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EFFICACY OF RETINAL DISPARITY DEPTH CUES 

IN THREE-DIMENSIONAL VISUAL DISPLAYS 

(ABSTRACT) 

by 

Robert Howard Miller 

Committee Chair: Robert J. Beaton 
Industrial and Systems Engineering 

Recent interest in three-dimensional (3-D) stereoscopic displays has prompted the need 

to assess the efficacy of retinal disparity depth cues. Accordingly, this study analyzed 

performance on two 3-D tasks under three levels of signal-to-clutter ratio as participants 

viewed three display formats portrayed with or without retinal disparity depth cues. Display 

formats included a plan view and two types of perspective formats. The two tasks assessed 

viewer ability to compare inter-object distances and extrapolate object positions given a 

known vector within a 3-D volume. 

Results indicate that retinal disparity depth cues reduce the number and magnitude of 

errors within a course prediction task, but did not affect search times or ratings of viewer 

confidence. Display format affected search times as follows. In a relative distance task, 

search times for the perspective format are lower than for either the plan view or enhanced 

perspective formats. In a course prediction task, search times for the plan view and 

perspective formats are lower than for the enhanced perspective format. Display format does 

not affect error rate, error magnitude, or ratings of viewer confidence. No interaction 

between depth cues and display format was observed. 

The inclusion of retinal disparity depth cues in a visual display system are suggested 

when the viewer task involves predictions of object position in a 3-D volume and when 

reducing the number and magnitude of errors is important. Perspective display formats are 

suggested when fast search times are important.
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INTRODUCTION 

The Applicability of 3-D Technology 

Accurate and realistic display of information is crucial for the successful execution of 

many tasks in our modern world. Tasks ranging from supervision of complex processes to 

manipulation of delicate machinery require various electronic visual display technologies to 

augment the human operator’s ability to sense and process information. There are, of course, 

many display technologies available for portraying information. Recently, significant 

attention has been directed toward the development of displays which present virtual 

three-dimensional (3-D) imagery. 

Three-dimensional display technology holds many potential benefits. However, as with 

many novel technologies, consumers should be skeptical of the utility of 3-D displays within 

their domain of applicability. That is, consumers should assess the circumstances in which 

true 3-D displays improve task performance. This assessment generally involves an analysis 

of the advantages and disadvantages of 3-D displays as compared to more traditional visual 

display technologies. The tradeoff analysis should also include manipulation of parameters 

such as display format, task difficulty, and task type. 

Advantages of 3-D. The potential advantages of true 3-D displays include improved 

performance in tasks involving (1) both relative and absolute depth judgement within a 3-D 

space, (2) direct or remote manipulation of objects within a 3-D space, (3) comprehension of 

3-D solids, and (4) disclosure and identification of camouflaged objects. True 3-D visual 

displays also offer increased availability of other cues for object coding. Many experts 

anticipate that 3-D displays will enhance performance in user task scenarios ranging from 

air traffic control (Williams and Garcia, 1988) to interpretation of multidimensional data sets 

(Jensen and Anderson, 1987; Kirby and Rixon, 1981) to remote control in hazardous



environments (McClelland, 1988). Merritt (1984) discussed numerous unusual visual tasks 

which require or are aided by 3-D visual displays. 

Disadvantages of 3-D. There are two main disadvantages to true 3-D displays; first, 

they are expensive relative to traditional visual displays and second, they necessitate greater 

computational resources (e.g, faster computers). Other disadvantages include (1) cognitive 

capture, which refers to the detrimental effect of novel stimuli demanding inappropriate and 

excessive levels of operator attention, (2) potential viewer discomforts such as eye strain and 

nausea, (3) stereo blindness and stereo deficiency, each occurring in roughly 10 percent of 

adults (Hodges and McAllister, 1987; Tolin, 1987). In addition, few clear guidelines exist for 

determining the optimal applications for these displays (Reinhart, 1990). 

It should be mentioned that the term true 3-D is not meant to imply that visual 

displays of this type produce images which occupy real space. Rather, the term stems from 

the need to distinguish these displays from flat images which include depth information but 

do not appear to actually occupy space, often called pseudo 3-D displays. The justification 

given by many for the term true 3-D is that because these displays present each eye with a 

different view of a scene, depth is perceived in the same way as for a natural, real-world 

scene. It is the opinion of this researcher that volumetric 3-D displays, which occupy real 

space in three dimensions, are more deserving of the term true 3-D, and the term which most 

accurately describes true 3-D displays is virtual 3-D displays. However, usage of the term 

true 3-D has become somewhat of a standard and so it will be used here. 

Proponents of 3-D displays might argue that the two main disadvantages, financial and 

computational costs, are only temporary. Dollar costs of most novel technologies tend to 

decrease dramatically following successful product introductions into consumer markets, and 

computational power continues to steadily increase. Indeed, it is likely that the



computational resources required for dynamic 3-D displays will be commonplace in the near 

future. 

True 3-D versus pseudo 3-D. Retinal disparity, a binocular depth cue, is the process 

which allows true 3-D displays to present virtual depth. Prior to the advent of true 3-D 

technology, the only means of representing depth information in a visual scene was through 

monocular depth cues. For a more complete description of binocular and monocular depth 

cues, consult the section entitled “Depth Cues” below. 

Monocular depth cues such as linear perspective, aerial perspective, shading, and 

interposition can produce compelling visual scenes with considerable depth information. 

Visual displays which rely on monocular depth cues often are termed 2'/2-D, or “pseudo 3-D” 

displays. Many artists and graphic designers rely solely on monocular cues to produce the 

appearance of depth, and their ability to create scenes rich in depth information is often cited 

to question the necessity of true 3-D technology. Opponents of 3-D technology point out that 

one-eyed individuals, who rely solely on monocular cues, typically have little trouble 

interpreting visual depth (Alpern, 1982). Thus, a critical research question is “Do 3-D 

displays utilizing retinal disparity cues provide a viewer with more potent depth information 

than do displays which use only monocular cues, and is this difference significant enough to 

suggest investment in 3-D displays?” 

Previous Research on the Efficacy of True 3-D 

There are several studies which provide support for the utility of true 3-D displays. 

Woodruff, Hubbard, and Shaw (1986) compared several true 3-D display technologies and 

their effects on pilot performance in an in-flight refuelling task. Overall, results showed that 

stereo displays enhanced performance on certain tasks. This performance enhancement was 

more pronounced for helmet-mounted displays than for PLZT goggle displays.



A similar project in the area of aircraft simulation was conducted by Mountford and 

Somberg (1981). The experiment was designed to examine performance differences between 

two 3-D display technologies. The only difference occurred when operators were required to 

perform a simulated aerial maneuver of some difficulty. Apparently, the degree of stress or 

workload in the task had a significant effect upon the measurable benefits of true 3-D 

information. Results from the work of Reinhart (1990), in which participants performed 

under conditions of low mental workload, indicate that the effect of stereo on objective 

performance measures is marginal, yet subjective image-quality ratings indicated that 

stereoscopic images provided significantly superior portrayal of depth as compared to 

monocular depth cue images. These two studies, when contrasted, suggest that the 

superiority of stereoscopic imagery is subtle and to observe this subtlety, tasks should 

include rather high levels of mental workload. 

In another simulated aircraft environment, Way (1988) compared the usefulness of 

binocular cues in two display formats, one portraying a 2-D image with no depth cues and the 

other portraying a pseudo 3-D image. The results indicated that viewer performance (as 

measured by response time and the number of tracking errors) was significantly enhanced 

only in the pseudo 3-D image conditions. These results suggest that stereopsis in the 

absence of monocular depth cues is not as powerful as when combined with monocular depth 

cues. 

A geocentric (i.e., outside-in) ground vehicle simulation was examined by Lippert and 

Benser (1987). Participants attempting to estimate the field position of a moving tank were 

more accurate when the visual scene was presented stereoscopically as opposed to 

monoscopically. 

Most of the aforementioned studies are typical of the research in this domain, as they 

were conducted in task-specific, “real-world” simulations. Such research efforts are useful for



assessing the efficacy of retinal disparity cues in specific tasks, but do little to advance an 

understanding of the global utility of true 3-D cues, or of the visual-interface design issues 

affecting the utility of true 3-D information. Moreover, the external validity of such research 

is questionable when one considers the task-dependent nature of the 3-D effects. Task 

dependence was emphasized by Merritt (1984), who categorized numerous visual tasks, 

noting that some would be virtually impossible without 3-D information, and that others 

would be only moderately difficult without 3-D. Clearly, controlled laboratory research could 

provide more general guidelines for the application and implementation of 3-D technology. 

This research attempts to aid the development of such guidelines. 

Portraying Three Dimensions in a Two-Dimensional Space 

Designers of visual displays often need to encode three (or more) dimensions. For 

example, one might want to visually display all three real-world dimensions of the position of 

a remote-controlled vehicle. Unfortunately, if a traditional visual display (i.e., a display 

which does not utilize true 3-D technology) were used for this task, it would be necessary to 

compromise the fidelity of the displayed information by using a monocular cue to encode one 

of the three real-world dimensions. Consider, for example, a traditional cathode ray tube 

(CRT) display which portrays the position of the remote-controlled vehicle within its real- 

world 3-D space. Encoding the first two dimensions is simple — horizontal and vertical 

position are represented by the location of the object image on the phosphor plane. As the 

real object moves left, right, up, and down, so does its representative image, and the coding of 

horizontal and vertical position maintains a high fidelity. However, as the real object varies 

in the third dimension (depth), the conventional 2-D display must rely on monocular cues 

(e.g., color, luminance, relative size, perspective, etc.) to present this depth. Although these 

cues can provide depth information, they do not appear to the viewer as true depth and are, 

therefore, a compromise in fidelity.



This compromise has two detrimental effects. First, coding flexibility is impaired since 

monocular cues used for depth coding cannot be used to code other image attributes. For 

example, if color were used to encode depth, then color coding could not be used to 

distinguish between stimulus types. The second effect is the potential for misrepresentation. 

For example, if luminance is used to code depth information, all objects resting at the same 

depth plane must be of the same luminance, despite the reality of the scene being portrayed. 

This is also true when using relative size as a depth cue, since displaying identically shaped 

objects of different sizes eliminates the ability to display identical objects at different depths; 

the two cannot be accomplished simultaneously without the use of other depth cues. 

True 3-D display technology has the ability to portray apparent depth without leaving 

the physical two-dimensional plane of the display screen. This ability not only increases the 

fidelity and realism of the display, but also preserves monocular cues for other uses. Most 

importantly, many presume that the increase in fidelity will cause an increase in 

performance. However, this presumption is based on the belief that compromising fidelity 

when displaying information necessitates a decrease in viewer performance. Coding depth 

with luminance or other monocular cues may result in viewer performance as good as that 

achieved when portraying depth with retinal disparity. The point is that the potential 

advantages of true 3-D displays over 21/.-D displays must be explored in conditions where 

monocular cues are best able to provide depth information. Perspective displays present 

such a condition, as will be described in the following section. 

Using Perspective Displays to Portray 3-D 

Perspective display formats are often employed to enhance the apparent realism of 

depth in two-dimensional displays. An exemplary perspective display might portray a 3-D 

space (e.g., an airspace) viewed from ~40 deg above the horizon, supported by a grid-like 

representation of the ground plane drawn in linear perspective. Ellis and McGreevy (1983),



who noted that pilots tended to rely excessively on horizontal adjustments during avoidance 

maneuvers, anticipated that perspective displays could improve pilot performance. They 

compared a perspective display format to a plan view (bird’s eye) display format. The 

perspective display used relative size as a depth cue. Results indicated that the perspective 

display resulted in a 10 percent improvement in pilot response speed relative to the plan 

view display. Furthermore, avoidance maneuvers in the vertical dimension became more 

frequent. 

