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1 Introduction: What’s an input device anyway?

Input to computers consists of sensed information about physical properties (such as
position, velocity, temperature, or pressure) of people, places, or things. For example, the
computer mouse senses the motion imparted by the user’s hand. But using an “input
device” isamultifaceted experience that encompasses all of the following:
* The physical sensor: On mechanica mice, thistypically consists of arolling ball
and optical encoder mechanism.
» Feedback to the user: For the mouse, feedback includes the visible cursor on the
display, aswell as the“clicking” sound and the tactile feel of the mouse buttons.
» Ergonomic and industrial design: This may include color, shape, texture, and the
number and placement of buttons.
* Interaction techniques: Interaction techniques are the hardware and software

elements that together provide away for the user to accomplish atask. This



includes details of how sensor datais filtered and interpreted, the use of buttonsto
support selection and dragging, and input/output constructs such as scroll bars.
A poor design in any of these areas can lead to usability problems, so it isimportant to

consider all of these aspects when designing or evaluating input to a computer system.

This chapter emphasizes continuous input sensors and their use in applications, but also
includes a brief section on text entry. The chapter discusses important questions to ask
about input technologies, techniques to effectively use input signalsin applications, and
models and theories that can be used to evaluate interaction techniques as well asto

reason about design options.

2 Understanding Input Technologies

A designer who understands input technologies and the task requirements of users can
choose input devices with properties that match all of the user’ s tasks as well as possible.

But what are some of the important properties of input devices?

2.1 Pointing Device Properties

On the surface, the variety of pointing devicesis bewildering. Fortunately thereisa
limited set of properties shared by many devices. These properties help a designer know
what to ask about a device and anticipate potential problems. We will first consider these

device propertiesin general, and then follow up with specific examples of common input



devices and how these properties apply to them. See the reviews of Buxton (1995c),

Jacob (1996), MacK enzie (1995), and Greenstein (1997) for further discussion.

Resolution and Accuracy: The resolution of a sensor describes how many unique units of
measure can be addressed. High resolution does not necessarily imply high accuracy,

however, which is why you should aways ask about both.

Sampling Rate and Latency: The sampling rate, measured in Hertz (Hz), indicates how
often asampleis collected from a device. Latency (lag) is the delay between the onset of
sampling and the resulting feedback to the user. It isimpossible to completey eliminate
latency from a system, and minimizing it can be difficult (Liang, Shaw & Green, 1991).
Latency of more than about 75-100 milliseconds harms user performance for many

interactive tasks (Robertson, Card & Mackinlay, 1989; MacKenzie & Ware, 1993).

Noise, Aliasing, and Nonlinearity: Electrical or mechanical imperfectionsin adevice can
add noise to asignal. Aliasing resulting from an inadequate sampling rate may cause
rapid signal changes to be missed, just as a spinning wheel appears to stop or rotate
backwards to the naked eye. Due to physical limitations, a sensor may exhibit an unequal

response across its sensing range, known as nonlinearity.

Absolute vs. Relative: Does the device sense only relative changes to its position, or isthe
absolute value known? With absolute devices, the nulling problem arises if the position

of aphysical intermediary (e.g. aslider on amixing console) is not in agreement with a



value set in the software, which can occur if the slider is used to control more than one
variable. This problem cannot occur with relative devices, but time may be wasted
clutching the device: if the mouse reaches the edge of the mouse pad, the user must pick

up the mouse, move it, and put it back down in a comfortable position on the pad.

Control-to-Display Ratio: Thisistheratio of the distance moved by an input device to
the distance moved on the display, aso known as C: D gain. Experts have criticized the
concept of gain because it confounds what should be two measurements, device size and
display size, in one arbitrary metric (Accot & Zhai, 2001; MacKenzie, 1995). The
common belief that there is an optimal setting for the C:D gain is aso controversid
(Accot et d., 2001), since gain often exhibits little or no effect in experiments (Jellinek &
Card, 1990), and further because faster performance may be offset by higher error rates

(MacKenzie, 1995).

Physical Property Sensed: The type of physical property sensed by most pointing devices
can be classified as position, motion, or force. This determines the type of transfer

function that is most appropriate for the device (see Section 5.1).

Number of Dimensions: A device that senses position, for example, might be a one-

dimensional dlider, a 2D pointer, or even a 3D position tracker.

Direct vs. Indirect: On direct devices, the display surface is also the input surface.

Examples include touchscreens, handheld devices with pen input, and light pens. All



other devices areindirect. Indirect devices often involve a mechanical intermediary that
can easily become lost or moving parts that are subject to damage, which is one reason

that touchscreens are popular for high volume applications such as shopping mall kiosks.

Metrics of effectiveness. Various other criteria can distinguish devices, including pointing
speed and accuracy, error rates, device acquisition time (time to pick up and put down the
device), learning time, footprint (how much space the device occupies), user preference,

and cost (Card, Mackinlay & Robertson, 1990).

2.1.1 Taxonomies of Input Devices

Buxton classifies continuous, manually operated input devices by the property sensed
versus the number of dimensions (Buxton, 1995b). Other device properties can be
enumerated and organized into a decision tree that shows design choices along
classification dimensions (Lipscomb & Pique, 1993). The taxonomy of Card, Mackinlay
and Robertson (1991) includes composition operators, allowing description of interaction

techniques and combination devices such as a radio with multiple buttons and knobs.

2.2 A Brief Tour of Pointing Devices

Often the term “mouse” is applied to any device that is capable of producing cursor
motion, but what really is the difference between a mouse and a touchscreen, for
example? Indeed, most operating systems treat input devices uniformly as virtual devices,

so one might be tempted to believe that pointing devices are completely interchangeable.



As suggested above, however, the details of what the input device senses, how it is held,
the presence or absence of buttons, and many other properties can significantly impact
the interaction techniques, and hence the end-user tasks, that a device can support
effectively. The following tour discusses important properties to keep in mind for several
common pointing devices. See aso Bill Buxton’s Directory Of Sources For Input

Technologies for a comprehensive list of devices on the market (Buxton, 2001).

Mice: Douglas Englebart and colleagues (English, Englebart & Berman, 1967) invented
the mouse in 1967 at the Stanford Research Institute. The long endurance of the mouse
stands out in an era where technol ogies have become obsolete like last year’ s fashions,
but the mouse is still in use because its properties match the demands of desktop
graphical interfaces (Balakrishnan, Baudel, Kurtenbach & Fitzmaurice, 1997a). For
typical pointing tasks on a computer, one can point with the mouse about as well as with
the hand itself (Card, English & Burr, 1978). Furthermore, the mouseis stable: unlike a
stylus used on atablet, the mouse does not fall over when released, saving the user the
time of picking it up again later. The mouse aso doesn’t tend to move when you press a
button, and the muscle tension required to press the button has minimal interference with
cursor motion compared to other devices. Finally, with mice, all of the muscle groups of
the hand, wrist, arm, and shoulder contribute to pointing. This combination of muscle
groups allows high performance for both rapid, coarse movements and slow, precise

movements (Zhai, Milgram & Buxton, 1996; Guiard, 1987).



