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Numbers
1-DOF Menus, 261–262
2D

device interaction techniques, 19
mice as desktop input device, 91–92

2D adaptations, 336–340
2D interaction with 3D objects, 339–340
2D UI as element of 3D environment,

336–339
adapted 2D menus, 260–261
interface controls for 3D manipulation, 172
overlaying 2D UI on a 3D world, 336
overview of, 336

3D mice, 110–114
handheld, 111–113
overview of, 110
user-worn, 113–114

3D sound
auralization, 64
binaural cues, 60
external speaker configurations, 65–66
generation, 62
head-related transfer functions, 61

headphone configurations, 64–65
localization cues, 59–60
reverberation cues, 62
sampling, 63–64
sound intensity cues, 62
spectral and dynamic cues, 61
vision and environmental familiarity 

cues, 62
3D UIs. See 3D user interfaces
3D user interfaces (3D UIs)

applications, 8–9, 22–25
AR interfaces, 394–395
defined, 7
design strategies. See Design strategies
future of. See Future of 3D UIs
history of, 11–13
importance of, 4–6
influences on design of, 15–18
interaction techniques, 19
manipulation. See Selection and manipu-

lation
mathematics. See Mathematics of 3D UIs
software tools, 21
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3D user interfaces (3D UIs) (cont.)
technological background, 16–17
terminology, 6–8
usability evaluation, 21–22
what they are, 3–4

3D widgets
desktop manipulation, 174–175
as graphical menu, 263–265
overview of, 19

6-DOF devices
desktop input, 95–96
recommended reading, 134

A
Absolute amplification, 170
Abstract information, 414
Accommodation

practical application of 3D displays and, 
409

in visual perception, 37, 39
Accommodation-convergence mismatch, 39,

409
Acoustic shadows, 60
Acoustic tracking devices, 98–99
Active input devices, 89
Active travel techniques, 189
Adapted 2D menus, 260–261
Aerial perspective, 36
Aesthetics, of 3D development, 342–344
Affordances, manipulation, 148
Age, as basis of user groups, 327
Agents, in AR, 403–404
Aggregation of techniques, 3D manipulation,

163–164
Alphanumeric symbols, 293
Ambient sound, 67
Amplitude panning, 66
Anaglyphic stereo, 41–42
Annotation

3D sound applications, 67
design, 288
Virtual Annotation system, 306

Aperture, pointing techniques, 153–156
Application-level factors, system control, 258
Application-specific manipulation tasks, 143
Applications

3D sound, 66–67
3D UIs, 22–25
killer apps, 417–418
list of common, 8–9
mapping to devices, tasks, and techniques,

409
AR (augmented reality)

advantages/disadvantages of tangible AR,
402–403

agents, 403–404
augmented surfaces, 395–397
data browsers, 391–394
defined, 7
design of tangible AR, 398–400
interfaces, 394–395
overview of, 387–389
recommended reading, 406
tangible interaction and, 397–398
time-multiplexed interaction in tangible

AR, 400–402
transitional interfaces, 404–405
virtual interfaces brought into real world

with, 390–391
what it is, 389–390

ARCBALL, 177–179, 219
Architecture

3D environments used for, 23
design, 241
recommended reading, 347

Arm exoskeleton, 73
Arm-mounted displays, 52–54

advantages/disadvantages, 53–54, 79
overview of, 52–53

Art, in 3D environments, 23
Artificial cues, wayfinding

audio and olfactory, 250
compasses, 246–247
landmarks, 248
maps, 242–246
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overview of, 242
reference objects, 248
signs, 247–248

Asymmetric bimanual tasks, 324
Asymmetric bimanual techniques, 325–327
Audio cues, wayfinding, 236, 250
Auditory displays

3D applications, 66–67
3D sound generation, 62
3D sound localization cues, 59–60
3D sound sampling and synthesis, 63–64
auralization, 64
binaural cues, 60
external speakers, 65–66
head-related transfer functions, 61
headphones, 64–65
overview of, 59
recommended reading, 84–85
reverberation cues, 62
sound intensity cues, 62
spectral and dynamic cues, 61
vision and environmental familiarity cues, 62

Augmented reality. See AR (augmented reality)
Augmented surfaces, 395–397

disadvantages, 397
examples of, 395–396
tangible interaction and, 397

Auralization, 3D sound, 64
Autostereoscopic displays, 56–59

3D imagery and, 59
choosing them, 80
holographic displays, 58
lenticular displays, 56
overview of, 56
recommended reading, 84
volumetric displays, 57–58

B
Bat tracking device, 111
Bicycles, 198
Bimanual interaction. See Two-handed inter-

action

Binaural cues, 3D sound localization, 60
Binocular disparity cues, visual depth, 38
Binocular Omni-Orientation Monitor

(BOOM), 52
Binocular rivalry, 38
Bioelectric input devices, 120
Body-referenced haptic devices, 73–74, 81
Body-referenced menus, 266
BOOM (Binocular Omni-Orientation Moni-

tor), 52
Brain input devices, 120–121
Bulldozer technique, two-joystick navigation,

222
Button devices, 128

C
C3 (command and control cube), 264–265
Cabling

as tether and encumbrance in 3D inter-
faces, 408

user comfort and, 329
walking and, 192

Camera-based recognition, of gestures, 272
Camera-in-hand steering, 203–204
Canonical manipulation tasks, 141–143
Cartoon rendering, 342–343
CAT (Control Action Table), 117–118
Cathode ray tube (CRT), 50
CAVE, 43
CavePainting Table, 116–117
Chameleon system, 392
Chord keyboard, 91, 296–297
Cirrin text input technique, 300–301
Classification of techniques. See also

Taxonomies
evaluation, 367–369
manipulation, 147–150
system control, 259
travel, 189–192

Clutching, 146, 180, 277
Cognition

3D UIs and, 15
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Cognition (cont.)
cognitive ability as basis of user groups, 328
recommended reading, 253–254

Cognitive maps, 230
Cognitive walkthrough, 355
Collaboration

3D environments used for, 23
3D sound applications for, 67
3D UI applications for, 9
between multiple users, 414–415