In a similar study conducted by Bemis, Leeds, and Winer (1988), perspective displays 

did not include relative size coding of the individual objects. Nonetheless, results similar to 

those of Ellis and McGreevy were obtained. Errors in the detection and interception of threat 

objects were reduced significantly. Response times also were reduced. In terms of coding 

depth, these two studies indicate that perspective display formats are more potent than 

relative size cues. 

Enhanced perspective displays. The two aforementioned studies, as well as another 

conducted by Ellis, McGreevy, and Hitchcock (1987), used a landscape grid portrayed in 

linear perspective with reference lines dropped vertically from objects onto the grid. This 

technique is illustrated in Figure 1. All three studies found improved viewer performance. 

Kim, Ellis, Tyler, Hannaford, and Stark (1987) compared perspective displays enhanced in 

several ways. They found that although the grid at the base of a perspective display may be 

visually appealing, its presence did not account for the observed improvement in 

performance. They concluded that the vertical reference lines, and not the grid, were the 

actual cause of the improvement.
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Figure 1. Enhanced perspective format used to portray position and heading of objects 

within a three-dimensional volume.



Bemis et al. (1988) claimed that the distinguishing feature of perspective displays is 

the visual representation of vertical as well as horizontal information. Conversely, plan view 

formats portray only horizontal information. It is worth noting, however, that positional 

information in a simple perspective display is not entirely clear. It is the use of the vertical 

links connecting objects to the boundary of the volume which clarifies object position in all 

three dimensions. Henceforth, the term enhanced perspective displays will refer to 

perspective displays which utilize vertical reference links. Figure 1 demonstrates how a 

boundary grid more clearly defines a 3-D volume and how vertical links between objects in 

that volume and the boundary can more clearly portray the positions of those objects. Note 

that improved visual clarity of depth information is achieved with monocular cues alone. 

Note, also, that the usefulness of vertical reference links and landscape grids may stem from 

our everyday visual experiences, where most perceived objects have a visible link with the 

pround plane. 

Most studies comparing binocular depth cues to monocular depth cues have presented 

scenes in which objects are “floating in space.” Due to their somewhat sterile nature, these 

studies have failed to consider the potential performance gains resulting from enhanced 

perspective displays (Lippert and Benser, 1987; Mountford and Somberg, 1981; Reinhart, 

1990; Way, 1988; Woodruff et al., 1986; Zenyuh, Reising, and Walchli, 1988). Consequently, 

it is unknown whether the performance improvements observed with retinal disparity could 

be equaled by enhanced perspective displays using only monocular cues. If the main thrust 

of evaluating the worth of retinal disparity is the determination of its potential superiority 

over monocular cues, then it would be most revealing to add retinal disparity to a visual 

scene rich in monocular cues. 

One must recognize the costs associated with the design of enhanced perspective 

displays. Relative to simple plan view displays, the algorithms needed to portray realistic
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perspective displays are complicated. If addition of stereo to a plan view format results in 

performance equal to that achievable with a monocular-cues-only perspective format, then 

one must weigh the costs of true 3-D against the costs of designing perspective displays. 

Way (1989) conducted a study designed to assess the efficacy of retinal disparity depth 

cues in a context involving a complete cockpit and mission simulation. Way used a 

perspective display to present position, course, and enemy threat information. The display 

was enhanced with vertical reference links from airborne objects to the ground plane of the 

airspace. Out of 15 performance measures, only 1 showed a statistically significant 

difference. Way concluded that the effect of retinal disparity in the perspective display 

format is not significant. However, noting that the nature of his experiment may have been 

cause for the lack of observed effects, Way furthermore suggested that a performance effect 

might be discovered with a more tightly controlled experiment. 

Kim et al. (1987), in their comparison of several forms of perspective display 

enhancements, compared monoscopic with stereoscopic display of a visual scene. Their 

results indicate that, without perspective enhancements, stereoscopic viewing results in 

improved performance. However, in the enhanced setting, stereoscopic viewing displays no 

significant advantage. 

Unfortunately, the technology used by Kim et al. is significantly different from more 

modern 3-D displays such as the Tektronix SGS-620 (for a description of such technology, 

consult the section on 3-D hardware). They used a stereoscope in the form of two converging 

lenses separated by a septum (which separates right and left views) placed in front of a 

conventional CRT display. The stereo-pair image on the CRT was split, so that each image 

occupied only one half of the screen. If a different technology were utilized, replication of 

various components of this study would be warranted. Since the improved technology has
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the ability to improve stereo presentation, then the monocular/binocular depth cue 

comparison should be made using this modern technology.



DEPTH CUES 

Monocular Depth Cues 

Accommodation. Accommodation of the lens of the eye provides a cue to the depth of 

the object being viewed. The ciliary muscles of the eye, which contract or relax around the 

lens, serve to focus images on the retina. The proprioceptive feedback associated with these 

muscle contractions contributes to the sensation of depth. This depth cue loses potency 

beyond viewing distances of around 2 m since ciliary muscle contractions reach an asymptote 

as the eye’s focal length approaches optical infinity (Hodges and McAllister, 1988). Note that 

in planar displays, accommodation cannot be utilized as a depth cue since the image 

physically resides at a single depth plane. 

It is important to note that accommodation is closely related with vergence. This 

relationship will be described in the section below on binocular cues. 

Interposition. If a non-transparent object intersects the line of sight between an 

observer and a more distant object, then that object will occlude the more distant object. The 

occlusion is a result of the interpositioning of these objects. The geometry of this situation is 

illustrated in Figure 2. Interposition is a potent depth cue since occlusion of an object clearly 

indicates its relative depth. However, because interposition is entirely dependent on object 

position, interposition cannot necessarily apply to an entire scene. Rather, interposition 

applies only to objects lying along the same line of sight. In Figure 3 there are three objects. 

Objects A and B are interposed such that it is clear to the viewer that A is nearer than B. 

However, the same interposition does not apply to C, simply due to its position and the 

viewpoint of the observer. To claim that interposition applies to the entire scene is 

misleading, since interposition provides no depth information about object C. Furthermore, 

interposition cannot be removed from a scene without resulting in a paradoxical image; 

interposition is simply present whenever logical. 

12
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Figure 2. An illustration of interposition.
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Figure 3. The object-dependent nature of interposition. 

The relative depths of A and B are clear, but the depth of C is unknown.
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Interposition can be misleading due to potential cue conflict. For example, ifa 

stereoscopic image appears to occupy space in front of the display, and due to its position the 

image appears occluded by the display border, then the stereo depth cue will conflict with the 

interposition cue (Tolin, 1987). This phenomenon is quite common in 3-D movies, where 

objects moving “towards” the audience and off the edge of the screen will lose much of their 

apparent depth as they also appear to go “behind” the edge of the screen. 

Another limitation of interposition is dependence on predictable object contours. As 

illustrated in Figure 4, the shapes of the objects are ambiguous and, therefore, so is their 

depth order (Buffett, 1980). 

Linear perspective and relative size. Linear perspective refers to the diminishing visual 

angle between two parallel lines as viewing distance increases. The depth cue of relative size 

refers to the effect of linear perspective on objects which lie at different depths along a 

viewer's line of sight. For example, when looking down a long hallway, a distant door would 

subtend a smaller visual angle than would a nearby door; but, rather than interpreting this 

to mean that the distant door is smaller, the observer would interpret that the two doors are, 

in fact, the same size but at different distances, since the viewer would presume the doors 

are indeed the same size. Were the relative sizes of the two doors unknown to the viewer, 

then the depth cue would be less potent. McBurney and Collings (1984) stated that when 

relative object sizes are interpreted incorrectly, the resulting “anti-cue” is potent enough to 

overpower other depth cues such as luminance, leading to a misinterpretation of the depth 

arrangement of the visual scene. 

Luminance gradients — shading and shadowing. Shading and shadowing are similar 

cues. Shading, a form of luminance gradient, can indicate smoothness or angularity of 

surfaces (McBurney and Collings, 1984), and as illustrated in Figure 5, it can resolve 

ambiguity in wire-frame drawings (Reinhart, 1990). Shadowing is another
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Figure 4. An illustration of interposition ambiguity. Both object contours and depth 

order are uncertain. (Adapted from Buffett, 1980)
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luminance gradient which occurs outside of object contours and is dependent on the direction 

of light sources, the shape of objects, and the terrain underlying the object (Cavanaugh and 

LeClerc, 1989). The depth effect of shadowing is illustrated in Figure 6. Note that for objects 

positioned above the ground plane, shadows function similarly to the vertical reference links 

in enhanced perspective displays as discussed earlier. However, the shadows are different in 

that the viewer must evaluate the origin of the light source before being able to assess the 

position of the object. 

Detail and aerial perspective. Detail perspective is a result of the limited capabilities of 

human visual acuity. At a distance, high spatial frequencies are attenuated, causing loss of 

visible detail and smoothing of textures. A closely related phenomenon, aerial perspective is 

a depth cue apparent when viewing a distant horizon such as a mountain range. Also called 

haze, aerial perspective has two causes. First, airborne particles result in the loss of 

luminance contrast, detail, and color purity. Second, the greater transparency of the 

atmosphere for shorter (blue) wavelengths of light makes objects appear bluish. Research by 

Coules (1955) indicated that the direction of the effect of luminance contrast is dependent on 

the relative brightness of the background — objects of higher relative luminance appear closer 

only when the background is darker than both of the objects being compared, and objects of 

lower relative luminance appear farther when the background is brighter than both objects. 

Binocular Depth Cues 

Vergence. Vergence refers to the proprioceptive feedback associated with the inward or 

outward rotation of the eyes as the two fovea meet at a common point. It was once thought 

that binocular depth perception was dependent upon vergence, a form of triangulation, via 

oculomotor feedback. However, this belief may be false, since the eyes can be anesthetized 

and physically rotated without the subject experiencing a change in visual depth
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Figure 5. The depth cue of shading. The orientation of box B is ambiguous, but the 

orientations of boxes A and C are less uncertain.
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Figure 6. The depth cue of shadowing. Without shadows, the relative depth order of the 

three spheres would be ambiguous.
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(Friedhoff, 1989). Vergence is closely associated with accommodation, and therefore is 

limited in a similar manner. Beyond a few meters, vergence cues are ineffective since the 

optical axes approach parallel (Graham, 1965). 

Retinal disparity and stereopsis. Retinal disparity, or horizontal disparity, refers to the 

degree of angular separation between the left and right retinal subimages. Since the eyes 

are separated horizontally in the head, the subimages falling on each retina differ. Except 

for within a certain locus known as the horopter, a given stimulus in the visual field will be 

focused at a different point in each retina, and the degree of this disparity is a function of the 

distance from the stimulus to the eye. When the two retinal subimages are fused by the 

brain, the result is the depth sensation of stereopsis (Greek meaning “solid sight”). All true 

3-D displays that portray images residing on a two-dimensional plane take advantage of this 

phenomenon. By displaying a different subimage to each eye in the form of a stereo pair, 

depth is perceived. 

The phenomenon of retinal disparity can be understood through a simple procedure 

where a viewer simultaneously fixates on object A and attends to object B, the two objects 

appearing at different distances from the viewer. If this is done, two images of object B 

should be seen, each horizontally separated from the other. For example, if one holds up a 

finger close to the eyes and fixates on the visual scene beyond the finger, then the finger 

should appear as doubled, each image shifted horizontally. 

