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ABSTRACT based on the relational data model. These systems follow a recent
trend toward interactive construction approaches that employ com-

Exploratory visualization environments allow users to build and binations of well-known coordination and view types.

browse coordinated multiview visualizations interactively. As the Many of these systems support interactive editing of the views,

number of views and amount of coordination increases, conceptu-coordinations, and visual abstractions that make up a visualization.

alizing coordination structure becomes more and more important DataSplash [26] provides a zoom layer manager for editing how

for successful data exploration. tuples appear at different levels of magni cation. Polaris provides

Integrated metavisualization is exploratory visualization of coor- zoom graphs [28] in which nodes are drawn in a graphical notation
dination and other interactive structure directly inside a visualiza- that describes a visual query at each vertex of a data cube. Vi-
tion's own user interface. This paper presents a model of integrated sualization Schemas [22] is an extension of Snap that displays a
metavisualization, describes the problem of capturing dynamic in- coordination graph in which nodes represent views and edges rep-
terface structure as visualizable data, and outlines three general apresent coordinations. However, these features are built in and allow
proaches to integration. Metavisualization has been implementedlittle or no user customization. As a result, the user's ability to
in Improvise, using views, lenses, and embedding to reveal the dy- examine visualization structure is limited to the needs anticipated
namic structure of its own highly-coordinated visualizations. by the visualization system developer—precisely the situation that
exploratory visualization approaches are meant to overcome.

This paper describgategrated metavisualizatioin which the
interactive structure of a coordinated visualization can be explored
by visualizing itin sity, directly in the visualization itself. Metavi-
sualization has been implemented in Improvise by reusing its exist-
Keywords: coordination, exploratory visualization, linked views, ing views and coordination architecture to reveal the evolving struc-
software visualization, metavisualization ture of its own highly-coordinated visualizations during interactive

data exploration.

CR Categories: D.2.2 [Software Engineering]: Design Tools
and Techniques—User Interfaces; H.2.3 [Information Systems]:
Database Management—Languages; H.5.2 [Information Systems]:
Information Interfaces and Presentation—User Interfaces

1 INTRODUCTION

2 METAVISUALIZATION
Exploratory visualization systems have evolved into full-featured
interactive environments that enable users to build highly- Metavisualizations a general term that refers to visualization of
coordinated visualizations with many views rapidly and easily. Un- another visualization's structure and operation. Metavisualization
fortunately, the more views and coordinations a visualization has, targets a broad spectrum of visualization users. It is instructive
the harder it is to conceptualize. To make matters worse, coordina-to consider how metavisualization might bene t four overlapping
tions rarely have an explicit graphical presence in the interface, ap- groups into which visualization users generally fall:
pearing as a side-effect of interaction, if at all. Users must resort to

trial-and-error—or help from a visualization expert—to learn how Userscan use metavisualization to learn how to interpret and
a visualization works. manipulate existing visualizations.
North and Shneiderman [24] have pointed out the dif culty users
have understanding how coordinated multiple view (CMV) visual- Designerscan use metavisualization to design, build and de-
izations work. They suggested allowing users to edit and debug bug visualizations.
visualizations using a graph representation of visualization struc-
ture, an approach employed by data ow visualization systems like Developerscan use metavisualization to design, implement,
AVS [29]. They further proposed showing coordinations in action evaluate, and optimize visualization systems.
by augmenting visualization appearance, but made no recommen- . o
dations of how to do so. Researchergan use metavisualization to explore, evaluate,
Improvise [30] is an exploratory environment for building and and formalize visualization techniques.

browsing visualizations of relational data. Improvise users load ] ) o
data, create views, specify visual abstractions, and establish co- Members of each group might be interested in different aspects
ordinations interactively. Improvise couples a rich visual abstrac- Of visualization, from views (along with sliders and other controls)
tion language with a shared-object coordination mechanism, in- and coordinations (navigation and selection), to processing (query-
creasing the expressive power of both. Improvise is similar to ing and rendering) and interaction (events and traces). While users
Linkwinds [12], Tioga-2 [32], DEVise [17], Snap-Together Visual- ~Might _typ|cally_ be interesting in Iea_rnlng basic operation, design-
ization [25], the Infovis Toolkit [8], and other visualization systems ~€rs might be interested in interaction and processing for debug-
ging purposes. Historical information about views—such as fre-
e-mail: weaver@cs.wisc.edu quency of use—could help developers target particular views for
improved design and optimization. Metavisualization could also be
used by developers to compare visualizations in terms of usability.
Researchers might metavisualize views, coordination, and interac-
tion across multiple visualizations and visualization systems in the




