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One of the recent trends in computer input is to utilize users’ natural bimanual motor skills.
This article further explores the potential benefits of such two-handed input. We have
observed that bimanual manipulation may bring two types of advantages to human-computer
interaction: manual and cognitive. Manual benefits come from increased time-motion effi-
ciency, due to the twice as many degrees of freedom simultaneously available to the user.
Cognitive benefits arise as a result of reducing the load of mentally composing and visualizing
the task at an unnaturally low level which is imposed by traditional unimanual techniques.
Area sweeping was selected as our experimental task. It is representative of what one
encounters, for example, when sweeping out the bounding box surrounding a set of objects in a
graphics program. Such tasks cannot be modeled by Fitts’ Law alone and have not been
previously studied in the literature. In our experiments, two bimanual techniques were
compared with the conventional one-handed GUI approach. Both bimanual techniques em-
ployed the two-handed “stretchy” technique first demonstrated by Krueger in 1983. We also
incorporated the “Toolglass” technique introduced by Bier et al. in 1993. Overall, the bimanual
techniques resulted in significantly faster performance than the status quo one-handed
technique, and these benefits increased with the difficulty of mentally visualizing the task,
supporting our bimanual cognitive advantage hypothesis. There was no significant difference
between the two bimanual techniques. This study makes two types of contributions to the
literature. First, practically we studied yet another class of transaction where significant
benefits can be realized by applying bimanual techniques. Furthermore, we have done so
using easily available commercial hardware in the context to our understanding of why
bimanual interaction techniques have an advantage over unimanual techniques. A literature
review on two-handed computer input and some of the most relevant bimanual human motor
control studes is also included.
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1. INTRODUCTION

Contemporary GUIs have come to be known as direct-manipulation sys-
tems [Shneiderman 1983]. Correspondingly, the research described in this
article is based on the premise that one way to improve such systems is by
extending the richness of what can be manipulated and the directness with
which it can be done.

One approach to doing so is to develop interaction techniques that take
advantage of the user’s potential to continuously coordinate both hands in
the performance of a broad range of tasks. A number of systems have
demonstrated how this potential can be employed in human-computer
interaction [Bier et al. 1993; Buxton and Myers 1986; Hinckley et al. 1994;
1998; Kabbash et al. 1994; Sachs et al. 1991]. While these examples have
demonstrated the effectiveness of such techniques, they have not yet
penetrated into everyday applications. One reason for this may be the
overall cost in equipping systems with input devices that afford this class of
interaction. However, products such as the multidevice sensing digitizing
tablets from Wacom [1994] address this—at least for graphical applica-
tions.

The other issue has to do with developing a better understanding of
where, when, and how best to use two-handed techniques, and why they
work. It is therefore important to review, augment, and consolidate the
relevant literature. The following sections review some of the representa-
tive bimanual prototypes and discusses some pertinent experimental and
theoretical studies in the literature. The central hypothesis of the current
work is then presented: the motor and cognitive benefits of two-handed
input.

2. REPRESENTATIVE TWO-HANDED PROTOTYPES

Two-handed input, per se, is not a new topic in user interface technology.
For example, typing on a QWERTY keyboard uses two hands, but this
activity does not fall into the class of interaction studied in this article.

Typing can be characterized as a coordinated bimanual activity where
each hand is performing a series of discrete tasks. While one of the most
effective ways of entering text into a computer, this does not reflect the
more continuous nature of most everyday bimanual actions.

Sketchpad [Sutherland 1963] is an early example of a system that not
only used both hands, but also did so in a way that went beyond the
discrete types of actions seen in typing. Users drew directly on the
computer screen with a light pen using one hand and could modify the
pen’s action with the press of a button using the other hand. The buttons
were used in conjunction with the pen in this manner to create, move, copy,
or erase straight-line or circular shapes. This is a very early example of a
two-handed input interface where the left and right hands performed
highly integrated actions.

Another early use of this type of two-handed input was in 1982 when the
Xerox Star computer system was introduced [Smith et al. 1982]. In addition
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to the unique new graphical interface, the designers used a set of buttons
on the keyboard to add functionality. These early “function-keys” were
positioned on the left side of the computer’s keyboard for easy access by the
left hand, while the mouse was held and manipulated with the right hand.1

The user could select an object with the mouse and then use one of the
function keys to specify the action to be performed. For example, to move a
file one would select the file’s icon, depress the “Move” button, and then
select its new location.

Video games are by far the most common example of two-handed input. A
typical game controller has a set of buttons on one side of the pad and a
joystick (or a rolling button or set of four cursor keys) on the other side.
Typically the buttons launch bombs or cause the game character to jump
while the joystick controls the character’s directional movement. The game
character’s defense often consists of having to keep moving to avoid getting
killed while at the same time launching offensive attacks such as dropping
bombs. This requires skill and good coordination of the two hands.

The preceding three examples all have the similar property that one
hand performs a discrete task (pushes buttons) while the other hand
performs a continuous task (moves a pointing device). A significant differ-
ence of the interfaces is that some require the two hands to operate
sequentially (Star) while others require coordination between the two
(video games).

Krueger [1983] contended that users should be able to manipulate
graphical objects like objects in the physical world. He demonstrated that
this was possible for a range of tasks, using both hands to stretch, position,
and rotate boxes and other graphical objects in an intuitive and natural
manner. This was perhaps the earliest example of coordinated and inte-
grated bimanual interaction, where both hands were performing continu-
ous, rather than discrete, tasks.

Sachs et al. [1991] developed a two-handed system, 3-Draw, for 3D CAD
applications. With their system, a user held a pair of six-degree-of-freedom
input devices, a light hand-held tablet, or palette, and a stylus. The palette
corresponded to the base (construction plane) of a 3D object being created
and the stylus was used as a drawing and editing tool. The designer
manipulated the palette in the real world to rotate and translate the object
in the virtual world. The stylus was held in a position relative to the
palette and was used to sketch the object’s curves.

Hinckley et al. [1994] designed a 3D two-handed input system using
passive props. In order for neurosurgeons to specify a slice of the brain data
to view, the user manipulated two props, a head prop and a cutting plane
prop. The computer could sense the position and orientation of the props.
By placing the plastic sheet on the doll’s head, the surgeon could control
what “slice” of the brain was displayed.

In 1993, Bier et al. developed a new bimanual interaction technique
called Toolglass. This employed an interface widget that behaved as though

1Note that this assumed that most users would be right handed.
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it were a transparent sheet of glass upon which tools reside that can be
used within the application. The nondominant hand continuously con-
trolled the Toolglass sheet’s position, while the dominant hand controlled
the system cursor. The Toolglass sheet lay between the cursor and the
graphical objects on the “desktop.” To use a tool on the Toolglass sheet, the
cursor was positioned over the object to be affected, and the Toolglass sheet
was positioned such that the desired tool lay between the cursor and that
object. One could then “click through” the tool to cause it to affect the object
below. Since the Toolglass is transparent, both the tools and the application
behind can be seen at the same time.

For the rest of this study, we shall be concerned with the general class of
bimanual interaction introduced by Krueger and further developed by Bier
et al. [1993], Sachs et al. [1991], and Hinckley et al. [1994], i.e., systems
where both hands work in a continuous, rather than discrete, manner, and
where they are coordinated and integrated in the performance of a partic-
ular “direct-manipulation” task.