As mentioned previously, it was once thought that convergence, not retinal disparity, 

was the basis of binocular depth perception. Evidence that stereoscopic depth perception is 

not dependant on vergence lies in the work of Julesz (1960), who developed the random dot 

stereogram (RDS). An RDS consists of two fields in a stereo pair, each filled with an 

identical random dot pattern throughout the field. Within a certain area of the field, usually 

some easily recognizable shape such as a square or “I”, retinal disparity is applied. The
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resulting stereoscopic image contains an area of random dots that appears closer or farther 

than the rest of the field, depending on the direction of the disparity (Figure 7). If depth 

perception of the RDS scene were dependent upon vergence, then recognition of the hidden 

object would necessarily precede perception of depth. In an RDS, however, recognition of the 

object is achieved through perception of its depth; it cannot be disclosed without sensing its 

visual depth relative to its background. Therefore, it must be the binocular fusion of the two 

retinal subimages, followed by recognition of the components of a visual scene, which leads to 

understanding of the complete scene. 

Stereoscopic viewing has the interesting ability to disclose aspects of a visual field 

which may be otherwise invisible. For example, Friedhoff (1989) discussed the immunity of 

stereopsis to camouflage, which renders objects invisible under monoscopic viewing. This is 

precisely the phenomenon which occurs in the viewing of random dot stereograms. Any 

object hidden by blending with its background can be revealed by stereopsis if the viewer is 

close enough to resolve the disparity. Based on this phenomenon, stereophotography has 

been used in military applications to reveal camouflaged tanks and artillery. 

Retinal disparity can take two forms. As left- and right-eye subimages are shifted 

horizontally, they may do so with or without crossing each other. If the subimages separate 

without crossing, then the apparent depth of the image will increase ~ referred to as 

uncrossed or positive disparity. If the subimages cross each other so that the left-eye 

subimage is placed to the right of the right-eye subimage, then the apparent depth of the 

image decreases — referred to as crossed or negative disparity. If right- and left-eye 

subimages occupy the same position, there is no disparity and the virtual image rests on a 

neutral plane (i.e., phosphor plane of the CRT display). Figure 8 illustrates how horizontal 

disparity affects the depth of images. Disparity may be quantified in terms of the distance
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between the two subimages. For example, if the left-eye subimage is 2 arcminutes to the 

right of the right-eye subimage (crossed disparity), then the image has a disparity of -2 

arcminutes. 

Uncrossed (positive) disparity can only progress to a point where the optical axes are 

parallel. Beyond this point the two eyes would have to diverge to fuse the image. 

Divergence, a phenomenon which should never occur during normal viewing, is tolerable up 

to about two degrees of rotation. During the 3-D movie craze in the 1950s, every 3-D movie 

contained scenes which exceeded this limit (Vlahos, 1965). 

Retinal disparity can result in a cue conflict known as the accommodation-convergence 

mismatch. When a stereo pair is displayed on a planar surface and no retinal disparity is 

applied, the accommodation and convergence cues agree. However, when left and right 

subimages are shifted apart, convergence is altered while accommodation remains at the 

display plane. This incongruency can be alleviated by placing important objects at the 

phosphor plane, by using viewing distances greater than 2 m (where accommodation loses 

potency), or by using lenses to change optimal viewing distance (Hodges and McAllister, 

1988; Tolin, 1987). In such a situation the conflict is marginal. 

Another cue conflict involves the incompatibility between planar 3-D displays and 

motion parallax. Motion parallax is the phenomenon by which a viewer expects distant 

objects to move more slowly across the visual field than would nearby objects. Motion 

parallax is exhibited in the apparent lack of motion of the moon as a viewer walks along. 

Since the moon is very far away, its movement across the visual field is exceptionally slow. 

When retinal disparity is applied to two subimages residing on a plane, as occurs on a CRT- 

based 3-D visual display, the apparent depth can cause a cue conflict whenever the viewer 

moves and expects to see the different “sides” of the apparently 3-D object. As the viewer 

moves about, the scene appears to “follow” the viewer, a rather eerie illusion. This cue
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conflict, however, is unobtrusive once the viewer becomes accustomed to the display, or 

maintains a relatively fixed viewing position. Helmet-mounted displays avoid this conflict 

since their position relative to the viewer is fixed. 

Friedhoff (1989) mentions the dependence of retinal disparity upon superimposition. 

This dependence is revealed by repeating patterns, such as wallpapers or fences. The viewer 

may mismatch two subimages as a visual pair, causing erroneous depth cues which can make 

the objects appear to “float in space” or otherwise be misplaced in depth. This phenomenon 

occurs more readily in sterile man-made images, because in real-world settings any 

irregularity or shadow will resolve the misalignment and destroy the illusion. 

Interaction of Depth Cues 

Several researchers have postulated that binocular and monocular cues have an 

additive effect upon the perception of depth information. MacAdam (1954) pointed out that 

additivity presumes consistency between the two cue types. Vlahos (1965) differentiated the 

cues by stating that binocular cues are the dominant source of depth information up to 

distances of about nine meters. Merritt (1983) and Graham (1965) disagreed; they 

considered stereopsis to be a viable source of depth information beyond nine meters. 

Another theory concerning the interaction between binocular and monocular cues is 

discussed by Friedhoff (1989). After discovering many people who excelled in the field of 

visual arts but who could not see well stereoptically, he speculated that “diminished 

stereoptic perception may contribute to drawing and painting ability by facilitating the 

reduction of the visual environment to a flat pattern — what Ruskin has called ‘the innocence 

of the eye.’” The basis of this speculation is the concept that interpretation of the two types 

of visual cues, binocular and monocular, may be based on two distinct mental processes 

which may or may not be independent and may exist in different degrees of development in 

different individuals. Such individual differences should, at some level, be taken into
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account in the design of visual displays. One group of people may best be served by 21/2-D 

displays, whereas another group may best be served by true 3-D displays. A third group of 

people might be served equally by either display type. 

The efficacy of binocular cues may be evaluated in two ways; monocular cues alone may 

be compared with binocular cues alone, or monocular cues alone may be compared with the 

combination of both cue types. Since the practical question is whether to add binocular cues 

to the already established monocular cues, then the latter comparison is more justifiable. 

One might quickly point out that this comparison does not serve to isolate performance 

effects attributable to binocular presentation of information. However, some very practical 

considerations refute this standpoint. First, there are few if any circumstances when 

monocular cues could not or would not be included in a display. Second, avoidance of 

monocular cues is difficult if not impossible in some situations. Linear perspective, for 

example, is a monocular cue which, when omitted, will detract from and distort many 

images.



3-D HARDWARE TECHNOLOGY 

Various Technologies 

The study of 3-D viewing is not only a contemporary endeavor. Pioneer devices such as 

the Wheatstone Stereoscope and the Brewster Stereoscope were designed in the early 1800s 

(Hodges and McAllister, 1987). Not surprisingly, early systems had severe limitations. 

Flicker, user discomfort, moving parts, and scenes limited to stationary images are a few of 

the disadvantages of these early systems. Today, however, modern devices have overcome 

many of these problems and can display dynamic and compelling 3-D scenes. 

There are several ways to classify 3-D displays. They can be classified as multiplanar, 

holographic, or stereo-pair. The discussions herein are limited to stereo-pair displays. 

Three-dimensional systems also are either time-parallel or time-multiplexed. Time-parallel 

systems present both subimages simultaneously. Time-multiplexed systems present 

subimages sequentially in rapid alternation. 

Many commercially available true 3-D systems utilize liquid-crystal shutters as a 

means of transmitting subimages to the proper eye. As left- and right-eye subimages 

alternate sequentially in time on a 3-D display, left-eye subimages can be circularly polarized 

in one direction and right-eye subimages in the opposite direction by using a liquid-crystal 

shutter. The shutter switches polarization at a rate equal to the frame rate of the CRT. 

Liquid-crystal (LC) shutters can be placed directly in front of a CRT display, so that when 

viewing the display with circularly polarized glasses (the two lenses are polarized in opposite 

directions), each subimage field is viewed by the proper eye (Figure 9). Alternatively, a 

liquid crystal shutter may be incorporated into the glasses themselves. These active glasses 

also are synchronized with the frame rate of the CRT to provide proper transmission of 

subimages. 
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One limitation of the LC shutters is the phenomenon of “ghosting,” which is caused by 

leakage of contralateral subimages. When subimages intended for the right eye are dimly 

apparent in the left eye, and vice versa, the resulting image is a bright object neighbored by a 

faint subimage. Ghosting is attributable to two factors, filter leakage and slow phosphor 

decay. In the case of filtering via polarization, the incomplete occlusion of contralateral 

subimages by the polarizing optics of the display is the cause of ghosting. Slow phosphor 

decay, a recurring dilemma with CRT technology, causes right-eye subimages to remain 

partially visible during the left-eye period, and vice versa. Apparently, recent progress has 

been made in developing quenched phosphors that quickly “turn off’ unwanted pixels (R. J. 

Beaton, personal communication, Fall, 1989). There are, fortunately, ways to minimize 

ghosting. Beaton (1989) found that red images on the Tektronix SGS-620 display produce 

less ghosting than do green, blue, or white images. 

To determine a superior method for presenting 3-D visual scenes in aircraft cockpits, 

Turner and Hellbaum (1986) compared seven display methods: holography, volumetric 3-D 

displays, shuttered glasses of three types, beam splitting, and polarizing panels. The 

following criteria were applied to the analysis: suitability for real time, form factor and 

weight, brightness and contrast, flicker, resolution, shading, and restriction of pilot’s 

movement and vision. The results indicate that use of passive circularly polarized glasses in 

conjunction with a polarizing panel in the form of a LC shutter, placed in front of a CRT, was 

most preferred among viewers. 

There are several types of optical shutters available. Twisted nematic liquid crystals 

(TNLC), lead lenthanum zirconate titanate (PLZT) ceramics, and ferroelectric liquid crystal 

(FLC) shutters are among the available technologies. Unfortunately, they all have 

disadvantages in one respect or another. Factors such as poor light transmission, slow 

switching times, and high power consumption limit their usefulness. The most recent
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improvement in LC shutter technology is the liquid crystal z-cell shutter. Early z-cell 

shutters had switching times between 170 us (Bos, Johnson, and Koehler/Beran, 1983) and 

100 us (Haven, 1987). 

One disadvantage of current LC shutter technology is the low percentage of light that 

reaches the observer. Because of this, most 3-D CRTs are viewed in an environment with 

little or no ambient light. Under cireumstances where high luminance is necessary, such as 

daylight viewing, cholesteric nematic liquid crystal (CNLC) cells, which scatter light in their 

inactive state and become transparent in their activated state, offer a potential advantage 

(Milgram and Van der Horst, 1986). 

Space-multiplexing stereo displays, which require two CRTs, are undesirable due to 

their expense, weight, and required workspace. Furthermore, Reinhart (1990) pointed out 

that any incongruities between the two CRTs would detract from image quality. 

Time-multiplexing stereo CRTs, which alternate subimages on the same phosphor plane, can 

create flicker problems due to optical switching. However, there are CRTs which have frame 

rates high enough to avoid this problem. 

Concerning the choice between passive and active glasses, passive glasses are 

relatively inexpensive, lightweight, more comfortable, less obtrusive, and facilitate multiple 

viewers of a single 3-D display, or viewing of multiple displays. Additionally, passive glasses 

require no physical connection to the computer and consequently do not inhibit viewer 

movement. Active glasses, on the other hand, offer the benefit of increased suppression of 

contralateral subimages, and allow a greater percentage of light to reach the observer. 

The Tektronix SGS-620 

The true 3-D display system used in this experiment was the Tektronix SGS-620 field- 

sequential stereoscopic CRT. This 19-inch (diagonal) display system uses passive circularly 

polarized glasses with left/right optical switching performed by a z-cell liquid crystal shutter
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placed directly in front of the phosphor plane of the CRT. Both the z-cell and the display 

operate at a refresh rate of 120 Hz. 