Figure 1. Model of integrated metavisualization. A metavisualization consists of coordinated lenses (L) and metaviews (M) that visualize a
dynamic representation (I) of another visualization's views (V), data (T), coordinations, and screen layout. Lenses and metaviews apear directly
within a visualization above all regular views. Each view is embeded (E) in a metacontrol that visualizes local information about that v iew.

hope of nding patterns that help them model existing techniques nism calledlive propertieswith a more powerful, indirect coordi-

and identify new ones. nation mechanism calledoordinated queries This combination
A metavisualization and its visualization need not run at the same enables users to de ne complex interactive dependencies between

time or place. Standalone metavisualizatioman independently views and other controls.

of their visualizations and display a static data representation, as

in [31]. Dynamic metavisualizationsin at the same time as their

visualizations, but in a different place (such as on a remote screen).

Integrated metavisualizationsin at the same time and place as

their visualizations. Integration makes it possible for a metavisu-

alization to access and visualize a rich data representation of its

visualization, especially if both run in the same process or are oth-

erwise able to share objects or memory directly.
Figure 1 depicts an important special case in which the integrated

metavisualization is itself a CMV visualization. The data being

metavisualized: (1) happens to represent the interactive structure of

another CMV visualization, and (2) dynamically re ects interaction

in that visualization. Four key problems that need to be solved are:

representing visualization structure as visualizable data,

notifying the metavisualization of visualization changes,

adapting views for metavisualization purposes, and Figure 2: Model of coordination. In response to interaction, a ontrol
. ) ) ) ] ] o modi es the value of one of its active properties (1), which assgns
incorporating metavisual views into visualizations. the new value to its bound variable (2). The variable sends a chang

noti cation to all properties bound to it (3), each of which noti es

The following sections describe how these problems have beenits control of the change (4). The variable also noti es all lexicals

addressed in Improvise, a fully-implemented visualization and (query objects) whose expressions refer to it (5). Each lexial noti es
metavisualization system written in Java. any variables to which it is assigned as a value (6). When a view

receives noti cation through one of its properties that a lexical value

3 IMPROVISE has changed (7, 8), it updates itself by processing the modi ed cquery.

Improvise gives users ne-grain control over the appearanceé-of v Controls coordinate using a shared object update and noti cation
sualized data by combining a simple, direct coordination mecha- mechanism ( gure 2). Controls interpret these objects as data, data



Figure 3: Visualization of county-level election results for the State of Michigan from 1998 to 2004. A metavisual lens reveals coalination
between four selected views on the user's selection of courgs. A second lens highlights selected and unselected viewssing light and dark
rounded rectangles. Beveling and subtle tinting promote di erentiation of lens frames from those in the visualization beneath.

processing operations, limits to abstract spatial extent, and basic asHowever, limited screen real estate often reduces these bene ts by
pects of appearance. Visual abstractions are created by projectingorcing the metavisualization designer to place metaviews in sep-
and ltering data using expressions that can themselves be de ned arate tab panes from the visualization's own views. The problem
in terms of shared objects. Users interactively edit these expres-of limited screen space is mitigated by usmetavisual lenseand
sions to specify what data to draw, how to draw it, and where to embeddingo modify visualization appearance. Lenses are trans-

draw it in a visualization. parent metaviews that cover all or part of the visualization. Embed-
An Improvise visualization may be thought of as an instance of ding inserts metavisual graphics directly into individual views.
the Model-View-Controller architecture [15] in which the coordina- Like regular visualization views, all three kinds of metavisual

tion graph is both controller and model. Acting as a multiple query display are completely customizable in terms of the projections and
model, views pull processed data from the graph to update them- Iters they use to display data. Improvise users build and browse
selves. Acting as a control ow graph, the graph pushes interactive metavisualizations in exactly the same way as they do visualiza-
change noti cations to views. Coordination graphs in Improvise tions, except that the data sets being visualized are generated inter-
piggyback a kind of “distributed focus” on top of the control ow  nally rather than accessed externally.
mechanism. Interactive focus in a view causes dependent objects
throu_ghout the graph to also be _in fc_qus._ Distr_ibuted focus makesit 4 1 Metavisual Data Representation
possible to metavisualize coordinations in action.