Trackballs: A trackball is essentially a mechanical mouse that has been turned upside-
down. Since the trackball rollsin place, it stays at afixed place and has a small working
space (footprint). A trackball can also be mounted for use on an angled working surface.
The buttons are located to the side of the ball, which can make them awkward to reach

and hold whilerolling the ball.

|sometric Joysticks: An isometric joystick (such asthe IBM Trackpoint) is aforce-
sensing joystick that returns to center when released. |sometric joysticks require
significant practice to achieve expert cursor control, but when integrated with a keyboard,
it takes less time compared to the mouse for the user to acquire the joystick while typing,
or to return to typing after pointing (Rutledge, 1990). However, this reduction in
acquisition timeis usually not enough to overcome the longer pointing time for the
isometric joystick (Douglas & Mithal, 1994). Because isometric joysticks can have atiny

footprint, they are often used when spaceis at a premium.

| sotonic Joysticks: Isotonic joysticks sense the angle of deflection of the joystick, so most
isotonic joysticks move from their center position. By contrast many isometric joysticks
are stiff, with little or no “give’ to provide the user feedback of how he or she is moving
the joystick. Some hybrid designs blur the distinctions between the two types of
joysticks, but the main questions to ask are: does the joystick sense force or angular
deflection; does the stick return to center (zero value) when released; and does the stick

move from the starting position. See also Lipscomb et a. (1993).



Tablets: Tablets (known variously as touch tablets, graphics tablets, or digitizing tablets)
sense the absol ute position of a pointing device on the tablet. Tablets might be used with
the bare finger, astylus, or a puck®. Tablets can operate in absolute mode, where thereis
afixed C:D gain between the tablet surface and the display, or in relative mode, where
the tablet responds only to motion of the stylus. If the user touches the stylus to the tablet
in relative mode, the cursor resumes motion from its previous position; in absolute mode,
it would jump to the new position. Absolute mode is generally preferable for tasks such
as drawing, handwriting, tracing, or digitizing, but relative mode may be preferable for
typical desktop interaction tasks such as selecting icons or navigating through menus.
Indeed, tablets can operate in either mode, allowing coverage of awide range of tasks,

whereas devices like mice and trackballs can only operate in relative mode.

Touchpads: Touchpads are small touch-sensitive tablets commonly used on laptop
computers. Touchpads typically respond in relative mode, because of the small size of the
pad. Most touchpads support an absolute mode to allow Asian language input or
signature acquisition, for example, but for these uses make sure the touchpad can sense
contact from a stylus (and not just the bare finger). Touchpads often support clicking by
recognizing tapping or double-tapping gestures, but accidental contact (or loss of contact)

can erroneoudly trigger such gestures (MacKenzie & Oniszczak, 1998).

! A puck isamouse that is used on atablet — the primary difference is that a puck usually senses absolute

position, while a mouse senses motion only.



Touchscreens: Touchscreens are transparent touch-sensitive tablets mounted on a display.
Parallax error is amismatch between the sensed finger position and the apparent finger
position due to viewing angle and displacement between the sensing and display surfaces.
Check the transmissivity of atouchscreen, asit may reduce the luminance and contrast
ratio of the display. Depending on the mounting angle, touchscreens may result in arm
fatigue. Also, when the user drags afinger across the screen, this must either move the
cursor, or drag on object on the screen; it cannot do both because there is no separation
between the two actions (Buxton, 1990b). Finally, offset the selected position to be
visible above the fingertip, and present new information in an area of the screen unlikely

to be occluded by the user’ s hand. See also Sears et al. (1991).

Pen Input Devices. The issues noted above for touchscreens also apply to pen input on
handheld devices. Furthermore, users often want to touch the screen using a bare finger
aswell as using the stylus, so commonly used commands should be large enough to
accommodate this. Keep in mind that there is no true equivaent of the mouse “hover”
state for calling up tool tips, nor isthere any extra button for context menus. See aso

Chapter 32, Designing Interfaces for Handheld Computers.

Alternative Pointing Devices. For disabled use, or tasks where the user’ s hands may be
occupied, standard pointing devices may be unsatisfactory. Some aternatives, roughly
ordered from most the practical solutions with current technology to the most preliminary

solutions still in the research labs, include the following:



Software Aids. Because people are so resourceful and adaptable, modification of
system software through screen magnification, sticky modifier keys, and other
such techniques can often enable access to technology.

Feet for input. Foot-operated devices can provide effective pointing control
(Pearson & Weiser, 1988); input using the knee is also possible (English et al.,
1967). Foot switches and rocker pedals are useful for specifying modes or
controlling secondary values (Sellen, Kurtenbach & Buxton, 1992; Balakrishnan,
Fitzmaurice, Kurtenbach & Singh, 1999).

Head Tracking: It is possible to track the position and orientation of the user’s
head, but unfortunately, the neck muscles offer low bandwidth cursor control
compared to the hands. Head tracking is a natural choice for viewpoint control in
virtual environments (Sutherland, 1968; Brooks, 1988).

Eye Tracking: Eye tracking has several human factors and technology limitations.
The human eye fixates visua targets within the fovea, which fundamentally limits
the accuracy of eye gaze tracking to 1 degree of the field of view (Zhai, Morimoto
& Ihde, 1999). The eye jumps around constantly, moving rapidly in saccades
between brief fixation points, so a high sampling rate and intelligent filtering is
necessary to make sense of eye tracking data. If one uses eye gaze to execute
commands, the Midas touch problem results, because the user cannot glance at a
command without activating it (Jacob, 1991). Combining manual input and eye
tracking offers another approach (Zhai et al., 1999).

Direct Brain Interfacing. In some cases, direct access to the brain offers the only

hope for communication. Electrodes have been surgically implanted in the motor
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cortex of human patients; signal processing of the data alows imagined hand
movements to move a cursor on the screen (Moore, Kennedy, Mynatt & Mankoff,
2001). Clinical trials of this approach are currently extremely limited.
See also Interaction Issues for Diverse Users (Chapters 20-26), speech recognition
technologies as discussed in Chapters 8, 14, and 36, and alternative devices listed by

Buxton (2001).

