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57 ABSTRACT

The use of a uni-pressure and dual-pressure augmented
mouse permits users to simultaneously control cursor posi-
tions as well as multiple levels of discrete action modes for
common desktop application tasks. One, two or more inde-
pendent pressure sensors can be mounted onto several loca-
tions on the body of the mouse. Various selection techniques
are described to control many discrete levels and to simulta-
neously control different variable functions with pressure
sensors on an input device for an electronic device.
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PRESSURE AUGMENTED MOUSE

FIELD OF THE INVENTION

[0001] The present invention relates to an input device for
an electronic device, for example a computer, and more par-
ticularly relates to a computer input device having one or
more pressure sensitive switches arranged to generate a range
of pressure values corresponding to different pressures being
applied by a user.

BACKGROUND

[0002] What seems to be a natural addition to the next
generation of mice is apparent in Apple’s MightyMouse™
[10] in which two pressure buttons are available on each side
of the mouse. Although, pressure based input is featured in
many digitizers and TabletPCs and has been widely studied
[3,11,15,16], little is known about the limitations to pressure
based input using a mouse. This lack of knowledge may
explain why the pressure buttons available on the Mighty-
Mouse™ do not supply continuous pressure values and oper-
ate similar to a two-state button. One possible reason is that
there is not sufficient knowledge on the limitations and ben-
efits of a pressure augmented input with a mouse.

[0003] Designers can naively augment a mouse by adding a
pressure sensor to a fixed location on the mouse. This
approach, while providing an additional input dimension to
most mouse-based interactions, can also be limiting. The
location of the sensor may not be appropriate for interacting
with some of the major features of'a mouse, such as clicking.
Additionally, a poorly augmented mouse would restrict users
to a limited number of pressure levels [11,15]. Furthermore,
selection mechanisms would be limited to the current meth-
ods for selecting pressure values, such as quick release or
dwell [15]. Finally, a simple augmentation may not facilitate
bi-directional pressure input (where pressure control starts at
0 and moves to a higher pressure and the reverse).

[0004] Understanding the limitations and benefits of pres-
sure based input with a mouse can allow designers to augment
the mouse with pressure sensors (FIG. 1) and utilize the
augmented device in a variety of novel contexts. To effec-
tively harness the potential of a pressure augmented mouse
designers need to know where to mount the pressure sensors
on the mouse, create some mechanisms for controlling pres-
sure input, and identify methods for selecting a pressure
value.

RELATED LITERATURE

[0005] We review the literature in two related areas: aug-
mented mice and pressure-based interaction.

Augmented Mice

[0006] The traditional two-button mouse has been aug-
mented in numerous ways such as by adding multiple buttons,
by providing tactile feedback or by serving as a device with
more than two degrees-of-freedom.

[0007] Manufacturers continue to add buttons to the mouse.
Multiple secondary buttons make certain tasks easier but they
require that users remember the mappings between the button
and its function and in some cases require repositioning the
fingers to facilitate input. The scroll wheel is a variation of a
button that allows users to scroll vertically or horizontally in
a window. Studies show that the scroll wheel is particularly
useful in navigating through long documents [5,20].
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[0008] The tactile mouse [1] contains a small actuator that
makes the mouse vibrate under certain conditions. This form
of feedback can inform the user when the cursor is moving
into different areas of a window or when the user is crossing
window boundaries. Akamatstu et al. [ 1] conducted a study to
compare the effect of tactile feedback in a mouse with visual
and auditory feedback. Their results show that users complete
selection tasks better with tactile feedback over visual and
auditory conditions [1].

[0009] The Rockin’ Mouse [2] augments the mouse with
tilt sensors. The Rockin” Mouse has a rounded bottom which
allows users to tilt it and control objects in 3D. Balakrishnan
etal. [21 show that in a 3D object positioning task users were
30% with the Rockin” Mouse over the conventional mouse.
[0010] The VideoMouse (61 augmented the mouse by add-
ing a video camera as its input sensor. In the VideoMouse a
real-time vision algorithm determines the six degree-of-free-
dom mouse position, which consists of x-y motion, tilts in the
forward/backward and left/right axes, rotation of the mouse
around the z-axis and limited height sensing. As a result the
VideoMouse facilitates a number of 3D manipulation tasks.
[0011] MacKenzie et al. [9] designed a two-ball mouse by
adding an additional ball to capture angular movement along
the z-axis. The angular motion is computed based on simple
calculations on the two sets of x-y displacement data. This
enhancement makes rotation tasks easier to perform.

[0012] Siio et al. [17] introduced the FieldMouse which
augments the mouse with an ID recognizer similar to a bar-
code reader. With the FieldMouse, users can interact with
virtual objects using any flat surface that is embedded with ID
recognizers, such as a paper book.

Pressure Based Interaction

[0013] Numerous studies have proposed novel interaction
techniques or investigated different applications and offered
guidelines for working with pressure based input.

[0014] Ramos et al. [15] explored the design space of pres-
sure based interaction with styluses. They proposed a set of
pressure widgets that operate based on the users’ ability to
effectively control a discrete set of pressure values. Ramos et
al. [15] identified that adequate control of pressure values is
tightly coupled to a fixed number of discrete pressure levels
(six maximum levels), the type of selection mechanism and a
high degree of visual feedback, However, their results are
mainly applicable to the use of pressure based input on a
stylus and they did not examine the design space resulting
from more than one pressure sensor.

[0015] Mizobuchi et al. (11] conducted a study to investi-
gate how accurately people control pressure exerted on a
pen-based device. Their results show that continuous visual
feedback is better than discrete visual feedback, users can
better control forces that are smaller than 3N, and 5 to 7 levels
of pressure are appropriate for accurate discrimination and
control of input values. Their results apply to pen based
pressure and they do not investigate multi-pressure input.
[0016] Isometric input devices are common and use pres-
sure based input to control the mouse cursor speed. The
pointing stick is a pressure sensitive nub used like, a joystick
on laptops. Users decrease or increase the amount of force on
the nub to control the velocity of the mouse cursor. Similarly,
the PalmMouse™ [12] allows users to control cursor speed
by applying a slight amount of pressure to a navigation dome
which is placed on the top of the mouse. Both examples map
pressure input to the speed of the cursor.
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[0017] Researchers studied pressure input in the context of
multilevel interaction. Zeleznik et al. [19] proposed an addi-
tional “pop-through” state to the mechanical operation of the
mouse button. As a result, a number of techniques can take
advantage of a soft-press and a hard-press on a pop-through
button. Forlines et al. [4] proposed an intermediary “glimpse”
state to facilitate various editing tasks. With glimpse users can
preview the effects of their editing without executing any
commands. Multi-level input can facilitate navigation, edit-
ing or selection tasks but utilize pressure input in a limited
way.

[0018] Touch-pads that sense pressure are widespread
input devices in notebooks or portable music players. Blasko
and Feiner [3] proposed multiple pressure-sensitive strips by
segmenting a touchpad into different regions. They show that
pressure-sensitive strips do not require visual feedback and
users can control a large number of widgets using their fin-
gers. Rekimoto and Schwesig [16] propose a touchpad based
pressure sensing device called PreSensell that recognizes
position, contact area and pressure of a user’s finger. Pre-
Sensell eliminates the need for visual feedback by providing
tactile feedback on the amount of pressure being applied.
Unlike many of the previously discussed pressure based
mechanisms, PreSensell allows users to control bi-directional
pressure input (i.e. from O to the highest pressure level as well
as the reverse).

SUMMARY OF THE INVENTION

[0019] According to one aspect of the invention there is
provided an input device for an electronic device comprising:
[0020] ahousing;

[0021] electronic circuitry in the housing arranged to detect
user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;

[0022] the electronic circuitry comprising:

[0023] a first switch arranged to generate a first control
signal when depressed by the user;

[0024] a second switch arranged to generate a second
control signal when depressed by the user;

[0025] at least the second switch comprising a pressure
sensitive switch arranged to generate continuous pres-
sure values in at least two different identifiable discrete
pressure ranges corresponding to different pressures
being applied by the user in depressing the pressure
sensitive switch.

[0026] When the input device is used with a computer
including a plurality of sequential selection items to be
selected in arange from a first selection item to a last selection
item, each discrete pressure range of the pressure sensitive
switch preferably corresponds to one of the selection items.
Accordingly increasing pressure applied to the pressure sen-
sitive switch advances the selection item being selected
towards the last selection item and reducing pressure applied
to the pressure sensitive switch returns the selection item
being selected towards the first selection item.

[0027] In some embodiments, the first switch accompany-
ing the pressure sensitive switch comprises a two state button
which is not sensitive to different applied pressures.

[0028] The first control signal generated by the first switch
may be arranged to confirm entry to the computer of a
selected one of the discrete pressure ranges of the second
switch. Other method of confirming entry to the computer of
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the selected one of the discrete pressure ranges include dwell-
ing in the pressure range or rapidly removing pressure from
the pressure sensitive switch.

[0029] The combination of switches described herein is
well suited for use with a computer mouse comprising a
housing which is generally arranged to be received in a palm
of'a hand of a user and electronic circuitry which includes a
tracking mechanism arranged to generate control signals in
response to relative movement between the housing and a
supporting surface receiving the housing thereon. In this
instance, the switches are preferably arranged to be readily
accessible by fingers of the user when the housing is received
in the palm of the hand of the user.

[0030] When the first switch accompanying the pressure
sensitive switch is a two state switch, it is preferably arranged
to be actuated by an index finger of the user, while the pres-
sure sensitive switch is arranged to be actuated by either a
middle finger or a thumb of the user.

[0031] When using the input device with a computer com-
prising a plurality of sequential selection items arranged in a
plurality of groups, the pressure sensitive switch is preferably
arranged to generate both:

[0032] 1) an advancing control signal arranged to advance
selection of one group through the plurality of groups when
the pressure sensitive switch is momentarily depressed; and

[0033] 1ii) control signals in the form of continuous pressure
values wherein the discrete pressure ranges are arranged to
correspond to the selection items of the selected group when
continuous pressure is applied to the pressure sensitive switch
for selecting one of the selection items within the selected
group.

[0034] When the electronic circuitry comprises two pres-
sure sensitive switches, both are preferably arranged simi-
larly to one another but the advancing control signals are
preferably in opposing directions relative to one another
when the switches are momentarily depressed.

[0035] Insome embodiments, both the first switch and the
second switch comprise a pressure sensitive switch arranged
to generate continuous pressure values in at least two differ-
ent identifiable discrete pressure ranges corresponding to dif-
ferent pressures being applied by the user in depressing the
pressure sensitive switch.

[0036] The two pressure sensitive switches may also be
combined with a computer mouse including a tracking
mechanism to track relative movement of the mouse and one
or more two-state switches for confirming entry of selections
to the computer. In this instance, one of the pressure sensitive
switches is preferably arranged to be readily accessible by a
middle finger of the user, and the other one of the pressure
sensitive switches is preferably arranged to be readily acces-
sible by a thumb of the user in the normal operating position
of the mouse.

[0037] When used with a computer comprising a plurality
of'sequential selection items arranged in a plurality of groups,
the first switch is preferably arranged to generate an advanc-
ing control signal arranged to advance selection of one
selected group through the plurality of groups when the first
switch is momentarily depressed. In this instance, the discrete
pressure ranges of the pressure sensitive switch are preferably
arranged to correspond to the selection items of the selected
group when continuous pressure is applied to the pressure
sensitive switch for selecting one of the selection items within
the selected group.
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[0038] When used with a computer comprising a plurality
of'sequential selection items arranged in cascading levels, the
discrete pressure ranges of the pressure sensitive switches are
preferably arranged to correspond to the selection items of
alternating cascading levels. Within each level, continuous
pressure may be applied to the pressure sensitive switch for
selecting one of the selection items within a selected level.
Switching applied pressure between the two pressure
switches is preferably arranged to generate a control signal
which confirms entry to the computer of the selected item
within each level to proceed to selection of items within the
next cascading level.

[0039] According to a second aspect of the present inven-
tion there is provided an input device for an electronic device
comprising a pressure sensitive switch arranged to generate
continuous pressure values over a range of pressure values to
be transmitted to the electronic device, the improvement com-
prising:

[0040] a discretization function arranged to divide the
range of pressure values into discrete pressures units accord-
ing to the following equation:

R-r
- -1 -

ﬂoor((x r)( )]+1 x>r T

y= R-r Rer
0 X<r-—

where X is the raw pressure value from the pressure switch, I
is the number of pressure ranges, r is the fisheye radius, and R
is the total number of raw pressure values.

[0041] According to a further aspect of the present inven-
tion there is provided an input device for an electronic device
including a plurality of sequential selection items to be
selected in arange from a first selection item to a last selection
item, the input device comprising:

[0042] ahousing;

[0043] electronic circuitry in the housing arranged to detect
user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;

[0044] the electronic circuitry comprising a pressure switch
arranged to generate a control signal comprising continuous
pressure values in at least two different identifiable discrete
pressure ranges corresponding to different pressures being
applied by the user in depressing the pressure sensitive
switch; each discrete pressure range of the pressure sensitive
switch corresponding to one of the selection items;

[0045] the electronic circuitry being arranged such that
increasing pressure applied to the pressure sensitive switch
advances the selection item being selected towards the last
selection item and reducing pressure applied to the pressure
sensitive switch returns the selection item being selected
towards the first selection item.

[0046] According to a further aspect of the present inven-
tion there is provided an input device for an electronic device
comprising a plurality of sequential selection items arranged
in a plurality of groups, the input device comprising:

[0047] ahousing;

[0048] electronic circuitry in the housing arranged to detect
user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;

[0049] the electronic circuitry comprising a pressure switch
arranged to generate a control signal when depressed by the
user comprising continuous pressure values in at least two
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different identifiable discrete pressure ranges corresponding
to different pressures being applied by the user in depressing
the pressure sensitive switch;

[0050] wherein the pressure sensitive switch is arranged to
generate an advancing control signal arranged to advance
selection of one group through the plurality of groups when
the pressure sensitive switch is momentarily depressed and
wherein the discrete pressure ranges are arranged to corre-
spond to the selection items of the selected group when con-
tinuous pressure is applied to the pressure sensitive switch for
selecting one of the selection items within the selected group.
[0051] When the electronic circuitry comprises two pres-
sure sensitive switches, the pressure sensitive switches are
preferably arranged to generate advancing control signals
arranged to advance selection of one group through the plu-
rality of groups in opposing directions relative to one another
when the pressure sensitive switches are momentarily
depressed and wherein the discrete pressure ranges of each
pressure sensitive switch are arranged to correspond to the
selection items of the selected group when continuous pres-
sure is applied to the pressure sensitive switch for selecting
one of the selection items within the selected group.

[0052] According to a further aspect of the present inven-
tion there is provided an input device for an electronic device
comprising:

[0053] ahousing;

[0054] electronic circuitry in the housing arranged to detect
user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;

[0055] theelectronic circuitry comprising a pressure switch
arranged to generate a control signal when depressed by the
user comprising continuous pressure values in at least two
different identifiable discrete pressure ranges corresponding
to different pressures being applied by the user in depressing
the pressure sensitive switch;

[0056] the pressure switch being operable in a first mode in
which a variable function associated with the pressure switch
is arranged to be varied in a first direction responsive to
increased pressure applied to the switch and a second mode in
which the variable function is arranged to be varied in a
second direction opposite to the first direction responsive to
increased pressure applied to the switch.

[0057] There may be provided an auxiliary switch arranged
to convert the pressure switch between the first and second
modes upon activation of the auxiliary switch.

[0058] The variable function may be arranged to be varied
by the pressure switch responsive to a continuous pressure
being applied to the pressure switch. The pressure switch may
be further arranged to be converted between the first and
second modes responsive to a momentary pressure applied to
the pressure switch.

[0059] According to a further aspect of the present inven-
tion there is provided an input device for an electronic device
comprising:

[0060]

[0061] electronic circuitry in the housing arranged to detect

user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;

[0062]

[0063] a pressure switch arranged to generate a control

signal when depressed by the user comprising continu-

ous pressure values in at least two different identifiable

a housing;

the electronic circuitry comprising:
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discrete pressure ranges corresponding to different pres-
sures being applied by the user in depressing the pres-
sure sensitive switch; and
[0064] a tracking mechanism arranged to track move-
ment of the housing relative to a supporting surface;
[0065] the pressure switch and the tracking mechanism
being arranged to respectively controllably vary two
different variable functions simultaneously.
[0066] The two different variable functions may comprise
manipulations of an object, for example a translation of an
object, a rotation of an object and/or a zoom function.
[0067] Preferably the pressure switch is arranged to gener-
ate pressure values in approximately five to ten different
identifiable discrete pressure ranges.
[0068] An increase in pressure applied to the pressure
switch may be arranged to controllably vary one of the vari-
able functions in one direction and a decrease in pressure
applied to the pressure switch may be arranged to controlla-
bly vary said one of the variable functions in an opposing
second direction.
[0069] There may be provided an auxiliary switch arranged
to fix one of the variable functions associated with the pres-
sure switch upon activation of the auxiliary switch.
[0070] When there is provided two pressure switches asso-
ciated with one of the variable functions, the two switches
may be arranged such that an increase in pressure to one of the
pressure switches controllably varies the variable function in
one direction and an increase in pressure applied to the other
pressure switch controllably varies the variable function in
the opposing direction.
[0071] When the pressure switch is arranged to controlla-
bly vary one of the variable functions in one direction, an
increase in pressure to the pressure switch may be arranged to
correspond to an increase in a rate of variation of the variable
function.
[0072] The pressure switch may be arranged to controllably
vary the variable function through a range of values when
continuous pressure is applied and may be arranged to vary
the variable function in prescribed increments when momen-
tarily depressed.
[0073] There may be provided an auxiliary switch arranged
to convert the pressure switch between a coarse mode and a
fine mode, wherein in each mode the pressure switch is
arranged to controllably vary one of the variable functions in
increments according to the discrete pressure ranges applied
by the user with the increments in the coarse mode being
greater than the increments in the fine mode.
[0074] Alternatively, in the coarse mode the pressure
switch may be arranged to controllably vary the variable
function associated therewith according to variation in pres-
sure applied by the user, and the fine mode the pressure switch
may be arranged to controllably vary the variable function
associated therewith according to different pressures applied
by the user at a slower rate than the coarse mode.
[0075] According to another aspect of the present invention
there is provided an input device for an electronic device
comprising a selection function and an action initiation func-
tion, the input device comprising:
[0076] a housing;
[0077] electronic circuitry in the housing arranged to detect
user inputs and generate control signals corresponding to said
user inputs to be transmitted to the electronic device;
[0078] the electronic circuitry comprising a pressure switch
arranged to generate continuous pressure values in at least
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two different identifiable discrete pressure ranges corre-
sponding to different pressures being applied by the user in
depressing the pressure sensitive switch;

[0079] the pressure switch being arranged to generate a first
signal responsive to a first user interaction and a second signal
responsive to a second user interaction, the pressure switch
being arranged to generate a selection signal responsive to the
first and second signals being generated in which the selec-
tion signal is identifiable as a selection by the selection func-
tion of the electronic device.

[0080] The pressure switch may be arranged to generate the
first signal responsive to applying a pressure to the pressure
switch which exceeds a first pressure threshold and to gener-
ate the second signal responsive to applied pressure to the
pressure switch falling below a second pressure threshold.
[0081] The pressure switch may be arranged to generate an
audio signal with the second signal.

[0082] Alternatively, the pressure switch may be arranged
to generate the second signal responsive to a pressure being
released from the pressure switch within a prescribed dura-
tion from the first signal. In this instance, the pressure switch
may be arranged to generate an audio signal if pressure is not
released from the pressure switch within the prescribed dura-
tion from the first signal.

[0083] The pressure switch may be arranged to generate an
action initiation signal responsive to two selection signals
being generated within a prescribed period of time in which
the action initiation signal is identifiable as an initiation of an
action by the action initiation function of the electronic
device. In this instance, the first signal may correspond to a
pressure applied to the pressure switch which exceeds a first
pressure threshold and the second signal corresponds to an
applied pressure falling below a second pressure threshold.
Alternatively, the pressure switch may be arranged to gener-
ate the second signal responsive to pressure being released
from the pressure switch within a prescribed duration from
the first signal being generated.

[0084] The pressure switch may also be arranged to gener-
ate an action initiation signal identifiable as an initiation of an
action by the action initiation function of the electronic device
responsive to a pressure being applied to the pressure switch
which exceeds an upper pressure threshold which is greater
than any pressure thresholds associated with the first and
second signals. Preferably the upper threshold is arranged to
be adjusted by a user.

[0085] Some embodiments of the invention will now be
described in conjunction with the accompanying drawings in
which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0086] FIG. 1illustrates a computer mouse augmented with
WO pressure sensors.

[0087] FIG. 2 is an illustration of different discretization
functions including: (a) DF1: Linear, (b) DF2: Quadratic
centered at the lower range, (¢) DF3: Quadratic centered in
the middle range.

[0088] FIG. 3 illustrates the location of targets in one of
four different relative pressure distances based on the pres-
sure level.

[0089] FIG. 4 illustrates the Mean Completion times for
each (a) selection technique [left] and (b) sensor location
[right].

[0090] FIG. 5 illustrates the Average Crossings for (a) each

technique [left] and (b) sensor location [right].
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[0091] FIG. 6 illustrates the Categorization of pressure lev-
els in terms of coarse-level and fine-level items.

