdatingthe dataobject. If the arc'ssourceis a control state,it represents
a change in the value when the arc conditional is satisfied. In this case, the data flow arc is labeled

GenericWidget

® 1“ attribute /: ®
Externally [~~~ "~~~ "~~~ "~~~ T T T T T T T T
Writable : Externally Readable

Figure 3 -- A readable and writable widget attribute in an 10G.

[0 Copyright 1994, 1995 Carr et al. 6 05/16/95



with the new object value. An arc without a source represents externally-writable data.

Constraintsare usefulin specifyingoneattributeof the userinterfacein termsof others. With
constraints it is simpl& restrictanicon to be containedwithin a window or to mapthe valuesof
a sliderto a specificrange. IOG dataarcssupporta form of one-wayconstraintdy expressing
the data value as an equation in terms of other attribtiegetherwith the conditionon the data
arc, these equations provide a means to constrain one atinitberiesof anothemwith a Boolean
guard. For example specifyingthatin a given state(call it S) the imageof a widgetwill follow
the mouse cursaranbe donewith a constraint. Thisis accomplishedby drawinga dataarcfrom
S to the dataobjectrepresentinghe widget'slocation. Now, specifythat the new valuefor the
location is "old location + the changethre mouseposition”. The conditionfor the arcwould be:
"the mousepositionchanges". This resultsin the widget following the mousewhile the widget
control is in staté&.

2.310G Transition Descriptions

In orderto describethe transitionsbetweenstatesan abstractmodel of the userinterfaceanda
descriptionlanguagdor that modelarerequired. I0Gs abstractthe interfaceinto the following
objects: Booleans, numbesttings,points,regions,icons,view ports,windows,anduserinputs.
A brief description of these objects follows.

Booleansnumbersandstrings(BNS) arethe usualabstractionsvith the usualoperations. It
shouldbe notedthat numberscontainboth the real and integerdatatypes. In addition, any of
thesemay be convertedinto an icon representatiorby the operatoricon(BNS, point, font,
fontsize) or icon(BNS, region, font). Both operatorsconvertthe Boolean,number,or string
BNS to atext representatiorandthenconvertthe text representatiomto a picture. If specified
with a point, the resulting icon is as big as it needsto be to hold the picture of the text
representation. If a region is specified, the icon is the size of the rdgpmtsandfont sizesmay
be omitted. In this case defaults will be used.

Pointsare an orderedpair of numbers(x,y). Pointshavethe algebraicoperatorswhich are
normally associatedvith them. A point maybe assigned valueby writing p=(x,y). In addition,
p.x andp.y represent the x and y coordinates from the gmint

A region is a set of display points defined relative to an origin calldd¢bhgon. Thelocation
of the regionis alwaysthe point (minx,miny) where minx and miny are the smallestx andy
coordinatesn theregion. Regionshavea size operatormwhich returnsthe heightandwidth of the
smallestrectanglewhich coversthe region. Regionsalso havean in operatorwhich testsif a
point is in the region. This is written Region.in(pt) and returnsa Booleanvalue. Although
regionsare not restrictedto be rectangularrectanglesare mostcommonlyused. Note, a region
cannot be visible on the display. There is no drawing operation associated with a region.

Icons are regionswith pictures. That is, some points in the region have a color number
attachedo themand are shownon the display. Iconsaddthe operationsdraw anderase. In
addition, if the origin of theicon is changedthereis animplicit erase-draw operationsequence.
Unlessotherwisespecifiedthe regionassociatedvith aniconis arectangle. So,icon(" text", pt,
default, default) would productanicon with the upper-leftcornerat pt. The picturewould be
the word "text" in the defaultfont andsize. Therewould be a regionassociatedvith the icon.
This region would be a rectangle with its upper-left cornet and covering the text.
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A view port is a regionwith an associatednappingfunction for someunderlyingapplication
data. The mappingwould be in two parts: conversionto a world-coordinate-systergraphics
representatioand projectiononto the display. For example text would first be convertedfrom
ASCII to afont representatioanda locationon a page. The pagewould thenbe projectedonto
the display. The mappingis controlled by a projection function (proj), a translation point
(trandate), and a scale-changgoint (scale). If convert is the conversionfunction for some
objectin someview port, thenthe functiontrandate + proj(scale, (convert(object))) would be
the view port mapping. Partsof objectsprojectedto pointsnot in the regionare not displayed,
and objects in view ports are addressed relative to the view port location.

Windows group the above objectstogether. They add a level attribute which determines
window stackingrelativeto otherwindows. They canbe viewedasview ports containingonly
objects already mappedto display coordinates. A window with a lower level obscuresan
overlapping window with a higher level.

Objects are addressedin the specification using a dot notation. For example,
"win.iconl.location.x"would be the x coordinateof the location of icon, "iconl", in window,
"win",

User inputs are mappedto 10G events,numbers,points, and Booleanvariables. Keyboard
input is representedby quotedstringswhenthe text is important("quitt]" whenthe word quit is
typedandfollowed by a carriagereturn)or key eventssimilar to thosein UAN whenthe eventis
important (L Shiftv for left shift key pressed). The mouseis mappedinto a point for location
(M @), a point for relative change(MA), a Booleanindicating it moved (AM), button change
eventsMv, M*, M2y, ...), andbuttonstatusvariablesMdn, Mup, M2dn, ...). Sincethevalue
of the mouse location is tested frequently, in[Region] is written as a shorthand for
Region.in(M@). The specialnotations~[Region] and[Region]~ meanthe eventof the mouse
enteringandleavingthe Region. Thesesymbolscanbe combinedin expressions.Throughout
the rest of this paperthe operatorsfrom the 'C' languagewill be usedfor theseexpressions.
(Most commonly, "&&" for logical and, "||" for logical or, and "!" for logical not.)