3. TWO-HANDED EMPIRICAL STUDIES AND THEORIES

While the list of bimanual prototypes is long, the converse is true for the
list of relevant empirical studies.

Dillon et al. [1990] conducted an experiment that examined performance
in a compound task. They compared five interaction techniques for a task
where the user would select from a menu and then draw a line elsewhere
on the screen. Of the tested techniques, one was a standard GUI one-
handed method where one cursor would be switching between menu
selection and drawing in order to complete the task. They also included two
variations of a “two-cursor” method that employed the use of both hands,
one controlling a cursor over a menu for selection and the other for drawing
(the menu size varied for the two conditions). In this experiment, a small
but insignificant advantage of two-handed input was found over one-
handed input.

In 1986, Buxton and Myers performed experiments that evaluated the
benefits of two-handed input for compound tasks. They performed two
experiments, one on a positioning-scaling task, the other on a navigation-
selection task. Both experiments had the property that both hands were
performing continuous tasks. In addition, the two hands could move either
in parallel or sequentially while performing either experimental task.

The positioning-scaling experiment was designed such that the left hand
scaled an object while the right hand positioned it. The results showed,
without encouragement, all but one of the participants performed some of
the tasks in parallel and the level of parallelism correlated to performance
improvement. Because participants spontaneously and almost immediately
exhibited the ability to perform both tasks in parallel, the experimenters
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concluded that no significant additional cognitive load was imposed by the
utilization of two-handed input.2

In the second experiment conducted, the left hand navigated through a
document (controlled the scrolling) while the right hand selected desig-
nated pieces of text. Both novice and expert users, using both unimanual
and bimanual techniques, performed this experiment. Although little par-
allelism was exhibited, the two-handed technique was still significantly
faster than the traditional one-handed technique. This was due to the fact
that no switching was needed between scrolling and selecting in the
two-handed technique—each hand being effectively in “home position” for
its own particular task.3

The two experiments by Buxton and Myers established the first empirical
evidence that the use of two hands in human-computer interaction resulted
in higher motor manipulation efficiency without, as explained above, im-
posing significant additional cognitive load.

In contrasting the results of Buxton and Myers with those of Dillon,
Edey, and Tombaugh, we must conclude that the benefits of two-handed
input are task and design dependent. Clearly, a deeper level of understand-
ing of human bimanual function is needed for the successful design of
two-handed computer input.

Various human motor control theories on the relative performance of two
hands have been proposed and tested (e.g., Flowers [1975], Schmidt et al.
[1979], and Todor and Doane [1978]). Many of these studies on bimanual
action have demonstrated the cooperative nature of the two. It is a common
observation that it is difficult to rub ones stomach while tapping ones head.
The difficulty lies in the independence of the two tasks. A common
experimental paradigm used in two-handed bimanual control is production
of polyrhythm: two conflicting but isochronous sequences. Most people have
great difficulty in coordinating the two hands in such tasks in which the
two rhythms are not integer multiples of each other. Only skilled musicians
following extensive training are able to accurately perform complex poly-
rhythms with a ratio of 5:3. Studies showed this was possible only when
participants adopted an integrated motor organization in which movements
of the slow hand were subordinate to movements of the fast hand [Sum-
mers and Kennedy 1992]. Furthermore, simultaneous independent timing
for the two hands could not be achieved even when parallel control was
encouraged by training the participants at producing the required tapping
frequency with each hand independently first. The interdependence of

2The ability to perform multiple tasks simultaneously is a key property of skill. It implies that
task performance is automatic and that the cognitive load of either task is not sufficient to
interfere with the performance of the other. Buxton and Myers’ concern was that by asking the
user to use both hands as computer input, the user might have to exert additional cognitive
effort.
3Note, however, that the fastest times were achieved by experts who used both hands in
parallel. What this shows is that while parallel action is possible and can lead to optimal
performance, it is not required in order to achieve significant benefits compared to conven-
tional one-handed techniques.
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bimanual movements has also been found in many other studies. For
example, Peters [1985] showed that even for skilled participants, there
were severe resource limitations in terms of providing two independent
streams of timed signals for the initiation and termination of movement in
the two hands.

The most helpful bimanual action research that can be directly applied to
two-handed computer input is Guiard’s kinematic chain (KC) theory [Gu-
iard 1987]. According to this analogical model, the two hands function as
serially assembled links, with the left (or nondominant) hand as the base
link and the right (or dominant) hand as the terminal link. Fundamental to
this theory is the cooperative and asymmetric nature of the two hands.

Four basic characteristics of the KC model are as follows [Guiard 1987;
Guiard and Ferrand 1996]:

(1) Right-to-left spatial reference: the left hand sets the frame of reference
for the action of the right hand.

(2) Left-right scale differentiation: the granularity of action of the left hand
is coarser than the right; the left-hand movement is macrometric; and
the right-hand movement is micrometric.

(3) Left-hand precedence in action: the sequence of motion is left followed
by right.

(4) Right-hand dominance: because the right-hand is on the terminal
(distal) end of the kinematic chain, human subjective preference be-
tween the two hands tends to be placed on the right-hand side.

If one reexamines Buxton and Myers [1986] and Dillon et al. [1990] in
light of Guiard’s KC theory, an explanation for the different results
emerges. What is seen is that Buxton and Myers’ experimental tasks
conformed to Guiard’s four characteristics, while those of Dillon, Edey and
Tombaugh did not. Thus, both an explanation for the difference in results,
and some additional experimental support for the model are provided.

Guiard’s KC theory of bimanual function is also reflected in the design of
the Toolglass technique [Bier et al. 1993], discussed earlier. Thus, we
should expect it also to result in significant improvements in performance.

The Toolglass technique was empirically evaluated in a study conducted
by Kabbash et al. [1994]. Their experiment compared four different inter-
action techniques for the task of drawing colored line segments between
dots.4 This task required a menu selection of the correct color and then a
drag to create the line from one dot to the next. The techniques included

(1) a one-handed technique with a standard tear-off menu, a single cursor
move between selecting from the menu and drawing the line;

4The experimental task was consciously chosen to reflect that of Dillon et al., but to modify the
implementation such as to reflect the four characteristics defined by Guiard.
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(2) a two-cursor technique where one cursor (nonpreferred hand) selected
from the menu, and the other drew the line (similar to Dillon et al.
[1990]);

(3) the Toolglass technique where the nonpreferred hand positioned the
Toolglass over the dot, and the other hand dragged through the
appropriate color to the next dot; and

(4) a palette technique, similar to a painter’s palette, where the nonpre-
ferred hand moves a standard tear-off menu such that movement time
taken to move the single cursor controlled by the preferred hand
between selecting from the menu and beginning the draw can be
minimized.

Kabbash et al. [1994] found the Toolglass technique, which conformed to
the KC theory, to be superior over all the other techniques. First, it
required fewer motor operations. Second, the tools and drawing area were
always in the same visual space, thus eliminating the possibility of divided
attention. The experimenters noted that users were using their left hand
the most with the Toolglass technique, yet this obviously did not hinder
performance.

Finally, it is worth noting that the results also show that two hands are
not always better than one. As in the Dillon et al. [1990] study, the
two-cursor technique performed poorly—in this case (insignificantly) worse
than the one-handed technique. Therefore, while there are benefits to be
gained, it is important that we undertake the research that will help us
better understand how to obtain them.

