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ABSTRACT

Our godl isto provide tools to support working meetings on
an electronic whiteboard, called Tivoli. This paper de-
scribes how we have integrated structured domain objects,
which represent the subject matter of meetings, into the
freeform whiteboard environment. Domain objects can be
tailored to produce meeting tools that are finely tuned to
meeting practices. We describe the language for defining
domain objects and show examples of meeting tools that
have been built with the language. We show that the system
can interpret the spatial relationships of domain objects on
the whiteboard to encode the meanings of the spatial ar-
rangements, and we describe the computational mecha-
nisms. We discuss some of the design principles for
tailoring gestures for domain objects. Finally, we enumerate
the techniques we have used to integrate the structured
objects into the freeform whiteboard environment.

Keywords: whiteboard metaphor, pen-based systems, freeform
interaction, implicit structure, informal systems, recognition-based
systems, list structures, meeting support tools, gestura interfaces,
user interface design, tailorability, customization

1. INTRODUCTION

Our goal is to provide computationa support for working
meetings, in which small groups of people collaborate in

metaphors: from writing in notebooks [20, 21] to sketching

on napkins [3] or onionskin [4]. There is also some research
on pen-based interaction with wall-size displays supporting
a whiteboard metaphor for meetings (e.g., [15, 19, 22]).
There are several products providing the basic whiteboard
scribbling functionality, but effective pen-based meeting

tools beyond scribbling is still in the research stage.

We have been working for several years on a program of
research to provide computational meeting tools based on a
whiteboard metaphor. Our idea, in the spirit of [7, 16, 17],
is to allow freeform creation and manipulation of materials
on the whiteboard; to provide facilities to easily organize
and structure the materials as needed by the group; and to
provide perceptual mechanisms in the system to make sense
of the organized materials.

Our program is based on the LiveBoard [2], a large, shared,
pen-based electronic (rear-projected) display. This provides
a whiteboard-size interactive display that allows us to
experience and experiment with “group-computer interac-
tion” in a way not possible with smaller displays. We have
developed a software application, call€doli [15], that
simulates whiteboard functionality on the LiveBoard (or
any other display). Tivoli provides basic pen-based scrib-
bling and editing with pen-based gesturing and wiping
techniques. In this paper, we use the term “board” to refer
to an interactive electronic whiteboard.

real time. By “working meeting” we mean groups working
with a large set of knowledge materials (assessing, discussWe extended Tivoli to allow “implicit structuring” of the

ing, organizing the materials, negotiating about the materi- material on the board [11]. Material is created on the board
als, creating new materials, etc.). Group interaction in suchin a freeform manner, which means that anything can go
situations is freewheeling and fluid. anywhere without constraint. However, the user can indi-

Groups often use whiteboards in meetings to provide gcate by certain gestures that the material is to be regarded as

shared visual surface to capture and manipulate their mateleMPorarily structured in some manner, e.g., as handwritten

rials. Research in pen-based computational systems haEe_Xt' Tivoli wil th?” apply editing operations in accor(_jance
developed a variety of user interaction techniques, mostlyW|th the conventions of that structure, such as opening and

focused on personal use on tablets, based on a variety ¢fl°SiNg space where needed when moving words around.
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We then extended Tivoli by developing a set of simple and
natural techniques for helping users spatialy organize
meterial on the board [10], most importantly providing
ways to group materials into regions. Tivoli limits struc-
tured operations to the regions in which they are invoked.

Our next step was to build on these user interface and
structuring features by adding facilities for handling a new
kind of object, domain objects, in Tivoli. Before this, al of
the materials on the Tivoli board have merely been graphi-
cal objects, whose interpretation or relationship to other
data exists only in the minds of the users. For example,
SUpPOSe a group’s current action items were imported from
a workflow system as a prioritized list and read (as simple
text) onto the board; then users in a meeting altered, erased,
added, and rearranged the action items on the board. The
resulting board image would bear no relationship to the
action item entities in the workflow system. However, by
representing the action items as domain objects in Tivali,
they can be manipulated in a whiteboard style during a
meeting and then the results (e.g., rearranged priorities) can
be exported back to the workflow system. Thus, domain
objects represent the subject matter (i.e., domain of knowl-
edge) of meetings. We are able to tailor specialized domain
objects as meeting tools that are tuned to particular contents
and processes of meetings.

We introduced domain objects in a companion paper [14],
where we motivated their utility for building meeting tools,
described several applications, and related our experience
in using the tools. In this paper, we focus on the user inter-
face issues. We first give a concrete example (Section 2)
and the general rationale for domain objects (Section 3).
We describe the architecture of Tivoli (Section 4) and its
facilities for domain objects (Section 5). We show various
meeting tools that were built (Section 6). Finadly, we dis-
cuss in detail various user interface issues encountered in
this research: how Tivoli interprets spatia relations among
objects (Section 7), the principles for designing gestures on
objects (Section 8), and the techniques for smoothly blend-
ing the domain objects into the freeform whiteboard envi-
ronment (Section 9).

