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Figure 4. The user-defined gesture set. Gestures depicted as using one finger could be performed with 1-3 fingers. Gestures
not depicted as occurring on top of an object are performed on the background region of the surface or full-screen object. To
save space, reversible gestures (enlarge/shrink, zoom in/zoom out, next/previous) have been depicted in only one direction.



Mental Model Observations
Our quantitative data were accompanied by considerable
qualitative data that capture users’ mental models as they
choose and perform gestures.

Dichotomous Referents, Reversible Gestures

Examples of dichotomous referents are shrink/ enlarge,
previous | next, zoom in/zoom out, and so on. People
generally employed reversible gestures for dichotomous
referents, even though the study software did not present
these referents together. This user behavior is reflected in
the final user-designed gesture set, where dichotomous
referents use reversible gestures.

Simplified Mental Models

The rank order of referents according to conceptual
complexity in Table 1 and the order of referents according
to descending 1-hand agreement in Figure 3 are not
identical. Thus, participants and the authors did not always
regard the same referents as “complex.” Participants often
made simplifying assumptions. One participant, upon being
prompted to zoom in, said, “Oh, that’s the same as enlarge.”
Similar mental models emerged for enlarge and maximize,
shrink and minimize, and pan and move. This allows us to
unify the gesture set and disambiguate the effects of
gestures based on where they occur, e.g., whether the
gesture lands on an object or on the background.

Number of Fingers

Thirteen of 20 participants used varying numbers of fingers
when acting on the surface. Of these, only two said that the
number of fingers actually mattered. Four people said they
often used more fingers for “larger objects,” as if these
objects required greater force. One person used more
fingers for “enlarging actions,” the effects of which had
something to do with increasing size (e.g., enlarge, open).
Another person felt she used more fingers for commands
that executed “a bigger job.” One participant said that he
used more fingers “to ensure that I was pressing,”
indicating that to him, more fingers meant more reliable
contact. This may be, at least in part, due to the lack of
feedback from the table when it was being touched.

Interestingly, two participants who regularly used one-
finger touches felt that the system needed to distinguish
among fingers. For example, one participant tapped with his
ring finger to call up a menu, reasoning that a ring-finger
tap would be distinct from a tap with his index finger.

In general, it seemed that touches with 1-3 fingers were
considered a “single point,” and 5-finger touches or touches
with the whole palm were something more. Four fingers,
however, constituted a “gray area” in this regard. These
findings disagree with many prior tabletop systems that
have used designer-made gestures differentiated only on the
basis of the number of fingers used [14,17,21,27].

It’'s a Windows World

Although we took care not to show elements from
Windows or the Macintosh, participants still often thought
of the desktop paradigm. For example, some gestured as if

using a two-button mouse, tapping their index and middle
fingers as if clicking. In all, about 72% of gestures were
mouse-like one-point touches or paths. In addition, some
participants tapped an object first to select it, then gestured
on top of the very same object, negating a key benefit of
gestures that couples selection and action [13]. The close
and fask switch referents were accomplished using
imaginary widgets located at objects’ top-right and the
screen’s bottom, respectively. Even with simple shapes, it
was clear how deeply rooted the desktop is. Some quotes
reveal this: “Anything I can do that mimics Windows—that
makes my life easier,” “I’m falling back on the old things
that I’ve learned,” and “I’m a child of the mouse.”

A Land Beyond the Screen

To our surprise, multiple participants conceived of a world
beyond the edges of the table’s projected screen. For
example, they dragged from off-screen onto the screen,
treating it as the clipboard. They also dragged fo the off-
screen area for delete and reject. One participant conceived
of different off-screen areas that meant different things:
dragging off the top was delete, and dragging off the left
was cut. For paste, she made sure to drag in from the left
side, purposefully trying to associate paste and cut.

Acting above the Table

We instructed participants to touch the table while
gesturing. Even so, some participants gestured in ways few
tables could detect. One participant placed a hand palm-up
on the table and beckoned with her fingers to call for ielp.
Another participant put the edges of her hands in an “X” on
the table such that the top hand was about 3" off the table’s
surface. One user “lifted” an object with two hands, placing
it on the clipboard. Acting in the air, another participant
applied “glue” to an object before pasting it.

DISCUSSION
In this section, we discuss the implications of our results for
gesture design, surface technology, and user interfaces.

Users’ and Designers’ Gestures

Before the study began, the three authors independently
designed their own gestures for the 27 referents shown in
Table 1. Although the authors are experts in human-
computer interaction, it was hypothesized that the “wisdom
of crowds” would generate a better set than the authors.
Indeed, each author individually came up with only 43.5%
of the user-defined gestures. Even combined, the authors
only covered 60.9% of the users’ set. This suggests that
three experts cannot generate the scope of gestures that 20
participants can. That said, 19.1% of each author’s gestures
were gestures never tried by any participant, which
indicates that the authors are either thinking creatively or
are hopelessly lost! Either way, the benefit of incorporating
users in the development of input systems is clear [9,25,33].