Having reviewed the literature on two-handed computer input and some
of the most relevant bimanual human motor control studies, we now tend to
the thesis of the current study, which offers a complimentary perspective to
the existing views of bimanual computer input. While Guiard’s KC theory
of bimanual action offers a helpful framework for designing two-handed
input techniques, particularly on the asymmetrical division of labor of the
two hands, it does not explain all the benefits of two-handed input. We
found that performance improvement with two-handed input often could
not be explained at the motor level alone. Part of it had to be attributed to
cognitive factors.

4. TWO-HANDED MOTOR AND COGNITIVE ADVANTAGE

Studies such as Buxton and Myers [1986] and Kabbash et al. [1994] show
that improved time-motion efficiency can be achieved using appropriate
bimanual techniques. However, can the benefits be attributed simply to
improved motor-sensory efficiency, or are there cognitive reasons as well?

One of the basic tenets of the acquisition of cognitive skill is the notion of
chunking [Simon 1974]. Anderson [1980; 1982], for example, describes the
acquisition of cognitive skills as being based upon the compilation and
proceduralization of knowledge into chunks formed around underlying
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subtasks. Likewise, Card et al. [1980] describe users’ methods in the
Keystroke-Level Model as being

. . . composed of highly integrated submethods (“subroutines”) that show up
over and over again in different methods. We will call them method chunks, or
just chunks.

There are numerous examples of chunking in our daily life, such as
remembering telephone numbers as groups of digits rather than individual
digits. If chunking plays such an important role in skills and their acquisi-
tion, then a reasonable strategy to facilitate their acquisition is to design
the system’s motor-sensory affordances to reinforce the desired chunking
structures. This is a path followed by Buxton [1995] in a different task
domain.

Applying the notion of chunking and phrasing to (graphical) manipula-
tion at the computer interface, Buxton argued that the physical affordances
at the motor level of interaction could be designed to be compatible with
and reinforce the desired chunking of subtasks at the cognitive level. He
suggested that there were two types of “glue” that could be used as the
catalyst to this aggregation: muscular tension and continuity of motion
(“kinesthetic continuity”). Simply, he argued that task elements that
should be conceptually chunked should be physically chunked into a single
gesture or “phrase” (where, like in music, tension and movement are the
key elements of establishing structure).

A common example of chunking is seen in making a selection using a
pop-up menu in a GUI, where we press the mouse button down on the
menu, move to the appropriate menu item, and release. Another example is
illustrated in the common proofreader’s symbol for “move,” where a circle is
drawn to identify the words to move, and it is completed in a single stroke
with an arrow indicating the destination. In both cases, a number of
subtasks are “chunked” into a single aggregate, or “phrase.” As in music,
the phrase holds the elements together in a connected flow that is not
generally interrupted. In the case of the pop-up menu, the muscular
tension of holding down the mouse button is the glue that binds the
elements of the phrase, whereas in the proofreader’s move symbol, the bond
is the kinesthetic continuity associated with articulating the mark of the
symbol. While syntactically rich, due to the phrasing, each of the example
transactions is perceived as a single gestalt.

From this perspective, we can think of the acquisition of cognitive skill as
relating to the compatibility between motor action and aggregation of
cognitive unit tasks. Conversely, one could argue that some problems in
skill acquisition are a consequence of a lack of compatibility with the
pragmatics of how actions are articulated. This was the perspective from
which we investigated the potential cognitive benefits of bimanual input.
Our basic hypothesis was that appropriately designed bimanual techniques
should chunk better at the motor level, and therefore be more compatible
with the mental model of the user, as acquired from a lifetime of living in
the everyday world.
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More specifically, using traditional unimanual input techniques, many
graphical manipulation tasks, such as to move, scale, and rotate an object
(e.g., a rectangle), are forced to be executed on an elemental level (one
aspect at a time with iterations), which impose unnecessary cognitive
burden on the user (Figure 1). Conversely, two-handed input may allow the
user to perform at a natural level of chunking that corresponds to daily
activities, possibly resulting in the following interrelated cognitive advan-
tages:

(1) Reduce and externalize the load of planning/visualization in unimanual
input. Because two-handed input allows the user to treat the task as a
larger and more natural gestalt, the user no longer needs to compose,
“think,” and plan the elemental steps of a task.

(2) Rapid feedback of manipulation results in a higher level of task: the
user immediately sees the result of action in relation to the goal state.

(3) Support epistemic action: the user may take advantage of the two-
handed input and perform actions of an epistemic nature in addition to
those of a pragmatic nature.5

Together with our colleagues [Owen et al. 1998], we have made the above
observations in a number of two-handed tasks. In this article, we present
the results of an empirical study that indicate the cognitive advantages of
two-handed input, in addition to the physical motor efficiencies that have
been previously found in the literature.

5. EXPERIMENT 1

5.1 Task Selection

We had three criteria in mind when we chose the task for our experimental
study. First, we wanted to select tasks that are practical in real computer
applications so that the results of our experimental study can be applied to

5As Kirsh and Maglio [1994] argued, human actions sometimes do not necessarily serve
pragmatic purposes (physical work); instead, they can be performed to facilitate cognition
(epistemic action).

Fig. 1. Using traditional unimanual techniques, moving Rectangle A to Rectangle B requires
(multiple) iterations of translation, rotation, and scaling. In contrast, using a bimanual
technique that assigns two hands to controlling two opposing vertices, all of the three aspects
can be “chunked” into one integrated process, which is closer to how one naturally views such
a task.
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designing practical interaction techniques. Second, we wanted to choose a
task that has not been extensively studied in the HCI literature so that the
empirical findings in regards to two-handed input can be established on a
broader base. Third, we intended to select a task that has the testing power
to accept or reject our hypotheses (discussed in Section 5.3).

Studies in computer input have concentrated on “point-click”-type selec-
tion tasks. This type of selection can generally be modeled by Fitts’ Law
[Fitts 1954] and is well understood. A form of graphical selection that has
seen widespread use, yet is far less studied, is the sweeping of a bounding
box around an area or group of objects. Figure 2 shows an example where
the user is attempting to place a minimum bounding box around just the
woman in the picture. This issue arises in both computer drawing packages
as well as painting programs. Users often must select accurately a specific
area of their drawing to include some parts in their selection while
excluding other parts. This proves to be a difficult task when these parts lie
close to one another but distant from the location of the beginning of the
drag.6 This class of transaction is very common and is representative of a
larger class of graphical interactions. It has not been previously studied yet
has been observed to be highly prone to user error.

The experimental task used in our study is an abstraction of the above
area-sweeping task. The participants were asked to minimally enclose the
object presented with another figure. Six different basic geometric forms

6“Press” refers to pressing the mouse button down. “Click” refers to pressing and releasing the
mouse button in quick succession. “Drag” refers to pressing the mouse button down and
moving the mouse while the button is held down.

Fig. 2. Generalized example of the bounding box issue. The user is currently dragging out a
selection box. The initial mouse press at the top left was incorrect (they are including part of
the man’s arm unintentionally).
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were chosen for presentation: squares, rectangles, circles, ellipses, equilat-
eral triangles, and isosceles triangles. Two shapes were used as the
encompassing figure, a rectangle and an ellipse.