2. AN EXAMPLE OF DOMAIN OBJECTS

Let us consider a scenario of a budget meeting (modeled
after an actual meeting). Thisis perhaps the easiest example

to understand, because the use of domain objects is like a
“freeform spreadsheet.” Figure 1 shows the Tivoli board
for the budget meeting.

Figure 1. Tivoli Board Showing the Use of Domain

Objects in a Budget Meeting.
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a loop around them with the pen in gesture mode; you can
drag any selected objects anywhere (even on top of bor-
ders). The graphic objects on the board are also implicitly
structured as lists in each region: you can select one of the
objects with a “structure” gesture and drag it up or down,
and the other items in the list will be adjusted to maintain
the proper spacing. The borders define the explicit structure
of regions. Borders are editable strokes; you can move and
delete them and create new borders, thereby redefining the
region structure of the board.

All of these are useful graphical tools. But the meeting is
not about strokes and borders; it is about the budget. The
domain of budgeting is concerned with cost items, targets,
etc. The domain objects on the board represent these enti-
ties. In Figure 1 there are lists of cost items in the regions,
each cost item object showing a name and a cost. At the
tops of the regions in the upper row are domain objects
representing budget centers, which show a name, sum,
target, and delta. Each budget center sum is computed
dynamically by adding up the costs of all cost item objects
in the same region as the budget center object.

The goal of the budget meeting is to arrange the cost items
to fit the targets, i.e., to reduce the deltas to zero. (The
deltas are dynamically computed as the differences between
the sums and targets.) The meeting proceeds by dragging
cost items between regions. Cost items in the lower row of
regions are not charged to any budget center, because there
are no budget center objects in those regions. Cost items
can also be transferred between budget centers by moving

There are several kinds of graphic objects on the board:them. Note also that scribbled annotations can be made, and

scribbles (“ink” strokes) in various places, text (the title at

the top), and border lines (defining nine rectangular re-

they do not affect the computations.
These domain objects were tailored for this meeting by a

gions). But most of the graphic objects on the board aregqrinting language in Tivoli for defining domain object

domain objects, which appear as boxed items. This is
freeform whiteboard: you can scribble anywhere with the

&lasses. In addition to defining the computations, the lan-

guage allows specialized actions to be defined for the

pen in ink mode; you can erase with the pen in erase modeyomain objects. For example, gestures are defined on the
you can select any graphic objects on the board by drawing.,t jtems to allow the costs to be easily adjusted during the
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meeting. Tivoli can, in addition to saving page images,
import and export domain objects, so that they can be
exchanged with a database.

3. WHY DOMAIN OBJECTS?

The above example gives a flavor of what domain objects

are and motivates their utility for building meeting tools.

Let us summarize the main reasons why we created the

domain object facility in Tivoli:

1. Domain objects allow us to represent the semantic
content of meetings, the things that meeting participants
think about and consciously work with.

2. The domain objects allow the materials in a meeting to
be connected with the “workbases(e.g., databases,
spreadsheets, document repositories, workflow systems)
used outside of meetings.

3. The appearance and behavior of the domain objects can
be tailored to the specific needs of different meetings.

4. The domain objects can be incorporated into a facile,
pen- and gesture-based whiteboard-style of interaction
that supports the way meetings actually work.

5. The Tivoli user interface can effectively blend struc-
tured and freefornmaterials on the board.

6. Tivoli can interpret the 2D spatial arrangement the
domain objects on the board and provide supporting
computations.

A companion paper [14] focuses on reasons 1-3. The main
purpose of this paper is to substantiate reasons 4-6, i.e., the
user interface issues.

4. OVERVIEW OF TIVOLI

Tivoli is a complex program written in C++, running under
X Windows in Unix. It started as a basic whiteboard simu-
lation application [15], but it has been used as a platform
for many different research explorations [12, 5, 8, 9, 13].
Figure 2 shows a simplified picture of the Tivoli architec-
ture, as consisting of two components that manage interac-
tions with the user and three components that analyze the
graphic and spatial properties of materials on the board.

User Interaction R . . Class structure
Editing Operations Whiteboard Domain Object J Appearances
Display Computations
Graphic Objects M anager M anager Action Rules

Explicit
Spatial
Analyzer

Implicit
Spatia
Analyzer

Regions Items
Structured Borders Lists

Freeform Enclosures Side Effects

Freeform Links

Figure 2. Components of Tivoli.
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The Whiteboard Manager handles user interactions, editing
operations, graphic objects, and the board display. The
Gesture Analyzer classifies pen gestures. The Explicit
Spatial Analyzer [10] keeps track of the region structure
(defined by structured borders and freeform enclosures) of

the board. The Implicit Spatial Analyzer [11] “parses” the
board to interpret the graphic objects as vertical list struc-
tureg within the regions.

