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We will discuss desktop displays, head-mounted displays (HMD), handheld displays,
projector-based displays, and stationary displays. Many of these display categories also
integrate nonvisual modalities. Thus, before we focus on the visual domain, we will review
AR-related work concerning sound and touch, as well as some cross-modal AR experiments
regarding the remaining human senses.

Multimodal Displays
While AR is often assumed to be synonymous with the visual overlay of information onto a person’s perception of the physical world, other sensory modalities can play an important role, too.
The human experience of the physical world is intrinsically multimodal, so it makes sense for AR
displays to support multiple augmentation modalities. Many modern AR products do cater to
multiple senses, and some AR endeavors have focused on specific individual nonvisual modalities. In fact, an entire product line of audio guides or electronic multimedia guides presents audio
information to visitors of museums and other sites oriented predominantly toward tourists.
There is a rich history of audio AR endeavors, but research has also explored tangible and haptic
AR as well as looked at other modalities. We will take a brief look at this work in the following
subsections.

Audio Displays
Museum audio guides have been around since at least the early 1950s. For a long time, these
audio tours made for a rather linear, nonpersonalized experience. Early systems broadcast
taped narratives in different languages to visitors who checked out mobile radio receivers at
the entrance desk. With the tapes running synchronized for any given group of visitors, the
recipients of the broadcast walked and turned their heads in synchronized response to the
broadcast [Tallon and Walker 2008]. Over the years, more playback flexibility, personalization,
and multimedia support were added to the tour guides [Bederson 1995] [Abowd et al. 1997].
Today, at many indoor and outdoor tourist sites, electronic multimedia guides are available
as standard rental equipment or for download to personal smartphones; they often include
location-aware technology that enables them to provide on-demand audio describing nearby
attractions [Tallon and Walker 2008].
A different application example of audio AR, assistive audio guidance systems for people with
visual impairment, was prototyped as early as the late 1970s. “Talking signs” would broadcast
digital voice recordings about objects at the transmitter via infrared signals, which could be
picked up by mobile infrared receivers carried by the sight-impaired walking person within a
range of 15 to 40 meters [Loomis et al. 1998]. Starting in the early 1990s, when the first handheld GPS receivers became available, Loomis, Golledge, and colleagues at the University of
California, Santa Barbara, implemented and evaluated audio navigational support for the blind,
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using global positioning and geographic information system (GIS) resources, with voice synthesis and virtual acoustics displays communicating navigational information to sight-impaired
pedestrians [Loomis et al. 1993] [Loomis et al. 1998].
Not all explorations of audio augmentation technology were targeted toward either specialpurpose applications, as in the case of museum guides, or specific user groups, as with assistive
navigational guidance. With needs related to general workplace communication and information browsing in mind, the Audio Aura system [Mynatt et al. 1998], for example, combines
location-aware Active Badges [Want et al. 1992], distributed computing, and wireless headphones for the purpose of providing serendipitous background information via unobtrusive
digital audio transmissions.
If a virtual audio source is to be registered with a physical 3D location, such that the listener on
the move perceives the sound as emanating from this 3D location, spatial audio techniques
[Burgess 1992] need to be employed. While sound propagation in complex environments is
very challenging to model [Funkhouser et al. 2002], head tracking, spatial sound synthesis,
and a carefully modeled person-specific head-related transfer function (HRTF) [Searle et al.
1976] can approximate spatial audio to a convincing quality. Over the years, there have been
many demonstrations of audio augmented realities [Sawhney and Schmandt 2000] [Mariette
2007] [Lindeman et al. 2007]. Modern AR headsets, such as the recently announced Meta 2 and
Microsoft HoloLens development kits, naturally support spatial audio. In fact, reviewers of the
first public previews of the HoloLens spoke enthusiastically about the spatial audio experience,
which is delivered via speakers embedded in the headset rather than conventional earphones.
The necessity for end-user simplicity of use requires some compromises to avoid obtrusive
measurements of person-specific transfer functions at some expense to 3D audio fidelity.

Haptic, Tactile, and Tangible Displays
In the real world, interactions with physical objects typically occur through touch. For augmented reality purposes, we can rely on specific physical proxy objects to passively provide
touch feedback—as is the case with tangible AR (discussed in detail in Chapter 8)—or we can
try to synthesize and reproduce convincing impressions of touch via devices and instrumented
environments—the domain of haptic technology research. Providing a realistic sensory impression of touch is a difficult problem when no physical object is available with all the right attributes to impart this impression. While a great deal of research has investigated haptic feedback
in virtual environments, the application to AR environments so far has been comparatively limited. AR applications, specifically mobile ones, require nonobtrusive technologies for the sense
of touch. Bulky stationary force-feedback devices cover only relatively small workspaces, and it
is unlikely that general audiences will be willing to wear conspicuous force-feedback devices,
such as robotic exoskeletons, while going about their daily business.
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One can attempt to reproduce a variety of touch phenomena in AR environments. Specifically,
haptic feedback can be classified into kinesthetic and tactile feedback. Kinesthetic feedback
is force feedback sensed by nerves in joints and muscles, whereas tactile feedback is surfaceoriented touch feedback picked up by a variety of sensors embedded in skin and sub-skin tissue (responsible, for example, for the perception of skin contact, surface texture, vibration, and
temperature). Thermal feedback can also be viewed as a separate type of sensation.
Bau and Poupyrev [2012] provide a good overview of approaches for haptic AR displays,
categorizing them as either extrinsic haptic displays, which instrument physical environments,
or intrinsic haptic displays, which augment the user’s experience by altering tactile and kinesthetic perception. Extrinsic haptic displays commonly suffer from their coverage of only limited
workspaces and from the obtrusive technology, such as mechanical robot arms (Figure 2.1) or
nylon strings connected to (hidden) actuators [Ishii and Sato 1994]. Somewhat lower obtrusiveness is possible, however, as demonstrated by Disney Research’s AIREAL prototype [Sodhi et al.
2013b]. This technology provides free-air touch sensations by generating directed compressedpressure fields in the form of vortex rings. However, the types of touch sensations possible with
AIREAL are limited to the frequencies, intensities, and patterns afforded by air vortices, and
the system is currently not audio neutral (i.e., the vortex generation is accompanied by audible
sounds).
An early example of an intrinsic haptic display in the form of a wearable tactile vest was demonstrated by Collins and colleagues in 1977 as a visual prosthetic for the blind [Collins et al. 1977].
Since then, many wearable haptic displays have been explored, including haptic gloves, shoes,
vests, jackets, and exoskeletons [Tan and Pentland 2001] [Lindeman et al. 2004] [Teh et al. 2008]
[Tsetserukou et al. 2010]. For creating the illusion of tactile sensations on arbitrary surfaces, one
can inject weak electrical signals into the user’s body [Bau and Poupyrev 2012]. Such wearable
technologies can react to location sensing and, therefore, provide haptic stimuli for co-located

Figure 2.1 Example of visuo-haptic registration. The stylus of a Phantom Omni (now Geomagic
Touch) haptic device is highlighted by visual augmented reality. Courtesy of Ulrich Eck and Christian
Sandor.
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visual or audio augmentations. Overall, the touch impressions that are possible with current
technology are more suitable for symbolic notifications (taps or vibrations) than for realistic
representation of specific virtual objects.
Jeon and Choi [2009] extend Milgram’s mixed reality continuum (discussed in Chapter 1) to the
haptic domain. Haptic reality includes the use of real tangible props as well as placeholders such
as cardboard markers (see the discussion of tangible AR in Chapter 8). Haptic virtuality corresponds to environments with purely synthesized haptic sensations, which need to be registered with visual or audio augmentations. Haptic mixed reality uses combinations of real objects
and synthesized actuation (such as virtual vibrotactile actuations of a tangible prop or tactile
feedback on physical touchscreens).

Olfactory and Gustatory Displays
The idea of coordinating multiple sensory stimulations, including impressions of smell, date
back to Morton Heilig’s [1962] patent for the Sensorama simulator, a stand-alone movie console
that he implemented and refined over the following decades. This device could present 3D
cinematic experiences along with stereo sound, wind, and aromas [Heilig 1992]. Coordinated
sensory stimulation was at the heart of Heilig’s idea—and is also at the heart of multimodal AR
experiences: “It is the cooperative effects of the breeze, the odor, the visual images and binaural sound that stimulate a desired sensation in the senses of an observer. For those instances
where a sense of motion is desired, means is provided to induce small vibrations or jolts to
simulate movement and, also, to simulate actual impacts” [Heilig 1962].
Delivering scents through the air in a natural but directed manner is not a trivial undertaking.
While Heilig’s machine simply released the aromas into air flow directed toward the viewer,
SpotScents [Nakaizumi et al. 2006] utilizes vortex rings consisting of scented air. By coordinating two scent projector air cannons such that two air vortices collide and break up at a target
location to release the scent impression, the system avoids hitting users with unnaturally strong
airflow impulses. Smelling Screen [Matsukura et al. 2013] delivers scents to people sitting in
front of a two-dimensional display screen by coordinating fans in the four corners of the screen.
SensaBubble [Seah et al. 2014] delivers scented fog encapsulated in bubbles of specific sizes
along directed paths. Additionally, bubbles are tracked and visually augmented with projected
imagery. The visual augmentation persists only until the bubble bursts, at which point the scent
is also released. The authors suggest that this mechanism could be used for playful notifications. All of these examples utilize extrinsic olfactory displays, in which odors originate in stationary environment locations. As examples of intrinsic displays, Yamada and colleagues [2006]
demonstrated two prototypes of wearable olfactory displays and evaluated them in outdoor
environments.
Coordination of haptic and gustatory (taste) modalities was the aim of the Food Simulator project, which demonstrated and evaluated a haptic interface for biting [Iwata et al. 2004]. Volunteers bit onto a force-feedback apparatus that simulated certain food textures. Simultaneously,
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the chemical sensation of taste was induced via small amounts of liquids containing combinations of substances representing the five basic tastes: sweetness, sourness, saltiness, bitterness, and umami. While this particular work did not make use of a visual representation of
the simulated food item, other research projects have explored combined visual-olfactory
augmentations.
For example, Narumi and colleagues [2011a, 2011b] have developed several incarnations of
MetaCookie, in which AR markers are applied to plain cookies via a branding iron and a commercial food plotter with edible ink, respectively. An olfactory display and visual AR display
are used to create the impression of differently flavored cookies (Figure 2.2). Evaluations have

Figure 2.2 MetaCookie: An olfactory display is combined with visual augmentation of a plain cookie
to provide the illusion of a flavored cookie (chocolate, in the case of the bottom image). Courtesy of
Takuji Narumi.