Participants were directed to use an ellipse to enclose triangles, squares,
and rectangles. Similarly, they were directed to use a rectangle to enclose
circles and ellipses. Figure 3 illustrates some examples of correct stimulus-
response (i.e., target figure-encompassing figure) pairs.

The user was required to draw the encompassing figure (the user’s
response) so that it matched the stimulus’ boundary to within one screen
pixel. Feedback was provided in the form of red dots at matching stimulus-
response points once the user released the encompassing figure. For a
square or rectangular stimulus, the encompassing ellipse would have to
match within one pixel at four points. For an ellipse or circle stimulus, the
encompassing rectangle would have to match within one pixel at four
points. For a triangle stimulus, the encompassing ellipse would have to
match within one pixel at three points. Refer to Figure 4 for a sample of
where the red dots would appear.

Each encompassing figure has four control points, represented by the
black square handles, which appear when the input device is released. The
control points are points that, by moving them, one can change the shape of
the resulting figure.

Once the encompassing figure was drawn, if it did not meet criteria, i.e.,
a one-screen pixel maximum distance between stimulus and response
edges, then the user would have the opportunity to readjust the figure until
it matched by reacquiring any of the four control points.

If the user missed the handle, the handles disappeared, and the figure
became “deselected.” The user reselected the encompassing figure by click-
ing anywhere within the figure.

If the user chose the wrong encompassing figure tool (such as the
rectangle tool when presented with a square) the system beeped and would

Fig. 3. Examples of minimal enclosures. The solid objects represent the target figures. The
dotted shapes represent the user’s encompassing response figure.

Fig. 4. Example of encompassing figure (dotted figure) with handles (black small boxes at
corners).
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not activate the tool. The user would then attempt again to choose the
correct tool.

The user performed the task with a Wacom Tablet holding a stylus in the
right hand and a four-button puck in the left. This apparatus is described
in detail in Section 5.4.

5.2 Techniques

In this experiment we study three techniques using the same hardware
framework. The only differences presented to the user will be in the form of
the technique’s specific properties as outlined below.

5.2.1 Conventional One-Handed Technique (C1). This unimanual tech-
nique was modeled on the techniques and methods currently employed in
traditional graphical user interfaces.

The tools (encompassing figures) are available on a tear-off palette that
may be moved by dragging its header frame to a new location. Clicking on
the palette on the desired tool chooses the tool. The tool highlights to show
it has been selected, and the cursor, when over the drawing surface,
changes from the default arrow to a drawing cursor. The user then drags on
the drawing surface to use the chosen tool to create the encompassing
figure.

Upon release, the standard handles found in most drawing applications
appear at the four control points of the encompassing figure. Adjustments
may then be made to the figure by dragging these handles to new locations.
See Figure 4 for an example of an encompassing figure with handles.

5.2.2 Stretching with Two Hands (S2). This technique takes advantage
of using both hands to manipulate the encompassing figure based on a
technique initially introduced by Krueger [1983]. The tool is selected from a
standard GUI tear-off menu as described above for the unimanual tech-
nique. The tool highlights to show it has been selected, and the cursor,
when over the drawing surface, changes from the default arrow to a
drawing cursor.

When the user presses down on the drawing surface, both hands control
the size and location of the encompassing figure. A cursor appears at
opposing corners of the figure, indicating the points from which the left and
right hands can “stretch” it. The left- and right-hand cursors are both
stylized arrows, but are oriented differently to differentiate between them.
This is illustrated in Figure 5. Using this technique, the user can simulta-
neously scale and position the figure.

Participants may reacquire the encompassing figure to make adjust-
ments by dragging a handle with the right cursor as in the unimanual
technique. The right hand is attached at the control point that was pressed,
and the left hand is attached to the control point at the opposite corner of
the figure. The figure may then be manipulated using both hands.

5.2.3 Toolglass with Two Hands (T2). This condition integrates the
previously described two-handed stretching method with the Toolglass
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technique introduced by Bier et al. [1993]. Tool selection is effected using a
“click-through tool,” using the right hand to press through a transparent
tool palette whose location is controlled by the left hand. What is novel
compared to previous click-through tools reported in the literature is that
once the tool is selected, the tool palette disappears, and the “other” hand
now controls the position of one corner of the encompassing figure instead
of the position of the palette. The right hand controls the opposing corner.
The users may then size and position the encompassing figure accordingly,
the same as in the two-handed stretching technique. Once they release the
input device, the palette reappears at their left hand. The user may
reacquire and manipulate the figure in the same manner as the two-
handed stretching technique.

In all three techniques the size of the palette menu was kept the same to
normalize across experimental conditions.

5.3 Hypotheses

Our analysis began with the recognition that this class of interaction is a
compound task. The steps, as implemented in the conventional one-handed
technique (C1), are as follows:

(1) select the encompassing figure to be used using the tool palette;

(2) specify (commit) the position of the upper left corner of the encompass-
ing figure by positioning the cursor and dragging;

(3) sweep out the area from that corner to the lower right corner; and

(4) specify (commit) the position of the lower right corner of the encompass-
ing figure by releasing the button press.

Note that the encompassing figure is therefore defined sequentially by
two points, the initial drag starting point and where the drag is released.

Frequently, the user must repeat steps (2) to (4) of the aforementioned
list, since typically either the vertical or horizontal alignment of the first
specified control point is incorrect (as also demonstrated previously in
Figure 2). An analysis of this simplified characterization of the task is
shown in Figure 6.

Figure 6 contains a graph comparing Tension versus Time, which is
intended to show the phrasing of the task. An increase in Tension repre-
sents the user pressing down with their input device. A decrease in Tension

Fig. 5. Using two hands to stretch a square.
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represents the release of the input device. Constant tension represents the
articulation of a drag.

The first phrase represents the selection of the tool. The onset of the
second phrase represents the selection of the first control point (press), and
the trailing edge of the phrase represents the specification of the second
control point (release). These two control points define the response’s
position and size. The dotted additional phrases represent potential
phrases that may be required to correct the placement of the stimulus
corners to complete the task.

Figure 6 also shows the stage in the process at which the user commits to
the specification of key parts of the transaction. When the user initially
presses down to begin drawing the selection, the user has have committed
to the placement of that ’half” of the figure. That control point cannot be
moved until the drag is released and the point is reacquired by pressing on
the handle at that control point. From this, we can derive the likely cause
of potential error, namely that the specification of the first control point
must be made before there is any feedback from the transaction to aid in its
proper alignment.

Recognizing the potential error and its cause (insufficient feedback at the
time of commitment), there are two strategies to pursue. We could add the
feedback at the time. This could be done with something like cursor cross
hairs that extend to the edges of the screen. While such a strategy can be
useful for the tasks concerned in this study, displaying a large full-screen
cross hair cursor can be distracting in other tasks. An alternative is to
defer commitment until the feedback exists. The two new techniques that
we used in this study chose the second, more general strategy.

The “Stretching with Two Hands” (S2) technique’s phrasing is illustrated
in Figure 7. Again, there are two phrases. Tool selection is as with the C1
case, a single click. The difference lies in the fact that while sweeping the
area encompassing the presented stimulus, the initial corner is not perma-
nently “fixed” as it was in the C1 case. The user may simultaneously move

Fig. 6. Characteristics of enclosing a target using a conventional one-handed technique (C1)
(not necessarily to scale).
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the two defining control points of the figure, that which is attached to their
left hand and that which is attached to their right hand.