Colocated widgets, 263
Color, in real-world design, 241
Comfort, 3D UI design, 328–330
Command and control cube (C3), 264–265
Commands, system control, 255–256
Communication between users, symbolic

input, 289
Comparative evaluation, 22, 356
Compasses, wayfinding, 246–247
Compliance

directional, 170–171, 318
feedback displacement and, 317
nulling, 171, 318
real world with virtual world, 277
spatial, 318
temporal, 318–319

Computer-driven Upper Body Environment
(CUBE), 43

Computers. See also HCI (human-computer
interaction)

connecting home-brewed input devices to,
124–126

graphics, 83–84
Constraints

3D UI design, 322–323
defined, 322
disadvantages, 323
on DOF, 339
manipulation, 149
in semiautomated steering, 206
types/uses of, 322–323

Construction, 3D environments used for, 23
Context-aware information displays, 392

Context-sensitivity, of widgets, 263
Control Action Table (CAT), 117–118
Control-body linkage, 257
Control-display mappings

defined, 27
simple virtual hand and, 159–160
as software component of interaction

techniques, 135
Control, manual

dimensions, 144–145
recommended reading, 181

Controls
2D controls for 3D manipulation, 172
system. See System control

Convergence
practical application of 3D displays and, 409
in visual perception, 37, 39

Cooperative manipulation, 324
Costs

analysis in sequential approach, 380–381
analysis in testbed approach, 380–381
quantifying benefits of 3D UIs, 416–417

Cross-task techniques, 211, 214, 225, 412, 413
Crosstalk, 65
CRT (cathode ray tube), 50
CUBE (Computer-driven Upper Body

Environment), 43
Cubic Mouse, 111–112, 277
Curvature, of travel paths, 187
Cybersickness

feedback and, 317
FOV (field of view) and, 235
short sessions as solution for, 330
surround-screens and, 45
usability evaluation and, 22, 359, 364

Cycles, physical locomotion, 198–199

D
Dasher text input technique, 300–301
Data browsers, 391–394
Data gloves

bend-sensing, 106–108

460 Index

30706 16 pp457-486 r2jm.ps  6/18/04  11:05 AM  Page 460



combining bend-sensing and pinch input
data, 109–110

overview of, 106
Pinch Gloves, 108–109
recommended reading, 134

Decision-making, wayfinding, 230
Degrees of freedom. See DOF (degrees of

freedom)
Demonstrations, as evaluation method, 357
Depth cues, visual, 34–40

binocular disparity and stereopsis, 38
monocular, static, 34–36
motion parallax, 37–38
oculomotor, 37
recommended reading, 84
relevance, 38–40

Design
annotation of, 288
architecture, 241
gestural commands, 272–273
graphical menus, 265
influences of 3D UIs on, 15–18
real-world principles for, 241–242
system control tools, 276–277
tangible AR, 398–400
UIs (user interfaces), 3
voice commands, 268–269

Design guidelines
evaluation, 382–384
evaluation leads to creation of, 350
input devices, 126–133
landmarks, 249
maps, 243-245
output devices, 77–83
rotation interaction techniques, 169
selection and manipulation techniques,

179–181
symbolic input, 306–310
system controls, 280–282
travel, 222–226
wayfinding, 251–253

Design strategies, 3D UIs, 313–347
2D UI adaptations, 336–340

application design, 8
approaches, 19–20
constraints, 322–323
designing for humans, 314
development process, 345–347
feedback compliance, 317–319
feedback dimensions, 316–317
feedback overview, 315–316
feedback substitution, 319–320
future developments, 412–415
human factors, 315
invention, 314–315, 331
magic and aesthetics, 340–344
overview of, 19–20, 313–314
passive haptic feedback, 320–322
real-world metaphors, 333–335
reality simulation, 331–333
recommended reading, 347
two-handed control, 323–327
user comfort, 328–330
user groups, 327–328

Designing for humans. See Human-based
design

Desktop camera control techniques, 220–222
Desktop devices, 90–96

2D mice and trackballs, 91–92
6-DOF devices, 95–96
joysticks, 93–95
keyboards, 91
overview of, 90–91
pen-based tablets, 92–93

Desktop manipulation techniques
3D widgets, 174–175
ARCBALL technique, 177–179
overview of, 171–174
Virtual Sphere techniques, 175–177

Development
aesthetics, 342–344
environment for 3D UIs, 413
future of 3D UIs, 412–415
iterative, 311, 350
process for 3D UIs, 345–347
tools for 3D applications, 21

Index 461

30706 16 pp457-486 r2jm.ps  6/18/04  11:05 AM  Page 461



1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9
0
1
2
3
4
5
6
7
8
9
0

Device-independence, 413–414
Device-referenced menus, 266
Devices

communication with, 28
desktop. See Desktop devices
eye tracking, 105–106
input. See Input devices
locomotion, 197–199, 226
output. See Output devices
physical-force-based, 220
placement, 145–146
tracking. See Tracking devices
usability evaluation of, 21

Digital ink, 302, 309
Digital voice, 306
Dimensions, of feedback, 316–317
Direct human input devices, 118–121

bioelectric input, 120
brain input, 120–121
overview of, 118–119
speech input, 119–120

Direction/target selection, travel, 190
Directional compliance, 170–171, 318
Direct manipulation, 158–162
Display devices. See also Output devices

3D, 17–18
AR systems, 390
overview of, 29

Display geometry (screen shape), 33
Distance, as characteristic of travel, 187
Districts, legibility techniques, 240
DOF (degrees of freedom)

6-DOF devices, 95–96
constraints used to reduce, 323, 339
control dimensions and, 144–145
defined, 6
Go-Go technique and, 162
input devices, 88
terrain following and, 188

Dynamic alignment tools, 323
Dynamic perceptual cues

sound localization, 61
visual, 38

E
Edges, legibility techniques, 240
Education, 3D environments used for, 23
Egocentric reference frames, wayfinding,

232–234
Egomotion, 232
Entertainment, 3D environments used 

for, 23
Environment design, wayfinding

legibility techniques, 239–241
overview of, 239
real-world design principles, 241–242