Tivoli can operate on all kinds of graphic objects with these
four components. Domain objects are different, because
they are defined to have their own specialized behaviors.
Thus, control is deferred to the Domain Object Manager
whenever the user interacts with domain objects. The Do-
main Object Manager interprets the domain object class
definitions, which specify their structure, appearance, and
behavior.

5. DOMAIN OBJECT FACILITIES

Tivoli has facilities for representing, defining, and manag-
ing domain objects. A domain object is a cluster of data
representing a work entity (a document, an action, a person,
an idea, a proposal, a note, etc.). Each object has a class
and a property (attribute-value) list. There i$ieoli class
definition language for specifying the property structure,
the appearances, the behaviors in response to user actions,
and the computed properties of objects of each class. There
is also aTivoli markup language for laying out domain
objects and other graphic objects on Tivoli pages. These
languages allow domain objects to be defined as meeting
tools for particular meeting settings.

Domain Object Class Definitions

A domain object class definition has three main parts: The
view layouts are expressions defining the appearances of
the objects on the board. Thetion rules specify the be-
haviors (actions) of the system in response to gestures by
the user (conditions). Theomputed values give formulas

for dynamically computing various property values. Con-
sider as an example the budget meeting of Figure 1. Figure
3 shows the definitions of its domain object classes.

View Layouts, Views, and Fields

Domain objects are internal data structures; they only
become visible and manipulable on the Tivoli board as

! The Implicit Structure Analyzer can actually recognize other
rectilinear structures: “text” (horizontal arrangements of words),
tables (2D arrays of cells), and outlines (indented lists) [11].
However, we found that only lists were actually used in our
applications, so we disabled the other structures in order to have
a simpler, more robust user int&é.

2 The actual syntax of action rules and computed values is Lisp-
like parenthesized expressions. For the sake of readability, we
use a simplified syntax in this paper, using English phrases and
mathematical symbols to describe what are actually positional
arguments to functions in the class definition language.



Figure 3. Domain Object Class Definitions for the

Budget Meeting in Figure 1.

class Budget-Center (name, sum, target, delta)
view layouts
doc-view: <documentation>
base-view: name | sum | target | delta
action rules
hold - show doc-view as overlay
up on target - target = target + 5
down on target - target = target — 5
computed values
sum = add up costs of Cost-ltems in my region
delta = sum — target

class Cost-ltem (name, cost, center, charge, priority)

view layouts
doc-view: <documentation>
base-view: name(truncated) | cost
full-view: name | cost

action rules
hold - show doc-view as overlay
right in base-view — change to full-view
left in full-view — change to base-view
up on cost - cost = cost + 1
down on cost - cost=cost—1

computed values
charge = get name of Budget-Center in my region
center = get name of Budget-Center in my column
priority = list-position in my region

graphic objects, called views, whose appearances are de-
fined in the view layouts. A view layout has a name and a
specification. The default format for aview is abox divided
into sub-boxes, caled fields, for each property. There can
be (and usually are) multiple views per object.

Consider the Budget-Center object, which has four proper-
ties (Figure 3). The norma view, named the base-view,
displays all four properties. On the other hand, the base-
view of a Cost-ltem shows only two of its properties; and
the first property, the name, is shown truncated.® Both of
these views are designed to fit the dimensions of the regions
on the board. The Cost-Item has a second view, the full-
view, that displays the full name and cost. Both classes have
a doc-view that documents the class definition for the user.
Figure 1 shows the Budget-Center’s doc-view as aroverlay.
Overlays are special graphic objects in Tivoli; they visually

Action Rules

The action rules define specialized behaviors of domain
objects. For example (Figure 3), there is an action rule for
Budget-Centers to create aloc-view and display it as an
overlay when the user doeseld gesture. There is a simi-
lar rule onCost-Items.

There are three parts to an action rule’s condition: the view,
the field, and the gesture, each of which can be specified as
any. Thus, different actions can be triggered not only by
different gestures, but also by the same gesture in different
views or in different fields of the same view.

Actions can change views. A rightward gesture orbtse-
view of aCost-Item replaces it with dull-view. In Figure 1,

for example, the “Memory Upgrade€bst-item in the third
column is dull-view, which extends into the fourth column.
A leftward gesture on thdll-view would replace it with a
base-view, which does fit into the column. Thus, these
gestures allow the user to quickly peek at further informa-
tion about aCost-Item. Gestures can also alter values of
properties. For example, gesturing upward or downward on
the target field of a Budget-Center causes thearget value

to be incremented or decremented by $5K.