Although the technology of 3-D displays such as the Tektronix SGS-620 is well 

advanced, there are certain limitations which must be recognized. Due to the polarizing 

effect of both the z-cell and the passive glasses, the light transmissivity is approximately 13 

percent. In the case of the SGS-620, which employs a color CRT display and therefore has 

associated limitations in producing high-luminance images, the resulting image luminance is 

rather low. For example, with the red electron gun of the SGS-620 at maximum output, the 

luminance at the eye of the observer (after suffering the transmissivity effects of the n-cell 

shutters and the polarized glasses) is 1.9 cd/m?. The use of such low luminance levels is a 

concern because luminance variation below 3 cd/m? affects stereoacuity (Tolin, 1987). 

In consideration of the technology tradeoffs discussed above, the Tektronix SGS-620 is, 

for all practical purposes, state-of-the-art technology. Furthermore, the aforementioned 

problems are minor and not necessarily problematic in the context of the proposed research. 

Therefore, the SGS-620 is suitable for this experiment.



RESEARCH OBJECTIVES 

This research sought to assess the potential advantages of retinal disparity depth cues 

over monocular depth cues as measured by viewer performance in tasks involving 

interpretations of object position in a 3-D volume. To better understand the type of scenarios 

under which retinal disparity cues could have the greatest impact on viewer performance, 

this comparison was made under several variations of task type, task difficulty, and display 

format (i.e., plan view vs. perspective displays). It was hoped that the results of this 

assessment could be used to aid the development of guidelines for the proper application of 

true 3-D visual displays. At the same time, this research sought to evaluate the interaction 

between binocular and monocular depth cues, specifically to test the hypothesis that 

relatively sophisticated monocular depth cues (e.g., perspective displays) may supplant any 

performance advantages of retinal disparity depth cues. 
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METHOD 

Participants . 

Ten undergraduate students participated in the study and were paid $4.00 per hour. 

All participants were native English speakers, had no prior experience with true 3-D 

displays, and had no history of visual problems. Participants were screened for color vision, 

acuity, phoria, and stereo vision as described below. 

Apparatus 

All stimuli were presented on a Tektronix SGS-620 Stereoscopic 3-Dimensional 

Graphics Display System. The system consisted of a 19-inch diagonal Trinitron color CRT, a 

liquid-crystal optical polarizer, and passive circularly polarized spectacles. The CRT and LC 

shutter operated at a rate of 120 Hz, and were controlled by an IBM PC-AT equipped with a 

Tektronix Stereoscopic Graphics Adapter. Participants used a Microspeed FasTRAP 

trackball-type input device to select objects and record choices. 

Environment 

Participants were seated so that the display remained slightly below eye level. 

Viewing distance was approximately 90 cm. The room was fully darkened for three reasons: 

(1) to avoid glare reflections from the planar surface of the liquid-crystal shutter, (2) to 

compensate for the relatively low luminance of the display, and (3) to represent a typical 

viewing environment for a display of this type (Tektronix recommends operation of the SGS- 

620 in a darkened room). A dim light was necessary at the experimenter’s station, which was 

located to the left and behind the participant’s viewing position. This light was blocked from 

the participant’s view by a screen between the experimenter’s station and the participant. 
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Experimental Design 

The experimental design was a 2 X 2X 3 x 3 within-subjects factorial, in which each 

stimulus condition was replicated four times. Therefore, each participant received 36 unique 

conditions, with a total of 144 observations. 

The following independent variables were manipulated. 

Depth Cue Type (2 levels). The visual scene was portrayed with either monocular cues 

alone or with monocular and retinal disparity cues together. The following monocular cues 

were used: luminance, interposition, and linear perspective (relative size). 

Display Format (3 levels). The experimental stimuli were portrayed in either a plan 

view format (Figures 10 and 11), a perspective format with landscape grid (Figures 12 and 

13), or an enhanced perspective format with grid and vertical reference links (Figures 14 and 

15). Note that Figures 10 — 15 should be regarded as samples; they do not portray the actual 

stimuli used in the experiment. 

Task Type (2 levels). Task type was (1) a relative distance task (Figures 10, 12, and 

14), which assessed the viewer’s ability to make judgements of inter-object distances in a 3-D 

volume, or (2) a course prediction task (Figures 11, 13, and 15), which assessed the viewer's 

ability to extrapolate object position in a 3-D volume. 

Signal-to-Clutter Ratio (S/C) (3 levels). Task difficulty was adjusted by manipulating 

the signal-to-clutter ratio of display objects. Noise was defined as the number of distractor 

objects presented in the scene. In the high S/C level, distractor objects were absent. In the 

medium S/C level, the number of distractor objects was equal to the number of threat objects. 

In the low S/C level, the number of distractors was twice the number of threat objects.
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Figure 10. Relative Distance task in Plan View format. Purple circle is friendly object. 

Red circles are threat or distractor objects; threat objects are numbered. 

Numbers represent altitude above the ground plane. Note size coding of object 

depth.
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Figure 11. Course Prediction task in Plan View format.



37 

  

Figure 12. Relative Distance task in Perspective format.
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Figure 13. Course Prediction task in Perspective format.
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Figure 14. Relative Distance task in Enhanced Perspective format
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Figure 15. Course Prediction task in Enhanced Perspective format.
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All independent variables except task type were randomized for each participant 

throughout the trials. Trials were blocked across task type. Half of the participants 

completed the relative distance task first, and the other half completed the course prediction 

task first. 

The following four dependent variables were employed in the experiment to measure 

both objective and subjective task performance: 

Search Time. This variable was measured with 1 ms resolution from the moment the 

stimulus appeared until the final decision was recorded via the input device. 

Error Rate. Errors were recorded as correct responses (selection of the target object) or 

incorrect responses (selection of a non-target object). 

Error Magnitude. This variable differed with task type. In the Relative Distance task, 

error magnitude was measured as the absolute difference between the selected-object-to- 

friendly-object distance and the target-to-friendly-object distance (consult section below for 

definitions of these terms). In the Course Prediction task, error was the distance between 

the selected object and the predicted path, measured perpendicular to that path. Object-to- 

object distances were calculated as Euclidean X-Y-Z distances, that is, 

[CX-X,)? + (Y-Y,)? + (Z-Z,)2]. 

Confidence Rating. Subjective measures of confidence ranged along the following scale: 

(1) complete guess, (2) doubtful, (3) not sure, (4) somewhat confident, and (5) absolutely 

certain. It was assumed that the viewer's level of confidence for each decision would be 

inversely proportional to the difficulty of the task, thereby producing a measure which 

assesses viewer perception of task difficulty.
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Experimental Tasks 

Prior to each trial, the participant was informed as to whether the trial would be the 

Relative Distance task or the Course Prediction task. This prompt, accompanied by an 

audible warning, served to alert participants to the start of the second task block. 

Relative Distance task. In this task, participants viewed a 3-D space which contained a 

“friendly” object and six “threat” objects (Figures 10, 12, and 14). The friendly object was 

positioned randomly within the imaginary volume. Each threat object was placed between 

four and six units of Euclidean distance from the friendly object. This range was chosen 

since it balanced the tradeoff among three variables: (1) maximizing the number of available 

locations for randomized placement of objects, (2) restricting the range of threat-object-to- 

friendly-object distances, and (3) confining the placement of objects to within the 3-D space. 

Distractor objects were positioned randomly and their quantity was based on the level of 

signal-to-clutter ratio. 

Participants were instructed to assess the relative distance between each threat object 

and the friendly object. Once the participant determined the threat object nearest to the 

friendly object (this threat object is referred to as the target), the participant pressed a 

button. At this time, the friendly object and any distractor objects disappeared from view; 

that is, only threat objects remained on the screen. The participant then used the trackball 

to select the target from the various threat objects. The participant recorded this object 

selection by pressing a button. 

Following each trial, the subjective rating scale prompted the participant to indicate 

his or her level of confidence or certainty in the object selection. Using the trackball, the 

participant highlighted his or her choice from the rating scale. The participant could also 

indicate that a known error was committed. If the participant indicated an error, the trial 

data were discarded and the trial condition was repeated at a later randomly selected time.
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Course Prediction task. The course prediction task is similar to the relative distance 

task in that participants viewed a friendly object and six threat objects. However, the 

friendly object was portrayed with an identifiable heading indicator. An arrow protruded 

from the friendly object, thereby indicating a predicted path (Figures 11, 13, and 15). The six 

threat objects were placed near the predicted path of the friendly object, but only one threat 

object, the target, was positioned directly on the path. The participant’s task was to identify 

the target object. The participant’s selection of threat objects was conducted in a manner 

identical to that used in the relative distance task. Also, the same subjective rating scale 

was used to probe the level of confidence in the participant’s decision. 

The Relative Distance and Course Prediction tasks were developed to represent two 

elementary tasks which deal with interpreting the static positions of objects within a 3-D 

volume and making judgements based on the spatial relationship between those objects. The 

rational for this decision stems from a consideration of the types of practical applications one 

might imagine for such technology, such as air traffic control, remote operation of robotic 

arms, chemical modeling, computer-aided design, et cetera. All these applications involve 

two fundamental viewing tasks, comparison of inter-object distances and the extrapolation of 

object position given a known vector. Consider, for example, the air traffic control scenario. 

To be able to accurately predict potential collisions, an operator must be able to assess the 

relative distance between several aircraft at a given moment, as well as their future positions 

given a known heading. Of course, a certain degree of simplification was necessary to arrive 

at the tasks used in this experiment. However, this researcher believes that for the purposes 

of investigating the relationship between stereo depth cues, perspective display formats, and 

signal/clutter ratio in this study, the relative distance task and course prediction task are 

adequate if not entirely suitable.
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Note that both tasks used in this study deal only with static images. It would have 

been desirable to include one or more tasks which involved movement of some components of 

the display. The various objects in the 3-D volume could be in motion, the viewer could have 

some cursor or control which was mobile within the 3-D volume, or the entire volume could 

have been in motion (e.g., rotation). Although these possibilities were considered and would 

have added much to the external validity of the research, they were simply impractical given 

the computational horsepower of the 3-D display system used in this study. Smooth 

animation was possible for only the most rudimentary displays, and the use of “choppy” 

animation would have detracted too much from the quality of the 3-D images to allow any 

meaningful conclusions. 

Experimental Stimuli 

3-D space. The three dimensional space was composed of an imaginary cube, divided 

into 100 equal-sized cubic sections. A 10 x 10 grid at the base of the cube was used to aid 

visualization of this sectioning (Figures 10, 11, and 12). 

In the perspective formats, the cube was viewed from a 45° angle, as shown in Figures 

12 - 15. In the plan view format, the cube was viewed as if from above, as shown in Figures 

10 and 11. Because of these different orientations, the cube appeared to be larger in the plan 

view format. This imbalance was necessary for several reasons. First, the resolution of the 

Tektronix SGS-620 (~2 arcminutes per pixel) limited the flexibility of depth increments. 

Second, in order to balance the stereo capabilities of the viewer (20-25 arcminutes of total 

disparity) and the need to depth code a 10 X 10 x 10 3-D space, the two display orientations 

were constructed such that the total virtual depth was equal in each circumstance. Since the 

virtual depth of the cube in perspective format is the length of the diagonal of a side, rather 

than the width of a side as in the plan view format, the cube in perspective format 

necessarily had to appear as a smaller cube (Figure 16). To compensate for possible
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subjective imbalance on the part of the viewer, all participants were instructed to interpret 

the two display formats as representing the same exact cube, only viewed from different 

perspectives and distances. 