Visual perception

shown that with several combinations of odors and visuals that emulate common cookie
flavors, a convincing “pseudo-gustatory” effect can be achieved—that is, participants have
reported a changed taste of the augmented cookie.
Now that we have briefly reviewed the history and state of the art of nonvisual AR displays,
outlining the potential of multimodal augmentation, the rest of this chapter will focus mainly
on the visual domain. We will preface our discussion of visual displays with a brief overview of
visual perception. This sets the stage for an examination of the requirements and characteristics of different types of visual displays.

Visual Perception
Human vision is a highly sophisticated sense, responsible for delivering roughly 70% of the
overall sensory information to the brain [Heilig 1992]. Consequently, AR has mostly concentrated on providing augmentations to a human user’s visual perception. Before we discuss such
visual AR displays, we will briefly mention important properties of the human visual system. For
more detailed information on human perception, the reader is referred to general texts on the
human vision system [Marr 1982] [Frisby and Stone 2010].
The human field of view, from both eyes combined, spans usually 200–220° horizontally,
depending on head shape and eye position. The fovea (i.e., the area of best visual acuity) covers only 1–2°, with acuity peaking in the center 0.5–1°. Outside the fovea, the visual acuity falls
off quickly with increasing viewing angle. Humans compensate for this effect by moving their
eyes—in a range of up to 50°—and their head. High-quality AR, therefore, requires a viewing
device that can present sufficient resolution in the area of high acuity.
By adjusting the pupil diameter, humans can control the amount of light that enters the eye.
This allows us to accommodate a dynamic range (the ratio of maximum and minimum perceivable light intensities) of up to 1010, covering viewing conditions from dim starlight to extremely
bright sunlight. Thus, a truly versatile AR display will need to be able to adapt to a wide range of
viewing conditions.
Their use of two eyes means that humans are able to perceive binocular depth cues. While
monocular depth cues—such as size in the image, linear perspective, height in the field of
view, occlusions, or shadows and shading—can be encoded in a single image by conventional
computer graphics, binocular depth cues require display hardware that can present separate
images to both eyes simultaneously. The most prominent binocular depth cue is stereopsis,
the disparity between the left and right image. Stereopsis is very effective for conveying scene
depth, especially for objects that are nearby. The closer an object is to the eyes, the bigger the
angular offset, or parallax, of the object’s projections in the two image planes.
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Requirements and Characteristics
Before we discuss the different visual displays that have successfully been employed to implement AR, it is important to understand some of the requirements and varying characteristics of
such displays.
An ideal AR system would have the capability of creating life-like 3D augmentations that
convincingly populate actual physical spaces. AR designers might choose to have the augmentations appear as distinct from reality, but they would certainly appreciate the possibility of
creating virtual content that is seamlessly integrated with existing physical reality. Both speculative science [Sutherland 1965] and science fiction, e.g., the Star Trek Holodeck [Krauss 1995],
have featured visions of perfectly realistic displays, but rarely do such musings consider the
inclusion of the actual real world. It would be amazing to be able to shift atoms around at will
and generate virtual content as a true part of the real world in real time and to perceive these
augmentations with all our senses. Clearly, most of that dream remains impossible to realize for
the time being.
We will come back to the future in Chapter 14. For now, we will take a look at the characteristics
and potential of actual visual AR technology. The design of a good AR display always involves
some tradeoffs regarding its properties, and different types of displays have different pros and
cons. We begin by reviewing the methods of augmentation that current AR displays employ.

Method of Augmentation
From the properties of the human visual system and the objectives of the AR application,
we can derive requirements for AR displays. One obvious requirement that distinguishes AR
displays from conventional computer-generated displays is that the real environment and the
virtual environment need to be combined. When this combination of real and virtual content
happens via a lens through which the user is viewing the environment, the result is described
as a see-through display. There are two fundamental ways to achieve this result: an optical seethrough display or a video see-through display. If the augmentations are projected onto actual
physical geometry (be it dummy placeholder objects or natural parts of the real world), the
technology is described as spatial AR, projection-based AR, or spatial projection. The following
paragraphs briefly describe each of these three approaches.
Optical see-through (OST) displays commonly rely on an optical element that is partially transmissive and partially reflective to achieve the combination of virtual and real. A half-silvered
mirror is a simple example of such an optical element. The mirror lets a sufficient amount of
light from the real world pass through so that the real world can be viewed directly (Figure 2.3).
At the same time, a computer-generated display showing virtual images is placed overhead or
to the side of the mirror, so that the virtual images are reflected in the mirror and overlaid on
the real image.
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Pose Sensors

Generated Virtual Imagery
((potentially stereoscopic)

Real World
Optical
Combiners

Figure 2.3 An optical see-through display uses an optical element to combine a user’s view of the
real world with computer-generated images.

Video see-through (VST) displays achieve the combination of virtual and real electronically. A digital video image of the real world is captured through a video camera and transferred to the graphics processor. The graphics processor combines the video image with the
computer- generated images, often by simply copying the video image into the frame buffer
as a background image, with the computer-generated elements drawn on top (Figure 2.4). The
combined image is then presented using a conventional viewing device.

Pose Sensors (optional)
Image
Sensors

Monitors

Digital
Combiner
Generated
Virtual Imagery
(potentially
stereoscopic)

Figure 2.4 A video see-through display captures the real world with a video camera and
electronically modifies the resulting image using a graphics processor to deliver a combined real and
virtual image to the user.
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Figure 2.5
required.

Spatial projection casts images directly onto real-world objects; no combiner unit is

With spatial projection, the virtual part of the AR display is generated by a light projector;
instead of using a special screen, however, the virtual image is projected directly on real-world
objects (Figure 2.5). This is also a form of optical combination, but here we do not need a separate optical combiner, and no electronic screen is involved. This display paradigm is an example
of a volumetric 3D display [Blundell and Schwartz 1999], for which the points of light defining
perceivable objects are physically distributed throughout a 3D volume.
Immersion factors of visual AR displays are key considerations in their development. While there
has been a lot of research on immersion in VR [Pausch et al. 1997] [Bowman and McMahan
2007] [Cummings et al. 2012], the components and parameters of immersion and presence
factors for AR are less well understood [MacIntyre et al. 2004a] [Steptoe et al. 2014]. In this book,
we will apply Slater’s [2003] distinction between immersion and presence. That is, immersion refers to the objective level of sensory fidelity a VR (or, in our case, AR) system provides,
whereas presence refers to a user’s subjective psychological response to such a system.

Ocularity and Stereoscopy
The question of monoscopic versus stereoscopic imagery arises with several see-through AR
display technologies, such as near-eye displays and handheld magic lenses. If the physical
world is seen through some kind of lens or mediated through cameras, two questions arise
regarding scene dimensionality: (1) Is the three-dimensionality of the real world maintained?
and (2) Are the augmentations displayed with stereopsis, exploiting binocular vision?
A monocular HMD presents images to only one eye. A monocular display can be used for AR,
but this approach is not very popular, because it lacks immersion. A bi-ocular display presents
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the same image to both eyes, resulting in a monoscopic impression. This approach is sometimes used for VST HMD, because only a single camera stream is required and sensing and
processing requirements are minimized. Finally, a binocular HMD presents a separate image
to each eye, resulting in a stereoscopic effect. Binocular displays obviously deliver the highestquality AR among these choices, but have a significantly increased technical cost. They require
two displays or, alternatively, a wide-format single display that can be appropriately split using
two optical elements (Figure 2.6). Stereo augmentations can be rendered on top of a bi-ocular
representation of the real-world backdrop coming from a single camera (such as the phone’s
camera in Figure 2.6, bottom row), but full-stereo VST requires at least two cameras for video
input to provide a perspective similar to those obtained with two human eyes. Pairs of video
cameras and pairs of displays must be synchronized to deliver the images at the same time.
Using near-eye displays, AR can be implemented with monocular or binocular viewing. When
using binocular viewing, the real-world backdrop and the augmentations can be displayed with
or without binocular disparity, which enables stereo vision. With OST displays, the real-world
backdrop is viewed directly, and thus naturally exhibits binocular disparity. The augmentations
can be rendered either with or without stereopsis. The design possibilities for see-through displays in terms of stereopsis are depicted in Figure 2.7. Most example displays listed in this figure

Figure 2.6 (top row) The Rift (here: DK2) is a binocular HMD intended for immersive computer
games. It is under development by Oculus, which was acquired by Facebook in 2014 for $2 billion.
This high-profile acquisition has raised the interest in HMD technology worldwide. (bottom row) The
Samsung Gear VR is an example of an untethered virtual and augmented reality device that uses a
smartphone (here: Samsung Galaxy S6) as the main I/O and computational engine.
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are commercial HMDs (i.e., near-eye displays), but the monocular video see-through category
also encompasses the common case of smartphone- or tablet-based handheld AR.
VST displays can employ either one or two cameras. A VST display with two cameras, aligned
with the eyes’ optical axes (see Figure 2.14 later in this chapter) can produce imagery that lets
the user perceive the physical world under stereopsis. Unfortunately, it is notoriously difficult
to give a realistic impression of a three-dimensional space using stereoscopic camera feeds.
Humans are used to viewing the physical world unmediated and unencumbered and have high
expectations for realism, especially regarding the interplay of varying depth cues. Unavoidable
deviations from the ideal values for other immersion factors, such as field of view, resolution,
and focus ability, will make for a slightly or even considerably unnatural experience.