To represent the structure of a visualization as relational data, its

views, coordinations, and screen layout must be translated into
4  METAVISUALIZATION IN IMPROVISE tables of records. The data representation also needs to capture

the ever-changing interactive state of the visualization. Numer-
Each Improvise visualization occupies a single top-level desktop ous theoretical treatments of visualization techniques provide in-
frame that presents the user with a tabbed pane metaphor ( gure 3).sight into the problem of capturing a data representation of coor-
Internal frames contain a tree of panels in which views and other dination structure and view layout. Taxonomies of visualized data
controls are the leaves. Metavisualizations are stored in the sametypes [27], interaction semantics [7], and the visualization design
XML le format as regular Improvise visualization documents. space [3] are helpful in choosing which aspects of visualization in-
When the user loads a metavisualization from the menu, its internal terface structure to capture as data for metavisualization. Studies of
frames are placed in tab panes beside those of the visualization.  screen layout include Myers' taxonomy of window layouts in user

Integrating the components of a metavisualization directly into interfaces [19], Kandogan and Shneidermans' evaluation of task-

a visualization allows the user to work with both simultaneously. dependent multiple window layout [13], and North and Shneider-
Integration minimizes the number and duration of “visual context mans' enumeration of multi-window coordination strategies [23].
switches” between the visualization and metavisualization, and re- The data state model [6] is a universal formalization of visual data
inforces the metavisualization because its appearance and behavioprocessing which encompasses the entire coordination structure of
continuously re ect the current interactive state of its visualization. CMV visualizations.



Figure 4. Model of metavisual data representation for Improvise Vsualizations. Data tables encode the window containment tree, c@rdination
graph, object lists, and coordination relationships of a visualzation. Tables update dynamically as needed during visualization cortsuction.

Figure 5: Interactive events that a ect the data representation of Improvise visualizations. Shaded entries indicate dependentwanges. For
example, hiding a frame recursively hides panels and controls #ide it. Representation updates propagate to the metavisualizationimmediately.

Improvise maintains an interdependent collection of data sets deleting, or modifying records in response to editing and interac-
for each running visualization, as shown in gure 4. These data tion (gure 5). A (rather tangled) web of callbacks is used to mon-
sets enumerate the different kinds of objects that make up a visu-itor changes in native data structures throughout the visualization.
alization, as well as the relationships between them. To support The entire data representation can be affected by frequent, redun-
metaviews that draw tree- and graph-structured data, the entire win-dant changes caused by input as tiny as a single mouse movement.
dow hierarchy and coordination graph are each encoded in tabularTo maintain interactivity, updates to the data representation are ag-
format (as in the Infovis Toolkit), using primary and foreign keys gregated on a 50 millisecond time scale. Whenever possible, tables
to capture structural relationships. are incrementally modi ed rather than rebuilt from scratch. Perfor-

The contents of these data sets are kept up-to-date by addingMance enhancements like these help keep the metavisualization up-



Figure 6: Coordinated metaviews showing how selected views itthe elections visualization (gure 3) are interactively connected through a
coordinated query graph. Lists enumerate the types of views, vaables, and query objects in the visualization. Tables show the in¢ractive state
(green for inactive, yellow for focused, red for editing) of items of the selected types. The graph lIters out unselected items and dynamically
highlights coordination paths in response to interaction in the visualization; in this example, paths in red reveal that selectionof counties in the
map view a ects highlighting in three other views, as well as the apearance of county labels in the map itself.

to-date with its visualization during interaction. Liveness in metavi-
sualization is highly desirable because it reinforces the associations
that users perceive between the apparent interactive structure in the
visualization itself (as seen in its views and layout) and how that
structure is displayed in the metavisualization.

Improvise also records a history of high-level (variable change,
query, render) and low-level (keyboard, mouse, painting) events in
the running visualization. Discovering effective ways to explore
this data using integrated metavisualization is left as future work.

4.2 Metaviews

Metaviews are simply views that display metavisual data. The ap-
pearance of metaviews differs from regular views only in that the
data they display happens to represent the visualization they ac-
company. The behavior of metaviews differs from views in that
views re ect interaction in the visualization, but metaviews re ect
interaction in the metavisualization as well as interaction (and other
structural changes) in the visualization.

All of the views and other controls used in Improvise visual-
izations can be reused, unchanged, for metavisualization. Figures 6
and 7 show a metavisualization that contains several kinds of views:

Tables A projection maps data records into rows, using a
column for each eld. A lter eliminates rows. In metavisu-
alization, tables are good for summarizing multiple aspects of

lists are good for enumerating views or coordinations, provid-
ing a compact summary of coordination activity.