Tivoli supports a range of simple, natural gestures on do-
main object views:

* tap, double-tap, hold

* up, down, left, right (i.e., simple “flick gestures”)

* up-down, left-right (back-and-forth gestures)

* pigtail, spiral (standard Tivoli gestures)

* drop (i.e., dropping selected material onto a view)

Actions are based on a set of primitive actions supported by
Tivoli and can be composed into arbitrarily complex pro-
grams. The primitive action types include:

 control (e.g.jf, case)

» Boolean, arithmetic, and list processing

 aggregation (e.g.sum, count, collect)

« editing (e.g.,delete, color)

 arranging (e.gsort objects based on some property)

« display (e.qg.,jump)

 temporal (e.g.get-current-time)

 object and view creation

« selection (of graphic objects on the board)

Computed Value Specifications
Property values can be computed dynamically by specifying

overlap other graphic objects and are not considered to bé formula (similar to spreadsheets). For example, the value

on the board, but floating above it. The user can drag and®

dismiss overlays.

3 The view specifications presented here are extremely simplified.
The specifications in the actual language are similar to the printf
format specsin C. Various visual aspects can be defined: box-
ing, sizes, color, truncation, justification, wrapping, fonts, literal
text, conditionals, etc.
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f the sum property of aBudget-Center is computed dy-
namically by adding up theosts of theCost-ltems in its
region (Figure 3). Thelelta property is computed as the
difference between theum and thetarget. Whenever
objects are moved between regions, these values are re-
computed. For example, if th@ost-Item named “6 PDAS”

in the left column were moved to the next region to the
right, the CSA object’'sum would decrease to 43 and its
delta to 3, and the DID object'sum would increase to 54



and its delta to 14. If the CSA Budget-Center object were
moved into the lower left region, its sum would become 22
and its delta -18. That is, the formulais computed based on
spatial relationships relative to the position of the view.
Thus, the computed sum is based on the visual context of
the object’s view, which corresponds to what users see.

Computations based on spatial relationshigsrpret the
significance of the spatial arrangement of objects on the

freeform enclosure or a link (as described in Section 7).

Whenever one of these changes occurs, all formulas in all
objects are recomputed. If any formula produces a new
value, the recomputation cycle is repeated, until no values
change (or a threshold number of iterations is reached,
which can occur if the formulas contain circularities).

While it might seem wasteful to recompute all the formulas
whenever a change occurs, it is difficult to do much better.

board and encode them as values of object propertiesgne coyig imagine analyzing the formulas to determine

Examples of this are the computed propertieSaaf-Items.

A Budget-Center sums upCost-ltems in its region; the

converse relation is that these (and only th&sm})-ltems
are charged to thatudget-Center. Thecharge property of

aCost-ltem is computed by finding whether it is in the same

region as aBudget-Center object and, if so, getting th
name of thatBudget-Center (Figure 3). Similarly, aCost-

Item can be associated witlBadget-Center even if it is not
charged. This is recorded in tleenter property by com-
puting whether aCost-ltem is in the same column as
Budget-Center. Finally, the order o€ost-Items in each list

e

a

can be used to indicate their relative priority within their

budget centers. This is represented ingherity property,
which computes the numeric position of east-item in

their interdependencies. However, we want to allow future
versions of the system to use non-specialized scripting
languages, such as Python or Visual Basic, in which ana-
lyzing formulas for interdependencies would be intractable.
In practice we have found that the brute-force recomputa-
tion of all values is fast enough. In fact, it is frequently so

quick, we found it desirable to put in delays in order to slow
down the display of new values, so that they are “animated”
in a perceptually apparent way.

View Ambiguity Issue

One of our fundamental decisions was to allow multiple
views per domain object. This is a crucial feature for creat-
ing meeting tools, as objects need to be accessed and ma-

its respective list. Tivoli supports computations based on anipulated in multiple ways. For example, in the budget
variety of spatial relationships, which we discuss further in meeting, suppose that the items need to be discussed and

Section 7.

Computing Computed Values

Conceptually, a computed value’s formula is computed
continually. In reality, it is not computed until it is first

needed (e.g., to display it in a view), and thereafter only

notes taken. This might be done by having a separate page
listing all Cost-ltems with expandedote-views (showing all

the properties), where scribbled notes could be inserted into
the list after eaclost-item.

This leads to an ambiguity problem. Formulas are specified

when something changes that could affect the computed©’ domain objects; but objects do not have spatial posi-

value. Given the large set of relationships on which com-

tions, only their views do. It is ambiguous which view's

putations are based, almost any change by the user on thosition should be used in computing gformula. For exam-
board can trigger recomputation. Gesturing on a view P& the system needs to know thatjtherity of aCost-ltem
thatiS computed relative to itbase-view's position on the

triggers its action, which might change property values

are used by formulas. Creating or deleting a border chang

the region structure. Even something so simple as drawin SO MR X g J-e
a stroke can trigger computation, since the stroke could be 4@ t© explicitly indicate which view is intended. For