[0092] FIG. 7 illustrates Mean completion times for each
control mechanism.

[0093] FIG. 8 illustrates Mean crossings for each control
mechanism.
[0094] FIG. 9 illustrates a trace of applied pressure over

time of a typical user control when using the top sensor with
the click-technique for pressure levels (a) 8 and (b) 10 when
selecting a target at a distance of 815 pressure pixels.

[0095] FIG. 10 is an illustration of the details of a fisheye
discretization function. The purpose of the fisheye function is
to allow for smoother and more accurate control of the pres-
sure selection mechanisms. The size of each pressure level is
adjusted according to the current position of the pressure
cursor. Larger space is reserved for the current pressure level.
The amount of pressure units reserved for the fisheye is
defined by the radius, r. The figure also presents the relation-
ship between all the elements involved in the fisheye function.
[0096] FIG. 11 (a) is a schematic illustration of a pressure
menu according to a Fisheye discretization.

[0097] FIG.11 (b)illustrates a computer mouse augmented
with one pressure sensor.

[0098] FIG. 12 illustrates a target selection with a cursor.
[0099] FIG. 13 illustrates average performance of the dif-
ferent functions from left to right with performance measures
of (a) Movement Time (MT); (b) Errors (E); and (¢) Number
of Crossings (C).

[0100] FIGS. 14 (a) and (b) graphically illustrate average
performance of FE and L across various pressure levels for
Movement time and Error rates respectively.

[0101] FIG.15 (a)illustrates a computer mouse augmented
with two pressure sensors.

[0102] FIG. 15 (b) schematically illustrates rotation of a
triangular object with pressure input and simultaneous dis-
placement using mouse movement as an exemplary task
which is common in several applications.

[0103] FIG.16illustrates a cursor state in various Pressure-
Move techniques including: (a) a standard cursor without any
pressure applied to it; (b) a cursor filling up when pressure is
being applied; (¢) movement in a clockwise direction; (d)
movement in a counter-clockwise direction; and (e) a hierar-
chical manner, for first pressure level, wherein the arrows are
not part of the cursor and only used to indicate how the cursor
moves.

[0104] FIG. 17 illustrates the pressure mapping functions
for each of the PressureMove techniques comprising: (a)
Naive implementation; (b) Rate-based technique; (c¢) Hierar-
chical technique; and (d) Hybrid technique. The dotted hori-
zontal line in FIGS. 17 (¢) and (d) at Angle=150 indicates a
left-click action.

[0105] FIG. 18 is schematic representation of an experi-
mental task consisting of docking a triangular shaped object
over a target in which rotation can be controlled using pres-
sure, and displacement can be controlled with mouse move-
ment.

[0106] FIG. 19 is a graphic representation of a mean trial
completion time (along the Y-axis in seconds) with standard
error bars (a) for each technique and (b) for each technique
and target-fit.

[0107] FIG. 20 is a graphic representation of (a) Mean
scores for different techniques and (b) Median user-ranking
of different techniques in terms of Mental Demand, Overall
Effort and Performance.
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[0108] FIG. 21 is a graphic representation of comparison of
the techniques over each block for (a) MT; and (b) Crossing.
[0109] FIG. 22 is a graphic representation of (a) Mean MT
for each technique and orientation; and (b) Mean number of
clicks of Hierarchical and Hybrid techniques for each orien-
tation.

[0110] FIG. 23 is a graphic representation of traces of a
typical user control when using the four PressureMove tech-
niques in which the patterns reveal the degree of simultaneity
employed in each of the techniques, ranging from low simul-
taneity with the Naive technique to high simultaneity with
Rate-based.

[0111] FIG. 24 (a) illustrates a computer mouse augmented
with a pressure sensor on top of the mouse button.

[0112] FIG. 24 (b) graphically illustrates a pressure sensor
for activating a mouse-down and mouse-up events typical of
a mouse click.

[0113] FIG. 25 is a graphic representation of a pressure
click in which a mouse down is invoked after providing a
pressure of 4 units and a mouse up is recorded when releasing
immediately after a mouse down and when the pressure level
is equal of less than 2 units.

[0114] FIG. 26 is a graphic representation of use of a pres-
sure tap to trigger a click when the user presses up to a
threshold and releases within 150 ms wherein if the release
takes place after 150 ms then the system does not record a
click.

[0115] FIG. 27 is a graphic representation of a HardPress
which triggers a double-click when the user presses beyond a
threshold which is significantly higher than that required to
do a single pressure click and for a Pressure Click in which a
double-click is invoked by two consecutive pressure clicks.

[0116] FIG. 28 (a) illustrates mean completion time with
standard error.
[0117] FIG. 28 (b) illustrates right: total errors for each

interaction mode including: BC—Button Click; PC—Pres-
sure-Click; PC+A—Pressure click with audio; PT—Pres-
sure-Tap; and PT+A—Pressure Tap with audio.

[0118] FIG. 29 is a graphic representation of a Time vs.
Pressure plot for typical single click actions with Pressure Tap
and Pressure Click.

[0119] FIG. 30 is a graphic representation of mean comple-
tion time: (a) with standard error; and (b) with total errors for
each interaction modes.

[0120] FIG. 31 is a graphic representation of: (a) an overall
user ranking of double-click techniques, and (b) double-click
timeouts for each interaction mode.

[0121] FIG. 32is arepresentation of (a) state transitions for
common operations with a mouse; and (b) a variation of
Buxton’s three-state model for facilitating the task of drag-
ging with PButtons.

DETAILED DESCRIPTION

[0122] Referring to the accompanying figures there is illus-
trated an input device generally indicated by reference
numeral 10. The device 10 in illustrated embodiment com-
prises a mouse for a computer including a housing 12
arranged to be received in the palm of a user’s hand. In other
embodiments, the device 10 may assume other forms while
still taking advantage of many features of the present inven-
tion as defined further herein. For instance, the input device
10 may be used for any type of electronic device requiring an
input, for example, a computer, a cellular phone, video
games, personal electronic assistants, and the like.
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[0123] The housing 12 of the illustrated mouse includes
electronic circuitry therein which is arranged to detect user
inputs and to generate respective control signals correspond-
ing to the user inputs which are in turn transmitted to the
computer for controlling operation of the computer. As in a
typical computer mouse, the device also includes in preferred
embodiments a tracking mechanism arranged to track move-
ment of the mouse housing relative to a supporting surface,
for example a table, supporting the mouse thereon. In typical
applications, the computer mouse includes a left click switch
14 and a right click switch 16 each comprising two state
buttons operable between an inactive state and an active state
when depressed by the user. When the housing is comfortably
received within the palm of the user’s hand, the left click
button is readily accessible by the finger tip of the index finger
of'the user while the right click button is readily accessible by
the finger tip of the middle finger of the user.

[0124] According to the present invention, the input device
10 is enhanced by providing pressure sensitive switches 18 on
the housing 12 for access by the finger tips of the user when
the housing is supported within the palm of the user’s hand as
in the conventional use of a computer mouse. In preferred
embodiments two pressure switches 18 are provided with one
being located for ready access by the middle finger of the user
s0 as to be located near the right click switch 16, while the
other pressure sensitive switch 18 is located at a side of the
housing 12 for ready access by a thumb of the user.

[0125] In some embodiments of the input device 10 only a
single pressure sensitive switch 18 is provided in combination
with a two state button of the mouse so that the pressure
sensitive switch can be arranged to select one item from a
plurality of selection items. The two state right click or left
click switch in combination therewith can then be used to
confirm entry into the computer of the item selected using the
pressure sensitive switch.

[0126] In further embodiments, the two pressure switches
may be provided alone or in combination with a two state
button to permit various combinations of selections to be
made as described further herein. In yet further embodiments,
only a single pressure switch may be provided and operated
similarly to some of the embodiments described herein.
[0127] In each of the preferred embodiments, an input
device is provided having both a first switch and a second
switch arranged to generate respective controls signals when
depressed by the user. In some embodiments only the second
switch comprises a pressure sensitive switch while the first
switch comprises a two state button. For increasing the range
of selection items to be selected, both the first and second
switches preferably comprise pressure sensitive switches in
combination with yet a further switch having a two state
operation.

[0128] In each instance where the computer includes a plu-
rality of sequential selection items to be selected in a range
from a first selection to a last selection item, each pressure
sensitive switch is arranged to generate continuous pressure
values in identifiable discrete pressure ranges different from
one another corresponding to different pressures being
applied by the user in depressing the pressure sensitive
switch. Each discrete pressure range of the pressure sensitive
switch corresponds to one of a list of items to be selected on
the computer whereby increasing applied pressure to the
pressure sensitive switch advances the selection item being
selected towards the last selection item while reducing pres-
sure applied to the pressure sensitive switch returns the selec-
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tion item being selected towards the first selection item.
Depressing the other pressure sensitive switch or one of the
two state buttons of the input device permits confirmation of
the selection item to be entered to the computer at any time.
[0129] The electronic circuitry can be arranged to perform
various tasks depending upon the configuration thereof. In
some arrangements when there is provided one or more pres-
sure sensitive switches and one or more two state switches, at
least one of the switches in some embodiments is arranged to
generate an advancing control signal, when the pressure sen-
sitive switch is momentarily depressed or tapped, which
advances selection of one group through a plurality of groups
designating a plurality of sequential selection items among
each group. The tapping of the switch thus provides a coarse
selection process whereby the general proximity of an item to
be selected can be reached quickly by sequentially selecting
groups of items. Once the proper group has been selected
which locates a desired selection item to be selected therein,
application of continuous pressure to one of the pressure
sensitive switches permits selection of the desired item from
the list of selection items within that selected group. In this
instance, two pressure switches are preferably provided in
which tapping or momentarily depressing the pressure sensi-
tive switches by the user generates respective advancing con-
trol signals to advance selection of one group from the plu-
rality of groups in opposing direction relative to one another.
[0130] In embodiments where two pressure sensitive
switches are provided, and it is desired to navigate through a
plurality of cascading levels of sequential selection items, the
range of pressure values of each pressure sensitive switch
preferably corresponds to the selection items of a given level
in which the pressure sensitive switch associated with each
successive level alternates between the two switches. Accord-
ingly by varying the application of pressure to a first one of the
switches, the user can select one of the selection items within
a first level. By switching application of pressure to the other
pressure sensitive switch a subsequent level of selection items
is selected and navigated through by varying the pressure
applied to the next pressure sensitive switch. In a continuing
alternating manner, applying pressure to the opposing switch
causes a selection to be made within a respective level to
permit the selection to proceed to the next level of selection
items.

[0131] In yet further embodiments, the pressure switches
can be combined with the various functions of two state
buttons or scroll wheels on a typical computer mouse or other
suitable input device for a computer to permit other combi-
nations of computer control signals to be generated for con-
trolling a computer in yet further applications.

[0132] Is some embodiments of the input device, the pres-
sure switch may be operable in a first mode in which a vari-
able function associated with the pressure switch is arranged
to be varied in a first direction responsive to increased pres-
sure applied to the switch and second mode in which the
variable function is arranged to be varied in a second direction
opposite to the first direction increased pressure applied to the
switch. As an increase in pressure applied by a user offers
more natural control to in this instance may be controlling
which direction a variable function is varied or a selection is
scrolled when an increase in pressure is applied. The may
initially apply pressure with the selection or variable function
beginning at an initial selection such that increasing pressure
results in the selection or function being advanced in a for-
ward direction. If the desired item to be selected, or the
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desired value of a function is passed by, the user has the option
to convert the mode of the pressure switch so that further
increases in pressure cause the item to be selected or the
desired function to be varied in an opposing rearward direc-
tion back towards the initial selection.

[0133] Conversion of the mode may be accomplished by
contacting an auxiliary switch, for example a second pressure
switch or a two state button provided in association with the
first pressure switch on a common housing. Alternatively, the
mode of the pressure switch can be converted to reverse the
direction of selection or the direction of variation of the
variable function by altering the method of contact to the
pressure switch itself. In this instance, a continuous pressure
applied to the pressure switch can function to vary the vari-
able function in the direction of the current mode, however a
momentary pressure applied to the pressure switch instead
acts to convert the mode of the pressure switch to reverse the
direction that the variable function is varied with increasing
pressure applied to the pressure switch.

[0134] In a further embodiment, a pressure switch can be
provided in combination with a tracking mechanism of the
input device, for example the tracking mechanism of a com-
puter mouse which is arranged to track movement of the
housing relative to a supporting surface upon which it is
supported. In this instance, the pressure switch and the track-
ing mechanism can be arranged to each controllably vary a
respective variable function simultaneously with one another.
The simultaneously control of the variation of two variable
functions or two items to be selected from respective sequen-
tial lists or groups is particularly useful when it is desirable to
control two different manipulations of an object in a virtual
desktop environment. Examples of manipulations of the
object can include translation of an object, rotation of an
object, or a zoom function to zoom the object. In preferred
arrangements, the tracking mechanism of the input device
controls translational movement of the object within its envi-
ronment while the pressure switch functions as noted in pre-
vious embodiments above to controllably vary a rotation, a
zoom or other variable selection relating to the object.
[0135] The pressure switch in this instance, is arranged to
function similarly to previous embodiments such that an
increase in pressure applied to the pressure switch is arranged
to controllably vary one of the variable functions in one
direction and a decrease in pressure applied to the pressure
switch is arranged to controllably vary said one of the variable
functions in an opposing second direction. Accordingly, in a
first mode, the object can be zoomed out or rotated clockwise
when increasing pressure is applied to the pressure switch and
in a second mode, the object can be zoomed in or rotated
counter-clockwise when pressure applied to the pressure
switch is decreased.

[0136] To enhance control of the tracking mechanism, a
second switch in the form of'a second pressure switch ora two
state button can be arranged to fix the variable function asso-
ciated with the pressure switch upon activation of the second
switch so that variations in pressure applied when displacing
the housing using the tracking mechanism will no longer vary
the other variable function once it has been set to the desired
setting.

[0137] When there are two pressure switches in addition to
the tracking mechanism both pressure switches can be asso-
ciated with the same one of the two variable functions to be
simultaneously controlled. In this instance, one of the pres-
sure switches can be arranged such that an increase in pres-
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sure controllably varies the variable function or advances a
selection in a first forward direction while the other pressure
switch is arranged such that an increase in applied pressure
thereto controllably varies the same variable function or
selection to vary in an opposing rearward direction.

[0138] The amount of applied pressure can be correlated to
adiscrete pressure range to determine the selection or value of
the variable function. Alternatively, the pressure switch can
be arranged to controllably vary one of the variable functions
such that any pressure applied advances a selection or varies
the value of the function in one direction and variation in
pressure applied to the pressure switch corresponds to the rate
of variation of the variable function. An increase in pressure
thus increases the rate of change of the value of the variable
function in one direction.

[0139] When there is provided a plurality of items or values
to be selected are the values are organized in groups, as noted
above, a coarse selection can be provided to first select which
group the desired item or value belongs followed by a fine
selection to select one particular value within the group. In
some embodiments the pressure switch can be arranged to
controllably vary the variable function through a range of
values by selecting between the different groups when con-
tinuous pressure is applied such that each amount of pressure
applied is identified with a given discrete pressure range
associated with a respective one of the groups. The same
pressure switch can then be arranged to vary the variable
function among the selections within the selected group by
momentarily applying pressure to the pressure switch. In this
instance, each momentary pressure applied corresponds to a
prescribed incremental increase in the value of the function to
be selected in one direction.

[0140] Instead ofrelying on a continuous pre a momentary
applied pressure, one of the auxiliary switches on the input
device can instead be arranged to convert the pressure switch
between the coarse mode and the fine mode. In each mode the
pressure switch can be arranged as in previous embodiments
to controllably vary a desired variable function. The pressure
switch may identify the pressure applied with a respective
discrete applied by the with each increasing pressure range
corresponding to an incremental increase in the function
being controlled. The incremental changes to the variable
function associated with each discrete pressure range of
applied pressure are greater in the coarse mode than in the fine
mode.

[0141] Alternatively, in both the coarse mode and the fine
mode, the pressure switch can be arranged to controllably
vary one variable function such that pressure applied
advances a selection or varies the value of the function in one
direction and variation in pressure applied to the Pressure
switch varies the rate of variation of the variable function. In
this instance the rate of change of the variable responsive to
designated applied pressures is greater in the coarse mode
than in the fine mode.

[0142] When used in an input device for an electronic
device comprising a selection function, typically a single
mouse button click, and an action initiation function, typi-
cally a double mouse button click, the input device may rely
on the pressure switches to generate a selection signal iden-
tifiable as a selection by the selection function and an action
initiation signal identifiable as an initiation of an action by the
action initiation function of the electronic device.

[0143] To accomplish this, the pressure switch can be
arranged to generate a first signal responsive to a first user
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interaction and a second signal responsive to a second user
interaction in which the selection signal is then generated
responsive to the first and second signals.

[0144] In typical arrangements, the first signal is arranged
to be generated responsive to applying a pressure to the pres-
sure switch which exceeds a first pressure threshold. Subse-
quently the second signal can be generated either responsive
to applied pressure to the pressure switch falling below a
second pressure threshold or responsive to a pressure being
released from the pressure switch within a prescribed dura-
tion from the first signal.

[0145] An audio signal representing a familiar mouse but-
ton click can be generated with the second signal to confirm
that a selection signal is to be generated and recognized by the
selection function of the electronic device.

[0146] Whenrelyinga prescribed duration between the first
and second signals being generated to determine if a selection
signal is generated, an audio signal, in the form of an error
indication, can be generated if pressure is not released from
the pressure switch within the prescribed duration from the
first signal to indicate that the selection signal will not be
generated.

[0147] Regarding the action initiation or action invocation
function, the pressure switch can also be arranged to generate
the action initiation signal responsive to two selection signals
being generated within a prescribed period of time similar to
a double lick. In this instance, the selection signals can be
generated by either of the methods noted above.

[0148] Alternatively, the pressure switch may be arranged
to generate the action initiation signal responsive to a pressure
being applied to the pressure switch which exceeds an upper
pressure threshold which is, greater than any pressure thresh-
olds associated with the first and second signals. Typically the
upper pressure threshold would be adjusted by a user prefer-
ence on the electronic device and would permit the upper
threshold to be set at a value which may be considerably
greater than pressure thresholds of the selection signals by a
factor of 2 or more.

[0149] The design considerations of augmenting a mouse
with one and two sensors are considered herein through two
experiments. In the first study we investigated the ideal loca-
tions for affixing pressure sensors to a mouse, the methods for
selecting continuous pressure values, and the number of pres-
sure values that can be controlled with one sensor. The results
of'the first study show that users can efficiently control pres-
sure sensors with the thumb and middle-finger. The results
also agree with previously established norms that users can
comfortably control only up to 6 pressure levels [11,15]. To
extend the user’s ability to control a larger number of pressure
levels we designed two dual-pressure control techniques,
switch and tap. Switch and tap facilitate control of over 64
pressure levels and give users the ability to control pressure in
two directions. The results of a second study show that a
technique such as tap allows users to control higher pressure
levels and provide bi-directional pressure input.

[0150] The main contributions of this paper are to: 1)
extend the design space by augmenting the mouse with pres-
sure input; 2) describe a framework for the design of pressure
augmented mice; 3) identify strategies for controlling large
number of pressure values with two sensors; and 4) provide a
mechanism for controlling bi-directional pressure input.
[0151] We built a design framework to identify various
factors that can influence performance with a pressure aug-
mented mouse. The framework uses six attributes to charac-

May 27, 2010

terize the factors that can influence performance: sensor posi-
tions, number of sensors, discretization of raw pressure
values, pressure control mechanism, selection technique and
visual feedback.

Sensor Positions

[0152] Designers can add pressure sensors to a mouse in
multiple different locations. Ideally, pressure input should not
require the user to interrupt a task or to reposition the hand to
access a pressure button. Additionally, pressure control is best
atthe fingertips [ 18]. Therefore to provide greater user control
and better resolution of pressure levels, designers should
position the sensors so that they can be accessed within the
reach of the finger tips, such as on the rim instead of the
surface ofthe mouse. Several manufacturers such as Logitech
or Apple’s MightyMouse™ use this approach of adding but-
tons to the rim of the mouse and within the range of the finger
tips.

[0153] The primary button on a mouse is typically con-
trolled by the index finger unless the mappings of the button
are modified. As a result, unlike styluses or touchpads [11,15]
with which pressure input is provided by the index finger,
designers should not place on a mouse a pressure button in a
location that interferes with the index finger. Accordingly, for
easy access, higher ergonomic control and reduced task inter-
ruption, users should be provided access to pressure buttons
through the thumb, middle-finger, ring-finger or little-finger.

Number of Sensors

[0154] Most studies have investigated the use of pressure
based input on devices such as digitizers, pens or touchpads
[11,15,16]. These devices are limited in terms of adding more
sensors. However, with respect to the physical design and
common usage of a mouse, we can easily affix one (uni-
pressure) or two (dual-pressure) sensors onto it so that users
can control them simultaneously. We propose that up to two
sensors can be controlled simultaneously on a mouse, and
controlling more than two sensors would strain the user.

Discretization of Raw Pressure Values

[0155] Exerting force on a pressure sensor produces a raw
stream of discrete numeric integer values. The analog force
exerted by the user gets converted to a digital data stream
through a manufacturer specific Analog-to-Digital (AtoD)
converter. As a result, manufacturers provide 256, 512 or
1024 discrete integer pressure values. However, users cannot
control effectively the raw discrete values. As a result, appli-
cations further discretize the mw integer values by grouping
near-by values into unique controllable pressure levels [11,
15].