2.4 Example Widget Specification (Draggable® Icon)

In orderto geta betterideaof how anlOG specificationis constructecandinterpreteda simple
basicwidget, a draggableicon, will be specifiedand explained. The draggableicon is a basic
building block for later widgets such as the AlphaSlider and the range selector.

Now, let's beginthe draggablecon example. The draggableicon widget movesin both the
horizontalandverticaldirections. It returnsa valuewhichis relatedto its location. To operateit
the userplacesthe mouseover the icon and presseshe button. This actionwill shift the widget
from the non-trackingto the tracking state. The icon then follows the mouseas long as the
mousestayswithin a predefinedregion, called FreeArea (Figure5). FreeArea will be usedin
subsequentvidgetsto confineslider indicatorsto the slider. Oncethe mouseleavesFreeArea
the icon stopsfollowing the mouse. If the mouseis movedoutsideof a secondlarger region,
calledActiveArea, the icon jumps back to its original position whkamousebuttonis released.
ActiveArea lets the userstray outsidethe FreeArea without cancelingthe value changeof the

* A word coinedhereto meanan icon thatfollows the mousewhenevetthe cursoris within theicon andthenthe
left button is pressed.
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Idle | Active

Figure 4 -- Example icons for a draggable icon widget.

FreeArea

Figure 5 -- Example layout for ActiveArea and FreeArea.

widget, but still allows the userto cancelthe value changeby moving far enoughoutsidethe
FreeArea. In orderthatthe usermaydistinguishbetweerthe trackingandnon-trackingstatesof
the widget, there are two icoAsxtive andldle associated with the widget (Figute

The behaviorof a draggableicon dependson four attributes. Two of these,location and
old_value, areonly accessiblevithin the widget. One,selected, is readonly. Thelast,value, is
both externallyreadableand externallywritable. The attribute,value, storesthe settingof the
widgetandwould be usedby the applicationportion of a program. The attribute,location, is a
point andrepresentshe display coordinatef theicon. The programmets not allowedto set
this attributebecausevalue determineghe location,andit is externallywritable. The old_value
attributestoresvalue sothatit maybe restoredf the usercancelghe actionby lifting the mouse
button outside of ActiveArea. The selected attribute indicateswhether or not the useris
operating the draggable icon.

The IOG specificationfor a draggableicon is shownin Figure 6. The widget specification
startswith an AND meta-statenamedDr agl con that holdsthe four dataattributes,andan XOR
meta-statenamedbehavior. The state, behavior, should be interpretedas follows. When
started the widgetdisplaysthe Idle icon. Moving the mouseinto the regiondefinedby the Idle
icon andpressinghe mousebuttoncauses/alue to be savedin old_value, setsselected TRUE,
and displaysthe Active icon (via the Mv && in[ldle] arc). While in this stateand in the
FreeArea region,the cDrag constraintapplies. (This constraintrelatesthe mousepositionto the
value attributeof the draggabldcon.) The cChg constraintbetweenvalue andlocation always
applies. Releasinghe mousebutton will causeselected to be setto FALSE and redisplaythe
Idleicon (viathe M” arc). Moving the mouseoutsidethe ActiveAr ea regionwill transferto the
cancel? state (via th¢ActiveArea]~ arc). Releasing the mouse button in this stétereturnthe
icon to its original position, updateselected to FALSE, and display the Idle icon (via the M*
arc). Moving back into ActiveArea re-activatesthe icon tracking the mouse (via the
~[ActiveAreq] arc).

[0 Copyright 1994, 1995 Carr et al. 9 05/16/95



Draglcon

behavior

old_value

value @

Mv && in[ldle] UE
" 5 o) =
\V FALSE
tracking 2 cbrag). . _ |
~[Activelcon
2
/l cancel? M
MA [ActiveArea]~ && in[FreeArea]
® —=
&/
old_value

Figure 6 -- Specification of a draggable icon.

All thatremainss to specifythe valuesof the two constraintscDrag andcChg. Thesevalues
are application specific. If there was to be a one-to-onecorrespondencéetweenpixels in
FreeArea andvalue with value rangingbetween(0,0) and FreeArea.size (lessthe icon size),
then the following relationships would hold:

cDrag: {value = min(max( value + MA - FreeArea.location, point(0,0)),
FreeArea.size - Idle.size); }
cChg: {location = value + FreeArea.location; }

It should be notedthat both a horizontal-sliderindicator and a vertical-sliderindicator are
simple modifications of the draggableicon. In order to convertthe draggableicon into a
horizontal-slider indicator, one must make the following changes:

1. The type ofvalue changes from Point to Number.

2. Two new attribute numbeereadded: min andmax, representhe extremef slidervalues.
For convenience an internal attributange, is added and constrained to(b&x - min).

3. cDrag is rewrittento be dependenbn the x-value of the mouseand the slider range. So

cDrag becomes:value=min + range* (M .x - FreeArea.location.x) / FreeArea.size.x

ThecChg constraint changes so that only the x-coordinate of the location is variable.

TheFreeArea andActiveArea are defined in relation to the slider boundary. (Figuye

ok

Example Slider Regions

I
~ |

ActiveArea

Figure 7 -- Example definition of FreeArea and ActiveArea for horizontal slider.
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3 THE UNIVERSITY OF MARYLAND WIDGET LIBRARY™

Thefollowing sectionsdescribesachwidgetin the University of MarylandWidgetLibrary™. An
IOG specification and an operational description is presented for each widget.