ISTL Summer Intern Project Proposal | Vote

625% total 200% budget 125% selected

25% CSA Moran, Pxxxx,L Empirical Studiesof Salvaging

%

50% UIR Pirolli,  Pxxxxx, Visualization of WWW Document

25% CSA | Kimber, Rxxxxx SoftwareVideo Media Server

PROJECT3 | ISTL Cost:100%
Area:GIR = Sponsor: Fishkin, Stone = I ntern: Oxxxxxxxx
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The goal of thisproject isto explore PML's ability to quickly and
power fully create artistic renderings by means of a concretefile
transformation: taking renderings specified in an existing file
format (PostScript and Tivoli are the two main candidates), and
mapping theseinto renderings specified in the new PML file
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Figure 4. Tivoli Board for a Decision-Making Meeting.
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ebudget page rather than to thete-view’s position on the
gpotes pagé.Thus, the specification language provides a

example, the formula in Figure 3 would have to be:
priority = list-position in my base-view’s region

Thisisfussier than we would like in a scripting language, as

it leads to subtle scripting bugs. But the need for multiple

views per object is so important that we tolerate the fussi-
ness.

6. CREATING MEETING TOOLS

We used the domain object facilities to construct meeting
tools for a variety of real meeting types and settings, at the
same time using this experience to iteratively design and
develop the domain object facilities. The meetings involved

4 Thisisnot a problem for an action in an action rule, because the
action is triggered by a user’s gesture on a specific view, which
makes clear which view is relevant to the computation.



budgeting, decision making, presenting, reviewing, inter-
viewing, and brainstorming. We also built tools to support
generic meeting activities, such as managing agendas and
timing, taking attendance, notetaking, recording actions,
etc. The domain objects for a decision-making meeting are
shown in Figure 4.

Our most complete experience of tailoring tools to the work
practices of a specific meeting setting involves our ongoing
effort to support the intellectual property process at PARC

by providing Tivoli meeting support (plus audio capture,
indexing, and salvaging tools [9, 13]). The central element

of this process [9] is an ongoing series of meetings that
review invention proposals (IPs) by rating and ranking
them. 1Ps are represented as domain objects (imported from

a Lotus Notes database), which appear in many different
views on different Tivoli pages. Firdt, there is a page of
meeting attendees (shown in Figure 5). There is an agenda
page with a list of IPs (consisting of agenda-views) to be
reviewed in the meeting. Thereis areview page for each IP
(shown in Figure 6), consisting of four regions. a title
region (with an IP title-view); a rating region with “button”
objects, whose actions are to set a rating code fdPthan
action item region for scribbling action items; and a notes
region for collecting notes of the discussion of the IP. Notes

and action items are domain objects. The notes are

“beamed” from a laptop to the board and made inice
objects. Finally, there is a “ladder page” (shown in Figure
7) consisting of a multitude dP ladder-views arranged in
regions representing different ranking categories. The
ladder-views are moved around to alter the rankings. These

tools have been in continuous use for two years. The way|

they are used is described further in [14]. In this paper we
draw on these as examples in discussing, in the next thre
sections, the main computational and user interface issue
raised by the design of the domain object facilities.

7. COMPUTING WITH SPATIAL RELATIONS
The set of domain objects constitutes an internal database

MEETING (TAP20N of 08/13/97)
ATTENDEES:
present | Chuck Hebel
present  Jim Boyce
absent | Anne Chiang
present | Ron Fulks

present  Alan Lewis

excused | Bob Street

excused | Bill Turner
Richard Weisfield

present | Richard West Q3 Actlonltem forRichard L. Wesfied due??]
Jonathan Small VLD ﬁ
JSes X

Richard L. Weisfield

Joseph A. Heanue

é Mji} w0 sl

Tivoli Board with an IP Attendees Page.

Figure 5.
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Figure 6. Tivoli Board with an IP Review Page.

(Text is “encrypted” to mask proprietary data.)
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X jqgii zxqjXzj zxqgjxzj jzxmz xq
jkz xzzxoe jxz kqzglgx Iq the zizmzgje. Sx wz qqj
|q jzxqelej zze, jwx qzzilqz, jkxj wz qez kqzlgx
kqzqglg xgk jkzq zqgj jkzm xqj.

(@ 13. discussion xkxaj x gxjzaj jkxj xiixwe xqz jX jzej
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Subsets of objects can be retrieved by computing predicates
on the properties. For example, in the IP meetings the
€action-ltems created on the various review pages through-

out the meeting (Figure 6) are later retrieved on the At-

tendees page (Figure 5).

However, much of what domain objects represent is con-
veyed in the spatial arrangement of their views on the
various pages on the board (e.g., the ladder in Figure 7).
Thus, one of our fundamental techniques is to use the
spatial relations among domain objects on a freeform 2D
surface as the basis for computation. These computations
interpret the spatial arrangement, usually encoding them in
properties.