Focus
Normal rendering of virtual objects with the pinhole camera model commonly used in computer graphics (where the camera aperture is an ideal point, and no lenses are used) will result
in perfectly sharp images of all objects, irrespective of the focal depth. Our eyes and actual
cameras have a certain aperture size and, therefore, have to cope with the problem of limited
depth of field: Only a certain range of objects will be in focus, and everything outside this range
will be blurred. Of course, our eyes can accommodate (focus) at varying distances.
Accommodation can occur as a reflex to vergence (independent rotation of eyeballs to fixate a
point in space), but can also be consciously controlled. We accommodate at a certain distance
by changing the form of the elastic lenses behind our pupils. Matters are not so simple when
stereoscopic display screens are involved, however. Any display screen viewed with the naked
eye or through a conventional optical system has a fixed focal depth. Consequently, images
of virtual objects will always be displayed with this fixed focus, although the actual depth of
the object (distance from the virtual camera) may be very different. In such a stereoscopic
display, the object’s actual distance is signaled to the human visual system via stereo parallax, resulting in a certain vergence response. The result is conflicting signals about focus and
eye alignment—the so-called accommodation–vergence conflict. People get variable vergence
information from binocular stereo cues in a virtual scene, which conflicts with the fixed accommodation needed for the display’s focal depth. This phenomenon has been shown to reduce
task performance and contribute to visual fatigue [Emoto et al. 2005] [Hoffman et al. 2008]
[Banks et al. 2013].
The accommodation–vergence conflict occurs in VR as well as in AR, as long as stereoscopic
displays with a fixed focal plane are used. For optical see-through AR with such stereoscopic
rendering, however, there is an additional, related problem: Not only will viewing of the virtual
augmentations suffer from the accommodation–vergence conflict, but the user will view the
real world with correct accommodation cues, whereas to see the virtual annotations in focus,
the user will need to accommodate to the display image plane. Thus, to read a textual label
that is virtually positioned on the front plane of a building facade, the user must switch focus

45

46

Chapter 2

Displays

back and forth between the building facade plane and the display image plane. Looking at the
facade plane, the user can see the architectural details in focus, but the textual explanation
will be blurred, and vice versa. Any co-placement of virtual and real objects will suffer from this
problem, unless the objects’ depth happens to be at the display image plane. The magnitude of
this problem has not been exhaustively assessed as of yet. People manage to adjust accommodation at will quite effortlessly, but increased visual fatigue and discomfort might ensue with
medium- to long-term use.
One solution to this problem might be a display that can shift the focus plane in real time. With
such technology, which researchers are currently investigating [Liu et al. 2008], one would need
eye tracking to identify the objects the user is focusing on and then adjust the focus plane shift
according to the user’s attention.
Multifocus displays [Schowengerdt and Seibel 2012] present another possibility to avoid the
accommodation–vergence conflict. Some promising technologies in this area are discussed
later in this chapter, in the coverage of near-eye displays. Accommodation and vergence are
naturally matched in the case of volumetric displays [Blundell and Schwartz 1999], where light
emanates or reflects from actual points in a 3D volume. Spatial projection, a special case of this
display modality, is described in the later discussion of projected displays.
If one sticks with stereoscopic displays that have a fixed focus plane, it may be possible to
reduce the problems attributable to accommodation–vergence mismatch by clever use of
other depth cues. For a review of depth cues, see the work of Cutting and Vishton [1995] or
Chapter 1 of the book by Blundell and Schwartz [1999]. Depth of field effects, for example, can
be simulated in computer graphics (see Barsky and Kosloff [2008] for a survey of techniques). In
conjunction with eye tracking [Hillaire et al. 2008], the real-time rendering of realistic blurring
effects outside the depth of field may alleviate the accommodation–vergence conflict [Vinnikov and Allison 2014].
In video see-through systems, the camera optics are responsible for delivering images that
have the right focus. As mentioned earlier, VST displays can either employ a single camera or
two cameras (Figure 2.7), with the latter allowing for stereoscopic display of the real scene. The
focal dynamics of the cameras are likely very different from those for the human eye. Even if
they were the same, it would be a big challenge to establish a link between the oculomotor cue
of stretching and relaxing the eye lens and the focusing system of the camera. A camera could
employ an auto-focus mechanism for automatically adjusting the focus to a central object.
While such auto-focus settings are usually not available on the computer to which the camera
is attached, the distance to the fixated object could still be determined from a scene model,
which is either prepared offline or assembled live through methods such as SLAM, discussed in
Chapter 4. With this information, an attempt can be made to render virtual objects with depth
cues (e.g., depth of field blur) corresponding to the estimated focal depth, and even to perform
image processing on the camera feed to approximate focus effects. Nevertheless, the VST
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experience in terms of depth perception in general, and focus effects in particular, likely will not
be extremely realistic.

Occlusion
Occlusion between virtual and real objects is an important cue to convey the scene structure.
While correct occlusion among real objects is naturally given, and correct occlusion among
virtual objects is easily achieved by means of a z-buffer, achieving correct occlusion of virtual
in front of real, or vice versa, requires special consideration. By using the z-buffer, a video seethrough system can determine whether the virtual or real object is in front, if a geometric representation of the real scene is available. In optical see-through systems, where augmentations
often appear as semi-transparent overlays, it is more difficult to make virtual objects appear as
if they are truly in front of real objects. There are three alternatives:
■■

Virtual objects can be rendered very brightly relative to the intensity at which real
objects are visible, so the virtual objects will be dominant. However, this may adversely
affect the perception of the remaining portions of the real scene.

■■

In a controlled environment, the relevant part of the real scene can be illuminated with
a computer-controlled projector, while the rest of the scene (in particular, real objects
that are occluded by virtual objects) remains in the dark and, therefore, imperceptible
[Bimber and Fröhlich 2002]. In these dark areas, virtual objects can be shown and
appear to occlude real ones (Figure 2.8).

Projector‐
based
illumination

Occluded
part masked
out from
illumination

Virtual

Real

Figure 2.8 The occlusion shadows technique uses controlled illumination to blank out those portions
of the real world where opaque computer graphics should be visible.
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Virtual image

Real image
Half‐silvered
mirror

LCD panel

Figure 2.9 (top) The ELMO HMD uses an additional LCD panel between display and optical
combiner for pixel-wise blocking of occluded real-world objects. (bottom) Prof. Kiyokawa with a
prototype of ELMO. Courtesy of Kiyoshi Kiyokawa.

■■

An optically transparent display can be enhanced with a liquid crystal screen, which
allows for selectively making individual pixels transparent or opaque. The ELMO HMD
[Kiyokawa et al. 2003] pioneered this approach (Figure 2.9).

Resolution and Refresh Rate
The resolution of the display has an immediate impact on the fidelity of the resulting image.
Overall, resolution is restricted by the type of display and by the optical system. If a video
see-through solution is used, the resolution of the real world is additionally restricted by the
resolution of the camera. Usually, the computer-generated display will not be able to match
the maximum resolution at which a human perceives the real world directly (Figure 2.10).
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Figure 2.10 Image quality in optical see-through displays is higher for the real world, but generally
inconsistent. The (normally occluded) tips of the pincers are rendered as augmentations. This
illustrative mockup shows exaggerated resolution artifacts for the augmentation part on the left and
the entire image on the right.

Nevertheless, a sufficient resolution is desirable to suppress disturbing artifacts of computergenerated images (such as pixelated lines or text) that stand out in comparison to the user’s
perception of the real world.
Apart from the spatial resolution, the temporal resolution—that is, the native refresh rate of the
display—is important to minimize perceived flicker and to avoid image lag and ghosting. The
flicker fusion threshold is the frequency at which an intermittent light stimulus appears to be
completely steady to the average human observer. Many factors influence this threshold. While
some human observers experience flicker in CRT displays with refresh rates of less than 75 Hz,
newer display technologies with higher pixel persistence, such as some LCD displays, avoid
flicker at refresh rates of 60 Hz or less. The refresh rate influences how displays render motion.
For the purposes of presenting moving images, the human flicker fusion threshold is usually
taken as 16 Hz, and TV cameras operate at 25 or 30 frames per second, depending on the TV
system. For rendering fast motions without blur, higher frame rates (120 Hz and higher) can
be advantageous, and for AR and VR, frame rates above 60Hz are commonly desired. Higher
display refresh rates are also often used in VR and AR displays for time-multiplexing information transmission, such as alternating left- and right-eye frames in stereoscopic displays and
field-sequential color displays that fuse colors by showing a single pixel in red, green, and blue
in quick temporal succession.
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Figure 2.11 AR systems typically have a limited field of view, resulting in an “overlay FOV” area, in
which augmentations are visible, and a “peripheral FOV” area, in which they are not.