3.1 The Range-Selection Slider

Most existingsliderslet the userseta singlevalue. This makesit impossibleto specifya rangeof

values. One solutionwould be to usetwo sliders- one eachfor settingthe lower and upper
boundariesThis approachhasa problem- the lower boundarycanbe erroneouslysetto a higher
valuethanthe upperboundary. The range-selectioslider (Figure 8) preventsthis. It usestwo

indicatorsthatcanbe movedindependenthof eachother, letting the userselecta rangeby fixing

bothits lower andupperbounds[Beckeret. al., 1989& 1991]. Thus,the range-selectioslider
allows selectionof a rangeof valuesin the samespaceas a conventionalslider. Our range-
selection slider was first used in the HomeFinder [Williamson and Shneiderman, 1992].

Eachindicatorin the range-selectiorslider operatedike a single, horizontal-sliderindicator.
The only differenceis that the otherindicator is the boundaryof the motion on one side. An
indicatoris activatedby the userpointingat it and pressinghe mousebutton. The indicatorwill
thentrack the mouseaslong asthe mousestaysin the correspondind-reeArea. As long asthe
userdoesn'tleavethe ActiveArea, the new value of the indicator will be set when the user
releases the mouse button. If the user does leavecthesArea, then thandicatorwill returnto
the starting point when the user releaseshe mousebutton (Figure 9). The dot-dash-dotine
correspondso FreeArea for the high indicator,andthe dashedine corresponds$o FreeArea for
the low indicator. Unlike the regionsfor the horizontal slider, theseregionsare dynamic --
moving oneindicatoraltersthe regionfor the other. A constraintmaintainsthe FreeArea of the
low indicator so that the indicator stops when its right-hand edge abuts the high indicator.
Similarly, another constraint maintains fheeeAr ea of thehigh indicatorsothatit stopswhenits
left-hand edge abuts the low indicator.

67 Length 292
| =l A
0 450

Figure 8 -- The range-selection slider
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low.FreeArea ActiveArea

Figure 9 -- Sample definitions for FreeArea(s) and ActiveArea for the range-selection
slider.

hSliderindicator

J JumpCond (5 TRUE

() cJumpUpdate

—

© cdump

Figure 10 -- Adding "jump to value" behavior to a horizontal slider.

Therange-selectioslideralsoimplementghree,positioningshortcuts. Clicking to the left of
the low-rangeindicatorandin the low FreeArea causeghat indicatorto jump to the indicated
value. Clicking to theright of the high-rangendicatorandin the high FreeArea causeghe high
indicator to jump. Adding this jump behaviorrequiresa slight modification to the horizontal-
sliderwidgetalreadydefined(Figure10). For a single-indicatorslider, the jump conditioncould
beMv & & in[FreeArea] && !in[ldle]. However,the indicatorsin the rangeslider are more
complex. The jump condition is modified to Mv & & in[JumpArea] where JumpArea is a
rectangularegiondynamicallyconstrainedy cJump. For the low rangeindicatorthe rectangle
is the area between the left indicator and its leftmost possible position, or:

low.JumpArea.location.x = low.FreeArea.location.x ~ (left limit of indicator travel.)
low.JumpArea.location.y = low.FreeArea.location.y (copy the top.)
low.JumpArea.size.y = low.FreeArea.size.y (copy the height.)
low.JumpArea.size.x = low.location.x - FreeArea.locatigeet right edge to indicator.)

[0 Copyright 1994, 1995 Carr et al. 12 05/16/95



The high JumpArea would be similarly constrainedo be to the right of the high indicator. The
cJumpUpdate constraintwould be a function relating the location of the mousepressto the
slider value. This function would be different achsliderandwould be aninverseof the cChg
constraint function.

The final shortcut appliesto drag motionson the button betweenthe two indicators(Figure
8). This causedothindicatorsto movewhile retainingthe samerelativerangesize. Theregion
betweenthe two indicatorsis definedby the high indicator FreeArea.location asan upper-left
corner,a vertical sizeequalto that of the FreeArea, anda horizontalsizeequalto the difference
betweerthe x-locationof the high indicatorandits FreeArea.location.x. In the rangesliderthis
areais representedhs a variably sizedbutton. When specifyingit, only the constraintson the
widget are shown. A state-basedystemlike 10Gs is not particularly efficient for specifying
arbitrarygraphics. Thesearehiddenin the view port abstraction. The cMidLoc andcMidSize
constraintan Figure 11 dynamicallycontrol the buttonsizeandlocation. The draggingbehavior
itself is definedin the DragBoth meta-state. It specifiesthat the constraints,Jow.cDrag and
high.cDrag, apply whenthe middle buttonis pressed. Theseconstraintsare the constraintsfor
the slider indicators individually.

The range-selection-slidespecification shows how earlier IOGs can be usedto build a
definition for a newwidget. The rangeselectoris an exampleof a widget built from two copies
of a previously defined one. Therefore, its 10G includes two copies of the modified
hSlider Indicator 10G (Figure10). The copiesarenot shownin full detailto reducethe clutter
in the I0OG diagram. Only thosepartsof the hSliderIndicator which are relevantto the new
behaviorareshown. (The notationlow::hSliderIndicator indicatesthatthis AND meta-states
of type hSliderIndicator and namedlow.) In order to adjustthe control regions of each
indicator,two new constraintgnustbe introduced. TheseconstraintscOnlow andcOnhigh, are
ontheFreeArea regions. (Theseregionswerenot shownin the original specificationasthey did
not affectbehavior.) The cOnlow constraintwould setthe valueof low.FreeArea.sizex sothat
thelow indicatorwould stopwhenit abutsthe high indicator. Similarly, cOnhigh stopsthe high
indicator when the user drags it against the low indicator.