Objects in the 3-D space. All objects appeared as spheres, and were size-coded and 

brightness-coded according to their position in the 3-D space. Depth coding in the 

perspective formats was conducted along a diagonal, such that spheres along the near edge 

were the brightest and largest, and spheres along the far edge were the dimmest and 

smallest. Analogous coding in the plan view format was conducted from side to side, rather 

than from edge to edge. 

All threat and distractor objects were red; the friendly object was magenta. The 

10 x 10 grid and surrounding edges of the 3-D space were reddish-orange, and the vertical 

reference links were yellow. These colors were selected for their spectral proximity to red, 

since this color was found to produce significantly less ghosting than green, blue, or white 

(Beaton, 1989). Informal pilot testing conducted for this study supported Beaton’s findings. 

Friendly and threat objects were each marked with a black number which represented 

the altitude of that object above the ground plane. Objects marked “1” were positioned on the 

lowest plane of the cube, just above the grid, whereas objects marked “10” were positioned on 

the highest plane, farthest from the grid. Distractor objects were not marked with a number; 

this was the only distinction between distractor and threat objects. 

Manipulation of stimuli. Object position varied in discrete intervals along all three 

dimensions. A 3-D coordinate system was used to identify the position of each object within 

the 3-D volume, and 3-D vector distances between objects were calculated so that inter-object 

distances could be compared.



Figure 16. 
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Positioning of each object for any given trial was determined by an algorithm which 

placed objects at random within the given range specifications (e.g., threat objects in the 

relative distance task were required to be in the range of four to six units of euclidean 

distance from the friendly object) without allowing objects to wholly obscure other previously 

positioned objects. This algorithm gave highest placement priority to the friendly object, 

next to the threat objects, and lowest priority to any distractor objects. Since objects were 

not allowed to wholly obscure one another, there were 100 simultaneously available locations 

in a plan view format, and 190 such locations in a perspective view format. 

To justify comparisons of inter-object distances, all three dimensions were subjectively 

scaled relative to one another. First, horizontal and vertical distances were scaled according 

to the vertical-horizontal aspect ratio of the SGS-620. Second, given the horizontal and 

vertical dimensions of one unit of the 10 X 10 x 10 volume, the retinal disparity necessary to 

produce the same dimension in depth was calculated for a viewer at 90 cm with an 

interpupillary distance of 6.00 cm.! The purpose of this scaling was to portray to the viewer 

inter-object distances which appeared equal across all three dimensions. In other words, if 

two objects were three levels apart in depth, and their inter-object distance appeared to the 

viewer as 5 cm, then two objects which were separated horizontally by three levels should 

have appeared to be 5 cm apart horizontally. The same logic holds for vertical inter-object 

distances. 

Tests of CRT luminance uniformity revealed that measured luminances at the edges of 

the screen were up to 15% dimmer than those at the center of the screen. One could argue 

that it is necessary to compensate for such non-uniformity because without compensation, 

luminance coding would be confounded with stimulus position. However, the design of 

  

1 This value for interpupillary distance is a compromise between 6.32 cm (the mean interpupillary 
distance for adult males according to Woodson, 1981) and 5.97 cm (the mean interpupillary distance for 
a sample of university students as measured by Reinhart,1990).
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stimuli used in this experiment lessens the threat of non-uniformity in two ways. First, the 

luminance non-uniformity was most pronounced at or near the edges, but the size of the 

stimuli were such that they occupied only the central portions of the screen, where 

uniformity is superior. Second, luminance differences between depth levels were greater 

than any differences resulting from screen non-uniformity. Furthermore, had luminance 

coding been treated as a factor in this experiment, then some kind of compensation for non- 

uniformity would have been of greater concern. However, this was not the case, as 

luminance coding was common to all trial conditions. 

Procedures 

Participant screening. The screening procedure took place on a volunteer basis and 

consisted of three parts: a test for color vision, a test for acuity and phoria, and a test for 

stereo acuity and/or stereo deficiency. Informed consent to the screening procedure was 

necessary before participants were allowed to undergo screening. 

All participants were screened for color-vision deficiencies using Dvorine Pseudo- 

Isochromatic Plates. It was felt that color-vision screening was appropriate since objects on 

the display were color-coded using subtle color differences. 

All participants were screened with a Bausch & Lomb Master Ortho-Rater for near and 

far visual acuity as well as vertical and lateral phoria. The criteria for the visual acuity test 

were a minimum monocular Snellen acuity (both near and far) of 20/22 in each eye, and 

phoria scores approximately within the 70th percentile. Since the polarized lenses used in 

conjunction with the SGS-620 may be incorporated with other lenses, participants were 

allowed to wear corrective lenses; either contact lenses or spectacles. In order to assure the 

clarity of the polarized lenses, this phase of the screening procedure was conducted both with 

the polarized lenses and without.
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Participants were not tested for contrast sensitivity since Reinhart (1990) found a high 

degree of redundancy between contrast sensitivity and the above-mentioned Ortho-Rater 

procedure. Also, phoria scores were included in the screening procedure since phoria 

assesses the ability to fuse independent retinal images (an important component of viewing 

stereo images) and therefore phoria deficiencies are most likely correlated with stereo 

deficiencies. 

A stereo screening procedure developed by Reinhart (1990) was used to test for 

stereoscopic acuity and stereoscopic deficiency. Both stages of this procedure were presented 

on the Tektronix SGS-620 display system using random dot stereograms (RDS). An RDS 

consists of two fields in a stereo pair, each filled with an identical random dot pattern 

throughout the field. Within a certain area of the field retinal disparity is applied. The 

resulting stereoscopic image contains an area of random dots that appears closer or farther 

than the rest of the field, depending on the direction of the disparity (Figure 7). RDSs are 

useful in assessing stereoscopic acuity since the perception of depth information depends 

entirely on retinal disparity information. A stereo-blind viewer would not be able to identify 

the area in which disparity has been applied; the frame will appear as a random dot pattern 

and nothing more. 

Two demonstration RDSs were used to familiarize participants with the screening 

technique. These RDSs present planar squares at 10 arcminutes of disparity, one crossed 

and the other uncrossed. Participants who could not identify these squares were regarded as 

stereo-blind and, therefore, excused from further participation in the study. 

In the second phase of stereo screening, participants viewed two sets of RDSs, each 

containing 12 images at various values of crossed or uncrossed disparities ranging from 2 to 

24 arcminutes. Participants were required to identify the orientation of a virtual Landolt 

ring imbedded in the stereogram as well as the direction of disparity of that ring, that is,
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whether the ring appeared to be in front of or behind the rest of the field. Participants were 

allowed two incorrect responses for each set of images. 

Experimental procedures. Prior to actual experimentation, all participants completed 

an informed consent procedure. This procedure included a description of the purpose of the 

experiment, the procedure involved, a description of any potential risk which might affect the 

participant, a description of potential benefits which the participant might receive while 

participating in the study, an explanation of the participant’s right to withdraw from the 

study for any reason or to withdraw data for any reason, and a notification of whom to 

contact regarding questions they might have about the study. This information was 

available to the participant in document form. Once the participant consented to the 

procedure and assured the experimenter that he or she understood all conditions and 

obligations, then the participant signed the informed consent. 

Training began with a verbal explanation in which the experimenter read a set of 

descriptive instructions (both participant and experimenter viewed a written copy). A copy of 

the instructions is in the Appendix. Participants were instructed on how to complete their 

experimental tasks, how to use the subjective rating scale, how to use the trackball, and the 

overall structure of the experiment. In a second stage of training, participants were 

introduced to the range of stimuli which would be encountered during the experiment. 

Participants progressed through a series of practice trials — one for each stimulus 

combination. Following each practice trial, participants were provided with feedback as to 

the correctness of their responses. Participants were encouraged to ask questions during all 

stages of training. 

The experimental trials proceeded in a fashion identical to the practice trials except 

that no feedback was given during experimental trials.
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Initial training and the first two replications of experimental trials occurred on one 

day, and the last two replications on the following day. 

Analysis 

Separate analyses were conducted for each task type. The dependent variables Error 

Rate, Error Magnitude, and Search Time were analyzed using separate analysis-of-variance 

(ANOVA) procedures. To compensate for the potential of positively-biased F-values in the 

repeated-measures ANOVAs, Greenhouse and Geisser (1959) adjusted p-values were 

calculated in addition to the standard p-values. The dependent variable Confidence Rating 

was analyzed using the Sutcliffe X? test. The level of significance chosen for all analyses is 

a = 0.05.



RESULTS 

Error Rate 

Relative Distance task. The ANOVA summary table for Error Rate is presented in 

Table 1. None of the independent variables or their interactions have a significant effect on 

Error Rate. 

Course Prediction task. The ANOVA summary table for Error Rate is presented in 

Table 2. The main effect of Depth Cue is significant (p = 0.035). Error Rate is lower when 

retinal disparity depth cues are present (Figure 17). 
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TABLE 1 
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ANOVA Summary Table for Error Rate within the Relative Distance Task 

  

Source af MS F Pp 

Subject 9 0.087 

Depth Cue 1 0.022 0.291 0.602 
Depth Cue * Subject 9 0.076 

Format 2 0.122 1.756 0.201 
Format * Subject 18 0.069 

Signal-to-Clutter Ratio (S/C) 2 0.007 0.121 0.887 
S/C * Subject 18 0.060 

Depth Cue * Format 2 0.173 3.374 0.057 
Depth Cue * Format * Subject 18 0.051 

Depth Cue * S/C 2 0.059 1.256 0.309 

Depth Cue * S/C * Subject 18 0.047 

Format * S/C 4 0.085 1.163 0.343 
Format * S/C * Subject 36 0.073 

Depth Cue * Format * S/C 4 0.110 1.709 0.170 
Depth Cue * Format * S/C * Subject 36 0.064 

Total degrees of freedom = 179



TABLE 2 
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ANOVA Summary Table for Error Rate within the Course Prediction Task 

Source 
  

df MS F D 

Subject 9 0.085 

Depth Cue 1 0.475 6.157 0.035 
Depth Cue * Subject 9 0.077 

Format 2 0.075 1.317 0.293 

Format * Subject 18 0.057 

Signal-to-Clutter Ratio (S/C) 2 0.089 1.502 0.249 
S/C * Subject 18 0.059 

Depth Cue * Format 2 0.075 1.412 0.269 
Depth Cue * Format * Subject 18 0.053 

Depth Cue * S/C 2 0.060 1.337 0.288 

Depth Cue * S/C * Subject 18 0.045 

Format * S/C 4 0.031 0.465 0.761 

Format * S/C * Subject 36 0.067 

Depth Cue * Format * S/C 4 0.055 1.033 0.404 
Depth Cue * Format * S/C * Subject 36 0.053 

Total degrees of freedom = 179



55 

  1.0 

M
e
a
n
 

Er
ro

r 
Ra

te
 

    

  

Absent Present 

Retinal Disparity Depth Cues 

Figure 17. Main effect of Depth Cue on Error Rate within the Course Prediction task.
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Error Magnitude 

Relative Distance task. The ANOVA summary table for Error Magnitude is presented 

in Table 3. None of the independent variables or their interactions have a significant effect 

on Error Magnitude. 