[0156] Instylus and pen based pressure input, studies have
shown that users can comfortably control up to 6 tl discrete
pressure levels [11,15]. Furthermore, users can better control
forces that are less than 3N [11], Since manufacturers apply
different analog-to-digital converters there is no standard
mechanism to discretize the number of pressure levels. As a
result, there are numerous methods and mappings for dis-
cretizing the number of controllable levels using a pressure
based input [11,14].

[0157] In one reported case of pressure discretization,
Ramos et al. [14] process the raw pressure values through a
low-pass filter, a hysteria function to stabilize the raw signal,
and a parabolic-sigmoid transfer function to account for
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pressing on the stylus’ pressure tip. As a result there is a slow
response at low pressure levels, linear behaviour in the middle
levels and slow response at the high levels of the pressure
range [14]. Mizobuchi et al. [11] used a linear discretization
function by creating equal pressure levels consisting of 0.41
N each. Ramos et al. [15] use a linear discretization function
to map 1024 pressure values into units with the same number
of pressure values. Some examples of different discretization
methods are depicted in FIG. 2. The discretization function
needs to take into consideration the type of pressure sensor
and the user’s ability to comfortably control the pressure
values.

Pressure Control Mechanism

[0158] A pressure control mechanism allows the user to
iterate through a list of available pressure levels. In most
pressure based interactions, pressure input is usually better
controlled in one direction, i.e, when going upward from 0 to
the highest value but not in the reverse direction. As a result,
in a uni-pressure augmented mouse, the pressure control
mechanism is basic and simply consists of pressing down on
one sensor to iterate through a limited number of pressure
levels. However, it would be beneficial to devise a pressure
control mechanism that facilitates controlling input in both
directions. This mechanism can be provided by means of
some specialized hardware [16] or by augmenting the mouse
with more than one sensor.

[0159] Many types of interactions, such as mode switching
and menu selection can benefit from a large number of pres-
sure levels than what has been typically reported. Increasing
the number of accessible pressure levels may be possible with
two sensors. We propose that pressure control mechanisms
with a dual-pressure augmented mouse consider the follow-
ing design goals: the user should access a larger number of
pressure values than with one pressure input; there should be
minimal overhead when the user switches applying pressure
between the different sensors; each pressure sensor should
not extend beyond the comfortable control range available to
the user; if possible dual-pressure mouse should provide pres-
sure control in both directions.

Selection Mechanism

[0160] A selection mechanism allows users to pick the
required value after using the pressure control mechanism to
hone into a pressure level. Ramos et al. [15] proposed several
selection mechanisms-QuickRelease, Dwell, Stroke and
Click-for stylus based pressure input. QuickRelease operates
by quickly lifting the stylus from the tablet’s surface after
reaching the appropriate pressure level. Dwell triggers the
selection after the user maintains the pressure control over a
prescribed amount of time. Stroke activates the selection
mechanism after the user makes a quick spatial movement
with the stylus. Click selects a level by pressing the stylus’
barrel button. On a stylus, QuickRelease was shown to be the
most effective selection technique [15]. However, it is not
clear whether this method is appropriate for a uni-pressure
and dual-pressure mouse. Furthermore, it is possible that
different selection mechanisms are required in a dual-pres-
sure augmented mouse to allow the user to Switch between
sensors.

Visual Feedback

[0161] Kinesthetic feedback alone is insufficient for
adequately controlling and selecting a pressure value. Visual
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feedback is a necessary component of the interaction space
with pressure based input [11,15]. The most common form of
feedback is through a visual highlight over the active item that
is selectable. Ramos et al. [15] investigated the effects of two
different visual feedback conditions: full visual and partial
visual feedback, in the full visual feedback (or continuous
feedback) condition all the potential targets are visible. As the
user applies pressure, the visual indicator (typically a high-
light) iterates through the list of selectable items. In the partial
feedback (or discrete feedback) condition only the selected
target is visible, in a similar setup, Mizobuchi et al. [II]
investigated the effect of continuous and discrete visual feed-
back. In both the above described studies, users performed
better with the continuous feedback condition.

Study of a Pressure Augmented Mouse

[0162] To investigate the influence of the above factors on
performance we carried out two studies. The first study
informs the design choice of different sensor positions and
selection mechanisms. The second study examines the effects
of uni- and dual-pressure control mechanisms on perfor-
mance.

Hardware Configuration and Discretization Function

[0163] Both our studies used an optical mouse with pres-
sure sensors mounted on its rim (FIG. 1). The sensors (model
#1ESF-R-5L, from CUI Inc.) could measure a maximum
pressure value of 1.5 Ns. Each sensor provided 1024 pressure
levels. The application was developed in C# and the sensor
was controlled using the Phidgets library [13]. The experi-
ments were conducted in full-screen mode at 1024x768 pix-
els on a P4 3.2 GHz Windows XP OS.

[0164] We first carried out a pilot study with three subjects
to compare three different pressure discretization functions: a
linear function, a quadratic function centered at the lowest
pressure value and a quadratic function centered at the middle
pressure value (DFI, DF2, DF3 in FIG. 2).

[0165] With the linear function we observed that users con-
trolled less effectively the lower pressure values than the
higher values. We found that users were fastest with the
quadratic function centered at the lowest pressure values. In
this discretization method, targets in the lower range con-
tained more pressure units than those in the higher range.

Performance Measures

[0166] The experimental software recorded trial comple-
tion time, errors and number of crossings as dependent vari-
ables. Trial completion time (MT) is defined as the total time
taken for the user to apply the appropriate amount of pressure
and select the target. The number of crossings (NC) is defined
as the number of times the cursor enters or leaves a target for
a particular trial. The software records an error (E) when the
participant selects a location which is not a target. The trial
ended only when the user selected the right target, so multiple
errors were possible for each trial. While MT and E give us an
overall success rate, NC provides information about the level
of control achievable using each of the different pressure
control mechanisms. Participants were also asked in an exit
questionnaire to rank the different selection and pressure
control techniques.

Experiment 1 Methods

[0167] The goal of this experiment was to examine differ-
ences in performance with different sensor locations and
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different pressure selection mechanisms. The experiment was
also designed to examine differences in selection time and
accuracy at different pressure levels. We adapted the experi-
mental design used in [15] to this study.

Participants

[0168] Nine participants (5 males and 4 females) between
the ages of 19 and 25 were recruited from a local university.
All subjects had previous experience with graphical inter-
faces and used the mouse in their right hand.

Task and Stimuli

[0169] Weusedaserial target acquisition and selection task
similar to the task in [15]. Participants controlled the move-
ment of a red pointer along a vertical line through a sequential
list of items using pressure input. 900 pressure values were
discretized in a quadratic manner (DF2 in FIG. 2). A set of
consecutive rectangles were drawn along the line’s length.
During each trial a target was coloured in blue. The user’s task
was to apply sufficient pressure to move the red pointer into
the blue target. We provided complete visual feedback to the
user by highlighting the items in teal when the user iterates
through them. The user invokes a selection mechanism for
choosing an item once the cursor is at the required pressure
level. The color of the target changed to yellow when the user
selected it. The system generated an audio sound to give
feedback when the task was completed correctly.

Experiment 1 Procedure and Design

[0170] The study used a 5x3x3x4 within-participants fac-
torial design. The factors were:

[0171] Pressure Levels: 4, 6, 8, 10, 12.
[0172] Selection Mechanism: Quick Release, Dwell,
Click.
[0173] Sensor Location: Right, Left, Top.
[0174] Relative Pressure Distance: 395, 535, 675, 815.
[0175] The order of presentation first controlled for sensor

location and then for selection Mechanism. Levels of the
other two factors were presented randomly, We explained the
selection mechanisms and participants were given ample time
to practice the techniques at the beginning of the experiment.
The experiment consisted of three blocks with each block
comprising of two repetitions for each condition. With 9
participants, 5 pressure levels, 3 selection mechanisms, 3
sensor locations, 4 distances, 3 blocks, and 2 trials, the system
recorded a total of (9x5x3x3x4x3x2) 9720 trials. The experi-
ment took approximately 60 minutes per participant.

Selection Mechanisms

[0176] Three selection mechanisms were tested for the uni-
pressure augmented mouse: Quick Release (QR), Dwell and
Click.

[0177] Quick Release: This technique is similar to the one
designed in [15]. In QR, once the user reaches the desired
target they select it by quickly releasing the linger off the
pressure sensor.

[0178] Dwell: This technique is similar to the one designed
in [15]. In this method the user maintains the cursor within the
target for a predetermined amount of time. We use a delay
period of 1 sec to trigger the selection.
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[0179] Click: In this method the user iterates to the desired
target and clicks on the left mouse button to select the item.

Sensor Locations

[0180] Three sensor locations were tested in the experi-
ment: top, left and right. The top sensor can be easily acquired
by the user’s middle finger. The left sensoris accessible by the
user’s thumb and the sensor in the right location is accessible
with the ring or little finger. We did not select a sensor location
that requires using the index finger as it hampers the click
selection technique. The mouse was equipped with only one
sensor and the experimenter changed the location to match
the corresponding experimental condition.

Relative Pressure Distances (Distance)

[0181] Ineachtrial atargetappearedinone of four different
relative pressure distances, 395, 535, 675, and 815. The rela-
tive pressure distance is the number of pressure units from the
start of the pressure range (FIG. 3).

Results of Experiment 1
Completion Time

[0182] We used the univariate ANOVA test and Tannhane
post-hoc pair-wise tests (unequal variances) for all our analy-
ses. To make the data conform to the homogeneity require-
ments for ANOVA we used a natural-log-transform on the
completion time. Results showed main effect of selection
technique, sensor location, pressure-levels and target-dis-
tances (all p<0.01) on trial completion time with F,, | ;=20.05,
F,,674.57,F,5,=113.06, and I'; ,,=21.655 respectively.
[0183] Post-hoc pair-wise comparisons of pressure-levels
yielded significant differences (all p<0.01) in trial completion
times for all pairs except between pressure-levels 4 and 6.
Users were fastest when the pressure level was 4 and slowest
at pressure level 12.

[0184] Post-hoe pair-wise comparisons of selection tech-
niques yielded significant differences (all p<0.01) in trial
completion times for all pairs. Participants were fastest with
click, followed by dwell and QR. F1G. 4 (left) shows the mean
completion time of each technique per pressure level.

[0185] Post-hoc pair-wise comparisons of sensor location
yielded significant differences (p<0.01) in trial completion
times between right-and-top and right-and-left sensor pairs.
Participants were faster with the sensor in the top sensor
location followed by left and then right. FIG. 4 (right) shows
the mean completion time for each sensor location across the
different pressure levels.

[0186] Post-hoc pair-wise comparison of target distance
yielded significant differences (all p<0.01) in trial completion
times for all pairs except targets at relative distance D1 and
D2.

Crossings and Errors

[0187] The average number of crossings per trial across all
conditions was 1.3 (standard error=0.022). ANOVA tests
revealed a significant effect of selection technique on number
of crossings (F, | 4=11.35, p<0.001). Post-hoc pair-wise com-
parisons of selection techniques yielded significant differ-
ences (all p<0.001) in number of crossings for all pairs. Click
resulted in the least number of crossings, followed by dwell
and QR. Our tests did not show significant effect of sensor
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location on crossings. FIG. 5 shows the average crossings per
pressure level for each technique (FIG. 5 left) and sensor
Location (FIG. 5 right),

[0188] The average number of misses across all conditions
was 0.23 errors per trial (standard error—0.007). With respect
to selection techniques dwell had the least number of errors
(0.01) followed by Click (0.26) and QR (0.42). For sensor
locations the ordering was top (0.22), left (0.23) and right
(0.25). The ordering of errors for different pressure levels was
4 (0.09), 6 (0.14), 8 (0.24), 10 (0.28) and 12 (0.41). The
ordering of errors for target position was D2 (0.22), D 1
(0.24), D3 (0.23) and D4 (0.23).

Subjective Ranking

[0189] In the exit questionnaire we asked participants to
rank the different selection techniques and sensor locations in
terms of preference. Most participants preferred click (6 first
places, 3 second places) followed by dwell (2 first, 4 second
and 3 third) and quick-release (I first, 2 second and 6 third).
Most participants preferred the left location for controlling
the pressure sensor (6 first, 3 third) followed by top (3 first, 5
second and 1 third) and then right (4 second and 5 third). We
also asked participants to rank the different selection tech-
niques for each sensor location. The results were similar to the
overall preference of the selection techniques.

Discussion
Selection Technique

[0190] The results of our study show that participants were
fastest, had a higher level of control (as indicated by the
number of crossings) and highly preferred the click selection
technique. This result is different from that reported by
Ramos et al. [15] for a pen, in which they found performance
with Quick-Release to be the fastest. There are several pos-
sible reasons for this finding. The proximity of the button to
the pressure sensor and the resulting ergonomics made it easy
for the participants to use their index-finger to click the left
mouse button. Additionally, users reported being more com-
fortable clicking to invoke a selection, as this is common with
mouse input. However, we also notice a large number of
errors with click. One possible explanation is that clicking on
the mouse button requires support from the other fingers such
as the thumb which can adversely affect the pressure input
(our results show that the largest number of errors with click
occur when the user interacts with the left sensor—thumb).
[0191] Our results indicate the dwell is a relatively good
selection technique as seen by the significantly lower number
oferrors. This is in-line with the results reported by Ramos et.
al. [15]. Users completed the task with higher accuracy in
dwell than in click and quick-release. One explanation for this
is that with dwell users can ensure the correct object is
selected by dwelling on it for a sufficiently long period of
time. However, with dwell, if users cannot reach the appro-
priate level a significant amount of adjustments are made.
This is noticeable in the higher number of crossings, particu-
larly with the larger pressure values. Additionally, in our
study dwell triggers a selection after a I second delay, It is
possible that with a smaller delay users perform equally well
with dwell as they do with click, However, smaller delays
may result in a larger number of errors and possibly a much
higher number of crossings.

[0192] Interestingly, unlike results from prior studies,
quick release resulted with the poorest performance values
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for completion times and number of crossings. One possible
explanation is that unlike pen based interaction, lifting indi-
vidual fingers off the mouse is not as natural or as easy as
lifting a pen from a Tablet’s surface, Furthermore, there is
only a limited range of movement for individual fingers and
lifting them separately from the surface of the mouse requires
considerable effort.

Sensor Location

[0193] We found that participants were significantly slower
with the right sensor location and preferred it the least of all
the locations. Our results do not favor the design choice of
mounting pressure sensors to the right side of the mouse. This
finding counters the growing trend among commercial manu-
facturers (MightyMouse™) that mount sensors or buttons
that are accessible with the ring or little finger.

[0194] Interestingly, the interaction effects between num-
ber of pressure levels and sensor location suggest that differ-
ent sensor locations are better suited for controlling varying
degrees of pressure levels. For smaller pressure levels users
committed a smaller number of errors with the top sensor
(middle finger) while at larger pressure-levels users commit-
ted fewer errors with the left sensor (thumb).

Pressure-Levels

[0195] Results onspeed, number of crossings and accuracy,
indicate that performance degrades rapidly when the number
of'pressure-levels increases beyond 6. This result is supported
by prior studies on pen-based interfaces that suggest it is
difficult to control more than 6+1 pressure levels [11,15]. In
experiment 2, we extend the design of the uni-pressure aug-
mented mouse by affixing an additional pressure sensor to
determine if this limit can be extended.

Dual-Pressure Input

[0196] Augmenting the mouse with one pressure sensor
limits the number of accessible pressure levels. Many appli-
cations such as zooming-in/out of a workspace, modifying
the brush thickness in a drawing application or iterating
through a long list of items can benefit from interacting with
alarge number of pressure levels. Additionally, a uni-pressure
augmented mouse does not facilitate bi-directional input. In
our context, bi-directional input refers to the user’s ability to
control, equally well, pressure input when pressing (forward)
and releasing (backward) the sensor. From our observations
(and prior work [15]), continuous pressure input with one
sensor affords a much higher degree of forward control over
backward control. These limitations led to the design of pres-
sure control techniques, with two sensors.

[0197] The dual-pressure augmented mouse uses one pres-
sure sensor that is controlled by the middle-finger and the
other controlled by the thumb, Results from experiment 1
suggest that users apply a coarse grained movement to get
closer to a target and then apply a finer movement to “coast”
onto the target. This observation led to the design of switch-
to-refine and tap-and-refine.

Switch-to-Refine

[0198] Switch-to-refine (or switch) allows users to switch
between two sensors to control a large range of pressure
values. In switch-to-refine one sensor is considered as pri-
mary and the other as secondary. The range of pressure values
are divided such that users apply pressure on the primary
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sensor to access a coarse-level set of pressure values, each of
which is interleaved by a range of fine-level pressure values
(FIG. 6). In this pressure control mechanism the participant
uses the primary sensor to coarsely jump through the coarse-
level items and switches to the secondary sensor to control
and navigate in a finer manner through the set of values
between the coarse-level items. To assist the user, the primary
sensor does not respond while the user is refining their selec-
tion with the secondary sensor. Once the user reaches the
appropriate pressure level they click on the left mouse button
to select the item.

[0199] Ifthe total number of selectable items is 48, we can
group the items into eight coarse-level values each containing
six fine-level items (see FIG. 6). To select the 15” item the
users starts with the primary sensor and applies pressure to
reach the 3 coarse-level item (which is item 13 in the entire
range). This is followed by switching to the secondary sensor
to navigate through each ofthe fine-level items in coarse-level
item number 3. As a result, the secondary sensor allows the
user to navigate through each of the 6 items from item-13 to
18. To select the 15” item the user applies 3 levels of pressure
with the secondary sensor. “This technique allows users to
select nxm levels where n and m are the maximum number of
pressure values that users can control with the primary and
secondary sensors, respectively. Unfortunately, switching
from one sensor to the next creates additional overhead in
switch-to-refine. Furthermore, switch-to-refine does not
facilitate bidirectional pressure input.

Tap-and-Refine

[0200] Tap-and-refine (tap) categorizes pressure values
into coarse-level and fine-level items similar to that in switch-
to-refine. However, the interaction method in controlling the
pressure input is different. The user iterates through the
coarse-level items by tapping (quick press and release within
60 ms) onto the primary sensor which sets the pressure cursor
at that level. Once the pressure cursor is at a given coarse-
level, the user accesses the finer levels by pressing onto the
same pressure sensor. For example, to access the 15” item,
the user taps 3 times. On the third tap the user holds down on
the primary sensor to iterate to the 15% item and then clicks on
the mouse button to select it. Interacting with each sensor
allows the user to move through the items in one of two
directions (upward from 0 to maximum with the primary
sensor, or downward from maximum to 0 with the secondary
sensor). As a result of bidirectional control with tapping,
users can easily adjust any overshoots that results from tap-
ping too quickly.

Experiment 2 Methods

[0201] In this experiment we evaluate the various pressure
control mechanisms we designed and investigate the benefits
and trade-offs of uni- and dual-pressure input.

Participants and Apparatus

[0202] Eight paid volunteers (7 males and 1 female)
between the ages of 21 and 26 participated in experiment 2.
All subjects had previous experience with graphical inter-
faces and used the mouse in their right hand. The apparatus
was similar to that of experiment 1 with the difference that we
used a pressure augmented mouse with two sensors.

Experiment 2 Procedure and Design

[0203] The experimental task and the performance mea-
sures collected were the same as for the previous experiment.
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[0204] The study used a 4x3x4 within-participants facto-
rial design. The factors were:

[0205] Pressure Levels: 4, 12, 16, 64.

[0206] Pressure Control Technique: Switch-to-Refine,

Tap-and-Refine, Normal.

[0207] Relative Pressure Distance: 395, 535, 675, 815.

[0208] All conditions were presented randomly. Partici-
pants were explained how the selection techniques worked
and were given ample time to practice the techniques at the
beginning of the experiment. The experiment consisted of
three blocks each with five repetitions per condition.
[0209] Pilot trials showed that users were unable to control
64 levels with the Normal technique. So we only tested it for
pressure levels 4, 12 and 16. With 8 participants, 4 pressure
levels for switch and tap and 3 pressure levels for normal, 4
distances, 3 blocks, end 5 repetitions per block, the system
recorded a total of 5280 trials per participant. The experiment
took approximately 60 minutes per participant.

Pressure Control Techniques

[0210] We evaluated switch-to-refine and tap-and-refine
(described above) and compared these to Normal technique
used in Experiment I which relied on only one pressure sen-
sor. All techniques used the click selection mechanism used in
experiment 1.

Results of Experiment 2
Time

[0211] The overall mean completion times across all con-
ditions was 1.57 s (standard error=0.044 s). To make the data
conform to the homogeneity requirements for ANOVA we
used a natural-log transform on the completion time. Results
show a main effect of Control Mechanism and Pressure-levels
on trial completion times with F, ,=18.46, (p<0.01) and
F;,,=178.106, (pa0.01) respectively.

[0212] Post-hoc pair-wise comparisons of pressure-levels
yielded significant differences (all p<0.01) in trial completion
times for all pairs except between pressure-levels 12 and 16.
Users were fastest when the pressure level was 4 followed by
12, 16 and 64.

[0213] Post-hoc pair-wise comparisons of control-mecha-
nisms yielded significant differences (all p<0.01) in trial
completion times between Tap and Normal and Tap and
Switch. We did not find any significant difference between
Normal and Switch-to-Refine techniques. Users were fastest
with Tap followed by Normal and Switch, FIG. 7 shows the
mean completion time of each technique per pressure level.