Field of View
The field of view (FOV) is potentially even more important than the raw resolution. FOV and
resolution are interrelated, as more pixels at the same density are needed to fill a wider FOV.
A wider FOV means that more information can be shown to the user in a single view. In AR,
we distinguish between an overlay FOV and a peripheral FOV. In the overlay FOV, computergenerated graphics are overlaid on the image of the real world. In contrast, the peripheral FOV
encompasses the natural, non-augmented portion of the observed environment. If the overall
shot in Figure 2.11 has a 62° FOV diagonally, the marked overlay FOV is approximately 30°
diagonally. Such a relatively narrow FOV means that users will often have to put some distance
between themselves and the virtual or real objects to see them fully, or move their head in
a scanning motion to see the whole scene over time. FOV limitations are common in VR and,
especially, AR displays, and the resulting reduction in immersion limits the user’s presence in
the displayed scenes and content.
In video see-through AR, it is actually the FOV of the camera rather than the FOV of the display
that determines the amount of real-world information that can be presented. The camera often
has a larger FOV than the display, so that the camera image actually appears compressed, similar to a fish-eye effect. When using smartphones as handheld AR magic lenses, for example, the
camera on the back of the smartphone likely has a larger FOV than the angle subtended by the
display, which, at arm’s length, is quite small.
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Figure 2.12 Insufficient eye-to-display calibration can lead to distracting offsets. In video seethrough displays, pixel-accurate registration is easier to achieve.

For HMDs, the goal is to have as wide an overlay FOV as possible. To avoid having the HMD
grow in size, then, we must either get closer to the eye (using retinal scanning displays or AR
contact lenses; see the discussion in Chapter 14) or optimize the design of the involved optical
elements. HMD manufacturers often specify a diagonal field of view rather than a horizontal
and vertical field of view, which, conveniently, yields a higher number. When the distance of
the eye to the display in an HMD is fixed, the field of view together with the spatial resolution
of the display determines the angular resolution. A display with a very high pixel density can
use rather simple magnification optics to present a wide field of view. This approach has been
used in recent non-see-through displays such as the Oculus Rift, leveraging recent advances in
flat display technology. With a fixed pixel count, however, it may be necessary to choose either
a wider field of view or a higher resolution. For example, pilots may prefer a wider field of view,
while surgeons may require higher resolution.

Viewpoint Offset
Optical see-through displays fuse the optical paths of the virtual and the real into one, so the
resulting images are aligned by design. This outcome is desirable, as it corresponds to natural
viewing. However, it requires calibration of the virtual camera, which is used to generate the
virtual part of the AR display, to the eye of the user. If the calibration is not done carefully, an
offset between the image parts will be the result. With video see-through displays, the camera
frame can be used for computer-vision–based registration (see Chapter 4), leading to pixelaccurate annotations (Figure 2.12).
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Video see-through configurations will often introduce a significant offset between the viewing
direction of the camera and the viewing direction of the screen on which the camera image is
presented. This offset may reflect restrictions in where the camera can be mounted (e.g., on an
HMD), or it can be intended in the design of the AR workspace. For example, a workbench may
present the augmented image from an overhead camera facing downward on a vertical surface
in front of the user, so that the space where the user sees her real hands and the augmented
view are separated in the field of view (Figure 2.13).
With miniaturized cameras, it is also possible to build an HMD with camera optics placed such
that they are aligned with the viewing directions of the user’s eyes (Figure 2.14). The first device
of this kind was the COASTAR (Co-Optical Axis See-Through Augmented Reality) HMD, developed by Canon MR Laboratory [Uchiyama et al. 2002]. The design process for another such
parallax- and distortion-free HMD is described by State et al. [2005].

Image
Sensors
Offset

Monitors

Figure 2.13 (top) A camera pointing diagonally downward from behind the display captures an AR
interaction space centered on the user’s hands. Courtesy of Morten Fjeld. (bottom) In general, an
offset between the user’s viewing direction and the camera’s optical axis is not desirable.
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Figure 2.14 COASTAR was the first commercial parallax-free video see-through HMD. Courtesy of
Hiroyuki Yamamoto.

A special case of altered viewpoint is a mirror configuration. That is, AR can be delivered in a setup
that is similar to a video conferencing configuration, with a camera facing the user being combined
with an upright screen. In this case, it is advantageous to show a horizontally flipped camera image,
with the resulting display resembling the conventional mirror with which humans are familiar.
The disadvantages of any kind of viewpoint offset are, of course, that the user needs to adapt to
the viewing situation, and that the viewing is not entirely natural.

Brightness and Contrast
Achieving sufficient contrast in see-through displays is generally difficult. In particular, in outdoor
situations or in situations with an abundance of natural light, most computer displays are not bright
enough to achieve sufficient contrast. A common evasive measure is to reduce the amount of
physical light that affects the viewing situation—for example, by using window blinds to control
outside light influence on spatial projection indoors or by manipulating an adjustable visor on an
HMD. An OST HMD allows a user to see the world directly. The maximum brightness of the display
must compete with the brightness level of the real world, which makes is very difficult to obtain
acceptable contrast levels, especially outdoors in direct sunlight. In certain cases, the optical system
may also make the real world too dark (Figure 2.15).
In VST, no direct viewing of the environment is necessary, so the amount of natural light in the
viewing environment can be more easily controlled. Unfortunately, the poor contrast achieved by
conventional video cameras becomes more apparent. In addition, a VST HMD usually covers only a
certain part of the user’s field of view, and natural light may enter from the periphery. Additionally,
VST is critically dependent on working electronic components. If the camera or the display fails, no
meaningful image is shown at all (Figure 2.16).
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Figure 2.15 Optical see-through displays depend on the transparency of the optical combiner, while
video see-through displays can change brightness and contrast arbitrarily, as long as the display itself
can deliver sufficient contrast. On the right, the contrast limit is reached, and some real-world detail
is lost.

Figure 2.16 If the display fails, video see-through will not allow the user to see anything. This can be
dangerous in critical situations such as surgery or piloting an aircraft.
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Distortions and Aberrations
Every concrete display, be it OST or VST, will involve optical elements, such as lenses. These
optical elements can introduce distortions, such as fish-eye effects—in particular, if a wide field
of view is desired. In addition, the electronic imaging process can lead to sampling and reconstruction artifacts. For example, Bayer masks, which are widely used in electronic cameras,
induce typical color aberrations. High-quality components and careful calibration can minimize
these problems, albeit typically at an elevated cost.

Latency
Temporal errors can have a similarly detrimental effect as spatial errors. Just as insufficient
spatial calibration can lead to offsets between virtual and real in the image, so insufficient
temporal alignment between virtual and real can produce spatial offsets. If the virtual elements
in an AR display are shown too late, perhaps, because the graphics generation takes too long
to finish, the user may have moved in the meantime. As a result, the virtual elements will be
displayed in the wrong part of the image.
Latency affects both OST and VST, as the virtual parts can be outdated in both cases. One
potential advantage of VST over OST is the option of delaying the video so that it matches the
virtual elements. The resulting AR display will be free from spatial misalignments, but at the
cost of higher lag in the presentation. Such a lag may be acceptable only if the error is small.
High latency has been shown to contribute to the onset of cybersickness in VR and AR viewing
scenarios. It is hard to give absolute numbers, because the data from various studies are very
case specific, but the thresholds that have been studied in more depth lie somewhere between
20 and 300 ms. Predictive compensation can be effectively implemented to reduce apparent
latency, resulting in a lower magnitude of simulator sickness [Buker et al. 2012].

Ergonomics
Obviously, users should be comfortable when using AR viewing devices. For stationary displays,
this mostly requires a sensible arrangement of the workspace so that users can assume a convenient standing or seated position while using the device. For mobile devices, there is a bigger
risk of fatigue, and, therefore, acceptable ergonomic properties are much harder to achieve.
Handheld devices that must be held at eye level quickly strain the user, and most HMDs subjectively appear heavy and cumbersome after extended periods of wearing.

Social Acceptance
How weird would you be willing to look? Mobile computers are in widespread use today, and
wearing wireless audio headsets has just become acceptable. Even so, wearing an HMD in
public is not yet fully acceptable in most social environments. This status may be primarily
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attributed to the fact that HMDs are still very bulky and cover the eyes and a large part of the
face. Many users potentially interested in AR will, therefore, refrain from using HMDs, at least
until they get less conspicuous. Researchers have made the point that nomenclature might
contribute to limited user acceptance. “Head-mounted” displays might be less agreeable to
the public than “head-worn” ones, and indeed several researchers prefer the latter term [Feiner
1999] [Cakmakci and Rolland 2006]. In this book, we will continue to use the more traditional
“HMD” instead of the potentially more benign-sounding “HWD.”
In contrast to HMDs, stationary AR displays are less immersive, but they trivially afford simultaneous viewing by multiple users and, therefore, are more social in a certain sense. Handheld
devices lie in between the two extremes and may represent an acceptable compromise for the
present and near future, even though they are fraught with their own ergonomic and social
acceptance problems. Holding up a tablet or smartphone so that the user can look through
it like through a lens may potentially tire out the user’s arm. Likewise, looking at other people
through the “lens” of a camera-equipped smartphone or tablet so as to see augmentations
around that person’s silhouette is likely to be perceived as rude. The perceived threat of being
filmed by a worn camera has already resulted in a social acceptance problem for Google Glass
[Hong 2013], and many researchers have pondered the problems of surveillance and privacy
[Mann 1998] [Feiner 1999] [Michael and Michael 2013]. Less physically intrusive AR technology,
such as that potentially enabled by AR contact lenses (see Chapter 14), might lead to higher
user acceptance, but could bring with it a whole different set of social and societal problems
[May-raz and Lazo 2012].