In addition, a variably sized button, mBoth, is presentin this specification. The detailed
specificationof mBoth is not given. It is of type ButtonViewPort and could be specifiedasa
seriesof constrainton the rectanglesandlines which are usedto drawit. Two constraintsare
usedto defineit, cMidSize andcMidLoc. The constraintcMidSize, setsthe size of the button.
It depend®n boththelocation of the high indicatorwhichis the button'srightmostedgeandthe
FreeArea of the high indicatorwhich is button'sleftmostedge. The constraintcMidloc, setsthe
button's location from the high indicatofseeArea. (Note, since th&reeArea is constrainedy
the locationof the low indicator,movement®f the low indicatorwill changethe buttonsizeand
location.)

Finally, there are four new data objectsrequiredfor this specification. The data objects,
lowval and highval, storethe low and high end of the user-selectedange. RangeMin and
RangeM ax store the minimum and maximum values for eitbeswal or highval.

[0 Copyright 1994, 1995 Carr et al. 13 05/16/95
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/ location / / FreeArea /é @ location / f FreeArea 7

)cHighChg

C':DcLowChg DragBoth C

-low.selected (// dontt drag)

Mv && in[mBoth]
low.cDrag

=high.selected

DragBothCond

DragBothCond = AM && in[mBoth] && (lowval > RangeMin) && (highval < RangeMax)

Figure 11 -- Specification of the range-selection slider.

3.2 The AlphaSlider

The AlphaSlider(Figure 12) is a descendanof the single-levelalpha-sliderdesignedby Osada,
Liao, andShneidermaf1993]. Theideais to providerapid accesgo a singletextitem in a list.

This itemshouldbe small, usually a line or two. The userslidesthe indicator, and the system
displaysa text item such as a hotel name and telephonenumber. The axis of the slider is

calibratedfrom A-Z insteadof numerically. Osada'riginal designworks well aslong asthere
are not more items in the ligtanpixelsavailablein the slider. Howeverwith thousand®f items,
therearenot enoughpixelsin the screen. The two-level AlphaSliderwas designedo overcome
this limitation. It providesa coarseand a fine level of selection. The coarselevel providesa

mappingof many items to one pixel. (e. g., for a 10,000-itemlist, a 300-pixel slider would

providea 33-to-1mapping.) This lets the userrapidly selectthe approximatepoint in the slider.

The fine level mapsone mouseincrementto oneitem. This lets the userselectthe exactitem.

The AlphaSliderwasusedin the FilmFinder[Ahlberg and Shneiderman]994a&b]to displaythe

contents of five different lists of names in an area of 7 cm. by 12.5 cm.
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Figure 12 -- The AlphaSlider

The AlphaSlider is operatedin three different ways. First, the user may make a coarse
selectionby clicking in the slide area. This causeghe sliderindicatorto jump to the location of
theclick. Secondthe usermay point at anddragin the upperhalf of the sliderindicator. This
causedhe AlphaSliderto enterthe coarse-adjustmenhode. In coarse-adjustmemhode,each
pixel movementof the slider indicator causeghe list to jump in proportionto the ratio between
the lengthof the sliderandthe numberof itemsin thelist. The third methodof operationis fine
positioning. To activatefine positioningthe userpointsto anddragsthe bottomhalf of the slider
indicator. This causes the slider to change one list item for each pixel of mouse movement.

The specificationfor the AlphaSlider begins with a refinementof the hSliderIndicator
specifiedin Figure 10. This refinementaddstwo levels of granularityto the horizontal-slider
indicator. We needtwo "active" iconsto give the userfeedbackaboutwhich granularityis being
used(Figure13). To selecteachgranularitywe needtwo different activationregionsto replace
the region associatedvith the Idle icon in the draggableicon. Theseregions,FineArea and

b BE o

Idle Active - Fine Active - Coarse

Figure 13 -- Example icons for a horizontal AlphaSlider.

Regions for 2-Level Alpha Slider

| Text Output Here |
CoarseArea

A /7777T‘
|

4 |

FineArea

FreeArea = FineArea U CoarseArea

Figure 14 -- Example definition of regions for a horizontal AlphaSlider.
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Coar seArea, determine whether fine or coarse granularity is used (FigQre

To completethe specificationfor the two levels of granularity, we needto modify how the
slider behaves.We replacethe single active stateand the cDrag constraintwith an XOR meta-
stateand two constraints. By comparingFigure 6 with Figure 15, we can seethat the single
Active displaystateof the draggablacon hasbeenreplacedwith an XOR meta-state.This meta-
state contains two display states, one for fine-grain adjustmentand one for coarse-grain
adjustment. The active state depends on where the mouse was pointing wisemgressedhe
mousebutton. From eachstatethereis a constraint(cCoarse or cFine) which specifiesthe
relationshipbetweenmousemovementandthe indicator'svalue. The metastatealsocontainsa
history state so that the indicator will return to the proper granularity froncahed?" state.

The final stepin specifyingthe AlphaSliderrequiresshowingthe display output. Figure 16
showsthe IOG for this function. Thevalueof the indicatoris mappednto the value of the slider
throughthe expression'psval[int(Indi.value)]". This expressionassumesan array of strings,
psval, which is the list of possibleAlphaSlidervalues. The indicator value is convertedto an
index into this array, and that value is displayed in a text-output view port.

2Level hSliderindicator

behavior:

Mv && in[ldle]
—>
Mv && in[FreeArea] && lin[ldle]
FALSE 6
& TRUE
\l N
M/\
MJumpUpdate

N
ﬁ:tive: /I cancel? M old_value @
) \C
~[ActiveArea] [ActiveArea]~
4 N aM && cCoarse
D
@ in[ActiveCoarlse] &&
in[FreeArea] o)
. o/
in[CoarseArea]
cFin S >/ value /LQ@_9
in[FineArea]
~—> AM && cChg
in[ActiveFine| &&

K L ) in[FreeA@ / location /

Figure 15 -- Behavior of 2-level horizontal slider indicator.
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Figure 16 -- Specification of 2-level AlphaSlider.