What this means is that one is not committed until the end of the second
phrase, when they release their drag. The user sees the results, where his
or her encompassing figure lies, before committing to the final placement of
either control point.

The “Toolglass with Two Hands” (T2) technique is characterized in
Figure 8. In this case, selection of the tool and sweeping out of the area are
integrated into a single phrase. After tool selection, the user may manipu-
late the encompassing figure with both hands, as in the S2 technique.

With both two-handed techniques, the user can manipulate the size and
location of the encompassing figure at the same time, integrating the
sweeping task into one “gestalt.” In contrast, with the one-handed tech-
nique, the user is forced to manipulate one aspect of the task at a time and
commit to it by guessing or mentally visualizing the final effect of that
commitment. In the case of the two-handed techniques, this cognitive
visualization process is externalized and reduced.

Fig. 7. Characteristics of enclosing a target using the “Stretching with Two Hands” technique
(S2) (not necessarily to scale).

Fig. 8. Characteristics of enclosing a target using the Toolglass (T2) technique (not necessar-
ily to scale).
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With the one-handed technique, the “cognitive load” of the visualization
process varies with the size and shape of the encompassing figures. For
example, in the case of encompassing an ellipse with a rectangle, the user
must visualize where to initially press down to begin his or her sweep. This
choice is made by mentally projecting lines from the edges of the ellipse and
determining the point where they intersect (as demonstrated in Figure 9,
the user must visualize initial point I). As the distances from point a to
point b as well as from point c to point d increase (i.e., as the ellipse
increases in size), it becomes harder and harder to visualize reliably and
mentally the extension lines and accurately pick point I. In other words,
the larger the target figure, the higher the visualization load the uni-
manual technique imposes on the user.

After pressing down at point I, the user proceeds to drag point E to
completion. Even if the pick of point I is not accurate, the user can ensure
that the release of the input device at point E is accurate because the edges
of the bounding rectangle are visible during the sweep, and thus their
intersection with the ellipse is visually verifiable. The user may then travel
back to point I and adjust it if it was in error, and this adjustment can also
be made accurately because the edges of the bounding box are again still
visible, thereby giving adequate feedback which was not there at the
outset. Therefore, this method will probably require one adjustment of
point I to achieve criteria.

The case where the user is required to encompass a rectangle with an
ellipse is more cognitively demanding. As in typical graphical drawing
packages, an ellipse is specified by sweeping out a rectangle into which the
ellipse is drawn. Thus, in order to correctly encompass a rectangle with an
ellipse the user must mentally visualize where the ellipse must be and then
mentally visualize the box that defines that ellipse. This means visualizing
extension lines from the edges of that ellipse (similar to the visualization
discussed in Figure 9) to determine the initial press down point I (visual-
ization graphically depicted in Figure 10). If this guess of point I is
incorrect the user can still sweep out the ellipse, but in contrast to the

Fig. 9. With one-handed input, the user must mentally visualize the dotted lines, extending
them from point a to point b and from point c to point d. They must determine where these
lines intersect and press down at the point marked I to begin their sweep to create the
encompassing rectangle. Note that the length of these dotted lines is proportional to the size of
the target. The larger the ellipse is, the higher a cognitive load of visualization it imposes on
the user to accurately project point I.
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previous example, the release at point E is not visually verifiable. This is
due to the fact that subsequent adjustments of point I will affect the overall
placement of the ellipse. Thus the user may be forced to travel repeatedly
between initial point I and the completion point E in order to achieve
criteria. Again, these effects will be enhanced by size.

Finally, for the case of encompassing a triangle with the ellipse, the
cognitive burden will lie somewhere between the previous two cases. The
triangle has an advantage over the previous case in that the visualization
of the vertical alignment of the first point (I) can be projected from the
triangle’s point (Figure 11). It is only for the horizontal alignment that one
must visualize the encompassing ellipse. Therefore, the user has a slightly
better chance at guessing point I fairly close to its actual location.

In short, in addition to the motor inefficiency of switching between two
control points with one cursor, the traditional one-handed input also
imposes a cognitive load of visualizing the correct control points. Such load
increases as the size of the target figure increases, and some shapes (such
as a rectangle, to be encompassed by an ellipse) impose a higher load than
others (such as an ellipse to be encompassed by a rectangle).

Fig. 10. A user must visualize the dotted ellipse which encompasses the rectangle. Then he
or she must visualize the dotted extension lines and accurately pick the points marked I, as
well as E.

Fig. 11. User must visualize the ellipse in order to find horizontal alignment of I, but must
only project from triangle top point to find vertical alignment of I.
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With two-handed input techniques, the user does not have to switch
between the two control points and hence gains a motor efficiency advan-
tage. Furthermore, the need to mentally visualize the final locations of the
lower-than-natural level of elements (control points) is also eliminated
(externalized). The user hence also gains a cognitive advantage.

Therefore, working from these analyses, we established several predic-
tions.

Based on the previous evidence of two-handed advantage [Buxton and
Myers 1986; Kabbash et al. 1994], albeit with a new class of tasks, we
predicted the following:

HYPOTHESIS 1. Both two-handed techniques (S2 and T2) will outperform
the conventional unimanual technique (C1).

According to our notion of chunking and phrasing, efficient interactions
are often marked by “chunking” task elements into greater units [Buxton
1995]. In the current task, the unimanual technique (C1) afforded the user
to operate at the lowest level of chunking of the three techniques. Different
components of the task (tool selection, sweeping, and multiple resizing) had
to be carried out by multiple, separated motor tension “chunks” (press and
release cycles; see Figure 6). The stretching with two hands (S2) technique,
integrated the multiple resizing cycles into one continuous motor tension
chunk, but still kept tool selection as a separate unit (Figure 7). The
Toolglass technique (T2) integrated the entire task, from tool selection to
area sweeping into one motor tension cycle (Figure 8). We hence expected
the following:

HYPOTHESIS 2. Performance will improve with level of integration
(chunking), from C1 to S2 and from S2 to T2.

As complexity increases, it becomes ever harder to mentally position the
encompassing figure’s corners. In the absence of feedback, it becomes
increasingly difficult to visualize the task. Such a visualization process is
cognitive, and it will play a significant role in participants’ performance.
Such an analysis predicted the following:

HYPOTHESIS 3. Performance difference between the one-handed tech-
nique and the two two-handed techniques will become more pronounced as
more mental visualization or planning is required, i.e., as cognitive diffi-
culty of the task increases.

5.4 Apparatus

The experiment was performed on a Macintosh Power PC 6100/60 AV
model with a 17-inch color monitor with 832 3 624 pixel resolution, using a
Wacom UD-1212R tablet [Wacom 1994] with “Multimode” capabilities (the
tablet can sense two different devices simultaneously on its surface).

Participants held a Wacom four-button “puck” in their left hand and a
“stylus” in their right hand. For the one-handed technique, only the stylus
was used. These two devices are shown in Figure 12, held on the tablet.
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The puck is simply a “mouse-sized” box with buttons on the top. Its
“hot-point” (where the screen cursor tracks it) is defined by the junction of
the cross hairs in the circular see-through area at the top of the device. The
puck lies on the tablet surface, is held like a mouse, and glides over the
surface of the tablet.