2.3 Input Device States

The integration of buttons with devices to support clicking and dragging may seem
trivial, but failing to recognize these fundamental states of input devices can lead to
design problems. The three-state model (Buxton, 1990b) enumerates the states
recognized by commonly available input devices: Tracking (State 1), Dragging (State 2),
and Out of Range (State 0), as shown in Fig. 1. The 3-state model is useful to specify

exactly what an input device can do in relation to the demands of interaction techniques.

State | Description

0 Out Of Range: The deviceisnot inits physical tracking range.
1 Tracking: Moving the device causes the tracking symbol to move.
2 Dragging: Allows one to move objects in the interface.

Fig. 1 Summary of states in Buxton’s 3-state model.

For example, Fig. 2 compares the states supported by a mouse to those supported by a

touchpad. A mouse operates in the Tracking state, or in the Dragging state (when one
11



moves the mouse while holding the primary mouse button), but it cannot sense the Out
Of Range state: it does not report an event if it islifted. A touchpad also senses two
states, but they are not the same two states as the mouse. A touchpad senses a Tracking
state (the cursor moves while one’ s finger is on the pad) and an Out Of Range state (the

pad senses when the finger is removed).

Touch Button Down
Release Button Up

Fig. 2 State models for a touchpad (left) and a standard mouse (right).

The continuous values that an input device senses also may depend on these states
(Hinckley, Czerwinski & Sinclair, 1998). For example, the (X, y) position of one's finger
is sensed while it contacts a touchpad, but nothing is sensed once the finger breaks
contact. Thus the touchpad has a single state where it senses a position, whereas the
mouse has two states where it senses motion; any interaction technique that requires

sensing motion in two different states will require special treatment on a touchpad.

3 What’san Input Device For? The Composition of User Tasks

12



Input devices are used to complete elemental tasks on a computer. One way of reasoning

about input devices and interaction techniques isto view the device or technique in light

of the tasks that it can express. But what sort of tasks are there?

3.1 Elemental tasks

While computers can support many activities, at the input level some sub-tasks appear

repeatedly in graphical user interfaces, such as pointing at atarget on the screen, or

typing a character. Foley, Wallace, and Chan (1984) propose that all user interface

transactions are composed of the following six elemental tasks:

Sect: Indicating object(s) from a set of alternatives.

Position: Specifying a position within arange, such as a screen coordinate.
Orient: Specifying arotation, such as an angle, or the three-dimensiona
orientation of an object in avirtual environment.

Path: Specifying a series of positions or orientations over time, such as drawing a
freehand curve in apaint program.

Quantify: Specifying asingle numeric value.

Text: Specifying symbolic data such as a sequence of characters.

If acomputer system allows the user to accomplish all six of these elemental tasks, then

in principle the user can use the system to accomplish any computer-based task.

13



3.2 Compound Tasks and Chunking

While elemental tasks are useful to find commonalities between input devices and
different ways of accomplishing the same task on different systems, the level of analysis
at which one specifies “elemental” tasksis not well defined. For example, a mouse can
indicate an integral (X, y) position on the screen, but an Etch-a-Sketch separates

positioning into two sub-tasks by providing a single knob for x and a single knob for y.

If positioning is an elemental task, why do we find ourselves subdividing this task for
some devices but not others? What if we are working with three-dimensional computer
graphics where a Position requires an (X, Y, z) coordinate? One way to resolve this puzzle
isto view all tasks as hierarchies of sub-tasks (Fig. 3). Observe that whether or not a task
is“elemental” depends on the input device being used: the Etch-a-Sketch supports
separate QuantifyX and QuantifyY tasks, whereas the mouse supports a single compound

2D Position task (Buxton, 1986).

1D Position 2D Position 3D Position

/N

QuantifyX QuantifyX  QuantifyY QuantifyX QuantifyY QuantifyZ

Fig. 3 Task hierarchies for 1D, 2D, and 3D position tasks.
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From the user’ s perspective, a series of elemental tasks often seemslike asingle task. For
example, scrolling aweb page to click on alink could be conceived as an elemental 1D
positioning task followed by a 2D selection task, or, it can be viewed as a compound
navigation / selection task (Buxton & Myers, 1986). One can design the interaction so
that it encourages the user to work at the higher level of the compound task, such as
scrolling with one hand while pointing to the link with the other hand. Thisis known as

chunking.

These examples show that the choice of device influences the level at which the user is
required to think about the individual actions that must be performed to achieve agoal.
Thisisavery important point. The appropriate choice and design of input devices and
interaction techniques can help to structure the interface such that there is a more direct
match between the user’ s tasks and the low-level syntax of the individual actions that
must be performed to achieve those tasks. In short, the design of the system has a direct

influence on the steps of the workflow that must be exposed to the user (Buxton, 1986).

3.2.1 Multi-Channel Input Devices

Because many user tasks represent parts of larger compound tasks, it is sometimes
desirable to provide a multi-channel input device, which provides multiple controlson a
single device (Zhai, Smith & Selker, 1997). For example, many mice include dedicated

scrolling devices such as wheels, isometric joysticks, or touchpads. One advantage of

15



such devicesis that they eliminate the need to remove visual attention from one' s work,

asis necessary when moving the cursor to interact with standard scroll bars.

3.2.2 Multiple Degree-of-Freedom Input Devices

Multiple degree-of-freedom (Multi-DOF) devices sense multiple dimensions of spatial
position or orientation, unlike multi-channel devices, which provide extrainput
dimensions as separate controls. Examples include mice that can sense when they are
rotated or tilted (Kurtenbach, Fitzmaurice, Baudel & Buxton, 1997; Balakrishnan et al.,
1997a; Hinckley, Sinclair, Hanson, Szeliski & Conway, 1999) and magnetic trackers that
sense six degree-of-freedom motion (3D position and 3D orientation). Numerous
interaction techniques have been proposed to allow standard 2D pointing devices to
control 3D positioning or orientation tasks (Conner et al., 1992). Such techniques may be
less effective for 3D input tasks than well-designed Multi-DOF input techniques (Ware,
1990; Balakrishnan et al., 1997a; Hinckley, Tullio, Pausch, Proffitt & Kassell, 1997).
However, 3D input devices can be ineffective for many standard desktop tasks, so overall
performance for all tasks must be considered. See (Hinckley, Pausch, Goble & Kassell,
1994b) and (Zhai, 1998) for further discussion of 3D input techniques. See aso Chapter

31, Virtual Environments and Augmented Realities.