3.3 The Treeview Widget

The treeview widget provides a node-link visualization of any tree structure. It was developed
use in configuring satellite networks [Kumar et 4094]. Treeviewshavetraditionally beenused
for a number of applications, for example:

1. Hierarchy Visualization Applications Treeviewshave beerusedto visualize hierarchical
informationsuchasgeographicatiata,computerfile systemssatellitecommunicationsietworks
and organizationalktructures. Various othertools suchas TreemapgShneiderman1992] and
Cone-Trees [Robertson et al., 1992] are also used.

2. Non-HierarchyVisualization Applications Treeviewsare widely usedin the areasof
probability and settheory, reliability engineeringand systemsengineering. Eventtreesand fault
trees are two examples.

The treeviewwidget andthe treemapwidget makeuseof the sametree datastructure.They
may be thoughtof astwo differentview-portmappingsof the samedata. The designof the tree
and treeview data structures was done in sughy asto beflexible, sothatit could be extended
depending on the specific application. For example, a tree can have multiple treeviews.

Thetreeviewwidgettakesa tree asinput, generateshe layout, anddrawsthe treeview. Any
arbitrarytree (m-ary tree) canbe visualized. The treeviewis laid out horizontally,and the user
canchoosethe orientation(left-to-right or right-to-left). The treeviewcanbe browsedin X and
Y directions using the horizontal and vertical scroll bars, respectively (Fi§ure

This widget hasbeenusedin the Tree-browsepplication(Figure19). This applicationis a
visualization tool for hierarchical data that makesuse of dynamic queries [Williamson and
Shneiderman1992] and pruning. The Tree-browsermsestwo coordinatedor tightly-coupled
treeviewsof the sametree, one a detailedview and the other a miniature view or overview
(Figure 18). The usercan selectattributes(both numericaland textual) for queryingnodesat
eachlevel in the hierarchy. Nodesat higherlevelsin the hierarchythat do not matchthe query
causetheir subtreedo be prunedout of the visualization. Thus,onecanreducea hugedataset
(with thousands of nodes) to a much smaller set, from which a good selection can be made.

Thetreeviewwidget operatesasa standardvindow which scrollsthe node-linkrepresentation
of the tree. Thus, the specification (Figdi® consists of aiew portwith two scroll bars. Since
scroll barsare suppliedby the window-systentool kit, they arerepresentedby a "black box" in
our specificationsystem. (One can also build them from the horizontalslider alreadydefined.)
The view itself is visualizedasa view port over a canvaswhich containsthe entiretree already
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Treeview Widget

Horizontal Scroll Bar

/ Value / Viewport

cHloc

@_j translate /
cVlio

Vertical Scroll Bar

/ Value /_

Figure 17 -- Treeview widget specification.

drawn. View ports have associatedvith them a mappingfunction which is controlled by a
translationpoint (trandlate) andscale(magnification). Sincethe treeviewusesa constantscale,
trandate is specifiedby two constraints,one from the horizontal scroll bar and one from the
vertical scroll bar.

The coordinationbetweenthe two viewersmay also be specifiedusing |OGs. The left-hand
treeviewwidget is the overview. The Viewbox in the overviewis just a draggableicon. It is
constrainedo be locatedwithin the overviewby assigninghe FreeArea and ActiveArea inside
of the overview. The valuesof the Viewbox usethe samerangeasthe scroll barsfor the right-
handtreeviewwidget or detailedview. Finally, constraintsare assignedoetweenthe Viewbox
value and the detailed-view scroll bars (Figi® Note, the data arcs assigning thesestraints
have Boolean conditions which limit updating to the widgets not being manipulated.

Coordination

Viewbox Detailed View Treeview Widget

Horizontal Scroll Bar

cVHCoord
/selected ~ ),
/ Value &£ o/ 7 Value /
selected cSHCoord
M

IViewbox.selected

Vertical Scroll Bar

// Value /

IViewbox.selected

Figure 18 -- Specification of treeview coordination in the Tree-browser application.
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Figure 19 -- Two treeview widgets used in the Tree-browser application.
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3.4 The Treemap Widget

The treemapviewer usesa space-fillingalgorithmto reducethe display spacerequiredto view a
hierarchy[Shneidermar1992]. The treemaphasbeenusedto visualizefile directories[Johnson
and Shneiderman,1991], budgets, stock portfolios [Jungmeisterand Turo, 1992], satellite
network links [Kumar et al., 1994], and other tree-structurechierarchies. Many applications
handlevastamountsof data. It is often difficult to presentthis datato the userin a way that
would give the usera good overview of the dataand at the sametime allow easyaccesdo the
details of the information. The Treemap is a data visualization tool developed for this purpose.

Treemaps(Figure 20) are bestsuited for viewing hierarchicaldata, and when necessarya
hierarchycan be createdfor almostany kind of data. Insteadof displayinga conventionalree
structurewheremostof the display spaceremainsunused(Figure 19), treemapdake the space-
filing approachof nested-circlediagramsanddivide the parentnodeareaamongits child nodes
(Figure2l). The area of a treemap is dividathongthe nodescorrespondingo their weights,so
a treemapdisplays more information than a conventionaltree diagram. Therefore,treemaps
display hierarchically-structured information in relatively small screen space.

The basicattributesof a treemapare the tree, root node, selectednode, child node offset,
orientationin which the nodesare divided, numberof levels displayed,node namedisplay, size
attribute,andcolor attribute. The sizeattributevaluescanbe filtered, which is very usefulif the
variationin nodesizesis small. The sizeattributecanalsobe inverted,so that nodeswith small
valuesappeararge on the screenand nodeswith large valuesappearsmall. The color palette
used for coloring the nodes can also be changed.