Environmental familiarity cues, 3D sound
localization, 62

Ergonomics
haptic displays, 71
input device, 127
visual displays, 33–34

Evaluation. See Usability evaluation
Evaluators, 351, 362–363. See also Usability

evaluation
Exocentric reference frames, wayfinding,

232–234
Exploration tasks

travel, 185
wayfinding, 231

Extensible 3D (X3D) standard, 24
External speakers, 65–66, 80
Eye tracking

devices, 105–106
recommended reading, 134

F
Fatigue issues, 330
Feedback

dimensions, 316–317
overview, 315–316
passive haptic, 320–322
Pinch Keyboard and, 297
recommended reading, 347
system control and, 285

Feedback compliance, 317–319
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Feedback displacement, 317
Feedback substitution, 67, 316, 319–320
Field of regard (FOR), 31–32, 44
Field of view. See FOV (field of view)
Filenames, symbolic input, 289
FingerSleeve, 113–114
Fishtank virtual reality, 42
Fitts’s Law, 132, 134, 350, 368
Fixed object manipulation, travel, 

215–216
Flashlight, pointing techniques, 153–154
Flex and Pinch input system, 109–110
Fly Mouse, 99, 111
Flying carpet technique, 342
FOR (field of regard), 31–32, 44
Force control, 145
Force-feedback steering wheels, 72
Force-reflecting joysticks, 72, 220
Form-factors, 145–146
Formative evaluation, 22, 355–356
FOV (field of view)

surround-screens and, 44
visual displays and, 31–32
wayfinding support, 235

Future of 3D UIs, 407–427
design and development issues, 

412–415
interaction techniques, 410–412
killer apps, 417–418
quantifying benefits of, 416–417
standards, 417
technology issues, 407–409
usability evaluation issues, 415–416

G
GAITER system, 195
GaitMaster, 197
Gaze-directed steering, 200–201
Gaze direction, 106
Geometrical coherence, 322
Gestural commands

design and implementation, 272–273

input with, 272
overview of, 270
techniques, 271–272

Gestures and datagloves, 106–107
Gesture-based symbolic input, 303–304
Global landmarks, 249
Global positioning systems. See GPS (global

positioning systems)
Glove-based recognition, gestures, 272
GloveTalk systems, 303
Go-Go technique, 160–162
GPS (global positioning systems)

AR systems and, 392
hybrid trackers and, 105
tracking and, 194–195

Grabbing the air, travel, 214–215
Graffiti, 300
Graphical menus

1-DOF menus, 261–262
3D widgets, 263–265
adapted 2D menus, 260–261
overview of, 260
placement, 265–266
practical applications of, 267–268
representation and structure of, 

266–267
selection of, 266
TULIP menus, 262–263

Graphical user interfaces (GUIs), 11–12
Graphics

3D UIs drive research in, 24
3D interactive, 16
standards, 24

Grasp, 145–146, 181
Ground-referenced haptic devices, 

72–73, 81
Guiard’s principles, two-handed interaction,

324–325
Guided navigation technique, 206–207
Guidelines. See Design guidelines
Guidelines-based expert evaluation, 

355
GUIs (graphical user interfaces), 11–12
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H
Hand-centered object manipulation extending

ray casting (HOMER), 164–165
Hand-force-feedback displays, 73–74
Handheld 3D mice, 111–113
Handheld widgets, 262
Hands-free 3D interface, 410
Haptic cues

human motor subsystem, 69–70
kinesthetic, 69
overview of, 68
tactile, 68–69

Haptic displays, 68–77
3D applications, 77
body-referenced, 73–74
combination devices, 75
ergonomics, 71
ground-referenced, 72–73
guidelines for choosing, 81
haptic cues, 68
haptic presentation capability, 70
human motor subsystem and, 69–70
kinesthetic cues, 69
overview of, 68
passive devices, 75–76
recommended reading, 85
resolution, 71
tactile cues, 68–69
tactile devices, 74–75
types of, 71–72

Haptic perception, 69
Haptic presentation capability, 70
Haptic rendering software, 68
Hardware. See Output devices, Input devices
HARK, 268
HCI (human-computer interaction)

3D interaction and, 5
applying to VR systems, 13
defined, 6
impact of 3D UIs on, 25
principles, 15–16

Head-crusher variation, image-plane tech-
niques, 157–158

Head-mounted displays. See HMDs (head-
mounted displays)

Head-mounted projective display (HMPD), 50
Head-referenced menus, 266
Head-related transfer functions (HRTFs), 61,

63–64
Head tracking, viewpoint orientation, 

217–218
Headphones, 64–65, 80
Health, sanitation issues with public systems,

330
Help, 3D sound applications, 67
Hemispherical displays, 47–49, 79
Heritage sites, 3D applications for, 9
Heuristic evaluation

of 3D UIs, 415
as evaluation method, 355
selecting heuristics for, 365

HiBall tracking system, 193–194
HMDs (head-mounted displays), 49–52

advantages of, 50–51
AR displays and, 390
arm-mounted compared with, 53
disadvantages, 51–52
guidelines for choosing, 79
keyboards and, 91
overview of, 49
recommended reading, 84
types of, 50

HMPD (head-mounted projective display), 50
Holographic displays, 58
Homemade input devices

connecting to computers, 124–126
strategies for building, 122–124

HOMER (hand-centered object manipulation
extending ray casting), 164–165

Homogeneous coordinates, 427
HRTFs (head-related transfer functions), 61,

63–64
Human-based design

constraints, 322–323
feedback compliance, 317–319
feedback dimensions, 316–317
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feedback generally, 315–316
feedback substitution, 319–320
overview of, 314–315
passive haptic feedback, 320–322
two-handed interaction, 323–327
user groups, 327–330

Human-computer interaction. See HCI
(human-computer interaction)

Human factors
3D UI design, 314, 315
system control, 257, 285

Human motor subsystem, 69–70
Hybrid haptic devices, 75, 81
Hybrid tracking devices, 103–105