Crossings and Errors

[0214] The average number of crossings per trial across all
conditions was 1.053 (standard error=0.0735). ANOVA tests
reveal a significant effect of control mechanism on number of
crossings (I, ;,~19.101, p<0.001). Post-hoc pair-wise com-
parisons of control mechanisms showed that Tap had signifi-
cantly (all p<0.001) less number of crossings than all other
techniques. Pressure-levels also had a significant effect on
number of crossings (I ,,=39.764, p<0.001). Post-hoc pair-
wise comparisons show that pressure-level 4 had significantly
less crossings than levels 12, 16 and 64. However, we found
no significant difference in crossings between all the other
levels. FIG. 8 shows the average crossings per pressure level
for each.
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[0215] The average number of errors across all conditions
was 0.25 errors per trial (standard error=0.01). With regard to
control mechanisms tap and switch had 0.17 errors followed
by Normal (0.47). The ordering of average number of errors
for different pressure levels was 4 (0.12), 12 (0.31), 16 (0.32)
and 64 (0.25).

Discussion

[0216] The results of the second experiment show that the
mouse can be augmented with more than one pressure sensor
to extend the user’s pressure control range. In the following
sections we discuss the benefits and limitations of the various
pressure control mechanisms we developed, application areas
that can benefit from a pressure augmented mouse and sum-
marize the main lessons for practitioners.

Pressure Control Mechanisms

[0217] We observed various pressure control strategies
with the uni-pressure and dual-pressure augmented mouse.

Uni-Pressure Control Strategies

[0218] The experimental software recorded continuous
time and pressure values for each trial. A typical trace of a
user’s selection task when using the click mechanism is
shown in FIG. 9. Users’ action can be characterized by two
steps: First a coarse-grained pressure input to get closer to the
target and then a fine-grained precision movement to select
the target. In the coarse-grained movement users apply
instantly and rapidly a pressure amount to get in the range of
the desired pressure value. However, to select the appropriate
target, users then control more carefully the pressure input up
to the target.

[0219] More precisely, we notice that once users get within
the vicinity of the target they take approximately between 150
and 300 ms to refine their pressure movement to select the
target. This is often the time it takes the user to feel confident
that they have the correct pressure value and momentarily
switch their attention to the index finger for clicking the
button. Further enhancements in this fine-grained stage will
improve performance of the click selection technique and
possibly allow the user to select more than 6 pressure levels.

Dual-Pressure Control Strategies

[0220] With dual-pressure strategies users were able to bet-
ter control different pressure levels using tap-and-refine than
switch-to-refine. This was a result of the several factors. With
tap, users can control pressure levels bi-directionally. As a
result, overshoots can be easily corrected. Additionally, since
with tap users depend on tapping to get toward the vicinity of
the target, users have a higher degree of control over the
coarse-level items. The fine-level items require further con-
trol which can easily be handled if the set of fine-level items
contain less than six items, Switch is partially restricted by the
number of levels controllable with each sensor, In our study
we compared the two techniques at 64 discrete levels. These
were separated into 8x8 discrete levels. As a result, adding
more levels to any of the two sensors would show significant
performance decreases with switch.

[0221] The tap in Tap-and-Refine may be replaced by a
simple button. The design would need two additional buttons
(one for each direction) and one pressure sensor to work
effectively. However, using the standard right or left-click
buttons would interfere with the click selection mechanism
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and other mouse functionalities. Further, the context switch
that would ensue switching between the button and the pres-
sure sensor would further contribute to reduced performance
of'the technique. Analysis of our log files suggest that typical
tap times are about 50 to 80 ms which seems faster that the
button click times reported in [8], However, further research
is needed to investigate alternatives to Tap-and-Refine.

Applications

[0222] A pressure augmented mouse can enhance interac-
tivity in a number of different applications,

[0223] Integrated scaling and parameter manipulation.
Ramos et al. [14] proposed a fluid pen-based interaction
technique, Zliding that integrates scaling and parameter
manipulation. In Zliding users control the scaling factor by
applying pressure at the stylus’ tip and delegate parameter
manipulation to the stylus’ x-y position. Tap-and-refine can
be modified to accommodate the design goals of an integrated
scale and parameter manipulation technique. In tap, the
parameter manipulation would be assigned to the coarse-level
movement of tapping onto the pressure button. The scale
factor would be relegated to the holding-down action in the
tap.

[0224] Mode switching. Many applications require that
users switch between modes rapidly [8]. In games for
instance, it is critical that users switch modes quickly to
access a weapon or some other tool. In drawing applications,
asignificant amount of work takes place in small local regions
of the workspace. Drawing applications require that users
access different options on palettes in the application for such
tasks as modifying the thickness of the pen of changing a
color. Pressure buttons can allow users to select a mode with-
out making significant displacements in the application.
[0225] Pressure Menus. Pressure menus could be designed
in a similar manner to polygon marking menus [21]. On the
spot, users can trigger and interact with a large menu. Using
tap users can iterate through an infinite amount of menu
values and refine their selection as needed.

Design Recommendations

[0226] There are several lessons that designers can take
from our experiments:

[0227] Place pressure buttons so that they are accessible
by the middle-finger and the thumb.

[0228] Consider mechanisms for selecting pressure val-
ues based on mouse button clicks.

[0229] Use dual-pressure mechanisms for increasing the
selectable range of pressure levels and modes.

[0230] Consider tap-and-refine as a control mechanism
for providing bi-directional pressure input on a large
number of pressure levels.

[0231] Augmenting a mouse with pressure based input
poses several design challenges, some of which we addressed
in this paper. Results of the first experiment show that pres-
sure buttons are best controllable by the middle-finger and the
thumb. The first study also confirmed that users can comfort-
ably control a limited number of pressure levels with one
pressure button. Additionally, the uni-pressure augmented
mouse did not facilitate bi-directional pressure input. The
limitations of a uni-pressure augmented mouse led to the
design of a dual-pressure augmented mouse along with two
interactive mechanisms, tap-and-refine and switch-to-refine,
to control pressure levels. The results of the second study
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showed that with tap-and-refine users can comfortably con-
trol a large number of pressure levels. Furthermore, with
tap-and-refine users can provide pressure input in a bi-direc-
tional manner.

Discretization Functions

[0232] As described above, the pressure sensitive switch is
arranged to distinguish among pressure values in discrete
pressure ranges corresponding to different pressures being
applied by the user by dividing the entire range of pressure
values into discrete units with a discretization function. The
entire range of pressure values can be divided into 8 or fewer
discrete units in some embodiment, however when using
certain discretization functions, the pressure values may be
divided into 8 or many more discrete units. In each instance,
the discretization function is arranged to produce a limited
number of discrete levels to facilitate the control of raw pres-
sure values obtained from the pressure switch. In other words
the discretization function converts analog pressure values to
a limited number of discrete levels.

[0233] The discretization function can be linear, quadratic
or fisheye.
[0234] When the function is linear, the function is given by

the following equation,
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where X is the raw pressure value from the pressure switch, I
is the number of pressure ranges, and R is the total number of
raw pressure values.

[0235] When the function is quadratic, the function is given
by the following equation,
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where X is the raw pressure value from the pressure switch, I
is the number of pressure ranges, and R is the total number of
raw pressure values.

[0236] The fisheye discretization function is particularly
advantageous for increasing the controllable number of dis-
crete pressure units as it is arranged to divide the range of
pressure values into discrete pressures units such that a cur-
rently selected one of the discrete pressure units is arranged to
be larger between respective upper and lower pressure value
limits than remaining non-selected discrete pressure units.
Accordingly, once the pressure switch is depressed by a given
pressure value, the correspondingly selected discrete pressure
unit will remain selected despite small variations in the
applied pressure value. The fisheye function is given by the
following equation,
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where x is the raw pressure value from the pressure switch, I
is the number of pressure ranges, r is the fisheye radius, and R
is the total number of raw pressure values.

[0237] Recently, several studies have reported the benefits
of pressure-based interaction as an alternative input channel
[24,27-29]. Ramos et al. [28,29] explored the design space of
pressure-based interactions with styli. Their results revealed
that adequate control of pressure values is tightly coupled to
a fixed number of discrete pressure levels (maximum of six
levels). Mizobuchi et al. [26] investigated accurate control of
pressure exerted on a pen-based device and showed that users
can better control forces that are divided into discrete levels
and smaller than 3N. Cechanowicz et al. [24] investigated
augmenting a mouse with one or two pressure sensors and
showed that with one sensor users can control between 8 and
10 discrete levels.

[0238] One common outcome reported by previous studies
is the high number of errors that result from pressure-based
input [24,29]. As a result, pressure input may not be highly
practical as a reliable input dimension. This limited ability to
properly control pressure has made it difficult to introduce
pressure input to facilitate tasks that require multiple levels of
pressure control such as in menu navigation [24], scrolling,
and high-precision zooming [28].

[0239] The discretization method that researchers
employed for dividing the pressure range into discrete units or
levels is an important aspect of the pressure-based systems in
previous studies. However, since manufacturers of pressure-
sensing devices apply different analog-to-digital (AtoD) con-
verters there is no standard mechanism to discretize the num-
ber of pressure levels. As a result, there are many methods and
mappings for discretizing the number of controllable levels
using a pressure-based device [24,27,29]. Ramos et al. [28]
and Mizobuchi et al. [27] used a linear discretization function,
while Ramos et al. [29] used a parabolic-sigmoid discretiza-
tion function that resulted in a slow response at low pressure
levels, linear behaviour in the middle levels, and a slow
response at the high levels of the pressure range. Cechanow-
icz et al. [24] used a quadratic discretization function that
allocated larger pressure ranges at the lower levels and
smaller pressure ranges at higher levels.

[0240] Studies investigating user control of pressure input
have reported time-accuracy trade-offs of, on average, over
30%, when interacting with a large number of pressure levels.
To increase the level of control with pressure input, we de-
signed and evaluated four different discretization functions:
linear, fisheye, visual fisheye, and clustered. The fisheye dis-
cretization dynamically modifies the range of pressure values
based on the position of the pressure cursor. Our results show
that a fisheye function results in significantly lower error rates
and a lower number of crossings than have been reported in
the literature. Furthermore, the fisheye function improves
control without compromising speed. We discuss the findings
of our study and identify several design recommendations for
integrating pressure control into common interface tasks.
[0241] In this paper we present the design of PressureFish,
a fish-eye discretization function (see FIG. 11) and compare
it to a variety of discretization methods proposed in the lit-
erature. We carry out our investigation on a pressure aug-
mented mouse [24]. Our results show that the fisheye function
increases accuracy without compromising speed. For
example, at 10 pressure-levels with a fisheye function, users
are significantly more accurate with 78% accuracy compared
to 54% for linear and require significantly less target cross-
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ings (i.e., overshooting the target before acquiring it) with an
average of 0.4 crossings per trial compared to 0.7 for linear.
Overall, by using the fisheye discretization function users are
able to exhibit better control of pressure input.

Discretization Functions

[0242] The analog force exerted by the user on a pressure
sensor is converted to a digital data stream through a manu-
facturer-specific AtoD converter. As a result, manufacturers
provide 256, 512, or 1024 discrete integer pressure values.
However, users cannot effectively control these large num-
bers of discrete values. Applications further discretize the raw
integer values by grouping adjacent values into unique con-
trollable pressure levels [24,29]. Here we describe the various
discretization functions (henceforth referred to as “function’)
we evaluated in this study.

[0243] In our descriptions we use the following variables:
x—the raw pressure value from the sensor; I—the number of
pressure levels the space is divided into; R—the total number
of raw pressure values from the pressure sensor.

[0244] Linear Discretization: A linear function (L) parti-
tions the entire pressure space into equal units. For instance,
a pressure space of 600 units (R=600) divided into 10 levels
(I=10) would produce levels consisting of 60 pressure units
each. The linear function is given by (formula)

[0245] Numerous studies have reported using a linear func-
tion to control pressure input [23,24,26].

Clustered Discretization:

[0246] Some groups [24,29] have used functions that
assign more pressure levels to the middle range of the pres-
sure space by hand-picking various design parameters like the
starting pressure unit for each level and the number of pres-
sure units for each pressure level. Rather than hand-pick, we
used a K-means clustering algorithm to discretize the space.
Users were asked to select randomly highlighted pressure
levels discretized using the linear function described above
and a quadratic function described by Cechanowicz et al.
[24]. We collected raw pressure values for 6 users (208 trials/
user) and used the K-means clustering algorithm to design an
overlapping discretization for each pressure level. Following
a pilot study that showed no significant difference between
the quadratic and linear functions, we decided to proceed with
the linear function only, to allow us to compare and contrast
linear (L) with K-mean clustered linear (KC).

PressureFish Discretization:

[0247] This fisheye function (FE) was inspired by the fish-
eye distortion functions introduced by Furnas [25] and
applied to fisheye menus [22]. The idea of a fisheye function
is to make the area near the point of interest highly visible.
This results in a distortion with a variable amount of space
reserved for the various elements in the pressure space. [tems
further away from the focal point occupy less space, while
items closer to the focal point occupy more space, and the
item of focus itself occupies the largest amount of space.
While this distortion of the visual space offers enhanced
visibility researchers have also re-ported targeting problems
that arise from the constant change of control-to-display ratio
[26].

[0248] However, the fisheye function could be particularly
advantageous as a discretization function for three reasons.
First, when the pressure cursor is at the level of interest, the
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fish-eye function automatically increases the amount of pres-
sure values assigned to that pressure level. As a result, when
the user presses the pressure sensor and fixes it to a particular
level, the selected pressure value remains selected despite
small variations in the applied pressure value. Second, finger-
tips have a tendency to exert inadvertent forces. Such forces
directly affect the movement of the pressure cursor, thereby
reducing the level of user control. Since the fisheye function
reserves sufficient space for the active pressure item, minor
forces from the tips of the finger do not significantly impact
pressure control. Finally, since the control space involves
depressing a sensor rather than moving a mouse, users are less
likely to have targeting problems.

[0249] We use the following fisheye function (r=fisheye
radius)(formula)

[0250] To effectively control the fisheye selection, several
design choices are possible. Each of the design parameters
consist of modifying the values for r,

[0251] R, and ]I given the equation above. In this study, we
used values of R=600, I consisting of values 6, 8, 10, 12, and
16, and r was assigned a value of 120 pressure units. These
values were selected based on a number of pilots we ran
before starting the final study.

Visual Fisheye Discretization:

[0252] Visual feedback is an essential element in pressure-
based interaction [24, 27-29]. While the fisheye function
divides the entire pressure space into non-uniform units, the
visual fisheye (VF) function uses an underlying linear func-
tion but presents the visualization as a fisheye menu. As a
result, the users are controlling the pressure cursor using a
linear function but are being led into believing that the pres-
sure is being controlled using a fish-eye technique. The moti-
vation behind the design of VF is that if such a technique were
to be successful then developers could simply enhance the
visual presentation of pressure input. We were interested in
identifying whether the visual effects were sufficient to
improve control without changing the underlying discretiza-
tion function (i.e. identify the degree of importance of visual
feedback on pressure input).

Comparison of Discretization Functions

[0253] Our experimental goal was to examine differences
in accuracy, speed and number of crossings using different
functions. The experimental design we used was adapted
from two other studies [24,29].

[0254] The experimental software recorded trial comple-
tion time (MT), errors (E), and number of crossings (NC) as
dependent variables. MT is the total time taken for the user to
apply the appropriate amount of pressure and select the target.
NC is the number of times the cursor leaves a target after first
entry for a particular trial. E is the number of times the
participant selects a location which is not a target. The trial
ended only when the user selected the right target, so multiple
errors were possible for each trial. While MT gives us an
overall success rate, E and NC provide information about the
level of control achievable using each of the different pres-
sure-control mechanisms.

[0255] We used an optical mouse with a pressure sensor
mounted on the left side, where it is easy and comfortable to
be accessed with the thumb (FIG. 11). The sensor (model
#IESF-R-5L from CUI Inc.) could measure a maximum pres-
sure value of 1.5N and provided 1024 pressure levels. How-
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ever in our experiment we only used the range from 0 to 600,
as earlier studies suggest that user fatigue is common at
higher pressure ranges [24]. The software was implemented
in C# and the sensor was controlled using the Phidgets library.
The experiment was conducted on a 1024x768 pixels screen
with a P4 3.2 GHz, Windows XP.

Task and Stimuli

[0256] In the task, participants were asked to control a red
cursor moving vertically in a gray rectangular menu. The
cursor starts at the top of the gray menu when the pressure
value is 0. The cursor moves down when participants press the
pressure button and moves up when participants release the
pressure button. The menu is divided into small units based on
the selected function and the number of pressure levels. The
system randomly highlights, in yellow, a menu item the user
is required to select. In each trial, participants are required to
move the red cursor into the yellow target area and select the
target with a Dwell or Click selection mechanism, which have
been shown to be the best selection mechanisms for a pressure
mouse [24]. The trial ends when the participant selects the
appropriate target. If the selected item is not the right target,
then the item changes to a dark gray, and the trial continues
until the participant selects the right target. To select using
Dwell, users maintain the cursor within the target for 750 ms,
whereas Click users click with the left mouse button.

The study used a 4x4x5x2 within-participants factorial de-
sign. The factors were:

[0257] Function: FE, VF, L, and KC.
[0258] Relative Pressure Distance: 128, 256, 384, and
512.
[0259] Pressure Level: 6, 8, 10, 12, and 16.
[0260] Selection Mechanism: Dwell and Click.
[0261] The order of presentation was first controlled for

function type, and then for pressure level. Levels of the other
two factors were presented randomly. After explaining the
selection mechanisms, participants were given ample time to
practice the techniques. The experiment consisted of three
blocks with two repetitions per block, per condition.

[0262] With 14 participants (9 male, 5 female; average
age=27 years), 4 functions, 4 distances, 5 pressure levels, 2
selection mechanisms, 3 blocks, and 2 trials, the system
recorded a total of 13440 trials and the experiment took
approximately 1 hour per user. None of the participants had
any experience with pressure-based input.

Results

[0263] We used the univariate ANOVA and Tamhane post-
hoc pair-wise comparisons (unequal variances) for our analy-
ses.

Movement Time:

[0264] We found no significant difference between func-
tions (F(3,39)=1.898, p=0.15). FE was the fastest followed by
KC, L and VF (see FIG. 13(a). As previously reported [23,28]
we too found that Click was significantly faster than Dwell
(F(1,13)=19.105, p<0.001).

Errors:

[0265] Overall, we found a significant difference in E
between the functions (F(3,39)=4.264, p<0.01) and selection
techniques (F(1,13)=46.91, p<0.001). Post-hoc pair-wise
comparison of the functions showed that FE had significantly
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fewest errors followed by L, KC, and VF (no significant
difference between L and KC). FIG. 13(b) shows the average
E for each function. There was a significant inter-action
between selection technique and function (F(3,39)=7.654,
p<0.001). In the case of Click, the ranking of the functions
was similar to that reported above, while for Dwell the order
was L, KC, FE, and VF. However we could not find any
significant difference between the functions for Dwell selec-
tion technique.

Number of Crossings:

[0266] We found a significant difference in NC between the
functions (F(3,39)=19.606, p<0.001) and selection tech-
niques (F(1,13)=7.77, p<0.02). Post-hoc comparison of the
functions showed that FE had significantly fewer crossings
than all other functions followed by KC, VF, and L (no sig-
nificant difference between VF and L). FIG. 13(c¢) shows the
average NC for each function. We found no significant inter-
action between selection technique and function (F(3, 39)=2.
86, p>0.05).

Subjective Feedback:

[0267] FE was most preferred by nine users followed by L
with three, KC with one and one with VF.

Discussion

[0268] The results of our experiment reveal that a fisheye
function allows users to select pressure levels with greater
accuracy and with lower numbers of crossings without losing
out on performance time.

Fisheye Improves Pressure Control Across Levels

[0269] In line with our expectation, our results show that
the method of discretizing the pressure space has a significant
effect on the user’s ability to control pressure. Additionally,
users preferred this function over all the others. This effect is
felt across all pressure levels (see FIG. 14). We found that the
PressureFish function is effective as it primarily reduces the
amount of inadvertent crossings and allows the user to “lock”
into a specific pressure level.3

[0270] Results on speed, number of crossings, and accu-
racy, indicate that performance decreases gradually as the
number of pressure levels increases beyond 6 (see FIG. 14,
KC and VF always perform no different from [ and have been
re-moved from the figure to avoid visual clutter). However,
beyond 12 pressure levels, we observe a very sudden drop in
performance with all functions except the fisheye. In the case
of the fisheye function, users can control up to 16 pressure
levels almost as comfortably as 12.

Effect of Fisheye Control on Selection Techniques

[0271] As reported in previous studies [24, 29] we too
observed a larger number of errors with the Click selection
technique in comparison to Dwell. One reason for this is that
any force applied by one finger co-activates adjacent fingers
simultaneously [30]. This effect is pronounced in the case of
the Click selection technique as clicking the mouse button
with the index finger activates muscles in the thumb, which in
turn interferes with pressure control on the sensor. However,
our results show that the fisheye function operates equally
well with both selection techniques in terms of error rate, as
well as the number of crossings. This suggests that fisheye
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functions can be universally applied across different selection
mechanisms. Although untested, we believe this result is
valid for a pressure sensitive stylus.