Tivoli supports the interpretation of a variety of spatial
relationships. They can be categorized as relations of con-
tainment, position, linkage, and proximity. All of these
relations can be modified by directionality attributes. We
have chosen to support these relationships because they
meet two criteria. First, these are naturally occurring modes
of expression for most users of whiteboards, and thus these



Figure 7. Tivoli Board with an IP Laddering Page. ders on a page to determine the relevant region. Regions are
described in [10]. An important concept is th@énimal

LADDER (TAP 20N of 08/13/97) region around an object, which is computed by finding the
A 5 c b F neargs't border§ arounq '|t. Every' page is complgtely coyered
by minimal regions. Minimal regions have spatial relation-
RBApted5a 3U RMartin97a 3 Weisfied7a 3 PMei94b 3 Crawfor95a 4+U . .
madragc | Srakons 3 Pra%a 42 ships to each other, and they can be aggregatedanto
Thorntoddc 4 éi‘::i;; 3?/:4! RFulks96a 47/C pOUnd regions
SR | [oranor9sq 3C] | peiszal3 DRersie 3 NEW Tivoli has straight-line structured borders that define

PMeoraj4 PMeio7h| 47 Jackson97c 3 Reirestoca |3P

rectangular regions. These can be aggregatedant®and
columns, as in Figure 1. Tivoli also has freeforenclo-
sures. Computations can utilize freeform enclosures the

Weisfieo6a) 3+ S
Weisfie96b 3 5 <k

DFork9a 3+

JHeanue97a 2+
DFork96b 3 FLemmi97a 3?

fg o | oreme Ml same way as they do structured borders. This is illustrated
%fdwqﬁ Mar tnB6b 34 in Figure 8, which shows the budget task from Figure 1 in a
+ ok, j‘:f:; different style of expression. In Figure 8, freeform enclo-
— sures are drawn around tl@st-ltems and theBudget-
HYuanoTh 47 Centers they are charged to. Freeform regions can be ag-
oL Sithora o gregated and related mesting and closure relationships.

For example, there are seven minimal regions, labeled A to
H, in Figure 8. Regions B-H are defined by enclosures;
region A is what remains (containing twOost-ltems).
Region E has on€ost-ltem, and region F (with tweost-
Items) is nested in E. The nesting extension of E is EF,
Designing a useful and recognizable scheme involves a containing threeost-Items. The closure extension (defined
delicate balance between alowing users to be implicit and by a complete enclosure stroke) of E is EH, containing two
freeform (“sloppy”) and requiring them to be explicit and Cost-ltems; the closure extension of H, which is surrounded
neat. It is this balancing act that is the heart of this researchby two complete enclosure strokes, is EGH.

Explicitness, freeformedness, utility, and naturalness areComputations are invoked by a domain object within a

ZFbt'e concepts. We will ltOl,JCh ﬁn these issues as we disCuS4ion, Thus formulas and actions use relative spatial terms:
ifferent categories of relationships. my region, my column, my closure-region, theregion to the

Containment Relationships right of me, my nesting-region, etc. Actions can act on all

Containment is probably the most useful relationship, objects in th? region (suchgisn, count, sort, C.OueCt) or be
because it is natural for representing category and groupused to define rela.ted'objects (e.g., getting Boeget-
relations. Containment relations are based on the concept openter of aCost-ltem in Figure 3).

regions. The only explicit regions in Tivoli are pages. All Regions are not data constructs in Tivoli and thus are not
other regions are calculated on demand—when a computanamed. A non-local region must be identified by a spatial
tion invokes a containment relation—by utilizing the bor- relation and/or by specifying an object in it. For example, in
Figure 1, we can refer to “the region below the region
containing aBudget-Center named CSA on the page titled
ISTL Budget.” Cross-region references are important in
complex applications, such as the IP review in Figures 5-7.

relations can be used to build useful, understandable meet-
ing tools. Second, these relationships are recognizable by
the system.
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CSA 35 40 -5 2PCs(kh, | 15

Loaded PC 7

Sacl] B Positional Relationships

Positional relations involve rectilinear structures, as de-

scribed in [11]. We only consider lists here. List structures

are more implicit than region structures, because lists do not
require explicit borders (such as “lined paper.”) to define

the list items. The items are computed by spatial analysis

of the density structure on the surface (see [11]).

Lists are delimited by regions. The relations in a list are
ordinal position, first, last, next above, all below, etc. Ordi-
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Figure 8. Tivoli Board for Budget Meeting Using notebook, do require explicit lines (a lined paper metaphor) in
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nal position is a way to symbolically encode the spatial a gesture for splitting views out of the clump. Because
relationsin lists. objects in a clump are touching, they form one single list
item. For example, region C in Figure 7 has seWrepb-
jects, but there are only five list items, because the second
of an object is to sort the list of objects by that field’s ISt itém is & clump of three> objects. The rank property of
property. More complex actions are possible. For example,@1 P is computed both by its position in the list and its
in a generic agenda-management application, there is a lisPOSition in the clump. For e“xam[’)’le, thek of the thirdiP

of Agenda-ltems, each having atatus property (with pos- " region C is computed as “C2b".