I
IHL (inside-the-head localization), 65, 66
IID (interaural intensity difference), 60–61
The Image of the City (Lynch), 239
Image-plane, pointing techniques, 156–158
Immersion

importance of, 4
quantifying the benefits of, 416–417
sensory, 408
with HMDs, 50

Inertial tracking devices, 100–101
Information-rich virtual environment (IRVE),

414
Input conditions, travel, 190
Input devices, 87–133

3D, 17
3D mice, 110–114
communication with, 28
defined, 6
desktop. See Desktop devices
direct human input, 118–121
evaluating, 132
guidelines for choosing, 126–128
home-made, 122–126
modalities for virtual and physical objects,

395
overview of, 87–90

recommended reading, 133–134
selection and manipulation, 143–144
special-purpose, 114–118
system control and, 257–258
taxonomies, 128–132
tracking. See Tracking devices
user comfort and, 329

Inside-out approach, wide-area tracking, 
193

Inside-the-head localization (IHL), 65, 66
Instantaneous gestures, gesture-based

symbolic input, 303–304
Instrumental feedback, 317
Integrated camera controls, 220–222
Integration, of control, 144–145
Intelligent constraints, 323
Interaction aids, 20
Interaction seams, 395
Interaction Slippers, 115–116
Interaction style, 256
Interaction techniques

3D interaction, 7, 19
defined, 6–7
feedback and, 316
future of 3D UIs and, 410–412
HCI and 3D interaction, 5
integration for multiple tasks, 411–412
list of, 19–20
mapping to applications, tasks, and 

devices, 409
modeling and, 137
navigation (travel). See Travel
navigation (wayfinding). See Wayfinding
optimizing for specific domains, 412
overview of, 135–137
seamless 3D UIs, 413
selection and manipulation. See Selection

and manipulation
symbolic input. See Symbolic input
system control. See System control
usability evaluation, 22

Interaural intensity difference (IID), 60–61
Interaural time difference (ITD), 60–61
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Interviews, as evaluation method, 357
Inventing 3D UIs

2D UI adaptations, 336–340
magic and aesthetics, 340–344
overview of, 314–315, 331
real-world metaphors, 333–335
simulating reality, 331–333

IRVE (information-rich virtual environment),
414

Isometric joystick, 94–95
Isomorphism

in 3D design, 331
3D manipulation and, 147–148
simple virtual hand and, 160

Isotonic joystick, 94
ITD (interaural time difference), 60–61
Iterative development, 311, 350

J
Joysticks

as desktop input device, 93–95
force-reflecting, 72
isometric, 94–95
two-joystick navigation, 222
velocity control, 220

K
Keyboards, 294–299

chord keyboard, 296–297
comparing techniques, 307–308
as desktop input device, 91
low key-count keyboards, 295
miniature keyboards, 294–295
overview of, 294
Pinch Keyboard, 297–298
QWERTY layout, 290–291
soft keyboards, 298–299

Kinesthetic system
cues, 69
haptic perception and, 69

L
Labels, symbolic input, 289
Landmark knowledge, as spatial knowledge,

232
Landmarks

artificial landmarks as wayfinding aid, 248
design guidelines, 249
global and local, 249
legibility techniques, 240

Latency, temporal incompliance, 318–319
Law of steering, 134
Layout sketches, 251
LCD (liquid crystal displays)

HMDs use of, 50
refresh rates, 40

Leaning curves, keyboards, 306
Legibility techniques, 239–241
Lego Interface Toolkit, 124
Lenticular displays, 56
Light-scanning displays. See VRDs (virtual

retinal displays)
Light transfer, visual displays, 33
Lighting, in visual depth perception, 36
Linear perspective, visual depth perception,

35–36
Liquid crystal displays (LCD)

HMDs use of, 50
refresh rates, 40

Local landmarks, 249
Localization, sound

3D applications facilitating, 67
binaural cues, 60
defined, 59
head-related transfer functions, 61
reverberation cues, 62
sound intensity cues, 62
spectral cues, 61
vision and environmental familiarity 

cues, 62
Locator devices, 128
Locomotion devices. See also Physical loco-

motion
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cycles, 198–199
GaitMaster, 197
omni-directional treadmill, 196–197
recommended reading, 226
Uniport, 198–199
walking-in place, 197–198

Low key-count keyboards, 295

M
Magic (nonisomorphism)

in 3D design, 331
interaction techniques, 340–342

Magnetic tracking devices, 97–98
Maneuvering tasks

travel, 186–187
wayfinding, 231

Manipulation. See Selection and manipu-
lation

Manual manipulation travel techniques,
214–216

fixed object manipulation, 215–216
grabbing the air, 214–215

Maps, 242–246
examples, 246
legibility of, 244
mental notations and, 244
orientation of, 243–244
overview of, 242
scale of, 243
size of, 245
target specification, 211–213
you-are-here (YAH), 243

Markup, symbolic input, 290, 294
Mathematics of 3D UIs, 419–427

matrices, 422–423
points, 421–422
quaternions, 424–426
recommended reading, 426–427
scalars, 420
vectors, 420–421

Matrices, 422–423, 426–427

MAUVE (Multi-Attribute Usability eval-
uation tool for Virtual Environments), 
366

Mechanical tracking devices, 98
Medicine, 3D environments used for, 23
MEMS (microelectronic mechanical systems),

100
MetaDesk system, 395
Metaphors

classification of manipulation techniques
by, 148

classification of travel techniques by,
191–192

real-world metaphors as basis of 3D UI
design, 333–335

Metrics
system performance, 357
task performance, 358
testbed approach, 372
user preference, 358–360

Metropolis keyboard, 299
Mice

2D, 91–92
3D. See 3D mice

Microelectronic mechanical systems 
(MEMS), 100

Microphones, 119
MIDI (Musical Digital Instrument Device

Interface), 125–126
Migration, between platforms, 413–414
Mimic gestures, 272
Miniature keyboards, 294–295
Modeling tools, 21
Monitoring input devices, 89
Monitors, 40–42

guidelines for choosing, 78
overview of, 40–41
stereo glasses used in conjunction with,