Spatial Display Model
Now that we have reviewed requirements and characteristics of visual AR displays, it is time
to shed some light on the process of AR information display through the interplay of various
coordinate transformations. As noted in the previous section, multiple indirections may be
involved in a user’s viewing of the augmented world. The viewing experience might be mediated through camera feeds and display screens. In AR, we rely on a standard computer graphics
pipeline [Hughes et al. 2014] to produce overlays on the real world. Independent of the kind
of AR display, this pipeline consists of a model transformation, a view transformation, and a
projective transformation.
■■

Model transformation: The model transformation describes the relationship of 3D
local object coordinates and 3D global world coordinates. The model transformation
describes how objects are positioned in the real world.

■■

View transformation: The view transformation describes the relationship of 3D global
world coordinates and 3D view (observer or camera) coordinates.

spatial Display MoDel

■■

Projective transformation: The projective transformation describes the relationship
of 3D view coordinates and 2D device (screen) coordinates.

The projective transformation is usually determined offline, but may need to be updated
dynamically, if internal camera parameters, such as field of view, change (see Chapter 5). The
other transformations can be static, and thus determined offline, or they must be determined
by tracking, if they can change online. Tracking is discussed in great detail in Chapter 3.
Object tracking is required if we are interested in moving real objects in the AR scene, while
static object positions can be measured once and need not be tracked. Object tracking is used
to set the model transformation. If we want to augment only tracked objects (but not untracked
static objects), we can give up a an explicit world coordinate system and can use one view
transformation per tracked real object instead (e.g., in the case of independent AR markers; see
Chapter 3).
Determining the view transformation can be more complex, because several components
may be involved (Figure 2.17). If the user is moving relative to the display, head tracking and,
potentially, eye tracking are necessary. If the display is moving relative to the world, display
tracking is needed. If a VST display is used, camera tracking is required as well, because VST
routes the user’s perception of the real world through a camera, while OST lets a user see the
world directly. A setup where user, display, camera, and object are all moving independently is
conceivable, although typically a maximum of two simultaneous types of tracked entities are
used. Nevertheless, a system may employ multiple instances of each component type (user,
display, camera, object).
We will use the iconography of Figure 2.17 continuously throughout the later parts of this
chapter to illustrate schematically various AR display and viewing configurations (Figure 2.23
and later figures).

Object
to camera

World to camera
Display
to eye

Camera
to display

World
to object

World to camera
World to display

World to eye
Figure 2.17 The spatial model of most AR displays can be defined as the spatial relationship of
up to five components: the user’s eye, the display, the camera, an object to be augmented, and the
world. We depict the most important coordinate transformations here, each of which can be fixed and
calibrated, tracked dynamically, or left unconstrained.
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Visual Displays
To understand the technologies in today’s visual AR displays in detail, a range of scientific topics must be considered. While it is beyond the scope of this book to review the physics of light,
optics, and holographic principles, an excellent introduction to these topics as pertaining to
display technologies is presented in the book by Hainich and Bimber [2011]. Here, we will briefly
clarify the differences among the various 3D display technologies, as there are some common
misconceptions, and as understanding is sometimes purposefully blurred by marketing materials. In particular, we will distinguish among the following classes of 3D displays: stereoscopic
approaches, holographic displays, light-field displays, and volumetric displays.
We have already briefly discussed stereoscopy. Sending separate images to an observer’s eyes
has been the most common approach employed to bring 3D content to audiences. Binocular
near-eye displays can naturally feed different images to a user’s left and right eyes. When using
monitors or large-size displays (potentially driven by projectors), different technologies are
applied to enable stereoscopic viewing. Some require the user to wear active shutter glasses
or passive filter glasses (color, polarization, or interference filters) in various configurations.
Whether the left and right eye images are transmitted in a space- or time-multiplexed fashion, through synchronization or matching filters, the end result is always that the observer
receives images with the appropriate perspective to their respective eye. Other, so-called autostereoscopic, techniques do not require glasses. Instead, they perform stereo-channel separation directly on or in front of the display, sending out the different perspective images into
different viewing zones, which are smaller than the eye distance so that each eye can observe
its own perspective. Examples include parallax barrier displays and lenticular displays.
Most of the time stereoscopic approaches rely on screens with fixed focal planes, but sometimes stereoscopy is combined with other imaging approaches [Halle 1994] [Huang et al. 2015].
At the other end of the spectrum are truly volumetric displays, where image formation occurs in
3D space; that is, light is emitted or reflected at the 3D coordinates where the imaged 3D object
is perceived [Blundell and Schwartz 1999] [Kimura et al. 2006].
Holographic displays and light-field displays are closely related display categories, and the
boundaries between them are sometimes blurred. Both approaches are concerned with
recording (or generating) and replaying all the characteristics of light waves representing a
certain scene. Ideally, there should be no difference between viewing an actual physical scene,
a properly illuminated holographic recording, or a properly re-created light-field experience. In
practice, each technology still has many limitations [Hainich and Bimber 2011] [Wetzstein 2015].
Holograms generally utilize coherent (laser) illumination for creation and viewing. Light-field
displays usually function with incoherent light. Light-field displays can take many forms, including volumetric displays [Jones et al. 2007], multi-projector arrays [Balogh et al. 2007], and neareye displays using microlenses [Lanman and Luebke 2013].
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Figure 2.18
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AR displays can be categorized according to the distance from eye to display.

The term “holography” originally referred to the phenomenon of encoding a light field as the
interference pattern of a laser illumination beam and a scene’s reflected laser light. It manifests itself in the form of variations in the opacity, density, or surface profile of a photographic
medium. The terms holography and holograms have come into widespread use during the past
few years, and have been (inaccurately) used to refer to any life-like 3D representation, including lenticular and other auto-stereoscopic and auto-multiscopic 3D displays, and the “Pepper’s
Ghost” stage illusion that operates with simple semi-transparent mirrors and clever content
adjustment and lighting. While the generally accepted meaning of these terms is changing
through their popular use, for the purposes of this book, we will stick with the terminology
from the research literature.
Which displays do we need to present a convincing augmented reality? Hainich [2009] postulates that one would need just one type of well-functioning personal AR display—ideally,
a nonintrusive, comfortable, high-resolution, wide-FOV, near-eye display with high dynamic
range and perfect tracking—to emulate and replace all computer displays in the world. As
compelling as this vision might be, it is pretty clear that in the near- to mid-term future, AR will
happen on a combination of display technologies, including personal near-eye, handheld, and
potentially worn displays, stationary large-screen and volumetric displays, as well as imagery
projected onto physical environments.
Next, we review some of these display technologies relevant to AR. As proposed by Raskar
[2004], we organize our discussion of visual AR displays in order of increasing distance from the
eye (Figure 2.18). We start with HMDs, then progress to handheld displays, stationary displays,
and projected displays.

Near-Eye Displays
The most prominent class of displays for AR is probably the HMD. The use of an HMD in an
AR setup goes back to the seminal work of Sutherland. His “Sword of Damocles” HMD was

59

60

Chapter 2

Displays

suspended from the ceiling owing to its weight, and used CRT screens in an optical see-through
configuration [Sutherland 1968].
The engineering of devices to be worn on the head is a complex endeavor [Kiyokawa 2007].
They must be unobtrusive and comfortable, yet they should provide the highest possible viewing quality. A number of technical and ergonomic parameters, most of which were discussed
in the display requirements and characteristics section, are important for HMD design [Rolland
and Cakmakci 2009].
Especially critical for near-eye displays are the ergonomics of the display to be worn. Obviously,
an HMD should be as lightweight as possible, particularly to be suitable for longer periods
of use. Apart from the electronic components and optics, the casing or mounting will largely
determine the weight (Figure 2.19): Helmet-mounted devices are robust, but will mostly be
appealing if the task already requires wearing a helmet, such as with pilots or firefighters.
Clip-on designs can be attached to ordinary glasses or sunglasses, but result in a “see-around”
effect where the display is out of the main field of view. Such a spatial arrangement, which is
well known from the Google Glass device, is more oriented toward wearable information (text)
displays, but is less appropriate for see-through AR displays. A display embedded in a visor is the
most powerful approach, but requires careful design of the frame, because the weight of the
display will tend to accumulate in front of the user’s face and must be kept in place by appropriate fixtures. The frame or casing should be adjustable to different head sizes and comfortable to
wear. It should also let sufficient amounts of air flow near the head to prevent sweating.
So what might an ideal near-eye display for AR look like? Suppose we have our sights set on binocular vision supporting 3D augmentations that are well integrated with the physical environment in front of us. A sizable overlay field of view would be beneficial in this case, as otherwise
large 3D augmentations would be clipped and we would have to scan the environment to fully

Figure 2.19 Different display mounting options. (left) Helmet-mounted display, like that used by
Rockwell Collins SimEye. (middle) Clip-on display, like that used by Google Glass. (right) Visor display,
like that used by Epson Moverio.
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appreciate them. There are still a few more design decisions to be made. First and foremost is
the question of method of augmentation: Should we go with an optical or video see-through
display?

Optical See-Through Head-Mounted Display
An OST HMD requires an optical combiner to mix virtual and real. The standard approach, as
implemented by the SONY Glasstron OST displays from the late 1990s, is to use a beam splitter
to reflect the image from an LCD display into the viewer’s eyes, while allowing a free view of
the scene ahead (as shown in Figure 2.3 and Figure 2.20). A very challenging problem for OST
AR displays is how to control the level of light that the display lets through from the outside
world. The Glasstron series of OST displays placed an adjustable global LCD shutter mask in
front of the beam splitter (farthest away from the eyes). Users could adjust the transparency of
this shutter. Because of the high dynamic range of real-world lighting, even this shutter did not
provide sufficient adjustability, though. In bright sunlight, a maximally darkened shutter could
not keep enough light out to allow the user to see subtle details on the mirrored-in computer
image. In indoor environments, a maximally transparent shutter did not afford a sufficiently
bright view of the environment ahead. This experience highlights a major limitation of using
simple beam splitters as optical combiners for OST HMDs. Kress and Starner [2013] review the
state-of-the-art of HMD technologies and components and compare various optical combiner
technologies used in the industry.
More recent OST display designs, such as from Lumus (Figure 2.21), make use of more advanced
optics. Lumus’s design feeds the output from a miniature projector into a special prism lens,
where the light propagates via internal reflection and refraction.
An unresolved problem for near-eye OST AR is how to combine a wide field of view with a
small, lightweight form factor. A larger viewing angle would naturally result from bringing a

Figure 2.20 Sony Glasstron LDI-D100B (retrofit on a custom mount as part of the Columbia MARS
system). Courtesy of Columbia University.
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Figure 2.21 The Light-Guide Optical Element technology by Lumus propagates an image through a
special optical prism. Top image: Courtesy of Jens Grubert.

