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in front to the ones behind. Because the view changes with the
position of the lens, this lens is especially effective in motion.
Magic lens filters can also be used to explore true 3D scenes.
For example, an exploding parts lens would show an exploded
view of the objects viewed through it, or be used in molecular
visualization as in the VIEW system {4].
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Figure 12. 3D depth filter applied to three overlapping
objects. (a) The large rectangle is the filter. (b) The
filter moves right, changing the view.

Enhance Editing Operations

So far, we have described only the use of magic lens filters to
modify output. However, the filter can also be used as part of
a click-through tool, which handles input events such as
mouse clicks. To-use such a tool in our system, the user first
positions it over an object of interest with the non-dominant
hand using a trackball. Next, the user points at an object
visible in the tool’s output region, using a cursor controlled by
a mouse in the dominant hand. The tool inverts the effect of
the filter to allow the user to select the actual object behind the
filter. In addition, the tool may apply an operation to the
selected object. In the resulting tool, the filter and input
handling work together; the filter provides a customized view
that makes it easier to perform the tool’s operation.

Click-through tools with magic lens filters can be used to
select objects that would otherwise be difficult to select. For
example, figure 13 shows a lens that locally shrinks each
object to separate coincident edges. A user wishing to select
one edge of a particular shape can click through this lens to
select the edge unambiguously.

Figure 13. The local scaling lens.
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Figure 14 shows a tool with three lenses that display grids.
Clipping the grids to a lens reduces visual clutter. Combining
the three grids into one tool makes it easy to switch between
them,; the user just moves the tool to apply a different grid.
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Figure 14. Three grid lenses.

Figure 15 demonstrates a lens that shows recently deleted
objects in a graphical editor: the leftmost shrub, deleted from
the scene (a), appears under the lens (b). The user can click
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through the lens to restore the object to the scene (c). Other
examples of lenses and click-through tools for editing have
been previously published [5].

Figure 15. The previously deleted bush in front of the
house (a) is visible in the lens (b) and can be restored
by clicking on it (c).

Platform for Inter-application Tools

Magic lens filters can be moved from one application to
another. As a result, the investment that a user puts into
learning to use a filter will pay off in many contexts. Filters
that work well across many applications include filters that
magnify, change colors, or highlight objects based on
graphical properties such as size and color.

Filters may also tune their effect based on the specific
application in which they are applied. For example, figure 16
illustrates a ‘“highlight schools” lens positioned over two
different applications. In the map viewer on the left, school
buildings are shown shaded, with bold outlines. In the text
viewer on the right, words that refer to schools are shaded.
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Figure 16. A “highlight schools” lens (dashed

rectangle) over two different applications.
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In addition to providing a consistent interface for performing
operations in both of these applications, the lenses allow the
user to strongly decouple the conceprual effect of an operation
from the implementation of that operation. The “highlight
schools™ operation may be implemented quite differently
within the two applications.

IMPLEMENTATION

In this section, we give a general outline of software
architectures that support magic lenses. The architectures vary
depending on which types of lens filters they support, and on
the lens user interface.

Types of Lens Filters

There are three types of lens filters to implement: appearance-
altering, application-specific, and multiple-application.

Appearance-altering

Applications in a graphical environment typically produce
their output by a set of procedure calls to a low-level graphics
library that draws lines, polygons, circles, text, and so forth.
The X server, the Cedar Imager, and the Microsoft Windows
GDI are examples of such packages. Filters whose semantics
can be expressed as modifications to calls to these primitive
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drawing procedures can be implemented by extending the
drawing package. A lens is implemented as a monitor which
traps or “ambushes” drawing calls within a region
corresponding to the output region of the lens and alters the
graphics calls within that region. For example, a “turn red”
lens would ambush a “set color” command and set its
parameter to “red,” within the given region. This architecture
supports composition by recursively calling the modified
display routines.

Such lenses are invisible to applications that move under them;
the application(s) need not be modified. However, this
architecture does require the modification of a fundamental
part of the system, and lenses of this type cannot perform
higher-level semantics. For example, the “highlight major
roads” lens of figure 10 could not be implemented as the
concept of a “road” is application-specific.

Application-specific

Lenses can be implemented entirely within a single
application, with lens filters unique to it. The application is
responsible for computing lens semantics and drawing lens
output.

Multiple-application

The most difficult class of lens to implement is portable across
applications, yet has semantics specific to each. The
“highlight schools™ lens of figure 16 is such a lens. Its
implementation requires knowledge of the semantics of the
data structures within two different applications.