Effect of VF and KC on Pressure Control

[0272] Our results showed that users had difficulties con-
trolling pressure in the VF condition. This result is consistent
with other similar findings on desktop pointing and focus
targeting with Fisheyes which suggest that distorting the con-
trol space results in better control [23] and distorting the
visual space causes targeting problems if careful consider-
ation is not given for the control space [26].

[0273] Inall conditions, we found no significant difference
in performance between KC and L. However, in most cases
KC was marginally better than L. This can be attributed to the
overlapping pressure units and the context-sensitive manner
of'deciding the pressure level. However, we believe that better
segmentation of the pressure units could be achieved by care-
ful analysis of the different types of errors (over-shoot vs.
undershoot) that users commit.

Recommendations to Designers

[0274] We provide the following recommendations:
[0275] Designers should consider using a fisheye func-
tion to improve pressure control.
[0276] A fisheye function will enable the use of a larger
number of discrete pressure levels.
[0277] Visual feedback is an essential but not sufficient
factor for the enhancement of pressure control.

[0278] In this paper we report on the design and effective-
ness of PressureFish, a fisheye discretization function that
allows users to control pressure input with fewer errors than
previously reported discretization techniques, without time
penalties and with higher user preference. We believe our
results will facilitate integrating pressure-based input with
other input mechanisms. In the future, we will investigate the
possibility of designing pressure menus that behave similarly
and that share the common advantages of marking-menus.
We will also investigate other fisheye functions to improve
accuracy and facilitate the design of novel and improved
navigation techniques such as pressure-scrolling, panning
and zooming. Effective control of pressure input can also lead
to designs that allow users to manipulate the control-to-dis-
play ratio in instances such as cursor control in multi-display
or large display environments.

[0279] Input devices such as the mouse have witnessed an
impressive number of augmentations with additional input
channels, including extra control buttons, the mouse wheel,
and sensors. The augmentation of additional degrees-of-free-
dom is motivated by the need to enhance the interactivity of
specific tasks at the interface: control buttons for gaming
applications, the mouse wheel for scrolling and zooming, and
sensors for switching between active screens.

[0280] In line with recent incarnations of the mouse,
Cechanowicz et al [32] have augmented the mouse with addi-
tional pressure input channels, and called this augmentation
the PressureMouse. The PressureMouse builds upon the
recently published set of guidelines for pressure based inter-
action [40,44,46]. However, recent studies on pressure inter-
actions primarily provide insight on the strengths and limita-
tions of pressure-based input and offer guidelines for creating
pressure augmented interactions. Very little is known on how
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to fluidly integrate pressure input channels with the basic
operations of the input device to which it is being augmented.
[0281] A large number of pressure based interaction tech-
niques proposed for the mouse are based on users manipulat-
ing the pressure channel independently of the movement
degrees-of-freedom [40,44,46].

Related Work

[0282] We review the related research on pressure input and
integral input channels.

Pressure Based Interaction

[0283] Numerous studies have proposed novel interaction
techniques and have offered guidelines for working with
pressure based input.

[0284] Ramos et al. [46] explored the design space of pres-
sure-based interaction with styluses. They proposed a set of
pressure widgets that operate based on the users’ ability to
effectively control a discrete set of pressure values. Ramos et
al. [46] identified that adequate control of pressure values is
tightly coupled to a fixed number of discrete pressure levels
(six maximum levels), the type of selection mechanism and a
high degree of visual feedback. However, their investigation
does not explore the benefits of simultaneously integrating
pressure control with stylus movement.

[0285] Mizobuchi at al. [40] conducted a study to investi-
gate how accurately people control pressure exerted on a
pen-based device. Their results show that continuous visual
feedback is better than discrete visual feedback, users can
better control forces that are smaller than 3N, and 5 to 7 levels
of pressure are appropriate for accurate discrimination and
control of input values. Their results apply to pen based
pressure and they do not investigate multi-channel input.
[0286] Since controlling pressure input is challenging, Shi
et al [47] recently proposed PressureFish, a technique to
discretize the pressure space using fisheye functions. With
PressureFish, users are capable of manipulating pressure
input with a higher level of control and more efficiently than
common discretization functions.

[0287] Researchers studied pressure input in the context of
multi-level interaction. Zeleznik et al. [49] proposed an addi-
tional “pop-through” state to the mechanical operation of the
mouse button. As a result, a number of techniques can take
advantage of a soft-press and a hard-press on a pop-through
button. Forlines et al. [33] proposed an intermediary
“glimpse” state to facilitate various editing tasks. With
glimpse users can preview the effects of their editing without
executing any commands. Multi-level input can facilitate
navigation, editing or selection tasks but utilize pressure input
in a limited way. In particular, such techniques make it further
challenging to fluidly control another input channel such as
mouse movement.

[0288] Cechanowicz et al [32] investigated the possibility
of facilitating pressure-based input by augmenting a mouse
with either one or two pressure sensors. Such an augmenta-
tion allows users to control a large number of input modes
with minimal displacements of the mouse. Cechanowicz et al
[32] developed several pressure mode selection mechanisms
and showed that with two pressure sensors users can control
over 64 discrete pressure modes. Their results also show that
activating pressure sensors that are located near the mouse
buttons or located for thumb input are optimal placements for
facilitating pressure input. However, Cechanowicz et al [32]
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did not investigate the possibility of fluidly integrating pres-
sure input with other mouse based operations.

[0289] While previous studies have guided designers in
building systems with pressure input, few results suggest how
we can fully integrate pressure with the underlying input
mechanisms of the device to which it is augmented. Ramos et
al [44] proposed Zliding to control a scaling factor with
pressure at the stylus’ tip and manipulating a parameter with
the stylus’ x-y position. Similarly, with Pressure Marks [45]
the user can invoke several states by steering the stylus and
simultaneously applying a high or low pressure value. While
boththese studies highlight the possibility of integrating pres-
sure input with the movement of the device, they have not
explored the large design space that results when integrating
both input channels. Furthermore, each technique falls short
in inspecting the full range of the input channel: Pressure-
Marks relies on a low or high pressure input (instead of the
entire pressure range), and Zliding works within a limited
displacement range. Furthermore, very little support was pro-
vided to users for facilitating simultaneous control more than
one non-competing interactive tasks.

[0290] In general, very few of the reported results have
explored the design space of fluidly integrating pressure input
with the functional features of the device being integrated
with. Furthermore, little is known about how pressure inte-
grates with the very common task of moving a pointer. Based
on this limited knowledge it is challenging to propose appli-
cations that can benefit from integrating pressure with mul-
tiple input channels.

[0291] We present PressureMove a pressure based interac-
tion technique that enables simultaneous control of pressure
input and mouse movement. Simultaneous control of pres-
sure and mouse movement can support tasks that require
control of multiple parameters, like rotation and translation of
an object, or pan-and-zoom. We implemented four variations
of PressureMove techniques for a 2D position and orientation
matching task where pressure manipulations mapped to
object orientation and mouse movement to object translation.
The Naive technique mapped raw pressure-sensor values to
the object rotation; the Rate-based technique mapped discrete
pressure values to speed of rotation and Hierarchical and
Hybrid techniques that use a two-step approach to control
orientation using pressure. In user study that compared the
four techniques with the default mouse-only technique we
found that Rate-based Pressure-Move was the fastest tech-
nique with the least number of crossings and as preferred as
the default mouse in terms of user-preference. We discuss the
implications of our user study and present several design
guidelines.

[0292] Pressure augmentation could potentially be
designed such that the user can manipulate both pressure
input and cursor movement, enabling users to synchronously
perform actions that can otherwise only be accomplished
sequentially. For example, a pressure augmented mouse
could potentially enable users to rotate and translate an object
synchronously, a task that is routinely carried out in drawing
applications (FIG. 15).

[0293] Based on results of an early pilot study and prior
work (Zliding [44] and PressureMarks [45]), we observed
that users can simultaneously control pressure and move-
ment, but not all users utilize the simultaneous control in fluid
fashion. In this paper we investigate the design space and the
resulting interaction techniques that allow simultaneous con-
trol of pressure and movement, referred to as PressureAlove.
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To demonstrate the effectiveness of PressureMove, we con-
centrated on the task of simultaneous rotation and object
translation. We designed four PressureMove techniques that
provide users the flexibility of using the input dimensions of
pressure and movement simultaneously or sequentially.
[0294] Pressure manipulations controlled object orienta-
tion and mouse movement controlled movement. The first a
Naive technique mapped the raw pressure values from the
sensor to the rotation of the object while mouse movement
mapped to object translation. The second technique, referred
to as PressureMove Rate-based, was inspired by tap-and-
refine [32] and mapped the rate of pressure change to rotation
angle. The third technique is an Hierarchical technique that
uses discrete pressure levels for object rotation in two
steps—a coarse grain and a fine grain step. Finally, we
included a Hybrid technique that combined the simplicity of
Native technique with the multi-step control of Hierarchical.
In a 2D rotate and translate task, similar to the tetrahedral
docking task in 3D [38,51], we examined the proposed
designs for integrating mouse movement and pressure rota-
tion. Our results show that the Rate-based integration offered
best control and performance. The Rate-based technique was
significantly faster than all other techniques including the
traditional mouse. The Naive implementation was as fast as
the conventional mouse in terms of'trial completion times but
was significantly slower than the traditional Mouse and Rate-
based technique in terms of crossings.

[0295] The main contributions of this paper are to: 1)
extend the design space of a pressure augmented device (the
mouse) to include simultaneous control of pressure and
movement; 2) design integral interaction techniques; 3) iden-
tify strengths of various strategies for controlling non-com-
peting degrees-of-freedom; and 4) outline design implica-
tions that emerge from our systems.

Fluidly Controlling Multiple Input Channels

[0296] There has been a long standing interest in identify-
ing how to integrate and facilitate control of simultaneous
input channels. Jacob et al [43] proposed a framework that
can facilitate the understanding and categorization of inte-
grality and separability of input devices and interactions
afforded by these. Two input dimensions are considered inte-
gral if they are perceived as a single dimension or separable if
the dimensions seem unrelated [43]. In their study, perfor-
mance was better when the device matched the tasks in inte-
grality/separability dimensions. In light of their findings,
coordinating multiple channels may suggest whether the
input device is operating in the same dimension space as the
task, i.e. good coordination and performance suggests that the
device and perceptual structure of the task are in the same
space. Integrality can be considered to some ex-tent as a
coordination measure.

[0297] Balakrishnan et al [31] used integrality to demon-
strate that subjects could control three degrees of freedom
simultaneously with the Rockin’ Mouse, a X-Y translational
and one Z-rotational DOF. Similarly, MacKenzie et al. [37]
investigated the possibility of integrating rotation on the
mouse, a device designed primarily for translation and select-
ing objects. The TwoBall mouse facilitates a number of com-
mon tasks, and makes certain application features, such as the
rotate tool, redundant.

[0298] Studies have also investigated the benefits and pos-
sibility of integrating several tasks into one coherent and fluid
action. Kruger et al. [35] designed a technique, RNT
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(Rotate’N Translate), to fluidly integrate rotation and trans-
lation. The motivation behind RNT was to provide in one
seamless action the ability to rotate and translate an object in
a collaborative environment. The behavior of RNT simulates
the physical behavior of dragging a sheet of paper on a table.
Results of their study show that RNT is more efficient than
separately controlling translation and rotation. RNT further
enhances a number of collaborative tasks, including coordi-
nation and communication with respect to user orientation.
[0299] Fluid integration of multiple input channels was
examined in the context controlling an input device with the
fingers instead of using the entire arm. In an empirical study,
Zhai et al [51] investigated the effectiveness of finger muscle
groups in controlling multiple degrees-of-input. Zhai et al
[51] gave users two alternative 6DOF input devices, one that
controlled a cursor with the movement of the entire arm
(glove) and the other with the fingers of a hand (FingerBall
[X]). The objective of the study was to assess whether finger
control was more eftective than arm control in finely rotating
and positioning an object in 3D. The task consisted of dock-
ing a cursor with the target, both of which were equal size
tetrahedral. They found that the finger-based device facili-
tated better control and afforded simultaneous translation and
rotation actions.

[0300] In developing a metric for measuring the allocation
of control in a 6 degree-of-freedom rotation and translation
task, Masliah and Milgram [38] studied the interdependence
and overlapping actions of the two tasks. They used a 3D
virtual docking task, similar to that of Zhai [50] in which
subjects were asked to align a tetrahedral shaped cursor onto
an identically shaped target. Interestingly, their results
showed that users would rarely control all 6 DOFs simulta-
neously. Instead, users would allocate their control to the
rotational and translational DOFs separately. However, with
practice they found that allocation of control within the trans-
lational and rotational components of the task increased.
[0301] Wang etal [48] carried out a study to investigate the
relationship between object transportation and object orien-
tation by the human hand. In their experiment, subjects were
asked to align a small wooden block with a graphical target
cube. Manipulation tasks were designed that required both
object translation and orientation, under different visual feed-
back conditions. Their results demonstrate the existence of a
parallel and independent structure for object translation and
orientation which is persistent over different visual feedback
conditions. Their results suggest that object translation and
orientation seem to share characteristics of an integral struc-
ture according to the notion by Jacob et al [43].

PressureMove

[0302] We propose PressureMove, a pressure based tech-
nique that facilitates simultaneous control of mouse move-
ment and pressure input. PressureMove maps mouse dis-
placement onto object movement and pressure input onto
object rotation. In designing PressureMove we needed to
consider two primary dimensions: controlling pressure input,
and visual feedback.

Controlling Pressure

[0303] Sensors typically report pressure values between 0
to 1024 levels. Previous studies have suggested that users are
not capable of distinguishing the granularity and controlling
this range of pressure values [32,40,46]. This has led most
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investigations to discretizing the pressure space into control-
lable and haptically perceivable units. Ramos et al. [44,46]
revealed that adequate control of pressure values is tightly
coupled to a fixed number of discrete pressure levels (maxi-
mum of six levels). Cechanowicz et al. [32] suggested that
pressure discretization can include 8 to 10 discrete levels,
when controlled by the thumb or index finger, on a mouse.
[0304] Furthermore there are no standard mechanisms to
discretize the number of pressure levels obtained from the
sensors. There are many methods and mappings for discretiz-
ing the number of controllable levels using a pressure-based
de-vice. These include: a linear discretization function [40,
46]; a parabolic-sigmoid discretization function that results in
a slow response at low pressure levels, linear behaviour in the
middle levels, and a slow response at the high levels of the
pressure range [44]; a quadratic discretization function [32]
that allocates larger pressure ranges at the lower levels and
smaller pressure ranges at higher levels; a fisheye function
that provides a larger space around the position of interest in
the pressure space [47].

An alternative to discretizing pressure input is to map the raw
pressure space (non-discretized—referring to the fact that the
discrete pressure values reported by the sensor are not further
discretized) onto the task parameters. Each unit of pressure in
the raw pressure space controls an input parameter, whether it
be angular rotation, scalar, or other factor. Raw pressure input
is not easily controlled, however facilitates a larger number of
mappings.

[0305] We can also define a hybrid pressure space that is
composed of continuous and discrete pressure values. With
hybrid control, continuous pressure input can provide the user
with rapid access to a region of interest within the pressure
space while switching to discrete control allows finer granu-
larity and control over parameter values.

[0306] The design of PressureMove includes discrete, raw,
and hybrid pressure control techniques.

Visual Feedback

[0307] Kinesthetic feedback alone is insufficient for
adequately controlling pressure. Visual feedback is a domi-
nant characteristic of most closed-loop pressure based inter-
actions [32,40,44,46]. Different forms of Visual feedback for
pressure based input have been explored in Pressure Widgets
[46]. However, the Visual feedback in PressureMove is
inspired by the visual feedback mechanism used by Kit-
tenakare et al [34] and Ramos et al [46]. Since the design of
the visual feedback is intricately tied to the task, we de-scribe
the feedback designed for the task of simultaneously posi-
tioning and orienting an object. We expect that a similar form
of visual feedback can be easily adapted for other simulta-
neous control tasks.

[0308] A pressure cursor is used to provide appropriate
visual feedback. The default cursor is a solid triangular
shaped object (see FIG. 16(a)). When the user applies pres-
sure a proportion of this cursor gets highlighted relative to the
amount of pressure being applied as in FIGS. 16(5) and 16(c).
Visual feedback is always continuous, as this form of feed-
back has shown to enhance performance over non-continuous
visual feedback. Additionally, we redundantly encode pres-
sure amount to the aperture of the pressure cursor, i.e. the
higher the pressure value, the large the aperture of the cursor
(as is seen in the difference in size of the cursor in FIGS. 16(a)
and 16(b)).
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[0309] In the case where we used a hybrid pressure space
we used a two-step cursor as shown in FIGS. 16(d) and 16(e).
The head-triangle (the triangle that represents the head of the
cursor) represents the first pressure space the user can use
while the second triangle corresponds to the second pressure
space. In FIG. 16(d) the user is currently controlling the first
pressure space while in FIG. 16(e) the user is operating with
the second pressure space. In cases where multiple pressure
spaces are composed to form the technique, multiple triangles
can be concatenated. However, in our design we only used up
to two pressure spaces composed to form a single technique.

PressureMove Techniques

[0310] We describe four variations of PressureMove tech-
niques that can be created to manipulate mouse movement
and pressure input simultaneously. All pressure interaction
techniques used the thumb sensor to manipulate the param-
eter in one direction and the middle finger sensor to manipu-
late the parameter in the reverse direction.

PressureMove—Naive

[0311] As the name suggests this is a naive implementation
of'a simultaneous control technique. In this technique the raw
pressure values reported by the pressure sensor are mapped to
the object parameter controlled by pressure. FIG. 17(a) shows
the mapping function—the pressure range is mapped to the
complete range of the rotation parameter, i.e. 360° angle.
When the user increases pressure the object orientation
increases and when they release pressure the orientation
reverses i.e., if the initial direction of rotation is clockwise
then on releasing pressure the object change orientation in the
counter-clockwise direction. When the user releases the pres-
sure sensor the parameter value returns to the starting posi-
tion. To fix the value the user can left-click before releasing
pressure. When the user presses the thumb sensor the object
rotates clock-wise and the visual feedback is as shown in FIG.
16(b). When the user switches to the sensor located on the
middle finger the object rotates counter-clockwise.

PressureMove—Rate-based

[0312] In this technique each level of the discrete pressure
space maps to the speed of rotation of the object as shown in
FIG. 17(b). When the user maintains pressure at discrete level
1 the object rotates by 1° at each timer event. To move the
object faster the user moves higher up within the pressure
levels. At level n the object rotates at n degrees per timer
event. This mechanism provides the additional benefit of
maintaining a given orientation when the user releases the
pressure sensor, thus incorporating a clutching mechanism
that is not available with the naive technique. At discrete level
0 the user can tap the pressure sensor to nudge the object by I°
per tap. This gives the user additional fine control when
honing in on the target. This tapping was inspired from the
Tap-and-Refine technique in [32]. The visual feedback used
was the same as for the Naive implementation.

PressureMove—Hierarchical

[0313] PressureMove-Hierarchical allows users to control
rotation in two steps—a coarse-step and a fine-step. The
coarse and fine movement is controlled by a discrete pressure
map-ping. In the coarse-step moving to a pressure level 1
results in rotating the object by 24° (one step is 360°/15
levels=24°) and moving up successive levels rotated the
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object by 24° per level n (n C [0,15], n is the coarse-step
pressure level). Thus atany pressure level the object is rotated
by n*24°: while in the fine-step moving up each pressure level
rotates the object by 1° starting from n. The object rotates
fromn to n*24-15using one sensor and from nup ton*24+15
using the other sensor where n is the point in the coarse-
control when the user switches to fine-control. The user can
toggle between coarse- and fine-step by using the left click
button. FIG. 17(c) shows the pressure vs angle profile for this
technique. The dotted line at about 150° indicates the moment
at which the user moved from coarse to fine control using
left-click. FIGS. 16(d) and 2(e) show the visual feedback that
was provided to the user when using the thumb sensor (so
object rotates clockwise). The top triangle of the cursor
changes with pressure when the user is performing a coarse-
level action (as in FIG. 16(d)) and the bottom triangle changes
with pressure when the user if performing a fine-level action
(as in FIG. 16(e)).

PressureMove—Hybrid

[0314] Hybrid combines the simplicity available with
Naive with the fine control provided by Hierarchical. The
coarse-step of Hierarchical is replaced by the continuous
rotation control used in Naive (see the bottom left part of F1G.
17(d)). This enables the user to quickly rotate the object to
approximately the desired orientation and (b) then use finer
step control to perform a more precise orientation. The fine-
control step and the visual feedback mechanism worked
exactly as in Hierarchical.

Experiment

[0315] The goal of this experiment was to evaluate Pres-
sureMove as a viable concept for simultaneous control of
pressure input and mouse movement. We specifically evalu-
ated the four PressureMove techniques, to assess their
strengths and weaknesses, with a canonical task.