(high-resolution) display closer to the eye. That prospect raises its own problems, however—for
example, how to apply the necessary focus optics. One approach, demonstrated by Innovega
Inc. with its iOptik platform, is to fit the optics onto a contact lens, with a central microlens
enabling the viewer to focus on a glasses-based near-eye display. The central contact lens part
uses polarization filters to ensure that only the light from the near-eye display is focused in this
fashion, and not light from the surrounding environment. The outer part of the contact lens
blocks light from the display, but allows environment light to pass through. In this way, the
viewer can see the display in focus, while retaining natural accommodation on the ambient
environment. It remains to be seen whether users will be willing to wear both a custom contact
lens and a near-eye display for such a wide-FOV AR experience, but the glasses need not be
much more bulky than normal sunglasses.
Pinlight [Maimone et al. 2014] is a novel OST HMD prototype that also addresses the problem
of near-eye focus (Figure 2.22). It produces images using a novel kind of optical design, which
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Figure 2.22 (top) Panel with a dense array of point light sources. (bottom) The Pinlight display
prototype. Courtesy of Andrew Maimone, University of North Carolina–Chapel Hill.

resembles a densely packed array of projectors. This array consists of an LCD panel and an array
of point light sources. The point light sources are generated by feeding light into an optical
prism and letting it exit at precisely manufactured spots. The LCD panel is placed out of focus
for the user, but the superposition of the projections generates an in-focus image on the retina.
This display is currently a research prototype that has exciting possibilities, but some hurdles
remain to achieve full practicality. To run the display with a reasonably high image resolution,
the position of the eye relative to the display needs to be tracked. We expect future near-eye
displays to incorporate eye tracking, but this integration of technologies, while demonstrated
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in early prototypes by some manufacturers, remains in its infancy. Truly mobile eye tracking
solutions are currently still outside of the price range for consumer VR and AR.
Another recent development is a near-eye light-field display. Such a display holds the promise
of relatively free eye movement and automatic focus adjustment, as its optics show a perspectively correct image from every viewpoint inside a supported area that a user can focus on at
will. The NVIDIA prototype presented by Lanman and Luebke [2013] uses refractive microarray
lenses and is not suited for OST. However, Maimone et al. [2014] point out that with sufficient
pixel density, a pinlight display can also be manufactured as a light-field display, combining the
advantages of an uncalibrated viewpoint with an OST property, and satisfying the eye tracking
requirement. An “untracked light field configuration” of the pinhole display allows for limited
movement of the eye within an eyebox region. However, this currently comes at the cost of
some image degradation and significant loss of spatial resolution.
Recent announcements related to the Microsoft HoloLens project1 and the secretive startup
company MagicLeap,2 which has received more than $500 million in funding from investors
such as Google and Qualcomm, have triggered a lot of speculation as to the exact working
principles of the respective technologies.
In Microsoft’s case, a HoloLens development edition has been announced in the shape of a
wireless optical see-through AR device, whose capabilities were demonstrated at the company’s 2015 BUILD developers conference. Highly impressive achievements of the system
include the integration of important AR technologies, such as custom tracking and depth
sensing, spatial audio, and a state-of-the-art optical see-through display (albeit with somewhat
limited overlay field of view), all in a wireless visor form factor. Microsoft uses the term “holographic computing” to describe this project and suggests that high-resolution holograms may
be enabled via the company’s HoloLens project. While the display optics may use holographic
elements, early user experiences seem to indicate that the first prototype utilizes a stereoscopic
display.
MagicLeap, in interviews and other communications by some of its stakeholders, and
through the patents that have been published about the company’s presumed technology,
has indicated that it is working on “digital light field technology,” claimed to address the
accommodation-vergence mismatch problem discussed previously. The patents indicate a
trajectory from research endeavors focused on scanning fiber displays at the University of
Washington [Schowengerdt 2010] [Schowengerdt and Seibel 2012]. The most wearable version
of these displays had suggested use of an array of optical fibers placed at different distances
from a lens to form a superimposed multifocal beam. Stacked wave guide arrays for different
depth planes of a 4D light field may also be part of the technology in the works.

1. http://www.microsoft.com/microsoft-hololens/
2. http://www.magicleap.com
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Early commercial versions of retinal scanning displays, such as the MicroVision Nomad, did not
find mass adoption in the marketplace. Retinal scanning displays work by drawing a raster
image directly onto the retina of the eye, which is the only place where the image actually
forms. Users perceive the image as floating in space in front of them. A mobile AR review from
2004 [Höllerer and Feiner 2004] mentions retinal scanning display technology as one of the
very few candidates at the time that could produce augmentations with adequate brightness
and contrast in direct sunlight outdoors. More recent commercial incarnations of retinal scanning displays include the Brother AiRScouter and the Avegant Glyph; they could give other
technologies, such as holographic waveguide optics, a run for their money.
Whatever the actual technology, the hope is that novel displays can address some of the
limitations of previous approaches, while maintaining as small and lightweight a footprint as
possible. So many factors are important to ensuring an enjoyable and sustainable AR experience that it is difficult to predict which technologies will prevail. Ultimately, ergonomics and
convenience of use (lightweight “wearability”) need to be right for users to adopt AR and use it
on a regular basis. For applications that require users to constantly focus both on the physical
world and on virtual 3D augmentations, multifocus image formation (such as that enabled by
light fields or holography) would be of some benefit, but may not be an absolute requirement
for mass adoption.
In keeping with the spatial display model introduced earlier in this chapter, we illustrate display
types with spatial relationship diagrams of their components, starting with OST near-eye displays. Certain parameters can be calibrated offline. They may be assumed to remain constant
during operation, even though nonrigid mounting or material deformations may introduce
small errors. In our spatial relationship diagrams, we depict such constant and calibrated transformations with an edge labeled C. Other parameters change in every frame and need tracking.
Such transformations are depicted with an edge labeled T. The absence of an edge between
two components depicted in a diagram implies that we do not know or do not care about their
spatial relationship.
Optical see-through displays are relatively straightforward in terms of the spatial relationships
among their fundamental components. Cameras are not necessarily involved. Of course, cameras can be and are often added for the benefit of performing vision-based tracking and scene
understanding (as discussed in Chapter 4).
An OST HMD setup usually involves the display being placed at a fixed position relative to
the eye. We can track the display relative to the world, while the eye-display transformation
must be calibrated in advance or, better, right after putting on the HMD (Figure 2.23). Recent
research [Itoh and Klinker 2014] has investigated the use of eye trackers mounted inside the
HMD, such that a permanent update of the eye-display calibration is possible. This removes the
need for manual calibration and is a robust defense against inadvertently moving the HMD on
the head.

65

66

Chapter 2

Displays

T

C

T

T

Figure 2.23 (left) Optical see-through head-mounted display. (right) Optical see-through headmounted display with eye tracking.

Video See-Through Head-Mounted Display
A VST HMD adds one or more video cameras to a non-see-through HMD. With this technology,
three components are organized in a rigid configuration: the user’s eye, the display, and the
camera (Figure 2.24). These components must be calibrated, while the transformation from
the rigid assembly to the world must be tracked. This will usually, though not necessarily, be
achieved using camera tracking. As with the OST HMD, we can extend this configuration with
an eye-tracking device.
One difficulty that all VST HMD designs share is the challenge of a approximating a user’s view
of the real world, even though the world is now seen via the recordings of video cameras. Of
course, it may be deemed acceptable or even advantageous for these cameras to use a field
of view or line of sight different from those implied by the display’s positioning in front of the
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Figure 2.24 (left) Video see-through head-mounted display. (right) Video see-through head-mounted
display with eye tracking.
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Figure 2.25 Example of VST HMD using cameras above the eyes with mirror optics. Design by
Andrei State, 2005. Courtesy of Andrei State, University of North Carolina–Chapel Hill.

viewer’s eyes. For example, if Google Glass (see Figure 2.19, middle) was used as a VST display,
the display’s camera FOV is much wider than the angle subtended by the small inset display
window in the corner of the user’s eye, so it makes sense to use this wider camera view as a
backdrop for AR augmentations. Even in full-immersive experiences, a viewer will adjust readily
to optical distortions (or even inversions), as early vision experiments demonstrated [Kohler
1962]. Nevertheless, a video view that is aligned with a user’s unmediated view—a so-called
parallax-free display—is probably the preferred AR experience, as it does not alter a user’s perception of the world, and it emulates the seamless views an OST display would provide.
One design for a parallax-free VST HMD, proposed by State et al. [2005], places two cameras,
one for each eye, above the head with a slanted mirror below it to achieve the correct line
of sight and field of view of two near-eye displays to which the camera recordings are fed
(Figure 2.25). A few years earlier, the Canon MR Laboratory had developed the first commercial
HMD of this kind, the COASTAR [Uchiyama et al. 2002] (see Figure 2.14).
The AR Rift [Steptoe et al. 2014] (Figure 2.26) is a more recent example of a VST HMD. Its goal
was not to provide exact parallax-free viewing, but rather to carefully align the viewing axes of
cameras with the display screen of an Oculus Rift to create a wide-FOV AR display.
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Figure 2.26 The AR-Rift, a modified Oculus Rift with two video cameras created by William Steptoe.
Courtesy of William Steptoe.