41–42
Monocular (static) cues, visual depth, 

34–36, 39
Motion cues, wayfinding support, 235–236
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Motion parallax cues, visual depth, 37–38
Motion trackers, 96–105

acoustic tracking, 98–99
hybrid tracking, 103–105
inertial tracking, 100–101
magnetic tracking, 97–98
mechanical tracking, 98
optical tracking, 101–103
overview of, 96–97
recommended reading, 133

Motor abilities, as basis of user groups, 328
MR (mixed reality). See also AR (augmented

reality)
application evaluation, 415–416
defined, 7–8
relationship of AR and VEs in, 388
seamless interaction with real and virtual

world, 411
Multi-Attribute Usability evaluation tool for

Virtual Environments (MAUVE), 366
Multimethod evaluation approaches

comparing, 378–382
overview of, 369
sequential approach, 375–378
testbed approach, 370–374

Multimodal interaction, 20
advantages of, 278–279
combining techniques for, 280
put-that-there technique, 279

Multisensory output, wayfinding, 236–237
Musical Digital Instrument Device Interface

(MIDI), 125–126

N
Naive search tasks, travel, 186
Naturalism

in 3D design, 331
in real-world design, 241

NaviCam system, 392
Navigation (travel). See Travel
Navigation (wayfinding). See Wayfinding
Nodes, legibility techniques, 240

Nonisomorphic interaction
3D manipulation and, 148
object rotation and, 168
viewpoint rotation and, 218–219

Nonisomorphism (magic)
in 3D UI design, 331
interaction techniques, 340–342

Nulling compliance, 171, 318
Numeric input

gesture-based symbolic input, 303
symbolic input, 310

O
Object manipulation. See also Selection and

manipulation
bimanual interaction and, 326
symbolic input and, 289

Occlusion
map size and, 245
in vision-based trackers, 103
in visual depth perception, 35

Oculomotor cues, visual depth, 37, 39
ODT (omnidirectional treadmill), 196
Olfactory cues, wayfinding, 250
Omnidirectional treadmill (ODT), 196
Operational feedback, 317
Optical see-through displays, 390
Optical tracking devices, 101–103, 134
Orbital viewing, travel viewpoint orientation,

218
Orientation. See also Viewpoint orientation,

travel
of maps, 243–244
spatial orientation, 230

Osmose, 343–344
Output devices, 29–86

AR systems, 390
auditory displays. See Auditory displays
communication with, 28
defined, 6
guidelines for choosing, 77–83
haptic displays. See Haptic displays
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overview of, 29–30
recommended reading, 84–86
user comfort and, 329
visual display. See Visual displays

Outside-in approach, wide-area tracking, 
193

P
Parameters, symbolic input, 289
Passive haptic devices, 75–76, 81
Passive haptic feedback. See Props (passive

haptic feedback)
Passive input devices, 89
Passive travel techniques, 189
Path analysis, 251
Paths, legibility techniques, 240
Paths, travel

curvature of, 187
drawing a path in route planning, 

207–208
marking points along a path in route

planning, 208–209
PDAs (personal digital assistants), 92
Pen-and-tablet technique, 258, 276, 337–339,

411
Pen-based symbolic input, 300–302

overview of, 300
pen-stroke gesture recognition, 300–302
unrecognized pen input (Digital Ink), 

302
Pen-based tablets

as desktop input device, 92–93
Pen-stroke gesture recognition, 300–302
Perception

3D UIs and, 15
auditory, 59–62
haptic, 68–70
perceptual ability as basis of user groups,

328
recommended reading, 84, 253–254
visual, 34–40

Perceptual information, 414

Performance metrics. See Metrics
Performance models

evaluation based on, 365
evaluation leads to, 350

Personal digital assistants (PDAs), 92
Phicons (physical icons), 395, 397
Physical characteristics, as basis of user

groups, 328
Physical environment, evaluation issues,

360–362
Physical-force-based devices, 220
Physical icons (phicons), 395, 397
Physical locomotion, 192–199

cycles, 198–199
simulated walking, 196–198
walking, 192–195
walking in place, 195

Physical props. See Props (passive haptic
feedback)

Physical reality constraints, 322
Physical travel techniques

classification of travel techniques, 189
Pick devices, 128
Pinch Gloves, 108–109, 297–298, 304
Pinch Keyboard, 297–298, 304
Placement

of graphical menus, 265–266
of system control, 284

Platforms, interoperability between, 
413–414

Pointing-based steering, 201–202
Pointing techniques, 150–158

aperture, 153–156
flashlight, 153–154
image-plane, 156–158
overview of, 150–151
ray-casting, 151–153
two-handed pointing, 153

Points, mathematics, 421–422
Polarization multiplexing, 41
Polyshop, 271, 327
Position control vs. force control, 145
Positioning, as manipulation task, 142
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Postures, 106–108, 270. See also Gestural
commands

Precision grasp, 145–146
Presence

evaluators interrupting, 362
importance of, 4
metrics for, 359
recommended reading, 254
usability evaluation and, 22
user-centered wayfinding support, 237
wayfinding and, 229

Primed search tasks, travel, 186
Procedural (or route) knowledge, 232
Props (passive haptic feedback), 320–322

as design technique, 321
disadvantages, 321–322
manipulation performance and, 146
overview of, 320
physical props compared with virtual 

tools, 274
steering techniques, 204
transparent props for 2D interaction in 

VE, 339–340
Prototypes

3D UI applications, 8
design and development, 311
evaluation, 354

ProVIT case study, 282–285
Psychiatry

3D environments for, 23
applications for, 8

Psychology, 25
Public systems, 330
Push-to-talk schemes, 119

Q
Quaternions, 168–169, 177–179, 424–426, 427
Questionnaires, as evaluation method, 356
QWERTY layout

physical keyboards, 290–291
virtual keyboard, 299

R
Radio frequency identification (RFID), 275
Ray-casting

pointing technique, 151–153
ZoomBack technique, 213

Reactive feedback, 317
Real world

AR brings virtual interfaces into, 390–391
compliance, 277
design principles, 241–242
metaphors for 3D design, 333–335
recommended reading, 347
relevance of 3D interaction, 4–5
seamless interaction with virtual world, 411