That our participatory approach would produce a coherent
gesture set was not clear a priori; indeed, it reflects well on
our methodology that the proposed gestures seem, in
hindsight, to be sensible choices. However, it is worth



noting that the gestures are not, in fact, “obvious”—for
example, as mentioned above, each author proposed only
43.5% of the gestures in their own designs. Additionally,
the user-defined gesture set differs from sets proposed in
the literature, for example, by allowing flexibility in the
number of fingers that can be used, rather than binding
specific numbers of fingers to specific actions [14,17].
Also, our user-defined gestures differ from prior surface
systems by providing multiple gestures for the same
commands, which enhances guessability [8,33].

Implications for Surface Technology

Many of the gestures we witnessed had strong implications
for surface recognition technology. With the large number
of physical gestures (43.9%), for example, the idea of using
a physics engine [32] rather than a traditional recognizer
has support. Seven participants, for example, expected
intervening objects to move out of the way when dragging
an object into their midst. Four participants “threw” an
object off-screen to delete or reject it. However, given the
abundance of symbolic, abstract, and metaphorical gestures,
a physics engine alone will probably not suffice as an
adequate recognizer for all surface gestures.

Although there are considerable practical challenges,
tabletop systems may benefit from the ability to look down
or sideways at users’ hands, rather than just up. Not only
does this increase the range of possible gestures, but it
provides robustness for users who forget to remain in
contact with the surface at all times. Of course, interactive
systems that provide feedback will implicitly remind users
to remain in contact with the table, but users’ unaltered
tendencies clearly suggest a use for off-table sensing.

Similarly, systems might employ a low-resolution sensing
boundary beyond the high-resolution display area. This
would allow the detection of fingers dragging to or from
off-screen. Conveniently, these gestures have alternatives in
the user-defined set for tables without a sensing boundary.

Implications for User Interfaces

Our study of users’ gestures has implications for tabletop
user interface design, too. For example, Figure 2 indicates
that agreement is low after the first seven referents along
the x-axis. This suggests that referents beyond this point
may benefit from an on-screen widget as well as a gesture.
Moreover, enough participants acted on imaginary widgets
that system designers might consider using widgets along
with gestures for delete, zoom in, zoom out, accept, reject,
menu access, and help.

Gesture reuse is important to increase learnability and
memorability [35]. Our user-designed set emerged with
reusable gestures for analogous operations, relying on the
target of the gesture for disambiguation. For example,
splaying 5 fingers outward on an object will enlarge it, but
doing so in the background will zoom in.

In our study, object boundaries mattered to participants.
Multiple users treated object corners as special, e.g., for

rotate. Hit-testing within objects will be necessary for
taking the right action. However, whenever possible,
demands for precise positioning should be avoided. Only 2
of 14 participants for 2-hand enlarge resized along the
diagonal; 12 people resized sideways, unconcerned that
doing so would perform a non-uniform scale. Similarly,
only 1 of 5 used a diagonal “reverse pinch” to resize along
the diagonal, while 4 of 5 resized in other orientations.

Gestures should not be distinguished by number of fingers.
People generally do not regard the number of fingers they
use in the real world, except in skilled activities such as
playing the piano, using a stenograph, or giving a massage.
Four fingers should serve as a boundary between a few-
finger single-point touch and a whole-hand touch.

Limitations and Next Steps

The current study removed the dialogue between user and
system to gain insight into users’ behavior without the
inevitable bias and behavior change that comes from
recognizer performance and feedback. But there are
drawbacks to this approach. For instance, users could not
change previous gestures after moving on to subsequent
ones; perhaps users would have performed differently if
they first saw all referents, and then picked gestures in an
order of their choosing. Application context could also
impact users’ choice of gestures, as could the larger
contexts of organization and culture. Our participants were
all non-technical literate American adults; undoubtedly,
children, Eastern, or uneducated participants would behave
differently. These issues are worthy of investigation, but are
beyond the scope of the current work. Thankfully, even
with a lack of application context and upfront knowledge of
all referents, participants still exhibited a substantial level
of agreement in making their gestures, allowing us to create
a coherent user-defined gesture set.

An important next step is to validate our user-defined
gesture set. Unlabeled video clips of the gestures can be
shown to 20 new participants, along with clips of designers’
gestures, to see if people can guess which gestures perform
which commands. (This, in effect, reverses the current
study to go from signs to referents, rather than from
referents to signs.) After, the user-defined gesture set can be
implemented with a vision-based gesture recognizer so that
system performance and recognition rates can be measured.

CONCLUSION

We have presented a study of surface gestures leading to a
user-defined gesture set based on participants’ agreement
over 1080 gestures. Beyond reflecting user behavior, the
user-defined set has properties that make it a good
candidate for deployment in tabletop systems, such as ease
of recognition, consistency, reversibility, and versatility
through aliasing. We also have presented a taxonomy of
surface gestures useful for analyzing and characterizing
gestures in surface computing. In capturing gestures for this
study, we have gained insight into the mental models of
non-technical wusers and have translated these into
implications for technology and design. This work



represents a necessary step in bringing interactive surfaces
closer to the hands and minds of tabletop users.
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