= TMAPTEST -~

Name: | ARJ.EXE

Size: | Size in bytes |;I | 116260

Color: [Age in days (¥ 121

TEXTFRTEXE TI

Figure 20 -- Screen snapshot of a treemap.
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Figure 21 -- a) Nested-circle diagram b) Corresponding treemap
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A tree map is constructed by first selecting a display root timteanbe anynodein thetree.
Theroot nodecoversthe entiretreemapdisplayarea. Changingthe displayroot nodeis a good
way to zoominto the hierarchy. The areaof the displayroot nodeis divided betweernits children
accordingto their size-attributevalue. The division is done either horizontally or vertically
dependingon the orientationattribute. Thedirectionof divisionis alternatedbn successivéevels
of the tree. If the treemapoffset attributeis greaterthan zero, a borderof offsetpixelsis left
aroundthe divided nodearea. The nodenamecan be displayedin the upper-leftcornerof the
nodeif needed. The deeperlevelsof the hierarchycanbe left out to display higherlevels more
clearly. The selected node is highlighted with a (colored) wide border.

The sizes othe nodesaredeterminediy any numericalattributeof the nodes. The nodeswith
large values are displayed large. If there are lots of the nodes, the smallest onewdessatily
getany screenspace. If manynodeshaveapproximatelythe samesize,the size attributecanbe
filtered througha function to exaggeratehe size differencesmakingit easierto find the largest
node. If the hierarchycontainsa huge(uninterestingnhodethat coversmostof the screenspace,
this node canbe closed,andits areagiven to other nodes. The leaf nodesof the tree canbe
colored accordingto any numericalattribute they have. The numberof colors and the color
values in the palette can be selected by the programmer.

The usercanselectany nodeon the treemapby clicking it with mousebutton1. Theselected
nodeis indicatedby highlightedborders. If the userholdsthe mousebuttondown andmovesthe
pointeraround,the selectionfollows pointermovement. The usercanzoominto the treemapby
double clicking a nodewith mousebutton 1. This causeshe selectednodeto fill the entire
treemapdisplay space. The usercanzoomout onelevel at a time by clicking mousebutton 2.
The parent node of thdisplayedroot nodebecomeghe newroot for the treemagpdisplaythereby
filling the entire area.

In additionto the complexgraphics,the treemapviewer presentsan additional specification
problem-- whereis the line betweenthe applicationand the interface? Clearly, the interface
should handleeventslike pointing and clicking. But, what about closing nodes,zooming-in,
zooming-out,and changingthe attribute mappedto size? Each of theseactionschangesthe
treemapbeingviewed andis more properly part of the application. The specificationpresented
herewill assumethat the applicationhandleschangesto the treemapand will concentrateon
generating events which the application needs to change the view.
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Figure 22 -- Specification of treemap node.

Thetreemapviewer consistof two componentypes: a treemapnodeanda treemapviewer.
The node IOG would be createdfor eachtree item by the application. For eachnode the
applicationwould also createan identifier. This identifier will be assumedo be anindex into
arrays for the three attributes of the treemap (Name, &izk&;olor in the examplein Figure20).
Now, wheneverthe userpointsto a nodewith the mousebutton pressedthe nodeidentifier is
exported from the TreemapNode (Figa®.

Thetreemagpitself (Figure23) consistf a groupof TreemapNodes currentlyselectechode
attribute,anddisplaysfor the Name,Size,and Color mappings. The group of nodesis depicted
asthe stackof meta-statesn the left. They all are connectedo CurrentNode which in turn
connectgo the displays. The CurrentNode-to-displayconnectionis anindexinto a string array
initialized by the application. The displaysare of the standardsingle-heightlist displayfound in
all window systems and have not been specified in order to save space.

The zoomingoperationshave beerattachedo the entire treemap. A doubleclick (Mv*v?)
generateshe Zoomln event. Similarly, clicking the second(right) mousebutton generateshe
ZoomOut event. It is assumedhat an implementationwould attachtheseeventsto semantic
functions in the application.

TreeMap
| Nodeld
I _@ CurrentNode
TreemapNode Zoomin
””””””””” MVI\VI\
&
NameDisplay M2vA ZoomOut
&
n SizeDisplay
ColorDisplay

Figure 23 -- Specification of treemap viewer.

[0 Copyright 1994, 1995 Carr et al. 22 05/16/95



3.5 Secure Toggle Switch

Most existing buttonsin computerapplicationsgive no indication of the currentstate- novice
usersgetconfusedasto whetherthe labelon a buttonportraysits currentstateor is anindication
of the action it performs.

The lever toggle usesdirect manipulationand visual feedbackto perform the following
functions:

1. Indicate the current state of the device in an unambiguous manner.
2. Make obvious how the user can change the state of the toggle.
3. Acknowledge the user’s actions by providing appropriate visual feedback.

Additionally, a securdevertoggle (Figure 24) guardsagainstan accidentakchangeof stateby
requiring a deliberate user action.

Physicalsecure-levetogglesfind extensiveusein heavyindustry- for examplein controlsthat
should not be switched on or off by the accidentalpush of an operator,like aircraft auto-
pilot/manual settings. In computerapplicationsthe securetoggle can be usedin machinery
simulators,suchas an aircraft simulator,and in any applicationthat requiresa deliberateuser
action. They can also be used in computer-controtlachineryfor examplethe control panelof
various home appliances such as air conditioners, security systems, ovens, etc.