Course Prediction task. The ANOVA summary table for Error Magnitude is presented 

in Table 4. There are no significant effects at the 0.05 level. However, due to the fact that 

the p-value for the main effect of Depth Cue (—p = 0.057) is only marginally greater than the a- 

level of 0.05, the results of this effect are analyzed for the sake of reader interest. Error 

Magnitude is smaller when retinal disparity depth cues are present (Figure 18).
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TABLE 3 

ANOVA Summary Table for Error Magnitude within the Relative Distance Task 

  

Source df MS F Dp 

Subject 9 0.180 

Depth Cue 1 0.012 0.180 0.682 

Depth Cue * Subject 9 0.067 

Format 2 0.087 2.015 0.162 
Format * Subject 18 0.043 

Signal-to-Clutter Ratio (S/C) 2 0.008 0.226 0.800 
S/C * Subject 18 0.035 

Depth Cue * Format 2 0.099 3.008 0.075 
Depth Cue * Format * Subject 18 0.033 

Depth Cue * S/C 2 0.001 0.020 0.980 

Depth Cue * S/C * Subject 18 0.047 

Format * S/C 4 0.052 1.198 0.328 
Format * S/C * Subject 36 0.043 

Depth Cue * Format * S/C 4 0.068 1.880 0.135 
Depth Cue * Format * S/C * Subject 36 0.036 

Total degrees of freedom = 179
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TABLE 4 

ANOVA Summary Table for Error Magnitude within the Course Prediction Task 

  

Source df MS F D 

Subject 9 0.104 

Depth Cue 1 0.701 4.754 0.057 
Depth Cue * Subject 9 0.147 

Format 2 0.117 1.596 0.230 
Format * Subject 18 0.073 

Signal-to-Clutter Ratio (S/C) 2 0.033 0.401 0.676 
S/C * Subject 18 0.082 

Depth Cue * Format 2 0.195 2.569 0.104 
Depth Cue * Format * Subject 18 0.076 

Depth Cue * S/C 2 0.138 1.345 0.285 
Depth Cue * S/C * Subject 18 0.102 

Format * S/C 4 0.041 0.463 0.763 
Format * S/C * Subject 36 0.088 

Depth Cue * Format * S/C 4 0.072 0.920 0.463 
Depth Cue * Format * S/C * Subject 36 0.079 

Total degrees of freedom = 179
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Figure 18. Main effect of Depth Cue on Error Magnitude within the Course Prediction 

task. Note: the p-value associated with this effect is 0.057.
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Search Time 

Relative Distance Task. The ANOVA summary table for Search Time is presented in 

Table 5. The main effect of Display Format is significant (p = 0.001, pg, = 0.003). This effect 

is illustrated in Figure 19. The results of the Newman-Keuls means comparison on the three 

levels of Display Format are presented in Table 6. Search times for the Perspective Display 

Format are significantly shorter than search times for both the Plan View and Enhanced 

Perspective Display Formats. 

Course Prediction Task. The ANOVA summary table for Search Time is presented in 

Table 7. The main effect of Display Format is significant (p = 0.006, pg = 0.014). This effect 

is illustrated in Figure 20. The results of the Newman-Keuls means comparison on the three 

levels of Display Format are presented in Table 8. Search times for the Enhanced 

Perspective Display Format are significantly longer than search times for both the Plan View 

and Perspective Display Formats.
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ANOVA Summary Table for Search Time within the Relative Distance Task 

  

Source df MS F D Dac (e)* 

Subject 9 521.459 

Depth Cue 1 17.703 0.690 0.428 
Depth Cue * Subject 9 25.664 

Format 2 127.257 9.661 0.001 0.003 (0.861) 
Format * Subject 18 13.173 

Signal-to-Clutter Ratio (S/C) 2 21.725 1.377 0.278 
S/C * Subject 18 15.778 

Depth Cue * Format 2 11.459 0.850 0.444 
Depth Cue * Format * Subject 18 13.481 

Depth Cue * S/C 2 5.992 0.818 0.457 
Depth Cue * S/C * Subject 18 7.323 

Format * S/C 4 1.847 0.124 0.973 
Format * S/C * Subject 36 14.906 

Depth Cue * Format * S/C 4 6.474 0.619 0.652 
Depth Cue * Format * S/C * Subject 36 10.463 

Total degrees of freedom = 179 

t Adjusted probability based on Greenhouse and Geisser (1959) with associated e-values in 
parentheses.
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Figure 19. Main effect of Display Format on Search Time within the Relative Distance 

task. Error bars represent standard error of the mean.
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TABLE 6 

Results of Newman-Keuls Test on the Main Effect of Display Format within the Relative 

Distance Task (Dependent Variable: Search Time) 

  

Display Format Mean Search Time? 

Perspective 14.04 

Enhanced Perspective 16.46 

Plan View 16.64 

  

t Means with a common line do not differ significantly at p < 0.05
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ANOVA Summary Table for Search Time within the Course Prediction Task 

  

Source df MS F Dp Dec (e)' 

Subject 9 403.518 

Depth Cue 1 48.589 1.941 0.197 

Depth Cue * Subject 9 25.037 

Format 2 261.552 6.785 0.006 0.014 (0.743) 
Format * Subject 18 38.551 

Signal-to-Clutter Ratio (S/C) 2 7.934 0.410 0.670 
S/C * Subject 18 19.353 

Depth Cue * Format 2 7.213 0.450 0.645 
Depth Cue * Format * Subject 18 16.024 

Depth Cue * S/C 2 14,448 0.604 0.557 

Depth Cue * S/C * Subject 18 23.929 

Format * S/C 4 23.977 1.038 0.401 
Format * S/C * Subject 36 23.103 

Depth Cue * Format * S/C 4 8.387 0.497 0.738 
Depth Cue * Format * S/C * Subject 36 16.878 

Total degrees of freedom = 179 

* Adjusted probability based on Greenhouse and Geisser (1959) with associated e-values in 
parentheses.
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Figure 20. Main effect of Display Format within the Course Prediction task. 

Error bars represent standard error of the mean.
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TABLE 6 

Results of Newman-Keuls Test on the Main Effect of Display Format within the Course 

Prediction Task (Dependent Variable: Search Time) 

  

Display Format Mean Search Time’ 

Perspective 12.09 

Plan View 12.33 

Enhanced Perspective 15.82 

  

* Means with a common line do not differ significantly at p < 0.05
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Confidence Rating 

To meet the assumptions of the X? test, the scale for Confidence Ratings was reduced to 

a 4-point scale by combining the 2 lowest ratings (“complete guess” and “doubtful”) into a 

new rating, “very uncertain.” 

Relative Distance task. Results of the Sutcliffe X* test reveal that the X*-value for the 

tota] variance is not significant (p = 0.072). Therefore, we must conclude that confidence 

ratings are not significantly affected by any of the independent variables or their 

interactions. 

Course Prediction task. A Summary table of the Sutcliffe X? test is presented in Table 

7. The interaction between Confidence Rating and Display Format is significant (X? = 13.33, 

p < 0.05). However, results of the simple effect X? test on the interaction between Confidence 

Rating and Display Format indicate that the type of Display Format has no effect on the 

frequency distribution of Confidence Ratings. These distributions are illustrated in Figure 

21. 

Since the X2-value for the total variance in the Sutcliffe X? test has an associated 

p-value of 0.04, it is not surprising that the simple effect tests are inconclusive. Clearly there 

is inadequate power to isolate the small differences in the Confidence Rating distributions.
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TABLE 6 

Results of Sutcliffe X? Test on the Frequency Distribution of Confidence Ratings as a 

Factor of Depth Cue, Display Format, and Signal-to-Clutter Ratio within the Course 

  

Prediction Task. 

Source df X?2 

Confidence Rating 3 0.00 

Depth Cue 1 0.00 

Format 2 0.00 

Signal-to-Clutter Ratio (S/C) 2 0.00 

Confidence Rating * Depth Cue 3 0.93 

Confidence Rating * Format 6 13.33* 

Confidence Rating * S/C 6 3.49 

Depth Cue * Format 2 0.00 

Depth Cue * S/C 2 0.00 

Format * S/C 4 0.00 

Confidence Rating * Depth Cue * Format 6 8.83 

Confidence Rating * Depth Cue * S/C 6 6.62 

Confidence Rating * Format * S/C 12 8.09 

Depth Cue * Format * S/C 4 0.00 

Confidence Rating * Depth Cue * Format * S/C 12 15,73 

Total 71 56.62* 
  

* sipnificant at p < 0.05



Fr
eq
ue
nc
y 

69 

  120 

    

    100 

    

    80 

  

WW Pian View 

Ea Perspective 
  60 

  EE] Enhanced Perspective 

      
Very Uncertain Not Sure Somewhat Confident Absolutely Certain 

Confidence Rating 

Figure 21. Frequency distributions of Confidence Ratings for the three types of display 

formats.
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Summary of Results 

The addition of retinal disparity depth cues significantly reduces the number and 

magnitude of errors within the Course Prediction task. 

In the Relative Distance task, search times for the Perspective display format are lower 

than for either the Plan View or Enhanced Perspective display formats. In the Course 

Prediction task, however, search times for both the Plan View and Perspective display 

formats are lower than for the Enhanced Perspective display format. 

There is some indication that the distribution of Confidence Ratings may change 

according to the type of Display Format within the Course Prediction task. However, the 

results are inconclusive. 

Manipulation of Signal-to-Clutter ratio does not have a significant effect on any of the 

dependent measures.



DISCUSSION 

To aid the reader in interpreting the meaningfulness of the results for each task, it is 

appropriate to present some descriptive statistics of viewer performance within each task. 

The average Error Rate, Error Magnitude, and Search Times for the two tasks are presented 

in Figures 22 - 24. Although participants performed the Course Prediction task faster and 

with fewer errors, the magnitude of errors was greater. Therefore, neither task can be 

considered more difficult than the other, just different. This assessment is in agreement 

with the assumption that the two tasks do not differ on a scale of difficulty, but instead 

represent different types of elementary spatial relationship tasks for objects in a 3-D volume. 

Because neither error rate nor search time were held constant in this experiment, there 

exists the threat that any observed effects on accuracy or speed may not be the result of 

changes in performance efficiency, but instead may be due to tradeoffs between speed and 

accuracy. As search times are reduced, we would expect error rates to increase (and vice 

versa), all the while maintaining the same level of performance efficiency. If this 

relationship were true, we would expect a negative correlation between time and error rate. 

The correlation between time and error rate in this study, however, was 0.104. Not only is 

this correlation modest, it is positive. Therefore, we can be more confident that changes in 

search time and error rate can be attributed at least in part to changes in performance 

efficiency rather than just simple tradeoffs between speed and accuracy. 

It is conceivable that participants may have attempted to improve search times by 

memorizing the position of the friendly object, pressing the button prematurely, and making 

their decision during the selection mode. If this were the case, then search time would be an 

inaccurate measure of the actual time required to perform the task. However, this is 

unlikely because the tasks required the viewer to make multiple comparisons — the 
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Figure 22. Mean Error Rate for the two task types. 

Error bars represent standard error of the mean.
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Figure 23. Mean Error Magnitude for the two task types. 

Error bars represent standard error of the mean.
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Figure 24. Mean Search Time for the two task types. 
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position of each threat object compared to the position or heading of the friendly object. 

Therefore, memorization of the friendly object position would not only have to be 

accurate but also reliable enough to allow six comparisons. In other words, the task was 

simply too difficult for this strategy to be successful. However, one might suggest that 

participants may have attempted this strategy regardless of its success rate. This is unlikely 

because during the training phase participants received feedback on their responses and 

knew their success rate. Anyone who attempted this strategy would know of its success or 

failure. Therefore, the only participant who would operate under this strategy would be one 

who was interested in improving search times but not concerned with error rate. Again, this 

is unlikely because during training participants were explicitly instructed to perform the 

tasks as quickly as possible without sacrificing accuracy. Furthermore, although 

participants were informed that their speed was being measured, they were not informed as 

to which part of the task the measurement took place, so it is unlikely that they would 

attempt to improve speed for only one part of the trial. 