The stylus’ “hot-point” is its tip. To move the screen cursor with the
stylus, users held the stylus like a pen and moved it slightly above the
surface of the tablet (0–5 mm). If it were lifted too far from the surface of
the tablet the cursor would freeze. It would resume movement once the
device was brought close enough to be sensed again. Pressing down with
the tip of the stylus was recognized as equivalent to a mouse button press.

The stylus and puck are untethered. For this experiment, the buttons on
the puck and the barrel switch on the stylus were not used. The hot-point of
the puck was also offset such that the screen cursor appeared to the right of
the physical device to reduce physical collisions of the puck and stylus on
the tablet surface.

The tablet was scaled such that a 21.7 centimeters (across) by 17.7
centimeters (down) area on its surface mapped to the complete computer
monitor.

5.5 Participants

Fifteen people participated in this experiment, 12 males and 3 females. All
participants were right handed. None had significant prior experience
using an absolute positioning device such as the tablet, but most were very
experienced computer users (use one every day). Most were novice users of
computer drawing packages (use one 0%–25% of their total computer
experience).

5.6 Design and Procedure

Each participant performed all three techniques in a within-subjects de-
sign. The experiment was a 3 3 6 3 4 factorial experiment (Technique 3
Figure 3 Size). Technique order was counterbalanced using a Latin Square

Fig. 12. The Wacom stylus and puck on the Wacom tablet.
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design: 5 participants performed in the order of C1 S2 T2, 5 in S2 T2 C1
and 5 in T2 C1 S2.

Participants were first instructed verbally, outlining the general require-
ments of the task. Before attempting each technique, they received verbal
instructions outlining the properties of the technique and one practice
block consisting of 12 trials with random shape, size and length to width
ratio.

After practicing, participants performed two blocks of trials. Each block
consisted of 24 trials presented in a random order. The presented figure in
each trial would be one of six shapes (Square, Rectangle, Circle, Ellipse,
Equilateral Triangle, and Isosceles Triangle) and four discrete sizes (50,
130, 200, and 280 pixels). Each combination of size and shape would be
seen once during the block, totaling up to the 24 trials in a block (6 3 4).
The ratio of length to width for shapes without rotational symmetry was
constant for all at 1:2. For example, a size 5 50 square is 50 3 50 pixels,
and a size 5 50 rectangle is 50 3 100 pixels.

Participants took approximately one hour to complete two blocks for each
of the three techniques. After completing all three techniques participants
were administered a questionnaire to elicit subjective feedback.

5.7 Results

Total trial time was calculated as the time from selection of the tool to
completion of the task. Overall, total trial time differed very significantly
among techniques (F2,24 5 28.22, p , 0.0001). Table I shows the mean total
trial time for the three techniques. We can see that two-handed techniques
on the average save about 17% of the time it takes to do the same task
using the conventional one-handed technique (C1).

Pairwise contrast tests for differences between means showed that both
two-handed techniques were significantly better than C1 (p , 0.0001), but
that the two two-handed techniques (S2 and T2) were not significantly
different from each other (p 5 0.16).

Subjectively, when asked which technique they liked best, users pre-
ferred S2 (stretching with two hands) over T2 (Toolglass with two hands)
by 8 to 6, with one user preferring C1. When questioned about which
technique they liked the least, 10 users expressed dislike for C1, and 5
users expressed dislike of T2. None of the users chose S2 as their least
liked technique.

Table I. Mean Total Trial Completion Time for Experiment 1

Mean Total Time Standard Deviation Standard Error
Technique (seconds) (seconds) (seconds)

C1 14.74 8.16 0.30
S2 12.24 7.26 0.27
T2 11.61 8.61 0.32
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Measurements of the left and right locations were recorded every third of
a second which enabled us to calculate rough speed estimations for the left
and right hands. The speeds of the left hand tended to be slower than the
speeds of the right. A sample is shown in Figure 13 from a participant that
accomplished the task in one attempt (no need to reacquire the control
points) using the S2 technique. A sample of one-handed trial (the C1
technique) is shown in Figure 14 from a participant who took four attempts
to achieve task completion (had to reacquire four control points before
getting the encompassing figure correct).

5.7.1 Evidences of Cognitive Benefits in Two-Handed Input. Thus far,
the results have indicted that two-handed techniques were superior over
the one-handed technique for practical purposes. Theoretically, the perfor-
mance difference could be a result of either physical efficiency or cognitive
characteristics of the techniques. One obvious physical motion difference
between one-handed and two-handed techniques lies in the (re)acquisition
of the control points (handles). With the one-handed technique, the user
has to switch between two control handles (Figure 14). Each reacquisition
of a control handle is a Fitts’ law task. This alone could account for the
entire performance difference between the one-handed and two-handed
techniques. It is therefore informative to remove the control handle reac-
quisition times from all the conditions, although it is an inherent part of
one-handed manipulation.

Control point reacquisition time was defined as the time from a button up
to a button down. Note that a small percentage of the two-handed trials
also required control point reacquisition, because the encompassing figure
placement did not meet the accuracy criteria when the control points were
released. However, this did not require the cursor to travel from control
point to control point and thus did not increase trial completion time

Fig. 13. Speed graphs of the left and right hands of a participant that took one attempt to
complete the task using the S2 technique.
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significantly. The measures after removing control point reacquisition time
are biased against the two-handed techniques because a participant’s
cognitive process is not necessarily halted during the reacquisition of
control points.

After removing the control point reacquisition parts of the task, the
one-handed and two-handed techniques became equivalent in terms of the
amount of motion needed to complete the task. The cause of performance
difference between one-handed and two-handed techniques after the re-
moval could still be twofold: the physical motor efficiency difference due to
the parallelism in the two-handed conditions and the cognitive visualiza-
tion difference between the one-handed and the two-handed conditions.
However, as analyzed earlier, two factors, i.e., size and shape of the
targets, changed the amount of mental visualization needed. They there-
fore could serve as indicators of the importance of the cognitive factors in
the performance differences between conditions.

The results after the removal of control point reacquisition times are
shown in Table II. After the removal, we see no significant mean perfor-
mance difference between the one-handed and two-handed techniques.
However, there was a significant interaction between technique and size
(F6,24 5 3.34, p , 0.01).

As shown in Figure 15(b) (performance time after reacquisition time was
removed), for the largest target whose final correct control points were the
most difficult to visualize, two-handed techniques were significantly better

Fig. 14. Speed of the right hand of a participant who takes four attempts to complete the
task using the C1 technique.

Table II. Mean Total Trial Completion Time after Removal of Reacquisition Time for
Experiment 1

Mean Total Time Standard Deviation Standard Error
Technique (seconds) (seconds) (seconds)

C1 10.43 5.16 0.19
S2 10.66 5.26 0.20
T2 9.92 5.69 0.21
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than one-handed (p , 0.05 for C1 vs. S2 and p , 0.05 for C1 vs. T2). For the
smallest target that did not require much planning and visualization,
two-handed was in fact inferior to one-handed (p , 0.001 C1 vs. S2) or was
not statistically different from the one-handed technique (p 5 0.84 C1 vs.
T2). If the advantages of the two-handed conditions were all due to the
parallelism in the physical actions, we would expect at least equivalent
performance to the one-handed for the smallest targets. Clearly, the

Fig. 15. Interaction of Size and Technique with 95% confidence error bars. (a) Total trial
completion time. (b) Total trial completion time less control point reacquisition time.
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cognitive factor is an important contributing component to the performance
difference between the one- and two-handed techniques.