3.2.3 Bimanua Input

Peopl e use both hands to accomplish most real-world tasks (Guiard, 1987), but with

computers, there is very little use of the nonpreferred hand for tasks other than typing.
16



Bimanual input enables compound input tasks such as navigation / selection where the
user can scroll with the nonpreferred hand while using the mouse in the preferred hand
(Buxton et al., 1986). This assignment of roles to the hands corresponds to atheory of
bimanual action proposed by Guiard (Guiard, 1987), which suggests that the
nonpreferred hand sets a frame of reference (scrolling to alocation in the document) for
the more precise actions of the preferred hand (selecting an item within the page using
the mouse). Other applications for bimanual input include command selection with the
nonpreferred hand (Bier, Stone, Pier, Buxton & DeRose, 1993; Kabbash, Buxton &
Sellen, 1994), drawing programs (Kurtenbach et al., 1997), and virtual camera control
and 3D manipulation (Hinckley, Pausch, Proffitt & Kassell, 1998; Balakrishnan &

Kurtenbach, 1999c).

3.2.4 Gesture Input Techniques

With mouse input, or preferably pen input, users can draw simple gestures analogous to
proofreader’ s marks to issue commands, such as scribbling over aword to deleteit. Note
that the gesture integrates the command (delete) and the selection of the object to delete.
Another example is moving a paragraph by circling it and drawing alineto its new
location. Thisintegrates the verb, object, and indirect object of the command by selecting
the command, selecting the extent of text to move, and selecting the location to move the
text [Buxton, 1995 #97]. A design tradeoff is whether to treat a gesture as content (*“ink”)
or recognize it immediately as acommand. With careful design, the approaches can be

combined (Kramer, 1994; Moran, Chiu & van Méelle, 1997). Marking menus use simple
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straight-line gestures to speed menu selection (Kurtenbach, Sellen & Buxton, 1993).
Multimodal Input (Chapter 14) combines speech input with pen gestures. Future
interfaces may use sensors to recognize whole-hand gestures (Baudel & Beaudouin-
Lafon, 1993) or movements of physical tools, such as handheld computers (Hinckley,

Pierce, Sinclair & Horvitz, 2000; Bartlett, 2000).

Gesture input has technical challenges and limitations. A pragmatic difficulty isto
recognize the gesture, using techniques such as the Rubine classifier (Rubine, 1991). As
the number of gestures increases, recognition becomes more difficult, and it is harder for
the user to learn, remember, and correctly articul ate each gesture, which together limit the

number of commands that can be supported (Zeleznik, Herndon & Hughes, 1996).

4 Evaluation and Analysis of Input Devices

In addition to genera usability engineering techniques (see Chapters 55-59), there are a

number of techniques specifically tailored to the study of input devices.

4.1 Representative Tasks for Pointing Devices

To test an input device, it is useful to see how the device performs in awide range of
tasks that represent actions users may perform with the device. Some examples are listed
below (see also Buxton, 1995c). These tasks are appropriate for quick, informal studies,

or they can be formalized for quantitative experiments.
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Target acquisition: The user clicks back and forth between targets on the screen. Vary the
distance between the targets and the size of the targets. This can be formalized using

Fitts Law (Fitts, 1954; MacKenzie, 1992a), as discussed in section 4.3.

Seering: The user moves the cursor through atunnel. Typicaly circular and straight-line
tunnels are used; vary the length, width, and direction of travel. This task can be modeled

using the Steering Law (Accot & Zhai, 1997); see section 4.4.

Pursuit tracking: The user follows arandomly moving target with the cursor. Average
root-mean-squared (RMS) error quantifies the performance. See (Zhai, Buxton &

Milgram, 1994) for an example of this type of study.

Freehand drawing: Try signing your name in different sizes (Buxton, 1995b) or rapidly

drawing a series of XOXO'’s, for example.

Drawing lines. Draw abox and seeif it is easy to get the ends of the strokes to line up

with one another. Also try adiamond and a box dlightly off-axis (rotated 5 degrees).

Tracing and digitizing: Some tablets can digitize coordinates from paper drawings or

maps. The accuracy and linearity of the device, particularly when the pointer is sensed

through different types of materials that the user may need to digitize, should be tested.
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Rapid or slow motion: Does the device respond quickly and accurately when rapidly
moving back and forth or in circles? Can one hold the device still to bring up tool tips?

Look for signs of jitter when slowing to select avery tiny target.

Clicking, double clicking, and dragging: Does the device support each effectively? One
should also consider the placement of the buttons. Are they awkward to reach or hold
while moving the device? Does hitting the buttons cause unintended cursor motion? Are

any of them easy to hit by mistake?

4.2 Ergonomic Issues for Input Devices

Many modern information workers suffer from repetitive strain injury (RSI). Researchers
have identified many risk factors for such injuries, such as working under stress or taking
inadequate rest breaks (Putz-Anderson, 1988). Some themes that encourage ergonomic
device design (Pekelney & Chu, 1995) are listed below. See also section 7.3 for a brief
discussion of ergonomic keyboards, and Chapter 19, Workstation Design and HCI, for a
full treatment of thisimportant topic. Example ergonomic design themes include:

* Reduce Repetition by using one-step instead of multiple-step operations, or by
providing alternative means (e.g. keyboard shortcuts) to accomplish tasks.

* Minimize Forcerequired for dynamic load to hold and move the device, aswell as
static load required to hold down a button. Also, avoid sharp edges that might put
pressure on the soft tissues of the hand.

* Natural and Neutral Postures: The device should accommodate a range of hand

sizes, and should not restrict hand motion. Design for the optimal direction of
20



movement for the finger, hand, or arm used to operate the device. Devices should
be held with anatural, sight flexion of fingers, straight or slight extension and
ulnar deviation of the wrist, and slight pronation of the wrist (Rempel, Bach,
Gordon & Tal, 1998; Keir, Back & Rempel, 1999).

* Cuesfor Use: Devices should communicate a clear orientation for grip and

motion to discourage inappropriate grips that may lead to problems.

4.3 Fitts Law: A Design, Engineering, and Research Tool

Fitts Law (Fitts, 1954) is an experimental paradigm that has been widely applied to the
comparison and optimization of pointing devices. Fitts' Law is used to measure how
effectively a pointing device can acquire targets on the screen, summarized as the
bandwidth of the input device. Industry practitioners consider even a’5% difference in
bandwidth to be important. See MacKenzie (1992a, 1992b), and Douglas, Kirkpatrick &

MacKenzie (1999) for details of conducting such studies.

431 WhatisFitts Law?

Fitts Law wasfirst described by Paul Fittsin 1954. The law as Fitts envisioned it had
foundations in information theory, although psychomotor interpretations have also been
suggested (Douglas & Mithal, 1997). Fitts conducted an experiment where participants
were asked to use a stylus to rapidly tap back and forth between two metal plates, while

missing the plates as infrequently as possible. Fitts measured the movement time MT
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between the two plates, while varying the amplitude A of the movement, as well asthe

width Wof the error tolerance (Fig. 4).