Recommended reading
3D UI design, 347
AR (augmented reality), 406
evaluation, 384
input devices, 133–134
mathematics of 3D UIs, 426–427
output devices, 84–86
selection and manipulation, 181–182
symbolic input, 310
system control, 285
travel, 226
wayfinding, 253–254

Reference objects, wayfinding, 248
Refresh rate

monitors, 40
visual displays, 33

Registration, AR systems, 390
Representation, system control, 266–267
Requirements gathering, for design and de-

velopment, 311
Resolution

haptic displays, 71
spatial resolution of visual display, 32

Responsive Workbench, 46–47
Reverberation cues, 3D sound localization, 62
RFID (radio frequency identification), 275
Ring menu, 261
Ring Mouse, 113
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Rotation
bimanual interaction and, 326
as manipulation task, 142

Rotation interaction techniques, 168–171
absolute and relative mappings, 170
ARCBALL, 177–179
designing rotation mappings, 169
overview of, 168–169
usability properties of, 170–171

Rotational mappings, 169, 182
Route-planning

drawing a path, 207–208
manipulating a user representation,

209–210
marking points along a path, 208–209
overview of, 206–207

Route (procedural) knowledge, 232

S
Sanitation issues, public systems, 330
Scalars, mathematics, 420
Scale, of maps, 243
Scaled-world grab, 165–166, 216–217
Scaling, bimanual interaction, 327
Scenarios

as evaluation tool, 352
of symbolic input, 288–290

Scientific visualization, 8–9
Screen shape (display geometry), 33
Search tasks

strategies for, 237–238
travel task, 185–186
wayfinding task, 231

Selection and manipulation, 139–182
3D manipulation tasks, 140–141
3D widgets, 174–175
application-specific manipulation tasks, 143
ARCBALL technique, 177–179
canonical manipulation tasks, 141–143
classification of manipulation techniques,

147–150

combining techniques for, 163–164
control dimensions and integrated control,

144–145
design guidelines, 179–181
desktop manipulation techniques, 171–174
device placement and form-factor, 145–146
fishing-reel technique, 158
flashlight and aperture techniques, 

153–156
force vs. position control, 145
Go-Go technique, 160–162
of graphical menus, 266
HOMER, 164–165
image-plane techniques, 156–158
input devices and, 143–144
overview of, 139–140
pointing techniques, 150–151
ray-casting techniques, 151–153
recommended reading, 181–182
rotation interaction techniques, 168–171
scaled-world grab, 165–166
simple virtual hand, 159–160
two-handed pointing, 153
used for travel, 211
virtual hand techniques, 158–159
Virtual Sphere techniques, 175–177
Voodoo Dolls, 166–168
World-in-Miniature (WIM), 162–163

Semiautomated steering, 206
Senseboard, 299
Senses

feedback dimensions, 316
sensory immersion, 408
sensory substitution, 67, 316, 319–320

Sequential approach, 375–378
benefits of, 381
case studies, 377–378
comparing with testbed, 378–382
cost benefit analysis with, 376–377
costs of, 380–381
evolution of, 375
goals of, 378–379
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Sequential approach (cont.)
results of, 381–382
serial nature of, 376
steps in, 375–376
when to use, 379–380

Shadows
for object manipulation, 333
in visual depth perception, 36

ShapeTape, 114–115
Sign language, 272, 303
Signs, wayfinding aids, 247–248
Simple virtual hand, 159–160
Simulated walking, 196–198
Simulation

3D environments used for, 22–23
3D UI design based on, 331–333
simulated walking, 196–198
simulator sickness, 359–360
simulator systems, 18

Single-character, speech recognition, 305
Situation awareness, 230
SKETCH, 273, 340
Soft keyboards, 298–299
Software

haptic rendering, 68
speech recognition, 268
tools, 21, 68

Sonification, 67
Sound. See 3D sound
Sound intensity cues, 3D sound localization,

62
Sound localization. See Localization, sound
Space-multiplexed interactions, 400
Spatial compliance, 317–318
Spatial knowledge

transferring to real world, 228
types of, 231–232

Spatial orientation, 230
Spatial perception, of humans, 15
Spatial resolution

haptic displays, 71
visual displays, 32

Spatial seams, augmented surfaces, 397

Speakers, external, 65–66, 80
Special-purpose input devices, 114–118

CavePainting Table, 116–117
Control Action Table (CAT), 117–118
Interaction Slippers, 115–116
overview of, 114
ShapeTape, 114–115

Specified trajectory movement, wayfinding,
231

Spectral cues, 3D sound localization, 61
Spectral multiplexing, 41
Speech-connected gestures, 271
Speech input devices, 119–120
Speech recognition

design and implementation, 268–269
engine, 268
practical application, 269–270
single-character, 305
speech-based symbolic input, 304–305
unrecognized speech input, 306
whole-word, 305

Spotlight, pointing techniques, 153–156
Standards, 3D UI, 24, 417
Static (monocular), visual depth cues, 34–36,

39
Statistical variability, 366–367
Steering techniques, 199–206

camera-in-hand steering, 203–204
gaze-directed steering, 200–201
overview of, 199–200
physical steering props, 204
pointing-based steering, 201–202
semiautomated steering, 206
torso-directed steering, 202–203
virtual motion controller, 205–206

Stereo glasses, 41–42
Stereopsis, visual depth cue, 38
Stereoscopic viewing, 41
Sticky-finger technique, 157
String devices, 128
Stroke devices, 128
Stroke, in pen-stroke gesture recognition, 

300
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Structure, system control, 266–267
Subjects, 351. See also Users
Summative evaluation, 22, 356
Surface-based recognition, 272
Surround-screen displays, 43–46

active viewpoints, 45–46
advantages, 44
disadvantages, 45
guidelines for choosing, 78
overview of, 43
types of, 43–44