The "secure"switch is basedon the designsby Plaisantand Wallace[1990 & 1992]. The
switch requiresthat the operatorpoint at its currentstateanddragthe switch to its new statein
orderto operateit. This preventsanadvertentlychangingthe switch position (andthe controlled
system). In orderto turn the switchon, the operatorwould haveto movethe mouseto the "Off"
region of the switch, press the mouse button, drag the mouse into an intermegpoatgragthe
mouseinto the "On" region,and releasethe button. Releasinghe mousebuttonin any region
otherthan"On" will returnthe switch to the off state. Turning the switch off requiressimilar
manipulation. Eachstepin the operationsequencecorrespondg4o a similar statein the user
interface.

In orderto specify the userinterface,we needto define three regions(Figure 24) and five
icons. Theregionsrelatethe mousepositionto the correspondingide of the switchimage. The
icons provide feedbackto the useraboutthe switch value and aboutits operation. Figure 25
shows the specification and the icons.

Figure 24 -- The secure switch (shown with specification regions).
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Figure 25 -- Specification of a secure switch.

To geta betterideaof how the specificationis interpretedet's tracea userturning the switch
on. At startup,Static States is enteredat the startstate. A testis madeon the initial value of
switch, and either the "on" image or the "off" image is displayédthis case assumehe system
starts with the value afwitchasOFF. So,thelOG initially movesto the Static States - Off and
displaysthe icon shown. The usernow positionsthe mousein the Off region and presseghe
mousebutton. This satisfiesthe in[Off] Mv condition,andthe IOG movesto Oper ating States
- Off. This movecauseghe switch displayto light up. Next, the userdragsinto the middle of
the switch. This activateghe ~[Mid] eventandcauseghetransitionto Operating States - Mid
to betaken. Again the displaychangesvhenthis occurs. The usercontinuesanddragsinto the
Onregion,the ~[On] eventoccurs,andthetransitionto Operating States - On occurs. At this
point the userreleaseshe mousebutton. This enablegwo transitions: inf[On] M~ on the data
arcto switch andM” from Operating States to Static States. By conventionall dataarcsare
evaluatedirst. So,thevalueof switch changego ON. Sincethe M” transitionis to the meta-
stateand not to a containedstate,Static States is restartedat its startstate. The transitionto
Static States - On is taken,andthe displayupdatedo the "on" switchwhich is notlit up. If the
userhadmovedthe mouseout of the On regionbeforereleasinghe mousebutton,only the M#
transitionwould have beerenabled. Thus,when Static States wasrestartedhe switch would
have been OFF, and the display would have returned to the off state.
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4 SUMMARY OF EXPERIENCES

In additionto the widgetsdescribedn this paper,IOGs have beemusedto specifya numberof
other widgets.

4.1 Implementing the Widgets

Specificationof the widgetswaspart of an effort to improveandreimplementhe widgetlibrary.
We wanted to run the widgets on Unix, PC, and Macintosh platforms. In ora@ssdmplishthis
we decidedto usethe Galaxy multi-platform, user-interfacedevelopmensystemfrom Visix and
to use the Interaction Object Graphs as a paper-design tool.

We found the specificationshelpful in implementingthe widgets. In the caseof the secure
switch, the programmerracedaheadbefore the specificationwas completedand programmed
from a verbaldescriptionand a working prototypeof the original toggle switch. The resultwas
that the programmemisinterpretedhe securefeature,and the switch changedstateswhenthe
userenteredhe "On" or "Off" regionsaslong asthe userhadcompleteda sequencehroughthe
middle. (e.g.~[On] Mv ~[Mid] ~[Off] would turn the switch off beforethe userreleasedhe
mousebutton.) Reprogrammingrom the specificationproducedcorrectbehaviorand reduced
the size of the code. The specificationswere also helpful in answeringquestionslike, "What
happens when the range-selection-slider indicators meet?"

Therewere problemsimplementingfrom the specifications. Galaxy abstractionsare not the
sameasthe |OG abstractions therewasa certainamountof translationrequired. Translationof
IOG componentsinto 'C' is fairly straightforward. For instance,an arc is simply an "if
CONDITION then ACTION" construct. A dataobjectis simply a variableassociatedvith the
widget. Modeling the IOG-statehierarchyis more complicated,but with small specifications,
modelingthe XOR statesthrougha function with a casestatementand a statevariableworks
well. Usingthis schemeAND statesarejust a function which calls all of their componenXOR
states. With this modelspecialhandlingis requiredfor arcsfrom one meta-state¢o another. As
with all manual translations, keeping the diagrams updated was a problem.

As a methodfor communicatingdesignswe found that for widgetslike the secureswitch or
the AlphaSlider,the IOG methodgaveclearvisualizationsof the widget behavior. On the other
hand,morecomplexwidgetssuchasthe treeviewerandtreemapviewerswerevery abstractand
required careful reading to extract meaning. We found that specifying complex graphical
relationshipgor thesewidgetswasvery awkward. In the end,we decidedthat we would usethe
view-port mechanismand code the graphicswithout an IOG specification. Therewas also a
trade-off betweenthe level of detail requiredfor an operatingwidget and the level of detail
requiredfor a "readable"specification. Realwidgetshavelots of attributeswhich don'taffectthe
runtimebehaviorof thewidget. A completespecificationrequirestheir presence.However,they
clutter the diagramswith dataobjectsandmakethe diagramsharderto read. We settledon the
conventionthat the diagramswould only showdataobjectsinvolved in behavior. Hierarchically
organizing the widget specification and reducing some details to a "black box" helped readability.