Task and Stimuli

[0316] The task, shown in FIG. 18, required the user to
reposition and reorient to a target location and orientation a
small object (100x100 pixels) which initially appeared
upright and in the left end of the screen. The target, of a
slightly larger size than the object appeared to the right of the
object. The size, the distance to the object and the orientation
of'the target were changed as part of the experimental design.
[0317] Users could see the object and the target before the
beginning of each trial. The trial began when the user moved
the cursor onto the object and pressed the left mouse-click.
The user repositioned and reoriented the object to the target
location using the different interaction techniques. When the
object position and orientation matched the target position
and orientation, the target bounding rectangle changed to a
green color. The user then had to maintain the matching
position and orientation for 1 second before the trial was
completed. We did this to prevent users from accidentally
matching the position and orientation. If the user moved the
object away from the matched position, the I second timer
was reset. The object position and orientation were consid-
ered to match those of the target if the difference in pixels and
orientation was within the target-fit parameter controlled as
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factor of the experiment. When the trial is completed the
target bounding rectangle briefly turns red and the next trial
loads.

Hardware Configuration and Techniques

[0318] Our study used an optical mouse with pressure sen-
sors mounted on its rim (FIG. 15). The sensors (model
#IESFR-5L from CUI Inc.) could measure a maximum pres-
sure value of 1.5 Ns. Each sensor provided 1024 pressure
levels. The application was developed in C# and the sensor
was controlled using the Phidgets library [41]. The experi-
ments were conducted in full-screen mode at 1280x800 pix-
els on a Intel T5600 1.83 GHz, Windows Vista OS. Two
sensors were mounted on the mouse such that they could be
easily accessed by the thumb or the middle finger (as shown
in FIG. 15). All pressure interaction techniques used the
thumb sensor to rotate the object clockwise and the middle
finger sensor to rotate the object counter clockwise.

[0319] For all the discrete pressure based techniques we
used the PressureFish discretization function [X] with 15
pressure levels. For the continuous pressure cases we only
used pressure values between 0 and 720 as previous research
has shown that users find it difficult to maintain pressures at
higher values.

Procedure and Design (115 page)

[0320] The study used a 5x2x3x2 within-participants fac-
torial design. The factors were:

[0321] Technique: Naive, Rate-based, Hierarchical,
Hybrid, Mouse-only. Distance: 500 pixels, 1100 pixels.

[0322] Orientation: 60, 135, 270.
[0323] Target Fit: tight, loose.
[0324] The order of presentation first controlled for tech-

nique and then for distance followed by orientation and tar-
get-fit. A tight target-fit meant that the users had to position
the center of the object within +4 pixels of the target center
and the object orientation has to be within +5 degrees of the
target orientation. In the case of loose target-fit these figures
were +12 pixels and 8 degrees respectively. We explained
the techniques and participants were given ample time to
practice the techniques at the beginning of the experiment.
The experiment consisted of three blocks with each block
comprising of two repetitions for each condition. With 5
techniques, 2 distances, 3 orientations, 2 target-fits, 3 blocks,
and 2 trials, the system recorded a total of (5x2x3x2x3x2)
360trials per participant. The experiment took approximately
60 minutes per participant.

Performance Measure and Participants

[0325] The experimental software recorded trial comple-
tion time, and number of crossings as dependent variables.
Trial completion time (MT) is defined as the total time taken
for the user to position and orient the object within the target.
The number of crossings (NC) is defined as the number of
times the object enters and leaves the target position or ori-
entation for a particular trial. Users were not able to proceed
to the next trial without successfully completing the task and
so there were no errors for the software to record. While MT
gives us an overall success rate, NC provides information
about the level of control achievable using each of the differ-
ent pressure control mechanisms. Participants were also
asked in an exit questionnaire to rank the different pressure
control techniques in terms of mental demand, physical
demand, effort, overall performance and frustration.

May 27, 2010

[0326] Thirteen participants (11 males and 2 females)
between the ages of 19 and 40 were recruited from a local
university. All participants had previous experience with
graphical interfaces and used the mouse in their right hand.
However, none of the participants had worked with a pressure
based input device before.

Results

[0327] We used the univariate ANOVA test with participant
number as a random factor and Tamhane post-hoc pair-wise
tests (unequal variances) for all our analyses.

Completion Time

[0328] The average trial completion time was 6.1 s with a
standard deviation of 4.9 s. Out of a total of 4680 trials 73
outliers (more than 3.5 standard deviations from the group
mean) were excluded from further analysis. There was a
significant effect of interaction technique (F(4,48)=11.15,
p<0.001), target-fit (F(1,m=102.9, p<0.001), distance (F(1,
12)=7.5, p<0.02), Orientation (F(2,24)=15.9, p<0.001) and
block-number (F(2,24)=43.4, p<0.001) on MT. FIG. 19
shows the mean trial completion time for each technique and
target-fit. Overall, Rate-based was the fastest technique fol-
lowed by Naive, Mouse, Hierarchical, and Hybrid.

[0329] Post-hoc analysis showed that all pairs were signifi-
cantly different except (Naive, Mouse), and (Mouse, Hierar-
chical). Block 3 was significantly faster than Block 2 which
was significantly faster than Block 1. Users were significantly
slower in completing the trials when the target-fit was tight (as
opposed to loose); when targets were farther (1100 pixels
followed by 500) and when the orientation of target was
greater (all combinations significantly different with 270
deg>135 deg>60 deg).

Crossings

[0330] The M R Hy Hi N average number of crossings per
trial across all conditions was 2.5 (standard error=0.048).
There was a significant effect of interaction technique (F(4,
48)=55.15, p<0.041), target-fit W(1,12)=68.1, p<0.001), dis-
tance (F(1,121=7.5, p<0.02), Orientation (F(2,24)=19.8,
p<0.001) and block-number (F(2,24)=13.7, p<0.001) on MT.
We found no effect of target distance on number of crossings.
FIG. 20(a) shows the mean crossings for each technique.
Overall Rate-based had the least number of crossings, fol-
lowed by Mouse, Hierarchical, Naive and Hybrid.

[0331] Post-hoc comparisons showed that there was a sig-
nificant difference between all pairs except the (Rate-based,
Mouse), (Mouse, Hierarchical) and (Naive, Hybrid). Block 3
had significantly fewer crossings (mean 2.1) than Block2
(mean 2.4) which in turn had significantly fewer crossings
than Block! (mean 2.9). Users had significantly fewer cross-
ings in the loose target-fit condition (mean 2.1) than in the
tight target-fit condition (mean 2.9). Users had significantly
fewer crossings when the target orientation was 270 deg
(mean=2) when compared to 60 deg (mean=2.7) or 135 deg
(mean=2.9). We found no statistical difference in number of
crossings between 60 and 135 deg.

Subjective Ranking

[0332] In terms of overall performance users ranked the
Mouse as the best technique followed by Rate-based, Hybrid,
Hierarchical and Naive. Anova test on the overall perfor-
mance revealed a significant difference in terms of user rank-
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ing between the different techniques (F(4,64)=16.6, p<0.
001). Post-hoc analysis did not reveal any significant
differences between (Mouse, Rate-based) and (Hierarchical,
Hybrid) pairs. But all other pairs were significantly different.

[0333] We found similar rank-ordering of the techniques in
terms of Overall Effort, Mental Demand, Physical Demand,
and Frustration (see FIG. 20(5)). In all cases Mouse was the
most preferred technique (least demanding and frustrating)
closely followed by Rate-based. The least-preferred tech-
nique was the Naive implementation. In all cases, Anova
showed significant difference in user ranking and post-hoc
analysis revealed no significant difference between the
(Mouse, Rate-based) pair and (Hierarchical, Hybrid) pairs
but all other pairs were significantly different.

Discussion

[0334]

[0335] As can be seen in FIG. 21, users were constantly
improving their performance over the three blocks for both
trial completion times (FIG. 21(a)) and number of crossings
(FIG.21(b)). The average MT in Block 3 was 5.0 s corn-pared
to 5.3 s for Block 2 and 6.1 s for Block 1. However, the
univeriate analysis we used in the previous section did not
reveal any significant interaction between technique and
block number for both MT and Crossings. Thus while users
continued to improve their performance over each block the
overall order of the different techniques did not change.
Observing improvement over blocks is in line with prior work
that suggests that with practice users are able to allocate better
control to the simultaneous operation of different input
dimensions of the task [38].

Performance Improved over Blocks

Effect of Orientation

[0336] The Hierarchical technique was more markedly
affected by the target orientation than the other techniques.
Especially when the target orientation was 270 deg, the aver-
age MT for Hierarchical was about 7.2 s compared to 5 s for
the other two orientations (see FIG. 22(a)). To select the target
at 270 deg orientation users often used the thumb sensor that
rotated the object clockwise. This meant that the user had to
maintain pressure at level 11 while selecting the left-click to
go to the fine level of control. As users found it difficult to
maintain pressure steadily at this level, they often lost the
level while trying to click requiring them to click again to
comeback to the coarse-level. Thisresulted in a large increase
in the number of clicks when the target orientation was 270
deg (see FIG. 22(b)).

[0337] However, when the target orientation was 135 deg,
users had to maintain pressure at level 5 which was in the
middle region of the entire pressure range making it easy for
users to maintain pressure at this level, resulting in markedly
smaller number of clicks and consequently faster trial
completion times. From FIG. 22(a) one can see that for the
target orientation of 135 deg Hierarchical was the fastest
technique with an average MT of 4.3 s compared to 4.5 s from
the next fastest technique—Rate-based.

[0338] Overall, while we believe we can explain users’
performance with the hierarchical technique, we are not sure
why users did not use the second sensor to rotate the object
counter-clockwise. Users were made aware of this option

May 27, 2010

during training and they often used the second sensor (with-
out hesitation) in the Rate-based and Naive techniques.

Simultaneous Control

[0339] As part of the experimental log we collected con-
tinuous data of mouse movement and pressure values for each
trial. FIG. 23 shows typical movement and pressure profiles
for the four pressure-based techniques. Each left-right pair is
distance and pressure profile for the same trial of a user.
However, each technique is from a different user, selected
randomly to highlight that the movement profiles shown in
the figures are stereotypical. In the left images when the
distance is not changing the user has positioned the object
near the target whereas the same interpretation is not true for
all pressure based techniques. The Rate-based technique
being a relative input technique, users don’t need to maintain
constant pressure to complete the task

[0340] We can see from the figure (FIGS. 23(a) and 23(5))
that the Naive implementation does not really encourage
simultaneous control of pressure and movement. Users use
the first second to complete positioning the object before
applying pressure to change orientation. We observe a similar
trend with the Hybrid technique.

[0341] Inthe case of the Hierarchical technique, users start
applying pressure about the same time that they start moving
(see FIGS. 23(e) and 23(f). But in the first part of their motion
(between 0 and 2 s) they mostly focus on moving the object to
the right location and then switch attention to orienting (be-
tween 2 and 4 s) the object.

[0342] But in the case of Rate-based technique, users start
applying pressure to change orientation at the same time as
they are moving the object to position it. In FIGS. 23(g) and
23(/) we see that in the first 2 s the user is both positioning the
object while at the same time as applying pressure. However,
unlike the Hierarchical technique, they have completed most
of the positioning and orienting within the first 2 s and
between 2 and 4 s they are merely fine-tuning the object. We
believe that the open-loop motion for both positioning and
orienting coincide making rate-based technique a powerful
PressureMove technique. However, we did not test this
hypothesis with our data.

[0343] We observed similar profiles across all users and
believe that PresssureMove technique that’s based on a rate-
based mapping encourages users to simultaneously control
both movement and pressure.

PressureMove—Rate-based

[0344] Our results, across all conditions show that Pres-
sureMove—Rate-based outperforms all other PressureMove
designs. Several unique properties of the rate-based tech-
nique con-tribute to its superior performance.

[0345] First, this technique is based on discrete pressure
control. Since each level of the discrete pressure space maps
onto the angular speed parameter, a high degree of control is
required to hold and maintain the pressure at given discrete
levels. This is facilitated by a small number of discrete pres-
sure levels and by the use of discrete fisheye function.
[0346] Additionally, since each pressure level is assigned
an angular velocity, pressure level 0 brings the rotating object
to a halt, at the last applied orientation. The implicit clutching
mechanism in the rate-based technique allows smaller close-
loop movements than the other techniques. Finally, the tech-
nique allows fine adjustments at level 0, by nudging the object
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by I° every tap. The fine grain control over angular displace-
ment and the fluidity of this technique facilitates a higher
degree of simultaneous control than any of the other systems.

[0347] Results similar to ours which show that rate-based
technique improves performance in certain types of input
devices, have been observed in 3D positioning tasks. Zhai
[50] points out that using isometric devices (such as a joy-
stick that self-centers) to operate in a position control mode
(or zero-order) results in poorer performance than when oper-
ating the device in a rate-based controller (or a first-order)
mode.

Applications

[0348] PressureMove can enhance the interactive perfor-
mance in a number of different applications. In all of the
following applications, the simultaneous control of more than
one input parameter would ease the task of the operator.
While we have not evaluated each of the PressureMove tech-
niques for these applications, we believe the Rate-based
implementation of PressureMove would offer improved per-
formance.

Zoomable User Interfaces

[0349] Zoomable user interfaces can largely benefit from
the simultaneous control of several parameters. In Zliding,
the user was given the ability to control scale and the resolu-
tion of the scale. In a similar manner PressureMove can
control various parameters by applying pressure to a scalar
value and movement to direction of the zooming operation.
For instance moving the mouse left or right could zoom in or
out respectively, while pressure would control the resolution
factor of the zooming operation. In terms of implementation,
the rate-based technique would change the resolution of the
zoom operation by one step at each level of angular velocity.
Similarly, a combined Pan+Zoom interface could be easily
implemented using PressureMove. For example on a map, the
mouse movement would pan the document while pressure
input zooms in or out. Seamless and integrated panning and
zooming has shown to improve performance over manipulat-
ing each dimension separately. Finally, in most ZUI imple-
mentations the center point of reference in the zoom interface
is defined by the position of the cursor or crosshair before
transitioning into the zoom. However with PressureMove, the
position of the cursor can be updated dynamically during
zoom transitions, thereby facilitating a larger degree of free-
dom in moving around a workspace while zooming. In all
these applications undoing or returning to a previous state is
easily achieved by using the additional pressure sensor.

Drawing Applications

[0350] Drawing applications facilitate a large number of
object positioning tasks with operations that involve rotating
elements, scaling and/or skewing. In these applications,
operations requiring coarse or approximate movements (such
as scaling or skewing an object) could be relegated to the
pressure input and precise positioning could be assigned to
the mouse movement. Two pressure sensors would be
required to undo operations, a feature that is currently part of
PressureMove. Furthermore, we PressureMove can be
adapted for object manipulation and positioning in 3D. CAD
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systems could utilize the pressure input dimension to rapidly
rotate the entire scene, thereby making accessible a different
aspect of the 3D drawing.

Pressure Menus

[0351] While in systems such as PressureMark where users
controlled a high or low pressure value, our results demon-
strate that with PressureMove users can control several inter-
mediary pressure levels during movement. This can be par-
ticularly useful for designing (as was done with Pressure-
Marks) an interactive menu in which different menu items are
triggered based on the pressure level invoked during move-
ment. Thus PressureMove could integrate fluid menu invoca-
tion with object selection as is done with techniques such as
zone and polygon[52] or marking[(G| menus or others similar
techniques developed for styluses.

Dynamic Control-Gain

[0352] PressureMove could be utilized to dynamically
manipulate control gain ratios. Such manipulation is particu-
larly useful on high resolution, large display interactions on
which users operate with fine and coarse resolution. While the
applications suggested earlier utilize pressure input for a task
independent of cursor movement, in this application users
would be controlling one task dimension with two input chan-
nels. We believe that novel design spaces and solutions can
result from investigating the use of PressureMove in such
environments.

Design Recommendations

[0353] There are several lessons that designers can take
from our investigation:

Pressure input can be appropriately integrated with mouse
movement, such that both dimensions are operated simulta-
neously. This should result in higher performance gains than
operating with either channel separately.

[0354] PressureMove—Rate-based should be the first and
preferred implementation of any PressureMove application.
The discrete pressure control, fine grain pressure mapping
and inherent clutching mechanisms in the rate-based tech-
niques are favorable properties that could be borrowed to
implement other variations of PressureMove for simulta-
neous pressure and movement control.

[0355] Allowing users to gain experience with Pressure-
Move is important and may be necessary in some cases, i.e.
any new implementation of a PressureMove technique should
not be discarded without first giving consideration to proper
training.

[0356] PressureMove is a novel technique that facilitates
the simultaneous control of various input parameters. We
de-signed PressureMove to specifically facilitate object rota-
tion with pressure input and object movement with the mouse
displacement. We designed and implemented four Pressure-
Move techniques, based on existing pressure-based interac-
tions [32,44]. Our PressureMove techniques cover the wide
spectrum of possibilities with pressure control and mouse
displacement mappings. In a study, the Rate-based Pressure-
Move technique, which maps pressure input to angular veloc-
ity allowed the maximum amount of simultaneous control of
pressure with mouse movement. Users were able to perform
a docking task more efficiently and with fewer crossing with
the rate-based implementation. We have demonstrated the
possibility of simultaneous control of pressure input and
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mouse movement. We believe other similar interactions
involving simultaneous pressure and movement are possible
and will enhance the interactive performance on tasks with
multiple input dimensions.

[0357] Pressure input has become a topic of significant
interest within the HCI community as researchers slowly gain
insight on how to harness the potential of pressure based
interaction. Researchers are devising new pressure-based
input devices [56,79], integrating pressure input into existing
devices [59,61] or are exploring the limitations to pressure
input [70, 73, 76-78]. To make this form of technology more
widespread and applicable in common interactive tasks,
researchers are producing a fair amount of knowledge on
some of the key aspects of pressure based input such as
identifying the number of pressure levels that are easily con-
trollable, the necessity for visual or haptic feed-back, or the
limitations to controlling pressure in a bidirectional manner.
Despite the significant progress in this area over the past few
years, a question that lingers concerns how to bring these
pressure sensing interactions closer to the average user’s daily
interactive activities.

[0358] Commercially, several input devices facilitate pres-
sure based interactions, such as with a stylus on a tablet PC.
However, pressure sensing interactions are not limited to
pen-based systems. Recently, Apple introduced the Mighty-
Mouse™ [72] that is equipped with two pressure sensing
buttons attached to the opposite sides of the outer rim of the
mouse. Integrating pressure buttons on a mouse as that
employed by the MightyMouse™ is analogous to adding
additional buttons to mice for managing multiple windows,
for scrolling documents or for enhancing gaming activities.
However, such enhancements can provide very limited inter-
action bandwidths as it can be difficult for a user to benefit
from the different buttons due to the ergonomics, the physical
space limitations of the mouse and the potential conflict that
may arise from placing the buttons in inappropriate locations
on the mouse.

[0359] Ideally, it has been suggested that pressure sensing
capabilities should be added to a device without significantly
changing a device’s form factor [79]. A potentially compel-
ling design that can seamlessly integrate pressure interaction
onto the mouse would consist of substituting or augmenting
the current primary left and right mouse buttons with pressure
buttons as in FIG. 24. If such a design were to be successful,
mouse designers could give users the freedom to select (click)
and trigger actions (double-click) as is currently carried out
with mouse buttons in addition to facilitating continuous
pressure control at the interface. This approach is similar to
that proposed by Zeleznik et al [83] in the pop-through
mouse. However the pop-through mouse only facilitates
interaction with three discrete states (soft click, hard click,
release) and as a result constitutes a limited form of pressure-
based input.

[0360] To facilitate an interchangeability of pressure sen-
sors with mouse buttons, at a minimum two primary and
fundamental features of a regular mouse button would need to
be replicated: selection and action invocation. Selection is
commonly performed by clicking while triggering an action
(such as opening a file or application) is handled by double-
clicking on the mouse button.

Related Literature

[0361] Wereview the literature in three related areas: pres-
sure-based interaction, input selection techniques and pres-
sure-based selection techniques.
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Pressure Based Interaction

[0362] Numerous studies have demonstrated the effective-
ness of, and have offered guidelines for working with pres-
sure based input.

[0363] A number of studies have investigated the design
space resulting from pressure based interaction with styluses
[70,76,78]. Pressure input with a stylus is captured by directly
applying a force on the tip of the stylus and orthogonal to the
surface of'a screen. In one study, Ramos etal. [76] approached
the design space by identifying the con-fines of interacting
with pressure widgets. Mizobuchi et al. [73] were interested
in studying the degree of accuracy that is achievable by con-
trolling pressure with a pen-based device. The results of these
investigations shows that pressure control is most effective
when the pressure space is divided into approximately 6x1
discrete pressure levels, when pressure control is kept under
3N and when a high degree of visual feedback accompanies
pressure based input [70,73,78,82]. Their results are prima-
rily applicable to the use of pressure based interaction with a
stylus and they did not investigate the implications of inter-
changing primary selection mechanisms on a stylus with
pressure sensors.

[0364] Inarecentstudy Ramosetal [77] designed pressure
marks, a fluid pressure-based input with pen strokes to com-
bine selections and actions at the interface. Pressure marks
are designed in such a manner that users can make a stroke
with varying levels of pressure to trigger an action. In a study,
pressure marks which allow users to specify selection and
action concurrently outperformed existing techniques that
require these operations to be performed in a sequential man-
ner.

[0365] Foroveradecade, isometric devices have used pres-
sure input as a method of controlling the user’s mouse cursor.
In such systems users decrease or increase the amount of
force on an isometric pointing nub to control the velocity of
the cursor. The PalmMouse™ [74] integrates isometric con-
trol into a mouse by allowing users to control cursor speed by
applying a slight amount of pressure to a navigation dome
which is placed on the top of the mouse. Isometric devices
map pressure input to the speed of the cursor and have not
been designed for substituting the selection mechanisms of
buttons on a mouse.