Amplitude A

A
v

+«—> S S
Width W Width W

Fig. 4 Fitts’ task paradigm

Fitts discovered that the average movement timeis predicted by alogarithmic function of
theratio of A to W. The formulation of Fitts' Law typically used in device studiesis:

Ml = a + b log( AW+ 1) (Equation 1)
Here MT isthe movement time, A isthe amplitude of the movement, and Wis the width of
the target that must be selected. The constants a and b are coefficientsfit to the average
of the observed datafor MT for each combination of A and Wtested in the experiment.
One calculatesa and b by the normal techniques of linear regression, using a statistical
package or spreadsheet program. In typical rapid, aimed movement studies, it is not
unusual to see Fitts' Law model the mean observed movement times with more than 85%
of al variance explained by Equation 1. For example experimental data, see MacKenzie

(19923, 1992b).

The Fitts Index of Difficulty (ID), measured in units of bits, is defined as:
22



ID = | og2(AY W+ 1) (Equation 2)
The Index of Difficulty isthe key concept of Fitts' Law, asit describes movesin the task
space using a single abstract metric of difficulty. The ID balances the intuitions that far
movements should take more time than short ones, while pointing to small targets should
take longer than large ones. Note that the units of A and W cancel out, sotheID is
dimensionless. It is arbitrarily assigned the units of bits because of the base 2 logarithm.
By substitution of the ID, Fitts' Law (Equation 1) often appears in the literature as:

MI=a+ b ID (Equation 3)

The Index of Performance (IP), measured in bits/second, quantifies the bandwidth of a
pointing device. In the information-theoretic view of Fitts' Law, the IP captures the rate
of information transfer through the human-computer interface, defined as:

P = MI/ID (Equation 4)
Dropping the constant offset a from Equation 3 and dividing MT by ID, the IP can also
be calculated as:

IP =1/b (Equation 5)
When “bandwidth,” “throughput,” or IP is mentioned in experimental studies, this
guantity istypicaly the inverse slope as calculated by Equation 5. Comparing the ratio of
IP'sisagood way to make comparisons across Fitts' Law studies (MacKenzie, 1992a).
Although Equation 5 is normally reported as the 1P, Equation 4 is sometimes used to
calculate an IP for an individual experimental condition, or even an individual pointing

movement, where a“regression line” is nonsensical.
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A final quantity known as the effective width is sometimes used to account for both speed
and accuracy of performancein Fitts' Law studies. The effective width is the target width
that would be required to statistically correct the subject’ s performance to a constant 4%
error rate (MacKenzie, 1992a), using the standard deviation ¢ of endpoint coordinates
around the target. For each combination of A and W tested in an experiment, the effective
width W, for that condition is calculated as:

W=4.133 ¢ (Equation 6)
One then recalculates the Index of Difficulty by substituting We for W in Equation 3,
yielding an effective ID (IDg). Thisresults in an effective Index of Performance (1Pe) in

eguation 5. The I P, thus incorporates both speed and accuracy of performance.

4.3.2 Applications of Fitts' Law

Fitts Law wasfirst applied to the study of input devices by Card, English, and Burr
(1978), and since then it has evolved into a precise specification for device evaluations
published by the International Standards Organization (1SO). Strictly speaking, Fitts
Law, as specified in Equation 1, only deals with one-dimensiona motion. The law can be
extended to two-dimensional targets by taking the target width W as the extent of the
target along the direction of travel (MacKenzie & Buxton, 1992). The approach angle can
also have some effect on target acquisition. The SO standard uses circular targets and a
movement pattern analogous to the spokes of awheel to keep the width W constant while

averaging performance over many different approach angles (Douglas et a., 1999).
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Fitts' Law has been found to apply across a remarkably diverse set of task conditions,
including rate-controlled input devices (MacKenzie, 1992a), area cursors (Kabbash &
Butxon, 1995), and even when pointing under a microscope (Langolf & Chaffin, 1976).

A few important results for input devices are summarized below.

Tracking versus Dragging States. Experiments have shown that some devices exhibit
much worse performance when used in the dragging state than in the tracking state

(MacKenzie, Sellen & Buxton, 1991). It isimportant to evaluate a device in both states.

Bandwidth of Limb Segments: Different muscle groups exhibit different peak
performance bandwidths. The general ordering is fingers > wrist > upper arm, although
much depends on the exact combination of muscle groups used, the direction of
movement, and the amplitude of movement (Balakrishnan & MacKenzie, 1997b; Langolf
et a., 1976). For example, using the thumb and index finger together has higher
bandwidth than the index finger alone (Balakrishnan et al., 1997b). A device that alows
fine fingertip manipulationsis said to afford a precision grasp, like holding a pencil, as
opposed to a power grasp, such asthe grip used to hold a suitcase handle (Mackenzie &

Iberall, 1994, Zhai et a., 1996).

Effects of Lag: Fitts Law can be adapted to predict performance in the presence of system
latency (MacKenzie et a., 1993), yielding aform of the law as follows:

MI=a + (b +c LAGID (Equation 7)
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C:D gain: Fitts Law predicts that gain should have no effect on performance (Jellinek et
al., 1990), since for any constant gain g, the ratio gA/ gW = A/ W which does not
change the ID (Equation 2). However, this scale-invariant prediction is only valid within

limits (Guiard, 2001; Accot et a., 2001).

Scrolling and Multi-scale navigation: The effectiveness of scrolling techniques varies
depending on how far, and how precisely, one must scroll in adocument, a problem
which can be formulated as a Fitts' Law study (Hinckley & Cutrell, 2001). See Guiard,

Buourgeois, Mottet & Beaudouin-Lafon (2001) for Fitts' Law in multi-scale interfaces.

4.4  Other Metrics and Models of Input
We have emphasized Fitts' Law research because it has found such wide influence and
application. But Fitts' Law only deals with the elemental action of pointing. To go

beyond pointing, other models are needed.

Seering Law: Steering a cursor through a narrow tunnel, as required to navigate a pull-
down menu, is not a Fitts task because the cursor must stay within the tunnel at all times.
For astraight line tunnel of width W and length A, for example, the Steering law predicts
that the movement timeis alinear function of A and W:

MI=a+b AW (Equation 8)
For acircular tunnel with the center of the tunnel at radius R, the Steering Law becomes:

MI = a + b 2tR'W (Equation 9)
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See (Accot et al., 1997) for discussion of the Steering law with arbitrary curved paths, as
well as using the Steering Law to predict instantaneous velocity. Also note that the

Steering Law only models successful completion of the task; errors are not considered.

Keystroke-Level Model (KLM): The KLM model predicts expert performance of
computer tasks (Card, Moran & Newell, 1980). One counts the elemental inputs required
to complete the task, including keystrokes, homing times to acquire input devices, pauses
for mental preparation, and pointing at targets. For each elemental input, a constant
estimate of the average time required is substituted, yielding an overall time estimate.
The model isonly useful for predicting the performance of experts because it assumes
error-free execution; it does not account for the searching and problem-solving behaviors

of novices.