The lens semantics can be implemented in two very different
ways. If a standard language exists for reading and writing
application objects, then the lens filter can be implemented as
a single entity. If it is over two applications, it will receive
two data models as input, describing two semantically distinct
sets of data, but both expressed in the same format. This is
similar to what windowing systems presently require of
applications which support clipboards, but lenses with more
powerful semantics may require a richer object description
than that presently found in clipboards.

If no such standard language exists, then the lens may be
represented to the user as a single lens, but implemented as a
set of application-specific lenses, one for each application
region over which the lens finds itself. For example, in figure
16 (a lens whose left half is over a map viewer, and whose
right half is over a text editor), the left half of the lens would
be presented as a lens to the map viewer, and the right half of
the lens would be presented as a second lens to the text editor.
The parts of the iens which are not over an application must be
handled specially.

User Interface

The user interface of a lens may either be supported by a
specific application, or by the windowing system. With the
first approach, the application is responsible for creating,
placing and moving the lenses, and determining when lenses
must be repainted. Typically, such lenses cannot be moved
outside the application boundary. With the second approach,
the window system creates, places, and moves the lenses.
However, the messages provided by the windowing system
must be augmented to incorporate the more complicated
semantics required by magic lens filters. Multiple-application
lenses require the second approach so that the lens may be
moved outside of any particular application.
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Our current implementations incorporate all of these
implementation classes. The Cedar environment has a
common address space and data format for all applications and
a ubiquitous, easily-modified graphics library, that makes it
easy to explore lenses that operate across applications. The
Unix/X environment, with its multiple address spaces and
standard window manager, has been the testbed for exploring
application-specific lenses in the context of a multi-address
space window environment.

RELATED WORK

The concept of using a filter to change the way information is
visualized in a complex system has been introduced before
[10, 11, 21]. Recent image processing systems support
composition of overlapping filters [18]. However, none of
these systems combine the filtered views with the metaphor of
a movable viewing lens.

The Pad system [15] contains the idea of portals, magnifying
glasses that provide access to different parts of the Pad
information plane. Portals can also contain filters that modify
the view of objects below them, making them similar to magic
lens filters. Portals provide similar functionality to some of
our lenses, but are presented primarily as a metaphor for
navigation in Pad as opposed to a general purpose tool for
exploring and modifying information.

Other systems provide special-purpose lenses that provide
more detailed views in the context. For example, a fisheye
lens [9] can enhance the presentation of complicated graphs
[17]. The bifocal display provides similar functionality for
viewing a large space of documents [19]. The MasPar Profiler
uses a tool based on the magnifying lens metaphor to generate
more detail (including numerical data) from a graphical
display of a program [3]. The VIEW system moves a spherical
probe around a molecule, revealing associated state [4].

CONCLUSIONS

Bounded, movable filters can serve many roles in enhancing a
user’s interaction with software applications. In particular,
these filters can modify rendering style, query application
state, display alignment aids and identify regions of interest.
By unifying these and other functions into a single user
interface paradigm, magic lens filters can increase user
interface consistency. In addition, because they can he moved
from application to application, these filters provide
functionality that can be used in many application contexts,
like that of the Copy and Paste keys of many keyboards.

Magic lens filters have many advantages over application-
wide viewing modes. They can show local details in the
context of larger-scale information, limit clutter to small
regions, apply different filters in different places at the same
time, and query features locally. Arbitrarily shaped filters can
be used to refine queries, create dynamic illustrations, or
produce artistic effects. They provide easy customization
through visual macros and a way to explore models without
modifying them. When combined with click-through tools,
they provide enhanced editing operations including views of
hidden objects, a reliable way to select objects, and a visual
way to switch modes.

The direct-manipulation metaphor of physical lenses on
overlapping layers seems to significantly enhance the
usefulness of these local filters. The combination of user
control and the animation inherent in the interactive motion
helps the user create the context needed to interpret the
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potentially complex visualizations produced by these tools.
While we have no formal evidence for this observation, the
anecdotal evidence is interesting. People who have seen static
pictures find a videotape of the tools in action much easier to
understand. Furthermore, we have personally observed that
examples which seem confusing when passively viewed on the
videotape are easily understood when we are actively
operating the system.

Magic lens filters are an important part of a new see-through
user interface paradigm that allows the user to bring tools to
the data instead of loading data into tools. This paper
describes some of the benefits to the user of including filters in
this kind of interface, and presents examples of useful tools in
a number of domains including text editing, debugging,
graphical editing, and map visualization. We anticipate that
these filters will prove useful in many forms and in many
applications beyond those described here.

FUTURE WORK

We are working to extend magic lens filters to new problem
domains (3D, word processing), to new computing
environments (Macintosh. PC), and to extend the quantity and
quality of the existing lenses. We also intend to more formally
study the effectiveness of these tools by including them in real
applications and by performing user studies.
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