sible valuespending, in-process, done). A gesture can be 8. GESTURING ON DOMAIN OBJECTS
made on anygenda-ltem in the list to indicate that it is to '

be the next one to process. This gesture causes severaPecializing gestures on domain objects allows great flexi-
actions: the nexdgenda-ltem is moved up to just after the b|||ty' in creating meeting tools. These gestures (IlsFed in
currentin-process Agenda-ltem, the status of the current S€ction 5) have turned out to support remarkably facile and
and nextAgenda-ltems are altered, and the twApenda- ngtural interactions. However, there are inherent problems
ltems are re-colored (red fam-process and gray fordone). with gestures. They are invisible and neeql to be r'ecalled to
With this scheme, the agenda list at the end of the meetind’® used. They are abstract and thus their meaning can be

shows the order in which thegenda-ltems were actually ~ arbitrary. We have explored how to best use these gestures
processed. for creating meeting tools, and we have found that a set of

simple design principles can make the gestures more con-
;[sistent, natural, and memorable.

A useful action on alist isto sort it. In Figure 4, for exam-
ple, the action scripted for an up-down gesture on any field

New objects and views can be created computationally
One issue is where to place the new views so they won’
interfere with what's already on the board. Positional rela- Generic Action Principle

tionships are useful for placement. Examples: In Figure 6,we found that utilizing certain gestures consistently for
Notes are placed at thend-of-list as they are beamed in, as generic actions is useful:

are createdAction-Items; both can be intermixed with
scribbled remarks. In Figure 4, a user action cavees
objects to be created and placed to the right of Bagjbct-

hold — bring updocumentation
double-tap — open (to a more complete view)

Item in the list. In Figure 5, the littlaction-Item objects are tap — select o .

aligned with the people they are assigned to by placing each  pigtail — delete (Tivoli convention)

one at theend-of-row of its correspondin@erson object. spiral - shrink (Tivoli convention)

Linkage Relationships The first is perhaps the most important, because it provides

a consistent way to recall what actions are possible on any
view. Note that this use of hold is functionally equivalent to
the hold in Kurtenbach’s marking menu schemé [5].

Freeform links are explicit strokes that connect domain
object views or enclosures (see [10]). Figure 8 shows
examples of links. Computations can be done with linkage
relations. For example, in Figure 8, thBum object con- Physical Effects Principle

tains a formula that computes the sum of the costs of allggr certain actions, the visual effects of the action can look
linked Cost-ltems; its sum is recomputed dynamically as anq fee Jike they are caused by the physical motion of the
Imksl are drayvn (_amd erasgd. Link relations qan.also begesture. For example, a rightward gesture dBost-Item
modified by d|rgct|onal relgnons. For example, in Figure 8, (Figures 1 and 3) appears to expand the view (because a
there are two links showing dependencies betwees- smaller view is replaced by a larger one, which extends

Items, the direction. of the rglationship is determined by nqre o the right, creating an animation effect). We found
which side of the objects the links touch. several action rules follow this principle:

Proximity Relationships right - expand (rightwards)

Proximity relations are difficult, because the notion of left - contract (leftwards)

closeness is so context-dependent. Thus, we prefer explicit  yp-down — sort (objects vertically)
regions to define grouping (in [10] we discussed implicit drop — insert (into a field of an object)

clustering). However, there is one proximity relation that is
easy to compute and unambiguous to the usetbticaing
relation. This arose from the needs of the IP ranking task
(Figure 7), where IPs are often grouped to be handled as &erhaps the most dramatic action is sorting a list, in which
unit. Figure 7 shows five such clumpsibfviews touching all list items are animated in motion at once. For example,
each other. We adjusted the user interface to make clump-
ing easy: whenever a view is dragged to partially overlap
another view, it automatically adjusts to be just touching;
tapping causes the whole clump to be selected; and there is

up ordown - jump (directional scroll or redisplay)
left-right — erase (like scratching out)

Kurtenbach did explore the use of marking menusin Tivoli, and
[5] discusses the issues of using this scheme in a system with a
varied style of gestures.
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1. Objects and strokes can be intermixed on the board. The
strokes do not interfere with domain object computa-
tions. Strokes can represent primary information, or they
can be annotations on the objects.

in Figure 4, gesturing up-down in any field of a Project-Item
sorts the list of Project-ltems by that field. The up-down
motion of the gesture seems to cause the ensuing animation
of the Project-ltems.

Domain objects are Tivoli graphic objects. The user can
select, move, erase, wipe, and interact with objects in
exactly the same way as with strokes. The user does not
have to use any of the specially-defined gestures on ob-
jects in order to interact with them generically.

The specially defined gestures on domain objects are in
the same style of interaction as the gestures on ordinary
graphic objects.

Some strokes around and between objects are inter-

Dropping a selection onto afield of a view is often used to 2.
insert a value into the corresponding property. For example,

in Figure 6, the word “trendiness” was scribbled in the
action item region and then dropped onto the criteria object,
whereupon it shrank to fit into the field.