Survey knowledge, 232
Sutherland, Ivan, 12
Swept volume techniques, 57
Symbolic gestures, 272
Symbolic input, 287–312

for 3D UIs, 291–292
beyond text and number entry, 310
design guidelines, 306–310
gesture-based, 303–304
history of, 290–291
importance of, 288
keyboard-based, 294–299
need for development in, 410–411
overview of, 137, 287–288
pen-based, 300–302
recommended reading, 310
scenarios for, 288–290
speech-based, 304–306
tasks, 293–294
techniques, 294

Symbols, alphanumeric, 293
Symmetric bimanual tasks, 324
Symmetric bimanual techniques, 327
System control, 255–285

1-DOF menus, 261–262
3D widgets, 263–265
adapted 2D menus, 260–261
classification of techniques, 259
defined, 256
design and implementation, 265
design guidelines, 280–282
gestural commands, 270–273

graphical menus, 260
human factors, 257, 285
input devices, 257–258
multimodal techniques, 278–280
overview of, 137, 255–257
placement, 265–266
practical applications of, 267–268
ProVIT case study, 282–285
recommended reading, 285
representation and structure, 266–267
selection, 266
system- and application- level factors, 258
tools, 274–278
TULIP menus, 262–263
voice commands, 268–270

System-level factors, 258
System performance, 357
Systems, translations between users 

and, 27

T
Tactile augmentation, 321
Tactile maps, wayfinding, 236–237
Tactile system

cues, 68–69
guidelines for choosing tactile devices, 81
haptic devices, 74–75
haptic perception and, 69

Tangible AR
advantages/disadvantages, 402–403
design of, 398–400
overview of, 397–398
time-multiplexed interaction in, 400–402

Tangible interaction, 397
Tangible user interfaces (TUIs), 275–276, 397
Target-based travel

map-based or WIM-based target specifi-
cation, 211–213

overview of, 210–211
visibility of target, 187–188
ZoomBack technique, 213

Task analysis, 352
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Tasks
classification of manipulation techniques

by, 148
composite/universal, 19
context, 164
integrated interaction techniques for mul-

tiple, 411–412
mapping to applications, devices, and

techniques, 409
manipulation, 140–143
parameters, 142–143
performance metrics, 358
symbolic input, 293–294
travel, 185–187
unimanual vs. bimanual, 324
wayfinding, 231

Taxonomies. See also Classification of tech-
niques

building in testbed approach, 370–372
as evaluation tool, 352–354
input device, 128–132
technique decomposition, 353

Technique components, 353
Technique integration, 164, 411
Technologies

background for 3D UIs, 16–17
future of 3D UIs and, 407–409
supporting 3D UIs, 5

Teddy, 273
Telepresence systems, 18
Temporal compliance, 317–318
Temporal resolution, 71
Testbed approach, 370–374

benefits of, 381
case studies, 374
comparing with sequential approach,

378–382
costs of, 380–381
goals of, 378–379
initial evaluation, 370
outside factors, 372
overview of, 370
performance metrics, 372

results analysis, 373–374
results, applying, 381–382
taxonomy, 370–372
testbed experiment, 373
when to use, 379–380

Text entry, symbolic input, 310
Texture gradient, in visual depth percep-

tion, 36
Texture, in real-world design, 241–242
Think aloud protocol, 361
Three-Up, Labels in Palm (TULIP) menu,

262–263
Thumbscript, 304
Tiles system, 399–400
Time-multiplexed interactions, 400–402
Time-to-target tests, 251
Tools, evaluation, 352–354
Tools, system control, 274–278

design and implementation, 276–277
overview of, 274
practical application, 278
techniques, 275–276

Torso-directed steering, 202–203
Touch. See Haptic displays
Tourism, 3D UI applications for, 9
Trackballs, 91–92
Tracking

AR systems and, 390
GPS, 194–195
head tracking, viewpoint orientation,

217–218
integrated control for manipulation,

144–145
wide-area, 193

Tracking devices, 96–109
acoustic tracking, 98–99
bend-sensing gloves, 106–108
data gloves, 106
eye tracking, 105–106
hybrid tracking, 103–105
inertial tracking, 100–101
magnetic tracking, 97–98
mechanical tracking, 98

474 Index

30706 16 pp457-486 r2jm.ps  6/18/04  11:05 AM  Page 474



motion trackers, 96–97
optical tracking, 101–103
overview of, 96
Pinch Gloves, 108–109

Trails, wayfinding aids, 249
Training

3D environments used for, 22–23
transfer, 254

Transaural audio, 66
Transfer functions, 27, 159
Translations, between user and system, 27
Travel, 183–226

camera-in-hand steering, 203–204
classification of techniques, 188–192
cycles, 198–199
design guidelines, 222–226
drawing a path, 207–208
exploration, 185
gaze-directed steering, 200–201
integrated camera controls, 220–222
maneuvering, 186–187
manipulating a user representation,

209–210
manual manipulation techniques, 214–216
marking points along a path, 208–209
motor component of navigation, 183
overview of, 136, 183–184
physical locomotion, 192
physical steering props, 204
pointing-based steering, 201–202
recommended reading, 226
relationship to wayfinding, 136–137
route-planning, 206–207
scale issues, 410
search tasks, 185–186
semiautomated steering, 206
simulated walking, 196–198
steering techniques, 199–200
target-based, 210–213
task characteristics, 187–188
tasks, 184–185
torso-directed steering, 202–203
travel-by-scaling, 216–217

velocity specification, 219–220
viewpoint orientation techniques, 

217–219
virtual motion controller, 205–206
walking, 192–195
walking in place, 195

Travel-by-scaling techniques, 216–217
Treadmill, for simulated walking, 196
Triggers, 150
TUIs (tangible user interfaces), 275–276, 397
TULIP (Three-Up, Labels in Palm) menus,

262–263
Two-handed interaction, 323–327

asymmetric techniques, 325–327
grabbing the air, 215
Guiard’s framework, 324–325
in list of interaction techniques, 20
overview of, 323–324
pointing techniques, 153, 202
symmetric techniques, 327
tangible AR, 402
Voodoo Dolls, 166–168

U
UbiComp (ubiquitous computing), 8
UIs (user interfaces)

3D. See 3D user interfaces
AR, 394–395, 404–405
components, 3–4
defined, 6
design, 3
design principles, 15–16
graphical, 11–12
tangible, 275–276, 397