Numerous enhancements and extensions to the Keystroke-Level Model (KLM) have been
devised, including GOM S (Goals, Objects, Methods, and Selection Rules). The
advantage of these kind of modelsis that they can predict the average expert completion
time for short, repetitive tasks without requiring implementation of the tasks, training end
users, and evaluating their performance (Olson & Olson, 1990). See also Chapter 5,

Cognitive Architectures, and Chapter 6, Modeling Humansin HCI.

5 Mappings: How to get the most out of an input signal
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Once an input signal has been digitized and passed along to a host computer, the work of
the interface designer has only begun. One still must determine how to best make use of
that data to provide fast, accurate, comfortable, easy to learn, and satisfying computer

interfaces.

51 Transfer Functions

A transfer function is a mathematical transformation that scales the data from an input
device. Typically the goal isto provide more stable and more intuitive control, but one
can easy design a poor transfer function that hinders performance. The choice of transfer
function often depends on the type of input sensor being used. A transfer function that
matches the properties of an input device is known as an appropriate mapping. For force
sensing input devices, the transfer function should be a force-to-vel ocity function: for
example, the force one exerts on the IBM Trackpoint isometric joystick controls the
speed at which the cursor moves. Other appropriate mappings include position-to-

position or vel ocity-to-vel ocity functions, used with tablets and mice, respectively.

A commonly seen example of an inappropriate mapping is calculating a velocity based
on the position of the mouse cursor, such as to scroll adocument. The resulting input is
often hard to learn how to use and difficult to control; a better solution is to use the
position of the cursor to control the resulting position within the document, as occurs
when one grabs the handle of a scrollbar. Inappropriate mappings are sometimes the best
design compromise given competing demands, but should be avoided if possible. For

further discussion, see Zhai (1993) and Zhai et a. (1997).
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Salf-centering devices. Rate mappings are most appropriate for force-sensing devices or
other devices which return-to-center when released. This property allows the user to stop
quickly by releasing the device. The formulafor a nonlinear rate mappingis:

dx = K x* (Equation 10)
Where x istheinput signal, dx isthe resulting rate, Kisagain factor, and o isthe
nonlinear parameter. The best values for K and o depend on the details of the device and
application, and appropriate values must be identified by experimentation or optimal
search (Zhai & Milgram, 1993). It may be necessary to ignore sensor values near zero so
that noise in the sensor will not cause motion. The mappings used on commercia devices

can be quite complex (Rutledge, 1990).

Motion sensing devices. Most computer systems available today use an exponential

transformation of the mouse velocity, known as an accel eration function, to modify the
cursor response. Experimental testing of mouse accel eration functions suggest that they
may not improve the overall pointing speed. Rather, they help to limit the footprint that

isrequired to use the mouse (Jellinek et al., 1990).

Absolute devices: Sometimes one can temporarily break the 1:1 control-to-display
mapping of absolute devices. Sears and Shneiderman (Sears et a., 1991) describe a
technique for touchscreens that uses cursor feedback to allow high-resolution pointing. If
the finger moves dightly, the movement of the cursor is dampened to allow fine

adjustments. But if the finger continues to move, the cursor jumps to the absolute position
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of the user’ s finger again. In this way, fine adjustments are possible but the absolute
nature of the deviceis preserved. This technique uses the touchscreen in the cursor
tracking state, so it cannot be applied if one uses the dragging state as the default

(Buxton, 1990b).

5.2 Design Challengesfor Real-Time Response
When designing the real-time response to a continuous input from the user, there are
often several conflicting design challenges. From the author’ s experience, three common

themes in such challenges are as follows:

(1) Never throw data from the user’ s input away should be the mantra of the interaction
designer. The datafrom the input deviceis the only direct evidence of the user’ s will.
However, it is sometimes necessary to ignore artifacts of devices, such as noise or
nonlinearity. Removing such irregularities without ruining the expressive bandwidth of a
device can be challenging. For example, filtering noise by averaging input over several
samples necessarily adds latency to the interaction (Liang et al., 1991). Another example
isusing atime-out (of perhaps 40 milliseconds) to debounce switch closures; this

introduces some lag, but otherwise the software might sense multiple false contacts.

(2) Immediate Feedback. It is usually important to provide a real-time response to the
user’ sinput with minimum latency. Thisistrue even if the software is not yet sure what
the user istrying to do. The user knows what he or she is trying to accomplish from the

very start of amovement or gesture; the computer must provide some kind of
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intermediate feedback so that any recognition delay does not annoy the user or interfere
with performance of the task. For example, afirst-in, first-out queue of recent inputs
allows restoration of the cursor position if lifting one' s finger from atouch tablet disturbs
the cursor position, without delaying feedback of the current cursor position (Buxton, Hill
& Rowley, 1985). Specul ative execution offers another approach to deal with ambiguous

inputs (Bartlett, 2000).

(3) Make the response to the input readily perceptible. For example, during direct
manipulation of azoom factor, providing an exponential transformation of the input
makes the response uniformly controllable (Igarashi & Hinckley, 2000). Likewise, one
may need to linearize the response of some sensors (e.g., Hinckley, Pierce, Sinclair &
Horvitz, 2000). It is also important to avoid sudden changes that may disorient the user.
For example, instead of moving objects on the screen instantaneously, animated
transitions can help the user to more readily perceive changes in response to an input
(Robertson et al., 1989). Limiting the derivative of movement in response to an input

(Igarashi et al., 2000) is another way to avoid sudden changes.

6 Feedback: What happensin responseto an input?

The literature often treats input to computers separately from the resulting output through
visual, tactile, or auditory feedback. But human perception and action are tightly coupled

in asingle motor-visual feedback loop, so clearly both topics need to be considered in the
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design of interaction technigques. For a discussion of audio feedback design and

perception issues, refer to Chapter 11, Non-speech Auditory Output.

From the technology perspective, one can consider feedback as passive or active. Passive
feedback results from physical properties of the device, such as the shape, color, or feel
of buttons when they are depressed. Active feedback is under computer control. For
example, the SenseAble Phantom is a stylus connected to motors by an armature;

computer control of the motors presents artificial forces to the user.

6.1 Passive Feedback

Several types of passive feedback are relevant to the design and use of input devices:

Passive Visual, Auditory, and Tactile Feedback: The industrial design of adevice
suggests the purpose and use of a device even before a user touchesit. Mechanical
sounds and vibrations that result from using the device provide confirming feedback of
the user’ s action. The shape of the device and the presence of landmarks can help users
orient a device without having to look at it (Hinckley, Pausch, Goble & Kassell, 1994a;

Hinckley et al., 1997).