The development of high-quality near-eye displays for VR and AR purposes was, for a long time,
seen as a niche market endeavor. Apart from a few notable exceptions (e.g., the Sony Glasstron
series from the late 1990s), the production of such displays was not focused on a potential mass
market. A game changer regarding the possibilities for high-resolution near-eye displays was
the remarkable development of more cost-efficient high-resolution LCD and OLED displays for
the mobile device market (smartphones and tablets).
Realizing the general suitability of high-resolution handheld displays as near-eye displays with
the addition of simple viewing optics, Mark Bolas and colleagues at the University of Southern
California debuted a do-it-yourself cardboard stereoscopic VR viewer and software at the IEEE
VR 2012 conference, dubbed the FOV2GO. This technology turned a smartphone into a VR
headset, with split stereoscopic views provided by an app. Utilizing the back camera provided
by most smartphones, this solution also functions as a VST AR display. Bolas had also developed the WIDE5 virtual reality HMD at Fakespace Labs in 2006, but its sales price of more than
$30,000 meant that it was not suitable for the consumer electronics market. With the availability of increasingly affordable high-resolution displays, however, this work directly informed
development of other VR and AR HMD endeavors, including the Oculus Rift, Samsung GearVR
(see Figure 2.6), and Google Cardboard.
Now that we have reviewed both OST and VST displays, let us revisit our question about the
ideal near-eye display. It clearly depends on the application and context: Is the use of AR fleeting or continuous over a prolonged period of time? Is it important that the AR device be taken
off after use, or can it stay on? Is the location for AR use constrained, or can the AR interaction
take place anywhere, indoors as well as outdoors? These are just some of the questions that
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may influence our answer. The answers may be easier to determine, if there are no technology constraints, and fewer or no tradeoffs must be made. In this case, we probably want an
imperceptible (e.g., contact-lens form factor), comfortable (e.g., unnoticeable or even beneficial to eye comfort), convenient (always on and not needing charging or maintenance), optical
see-through (not negatively impacting our real-world vision), high-dynamic range (working
well in all possible lighting situations), eye-limited resolution (no pixels perceivable), full human
visual field of view (no blinders and full overlay FOV) binocular display with true 3D depth (no
accommodation–vergence conflict), true occlusion (no ghost-like transparent overlays unless
wanted), and all the sensors needed to guarantee rock-solid and stable tracking, scene modeling, and AR application support. And did we mention that this device should cost less than $100?
For details on technical and perceptual issues with existing near-eye AR displays, see the book
chapter by Livingston et al. [2013] as well as several survey reports [Kiyokawa 2007] [Rolland
and Cakmakci 2009] [Hainich and Bimber 2011] [Kiyokawa 2012] [Kress and Starner 2013].
This concludes our discussion of near-eye displays. A display type of the head-mounted variety
that we have not discussed yet is the head-mounted projective display (HMPD), which we will
briefly describe when we talk about projection-based AR later in this chapter. But first, we will
turn our focus to handheld displays.

Handheld Displays
The rapid development of smartphones and tablet computers has made handheld displays
the most popular platform for AR to date. The back-facing camera captures a video for a VST
experience (Figure 2.27). Given that the camera is usually pointing straight away from the back
of the device, it is usually necessary to hold the device at least at chest height. This pose can
lead to fatigue within a rather short period; in addition, it may be difficult to hold the device
still enough in this pose to observe all the details. The fact that the display can be stored away
when not needed is a mixed blessing. On the one hand, it circumvents the need to permanently
wear an AR device, such as on the head. On the other hand, it impacts immediacy, because taking the handheld display out of the pocket may be too cumbersome for short-term usage.
A handheld display houses both the actual display and the camera rigidly mounted in a casing;
the transformation from display to camera can be precalibrated. Tracking of the device’s pose
in the world will be performed through the camera in most cases, but other tracking modalities
could also be used.
A recent development proposes user-perspective rather than device-perspective displays
(Figure 2.28). That is, rather than showing an augmented video image purely from the camera
perspective without any regard to the user’s position, the user is also tracked [Hill et al. 2011]
[Baričević et al. 2012]. User-to-device tracking can, for example, be performed with the frontfacing camera built into many devices. Note that this configuration is considerably more
expensive than the conventional device-perspective display. Not only are two separate tracking
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Figure 2.27 A handheld AR display can be built from an unmodified smartphone or tablet computer.
Top image: Courtesy of Daniel Wagner.

systems required, but the system also needs to be able to render novel views from the backside
camera footage. This can be done either by warping the video from the back-facing camera
(which must have a wide enough field of view so that all viewing angles that a user may assume
relative to the device are covered with imagery) [Hill et al. 2011] [Tomioka et al. 2013], or by
reconstructing the 3D scene that the device is looking at—for example, via depth sensing
[Baričević et al. 2012] or stereo reconstruction [Baričević et al. 2014].
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Figure 2.28 (top) Handheld display with device perspective. (middle) Handheld display with user
perspective. (bottom) A user-perspective handheld display requires tracking both the camera and the
user’s viewpoint. Top and middle images: Courtesy of Domagoj Baričević.
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With smartphones and tablets finding their way into ever-increasing numbers of pockets and
households, and with those devices being key enablers for context-sensitive or “situated” computing, it is no wonder that handheld platforms are driving the vision of AR as a game-changing
user interface to the physical world. We will see many more handheld AR application examples
in the upcoming chapters. However, it remains to be seen if the video see-through magic lens
AR viewing paradigm of handheld devices will truly be an interface that people will continually
use, or if new display inventions, such as those in the near-eye or wearable categories, will be
necessary to further bootstrap AR. Initial studies that have compared handheld and head-worn
AR interfaces for specific tasks, such as visual search and selection [Wither et al. 2007] or mobile
AR games [Braun and McCall 2010], have not reported any major advantages for the head-worn
approach. In contrast, clear advantages have been reported for head-tracked AR over static
instructions (either on a heads-up display or a fixed flat-panel display) in a maintenance and
repair task [Henderson and Feiner 2009].

Stationary Displays
Earlier, we mentioned the possibility that with the right personal AR display, one could potentially emulate all other physical displays, by simply placing virtual displays at the corresponding
locations in AR. Even in such a futuristic scenario, actual physical displays have some obvious
benefits, such as their social function as group communication enablers that include non-AR
audiences. Also, the world is currently full of displays of various kinds, so we might as well
consider them for AR use. In this section, we briefly discuss desktop displays, mirror displays,
display showcases, and window/portal displays.

Desktop Displays
The simplest AR display setup is a desktop display. For example, a desktop computer with a
tethered webcam (Figure 2.29, top) or a laptop with a built-in webcam (Figure 2.29, bottom) is
sufficient to build a VST display. This very economical approach is made possible by using the
camera both as a source of video and as a source of tracking information. Therefore, the tracking system must be able to extract the pose of the camera relative to one or more real objects.
Of course, the workspace supported by this approach will usually be rather small.
If the user holds the camera in the hand, this setup is sometimes called “eyeball in hand” [Robinett and Holloway 1992]. For convenience, the camera will often be placed on some sort of
stationary point, such as a tripod or the monitor bezel. In the latter setup, the optical axis of the
camera points in the opposite of the user’s viewing direction, leading to a potentially awkward
reversal of left and right.

Virtual Mirror
A virtual mirror uses a front-facing camera to take a picture of the user and display it reflected
over the vertical axis, so that the impression of looking into a mirror is created. This type of setup
is, of course, most appropriate for applications that augment the user in some way—for example,
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Figure 2.31 (top) Andy Wilson of Microsoft Research showing the HoloFlector. User tracking was
done with a Microsoft Kinect. Courtesy of Microsoft Research. (bottom) Optical see-through virtual
mirror schematics.

let left and right images pass through in a time-interleaved sequence, synchronized with the
display, which presents the appropriate view for either eye.
The virtual showcase requires calibrating the position of the display and the mirror relative to
the world, while the transformation from viewer to world (and hence to the mirror) must be
tracked.