UniCam, 221
Unimanual tasks, 324
Uniport, 198–199
Unrecognized pen input (digital ink), 

302, 309
Unrecognized speech input, 306
Usability, 7, 351
Usability engineering, 311, 384
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Usability evaluation, 349–384
3D UIs, 21–22
approaches, 351, 378–382
classification of techniques, 367–369
defined, 7
evaluation type issues, 365–367
evaluator issues, 362–363
formative vs. summative, 22
future of 3D UIs, 415–416
guidelines, 382–384
heuristics for, 415
methods, 351, 354–357
metrics, 357–360
miscellaneous issues, 367
MR applications, 415–416
multimethod approaches, 369
overview of, 349–350
physical environment issues, 360–362
purposes of, 350
recommended reading, 384
sequential approach, 375–378
terminology for, 351
testbed approach, 370–374
tools, 352–354
user issues, 363–365

User-centered wayfinding support, 234–235
field of view (FOV), 235
motion cues, 235–236
multisensory output, 236–237
presence, 237
search strategies, 237–238

User comfort
3D UI design and, 328–330
metrics for, 359

User groups, 327–328
based on age, 327
based on perceptual, cognitive, and motor

ability, 328
based on physical characteristic, 328
based on prior experience, 327–328

User interfaces. See UIs (user interfaces)
User task analysis, 352
User-worn 3D mice, 113–114

Users
collaboration between multiple, 414–415
defined, 351
evaluation issues related to, 363–365
metrics for user preferences, 358–360
sensory immersion, 408
translations between systems and, 27

V
Variables, in evaluation, 366–367
Vectors, 420–421, 426
Velocity/acceleration

travel, 190
Velocity specification, travel, 219–220
VEs (virtual environments). See also VR

(virtual reality)
defined, 7
evaluation issues, 360–362
information-rich virtual environment

(IRVE), 414
MAUVE (Multi-Attribute Usability

evaluation tool for Virtual Environ-
ments), 366

ViaVoice (IBM), 268
Video see-through displays, 390
Viewpoint orientation, travel

head tracking, 217–218
nonisomorphic rotation, 218–219
orbital viewing, 218
Virtual Sphere, 219

Virtual Annotation system, 306
Virtual body, 237
Virtual environments. See VEs (virtual envi-

ronments)
Virtual hand techniques, 158–162

Go-Go, 160–162
overview of, 158–159
simple virtual, 159–160
World-in-Miniature (WIM), 162–163

Virtual keyboards. See Soft keyboards
Virtual menus, 326
Virtual motion controller (VMC), 205–206

476 Index

30706 16 pp457-486 r2jm.ps  6/18/04  11:05 AM  Page 476



Virtual Notepad system, 302, 338
Virtual reality. See VR (virtual reality)
Virtual retinal displays (VRDs), 54–55, 79
Virtual Sphere, 175–177, 219
Virtual tools, 275
Virtual travel

classification of travel techniques, 189
wayfinding aids, 228

Virtual Tricorder, 276, 342
Virtual worlds, compliance with real world,

277
Vision cues, 3D sound localization, 62
Visual depth. See Depth cues, visual displays
Visual displays, 31–59

arm-mounted, 52–54
autostereoscopic, 56–59
binocular disparity and stereopsis and, 38
depth cue relevance, 38–40
depth cues, 34
display geometry, 33
ergonomics, 33–34
field of regard and field of view, 31–32
head-mounted, 49–52
hemispherical, 47–49
light transfer, 33
monitors, 40–42
monocular (static) depth cues, 34–36
motion parallax depth cues, 37–38
oculomotor depth cues, 37
overview of, 31
refresh rate, 33
spatial resolution, 32
surround-screen, 43–46
types of, 40
virtual retinal, 54–55
workbenches, 46–47

Visualization, 17, 23
VMC (virtual motion controller), 205–206
Voice commands

design and implementation, 268–269
overview of, 268
practical application, 269–270

Volumetric displays, 57–58, 409

Voodoo Dolls, 166–168
VR (virtual reality)

AR as alternative to, 387–388
defined, 7
history of 3D UI and, 12–13
seamless interaction with real world, 411
surround-screens and, 43
technological background for 3D UIs, 18

VRDs (virtual retinal displays), 54–55, 79
VRML specification, 24

W
W3C (World Wide Web Consortium), 24
Walking, 192–195
Walking in place, 195
Wayfinding, 227–254

artificial cues, 242
artificial landmarks, 248–249
audio and olfactory cues, 250
compasses, 246–247
design guidelines, 251–253
egocentric and exocentric reference frames,

232–234
environment-centered support, 239
environment design, 239
evaluating wayfinding aids, 250–251
field of view (FOV), 235
legibility techniques, 239–241
maps, 242–246
motion cues, 235–236
multisensory output, 236–237
overview of, 136, 227–229
presence and, 237
real-world design principles, 241–242
recommended reading, 253–254
reference objects, 248
relationship to travel, 136–137
search strategies, 237–238
signs, 247–248
spatial knowledge and, 231–232
tasks, 231
theoretical foundations of, 229–230
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Wayfinding (cont.)
trails, 249
user-centered support, 234–235

Whole-word
speech recognition, 305

Wide-area tracking, 193
Widgets

3D, 19, 174–175, 263–265
handheld, 262

WIM (World-in-Miniature)
as an AR technique, 392–393
as a manipulation technique, 162–163
as a route-planning technique, 209–210
as a target-specification technique, 211–213

WIMP (windows, icons, menus, and
pointers), 91

Windows, icons, menus, and pointers
(WIMP), 91

Wizard of Oz approach (WOZ), 354

Word-level techniques, symbolic input, 300
Workbenches, 46–47, 78
World-in-Miniature. See WIM (World-in-

Miniature)
World-referenced menus, 266
World Wide Web Consortium (W3C), 24
WOZ (Wizard of Oz) approach, 354

X
X3D (Extensible 3D) standard, 24

Y
You-are-here (YAH) maps, 243

Z
ZoomBack technique, 213
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