Proprioceptive and Kinesthetic Feedback: These imprecise terms refer to sensations of
body posture, motion, and muscle tension (Gibson, 1962; Burdea, 1996). These senses
allow usersto feel how they are moving an input device without looking at the device,

and indeed without looking at the screen in some situations (Mine, Brooks & Sequin,
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1997; Balakrishnan & Hinckley, 1999b). This may be important when the user’s attention
is divided between multiple tasks and devices (Fitzmaurice & Buxton, 1997). Sellen et al.

(1992) report that muscular tension makes modes more salient to the user.

6.2 Input/Output Correspondence
Performance can be influenced by correspondences between input and output. For visual
feedback, two types of input/out correspondence that should be considered are known as

perceptual structure and kinesthetic correspondence.

Perceptual Sructure: The input dimensions of adevice, as well as the control dimensions
of atask, can be classified asintegral or separable. Jacob, Sibert, McFarlane & Mullen
(1994) explore two input devices, a 3D position tracker with integral (X, y, z) input
dimensions, and a standard 2D mouse, with (X, y) input separated from (z) input by
holding down a mouse button. For selecting the position and size of arectangle, the
position tracker is most effective. For selecting the position and grayscale color of a
rectangle, the mouse is most effective. The best performance results when the integrality

or separability of the input matches that of the output.

Kinesthetic Correspondence: Graphical feedback on the screen should correspond to the
direction that the user moves the input device (Britton, Lipscomb & Pique, 1978). If the
user moves a device to the | eft, then the object on the screen should likewise move | ft.

However, users can easily adapt to certain kinds of non-correspondences. when the user
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moves a mouse forward and back, the cursor actually moves up and down on the screen;

if the user drags a scrollbar downward, the text on the screen scrolls upwards.

6.3 Active Haptic Feedback

Haptic feedback research has sought to provide an additional channel of sensory feedback
that might improve user interfaces. Haptic feedback includes force feedback (active
presentation of forces to the user) and tactile feedback (active presentation of vibrotactile
stimuli to the user). Here, we briefly discuss haptic feedback with an emphasis on
pointing devices. Haptic feedback is popular for gaming devices, such as force feedback
steering wheels and joysticks, but general-purpose pointing devices with force or tactile

feedback are not yet common. See also Chapter 10, Haptic Output, and Burdea (1996).

Adding force to amouse or stylus may impose constraints on the mechanical design,
since aphysical linkageistypically needed to reflect the forces. This may prevent aforce
feedback mouse from functioning like a traditional mouse, asit may limit range of
motion or preclude clutching by lifting the device. Some devices simulate forces by
increasing resistance between the mouse and the pad. One can also use a vibrotactile
stimulus, such as a vibrating pin under the mouse button, or vibrating the shaft of an
isometric joystick (Campbell, Zhai, May & Maglio, 1999). Combination devices have

also been explored (Akamatsu & Mackenzie, 1996).

Using force or tactile feedback to provide attractive forces that pull the user towards a

target, or to provide additional feedback for the boundaries of the target, has been found
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to yield modest speed improvements in some target acquisition experiments, although
error rates also may also increase (Akamatsu et al., 1996; MacKenzie, 1995). When
multiple targets are present, as on a computer screen with many icons and menus, haptic
feedback for one target may interfere with the selection of another, unless one uses
techniques such as reducing the haptic forces during rapid motion (Oakley, Brewster &
Gray, 2001). Finally, one should aso consider whether software constraints, such as

snap-to grids, are sufficient to support the user’ s tasks.

Another challenge for haptic feedback techniques results from the interaction between the
haptic and visual channels. Visual dominance deals with phenomena resulting from the
tendency for vision to dominate other modalities (Wickens, 1992). Campbell et al. (1999)
show that tactile feedback improves steering through a narrow tunnel, but only if the

visual texture matches the tactile texture; otherwise tactile feedback harms performance.

7 Keyboardsand Text entry techniques

7.1 Do Keyboards Have a Future?

Keyboards and typewriters have been in use for well over 100 years (Y amada, 1980).
With the advent of speech recognition technology, it istempting to believe that thisis
going to change, and that keyboards will soon become irrelevant. But a recent study
revealed that, when error correction isincluded, keyboard-mouse text entry for the
English language is more than twice as fast as automatic recognition of dictated speech

(Karat, Halverson, Horn & Karat, 1999). Furthermore, speaking commands can interfere
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with short term memory for words (Karl, Pettey & Shneiderman, 1993), so even perfect
speech recognition will be problematic for some text entry tasks. Thus keyboards will

continue to be widely used for text entry tasks for many years to come.

7.2 Procedura Memory

Keyboards rely on the automation of skillsin procedural memory, which refersto the
human ability to perform complex sequences of practiced movements, seemingly without
any cognitive effort (Anderson, 1980). Procedural memory enables touch typing on a
keyboard with minimal attention when entering commonly used symbols. As aresult,
attention can be focused on mentally composing the words to type, and on the text
appearing on the screen. Hot keys (chorded key combinations for frequently used

commands) can also be learned to alow rapid selection of commands.

The automation of skillsin procedural memory takes lots of practice. This can be
formalized as the power law of practice (Anderson, 1980):

T=aP (Equation 11)
Where T isthetime to perform atask, P is the amount of practice, and the multiplier a
and exponent b are fit to the observed data. The power law of practice helps explain why
keyboard designs are so resistant to change. Several keyboard layouts that are faster than
gwerty have been discovered, but the performance advantage typically does not merit the

up-front investment required to relearn the skill of touch typing.
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7.3 Trendsin Keyboard Design

Many factors can influence typing performance, including the size, shape, activation
force, key travel distance, and the tactile and auditory feedback provided by striking the
keys (Lewis, Potosnak & Magyar, 1997). Since these factors seem to be well understood,
recent keyboard designs have stressed other means of improving overall input efficiency

or user comfort. Some recent trends include the following:

Ergonomic Design: Split-angle keyboards may help maintain neutral posture of the wrist,
and thereby help avoid ulnar deviation (Honan, Serina, Tal & D., 1995; Marklin,
Simoneau & Monroe, 1997; Smutz, Serina, Bloom & Rempel, 1994). Ulnar deviation is
associated with increased pressure in the carpal tunnel, which can lead to repetitive stress

injuries (Putz-Anderson, 1988; Rempel et al., 1998).

Integrated Pointing Devices: An integrated isometric joystick or touchpad can allow

pointing without having to move one’'s hand away from the keyboard. Such devices are

useful when spaceis limited, or when there is no convenient flat surface for amouse.

Minature Keyboards. Small foldaway keyboards are becoming popular to allow rapid

text entry on small handheld devices.