Window and Portal Displays
A similar set of component dependencies as in the last two cases (tracked user, positionally
constant display) arises with an AR window or portal display. Figure 2.33 shows Samsung’s 2012
Smart Window prototype; this transparent display operates as a window with a view to a (toy)
city scene. Samsung did not actually demonstrate AR on this prototype, but simply provided
some touch-operated apps (including virtual blinds). To annotate the city scene behind the
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Figure 2.32 (top row) The Virtual Showcase is a stationary optical see-through display intended
for exhibitions, museums, and showrooms. Courtesy of Oliver Bimber. (bottom) A virtual showcase
requires a tracked user and a careful calibration of display and mirror optics.

window in the correct perspective for an onlooker, that person’s viewpoint would need to be
tracked. For an example application, Mark Weiser [1991] mentions the possibility of the windows recording the motion paths of people walking by during a day, and playing them back on
demand as anonymized electronic trails.
Once the observer’s viewpoint is tracked, one can augment the scene behind the window
with arbitrary 3D augmentations using a simple portal rendering approach. The user could, for
example, play AR video games in which giant monsters stomp around in the front yard.
A transparent display does not necessarily have to be an obstacle for reach-through or walkthrough action. Figure 2.34 shows the interactive dual-sided FogScreen [Rakkolainen et al.
2005], which projects interactive imagery onto a dry sheet of fog that users can see and pass
through. Using wands or hand tracking, people can interact with objects projected onto the
screen from either side. With additional head tracking, content can be rendered from the perspective of the viewer, providing the impression of 3D objects floating in space. As first steps
toward realizing a true volumetric fog display, Lee and colleagues [2007] explored this concept
using multiple FogScreens and head tracking for a depth-fused 3D effect.
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Figure 2.33

Samsung Transparent Smart Window display, showcased at CES 2012.
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Figure 2.34 (top left) The dual-sided interactive FogScreen at SIGGRAPH 2005. (top right) Two
FogScreens in an L-shaped configuration produce a depth-fused 3D rendering of a teapot for a
tracked observer. (bottom left) People can augment each other and interact through the screen.
(bottom right) Both the screen and the projector are at calibrated positions; the user’s viewpoint is
tracked (if perspectively correct 3D object rendering is desired).
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Projected Displays
With the use of projectors in the FogScreen example, our discussion has entered the realm of
projected displays. As projectors become increasingly powerful and affordable, they are breaking out of their traditional application scenarios (movie theaters, classrooms, and auditoriums)
to find uses in personal setups and in novel public events involving the projection of special
effects and interactive narratives onto outdoor architecture, such as building facades, or factory
halls. The latter applications, which are sometimes referred to as digital projection mapping,
exemplify the concept of spatial augmented reality.
In this section, we briefly review the concepts of spatial augmented reality, both view independent and view dependent. We will discuss the special cases of head-mounted projector
displays, dynamic shader lamps, and the Everywhere Displays Projector.

Spatial Augmented Reality
Projectors can be used to create spatial AR [Bimber and Raskar 2005] without any explicit displays. With this approach, the projection is directly reflected from the surfaces of real objects,
altering their appearance to the naked eye. The projection cannot change the shape of the
object, but adds surface details, texture, shadows, and shading, and even the impression of
dynamic behavior, if animated content is projected (Figure 2.35).
The success of this approach is obviously dependent on the surface material, which should
ideally have a neutral bright color and diffuse reflection properties. Darker or textured materials can be used, but the achievable contrast will suffer. Similarly, the contrast will depend on

Figure 2.35 Spatial AR can be used to turn generic objects into textured models. Courtesy of
Michael Marner.
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Figure 2.36
static.

Simple spatial AR does not require any tracking, as long as the augmented scene is

the overall brightness of the environment. As long as the real world is static, spatial AR does not
require any tracking (Figure 2.36). We just need to know the relative position of the projector to
the objects, and the geometry of the objects themselves. Tracking is unnecessary, because the
augmentations appear directly on the object surfaces, and we assume diffuse reflection.

View-Dependent Spatial Augmented Reality
With the help of active shutter glasses and user tracking (Figure 2.37), spatial AR can be made
view dependent [Bimber and Raskar 2005]. This approach lets 3D virtual objects appear anywhere in space—not just on object surfaces.
Multiple projectors can be combined for better spatial coverage [Bimber and Emmerling 2006].
In this case, for every pixel, one can choose the projector delivering the sharpest image—that
is, the projector with a focal plane closest to the considered surface point (Figure 2.38).
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Virtual
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Figure 2.37 View-dependent spatial AR requires tracking the user, but can present free-space 3D
objects.
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Projection Surface
Figure 2.38 (left) Multiple projectors can be combined to minimize pixels projected out of focus.
(right) The geometry of the projection surface needs to be known; it is represented here as a display
ok
calibrated to the world.

Related recent work has addressed the problem of limited depth of field for a single projector. Especially in dynamic situations, it is difficult to completely avoid situations where a single
projector is responsible for covering projection over a significant distance along the projection
axis. Because of the limited depth of field, this scenario leads to areas in the projection mapping
that are considerably out of focus. To remedy this problem, Ma and colleagues [2013] propose
“high-rank coded aperture projectors,” employing high-speed spatial light modulators on the
image plane and in the aperture of modified projectors. Iwai and colleagues [2015] place an
electrical focus tunable lens in front of the projector’s objective and perform a fast forward and
backward sweep through the focusing distance range, at a speed imperceptible to a human
observer. A single offline measurement of the point spread function for the projected pixels is
sufficient to calculate and apply a focus adjustment within the sweep range.

Head-Mounted Projector Displays
As an alternative to placing the projectors into the environment, one might integrate them into
a headset. This setup was demonstrated as early as 1997 [Kijima and Ojika 1997], and projector technology has been considerably miniaturized since then. This approach is often used in
combination with retro-reflective screens. Retro-reflective materials are commonly used for
traffic signs and high-visibility clothing, as they reflect the majority of an incoming illumination
back to the illumination source, rather than scattering or mirroring it (Figure 2.39, top). When
head-mounted projector displays (HMPD) are used in conjunction with retro-reflective material
in the environment, this technology can produce personalized views and even separate views
for each eye in case of 3D stereoscopic imagery [Inami et al. 2000] [Rolland et al. 2005]. Because
nearly all of the projected light is reflected back to the viewer, the projection is invisible for
onlookers at other viewing angles, and the projector’s luminance is optimally used for a personal image.
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Figure 2.39 (top) Retro-reflective materials send incident rays back to the illuminating source, so
they work well with head-mounted projector displays. (bottom) Spatial relationship schematics for
HMPDs without and with head tracking. In the latter case (shown at right), virtual objects can be kept
stable in space, while the viewer is moving.

Using this approach, it is also possible to camouflage objects, by projecting onto them a video
representation of the scene behind the objects. This illusion works well as long as the video
camera is aligned with the viewing direction [Inami et al. 2000]. The luminance of the headmounted projectors can be adjusted such that projection onto non-retro-reflective surfaces is
imperceptible to everyone, including the wearer of the display. This leads to the potential for
correct occlusion effects. For example, the user’s hands would correctly occlude a virtual object
projected onto a retro-reflective surface behind the hand. 3D objects floating in space can be
realized by using stereoscopy, with two projectors mounted on the viewer’s head. To see such
objects static in space while moving around, the user’s head needs to be tracked (Figure 2.39,
bottom right), and much of the environment needs to be covered with retro-reflective material
to allow for arbitrary vantage points. Some occlusion effects involving such space-stabilized
virtual objects would still be incorrect. For example, a non-retro-reflective interference object
behind the virtual image, but in front of the retro-reflective screen, would break the illusion and
incorrectly appear to occlude the virtual object.
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Dynamic Shader Lamps
A variant of spatial AR with object tracking (Figure 2.40) rather than user tracking has been
introduced under the name dynamic shader lamps [Bandyopadhyay et al. 2001].
The tracking information makes it possible to project dynamic content on a moving object. As
shown in Figure 2.41, this can, for example, be used to “paint with light” or project convincing
facial expressions on the head of an animatronic character [Lincoln et al. 2010].
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Figure 2.40

Dynamic shader lamps deliver spatial AR on tracked objects.

Figure 2.41 Two applications of dynamic shader lamps. (left) Painting with light on real surfaces.
Courtesy of Michael Marner. (right) Animatronic character with animated facial projection. Courtesy of
Greg Welch, University of North Carolina–Chapel Hill.
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Everywhere Displays Projector
While spatial AR supports a moving user, and dynamic shader lamps support moving objects,
we can also allow the projector to move. The Everywhere Displays Projector [Pinhanez 2001],
which features this capability, is coupled with a tracked pan-tilt platform (Figure 2.42).
By changing the pose of the mirror, the system can reach every surface in an environment with
its projection. This allows effects similar to spatial AR, but with a much larger working volume
and the option of displaying augmentations that change position over time (Figure 2.43).
Beamatron [Wilson et al. 2012], for example, combines a motorized projector with depth sensors to facilitate full-body tracking and display on the body.

T
Figure 2.42

A steerable, tracked projector can display images anywhere.

Figure 2.43 The Everywhere Displays Projector is based on tracked, steerable projection and can
deliver content on any surface. For example, navigational hints can be displayed on product shelves.
Courtesy of Claudio Pinhanez (copyright IBM 2001).
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Summary
This chapter explored displays for augmented reality. Such displays must be able to combine
virtual and real, which can occur in different modalities. Most AR research has been pursued
in the visual domain, but there has also been a research focus on audio AR. Our other human
senses, particularly haptics, are playing an increasing role in realistic augmented experiences as
well. State-of-the-art AR displays focus on visual augmentations, supported by spatial audio.
As part of our discussion of this topic, we reviewed the basics of visual perception and considered the main requirements for, and characteristics of, visual AR displays. Visual AR can be
achieved either via optical see-through or video see-through approaches, or through spatial
projection. Many immersion parameters are important for delivering a useful AR experience,
including ocularity, field of view, brightness and contrast, occlusion, latency, focus mechanism,
resolution, and the size and comfort of the display technology.
We organized AR displays based on their placement relative to the user—on the head, on the
body (including handheld), or in the environment. The last class encompasses both stationary
and projected displays. No single type of display can accommodate every possible use case.
While handheld displays, through their sheer ubiquity and economies of scale, brought the
idea and potential of AR technologies to everybody’s awareness, head-worn displays, through
advanced technological and ergonomic innovations, might represent the next wave of AR, but
are still vying for widespread acceptance. In particular, light-field displays represent a promising new approach, taking advantage of the increasingly high pixel resolutions of contemporary
microdisplays.
We introduced a spatial model to characterize the coordinate transformations and relationships
implied by different display technologies. The schematic diagrams we provided for every new
type of display summarize the main tracked or fixed coordinate relationships among the chief
AR experience components—that is, user, display, camera, and world, and, with spatial AR,
projector and object. These foreshadow the crucial topic of tracking technologies, which we
will discuss in Chapter 3.