SpreadsheetsDisplay a join of two data tables in a grid. A
projection renders all grid elements. Rows and columns are
Itered separately. Using only one data table produces a sin-
gle row or column that can be used to label columns or rows
in other spreadsheets. In metavisualization, spreadsheets are
good for showing relationships between objects, e.g. showing
which controls are bound to which variables.

Graphs Two data sets are decoded as nodes and edges. Two
projections determine graph structure; two more projections
determine node and edge appearance. Two lters elide nodes
and edges. Nodes can be positioned using force-directed or
manual layout. In metavisualization, graphs are good for
showing coordination structure.

Scatter plots Two numeric ranges determine the visible rect-
angular region of the Cartesian coordinate plane. Scatter plots
can have multiple layers. In each layer, a projection maps
records into scalable glyphs. A lter determines which glyphs
to draw. In metavisualization, scatter plots are good for show-
ing the screen layout of a visualization in miniature.

4.3 Lenses

interactive state in an equivalence class of interface objects, Metavisual lenses are transparent metaviews that modify the ap-

such as all the controls or variables in a visualization.

pearance of the underlying visualization. By drawing on top of

other views, lenses reveal hidden interactive structure. As with
Lists Like tables, but a projection maps data records into other see-through tools [1], using a metavisual lens is like look-
graphical attributes of a single column. In metavisualization, ing at a visualization through a painted sheet of (possibly tinted)



Figure 7: Continued metavisualization of the elections visualizaion (gure 3), consisting of ve additional metaviews. A scatter plot shows a
miniature version of the visualization layout, overlaid with the coordinations between selected views. A table shows the interctive states and
values of all live properties of selected views. Three spreadslets show dependencies between views and variables in the vaization; rows
indicate which visualization parameters a ect each control; columns reveal which controls are coordinated in terms of particula parameters.

glass. Unlike movable lters [9], which aim to modify the appear-
ance of a visualization's contents, the purpose of metavisual lenses
is to augment the appearance of a visualization's interface structure.

In Improvise, lenses are implemented as transparent scatter plots
that translate their contents relative to their location above the un-
derlying visualization. Lenses are contained in a frame, like any
other metaview. By moving and resizing the frame, the user can fo-
cus on a small part of the underlying visualization. Lens frames can
also cover the entire visualization by extending beyond its bounds.

Figure 3 shows two multilayer lenses on top of a visualization
of election results. In the bottom lens, a projection calculates the
screen bounding box of each control in the controls data table. This
box is lled with a translucent color keyed to the control's current
interactive state. The top lens shows how the currently active con-
trol shares variables with other controls using a second projection
that draws colored, labeled lines between the center of controls.
The name of each control is displayed as a centered label.

Unfortunately, application of distortion techniques to metavisual
lenses is restricted by the need to maintain visual correspondence
between the screen location of underlying views and the graphics
drawn in the lens. Nevertheless, visualization systems that employ
an in nite, scrollable desktop might use distortion to show the hid-
den sides of the desktop. Lenses could also be used to alter visu-
alization appearance on a pixel-by-pixel basis, such as by adjusting
brightness/contrast to highlight or downplay particular views, or by
changing color channel values to indicate the degree of staleness in
views during querying and rendering.

4.4 Embedding

Metavisuakembeddinglugments the appearance and behavior of in-
dividual views in order to indicate their relationship to visualization

structure as a whole. Embeddings fall into four categories:

Emergent embeddingse a side-effect of tightly-coupled co-
ordination, such as synchronized scrolling and other forms of
navigation. Frequent updates during interaction reveal the ex-
istence of (and, to a lesser extent, the behavior of) coordina-
tion between views. Loosely-coupled coordination produces
a weaker form of emergent embedding, appearing once at the
completion of interaction.

Implicit embeddingssuggest how views are related based
on screen layout, such as horizontal and vertical scrollbars
on the sides of a text document. Implicit embedding pro-
motes conceptualization of interactive structure by providing
strong hints as to how components are grouped. However, the
bounded two-dimensional nature of graphic displays severely
limits the amount of implicit embedding. Moreover, poor de-
sign choices can result in counterintuitive implicit embedding.

Explicit embeddingsiraw persistent graphics in views to in-
dicate coordination. Examples include common background
colors and labels. Explicit embedding can reinforce implicit
embedding, and reduce the effect of counterintuitive layouts.
Consistent combination of emergent embedding with implicit
embedding can also reinforce user expectations: the implicit
embeddings$ook right; the emergent embeddingstright.