Directional gestures are used to jump around in the display3.
and between pages. For example, in the IP pages (Figures
5-7), Action-ltem and IP objects are shown in different
views on different pageslp anddown gestures are used to 4
jump between them, sometimes scrolling within a page and

sometimes switching between pages.

Orientational Metaphor Principle

Lakoff and Johnson [6] have shown the pervasiveness and

consistency of orientational metaphors in language. We
exploit this in another use of directional gestures:

up — positive action
down — negative action

For example, in Figure 4ip/down on aVote object causes
the Vote count to increment/decrement, amgfdown on a
Project-ltem causes it to be accepted/rejected; in Figure 6,
up/down on the rating criteria object causes plus or minus
symbols to be marked.

A directional metaphor can sometimes lead to ambiguity.
Consider directions based on the conventional motion of
progress from left to right and top to bottom:

preted as enclosures or links (a caveat to paragraph 1).
In these cases, the strokes can affect the computations,
and the strokes can be used to control the objects (e.g.,
dragging an enclosure drags the objects in it). This is a
technique where the strokes and objects are not inde-
pendent, but work together.

. Conversely, the actions defined for objects can control

strokes. For example, an action could delete or color
strokes in a specified region.

6. The actions defined for objects can trigger the implicit

structure mechanism, which affects both strokes and
other objects. For example, in Figure 4, whenRhsg-
ect-ltems are sorted, not only are tiReoject-Item ob-
jects themselves moved but the annotation strokes on the
left of theProject-ltems are also carried with them. This

is because the sorting action calls Tivoli's implicit
structure mechanism, which parsalé graphic objects

into list items. Similarly, when the separatete objects
on the right in Figure 4 are sorted, they carry Ring-
ect-ltems and the strokes with them.

right or down — next, forward
left orup — previous, backward
xvﬁtomnggnﬁigrzr;n;nqtgly gsleegdarwa:]nglogg\)‘g; Zc;ltglgeii?te%_ Finally, strokes and objects can be interchanged. Strokes
g Y do y ys, ete. can be converted to objects, and strokes can be moved
But users felt confusion over whethéswn should mean

" ) y into and out of objects, as discussed below.
increase” the date, as moving on a calendar does, or “de-
crease” the date, because down is negative. From Strokes to Objects to Strokes

9. INTEGRATING STRUCTURED OBJECTS INTO A The user can draw_a box gegture around any strokes to
convert the strokes into an objéoivhere the strokes be-

FREEFORM WHITEBOARD ENVIRONMENT come the value of a designated property. If an object is

One of the principle challenges in introducing domain selected at the time of the box gesture, then an object of the
objects into Tivoli was to bring in the ability to manipulate same class is created. Otherwise a “vanilla” object is cre-
and Compute with structured information, while at the same ated’ one of whose actions is to present a menu for con-
time preserving the inherent advantages of the freeformyerting the vanilla object to some other class. Progressing
whiteboard environment. We have tried to find ways to from strokes to vanilla objects to more specific objects

integrate the structured and the freeform, so that users caprovides a path to gradually structure material on the board.
seamlessly move back and forth between structured an

freeform modes of expression. Let us consider the issue o
integration just in terms of strokes and domain objects.

trokes can be moved into and out of objects, if the objects
are defined to do so. Usually,daop gesture is used for
dragging selected strokes into an object, and a simple

Degrees of Integration directional gesture for “pushing” strokes out of an object

There are several different techniques for achieving inte-

9rat|on“, aqd thesg sgem to provide different “degrees” orz This technique is used in Dolphin [19], where a box gesture
levels” of integration: converts strokes into a hypertext node.
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onto the board. Drag and drop is often used to create a new 8.
object. For example, in Figure 5, when a person’s name is
scribbled and dropped onto the “Attendeksbel object, a

new Person object is created and put at the bottom of the
list. An alternative method is defined in that application: if g,
some scribbles are selected, then tapping on the label
causes the object to find the selected strokes, erase them,
and use them to create a nBerson object. Finally, it is
not even necessary in some cases to select the strokes to
turned into an object. For example, in Figure 6, the action
item region is used for scribbling new actions. Tapping on
the Action Items label causes all strokes in the region to be
pulled into a nevAction-ltem object.

10. CONCLUSION
We have designed, implemented, and gained experience in

actual use with a domain object mechanism integrated intol2.

a whiteboard user interface. In this paper, we have articu-
lated the rationale, principles, and issues in designing these
domain object facilities. We believe we have established
that very effective meeting tools that can be built with

domain objects. There is, of course, much more that could13.

be done. For example, the board representation could be
extended to handle overlapping objects, which we know is
useful and computable [18]. Perhaps the biggest barrier to

using domain objects is the cost of tailoring them [14]. 14

Various user interface techniques could be brought to bear
to make defining classes easier, and various interaction
mechanisms could be employed to provide on-the-fly
customizations.
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