Adding data arcs and data object nodesto 10Gs help tremendouslyin visualizing the
relationshipsbetweenthe dataand widget behavior. The one-wayconstraintswere useful for
expressingelationshipdbetweenattributes. This wasso, eventhoughthe implementatiorsystem
did not directly supportconstraints. However, one drawbackof constraintsis that they are
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deceptivelysimple. The first constraintwritten usually resultsin sliderswhich can slide out of

their bordersand valueswhich are outsidethe desiredranges. We found that many constraint
equations needed to be guarded by minima and maxima. We also found thatjmifitations
do not necessarilymake "good" interaction. For instance,when specifying a draggableicon

(Figure6) onefirst tendsto write the trackingconditionas"AM && in[Activelcon]". However,
this condition causes problems on the border of the icon. If thésusethe left edgeandmoves
the mouseleft, the mouseimmediatelyleavethe regionof theicon. This interruptsthe tracking.
In slowersystemghe mousecanmovein jumpsof severalpixels, andthis increaseshe width of

the problemregion. A morerelaxedconditionof "AM && in[FreeArea]"fixes this. Therewere
two other problemswith condition specificationto guard against. First, eventsshould not be

linked in conjunction. Our model of eventsis that only one may occur at a time, and so the

conjunctionof two eventsneveroccurs. The secondoroblemis with specifyingtwo control arcs
into the same XOR meta-statefrom a single state. (Parentstatesof both the sourceand
destinationmust be considered.) If thesearcsdo not have mutually exclusive conditions,an

ambiguous specification results. We decided that this condition was an illegal I0G.

4.2 Interaction Object Graphs in Relation to Other Specification Methods

IOGs have proven superior to otlspecificationmethodghathave beemsedto specifywidgets.
They have the following advantages:

1. More Compact. Specifyingthe behaviorof the secureswitch requires9 control arcs,6
statesand2 meta-statesvith IOGs. A transitiondiagramtakes20 arcsand9 states. As
behaviorsget more complex, transition diagramsbecomemore complex faster than
IOGs. Eventhe statecharspecificationfor the secureswitch is slightly more complex.
Statechartslo not directly representata,and this meansthat a statecharspecification
usesa history stateand two extra arcsto specify returningthe switch to the original
setting. UserAction Notationcanbe usedto specifythe secureswitchaswell. A direct
comparisonis difficult, but a secureswitch specificationwith UAN takesabouta full
page as comparedto the half page with an I0G. We have also found that the
specification of handling for unexpected user behavior is difficult when using UAN.

2. Direct Representation of Data. While seemingly a small addition, the direct
representationand modification of data greatly increasesthe specification power.
Specifyinga sliderwith eitherstatechartsr transitiondiagramss difficult. Thetracking
constraintmustbe handledoutsideof the specificationsystem. UAN providesa single
operator(>~) to representracking. However,this operatorrelatesicon positionto the
mouse position and not to the valudtué slider. Finally, UAN is unableto representhe
effect of computer-initiateddatachangein the interface. Its userorientationlimits its
usefulness when specifying widgets that display computer feedback.

3. Visualization of Widget Behavior. Noneof the otherspecificationmethodsgive their
readersan ideaof how the widget will appearon the display. 10Gs are uniquein this
respect.
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SincelOGsaresuperiorfor specifyingwidgets,we consideredisingthemto specifythe entire
interface. Fouserinterfacesjt seemdo usthatlOGsmaybetoo detailed. At the user-interface
level the designer-completedctions,suchas changinga switch value, are more importantthan
the detailsof how the switch operates.We seelOGs asa complemento existinguser-interface
specificationsystems. Bodart, et al. (1995) reacheda similar conclusionin their study of
specificationtechniquesat four different levels of abstraction(inter-presentatiorunit, intra-
presentatiorunit, intra-window, and intra-object). They found IOGs very convenientfor intra-
object dialog specification. For the other levels of abstraction they found that while it was
possibleto use lOGs, modifying themto expressthe relationshipsof that level of abstraction
worked better.

5 FUTURE RESEARCH

One featurethat was sorely missedwas being able to executethe specificationdirectly. This
would havesavedconsiderabldime. Also, testingthe specificationgdirectly would revealerrors
and usability problemsbeforecommittingto code. After the widgetswereimplementeda C++
classlibrary which implementsthe I0OG abstractionwas programmedwith an interfaceinto the
Microsoft Windowssystem. With this classlibrary, a programmemvho hadnot takenpartin the
original projectwas ableto implementoperatingwidgetsfrom 10G diagramsin lessthana day.
Extendingthis library to a systemwhich allowedthe designerto draw the widget IOG andthen
directly execute it would be a valuable tool for prototyping.

Another areawhich showspromisefor future work is algorithmsto detectcommonerrors.
While we feel it would be impossible to provevalgeterrorfree,somecommonerrorsshouldbe
detectable. For example,manywidgetshavea direct mappingbetweena display state (display
nodein 10Gs) andthe value of a widget attribute. At leastfor thosestateswhich representhe
widgetwhenthe useris not manipulatingt, it would be desirableo verify thatthe attributevalue
could be guaranteed.Verifying the attributevalueis closely relatedto the usability conceptof
visibility of underlyingsystemstate. Forgettinga dataarc is the most commoncausefor this
error. Other propertiesto check could include freedom from "sink states" and "dialog
completion”. A sink stateis one which, once entered,cannotbe left andis a violation of the
reversibility principal of direct manipulationinterfaces. Dialog completionwould insurethat the
widget returnedto "non-operating”stateswhen the user stopped manipulatingit. "Non-
operating"statesrepresenthe widget whenthe useris not manipulatingit. For example,in the
secureswitch, releasinghe mousebutton shouldresultin the widget enteringone of the display
statesin the top group (Figure 25). Any other statewould be anerror and might give the user
incorrectfeedback. (e.g.,displayingthe switch in the on-activepositionwhenit wasoff andnot
being operated, might cause the user to conclude the switch was on.)
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