Figure 16(b) shows the results after the removal of control point reacqui-
sition time in relation to the shape of the targets. We can see for the
cognitively more demanding shapes, such as the square, two-handed tech-
niques were still significantly better than one-handed (p , 0.0001 for both

Fig. 16. Interaction of shape and technique with 95% confidence error bars. (a) Total trial
completion time. (b) Total trial completion time less control point reacquisition time.
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C1 vs. S2 and C1 vs. T2). For cognitively less demanding shapes, such as
the circle, there was no significant difference (p 5 0.17 for S2 vs. C1, p 5
0.81 for T2 vs. C1). This again shows that the advantage of the two-handed
techniques is both physical and cognitive.

Combining these two analyses (in relation to size and shape of the
targets), we can conclude that the advantages of two-handed techniques
found in this experiment suggest more than physical efficiency. We ob-
served the trend that as the size increased or the shape became more
difficult the two-handed techniques would outperform the one-handed
technique to a greater extent. In other words, for high visualization load
tasks (bigger size, difficult shape), we see an increased advantage with
two-handed over one-handed techniques, even if the major time-motion
factor is removed from the data. Such trends were statistically significant
both before and after control point reacquisition time removal.

As cautioned by some experimental psychologists [Poulton 1966; 1989], a
common pitfall of within-subjects design of an experiment is the asymmet-
rical skill transfer effect. That is, with a within-subjects design, the actual
skill transfer from one condition to another might not be symmetrical, even
though participants’ exposures to the conditions are equalized. This ap-
pears to be true of this experiment. The interaction of technique and order
was shown to be a very significant factor (F4,24 5 11.65, p , 0.0001).

The ordering effect did not significantly influence the trend that as size
increased, the two-handed techniques outperformed the one-handed tech-
nique to a greater extent. The three-way interaction of Technique 3 Size 3
Order was insignificant both before (F12,72 5 0.77, p 5 0.68) and after
(F12,72 5 0.79, p 5 0.66) the control points reacquisition time removal.
Likewise, Technique 3 Shape 3 Order was also insignificant both before
(F20,120 5 1.32, p 5 0.18) and after (F20,120 5 1.33, p 5 0.17) the control
points reacquisition time removal. This shows that the evidence of cogni-
tive benefits in the two-handed conditions still hold regardless of the
asymmetrical transfer effect.

We believe the asymmetrical skill transfer is related to the fact that the
users did not have enough time to learn how to use the tablet (recall none
had significant prior experience). This called for a followup experiment that
would give users more time to learn the input devices as well as the
techniques. In addition, following the evidence of cognitive benefits in
two-handed interaction, we decided to use only the cognitively more de-
manding targets (large sized square and triangle shapes). We also changed
the feedback design to give more rapid feedback as discussed in the next
section. The was due to the fact that it was observed during the first
experiment that users frequently missed the target figure by a pixel or two
when they thought they were accurate. The users would not know they
missed the target until they released the input device. This delayed
feedback might hinder one of the cognitive advantages of two-handed input
(rapid feedback toward goal state).
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6. EXPERIMENT 2

A follow-up experiment was conducted mainly for the purpose of clarifying
if asymmetrical skill transfer would still be a significant factor if more
practice were given to each technique tested. In addition, the feedback
method that might have hindered the task performance was also modified.

6.1 Task

As previously mentioned, more rapid feedback was provided in this experi-
ment. This was achieved by providing the red highlights when the user’s
encompassing figure arrived at the correct spot, regardless of whether the
drag had been released. Once the drag was released the figure was
evaluated again, and if all points still matched, the system would record
the trial as complete.

6.2 Techniques

In the first experiment there was no significant difference between the
performance of the two bimanual techniques. We chose to study only one of
the two bimanual techniques, the “Stretching with Two Hands” (S2)
technique. This technique was chosen over the Toolglass technique (T2)
because no further improvement was found with the T2 technique, which
integrates menu selection into two-handed input. We also noted in the first
experiment that most participants disliked the T2 technique.

6.3 Apparatus

We used the identical experimental setup as for the first experiment.

6.4 Participants

Eight people participated in this experiment, 6 males and 2 females. All
participants were right handed and had not participated in any previous
two-handed experiment. Only one participant had significant prior experi-
ence using a tablet. All participants were experienced computer users (used
one every day).

6.5 Design and Procedure

We restricted this experiment to the shapes and sizes that were previously
analyzed as being cognitively more demanding. Only the square, rectangle,
equilateral triangle, and isosceles triangle were used for presentation
shapes. Therefore the encompassing figure was limited to an ellipse shape.
Participants were still required to choose the ellipse tool to start each trial.
A random set of sizes, 1/– 30 pixels of the largest size used in the first
experiment (280 pixels), was generated and presented to all participants.
The ratio for shapes without rotational symmetry was constant for all at
1:2.

The overall reduction of experimental conditions (the number of tech-
niques as well as reduced set of stimuli) allowed us to give more time for
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participants to perform each technique with each type of target. In addi-
tion, we also reduced our block size to 12 trials per block.

Participants were first instructed verbally, outlining the general require-
ments of the task. Before attempting each technique, participants received
verbal instructions outlining the properties of the technique and completed
one practice block consisting of 12 trials with random shape, size, and
length to width ratio.

All participants were able to complete five blocks of each technique in
less than one hour. Participants were administered a questionnaire after
completion of all trials, to elicit subjective feedback.

6.6 Hypotheses

The order effect probably confounded the main effect (performance differ-
ence between techniques) in the first experiment. Such an order effect
might reduce to be insignificant, as more experience was given to each
technique in this experiment. The selection of size and shape was intended
to be more cognitively demanding for unimanual techniques, and the
design of instantaneous feedback of being on target was intended to
facilitate the visualization process (another cognitive factor). With these
changes, we hypothesized that the two-handed condition would outperform
the one-handed condition to a possibly greater extent in this experiment
than in Experiment 1.

6.7 Results

Total trial completion time differed significantly between the two tech-
niques (F1,6 5 89.08, p , 0.0001). Table III shows the mean total trial time
for each technique. The two-handed technique resulted in a time savings of
about 39%.

In comparison to the results from the first experiment, the mean comple-
tion time using the one-handed technique has increased about one second
for this experiment while the mean completion time using two-handed
technique total time has decreased by over two seconds. Recall that in this
second experiment we used only the more cognitively demanding targets
(larger sizes and difficult shapes). We also provided rapid feedback and
more practice with both techniques.

The interaction of technique and order is not significant (F1,6 5 9.64, p 5
0.77), suggesting the asymmetrical skill transfer is no longer a significant
effect. We therefore conclude that the different characteristics between the
two techniques are stronger than the skill transfer effect.

Table III. Mean Total Trial Completion Times for Experiment 2

Mean Total Time Standard Deviation Standard Error
Technique (seconds) (seconds) (seconds)

C1 15.84 7.18 0.33
S2 9.60 5.20 0.24
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Learning improved both techniques significantly (p , 0.005), and the
two-handed technique (S2) was consistently better than C1 for all blocks
(Figure 17). The interaction of technique and block was not significant (p 5
0.27). We hence do not expect further practice will change the results of
this experiment.