Note that the results of this study conflict with the theory of depth cue additivity, 

which states that the performance effects of depth cues continue to increase as more cues are 

added. Although greater numbers of cues might represent greater levels of fidelity in terms 

of representing a “real world” task, it should be considered that some tasks might be 

facilitated by some degree of visual simplification, such as would be provided by plan-view 

types of visual displays. Additional and apparently unnecessary visual depth cues, whether 

monocular or binocular, may actually serve to hinder performance by cluttering a display and 

surpassing the minimum level of visual information required for the task at hand. The 

findings of this study suggest that some degree of depth cue additivity does occur, such as 

when retinal disparity depth cues are added, but also that this additivity reaches the point of 

diminishing returns, as when linear perspective cues are added. Further evidence comes
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from the effect of Display Format on Search Time — the additional depth cues associated with 

the Enhanced Perspective format resulted in degraded performance. Clearly, designers of 

visual displays must attempt to strike a balance between providing the viewer with a high 

level of fidelity and portraying only those aspects of the scene which provide the information 

necessary to complete the task. 

With the expectation that the effects of retinal disparity depth cues might be more 

pronounced under conditions of high workload, manipulation of the Signal-to-Clutter ratio 

was intended to alter the level of task difficulty. According to the four dependent measures 

this was not the case. However, it is possible that changes in the number of distractor 

objects had a compound effect, not measurable with any of the dependent measures used in 

this study. As distractor objects cluttered the screen and increased the difficulty of isolating 

threat objects, the increased number of total objects may also have had the effect of “filling” 

the 3-D space, potentially facilitating the task of interpreting spatial relations between 

objects. Note that this hypothesis does not agree with the above discussion of depth cue 

additivity. Regardless, one could easily verify this hypothesis with a replication of this study 

where objects that do not resemble threat objects in any way were added to the visual scene. 

These objects would not serve as distractors, thereby keeping the total number of objects 

equal across all trial conditions. 

It is also likely that the difference between threat objects and distractor objects was not 

as subtle as was intended. In order to distinguish a threat object from a distractor object, 

participants needed only to see a mark of any kind on the object... With some practice, this 

distinction could be made for all threat objects with just a glance. A more suitable approach 

would have been to mark the distractor objects with labels similar to the numbers on the 

threat objects, such as letters or nonsense symbols.
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Because participants were instructed to use the full range of the rating scale, and 

because performance varied across stimulus conditions, it is surprising that confidence 

ratings did not differ across stimulus conditions. It seems likely that true confidence levels 

would, in fact, vary from trial to trial, presuming the level of task difficulty varied as well. A 

plausible explanation is that the coarse five-point scale may not have been sensitive enough. 

It is conceivable that changes in the stimuli conditions elicited very subtle changes in viewer 

confidence and that these changes were too subtle to be measured by the five-point scale. 

The presence of the vague term “Somewhat Confident” in the rating scale may have 

compounded this problem. As seen in Figure 25, the distribution of responses was clustered 

around the rating “Somewhat Confident,” which accounted for over 41 percent of the 

responses. This distribution suggests that participants may have gravitated toward this 

rating whenever they were at a loss to accurately describe their level of true confidence. The 

responses within this range may represent the range of confidence levels which need to be 

measured with greater sensitivity. 

A more likely explanation for the lack of a measurable effect on confidence ratings is 

that, regardless of the difficulty of the task at hand, participants continued their efforts until 

they could make a decision with a level of confidence they felt was appropriate to the 

situation. Given this presumption, it seems likely that the rating “Somewhat Confident” 

corresponds best with the level of effort the participants use to make their decisions. 

Accordingly, the deviations from this rating represent the distribution of effort. However, 

this variance in effort would not be the result of changes in stimulus conditions, but rather 

changes in the participant’s mood or motivation.
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Figure 25. Frequency distribution of Confidence Ratings.
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Suggestions for Future Research and Implementation 

The results of this study, combined with the results of previous research, suggests the 

following guidelines for the implementation of and further research on 3-D displays: 

(1) Choose experimental tasks and scenes which best simulate the perceptual demands 

and complexities of the environment of the real world systems to which the results will be 

generalized. The more unique the system, the greater the need for accurate simulation. In 

terms of scenes, consideration should be given to the choice between real time versus static 

displays versus animation, as well as visual fidelity ranging from computer-generated 

graphics devoid of monocular cues to real-world video sources rich in monocular cues. (This 

need for accurate simulation does not deny the validity of the results of this study, since they 

were originally intended to develop such guidelines.) 

(2) Consider application of some type of stress or workload to the operator, such as 

secondary tasks, time constraints, error penalties, et cetera. When surveying a visual scene 

which includes all necessary information, a viewer can almost always find a target if he has 

unlimited time or is unstressed. Although time constraints would exclude the availability of 

search time as a dependent measure, time constraints may have an interesting effect on 

other performance measures. Note that operator workload is typically interwoven with task 

type. 

(3) Experimental results used to design systems are often derived from a sample of 

operators whose experience and skills differ significantly from the population of ultimate 

operators of the system. In applying 3-D visual displays to use in medical imagery, cockpit 

instrumentation, and other fields where specialized experiences and skills exist among the 

operators, special consideration should be given to the skill levels and degree of training of 

the experimental operators.
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(4) Cognitive capture can easily result when viewers are first introduced to 

stereoscopic visual displays, and this can destroy any attempts to accurately measure subject 

performance. Aside from entertainment applications, stereo should be added only where it 

simplifies the human task, and not where it does nothing more than add to the “novelty” of 

the scene. Make sure the novelty effect of any visual scenes (with or without retinal 

disparity) are worn off through considerable practice time on the part of the viewer. There 

are also indications that training may strongly affect the efficacy of stereopsis, and ample 

practice times could take advantage of such effects. 

(5) As suggested by Merritt (1983), consider stereopsis as an aid to seeing not only 

where things are in a three-dimensional space, but also what things are. One important facet 

of the stereo advantage is figure-ground separation, particularly useful when objects are 

camouflaged. The ability to enhance object identification may have important implications 

for remote-viewing operations in unfamiliar environments, which often provide marginal 

visual fidelity. As an example, the space probe Voyager II, while passing over Neptune’s 

moon Triton, collected stereoscopic images crucial to the ultimate identification of the large 

nitrogen geysers on the satellite. 

(6) If attempting to further evaluate the efficacy of perspective displays as they are 

combined with retinal disparity depth cues, one should attempt to isolate those aspects of the 

perspective display which can affect the impact of retinal disparity cues. Items to consider 

include presence of vertical reference links, inclusion of parallax and assumed viewing 

distance, and the effect of poor resolution which would result in “jaggies” (perspective 

displays have more diagonal lines than plan view displays). 

(7) Since approximately 10% of all individuals are stereo blind, the operation of any 

system which includes a true 3-D visual display must not make proper operation of that
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system dependent on the ability to correctly interpret stereoscopic depth, unless the 

population of intended users can be screened for those individuals who are stereo blind.



CONCLUSIONS 

The results of this study indicate that retinal disparity depth cues: (1) enhance 

performance for tasks involving predictions of object position in a 3-D volume, (2) do not 

degrade performance in any case, (3) provide performance effects which are not affected by 

visual clutter, and (4) provide performance effects which cannot be supplanted by 

sophisticated monocular cues (perspective displays). Therefore, given the choice of whether 

to use retinal disparity depth cues in a visual display, it is suggested that they be included 

when: (1) the task involves predictions of object position in a 3-D volume, and (2) when 

reducing the number and magnitude of errors is important. Also, since simple perspective 

formats provide for the shortest search times, it is suggested that these displays be used 

when quick search times are important. 

82



REFERENCES 

Alpern, M. (1982). Eye movements and strabismus. In H. B. Barlow and J. D. Mollon (Eds.), 

The senses (pp. 201-211). Cambridge: Cambridge University Press. 

Beaton, R. J. (1989, August). Photometric evaluation of liquid-crystal shutter devices for 

field-sequential stereoscopic display devices: Final report. Blacksburg, VA: Displays 

and Controls Laboratory, Virginia Polytechnic Institute and State University. 

Beaton, R. J., Murch, G. M., and Knox, S. T. (1985). On the selection of glare filters for CRT- 

based workstations: Part 1. Human performance studies (Tech. Report HFL-604-02). 

Beaverton, OR: Human Factors Research Laboratory, Tektronix, Inc. 

Bemis, S. V., Leeds, J. L., and Winer, E. A. (1988). Operator performance as a function of 

type of display: Conventional versus perspective. Human Factors, 30, 163-169. 

Bos, P. J., Johnson, P. A., and Koehler/Beran, K. R. (1983). A liquid-crystal optical switching 

device (n-cell). SID international symposium digest for technical papers (pp. 30-31). 

New York: Palisades Institute for Research Services. 

Buffett, A. R. (1980). The visual perception of depth using electro-optical display systems. 

Displays, 2 (1), 39-45. 

Cavanaugh, P. and LeClerc, Y. G. (1989). Shape from shadows. Journal of Experimental 

Psychology: Human Perception and Performance, 15 (1), 3-27. 

Coules, J. (1955). Effect of photometric brightness on judgements of distance. Journal of 

Experimental Psychology, 50, 19-25. 

Ellis, S. R., and McGreevy, M. W. (1983). Influence of a perspective cockpit traffic display 

format on pilot avoidance maneuvers. In Proceedings of the Human Factors Society 

27th Annual Meeting (pp. 762-766). Santa Monica, CA: Human Factors Society. 

Ellis, S. R., McGreevy, M. W., and Hitchcock, R. J. (1987). Perspective traffic display format 

and airline pilot traffic avoidance. Human Factors, 29, 371-382. 

83



84 

Friedhoff, R. M. (1989). The second computer revolution: Visualization. New York: Abrams. 

Graham, C. H. (1965). Visual space perception. In C. H. Graham (Ed.), Vision and visual 

perception (pp. 504-547). New York: Wiley. 

Greenhouse, S.W. and Geisser, S. (1959). Within-subjects designs: to use or not to use? 

Psychological Bulletin, 24, 95-112. 

Haven, T. J. (1987). A liquid-crystal video stereoscope with high extinction ratios, a 28% 

transmission state, and one-hundred-microsecond switching. In D. F. McAllister and 

W. E. Robbins (Eds.), True three-dimensional imaging techniques: SPIE Volume 761 

(pp. 23-26). Bellingham, WA: Society of Photo-Optical Instrumentation Engineers. 

Hodges, L. F. and McAllister, D. F. (1988). Chromostereoscopic CRT-based display. In W. E. 

Robbins (Ed.), Three-dimensional imaging and remote sensing imaging: SPIE Volume 

902 (pp. 37-44). Bellingham, WA: Society of Photo-Optical Instrumentation Engineers. 

Hodges, L. F., McAllister, D. F. (1987). True three-dimensional CRT-based displays. 

Information Display, 3 (5), 18-22. 

Jensen, C. R. and Anderson, L. A. (1987). Comparing three-dimensional representations of 

data to scatterplots. In Proceedings of the Human Factors Society 31st Annual Meeting 

(pp. 1174-1178). Santa Monica, CA: Human Factors Society. 

Julesz, B. (1960). Binocular depth perception of computer-generated patterns. Bell System 

Technical Journal, 39 (pp. 1125-1162). 

Kim, W. S., Ellis, S. R., Tyler, M. E., Hannaford, B., and Stark, L. W. (1987). Quantitative 

evaluation of perspective and stereoscopic displays in three-axis manual tracking 

tasks. IEEE Transactions on Systems, Man, and Cybernetics, SMC-17 (1), 61-72. 

Kirby, G. H. and Rixon, A. (1981). Computer graphics and stereoscopy for three-dimensional 

data. Computer Physics Communications, 21 (3), 287-291.



85 

Lippert, T. M. and Benser, E. T. (1987). Photointerpreter evaluation of hyperstereographic 

forward looking infrared (FLIR) sensor imagery. In D. F. McAllister and W. E. Robbins 

(Eds.), True three-dimensional imaging techniques: SPIE Volume 761 (pp. 85-87). 