[0366] Touchpads that sense pressure are widespread input
devices in notebooks or portable music players. Researchers
have successfully integrated discrete mechanisms of selec-
tion and action with continuous pressure based input with
touchpads [79]. On a touchpad, users can perform a single tap
or double tap to trigger a selection or an action, respectively.
Additionally, with a touchpad, continuous pressure input is
used to for mapping various functions, such as scrolling.
Pressure sensing is utilized in a limited manner on touchpad
based input through which a user can control the document
scrolling rate by pressing onto the edge of the touchpad.
[0367] One recent development that has largely motivated
the re-search presented in this paper was the development of
apressure augment mouse [59]. Cechanowiczetal [59] inves-
tigated the possibility of facilitating pressure-based input by
augmenting a mouse with either one or two pressure sensors.
Such an augmentation allows users to control a large number
of input modes with minimal displacements of the mouse.
Cechanowicz et al [59] developed several pressure mode
selection mechanisms and showed that with two pressure
sensors users can control over 64 discrete pressure modes.
Their results also show that activating pressure sensors that
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are located near the mouse buttons or located for thumb input
are optimal placements for facilitating pressure input. How-
ever, Cechanowicz et al did not investigate the possibility of
facilitating all selection-based operations on pressure-aug-
mented mouse such as the mouse click and double-click.
[0368] Several other researchers have shown the potential
of'extending the pressure sensing capabilities of touchpads to
provide for a richer set of interactive capabilities. Blasko and
Feiner [56] proposed multiple pressure-sensitive strips by
segmenting a touchpad into different regions. They show that
pressure-sensitive strips do not require visual feedback and
users can control a large number of widgets using their fin-
gers. Rekimoto and Schwesig [79] propose a touchpad-based
pressure sensing device called PreSensell that recognizes
position, contact area and pressure of a user’s finger. Pre-
Sensell eliminates the need for visual feedback by providing
an amount of tactile feedback proportional to the amount of
pressure being applied onto the touchpad.

[0369] The left mouse button serves a vital purpose in a
GUI as it enables users to select an object through a single or
a double-click. To invoke a basic button click the user applies
sufficient pressure on the button beyond a fixed threshold.
Users get both aural and haptic feedback during the clicking
process. However with a mouse button user input is restricted
to a single or double-click. Here we investigate the benefits
and trade-offs of using pressure sensors for a mouse left-
button. While sensors lack any form of haptic or aural feed-
back mechanism, they are effective in allowing users to con-
trol a continuous range of pressure values thereby facilitating
a wide range of input. In a first study we compared the time it
takes the user to click with a pressure sensor in comparison to
the mouse button. Our results show that users can click as
effectively with a pressure button as with a regular mouse
button. In a follow-up study we compared two pressure sensor
based double-click strategies to the traditional button double-
click. We found that pressing on pressure sensors is an excel-
lent substitute to mouse double clicks. Overall, our results
suggest that buttons can be effectively replaced by pressure
sensors for actions that involve clicking and double clicking.
[0370] In this paper we introduce and evaluate several
potential designs for a mouse click with pressure sensors.
Results of the first study show that a single click can be
effectively replaced by a pressure click. Based on the results
of the first study we design several other pressure clicking
mechanisms to replace the mouse double-click. The results of
a second study show that a hard press with a pressure sensor
is more effective than a double click. The results overall open
up the potential of enhancing mouse buttons with pressure
sensors so that a wider range of input modes can be accessed
with one of the most commonly used input devices.

[0371] The main contributions of this paper are to: 1)
extend the potential of a mouse with pressure sensing input;
2) identity strategies for invoking mouse clicks with pressure
sensors; 3) identify possible design elements for replacing
current clicking mechanisms.

[0372] The idea of interacting using either continuous pres-
sure modes or discrete selection action modes with one pres-
sure sensing input mechanism, similar to that on touchpads
has inspired to a certain extent the development of the systems
presented here.

Input Selection Techniques

[0373] Pointing and selecting objects is considered to be a
primary and necessary operation for most common forms of
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interactions. If we consider pointing and selecting as two
separate processes, we can refer to pointing as the movement
of'a cursor starting at some initial position and ending on the
target, and selection as the initiation of a button click and
release. Some evidence suggests that selection alone (i.e.
button clicking) without pointing can consume a significant
amount of the total target selection time [57,68]. As a result,
enhancing the selection mechanisms on an input device can
lead to more efficient interactions. Most commonly available
input devices such as the mouse, the stylus or touch-screens
have witnessed several enhancements for replacing or
improving selection.

[0374] Onamouse, selection is achieved by clicking on one
of two or three primary buttons. Designers have proposed
several alternatives to button-clicking. Bohan and Chaparro
[57] compared a mouse-click to a dwell-to-click, or hover. In
their study Bohan and Chaparro found that a hover of 200 ms
provided a gain as high as 25% for task completion times in
comparison to a mouse button press and release [57]. The
GentleMouse™ [64] is a commercial product de-signed to
eliminate button clicks. With the GentleMouse™ users pause
(with a configurable time delay) the mouse cursor to initiate a
click. The delayed pause briefly displays a small, see-through
window or trigger window. By moving and pausing once
again the mouse cursor into the trigger window the user can
simulate a button click. The GentleMouse™ is being prima-
rily targeted to users with repetitive strain injuries given that
mouse-clicking has been found to accentuate disorders such
as carpal tunnel syndrome [62].

[0375] Touchpads are very common input devices on note-
books and provide an alternative to mice when working in
con-strained spaces. Touchpad implement the selection with
either a physical button or using a lift-and-tap technique.
MacKenzie and Oniszczak [71] devised a finger-pressing
technique with tactile feedback as an alternative to click and
lift-and-tap on a touch pad. In one study, MacKenzie and
Oniszczak [71] found that with the tactile selection users
were 46% faster than with a button click, and 20% compared
to the lift-and-tap.

[0376] On a stylus, users commonly invoke a selection by
directly tapping and then releasing the stylus over an object.
Since tapping does not reflect how people naturally use note-
pads, where writing and making checkmarks is common,
designers have developed an alternative referred to as touch-
ing [80]. Unlike tapping which requires that a pen touch a
screen and be lifted directly over the target to select it, touch
interactions only require that the target be touched at some
point. As a result, touching supports selecting targets by
crossing them, making checkmarks and even tapping. Results
show [68,80] that touching is a viable alternative to tapping
for completing selection, even for the elderly [HB]. Other
pen-based systems have shown that crossing targets can be
more effective than point and click selections [66]. With
CrossY [66] the pointing is eliminated and instead selection
happens in one fluid motion by crossing an object.

[0377] Touch screens are also very common and facilitate
one of the most natural forms of pointing and selecting, by
allowing users to select objects with a finger. Potter et al [75]
compared three selection mechanisms, take-off, first contact
and land-on. Take-off, allows the user to drag a cursor that
appears above the user’s finger tip and select an object by
taking off the finger from the touchsceen as the cursor appears
in a target. In first-contact the user can drag their finger across
an empty area of the touchscreen and selects an object by
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making contact with it. Land-on triggers selection the first
time the finger lands on the screen. Their results show that
users perform better with take-off than with first-contact or
land-on [75]. Albins son and Zhai [54] ex-tended the work of
[75] to design more accurate selection mechanisms on touch-
screens. However their research primarily focused on reduc-
ing pointing errors on touchsceens instead of final selection
mechanism.

Pressure-Based Selection Mechanisms

[0378] Researchers have proposed using pressure based
selection [55,61,71] as an alternative to button-clicking,
which we refer to as pressure-clicking. Pressure-clicking has
been pro-posed for the mouse [59,83], for touchpads [71], for
text-entry [61] and for multi-touch screens [55].

[0379] Several studies discuss the integration of a multi-
state pressure button to the mouse. Zeleznik et al. [83] pro-
posed an additional “pop-through” state to the mechanical
operation of the mouse button. As a result, users can move
beyond a simple click or double click by using a number of
techniques that take advantage of a soft-press and a hard-
press with a pop-through button, such as shortening/length-
ening adaptive menus, character instead of word selection
with text, or moving a scroll bar with finer instead of coarser
control. Forlines et al. [63] proposed an intermediary
“glimpse” state on a mouse-click to facilitate various editing
tasks. Glimpse can be activated using pressure-based selec-
tion. With glimpse users can preview the effects of their
editing without executing any commands. Multi-level input
can facilitate navigation, editing or selection tasks but utilizes
pressure input in a limited way.

On a Synaptics™ touchpad, MacKenzie and Oniszczak [71]
facilitate pressure-clicking by giving users aural and haptic
feedback on the touchpad when it is pressed and released. To
prevent spurious clicks, the transitions from clicking to
releasing (and vice-versa) include hysteresis, i.e. the pressure
level that maps to the button-down action is higher than the
pressure-level that maps to the button-up action. However the
authors in [71] do not provide the most appropriate pressure
levels to simulate the button clicks and instead suggest that
the correct thresholds must be determined empirically.

[0380] Pressure-clicking has also been employed as an
alternative to multi-tapping buttons on a cell-phone for text-
entry [61]. In such systems, only a limited number of pressure
levels (between 3 to 4) are necessary to enter text with each
key [61]. The authors in [61] present the possibility of con-
currently combining discrete and continuous pressure input
to perform such tasks as zooming or scrolling with large
workspaces.

[0381] Recently, a pseudo pressure-clicking technique,
SimPress, was implemented for facilitating precise selection
techniques for a multi-touch screen [55]. In a non-pressure
based input system, Benko et al [55] map changes in the
finger’s contact area to the changes in pressure. SimPress
requires users to perform a small rocking movement with
their finger from the point of contact to the wrist to simulate
a click. With such a mechanism, Benko et al [55] were able to
get fairly accurate selection rates on a touch-screen.

[0382] We designed PButtons to effectively simulate the
primary operation of selection and action invocation. Based
on the design framework suggested by [59] in designing a
pressure augmented mouse, the design necessitates careful
consideration to the placement of the sensors, the selection
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mechanisms, and the visual feedback In our design we also
wanted PButtons to provide a fluid transition from clicking to
continuous pressure control.

Selection Techniques with Pressure Buttons

[0383] We designed four pressure clicking techniques to
operate with pressure sensors: pressure click, pressure click
audio, pressure tap, pressure tap audio.

[0384] Pressure Click: This selection technique is designed
to replicate the operation of a mouse button click. Applying a
pressure Pdown the system invoked a mouse down event.
Releasing the pressure sensor after triggering a mouse down
invoked a mouse up when the pressure level attained a level
less than Pup. A pressure-timing graph in FIG. 25 depicts the
invocation of a mouse down and mouse up with a pressure
sensor and a button.

[0385] Pressure Click Audio: MacKenzie and Oniszczak
[53,71] suggest that aural feedback is essential to the closed-
loop feedback of clicking on a mouse button. In this selection
mode, the system would produce a ‘click’ sound when the
pressure threshold reached the mouse down and mouse up.
[0386] Pressure Tap: In this selection mode a click is reg-
istered if the user applies and releases pressure within a time
interval of T. Anything slower is not registered as a click.
Pressure tap was inspired from the continuous pressure selec-
tion technique referred to as tap-to-switch in [59]. FIG. 26
shows the invocation of a mouse click and release with pres-
sure tap. The entire click-and-release operation is considered
as one atomic unit. The click is triggered when the user is
capable of applying and then releasing a pressure of 2 units
within 150 ms. If the user is not able to apply and release the
required pressure within the specified time interval then the
system does not register a click.

[0387] Pressure Tap Audio: Pressure tap is missing tactile
and aural feedback and this led to the design of pressure tap
audio. mode, which plays a mouse down sound when pressure
is applied and a mouse up sound if a click is successfully
registered.

Visual Feedback

[0388] Based on guidelines from [70,73,78], feedback is a
necessary component for the proper functioning of pressure
input. Unlike mouse buttons, pressure sensors do not provide
any aural or tactile feedback upon being pressed or released.
This could adversely affect performance with pressure but-
tons.

[0389] Similar to many other studies, we provide visual
feedback with pressure buttons when the user has invoked a
mouse down and mouse up event. However, unlike the out-
come of previous results that suggest using continuous visual
feed-back (i.e. showing how the user gradually makes it
through the pressure space), pressure clicking relies on rapid
actions. As a result, PButtons cannot harness any additional
benefits from continuous visual feedback. PButtons simply
highlights the cursor in orange when the sensor is pressed
down and in green when released.

Action Techniques with Pressure Buttons

[0390] While selection is a necessary and primary function
of' mouse buttons, users can also invoke actions such as open-
ing a file or maximizing a window by double-clicking on a
mouse button. Based on the results of the first study, PButtons
implemented a double-click action registration mechanism.
We designed three action invocation techniques, pressure
double-click, pressure double-tap and pressure hardpress.
Pressure double-click triggered a double-click by implement-
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ing two pressure clicks followed closely by one another. The
time delay between the two pressure clicks is similar to the
delay required to register a double-click using a mouse but-
ton. In most systems this delay is configurable to match the
users motor capacities. Pressure double-tap triggered a
double-click by implementing two pressure taps followed
closely by one another. The time delay in between the two
pressure taps is equivalent to the delay assigned to the two
pressure clicks in the pressure double-click mechanism.
However, to register each pressure tap the user needs to per-
form the complete press and release action within 150 ms.
FIG. 27 depicts the hard-press and sensor double-click in a
pressure-time graph. Additional specific details on the
double-click mechanisms are provided in the section on
double-click mechanisms below in the paper.

Study of Single-Click Mechanisms

[0391] In order to examine the value of pressure sensors in
aiding selection we carried out a study to compare the various
techniques for single-click. The main goal ofthis study was to
two-fold, first to see if users can control pressure sensors as
buttons without audio feedback and if pressure-sensor based
selection techniques are at least as effective as physical but-
ton-click technique.

Apparatus and Method

[0392] Our study used an optical mouse with the pressure
sensor mounted onto the surface of the mouse button (FIG.
24). The sensor (model #IESF-R-5L. from CUI Inc.) could
measure a maximum pressure value of 1.5 Ns. Each sensor
provided 1024 pressure levels. Pressure sensors are mounted
on the top of each of the two primary mouse buttons. Users
could then click with the left or right finger to perform a
selection. Depending on the input mode the primary mouse
buttons were taped so that they could no longer be activated
by pressing on the sensors. In the condition when pressure
sensors were not tested they were removed from the mouse.

[0393] A known limitation of our study is that in compari-
son to the regular mouse buttons, the pressure buttons covered
a very minimal area or footprint (see FIG. 24). This means
that users might make contact with the pressure sensor with
the side of their index or ring finger, which could affect the
registered system pressure resulting in an error. As a result
users could take longer to potentially trigger a selection with
pressure buttons. This we believe is an artefact of our design
and professionally constructed pressure buttons could allevi-
ate this impediment.

[0394] The application was developed in C# and the sensor
was controlled using the Phidgets library [65]. The experi-
ment was conducted in full-screen mode at 1024768 pixels
on a P4 3.0 GHz Windows XP OS.

[0395] We used a selection task in which the participants
were asked to perform a single-click action when a rectangu-
lar square turned green. At the beginning of each trial a timer
counts-down to zero, when the square changes color from
White to Green the user is required to perform the single-click
action.

[0396] We provide a 3-second count-down timer to cue the
user so that they are prepared to do the action as quickly as
possible when the timer reaches zero. Since we are primarily
interested in recording motor-response times we felt this was
an effective way to minimize errors.
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[0397] The user did not have to move the cursor to perform
their task and they were instructed to avoid moving the cursor.
However cursor movement was not disabled to maintain a
task that would be more ecologically valid. During each trial
the user performed the selection action using the different
selection mechanisms according to the pre-defined order of
presentation.

Performance Measures

[0398] The experimental software recorded trial comple-
tion time, and errors as dependent variables. Trial completion
time (MT) is defined as the total time taken for the user to
perform the selection action from the time the square turned
green. The software records an error (E) when the participant
performed an action but did not complete the selection action.
For example, in the Pressure-Click mechanism this could
occur when the user does not press the pressure sensor hard
enough for the system to register a click. The trial ended only
when the user completed the selection action, so multiple
errors were possible for each trial. Participants were also
asked in an exit questionnaire to rank the different selection
techniques.

Procedure and Design

[0399] The study used a 2x5 within-participants factorial
design. The factors were:

Input Device Location: Left side (Index Finger), Right side
(Middle Finger). For the purposes of our study, we are testing
the location of the primary mouse button, usually controlled
with the index finger, and the location of the secondary mouse
button, usually controlled with the middle finger. These loca-
tions are important because they are the locations of the
majority of mouse clicking and mouse button usage.

Input Mode Button Click, Pressure Click, Pressure-Click
with Audio Feedback, Pressure-Tap, Pressure-Tap with
Audio Feedback.

[0400] Button click consisted of a single click with the
mouse button. In Pressure Click (with and without Audio) we
use a Pdown of 4 units (sensors collected a range of 1024
discrete pressure units) and a Pup or 2 pressure units. In the
audio feedback condition, users heard a ‘click’ sound when
both the Pdown and Pup levels were crossed. For Pressure Tap
(with and without Audio) we use a time interval T of 1 50 ms
and the same pressure levels as those used for the pressure
click condition. The major difference is that users are required
to cross both pressure thresholds within the time limit of 150
ms.

[0401] The order of presentation was first controlled for
input device location and then for input mode. We explained
the input modes and participants were given ample time to
practice the tasks with the various conditions at the beginning
of the experiment. The experiment consisted of three blocks
with each block consisting of twenty repetitions for each
condition.

[0402] Ten participants (4 males and 6 females) between
the ages of 19 and 25 were recruited from a local university.
All subjects had previous experience with graphical inter-
faces and used the mouse in their right hand.

[0403] With 10 participants, 2 device locations, 5 input
modes, 1 task, 3 blocks, and 20 trials, the system recorded a
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total of (10x2x5x1x3x20) 6000 trials. The experiment took
approximately 40 minutes per participant.

Results Completion Time

[0404] We used the univariate ANOVA test for our analy-
ses. To make the data conform to the homogeneity require-
ments for ANOVA we used a natural log transform on the
completion time and only included in our analysis trials that
were successfully completed. However, all the results are
presented on the original untransformed data. Results showed
no main effect of Input Mode and Location on trial comple-
tion time with F4,26=2.551 and F1,6=1.198 (p>0.05) respec-
tively. Users were on average faster when selecting with the
right location. Users were fastest with button-click followed
by pressure-tap, pressure-tap with audio, pressure-click with
audio and pressure-click. FIG. 28 (left) shows the mean
completion time for each mode grouped by location.

Errors and Subjective Feedback

[0405] Across all conditions there were a total of 272
errors. The distribution of errors is as shown in FIG. 28
(right). There were no errors with the button-click technique.
Seven of the ten subjects preferred button click while three
preferred pressure click with audio.

Discussion

[0406] We could not detect any difference in completion
time between the interaction modes. Our results show that
even though Button-click was the fastest selection technique,
the difference in selection time with Pressure tap was less
than 80 ms. As shown in FIG. 29, even though users press hard
with Pressure Tap (peak pressure value ranged from 100 to
300 units) users could in one quick action engage and disen-
gage interaction with the pressure sensor.

[0407] As mentioned earlier the footprint of the pressure
interaction techniques was smaller than the footprint of the
mouse buttons. This difference did not affect completion
times. During the trials users often rested their finger on the
sensor or the button to reduce device acquisition times. But to
execute the selection action they had to lift their finger and
reacquire the sensor. This sometimes resulted in errors as
users sometimes applied pressure at an angle using the side of
their finger. Where possible the experimenter noted these
errors manually and found that they accounted for 78 of the
total number of errors reported in FIG. 28 (right). If the
PButtons are professionally designed we believe this error-
rate would be much lower and could also increase the user’s
preference for this style of selection.

[0408] Based on our results, we believe that pressure sen-
sors can effectively replace mouse buttons for selection
actions.

Study of Double-Click Mechanisms

[0409] The results of the first study show that pressure
clicking is a viable alternative to mouse clicks. However, the
main goal of this study was to see if users can use pressure-
sensors for double-click actions. The experimental apparatus
and task were similar to those used in the previous study. The
only change is the users is required to perform a double-click
action instead of a single-click action.

[0410] The study used a within-participants factorial
design with the Double-click mechanism as the independent
variable.
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[0411] Input Mechanism: Button Click, Pressure Click,
Pressure Tap, HardPress and HardPress with audio Feedback.
Button click simply consisted of the conventional double-
click with the mouse button. Pressure click consisted of two
consecutive clicks with the pressure sensor. No time-out
delay was used between the two clicks. The pressure value for
a down click (Pdown) was 4 units and for a release (Pup) was
2 units. Pressure tap required users to only apply a pressure of
P=2 units and release within 150 ms, rather than at P=4 units.
The HardPress required that each user press beyond a certain
activation level, but only once. The major difference between
HardPress and the other clicking techniques was that the user
only needed to press once instead of twice. Since we did not
find any significant difference between the conditions with
and without audio for Pressure click and Tap in the single-
click condition we did not include audio-feedback enhanced
versions of these techniques in this study. This also helped us
keep the study to a more manageable number of independent
factors.

[0412] Ten participants (5 males and 5 females) between
the ages of 19 and 25 were recruited from a local university.
All subjects had previous experience with graphical inter-
faces and used the mouse in their right hand. The order of
pres-entation was controlled for input mechanism.