As discussed earlier, some shapes of targets are more difficult for the
unimanual (C1) technique, due the greater difficulty of visualizing the
correct control point locations. On the other hand, such shape differences
should not affect two-handed techniques, since the visualization process is
externalized. Indeed, pairwise contrast tests revealed no significant differ-
ences among means of different shapes with S2, but C1 varied significantly
with shape (Figure 18(a)). In particular, Square vs. Isosceles Triangle,
Square vs. Rectangle, and Square vs. Equilateral Triangle were signifi-
cantly different (p , 0.01) with the C1 technique

Again, we removed the control point reacquisition time from the total
completion times in order to remove the time-motion disadvantage of the
one-handed technique. Technique was still significant (F1,6 5 25.46, p ,
0.005). Figure 18(b) shows the results of our analysis in relation to the
shape of the targets. For all shaped targets, S2 was faster than C1 (p ,
0.01).

We can also see from Table IV that overall, even after control point
reacquisition time removal, S2 still outperforms C1 by about 23%.

Fig. 17. One- and two-handed technique total trial completion time in relation to experimen-
tal blocks with 95% confidence error bars.
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We also recorded the number of errors, i.e., the number of times that the
participant had to reacquire control point(s) and to adjust the encompass-
ing figure. Variance analysis showed that the only significant factor to
error rate was technique (p , 0.001). None of the other main effects or
interaction terms was significant. On average, participants made 4.2
adjustments with the C1 technique and only 0.77 adjustments with the S2
technique in each trial of the task. Figures 19 and 20 illustrate the number

Fig. 18. Interaction of shape and technique with 95% confidence error bars. (a) Total trial
completion time. (b) Total less control point reacquisition time.
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of errors as a function of experimental blocks and shape. The large error
disparity between the two techniques was in conformity with our early
analysis: with the one-handed technique, due to the cognitive difficulty of
mentally visualizing the control points forced upon the user, the partici-
pants often had to make a commitment to a control point that was not
accurate, so they had to reacquire and adjust it later. In contrast, with the
two-handed technique, the need of searching for the control point became
externalized. The user only had to rely on perceptual and motor skills to
explore the accurate control points, with their resulting consequence con-
tinuously displayed. Interestingly, even with the two-handed technique,
the participants still occasionally dropped the control points and then
realized they were not on target.

Different from trial completion time, which was improved significantly
over the five blocks of the experiment, the number of errors did not change

Table IV. Mean Total Trial Completion Times with Reacquisition Times Removed for
Experiment 2

Mean Total Time Standard Deviation Standard Error
Technique (seconds) (seconds) (seconds)

C1 11.72 5.09 0.23
S2 9.03 4.30 0.20

Fig. 19. Means of error in one trial with 95% confidence error bar as a function of
experimental blocks.
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significantly in the course of the experiment (p 5 0.74, Figure 19), suggest-
ing that the cognitive difficulty of projecting correct control points and the
misperception of being on target were too inherent to overcome by learning
in the experiment.

7. CONCLUSIONS AND DISCUSSIONS

The two experiments presented in this article provide rich information on
how two-handed input differs from one-handed input. This section orga-
nizes our major conclusions around our initial hypotheses.

HYPOTHESIS 1. Both two-handed techniques (S2 and T2) will outperform
the conventional unimanual technique (C1).

The results clearly support this hypothesis. As measured by total trial
completion time, performance was about 17% faster in Experiment 1 and
39% faster in Experiment 2. This supports previous findings such as
Buxton and Myers [1986] and Kabbash et al.[1994]. It is important to note
that the current finding is based on an entirely different class of tasks
(area sweeping), thus establishing the research of two-handed input on a
broader ground.

HYPOTHESIS 2. Performance will improve with level of integration
(chunking), from C1 to S2 and from S2 to T2.

Fig. 20. Means of error with 95% confidence error bar as a function of target figure shape.
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This hypothesis was only partially true. The hypothesis assumed that the
higher the degree of chunking the interaction techniques supports, the
more efficient the user could become. Our results showed such a prediction
was not always correct. Certainly, performance improved when specifying
the two corners of the swept-out area were integrated (S2—“Stretching
with two hands” technique). However, no improvement was found when the
sweeping subtask was further integrated with the tool selection subtask
using the Toolglass technique. This suggests that the design of the machine
interface should support an appropriate level of chunking. No additional
advantage could be gained when two cognitively distinct subtasks (tool
selection and sweeping) were integrated in the interface design.

Another factor that may have reduced the effectiveness of the Toolglass
technique was that even though an offset was built into the system, by
offsetting the effective input location of the puck, the participants still
appeared to expect the puck and stylus to physically overlap. This may
have been due to the fact that the on-screen representations—the tool
palette and the cursor—overlapped. This confusion could arise due to the
fact the input space was shared by two hands: both stylus and puck
operated within the same coordinate space. In fact, one participant initially
lifted the pen and attempted to click within the plastic cross hairs area of
the puck.

HYPOTHESIS 3. Performance difference between the one-handed tech-
nique and the two two-handed techniques will become more pronounced as
more mental visualization or planning is required, i.e., as cognitive diffi-
culty of the task increases.

This hypothesis was supported by the data. For the cognitively less
demanding tasks (smaller size or shapes whose encompassing figure’s
control points are easier to be mentally visualized) we see the performance
of the two-handed technique was similar or even inferior to that of the
one-handed technique. However, as the tasks became more cognitively
demanding (larger size, harder shape for mentally visualizing the correct
control point placements), we see that two-handed has a significant perfor-
mance gain (Figures 15 and 16). Note, that as size increases, in addition to
increased visualization load, the physical load of the task increases accord-
ing to Fitts’ Law, in a logarithmic scale. Nevertheless, we see that the
performance gap between one-handed and two-handed, as size increases,
actually grows at a greater than logarithmic rate. In the second experi-
ment, we only chose the target size and shape that were cognitively
demanding. We also provided more rapid feedback to all conditions. Conse-
quently, we see an even greater difference between the one-handed and
two-handed conditions. This again suggests that the performance differ-
ence between one-handed and two-handed techniques cannot be explained
by physical efficiency alone.

In summary, the present work extends two-handed input into a new class
of tasks. Furthermore, the experiments and analyses advance the theoret-
ical understanding of two-handed input. As our literature review showed,
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two-handed input has made significant progress in the past decade. The
introduction of the kinematic chain theory of human bimanual function
greatly enriched the theoretical foundation of two-handed input design, in
terms of the different functions that each hand has. However, the KC
theory does not explain why two hands can be better than one hand for
computer input. The present work provides a complimentary perspective.
We base our analysis of two-handed input on the concept of chunking and
phrasing and argue that the advantage of two-handed input is both manual
(physical) and cognitive. When a user can manipulate the entire object with
two hands as an integrated chunk that is greater than the separate
elements as in unimanual input, both manual (elimination of repeated
control points reacquisition) and cognitive (reduction of mentally visualiz-
ing the control points) advantages were gained. Our experiments showed
that as the task became more cognitively demanding (more visualization
required), the advantage of two-handed input over one-handed input be-
came more pronounced. We believe that to give users the ability to use both
hands and manipulate the task at a natural level of chunking is a logical
and an inevitable trend for a broad range of human-computer interaction
applications.
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