Bellingham, WA: Society of Photo-Optical Instrumentation Engineers. 

MacAdam, D. L. (1954). Stereoscopic perceptions of size, shape, distance and direction. 

Journal of the SMPTE, 62, 271-293. 

McBurney, D. H. and Collings, V. B. (1984). Introduction to sensation / perception (2nd ed.). 

Englewood Cliffs, NJ: Prentice-Hall. 

McClelland, S. (1988). 3D vision: a view to a scale. Sensor Review, 8, (3), 125-127. 

Merritt, J. O. (1983). Common problems in the evaluation of 3D displays. SID International 

Symposium Digest of Technical Papers (pp. 192-193). Coral Gables, FL: Lewis Winner. 

Merritt, J. O. (1984). Visual tasks requiring 3-D stereoscopic displays. In C. Outwater (Ed.), 

Optics in entertainment II: SPIE Volume 462 (pp. 56-59). Bellingham, WA: Society of 

Photo-Optical Instrumentation Engineers. 

Milgram, P. and Van der Horst, R. (1986). Alternating-field stereoscopic displays using light- 

scattering liquid crystal spectacles. Displays, 7 (2), 67-72. 

Mountford, S. J. and Somberg, B. (1981). Potential uses of two types of stereographic display 

systems in the airborne fire control environment. In Proceedings of the Human Factors 

Society 25th Annual Meeting (pp. 235-239). Santa Monica, CA: Human Factors Society. 

Reinhart, W. F. (1990). Effects of depth cues on depth judgements using a field-sequential 

stereoscopic CRT display. Unpublished doctoral dissertation, Virginia Polytechnic 

Institute and State University, Blacksburg, VA. 

Tolin, P. (1987). Maintaining the three-dimensional illusion. Information Display, 12, 10-12.



86 

Turner, T. L. and Hellbaum, R. F. (1986). A 3-D pictorial stereo cockpit display. SZD 

International Symposium Digest of Technical Papers (pp. 444-447). New York: 

Palisades Institute for Research Services. 

Vlahos, P. (1965). The three-dimensional display: its cues and techniques. Information 

Display, 2 (11), 10-20. 

Way, T. C. (1988). Stereopsis in cockpit display — a part-task test. In Proceedings of the 

Human Factors Society 32nd Annual Meeting (pp. 58-62). Santa Monica, CA: Human 

Factors Society. 

Way, T. C. (1989). 3-D in pictorial formats for aircraft cockpits. In Proceedings of the Human 

Factors Society 33rd Annual Meeting (pp. 23-27). Santa Monica, CA: Human Factors 

Society. 

Williams, R. D. and Garcia, F. (1988). A real-time autostereoscopic multiplanar 3D display 

system. SID International Symposium Digest of Technical Papers (pp. 91-94). New 

York: Palisades Institute for Research Services. 

Woodruff, R. R., Hubbard, D. C., and Shaw, A. (1986). Comparison of helmet-mounted visual 

displays for flight simulation. Displays, 76, (4), 179-185. 

Woodson, W. E. (1981). Human factors design handbook. New York: McGraw-Hill. 

Zenyuh, J. P., Reising, J. M., and Walchli, S. (1988). A comparison of a stereographic 3-D 

display versus a 2-D display using an advanced air-to-air format. In Proceedings of the 

Human Factors Society 32nd Annual Meeting (pp. 53-57). Santa Monica, CA: Human 

Factors Society.



APPENDIX — TRAINING INSTRUCTIONS 

So that you may perform suitably during the experiment, the following introduction 

and practice session is designed to acquaint you with the types of scenes you will view, the 

tasks you will perform, and how to perform them properly. If you have any questions 

regarding any aspect of the experiment during any part of today’s session, please do not 

hesitate to ask the experimenter. This is important since questions will not be allowed 

during experimental sessions. 

Phase 1 — Introduction to Depth Cues 

Depth cues are the characteristics of an object which allow us to see how far or near 

that object is. Size is one such depth cue. Note how the five spheres pictured here all vary in 

size. Because it is the largest object, the sphere marked “9” should appear closest to you. 

Conversely, the smallest sphere (marked “1”) should appear to be the farthest away. The 

size of spheres 3, 5, and 7 should appear to make them fall depthwise in order between 

spheres 1 and 9. In all phases of our experiment, you should assume that size is an 

indication of depth. Larger objects should appear closer, while smaller objects should appear 

farther away. 

In addition to size, note how the five spheres vary in brightness. Note how sphere 9, 

the closest sphere, is brighter than all other spheres. Conversely, sphere 1 is the dimmest 

sphere, since it is the farthest of the five. Again, note how the brightness of the spheres 

marked 3, 5, and 7 appear to make them fall between spheres 1 and 9 in respective order. As 

with size, in all phases of our experiment you should assume that brightness is an indication 

of depth. Brighter objects should appear closer, while dimmer objects should appear farther 

away. 
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At all times during the experiment, brightness and size depth cues will be present. A 

third depth cue, stereo, will be present only during certain parts of the experiment. Now we 

will see how stereo can enhance the portrayal of depth... 

The depth cue of stereo should make nearer objects appear as if they emerge from the 

screen and come towards you, and farther objects appear as if they are submerging into the 

screen. As before, sphere 9 should appear nearest, while sphere 1 should appear farthest 

away. 

Phase 2 — Displaying a Three-Dimensional Space 

The scene pictured before you should resemble a cut-away view of a cube, viewed from 

a 45° angle. You should imagine this cube to define a three-dimensional space, with edges of 

equal sizes. In other words, the space should appear to be as wide as it is deep as it is high. 

Note the 10 x 10 grid at the base of this three-dimensional area. By applying this grid 

similarly to each wall of the cube, and counting ten equal-length units on each axis, you can 

imagine how this large cube is divided into a thousand equal-sized smaller cubes. Note that 

there are a thousand cubes since 10 x 10 x 10 = 1,000. 

In the experimental tasks ahead, spheres like the ones you just observed will be placed 

in a random fashion in this large cube, and each sphere will occupy one out of the thousand 

spaces within the large cube. Now let’s see how this would appear... 

Note that each sphere is marked with a number. These numbers will range from 1 to 

10, and they represents the “altitude” of a sphere above the base of the cube (remember that 

the base of the cube is the side marked by the 10 x 10 grid). Therefore, a sphere marked “10” 

would be at the top of the cube, whereas a sphere marked “1” would rest on the bottom of the 

cube. Note that several spheres may share the same number. 

In order to better portray a sphere’s position within the cube, a vertical line may be 

drawn from the sphere to the base grid of the cube. Let’s see how this would appear. Note
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that each line travels from a sphere to the point directly beneath the sphere. These lines will 

be present only during certain parts of the experiment. 

Our large cube would look different if we viewed it straight on as opposed to at an 

angle. If we turned this cube so that we looked directly down upon it, we would see only the 

grid at the base of the cube. Now let’s see how this would appear... 

Note how the size of the grid appears to have increased. It is very important to 

understand that this “bird’s eye” view of our cube should be considered to be the same cube, 

just viewed differently. The cube has not changed in size - only our view of the cube has 

changed. For the sake of argument, imagine now that we are simply closer to the cube and 

therefore it appears slightly larger. In addition to this adjustment, it is also important to 

understand that the grid before you no longer lies at the base of the cube. Instead, this grid 

now lies halfway up the height of the cube, so that spheres marked “5” or less will appear to 

be under the grid, and spheres marked “6” or greater will appear to be above the grid. 

Whenever you view the cube from above as you are doing now, remember that the grid is no 

longer at the base of the cube, but rather at its middle. 

Now that we have a different perspective of our cube, let’s see how it would look with a 

few spheres inside. Note how some spheres may appear behind the grid and some may 

appear above it. 

So that you may compare the two viewpoints of our cube, we will now return to the 

original view. Note that the objects are in the same places in both views - only our viewpoint 

has changed. 

Now once again back to the “bird’s eye” view... 

Any questions?
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Phase 3 — Task Training 

You will have two experimental tasks. The first of these tasks is called the “Relative 

Distance Task.” This task is so named because you will have to assess the distance between 

objects within our 3-D cube. When making distance judgements within the 3-D cube, always 

make sure to consider all three dimensions of distance. 

The goal of this first task is to determine which of the red spheres is closest 

(considering all three dimensions) to the purple sphere. Note that some of the red spheres 

are marked with numbers, and others are marked with the letter “X”. Only those spheres 

marked with numbers are of concern since they are the only allowed choices — the spheres 

marked with an X exist only to distract you. Sometimes there will be many of these 

distractors, and others times there will be none. The scene before you represents an average 

number of distractor spheres. When distractor spheres are present, you should do your best 

to ignore them and make your choice from among the numbered spheres. There will always 

be six numbered red spheres and one purple sphere. 

Let’s examine some more possible scenes for this Relative Distance Task... 

Your second task is called the “Course Prediction Task.” This task is so named because 

you must predict the future course of an object within the 3-D cube. As before, be careful to 

consider all three dimensions when judging the position of an object. Now let’s take a look at 

how a scene of this task might appear... 

When presented with the Course Prediction Task, your job is to determine which of the 

numbered red spheres lies directly along the path of the purple sphere. The path of the 

purple sphere is indicated by the yellowish line coming out of the purple sphere. Note that 

the path may vary in all three dimensions. One of the six numbered spheres will always be 

lying directly along the path, and the path will pass through the center of that sphere. Other 

red spheres may be near the path, or even touching it, but the path will pass through the
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center of only one numbered red sphere. As before, you should ignore any red spheres 

marked with an X. 

Let’s examine some more possible scenes for this Course Prediction Task... 

Your performance on these tasks will be measured both on speed and accuracy. 

Therefore, during both tasks you should concentrate on making your decisions as quickly as 

possible without sacrificing accuracy. As a guideline, you should consider one minute to be 

the longest amount of time you should spend examining any given scene. 

Phase 4 - Selection Training 

During an experimental trail you will begin by viewing a scene just like the ones we 

have just viewed. After examining the scene and deciding which numbered red sphere is the 

correct choice, you should press and release the center button on the trackball. After doing 

So, you will view only the red numbered spheres — all others will be erased. At this time you 

will make your choice from the six spheres by using the trackball. Now move the trackball 

left and right and note how each sphere is highlighted in turn. Once your choice is 

highlighted, press and release the center button to record your decision. Once you have 

recorded your decision you will be presented with a rating scale like the one before you now. 

Using this scale, you should estimate your level of confidence in the decision you just made. 

Now move the trackball up and down and note how the marker moves between ratings. 

Before you make your decision, note the option “Known Error”. This option, which is not 

intended as part of the rating scale, exists in the case of an error such as a premature button 

press or other similar slip. It does not represent a total lack of confidence in the decision. 

You should select the “Known Error” option only after an actual mishap. At this time place 

the marker on one of the five ratings, then press and release the center button to continue.
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Phase 5 — Practice Trials 

At this time you will receive a series of 36 practice trials. These trials will be identical 

to those in the actual experiment and therefore you should treat them as if they were part of 

the actual experiment. However, since this is a practice session, you may ask questions. If 

you do have a question, please wait until a pause between trials to ask your question. 

The first half of the trials will present you with the Relative Distance Task. The 

second half will be the Course Prediction Task. A short beep will alert you when the task 

changes. 

After each trial, you will be given feedback on your performance. A message at the 

bottom of the screen will tell you whether you made the correct choice for each trial. Note 

that this feedback will exist only during today’s practice sessions. No feedback will be given 

during the actual experiment. 

Remember that both speed and accuracy are important. Therefore you should make 

your decisions as quickly as possible without sacrificing accuracy.
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