Reactive embeddingiyaw temporary graphics (such as cus-
tom cursors, tooltips, and navigational guides) in views in re-
sponse to transient interactions. Reactive embedding can re-
veal coordination, such as by drawing a colored border around
coordinated views while the user manipulates one of them.



appearance with logical structure. Animation of an I0G during in-
teraction with the widget strengthens the association.

Although the work described here focuses on coordination struc-
ture in visualizations of a particular CMV system, integrated
metavisualization appears to be well-suited for other kinds of vi-
sualization, as well as for use in visualization usability and per-
formance studies. Metavisualization also appears to have potential
for application to non-visualization interfaces that possess similarly
complex interactive structure. Web pages might be metavisualized
by drawing on top of images and hyperlinks [14], complimenting
visualizations of multiple pages [4] and entire web sites [21]. In
spreadsheets, metavisualization might be used to reveal cell activity
and interdependencies, similar to the visualization of spreadsheet
dynamics described by Igarashi [11].

Improvise is designed for visualization of relational data. By
reusing the existing coordination mechanism, adding metavisual-
ization to Improvise has been a straightforward process of repre-
senting each running visualization as a collection of dynamically-
maintained tabular data sets. Because this data changes frequently
control that surrounds it with a border and draws other graphics In response to mte_ractl_on,_however_, achleVI_ng satisfactory interac-
on top of it. Popups allow visualization users to edit the control's tivity during metaylsuallzatlon remglns "_’1 mgjor_challenge_. .
Coordinations and other Characteristics_ |mp|ement|ng |ntegrated metaV|Sua||Zat|On n |mproV|Se USIng

the existing CMV infrastructure provides three major benets.
First, visualization users only need to learn one coordination ap-

Most CMV visualizations have a limited amount of natural em- Proach to work with both visualizations and metavisualizations.
bedding, in the form of tight coupling (emergent) and matched la- Second, metavisualizations are reusable, and can be loaded into any
bels (explicit) between coordinated views. Implicit embedding is a Improvise visualization. Third, metavisualizations are composable.
function of design, and can be achieved through careful placementMultiple independent metavisualizations can be loaded into a visu-
of views regardless of the visualization system used. alization, each showing different aspects of coordination structure.

Improvise allows for additional embedding by placing every Taken together, these qualities mean that the effort of constructing
view inside a metacontrol (gure 8) that: (1) manages the view's Metavisualizations can be left to visualization system developers,
layout, (2) provides a popup menu for editing coordinations, and while still allowing customization by users. Because metavisual-
(3) draws metavisual graphics on top of the view. The embedding izations can be even more complicated than t_he _visualizations they
inherent in every view is enhanced by drawing over it without its are meant to explain, however, formal evaluation is needed to deter-
knowledge. This approach results in a well-integrated visualiza- Mine the usability and usefulness of metavisualization techniques,
tion appearance despite independent implementation of visualiza-both individually and in combination.
tion and metavisualization components. The interactive structure of CMV visualizations can be metavisu-

All metacontrols in a given visualization share a common projec- alized using existing visualization techniques. Nevertheless, there
tion and lter. Depending on the projection and lter, the embed- appears to be great potential for development of new techniques
ding produced can be either explicit or reactive. The default pro- Speci ¢ to metavisualization, particularly metaviews and lenses that
jection uses a subtle button-like beveling effect to indicate whether better reveal the structure hidden just beneath the interface. Metavi-
each control is inactive, in focus, or being edited. Custom projec- sualization holds promise to help users design, build, debug, ana-
tions can be used to Il each control with a translucent color or to lyze, and explore highly-coordinated visualizations.
draw a label over it, such as in gure 9. Improvise is available (with example visualizations and

Unlike metaviews and lenses, which can be de ned in terms metavisualizations) under the Gnu Public License (GPL) at
of the complete metavisual data representation, metacontrols drawhttp://www.cs.wisc.edu/~weaver/improvise/
embeddings by projecting and ltering a single one-eld data
record containing a reference to the embedded view. Metacontrols
are much more responsive than lenses because they draw over onlp ACKNOWLEDGMENTS
the active parts of the visualization. Unlike lenses, however, they
cannot draw outside the bounds of individual views, such as to draw Grateful thanks to Michael Gleicher and Chris North for advice and
arrows to represent coordinations. feedback.

Figure 8: Model of embedding. Each control is wrapped in a meta-
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