Wireless Keyboards alow using a keyboard in one’' s lap or at a distance from the display.
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Extra Functionality: Many recent keyboards include extra function keys, such as internet
Forward and Back navigation. Keyboards can facilitate two-handed input by placing
commonly used functions such as scrolling (Buxton et a., 1986) in a position convenient

for the left hand® (MacKenzie & Guiard, 2001).

7.4 One-Handed Keyboards

Chording keyboards have a small number of keys that the user presses in tandem to enter
text. Although chording keyboards take more time to learn, they can sometimes allow
one to achieve higher peak performance because the fingers have minimal travel among
the keys (Buxton, 1990a). It is also possible to type using just half of a standard qwerty

keyboard (Mathias, MacKenzie & Buxton, 1996).

7.5 Soft Keyboards

Soft Keyboards, which are especially popular on mobile devices, depict keysin a
graphical user interface to alow typing with atouchscreen or stylus. The design issues
for soft keyboards differ tremendously from normal keyboards. Soft keyboards require
significant visual attention because the user must look at the keyboard to coordinate the
motion of the pointing device. Only one key at atime can be tapped, so much of thetime

is spent moving back and forth between keys (Zhai, Hunter & Smith, 2000).

2 Approximately 95% of computer users hold the mouse in their right hand, since many left-handerslearn
to use the mouse this way. Therefore, for most users, placing functions on the left side reduces the demands
on the mouse hand.
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7.6 Character Recognition

Handwriting (even on paper, with no “recognition” involved) is much slower than skilled
keyboard use, but its naturalness is appealing. Recognizing natural handwriting is
difficult and error-prone for computers, although the technology continues to improve.
To smplify the problem and make performance more predictable for the user, many
handwriting recognizers rely on single-stroke gestures that are specially designed to be
memorable (MacKenzie & Zhang, 1997), but easy for computers to recognize, such as

graffiti for the 3COM PamPilot.

8 TheFutureof Input

Researchers are |ooking to move beyond the current "WIMP" (Windows, Icons, Menus,
and Pointer) interface, but there are many potential candidates for the post-WIMP
interface. Nielsen (1993) suggests candidates such as virtua realities, sound and speech,
pen input and gesture recognition, limited artificial intelligence, and highly portable
computers. Weiser (1991) proposes the ubiquitous computing paradigm, which suggests
that networked computers will increasingly become integrated with ordinary implements

and that computers will be embedded everywhere in the user's environment.

Connecting the multiplicity of users, computers, and other digital artifacts through the
internet and wireless networking technol ogies represents the foundation of the ubiquitous

computing vision; indeed, it seems likely that 100 years from now the phrase “wireless
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network” will seem every bit as antiquated as the phrase “horseless carriage” does today.
Techniques that allow users to communicate and share information will become
increasingly important. Biometric sensors or other convenient means for establishing
identity will be important for security, but such technologies will also make services such
as personalization of the interface and sharing data much simpler. As one early example
of what is possible, the pick and drop technique (Rekimoto, 1997) supports cut-and-paste
between multiple computers by using a stylus with a unique identifier code. From the
user’ s perspective one just “picks up” datafrom one computer and “drops’ it on another,
but behind the curtain the computer senses the unique ID and uses it as areference to an
internet location that stores the data. Other important input issues to effectively support
multiple users working together include interaction on large work surfaces (Moran et al.,
1997; Buxton, Fitzmaurice, Balakrishnan & Kurtenbach, 2000), combining large and
small displays (Myers, Stiel & Gargiulo, 1998), and electronic tagging techniques for

identifying objects (Want, Fishkin, Gujar & Harrison, 1999).

Because of the diversity of locations, users, and task contexts, intelligent use of sensorsto
acquire contextual information will also be important to realize this vision of the future
(Buxton, 1995a). For example, point and shoot cameras often have just one button, but a
multitude of sensors detect lighting levels, the type of film loaded, and distance to the
subject, thus simplifying the technical details of capturing a good exposure. This
perspective may lead to an age of ubiquitous sensors where inexpensive, special-purpose,
networked sensors collect information that allows greatly simplified interaction with

many devices (Saffo, 1997; Fraden, 1996). Examples include mobile devices that sense
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location (Schilit, Adams & Want, 1994; Want, Hopper, Falcao & Gibbons, 1992), or that
know how they are being held and moved (Harrison, Fishkin, Gujar, Mochon & Want,

1998; Hinckley et al., 2000; Schmidt, 1999).

Current computers are inexpensive enough to be personal or even handheld. In the
future, computing will be all but free, so more and more tools and everyday objects will
include computing power and network connectivity. Hence many computers will be
specialized, application-specific devices, rather than genera -purpose tools. Application-
specific input devices can be tailored to suit specific users and task contexts, such as
allowing surgeonsto view brain scansin 3D by rotating a miniature doll’ s head
(Hinckley et al., 1994a). Tangible user interfaces may allow users to employ the world as
its own interface by tightly coupling atoms and bits (Ishii & Ullmer, 1997). Cameras,
microphones, and other sensors may imbue computers with perceptual apparatus that can

help computers to perceive the world and the activity of users (Pentland, 1999).

Advances in technology will yield new “elemental” inputs. For example, scanners and
digital cameras make the input of images a user interface primitive. Tablets that sense
multiple points of contact (Lee, Buxton & Smith, 1985), sensors that detect the pressure
exerted by auser’s hand in a high resolution grid of samples (Sinclair, 1997), or digital
“tape” that senses twist and curvature (Balakrishnan et al., 1999a) all challenge the
traditional concept of the pointing device since the interaction is no longer defined by a
single point of contact. The difference is analogous to scul pting clay with the entirety of

both hands rather than with the tip of a single pencil.
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Another approach is to synthesize structure from low-level input (Fitzmaurice,
Balakrisnan & Kurtenbach, 1999). For example, a user might receive email from a
colleague saying “Let’s meet for lunch sometime next week.” Pattern recognition
techniques can automatically recognize that a calendar is needed, and select appropriate
dates. Thefields for ameeting request can be filled in with information gleaned from the
message, thus eliminating the need for many input actions that otherwise might be

required of the user (Horvitz, 1999).

We will continue to interact with computers using our hands and physical intermediaries,
not necessarily because our technology requires us to do so, but because touching,
holding, and moving physical objectsis the foundation of the long evolution of tool use
in the human species. The forms and capabilities of the technologies we use will continue
to advance, but we are probably stuck with the basic human senses and cognitive skills.
The examples enumerated above underscore the need to have a broad view of interaction.
One must consider not only traditional “pointing devices,” but aso new sensors, high-
dimensional input devices, and synthesis techniques that together will advance human

interaction with computers.
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