[0413] With 10 participants, 5 input modes, 1 task, 3
blocks, and 20 trials, the system recorded a total of (10x5x
1x3x%20) 3000 trials. The experiment took approximately 20
minutes per participant.

[0414] As with the previous study, the experimental soft-
ware re-corded trial completion time, and errors as dependent
variables. Participants were also asked in an exit question-
naire to rank the different selection techniques.

Results
Completion Time and Errors

[0415] We used the univariate ANOVA test and Tamhane
post-hoc pair-wise tests (unequal variances) for all our analy-
ses. To make the data conform to the homogeneity require-
ments for ANOVA we used a natural-log transform on the
completion time. Results showed main effect of mode (p<0.
01) on trial completion time with F4,29=40. 19.

Post-hoc pair-wise comparisons of Input mode yielded sig-
nificant differences (all p<0.01) in trial completion times for
all pairs except HardPress, HardPress with Audio and Pres-
sure Click and Pressure Tap. Users were fastest with Hard-
Press followed by HardPress with Audio, Button Press, Pres-
sure Tap and Pressure Click. FIG. 30 (left) shows the mean
completion time for each mode. There were in total 147 errors
across all conditions for all trials. The distribution of errors is
as shown in FIG. 30 (right). As with the previous study, a large
number of the errors in the second study resulted from the
form factor and foot-print of the pressure sensors.

Subjective Feedback

[0416] In terms of overall preference users were split
between the techniques as shown in FIG. 31 (left) and there
was no clear trend. However, approximately 80% of the users
preferred some form of pressure clicking mechanism over
button click. Surprisingly, none of the subjects preferred
HardPress with Audio.

Discussion

[0417] We carried out two independent experiments; one
for single-click and the other for double-click. Despite some
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of the hardware limitations of PButtons, the results of the first
study shows that Pressure click and Pressure tap are as good
as physical buttons for basic interactions such as clicking. In
the second study we found that users were significantly faster
when using HardPress for double-click and we found no
difference between any of the single pressure clicking tech-
niques. Overall the results of both studies show that PButtons
is a potential alternative to mouse clicking and double-click-
ing. In this section we further discuss our observations from
the studies. We also present several natural extensions that
can be implemented to make PButtons an accessible tool for
general users and present a brief list of design recommenda-
tions to designers.

Observations on Design of PButtons

[0418] Several design elements of PButtons have shown to
cause a direct effect on the effectiveness of replacing mouse
buttons with pressure sensing input.

Lack of Continuous Feedback

[0419] The feedback component of any closed-loop inter-
action is crucial to the proper functioning of an interactive
system. Inthe case of button clicking, users are given auditory
and haptic feedback. Surprisingly, our results did not show
any benefits to effects of auditory feedback. This is particu-
larly interesting given that pressure sensing hardware does
not provide any accurate form of feedback on its own. Studies
have suggested that at a minimum continuous visual feed-
back is necessary for the successfully operation of pressure
based input. However, given the small reaction times that
were observed, PButtons cannot take full advantage of con-
tinuous visual feedback to indicate whether the interaction
has arrived at the adequate threshold for triggering a pressure
click or HardPress. One possible alternative would be to
include some form of feedback onto the mouse cursor to
suggest then adequate thresholds have been attained.

Double-Click Timeouts

[0420] Aninfluencing factor in double click performanceis
the double-click timeout. The timeout that is inherent in
double-clicking is important for distinguishing a double click
from two independent single clicks. In the traditional mouse
button users can customize and calibrate the timeout value to
optimize their method of operating a double-click. In the case
of PButtons, Pressure click and Pressure tap techniques also
rely on this timeout to distinguish a double-click from inde-
pendent single-clicks. However, in our second study we
deliberately did not impose any double-click timeouts for any
of the interaction techniques. We had an infinite timeout so
that we could gauge the average time-outs for different inter-
action techniques. FIG. 31 (right) shows the average delays
for Button click, Pressure Click and Pressure Tap.

[0421] Hardpress does not rely on this timeout to distin-
guish the two. In Hardpress, users only need to cross a pres-
sure level to activate double-click. However, we noticed that
the threshold value for a pressure-level varied across users. In
our experiments users performed about 10 practice trials
before starting the experimental trails. We used the values
from the practice trials to determine the adequate pressure
units that would be necessary to activate a HardPress. In our
study users were initiating a HardPress within a thresh-old
that ranged from 65 to 185 pressure units. We envision that in
anactual implementation of PButtons, users will be able to set
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the HardPressure threshold in a manner similar to double-
click timeouts as is currently performed in the Windows™
operating system.

PButtons Footprint

[0422] Observing users operate with pressure sensors we
noticed that a large number of errors resulted from improperly
positioning the finger on the pressure button. This adversely
had an impact on performance as users would ‘miss’ the ideal
pressure spot on the sensor. To alleviate this problem, a newer
design that considers providing an equal amount of ‘foot-
print’ as that used for regular mouse buttons would improve
pressure selection efficiency. This design alternative could
also facilitate a feedback mechanism similar to mouse but-
tons.

Natural Extensions to PButtons

[0423] The design of PButtons proposed in this paper pre-
sents the possibility of performing a diverse range of opera-
tions with a mouse. In this section we briefly discuss three out
of several possible natural extensions to PButtons that would
make this concept a viable alternative to current methods of
selection: pop-through pressure buttons, contextual interac-
tion, and coverage of other basic transactions according to
Buxton’s three-state model [58]

Pop-Through Pressure Button

[0424] The limitations identified by observing the small
footprint of the pressure button, led to the idea of possibly
installing a sensor under the mouse button. This variation is
very similar to the pop-through mouse that allows three states
[83] but with the additional benefit of being able to access a
larger number of modes or pressure values. The new pop-
through pressure button design would facilitate single clicks
with the mouse button. Users can then simulate a double-click
using a HardPress mechanism by further applying pressure
onto the pop-through pressure mouse. This pop-through setup
would give users the flexibility to choose pressure interaction
or button-based interaction. By pressing further onto the
mouse, beyond the double-click activation level, the user can
control a large amount of modes in the pressure space. We
inferred that if a pop-through pressure button design is pos-
sible, then a large number of interactive features can be asso-
ciated with a single pressure sensor.

[0425] To identify whether such a concept is even possible
in the first place, we tested the pop-through pressure button
concept by delegating the single click to the mouse button and
the double click to the hard press. This assignment of func-
tions (i.e. single click with a mouse button, and double click
with pressure button) would lead naturally into the possibility
of opening or accessing contextual menus beyond the Hard-
Press activation levels. We were also interested in identifying
whether performance values with a pop-through setup would
be as good as those obtained in study 1 and study 2. Neither of
the two studies investigated the mechanism of moving seam-
lessly from a discrete to a more continuous mode of selection.
We carried out a pilot study to examine the possibility of
going between through multiple forms of selection.

[0426] Results from this initial pilot are positive in suggest-
ing that a pop-through pressure button is possible and can
facilitate seamless movement between different modes of
interaction. The mean time for HardPress was approximately
150 ms more than for a button single click however the mean
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time for a button double click was about 250 ms more than for
button single click. These times are comparable to the aver-
ages reported for study 1 and 2 and we believe it is possible to
incorporate the pressure sensors under the button to facilitate
natural progressing from discrete to continuous selection and
without affecting performance.

From Clicking to Invoking Contextual Pressure Menus

[0427] Inthesecond study we did not use an upper pressure
threshold for HardPress. Therefore, regardless of how hard
users press the sensor, as long as they crossed the Hard-Press
threshold the system activated a double click. This is useful in
many current applications where users only use the left mouse
button for single or double click actions. However, with pres-
sure sensors users can also activate context menus in other
applications like Paint or Word.

[0428] For HardPress to serve as a traditional button and to
sup-port context sensitive pressure menus or other similar
continuous pressure interactions HardPress should include an
upper pressure threshold. When the user applies a pressure
that is beyond a certain pressure value the system can then
enter into a continuous pressure interaction mode. This would
surmount to making the first pressure level correspond to a
double click in a multi-level pressure interaction space. In
[59] the authors several present techniques that could be
adapted to make HardPress effectively control up to 64 pres-
sure levels. HardPress proposed in this paper would work in
conjunction with the techniques proposed in [59] since the
pressure values used in HardPress appear in the lower pres-
sure range (65-185). This allows designers to user the upper
range of pressure values (>185 pressure units) for continuous
pressure-based interaction. According to [59] this upper
range is sufficient to control a large number of pressure levels.

Extending PButtons to Facilitate Basic Interactions

[0429] According to Buxton’s three state model interac-
tions with input devices can be modeled by three basic states:
out-of-range (state 1), tracking (state 2) and dragging (state
3). When we consider the state transitions for positioning,
single click, double click, dragging and clutching, we observe
that, with the exception of dragging, all the other operations
start at state 1 and return to state 1 (FIG. 32). These can all be
handled with the current selection mechanisms. However,
dragging necessitates remaining in state 2 and then returning
to state 1 only when the drag operation is completed and the
mouse button is released.

[0430] To model dragging with pressure sensors, PButtons
would need to devise mechanisms to maintain the device in
state 2. Although many designs are possible and would need
to be investigated, we propose two alternatives: 1) Pressure
Click&Hold; and 2) PressureLock. With Pressure
Click&Hold the user would apply pressure beyond the cur-
rent activation levels required for a HardPress. This would
result in a switch to state 2 which could be maintained for as
long as the user maintains pressure on the sensor. However,
fine control over pressure levels can be challenging and Pres-
sureLock might be an easier alternative. Pressure-Lock
would work similar to ClickLock that is available on most
Windows XP™ based mice. Similar to ClickLock (which can
be configured in the Control Panel in MSWindows™), Pres-
sureLLock would allow users to drag and drop items without
having to keep the pressure sensor held down while moving
the mouse. Once turned on, the user has to dwell on the
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pressure sensor for a brief period when selecting an item to
move. Afterwards, the user can release the mouse and drag the
item. By tapping on the sensor the item would drop to its
destination.

Design Recommendations

[0431] There are several lessons that designers can take
from our experiments:

[0432] Pressure buttons can be used as a replacement to
mouse buttons to facilitate discrete and continuous selection
mechanisms;

[0433] Pressure values in the lower range of the pressure
space are adequate for simulating single or double mouse
click functions;

[0434] To improve accuracy, the footprint of the pressure
buttons needs to be equivalent to that of mouse buttons;
[0435] A technique based on the principles of the Hard-
Press should be used to simulate a double-click mechanism;
[0436] Seamless progressing from click, to double-click to
controlling a wide range of pressure values is possible with a
design similar to the pop-through pressure button.

[0437] We investigated the design and evaluation of pres-
sure based interaction techniques for selection and action
invocation. Pressure sensors can potentially be used instead
of'the left- and right-click buttons to perform basic single and
double-click operations while at the same time allowing con-
tinuous pressure input for more complex applications. We
overcame some of the limitations in pressure sensors associ-
ated with the lack of haptic and aural feedback to design a
suite of techniques like Pressure Click, Pressure Tap and
HardPress which we collectively call PButtons. In two user
studies that compare PButtons with traditional mouse buttons
we show that PButtons are as good as traditional buttons for
single click and HardPress is significantly faster than tradi-
tional button for double-click.

[0438] In this study we only explored the performance of
PButtons in terms of time and accuracy. In future we plan to
evaluate the affect sensitivity of PButtons using the Self-
Assessment Manikin. We also intend to carefully examine the
design of PButtons that support a more seamless transition
from clicks to continuous pressure interaction. To do this we
would need to design compelling applications that can lever-
age all these features. Some examples of such applications
have already been proposed by others [61,78].

[0439] Since various modifications can be made in my
invention as herein above described, and many apparently
widely different embodiments of same made within the spirit
and scope of the claims without department from such spirit
and scope, it is intended that all matter contained in the
accompanying specification shall be interpreted as illustrative
only and not in a limiting sense.
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1. An input device for an electronic device comprising:

a housing;

electronic circuitry in the housing arranged to detect user

inputs and generate control signals corresponding to
said user inputs to be transmitted to the electronic
device;

the electronic circuitry comprising:

a first switch arranged to generate a first control signal
when depressed by the user;

a second switch arranged to generate a second control
signal when depressed by the user;

at least the second switch comprising a pressure sensi-
tive switch arranged to generate continuous pressure
values in at least two different identifiable discrete
pressure ranges corresponding to different pressures
being applied by the user in depressing the pressure
sensitive switch.

2-8. (canceled)

9. The input device according to claim 1, for an electronic
device comprising a plurality of sequential selection items
arranged in a plurality of groups, wherein the pressure sensi-
tive switch is arranged to generate an advancing control signal
arranged to advance selection of one group through the plu-
rality of groups when the pressure sensitive switch is momen-
tarily depressed and wherein the discrete pressure ranges are
arranged to correspond to the selection items of the selected
group when continuous pressure is applied to the pressure
sensitive switch for selecting one of the selection items within
the selected group.

10. The input device according to claim 9 wherein the
electronic circuitry comprises two pressure sensitive
switches, the pressure sensitive switches being arranged to
generate an advancing control signal arranged to advance
selection of one group through the plurality of groups when
the pressure sensitive switch is momentarily depressed in
opposing directions relative to one another and wherein the
discrete pressure ranges of each pressure sensitive switch are
arranged to correspond to the selection items of the selected
group when continuous pressure is applied to the pressure
sensitive switch for selecting one of the selection items within
the selected group.

11. (canceled)

12. (canceled)

13. The input device according to claim 1 for use with an
electronic device including a plurality of sequential selection
items to be selected in a range from a first selection item to a
last selection item, wherein both the first switch and the
second switch comprise a pressure sensitive switch arranged
to generate continuous pressure values in at least two differ-
ent identifiable discrete pressure ranges corresponding to dif-
ferent pressures being applied by the user in depressing the
pressure sensitive switch, each discrete pressure range of at
least one of the pressure sensitive switches corresponding to
one of the selection items whereby increasing pressure
applied to said at least one pressure sensitive switch advances
the selection item being selected towards the last selection
item and reducing pressure applied to said at least one pres-
sure sensitive switch returns the selection item being selected
towards the first selection item.

14. The input device according to claim 1 for an electronic
device comprising a plurality of sequential selection items
arranged in a plurality of groups, wherein both the first switch
and the second switch comprise a pressure sensitive switch
arranged to generate continuous pressure values in at least

May 27, 2010

two different identifiable discrete pressure ranges corre-
sponding to different pressures being applied by the user in
depressing the pressure sensitive switch and wherein at least
one of the pressure sensitive switches is arranged to generate
an advancing control signal arranged to advance selection of
one groups through the plurality of groups when the pressure
sensitive switch is momentarily depressed and wherein the
discrete pressure ranges of said at least one of the pressure
sensitive switches are arranged to correspond to the selection
items of the selected group when continuous pressure is
applied to the pressure sensitive switch for selecting one of
the selection items within the selected group.

15. The input device according to claim 14 wherein the two
pressure sensitive switches are arranged to generate respec-
tive advancing control signals arranged to advance selection
of one group through the plurality of groups in opposing
directions relative to one another when the pressure sensitive
switches are momentarily depressed and wherein the discrete
pressure ranges of each pressure sensitive switch are arranged
to correspond to the selection items of the selected group
when continuous pressure is applied to the pressure sensitive
switch for selecting one of the selection items within the
selected group.

16. The input device according to claim 1 for use with an
electronic device including a plurality of sequential selection
items to be selected in a range from a first selection item to a
last selection item, wherein both the first switch and the
second switch comprise a pressure sensitive switch arranged
to generate continuous pressure values in at least two differ-
ent identifiable discrete pressure ranges corresponding to dif-
ferent pressures being applied by the user in depressing the
pressure sensitive switch, each discrete pressure range of at
least one of the pressure sensitive switches corresponding to
one of the selection items whereby increasing pressure
applied to said at least one of pressure sensitive switches
advances the selection item being selected towards the last
selection item and reducing pressure applied to said at least
one of the pressure sensitive switches returns the selection
item being selected towards the first selection item.

17. The input device according to claim 1, for an electronic
device comprising a plurality of sequential selection items
arranged in a plurality of groups, wherein the first switch is
arranged to generate an advancing control signal arranged to
advance selection of one group through the plurality of
groups when the first switch is momentarily depressed and
wherein the discrete pressure ranges of the pressure sensitive
switch are arranged to correspond to the selection items of the
selected group when continuous pressure is applied to the
pressure sensitive switch for selecting one of the selection
items within the selected group.

18. The input device according to claim 17 wherein both
the first switch and the second switch comprise pressure
sensitive switches.

19. The input device according to claim 18 wherein each of
the two pressure sensitive switches comprises 8 or fewer
discrete pressure ranges.

20. The input device according to claim 1 for an electronic
device comprising a plurality of sequential selection items
arranged in cascading levels, wherein both the first switch and
the second switch comprise a pressure sensitive switch
arranged to generate continuous pressure values in at least
two different identifiable discrete pressure ranges corre-
sponding to different pressures being applied by the user in
depressing, the pressure sensitive switch, the discrete pres-
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sure ranges of the pressure sensitive switches being arranged
to correspond to the selection items of alternating cascading
levels when continuous pressure is applied to the pressure
sensitive switch for selecting one of the selection items within
a selected level, and wherein switching applied pressure
between the two pressure switches is arranged to generate a
control signal which confirms entry to the electronic device of
the selected item within each level.

21. The input device according to claim 1 wherein both the
first switch and the second switch comprise a pressure sensi-
tive switch arranged to generate continuous pressure values in
at least two different identifiable discrete pressure ranges
corresponding to different pressures being applied by the user
in depressing the pressure sensitive switch and wherein there
is provided a third switch comprising a two state button.

22-25. (canceled)

26. The input device according to claim 1 wherein the
pressure sensitive switch is arranged to distinguish among
pressure values in discrete pressure ranges corresponding to
different pressures being applied by the user by dividing the
entire range of pressure values into discrete units with a
discretization function and wherein the discretization func-
tion is a quadratic function given by the following equation,

(2= 1)]

y =floo 2

where X is the raw pressure value from the pressure switch, I
is the number of pressure ranges, and R is the total number of
raw pressure values.

27. The input device according to claim 1 wherein the
pressure sensitive switch is arranged to distinguish among
pressure values in discrete pressure ranges corresponding to
different pressures being applied by the user by dividing the
entire range of pressure values into discrete units with a
discretization function and wherein the discretization func-
tion arranged to divide the range of pressure values into
discrete pressure units such that a currently selected one of the
discrete pressure units is arranged to be larger between
respective upper and lower pressure value limits than remain-
ing non-selected discrete pressure units.

28. The input device according to claim 1 wherein the
pressure sensitive switch is arranged to distinguish among
pressure values in discrete pressure ranges corresponding to
different pressures being applied by the user by dividing the
entire range of pressure values into discrete units with a
discretization function and wherein the discretization func-
tion is a fisheye function given by the following equation,

- -1 R-
ﬂOO{WJ_Fl xsp_Ror
y= R-r -1

where X is the raw pressure value from the pressure switch, I
is the number of pressure ranges, r is the fisheye radius, and R
is the total number of raw pressure values.

29. The input device according to claim 1 wherein the
electronic circuitry includes a tracking mechanism arranged
to track movement of the housing relative to a supporting
surface and wherein the pressure switch and the tracking
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mechanism are arranged to controllably vary two different
variable functions simultaneously.

30. The input device according to claim 1 wherein the
pressure switch is operable in a first mode in which a variable
function associated with the pressure switch is arranged to be
varied in a first direction responsive to increased pressure
applied to the switch and a second mode in which the variable
function is arranged to be varied in a second direction oppo-
site to the first direction responsive to increased pressure
applied to the switch.

31. The input device according to claim 1 for an electronic
device comprising a selection function and an action initia-
tion function wherein the pressure switch is arranged to gen-
erate a first signal responsive to a first user interaction and a
second signal responsive to a second user interaction, the
pressure switch being arranged to generate a selection signal
responsive to the first and second signals being generated in
which the selection signal is identifiable as a selection by the
selection function of the electronic device.

32-34. (canceled)

35. An input device for an electronic device comprising:

a housing;

electronic circuitry in the housing arranged to detect user

inputs and generate control signals corresponding to
said user inputs to be transmitted to the electronic
device;
the electronic circuitry comprising a pressure switch
arranged to generate a control signal when depressed by
the user comprising continuous pressure values in at
least two different identifiable discrete pressure ranges
corresponding to different pressures being applied by
the user in depressing the pressure sensitive switch;

the pressure sensitive switch being arranged to distinguish
among pressure values in discrete pressure ranges cor-
responding to different pressures being applied by the
user by dividing the entire range of pressure values into
discrete units with a discretization function;

wherein the discretization function is arranged to divide the

range of pressure values into discrete pressure units such
that a currently selected one of the discrete pressure
units is arranged to be larger between respective upper
and lower pressure value limits than remaining non-
selected discrete pressure units.

36-41. (canceled)

42. In an input device for an electronic device comprising
a pressure sensitive switch arranged to generate continuous
pressure values over a range of pressure values to be trans-
mitted to the electronic device, the improvement comprising:

a discretization function arranged to divide the range of

pressure values into discrete pressure units according to
the following equation:

- -1 R-
ﬂoo{w]+l x>r— !
y= R-r -1

where x is the raw pressure value from the pressure switch,
11is the number of pressure ranges, r is the fisheye radius,
and R is the total number of raw pressure values.
43-69. (canceled)



